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The assessment of geohazards is usually conducted using high-resolution seismic surveys. However, in
many deep-water exploration areas worldwide 3D seismic data are now routinely employed for site
investigation work as well as basic prospect exploration as this helps to reduce costs. Nevertheless, not all
3D surveys necessarily lend themselves to this task due to their acquisition design and processing.
Geohazards are briefly discussed and critical acquisition and processing parameters are presented that
influence the suitability of 3D surveys for site investigation work. Published guidelines and industry
practice suggest that where 3D surveys have specifically targeted the seabed and near-seabed section a
vertical resolution of 6 m and finer is possible in water depths greater than 500 m. This is comparable to a
conventional site survey vertical resolution of 4 - 5 m. However, many 3D surveys where the seabed was
not a target possess significantly lower vertical resolutions of ~10 m and are not fit as a substitute for site
surveys.
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Executive Summary

The assessment of geohazards is usually conducted using high-resolution seismic surveys.
However, in many deep-water exploration areas worldwide 3D seismic data are now routinely
employed for site investigation work as well as basic prospect exploration, thus eliminating
the cost of acquiring a separate site survey.

Not all 3D surveys are suited for site survey work as acquisition and processing choices suited
for deeper exploration targets may not be suited to imaging the seabed and shallow section.
Typical 3D exploration seismic acquisition geometries, sampling and offset ranges will record
seabed and near-seabed reflections best in deep waters (> 500 m). The quality of these events
deteriorate as the seabed shallows because of interference by the seabed refraction event
reducing the effective fold, until eventually the seabed reflection is lost altogether, usually in
water depths of 100 -200 m. Conversely, 2D high-resolution seismic enjoys a vertical
resolution of 4 -5 m in shallow water but this figure increases in deep water. Thus in deep
water the vertical resolution of 2D high-resolution data may be only marginally better than
the exploration seismic, thus reducing the benefit of acquiring a separate survey.

Establishing the vertical resolution and noise levels of existing 3D seismic datasets is
essential in determining their suitability for geohazard analysis. This can be established by
signal extraction over the seabed and near-seabed intervals and analysing the signal length
and frequency spectrum.

Shell’s experience of only using exploration 3D seismic data for site survey geohazard
assessment in deep waters suggests that such surveys need to achieve a vertical resolution of
approximately 6 m, i.e. a dominant frequency of 60 - 70 Hz and horizontal sampling of at
least 12.5 m for the seabed return in order to properly assess the full range of likely
geohazards (Steffens et al, 2004).

It is recommended that only those commercial 3D seismic volumes with a vertical resolution
of 6m, horizontal sampling of at least 12.5 m, preferably 6.25 m and low noise levels are
suitable for the assessment of the full range of geohazards. Typically, 3D seismic surveys will
not achieve this vertical and horizontal resolution unless imaging the seabed was an objective
during acquisition and processing. Reprocessing of 3D seismic at the full sampling may
significantly improve the vertical resolution.

Datasets with lower vertical resolutions (~10 m) can still significantly aid geohazard
assessment when calibrated with conventional 2D high-resolution seismic as not all
geohazards require the same vertical resolution in order to be detected. Commercial 3D
surveys often provide a high horizontal resolution and coverage that can aid establishing a
regional context of the proposed drilling location (Austin, 2004).






1 Introduction

In recent years the assessment of geohazards has looked to examine all potential data sets.
This has included 3D exploration seismic, a technology where significant advances have been
made in the last 10 years, Since the early 1990s 3D seismic surveys have become more and
more central to offshore hydrocarbons exploration and production activities. Initially, due to
their expense, 3D seismic surveys were used exclusively for field evaluation and
development. Then as the industry developed new acquisition strategies and cheaper data
processing became available, the real cost of 3D seismic surveys dropped sufficiently such
that within proven hydrocarbon basins at least, 3D seismic surveys were used as a primary
exploration tool. Several hydrocarbon provinces now have semi-regional or regional
coverage, such that within deep-water areas detailed images of the seafloor and near-seafloor
events provide valuable information of interest to exploration and production well planning
(Long et al, 2004). This includes not only planning the borehole path and exploration targets
but also geohazard and environmental assessment.

Offshore drilling can be a hazardous activity, where formations with highly pressured fluid or
gas may be encountered that can result in a potentially lethal and certainly costly blowout.
Consequently, most regulatory authorities require operators to identify possible geohazards
and propose mitigation strategies (DTI Pon 4, 2005, NORSOK standard, 1997). Central to
such assessments is the geophysical site survey; a dense grid (typically 300 - 500 m apart) of
high-resolution (source bandwidth of 20 - 300 Hz) seismic profiles over the proposed well
location (Atkins, 2004). Although essential, offshore site surveys are costly, as they involve
the mobilisation of specialist survey vessels. The costs can increase considerably if the survey
is required in more remote regions of the world. The need to reduce costs, while maintaining
operational safety has lead some operators to use 3D seismic data for geohazard assessment
as well as primary exploration (Shipp et al, 2002; Sharp et al, 2004; Steffens et al, 2004).

The purpose of this paper is to highlight the acquisition and processing parameters that can
influence the suitability of individual 3D surveys for geohazard analysis. This aim will be
achieved by firstly considering the principal geohazards encountered in offshore exploration.
Secondly, fundamental seismic acquisition and processing principles will be discussed with
emphasis on the implication for the identification of geohazards. Finally, current practice and
published guidelines will be considered from hydrocarbon provinces worldwide.






2 Geohazards encountered in offshore hydrocarbon
exploration

A geohazard is defined as site and soil conditions having a certain probability of developing
into a failure event, causing loss of life or investments (Kvalstad et al, 2001). The
classification of geohazards presented in Atkins (2004) is followed here with the exception of
the additional issue of shallow water flow (SWF). As the geohazards are extensively
discussed in Atkins (2004) only a short description will be presented here with their physical
scale & characteristics.

