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Summary

A vertically averaged aquifer model incorporat-
ing topography and elasticity to determine pore-
pressure di�usion and surface deformation due to
injection or extraction. This is a reduced-order
model that retains the key physics of the problem,
so is much quicker to run than high-resolution 3D
simulations.

Objectives

• Incorporate localised data (well measurements)
and distributed data (InSAR) to determine
large-scale aquifer properties such as the
permeability and porosity distributions.

• Forecast aquifer behaviour and quantify
uncertainties for future injection scenarios.

Modelling Assumptions

• Small aspect ratio - D/L π 1
• Large Young’s modulus - E ∫ 1
• Small deformations - �/D π 1
• Fixed basement, variable ceiling topography
• Overburden treated as a uniform rectangular

elastic layer

Governing Equations
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Synthetic Test Cases

Figure: Plan-view snapshots of Surface Deformation (�s) and Pore Pressure (P ) for various permeability distributions.
Aquifer depth is ten times the horizontal length scale. These simulations took ¥ 15s to run.

Figure: Schematic of aquifer model

Conclusions and Future Work

• Mesoscale aquifer properties can be inferred
from pore-pressure variations and surface
deformations after injection or extraction.

• This can be used as part of a larger model to
rapidly forecast plume migration, pressure
variations, and surface deformations for future
injection scenarios.
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Global CCS Projects



Storage opportunities in the UK

CO2 stored: UK Storage Appraisal Project
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0 THE GLOBAL STATUS OF CCS CCS: A CRITICAL TECHNOLOGY FOR SAVING OUR ENVIRONMENT

CCS IS CRITICAL TO THE 2DS PATHWAY

• Achieving a 2°C pathway is challenging and 
involves a radical reduction in CO2 emissions. 

• Current climate policies and pledges only slow 
emissions growth and fall well short of the major 
redirection required.

• CCS is a key technology to a 2°C pathway, 
providing 14% of cumulative CO2 emissions 
reduction through 2060 when compared to 
“current ambitions”. To put this in perspective,  
in the year 2050, over 5,000 million tonnes  
of CO2 (over 5 Gt) must be captured using  
CCS technologies –equivalent to present-day 
annual CO2 emissions in the US. 

• Many thousands of CCS facilities must be 
deployed in the coming decades if these  
targets are to be achieved. 
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CCS IS MUCH MORE WIDELY DEPLOYED IN 
MOVING FROM 2DS TO B2DS

• CCS is key to achieving net zero emissions across 
the energy system.

• CCS accounts for 32% of the additional emission 
reductions needed in moving from the 2DS to  
the B2DS. 

• In the B2DS, cumulative CO2 captured by 2060  
is nearly 100 Gt higher than under the 2DS.

• Much of this (additional) contribution is delivered 
through increased use of CCS in industry where 
CO2 is captured from smaller streams.

• The combination of BECCS is one of the few 
technologies that can remove historic CO2 
emissions from the atmosphere (resulting in  
“net-negative emissions”). This combination  
is integral to achieving carbon-neutrality. In  
the 2DS and B2DS, BECCS accounts for 40%  
or more of captured CO2 in the year 2060.

• An unprecedented increase in near-term climate 
mitigation actions is required if limiting warming 
towards 1.5°C is to be more than aspirational.

CCS in IEA Scenarios CCS IS EQUALLY IMPORTANT 
IN INDUSTRY AND POWER AND 
ESPECIALLY IMPORTANT IN 
NON-OECD ECONOMIES 

• Much of the focus around 
CCS has been around its 
application to power – what 
is often not appreciated is its 
importance in decarbonising 
industrial processes.

• Emissions in many OECD 
countries have either 
plateaued or are in decline; 
going forward, the emphasis 
on emissions reduction falls 
very much on non-OECD 
economies, and especially  
on China.
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CCS IS ESPECIALLY IMPORTANT 
IN NON-OECD ECONOMIES 

• China, the US and India 
currently account for around 
half of global CO2 emissions.

• Emissions from the US have 
stabilised at around 5 Gt per 
annum, while China’s have 
almost doubled in the past 
decade at around 10 Gt.  
India is at 2 Gt.

• It is unsurprising that the 
bulk of emissions reduction 
effort rests with non-OECD 
countries, with China alone 
accounting for 30% of total 
required reductions.

• This dominance of coal-based 
emissions in China is reflected 
in both electricity generation 
and many industrial processes 
and signals the high potential 
for CCS in China.    

• China presently has over  
900 gigawatts (GW) of 
installed coal-fired power 
capacity, with around 150 GW  
under construction. The coal- 

fired generation fleet is one of the youngest in the world, with two-
thirds of the plants built since 2005. Retrofitting carbon capture 
facilities to existing plants is a major decarbonisation opportunity.xii 

• China’s emissions from cement production at least equal the total 
emissions from the German economy (0.7–0.8 Gt per annum).xiii China 
accounts for around half of the world’s steel production – its annual 
CO2 emissions from this industry sector alone is estimated at between 
1.0 and 1.5 Gt.xiv Petroleum processing and related petrochemical 
activities (along with considerable coal-to-chemical activities) are  
also major CO2 emitters. 
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capacity, with around 150 GW  
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fired generation fleet is one of the youngest in the world, with two-
thirds of the plants built since 2005. Retrofitting carbon capture 
facilities to existing plants is a major decarbonisation opportunity.xii 

• China’s emissions from cement production at least equal the total 
emissions from the German economy (0.7–0.8 Gt per annum).xiii China 
accounts for around half of the world’s steel production – its annual 
CO2 emissions from this industry sector alone is estimated at between 
1.0 and 1.5 Gt.xiv Petroleum processing and related petrochemical 
activities (along with considerable coal-to-chemical activities) are  
also major CO2 emitters. 

Geological storage of CO2 - part of mitigation strategies
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POWER:

• Simply encouraging renewables and fuel 
switching to unabated natural gas and/or the 
adoption of best available coal technology will 
not deliver the necessary emissions reductions  
to meet climate goals.

• Around 40% of the world’s electricity presently 
comes from coal, with the youngest coal “fleet” 
witnessed in decades. More than 500 gigawatts 
(GW) of capacity has been added since 2010, 
mainly in emerging economies.xv 

• These plants have the potential to operate for 
another 30 to 40 years and are unlikely to be 
retired in a timeframe adequate for meeting  
long-term climate goals.

• Retro-fitting carbon capture facilities to existing 
generating plants presents a considerable 
opportunity to decarbonise the power sector  
in many regions. 

• There has been a “dash for gas” in many countries 
over recent years and gas now accounts for over 
20% of global electricity generation, with more 
plants slated for construction. 

• While a gas-fired power plant is considered 
“cleaner” than a coal-fired plant, it is far from 
being low-carbon (a combined cycle plant has  
an emissions profile of around 370 grams of  
CO2 per kilowatt hour (gCO2/KWh) vs around 700 
gCO2/ KWh for an ultra-supercritical coal plant).xvi

• Application of CCS technologies to these plants  
is therefore vital.

CCS IS EQUALLY IMPORTANT IN INDUSTRY  
AND POWER

• Industrialisation will continue to drive major 
economies. Cities will multiply and expand  
and infrastructure requirements will follow suit. 

• This will require massive amounts of industrial 
goods such as steel, cement and petrochemicals, 
the production of which emits high levels of CO2. 

• CCS is the only technology available to make 
deep emissions cuts in these industries. 

• In the 2˚C pathway, near half of the cumulative 
emission reductions to 2060 come from industry 
(around 70 Gt). 

• Many industry sectors (examples include fertiliser 
production and natural-gas processing) already 
separate out CO2 as part of their production 
processes and provide lower-cost “beacons”  
for supporting further development.
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CCS has considerable 
health benefits
• Poor air quality is a major threat to human  

health. Globally, about 3 million premature  
deaths  are annually attributed to outdoor air 
pollution with predictions that this will rise to  
6–9 million by 2060. 

• Children remain most vulnerable to bronchitis and 
asthma, but the health risk extends to the wider 
population and increases in hospital admissions, 
health expenditure and restricted work days. 

• The annual global welfare costs associated with 
the premature deaths from outdoor air pollution 
are staggering – US$3 trillion currently and 
projected to rise to US$18–25 trillion by 2060.xvii

• Depending on the type of CO2 capture and 
conversion technologies applied, in addition to 
other installed pollution control measures for 
regulatory and/or operational requirements, 
deployment of CCS technologies can deliver 
significant reduction in conventional atmospheric 
pollutants:

 ! A 90% reduction in sulphur oxide emissions 
can be achieved (through integrated flue gas 
desulfurisation);

 ! A reduction of over 70% in nitrogen oxides 
emissions (from selective catalytic reduction);

 ! 100% removal of fly ash from electricity 
generation (electrostatic precipitators and 
fabric filters), which can be recycled for use  
in the construction industry;

 ! Heavy metals (mercury) and particulate matter 
can also be effectively managed.Otway Facility. Photography 

courtesy of CO2CRC.

Geological carbon storage 
• power generation (eg. gas, coal)
• Industrial processing (eg. cement, steel)
• Negative emissions (BioEnergy with CCS)
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for industrial waste-water injection wells, injection pressure 

must not exceed fracture initiation or propagation pressures in 

the injection formation (USEPA, 1994). For oil and gas field 

injection wells, injection pressures must not exceed those that 

would initiate or propagate fractures in the confining units. In 

the United States, each state has been delegated authority to 

establish maximum injection pressures. Until the 1990s, many 

states set state-wide standards for maximum injection pressures; 

values ranged from 13 to18 kPa m–1. More recently, regulations 

have changed to require site-specific tests to establish maximum 

injection pressure gradients. Practical experience in the 

USEPA’s Underground Injection Control Program has shown 

that fracture pressures range from 11 to 21 kPa m–1.

5.5.4 Field operations and surface facilities

Injection rates for selected current CO
2
 storage projects in EOR 

and acid gas injection are compared in Figure 5.22. As indicated, 

the amount of CO
2
 injected from a 500-MW coal-fired power 

plant would fall within the range of existing experience of CO
2
 

injection operations for EOR. These examples therefore offer 

a great deal of insight as to how a geological storage regime 

might evolve, operate and be managed safely and effectively.

 CO
2
-EOR operations fall into one of three groups (Jarrell et 

al., 2002):

v� �Reservoir management – what to inject, how fast to inject, 

how much to inject, how to manage water-alternating-gas 

(WAG), how to maximize sweep efficiency and so on;

v� �Well management – producing method and remedial work, 

including selection of workovers, chemical treatment and 

CO
2
 breakthrough;

v� �Facility management – reinjection plant, separation, 

metering, corrosion control and facility organization.

Typically, CO
2
 is transported from its source to an EOR site 

through a pipeline and is then injected into the reservoir through 

an injection well, usually after compression. Before entering the 

compressor, a suction scrubber will remove any residual liquids 

present in the CO
2
 stream. In EOR operations, CO

2
 produced 

from the production well along with oil and water is separated 

and then injected back through the injection well. 

 The field application of CO
2
-ECBM technology is broadly 

similar to that of EOR operations. Carbon dioxide is transported 

to the CBM field and injected in the coal seam through dedicated 

injection wells. At the production well, coal-seam gas and 

formation water is lifted to the surface by electric pumps. 

 According to Jarrell et al. (2002), surface facilities for CO
2
-

EOR projects include:

v� �Production systems-fluid separation, gas gathering, 

production satellite, liquid gathering, central battery, field 

compression and emergency shutdown systems;

v� �Injection systems-gas repressurization, water injection and 

CO
2
 distribution systems;

v� �Gas processing systems-gas processing plant, H
2
S removal 

systems and sulphur recovery and disposal systems.

