SPECIAL TOPIC: MARINE SEISMIC

Multiple source acquisition for use in
4D marine seismic
James Wallace1* outlines how multi-source designs can be used to simultaneously repeat a
baseline survey and provide a new baseline, with enhanced spatial sampling and signal-tonoise ratio, for future monitors.
Introduction
Throughout the lifecycle of an offshore oil or gas field seismic
acquisition can be repeated a number of times. Within the O&G
industry, seismic data enables E&P companies first to identify
hydrocarbon reservoirs and then maximize the extraction of them.
During the exploration phase of a new field, a seismic company is contracted to survey the area. This can be started with sparse
sampling, with one source and one streamer towed in 2D mode
and then with 3D over a targeted area. However, in certain circumstances the decision can be to jump straight to 3D, with multiple
sources and streamers, when the uplift outweighs the cost.
Fast forward to later in the life cycle, if successful, the now
producing field will need routine monitoring, and this is where
the area can be surveyed again – every few years – to assess
changes in the sub-surface.
The subsequent surveying of a field is called ‘4D monitor’ or
‘time-lapse’ seismic acquisition. To accurately evaluate changes
to the property of the reservoir, such as fluid saturation or
reservoir thickness, the 4D monitor survey should replicate the
preceding survey as effectively as possible (Calvert, 2005).
This is no mean feat, considering years could have passed and
technology is likely to have changed. The surveys could be
acquired in a different period of the year, so environmental factors
influencing the equipment dynamics will be inconsistent. A vessel
with different equipment could be acquiring the new data, and so
on. The objective is to minimize the impact of these variables as
much as possible. However, this can in turn lead to advances in
acquisition and processing technology and techniques becoming
constrained to match the baseline.
In recent years, marine seismic acquisition with three or more
sources has become commonplace, driven by a combination of
economics, data quality and health and safety. This paper outlines
how multi-source designs can be used to simultaneously repeat
a baseline survey and provide a new baseline, with enhanced
spatial sampling and signal-to-noise, for future monitors.
Enhancing 4D by good repetition
‘There is no harm in repeating a good thing’ - Plato
A standard 3D preplot is generated with straight sail lines and
regularly spaced shot points, be them either based on mean
centre of source or mean common midpoint (CMP) positions.
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In contrast, the repeat survey preplot is planned on the actual
individual baseline shot positions. Therefore, the steering method used in the 3D can impact the subsequent monitor survey(s).
Acquiring the data steering straight along the preplotted sail line
will provide a regular spaced grid of shot lines, while source
positions may not be uniform if the baseline was shot for CMP
coverage. Near trace offset, streamer and source separations,
streamer fan and streamer feather are among a number of other
factors affecting repeatability.
A commonly used measure of 4D matching success is using the
sum of the difference between the source position of the monitor
and baseline and difference between the receiver position of the
monitor and baseline. This is shown as (∆src + ∆rec). Tolerance
for this can be applied at various offsets to assess the 4D
repeatability and make in-field decisions. By decreasing ∆src
and/or ∆rec, the repeatability is increased – and in turn there is
a lower normalized RMS (NRMS) difference, the indicator of
4D quality between the two datasets (Smit, 2005). There are a
number of advances in technology and design which help reduce
the ∆src + ∆rec errors.
Dynamic steering systems on vessels are an important tool
in time-lapse and are becoming ever more refined and intelligent. Collaborative efforts between the seismic ship owners and
system manufacturers have led to progressive improvements
in marine automation systems and the interfaces between the
positioning systems and the propellers, thrusters and rudders.
Globally, a very small percentage of vessels are being used for
seismic acquisition, by my last count only 20 that are active,
with a small percentage of that acquiring 4D data. So, it is not
surprising that these systems have to be specifically tailored to
be able to deal with a constantly changing steering azimuth, as
used during 4D, since they are actually designed with the other
100,000 vessels (or so) in mind that follow a constant azimuth
vessel track while making small lateral adjustments. This has
led to the concept of generating 4D preplots with straight line
track headings between zero cross-line offset waypoints with
pre-programmed track offsets to follow the baseline vessel path.
An approach that is different to the traditional 4D method of
working with a deviating vessel heading, and so takes advantage
of the inherent design of dynamic steering to control and predict
movements.
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In modern-day sophisticated vessels, the in-sea equipment
control systems are intrinsically linked to the bridge positioning
system. While the vessel is continually adjusting course, these
pieces of equipment are constantly working to adjust lateral
separations of streamers and guns, to fine tune the locations while
progressing down the sail line. Rather than using brute force that
can increase noise and damage equipment, subtle but continuous
modifications are applied to the seismic geometry to match the
positions of the baseline. Developments in the technology of
streamer mounted devices have led fully braced acoustic positioning networks, with reliable compass data. This significantly
improves positioning accuracy, in real-time, and therefore, with
knowledge of streamer shape, separations and feather, repeatability is improved (Musser, 2006).