2.1 Sea floor instability

Submarine landslides have the potential to damage installations located in the instability zone
and downslope in the track of the slide blocks, debris flows and turbidity currents. They vary
enormously in areal extent from the size of England, for the 1992 Grand Banks slide
(Atkins, 2004) to only one square kilometre for the Walker slide in the Faroe-Shetland
Channel (FSC) described in Long et al (2003). Slope failure can occur on very shallow slopes
(~1°) and have run-out distances of several hundred kilometres. These features are obvious
potential hazards that need evaluation.

2.2 Sea floor variability

Canyons at the shelf break and seafloor channels represent areas where the seafloor may
exhibit sudden changes in physical properties and topography. These can present engineering
difficulties. Similarly, iceberg plough marks and scouring also indicate abrupt changes of
engineering properties due to iceberg grounding causing localised overconsolidation of
sediments. Scours are likely to be infilled with recent, low shear strength mud.

2.3 Gas/fluid pressure related features

Gas seepages, either biogenic methane or petrogenic gases seeping from depth can be
hazardous by significantly reducing the shear strength of soil that may undermine seabed
installations. When these gases are present in sufficient volume they can give rise to
blowouts, fire or buoyancy loss for floating vessels. In hydrocarbon provinces the
identification of shallow gas is one of the most important assessments that need to be made.
Pockmarks are shallow depressions formed by fluid migration through low permeability
clays. They are thought to be formed by episodic catastrophic failure of low permeability
layers after a prolonged build-up of high-pressure fluids and gasses at the base of the
formation and are therefore inherently hazardous.

Overpressures, i.e. pore pressures greater than the hydrostatic are commonly encountered in
hydrocarbon basins. Their accurate prediction is important in maintaining borehole integrity,
as encountering an unexpected high-pressure zone may cause a blowout. A related
phenomenon is shallow water flow (SWF) that has been extensively encountered in deep
water areas of the Gulf of Mexico (Ostermeier et al, 2002). Here high pore pressures are
encountered at very shallow depths in poorly consolidated sands whilst drilling. The result is
well damage and foundation failure and in some instanced seafloor cratering and cracking.

In very deep-water areas (>1250 m) temperature and pressure are such that methane and
water can form a solid, called gas hydrate in pore-spaces that effectively make the formation
impermeable. The gas hydrate is only stable within a range of pressures and temperatures



with a lower limit within the sedimentary sequence. Thus below the gas hydrate stability zone
the methane will exist as a free gas or be dissolved in the pore fluid. Gas hydrates pose
several potential hazards. Any activity that changes pressure and temperature may destabilize
gas hydrates resulting in large volumes of gas being released that can lead to the reduction in
the shear strength of the host sediments and blowout in the well (Holbrook et al, 2002).

2.4 Seismicity & Faulting

Where faults are active the ground is prone to moving, thereby potentially rendering large
areas unstable and/or the sudden displacement of structures. Also active faults can be
associated with the release of gases. Seismicity is an obvious measure of the likelihood that
local faults may be reactivitated periodically.



3 Geophysical surveying

Seismic surveying has been the principle tool for hydrocarbon exploration since the 1950s. At
its simplest offshore seismic surveying involves a ship towing a seismic source, such as an
airgun and a hydrophone to record the reflections returning from the seabed and sub-surface.
The resulting seismic profile gives a picture of the subsurface, permitting the mapping of
subsurface structure. The greatest single technical innovation was the switching to digital
recording in the 1960s as this enabled multichannel acquisition and the application of
computers to process the data to enhance the primary reflections and position them correctly
in space. For three decades seismic data were acquired as 2D profiles. In the 1980s 3D
acquisition was developed to overcome the limitations inherent in 2D profiles. Instead of
towing single hydrophone streamers, multiple streamers and sources were deployed to acquire
a swathe of subsurface reflections that could be processed into 3D volumes. Seismic data
acquisition and processing is a vast subject and only those aspects pertinent to comparison of
exploration and high-resolution data will be discussed here. A full treatment of seismic data
acquisition and processing, both 2D & 3D is given in Yilmaz (2001). For the sake of
simplicity, acquisition and processing parameters pertinent to this study will be discussed by
reference to 2D profiling. However, the points raised are just as relevant to 3D seismic.

3.1 Acquisition design

All seismic surveys both 2D and 3D are designed to image particular exploration targets.
Transmission of seismic energy into a layered earth occurs by energy splitting at each
reflector interface. Some energy is reflected and the remnant transmitted. However, higher
frequencies are more efficiently reflected than lower frequencies, resulting in lower
transmission of high frequencies into the subsurface. Thus high frequency (kHz range)
sources are employed for bathymetric surveys where accurate water depths are needed,
however, they rarely give much data below the seabed as very little high-frequency energy
penetrates into the subsurface. Hydrocarbons targets are typically 1-5 km deep and so
require lower frequency sources with a typical bandwidth of 8 - 60 Hz to generate a signal
that can penetrate to such depths to provide a reflection. Site survey seismic, designed for
imaging the seafloor and the first kilometre beneath the seafloor has a typical bandwidth of
20 - 200 Hz (Atkins, 2004), which generates reflections for the first second below the seabed.
The attenuation of high frequencies with travel time, influences design choices for temporal
and spatial sampling. Digital acquisition requires discrete sampling of the acoustic reflections
in space and time. Sampling has the advantage of allowing computer processing, but imposes
limits on the frequency content of digitised waveforms. The Nyquist frequency is the highest
frequency that can be reconstructed from a regularly sampled series of points. Consider
figure 1, a sinusoid with a periodicity of 125 Hz is shown in panel A, which by definition has
a wavelength of 8 ms. Because the sampling is only 4 ms, the sinusoid is inadequately
sampled which results in a false waveform being reconstructed in panel B. Sampling theory
requires a sinusoid to be sampled at least twice within each cycle to successfully reconstruct
the original waveform. Energy with frequencies above the Nyquist becomes aliased, i.e.
appears as false frequencies, an example is shown in panel C of figure 1. To prevent the
aliased energy contaminating the record suitable analogue filters are used to remove
frequencies greater than the Nyquist prior to sampling. For deep targets 4 ms sampling is
adequate for the anticipated bandwidth. However, for site survey work a minimum of 2 ms
sampling is required to raise the Nyquist to 250 Hz. In practice, 1ms is a common sampling
rate (500 Hz Nyquist) for site survey work. Fortunately, most seismic surveys are acquired
using a 2 ms sample rate. However, it is a common practice to reduce the sample rate to 4 ms
during processing.
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Figure 1. Diagram illustrating the relationship between Nyquist frequency, sampling and
aliasing