Jarrell et al. (2002) point out that CO
2
 facilities are similar to 

those used in conventional facilities such as for waterfloods. 

Differences result from the effects of multiphase flow, selection 

of different materials and the higher pressure that must be 

handled. The CO
2
 field operation setup for the Weyburn Field is 

shown in Figure 5.23.

Figure 5.22  Comparison of the magnitude of CO
2
 injection activities illustrating that the storage operations from a typical 500-MW coal plant 

will be the same order of magnitude as existing CO
2
 injection operations (after Heinrich et al., 2003).

From IPCC CCS 2005

The scale of the problem
Text

Drax, North Yorkshire

power generation: 2700 MW 
emissions: 62 000 tonnes/day



Otway Project, Otway Stage 2C Science Report 2012

CO2 fluid properties at depth

Supercritical CO2 is typically 
injected (current) into saline 
aquifers (ambient).

CO2 is less dense
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Securely trapping CO2 at depth

CO2 is trapped by a 
hierarchy of mechanisms 
• structural 
• residual (capillary) 
• solubility (dissolution) 
• mineral

Key question: how quickly 
do these mechanisms 
secure injected CO2?



3. GeoCquest: Strategy 
GeoCquest is working at a range of scales, from pore 
to core to outcrop to field scale (Figure 2) to better 
understand how residual, dissolution and mineral trapping 
evolves over time, in open and closed saline aquifers. 

Seismic surveys are undertaken to build up a picture of 
the structures and the sedimentary units or intervals 
within a sedimentary basin. That picture is then used to 
construct a geomodel, which can in turn be used to predict 
how fluids will migrate or be trapped in the basin or parts 
of the basin. The subsurface structures and sedimentary 
units that can be imaged using seismic techniques and 
included in the geomodel, are limited by the resolution 
of the technology used, typically 10m or more. But a 10m 
geological unit can be and o!en is, quite heterogeneous, 
with several thinner layers (one metre or less), some of 
them with high permeabilities. These thin layers can have 
a massive impact on how fluids such as carbon dioxide or 
water migrate or are trapped. It is therefore very important 
to be able to more accurately predict the nature, geometry 
and impact of the heterogeneity. How far and how fast 
will CO2 migrate from a CO2 injection well? Will the CO2 
plume remain within a storage lease or might it potentially 
migrate beyond the lease boundaries?

Enhanced understanding of heterogeneity and trapping 
will enable a CCS project to better define the lease size 
or footprint required for CO2 storage. It will provide 
confidence that a CO2 plume will not extend out to a fault 
or beyond a lease boundary for example. It will give a 
regulator greater certainty regarding the behaviour of the 
plume, particularly in a heterogeneous reservoir, including 
once the storage lease has been surrendered.

Figure 2. Quantifying the impact of geological heterogeneity on CO2 migration and trapping in saline aquifers through a range  
of scales.
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GeoCquest has brought together a talented international 
team from Cambridge, Melbourne and Stanford 
Universities and a close association with CO2CRC Ltd, to 
undertake leading-edge research aimed at developing a 
better understanding of CO2 behaviour in heterogeneous 
rocks (Figure 1). It has focussed on quantifying three 
key parameters – capacity ( how much CO2 can the rocks 
store), injectivity ( how much CO2 can be injected into 
the rocks) and containment (how much CO2 can be safely 
held in the rocks, essentially for ever). Why are these 
three so important? Because each of them can add major 
uncertainty and therefore direct or indirect costs to a CCS 
project. Consequently, before a project gets too far along 
the development pathway and certainly before it gets to 
FID, it is important to know each of these parameters with 
a high degree of confidence.

Improving our understanding of CO2 trapping, including 
how we might be able to enhance trapping temporally 
and spatially, adds to our level of confidence in long 
term secure geological storage of CO2 in both open and 
closed saline reservoir systems. This knowledge can 
also provide the basis for designing quantitative rules 
for site abandonment, based on measured trapping and 
residual gas saturations. Fluid transport, geochemical 
processes and associated CO2 trapping mechanisms in 
geological reservoirs are highly dependent on the nature 
of structural and lithological variability or heterogeneities. 
Important centimetre to meter scale heterogeneities are 
o!en incorrectly incorporated or not incorporated at all 
into storage complex models, because they can neither be 
seismically imaged nor represented by grid cells. 
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Heterogeneities spanning all scales

The geological setting is structured (heterogeneous) across all length scales

The flow and trapping of CO2 depends sensitively on structure on all scales.



Field example: Large-scale injection in the North Sea
Sleipner CCS Project site 

• 1 MT CO2 injected per year since 1996 
• Baseline seismic reflection survey in 1994 
• Time-lapse seismic surveys shot in 1999, 2001, 2002, 

2004, 2006, 2008 and 2010
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Figure 2. (a) Trajectory of injection well which pumps CO2 into Utsira Sand at depth of

1090 m; solid line = projected trace of well; solid circle = injection point; solid and dashed

horizons = top and bottom of Utsira Sand. (b) Solid line = injected mass of CO2 as a function

of time (daily record smoothed using Gaussian function with 2 year width); dashed line = average

injected mass; solid circles = timing of 1999, 2001, 2002, 2004, and 2006 seismic surveys. Note

increase between 1996 and 1998 and decrease during 2004.
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Figure 9. Data modeling. (a) Density plot of traveltime anomaly as function of amplitude for 2010 survey (each scaled
by relative uncertainties). (b) Same as Figure 9a where color scale indicates layer thickness. Black line = best fit model at
global minimum of misfit function. (c–e) Orthogonal slices through misfit function used to identify optimal values of Ar ,
A1, and fp . Red crosses = locus of global minimum found by grid search, where Ar =!0.83, A1=!2.6, and fp =31Hz.

Calculated values of ! are converted into thicknesses using the estimated acoustic velocity of CO2-saturated
sandstone, vCO2

.

The acoustic velocity of CO2-saturated sandstone within Layer 9 has been estimated in many di!erent studies,
but it is still debated. Since no empirical data exist for the Utsira Formation within the injection region,
acoustic velocity is either calculated from rock physics estimates or from pushdown (i.e., time delay) of
underlying reflections.

One important consideration is whether or not CO2 saturation within the reservoir rock is uniform or patchy.
If saturation is uniform, then acoustic velocity can be described using the Gassmann model. However, if
saturation is patchy, then lateral dispersion and attenuation of seismic waves can occur and acoustic velocity
may vary approximately linearly between end-members [Rubino et al., 2011; Williams and Chadwick, 2012].
Attempts to match total pushdown of the base of the Utsira Formation due to the presence of CO2 suggest
that CO2 is distributed in highly saturated thin layers between which regions with more di!use, and possibly
patchy, saturation occur [Chadwick et al., 2005; Boait et al., 2012]. This inference is supported by laboratory
centrifuge experiments on core material from the Utsira Formation, which suggest that CO2 saturation within
each thin layer is likely to be very high with a thin capillary fringe along its base [Chadwick et al., 2005]. Rubino
et al. [2011] found that the e!ect of patchy saturation on acoustic velocity increased when saturation was low.
They also concluded that wave-induced flow e!ects can be neglected when the thin, highly saturated layers
within the Sleipner Field are considered. For these reasons, we have not incorporated the e!ects of patchy
saturation on acoustic velocity in this analysis. If present, patchy saturation would cause a small increase in
the calculated layer thickness. Variations in pore fluid pressure triggered by CO2 injection could also a!ect
the acoustic velocity of CO2 itself. However, although pore fluid pressure variations have been inferred from
temporal changes in amplitude signals at the Snøvit CO2 injection site, no such changes have been observed
within the Sleipner Field [Eiken et al., 2011; Chadwick et al., 2005].

Estimates of the acoustic velocity of a sandstone layer that is uniformly saturated with CO2 lie between 1400
and 1500 m s!1 [e.g., Arts et al., 2004; Chadwick et al., 2005; Ghaderi and Landrø, 2009; Williams and Chadwick,
2012]. We note that there are two significant outliers [Eiken et al., 2000; Carcione et al., 2006]. Four alternative
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.

The acoustic velocity of CO2-saturated sandstone within Layer 9 has been estimated in many di!erent studies,
but it is still debated. Since no empirical data exist for the Utsira Formation within the injection region,
acoustic velocity is either calculated from rock physics estimates or from pushdown (i.e., time delay) of
underlying reflections.

One important consideration is whether or not CO2 saturation within the reservoir rock is uniform or patchy.
If saturation is uniform, then acoustic velocity can be described using the Gassmann model. However, if
saturation is patchy, then lateral dispersion and attenuation of seismic waves can occur and acoustic velocity
may vary approximately linearly between end-members [Rubino et al., 2011; Williams and Chadwick, 2012].
Attempts to match total pushdown of the base of the Utsira Formation due to the presence of CO2 suggest
that CO2 is distributed in highly saturated thin layers between which regions with more di!use, and possibly
patchy, saturation occur [Chadwick et al., 2005; Boait et al., 2012]. This inference is supported by laboratory
centrifuge experiments on core material from the Utsira Formation, which suggest that CO2 saturation within
each thin layer is likely to be very high with a thin capillary fringe along its base [Chadwick et al., 2005]. Rubino
et al. [2011] found that the e!ect of patchy saturation on acoustic velocity increased when saturation was low.
They also concluded that wave-induced flow e!ects can be neglected when the thin, highly saturated layers
within the Sleipner Field are considered. For these reasons, we have not incorporated the e!ects of patchy
saturation on acoustic velocity in this analysis. If present, patchy saturation would cause a small increase in
the calculated layer thickness. Variations in pore fluid pressure triggered by CO2 injection could also a!ect
the acoustic velocity of CO2 itself. However, although pore fluid pressure variations have been inferred from
temporal changes in amplitude signals at the Snøvit CO2 injection site, no such changes have been observed
within the Sleipner Field [Eiken et al., 2011; Chadwick et al., 2005].

Estimates of the acoustic velocity of a sandstone layer that is uniformly saturated with CO2 lie between 1400
and 1500 m s!1 [e.g., Arts et al., 2004; Chadwick et al., 2005; Ghaderi and Landrø, 2009; Williams and Chadwick,
2012]. We note that there are two significant outliers [Eiken et al., 2000; Carcione et al., 2006]. Four alternative
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Figure 10: CO2 distribution within Layer 9. Series of isopach maps showing CO2 distribution within Layer 9 as function of
calendar year from 1999 to 2010. White polygons = regions where reflections are incoherent; blue patches outside main CO2

distribution caused by ambient noise. Note that 1999 and 2002 surveys have smaller extent.
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Figure 12: Volume estimates. Calculated volume of CO2 based upon inverse modeling as function of calendar year for
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Figure 10: CO2 distribution within Layer 9. Series of isopach maps showing CO2 distribution within Layer 9 as function of
calendar year from 1999 to 2010. White polygons = regions where reflections are incoherent; blue patches outside main CO2

distribution caused by ambient noise. Note that 1999 and 2002 surveys have smaller extent.
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Volume of the 9th layer

V = A(t� t0)
n

Volume

A = 18000± 6000 m3

t0 = 1998.9± 0.2 years

n = 1.9± 0.1
Cowton et al. J. Geophys. Res. (2016) 121, 5068-5085.