The steering of the vessel and in-sea equipment can only
come about by having precise positioning. These days, seismic
vessels use the Global Positioning Navigation Satellite System
(GNSS), using a combination of navigational satellite systems
such as GPS and GLONASS, which provides accurate positioning of the vessel and active buoys situated on the sources and
streamers.
Steering systems can only go so far to mitigate positional
mismatch, and the repeatability is also in the hands of the
environment, such as sea state, currents and tides. It is impossible
to reacquire a survey in the identical conditions as the baseline.
Therefore, it is essential these details are consistently recorded
during the initial survey and each subsequent acquisition phase,
so that the sail line conditions can be matched as closely as
possible in the 4D planning and operational stages. Current speed
and direction can be recorded with Acoustic Doppler Current
Profilers (ADCP) mounted on the vessels in the operation. The
baseline ADCP data are then used during the 4D acquisition and
cross-checked with the new measurements. Placing the support
vessel with ADCP at a distance in front of the master vessel
will give some foresight into conditions ahead. Swell height
and direction, along with wind speed and direction, should be
logged. Temperature Salinity (TS) Dips (i.e. speed of sound in
water measurement) should be taken routinely throughout the
survey. This information, along with tidal observations, allows
for effective pre-survey planning and provides the onboard teams
with the information they need to select compatible lines while
acquiring 4D.
Reprocessing and more reprocessing
‘You can’t help getting older, but you don’t have to get old’ - Burns
It is well known that the most cost-effective way of improving
a 4D dataset is to use the latest processing technology. With
exponentially more powerful super-computers being used to
process seismic data, there has been the rapid development of
processing algorithms, capabilities and run times. Rather than
repeating the processing sequence that was applied to the baseline
dataset – which can be difficult to replicate if the vintage is a
few years old – it makes more sense to process both the baseline
and monitor surveys with a modern processing flow. This has
the benefit of both sets of data being processed with the same
software and hardware, and usually even with the same team of
data processors.
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There are many publications that discuss signal-to-noise being
a key aspect of 4D quality. Along with improved acquisition technology such as solid streamer designs, modern noise attenuation
techniques are very effective at removing noise and protecting
signals, attenuating issues such as swell noise and seismic
interference that, if left in, can cause problems after migration and
affecting 4D difference signal.
Deghosting the data in processing has become industry
standard and opens the door to increased bandwidth seismic
data for both monitor and baseline surveys. This is preferred to
broadband acquisition techniques – such as slanted streamer, over/
under streamer or multi-layered source depths – since these can
add unnecessary complications for repeatability, and you cannot
go back in time and change a baseline survey that was acquired
conventionally. Prior to broadband processing, datasets suffered
from source and receiver ghosts. Ghosts, which are inherently
non-repeatable, cause both amplitude attenuation at the notch
frequency, and phase rotation. In broadband processed data the
influence of source and receiver ghosts on the seismic wavelet
is greatly reduced. This both assists with spectral matching, by
correcting the phase, and because the magnitude of the side-lobes
of the wavelet are reduced, temporal resolution can be improved.
When acquiring the seismic data, by also recording near-field
hydrophone (NFH) and gun positions, notional signatures can
be derived from NFH data by inversion. Notionals are used to
calculate a shot-by-shot far field signature that can be used for
directional de-signature, de-bubble and source matching. The
deghosting process involves redatuming the data to a reference
depth, such as MSL, which means that the surveys can potentially
have been acquired with different streamer tow depths. The
monitor acquisition configuration can as such be set up to optimize
a broadband response, such as deep flat streamer tow, with subsequent recovery of low frequencies, required for reliable inversion.
Multiples, some geoscientists will claim, are more of a concern to 4D then source and receiver repeatability. Processes such
as 3D SRME, high-resolution Radon, shallow water multiple
removal, interbed multiple attenuation and removal of multiples
by inversion provide significant success in demultiple of seismic
data. This means less damage to primary energy while running
demultiple processing, resulting in a clearer image with which to
measure differences of real events.
With advances in multi-dimensional regularization, a higher
degree of reliability in the trace position and trace matching can
be achieved. 5D regularization – which operates, for example, in
the inline, cross-line, offset, azimuth and frequency dimensions
– has significantly improved binning, equalizing the geometries
from the baseline and monitor datasets. Migration algorithms
such as Kirchhoff Prestack Depth Migration and Reverse Time
Migration result in a superior structural image and address velocity variations that could affect the 4D repeatability. This means
that 4D difference analysis, such as time shifts, are more reliable.
Repeat and improve, repeat and improve
‘We can’t solve problems by using the same kind of thinking we
used when we created them’ - Einstein
In 4D seismic acquisition, the monitor survey may have the dual
purpose of being designed to replicate the baseline and provide
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Figure 2 Conventional dual source acquisition, cross-line sampling is a quarter of
the streamer separation.

