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0.85 𝑀𝑇/𝑦𝑟 of CO2 injected into the Utsira 

Formation, located beneath the North Sea, 

since 1996. 

The migration of the CO2 has been 

regularly monitored using time-lapse 

seismic reflection surveys.

Reservoir properties:

• 1𝑘𝑚 deep ,

• 300𝑚 thick (with intermittent baffles), 

• 𝑘 ~ 1 − 8𝐷, 

• 𝜙 ~ 37% .

Sleipner CCS Project
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Observing the CO2 plume - Sleipner seismic surveys
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Boait et al., 2012

Ref: Cowton et al. J. Geophys. Res. (2016) 121, 5068-5085.
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CO2 distribution over time

The interference signal between 

different seismic reflections was used 

to estimate the CO2 plume thickness 

in the top layer.

The resulting plume is very 

asymmetric, and does not just follow 

the topography of the caprock.



Unconfined Model

Darcy’s Law for the CO2:

𝜙𝒖𝑐 = −
𝑘

𝜇𝑐
∇𝑝 − 𝜌𝑐𝑔𝑒𝑧

Large aspect ratio  (𝐿𝑥 ≫ 𝐿𝑧):

𝑤 ≪ 𝑢 ⇒
𝜕𝑝

𝜕𝑧
= 𝜌𝑖𝑔 ⇒ ෩∇𝑝 = Δ𝜌 𝑔 ෩∇ 𝑑 + ℎ

Volume Conservation (depth integral):

Motion in the ambient can be neglected here.

𝜕ℎ

𝜕𝑡
− 𝑢𝑏𝛻 ⋅ 𝜅 𝛻𝑑 = 𝑢𝑏𝛻 ⋅ {𝜅 ℎ 𝛻ℎ} + 𝑞

Movies courtesy of Chris MacMinn

Depth-averaged permeability    𝜅(𝑥, 𝑦) = ℎ−1 𝑑

𝑑+ℎ 𝑘

𝑘0
𝑑𝑧

Buoyancy velocity                                𝑢𝑏 =
Δ𝜌𝑔𝑘0

𝜙𝜇𝑐

Density difference                               Δ𝜌 = 𝜌𝑎 − 𝜌𝑐
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Ref: Cowton et al. Earth Planet. Sci. Lett. (2018) 491, 121-133.

Reduced-order modelling of 

CO2 propagation
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The seismic measurements suggest the 

CO2 is following a high-permeability 

channel. 

Using just three parameters (background 

permeability 𝑘1, channel permeability 𝑘2, 

and channel width 𝑊) the model can 

accurately reproduce the observed 

plume.



Residual Misfit
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Reduced-order modelling of 

CO2 propagation

This reduced-order model can run 

a suite of scenarios in a fraction of 

the time it takes to run a fully 3D 

simulation.

This gives an efficient way to 

explore the available parameters, 

find best-fit solutions, and quantify 

their uncertainties. 



In Salah CCS Project Site
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Rucci, Vasco, and Novali, 2013

3.8 𝑀𝑇 of CO2 injected into the Krechba

gas field, located in central Algeria, 

between 2004 and 2011. 

Reservoir properties:

• 2𝑘𝑚 deep,

• 20𝑚 thick, 

• 𝑘 ~ 1 − 10𝑚𝐷, 

• 𝜙 ~ 15% .

Surface uplift was observed over the 

three injection wells via satellite 

measurements (InSAR):

≤ 2𝑐𝑚 over ~ 25 𝑘𝑚2 after 5 years.



A Poroelastic Reservoir Model

For a site like In Salah, we need an extended 
version of the model that now includes

• The flow of both the CO2 and the ambient brine,

• The elastic deformation of the Reservoir and 
Overburden due to changes in pressure,

• The topography of both sealing layers of the 
reservoir.

This deformation/pressure signal carries 
information about regions of the reservoir that the 
CO2 has yet to reach.



Modelling Uplift at In Salah

Measured uplift (InSAR)

Modelled uplift

Permeability

For more details, see my poster:

“Pressure and Deformation Signals due 

to Heterogeneities in Storage Reservoirs”

This model can reproduce the surface uplift 

measured over the south-east well (KB-501) 

using a simple representation of the local 

fault structure.

The results suggest

• a fault damage zone ~4𝑘𝑚 in length and 

~300𝑚 in width,

• a maximum permeability of 0.3𝐷 with a 

background value of 1𝑚𝐷.



Dissolution during Injection: 
the importance of heterogeneities

A model of the dissolution of CO2

travelling along high-permeability 
layers into the surrounding brine.

This model was applied to the Salt 
Creek field experiment in Wyoming.

With thin high-permeability lenses, 
~10% of the CO2 can dissolve in 
the first year.

Ref: Gilmore et al. Geophys. Res. Lett. (2020) 47, e2020GL087001
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Residual Trapping of CO2 in 
a Plume Migration Model

An extension of the Unconfined Current 
model to include the loss of `mobile’ 
CO2 to residual trapping, where CO2 is 
retained in the pore space due to 
surface tension as the local current 
thickness decreases.

This has been applied to the Otway 
Stage 2C project in Victoria, Australia.

With thanks to the CO2CRC.
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Upscaling Capillary 
Heterogeneities
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𝑆𝑛

Relative change in Spreading Rate

Generate 1000s of 

realisations

A two-phase model that incorporates 

variations in saturation (𝑆𝑛) due to capillary 

entry pressures (𝑝𝑒).

Heterogeneities channel the CO2 into fast-

flowing regions with larger 𝜙, larger 𝑘, and 

smaller 𝑝𝑒.

Able to investigate the statistics of how the 

heterogeneities affect e.g. the rate at which 

the CO2 spreads.

Refs: Benham et al. J. Fluid. Mech. (2021a) 911  ;  Benham et al. J. Fluid. Mech. (2021b) 922



Conclusions

These reduced-order models are able to incorporate 
heterogeneity from the field scale down to the pore 
scale in a simplified way that

• retains the key aspects of the physical processes 
involved,

• is numerically cheap compared to full 3D simulations, 
making them ideal for both inverse modelling and 
forecasting/uncertainty quantification.
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