Panel A shows a 125 Hz sinusoid being sampled at 4 ms. Panel B shows that the 4ms sampling in Panel A will not
reconstruct the original waveform. The Nyquist frequency is defined as the reciprocal of twice the sampling rate.
Thus the Nyquist frequency for 4 ms is 125 Hz. Panel C shows that 4 ms sampling of a sinusoid with a frequency
higher than the Nyquist will result in a false sinusoid being reconstructed. This phenomenon is called aliasing.
Panel D shows that a sinusoid with a lower frequency than the Nyquist is properly reconstructed from the samples.

Because the sampling rate defines the highest frequency that can be recorded it also impacts
on the vertical resolution of the seismic data. The vertical resolution is the ability to
distinguish or resolve thin beds. Figure 2 illustrates the relationship between the dominant or
peak frequency and the limits of visibility and separability by means of a synthetic
seismogram generated by a simple wedge earth model and a ricker wavelet with a dominant
or peak frequency of 30 Hz. At the thickest side of the wedge the top and base of the unit are
observed as separate events. As the wedge thins, there comes a point where the two events
coalesce generating amplitude anomalies due to constructive and then destructive
interference, also known as tuning effects. Note that the point where the events begin to
coalesce is the limit of separability, i.e. the difference in two-way time between the top and
the base of the wedge is still proportional to the real wedge thickness. However, as the wedge
thins the difference in two-way times is no longer a function of the wedge thickness. Widess
(1973) determined that the limit of separability occurred at one quarter of the dominant
frequency of the source wavelet. In the example given 30 Hz equates to 12.5 m. i.e. beds
thinner than 12.5 m cannot be imaged. To resolve beds 5m thick requires a dominant
frequency of 80 Hz. Consequently, the dominant frequency determines the vertical resolution
of the data. Exploration seismic typically has vertical resolution of ~10 m, whereas
high-resolution seismic can resolve beds half that thickness.

A digital streamer is made up of a number discrete sections or groups, typically 12.5 m or
25 m in length for exploration seismic, shorter lengths for site survey work. The output of
each section is recorded as a separate channel. A common rule of thumb for acquisition
design is that the streamer length should equal the target depth. This has to do with the
stacking process, which will be described later. Thus the streamer length can be many
kilometres long for exploration seismic, but only a few hundred metres in length for site
surveys. Exploration seismic surveys need powerful sources that are provided by large airgun
arrays that generate turbulence whilst being towed. Thus it is common to have large initial
offset distance of the order of 100 m between the airgun arrays and the first recording channel



on the streamer. Site surveys have only one or two airguns and the initial offset distance is of
the order of tens of metres.
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Figure 2 Thin bed tuning and limits of separability and visibility after Bulat (2005).

(A) A synthetic seismogram generated from a depth model of a high velocity wedge using a finite difference
algorithm and a ricker wavelet with a dominant frequency of 30 Hz. The reflections of the top and base of the
wedge are picked on the synthetic seismogram and a graph of the amplitude of the top reflection is shown above
the seismic. (B) Depth model used to generate the synthetic seismogram. Note that the top of the wedge is perfectly
flat in contrast to the reflection event. (C) The relationship between dominant frequency (f), dominant wavelength
(L), vertical resolution(L/4) and velocity(V).

The decision as to the number of recording groups and their distance apart defines the
horizontal resolution of the survey. The horizontal sampling rate is decided by considering the
Fresnel zone for the exploration targets of the survey. Figure 3 illustrates the Fresnel zone
concept. Acoustic energy propagates on a spherical wave front within the subsurface.
Consider a wave front that has expanded to point O, and then allow it to expand further by a
quarter of the wavelength of the source’s dominant frequency, i.e. the limit of separability
criteria described previously. Now the wavefront has expanded to cover a circle of radius
OA’. This is called the Fresnel zone radius; reflections from points within the zone cannot be
discriminated between by observations made at the surface and is the horizontal equivalent to
the limit of separability. The horizontal sampling will be chosen such that the Fresnel zone is
sampled at least twice at the target depth. The Fresnel zone radius is a function of the average
velocity and the two-way time to the target and the dominant frequency at the target. Thus in
principle, although the spatial sampling may be good at the target horizon, it may be poor for
sampling the seabed, especially in shallow waters. This would result in loss of detail and
increased noise on images of the seabed or near-seabed events. Spatial sampling on
exploration data sets is usually of the order of 12.5 m or 25 m, whereas for site surveys it
would normally be 6.25 m. Although generally streamers are configured into equal length
recording groups, they need not be. It is possible to configure a streamer to have higher
spatial sampling in the short offset range and a lower sampling for larger offsets.
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Figure 3. Derivation of the Fresnel zone, which defines the horizontal limit of resolution for
unmigrated seismic data, after Yilmaz (2001)

F=Fresnel zone radius, V= velocity of layer above reflector, Z= depth to reflector, T=two-way time to reflector,
f=dominant frequency of source, L= wavelength of the dominant frequency of source

3.2 Processing design

The cost of processing seismic data is proportional to the total number of samples in the data
set. Consequently, it is common practice to seek to minimise the number of samples to be
processed, consistent with the aims of the survey. Thus a particular exploration target may
only require a temporal sample rate of 4 ms and a horizontal sampling of 25m to be
adequately imaged, based on expected frequency bandwidth and Fresnel zone considerations.
Even though the survey may have been acquired with 2ms and 12.5m sampling, by
processing only half of the samples in each dimension, the total volume of data is reduced to
one eighth of the original and would still adequately image the target. Clearly, this would
reduce the cost considerably but probably at the expense of data quality in the shallow section
that requires higher sampling to image well. Thus reprocessing the data at full resolution for a
subset of the data over a proposed well location is probably advisable for geohazard analysis
in many instances.