Assumed permeability structure of Sleipner124 L.R. Cowton et al. / Earth and Planetary Science Letters 491 (2018) 121–133

Fig. 2. (a) Topography of upper surface of Utsira Formation (meters below sea level). X–X ! indicates location of seismic profile shown in Fig. 1a–b. (b) Thickness of Sand 
Wedge unit. Solid black box = extent of modeled domain described in text. (c) Sketch of idealized model used for flow simulations. Solid circle = locus of CO2 input; red 
line = outline of CO2-filled Layer 9 for year 2010; pair of dashed lines = locus of putative sedimentary channel where w is width of channel, k2 is permeability of channel, 
and k1 is background permeability.

Fig. 3. Sketch showing a two-dimensional section through the three-dimensional 
geometry of a gravity current along the sloping interface. Thick line with hatching 
= caprock interface; thin line = base of gravity current; symbols described in text.

For a long, thin gravity current flowing beneath an impermeable 
boundary with topography d(x, y), the vertical velocity is negligi-
ble and hence the pressure is hydrostatic,

P =
!

P H " !a g[H " (d + h)] " !c g[(d + h) " z], d < z < d + h,

P H " !a g(H " z), d + h < z < H,

(4)

where P H is the pressure at a reference horizon beneath the grav-
ity current at depth z = H , !c is the density of the injected buoy-
ant fluid, !a is the density of the ambient water, and h(x, y, t) is 
the thickness of CO2-saturated rock (i.e. the gravity current). In 
contrast to the models of Huppert and Woods (1995) and Vella 
and Huppert (2006) that are formulated in a slope-parallel refer-
ence frame, this model uses a horizontal reference for which it is 
simpler to compute complex reservoir geometries (e.g. Fig. 2a).

From Darcy’s law, the horizontal Darcy velocity, uH = (u, v), is 
given by

uH = " k
µc

#H P = "kg"!

µc
#H (d + h), (5)

where #H is the horizontal gradient operator, "! = (!a " !c) is 
the density difference between the two fluids, and ub = kg"!/µ
is the characteristic buoyancy velocity.

For vertically uniform permeability, flow within the current is 
uniform as a function of depth. Integrating the divergence of the 
Darcy velocity over the depth of the current in combination with 
Equation (5) yields

#
$h
$t

" #H ·
!

k"!g
µc

h#Hd
"

= #H ·
!

k"!g
µc

h#H h
"

. (6)

This formulation highlights that the change in thickness of the CO2
current with time is driven by advection of CO2 caused by topo-
graphic gradients within the caprock and by diffusion of CO2 away 
from regions where the gravity current is thickest.

The model described by Equation (6) is a simplified version 
of so-called vertical equilibrium models developed over the last 
decade (e.g. Golding et al., 2011; Guo et al., 2014; Andersen et 
al., 2015). Such models exploit the large aspect ratio of spread-
ing currents of CO2 to reduce the complexity of flow simulations 
in three dimensions by assuming that flow predominantly occurs 
in the horizontal, or along-slope, direction. The large aspect ra-
tio implies that pressure is, to leading order, hydrostatic which 
means that flow is driven by gradients in the depth of the current 
and by gravity acting along slope for topographically controlled, 
unconfined currents. Many of these models also treat partial sat-
uration within the CO2 plume. Here, given both the advantageous 
geometry and the pore structure of the Utsira sandstone, we can 
confidently neglect these complicating features and focus on using 
this simplified approach to understand what principally controls 
CO2 flow at the Sleipner Field. In this sense, the model presented 
here is a useful test of the e!cacy of vertical equilibrium models 
when matching field observations.

We solve Equation (6) using a Crank–Nicholson finite difference 
scheme that is centered in time and space (Press et al., 2007). Sub-
sequent time steps are solved e!ciently by using tridiagonal elimi-
nation. A predictor–corrector scheme is used to evaluate non-linear 
diffusive buoyancy (Press et al., 2007). To improve the stability of 
this numerical solution in regions that are susceptible to numeri-
cal instability (e.g. sharp changes in topographic gradient), the Il’in 
three-point differencing scheme is applied (Il’in, 1969; Clauser and 
Kiesner, 1987). This scheme automatically determines the amount 
of ‘upwinding’ required to keep the model stable for high Peclet 

Cowton et al. Earth Planet. Sci. Lett. (2018) 491, 121-133.
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Minimal models of spreading
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Fig. 2. (a) Topography of upper surface of Utsira Formation (meters below sea level). X–X ! indicates location of seismic profile shown in Fig. 1a–b. (b) Thickness of Sand 
Wedge unit. Solid black box = extent of modeled domain described in text. (c) Sketch of idealized model used for flow simulations. Solid circle = locus of CO2 input; red 
line = outline of CO2-filled Layer 9 for year 2010; pair of dashed lines = locus of putative sedimentary channel where w is width of channel, k2 is permeability of channel, 
and k1 is background permeability.

Fig. 3. Sketch showing a two-dimensional section through the three-dimensional 
geometry of a gravity current along the sloping interface. Thick line with hatching 
= caprock interface; thin line = base of gravity current; symbols described in text.

For a long, thin gravity current flowing beneath an impermeable 
boundary with topography d(x, y), the vertical velocity is negligi-
ble and hence the pressure is hydrostatic,

P =
!

P H " !a g[H " (d + h)] " !c g[(d + h) " z], d < z < d + h,

P H " !a g(H " z), d + h < z < H,

(4)

where P H is the pressure at a reference horizon beneath the grav-
ity current at depth z = H , !c is the density of the injected buoy-
ant fluid, !a is the density of the ambient water, and h(x, y, t) is 
the thickness of CO2-saturated rock (i.e. the gravity current). In 
contrast to the models of Huppert and Woods (1995) and Vella 
and Huppert (2006) that are formulated in a slope-parallel refer-
ence frame, this model uses a horizontal reference for which it is 
simpler to compute complex reservoir geometries (e.g. Fig. 2a).

From Darcy’s law, the horizontal Darcy velocity, uH = (u, v), is 
given by

uH = " k
µc

#H P = "kg"!

µc
#H (d + h), (5)

where #H is the horizontal gradient operator, "! = (!a " !c) is 
the density difference between the two fluids, and ub = kg"!/µ
is the characteristic buoyancy velocity.

For vertically uniform permeability, flow within the current is 
uniform as a function of depth. Integrating the divergence of the 
Darcy velocity over the depth of the current in combination with 
Equation (5) yields

#
$h
$t

" #H ·
!

k"!g
µc

h#Hd
"

= #H ·
!

k"!g
µc

h#H h
"

. (6)

This formulation highlights that the change in thickness of the CO2
current with time is driven by advection of CO2 caused by topo-
graphic gradients within the caprock and by diffusion of CO2 away 
from regions where the gravity current is thickest.

The model described by Equation (6) is a simplified version 
of so-called vertical equilibrium models developed over the last 
decade (e.g. Golding et al., 2011; Guo et al., 2014; Andersen et 
al., 2015). Such models exploit the large aspect ratio of spread-
ing currents of CO2 to reduce the complexity of flow simulations 
in three dimensions by assuming that flow predominantly occurs 
in the horizontal, or along-slope, direction. The large aspect ra-
tio implies that pressure is, to leading order, hydrostatic which 
means that flow is driven by gradients in the depth of the current 
and by gravity acting along slope for topographically controlled, 
unconfined currents. Many of these models also treat partial sat-
uration within the CO2 plume. Here, given both the advantageous 
geometry and the pore structure of the Utsira sandstone, we can 
confidently neglect these complicating features and focus on using 
this simplified approach to understand what principally controls 
CO2 flow at the Sleipner Field. In this sense, the model presented 
here is a useful test of the e!cacy of vertical equilibrium models 
when matching field observations.

We solve Equation (6) using a Crank–Nicholson finite difference 
scheme that is centered in time and space (Press et al., 2007). Sub-
sequent time steps are solved e!ciently by using tridiagonal elimi-
nation. A predictor–corrector scheme is used to evaluate non-linear 
diffusive buoyancy (Press et al., 2007). To improve the stability of 
this numerical solution in regions that are susceptible to numeri-
cal instability (e.g. sharp changes in topographic gradient), the Il’in 
three-point differencing scheme is applied (Il’in, 1969; Clauser and 
Kiesner, 1987). This scheme automatically determines the amount 
of ‘upwinding’ required to keep the model stable for high Peclet 
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from regions where the gravity current is thickest.

The model described by Equation (6) is a simplified version 
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al., 2015). Such models exploit the large aspect ratio of spread-
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tio implies that pressure is, to leading order, hydrostatic which 
means that flow is driven by gradients in the depth of the current 
and by gravity acting along slope for topographically controlled, 
unconfined currents. Many of these models also treat partial sat-
uration within the CO2 plume. Here, given both the advantageous 
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confidently neglect these complicating features and focus on using 
this simplified approach to understand what principally controls 
CO2 flow at the Sleipner Field. In this sense, the model presented 
here is a useful test of the e!cacy of vertical equilibrium models 
when matching field observations.

We solve Equation (6) using a Crank–Nicholson finite difference 
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Figure 4.24: Future prediction of CO2 thickness in Layer 9 for 2012 to 2022.
Forecast simulated using 26 D channel.

L.R. Cowton, Ph.D. Dissertation

Future predictions at Sleipner

Stratigraphic, or structural, 
trapping continues to play 
an important role.

Majority of the plume is 
trapped in an anticline to 
the North.



Trapping CO2: capillary and dissolution trapping

Trapping by surface tension

Trapping by dissolution and surface tension
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CO2CRC Otway Project, Otway stage 2C Science report 2012

Otway: Stage 2c - plume immobilisation

Injection of 15 000 t supercritical CO2 into the Paaratte formation (1500m depth)

Pevzner et al. (2017) Int. J. Greenhouse Gas Control, 63, 150-157.



Otway: Stage 2c - plume immobilisation

vertical permeability, whereas the massive sandstone dominated
proximal mouth bars with very little clay have the highest vertical
permeability (Fig. 3d).

2.3. Conceptual model

The Stage 2C pre-injection concept was based on the interpretation
that an extensive intra-formational ba!e at the top of the PS 1, above
the perforated zone, would act as a seal and impede vertical migration
of the CO2 allowing it to spread laterally and be stabilized and con-
tained by capillary and dissolution trapping. Some uncertainty re-
mained about the continuity of these sequences and sealing properties
within the inter-well region. Similarly, there was a wide range of
probability for the interconnectivity of sand facies between wells given
the extremely heterogeneous nature of the formation. Static geological
modelling of Stage 2C employed sequential indicator simulation.
Sequential indicator simulation (SIS) is most appropriate when either

the shape of particular facies body is uncertain or where a number of
trends control the total facies distribution. The modelling of deposi-
tional facies honours well data and then propagation away from wells
starts from a random seed and is guided by experimental variograms
(de"ning a minimum and maximum range for similarity). This process
draws heavily from the depositional environment analogues. Very dif-
ferent realisations can result if a variable seed is used.

Modern analogues and ancient systems as seen in outcrops for del-
taic to shallow marine systems are described by Coleman and Prior
(1982) and Miall (1984, 1991), and a process based classi"cation
scheme is presented in Ainsworth (2010). In general, for the tidal-#u-
vial deltaic to shallow marine system interpreted for the Paaratte For-
mation in this part of the Port Campbell Embayment, the proximal
mouth bar sands and delta front shales of the parasequences are ex-
pected to be laterally continuous over the area modelled (10 s Km). The
Frontier Formation of central Wyoming, USA, has been extensively
mapped and re#ects a paleo- environmental system most applicable to

Fig. 1. The CO2CRC Otway Project site including top depth structure map of the injection interval in PS 1 (10m depth contour intervals in TVD metres sub-sea level),
faults, wells, and lease boundary (red polygons). The Fig. 2 cross-section location is indicated by the dashed line.

