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Introduction

4D (a so known astime-lapse or repeat) seismic hasin the
past few years emerged as a significant technique for
monitoring fluid movement within reservoirs.

In recent years, an improved understanding of the
petrophysics of the reservoir (eg. Wang, 2001) has enabled
geoscientists to establish relationships between observed
seismic attribute changes, and corresponding rock property
changes.

Once it was established that such additional information
could be extracted from surface seismic data (eg. Lumley,
1995, 2001), changes were made to seismic data processing
sequences so as to better preserve relative amplitude
changes, especially with regard to pre-stack differences
between data vintage subsets.

Monitoring of changes as diverse as temperature (asin the
case of steam injection: Lumley, 1995) and movement of fluid
contacts have proved attainable and successful (Jack, 1998).

Previously, one of us (Jones & Baud, 2001) demonstrated
the potential of using adense velocity estimate as a high-
resolution tool for visualizing subtle changes not clearly
discernable in the seismic amplitude response. (Success of
such techniques dependsto alarge part on the data being
correctly pre-stack migrated, so that all diffraction energy is
correctly collapsed).

In thiswork, we assess the potential of high resolution
velocity, as an indicator of reservoir change inthe context of
a4D study (Jones & Folstad, 2002).

4D Assumptions

The majority of 4D studies to date have made several
restrictive assumptions, namely that:

- there has been no structural collapse

- all changes are restricted to the region affected by
production (the reservoir)

- acquisition related differences are removed during
processing

- thereis no azimuthal variation in reflectivity

- acommon velocity model can be used for the overburden
- acommon velocity field is used for migration

Inthiswork, we have adhered to these assumptions, but as
we demonstrate, some need to be modified in order to better
exploit the information availablein the data.

TheMethods

The technique employed here is slightly different than that
described by Jones & Baud, but the objective is the same:
estimation of an RM S velocity value for each pre-stack
migrated CM P along a given horizon.

Whereas previous techniques worked with scan-based
residual move-out (RMO) velocity analysis of CMP gathers
(eg. de Bazelaire, 1988, Doicin et al, 1995, Jones, et al, 1997,
2000), in thiswork we employ two different approaches: a
map manipulation approach and an AVO consistent
approach (Swan, 1991). A motivation for comparing different
techniques was to ensure that spurious conclusions based
on limitations of an individual technique, could be taken into
account.

Perhaps the most restrictive assumptionin all these
approachesis that of parabolicity in the residual move out
(after NMO). Similar assumptions are common to most
residual velocity analysis techniques, but from inspection of
the data, the assumption is seen to be frequently violated to
some degree. This can be an important drawback, as
occasionally application of the residual moveout can
degrade the stack for areas where the moveout was not
parabolic. Thisassumption can be relaxed if we have long-
offset data, by employing a continuous higher order
analysis. Thiswould usually be performed in two steps,
firstly determining the near-vertical NMO velocity, and
thereafter the fourth order terms.

In the first technique employed here, we take the near and
far trace stacks from the two data vintages in conjunction
with theinterpreted time horizon for akey reservoir marker
and the RM S stacking velocity field associated with this
marker. (In this case, acommon initial velocity field was
determined from the superior more recent survey, and
applied to both data vintages during processing: NMO,
DMO, and preSTM).

Using the interpretation as the centre for a windowed
operator, we perform a cross-correlation of the near and far
stacks for agiven data vintage. Thisyields an estimate of
the residual time shift between the near and far traces. This
is stored as an horizon based map of values. Values
corresponding to low correlation coefficients are eliminated
(asthey are associated with noise), and replaced by
interpolation from acceptable neighbouring values. These
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procedures were implemented in Hampson-Russell’ s pro4D
package.

Using an approximation for the parabolic residual moveout
equation (Castle, 1994), we convert thistime shift map to an
associated RM S velocity map for the horizon of interest.
Thisisdone for each data vintage. Results from this horizon
cross-correlation approach arelabelled as ‘hcc’ inthe
figures.

Differences between the resulting two continuous high-
resolution velocity fields are inspected as an indicator of
changesin fluid content for markersin the reservoir interval,
and for other effects for markers outside the reservoir
interval.

The second technique is amore classical continuous
estimator, but uses an AV O criterion as its objective function
(Swan, 1991). Results from this approach are |abelled as
‘AVO' inthe figures. Conventional velocity analysis
techniques use criteria such as semblance to determine the
‘best’ stacking velocity, but Swan’ s technique uses

F(Vrms) = Im{ An[RQ] * cnj[G]} Where thefirst term on the
RHS isthe analytic trace of the zero-offset reflectivity, the
second term is the conjugate of the gradient trace, and the
imaginary part of their product constitutes the objective
function. This provides an excellent measure of the optimum
stacking velocity in the presence of AVO.