There are three primary steps in processing seismic data: deconvolution, stacking and
migration. Deconvolution has two purposes. The first is to compress the wavelet, the second
to remove water bottom multiples in shallow water. The observed seismic trace is the product
of the interplay between the seismic source wavelet and the acoustic impedance contrasts
within the geological section. Accoustic impedance is the product of velocity and density of a
formation. Because the earth acts as a dispersive medium, the wavelet shape is subtly altered
and stretched resulting in a longer, more complex source signal. Which of course results in
lower vertical resolution. Ideally, the source wavelet would be a spike with a minimal width.
The kind of deconvolution that attempts to compress the wavelet is often referred to as
‘spiking’ deconvolution. However, the process is sensitive to noise and the frequency
bandwidth of the data, so compression of the signal can only be taken so far before high
frequency noise is generated.

Stacking is the process of reducing random noise in data by making repeated observations and

adding them together. In its simplest form it is found in engineering geophysics where a metal
plate is struck with a sledgehammer and the reflections from the ground are recorded. By
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repeatedly striking the plate and adding or stacking the resultant records together, random
noise cancels out while primary reflections stack together. It is a very powerful technique for
improving signal to noise ratios. Offshore, a ship cannot simply stop and repeatedly fire the
source with the same surface shot and receiver locations. Instead the concept of the common
mid-point (CMP) is used. Figure 4 shows a simplified acquisition geometry to illustrate the
process. Let us consider a single point on a flat reflector that is the midpoint between the shot
and channel 1. As the ship advances by one half of the channel interval then the same CMP is
sampled again by channel 2. By repeatedly firing at set distances a set of traces are generated
called the CMP gather, which are all reflected from the same point. Thus a continuous series
of CMP gathers is built up along the profile.
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Figure 4 Repeated sampling of a single common mid-point (CMP) on a flat reflector in the
offshore.

The different travel paths of the rays sampling the same reflector within a CMP gather results
in differing arrival times as is shown in Figure 5. Reflections will appear as hyperbolae,
whose curvature is a function of two-way time and the average velocity down to the reflector.
The differences in arrival time by offset distance (the distance between the source and centre
of the channel), of the hyperbola, is called normal move-out (NMO) and obeys the normal
move-out equation presented in Figure 5. A correction can be applied to stretch the traces in a
gather such that the reflection hyperbolae are flattened. Once the NMO correction is applied
all the traces in the gather can be summed to produce a stacked trace. Because the NMO
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correction is dependent on the average velocity, the velocities for the main reflections on the
CMP gather need to be determined. Velocity picking is essentially still a manual process as
there is an element of interpretation to identifying the primary reflections. Full velocity
analyses are conducted on a subset of the available CMPs and linearly interpolated for all the
CMP in the 2D line or 3D volume. The maximum number of traces in each CMP gather is
called the fold of the stack. The higher the fold of the stack, the greater will be the
improvement in signal to noise ratio. Because the travel paths increase in length for increasing
offsets, the reflections show a progressive drop in frequency and so broaden in time. This
effect is amplified by NMO stretch. Consider the farthest offsets of the reflection hyperbolae
A & B in figure 5. Because the hyperbolae become flatter with increasing depth and velocity,
the difference in arrival times between the reflections decreases with increasing offset.
Consequently, the degree of signal stretch increases with offset. The stacked trace will be
very strong but have degraded frequency content. There is therefore a certain trade off
between improving signal to noise ratio and the vertical resolution.
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gather

Figure 5 CMP gather, NMO & stacking

(A): CMP gather of traces by offset showing hyperbolic events S or seabed, A & B. These events follow the NMO
equation shown above where T, is the observed arrival time at offset X, T, is the predicted arrival time at zero
offset, and V is the velocity to the reflector. Also shown are the refraction and supercritical events swamping the
seabed reflection beyond the critical point. (B): Data traces after NMO correction and refraction event muting.

Note the increase in signal length with offset called NMO stretch. (C): Final summed or stacked trace.
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Figure 6 Impact of seabed refraction on fold of coverage, after Bulat (2005)

The interplay of acquisition geometry, water depth and seabed velocity in determining the offset distance along the
cable at which refractions arrive is shown. Snell’s law dictates that an incident ray path with angle ‘a’ will give
rise to a reflection and a refracted ray at an angle ‘b’. The critical angle ‘i’ is defined as that angle where the
refracted energy follows the seabed surface. Those rays with angles of incidence greater than ‘i’ will undergo total
internal reflection. These are known as guided waves or supercritical energy. This is a practical limit for
maximum offset of useful reflection data. The graph shown relates seabed velocity and water depths to offset
distance, e.g. at 200 m water depth and 2000 m/s seabed velocity the refraction event arrives at 450 m. If minimum
offset is 100 m and group length is 50 m then only nearest 7 channels will have useable reflection data.

Reflections are not the only acoustic phenomena to be recorded. Direct arrivals, refractions
and diffractions are also observed. Of particular note is the seabed refraction. This has a
considerable impact on the ability to image the near seabed. Typically, the strong acoustic
impedance contrast at the seafloor will generate a refraction event at an offset determined by
the critical angle calculated from Snell’s law and the water depth as illustrated in figure 6.
Energy beyond the critical angle suffers total internal reflection from the sea surface, as air
has a much lower velocity than water; generating guided waves within the water layer. For
velocity analyses and ultimately for the application of normal move out (NMO) and stacking,
the refraction and supercritical events must be removed by muting. The phenomenon is
illustrated in Figure 5. At offsets greater than the critical point the refraction and supercritical
events mask the seabed reflection hyperbola. These events are often high amplitude and will
dominate the final stack if left in. Thus a mute is defined such as the data to the right of the
line is zeroed. The mute determines the effective fold of stack at that two-way time. As can be

