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“

The ability to understand
what is below complex
structures is critical to drilling…
make-or-break drilling risk
and economic decisions can
depend on understanding
this complexity.
Craig Beasley,
Chief Geophysicist,
Schlumberger

”
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“

Welcome to Insights, a journal created
to provide insights on specific industry
challenges by bringing together a selection
of recent, complementary papers and
articles written by various Schlumberger
technical experts. The content in this edition
is focused on the challenges of defining
complex subsurface structures.

A decade ago, Schlumberger embarked
on a program to move beyond conventional
seismic acquisition to high volume, discrete
sensor technology. Accompanied by onboard
processing capabilities, this has resulted
in vastly improved data fidelity, ultimately
leading to more detailed images of
complex structures.

Today, in deep water and new frontiers,
the ability to understand what is below
complex structures is critical to drilling,
and the knowledge gained from each well
must be used to further that understanding,
including during drilling and in real time.
Make-or-break risk and economic project
decisions can depend on understanding
this complexity.

Complemented by novel marine surveying
techniques—for example, multi-vessel
shooting and full-azimuth source-receiver
configurations—it is possible to undershoot
overlying complex bodies such as salt or other
features that would otherwise obscure the
areas of interest.

For years now, 3D seismic has been widely
recognized as one of the most value-adding
technologies in the industry. Continuing
advances in marine vessels, streamer
control, acquisition systems and techniques,
and, in particular, computing power, keep
seismic at the forefront of adding value.
Vast amounts of data can now be handled
to characterize and remove noise, and much
of this is done on the acquisition vessel.
For example, the data storage capacity now
available on one of our vessels makes it the
fourth-largest Schlumberger data-processing
center worldwide.

These evolving capabilities, combined with
new measurements—such as the first-ever
marine crossline gradient measurement—
give a new perspective on seismic information.
For the first time, we are able to see a marine
seismic shot record as a full 3D wavefield
and not just a collection of 2D profiles.
Of course, seismic acquisition is only
the starting point. It is also the application
of robust seismic inversion and imaging
techniques, such as full waveform inversion
and reverse time migration, that allows us
to deliver sharper images and estimate
reservoir properties for explorationists
and reservoir engineers.

Rapid seismic imaging can now also be used
to make decisions during drilling operations.
Seismic-guided drilling uses drilling information
from a well while it’s being drilled along
with all existing information such as
surface seismic data, VSPs, well logs, etc.,
to update the seismic image during drilling.
This enables identification of geological
complexities and potential hazards ahead of,
and around, the bit for rapid real-time drilling
decisions. For many projects, this promises to
be one of the most valuable advances
in recent years.
Please enjoy this first issue of Insights,
which presents these and related topics in
some detail. As always, I, and the thousands
of geoscientists at Schlumberger who are
contributing to these important breakthroughs,
look forward to discussing with you the
science and business applications of these
exciting and rapidly evolving technologies.

”
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Inside Insights
In this first edition of Insights we highlight, in four categories, a selection of recent publications meeting
the challenges of imaging complex subsurface structures.

Wavefield reconstruction based on multicomponent data
The first article on page four provides an overview of
IsoMetrix* marine isometric seismic technology—a new
class of broadband marine seismic acquisition—shown
to be advantageous for time-lapse applications and
improved imaging.

Full waveform inversion for velocity model building
The article on page 22 shows how seismic velocities
derived using full waveform inversion improve imaging
results in the Gulf of Mexico. It is of particular interest
as the technique is applied to dual-coil-acquired data
with long offsets.

The article on page six shows how crossline wavefield
reconstruction can provide better seismic images,
demonstrated using synthetic 3D data generated from
a Barents Sea model containing salt structures.

The article on page 26 takes a look at how the full
waveform inversion workflow provides improved
velocity model estimates based on results using data
examples from various locations around the world.

This is followed up by an article on page 10
which demonstrates the advantages of wavefield
reconstruction between streamers based on seismic
multicomponent data acquired over the Norwegian
continental shelf at the Oseberg field, particularly
for time-lapse applications.

Seismic-guided drilling
The final article includes a Gulf of Mexico case study
where a seismic volume around an area being drilled
is remigrated during operations. This remigration
is based on newly-acquired downhole information
to avoid drilling hazards and more accurately position
the target.

The article on page 14 illustrates how a specific data
processing algorithm—generalized matching
pursuit—provides improved crossline wavefield
reconstruction as shown on a North Sea data example.
Full-azimuth data acquisition
The article on page 18 discusses an integrated
approach involving survey design, specific acquisition
techniques, and advanced data processing workflows
to address the challenge of imaging a complex
structure in Malaysia. The case study presented
focuses on two techniques in particular: circular
shooting and constant-gradient, slant-cable towing.
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Isometric Sampling

The Next Milestone in Integrated 3D Marine Seismic
In an ideal world, a seismic survey would
have a grid of sensors across the full area
of interest, but the constraints of working at
sea have never permitted this. The reality
is that surveys have towed a fairly narrow
spread of streamers. To approach the ideal,
our industry has increased the number
and width of streamers, but there are still
limitations. In order to make seismic surveys
efficient, previous common practice was to
increase the size of the spread, with fairly
widely spaced streamers, typically separated
by 50–100 m. In very specific circumstances,
such as high-resolution site surveys, the
spacing is narrower. The problem is that
although we’re able to measure the seismic
wavefield anywhere from 12.5 m down to
3.125 m on a Q-Marine point-receiver marine
seismic system along the streamers, the
sensor separation between the streamers
is still 50–100 m.
This results in an asymmetric sampling of the
subsurface and it affects data conditioning and
migration, ultimately leading to “smeared” images
which add uncertainty to subsequent interpretation.
Marine isometric seismic technology offers a new
approach to seismic acquisition and processing,
based on isometric sampling, which improves the
density of measurements, both inline and crossline.
The benefits are wide ranging and include increased
exploration efficiency, broadband imaging in three
dimensions, and the potential for fresh geological
insights from fine-scale subsurface characterization.
The company presented examples of the new
technology at the recent Society of Exploration
Geophysicists annual conference in Houston in
September. Based on data collected in the North
Sea, Dr. Malcolm Francis discussed advantages this
high resolution imaging brings to shallow hazard
analysis, well planning and the design of wellbores,
and enhanced reservoir characterization.

Theory

The cornerstone behind the technology is the
premise that the gradient of the pressure wavefield
(∆P) in a medium is directly related to the acceleration
of particle motion (the rate of change of velocity,
∂V/∂t) as follows: ΔP = -ρ ∂V/∂t, where ρ is the
medium density.
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If we are able to measure particle acceleration
in two directions, we can extract the gradient of
the pressure wavefield and use this in the seismic
processing workflow. Measuring the pressure
wavefield gradient enables two new developments:
Full 3D deghosting (a specific type of multiple
removal) to extend the seismic bandwidth.
And by measuring the gradient in the crossline
direction, then we can reconstruct the pressure
wavefield between the cables, creating a set
of very densely spaced virtual streamers.

IsoMetrix

IsoMetrix Technical Marketing Manager
Chris Cunnell describes the 10-year development
of isometric sampling techniques as one of
the largest research and engineering projects
in Schlumberger history. The company has
developed a new type of multimeasurement
point-receiver streamer which combines traditional
hydrophone P-wave measurements with
multi-sensor accelerometer measurements.
These are based on micro-electromechanical
systems (MEMS) technology, and are used to
record both vertical and horizontal crossline
measurements of pressure gradient. It is this
combination of all three measurements that
provide the information which allows 3D
deghosting and proper wavefield reconstruction
between cables.

OE: Why hasn’t this been done
before?

CC: The basic premise has been known for some
time, but until now we were unable to create
a multimeasurement sensor that captured
high-fidelity and robust accelerometer
measurements with good signal-to-noise
separation across the full frequency spectrum.
During the early stages of development, we made
an effort to understand the very complex sources
of streamerborne noise modes. Experimental and
modeling studies helped us to design a system
that would accurately measure noise and then
filter it out.
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After a decade of R&D spanning the globe, a new class of
marine seismic technology has now been commercially deployed.
Nina Rach spoke with Chris Cunnell of Schlumberger.
OE: How do you handle this
much data?

CC: The large amount of data is a major stepchange for marine seismic acquisition. It’s not
just the extra components we are measuring,
which triples the amount collected. In order
to characterize and remove the noise, we must
sample data more densely along the cable.
The legacy is 3.125-m spacing, but we sample
at shorter intervals. To handle this enormous
quantity of seismic data, we’ve built an integrated
acquisition and processing system that allows
key elements of the processing to be done on
board. The data storage capacity on-board the WG
Vespucci—a vessel—makes it the fourth largest
Schlumberger data-processing center, worldwide.
There are two elements to onboard processing:
1. Take raw measurements through an initial
online pre-conditioning step to remove noise
associated with the streamer construction
and behavior in the water.
The multisensor streamer system deployed offshore
Canada to acquire an IsoMetrix marine isometric
seismic survey. Photo: WesternGeco.

OE: When was this system
available to clients?

CC: We completed field testing in late 2011,
close to our development site, in the Norwegian
North Sea. The IsoMetrix system was officially
launched in June 2012 at the EAGE conference
in Copenhagen. Since then, we have completed
seven projects in a wide range of settings;
including the North Sea, offshore United
Kingdom and Norway; South Africa; the Barents
Sea; and a survey off Canada. These surveys
range in size and objective, from exploration to
reservoir characterization for appraisal and
development, including a 4D qualification in the
UK sector of the North Sea, and cover a range of
customers including independents, IOCs as well
as Schlumberger multiclient projects. We have a
strong backlog of activity into 2014, and will start
a large program for Woodside off northwestern
Australia this quarter. All surveys to date have
been acquired using the WG Vespucci, and we
plan to upgrade more vessels in 2014.

2. Production of a dense, isometrically sampled
up- and down-going pressure wavefield on
a 6.25-m x 6.25-m surface grid.
Additional fast-track processing runs in parallel,
and allows the client a quick look at the data.
Then, we send the data ashore for further
processing. Here we are able to leverage the
experience of our petrotechnical experts from
data conditioning, through imaging, inversion
and interpretation to extract the maximum value
from the data.

