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Abstract 

This study addresses how physical heterogeneity, representing different sedimentary 

rock layers and the relationships between those layers, impacts the distribution of CO2, 

and thus the type and extent of mineral dissolution and precipitation reactions during 

CO2 geologic storage in deep saline aquifers.   

Numerical multiphase flow (TOUGH2) and reactive transport codes (TOUGHREACT) 

were used to construct a series of reservoir scale simulations to investigate how the flow 

controlling parameter values, distribution, and grid refinement of various 

hydrostratigraphic units (HSUs) affect the distribution of CO2, pH and mineral reactions. 

Physical heterogeneity is critical for controlling the distribution of supercritical and 

dissolved CO2, the redistribution of ions from geochemically reactive materials to more 

stable portions of the reservoir, mixing and dilution of CO2-rich waters, and the extent of 

mineral dissolution and precipitation reactions.  The highest magnitude of carbonate 

mineral precipitation occurs at the sandstone-siltstone interface and along the extent of 

the CO2-water contact.  

Keywords:  CO2; carbon capture and storage; multiphase flow; reactive transport; 
heterogeneity; hydrogeochemistry  
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Chapter 1.  
 
Introduction 

Carbon capture and storage (CCS) into deep saline aquifers is one proposed 

mitigation strategy for decreasing the concentration of carbon dioxide (CO2) in the 

atmosphere (Intergovernmental Panel on Climate Change (IPCC), 2007). Geological 

CCS is based on capturing CO2 from emission sources, compressing it to a supercritical 

fluid state, and injecting it into geological reservoirs, commonly deep saline aquifers 

(International Energy Agency (IEA), 2008; Schnaar and Digiulio, 2009). At depths 

typically considered for CO2 injection (greater than approximately 800 m), CO2 exists as 

a supercritical fluid, behaving like a gas (as it is often referred to in the literature) but 

having the density of a liquid (van der Meer, 1992; Bachu et al., 1994). Supercritical CO2 

is immiscible and less dense than the surrounding saline formation water, causing a 

gravity-driven buoyant flow vertically upwards.   

The flow of CO2 is dependent on a number of factors inherent to the porous 

media, including the volume of pore space available for fluids to occupy (porosity, ϕ), 

and the width of the pore-throats, which control the fluid’s ability to move between pores 

(permeability, k) (van der Meer, 1992; Bachu et al., 1994).  With the presence of two 

fluids (supercritical CO2 and water), the flow of CO2 is also dependent on the saturation 

and wettability of each fluid.  Wettability refers to the ability of one fluid to preferentially 

maintain contact with the solid mineral grains in comparison to the other fluid, resulting 

from differences in the interfacial tension (σ) and contact angle (θ) between the fluid and 

solid phases.  An important assumption in this work is that formation water in an aquifer 

will behave as the wetting fluid, preferentially spreading over, or wetting, the surface of 

the mineral grains (θ<90⁰).  Thus, the supercritical CO2 will behave as the non-wetting 

fluid, occupying the middle of a pore space (Bachu and Bennion, 2008; Pentland et al., 

2011; Krevor et al., 2012).  The two fluids must compete for pore space to flow, leading 

to the concept of relative permeability, which describes a fluid’s permeability at a given 

saturation relative to the overall intrinsic permeability of the rock (Corey, 1954; 
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Scheidegger, 1957; van Genuchten, 1980).  The fraction of water that remains immobile 

in the pore spaces after intrusion of CO2 (irreducible water saturation, Slr), and the 

fraction of CO2 that remains trapped in the pore spaces once the main plume has 

passed (residual gas saturation, Sgr) both influence the relative permeability of each 

fluid.   

The flow of CO2 is also dependent on capillary pressure, which controls the force 

required for CO2 to overcome the interfacial tension with water and squeeze through a 

pore-throat (capillary entry pressure, Pe) (Leverett, 1941; Scheidegger, 1957; van 

Genuchten, 1980). In general, rocks with large pore volumes and wide pore-throats, 

such as clean, well-sorted medium-grained sandstones, will be more conducive for the 

flow and storage of CO2 because of higher ϕ and k, and lower Slr, Sgr and Pe values 

(Morgan and Gordon, 1970; van der Meer, 1992; Bachu et al., 1994).   

Migration of CO2 to the surface could result in a loss of storage security and 

potential contamination of fresh groundwater resources. The safety of CCS is dependent 

on how quickly and permanently CO2 becomes immobile after injection, which can occur 

through a number of different mechanisms (structural/stratigraphic, residual, dissolution 

and mineral trapping) (Bachu et al., 1994; Gunter et al., 2004). Structural/stratigraphic 

trapping occurs when supercritical CO2 is prevented from flowing to the surface due to 

impermeable stratigraphic or structural heterogeneities (Lindeberg, 1997; Johnson et al., 

2001; Audigane et al., 2007; Yamamoto and Doughty, 2011).  Rock types such as 

mudstones and shales are less conducive for the flow and entry of CO2 because of 

narrower pore-throats and smaller pore volumes, which result in low ϕ and k, and high Pe 

and Slr values (Leverett, 1941).  As a result, mudstones and shales make excellent 

caprocks above CO2 storage reservoirs because they prevent the upward migration of 

CO2 through structural/stratigraphic trapping.   

Supercritical CO2 dissolves into the formation water at the CO2-water interface, 

forming a weak carbonic acid (H2CO3), increasing the acidity of the water, and resulting 

in dissolution trapping (Gunter et al., 2004):   

CO2 gas ↔ CO2(aq) 1-1

CO2(aq)+ H2O↔ H2CO3 1-2
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CO2 dissolution into formation water increases the density of the water, which 

then begins to move downwards due to gravity, inducing density-driven flow and 

convective mixing (Ennis-King and Paterson, 2007). This brings CO2-rich waters to lower 

portions of the reservoir, and accelerates the dissolution of supercritical CO2 with the 

upwelling of ambient water.   

As it flows through the pores, CO2-saturated water will react with many of the 

host rock minerals (e.g., feldspars, clay minerals and carbonates).  Mineral dissolution 

releases cations such as Na+, Ca2+, Mg2+ and Fe2+ to the water, neutralizes the water by 

consuming H+ and forming bicarbonate ions (HCO3
-), and potentially forms other ionic 

complexes such as NaHCO3 and CaHCO3
+ (ionic trapping) (Gunter et al., 1997; Gunter 

et al., 2004).  For example: 

7 Albite 	NaAlSi3O8 +6H2CO3 →Na-smectite+6HCO3
- +10SiO2 aq +6Na+ 1-3

As the pH is buffered and the concentration of cations and dissolved inorganic 

carbon increases, precipitation of carbonate minerals such as calcite (CaCO3), dolomite 

(CaMg(CO3)2), siderite (FeCO3), ankerite ((CaMgFe)2(CO3)2) and dawsonite 

(NaAlCO3(OH)2) may occur (Gunter et al., 1997; Johnson et al., 2001).  This process is 

known as mineral trapping, and is considered the safest CO2 trapping mechanism 

because it immobilizes the CO2 for geological periods of time.  The dissolution of chlorite 

is particularly important for mineral trapping, as it provides Fe2+ and Mg2+ to solution. 

These ions are essential components for the precipitation of secondary carbonates 

(Kihm and Kim, 2011).  However, individual geochemical reactions, particularly the 

dissolution of silicates, proceed at very slow rates (Gunter et al, 1997; Palandri and 

Kharaka, 2004; Ennis-King and Paterson, 2007).  Mineral trapping may not occur in 

notable quantities until hundreds to thousands of years after injection (Gunter et al., 

1997; Xu et al., 2005).    

Numerical multiphase flow and reactive transport models are useful tools for 

coupling the flow, transport, dissolution and reaction of CO2 within saline aquifers, and 

predicting how CO2 will behave in the subsurface over spatial and temporal scales 

unattainable by experimental work alone (Johnson et al., 2001; Xu et al., 2003,2005; 

Gaus et al., 2005, 2008; Audigane et al., 2007; Li et al., 2009; Zhang et al., 2009; Kwon 
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et al., 2011; Kihm et al., 2012; Okuyama et al., 2013).  Reservoir scale models are often 

desirable because they provide a means of integrating all available field and laboratory 

geological and geochemical data, but they are subject to a large degree of heterogeneity 

occurring at multiple spatial scales (Sharp et al., 2003; Ambrose et al., 2008).  The result 

is that a number of challenges arise when attempting to model heterogeneous reservoir 

systems.  

