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SUMMARY

Using state of the art survey planning and modeling tools, we investigate the possibility of employing
marine controlled-source electromagnetic (CSEM) surveys in the monitoring of carbon dioxide
sequestration. As a site example, we use the CO2 injection from the Sleipner Ost gas field into the Utsira
formation in the North Sea. The injection plume inferred from 3D seismic surveys is used, together with
well information and a priori geological knowledge, to build resistivity models for CSEM modeling. We
find that the time-lapse change in the CSEM response would have been well above CSEM-acquisition
noise levels in both 2001 and 2006. The combination of CSEM and seismic methods, which have a
complementary dependence of their response on residual brine saturation, can yield an improved
resolution of the CO2-distribution. In addition, CSEM methods are sensitive to the bulk volume of a
resistor, also complementary to the superior resolution in seismics. We therefore would expect CSEM
monitoring to become a valuable addition to the current monitoring program.
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INTRODUCTION
The Sleipner Ost field is located about 250 km from the western coast of Norway, and
operated by StatoilHydro. Gas from the Sleipner field contains about 9 mole % CO,, which is
separated prior to export. The separated CO,, having a purity of about 98%, is injected into
the Utsira formation, about 900m below the seabed. The water depth in the area is about 80m.
Since injection started in 1996, around 10 million metric tons of CO, have been injected
(Hansen et al., 2005). This is the world’s first industrial-scale storage scheme for carbon
dioxide and thereby an ideal location for testing methods for monitoring carbon dioxide.
Methods such as the time lapse seismic and ocean bottom gravity surveying have
been applied to monitor the CO, plume distribution in the Utsira formation (Chadwick et al.,
2006). Time-lapse seismic indicates that the injected CO, is trapped at high saturation at the
top of the Utsira sand and also beneath a stack of thin shale layers within. Although these
layers are clearly imaged, there are still uncertainties in the interpretation, such as the
pushdown indicating that some CO, is also distributed between the layers (Eiken et al., 2000).
Methods to detect hydrocarbons via their resistivity through controlled-source
electromagnetic (CSEM) surveys with a source towed above the seafloor and electromagnetic
receivers dropped over a prospect or monitoring area were developed over the past decade
(e.g., Eidesmo et al, 2002) and can, given a sufficient resistivity contrast of the injection
plume, also be used to detect changes in CO, -distribution. Since resistivity has a different
dependence on CO,-saturation than seismic velocity, there is the potential in CSEM giving
important complementary information on its spatial distribution in the subsurface, see the
respective saturation dependencies in figure 1 (Eiken et al., 2000 and Hoversten et al., 2003).
In the present work, we have modeled the CSEM response of the Sleipner CO,-
plumes from 2001 and 2006. We have assessed both the detection and time-lapse evolution of
the response and compared it to estimated uncertainties in the acquisition of time-lapse
CSEM.
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Figure 1: LHS: Resistivity versus brine saturation following Archie (1942). RHS:
Seismic p-wave velocity versus the brine saturation (Eiken et al., 2000).

METHODOLOGY

Increasingly sophisticated CSEM survey designs (Thrane et al., 2007, Ridyard et al.,
2006) and advanced processing techniques (e.g., Zach, et al., 2008, Steren et al., 2008,
Bornatici et al., 2007) have been demonstrated recently, which puts its use for time-lapse
monitoring into reach. We demonstrate the survey design for both a 2D grid and a line of
receivers for a time-lapse CSEM survey above the Sleipner CO,-injection area, along with a
synthetic modeling based on geological models, with the CO,-distribution inferred from the
time-lapse seismic data from the years 1996-2006. All CSEM modeling presented has been
generated with the methods described by Maag (2007), and airwave-corrected using up-down
separation (Roth, Zach, 2007).
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The geological model was built from a 3D-seismic seafloor, known interpreted
seismic horizons from Sleipner, well logs obtained from a nearby exploration well and the
COs-injection well and, for larger depths, from the resistivity distribution known from general
CSEM experience in the area. It was imported into a regular conductivity grid needed by
CSEM forward modeling, with a resolution of (X, Y, Z) = (25m, 25m, 10m). The cross
section of the model (without the CO,-plume) is shown in figure 2. The most prominent
features are the relatively low resistivity of the Utsira formation itself (<0.9Qm), as well as
the resistive chalk formation (5(2m) known to be present at around 2.5km depth.
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Figure 2: Background resistivity model for the Utsira formation in the vicinity of the
Sleipner CO,-injection plume (located at horizontal coordinate zero).