The quality uplift can be clearly seen in
the standard seismic image volumes, but
it is necessary to look beyond these to 3D
interpretational attributes and inversion
products to extract the full value.
For example, IsoMetrix volumes are showing
great promise when partnered with ant-tracking
to map faults and fractures, and with eXchromaSG
which uses coloration to isolate geologic information
of other unconformities and lithology variations.
Together, they allow for fresh geological and
interpretational insights.

OE: Is the technology unique?

CC: Yes. Although there is a range of broadband
solutions, only IsoMetrix provides fully 3D
deghosted broadband data in all dimensions that
is unique in the crossline gradient measurement,
allowing accurate reconstruction of the pressure
wavefield. The density of sensors along the cable
is important in characterizing and removing the
noise, to make best use of the accelerometer
information. What it really comes down to is
the quality of images for explorationists and
reservoir engineers. The fundamental benefit
of the technology is that it provides fine isometric
sampling to make data more suitable for a wide
variety of applications. The system provides highfidelity point-receiver seismic data, that allows
us to capture the seismic wavefield on a 6.25-m
x 6.25-m grid, and yields the first true 3D volume
using towed streamers. The earth is not simple,
the subsurface is complex, and it is vital to get
the full picture.

OE: How does the client benefit?

CC: IsoMetrix technology offers quality, efficiency
and operational (including safety) benefits. We are
not bound by limitations on streamer tow spacing;
so for example, in an exploration setting we can
tow the cables further apart to efficiently cover
an area more quickly, reducing turnaround time,
whilst reconstructing the wavefield to replicate
closer-towed streamers. Wider spacing also
mitigates the chance of streamer tangling.
We can tow cables deeper in the water, where
the ambient environment is quieter and they
are less affected by weather, but of course
the tow depth also depends on the survey
geophysical objectives.

Broadband imaging in three dimensions for complex
sand injectites using IsoMetrix technology.
Photo: WesternGeco.
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Eggenberger, K., Vassallo, M., Kitchenside, P., El Yadari, N., and van Manen, D.J. (Schlumberger)

Crossline Wavefield Reconstruction
from Multimeasurement, Towed Marine Seismic
Data and Its Implications for Imaging

Figure 1: Barents Sea model with a prominent diffractor-carpet visible at 1,500-m depth, modelled by a density contrast.

Measurements of particle motion bring significant
benefits to towed marine seismic data when
processed in conjunction with pressure data.
We describe how horizontal particle velocity (Vy)
measurements can enable dealiased crossline
wavefield interpolation and, hence, improve
the final image. For this purpose, 3D synthetic
data, representative of the Barents Sea area and
consisting of a single shot line, are used to simulate
two different, realistic acquisition geometries.
For each acquisition scenario we focus on those
features and areas where enhancement through
interpolation is expected. We then apply novel
interpolation techniques, based on both single- and
multimeasurement seismic data, to reconstruct the
seismic wavefield between the streamer positions
on a shot-by-shot basis prior to imaging.

6

Finally, for both acquisition geometries, we assess
the impact of denser crossline sampling on the
wavefield-extrapolated migration image and we
show that the multichannel crossline wavefield
reconstruction prior to imaging provides better
protection against aliasing-related noise in the
image. This finding is further corroborated by trials
on the SEG advance modeling (SEAM) I model
where we use modeled multiple shot lines to
investigate the contribution of 3D stacking to the
attenuation of migration noise originating in
spatial aliasing.

Introduction

A towed, multimeasurement, seismic acquisition
system can record pressure and both vertical and
crossline components of particle acceleration.
These measurements can be translated directly into
the spatial gradient of pressure using an equation
of motion. Recent developments in wavefield
reconstruction exploit the additional measurements
for the purposes of crossline interpolation, where
typically the data sampling is sparse and therefore
prone to aliasing.
Robertsson et al. (2008) consider the crossline
component of the pressure gradient to reduce
spatial aliasing up to twice the spatial Nyquist
frequency (Linden, 1959). Vassallo et al. (2010)
and Özbek et al. (2010) introduce multi-channel
interpolation by matching pursuit (MIMAP) and
generalized matching pursuit (GMP) that reconstruct
wavefields in the frequency-space domain using
gradient information. These authors further
demonstrate that MIMAP and GMP can reconstruct
data spatially aliased to beyond twice the Nyquist
wavenumber (the expected signal-theoretic
upper bound). Eggenberger et al. (2012) discuss
quantitatively and qualitatively the reconstruction
fidelity on real data. However, in the following,
the MIMAP technique in particular will be used on
synthetic seismic data to reconstruct the wavefield
in the crossline direction, prior to imaging, to
demonstrate an associated uplift in image quality.
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Copyright 2013 held by the submitting authors. Reproduced with permission of the copyright owner.

How a densely-sampled, non-aliased crossline from a wavefield reconstruction of sparse
multimeasurement data produces a cleaner image with reduced artefacts, and also reveals
subtle underlying structures.
Synthetic data

To demonstrate the uplift of such novel interpolation
algorithms on the final migrated image we created
two different synthetic seismic datasets. Firstly,
to illustrate the value of the crossline velocity
component Vy, we designed a workflow using
surface-multiple free 3D synthetic data from a
model representing complex geology (Figure 1).
This model, dominated by two intrusive salt domes,
emulates structures found in the Norwegian
Nordkapp region and is referred to as the Barents
Sea model. Peculiar features of the model are the
two diffractor-carpets; pellets of 50-m diameter
evenly spaced by 400-m in inline and crossline
directions, located at 1,500-m and 3,200-m in depth,
and corresponding solely to a density contrast.
The overall model size is 27-km x 12-km x 4.5-km.
Wavefield modelling used a finite difference code.
The acquisition geometry consists of a moving
25-m x 25-m receiver grid located at 15-m water
depth. Every receiver point recorded pressure and
velocities in Cartesian coordinates. Only one single
shot line was modelled at a time, consisting of
225 shot positions, evenly spaced by 50-m and with
a source depth of 10-m. The amplitude spectrum
of the source wavelet is flat and covers a frequency
band from approximately 1-Hz up to 30-Hz. Two full
datasets were modelled using two different topboundary conditions—an absorbing boundary and
a free surface. The first dataset is characterized by
an absence of surface-related multiples.
The second dataset presents a more realistic
challenge but because our focus was to assess
the uplift of crossline reconstruction with Vy on
the final image, we decided on this model to use
the absorbing top-boundary dataset to avoid the
need for lengthy multiple removal techniques. A
second towed marine multimeasurement dataset
was created using the SEAM I model. Similar to the
Barents Sea example, traces were output on a 25-m
x 25-m grid, using a 30-Hz source in 50-m receiver
depth with a free surface top-boundary condition.
With this model we can overcome the constraint of
having only one shot line available for stacking with
shot lines every 750 m.

Figure 2: Workflow applied on the Barents Sea model.

Workflow

Based on the Barents Sea model dataset, a
workflow was outlined (Figure 2) to demonstrate
how a more densely sampled crossline can provide
uplift on the final image by employing two different
acquisition geometries: wide azimuth (WAZ) and
narrow azimuth (NAZ), with the former geometry
shown in Figure 3. The WAZ geometry targets
bottom salt whereas NAZ has the main objective
to map top salt. To account for this, the original
velocity models were also adapted to a salt-flooded
velocity model for the WAZ case and a sedimentary
background model for the NAZ case. Whereas an
upper frequency of 30-Hz seems adequate for WAZ,
we up-scaled the dimensions of the model and the
time axis of the traces by a factor of 2, to raise the
upper frequency to 60-Hz for NAZ. After having
preconditioned the input data for all 225 shots we
then interpolated on a shot-by-shot basis back to
the original dense crossline sampling by employing
both standard single-channel interpolators
(band-limited to the Nyquist), and multichannel
interpolators (MIMAP). Subsequently, because
there are no surface-related multiples, we directly
ran a wavefield extrapolation migration (WEM)
on crossline-interpolated shots. Additionally, to
create a reference volume, we fed WEM with the
undecimated WAZ geometry as well as with the
decimated, non-interpolated geometry to assess the
interpolation capabilities internal to the migration.
Finally, and to investigate the impact of stacking on
our findings, the modelled SEAM I data were input
to a reverse time migration (RTM) algorithm. In the
following, and for brevity, we exclusively discuss
imaging results derived from the WAZ geometry.
We emphasise, nevertheless, that findings from the
NAZ geometry are consistent with the WAZ results.

Figure 3: Four-vessel WAZ geometry extracted from
the Barents Sea model.

Barents Sea model results

Having applied the workflow described in Figure 2
on the Barents Sea data, Figure 4 (page 8) shows
depth slices through 3D migrated data cubes, using
the original velocity field. Figure 4a is a depth slice
through the velocity file at 1,500-m depth, and
the red box highlights the subset of data for the
following panels (Figures 4b-f). The yellow areas
represent the sediments whereas the grey bodies
represent the salt domes. Figure 4b illustrates the
reference depth slice with the collapsed diffractor
carpet as black dots and the S-shaped boundary
between the salt body on the right hand side and
the sediments on the left hand side. Figure 4c
shows the migration result of the non-interpolated
36 streamers (125-m separation). The migration
algorithm fills the gap between the streamers but
the final image suffers from strong artefacts across
the salt body. Figure 4d demonstrates the uplift of
the noise-free crossline gradient in conjunction with
multichannel crossline interpolation, using MIMAP.
The artefacts of the sparse input data are virtually
eliminated. When adding noise to the gradient data
(Vassallo et al., 2010) and again using MIMAP prior
to migration, the final image (Figure 4f) becomes
slightly noisier but the main model characteristics
are still easily recognizable.

