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A B S T R A C T

Sleipner (North Sea) is the world’s first commercial-scale carbon capture and storage (CCS) project, active since
1996, with ∼17 million tonnes of CO2 stored. The main reservoir, Utsira Sand, constitutes an ideal host for-
mation of exceptionally high porosity-permeability and large lateral extent. However, the extensive seismic
time-lapse, gravity and electromagnetic monitoring surveys deployed at Sleipner have not been well-supported
by laboratory measurements. Here, we investigate the geophysical and geomechanical response of an Utsira core
sample for the first time, using controlled inflation/depletion cycles at variable CO2-to-brine fractional flow
rates. Ultrasonic P-wave velocities and attenuations are measured together with electrical resistivity (converted
into CO2-saturation), along with continuous axial and radial strain monitoring. Ultrasonic velocity and at-
tenuation data were simultaneously inverted and results extrapolated to field-scale seismic-frequencies using a
new rock physics theory, which combines patchy fluid distribution and squirt flow effects. It provides a velocity-
saturation relationship of practical importance to CO2 plume monitoring. Furthermore, by combining ultrasonic
and deformation data, we report empirical relations between pore pressure changes and geomechanical effects in
the reservoir, for different saturation ranges. Our dataset complements and constrains existing geophysical
monitoring surveys at Sleipner and, more generally, improves the understanding of shallow weakly-cemented
sand reservoirs.

1. Introduction

The Sleipner project has demonstrated the potential of carbon
capture and storage (CCS) to be a realistic large-scale greenhouse gas
mitigation technique. In 1996, Statoil and its Sleipner partners pio-
neered CO2 storage at commercial-scale in Sleipner West field in the
Norwegian North Sea (Baklid et al., 1996). Since then, around 1 Mt per
year of CO2 has been injected into the Utsira Sand, at a depth of
∼1020 m below sea level through a deviated well (Arts et al., 2004).
There is no evidence of leakage above the host formation (Eiken et al.,
2011).

The Utsira Sand is a regional saline aquifer comprising weakly-ce-
mented sands of late Cenozoic age, overlain by a ∼700 m thick dom-
inantly argillaceous overburden (Chadwick et al., 2004). The aquifer
forms a high porosity (35–42%) high permeability (> 1D) low struc-
tural relief geological system (Chadwick et al., 2004; Williams and
Chadwick, 2012), some 200 m thick in the Sleipner area and ideal for

CO2 storage. Such a suitable combination of porosity-permeability and
lateral extent (∼26.000 km2) has resulted in very little pore pressure
increase (< 0.1 MPa) over the last 16 years of continuous injection
(Chadwick et al., 2012).

Comprehensive geophysical monitoring has been carried out on
Sleipner: a set of eight 3D seismic surveys to 2014 (Furre et al., 2015),
three time-lapse gravity surveys and a trial of a Controlled Source
Electromagnetic (CSEM) survey in 2008 (Eiken et al., 2011). The P-
wave velocity (Vp) variation has successfully provided valuable in-
formation about subsurface CO2 location, due to the velocity reduction
of seismic waves travelling through the CO2-saturated layers (Chadwick
et al., 2010). Quantification in situ of the CO2 stored is more challenging
and requires establishing an accurate relationship between Vp and CO2

saturation, which depends on fluid distribution patterns within the two-
phase fluid flow system (Yamabe et al., 2016).

Electromagnetic surveys represent an alternative tool for inter-
preting the movement of a CO2 plume in saline aquifers due to strong
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