One of the key challenges when creating a multiphase flow and reactive 

transport model is determining how the values for porosity, permeability, relative 

permeability (van Genuchten, 1980; Corey, 1954) and capillary pressure (Leverett, 1941; 

van Genuchten, 1980) should be varied for different rock types, and how each of the 

parameters will affect the simulated distribution of CO2. Typically, the same generic input 

parameters are used to describe relative permeability and capillary pressure, sometimes 

for very different rock types (Pruess et al., 2001; Xu et al., 2003, 2005; Doughty and 

Pruess, 2004; Audigane et al., 2007; Li et al., 2009; Zhang et al., 2009; Kwon et al., 

2011; Kihm et al., 2012; Okuyama et al., 2013).  Few studies have investigated how the 

flow controlling parameter values, particularly those describing relative permeability and 

capillary pressure for CO2-water systems, may vary for different rock types, thus 

affecting the distribution of CO2 and subsequently the distribution of pH and geochemical 

reactions.   

A second key challenge relates to how the geological data should be translated 

to the material distribution in the conceptual model. Geological models and core logs 

often capture geologic variations on the centimetre to metre scale, but the inclusion of 

these fine-scale heterogeneities is not always feasible for reservoir scale multiphase flow 

and reactive transport simulations.  Numerous simulation studies have used 

geostatistical techniques to investigate how random distributions of porosity and 

permeability affect CO2 plume migration (Doughty and Pruess, 2004; Hovorka et al., 

2004; Flett et al., 2007; Han et al., 2010; Lengler et al., 2010; Li et al., 2011).  Increased 

heterogeneity has been shown to slow CO2 migration and produce more tortuous lateral 

and vertical flow paths, which increases the  interfacial contact area and contact time 

between CO2 and the pore water (Doughty and Pruess, 2004; Flett et al., 2007).  This, in 

turn, decreases CO2 accumulation at the caprock and increases the potential for CO2 

trapping via dissolution and mineral precipitation.  However, many reservoir scale 
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reactive transport simulation studies do not have the computational power to refine the 

grid down to the scale required to resolve these fine-scale heterogeneities. In reality, 

most reservoir scale reactive transport simulations consist of coarse grids, where one 

cell may be ten to hundreds of metres in the horizontal direction and one to ten metres in 

the vertical direction.  In this case, random distributions of porosity and permeability may 

be less realistic than macroscopic variability, having distinct vertical and lateral 

stratification that control the primary porosity and permeability (Johnson et al., 2001; 

Sharp et al., 2003; Audigane et al., 2007; Ambrose et al., 2008).  

Numerical models require the generation of a grid, or mesh, to discretize space 

into grid blocks, or cells. Thus, a third key challenge relates to how grid refinement 

affects the way heterogeneous material types are resolved in the numerical models.  

The design of the grid requires a trade-off between accuracy and efficiency. The addition 

of a second fluid phase complicates the design in comparison to traditional single-phase 

flow models because of the addition of buoyancy, dissolution and convective flow 

processes.   Numerical dispersion and instabilities can occur if the CO2 migrates to an 

area where the horizontal and vertical grid size becomes too coarse.  The key is to refine 

the grid size in areas of the model with the highest gradients in order to minimize the 

effects of numerical dispersion (Green and Ennis-King, 2012).  However, it is unclear at 

this point how refined the grid needs to be in areas of geological heterogeneities.  

Further work is required to investigate how grid refinement, specifically in and around 

heterogeneities, affect the predicted distribution of CO2, pH and geochemical reactions. 

This thesis investigates selected key fundamental challenges often overlooked in 

CCS reservoir scale multiphase flow and reactive transport studies.  In particular, how 

the flow controlling parameter values vary for different rock types, what control those 

parameters have on the CO2 plume evolution, and an appropriate level of grid 

refinement within and around sedimentary rock layers.  This information is then used to 

investigate how the distribution of materials that represent different sedimentary rock 

layers affect the distribution of CO2, pH and mineral dissolution and precipitation 

reactions. 
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1.1. Research Purpose and Objectives 

The purpose of this research is to investigate how physical heterogeneity, 

representing different sedimentary rock layers and the relationships between those 

layers, impacts the distribution of CO2 and thus the type, extent and location of mineral 

dissolution and precipitation reactions during numerical modelling of CO2 geologic 

storage. Numerical multiphase flow and reactive transport modelling is then used to 

construct a series of reservoir scale simulations and investigate how the material 

distribution, flow controlling parameter values of different material types and grid 

refinement affect the distribution of CO2, pH and mineral reactions.   The research 

objectives are:  

1. To better understand how the primary parameters controlling the flow of CO2 

in numerical multiphase flow models (porosity, permeability and the 

parameters defining relative permeability and capillary pressure) may vary for 

different rock types found in nature; 

2. To investigate the sensitivity of supercritical and dissolved CO2 mobility to 

each of the flow controlling parameters; 

3. To assess how varying the distribution of material types, which represent 

different sedimentary rock layers and are composed of flow controlling 

parameter values characterising realistic rock types, affects the distribution of 

CO2, pH and mineral reactions; and,  

4. To evaluate an appropriate level of grid refinement within, and around, 

heterogeneities. 

1.2. Scope of Work 

The main tasks in this work are: 

1. Compile a database of flow controlling parameter values and correlations 

obtained from published porosity, permeability, relative permeability and capillary 

pressure data; 
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2. Create a number of numerical material types based on flow controlling parameter 

values and correlations reported in the literature, and simulate CO2 injection into 

homogenous distributions of each of the materials to determine how conducive 

each material is for the flow and transport of CO2; 

3. Examine the sensitivity of supercritical and dissolved CO2 mobility to each of the 

flow controlling parameters; 

4. Develop a series of two-dimensional reservoir scale multiphase flow and 

transport simulations with various material distributions and grid refinement to 

simulate CO2 injection, and examine how the material distribution and grid 

refinement control the spatial distribution of CO2; 

5. Couple reactive chemistry to the series of two-dimensional multiphase flow 

models by assigning pore water chemistry and mineral compositions to the 

materials; 

6. Examine how the distribution of CO2, controlled by the flow controlling parameter 

values, material distribution and grid refinement, subsequently controls the 

distribution of pH and mineral dissolution and precipitation reactions, by re-

running the models using a reactive transport code. 

1.3. Thesis Outline 

The format of this thesis is as two introductory chapters, followed by three stand-

alone papers, and overall conclusions and recommendations. 

Chapter 1: Introduction 

This chapter provides an introduction and rationale for the research. The 

research purpose and objectives, along with the scope of the work are presented. 

Chapter 2: Methodology 

This chapter provides a description of the numerical modelling approach, 

simulation setup, space and time discretization and solution controls used in the 

numerical models.   
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Chapter 3 (paper): Collection and Investigation of Flow Controlling 

Parameters for Multiphase Flow and Reactive Transport Modelling of CO2 Storage 

in Heterogeneous Reservoirs 

This paper examines how the flow controlling parameter values, inherent to the 

porous media and required for multiphase flow models (porosity, permeability, and those 

parameters defining relative permeability and capillary pressure), may vary for different 

rock types, and how they influence the distribution of CO2 in the numerical models.  A 

number of material types were created with averaged material properties meant to 

incorporate fine-scale heterogeneities inherent to a number of realistic rock types. CO2 

injection was simulated in each of the materials to determine how conducive each 

material is for the flow and transport of CO2. The sensitivity of supercritical and dissolved 

CO2 mobility to each of the flow controlling parameters is examined with two sensitivity 

studies. Portions of the content in this chapter were included in two abstracts and 

posters presented at the CO2CRC 2102 Research Symposium in Coolum, Australia 

(Hermanson and Kirste, 2012a) and the American Geophysical Union (AGU) 2012 Fall 

Meeting in San Francisco, USA (Hermanson and Kirste, 2012b).  

Chapter 4 (paper): Effect of Stratigraphic Heterogeneity on the Distribution 

of CO2 during Multiphase Flow and Transport Modelling of CO2 Storage  

The sensitivity of CO2 distribution to various material distributions is explored in 

this paper by investigating a series of simple two-dimensional hypothetical simulations 

that conceptualize characteristics and material distributions common to many reservoir 

systems.  The distributions of supercritical and dissolved CO2 are compared up to 100 

years after injection to illustrate the sensitivity of CO2 over the short-term. 

Chapter 5 (paper): Effect of Stratigraphic Heterogeneity on Mineral 

Reactions during Multiphase Flow and Reactive Transport Modelling of CO2 

Storage  

This paper couples reactive chemistry to the series of two-dimensional 

multiphase flow models created in Chapters 3 and 4.  Pore water chemistry and mineral 

compositions are assigned to the materials, and the models are re-simulated up to 

10,000 years.  The distribution of pH and mineral dissolution and precipitation reactions 
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are examined.  Portions of the content in this chapter were included in an extended 

abstract (Hermanson and Kirste, 2013a) and presentation at the 14th Water Rock 

Interaction (WRI-14) conference in Avignon, France in 2013 (Hermanson and Kirste, 

2013b).  

Chapter 6: Conclusions and Recommendations 

This chapter presents the conclusions from each chapter and recommendations 

for future research.  

