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Introduction

Plays beneath salts and basalts throughout key
areas such as Gulf of Mexico, India, and the Atlantic Margin
are among the most sought-after prizes in oil and gas
exploration today. Seismic surveys play an important role in
finding the reservoirs, but unfortunately, data quality is
often dismally poor. This has provided keen motivation for
improving the seismic product. This effort has focused
mostly on data processing – with special emphasis on depth
imaging, tomography, and multiple suppression. However,
although such efforts are surely necessary, they are
probably not sufficient. That is, a more substantial approach
to improvement must include development of data
acquisition techniques that provide a better starting point
for processing and interpretation.

To this end, a study was performed that included a
series of 2D swath-style, streamer acquisition experiments.
The experiments were conducted over four fields in the Gulf
of Mexico in late 2003 and early 2004.

Poor data quality issues and their influence on acquisition
strategies

From sister studies, it was concluded that key

causes of degradation in data quality included poor
illumination, the high attenuation of high frequencies, and
insufficient accuracy in overburden velocity models. In a
controlled numerical experiment, Christof Stork (personal
communication) showed that when the correct velocity field
is input to migration, a wave-equation migration (WEM)
algorithm is capable of preserving frequency content in the
final image - even in zones beneath complicated salt bodies.
When the migration velocity field was smoothed, frequency
content in the final image was maintained fairly well outboard
of salt, but not beneath the salt. In that case, high frequencies
were sacrificed. One implication is that in order to image
acceptable bandwidth beneath salt and basalt, accurate
interpretation of the top and bottom boundaries must be
performed when generating the migration velocity field. This
is sometimes difficult. For this reason and others, the signal
that is present in migrated images is very often characterized
only by low frequencies. Therefore, a key objective in this
study was to devise acquisition strategies that were faithful
to low frequencies. In some experiments, the approaches
were in the same spirit as those discussed by Ziolkowski et
al. (2003) and Christie et al. (2004) in their attempts to image
beneath basalt. That is, all efforts were focused on the low
end of the spectrum. In other experiments in this study,
attention was given to high frequencies too – but not by
forsaking the low ones.
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Summary

The integrated Seismic Imaging and Modelling of Margins (iSIMM) paper presented at the SPG in 2004 demonstrated
by using a source array tuned for low frequencies and single-sensor marine acquisition, it was possible to obtain good
penetration below the basalt top to reveal structure beneath basalt cover. In addition, numerous deepwater depth-imaging
projects have also shown the value of low frequencies for imaging beneath salts and basalts. However, the conventional
acquisition methods required to generate, preserve, and record more low-frequency signal usually results in the sacrifice of
high-frequency data.

In the series of tests conducted, it was desired to investigate acquisition strategies that would yield improved signal-
to-noise ratios across the full bandwidth. In one test, two streamers were towed one over the other. In order to enhance the
low-frequency signal-to-noise ratio, the streamers were towed quite deep (at 18 m and 25 m). The deep nature of the tow
geometry reduced low-frequency swell noise. This is because deeper depths provide a quieter environment. The over/under
nature of the geometry enhanced the low-frequency signal (and higher-frequency signal too). This was because the geometry
enabled wavefield separation to be performed. This allowed the downgoing wave to be identified and then discarded – leaving
only the ghost-free, signal-rich upgoing wave. Thus, not only was the signal enhanced at low frequencies, but also at high ones
too. Although the mathematics for these methods was developed decades ago, it has only been in the last few years that the
enabling technologies have been developed to enable acquisition in this manner..
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every shot. To accomplish this, a hydrophone was placed
next to every airgun, allowing measurement of the near field
of each gun. From the collection of near-field measurements,
the far-field pulse was then computed using the notional
method described by Ziolkowski et al. (1982).

Depth of tow strategies

The efficiency of increasing low-frequency energy
through bubble tuning would have been wasted if the source
and receiver depths were too shallow. This is because the
pass zones of the ghost filters would have been out of sync
with the low frequencies coming from the source array.
Consequently, a variety of depths were tried in the surveys.
Depending on survey objectives, some of the source depths
were as deep as 18 m and some of the streamer depths were
as deep as 25 m.

