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ABSTRACT

Since October 1996, Statoil and its Sleipner partners have injected CO, into a saline aquifer, the Utsira Sand,
at a depth of approximately 1000 m. The aquifer has a thickness of more than 200 m near the injection site
and is sealed by thick shales. A multi-institutional research project SACS (Saline Aquifer CO, Storage) was
formed to predict and monitor the migration of the injected CO,. To this end two time-lapse seismic surveys
over the injection area have been acquired, one in October 1999 after 2.3 million tonnes of CO, had been
injected and the second in October 2001 after approximately 4.4 million tonnes of CO, had been injected.
Comparison with the base seismic survey of 1994 prior to injection provides insights into the devel opment
of the CO, plume. In this paper some selected results of the seismic interpretation of the CO, plume at the
two different time-steps will be shown.

INTRODUCTION

CO; is injected near the base of the Utsira Sand at a depth of 1012 m below sea level. With the CO; in a
supercritical state, the main mechanism driving its dispersion is gravity, the CO, rising buoyantly in the
reservoir. The main barriers to this upward migration are thin intra-reservoir shales [1, 2], beneath which the
CO, accumulates at high saturations.

The overall effect of the accumulated CO, on the seismic signal is significant [3]. By 1999 the CO, appeared
to have reached the top of the reservoir. At several depth levels within the Utsira Sand a large increase in
reflectivity has been observed on the time-lapse seismic data caused by individual CO, accumulations under
the intra-reservoir, shale layers. The presence of these thin shales, which act as (at |east temporary) barriers
to flow, isevident from well data, but their effect on the 1994 (pre-injection) seismic signal istoo small for a
reliable lateral interpretation [3]. With CO, captured undernesth, the shale layers are illuminated and can be
identified on the seismic data as amplitude anomalies, despite the thicknesses of the accumulations being
below the limit of seismic resolution. The enhanced reflectivity is mainly caused by the high compressibility
of the CO, and by the constructive tuning effects of the top and bottom reflections at the CO, accumulations.
The effect of the density is less important since the CO, isin a supercritical rather than a gaseous state at the
reservoir P-T conditions. The thicknesses of the accumulations can be estimated quantitatively using the
seismic amplitude information and assuming a tuning relationship [4, 5, 6].



Beneath the CO, plume a “velocity push-down effect” can be observed on the seismic data. This is due to
seismic waves travelling more slowly through CO,-saturated rock than through water saturated rock. In the
first section of this paper the effect of CO, in the Utsira Sand on seismic velocities is explained using the
Gassmann model [7, 8]. The consequences for the seismic data are then illustrated on synthetic models.
Finally the results of the seismic interpretation of the CO, accumulationsin 1999 and 2001 are discussed.

GASSMANN MODELLING

Seismic velocities were modelled as a function of CO, saturation using the Gassmann relationships [7, 8]
which enable the elastic properties of a porous medium saturated with a fluid to be derived from the known
properties of the same medium saturated with a different fluid. The densities and compressibilities of the
saturating fluids, the rock matrix and the porosity of the rock are assumed to be known.

Figure 1 shows the modeling results for the velocities as a function of water (1-CO,) saturation for three
different bulk moduli. Laboratory experiments demonstrate, that the bulk modulus K is most likely << 0.675
GPa. This implies generdly a fairly constant P-wave velocity < 1450 ms™ for the Utsira sand for CO,
saturations in the range of 20 — 100 % compared to a P-wave velocity of 2050 ms™ for fully water saturated
Utsira sand.
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Figure 1. P-wave velocities of the Utsira Sand as a function of water- CO, saturation using Gassmann's
model.

SEISMIC MODELLING

In order to perform seismic modelling, a (zero-phase) wavelet was estimated from the seismic data. Using
the estimated elastic parameters for the shale layers, for the 100% water saturated sandstone and for the
(100%) CO, saturated sandstone, a simplified impedance model was created in order to predict the seismic
response of the injected CO,. Figure 2 shows an example of CO, accumulating under a thin (2m) intra-
reservoir shale layer. CO, saturated sand with a range of thicknesses and a range of seismic wavelets (close
to the estimated wavel et) was modelled in order to investigate the influence on the seismic signal.
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Figure 2: Simplified model of avariable thickness (0 to 8 m) of CO, beneath athin shale layer (2 m) and the
corresponding synthetic seismic response. In the diagram the seismic amplitude of the shale-CO, contrast is
plotted against the pushdown below the CO, for varying shale thickness (1 to 3 m) and different seismic
wavelets. A type of tuning relation can be distinguished.