Appendices  

Appendix A provides the porosity, permeability, grain-size and pore-throat data 

compiled in this study from previously published work.  Appendix B and C provide the 

capillary pressure and relative permeability data, respectively, compiled in this study 

from previously published work, as well as the end-point parameters obtained in this 

study through curve-fitting the experimental data.   
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Chapter 2.  
 
Methodology 

2.1. Numerical Model Approach 

A series of reservoir scale two-dimensional (axisymmetric) multiphase flow and 

transport models were generated using the non-isothermal multiphase flow and transport 

code TOUGH2 V2 (Pruess et al., 1999).  Reactive chemistry was then introduced into 

the multiphase flow models using the reactive geochemical transport code 

TOUGHREACT V1.2 (Xu et al., 2004). The graphical user interface Petrasim 

(Thunderhead Engineering, 2010) was used for pre- and post-processing of both 

TOUGH2 and TOUGHREACT simulations. 

Space is discretized in TOUGH2 and TOUGHREACT by means of an integral 

finite difference method.  The fluid property module ECO2N (Pruess, 2005) is used in 

TOUGH2 and TOUGHREACT to describe the thermodynamics and thermophysical 

properties of a two-phase (liquid, supercritical fluid), three-component (water, salt, CO2) 

system in the pressure-temperature regime above the critical point of CO2 (P = 7.38 

MPa, T = 31°C).  Hydrogeochemical parameters and constitutive equations used to 

describe the permeable medium are described for each grid-block within the model.  

TOUGH2 and TOUGHREACT have been used in numerous studies for investigating 

CO2 injection and storage (e.g., Xu et al., 2003; Doughty and Pruess, 2004; Xu et al., 

2005; Audigane et al., 2007; Doughty, 2007; Li et al., 2009; Zhang et al., 2009; Kwon et 

al., 2011; Kihm et al., 2012; Okuyama et al., 2013).  

Fickian dispersion is often used to represent hydrodynamic dispersion (D) of 

solutes in a single-phase aqueous solution: 

D = αv+Dm 2-1
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where α is dispersivity, v is velocity, and Dm is molecular diffusion coefficient, and 

numerical codes require specification of α and Dm.  However, Fickian dispersion is not 

used by TOUGH2 and TOUGHREACT as it results in numerous complications when 

multiple components disperse in a multiphase system (Pruess et al., 1999; Xu and 

Pruess, 2001), and dispersivity values are not specified by the user.  Instead, 

hydrodynamic dispersion is modelled through appropriate spatial resolution.  The 

upstream weighting scheme used in the code results in a numerical dispersivity (αN  of 

∆x/2, where ∆x is the grid size (Xu et al., 2004).   

Advection and diffusion are considered for both the liquid and gas phases, with a 

single diffusion coefficient for all species.  Diffusion coefficients of the aqueous species 

in the liquid phase are on the order of 10-9 to 10-10 m2s-1 (Hill, 1984).  A value of  

10-9 m2s-1 was used in this study because it was the nominal effective aqueous diffusivity 

used for the aqueous phase in other CO2 storage simulation studies (Xu and Pruess, 

2001; Xu et al., 2005; Pruess and Zhang, 2008).  A value of 10-9 m2s-1 results in a 

characteristic diffusion length (Dmt)1/2 (where t is time) of only 0.4 m for 5 years, 1.8 m for 

100 years and 5.6 m for 1,000 years.  This is considered negligible compared to a CO2 

plume that extends kilometres in the lateral direction (Doughty, 2010).  However, 

diffusion may have a larger influence in the vertical direction over very long time scales, 

where the low permeability sealing materials preventing upward flow of supercritical CO2 

may be only tens of metres thick.   

Diffusion coefficients for gases are calculated in TOUGHREACT as a function of 

temperature and pressure (Lasaga, 1998, Xu and Pruess, 2001; Xu et al., 2004).  They 

are typically reported to be on the order of 10-5 to 10-6 m2s-1, three to four orders of 

magnitude larger than the diffusivities of the aqueous species in the liquid phase.  Thus, 

gaseous diffusion can play an important role in the transport process.  The diffusion 

coefficient is equated to the diffusive flux ( ) of component κ in fluid phase β (liquid, gas) 

using: 

ϕ ρ Dm X  2-2
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where ϕ is the porosity, ρ  is the fluid phase density, Dm  is the diffusion coefficient, X  

is the mass fraction, and  is the tortuosity, which includes a porous medium 

dependent factor ( , and a coefficient ( ) that depends on the phase saturation (Sβ) 

according to: 

ϕ S  2-3

The change in the aqueous phase density (ρaq) due the dissolution of CO2 is 

calculated in TOUGH2 by assuming additivity of volumes of liquid and dissolved CO2: 

1

ρaq

= 
1- XCO2

ρb

+ 
XCO2

ρCO2

 2-4

where ρb and ρCO2
 are the partial densities of the brine (water) and dissolved CO2, 

respectively, and XCO2 is the mass fraction of CO2 in the aqueous phase.  Brine density 

is calculated in TOUGH2 and TOUGHREACT based on salinity, pressure and 

temperature.  For example, at a pressure of 20 MPa, temperature of 75°C and salt mass 

fraction of 0.03, ρb is approximately 1003 kg/m3.  ρCO2
 is calculated as a function of 

temperature from the correlation for molar volume of dissolved CO2 at infinite dilution 

developed by Garcia (2001) (Pruess, 2005).  At 75°C, ρCO2
 is approximately 1256 kg/m3

.  

Increase in the aqueous phase density due to the dissolution of CO2 can potentially 

activate density-driven flow and convective flow currents.  

TOUGH2 provides a number of functions to describe relative permeability and 

capillary pressure at the grid block scale.  Characteristic curves based on the equations 

of van Genuchten (1980) and Corey (1954) were used to describe the aqueous relative 

permeability (Eq. 2-5) and capillary pressure (Eq. 2-6), and the gaseous (CO2) relative 

permeability (Eq. 2-7), respectively.   

Liquid Relative Permeability (van Genuchten, 1980)  

krl=	 S* 1- 1- S*
1

m
m 2

                                                   

 2-5

where S*= (Sl- Slr) (Sls- Slr) 
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Capillary Pressure (van Genuchten, 1980) 
 

Pc= -Pe S*
-1

m
-1

1-m

 2-6

Gas Relative Permeability (Corey, 1954; Pruess et al., 1999)  

krg=  1-S
2

1-S
2
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where S= (Sl- Slr) (1-Slr- Sgr)  

Where krl and krg are the relative permeabilities of the water (liquid) and CO2 

(gas), respectively (in fractions of the total permeability, k), Sl is the liquid saturation (the 

fraction of the pore space occupied by the wetting phase), Sls is the value of liquid 

saturation when the pore space is fully occupied by the wetting phase (normally set to 

1), Slr is the irreducible liquid saturation, and Sgr is the residual gas saturation.  The 

exponent m controls the slope (shape) of the liquid relative permeability and capillary 

pressure curves (van Genuchten, 1980) (note the parameter m = 1-1/n in van 

Genuchten’s original formulation (Pruess et al., 1999)), Pc is the capillary pressure at a 

given saturation, and Pe is the capillary entry pressure.  The functions require 

specification of the values for Pe, Slr, Sgr, Sls and the exponent m.  These curves are 

commonly used to describe CO2-water systems in numerical models (e.g., Xu et al., 

2003; Xu et al., 2005; Audigane et al., 2007; Zhang et al., 2009; Yamamoto and 

Doughty, 2011; Kihm et al., 2012).  Further information on these curves is provided in 

Chapter 3. 

In reality, when considering both injection of CO2 and the development of the 

CO2 plume after injection, hysteretic characteristic curves are required to completely 

represent the relative permeability functions and the behaviour of the water-CO2 system 

(Doughty, 2007).  This is because both drainage and imbibition processes would be 

operative.  The drainage process refers to the scenario where wetting fluid drains as 

non-wetting fluid invades.  This process occurs during injection and at the leading edge 

of a migrating plume of supercritical CO2.  The imbibition process refers to the case 

where wetting fluid imbibes as non-wetting fluid is displaced.  This process occurs at the 

trailing edge of a migrating plume of supercritical CO2, and leads to trapped CO2 gas.  

However, data are very limited and hysteretic curves have only recently been 

implemented for CO2-water studies in TOUGH2 and are extremely challenging to use, 



 

14 

particularly when incorporating reactive transport into the multiphase flow models with 

TOUGHREACT.  To avoid further complications, hysteresis curves (Doughty, 2007) 

were not employed.  The implications of this are discussed in Chapter 3. 

Temporal changes in porosity and permeability due to mineral dissolution and 

precipitation may modify fluid flow.  TOUGHREACT can calculate changes in porosity 

from changes in mineral volume fractions due to mineral dissolution and precipitation, 

and then calculate the subsequent change in permeability using one of several porosity-

permeability relationships (Xu et al., 2004):   

i. Carman-Kozeny 
k

ki
= 

1-ϕi

1-ϕ

2
ϕ

ϕi

 2-8

ii. Verma-Pruess 
k

ki
= 

ϕ- ϕc

ϕi- ϕc

n

 2-9

iii. Cubic Law 
k

ki
= k

ϕ

ϕi

3

 2-10

where ki and ϕi are the initial permeability and porosity, respectively, ϕc is the value of 

“critical” porosity at which permeability goes to zero, and n is a power law exponent.  