Norwegian North Sea Example

The example shown isfrom the Ulaoil field, in the Vestland
Arch in the Norwegian-Danish basin. The main reservoir is
capped by the Top Ula event. Above this, we have the BCU
horizon, which being outside the reservoir should not show
production rel ated effects. The baseline for this 4D study was
shot in 1984, orthogonal to the 1999 repeat survey Thusthe
dataare not ideal for 4D attribute estimation, but this study
was an attempt to see what information could be extracted
using legacy data. Analysis of the Ekofisk BCU events was
used to check for non reservoir related acquisition related
problems. Figure 1 shows the general geological setting, and
production related changesin the reservoir properties are
indicated in Figure 2.

Figure 1: Main seismic horizons of the Ula Field.
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Figure2
Summary of reservoir property changes over the period 1984-1999

Reservoir Property Change Summary
1984 Reservoir Properties.
OWC Western Flank 3508m
OWC Eastern Flank 3788m

1999 Reservoir Properties.
No gas cap, water injection.
40% oil 60% water to 3500m

20% gas, 80% oil-water to 3647m
eastern flank
TopUla

1984 0WC

(1984: ~100% oil)
3508m

(1999: 40% oil, 60% water)
(1999: 20% gas, 80% oil-water)

1984 0WC
3788m

1999 GOW-BC
3647m

(1984: 100% brine)

Z

Base
Reservoir

1999 OW-GOW
3500m

Elastic Modelling of the Time-L apse Reser voir Response
As part of the assessment of 4D potential for thefield, an
elastic modelling and illumination study was performed
(Jones, et a, 2002).

Initial studies of the illumination for the two surveys (which
were shot orthogonally) indicated that no large differences
inillumination exist other than near the major crestal fault on
the anticlinal structure.

By processing synthetic data (figures 3a & b) generated by
elastic modelling of the reservoir response both before and
after production (using the GX1I software package), we were
able to compute synthetic difference sections representative
of the expected changesin the reservoir due to production. In
addition, we were able to show that production related
velocity differences should be measurable from the surface
seismic data.

Infigures 3a & 3b we see the migration results from
synthetic data computed along a crestal crossline through
an exploration well. Figure 3c shows the amplitude
differences between the 1984 and 1999 stacks for these
synthetic migrated data.

Results

It was observed that there were consistent changes between
the 1984 and 1999 vintages outside the reservoir (on the
BCU event and to alesser extent on the shallower Ekofisk
event). Thiswas interpreted as being related to the
acquisition differences: the surveys were shot orthogonally.
It isalso possible that these azimuthal variationsin velocity
arerelated to fracturing in the overburden, or to ray path
differences resulting from near surface heterogeneities.
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Figure 3a

Results for the 1984 baseline survey. 2D preSDM of synthetic 40
fold data created using offsets 100 - 4100m, with CMP ray tracing
at 12.5m intervals.

Baseline preSDM Result.
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Figure 3b
Results for the 1999 repeat (monitor) survey
Repeat preSDM Result.
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Figure3c
Differences (1984-1999)

Baseline-Repeat preSDM difference
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To give an aerial perspective of the prospect, in figure 4 we
see the two-way time contour map for the preSTM volume at
the Ula horizon. An interpretation of the crestal fault is
superimposed on the map in addition to the 3190ms contour
of the top reservoir (Ula). Figure 5 shows the amplitude
difference map for the BCU, just above the reservoir.
Differences at the BCU are assumed to be related to the
differing acquisitions or processing, and not production
related.

In Figures 6a& b, we have the RM S high resolution velocity
maps for the BCU, estimated with atrace sampling of 50m *
50m for the 1984 and 1999 data vintages. In figure 6¢, we see
the difference map showing velocity variations of between
+-40m/s in the crestal region. These results were produced
using the “hcc’ method.

It can be seen that we have distinct regions within the
crestal zone. The areato the right of the fault showsupin
red-brown colours, corresponding to no velocity change.
To theleft of the fault, we have ayellow-orange region
showing changes of about -40m/s, indicating that the
velocity is higher in the 1999 data (shot orthogonal to the
crestal fault).

The efficacy of the whole volume AVO RMO techniqueis
demonstrated on a collection of gathersin figures7a& b. In
7a, we see the 1984 gathers corrected with the 1999
velocities. And in 7b, the same gathers after correction with
the velocities derived from the AV O whole-volume vel ocity
estimator. Figures 8a & b compare the velocity differences
obtained using the two approaches: hcc horizon based, and
AV O whole-volume based: both techniques give similar
results.

Figure4

Contour map for the Ula horizon showing the crestal fault
interpretation, the bounding contour of the reservoir unit, and a box
for which detailed results will be displayed in the following figures
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Figure5

Seismic amplitude difference map for the BCU horizon indicating
differences above the reservoir (1984-1999). The anomaly around
thewdll is due to an acquisition ‘hol€e’ resulting from the presence of
the platform for the repeat data.