7

// Challenge: defining complex structures and prospects

Figure 4: Depth slices at 1,500-m through the diffractor carpet. a) Original velocity field. The red box highlights
the imaged area of the depth slices b–f). The grey bodies represent the salt. For migration, the original velocity
field was used. b) Undecimated (25-m), migrated dataset. c) Decimated (125-m) original dataset. d) Decimated
and MIMAP-reconstructed dataset. e) Decimated and reconstructed dataset using a single-channel
band-limited technique. f) Decimated and MIMAP reconstructed dataset with added noise on Vy.

Figure 5: a) WAZ salt-flooded velocity model b) Original velocity model. Red box indicates the area of interest
for the WAZ acquisition with corresponding crossline in c).

Figure 6: Example inline (top panels) and crossline (bottom panels) from WEM-imaged 3D cubes with WAZ
input data. A salt-flooded velocity model was used for migration. Panels a) and e) show the reference result,
no decimation. Panels b) and f): images after multichannel MIMAP crossline reconstruction, from 125 m to 25 m,
prior to imaging. Panels c) and g): sparse crosslines (125 m) input to migration. Panels d) and h): as b) and f)
but with noise on the gradient data.
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Figure 7: (a–c) depth slices at 3,000 m through salt body; (d–g) inline and (i–k) crossline for densely and sparsely sampled inputs to RTM using multiple
shot lines. The red arrow highlights an area where the sparse solution shows considerable artefacts masking sediment structures.

Finally, Figure 4e depicts the result when applying
a single-channel crossline interpolator, bandlimited
at the Nyquist wavenumber, to the data prior to
imaging. The strong artefacts highlight the value of
the crossline velocity component as demonstrated
in Figure 4d and 4f. One of the main targets,
when using WAZ geometry in exploration, is to
map bottom salt accurately, with a known top salt
reflector. For that purpose we derived a salt-flooded
velocity model (Figure 5a) from the original velocity
model (Figure 5b and 5c). We again ran WEM, but
this time with the altered salt-flooded velocity field.
Corresponding results are illustrated for a single
inline in Figures 6a to 6d and for one single crossline
in Figures 6e to 6h. The message is consistent
with the results in Figures 4b to 4f on the Barents
Sea synthetic model: dense, non-aliased crossline
sampling, from the multichannel MIMAP algorithm,
outperforms sparse, aliased sampling to improve the
quality of the final image.

SEAM I model results

Because there was only a single shot line for the
Barents Sea model, the SEAM I model data were
used to investigate whether the aliasing artefacts
would stack out by having multiple shot lines
available to the WEM algorithm. We also sought to
address algorithm dependence by presenting these
multiple shot lines to a RTM algorithm. The results
obtained on the SEAM I synthetic 3D seismic data
using 3D RTM migration are shown in Figure 7.
The modelled data comprised 640 shots, organized
in 8 lines of 80 shots, spaced 75-m in inline and
750-m in crossline. The modelled receiver grid
extended ± 10-km inline by ± 5.25-km crossline and
provided reference data at 25-m x 25-m sampling,
together with crossline decimated data at
25-m x 125-m sampling.

The decimated data were reconstructed using
multichannel MIMAP and all three datasets were
migrated with RTM. The difference plots in Figures
7c (time slice), 7f (inline) and 7j (crossline) clearly
show that 3D RTM imaging on multiple shot lines
using sparse crossline input data, in contrast to
densely sampled data, is subject to high noise
and low frequency artefacts similar to what we
have observed on WEM imaging of the single
shot line Barents Sea case (Figure 4, Figure 6).
This observation further corroborates the potential
benefits achievable with accurate crossline
wavefield reconstruction, and that aliasing artefacts
in the image are not necessarily addressed by
3D stacking.

Conclusions

We showed that a densely sampled, non-aliased
crossline, from wavefield reconstruction of sparse
multimeasurement data, produces a cleaner
image with reduced artefacts compared to sparse
unreconstructed pressure data, also revealing subtle
underlying structures. The results are independent
of the imaging algorithm. We have also shown that
the 3D stacking process cannot compensate for the
aliased spatial bandwidth. With higher frequency
data, for a given acquisition geometry, this will be
even more pronounced. Although not addressed in
this paper, we anticipate further benefits from dense
crossline sampling of the reconstructed wavefield in
the data conditioning steps prior to migration such
as multiple attenuation and velocity model building.
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A Field Trial

of a Multi-Sensor Broadband Seismic Streamer
at the Oseberg Field
A new seismic streamer technology, IsoMetrix, has
been developed by WesternGeco. The technology
is a multi-sensor marine seismic streamer that
measures the full vector of water particle motion, in
addition to pressure, and enables separation of the
up-going (signal) and down-going (ghost) components
of the wavefield, plus a high fidelity calculation of the
wavefield between streamers. During the summer of
2011 a field trial of IsoMetrix, was carried out across
the Oseberg field on the Norwegian Continental
Shelf. The potential for broadband measurements,
wavefield reconstruction, and application in timelapse settings were investigated.

Introduction

During the summer of 2011 a field trial of a new
seismic streamer technology, IsoMetrix, was carried
out across the Oseberg field on the Norwegian
Continental Shelf. The new technology is a
multisensor marine streamer that measures the
full vector of water particle motion. The field trial
aimed to investigate the potential for wave-field
reconstruction, broadband acquisition, and
time-lapse applications.

A new marine seismic
acquisition technology

Traditional marine streamer technology suffers
from a number of limitations, such as the effect of
the ‘ghost notch’ due to streamer depth where the
streamer ghost affects the temporal bandwidth
of marine seismic data. Streamer depth becomes
a compromise between low frequency or high
frequency signal strength; and the signal to noise
ratio of the measurement, particularly at low
frequencies. Cross-line spatial sampling, between
streamers, is a compromise due to technical and
economic constraints. These technical and economic
limitations lead to a spatially aliased wave-field.
IsoMetrix, developed by WesternGeco,
is a new marine seismic acquisition technology
which addresses such limitations. The technology
is a multi-sensor marine streamer that measures
the full vector of water particle motion, in addition
to pressure, and enables separation of the up-going
(signal) and down-going (ghost) components of
the wavefield, plus a high fidelity calculation
of the wavefield between streamers, increasing
the effective Nyquist wavenumber due to streamer
separation by a factor of two or three, depending
on how the measurements are used (Robertsson
et al., 2008). The new technology IsoMetrix was
field trialled at the Oseberg field.

Figure 1: Location and layout of 2011 4D acquired using the new acquisition technology.
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Broadband data with frequencies in the 2–4-Hz range enabled reconstruction of the wavefield
between streamers. This resulted in improvements in repeatability when compared with
hydrophone-only measurements.

Figure 2: Two asymmetrical 3D spreads were deployed to create a full spread to test the full potential of wavefield reconstruction. The spread consisted of Isometrix
streamers (blue), and longer conventional streamers (red) to stabilise the spread and provide a robust acoustic positioning network.

The Oseberg field

The Oseberg field is located in the northern part of
the North Sea, approximately 140 km northwest of
the city of Bergen, in a water depth of approximately
100 m. The field consists of several Middle Jurassic
sandstone reservoirs of the Brent Group, and is
divided into several structures. The main reservoirs
are in the Oseberg and Tarbert formations, but
production also takes place from the Etive and
Ness formations. The reservoirs lie at a depth
of 2,300–2,700 m and generally have good
reservoir characteristics.

The field trial

The field trial across Oseberg was carried out during
the summer of 2011. In order to assess different
aspects of the new technology several spread
geometries were utilised. An East-West oriented
‘mini’ 3D was acquired (Figure 1), the orientation
of which was matched to a 3D seismic survey,
previously acquired in 1992.

Due to limitations in the maximum amount of seismic
streamer available for the field trial the test was
limited to six streamers, each 500 m long.
The streamers were deployed with a minimum
offset of 500 m and a maximum offset of 1,000 m.
To ensure a full cross-line spread the data were
acquired twice, firstly with an asymmetrical
spread offset to starboard and secondly with an
asymmetrical spread offset port, which were later
merged (Figure 2).
A symmetrical 3D limited spread was also deployed
and multiple passes were acquired in order to
assess the potential for improved repeatability for
time-lapse applications. Finally a series of 2D lines
were acquired with a full offset range up to 3,000 m,
where the IsoMetrix streamer was towed at 18 m
while a conventional hydrophone streamer, which
reflects the acquisition standards of today, was
towed at 6 m depth to enable a comparison.

11

// Challenge: defining complex structures and prospects

Figure 3: Raw shot gathers from the Isometrix streamer showed measurements of the wavefield on the pressure
component (left), Y-component (centre), and Z-component (right).

Figure 4: 2D brute stacks from streamer 5 (left) and streamer 6 (right) from asymmetrical geometry (a) and a 2D
deghosted and reconstructed stack representing interpolation from 75 m to 37.5 m (middle).

Results

The IsoMetrix streamer, being a multi-sensor streamer, when used in a full 3D spread utilising both
asymmetrical spreads was shown to have recorded the wavefield on the hydrophone, cross-line
horizontal accelerometer and the vertical accelerometer, (Figure 3) with coherent energy on these
components.The potential for wavefield reconstruction was demonstrated through interpolation
between streamers (Figure 4) where joint deghosting and reconstruction in the cross-line was tested.

12
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The 2D spread with a full offset of 3,000 m and towed at a depth of 18 m
was shown to have recorded data of a broadband nature, with frequencies
in the 2–4 Hz range when compared to a conventional hydrophone streamer
towed at 6 m (Figure 5). The potential for application in a time-lapse
setting was assessed through the repeated measurements acquired with the
symmetrical spread. In this case the hydrophone-only data from the IsoMetrix
measurements were processed using a simplified 4D sequence, including
4D regularisation and 4D binning. This was then compared with a deghosted
and reconstructed dataset run through the 4D processing sequence.
Non-repeatability, using NRMS, was calculated for the hydrophone only data and
for the deghosted and reconstructed Isometrix data. NRMS of the Isometrix data
showed an improvement of approximately 30% when compared to hydrophone
only data (Figure 6).