Parameters ϕc and n are medium-dependent (Xu et al., 2004).  Details on the porosity-

permeability relationship used in this study are provided in Chapter 5.  

2.2. Simulation Setup 

To maintain CO2 in a supercritical fluid state, CO2 injection is typically conducted 

at depths below approximately 800 m where temperatures and pressures exceed the 

critical point of supercritical CO2 (31⁰C and 7.4 MPa; Pruess, 2005), assuming 

geothermal and hydrostatic pressure gradients of 25⁰C/km and 10 MPa/km, respectively.  

CO2 solubility is directly proportional to pressure and inversely proportional to 

temperature and salinity.  Thus, these conditions are important for determining the 

amount of supercritical CO2 that will dissolve into the formation water (dissolution 

trapping) and modify the pH.  
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The hypothetical reservoir (saline aquifer) defined for this study was not based 

on any real system, but the values used for the initial conditions are reflective of real 

systems.  The reservoir was conceptualized as a vertical two-dimensional slice of a 

cylindrical volume centred around an injection point, with a total thickness of 125 m and 

a lateral extent of 10 km, located at a depth of 2 km (Figure 2-1).  This equates to a 

temperature of about 75⁰C (assuming surface temperature of 25⁰C) and pressure of 20 

MPa.  A salt mass fraction of 0.03 was used.  These pressure, temperature and salinity 

conditions are similar to the conditions of the Waarre C sandstone, part of the depleted 

Naylor Gas field located in southeast Australia, where CO2 was injected during the first 

stage of the CO2CRC Otway Project.  The initial temperature, pressure and formation 

water salinity of the Waarre C sandstone are estimated at 85⁰C, 19.6 MPa, and 28,000 

ppm (salt mass fraction of 0.028), respectively (Ennis-King et al., 2011).  The simulations 

in this study were isothermal.   

The simulations in this study assumed there was no diffusion out of the model 

domain, with no-flow (zero flux) boundaries assigned to the top and bottom of the model.  

In reality, diffusion of dissolved CO2 through low permeability seal layers bounding the 

CO2 reservoir might occur over very long time scales.  The bottom right cell of the model 

domain was assigned a fixed pressure, so the pressure did not build up from injection of 

CO2 into a closed system.  This was done by assigning a very large volume (1050 m3) to 

the cell, so that its pressure did not change from fluid exchange in the adjacent finite-

sized grid cells (Pruess et al., 1999), simulating the conditions of a regionally extensive 

reservoir.  The location of the fixed pressure cell was tested by decreasing the extent of 

the model from 10 km to 5 km, while keeping the farthest right cell at a fixed pressure; 

there was no impact on the simulation results.     

Because the purpose of this research was to investigate how physical 

heterogeneity in the reservoir impacts the distribution of CO2 (and thus the type, location 

and extent of mineral dissolution and precipitation reactions), the series of simulations 

had various materials and material distributions assigned to the reservoir.  If an injection 

well had been used, the CO2 injection rate and associated pressure increase would have 

been influenced by the changing materials.  Thus, to keep the rate of CO2 injection 

consistent throughout the series of simulations, a 25 m thick injection unit was added to 

the base of the reservoir.  The purpose of the injection unit was to promote buoyancy 
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flow of CO2 upwards into the top 100 m of the reservoir, which was the area of focus for 

the study.  Material types could then be modified over the top 100 m of the model 

(Chapters 3 to 5), without influencing the injection rate.  The injection unit was not 

necessarily intended to represent any real system, but was considered to have similar 

properties as a very coarse-grained sand with high porosity (35%) and permeability 

(2,000 mD), very low capillary entry pressure and very high CO2 relative permeability 

(see Chapter 3 for the hydrogeological parameter values assigned to the injection unit).  

CO2 injection was simulated in the bottom left cell at a rate of 30 kg/s for 20 years.  Post-

injection was simulated for an additional 80 to 9980 years (100 to 10,000 years total).   

 

Figure 2-1. a) Conceptual model of a hypothetical saline aquifer.  Injection point is in 
the centre of the cylinder at a depth between 100 and 125 m.  Flow of CO2 is 
constrained to radiate outwards and upwards with radial symmetry from the injection 
point. b) Representation of the aquifer with a 2D radial grid.   

2.3. Space-Time Discretization and Solution Controls 

2.3.1. Space Discretization 

Numerical models require the generation of a grid, or mesh, to discretize space 

into grid blocks, or cells.  In this study, the vertical two-dimensional slice with cylindrical 

geometric configuration required a radial mesh, centred around the injection point 

located from 100 to 125 m below the top of the model.  Radial mesh geometry has 

commonly been used in numerical studies of CO2 injection and storage (e.g., Xu et al., 

2003; Audigane et al., 2007; Li et al., 2009; Zhang et al., 2009; Kwon et al., 2011; Kihm 

et al., 2012), justified by an approximate circular shape of the CO2 plume detected in 

seismic surveys after CO2 injection (Audigane et al., 2007).    
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A finer resolution grid will intuitively allow for more accurate predictions of flow, 

transport and reaction, but refining the grid down to the smallest resolvable scale (e.g., 

core measurements) is impractical for reservoir scale simulations, particularly when 

incorporating reactive chemistry.  The design of the grid requires a trade-off between 

accuracy and efficiency, and the addition of a second fluid phase and reactive chemistry 

complicates the design in comparison to traditional single-phase flow models because of 

the addition of buoyancy, dissolution, convective flow and reactive transport processes, 

which occur at a number of different spatial and temporal scales.  The key is to generate 

refined grids in areas of the model with the highest gradients (e.g., CO2 injection zone or 

beneath an impermeable boundary where CO2 becomes trapped) in order to minimize 

the effects of numerical dispersion (Green and Ennis-King, 2012). 

Previous work has shown that coarse vertical grid refinement tends to 

underestimate the extent of buoyancy driven flow, decreasing the flux of supercritical 

CO2 upwards, which decreases the extent of lateral migration below an impermeable or 

semi-permeable boundary (Doughty and Pruess, 2004, Yamamoto and Doughty, 2011).  

In addition, the dissolution of CO2 has been shown to be overestimated in coarse cell 

sizes on short time scales because all of the liquid in a cell needs to become saturated 

with CO2 before any supercritical CO2 forms, leading to numerical errors that increase 

with increasing cell size (Audigane et al., 2007; Frykman, 2012; Green and Ennis-King, 

2012).  Green and Ennis-King (2012) introduced a method to calculate the short-term 

error in the amount of dissolved CO2 introduced by the use of a coarse-scale grid. 

However, coarse cell sizes have also been found to underestimate the density-contrasts 

and the development of convective fingering and mixing, which becomes extensive over 

longer simulation times (Audigane et al., 2007; Zhang, 2013).  The method proposed by 

Green and Ennis-King (2012) does not apply to long-term results where the primary 

source of error in the coarse grid models is the onset of convective mixing. 

Limited studies have investigated how grid discretization of heterogeneous rock 

layers influences the predicted distribution of CO2 in numerical models.  Single cells, or 

single cell layers, are often used to represent interbedded stratigraphic layers (e.g., 

Audigane et al., 2007), leading to faster simulation times but a decrease in numerical 

accuracy.    
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To assess an adequate level of grid refinement, short-term flow and transport 

simulations were first conducted using the code TOUGH2 up to a 100 year simulation 

time to insure proper resolution of gradients during and after CO2 injection.  Once the 

flow and transport of CO2 were running adequately up to 100 years, reactive chemistry 

was incorporated into the models using the code TOUGHREACT, and grid refinement 

was reassessed up to a 10,000 year simulation time.  The following sections describe 

the methods used to determine the adequate level of both radial (lateral) and vertical 

grid refinement. 

Short-Term Flow and Transport 

In the short-term (up to approximately 100 years), the main processes controlling 

the distribution of supercritical and dissolved CO2 are buoyancy flow of supercritical CO2 

upwards and dissolution of supercritical CO2 into the aqueous phase.  Density-driven 

flow and convective fingering of CO2 downwards also become apparent by 100 years in 

materials with relatively high porosity and permeability, but convective mixing with the 

ambient formation water is not yet prevalent. Various levels of grid refinement were 

employed in the simulations to test the sensitivity of model output to cell size.  Each 

configuration was tested with progressively refined grids to determine the areas of the 

model that require radial and vertical grid refinement and areas that can be neglected.  