Fig. 2. (a) Stratigraphic section of the Paaratte Formation Unit A parasequences PS 1–3 representing the reservoir and seal pairs within the storage complex
compared with (b) the seismic cross-section through key wells (see Fig. 1 for location).

T. Dance, et al. ,QWHUQDWLRQDO�-RXUQDO�RI�*UHHQKRXVH�*DV�&RQWURO��������������²���

���

The key !ndings of the feasibility study are used to set up the in-
version work"ow for the Stage 2C !eld data (Glubokovskikh et al.,
2018). The high quality of the monitoring vintages allowed us to get
good agreement between the synthetic and actual seismic images
(correlation coe#cient ˜90%). Final 3D cubes of the inverted relative
acoustic changes are shown in Figs. 7 and 8, with the main features
being:

• variation of !AI is con!ned to±6%;

• a positive anomaly below the plume is caused by the time shifts
between the baseline and monitor seismic surveys below the CO2

plume;

• dispersed patches of smaller and less intense anomalies are caused
by time-lapse noise.

The synthetic inversion shared the same features both qualitatively
and quantitatively, and that increases the credibility of the results. The
!nal plume body (dotted contours in Figs. 7 and 8) is extracted ac-
cording to thresholds imposed on the !AI samples and their spatial
connectivity, so the patchy noise artefacts are removed.

The time-lapse seismic data to date have shown that CO2 is being
contained by the parasequence boundary shale and plume propagation
is restricted to PS 1. The extracted CO2 plume bodies agree well with
other independent measurements, including repeat pulsed-neutron

Fig. 7. Inverted relative changes of acoustic impedance !AI corresponding to seismic vintages acquired during the injection. Left column contains plume thickness
maps along with the interpreted faults (red lines) and cross-section locations (blue lines). The plume bodies are extracted from the noisy inversion results based on the
intensity and connectivity of the !AI samples as shown in the vertical sections on the right.
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Dance, LaForce, Glubokovskikh, Ennis-King, Pevzner (2019) Int. J. Greenhouse Gas Control. 86, 146-157.

Seismic observation of post-injection 
CO2 plume shows migration has 
ceased at 2 years.

Residual (capillary) trapping



Residual trapping of CO2 in a plume migration model

Trapping by surface tension
Benson, Stanford

Illustrative calculation for a 
finite volume release in the 
Paaratte formation.

Courtesy of Kieran Gilmore, 
Adam Butler with thanks to 
the CO2CRC.



The effect of capillary heterogeneities on plume propagation
Geophysical Research Letters 10.1029/2020GL088616

Figure 3. The impact of small-scale heterogeneities on lateral CO2 migration. (a) Entry pressure fields, and CO2 saturation distributions after 0.1 pore volumes
(PV) of injection for three different geological settings, with Ud = 0.002 m·day !1. At t = 0.1 PV, the top heterogeneous case has just broken through.
(b) Relative migration speed, V r , at low flow potential as a function of correlation length ratio (anisotropic cases). Vr is the inverse of the relative breakthrough
time—specific realization breakthrough times, ti, are scaled against the uncorrelated average for the corresponding heterogeneous or homogeneous Pe case, t0,
in which rx = ry = 0.1 m (bottom plots in (a)). Each data point represents the mean from five different geostatistical realizations, with error bars showing the
range. Multiple points at a given rx/ry have different absolute rx and ry, but maintain the aspect ratio. The solid, dash-dotted and dotted lines highlight log
curve fits through Ud = 0.002, 0.2, and 20 m·day !1 data, respectively. Only the Ud = 0.002 m·day !1 data points are shown explicitly for clarity. (c) Plume
breakthrough times for heterogeneous Pe cases as a function of capillary number Nc.
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Bentheimer sandstone Transverse/longitudinal average(a) (b)

Jackson et al. (2018) Present study
(c) (d)

Figure 9: (a) Colour map of a two-dimensional slice of the capillary heterogeneity
pe(x, y, z), derived by Jackson et al. (2018), for a core of Bentheimer sandstone. (b)
Transverse/longitudinal average of (a) pe(z). (c,d) Comparison of the equivalent relative
permeabilities krneq , krweq over a range of capillary numbers, also showing the viscous
and capillary limits.

cases, since all other cases must lie between these. The capillary and viscous limits derived
by Jackson et al. are displayed in figure 9c. Spatial variation in the permeability k is not
provided, so we fit the our power law relationship (2.6) against their capillary limit data,
giving B = 1/10, with a mean relative error of 23%, which is most likely attributed
to our approximation of heterogeneity by a simple vertical variation. For each of the
pore entry pressure and permeability, we calculate the standard deviation divided by the
mean, giving �(pe)/µ(pe) = 0.16 (which is the same as quoted by Jackson et al.) and
�(k)/µ(k) = 0.74 (which is similar to field observations from Salt Creek, discussed later).
The next step is to compare equivalent relative permeabilities for intermediate capillary

numbers. To do so, we use our numerical simulations, as described earlier. Our calculated
equivalent relative permeabilities are shown in figure 9d, compared against the data of
Jackson et al. (2018) in figure 9c. Each coloured line on the plot has the same value of
the total Darcy flow Utot = Un+Uw and di↵erent values of the flow fraction f0 = Uw/Un.
Consequently, the capillary number varies greatly over one value of Utot and so, following
Jackson et al., we quote the value at f0 = 0.5. To ensure that the quoted capillary
numbers are the same, we use the same definition as Jackson et al. for the capillary
number, where the pressure change in (1.1) is over the whole core. Overall, the comparison
is good, with our data points varying between the viscous and capillary limits in a similar
manner to Jackson et al. However, the slight di↵erences in the curve shapes are most
likely attributed to our one-dimensional approximation of the heterogeneity (which is
only accurate to around ⇠ 15%, as described earlier).
For some core samples, the heterogeneities are not aligned with the flow direction at

all, such as the Bunter sandstone analysed by Jackson et al. (2018), where perpendicular
layering is present. In such situations, our upscaling approach may not be appropriate.
However, the continual arrangement/rearrangement of the saturation as it moves down-
stream is similar to the flow rearrangement observed in the boundary layer described

Saturation distribution, and equivalent flow 
properties are impacted by 10cm scale 
capillary heterogeneities.

core-flooding 
experiment

semi-analytical 
upscaling

Jackson et al (2018) 
Water Resour. Res. 

54, 3139-3161.

Benham, Bickle, 
Neufeld (sub judice)



Solubility (dissolution)

and pure CO2 is less dense than brine
• Supercritical CO2 and brine are immiscible

brine CO2

• Solution of CO2 in brine is more dense than brine

• Leads to downward convection and possible 
longer-term storage

Question:  What is the flux of CO2 across the 
interface ?

40 cm

is more dense than

Neufeld et al. (2010) Geophys. Res. Lett. 37, L22404.



Dissolution: observations in natural analogues

systems and large Rayleigh numbers, where convection occurs
after an initial incubation time (13, 18–20) and the ratio of the
convective to the diffusive dissolution rate is a power law of the
Rayleigh number (15, 21–24). It is not clear, however, how this
work relates to highly heterogeneous natural formations, where
already the definition of an appropriate Rayleigh number is dif-
ficult (25) and numerical simulations show that simple patterns of
heterogeneity strongly affect the convective flux (26, 27).
It is therefore necessary to constrain the magnitude and rate of

CO2 dissolution directly from measurements in the field. The
convective dissolution rate, however, is too slow to be quantified
during pilot or commercial projects on timescales of a few de-
cades. Therefore, we have studied CO2 dissolution over millennial
timescales in a natural CO2 field that provides an analog for the
long-term evolution of a geological storage site. We present the
first constraints on the magnitude and average rate of convective
CO2 dissolution based on field data.
The Bravo Dome natural gas field in New Mexico provides

unique constraints on CO2 dissolution in the field, because the
combination of large-scale commercial development and de-
cades of geochemical research has produced a comprehensive
and detailed dataset. Fig. 1A shows the location and extent of the
Bravo Dome natural gas field, which covers 3,600 km2. Below we
show that the reservoir held 1.3 Gt of natural gas before the
beginning of production in 1981. The composition of the gas is
99.8% CO2, 0.1% N2, with traces of light hydrocarbons and
noble gases. The total dissolved solids in the reservoir brine are
85,000 mg/L (28). The reservoir is formed by a structural–
stratigraphic trap on a structural high, dipping to the southeast
and segmented by several faults, as shown in the cross section in
Fig. 1C. The reservoir is in the Permian Tubb sandstone, which
rests unconformably on Precambrian basement and is sealed by
the overlying Cimarron Anhydrite. The Tubb consists of well-
sorted arkosic riverine sandstones embedded in a matrix of silty
aeolian deposits, which leads to a strongly bimodal distribution
of porosity, !. The reservoir thins and the abundance of sand
decreases toward the west, away from the sediment source in the
Ancestral Rocky Mountains in the east (29–31).
The isotopic composition of the noble gases and carbon at

Bravo Dome and their gradients across the field have received
considerable attention (32–37). The high 3He content of the gas
indicates that it is of volcanic origin (33, 35) and provides an
important conservative tracer to evaluate local CO2 dissolution
based on changes in the CO2/3He ratio across the field. The de-
crease in CO2/3He from 5.35·109 in the west to 2.25·109 in the east
suggests that locally more than half the emplaced CO2 must have
dissolved (11, 37, 38). The reservoir shows little sign of perma-
nent CO2 trapping in the form of carbonate precipitation (39, 40),
suggesting CO2 dissolution is the dominant trapping mechanism.
Fig. 1A shows a pronounced maximum of the 1981 reservoir

pressure (29) that suggests continued charging of the western
part of the reservoir from fractures in the basement. The initial
emplacement of the gas likely also occurred in this area and
subsequently filled the reservoir down-dip, forming an elongated
gravity tongue (41). This scenario is supported by the increase in
groundwater-derived 20Ne in the gas from west to east (37). In
1994 the gas–water contact was determined to be horizontal
within each segment of the reservoir, but offset across the faults
segmenting the reservoir (38, 42).
Below we provide to our knowledge the first constraints on the

magnitude, the mechanism, and the rate of CO2 dissolution at
Bravo Dome. First we provide new thermochronological con-
straints on the age of the reservoir. Then we determine the mass
of CO2 dissolved by combining existing geophysical and geo-
chemical data. Finally, we estimate the amount of CO2 dissolved
into the residual brine during the emplacement and an averaged
dissolution rate for the additional CO2 that must have dissolved
after the ponding of the CO2 plume.