Figure 5: A 2D full offset (3,000 m) brute stack comparison in the frequency range
of 2–4Hz of IsoMetrix hydrophone only, towed at 18 m, (left), Isometrix deghosted
measurement (middle) and traditional hydrophone, towed at 6 m, (right) shows
that coherent energy has been recorded in this frequency range.

Conclusions

A new multi-sensor marine seismic streamer was field trialled at the Oseberg
field. Broadband data was recorded, since the technology allowed for deeper
tow depths and deghosting. The multi-sensor nature of the technology allowed
for reconstruction of the wave-field between streamers. Improvements
in repeatability were observed, when comparisons of hydrophone only
measurements versus reconstructed wavefield measurements, which indicate
a potential for time-lapse applications.
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Reconstruction of the Subsurface
Wavefield on a Dense Grid from Multicomponent
Streamer Data
Introduction

The concept of a multicomponent streamer that
acquires all three components of the particle
velocity vector (Vx, Vy and Vz) in addition to the
pressure wavefield was introduced by Robertsson
et al. (2008). It is well known from the equation of
motion that the particle velocity vector is directly
related to the spatial gradient of the pressure
wavefield (Px, Py and Pz), which intuitively
explains how these measurements help to
characterize spatially the wavefield.
As the gradients can entirely be derived from
the velocity measurements, they represent
measurements of the seismic wavefield that are
fully independent with respect to the pressure.
Several techniques were proposed (Vassallo et al.
2010, Özbek et al., 2010, Özdemir et al., 2010) to
use such information for the computation of the
3D up/down separated pressure wavefield on a
grid of receivers that is finely sampled also in the
crossline direction. In particular, it was shown that
matching pursuit based techniques enable the
reconstruction of the upgoing seismic wavefield
even in the presence of spectral leakage (Özbek
et al., 2011) and severe crossline spatial aliasing
(Vassallo et al., 2011).
We processed data measured during a 3D
seismic acquisition by prototype four-component
streamers (3D-4C). The new measurements have
enabled us to test the generalized matching
pursuit (GMP) technique, (Özbek et al., 2010) and
to evaluate its performance in reconstructing and
deghosting the wavefield in a 3D sense.
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Figure 1: Acquisition geometry of the experiment.

After describing the theoretical and practical
challenges involved, we present the results
we obtained and comment on what such
results teach us about the performance of
multicomponent reconstruction techniques
operating in a number of scenarios.

Data acquisition configuration

The results below are from extensive field tests
carried out in the North Sea with an advanced
streamer platform that acquired multicomponent
measurements consisting of the pressure (P) as
well as the full particle velocity vector (Vx, Vy and
Vz). In the field tests, we towed six streamers with
multicomponent sensors, each 500 m long, and
recorded a small subset of realistic 3D data.
We acquired data at various cable depths,
to evaluate the deghosting capabilities in
the presence of deep spectral notches, and
at various crossline separations, to study the
multicomponent reconstruction capability in the
presence of severe spatial aliasing. To maximize
the crossline offset, asymmetric configurations
were chosen. The water column depth was
about 90 m.
Figure 1 shows the geometry of a generic shot
that we use as an example: in this case, cable
depth was 22.5 m, and the nominal streamer
separation was 75 m. The minimum inline offset
of the experiment was about 590 m; the maximum
crossline offset was about 300 m.

// Challenge: defining complex structures and prospects

Presented at the 74th EAGE Conference & Exhibition incorporating SPE EUROPEC 2012 Copenhagen, Denmark, 4–7 June.
Copyright 2012 held by the submitting authors. Reproduced with permission of the copyright owner.

The deghosting power of the generalized matching pursuit technique as the basis of a processing
workflow that generates fully resolved 3D subsurface seismic data.

Figure 2 shows an inline view of the acquired
measurements at about -130 m crossline offset.
The panels A, B, and C show the pressure,
P, the crossline, Py, and vertical, Pz, components
of the pressure gradient, respectively. Data are
shown after onboard noise attenuation: no further
low-cut filter has been applied. A t2 gain is used
for display only. The bandwidth of the wavelet
shows significant energy from 3 Hz up to 120 Hz.
We observe that Py is generally weaker than Pz,
as the direction of propagation of the wavefield
is closer to the vertical than to the horizontal
direction. This effect is particularly important in
the cable shown in Figure 2 which has a small
crossline offset. The spectral content of the
various components in Figure 2 differs from each
other. This is due to the obliquity factor and the
different polarity of the down-going wavefield
for the vertical component. We observe a very
interesting feature at times between 1.5 s and
1.7 s: here, we recognize a seismic event that is
visible on the pressure data gather, that appears
also very strong in the crossline gradient gather,
but that is almost invisible in the vertical gradient
gather. This event propagates in the crossline
direction at a high angle of incidence.

Figure 2: In-line view of the measured input data: (A) pressure wavefield; (B) crossline gradient of the pressure
wavefield, obtained from Vy; (C) vertical gradient of pressure wavefield, obtained from Vz.

The combination of the large crossline spacing
of 75 m and the high incidence angle means that
this event is subject to high order spatial aliasing:
hence, this event, along with the shallow seabed
reflection, represents an interesting challenge for
the joint interpolation and 3D deghosting test.

GMP concepts and results

The pressure, the crossline and the vertical
gradient wavefields contain independent
information that can be related to the same
physical event: the upgoing pressure wavefield.
At a given depth Z, the ghost model relates
the multicomponent measurements:
these can therefore be modelled in the
frequency-wavenumber domain as follows:
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The GMP method, (Özbek et al., 2010), is a joint
interpolation and deghosting technique that
models the 3D upgoing pressure wavefield as the
superposition of a set of basis functions: each
basis function is described by a set of parameters.
When the basis functions are complex
exponentials, these parameters are the amplitude,
the wavenumber, and the phase. In GMP, the
forward linear filters Hn(ky) from equation 1
are applied to each basis function: the filtered
basis functions are then iteratively matched to
the multicomponent measurements. Iteratively,
the basis function that, once forward filtered,
jointly best matches all the input signals is used
to reconstruct the desired output, with and/
or without the ghost operator applied. By using
synthetics, Vassallo et al., 2011 showed that GMP
is very powerful in reconstructing and deghosting
the seismic wavefield even in the case of severe
crossline aliasing (wide streamer separation).
We ran GMP on the real data measured during
the experiment described in Figures 1 and 2 and
we reconstructed the wavefield on an ideal grid
that is regularly spaced in both the inline and
crossline directions at 6.25 m x 6.25 m. Figure 3
shows results of the experiment: the first column
(A, D, G, J) shows the input pressure measured
by the streamer; the central column (B, E, H, K)
shows the total wavefield reconstructed by GMP;
the third column (C, F, I, L) shows the upgoing
wavefield, deghosted in a 3D sense as output
by GMP.
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The first row (A, B, C) represents an inline view
of the data as measured on a streamer at -200 m
crossline offset (panel A) or reconstructed on a
virtual streamer at about -170 m crossline offset,
more or less halfway between two measured
streamers (panels B and C).
More interestingly, the second row (D, E, and F)
shows crossline views through the same volume
of data, at about 250 m inline coordinate. The
time window is selected to focus attention on
the event propagating in the crossline direction
detected between 1.5 and 1.7 s in Figure 2.
The severe aliasing in the crossline direction
is evident in panel D. At 75 m spacing, the first
order aliasing is present at frequencies above
10 Hz. This dataset presented further challenges
for GMP: in fact, the temporal bandwidth of the
data is significantly wider than the bandwidth of
the synthetics shown so far in literature; another
very significant challenge is the very limited
number of crossline samples available
(six streamers only).
The wavefield reconstructed by GMP is visualized
in panel E, while panel F shows the upgoing
component of the same wavefield. The bottom
rows of Figure 3 (G to L) represent two time slices
of interest: the first at 0.6 s (G, H, I), when the
seabed reflection is measured and the second at
1.6 s (J, K, L), when we find the challenging event
observed in Figure 2.

Figure 3: (A) Input pressure wavefield: inline view at 200 m crossline offset; (B) pressure reconstructed by
GMP: inline view of virtual streamer at 170 m crossline offset; (C) upgoing pressure reconstructed by GMP:
inline view of virtual streamer at 170 m crossline offset; (D) input pressure wavefield: view at 250 m inline
coordinate; (E) pressure reconstructed by GMP: view at 250 m inline coordinate; (F) upgoing pressure
reconstructed by GMP: view at 250 m inline coordinate; (G) input pressure wavefield: time slice at 0.6 s;
(H) pressure reconstructed by GMP: time slice at 0.6 s; (I) upgoing pressure reconstructed by GMP: time slice
at 0.6s; (J) input pressure wavefield: time slice at 1.6 s; (K) pressure reconstructed by GMP: time slice at 1.6 s;
(L) upgoing pressure reconstructed by GMP: time slice at 1.6 s.
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In all the GMP results, the 3D nature of the
wavefield is clear and the wavefronts, as well
as the direction of propagation, can be clearly
recognized. In particular, the time slices at 1.6 s
and the crossline views show that the aliased
event detected in Figure 2 has been successfully
reconstructed. A “witness” cable that measured
only pressure was towed in the aperture of the
prototype multicomponent streamers providing an
independent measurement of the same wavefield.
We reinterpolated the data reconstructed by
GMP on the 6.25 m x 6.25 m grid onto the same
positions of the witness streamer. In this way, we
are able to compare the reconstructed pressure
wavefield against the measured one. Figure 4
shows an inline stack of the data measured by
the witness streamer against the inline stack
of the virtual streamer wavefield estimated by
interpolating the output of GMP (Figure 3: B, E, H,
K). It can be seen that all the details of panel (a)
corresponding to actual measurements,
are still visible in panel (b), computed from
virtual streamers.