Grid refinement is required the most in areas with the highest pressure and 

concentration gradients, thus, cell sizes near the injection zone or in areas where CO2 

becomes stratigraphically trapped were refined, to adequately resolve rapid buoyancy 

flow and dissolution processes, that are accompanied by high concentration gradients 

occurring over a short amount of time.  The size of the cells in areas where CO2 did not 

migrate was increased to save computational time.   

In general, the grid was refined in both radial and vertical directions until the 

percent change in the supercritical and dissolved CO2 contents between simulations 

converged to within 0.25% and 3%, respectively (Base) and the maximum radial (lateral) 

migration distance of the CO2 plume stopped changing. To increase computational 

efficiency, the grid was then coarsened so the proportion of supercritical and dissolved 

CO2 were within 1% and 11% of the base results, respectively.   
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Radial (Lateral) Grid Refinement  

To increase computational efficiency, grid size was increased radially away from 

the injection zone, using the assumption that the rate of CO2 movement and changes in 

the concentration gradients decrease with distance from the injection point.  The 

progression of increase in radial cell size was tested to evaluate how this spacing affects 

the resolution of CO2 flow and transport.  Small radial cell sizes near the injection zone, 

with large cells at further distances, resolve gradients close to the injection zone, but 

increase the lateral migration distance of CO2 due to an increase in numerical dispersion 

at greater distances away from the injection source.  This grid configuration also 

decreases the resolution of convective flow processes by decreasing the number of 

convective fingers, while increasing their thickness.  Radial grids that have fairly uniform 

grid spacing are better able to resolve processes at greater distances away from the 

injection source, but are unable to resolve short time scale injection processes.  In some 

cases, the lateral extent of the model boundary was decreased from 10,000 m to 5,000 

m, allowing the cell sizes in the radial direction to be reduced by half.  CO2 content and 

the maximum lateral migration distance are not sensitive to the decrease in the model 

extent to 5,000 m over the 100 year simulation time.  The distribution of CO2 is also not 

sensitive to the size of the cells within the last 6,000 m since the maximum lateral 

migration distance of the CO2 during the 100 year time frame only reaches 

approximately 3,000 m.  

Materials with a high CO2 mobility (high k, low Sgr, low Slr, high m, and low Pe), 

representing coarse- to medium-grained sandstones (see Chapter 3), are more 

sensitive to spatial and temporal resolution than finer-grained materials.  This is because 

CO2 moves more quickly in a given time step, resulting in numerical instabilities if the cell 

size or time step is too coarse.  The resulting non-convergence can typically be 

remedied by refinement of both the spatial and temporal discretization.  If low 

permeability layers block the migration of CO2 upwards, CO2 begins to move laterally 

beneath the layer more quickly than in a homogenous material distribution, extending 

further in the same amount of time, thus requiring more refined lateral grid spacing in the 

outer regions of the aquifer. 
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In order to provide adequate resolution of processes occurring within the vicinity 

of the CO2 plume, a relatively fine radial grid was used in the first 6,000 m, with the last 

4,000 m separated into six larger cells.  Grid refinement within the first 6,000 m was 

dependent on the particular material distribution used in the simulation (e.g., 

homogeneous or laterally continuous versus laterally discontinuous heterogeneities, 

etc.) but in general, the three layer models were discretized radially with 291 cells.  The 

widths were increased by a factor of 1.05 away from the injection zone to increase 

computational efficiency, from an initial width of 0.33 m to a maximum width of 87 m 

6,000 m away from the injection zone.  Between 413 and 3013 m a uniform cell size of 

20 m was used, and between 3,425 and 5,025 m a uniform cell size 40 m was used to 

reduce numerical instabilities in areas of the model that exhibited higher concentration 

gradients due to either buoyancy, dissolution or convection processes.   

Vertical Grid Refinement 

In all of the configurations, vertical refinement considerations were required 

within, above, and below layers with contrasts in material properties (i.e., porosity and 

permeability) that change how conducive a layer is to fluid mobility.  Vertical refinement 

of the different material types is very important for resolving discrete changes in the 

material properties, especially when considering two of the main driving forces of CO2 

(buoyancy flow of supercritical CO2 upwards and density-driven flow of dissolved CO2 

downwards) are in the vertical direction.  To test the sensitivity of CO2 to vertical 

refinement, refinement of the lower aquifer (primary reservoir sandstone) was varied 

between 4 to 24 cell layers, with cell thickness decreasing towards the top of the layer by 

a factor ranging from 0.7 (the thickness of each cell layer decreased by a factor of 0.7 

from the one below it) to 1 (uniform cell thickness).   

An example is provided in Figure 2-2, which compares a vertically coarse grid 

with a vertically refined grid for a three layer model with a 10 m thick siltstone layer (not 

conducive to the flow of CO2) between two permeable sandstone aquifers.  Further 

details on the material properties used in this model are provided in Chapters 3, 4 and 

5.  This configuration was used to quantify the effects of vertical refinement on the flux 

and amount of supercritical and dissolved CO2 in each layer, as well as the lateral extent 

of the plume beneath the siltstone.  A comparison of the distribution of supercritical and 
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dissolved CO2 between the two varying degrees of vertical refinement is provided in 

Figure 2-3.  Note that the modelling results displayed in the plots shown in Figure 2-3 

are cell centred, and because the upper aquifer in the model with the vertically coarse 

grid (Figure 2-3a) consists of only one cell layer, the top data points are plotted in the 

centre of the cell (-22.5 m).   

 

Figure 2-2. Representation of a three layer material distribution with a) coarse vertical 
refinement (upper aquifer: 1 cell layer; siltstone: 1 cell layer; lower aquifer: 5 cell layers, 
decreasing upwards by a factor of 0.9); and, b) fine vertical refinement (upper aquifer: 20 
cell layers; siltstone: 5 cell layers; lower aquifer: 12 cell layers, decreasing upwards by a 
factor of 0.9).   
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Figure 2-3. Example of supercritical CO2 gas saturation (SG; top) and mass fraction of 
dissolved CO2 (XCO2; bottom) distribution profiles from a three layer model with a 10 m 
thick low permeability siltstone layer forming a middle layer between two permeable 
aquifers with both a) coarse and b) vertically refined grids. 

Vertical grid refinement of the lower aquifer from 4 to 24 cell layers increases the 

fraction of supercritical CO2 stratigraphically trapped under the siltstone because of 

better resolution of buoyancy flow processes.  This in turn increases the radial extent of 

CO2 below the siltstone.  An example of this is provided in Figure 2-3, which shows the 

plume extending from approximately 2,500 m to 3,000 m after 100 years with refinement 

of the lower aquifer from 5 to 12 cell layers.  Vertical refinement of the lower aquifer from 

4 to 24 cell layers decreases the fraction of dissolved CO2 in the lower aquifer by 

approximately 30% after only 30 years (fraction 0.104 to 0.079) because coarse cell 

sizes tend to overestimate the amount of supercritical CO2 that dissolves.  The increase 

in the supercritical CO2 content along the interface of the lower sandstone and siltstone 

also slightly increases the total CO2 that is able to penetrate upwards into the siltstone 

(11.5% increase in supercritical CO2 and 3% increase in dissolved CO2).  

As stated above, the grid was refined until the percent change in the supercritical 

and dissolved CO2 content between simulations converged to within 0.25% and 3%, 

respectively (Base) and the maximum radial (lateral) migration distance of the CO2 

plume stopped changing. This was achieved when there were 24 cell layers in the lower 

aquifer, decreasing in thickness upwards by a factor of 0.9 from the one below (equating 

to a minimum ∆z of 0.22 m and a maximum ∆z of 2.4 m).  To increase computational 
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efficiency, the grid was then coarsened so the proportion of supercritical and dissolved 

CO2 were within 1% and 11% of the base results, respectively.  This was attained with 

12 cell layers in the lower aquifer, decreasing in thickness upwards by a factor of 0.9 

(minimum ∆z of 2.0 m and maximum ∆z of 6.3 m).   

Vertical grid refinement of the low permeability siltstone middle layer (between 1 

and 20 cell layers) has the largest effect on the amount of supercritical and dissolved 

CO2 able to in flux into the siltstone.  The effect is most dramatic when the siltstone is 

represented by a single cell layer (∆z of 10 m), as shown in Figures 2-2a and 2-3a, 

which allows for some supercritical CO2 and much more dissolved CO2 into the upper 

aquifer.  Two cell layers in the siltstone are the minimum required to keep supercritical 

CO2 out of the upper aquifer, but increased refinement continually decreases the amount 

of CO2 in the layer itself, and slightly increases the lateral migration distance of the CO2 

plume under the siltstone.  The grid was refined until the percent change in the 

supercritical and dissolved CO2 contents between simulations converged to within 1% 

(Base) and the maximum radial (lateral) migration distance of the CO2 plume stabilized. 

This was achieved when there were 14 cell layers of uniform thickness in the siltstone, 

(equating to a ∆z of 0.7 m).  To increase computational efficiency, the grid was then 

coarsened so the proportion of supercritical and dissolved CO2 were within 10% of the 

base results, respectively, which was attained for a minimum of 5 cell layers (∆z of 2 m).   