Constraints on the Emplacement Age of Bravo Dome
Any estimate of the CO2 dissolution rate at Bravo Dome re-
quires a constraint on the age of the initial CO2 emplacement.
All previous studies assume that the emplacement of volcanic gas
is contemporaneous with the occurrence of extrusive volcanism
in the area (11, 37–40). The commonly cited age for Bravo Dome
is 8–10 ky, which is associated with an early radiocarbon date of
a campfire at the Folsom archeological site near Capulin Vol-
cano (43), shown in Fig. 1A. However, later a comprehensive
study of the volcanic geochronology of the area established ages
between 56 ky and 1.7 My for the basalts associated with the
Capulin stage (44, 45). Here, we present a different approach to
constrain the age of the initial CO2 emplacement. Given that the
gas is of volcanic origin and that it was emplaced directly from
the basement into the reservoir, the gas is likely to have heated
the reservoir above the apatite closure temperature of roughly
75 °C (46) in the vicinity of the entry point.
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Fig. 1. (A) Map showing the location of the Bravo Dome CO2 field and ex-
trusive products of volcanic activity during the last 9 My. The color map shows
the pressure distribution in the gas field in 1981, the squares shows the loca-
tions of the samples used for the (U-Th)/He thermochronology, and the loca-
tions of the cross sections are indicated in red. Major faults are indicated by
gray lines. (B) A down-dip cross section of the main section of the reservoir
from B to B!. (C) A cross section of the NE segment of the reservoir from C to C!.
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systems and large Rayleigh numbers, where convection occurs
after an initial incubation time (13, 18–20) and the ratio of the
convective to the diffusive dissolution rate is a power law of the
Rayleigh number (15, 21–24). It is not clear, however, how this
work relates to highly heterogeneous natural formations, where
already the definition of an appropriate Rayleigh number is dif-
ficult (25) and numerical simulations show that simple patterns of
heterogeneity strongly affect the convective flux (26, 27).
It is therefore necessary to constrain the magnitude and rate of

CO2 dissolution directly from measurements in the field. The
convective dissolution rate, however, is too slow to be quantified
during pilot or commercial projects on timescales of a few de-
cades. Therefore, we have studied CO2 dissolution over millennial
timescales in a natural CO2 field that provides an analog for the
long-term evolution of a geological storage site. We present the
first constraints on the magnitude and average rate of convective
CO2 dissolution based on field data.
The Bravo Dome natural gas field in New Mexico provides

unique constraints on CO2 dissolution in the field, because the
combination of large-scale commercial development and de-
cades of geochemical research has produced a comprehensive
and detailed dataset. Fig. 1A shows the location and extent of the
Bravo Dome natural gas field, which covers 3,600 km2. Below we
show that the reservoir held 1.3 Gt of natural gas before the
beginning of production in 1981. The composition of the gas is
99.8% CO2, 0.1% N2, with traces of light hydrocarbons and
noble gases. The total dissolved solids in the reservoir brine are
85,000 mg/L (28). The reservoir is formed by a structural–
stratigraphic trap on a structural high, dipping to the southeast
and segmented by several faults, as shown in the cross section in
Fig. 1C. The reservoir is in the Permian Tubb sandstone, which
rests unconformably on Precambrian basement and is sealed by
the overlying Cimarron Anhydrite. The Tubb consists of well-
sorted arkosic riverine sandstones embedded in a matrix of silty
aeolian deposits, which leads to a strongly bimodal distribution
of porosity, !. The reservoir thins and the abundance of sand
decreases toward the west, away from the sediment source in the
Ancestral Rocky Mountains in the east (29–31).
The isotopic composition of the noble gases and carbon at

Bravo Dome and their gradients across the field have received
considerable attention (32–37). The high 3He content of the gas
indicates that it is of volcanic origin (33, 35) and provides an
important conservative tracer to evaluate local CO2 dissolution
based on changes in the CO2/3He ratio across the field. The de-
crease in CO2/3He from 5.35·109 in the west to 2.25·109 in the east
suggests that locally more than half the emplaced CO2 must have
dissolved (11, 37, 38). The reservoir shows little sign of perma-
nent CO2 trapping in the form of carbonate precipitation (39, 40),
suggesting CO2 dissolution is the dominant trapping mechanism.
Fig. 1A shows a pronounced maximum of the 1981 reservoir

pressure (29) that suggests continued charging of the western
part of the reservoir from fractures in the basement. The initial
emplacement of the gas likely also occurred in this area and
subsequently filled the reservoir down-dip, forming an elongated
gravity tongue (41). This scenario is supported by the increase in
groundwater-derived 20Ne in the gas from west to east (37). In
1994 the gas–water contact was determined to be horizontal
within each segment of the reservoir, but offset across the faults
segmenting the reservoir (38, 42).
Below we provide to our knowledge the first constraints on the

magnitude, the mechanism, and the rate of CO2 dissolution at
Bravo Dome. First we provide new thermochronological con-
straints on the age of the reservoir. Then we determine the mass
of CO2 dissolved by combining existing geophysical and geo-
chemical data. Finally, we estimate the amount of CO2 dissolved
into the residual brine during the emplacement and an averaged
dissolution rate for the additional CO2 that must have dissolved
after the ponding of the CO2 plume.

Constraints on the Emplacement Age of Bravo Dome
Any estimate of the CO2 dissolution rate at Bravo Dome re-
quires a constraint on the age of the initial CO2 emplacement.
All previous studies assume that the emplacement of volcanic gas
is contemporaneous with the occurrence of extrusive volcanism
in the area (11, 37–40). The commonly cited age for Bravo Dome
is 8–10 ky, which is associated with an early radiocarbon date of
a campfire at the Folsom archeological site near Capulin Vol-
cano (43), shown in Fig. 1A. However, later a comprehensive
study of the volcanic geochronology of the area established ages
between 56 ky and 1.7 My for the basalts associated with the
Capulin stage (44, 45). Here, we present a different approach to
constrain the age of the initial CO2 emplacement. Given that the
gas is of volcanic origin and that it was emplaced directly from
the basement into the reservoir, the gas is likely to have heated
the reservoir above the apatite closure temperature of roughly
75 °C (46) in the vicinity of the entry point.
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Fig. 1. (A) Map showing the location of the Bravo Dome CO2 field and ex-
trusive products of volcanic activity during the last 9 My. The color map shows
the pressure distribution in the gas field in 1981, the squares shows the loca-
tions of the samples used for the (U-Th)/He thermochronology, and the loca-
tions of the cross sections are indicated in red. Major faults are indicated by
gray lines. (B) A down-dip cross section of the main section of the reservoir
from B to B!. (C) A cross section of the NE segment of the reservoir from C to C!.
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Dissolution: observations in natural analogues

systems and large Rayleigh numbers, where convection occurs
after an initial incubation time (13, 18–20) and the ratio of the
convective to the diffusive dissolution rate is a power law of the
Rayleigh number (15, 21–24). It is not clear, however, how this
work relates to highly heterogeneous natural formations, where
already the definition of an appropriate Rayleigh number is dif-
ficult (25) and numerical simulations show that simple patterns of
heterogeneity strongly affect the convective flux (26, 27).
It is therefore necessary to constrain the magnitude and rate of

CO2 dissolution directly from measurements in the field. The
convective dissolution rate, however, is too slow to be quantified
during pilot or commercial projects on timescales of a few de-
cades. Therefore, we have studied CO2 dissolution over millennial
timescales in a natural CO2 field that provides an analog for the
long-term evolution of a geological storage site. We present the
first constraints on the magnitude and average rate of convective
CO2 dissolution based on field data.
The Bravo Dome natural gas field in New Mexico provides

unique constraints on CO2 dissolution in the field, because the
combination of large-scale commercial development and de-
cades of geochemical research has produced a comprehensive
and detailed dataset. Fig. 1A shows the location and extent of the
Bravo Dome natural gas field, which covers 3,600 km2. Below we
show that the reservoir held 1.3 Gt of natural gas before the
beginning of production in 1981. The composition of the gas is
99.8% CO2, 0.1% N2, with traces of light hydrocarbons and
noble gases. The total dissolved solids in the reservoir brine are
85,000 mg/L (28). The reservoir is formed by a structural–
stratigraphic trap on a structural high, dipping to the southeast
and segmented by several faults, as shown in the cross section in
Fig. 1C. The reservoir is in the Permian Tubb sandstone, which
rests unconformably on Precambrian basement and is sealed by
the overlying Cimarron Anhydrite. The Tubb consists of well-
sorted arkosic riverine sandstones embedded in a matrix of silty
aeolian deposits, which leads to a strongly bimodal distribution
of porosity, !. The reservoir thins and the abundance of sand
decreases toward the west, away from the sediment source in the
Ancestral Rocky Mountains in the east (29–31).
The isotopic composition of the noble gases and carbon at

Bravo Dome and their gradients across the field have received
considerable attention (32–37). The high 3He content of the gas
indicates that it is of volcanic origin (33, 35) and provides an
important conservative tracer to evaluate local CO2 dissolution
based on changes in the CO2/3He ratio across the field. The de-
crease in CO2/3He from 5.35·109 in the west to 2.25·109 in the east
suggests that locally more than half the emplaced CO2 must have
dissolved (11, 37, 38). The reservoir shows little sign of perma-
nent CO2 trapping in the form of carbonate precipitation (39, 40),
suggesting CO2 dissolution is the dominant trapping mechanism.
Fig. 1A shows a pronounced maximum of the 1981 reservoir

pressure (29) that suggests continued charging of the western
part of the reservoir from fractures in the basement. The initial
emplacement of the gas likely also occurred in this area and
subsequently filled the reservoir down-dip, forming an elongated
gravity tongue (41). This scenario is supported by the increase in
groundwater-derived 20Ne in the gas from west to east (37). In
1994 the gas–water contact was determined to be horizontal
within each segment of the reservoir, but offset across the faults
segmenting the reservoir (38, 42).
Below we provide to our knowledge the first constraints on the

magnitude, the mechanism, and the rate of CO2 dissolution at
Bravo Dome. First we provide new thermochronological con-
straints on the age of the reservoir. Then we determine the mass
of CO2 dissolved by combining existing geophysical and geo-
chemical data. Finally, we estimate the amount of CO2 dissolved
into the residual brine during the emplacement and an averaged
dissolution rate for the additional CO2 that must have dissolved
after the ponding of the CO2 plume.

Constraints on the Emplacement Age of Bravo Dome
Any estimate of the CO2 dissolution rate at Bravo Dome re-
quires a constraint on the age of the initial CO2 emplacement.
All previous studies assume that the emplacement of volcanic gas
is contemporaneous with the occurrence of extrusive volcanism
in the area (11, 37–40). The commonly cited age for Bravo Dome
is 8–10 ky, which is associated with an early radiocarbon date of
a campfire at the Folsom archeological site near Capulin Vol-
cano (43), shown in Fig. 1A. However, later a comprehensive
study of the volcanic geochronology of the area established ages
between 56 ky and 1.7 My for the basalts associated with the
Capulin stage (44, 45). Here, we present a different approach to
constrain the age of the initial CO2 emplacement. Given that the
gas is of volcanic origin and that it was emplaced directly from
the basement into the reservoir, the gas is likely to have heated
the reservoir above the apatite closure temperature of roughly
75 °C (46) in the vicinity of the entry point.
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Fig. 1. (A) Map showing the location of the Bravo Dome CO2 field and ex-
trusive products of volcanic activity during the last 9 My. The color map shows
the pressure distribution in the gas field in 1981, the squares shows the loca-
tions of the samples used for the (U-Th)/He thermochronology, and the loca-
tions of the cross sections are indicated in red. Major faults are indicated by
gray lines. (B) A down-dip cross section of the main section of the reservoir
from B to B!. (C) A cross section of the NE segment of the reservoir from C to C!.
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The porosity distribution is constrained by frequent mea-
surements of the porosity along 36 cored wells; two examples are
shown in Fig. 3 D and E. Sandstones are less frequent in the west,
reflecting a general proximal to distal depositional trend in the
reservoir (31). Using the correlation between porosity and gas
saturation from Fig. 3B, we obtain the vertical profiles of gas
volume fraction in 40 wells. The vertically averaged gas volume
fraction, !g, in Fig. 3C illustrates the control that the abundance
of sandstones has on the distribution of CO2 within Bravo Dome.
The gas density is a function of the reservoir pressure, p, and

temperature, T. Temperature logs are nearly constant throughout

the reservoir at 30 °C, so that the spatial variation of the gas
density, "g, reflects the pattern in the bottom-hole pressure in
1981, shown in Fig. 1A. To compute the density we assume that
the gas pressure is uniform throughout a vertical column and then
interpolate between established data (51). We note that the CO2 is
gaseous throughout most of the reservoir and becomes super-
critical only near the pressure maximum in the west.
Given the maps of gas thickness in Fig. 2C, the gas volume

fraction in Fig. 3C, and the gas density in Fig. 1A, the final CO2
mass per unit area in 1981 can be computed from Eq. 4 and is
shown in Fig. 4A. The total amount of CO2 stored at Bravo Dome
in 1981 obtained from our calculation is 1.3 ± 0.6 Gt CO2 or !22.7
trillion cubic feet.