Conclusions

We evaluated, on 3D-4C data sampling, the
pressure wavefield as well as its spatial gradient,
the performance of the GMP algorithm to
reconstruct and deghost the seismic wavefield
in the presence of severe crossline aliasing. The
real 3D-4C data have been acquired by prototype
4C seismic streamers of limited aperture. Despite
the limitations of the experiment, the results
presented demonstrate highly satisfactory
performance and corroborate the dealiasing
and deghosting power of GMP as observed on
synthetics and reported previously in literature.
These results increase our confidence in GMP at
the basis of a processing flow that generates fully
resolved 3D subsurface seismic data, opening
up a whole range of possible applications.
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Imaging Black Pond

First broadband circular shooting survey in Malaysia
with simultaneous deployment of two advanced
acquisition techniques

Figure 1: A typical 3D seismic line through Black Pond showing low signal-to-noise ratio and poor illumination.
The two discovery well locations are shown in red circles.

Summary

The quality of surface-seismic imaged data depends
on many factors. The images can be very poor
if the survey is located in an area characterized
by complex overburden and structural setting.
In addition, conventional data acquisition and
processing methods may not be adequate to
address the challenges posed by the subsurface
geology and geophysical complexities.
The integrated approach of survey design and
modeling, unique acquisition techniques, and
advanced data processing workflows can help
address these challenges. The case study presented
here is one of the first to seamlessly deploy two
of the most cutting-edge acquisition technologies
concurrently: i) the circular shooting technique to
extend the azimuth sampling and ii) the constantgradient slant-cable towing technique, whereby the
streamer depths are shallow at the front and deep at
the back to exploit the diversity in streamer notches
to extend the bandwidth sampling. By doing so, it
not only eliminates the need to acquire the survey
twice, but also enables one to realize the benefits
offered by both technologies simultaneously.

Introduction
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In 2012, PETRONAS Carigali Sdn. Bhd. became
the first operator to conduct a 3D broadband circular
shooting marine seismic survey in East Malaysia.
The survey was located in offshore Sabah in water
depths ranging from 50 to 300 m. The legacy
conventional 3D streamer data, acquired in 2001,
suffered from poor imaging in the zone of interest
over a significant portion of the survey (Figure 1).

A combination of factors such as complexity of the
subsurface structures, inadequate illumination due
to conventional narrow-azimuth legacy acquisition,
and low energy penetration through the monotonous
shale in the overburden, all contributed to the poor
data in the area.
Two wells were drilled in the good data areas with
hydrocarbon discoveries; however, the seismic
data between the wells is low in signal-to-noise
ratio and very poor in image quality. This poor data
zone is named “Black Pond” due to the lack of
reflection continuity, difficulties encountered during
interpretation and delineation of the reservoir. The
depth imaging of a subset of legacy data in the
survey area also failed to produce any significant
improvement in the data quality. Several other areas
in Malaysian basins suffer from similar imaging
challenges. These factors led to the decision by
PETRONAS to acquire a new seismic dataset using
advanced acquisition and processing technologies
that have become available in recent years.
The survey involved an integrated project workflow
starting from a comprehensive survey design and
modeling study to decide the optimum acquisition
technique and design, execution and near-real-time
quality control of data acquisition, and processing
and imaging of the acquired data. The survey design
and modeling study, consisting of 3D illumination
ray tracing, was performed to optimize and assess
several of the advanced acquisition techniques
such as multiazimuth (MAZ) and a circular
shooting configuration (French, 1984; Durrani,
1987; Moldoveanu et al., 2008; Buia et al., 2009).
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A 3D broadband circular shooting marine seismic survey,
using slant-streamer acquisition, provides a clearer image
compared to 2D legacy data for PETRONAS Carigali Sdn. Bhd.

MAZ is a technique whereby a narrow-azimuth
acquisition (NAZ) is repeated multiple times in
different directions to obtain multiazimuth data.
In circular shooting, the vessel follows a circular
line and additional circles are repeated in the
X and Y directions to build up azimuth, fold, and
offset distribution. It is a technique that allows
for wide to full-azimuth acquisition using a single
vessel shooting on a continuous turn. The modeling
was performed for the entire survey to review the
advantages of each technique. The illumination
modeling results of the NAZ, MAZ, and circular
shooting techniques are shown in Figure 2. The
plots show that the circular geometry achieves
superior illumination over larger coverage areas of
the target surface as a result of both increased and
diverse azimuthal coverage as well as the increase
in trace density. Another important consideration
is the inherent efficiency of the circular acquisition
method; the vessel sails in continuous turns
acquiring data constantly and thus, minimizing the
line change time (where no data are being acquired)
needed by the straightline NAZ or MAZ methods.

Acquisition planning and deployment

Figure 2: Depth coverage hitmap (a-c) and depth illumination simulated migration amplitude (d-f) from 3D
modeling study of narrow-azimuth, multiazimuth and circular shooting geometries. Red color indicates high
hit count or amplitude level while blue shows low hit count or amplitude level.

The results were compared to the legacy streamer survey geometry to assess if any improvement in the
illumination of the target could be achieved from the increased azimuth sampling. The comparatively better
illumination results of the circular survey led to the decision to acquire a circular shooting survey. Additionally,
another advanced technology technique—slant streamer acquisition—was incorporated during the planning
stage to be deployed concurrently with the circular shooting configuration. Towing the streamers in a
constant gradient (slant) from shallow to deeper depths allows for exploitation of the streamer ghost notch
diversity enabling the bandwidth extension, and better low frequencies preservation that will be very
useful for energy penetration through monotonous shale in the overburden, velocity model building and
steep dip imaging. This paper presents the survey design and modeling, acquisition methodology and QC,
and some initial results of the broadband circular shooting survey.

Subsequent to the design and modeling results that
showed the potential improvement achievable by the
circular geometry, acquisition planning commenced.
The approach was to conduct a pilot survey over
a smaller (4-km x 6-km imaged area) subset of the
whole survey to assess the possible improvement
in real data. In addition to the diverse azimuth
sampling and higher trace density, another benefit
of the circular shooting method is that it allows for
easy expansion of the survey size at a later date
by adding more coils to the smaller area. Once a
decision was made for the pilot test location, 49 coils
were extracted from the design of the full survey
(Figure 3). However, immediately before the start of
acquisition of the 49-coil subset, the original plan had
to be modified and a reduction in the number of coils
(42) became necessary due to the shortened time
window available for the pilot survey.

Survey design and modeling

Prior to embarking upon the data acquisition, a survey design and modeling study was performed to
select the optimum acquisition technique. A 3D earth model was created using the surface and borehole
seismic data as well as the well data. 3D illumination ray tracing was performed at the target horizon using
acquisition techniques such as multiazimuth MAZ (three directions) and a circular shooting configuration.
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Figure 4: Streamer shape QC of various shots—cable
separation was maintained whilst the vessel was
turning continuously in circular sail lines and towing
the cables in slant tow depth simultaneously.

in continuous turns, even in strong
cross-current areas. The QC of depth illumination
was performed in near-real-time to assess the
depth coverage; 3D illumination was updated
onshore constantly as soon as the navigation
data became available and the illumination QC
is shown in Figure 5. The QC shows the reduced
number of coils did not jeopardize the illumination
result of the pilot survey.
Figure 3: Survey design—coil centers (plot on left)
and shooting locations (plot on right) for a) full
survey area, b) pilot survey subset of full area,
c) modified pilot survey area with reduction in
number of coils.

After deciding to use the circular shooting
acquisition method for extended azimuth
sampling, a plan for extending the bandwidth was
considered by deployment of the slant-streamer
towing technique. The constant gradient (slant)
from shallow to deep tow depths method allows
for exploitation of streamer ghost diversity to
obtain broader bandwidth data (Moldoveanu,
2012). The advanced acquisition system and
technology available for the project enabled
simultaneous deployment of two cutting-edge
technologies. This led to the first commercial 3D
survey acquired with a slant tow depth streamer
configuration (8 x 7 km at 100 m streamer
separation), whilst the vessel was firing dual
source arrays and sailing in continuous turns.
In spite of the difficulty of deploying two
techniques concurrently, the acquisition went
well with low technical downtime.
The efficiency resulted in acquiring three
additional coils over the reduced plan of 42 coils.
The quality control (QC) of the streamer shape
(Figure 4) shows that it was possible to maintain
the cable separation very well whilst the vessel
was towing the cables in slant shape and sailing
20

Figure 5: Pilot survey depth illumination coverage
hitmap for a) planned 49-coil survey, b) modified plan
with reduced number of 42 coils, c) actual acquisition
of 45 coils. Red color indicates high hit count, while
blue indicates low hit count.
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Figure 6: Data example 1—a) Final migrated image
from legacy conventional NAZ survey, b) Preliminary
processing stage migrated image from broadband
circular shooting survey.

Figure 7: Data example 2—a) Final migrated image
from legacy conventional NAZ survey, b) Preliminary
processing stage migrated image from broadband
circular shooting survey.

The acquired data show marginally improved
illumination as compared to the pre-plot, due to
acquisition of three additional coils as well as a
favorable feather.

Conclusions

Initial data examples

Processing of the broadband circular shooting
data is currently ongoing. The migration of the
preliminary stack at the initial processing stage
(Figures 6b and 7b) shows encouraging results
compared to the final migrated stack (Figures
6a and 7a) of the legacy data. Considerable
improved continuity in data and additional
structural details are clearly noticeable in the
broadband circular shooting dataset at both
shallow and target levels.

The initial results show encouraging image
improvement in the Black Pond zone. The newly
acquired pilot dataset, although at a preliminary
processing stage, supports the survey design
and modeling study results and analysis.
The extension of azimuth sampling and broader
bandwidth enabled by the slant-streamer circular
shooting acquisition technique provides a better
image compared to the conventional straight line,
narrow azimuth, and flat streamer legacy data.
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Figure 1: Data collection diagram.

Figure 2: Shot location map of the GOM area.