Near trace amplltude difference at BCU

Figure 7a
1984 gathers corrected with 1999 velocities

1984 crossline after manual NMO
_(using 1999 velocities)
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Figure7b
1984 gathers corrected with continuous AVO RM S velocities

1984 crossline after AVO RMO

Figure6a
High resolution RM S velocity estimate using the hec technique for
the 1984 data for the BCU

1984 BCU RMO hcc velocities

m/s

Figure 6b
High resolution RMS velocity estimate using the hce technique for
the 1999 data for the BCU

1999 BCU RMO hcc velocities

m/s
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Figure6c

High resolution RM S velocity differences for the BCU

Velocity differences show a clear compartmentalization within the
marked contour, to the left and right of the main crestal faullt.

1984 - 1999 BCU RMO hcc velocities
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Figure8a& b
Comparison of the high resolution RM S velocity differences for the
BCU for the two estimation techniques.

a BCU b
AVO 84-99 RMS

hcc 84-99 RMS

Figure9a & b
1984 velocity and velocity difference for the reservoir interval using
the whole volume AV O technique

a Ula b
1984 AVO RMS AVO 84-99 RMS

Figure10a & b
Velocity differencesin the reservoir interval after subtracting the
overburden anomaly.

a) Smoothed

b) 84-99 RMS (Ula to Base)
RMS dlff to BCU

- smoothed BCU

If we consider the reservoir interval, (Figure 9), and referring
to the AVO volume technique, we see asimilar |ooking picture
for the velocity differences (9b). However, thereisaclear
imprint of the overburden obscuring any real reservoir
differences. In an attempt to back out the overburden effects,
we have subtracted a smoothed version of the BCU velocity
difference map (10a) from the reservoir velocity difference
map. After this operation, little coherent difference remains
(Figure 10b). Ideally, we should investigate differencesin the
reservoir by considering theinterval velocity differences.
However, due to the small thickness of thisinterval, we were
unable to get stable Dix inversions from the RM S quantities,
hence we have relied on differencesin the RM S quantities as
differenceindicators.

Discussion

Both the velocity field and the seismic amplitudes show 4D
differences above thereservoir. Thisisin violation of one of
our assumptions.

The repeat acquisition was shot orthogonally to the baseline.
Furthermore, in the vicinity of the platform, for the repeat
survey the data to the west of the platform (near the crest of
the structure) was shot north-to-south, whilst to the east of
the platform, it was shot south-to-north. However, from
plausibility arguments based on reciprocity principles, it can
be shown that any dip or directionally dependent *artefact’
imprint of the shooting should not give 1984-1999 difference
pictures showing anomalies simply to the left and right of the
platform. In making this statement, we assume that reciprocity
isnot being violated.

Initially, we considered the possibility of fracture related
anisotropy in the overburden, as the near trace volume
seemed to show more corrugation on the Ekofisk horizon to
the left of the crestal fault. However, more detailed
investigation using coherency analysis did not support this
conclusion.

Consequently, although we observe significant differencesin
the velocity fields of the two surveys, primarily in the
overburden between the Ekofisk and the BCU (about 2 % on
RMS velocity), it is not yet clear what the source of these
differencesis.

This could be due to near surface heterogeneity, acquisition
factors, or possibly to fault related azimuthal anisotropy.
Overburden amplitude differences could be associated with
inconsistent amplitude behaviour in the processing
algorithms used (particularly DMO).

In addition, below the top reservoir (Ula) we note that the
AV O continuous velocity analysis technique finds
anomalously low RM S values. This was shown to be dueto
remnant multiple contamination. The horizon based technique
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was less prone to multiple contamination than the continuous
AV O estimator, but the base reservoir horizon was difficult to
pick, thus no hcc attribute map could be computed.

The acquisition or azimuth dependency on velocity in the
overburden indicates that a common velocity model should
not be used for the migration of both surveys. In addition, it
is probably best to abandon the DM O route and use either
amplitude preserving preSTM or preSDM. In the case of
preSDM, we would have to convert back to time prior to
subtraction, as the differences in the velocity models would
result in differing depths between the baseline and repeat
results.

However, abenefit of the DM O routeis the ability to produce
bin-centred regularized gathers ready for input toa Wavefield
Extrapolation type algorithm (as opposed to a TXY Kirchhoff
migration). Hence the amplitude preservation could be better.

Conclusions

We have shown that high-resolution continuous horizon
consistent velocity estimation can be used to deliver a4D
attribute.

In the example shown, the fourth ‘D’ appears to be dominated
by ACQUISITION or AZIMUTH and not TIME !

Interestingly, the figures shown here highlight acquisition
related phenomena. The imprint of this anomaly on the
reservoir attribute maps must be taken into account during
interpretation.

In addition, remnant multiple and possible localized polar
(VTI) anisotropy further complicate the problem.

Modelling studies help us to understand the nature and
magnitude of the seismic response to reservoir fluid changes.
The magnitude of the expected 4D (time lapse) changein
velocity based on elastic modelling resultsis very similar to
that observed in the overburden from factors which violate
our 4D assumptions.

Further work is underway in an attempt to remove overburden
effects, and a new survey, shot with the same acquisition
parameters and orientation as the 1999 survey has recently
been acquired.
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