Local Fraction of CO2 Dissolved. Previous work has used the vari-
ation of the CO2/3He ratio from 5.35·109 to 2.25·109 to conclude
that more than half of the CO2 has dissolved locally in the vi-
cinity of the depleted measurement (11, 37, 38). These estimates
are based on the assumption of Rayleigh fractionation between
a gas of constant initial CO2/3He ratio of 5.35·109 and brine. 3He
is almost two orders of magnitude less soluble in water than CO2
(52), so that 99% of 3He remains in the gas and it can be thought
of as a conservative tracer (53) (SI Text, section 2). In this limit,
the local fraction of CO2 dissolved is simply given by

F " 1#

!
CO2=3He

"
f!

CO2=3He
"
i

; [5]

where !CO2=3He"i = 5:35 · 109 is the initial ratio of the volcanic
gas emplaced into Bravo Dome and !CO2=3He"f is the current
ratio measured in previous studies (11, 37, 38).
The spatial variation of the local fraction of CO2 dissolved, F ,

is shown in Fig. 4B. By definition, F = 0 at the location of the
highest CO2/3He ratio in the west and the fraction of CO2 dis-
solved generally increases toward the down-dip gas–water con-
tact of the reservoir. The close spatial association of the smallest
fraction of CO2 dissolved with highest pressures in the reservoir
supports the hypothesis that the gas entered Bravo Dome in this
area and that CO2 increasingly dissolved as it filled the reservoir
from west to east. The largest fraction of the emplaced CO2 has
dissolved in the northeastern segment of Bravo Dome, where the
reservoir is much thicker because the basement has been lowered
by faulting (Fig. 1C).

A

C

F

B

D E

G

Fig. 3. (A) Typical capillary pressure, pc , curves for Bravo Dome from well
Culbertson 1. Measurements have been converted from mercury–air to brine–
gas (50). (B) Maximum CO2 saturations from 44 pc curves as function of po-
rosity. (C) Map of the vertically averaged gas volume fraction, !g, throughout
the reservoir. (D) Vertical porosity variation at well Culbertson 1. (E) Vertical
porosity variation at well State FM#1. Both wells are shown as squares on the
map and !g is estimated from the relation in plot B. F and G show histograms
of all available k (gas) and ! measurements from Bravo Dome, respectively.
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local change in the mass of CO2 per unit area, !m.
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Bravo Dome, New Mexico, USA

Total mass loss through dissolution = 366 120 Mt CO2±

Can we understand dissolution during and post-emplacement?



Dissolution post-injection: laboratory analogues

CO2 analogue water

60 cm

Buoyant CO2 current spreads in porous medium (3mm glass beads)

Dissolution produces heavy product, and the loss stops the spreading of 
the current.

MacMinn et al. (2012) Water Resour. Res. 48, W11516.
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Dissolution during injection: the importance of heterogeneities

West bay, Bridport, Dorset

Geophysical Research Letters 10.1029/2020GL087001

Figure 1. Schematic diagram of a two-dimensional finger of free-phase CO2 propagating along a high permeability
porous layer that is initially saturated with water surrounded by a low permeability porous aquifer also saturated
with water.

finger has a total length L(t) the front moves with a flux V F(t). The length of the CO2 finger is much greater
than its width so dissolution across the CO2-water interface at the finger front is neglected, and the interface
is modelled as planar for simplicity.

The diffusive CO2 profile away from the CO2-water interface (in the z direction) for a given value of x is
given by the solution for diffusion into a semiinfinite layer (Carslaw & Jaeger, 1959, p. 59),

c = c0 erfc
!

z
2
"

D(t ! t0)

#
, (1)

where erfc is the complimentary error function, c0 is the maximum solubility of CO2 in water, t is the time
since injection commenced, and t0 is the time at which the front passes position x = L(t0). The effective
diffusion coefficient of CO2 in water is given by

D = Dm
!a
"
, (2)

where Dm is the molecular diffusion coefficient of CO2 in water and !a and " are the porosity and tortuosity
of the low permeability layer (Pismen, 1974).

The vertical CO2 concentration gradient in the water is therefore
#c
#z = !

c0"
$D(t ! t0)

exp
$

!z2

4D(t ! t0)

%
, (3)

and hence the vertical diffusive flux of CO2 out of the high permeability layer at time t is,

Ftotal(t) = !2!a !
L(t)

0
D dc

dz
&&&&z=0

dx = 2!a !
L(t)

0
c0

'
D

$(t ! t0)
dx, (4)

with !a introduced as CO2 only diffuses into water within the pores. As a nonwetting phase, CO2 only
partially displaces water in the high permeability layer. This reduces the fraction of the porosity occupied
by CO2 (snw), and some CO2 dissolves in the water occupying the remaining pore space.

The velocity of the CO2 front at x = L(t) is a function of the input flux and diffusive losses given by lateral
diffusion from the finger and complete saturation of the residual water within the CO2 finger,

VF(t) = vw!snw = v0w!snw ! 2!a !
L(t)

0
c0

'
D

$(t ! t0)
dx ! vw!c0(1 ! snw). (5)

Here, v is the interstitial velocity of CO2 at the front and v0 is the CO2 interstitial velocity at x = 0. By
introducing the nondimensional variables

%v = v
v0
, %c = c

c0
, %x =

xc2
0!

2
aD

v0w2!2s2
nw

, %t =
tc2

0!
2
aD

w2!2s2
nw

, (6)

Equation 5 may be rewritten in the generic form

(1 + &)%v = 1 ! 2!
%L(%t)

0

(
1

$(%t ! %t0)
d%x, (7)

GILMORE ET AL. 3 of 8

Geophysical Research Letters 10.1029/2020GL087001

Figure 2. (a) Length of the CO2 finger L as a function of time t. Also plotted is the line L ! t (black dashed line) and
the tangent at long times, L ! t1/2 (red dashed line). (b) Fraction of CO2 dissolved as a function of time. The fraction of
CO2 dissolved is the fraction of the total CO2 injected into the system that has diffused into the surrounding water and
saturated the residual water within the CO2 finger. Both graphs are plotted for ! = 0, 0.01, 0.1.

where ! = c0(1 " snw)/snw is a measure of how much CO2 dissolves into residual water within the CO2
finger. Equation 7 gives the dimensionless front velocity as a function of dimensionless time. For notational
convenience, we drop the “!” from all subsequent quantities. We solve Equation 7 numerically using a
sequential iteration approach. The CO2 concentration gradient at the interface is calculated every timestep
allowing the total diffusive flux to be deducted from the input flux giving the CO2 velocity, v, as a function of
time. The new front velocity allows the position of the CO2 front, L(t), to be calculated for the next timestep.

2.2. Results
Figure 2a illustrates the length of the CO2 finger as a function of time. The length of the finger is governed
by the input flux and the amount of dissolution. At early times (t " 1), when the dissolution area to input
flux ratio of the CO2 finger is small, the amount of dissolution is negligible, and so the length evolves as L !
t. The diffusive CO2 profile away from the CO2-water interface scales as t"1/2; hence, the total diffusive flux
scales as t1/2. The total dissolution into the low permeability layers is the sum of the total flux over time and
so scales as t3/2 (see Figures S1 and S2 in supporting information for graphs of dissolution scaling).

At late times (t # 1), the finger length evolves as L ! t1/2 as diffusive loss dominates. This means that the
total diffusive flux tends towards a constant, and hence the total dissolution evolves proportional to t. The
transition between these two regimes happens when L and t are of the order one. Figure 2b shows the fraction
of injected CO2 lost by dissolution as a function of time. This fraction increases with time as the increase in
the surface area increases the ratio of diffusive loss to input flux and tends to one as t !#.

Figure 2 has been plotted for three values of !. When ! = 0, there is no dissolution into residual water in
the CO2 finger. At low values of !, the fraction of CO2 dissolved in the residual water within the CO2 finger
is small compared with lateral loss to the surrounding water. For a typical reservoir, ! = 0.014 if snw = 0.8
(Krevor et al., 2015) and c0 = 5.5wt% (Dubacq et al., 2013).

3. CO2 Flow Along Periodic High Permeability Layers
3.1. Multilayered Model
The saline aquifers suitable for geological storage are characteristically sandstones bedded on 10"2 to 1 m
scales with permeabilities that vary by an order of magnitude or greater. Injection of CO2 will primarily
occupy the high permeability layers, and the diffusive fringes about the CO2-filled layers will overlap. We
illustrate this behavior with a periodically layered reservoir with high permeability layers of width w, poros-
ity $ and permeability k interbedded with low permeability layers of width 2h, porosity $a, and permeability

GILMORE ET AL. 4 of 8

Flow along high permeability channels

Dissolution into surrounding matrix

Gilmore et al. (2020) Geophys. Res. Lett. 47, e2020GL087001
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son, 2005; Zhang et al., 2011). To date most indirect estimates of CO2 saturation have ex-
ploited the marked difference between the oxygen isotopic composition of the injected CO2 and for-
mation brines in for example the Frio-I and Pembina injection experiments (Johnson et al., 2011a;
Kharaka�et�al.,�2006a).

For the Frio-I experiment (Fig. 9) Kharaka et al. (2006a) used a simple mass-balance calculation,
constrained by measurements of the oxygen-isotope exchange between the injected CO2 and forma-
tion brine, to calculate CO2 saturation in the reservoir interval contacting the fluids sampled by the
U-tube sampler. This implied CO2 saturations rising rapidly to plateau at ~10 ± 3% over the 30 days
after CO2 breakthrough and ~50% when sampled 5 months later. In comparison direct measurement
of CO2 saturation by downhole geophysical measurements using a Schlumberger wire-line pulsed
neutron capture reservoir saturation tool (RST) imply that CO2 has an average saturation of ~18% on
day 4 and ~34% on day 10 although reaching >80% in the centre of the plume (Hovorka et al., 2006,

14

Figure 9. The Frio-I injection experiments in-
volved injection of 1600 tonnes of supercritical CO2 at
a depth of 1500m into the Upper Frio Formation, over
11 days. The injection experiment utilised a U-tube
sampling line in a single observation well sited 30m to
the north and at ~ 9m higher elevation with a 6 m per-
forated interval. This was used to monitor changes in
in-situ fluid density and gas phase compositions and
to recover single and two-phase fluid samples for
chemistry and stable isotope measurements. Fluid pH
was measured at the surface, soon after sample collec-
tion but at surface pressures and temperatures. The

supercritical CO2 plume is shown diagrammatically in blue at the time of CO2 breakthrough 2 days after in-
jection started. Inset shows the inferred complex flow patterns at the head of the CO2 plume, with diffusion
of CO2 into the formation brine across the interface. Drawn from information in Friefield et al., (2005).
Right: CO2 saturation measured with a Schlumberger wire-line pulsed neutron capture reservoir saturation
tool�(RST)�on�day�4�and�day�10�after�initiation�of�injection.�Redrawn�after�Horvorka�et�al.�(2005).