Abstract

Introduction

Full waveform inversion (FWI) has become a new
tool in recent practice for subsurface velocity model
updating. When using FWI, the common scheme
was to use datasets which have relatively large
offsets up to 8 km or more and frequencies as low
as 2.8 Hz considering surface seismic acquisition.
In terms of the marine environment, wide azimuth
towed streamer (WAZ) or ocean bottom cable
(OBC) data collection provide the above mentioned
specifications. Recent advances in acquiring data
such as the dual coil method offer significant
improvements in characteristics over WAZ and
OBC such as better illumination, lower frequencies,
and longer offsets which allow the FWI to more
accurately determine the velocity field. In this
paper, the dataset that we input to FWI is a result
of dual-coil acquisition where the maximum offset
is up to 14,300 m with full azimuth distribution. In
order to approximate the observed data, the acoustic
inversion incorporates anisotropy, in the finite
difference propagators and uses the true source and
receiver depth. Our results demonstrate that FWI can
be used for velocity updates with the long offsets
and low frequencies provided by the above described
dual coil seismic acquisition. In particular, the shallow
section of the model can be significantly enhanced
by using FWI which can result in an improved overall
depth image. Furthermore, lower frequencies and
longer offsets mitigate the sensitivity of inversion to
the initial velocity model by enabling FWI to update
the low wave-number component of the velocity
model. Finally, we show the reverse time migration
depth image improvements by using the FWI
developed velocity field versus that one from
the ray-based methodology.

Over the past few years, 3D FWI with the acoustic
wave equation has been applied to real datasets
in marine (Plessix, 2009, Sirgue at al., 2010,
Vigh et al., 2010, 2011) and in land (Plessix, 2010)
environments. These results have demonstrated
that FWI can be used to update the velocity if the
acquired data contain low enough frequencies
and long enough offsets. In particular, the shallow
section of the model can be significantly enhanced
by using full-waveform inversion which can result
in a more improved overall depth image. One of
the difficulties with FWI is the convergence to
the local minima that makes the technique very
sensitive to the starting velocity model especially
when 3D is considered. To mitigate the sensitivity
to the initial velocity field, low frequencies and
long offsets are required (Bunks et al., 1995,
Pratt, 1999) which enable FWI to update the
low-frequency component of the velocity model.

GOM dual-coil data set

The dataset used in this study is a result of
dual-coil acquisition. The acquisition geometry
is circular and uses two streamer vessels and
two source vessels that cover the survey area in
a pattern of overlapping circles. Each recording
vessel has ten streamers, 8 km in length (Figure
1). This type of acquisition provides 14,300 m
maximum offset and full azimuth distribution.
The study area covers more than 100 mi2 with
approximately 64,000 shots (Figure 2.) The gun
array, the shot depth, and cable depth enabled
us to record frequencies as low as 2.5–3 Hz on
the field. A 50-m X 60-m bin-size was selected
to run the inversion.
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Full waveform inversion using low frequencies and long offsets can significantly enhance
imaging in complex environments.

3D full waveform inversion scheme

Most FWI methods are based on finite-difference simulators. These propagators can be computed in either
the time domain or frequency domain. If 3D surveys are targeted, the main cost component is the number of
shots that can exceed the hundreds of thousands when marine acquisition is under consideration. The time
domain approach is one of the feasible implementations besides the iterative frequency domain method
which avoids the use of direct sparse matrix solvers. It is also easy to deploy on distributed memory cluster
computers. The time domain application involves a finite difference forward modeling and residual back
propagation in order to gradually update the velocity field by minimizing the misfit energy. Forward modeling
uses the high-order finite difference approximation of the acoustic wave equation:

1.

where P(x,y,z,t) is the pressure field, ρ(x,y,z) is the density, V(x,y,z) is the interval velocity and S(x,y,z,t)
is the source. The density may be constant or can be replaced by any function or measurement.
The velocity is determined by minimizing the misfit function
2.
where Pobs is the acquired shot gathered data and Pcal is the modeled data using equation 1 with
the current velocity field and density model. E is minimized iteratively by calculating the gradient or
steepest-descent direction (Tarantola, 1984) at iteration n using the gradient

3.

where Vn is the velocity field at iteration n, Pf is the forward propagated source wavefield and Pb is the
back propagated of the residual wavefield (Pobs-Pcal). The gradient of the misfit function is computed by
taking the zero-lag correlation of the forward propagated wavefields with the back propagated residual
wavefield. Both wavefields are propagated using the current velocity and density fields. The model is
then updated using

4.
where α is the optimal step length derived from a line search along the gradient direction using a
parabolic fit. During the line search the misfit energy is evaluated by perturbing the gradient with
different values in order to decide on step length α used during the update at the minimum of the misfit
energy. In order to derive the optimal α value,at least two extra misfit functions are needed besides
the one which is calculated with the gradient. Each additional misfit function evaluation requires
a forward modeling run to determine the residuals to compute the misfit energy. Once we have these
three values, the minimum of the parabolic fit to these points will describe the optimal α value.

Data processing

Our focus in terms of imaging was on exploration
area Green Canyon 468 and 512; Pony and Knotty
Head prospects, to demonstrate the uplift of the
new acquisition and processing flow. Due to the
long 14-km offset the dual-coil recorded data is rich
in refracted energy (Figure 4) which is essential to
a successful full waveform inversion; therefore, the
data processing was kept at a minimum with designature, de-bubble and possibly noise attenuation
being applied to the input data prior to the FWI.
The complex geology created multiples that are
observed much later than the valuable refractions
and diving waves energy.
After spectral analysis of the observed data we
concluded that the lowest frequency in the signal
was about 3 Hz. The shot gathers were encoded in
order to increase computational speed since
the number of shots are large compared to the
area covered.

3D waveform inversion flow
and results

In the inversion there were two frequency bands
used starting with 0–4 Hz and then extended to
0–6 Hz. Starting from a low frequency range to a
higher frequency range is the multi-scale approach
that minimizes the risk to converge to local minimum.
The inversion was executed in the usual layer
stripping manner where the sediment-only FWI
was the first step followed by the reinsertion
of salt bodies to give the inversion the opportunity
to modify their definition to a small degree.
An image gather flatness constraint was
implemented which allowed us to freeze certain
parts of the model where misfit energy has been
minimized. Although the inversion only updates
velocity, we utilized our anisotropic propagators using
tilted transverse isotropy (TTI) which accommodates
velocity, density and the anisotropic parameters
ε, δ, dip, and azimuth. The starting velocity was
the result of ray-based tomography and the first
five iterations of the FWI were applied to the
sediments only. Then the salt was reinserted in
the model and salt body FWI iterations were run to
enhance the definition of the previously developed
top of salt and overhangs with the geological
delineation of the mini-basins using 12
additional iterations.
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a significantly better subsalt image than the short
offset data collection. When the depth slice is
compared in Figure 9a versus Figure 9b one can
observe that the salt geometry and even the
sutures inside of the salt are delineated better
when the long offset acquisition is used in our
FWI plus RTM sequence to perform the
final image.

Figure 3: Prospect map from Green Canyon.

The velocity slices at 8,000 feet depth show
significant differences when comparison of the
velocity fields reveals a high resolution component
of the FWI velocity field (Figure 6) that was not
present in the starting model (Figure 5).
Once completed with these additional iterations
the data were migrated with the final model and
QC was performed to check for gather flatness
(Figure 7a and b). Besides the gather kinematics
the data misfit were checked across the entire
area to ensure the correlation between the
predictions and the acquisitions are maximized.
Finally, reverse time migration (RTM) were
performed (Figure 8a and 8b) for comparison
reasons at well location (Knotty Head).
Figure 8b shows significant improvements, mainly
at target level under the salt, versus Figure 8a,
which tells us the longer offset acquisition,
provides better input to derive more accurate
velocity fields and using a better velocity field
with the longer offset produces

Figure 4. Dual-coil shot gathers.
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Figure 5: Traditional velocity field derived by ray-based
tomography 8,000 feet depth.

Figure 6: Waveform inversion velocity field 8,000
feet depth.
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Figure 7: (a) Gathers with initial velocities. (b) Gathers
with the FWI velocities.

Conclusions

We showed that waveform inversion using
long offsets can be successful in a deepwater
environment when the refracted energy and
diving waves are present in the collected data.
We further have demonstrated that FWI has its
own significant role in the modern velocity model
development process when the observed data
supports the inversion process.
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Full Waveform Inversion
Around the World
Introduction

The industry has moved to using two-way waveequation migrations, commonly known as reverse
time migration (RTM), especially in areas of complex
geology, and it has become increasingly obvious that
an accurate velocity model is required to obtain full
benefits from these migration algorithms.
Full-waveform inversion (FWI) has long been
considered by the industry to be the next logical step
in deriving detailed velocity models. The availability
of low-frequency, long-offset datasets and increased
compute power has now allowed FWI to become
the preferred method for building detailed
velocity models.
An accurate earth model is key to any successful
depth imaging project. FWI is an advanced velocity
model building process that uses the full two-way
wave equation and overcomes the limitations of
existing methods that use a ray-tracing approach
to distribute velocity errors within the model. In this
presentation, we will show examples of imaging
improvements obtained with FWI velocity models
from different geological environments around
the world.

Method and theory

Full-waveform inversion, based on the finitedifference approach, was originally introduced in
the time-space domain (Tarantola 1984; Pica et al.
1990; Sun and McMechan 1992). Inversion can also
be implemented in the frequency domain (Pratt et al.
1998; Pratt and Shipp 1999; Ben-Hadjali et al. 2008).

Recently, 3D FWI has been applied on real datasets
in marine (Plessix 2009; Sirgue et al. 2009; Vigh et
al. 2009, 2010; Kapoor et al. 2011, 2012)
and land (Plessix et al. 2010) environments.
These works demonstrate that FWI can be used
for velocity updates if the acquired data have
enough low frequencies and long offsets.
Particularly, the shallow part of the model could
be significantly enhanced by the use of FWI and can
result in a more improved depth image overall.
One of the difficulties with FWI is convergence to
the local minima. To avoid converging to a local
minima, one requires a starting velocity model that
bridges the gap between the low frequencies and
long offsets acquired in the data.
Generally, the starting model is a smoothed version
of a tomography-derived legacy model calibrated
with well logs, VSP, gravity, magnetotelluric (MT)
and other measurements that may be available.
Note that tomography-derived models are not
immune from convergence to local minima, hence,
the need to smooth such models.
We have implemented a 3D time-domain tilted
transversely isotropic (TTI) anisotropic acoustic
version of full-waveform inversion using the
two-way wave equation with an elastic correction
factor to model seismic data using an initial best
guess of the earth model. This can be a depth
model from a previous processing effort and/or
calibrated to well logs and any other seismic
or non-seismic measurements.
The modeled seismic data are compared to the
real prestack seismic measurement, and errors are
backwards propagated into the velocity model,
iterating to a final detailed model (Figure 1).
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Figure 1: Full-waveform inversion workflow.
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How FWI velocity models are enabling imaging improvements in different geological
settings around the world.
Examples

We will present results of FWI projects around the world from the Gulf of Mexico
to offshore Australia, the Middle East, and the North Sea (Figure 2).

