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• World largest and longest running CO2

storage project.

• CO2 is separated from the produced 
gas in the Sleipner west gas field and 
since 2014 also from Gudrun field in 
the North sea.

• Injection into Utsira saline formation 
approx 2.5 km away NE of the Sleipner 
platform A.
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CO2 injection at Sleipner

Location of the Sleipner East field and sketch of injection in Utsira
formation (IPCC, 2005).



• Utsira saline formation is between 
800 -1000 m deep, is highly porous 
(36-40%) and permeable (1-8 D)

• the injection point is at the bottom 
of the formation, about 1010 m 
below sea level

• CO2 injection since 1996

• Approximately 1 Million tonnes 
per year of injected CO2

• Near critical state at reservoir 
conditions
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CO2 injection at Sleipner
Gamma log

Well 15/9-13

A well log from the Utsira
Sand, showing the gamma-ray 
meas. (Ghaderi et al. 2009)

Schematic diagram of Sleipner injection facilities and the CO2 
plume (Courtesy of Statoil)
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Monitoring surveys deployed at Sleipner (1994-2016)

Modified from Review of offshore monitoring for CCS projects, Report 2015/02 (IEAGHG)



• Seismic monitoring

• A total of ten 3D seismic surveys: 1994, 1999, 2001, 2002, 

2004, 2006, 2008 2010, 2012 and 2016

• A set of hi-resolution 2D seismic in 2006

• Gravity surveys

• 2002, 2005, 2009, 2013

• Controlled source Electromagnetic (CSEM) survey

• A line at the long axis of CO2 plume was acquired in 2008
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Geophysical monitoring of CO2 injection at Sleipner

After Alnes (2015)



• Seismic monitoring

• Marin streamer acquisition

• The six first acquisitions were combined with other 
seismic acquisitions in the area to save cost, and tow 
depths were not optimized for the CO2 monitoring at 
shallow depths, neither in the initial base line nor the 
later repeats.

• A set of hi-resolution 2D seismic in 2006

• Two surveys were acquired using broadband technologies; 
dual source in 2010, and slanted cable in 2013. 

• The repeated datasets have all been through a common 
time-lapse processing to enhance repeatability.

6

Seismic monitoring of CO2 injection at Sleipner

Cowton et al (2018)



The first seismic monitor survey – 1999
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Ghaderi et al. (2009)



An early history match of the CO2 plume at Sleipner
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Lindeberg et al 
(2000)
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Seismic monitoring of CO2 injection at Sleipner

2013-19941994

Further development of the seismic response arising from the large acoustic 
impedance contrast due to CO2

Furre et al (2017)



• Time‐lapse differences with base survey for 

five subsequent repeats. 

• In the early years, the CO2 signatures in the 

shallower layers (6-9) were spatially small, and 

the deeper reflectors were easy to interpret.

• In more recent data, imaging is better for 

layers 5-9, whereas layers 1-4 are challenging 

to interpret.
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CO2 plume development

Furre et al (2017)

Furre et al (2015)



• Permanently deployed concrete benchmarks on the 

sea floor.

• Mobil instrument carried out by ROV, measuring 10-20 

minute at each site.

• Measure change in the gravity field at sea floor using 

relative gravimeters  

• A total of four gravity measurements:  2002, 2005, 2009, 2013
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Gravity monitoring of CO2 injection at Sleipner

Alnes (2015)



• 9.4 MT CO2 was injected between gravity 

surveys in 2002 and 2013

• Inversion of gravity data estimates that 8 ± 2 MT CO2 is 

stored in the Utsira Fm, if no CO2 is absorbed in brine

• The data also shows that CO2 absorption into brine is 

happening with a rate less then 2.7% per year

• Inversion of gravity data indicates that the plume is 

growing mainly in the centre, similar to 4D timeshift

image

• Limitations on accuracy

• Uncertainty in subtracted signals from Fm. below

• Lack of gravity stations on northern part of the base 

survey 
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Gravity monitoring of CO2 injection at Sleipner

Alnes (2015)

CO2 thickness change



• A line at the long axis of CO2

plume was acquired in 2008

• The towline is about 30 km, and 27 

receivers (Rx) cover a stretch of about 9.5 

km above the accumulated CO2 plume.

• Challenges related to the  

inversion 

• Including pipeline network at seabed, 

which interferes with the CSEM signal and 

generates artefacts in the resistivity image 

of the subsurface
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CSEM measurement of CO2 injection at Sleipner

2008 CSEM survey layout, Bøe et al (2015)



• After the pipeline influenced data was 

filtered out:

• the strength of the CO2 anomaly is reduced 

compared to before the pipeline filtering 

• Depth has improved compared to the depth in the 

seismic. 

• Artefacts generated by the pipelines in the shallow 

parts of the profile are also significantly reduced.

• Other inversion parameters such as inversion grid, 

offset range etc. were optimized (lower resistivity 

profile), which increased the resistivity response 

of the CO2. 
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CSEM inversion result

Bøe et al (2017)
Acknowledgment: CO2ReMoVe project and Equinor, and support of FME Succes

before the pipeline filtering

After the pipeline filtering

Improved inversion grid, offset range
After the pipeline filtering



Why quantitative monitoring?

The monitoring objectives fall into the following categories:

• Containment: plume migration, potential leakages…

• How geophysical monitoring can provide quantification of relevant rock physics 

properties?

• Conformance: convergence between models and monitoring data. Requiring 

quantitative measurements such as pressure, saturation, stress changes…

• What is the uncertainty related to these measurements? Link to operational 

decision making.
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Why quantitative monitoring?

Containment: 

• plume migration, potential leakages…
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FWI Imaging results at Sleipner (2D)
➔ Give a better velocity model for accurate migrated images (both in time and depth)

➔ Spatial extension of the plume

➔ Better mapping of faults



Why quantitative monitoring?

How can geophysical monitoring provide quantification of relevant rock 

physics properties?

• Two-step approach is used
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Why quantitative monitoring?

Conformance requires quantitative measurements: 

• pressure, saturation, stress changes…

Successful mapping of CO2 saturation at Sleipner
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Dupuy et al (2016)



Why quantitative monitoring?

What about other data than seismic?

• Same two-step approach

• EM (and potentially gravimetry) combined with seismic show promising results
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Why quantitative monitoring?

What is the uncertainty related to these measurements?

• Uncertainty 1st imaging step 

• Uncertainty 2nd inversion step
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CO2 sat Uncertianty



Some lessons learned

• Containment monitoring of CO2 at Sleipner has been 

demonstrated by a total of nine repeated seismic surveys.

• Seismic, gravimetric and CSEM data have contributed to 

conformance monitoring.
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Some lessons learned

• An important spin-off from the project has been the wealth of knowledge that has 

evolved through monitoring, and which has been shared with the scientific 

community over the twenty years of operation. 

• Equinor and the Sleipner Licence partners have released all the seismic, gravity, and 

CSEM data acquired up to and including 2009. 

• These data are available upon request and have been used for a wide range of applications, such as 

improving reservoir characterization, constraining flow modelling, and developing new techniques 

for seismic inversion and spectral decomposition. 

• More than 300 scientific papers, conference abstracts, and several PhD and Master theses have 

used data from the Sleipner CO2 project datasets.
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