GEOLOGY & GEOPHYSICS

Offshore
4D seismic: provides; quantitative, data

Time-lapse seismic technique guides field management

pplied widely in Europe and now gaining
recognition in other oil and gas producing
areas of the world, 4D (time-lapse) seis-
mic technology has for several years been
recognized for qualitative information.

That changes exist in the seismic plots of
the same subsurface surveys taken at different
times is usually fairly obvious, but it’s difficult to
interpret the nature and magnitude of the differ-
ences. Although it may be possible to determine
drainage patterns or fault permeability, most
operators would like to know more specifically
about fluid saturation, elastic impedances, and
similar quantitative parameters to plan well and
field operations. 4D seismic is relatively new,
and improvements are continually being devel-
oped.

As shown in the three-province Troll Field, it
is now possible to decide where to locate an infill
well, change steam or water injection for EOR
gains, start producing small deposits that might
otherwise be overlooked, or in some other way
improve the efficacy of hydrocarbon recovery.

However, certain factors must be considered
and properly handled to make 4D analyses valid.
A key factor is repeatability, conventionally ex-
pressed as “normalized RMS” (root-mean-square)
magnitude. NRMS values above about 50-60% are
considered too large to be of real value. In gen-
eral, 30-40% is considered good, and lower values
are excellent.

Although NRMS is not an absolute metric that
allows a precise comparison of the repeatability
of different fields, if measured in similar condi-
tions, it can give an idea for such comparisons.
A repeatability comparison between legacy data
and 4D analysis from ten surveys obtained in the
North Sea and GoM showed the range in NRMS
values.

Five legacy surveys displayed poor repeatabil-
ity with NRMS of 60% or higher, while the NRMS
values for five 4D-specific surveys were below 40%.
In two cases, NRMS values of less than
28% came from permanently
installed receiver arrays. More
recent experiments with both ¥
baseline and monitor surveys re-
corded in the last 4-5 years have

Figure 1. Time-lapse amplitude
without (left) and with (right)
high-frequency imaging. HFI makes
the signal clearer. Arrows show
where little or no signal was visible
without higher frequencies.
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achieved NRMS below 20%.

Because 4D technology depends on the dif-
ferences between corresponding amplitudes in
seismic surveys taken at different times, data
accuracy is much more important than with
conventional seismic. Acquisition-dependent
processing may be needed to help reduce the
effects of non-repeatability in legacy data.

Application of high-frequency imaging to opti-
mize vertical resolution is becoming a standard
procedure since it has proven highly effective
in enhancing the accuracy and resolution of the
4D response. For marine surveys, seawater tides
and temperatures, the effects of poor navigation
information, and any variations in seismic shot
and receiver consistency must all be considered.

Troll Field undrained deposits

Two seismic surveys, aimed primarily at help-
ing define the reservoir, were acquired in 1989 and
1991 and later formed the base survey. Several 3D
data sets have since been acquired and processed
to serve as monitor surveys. Starting in 2000, a
survey was acquired primarily to locate undrained
volumes, determine locations for infill wells, and
more closely define simulated GOC (gas-oil con-
tact) movements. A survey of the Troll West oil
and gas provinces was made in 2003, and a new
shoot is currently being 4D processed over the
entire area.

Production began on Troll in 1995. Data from

2000 and 2001 were merged to form the first moni-
tor, the second formed from time-lapse process-
ing of 2003 data with infill around the platforms
removed from the base survey. The base survey
suffered from irregular coverage and in shotto-
shot and channel-to-channel amplitude anomalies.
These variations derive primarily because three
separate surveys were completed several months
apart using two different seismic vessels. Naviga-
tional data were also suspect.

Segregating into bins allows some degree of
correction in the fold when individual bins are
accumulated. However, 4D processing requires
accounting for local variations in trace density
where dimensions are smaller than the bin size.
A two-dimension median filter can be applied af-
ter migration to remove this effect in conventional
3D processing. However, because amplitudes are
affected, this technique distorts valid amplitude
processing for time-lapse studies and should not
be used as part of 4D processing.

To correct the poor repeatability in legacy data,
an acquisition-dependent processing methodology
(ADA) proprietary to Geotrace, was applied to miti-
gate detrimental effects previously outlined. Tidal
effects were corrected with predicted-tide tables.
Correction for residual effects used a model-based
method.

An extension of conventional acquisition-de-
pendant amplitude compensation accounted for ir-
regular coverage by introducing a scaling term for
each trace based on source and receiver positions
for an acquired survey. Base and monitor surveys
were both processed with Kirchhoff pre-stack time
migration (PSTM) with ADA applied.

More than ADA
ADA, however, does not account for variations
in shottoshot amplitude, nor individual receiver
sensitivities. These can be corrected by using a run-
ning average of alpha-trimmed mean shot and chan-
nel amplitudes.
Frequency-dependant amplitude, time and
phase variations were corrected by both glob-
al and trace-by-trace matching filters, which
used a least-squares matching of co-located
traces on pre-stack time-migrated data. It
is possible to apply such trace-by-trace
matching either before or after stacking.
The NRMS of the final matched data
sets was 37%, a good enough repeatability
to allow analysis with emphasis on quan-
titative definition of GOC movement af-
ter eight years of production.
Although high repeatability is es-
sential for 4D processing, another factor must
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be considered. Less distinct time-lapse effects
can be defined more clearly by increasing sur-
vey bandwidth (including more high-frequency
information for better vertical resolution). This
is especially important for continuous monitoring
and for more complex reservoirs. Fig. 1 shows a
time-lapse RMS amplitude map with and without
high-frequency imaging applied.