In this particular configuration, CO2 did not migrate to the top of the upper 

aquifer, so the number of cell layers in the upper aquifer could be reduced to save 

simulation run time, and the layers were refined more in the lower portion of the upper 

aquifer.  However, when gridding in the siltstone is coarse (Figure 2-3a), a higher 

percentage of dissolved CO2 migrates upwards, and sensitivity to vertical refinement of 

the upper sandstone is more apparent.  Thus, with adequate refinement of the siltstone 

(Figure 2-3b), vertical grid refinement in the upper sandstone results in only a slight 

impact on the dissolved CO2 content.   

Results from these simulations were used to assess vertical refinement in the 

other model configurations.  For example, vertical refinement of high porosity and 

permeability layers, representing coarse-grained channel sandstone (relative to the 

reservoir sandstone; see Chapters 4 and 5) from 1 cell layer (Figure 2-4a) to 10 cell 
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layers (Figure 2-4b), increases the total CO2 content flowing preferentially within this 

layer.  This in turn increases the distance CO2 moves within the layer from 1,600 m 

when the coarse sandstone is represented by only 1 cell layer, to 2400 m when it is 

represented by 10 cell layers.  However, vertical refinement of the coarse-grained 

channel sandstone also increased the flow of CO2 out of the preferential flow path and 

into the overlying aquifer, because of better resolution of buoyancy flow.  

 

Figure 2-4. Comparison of supercritical CO2 gas saturation (SG; top) and mass fraction 
of dissolved CO2 (XCO2; bottom) distribution profiles from a three layer model with a 10 
m thick coarse-grained sandstone layer in the middle of two poorly-sorted fine-grained 
sandstone aquifers.  a) Coarse-grained sandstone layer is represented by 1 grid cell 
layer, and b) coarse-grained sandstone layer is represented by 10 grid cell layers. 

In summary, the results demonstrate that where there is a change in the 

materials and properties controlling flow (i.e., porosity and permeability), grid refinement 

is necessary in each material type to adequately resolve the discrete contrasts between 

material properties.  Not doing so results in numerical dispersion and can both 

underestimate and/or exaggerate how the material properties influence the distribution of 

CO2. 

Long-term Flow and Reactive Transport 

Over longer time scales, dissolution, diffusion and convective processes become 

important, and are challenging to simulate given the broad range of spatial scales at 

which they occur.  Density-driven convective flow begins at a very small (mm) scale, as 
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molecular diffusion slowly removes dissolved CO2 from the interface of the CO2-rich and 

aqueous phases (Pruess and Zhang, 2008).  The density increase accompanied by CO2 

dissolution into the aqueous phase creates a negative buoyancy force that leads to 

downward convection of the CO2-rich brine.  Once convective flow patterns begin, it 

results in the upward movement of ambient formation water low in CO2 content up to the 

gas-water contact, increasing CO2 dissolution.  The process continually grows to 

eventually include the entire permeable storage area at a much greater spatial scale 

(metres to tens of metres).  The perturbations necessary for instability growth and 

convective fingering to begin along an interface are generated in nature due to 

heterogeneity in the porous media.  Schincariol et al. (1994) demonstrate that these 

instabilities can be generated in the numerical models by numerical errors that are 

dependent on grid size, time step size and dispersivity.  Formal analysis of the numerical 

errors associated with limitations in spatial and temporal resolution is difficult because 

the convective behavior and self-enhancing instabilities are relatively uncontrollable and 

difficult to reproduce, because the magnitude and location of the error may vary during 

the simulation (Schincariol et al., 1994; Pruess and Zhang, 2008).   

Numerical studies of CO2-saturated brine convection were performed by Pruess 

and Zhang (2008) using an extremely high-resolution mesh (1 to 10 mm) to adequately 

resolve the concentration gradients that drive the process of diffusion.  They found that 

geometric features of convection patterns (e.g., how many convective cells, individual 

cell locations) are very sensitive to grid spacing.  However, reservoir scale models are 

realistically incapable of resolving diffusive processes at the millimetre scale due to 

computational constraints.  Typical cell size varies from tens to hundreds of metres, 

sometimes kilometres, in the horizontal direction, and one to ten metres in the vertical 

direction, as was the case in this study, making it unfeasible to eliminate numerical 

dispersion completely.  Doughty (2010) states that although results from reservoir scale 

simulations should not be considered as precise predictions of dissolved CO2 

movement, they are useful for providing an indication of the overall magnitude of 

convective transport, which is all that is really required for the purposes of this 

comparison study.  

To examine the sensitivity of model output to radial grid size over longer time 

scales (up to 10,000 years), the radial grid used in the short-term simulations (base grid) 
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was varied.  Decreasing the radial size of the cells by a factor of 2 (refined grid) 

increases the simulation time from approximately two to eight weeks, which is 

considered significant given the number of simulations required for this comparison 

study.  The convective fingers are better resolved using the refined grid (thinner and 

more numerous due to the smaller cell radii).  This has the greatest effect on the amount 

of supercritical and dissolved CO2 between 1,000 and 4,000 years (Figure 2-5), 

resulting in a 24% decrease in the total supercritical CO2 from the base amount by 2,000 

years (from 2.28x109 to 1.74x109 kg) and a 3.6% increase in total dissolved CO2 (from 

1.66x1010 to 1.72x1010 kg).  Increasing the radial cell size by a factor of 2 (coarse grid) 

decreases the simulation time to less than one week, but decreases the resolution of 

convective flow, resulting in fewer, but thicker convective fingers.  By 2,000 years this 

increases the supercritical CO2 by 65% (from 2.28x109 to 3.77x109 kg) and decreases 

the dissolved CO2 by 8.4% (from 1.66x1010 to 1.52x1010 kg).  In addition, the maximum 

lateral extent of the plume decreases from approximately 3,500 m in the coarse grid 

(due to the wider cells contributing to numerical dispersion of the plume in the radial 

direction) to 3,250 m in the refined grid.  

By 10,000 years however, the total amounts of CO2 are very similar between the 

coarse and refined grids.  The refined grid has a 61% decrease of the total supercritical 

CO2 from the base amount (from 4.1x107 kg to 1.6x107 kg) by 10,000 years, contributing 

to only a 0.16% increase in the total dissolved CO2 (from 1.889x1010 kg to 1.892x1010 

kg).  The coarse grid has a 56% increase of the total supercritical CO2 from the base 

amount (from 4.1x107 kg to 6.4x107 kg) by 10,000 years, decreasing the dissolved CO2 

by 0.11% (from 1.889x1010 kg to 1.887x1010 kg).   
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Figure 2-5. a) Total supercritical CO2 content and b) total dissolved CO2 content with 
various levels of radial (lateral) grid refinement up to a 10,000 year simulation time.  

The merging of the total dissolved CO2 concentrations by the 10,000 year 

simulation time suggests the overall dissolution rate of CO2 is similar between the 

simulations, even though the details of the convective flow fingers (thickness, number) 

are dependent on cell size.  To keep the run time of the reactive transport simulations to 

a reasonable length, the grid refinement used in the base model was used for most of 

the simulations conducted in this study.    

2.3.2. Time Discretization  

An automatic time stepping scheme is implemented in TOUGH2 and 

TOUGHREACT.  The time step size doubles if convergence occurs within a specified 

number of iterations.  The default allows for three iterations, but was increased to four in 

this study to increase numerical accuracy (Table 2-1) (Zhang, 2013).  The maximum 

allowable time step is controlled by the user.  In this study, the maximum allowable time 

step was set to between 10 and 20 days for the first 100 year simulation period, between 

20 and 100 days for the simulation period of 100 and 1,000 years, and between 40 and 

365 days for the simulation period of 1,000 to 10,000 years. If the maximum number of 

iterations is exceeded, automatic time step reduction will occur.  The default reduction 

factor is a factor of four, but was reduced to two in this study, so the time steps did not 

decrease as much at one time.  This improved numerical stability because it prevented 

the time steps from decreasing as quickly, allowing more time for the iterations to 

converge.   
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A sequential non-iterative approach (SNIA) was used in this study, thus the 

sequence of transport and reaction equations was solved only once.  This is opposed to 

a sequential iterative approach (SIA) in which the transport and chemical equations are 

solved separately in a sequential manner following an iterative procedure (Xu et a., 

1999; Xu et al., 2004).  A SNIA leads to considerable decrease in computing time in 

comparison to a SIA, while its accuracy is generally comparable, but depends on the 

Courant number, which is defined as C = v∆t/∆x, where v is fluid velocity, ∆t is the time 

step and ∆x is grid spacing.  For small Courant numbers (less than 1, preferably 0.5), 

the differences between SNIA and SIA are generally small (Xu et al., 1999; Xu et al., 

2004).   