Field filter strategies

All recording systems apply analog filters to the
field data. One of the chief reasons for this is to remove the
high frequencies that would alias upon digitization.
However, the filters also to serve to remove frequencies at
the other end of the spectrum. In most of our tests, the
analog filter was relaxed at the low end as much as possible.
Compared to commonly used low-cut field filters, this
allowed another 1 to 3 dB of amplitude to pass in the 3- to 5-
Hz Hz range.

Sampling strategies

Relaxing the field filters definitely allowed more
low-frequency signal to be passed. However, that of course,
also allowed more low-frequency noise to be passed.
Unfortunately, the worst noise in marine surveys typically
resides precisely at those low frequencies. So if the low-
frequency approach is to be successful, that noise must be
addressed. As mentioned previously, two of the components
comprising the noise are bulge waves and swell. These
propagate at extremely slow velocities. Consequently, they
are severely aliased with conventional group interval
sampling, rendering them very difficult to lift from the
records. However, the experiments conducted in this study
did not employ standard receiver groups. Instead, the
hydrophones were sampled individually. The spacing
between the single sensors was 3.125 m. This was
sufficiently dense to avoid aliasing; thereby allowing the
noise to be removed by adaptive dip filters.

Source strategies

The first step in devising new strategies concerned
the generation of more low-frequency energy. One approach
that was investigated was simply to increase the total volume
in the airgun array. 5085 in3 was used as the reference. This
is large by historical standards, but today it probably
represents the norm in Gulf of Mexico surveys. Array sizes
of 6780 in3 and 8475 in3 were compared with it. Not
surprisingly, they provided beneficial results. For instance,
the 6780-in3 volume was observed to provide 2 to 5 dB of
improvement in amplitude. This might sound insignificant,
but modeling studies had shown that when data quality is
poor (as in the case of complex imaging), a 3-dB improvement
in signal-to-noise ratio is indeed helpful in interpretation.
Admittedly, larger arrays should increase not only the signal,
but also the source-generated noise. However, at low
frequencies, analyses of our test data showed that the chief
noise components were related to bulge waves and swell.
These are not source-generated. That is, they are constant,
regardless of the source strength. So, increasing the source
amplitude by a few dB translated directly into comparable
improvements in the signal-to-noise ratio. Another approach
for source tests investigated benefits that could be obtained
by funneling more of the available energy into the low end
of the frequency spectrum. This was done by “tuning on
the bubble”. This strategy was described by Avedik et al.
(1993) and then exploited by Lunnon et al. (2003), and Christie
et al. (2004). In this procedure, the firing times of the individual
guns comprising the array are delayed in order to
synchronize the onset of the bubbles. For the example
discussed later in this abstract, bubble tuning concentrated
the energy between 6 and 14 Hz.

A natural byproduct of bubble tuning was that the
source wavelet was no longer minimum phase. In fact, the
wavelet was very long and erratic in appearance. This was
fully addressed by a designature step in data processing.
The wavelet had to be input to that process, of course. It
was not possible to estimate it statistically from the seismic
records, so one inclination was to model it from the known
airgun array configuration and firing times. However, that
was not possible. Industry-standard software packages
cannot model wavelets correctly for airgun arrays that are
deeper than 12 m. Our desire was to test source depths
considerably deeper than that. Another alternative might
have been to acquire a single far-field pulse. However, shot-
to-shot variations were expected to be induced in our tests
because it was feared that a deep tow depth could be an
operationally unstable environment. Therefore, it was
preferred to measure the actual wavelet, and to do it at
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Results of low-frequency tests