B

A

0.0155 measured in pyrite grains in core from the injection interval in the Frio C sandstone (McGuire,
2009), and 5) the initial rapid release of Fe is coincident with the small increase in fluid SO4

2-, which
may reflect oxidization of H2S released during the acid dissolution of pyrite, although HS- and H2S
concentrations�in�the�fluid�were�not�measured.

Calculations of mineral saturation indices during the Frio-I experiment, based on the measured
fluid chemistry and at CO2 saturation, show that release of Ca, Fe and HCO3

- to solution and neutrali-
sation of pH buffers the fluid to equilibrium with siderite and ankerite over 1.5 to 2 days, although
calcite and Fe-oxyhydroxides remain undersaturated (Fig. 12G). The continued increase in fluid Fe
concentrations whilst maintaining equilibrium with siderite requires coprecipitation of a Fe-carbon-
ate�phase�over�short�timescales.

Similar results have been obtained for the Frio-II Brine Pilot injection experiment (Fig. 13),
where 360 tonnes of CO2 was injected at 1650m into the Blue Sands unit of the Lower Frio Formation
(Daley et al., 2007a; Daley et al., 2007b). The arrival of the CO2 plume at the observation well, 32m
up dip, ~62 hours after injection was accompanied by a sharp drop in fluid pH to ~3.5, and by a sharp
increases in the concentration of Zn, Pb, Cr and Si at CO2 breakthrough, followed by two pulses of al-
kalinity and Fe, Mn, and Co enriched fluids over a ~2 day period (Fig. 13). Recalculation of dissolved

19

Figure 13. Frio-II fluid chemistry from Daley et al., (2007a), with CO2 and CH4 concentrations
changes redrawn after Daley et al., . A) Proportions of CO2 and CH4 in the gas phase at the observation well.
B-C) In-line pH measured in U-tube sampler and alkalinity (B) and dissolved CO2, recalculated in
PHREEQC using in-situ pH and alkalinity (C). D) Fe, Mn and F) Co concentrations. Changes in these ele-
ments are strongly correlated to changes in alkalinity, and are sourced from the dissolution of Fe-oxides. E)
Zn, Pb and Cr concentrations. Changes in these elements precede the alkalinity front and coincide with the
sharp�drop�in�fluid�pH.�They�are�sourced�from�pH�driven�desorption�from�mineral�surfaces.
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reservoirs. For the young Bravo Dome accumulation, which may be un-
dergoing contemporary CO2 recharge (Baines andWorden, 2004), frac-
tionation of the CO2/3He ratio and !13CCO2(g) imply removal of gas from
the !uid into solutions with high HCO3

! concentrations, implying that
in this dynamic "eld !uid–rock reaction is an important source of

alkalinity and ionic trapping of the CO2 (Dubacq et al., 2012). The mag-
nitude of the CO2 loss in these reservoirs must be related to the hydro-
dynamics of groundwater !ow and diffusive transport processes close
to the gas cap-formationwater interface. Such transport processes likely
produce compositional and isotopic disequilibrium between the gas

Fig. 16. (A) Surfacemap from the Salt Creek Field, CO2-EORproject showing the location of theCO2-injectionwell and surroundingproductionwell pattern fromwhichCO2 and!uidswere
sampled over a 6 month period, during the noble gas spiked CO2 injection. Structure contours are the top surface of the SecondWall Creek reservoir into which CO2 is being injected for
enhanced oil recovery. (B) Thin section photomicrographs and mineralogical point counting data for the SecondWall Creek Sandstone from cores fromwells 6WC2–NW05 and 26WC2–
NW05, drilled adjacent to the CO2 injection site. These show the abundance of reactive feldspar and diagenetic calcite cements in the injection interval. (C)Water and CO2 gas production
data forWell SCR18 the up dip production well sampled during this project, and the "rst well to see arrival of the noble gas spiked CO2. (D) Dissolved CO2 concentrations in the produced
!uid calculated from !uid and gas production volumes using !uid densities calculated at reservoir pressure and temperature conditions. Fluid pH calculated using the calculated CO2 con-
centrations andmeasured alkalinity. (E)MeasuredCa and Sr concentrations in theproduced!uid showing rapid increases due to the arrival of CO2 andCO2-charged!uid at theproduction
well and the dissolution of calcite. Concentrations plateau at day 80 as the !uid saturates with carbonate and calcite dissolution moves to calcite precipitation. (F) Cl and alkalinity con-
centrations in the produced !uid showing that Cl concentrations are stable, precluding !uidmixing, whilst cation concentrations and alkalinity dramatically increase due to !uid-mineral
reactions. (G) Measured Na, K and Si concentrations in the produced !uid re!ecting the dissolution of silicate and phyllosilicate minerals in the host reservoir, predominantly plagioclase
and biotite. (H) Themoles of mineral dissolved in the !uid frommass balance calculations using changes in the measured !uid composition andmineral compositions from electron mi-
croprobe analyses. Themass balancemodelling shows that the initially rapid dissolution of calcite is followed by themore sluggish dissolution of plagioclase and biotite. The !uid evolves
to precipitate carbonate after ~45 days since the arrival of the "rst CO2-charged !uids as cation and alkalinity production from !uid–mineral reactions saturate the !uid with carbonate,
whilst silicate dissolution reactions continue to produce cations and alkalinity, driving carbonate deposition.
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Figure 6. (a) Length of the CO2 finger as a function of time for three high permeability channel widths (solid lines)
and the length of the finger if no diffusive loss of CO2 occurs (black dashed line). (b) The fraction of CO2 dissolved as a
function of time for three high permeability channel widths, w = 0.05, 0.1, 0.5 m. Values calculated using parameters
from the Salt Creek field.

The periodically repeating layered model is evaluated using parameters from the CO2 injection into the
second Wall Creek sandstone unit. The parameters used in the calculation are effective diffusivity D = 2 !
10"11 m2s"1 using Dm = 2 ! 10"9 m2s"1 (Cadogan et al., 2014), !a = 0.12 and " = 5, CO2 input velocity v0
= 4 ! 10"5 ms"1 and porosity ! = 0.2 (Bickle et al., 2017), fraction of the porosity occupied by CO2 snw =
0.8 (Krevor et al., 2012), maximum saturation concentration c0 = 5.5 wt% calculated at 15 Mpa, 50! C and a
salinity of 0.05 mol NaCl/kg(H2O) (Dubacq et al., 2013), and a high permeability layer spacing to thickness
ratio h/w = 1.5 (Bickle et al., 2017). Three different widths for the high permeability layer have been plotted.
These are w = 0.5 m, as calculated by (Bickle et al., 2017), as well as w = 0.1 m and w = 0.05 m, accounting
for the limited resolution of the permeability distribution.

Figure 6a shows the length of the CO2 finger from the injection point as a function of time. A separate curve
is plotted for each value of w, with the ratio between high permeability layer spacing to layer width held
constant. The length of the finger if no diffusive loss occurs is also plotted (black dashed line). As the width
of the high permeability layer decreases, that is, thinner and more finely spaced bedding, the distance the
CO2 propagates into the reservoir in a given time decreases becoming more pronounced at later times. When
w = 0.05 m, the CO2 travels around 10% less far than if no dissolution had occurred.

It is also useful to know how much of the injected CO2 dissolves into the surrounding water. Figure 6b shows
the fraction of the total injected CO2 that has dissolved into the surrounding water as a function of time.
The high permeability layers of width 0.1 and 0.05 m show total dissolution of around 5% and 9% of the
total injection volume respectively within the first two years of injection. Less CO2 dissolves if bedded layers
are thicker.

5. Conclusion
Injecting CO2 into saline reservoirs with interbedded high and low permeability layers substantially
enhances dissolution rates. As the fluid travels further into the reservoir, the increase in surface area between
the CO2 and surrounding water causes increased diffusive loss. The velocity at which CO2 travels in the
reservoir is dominated by the advective input flux at early times and transitions to an intermediate diffu-
sion dominated regime as diffusive loss increases. At late times, the water in the low permeability layers
reaches CO2 saturation, dampening diffusion and resulting in a return to an advection dominated regime.
The transition times between these regimes is governed by the ratio between the volume available for CO2
dissolution in the low permeability layers and the volume of CO2 within the high permeability layers. This
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Figure 3. Schematic diagram of periodically repeating high permeability porous layers of width w, separated by low
permeability porous layers of width, 2h. The reservoir is initially saturated with water. CO2 is injected into the high
permeability layers. z = 0 at the high/low permeability interface and z = h at the midpoint between the high
permeability layers.

ka. CO2 flows into each of the high permeability layers at volumetric rate Q. We assume that a finite capillary
entry pressure confines advective flow of free-phase CO2 to the high permeability layers (see Figure 3).

The diffusive profile between layers is given by the solution for diffusion into a layer bounded by two parallel
planes (Carslaw & Jaeger, 1959, p. 100),

c = c0 !
4c0
!

"!
n=0

(!1)n

2n + 1 exp
"!D(2n + 1)2!2(t ! t0)

4h2

#
cos

$
(2n + 1)!(1 ! z

h )
2

%
. (8)

The velocity of the CO2 front at x = L is a function of the input flux, lateral diffusive loss, and saturation of
the residual water,

VF(t) = vw"snw

= v0w"snw !
4"ac0D

h !
L(t)

0

"!
n=0

exp
"!D(2n + 1)2!2(t ! t0)

4h2

#
dx ! vw"c0(1 ! snw).

(9)

Introducing the nondimensional variables

#v = v
v0
, #c = c

c0
, #x = xD

v0h2 , #t =
tD
h2 , #z = z

h , (10)

Equation 9 can be rewritten as

(1 + $)#v = 1 ! 4% !
#L(#t)

0

"!
n=0

exp
"!(2n + 1)2!2(#t ! #t0)

4

#
d#x , (11)

where $ = c0(1 ! snw)/snw and % = h"ac0
w"snw

. For notational convenience, we drop the “#” from all subsequent
quantities. A similar iterative solution to the single finger case is used to solve Equation 11 to give the CO2
front position and velocity, and total dissolution of CO2 as a function of time for the multilayered model.

3.2. Results
Figure 4a illustrates the length of the CO2 fingers as a function of time for % = 5 and three values of $.

The length of the fingers evolves in three stages. At early times (t & 1) the length of the fingers evolves
as L # t, at intermediate times they evolve as L # t1/2, while at late times (t ' 1) they grow linearly L # t.
The total lateral dissolution of CO2 in the early advection dominated regime scales as t3/2. The transition
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3. GeoCquest: Strategy 
GeoCquest is working at a range of scales, from pore 
to core to outcrop to field scale (Figure 2) to better 
understand how residual, dissolution and mineral trapping 
evolves over time, in open and closed saline aquifers. 