Figure 1 Top: 8-on-8 streamer with 5˚ feather mis-match between monitor (green)
and baseline (blue); bottom: 10-on-8 streamer with 5˚ feather mis-match showing
improved receiver matching.

a significant improvement in image quality (other than the usual
uplift seen by the improvement in technology). For example, in
a field with an ageing baseline, when even the most advanced
processing cannot bring the data up to modern day standards.
The client can, therefore, decide to acquire a 4D monitor as both
a repeat of the baseline and to create a new higher-resolution
and/or more repeatable baseline for future monitors. This could
be to achieve stable source and streamer cross-line separations,
rather than trying to replicate a baseline with a high rate of
change of separations, if the baseline was acquired during a
period of bad weather. In this case, the objective can compromise the repeatability of the monitor but a new monitor that is
higher quality and more repeatable is created. It is recognized
then that, for some time-lapse surveys, there is scope to have
the necessary repeatability while also improving the imaging
of the sub-surface. This makes both 4D and 3D interpretation
possible.
The decision made during 4D feasibility studies to use a different acquisition configuration can be assessed by the impact
on total position repeatability. This can be weighed against
the benefits of using a new configuration and/or acquisition
technique. The relative non-repeatability (Rnrms) between the
baseline (B) and monitor (M) configurations can be described
by Rnrms = NRMS(B)/NRMS(M). In this sense the Rnrms can
be used as a measure of the repeatability when the monitor
is different to the baseline, for example, different numbers of
streamers, different numbers of sources and different separations. This is because NRMS is related to (∆src + ∆rec) error
(Naess, 2006).
One possible solution for improving data quality is to tow
more streamers. For example, a commonly used method is with
additional outer streamers to mitigate variations in baseline
feather (see Figure 1). This optimizes operational performance
while potentially laying down a new baseline that is easier to
repeat. Narrower cross-line streamer separations (and therefore
improving spatial sampling) is another option. By increasing the
density of the streamers, it is possible to improve trace repeatability and improve the dataset. However, increasing streamer
count does come with additional cost: deployment, recovery and
streamer maintenance. Denser streamer configurations can be a

Figure 3 Triple source acquisition, cross-line sampling is a sixth of the streamer
separation.

higher risk in congested fields, areas with high levels of fishing
activity and/or in-sea debris.
In this article, the concept of using additional sources will be
proposed as another solution to consider.
The multi-source 3D seismic revolution
Conventional 3D marine seismic acquisition has traditionally
been acquired with dual sources and multiple streamers (usually
somewhere between 6 and 14). The number of streamers towed
behind the vessel has been able to increase over the last few
decades due to purpose-built vessels having a higher tow
capacity (thrust and storage). The idea of towing more than two
sources is by no means new, but refill time of the guns and lack
of continuous recording were restricting factors leading to large
shotpoint intervals and low fold data, insufficient for sub-line
processing. However, the ability to record continuously, advances
in processing speeds and ‘deblending’ algorithms, i.e. the separation of overlapping shots, increase fold levels sufficiently for
processing. Compared to traditional recording of discrete records
we have now dissociated record length, shot interval, survey
ground speed and maximum offset. This allows for a significant
increase in survey design options with a focus on efficiency and
improved quality through smaller cross-line bin sizes and smaller
inline shot intervals.
By using three sources, rather than the traditional dual
array configuration, the streamers can be spread further apart.
This means a step-change in operational efficiency with more
data acquired per sail pass with the same quality as before.
Survey duration is reduced with less in-sea equipment, which
reduces HSE exposure, for instance back deck and small boat
operations. Quality can be improved further by keeping the
spread width the same but introducing more sources to increase
the cross-line sample interval (see Figures 2 and 3) and raising
the inline fold by reduction of shotpoint intervals (Hager,
2015).
With the success of triple source surveys performed in 2014,
a five source survey was acquired for Quadrant Energy in 2015.
Unlike triple source, where the six sub-arrays are grouped into
three sets of two, sub-arrays are coded in penta source, so four
of them each contribute to two sources are grouped so that
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in 4D and 3D. In 3D, both the efficiency, measured in sail line
interval, and quality, measured as the cross-line sampling, can
be improved. While in 4D, the sail line spacing is driven by the
baseline so cannot be changed. However, operational efficiencies
do come from improvements in repeatability owing to denser
sub-surface sampling and additional streamers to mitigate feather
mis-matches.
Penta 8x62.5 on Dual 8x50
First, let’s take a look at an example of using five sources in the
monitor, over a dual source 8x50 baseline acquired with 25 m
source separation, and 25 m shot intervals (Dy). The monitor can
be acquired with five sources, 6.25 m apart with a shot interval
of 8.33 m (Figure 6).
Cross-line (Dx), the outermost monitor ‘M’ sources (source
M1 and M3) match the baseline ‘B’ source positions (source B1
Figure 4 Penta-source sub-array coding.