Figure 2 shows shot records from one of the fields
under study. Noise suppression has been applied to them,
but they have not yet been migrated.  If we assume that the
high frequencies will be lost in depth imaging (because of
the overburden velocity problem), then for the area of
interest, we can ignore those frequency components.
Consequently, the records have been filtered in display with
a high cut of 12 Hz. Not surprisingly, the reprocessed legacy
example is worst.  The peak-tuned, single-sensor record
looks a little better, but not dramatically so. (The major
portion of the signal in that record resided at the higher
frequencies that were removed by the display filter). The
bubble-tuned, single-sensor record looks much better than
the other two. The noise level is approximately the same as
in the peak-tuned, single-sensor case (because the noise at
low frequencies was not source-generated), but the signal
level is much higher. Again, this is because the bubble-
tuning process put much more energy into the earth in this
passband. Judging by these records, we would expect the
prestack depth-migrated result of the bubble-tuned, single-
sensor data to look the best too. This is indeed what we
observe in Figure 3. The high-cut filter in those displays is
20 Hz.

Broadband strategies

In the series of tests conducted over another one
of the four fields, it was desired to investigate acquisition
strategies that would yield improved signal-to-noise ratios
not only at low frequencies, but at high frequencies too.
This meant that peak-tuning, not bubble-tuning, had to be
used. Two streamers were towed one over the other in these
experiments. To enhance the low-frequency content, the
streamers were towed quite deep (at 18 m and 25 m), thereby
allowing the associated ghost filters to pass the low-
frequency signal.

The low-frequency noise was addressed in three
ways. First, by virtue of towing deep, the swell noise was
weak. Second, single-sensor recording was used again. And
third, the data from the two streamers were stacked together,
thereby providing some signal-to-noise ratio enhancement.
Furthermore, the weights in the stack process were complex-
valued and frequency-dependent as per the wavefield
separation strategies of Sonneland et al. (1986), Singh et al.
(1996), and Grion et al. (2001). This allowed the downgoing
wave to be identified and then discarded, leaving only the
ghost-free, signal-rich upgoing wave. Thus, not only was
the signal enhanced at low frequencies, but also at high
ones too, as shown in Figure 1.

Although the mathematics for these methods was
developed decades ago, it has only been in the last few
years that the enabling technologies have been developed.
Critical to the success of the wavefield separation process
is that the two streamers are kept positioned one over the
other. In that regard, streamer steering, as described by
Austad et al. (2000), was employed throughout these tests.

This is not trivial as the over/under steering ability
is primarily affected by the amount of current gradient
between the over and under streamers. Ocean currents are
a complex phenomenon resulting from tidal effects, local
eddies, river outlets, powerful ocean streams, and wind
driven effects.

With the application of streamer steering, the
necessary positioning tolerances were accomplished and
the data from the over and under streamers were able to be
stacked, and consequently, the receiver ghost notches were
eliminated. The resultant migration showed that the
increased low frequencies content provided definition in
previously unseen structure, and combination of the over/
under streamers ensured that the high frequencies were
maintained, enhancing the results further..

Conclusions

It was demonstrated here that the road to better subsalt and
sub-basalt imaging should start with improved acquisition
technologies and that the results from such efforts should
then be married with the advances being sought in
processing and interpretation. A key premise in the
underlying study was that low frequencies could bring forth
much-needed signal. Field experiments were conducted that
brought together an integrated approach for generating,

Fig. 1:  Contrasting responses for streamers at 7 m, 18 m, 25 ,m and
the combined over/under streamers.
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Fig.2: Low-frequency test results; portions of shot records   (Filtered 0-12 Hz).

Fig. 3: Low-frequency test results; corresponding stacks after prestack depth imaging
(Filtered 0-20 Hz).

Reprocessed legacy data (peak-tuned) Peak-tuned, single-sensor experiment Bubble-tuned, single-sensor experiment

Reprocessed legacy data (peak-tuned) Peak-tuned, single-sensor experiment Bubble-tuned, single-sensor experiment



(110)

preserving, and recording those frequencies. Results
confirmed the expected benefits. Furthermore, additional
experiments demonstrated that over/under acquisition offers
the opportunity to achieve the high frequencies typically
associated with a shallow tow configuration, but at the same
time, to boost the low-frequency content by relying on
wavefield separation.
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