13



seen the seabed now has only three traces to stack (Panel B, figure 5). Figure 6 shows the
derivation of the equation used to calculate the critical offset distance using classical optics.
Also shown is a graph of offset distance at which the refraction energy appears, as a function
of water depth below the streamer, for a range of seabed velocities. To take an example, at a
water depth of 200 m and a seafloor velocity 2000 m/s the maximum useful offset is 450 m. A
typical exploration survey may require a minimum offset between the source and the nearest
receiver of 100 m and have 50 m long recording groups. Thus only the first seven channels
will have a seabed reflection event recorded. On the other hand, a typical site survey may a
have a minimum offset of only 20 m and a 300 m long streamer configured into 6.25 m long
recording groups, i.e. twenty-four recording channels. In the same water depth and seafloor
conditions, the seabed reflection will be recorded on all channels and the seabed refraction
event not at all. Diffractions are point sources in the subsurface. Figure 7a illustrates the
phenomenon; consider a point reflector in a uniform medium of velocity V. Like reflections
discussed previously, diffractions obey NMO and appear as hyperbolae in CMP gathers.
Indeed a reflection can be considered as the summation of a series of diffractions from every
point on a reflector. Figure 7b illustrates the stacked i.e. zero-offset seismic expression of a
faulted flat reflector. The top and bottom of the fault act as a half diffraction giving rise to the
‘bow’ in time. On steep faults, the fault plane is never imaged, as the reflection on a zero
offset section will appear at very long two-way times.
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Figure 7 Seismic expression of diffractions and faulted reflectors

(A): Depth model of a point source diffractor in an otherwise uniform medium of velocity V and its seismic
expression as a diffraction. (B): Depth model of a faulted flat horizon marking the boundary between two unit of
velocity V1 and V2 and its seismic expression, showing the classic bow-tie expression of the fault in time.

Implicit in the display of seismic data is the assumption that all the energy in a trace
originates from directly below the shot point. If the earth were indeed composed of perfectly
flat layers, as assumed in the CMP method, this would be the case. However, sedimentary
basins have dipping horizons and complex structures. Sound propagates on spherical wave
fronts, so in the presence of dipping structures, reflections rarely originate from directly

below the shot point. The process of correctly positioning seismic reflections in space is
called migration.

14



Because reflections can be considered as the sum of a large number of point diffractions
whose seismic behaviour follows the NMO equation, it is conceptually easy to think of
migration as collapsing a multitude of diffraction hyperbolae into single points. When this is
performed in three dimensions the result should be properly positioned reflections. However,
to collapse diffractions properly requires adequate spatial and temporal sampling so that the
diffractions are fully imaged in the unmigrated data. Where this is not the case, migration will
generate noise called “smiling”. The migration operator can be thought of as applying an
inverted hyperbola to the section such that a diffraction hyperbola collapses to a point source.
However, if the steep limbs of the diffraction have not been sampled well the migration
operator generates a “smile” and the steep limbs of the smile become aliased noise in the
shallow section. Migration noise has been observed on seabed images in the FSC and has
been discussed in Bulat (2005). The implication for geohazard analysis is that the spatial and
temporal sampling limits the number and sizes of faults that can be imaged. High-resolution
data will be able to image smaller faults coming to surface than standard exploration data.

For simplicity, acquisition and processing has so far been discussed with reference to 2D
profiling. All the issues raised above also apply to 3D seismic data. 3D acquisition differs by
employing multiple streamers and sources, such that a swathe of data covered. The CMP on a
profile becomes a CMP bin and all processing can be done in 3D. On 2D seismic the
assumption has to be made that the line is orthogonal to the structure. This is rarely the case,
thus stacking and migration of 2D profiles would often result in errors where they intersected
because reflections could not be properly migrated i.e. spatially located. Similarly, many
details observed on individual 2D profiles cannot be correlated between lines because the
distance between the profiles is too great. Horizon maps generated from 2D surveys are very
generalised because of this constraint. 3D horizon maps, in contrast, retain all the details.
Seemingly insignificant features seen in profile view can be mapped horizontally to reveal
geological features such as river systems, erosional gullies and debris flows, which was
impossible to achieve with widely spaced 2D profiles.
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3.3 High-resolution and exploration seismic data compared

Table 1 is summary of the typical acquisition and processing parameters for exploration and
high-resolution seismic surveys. To summarise the important points of this discourse: deep or
exploration seismic needs low frequency sources in order to transmit sufficient energy to
image sedimentary basins of up to 5-6 km in depth. Exploration targets are typically
2 - 4 km deep. The frequency bandwidth and Fresnel zone constraints, frequently results in
lower temporal and spatial sampling requirements than for the seabed and shallow section.
Lower sampling criteria are often used on the grounds of cost, unless the seabed has been
selected as an acquisition target. The need to use high power sources for deep penetration,
results in a typical minimum offset range of 100 m with large group intervals. Thus, the
seabed and near-seabed section often has a low effective fold due to seabed refraction mute
and elevated noise levels in intermediate water depths (300 - 500 m). In shallow water the
seabed may not be imaged at all due to being swamped by refraction and supercritical
energies. Conversely, in deep water (>500 m) data quality improves considerably as the
effective fold of coverage increases. High-resolution seismic used in geohazard analysis is
concerned with imaging the seabed and the first kilometre of the sedimentary succession
beneath the seabed. To this end, higher frequency sources (20 - 200 Hz) are employed.

Table 1 summary of physical acquisition and processing parameters for standard exploration
and high-resolution seismic surveys.

Parameter Exploration seismic High-resolution seismic
Target depth 1-5km Seabed & 1 km below seabed
Source bandwidth 8-60 Hz 20 -200 Hz

Dominant frequency ~40 Hz ~100 Hz

Vertical resolution ~10 m ~4m

Horizontal resolution 25-50m 125 m

Sample rate (acquisition) 2ms 1ms

Sample rate (processing) 4ms 2ms

Horizontal CMP bin size 125-25m 6.25 m

Offset ranges 100 - 6000 m 20-1000 m

Velocity picks ~1 km ~500 m

The sources tend to have lower power output and thus a much shorter minimum offset is
required. Similarly, the offset range is much smaller but more frequently sampled (horizontal
sampling typically 6.25 m). In shallow water depths (< 200 m) such surveys image the seabed
well, and are essential for geohazard work. In greater water depths, the frequency advantage
drops, but is still often better than exploration data. In deep water, the vertical resolution may
only be marginally better than exploration 3D. Table 2 is a comparison of the typical data
quality of the seabed for exploration and high-resolution surveys. In deep water the size of the
Fresnel zone at the seabed increases considerably, such that the higher spatial resolution is
partially redundant and typical 3D seismic bin sizes adequately sample the seabed and near-
seabed events. In short the resolution advantages of high-resolution 2D profiles over
exploration 3D becomes marginal.