Seismic surveys are undertaken to build up a picture of 
the structures and the sedimentary units or intervals 
within a sedimentary basin. That picture is then used to 
construct a geomodel, which can in turn be used to predict 
how fluids will migrate or be trapped in the basin or parts 
of the basin. The subsurface structures and sedimentary 
units that can be imaged using seismic techniques and 
included in the geomodel, are limited by the resolution 
of the technology used, typically 10m or more. But a 10m 
geological unit can be and o!en is, quite heterogeneous, 
with several thinner layers (one metre or less), some of 
them with high permeabilities. These thin layers can have 
a massive impact on how fluids such as carbon dioxide or 
water migrate or are trapped. It is therefore very important 
to be able to more accurately predict the nature, geometry 
and impact of the heterogeneity. How far and how fast 
will CO2 migrate from a CO2 injection well? Will the CO2 
plume remain within a storage lease or might it potentially 
migrate beyond the lease boundaries?

Enhanced understanding of heterogeneity and trapping 
will enable a CCS project to better define the lease size 
or footprint required for CO2 storage. It will provide 
confidence that a CO2 plume will not extend out to a fault 
or beyond a lease boundary for example. It will give a 
regulator greater certainty regarding the behaviour of the 
plume, particularly in a heterogeneous reservoir, including 
once the storage lease has been surrendered.

Figure 2. Quantifying the impact of geological heterogeneity on CO2 migration and trapping in saline aquifers through a range  
of scales.

Pore scale Core scale Log scale Outcrop scale Field scale

8 mm 3.8 cm 1 m 10 m 10 km

GeoCquest has brought together a talented international 
team from Cambridge, Melbourne and Stanford 
Universities and a close association with CO2CRC Ltd, to 
undertake leading-edge research aimed at developing a 
better understanding of CO2 behaviour in heterogeneous 
rocks (Figure 1). It has focussed on quantifying three 
key parameters – capacity ( how much CO2 can the rocks 
store), injectivity ( how much CO2 can be injected into 
the rocks) and containment (how much CO2 can be safely 
held in the rocks, essentially for ever). Why are these 
three so important? Because each of them can add major 
uncertainty and therefore direct or indirect costs to a CCS 
project. Consequently, before a project gets too far along 
the development pathway and certainly before it gets to 
FID, it is important to know each of these parameters with 
a high degree of confidence.

Improving our understanding of CO2 trapping, including 
how we might be able to enhance trapping temporally 
and spatially, adds to our level of confidence in long 
term secure geological storage of CO2 in both open and 
closed saline reservoir systems. This knowledge can 
also provide the basis for designing quantitative rules 
for site abandonment, based on measured trapping and 
residual gas saturations. Fluid transport, geochemical 
processes and associated CO2 trapping mechanisms in 
geological reservoirs are highly dependent on the nature 
of structural and lithological variability or heterogeneities. 
Important centimetre to meter scale heterogeneities are 
o!en incorrectly incorporated or not incorporated at all 
into storage complex models, because they can neither be 
seismically imaged nor represented by grid cells. 
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Gravity-driven flows and mixing in layered porous media 9

Figure 5: Gravity current images and their concentration maps for a representative
experiment A22 from table 2. Dashed curves are the height profiles of the gravity
currents. Each individual panels are 200⇥ 20 cm2, whereas the colormap scale represent
(C � Ca)/(C0 � Ca).

relative intensity I0 � I of the gravity current images into (3.4) at individual subregions
of the size similar to that in the calibration experiments. The reference intensity I0 now
corresponds to the image of the tank saturated with tap water and captured just before
starting each experiment.
To check the accuracy of the post processing schemes, we consider the conservation of

mass (2.16) and calculate the normalized percentage error at any time t as

err =

✓
Ve +

qt

�

◆
(C̄ � Ca)�

qt(C0 � Ca)

�

�
100�

qt(C0 � Ca)
, (3.5)

where Ve+ qt/� is the volume inside the height profiles and C̄ is the mean concentration
obtained from the concentration maps. The error err is estimated at 15 di↵erent times
for each experiment. Mean errors for each setup, for all its experiments together, are
given in table 1. The overall mean error for all 42 experiments is 5.25%.

3.3. Experimental observation

In all the experiments, the thickness and permeability of the bottom layers of the
setups depicted in figure 3 and the volume flux and reduced gravity listed in table 2
are such that q > Qc, where Qc defined in (1.2) is the critical volume flux needed for
resulting in an override (Huppert et al., 2013). An example of the gravity current flow
in multilayered media and the consequent overrides and Rayleigh-Taylor instability is
shown in figure 5 for experiment A22.
In figure 5, at the early time (t1) the gravity current has nearly the same lengths in the

bottom two layers. With progress in time (t2) the override length increases and gravity-
driven fingers start appearing. At intermediate times (t3) convective mixing begins in
the bottom layer, while new gravity-driven fingers keep forming. In contrast, there is no
override in the third layer because k3 > k2. At late times (t4, t5) while convective mixing
continues in the bottom layers, a new override begins in the fourth layer as k4 < k3,
thus adding further to overall mixing. Apart from the convective mixing in general, there

10 C. K. Sahu and J. A. Neufeld

Figure 6: Concentration maps comparing the e↵ects of volume flux (left panels) and
reduced gravity (right panels). Details of the experiments mentioned in the images are
given in table 2. Each individual panels are 200⇥ 20 cm2.

Figure 7: Concentration maps comparing the e↵ects of permeability setups. Details of
the experiments mentioned in the images are given in table 2. Each individual panels are
200⇥ 20 cm2.

occurs significant longitudinal dispersion, resulting in a blunt nose, particularly in the
second layer. Figure 5 shows that for an overall higher mixing, both transverse and
longitudinal, the overriding of the gravity current is important.
In figure 6, the e↵ects of injection parameters on the gravity current flow and mixing

are compared: volume flux q in the left panels and reduce gravity g
0 in the right. All

parameters in the left panels have same quantitative values except q, likewise except g0

in the right panels. Results show that with increasing q the length of the override increases
and the second override in the fourth layer appears more rapidly, indicating that higher
input flux enlarges the override and enhances the mixing, consequently increasing the
overall gravity current length and entrained volume.
In contrast, the analysis of the e↵ects of g0 in the right side panels of figure 6 shows

that the gravity current length is only mildly a↵ected by g
0, but the height is slightly

larger with smaller g0 (A3). This results into a relatively more prominent second override
that develops gravity-driven fingers earlier than that in experiments A5 and A8. A higher

Dense fluid injection
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Figure 2. (a) Vertical displacement, in centimetres, between 2004 July and 2008 May. Upward motion is positive (blue) and downward motion, or subsidence
is negative (red). The thick black lines indicate the extent of each of the three horizontal wells (KB-501, KB-502 and KB-503) within the reservoir.
The approximate location of the gas field is indicated by the thin black curve. (b) Horizontal displacement for the same time period. Eastward motion is
positive (blue) whereas motion to the west is negative (red). As in (a), the horizontal extent of the injection wells is denoted by the thick solid black lines. The
approximate location of the gas field is indicated by the thin black curve. The dashed white lines indicate the traces of the three damage zones used in the
inversion of the displacement data.

noted above, data from seismic surveys has supported the notion
of two vertical north–west trending damage zones intersecting the
wells KB-502 and KB-503 (Gibson-Poole & Raikes 2010). How-
ever, no such seismic data is available in the region surrounding
KB-501.

3.2 Estimation of vertical and horizontal displacement

The data are comprised of ascending and descending radar phase
measurements from the Envisat archive of the European Space
Agency. The temporal baseline associated with the data is from
2004 July to 2008 May. For the ascending geometry, the normal
baseline is 500 m whereas for the descending geometry the base-
line is 270 m. We compensate for the effects of topography using
the Shuttle Radar Topography Mission (SRTM) elevation model
(Hanssen 2000, p. 13). To correct for orbital errors we estimate and
remove planes for both the ascending and descending geometries.
A variogram is used to capture the statistical characteristics of the
atmospheric noise (Hanssen 2000). The noise power and the spatial
correlation length are estimated for each image used in the analysis.

Using the technique noted in Section 2, we map the ascend-
ing and descending orbit range change data to estimates of quasi-
vertical and quasi-east–west displacement. As noted by Fujiwara
et al. (2000), Wright et al. (2004) and Teatini et al. (2011), the near-
polar orbit, with an azimuth near 7!, means that the range change
is relatively insensitive to northerly motion. Using eqs (2) and (3),
we can solve the system for Ux and Uz, the quasi-east–west and the
vertical displacements. We use pairs of ascending and descending
images from 2004 July and 2008 May. Because only two sets of
ascending images are available for processing, it is not possible to
apply multiinterferogram techniques for atmospheric noise removal
(Ferretti et al. 2001). However, using the full set of descending inter-
ferograms, which provide a time-series, we performed a statistical
analysis of the atmospheric noise power in the area surrounding
the In Salah injections. In a region excluding the area of active
deformation we constructed a variogram to capture the statistical
characteristics of the atmospheric noise for both components of dis-

placement. From this analysis we estimate the covariance matrix of
the range change estimates

C! =
!

6.25 0.00
0.00 6.25

"
,

where the the components are in squared millimetres. From the pa-
rameters for the ascending and descending orbits, that is the vectors
for the ascending (0.3290, 0.9415, "0.0733) and the descending
("0.3865, 0.9189, "0.0786) geometries, we can form the matrix A:

A =
!

0.3290 0.9415
"0.3685 0.9189

"

and use above formula for the a posteriori covariance matrix,
Cx = A"1C!(A"1)T, to arrive at standard error estimates of 0.5
cm and 0.2 cm for the east–west and vertical displacements, re-
spectively. The standard error estimates for the two components
agree with the analysis of Wright et al. (2004) and Teatini et al.
(2011). Specifically, these studies found that the quasi-vertical stan-
dard errors are roughly one-half of the quasi-east–west standard
errors.

The resulting vertical and horizontal displacement components
are shown in Fig. 2 for the region surrounding the three injection
wells. Note the uplift of about 2 cm above each of the injectors, in
agreement with previous range change estimates (Vasco et al. 2008,
2010). Away from the injection wells there are vertical variations due
to atmospheric effects and near-surface changes, such as seasonal
displacement in the dried river beds or wadii’s, of around 0.5 cm.
Away from the wadii’s, the vertical displacement error appears to be
smaller, in the range of 0.25 cm, in general agreement with the above
statistical analysis. The horizontal displacements are roughly of the
same magnitude as the vertical displacements. However, the level of
horizontal motion in areas far from the injectors seems of the order
of 0.5 cm or so, roughly twice as high for the vertical component.
These error estimates are roughly half of those given in the studies
of Wright et al. (2004) and Teatini et al. (2011) associated with the
Envisat satellites. They give relative errors for the horizontal and
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In Salah gas fields, Algeria
~0.9 MTonnes p.a. CO2 injected ~2km 

underground, at three neighbouring 
injection sites

InSAR (radar) measurements show 
O(1cm) uplift of free surface around 

three injection sites

e.g.  Vasco et al. 2010, Rutqvist 2012, Rucci, 
Vasco and Novali, 2013, Ringrose et al. 2013

Uplift after ~4 years of injection at In Salah

from Rucci, Vasco and Novali, 2013

How is uplift related to location of 
injected fluid? 

Outstanding questions: pressure management
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Outstanding questions: storage security and availability

Can we store CO2 without an 
extensive sealing cap rock?

• Solubility (dissolution) trapping
• Capillary (residual) trapping
• Mineral trapping

Rely on secondary trapping mechanisms

Increase global storage capacity by 10x

Improve proximity to sources

Reduce the risk of storage through the 
utilisation of natural heterogeneities