In the three layer simulation described above, the maximum velocities of the gas 

and liquid phases in the first few years after injection are approximately 8x10-4 and 5x10-

6 m/s, respectively, slowing to approximately 10-7 and 10-9 m/s or less, 100 years after 

the start of injection.  To achieve a Courant number of 0.5, ∆t should be 3.4 minutes 

(0.002 days) or less, using the minimum lateral grid spacing of 0.33 m at the CO2 

injection zone, and the maximum velocity of 8x10-4 m/s.  This is a conservative estimate, 

because as the simulation time continues the CO2 front reaches larger cells and the fluid 

velocity slows down, increasing the ∆t necessary to satisfy a Courant criterion of 0.5.  

For example, by 10 years the CO2 front reaches a distance of about 1,200 m, where ∆x 

is 20 m, and the gas and liquid velocities are on the order of 4x10-6 m/s and 2x10-7 m/s, 

respectively.  To satisfy a 0.5 Courant criterion would require a maximum ∆t of 29 days 

or less, which is satisfied by the maximum allowable time step of 20 days.  The actual 

time steps, using the automatic time stepping scheme, vary between 1x10-12 and 2.7 

days for the first year of the simulation, increasing to between 0.5 and 20 days over the 

simulation period of 1 to 10 years, complying with the 0.5 Courant criterion.  At longer 

times, density-driven flow results in a fluid velocity downwards on the order of 10-8 m/s.  

A minimum vertical grid size of 2 m, and a Courant number of 0.5 yields a ∆t of 3 years.  

At longer simulation times (1,000 to 10,000 years), the maximum ∆t typically varies 

between 100 and 365 days, again satisfying the Courant criterion over longer time 

periods.  
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2.3.3. Solution Controls 

TOUGH2 and TOUGHREACT have a number of solution controls that will affect 

the model output, including what solvers and convergence criteria provide solutions of 

the flow and transport (TOUGH2) and reaction equations (TOUGHREACT).  Tables 2-1 

and 2-2 provide the main solution and convergence criteria parameter values used in 

this study. 

The linear equation solver used for both flow and reactive transport was the 

stabilized bi-conjugate gradient solver, as it reportedly converges where other solvers 

fail (Xu et al., 2004).  For flow and transport the default convergence criterion for the 

conjugate gradient iterations is 10-6, but was decreased to 10-7 in this study to improve 

numerical accuracy (Table 2-1).  Space and time discretization results in a set of 

coupled non-linear equations that introduce residuals (see Pruess et al., 1999).  Iteration 

continues until the residuals of the solution are reduced below a pre-set convergence 

tolerance.  The default (relative) convergence criterion in TOUGH2 is 10-5, but this was 

decreased to 10-6 in this study to improve numerical accuracy (Table 2-1) (Zhang, 2013).  

If convergence could not be achieved within eight iterations (maximum iterations per 

time step; Table 2-1), the time step size was reduced and a new iteration process was 

started.   

Convergence criteria are required for reactive transport as well (Table 2-2).  The 

default values for the relative transport and geochemical concentration tolerances are 

10-4, but were decreased to 10-6 in this study (a value between 10-3 and 10-6 is 

suggested in Xu et al., 2004) to improve numerical accuracy.  In addition, geochemical 

calculations were skipped at grid blocks where the liquid saturation was less than 10-4 

(Minimum Liquid Saturation; Table 2-2) and in cells with a stoichiometric strength 

greater than 6 mol/kg H2O (increased from the default value of 4 mol/kg H2O to take into 

account potential brine evaporation and increase in NaCl concentration closer to the 

injection zone).  

In TOUGH2, upstream weighting is used as the default interface weighting 

procedure to calculate the average mobilities, relative and absolute permeabilities and 

density interfaces between grid blocks.  Upstream weighting was chosen as the default 

because it has been found to be the most stable and applicable to a wider range of 
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problems, including those involving transient two-phase flow in heterogeneous medium 

(Pruess et al., 1999; C. Doughty, personal communication, February 21, 2013).  

Harmonic weighting is sometimes preferred for the permeability interface, but in general, 

with adequate grid refinement (at least three grid layers for each rock type) the choice 

between upstream or harmonic weighting of permeability becomes less important, 

because there will be two adjacent layers with the same material properties (C. Doughty, 

personal communication, February 21, 2013).  In this study, simulations were tested 

using harmonic weighting for the permeability interface.  In some instances, the 

simulations run more smoothly, but some result in large errors when the CO2-front 

travels with erroneous speed, particularly when the radial grid is relatively coarse.  Thus 

the upstream weighting scheme was maintained for permeability. 

Finally, the boundary condition interpolation specifies how the time-dependent 

sink/source rates (i.e., injection rate of CO2) are interpolated.  In this study, the boundary 

condition interpolation was changed from the default step function (rates are taken as 

averages of the table values corresponding to the beginning and end of the time step) to 

the rigorous step rate, which interprets tabular injection rate data as piecewise 

constants.  Rigorous step rate interpolation ensures the conservation of mass and 

improves how the code handles the rapid start and end of injection over a relatively short 

time period (Pruess et al., 1999).   
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Table 2-1. TOUGH2 solution and convergence criteria parameter values 
Times 

 Default This study 
Initial times NA 1x10-7 s 
Maximum number of time steps 200 Infinite 
Maximum CPU Time Infinite 
Maximum iterations per time step 8 
Maximum time step Infinite Between 10 and 365 days (dependent on time 

period of simulation, see text) 
Iterations to double time step 3 4 
Reduction factor 4 2 

Solver 
Conjugate Gradient Solver Stabilized Bi-Conjugate Gradient 
Z-Preconditioning Small Constant – Z1 
O-Preconditioning None – O0 
 Default This study 
Max Conjugate Gradient Iterations (Fraction of Eqns.) 0.1 0.8 
Conjugate Gradient Convergence Criterion 1x10-6 1x10-7 

Weighting 
Mobility at Interface Upstream Weighted 
Permeability at Interface 
Density at Interface 
Diffusive Flux at Interface Coupled Harmonic Weighting 

Convergence 
 Default This study 
Convergence criterion for relative error 10-5 10-6 

Convergence criterion for absolute error 1 
Options 

 Default This study 
Boundary condition interpolation  Step Function Rigorous Step 
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Table 2-2. TOUGHREACT solution and convergence criteria parameter values 
Solver and Iteration Scheme 

Solver for reactive transport Stabilized Bi-Conjugate Gradient 
Derivative Calculation Method Analytical Method 
Iteration scheme Sequential: No iteration 

Validation 
Minimum Liquid Saturation 1.0 x 10-4 

Max Stoichiometric Ionic Strength 
Default This Study 

4.0 6.0 
Convergence Criteria 

 Default This Study 
Relative Transport Concentration Tolerance 1.0 x 10-4 1.0 x 10-6 
Relative Geochemical Concentration Tolerance 1.0 x 10-4 1.0 x 10-6 

Weighting Factors 

Time Weighting Factor 1.0 
Upstream Weighting Factor 1.0 

2.4. Hydrogeological and Chemical Input Parameters  

To accomplish the research objectives, it was important to avoid needlessly 

complicating the interpretation of the results by simulating a complex geological system.  

Instead, the research objectives were carried out using simple hypothetical systems that 

conceptualize characteristics common to many different reservoir systems.  As such, 

findings from this study can potentially be applied to future numerical modelling studies 

investigating real CO2 storage reservoirs. 

As this study is based on hypothetical systems, data for numerical model 

parameterization had to be collected from previously published work in the literature.  

The benefit of this was the ability to investigate a wide range of porosity, permeability, 

capillary pressure and relative permeability values for a number of different rock types.  

These values were then compared to values used in other numerical modelling studies.  

The methodology outlining the collection of the primary hydrogeological parameters and 

the creation of material types for the numerical models is provided in Chapter 3.  The 

methodology outlining the collection of the chemical input parameters is provided in 

Chapter 5.   
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Chapter 3.  
 
Collection and Investigation of 
Flow Controlling Parameters for Multiphase Flow 
and Reactive Transport Modelling of CO2 Storage 
in Heterogeneous Reservoirs  

3.1. Introduction 

The safety of carbon capture and storage (CCS) is dependent on how quickly 

and permanently CO2 becomes immobile after injection, which can occur through a 

number of different mechanisms (structural/stratigraphic, residual, dissolution and 

mineral trapping) (Bachu et al., 1994; Gunter et al., 2004).  Numerical multiphase flow 

and reactive transport models are useful tools for simulating supercritical carbon dioxide 

(CO2) injection into deep saline aquifers for geological storage.  The models allow for the 

coupling of flow, transport, dissolution, convection and reaction processes, enabling 

prediction of how CO2 will behave in the subsurface over spatial and temporal scales 

unattainable by experimental work alone (Johnson et al., 2001; Xu et al., 2003; 

Audigane et al., 2007; Kihm et al., 2012; Okuyama et al., 2013). Before attempting the 

reactive transport portion of the simulations, however, it is imperative to have confidence 

in the multiphase flow and transport modelling, as this in turn will dictate the spatial 

distribution of pH, and the extent of mineral dissolution and precipitation reactions that 

may take place (Gunter et al., 1993; Bachu et al., 1994; Xu et al., 2003).   