Exploration 3D datasets may be reprocessed at the full resolution of the data over a limited
subset of the data. In particular, many exploration 3D surveys are acquired with 2 ms
temporal sampling, which is subsequently reduced to 4 ms. The same may be true regarding
the horizontal sampling and the velocity spectra. Once reprocessed to maximum resolution
derived products can be generated to aid in geohazard evaluation. Finding new ways to
represent seismic data to aid in geohazard analysis is the focus of much current research. See
Rader & Medvin (2002), Mallick & Dutta (2002) and Aminzadeh et al (2002) for some
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examples of differing approaches to geohazard studies. It should be borne in mind, however,
that derived products are only as good as the migrated data from which they were calculated.

Table 2 seabed and near-seabed data quality for exploration and high-resolution surveys
within different bathymetric ranges.

Bathymetry Exploration seismic High-resolution seismic
0-200m Very poor, may not image seabed event Excellent
due to refraction event
200-500 m Variable, dependent on specific Very good
acquisition characteristics and noise levels
>500m Good, often of comparable quality to Good

high-resolution

The industry is presently developing the capability of acquiring 3D high-resolution (3DHR)
seismic surveys. These surveys are primarily for shallow waters and have been used on the
shelf of the Gulf of Mexico (Salter et al, 2004) and Indonesia (Diet et al, 2004). However,
there is an example of 3DHR acquired in a deep-water (~1500 m) area offshore Angola
(Beydoun et al, 2002). It was found that the available commercial 3D seismic was failing to
image the complex internal structure of the reservoir due to its low dominant frequency of
30 Hz. The 3DHR survey could resolve the reservoir and the geohazards and is used as the
baseline for future 4D work.
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4 Existing practice and guidelines

There is general agreement that the great power of 3D seismic lies in the uniform detailed
imaging and horizontal coverage that it provides on regional and semi regional scales. In deep
water (i.e. >500 m) it can provide excellent detailed images of the seabed and sub-seabed
horizons, and some surveys provide valuable information in water depths as shallow as 200m
(Long et al, 2004). Bruce and Shipp (2003) provide draft guidelines for I0ODP drilling,
including the types of surveys required for geohazard assessment. They conclude that
commercial 3D seismic can be used for site investigations, especially when spectrally
enhanced by processing, for water depths greater 500 m. For drilling in shallower water,
commercial 3D can be used to supplement high-resolution 2D profiles, whilst for water
depths shallower than 200 m, only high-resolution 2D seismic is fit for site survey purposes.
Similarly, UKOOA'’s guidelines for drilling in waters greater than 350 m (UKOOA, 2000)
strongly recommends using commercial 3D seismic pointing out that the horizontal resolution
of such surveys is comparable to bathymetric surveys and so can replace them for seafloor
mapping and identification of seafloor instability hazards. However, they point out that the
bandwidth limitations make them unsuitable for identifying shallow gas and so do not
advocate relying solely on standard or reprocessed exploration 3D seismic. Roberts (2001)
concurred with UKOOA’s view, in his recommendations for geohazard assessment in the
Gulf of Mexico, that 3D seismic data was extremely useful but needed to be used in
conjunction with higher resolution datasets because of the lack of vertical resolution. This
was particularly the case for small-scale features such as mounds, small slumps, gas hydrate
outcrops and chemosynthetic communities.

The extent to which 3D seismic can be used to replace high-resolution surveys is still a matter
of debate, which centres on the vertical resolution of 3D seismic surveys.
Steffens et al (2004) states that Shell has used conventional 3D seismic for drilling hazard
assessment for over 200 wells in deep-water areas (>500 m) for the last decade without
additional high-resolution 2D. However, these surveys had been designed to image the seabed
as well as deeper targets and care had been taken to ensure that the frequency spectrum of the
seabed and near seabed retained higher frequencies and possessed a dominant frequency of
60 - 70 Hz. Such frequencies imply a vertical resolution of 6 m, using the quarter wavelength
rule, which approaches the vertical resolution of traditional high-resolution seismic, which is
typically 4-5 m (Atkins, 2005). Furthermore, Steffens et al (2004) suggests that reprocessing
could improve the dominant frequency further to 80 Hz, a wvertical resolution of
approximately 5 m. Sharp & Samuel (2004) describe their studies offshore Egypt’s Nile delta,
where they demonstrate that the standard 3D seismic available to them had vertical resolution
comparable to existing site surveys in the region. The vertical resolution and areal coverage of
the 3D data enabled them to identify and avoid geohazards in subsequent successful drilling.