In light of the uncertainties otherwise present in the CO,-injection area, the use of
Archie’s law (Archie, 1942) with a cementation factor of m=2 for the Utsira sands is justified
for the purpose of survey planning. From log analysis of the CO,-injection well, a porosity of
0=0.3 was determined, which leads, following Archie, to an almost constant brine
conductivity of Ry=0.08+0.005Qm for the non-invaded Utsira sand. With the measured value
of the residual water saturation Sy=0.105 (Ghanbari et al., 2006), this results in a resistivity of
a completely CO,-invaded zone of R=(a:‘Ry)/( ¢™Sw’)=80Qm. The seismic reflection
amplitudes were converted to thickness assuming a linear-tuning response. After normalizing
the total volume to the injected CO,-volume, assuming a constant density of 700kg/m’, an
approximation of the thickness T for the CO,-plume was thus obtained. The assumed constant
resistivity R=80Q2m was mapped onto an integer number N of grid cells Az for the CSEM
forward modeling grid to maintain an approximately consistent CSEM response:
R(NAz)=R,T.

A 2D survey grid with the methods described by Thrane et al., 2007 was designed for
the known location of the CO,-plume. The receiver locations are shown as blue points in
figure 3. The attribute cube for the normalized magnitude-versus-offset for the 3D-CSEM
survey with the inferred 2006-CO,-distribution is visualized in figure 3, where synthetic data
from the background model shown in figure 2 was used as a reference. The vertical axis
represents the source-receiver offset, and the horizontal axes the source-receiver midpoint.
The upper edge of the visualized plume corresponds to the upper edge of the Utsira formation.
The assumed outline of the plume (light yellow dots on the surface) is mapped by the
horizontal bulge of the 25%-contour of the attribute cube.

Figure 4 shows similar normalized magnitude- and phase difference-attributes for the
time lapse signal, only for a constant thickness and resistivity of the CO,-plume of 25m and
80Qm, respectively. For clearer visualization, the response is plotted along the line of
receivers shown as yellow dots in figure 3. The time-lapse responses for the 2001- and 2006-
plumes versus the case without CO, are shown for an offset range of 3000m + 250m. The
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peak anomalies are 25% and 50% respectively, which are both well above the time-lapse
repeatability of 10%.
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Figure 3: Color-coded visualization plot of the attribute cube for the normalized
magnitude-vs.-offset cube of the up-down separated field at 1.0Hz from a CSEM
reference modeling survey of synthetic data based on the 2006-CO,-plume.
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Figure 4: Normalized up-down separated-field (1.0Hz) magnitude and phase versus
offset plots for the 2001- (LHS), and 2006-plume (RHS), with the model from fig. 2 as a
background model.

Time-lapse repeatability effects can be categorized into geological & production-, and
acquisition effects. Since the producing assets in the Sleipner area are at greater depths, and at
a different lateral position, than the Utsira sands, signatures of the former can always be
resolved with CSEM methods. Acquisition effects resulting from imperfect repeatability in
towed lines are summarized in the measured curve shown in figure 5, which shows an
example receiver signature for a repeatedly towed line from late 2007, showing a conservative
upper limit of 10% time-lapse repeatability. The data do not include small-scale geological
effects related to bathymetry, which becomes important if we do not manage to position the
receivers exactly at the same locations. In the case of the relevant area of Sleipner, these
should be negligible, as the bathymetry variations are smaller than, e.g., tidal fluctuations.
Further, environmental factors such as seasonal variations in water temperature and salinity,
which both affect salt water conductivity, must be taken into account. However, these can be
very accurately quantified.
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CONCLUSION

Based on experience from past marine CSEM surveys, and using survey planning and
computational modeling methods developed over the past years, we have predicted the CO,
injection from the Sleipner @st field into the Utsira formation to be detectable in a future
time-lapse CSEM survey. Together with time-lapse seismic surveys conducted at the same
time, these will comprise complementary datasets due to the different dependence of the most
relevant physical properties on the CO,-saturation. This study has shown that EM imaging
could play an important role in monitoring carbon dioxide storage.

— T 7T T
# Ex1 f=0.25
# Exl £=0.75

Eyl £=0.25
# Eyl £=0.75

=
]

.

Relative MVO for repeated tow

%,
- =
I Ed
0.8 =
. . .oy T
2000 4000 OO0
Offset [m]

Figure 5: Typical and recent (late 2007) example for a measured time-lapse repeatability
curve of a repeatedly towed CSEM line.
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