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INJECTED SANDSTONES IN THE NORTH SEA

Injectites, or remobilized sandstones are common
reservoir features in the Central North Sea, where they form
significant economic accumulations in both the UK and the
Norwegian sectors.

These reservoirs are characterized by producing
zones consisting of chaotically distributed, unconsolidated
injected sands in the Paleocene and Eocene formations.
Porosity when present is often high, however the highly
variable net-to-gross ratios and irregular morphology result,
in these reservoirs often being difficult to map, with
commensurate risks on drilling prognoses. These complex
reservoirs result from sand dyke and sill injection, following
a period of differential stress regimes within the extensional
basin.  Description of the origins of injectites is outside the
scope of this paper, but a fuller description of the mechanism
is well described in Dixon R.J. et al., 1995.

Not all injectites are difficult to image, in the
Harding Field acoustic contrasts and reservoir thickness mean
that the overall morphology and fluid contacts are easily
imaged using conventional seismic acquisition technology.
Elsewhere, in the Alba Field for example, multi-component
seismic were used to image low impedance reservoir sands
with converted wave (PS) reflections.

This paper describes an area of the Central North
Sea where imaging injectites was an especially difficult
problem for the operator. There are three main lithologies of
interest in the target zone; shales, clean sands and

heterolithics.  The heterolithic lithologies varied in sand
content between 40 and 75% sand volume.   Rock property
studies using well data had established that pre-stack
inversion of seismic data could provide information to
distinguish the clean sands from the surrounding shales
however the success in predicting the heterolithic sands was
dependant on the sand content.  It was also clear that, due to
the complexity of the reservoir the existing seismic data were
not of required resolution to adequately mitigate uncertainty
and risk associated with reservoir distribution.

SEISMIC SURVEY DESIGN AND ACQUISITION

A survey was designed with the specific objective
of improving the imaging of the injected reservoir sands
specifically to map the following;

l Distribution of reservoir pay
l Thickness and geometry of individual geobodies
l Reservoir connectivity

Based upon the operator’s knowledge, based on well
data and existing seismic data, forward modeling was used
to identify the seismic survey parameters which would best
meet the reservoir objectives.  Studies of illumination,
bandwidth, fold and earth losses, showed that high
frequencies in excess of 100Hz could be obtained if the data
were acquired at 5m cable depth.  Experience had shown
that the required resolution could be obtained using point-
receiver acquisition the features of which facilitate precision
imaging and preservation of stable primary amplitude and
phase information.  This is achieved through accurate cable
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positioning, fine spatial sampling, calibration of source and
receivers resulting in improved noise attenuation and
improved bandwidth.

The use of point receiver data allowed for attenuation
of swell noise and correction for intra array effects that are
normally problems associated with seismic data acquired at
shallow cable depths. To obtain optimum illumination of the
target whilst maintaining efficiency a flip-flop source
configuration (two arrays of guns were employed and a shot
was fired every 25m, each gun array fired every 50m) was
used with cables separated by 50m spacing.   Initial results
from the survey showed that signal bandwidths up to 100hz
were acquired.

The seismic data were processed at 6.25metre group
interval to take advantage of the spatial sampling afforded
by point-receiver acquisition.  The processing sequence was
designed to maximize resolution whilst preserving primary
amplitude and phase information.  It was important to image
the data pre-stack to provide correct input for pre-stack
inversion.  The processing sequence included a deterministic
zero-phasing step incorporating calibrated marine source
designature, pre-stack time migration and continuous horizon
consistent velocity analysis.  The results of the processing
gave a high-resolution dataset Figure 1 shows a cross section
through the migrated volume, the steeply dipping events are

interpreted as injected sands. Wavelet estimation showed that
(through use of CMS designature) the data were close to
zero-phase and had a stable seismic wavelet.

LITHOLOGY PREDICTION

The purpose of this phase was to explore and
establish a link between the seismically derived rock attributes
and reservoir properties i.e. lithology, hence to discriminate
between sand and shale.  This would enable better drilling
predictions from the seismic data.  Petro-acoustic modeling
using well data showed that high MuRHo and low Vp/Vs
ratio correlated with a high net sand within the zone of
interest. Estimates of shear modulus (Mu), density (Rho) and
Lambda were obtained by prestack AVO inversion of the point
receiver seismic data.

Figure 2 illustrates the sequence used to obtain the
rock attributes from the seismic data. Prestack seismic data
were inverted to produce estimates of P (compressional wave)
and S (shear wave) reflectivity.  The reflectivities are inverted
to P and S wave impedance volumes from which rock
attributes such as MuRho and Vp/Vs are generated.

Probability analysis was performed and MuRho cut-
offs were derived to produce probabilistic estimates of sand
volumes. In Figure 3 the left hand panel shows cross plots of
well derived and seismically derived MuRho and Vp/Vs
attributes for the Balder interval.  The well derived, crossplot
shows the relationship between measured MuRho and Vp/
Vs attributes for three wells.  Overplotting lithology as colour
identifies how the rock attributes relate to trends for sands
and shales. For the Balder the clean sand points  for the zone
of interest have relatively low Vp/Vs and high MuRho values,
however the shales fall in the high Vp/Vs and low MuRho
portion of the plot.  Using this information “cut offs” were
designed to show the probability of a particular point being
sand or shale in both formations.

Multi-attribute classification is performed using
several independent attributes and is useful when the
relationship between seismic attributes and lithology is
complex or we want to predict more than one lithology.
Injectites can be separated from the host rock due to
differences in seismic textural attributes.  Textural attributes
(e.g. dip, azimuth) and rock attributes (e.g. MuRho and Vp/
Vs) were used in the multi-attribute classification to identify
the steeply dipping injection structures.  The resulting
classification enabled the morphology of the steeply dipping

Figure 1. Cross section of seismic migrated stack trace data volume
showing steeply dipping events which were interpreted
as sandstone injectities.
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Figure 2. Sequence used to estimate rock properties from seismic data. Fully imaged seismic CMP gathers in pane 1 and inverted
using Amplitude Versus Offset (AVO) analysis to give P-wave and S-wave reflectivities (panel-2). The refelectivities
are inverted to P and S wave impedance (Ip and Is) from which rock attributes (Lambda, MuRho adn Vp/Vs) are
estimated for analysis.

Figure 3. Petro-acoustic crossplots of Vp/Vs versus shear modulus*density (MuRho) for the Balder interval. Data from 3 wells are plotted
in the left hand panel, data from the seismically derived rock attributes are on the right hand panel. The lithology colour coding
on the well data plot is volume of sand, the scales in the bottom left hand corner of the plot. In the Balder formation there is
excellent separation between sands and shales alloweing for high confidence in lithology prediction in this zone.
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features to be mapped in 3D.   Figure 4 shows a cross-section
through the 3D sand probability volume. Sands and shales
can be predicted with confidence in the Balder formation.

CONCLUSION

The high-resolution point receiver seismic data have
provided greater understanding of the reservoir.  It has
revealed structural detail that supported existing geological
models and confirmed the operators concerns about the
complexity of the field. There is evidence in many areas that
the data revealed the origins of injected features.  The data
are still being analysed with respect to the rock property
predictions.  There was good prediction of clean sands and
shales in the Balder formation.  The gross structural and
lithological complexity of the injectite sand bodies, first
revealed by borehole imaging is supported by the high
resolution, single-sensor seismic data.

Figure 4. Cross section from the sand probability volume generated from multi-attribute classfication using petro-acoustic and textural
attributes. The colour scheme reflects sand probability on a scale of 0 (not probable) and 1 (very probable) V.
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