The reflection signal frequency content is also a function of the nature of the sedimentary
succession being imaged as well as the acquisition and processing parameters. The examples
in Steffens et al (2004) and Sharp & Samuel (2004), were from West Africa, Gulf of Mexico
and offshore Egypt’s Nile delta. These are non-glaciated, high-sedimentation rate
environments more favourable to retaining higher frequencies than the glaciated margins of
northwest Europe (Austin, 2004). In contrast, the 3D seismic surveys on the NW European
Margin typically show lower dominant frequencies and therefore lower vertical resolutions.
Austin (2004) shows comparative seismic lines on the NE Atlantic margin where the 3D
seismic has a vertical resolution of 9 m. Knutz and Cartwright (2004) estimate a vertical
resolution of 10 m for their data over the West Shetland Drift, FSC. Similarly, Hansen et al
(2004) also report a vertical resolution of 10 m (equivalent to dominant frequency of 50 Hz)
in the Danish sector of the North Sea. The dominant frequency of a data volume over the
Afen slide in the FSC was estimated to be only 30 Hz, implying a vertical resolution of
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12.5 m (Bulat, 2003). However, even in non-glaciated, high-sedimentation rate regions such
as the deep-water Girasol field, offshore Angola, there is an example of exploration 3D
seismic exhibiting a low dominant frequency of 30 Hz (Beydoun et al, 2002). Here the
operators chose to shoot a new 3DHR survey in preference to re-processing the original
exploration 3D seismic. They did this because the exploration 3D failed to resolve the internal
structure of the reservoir and presumably were not convinced that reprocessing would
improve the frequency content sufficiently. In view of the limited vertical resolution of the 3D
seismic in Northwest Europe, Austin (2004) considers commercial 3D seismic to be very
useful but inadequate for a full geohazard assessment without calibration of the 3D data with
high-resolution 2D site surveys. He supports this view by presenting several comparisons of
site surveys with coincident profiles extracted from 3D seismic volumes in deep water. These
illustrate potential geohazards that are imaged on the site survey data but not on the 3D
seismic data. Stewart and Holt (2004) also prefer the integration of 2D high-resolution data in
the shallow section, down to 500 m, with 3D data for generating models to help plan and
optimise drilling.
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5 Discussion

The decision to forgo the acquisition of a separate 2D site survey hinges on the comparative
resolution and signal quality of high-resolution and exploration seismic within the
environment of the proposed well location. Where 2D high-resolution surveys are likely to be
only marginally better in resolution and signal quality than the existing 3D exploration
seismic data, then the additional expense of the site survey is not justified. The judgement is
dependent on the types of geohazard under investigation. Those geohazards that exist on a
regional or semi-regional scale will probably be imaged on 3D seismic data. Whereas detailed
small scale faulting may require high-resolution data to image properly, as also the presence
of some near-seabed features such as gravel beds (Austin, 2004). From this it is clear that the
suitability of the available 3D seismic has to be considered for each type of geohazard
considered likely in the basin. The question of which geohazards are most significant will be
guided to some extent by past experience of exploration within the province.

A crucial consideration is the effective vertical resolution of the 3D data. Shell’s experience
suggests that datasets with vertical resolution of the order of 6 m (dominant frequency
60 - 70 Hz and low noise levels) in deep water are adequate for geohazard assessments. We
would therefore argue that 3D seismic datasets that either match or surpass these
characteristics are fit for the purpose of site surveying. The vertical resolution of existing 3D
seismic volumes can be estimated statistically by signal extraction techniques over the seabed
and near seabed. Consideration should also be given to random and systematic noise levels
within the survey, as noisy data can hardly be expected to reveal detail. In general, to achieve
high frequencies the 3D seismic requires to be acquired with imaging of the seabed as one of
the targets in the design of the survey. Similarly, the data processing will require to be
performed at the full sampling rate of 2 ms, rather than the usual 4 ms, so that the frequency
spectrum is wide enough to permit reliable spectral shaping.

Table 2 demonstrates that only in water depths greater than 500 m is the signal quality of the
seabed and near-seabed events on the 3D seismic is likely to be comparable to that of 2D
high-resolution data (Steffens et al, 2004, Bulat, 2005). This is because in deeper water the
effective fold of stack of the seabed event on the 3D survey reaches the maximum fold for
that survey. In contrast, the reflection amplitude of high-resolution 2D data will drop due to
spherical divergence whereas ambient noise will not drop, resulting in a reduced signal to
noise ratio. In water depths less than 500 m the data quality of 3D seismic can deteriorate as
effective fold of coverage reduces and noise levels rise. In these circumstances acquisition
design, especially the minimum offset distance and seabed conditions will be major factors
controlling the seabed signal quality. In very shallow waters no seabed return may be
recorded at all on exploration seismic. Water depth also impacts of the relative vertical
resolution also. Although sleeve guns for site surveys generate a pulse with a wide bandwidth,
the higher frequencies are preferentially attenuated with increasing propagation distance.
Thus in deep water the frequency spectrum of the seabed return for the site survey may only
be marginally greater than for the exploration 3D survey. In shallower waters the reduced fold
of stack and likely inaccuracy of velocity picks may well generate NMO stretch and so reduce
the dominant frequency of the seabed return on commercial 3D seismic.

5.1 Seafloor instability hazards

Exploration data can greatly assist in defining large-scale slides both at the seafloor (Long et
al, 2003, 2004) and for mapping stacked thick slide deposits such as in the giant Storegga
slide (Solheim et al, 2005, Gafeira et al, 2005). The exploration seismic volume used by
Gafeira et al (2005) lies on the flank of the Storegga slide and has a vertical resolution of
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approximately 8-10 m, which is adequate for mapping thick slide deposits. However,
identification of small-scale buried slides requires high-resolution surveys. For example, the
Afen slide is well imaged at the seabed using commercial 3D seismic on the slope of the
Faroe-Shetland Channel (Bulat, 2003). However, the exploration 3D data failed to identify a
paleo-Afen slide about 5m thick and 30m below the seabed, which required deep-tow
boomer data to identify it (Long et al, 2003).

5.2 Sea floor variability hazards

Long et al (2004) shows that 3D seismic can produce highly detailed seabed images that can
be employed to assist in assessing the variability of the seafloor. However comparison of
these seafloor images with higher-resolution swathe bathymetry and TOBI images suggests
that on parts of the continental slope thin contourite sands are detected by the high-resolution
data, that are invisible on the exploration seismic due to the lower vertical resolution
(Bulat, 2005). Iceberg plough marks and scour features are by definition to be found in
shallower waters, rarely in waters greater than 300 m in the FSC. it was possible to compare a
swathe bathymetry dataset with the seabed image generated from exploration 3D seismic
(Bulat, 2005). Although many of the larger plough marks were imaged, the increased noise
levels on the exploration data noticeably degraded the image such that some of the smaller
features could only be observed on the swathe.