Figure 2: Map showing FWI from different geologic basins around the world.

Following are some of the examples of detailed velocity models built with FWI
from different geologic challenges around the world as shown in Figure 2.
Delineation of North Sea channel systems on OBC data:
This project result shows the shallow velocity
feature caused by a channel has been accurately
determined with FWI, whilst with the previous
model, it had been manually inserted and
the central feature has had its rapidly varying
velocity estimated.

Figure 3: Comparison of velocity models from tomography (left) and FWI (right) from a North Sea project.
Notice the velocity detail added by FWI. (From Houbiers et al. 2012).
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We will show in our presentation the comparisons of the improvements in image quality obtained by
using the FWI velocity model. The input in this project was an OBC dataset with ~4-Hz low frequency
and 8.2- x 4.2-km maximum inline and crossline offsets.
Offshore Australia high-frequency FWI for a detailed velocity model on narrow-azimuth
marine data:

Figure 4: Comparison of initial starting model (smoothed version of tomography model) and FWI model.
The velocity detail added by FWI includes both high- and low-velocity channels that conform to the geology
of the area.

This project shows the capability of FWI to start with a low-frequency model and iterate to a high
frequency detailed velocity model. The input in this project was conventional narrow-azimuth marine
data with ~ 4-Hz low frequency and 7.3-km maximum offset.

Conclusions

Although FWI on real 3D datasets is a challenging task (Vigh et al. 2009), it is now becoming the
preferred method of building velocity models and can address a wide variety of geologic challenges.
Modern acquisition designs incorporating low frequencies, long offsets, and all azimuths facilitate the
implementation of FWI. A starting velocity model that bridges the gap between the low frequencies
and long offsets acquired in the data is needed. Starting from low frequencies, FWI can iterate
to high-frequency models. Adequate QC between iterations is required to ensure convergence.
Current applications are acoustic, but elastic FWI is becoming a possibility.
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A New, Fully Integrated Method for Seismic
Geohazard Prediction Ahead of the Bit
While Drilling
Geohazards have a direct impact on the drilling
and completion of wells; they present safety risks
and are costly; they can be caused by formation
properties such as overpressure and can be
associated with geological structures such as
faults and salt bodies. Critical to drilling success,
seismic data provide information used to construct
an Earth model consisting of 3D structural depth
images showing geological targets or hazards
and formation properties relevant to drilling such
as pore pressure. However, predrill estimates of
structural depth images and formation pressures
typically have large uncertainties, which elevate
safety concerns and drilling risks and could
increase the cost of wells. This risk is especially
problematic in challenging environments such as
deep water, where rig rates are high and continue
to increase.

Often, a single deterministic predrill seismic
Earth model remains mostly unchanged during
drilling—even though real-time logging-whiledrilling (LWD) data contain significant new
information about the formations being drilled.
Real-time check-shot measurements provide
constraints for the velocity model, real-time logs
reveal formation tops, and other while-drilling
information such as pressure measurements, mud
weights, tests, and drilling events can be used
to calibrate the Earth model.
We introduce a method that reduces these
uncertainties by integrating and optimizing the use
of seismic data and new information obtained
in real time from the well being drilled.

Figure 1: Example of uncertainty in a target horizon. All interpretations are equally probable based solely on
seismic data. Area size is 3 × 3 mi2 (about 5 × 5 km2).
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Integrating surface seismic, LWD or wireline data, and rock physics information to decrease
uncertainty ahead of the bit during drilling.
It is shown that the velocity estimates and structural
images ahead of the bit can be improved significantly
up to hundreds of meters and, in certain cases,
more than a thousand meters ahead of the bit.
Adjustments are made to the rock-physics models
based on LWD data that calibrate them to local
geology, further constraining the Earth model and
transforms for pore-pressure prediction.
Recent advances in integrated Earth model building
technologies, coupled with large increases in
computing power, have allowed this type of seismic
and while-drilling well data utilization to provide
rapid “in time” drilling decision making.
Field study results from Gulf of Mexico wells
show that the method provides significantly better
estimates ahead-of-the-bit compared
to predrill predictions.

Motivation

Seismic data are a key input to planning and
executing a successful drilling campaign. Predrill
planning of a well is made by using the seismic
depth image and estimated properties that are
important to drilling, such as pore pressure, fracture
gradient, and geomechanical properties. The
motivation for our work is that this Earth model
is not unique. Multiple models will fit the same
surface seismic data equally well. There is no unique
velocity model, pore-pressure estimate, or
structural image. We call this seismic uncertainty,
and it is the cause of many risks encountered
during drilling (Osypov et al., 2013). Reducing this
uncertainty also reduces risks.
Figure 1 shows an example from the Gulf of Mexico.
These are the interpretations of the same geological
horizon from seismic depth images obtained by a
family of velocity models. Each velocity model fits the
seismic data (i.e., flattens the gathers) equally well.

Figure 2: Uncertainty in fault location. The vertical section
is about 9,000 ft (2,700 m) high and 12,000 ft (3,700 m) wide.

Without any further information all these
interpretations are equally probable.
Which is the correct one?
Figure 2 shows the overlay of 500 map-migrated
realizations of a fault. We observe that the
uncertainty across the fault plane is about 400
ft (123 m). For a vertical well, this would create
more than 700 ft (213 m) of uncertainty upon
which the well will cross the fault. If we wanted
to take a drilling action at the fault location, such
as setting casing, this uncertainty will cause
problems. For example, 700 ft is approximately
18 joints of casing; it may be necessary to plan
for such uncertainty in predrill requirements.
Figure 3 shows an example of predrill estimation
of velocities with a P10–P90 uncertainty band
around it. Predrill pore pressures are estimated
from these velocities and, therefore, have an
uncertainty band around them. This uncertainty
reduces the safe mud-weight window between
the pore pressure and fracture gradient (FG) curves.

Reducing uncertainty in the velocity estimates
while drilling will reduce the uncertainty in the
pore pressures ahead of the bit, thereby providing
a broader, more reliable mud-weight window.
In summary, subsurface geological structure
and formation properties cannot be uniquely
determined from surface seismic data alone
because there are a large number of velocity
models which equally honor the surface seismic
data. The existence of nonuniqueness causes
uncertainty in the estimated velocity values.
Such uncertainty can be analyzed and quantified.

The new approach

In this section we illustrate the concept of how
integration of while-drilling well data and seismic
data provides a better Earth description ahead
of the bit with reduced uncertainty. The general
approach of the process is described in Esmersoy
et al. (2012).
Figure 4 shows the basic concept. Figure 4a
shows a predrill velocity model depicted by the
black curve on the left, the structural seismic
image, and a planned well trajectory. Velocity and
structural image are 3D cubes, but what we show
here are values along the well trajectory and a
2D section, respectively. As discussed in the
previous section, however, even though these
velocities and image are “consistent” with
the seismic data, they are not unique. This is
particularly the case when seismic anisotropy
is a factor in the area.

Figure 3: Uncertainty in pore pressure. Velocity
estimation uncertainty maps into pore-pressure
gradient (PPG) estimation uncertainty. FG is fracture
gradient, OBG is overburden gradient.

31

// Challenge: defining complex structures and prospects

When a well is being drilled, one can measure
the formation velocities down to the bit depth as
depicted with the red line on the left in Figure 4a.
This is done either by stopping drilling at a certain
depth and running a conventional wireline checkshot measurement or, more recently, by taking LWD
check-shot measurements in real time as the well
is being drilled at every connection, typically every
30–90 ft (10–30 m) without interruption or extra rig
time (Esmersoy et al., 2005). We observe that the
predrill velocity model (in black) is not consistent
with the velocity measurements from check-shot
data (in red), indicating that the predrill model is
not accurate in the shallow section; therefore, it
may not be accurate in the deeper section ahead
of the bit either.

Figure 4: Method for reducing velocity, geological
structure, and pore pressure uncertainty ahead
of the bit by using check-shot and well-log
measurements down to the bit depth.
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The next step is to update the model in the
shallow section behind the bit to make it
consistent with both the well data and seismic
data as depicted by the unshaded area in Figure
4b. This intermediate update is interesting but
not highly valuable by itself because we have
updated the section of the subsurface behind the
bit that has already been drilled. The real value
is in the final stage. Because the velocities in
the shallower drilled part have changed, deeper
seismic data are no longer consistent with the
deeper velocity model. This is because seismic
rays now have a different path and different
traveltime crossing the shallow section, and they
are no longer in agreement with the measured
seismic traveltimes.
We now rebuild the Earth model everywhere,
including deeper sections ahead of the bit as
shown in Figure 4c. This new velocity model and
structural image are consistent everywhere both
with surface seismic data and with well data. One
consequence of this update is the possible change
in the spatial positions or drilling targets (depicted
by a blue bar in the figure) and the change in
pore-pressure estimates obtained from velocity
predictions ahead of the bit. Figure 4 shows,
in a simplified way, how one can reduce
uncertainty ahead of the bit by using information
behind the bit.
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Well data are often used to check the imaged depth accuracy of formation
markers in a process called “well-to-seismic tie.” Lines and Newrick (2004)
describe the techniques, Gratwick and Finn (2005) examine ties at large
offsets, and Martin et al. (2010) explore new ways for complex imaging
environments. Tying the well to seismic image (or more appropriately the
other way around) tells us whether the position of a marker is correct at
the well location, which is by definition behind the bit in already drilled
subsurface. The presented approach takes this further and corrects marker
positions ahead of the bit, allowing proactive decisions for well trajectory
and casing points while drilling. One of the most effective methods to
produce seismic consistent velocity models is described by Woodward
et al. (2008) where reflection tomography ensures that seismic gathers are
flat. This is not sufficient but necessary for the correct velocity model.
In anisotropic formations, there is a genuine ambiguity between the velocity
and the anisotropic parameters, for example Thomsen’s δ and ε in a
transversely isotropic medium.