‘The 4D difference is sensitive to spurious time
shifts which degrade repeatability. A new approach
overcomes the problem while preserving higher
frequencies. It splits time-shift-induced from ampli-
tude-induced 4D signals by morphing the monitor
onto baseline data. Pulse-shape recognition criteria
allow every single peak and trough from the moni-
tor data set to be aligned with its baseline counter-
part. Cross-correlation was not employed because
of its tendency to be inaccurate when time shifts
vary rapidly or even change sign. Differences with
the new method - called “4D friendly” - provides
more accurate measure of amplitude changes free
from corruption by velocity or noise-induced trav-
eltime differences. Fig. 2 shows the effects of 4D
friendly differencing.

GOC movement

Figure 2. Red-left:
baseline. Green-
left: monitor.
Green-right: time-
lapse difference.
Morphing the
monitor (blue-
left) decouples
the time-lapse
difference, so the
resulting differ-
1715 ence highlights
only amplitude
changes (blue-

The varying time shift of about 2 ms
at 1,687 ms drops to zero at 1,710 but
shows significant difference at 1,703.
The straight difference (green-right)
highlights a similar 4D signal at 1,680
to 1,710, making recognition difficult.
After the monitor has been morphed,
only the amplitude difference at 1,703
remains (blue-right).

GOC movement can be estimated
by monitoring, through time shifts
between the baseline and monitor sur-
veys, thickness changes for gashear-
ing sand and/or underlying oil-bear-
ing sand. An equation can be written,
which requires knowing only a con-
stant derived from prestack data, in terms of only
thickness change.

Another method analyzes the time shift char-
acter. Analysis or modeling can show that time
shifts related to interface movement occur pri-
marily at the time of interface. Interface move-
ment tends to thin or thicken the layer immedi-
ately above the interface which is compensated
by corresponding thickening or thinning of the
one layer below.

Neural networks, with their ability to be
trained ("learn” from results of running a pro-
gram), can also quantify GOC movement. They
are often used to create property volumes from
seismic data and well log calibration. Time-lapse
logs from vertical wells calibrate 4D data to esti-
mate change of gas saturation.

Typically, many attributes are selected to be
processed by neural networks. For the Troll
Field, movement had been quantified from time
shift analysis. As noted above, thickness change
resulting from GOC movement relates to velocity
change and time shifts. Three seismic properties
were selected to train the neural
networks to determine gas-satura-
tion change:

e changes of acoustic imped-
ance, which relates to veloc-
ity and density (gas satura-
tion)

Figure 3. Left: GOC movement
derived from seismic analysis.
Right: Results of reservoir simu-
lation after smoothing. Black
arrows show zones of large
movement common to seismic
and simulation derived maps;
white arrows show zones of low
movement.

o time-thickness change data related to ve-

locity and thickness change

e acoustic impedance, which indirectly re-

lates to porosity and where saturation is
more likely to vary.

The volume of gas-saturation change and total
GOC movement was then determined by apply-
ing the trained neural network to the entire sets
of data. Fig. 3 maps GOC movement.

Note in this figure that movement ranges from
zero to about 12 m. Maximum-movement areas
correlate with locations of well tracks resulting
from drawdown. Such maximum movement may
also indicate gas breakthrough as it almost match-
es the entire extent of the original oil-column thick-
ness.

When GOC movement calculated by the simula-
tor is compared to time-lapse seismic analysis, simi-
larities and discrepancies are revealed. Most high
and low zones are common. However the difference
inresolution (12.5 m for seismic versus 250 m for the
reservoir model) is reflected in more detail for seis-
mic. Reservoir engineers can use these differences
to refine the reservoir model since drainage patterns
indicate permeability distribution. Production engi-
neers can locate undrained areas which may repre-
sent millions of dollars when produced.

4D analyses to compare legacy/baseline data
with another survey taken at a different time can
be simpler than often supposed. However, close
attention must be paid to repeatability and differ-
ences in data-acquisition methods and times. A
growing practice is to leave seismic arrays in place
where practical so monitor surveys can be taken
with minimum changes from previous runs.

Troll 4D datasets allow quantitative analysis
of GOC movement. HFITM and morphing allow
traveltime and amplitude differences between
baseline and monitor surveys to be separated and
extracted. Neural networks have been success-
fully used to define GOC movement. Enhanced
resolution yielded useful reservoir management
information. More efficient production has been
allowed, and isolated zones which otherwise
might have gone undetected can now be economi-
cally produced.

The Troll field and other examples clearly in-
dicate that 4D seismic, when appropriately used,
can be of great value. O

Acknowledgments

The authors thank the Troll partners (Petoro, Statoil,
Shell, Total, ConocoPhillips, and Hydro) and, in par-
ticular, Sture Leiknes and Hans-Egil Ro from Hydro
Jor the permission to publish this work.

&

Geotrace

www.geotrace.com

GEOHUBS IN HOUSTON, DALLAS, LONDON AND CAIRO
OFFICES WORLDWIDE