Figure 5 Quality vs efficiency comparisons for acquisition configurations.

four of them each contribute to two sources (see Figure 4).
The shooting sequence is set up so that no sub-array fires in
succession.
Four years later, multi-source acquisition is now an industry-wide 3D acquisition technique, so it is reasonable to look at
how it can add benefits to 4D surveys.
The multi-source 4D seismic revolution?
The concept describes a method of upgrading the spatial and
temporal 3D sampling of a 4D monitor survey over a producing
reservoir while retaining the 4D repeat sub-set of the baseline
survey for 4D analysis. By using additional sources in the
monitor, the principle is similar to that of using additional
streamers. The concept can be applied for three or more sources
over a baseline with dual sources. Eventually, when the industry
sees more multi-source baselines, the principle of increasing
the number of sources will still apply. Two of the sources can
be placed at the same position as the baseline sources with any
additional sources creating a new increased quality 3D dataset
and additional shot-receiver pairs that can be used to improve
4D repeatability.
In Figure 5, three example dual source baseline configurations
(highlighted red) are shown: 8x50, 8x75 and 8x100. Under these
(in green) are a few possible multi-source configuration alternatives. It is important to note a difference between multi-source
80
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Figure 6 Five source inline source repeatability.

Figure 7 Five source cross-line source repeatability.
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Figure 8 Four source inline source repeatability.

Figure 10 Three source inline source repeatability.

Figure 9 Four source cross-line source repeatability.

Figure 11 Three source cross-line source repeatability.

and B2) with sources M2, M4 and M5 down the centre (Figure 7).
The baseline bin grid is 6.25 m (IL) x 12.5 m (XL), while the new
acquisition can be outputted on a 6.25 m (IL) x 6.25 m (XL) grid.

Triple 10x100 on Dual 8x100
Finally, we can take a look at an example of using three sources
over a dual source baseline acquired with 50 m source separation and 25 m shot intervals.
The monitor can be acquired with three sources, 25 m apart.
The shot interval is set to 12.5 m (Figure 10).
Cross-line, the outermost monitor ‘M’ sources (source M1
and M3) match the baseline ‘B’ source positions (source B1 and
B2) with source M2 down the centre (Figure 11). The baseline
bin grid is 6.25 m (IL) x 25 m (XL), while the new acquisition
can be output on a 6.25 m (IL) x 16.67 m (XL) grid.
Adding sources has the benefits of improved trace density,
cross-line sampling and therefore spatial resolution, all of which
improve the dataset and enable the interpreters to have more
accurate seismic attributes to analyse.
The source positions are duplicated, and the vessel follows
the same baseline track. The compromise is the receiver repeatability. However, it is proposed that the additional traces will

Quad 10x75 on Dual 8x75
Next, we can take a look at an example of using four sources over
a dual source baseline acquired with 37.5 m source separation and
18.75 m shot intervals.
The monitor can be acquired with four sources, 12.5 m
between M1/M2 and M3/M4 with 37.5 m between M2/M3. The
shot interval is set to 6.25 m (Figure 8).
Cross-line, the inner monitor ‘M’ sources (source M2 and
M3) match the baseline ‘B’ source positions (source B1 and
B2) with sources M1 and M4 creating new 3D sub-surface
lines and additional source/receiver pairs (Figure 9). The
baseline bin grid is 6.25 m (IL) x 18.75 m (XL), while the new
acquisition can be output on a 6.25 m (IL) x 9.375 m (XL)
grid.
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mean an improvement in common midpoint and common-offset
matching, considering the dynamics of streamer spreads in-sea.
In addition, more streamers can be used to improve feather
matching.
While not always the case, the other consideration is that
4D multiple source design can create an irregular sub-surface
sampling grid. Modern processing, algorithms that effectively
combine pre-stack time-lapse binning and multi-dimensional
regularization will mitigate this during the 4D workflow (Smith,
2012).

It is proposed that the objectives of the survey could mean
that the 4D monitor can be designed to acquire a new 4D baseline
with upgraded spatial and temporal sampling, with the 4D monitor as a sub-set of the data.
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