Two dominant effects determine the seismic response:

- The negative seismic impedance contrast between the shale and the sandstone becomes more negative
(larger in absolute value) when CO; is present.

- The seismic response is a composite wavel et caused by interference from sequences of water saturated sand,
shale, CO, saturated sand and water saturated sand .



The first effect leads to stronger negative seismic amplitudes as for a classical “bright spot”. The second
effect (tuning) can lead to destructive or constructive interference depending on the thickness of the CO;
layer, evident from the seismic modelling. As the thickness of the CO, column increases a gradual increase
of the (negative) amplitude is observed. Maximum constructive interference corresponds to a CO, thickness
of about 8 m, the so-called ‘ tuning thickness

SEISMIC INTERPRETATION

As expected from seismic modelling, introducing CO, into the Utsira Sand has a dramatic effect on the
reflectivity. This isillustrated on Figure 3 showing the seismic inline (of the 1994, 1999 and 2001 survey)
through the injection point. At up to nine depth levels strong negative reflections (black peaks) are observed
both on the 1999- and the 2001 time-lapse surveys. The consistency between the CO, levels of both vintages
is striking. In general the 2001 CO, levels have a larger lateral extent and have been “pushed down™ dlightly
more with respect to the 1999 CO, levels. This can be easily explained considering that more injected CO,
causes more pushdown.
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Figure 3: Aninline through the injection areafor the 1994, 1999 and the 2001 surveys.

The two shallowest CO, reflections correspond to accumulations at the top of the sand wedge and the top of
the Utsira Sand. By 1999 the CO, had reached the top of the sand wedge and since then has spread laterally
at thislevel. The other seven interpreted levels are caused by CO, accumulated below the thin intra-reservoir
shale layers. Note that the reflections of these thin shale layers on the 1994 baseline data are too weak for a
reliable interpretation; only when illuminated by underlying CO; istheir interpretation possible.

A prominent vertical feature that can be clearly distinguished is characterized by localized pushdown and
much decreased reflection amplitudes. This is interpreted as a “chimney” of CO,, situated approximately
above the injection point and forming a major vertical migration path which conducts CO, amost directly to
the top of the reservair.

The tuning effect as described in the previous section isillustrated in Figure 4. For this figure, locations have
been selected in the 1999 and 2001 surveys, where only a single shale layer with CO, captured underneath is
present. As expected these locations are concentrated towards the outer limits of the CO, plume. Note that
the only criterion is the presence of a single shale layer, but not necessarily the same layer everywhere. For
these selected locations the “pushdown” in time (which for a single layer is linearly related to the thickness



of the CO, accumulation) has been plotted against the seismic reflection amplitude. The data appear to
follow atuning relation as expected from the synthetic seismic modeling.
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Figure 4: Demonstration of the tuning relation derived from seismic data (1999 and 2001 surveys)
originating from locations where only a single shale layer is present. The map views at these |ocations of the
seismic amplitudes (left) and of the pushdown (down) show the lateral extent of the total CO, accumulation

at 1999.

In the real scattered data of 1999 and of 2001 a tendency exists of too high pushdown values with respect to
the observed amplitudes. These values correspond most likely to locations where some “free CO,” is present
causing additional pushdown. Note that the relative scaling between the synthetic tuning curve and the
observed data points is not fixed in absolute terms.



CONCLUSION

Time-lapse seismic surveying appears a highly suitable geophysical technique for monitoring CO injection
into asaline aquifer. The effects of the CO, on the seismic data are large both in terms of seismic amplitudes
and in observed velocity pushdown effects.

In addition to straightforward mapping of changes in the time-lapse seismic data, a number of quantitative
approaches to mapping the supercritical CO, saturations have been carried out. The results have not been
treated in this paper, but can befound in [4, 5, 6].
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