Figure 5: (a) Well location in deep water, Gulf of Mexico. (b) Seismic cross section.

Figure 6: Predrill velocity estimates (a) along well trajectory, (b) in a 5 × 5 mi2 area
around the well.

Field example 1:
Pore-pressure prediction ahead of the bit

The first example demonstrates pore-pressure prediction in the Gulf of
Mexico. Pore pressures are estimated from a rock-physics model that relates
the velocity of a formation to its pore pressure. Therefore, for accurate porepressure prediction, we need two things: good estimates of velocities and
a rock-physics transform appropriate for the geology at the drilling location.
Pore-pressure predictions before drilling are based on estimated seismic
velocities and an assumed rock-physics transform; as described earlier,
neither of these is accurately known, particularly in exploration drilling.
Consequently, predrill formation pressure estimates typically have large
uncertainty. In most drilling projects, the conventional approach is to update
the prediction during drilling using LWD logs, mud weights, cuttings, and
drilling events such as kicks and mud losses. These pore-pressure updates,
however, use well logs from an already drilled section of the well and cannot
accurately predict “ahead of the bit”; no actual “measurement” ahead of the
bit is involved in these updates. The introduced approach goes beyond this by
integrating actual ahead of the bit seismic velocity measurements with well
data to update pore-pressure predictions.
Figure 5 shows the Gulf of Mexico Green Canyon area where the study
well is located. Its geology is moderately complex, with changing dips and
structures nearby. The well is vertical with a total depth of about 11,700 ft.
This field study is conducted to assess the ability of the described method to
estimate pore pressures ahead of the bit. For this reason, an area with known
pore-pressure problems was chosen. At each step, 3D velocity, structural
image, and pore-pressure cubes were obtained around the well location.
For a better quantitative comparison, we show the estimated and measured
velocity functions and pore pressures along the well trajectory as well as the
3D images.
First, 3D predrill velocity and pore-pressure estimates were obtained without
well data using conventional methods as reference. Figure 6a shows
the obtained velocity function along the well trajectory. We observe that
velocities increase down to approximately 9,000 ft (2,743 m) and below
that there is a velocity reversal. This reversal is associated with an increase
in pore pressure. Figure 6b shows the 3D predrill velocities around the
well location in an area of 25 square miles down to 12,000 ft. Clear lateral
variations in velocities and structure show the need for 3D evaluation in
this area.

Other information such as geology and offset well data are needed to
overcome the ambiguity. Zdraveva et al. (2011) show how this additional
information is incorporated into model building with examples from the
deep water, Gulf of Mexico. In the new approach, in addition to any offset
well data, we also use data acquired as a well is being drilled.
These real-time well data are the most relevant additional information
because they come from the drilling location. They are used to further
constrain the velocity model and to calibrate the local rock physics model
with rapid turnaround times for “in time” drilling decisions. The following
examples show that velocities updated with this process provide good
pore-pressure estimates and accurate structural images ahead of the bit
after 3D prestack depth migration.
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Figure 7: Predrill velocity estimates
(black) compared to check-shot
velocities (red) measured down to
8,000 ft (2,438 m).

Figure 8: Look-ahead velocity prediction from the method introduced in this article
using well data down to 8,000 ft (2,438 m). (a) Along the well trajectory (blue)
compared to the predrill estimates (black). (b) Updated new velocity estimates
in 3D around the well location.

Figure 9: Look-ahead pore pressure estimates made at 8,000 ft. (a) Along the well
trajectory showing more than 3,000 ft ahead of the current depth. (b) New pore-pressure
estimates shown in 3D.
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Figure 10: Look-ahead estimates made at 8,000 ft (2,438 m) compared to actual
measurements within the 8,000–11,500 ft (2,438–3,505 m) section of the well:
(a) velocity, and (b) pore pressure.
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When the well is drilled to 8,000 ft (2,438 m), well data (check shots and
well logs) down to this depth can be used in the new method to estimate
velocities and pore pressures ahead of the bit. Figure 7 shows, in red, the
velocities obtained from check-shot measurements down to 8,000 ft.
Check-shot velocities increase more or less monotonically and do not yet
show velocity reversals. The measured velocities, however, do not agree
with the predrill model, which indicates that the model is inaccurate in this
shallower section and might be inaccurate below the bit depth as well.
From a drilling perspective, the challenge now is to be able to look ahead
thousands of feet and predict the location and magnitude of overpressures.
Figure 8a shows in blue the velocity prediction ahead of the bit down to
11,500 ft (3,505 m) with the technique introduced in this article. The prediction
shows a velocity trend increasing down to about 9,000 ft (2,743 m) followed
by a sharp reversal. The amount of velocity reversal given by this updated
prediction is larger than the predrill estimate in black, indicating higher pore
pressures ahead of the bit than predicted with the conventional predrill
model. Velocity data from the well, combined with 3D seismic data, enables
the velocity and structural image update of a 3D region around the well
location as shown in Figure 8b. The blue curve in Figure 9a shows the pore
pressures predicted using the look-ahead velocities in Figure 8 and a
velocity-versus-effective-stress relation calibrated with well data above
8,000 ft, as described by Sayers (2010). The new pore-pressure estimates
within 8,000–11,500 ft (2,438–3,505 m) start just under 12 pounds per gallon
(ppg) and increase to above 14 ppg. These are significantly higher than the
conventional predrill estimates. Figure 9b shows the updated pore-pressure
estimates in 3D together with the well trajectory down to the current depth
of 8,000 ft. There are significant variations in pore pressure both vertically
and laterally.
Finally, these estimates were compared to actual measurements from the
well in the deeper 8,000–11,500 ft section. Figure 10a shows, in dotted red,
the actual velocities measured from 8,000 to 11,500 ft. These velocities
agree much better with the look-ahead predictions from the presented
method (blue) compared to the predrill velocities (black). In Figure 10b, red
dots are the actual formation pressure measurements made after this section
was drilled. The agreement between the predicted (blue curve) and measured
(red dots) pore pressures is excellent; in the look-ahead prediction zone of
more than 3,300 ft (1,000 m), the estimates are mostly within 0.25 ppg of
the actual measurements. In contrast, predrill predictions underestimate
the required mud weight by as much as 2.1 ppg (0.25 g/cm3) in this zone.
In the deepwater drilling environment, 2 ppg can often be the entire
mud-weight window.

Field example 2:
Casing point positioning ahead of the bit

The second example shows how a fault location moves a significant distance
with the introduced while-drilling updating process and is imaged at the
correct location. The primary challenge in this well was to set casing below
a secondary fault as shown in Figure 11. This was necessary for the holesize
requirements of the final well completion. To achieve this, locating both primary
and secondary faults accurately was needed. Data from one offset well were
used to build a local anisotropic model extending into the new well location.
However, offset well data were limited to the deeper sections and could not
be used to build a reliable predrill model in the shallower section of the drilling
volume of interest. Because of this, and likely lateral velocity variations in
moderately complicated geology, large positional uncertainties were expected
with the existing seismic image.

Figure 11: In a deepwater Gulf of Mexico well (well C), a primary challenge was
to place a casing below a secondary fault. Accurate positioning of both primary
and secondary faults was critical. Large uncertainties were expected in the
positioning of events using the existing seismic image. LWD check-shot and
other while-drilling data from well C were used to improve the velocity model
and to reduce the positional uncertainty of the fault locations.
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Figure 12: Legacy image that existed prior to the project (a) and seismic image after the final update (b).
Red lines are the fault interpretation on the legacy image. Orange lines on the right are the fault interpretation
on the new image. One vertical grid is 1,000 ft (305 m). There was a significant shift in the spatial locations
of the faults targeted for casing point.
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It was therefore critically important to improve the velocity model and reimage
while drilling using well information from the well being drilled to reduce
the positional uncertainty of fault locations.
Real-time LWD check-shot data and well logs were acquired from the
mudline down to complement the offset well for a reliable velocity model.
Anisotropic velocity models were constructed in several stages by seismic
tomography where the vertical velocities were constrained by well data.
The volume for velocity models included the offset well to ensure a proper
tie to that well in addition to the new well.
For each updated velocity model, a new Earth model and structural image
were generated during drilling, enhancing fault-location accuracy “in time”
to impact drilling and casing decisions.
Figure 12 compares the legacy and final interpretation of the faults.
The left figure is the legacy depth image with faults indicated in red, while
the right figure shows the final image with new fault interpretation shown
in orange and legacy interpretation copied in red as reference. We observe
a movement of approximately 800 ft (243 m) in the secondary fault location.
Furthermore, the movement is not a simple up-down depth correction; it has
a significant lateral component in 3D. The final velocity and imaging update
was performed at approximately 1,500 ft (457 m) above the casing depth.
The desired casing location was accurately predicted within ± 50 ft (15 m).

Conclusions

Geohazards create safety risks and increase drilling costs. Many are caused
by uncertainties in the estimated formation pressures and the locations of
geological structures. We introduced a new technique that decreases these
uncertainties ahead of the bit during drilling. The method involves integration
of surface seismic data, LWD or wireline well data, rock-physics information,
logistics and planning, and fast turnaround times for “in-time” results.
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We have shown with a field example that uncertainty in the predrill pore
pressure estimates can be significantly reduced, and pore pressures up
to 3,300 ft (~1000 m) ahead of the bit can be estimated within 0.25 ppg.
A second field example demonstrated that structural uncertainty in the
location of geological features such as faults can be significantly reduced
with the new method.
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