5.3 Gas & high-pressure fluid hazards

The proper identification of shallow gas and fluid escape features such as pockmarks require
data with high vertical (~5 m) and horizontal (6.25 m) resolution to image well (Steffens et
al, 2004). Where exploration seismic fails to meet these criteria it is best to integrate them
with high-resolution seismic surveys (Austin, 2004). Prediction of overpressure and shallow
water flow (SWF) is an area where exploration seismic has an advantage over high-resolution
surveys in that the short offset distances on site surveys reduce the accuracy of the velocity
pick and amplitude variations with offset which is often used to differentiate rock-properties
(Mallick & Dutta, 2002). However, the exploration seismic generally requires enhancement
by reprocessing with a particular emphasis on the shallow section (Mallick & Dutta, 2002).
SWEF is a particular problem in the Gulf of Mexico and has been studied extensively using
exploration seismic (Ostermeier et al, 2002). However, the exploration data used to identify
SWF has had considerable reprocessing and has often been supplemented with 3DHR seismic
(Ostermeier et al, 2002).

The principal means of identifying the presence of gas hydrates is by identifying a bottom-
simulating reflector (BSR) on seismic data (Holbrook et al, 2002). The BSR represents a
reflection from the base of the hydrate stability zone, i.e. the hydrate-gas phase boundary.
Because the phase boundary is related to the depth below the seabed and not the stratigraphy,
it appears as a prominent reflection that mimics the seafloor topography and crosscuts
reflections from strata (Holbrook et al, 2002). As such it is readily observed on exploration
seismic. The recognition of a BSR does not necessarily imply hydrates are present as
mineralogical phase changes can also give rise to a BSR, such as the opal C/T boundary
observed in the FSC (Knutz & Cartwright, 2004). Under certain circumstances BSRs may not
form at all and detection of hydrates requires the detection of amplitude anomalies and
blanking zones (Holbrook et al, 2002). The detection of such features requires data that has
been carefully reprocessed at the full sampling rate specifically for the task.
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6 Conclusions

As was stated in the introduction, the purpose of this paper is to highlight the acquisition and
processing parameters that can influence the suitability of individual 3D surveys for
geohazard analysis and so to propose criteria as to when they can be used as a substitute for
high-resolution surveys. The available guidelines, actual practice and geophysical theory lead
us to the following conclusions.

Exploration seismic surveys are only likely to match the quality of site surveys in
deep water (>500 m). In shallower water depths exploration 3D data can help to plan
high-resolution surveys or complement them, but cannot substitute for them.

The exception to the above is where the survey was designed and processed to image
the seabed as well as the exploration target.

The vertical and horizontal resolution of the data must be high and with low noise
levels. A vertical resolution of 6 m (i.e. dominant frequency > 60 Hz) and bin
dimensions of at least 12.5 m in either X or Y direction, preferably 6.25 m, should be
considered the minimum requirement as this has been achieved in practice without
mishap (Steffens et al, 2004).

A statement of the vertical and horizontal resolution of a 3D seismic volume with
supporting evidence such as example profiles, frequency analyses etc should be
furnished to ensure that the survey meets the criteria presented above.
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Glossary

The following definitions are taken from the Schlumberger online Oilfield Glossary.
http://www.glossary.oilfield.slb.com

Bin

A subdivision of a seismic survey. The area of a 3D seismic survey is divided into bins, which
are commonly on the order of 25 m [82 ft] long and 25 m wide; traces are assigned to specific
bins according to the midpoint between the source and the receiver, reflection point or
conversion point. Bins are commonly assigned according to common midpoint (CMP), but
more sophisticated seismic processing allows for other types of binning. Traces within a bin
are stacked to generate the output trace for that bin. Data quality depends in part on the
number of traces per bin, or the fold.

CMP

Common midpoint. In multichannel seismic acquisition, the point on the surface halfway
between the source and receiver that is shared by numerous source-receiver pairs. Such
redundancy among source-receiver pairs enhances the quality of seismic data when the data
are stacked. The common midpoint is vertically above the common depth point, or common
reflection point. Common midpoint is not the same as common depth point, but the terms are
often incorrectly used as synonyms.

Deconvolution

A step in seismic signal processing to recover high frequencies, attenuate multiples, equalize
amplitudes, produce a zero-phase wavelet or for other purposes that generally affect the
waveshape. Deconvolution, or inverse filtering, can improve seismic data that were adversely
affected by filtering, or convolution that occurs naturally as seismic energy is filtered by the
Earth.

FSC
Faroe-Shetland Channel

NMO

Normal moveout. The effect of the separation between receiver and source on the arrival time
of a reflection that does not dip, abbreviated NMO. A reflection typically arrives first at the
receiver nearest the source. The offset between the source and other receivers induces a delay
in the arrival time of a reflection from a horizontal surface at depth. A plot of arrival times
versus offset has a hyperbolic shape.

Migration

A step in seismic processing in which reflections in seismic data are moved to their correct
locations in the x-y-time space of seismic data, including two-way traveltime and position
relative to shotpoints. Migration improves seismic interpretation and mapping because the
locations of geological structures, especially faults, are more accurate in migrated seismic
data. Proper migration collapses diffractions from secondary sources such as reflector
terminations against faults and corrects bow ties to form synclines..

Ricker wavelet
A zero-phase wavelet commonly convolved with a reflectivity trace to generate a synthetic
seismogram.

Stacking

To sum traces to improve the signal-to-noise ratio, reduce noise and improve seismic data
quality. Traces from different shot records with a common reflection point, such as common
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midpoint (CMP) data, are stacked to form a single trace during seismic processing. Stacking
reduces the amount of data by a factor called the fold.

Wavelet

A one-dimensional pulse, usually the basic response from a single reflector. Its key attributes
are its amplitude, frequency and phase. The wavelet originates as a packet of energy from the
source point, having a specific origin in time, and is returned to the receivers as a series of
events distributed in time and energy. The distribution is a function of velocity and density
changes in the subsurface and the relative position of the source and receiver. The energy that
returns cannot exceed what was input, so the energy in any received wavelet decays with time
as more partitioning takes place at interfaces. Wavelets also decay due to the loss of energy as
heat during propagation. This is more extensive at high frequency, so wavelets tend to contain
less high-frequency energy relative to low frequencies at longer traveltimes. Some wavelets
are known by their shape and spectral content, such as the Ricker wavelet.
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