Numerical models simulate the flow and transport of CO2 in porous media using 

a series of governing equations.  These equations require the parameterization of a 

number of variables, some of which are inherent to the porous medium.  The two most 

recognized parameters are porosity (ϕ) and permeability (k).  Porosity and permeability 

can vary dramatically due to a number of factors, including pore and pore-throat size 

(pore geometry), degree of sorting, and clay and cement content, and are reflective of 



 

34 

the rock’s depositional and diagenetic environment (Morgan and Gordon, 1970; Wardlaw 

and Cassan, 1979; Dutton and Diggs, 1992; Hamon et al., 2001; Holtz, 2002; Byrnes et 

al., 2009; Nelson, 2009; Perrin et al., 2009; Perrin and Benson, 2010; Saadatpoor et al., 

2010; Krevor et al., 2011; Krevor et al., 2012; Pini et al., 2012).  These factors can cause 

a large degree of heterogeneity at multiple scales (Sharp et al., 2003; Ambrose et al., 

2008).  Rocks with smaller grain sizes, poor sorting, increased cementation or an 

increase in the complexity of primary structures will typically have lower permeability 

values.  Rocks exhibiting massive or planar laminar structures generally exhibit a higher 

permeability compared to those with bioturbation, convoluted structures or lenticular 

bedding (Byrnes et al., 2009).  Porosity is also dependent on grain size, sorting, and 

diagenesis, which may create, or diminish, porosity. Higher porosity values relative to 

grain size may reflect a rock that has undergone chemical leaching or mineral 

dissolution contributing to high secondary porosity, whereas lower porosity values may 

reflect a rock that has been heavily cemented or compacted (Dutton and Diggs, 1992; 

Byrnes et al., 2009).   

When two or more immiscible fluids co-exist, as is the case for supercritical CO2 

storage in deep saline aquifers, attention must also be given to the concepts of relative 

permeability (Corey, 1954; Scheidegger, 1957; van Genuchten, 1980) and capillary 

pressure (Leverett, 1941; Scheidegger, 1957; van Genuchten, 1980), both of which are 

dependent on the degree of saturation and continuity of each fluid in the porous medium.  

The parameters that quantify relative permeability and capillary pressure are inherent 

both to the fluids (interfacial tension and contact angle between them) and the porous 

medium.  The values of the parameters can vary dramatically between rock types 

according to the same factors that influence the ranges in porosity and permeability.  

However, very little information exists on how the values for the relative permeability and 

capillary pressure parameters should be varied in numerical models simulating CO2 

storage in systems with different rock types, or how the values affect the distribution of 

CO2, and subsequently the distribution of pH and geochemical reactions.  The result is 

that the same generic input parameters are often used to describe relative permeability 

and capillary pressure, sometimes for very different materials (Xu et al., 2003; Doughty 

and Pruess, 2004; Xu et al., 2005; Audigane et al., 2007; Li et al., 2009; Zhang et al., 

2009; Kwon et al., 2011; Kihm et al., 2012; Okuyama et al., 2013).   
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This study examines how the values of the flow controlling parameters inherent 

to the porous media and required for multiphase flow models (porosity, permeability, and 

those parameters defining relative permeability and capillary pressure) may vary for 

different rock types, and how they influence the distribution of CO2.  To do this a 

literature review was conducted and a database of flow controlling parameter values was 

compiled from published porosity, permeability, relative permeability and capillary 

pressure data.  Of particular interest was how the parameter values can be correlated to 

one another, or to fine-scale lithological factors, which may be helpful for future CO2 

storage studies using numerical multiphase flow and reactive transport models to 

examine reactive transport related problems in a number of different rock types.  To test 

the findings and proposed correlations, a number of material types were created to 

represent hydrostratigraphic units (HSUs) (Maxey, 1964).  The flow controlling 

parameter values assigned to each HSU reflect the findings and proposed correlations 

from the literature review, and were used to represent fine-scale heterogeneities 

inherent to each material.  CO2 injection was simulated in homogenous distributions of 

each of the material types to determine how conducive each material is to the flow and 

transport of CO2.  Finally, a number of sensitivity studies are performed on a series of 

three layer models to test the sensitivity of the CO2 distribution to each of the flow 

controlling parameters.     

3.1.1. Multiphase Flow in Porous Media 

Numerical models simulate flow in porous media with the basic assumption that 

the flow can be described by Darcy’s law (Eq. 3-1) and the continuity equation (Eq. 3-2) 

(Scheidegger, 1957): 

q= -
k

μ
P- ρg  3-1

-ϕ
∂ρ

∂t
= (ρq) 3-2

where q is the specific discharge, k is the total permeability, μ is the viscosity, P is the 

pressure, ρ is the density, g is the gravity vector, ϕ is porosity and t is time.  
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When two immiscible fluids exist in the porous medium, part of the pore space 

will be filled with one fluid and the rest of the pore space will be filled with the other 

(Figure 3-1), and the two fluids must compete for space to flow.  In the case of 

supercritical CO2 (non-wetting fluid) and water (wetting fluid), water tends to adhere to 

the outer part of the pore space along the surface area of the rock (irreducible liquid 

(water) saturation, Slr), while the supercritical CO2 tends to occupy the middle of the pore 

space (residual gas saturation; Sgr).  The capillary entry pressure (Pe), also called the 

displacement or threshold value, is the minimum pressure required for the flow of the 

non-wetting phase (CO2) to enter into the pores of the rock as a continuous phase 

(Leverett, 1941) and is directly related to the size of the rock’s pore-throats.  The values 

for Slr, Sgr and Pe are averages over a collection of pores within a representative 

elemental volume (REV) defined at a scale appropriate to a particular problem.   

 

Figure 3-1. Hypothetical aquifer pore space during injection of CO2. a) Supercritical 
CO2 migrating into pore space previously occupied by pore water. Some of the water 
along the edges of the pore spaces is immobile (irreducible water). b) After CO2 injection 
ceases, water eventually begins to move behind the plume of CO2. c) Some of the CO2 

becomes disconnected and trapped in the pore spaces (residual CO2).  Arrows indicate 
direction of fluid movement. 

The higher the saturation of one fluid, the more continuous that fluid phase will 

be across the porous medium and the more easily it will flow.  Thus, its permeability 

relative to the permeability of the other fluid will be higher. This leads to the modification 

of Darcy’s law to introduce the concept of relative permeability, according to each 

flowing phase (Scheidegger, 1957).  For the supercritical CO2-water system: 
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qCO2
= -k

krCO2

μCO2

PCO2
- ρCO2

g  3-2

ql= -k
krl

μl

Pl- ρlg  3-3

-ϕ
∂ ρCO2

SCO2

∂t
= (ρCO2

qCO2
) 3-4

-ϕ
∂ ρlSl

∂t
= (ρlql) 

3-5

 

where the subscripts CO2 and l indicate the CO2 (non-wetting fluid) and water (wetting 

fluid) phases, respectively, krCO2 and krl are the relative permeability of the CO2 and 

water, respectively (in fractions of the total permeability, k), SCO2 and Sl are the saturation 

of the CO2 and water, respectively (where SCO2 + Sl = 1) and PCO2 and Pl are the fluid 

pressure of the CO2 and water, defined by: 

Pc= PCO2
- Pl 3-6

where Pc is the capillary pressure, defined as the difference in the pressures of the 

immiscible liquids across their interface.   

Dissolution of supercritical CO2 into water results in two miscible fluid phases: 

water saturated in dissolved CO2 and water unsaturated in CO2.  The mass transport 

and mixing of the dissolved species can be described by the advective-dispersion 

equation (Scheidegger, 1957; Aggelopoulos & Tsakiroglou, 2012): 

∂

∂t
= D 	2 -

q

ϕ
· 	  ± 

∂

∂t
rxn

 3-7

where CCO2 is the dissolved CO2 concentration in water, D is the hydrodynamic 

dispersion tensor, and 
∂CCO2

∂t rxn
 is the change in CO2 concentration due to reaction.   

These constitutive equations are used by numerical models to simulate flow and 

transport of CO2.  The porous medium is discretized in the models into cells, or grid 

blocks that act as REVs of the porous medium.  Each grid block is associated with a 
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material that is assigned values of permeability, porosity, relative permeability and 

capillary pressure that are meant to represent an average over a collection of pores 

within the scale of the grid block, which includes unresolved heterogeneity (Doughty et 

al., 2008).  These parameter values will variably affect the flow and transport of CO2 (Eq. 

3-1 to 3-7).    

Here we examine the parameters that quantify relative permeability and capillary 

pressure for CO2-water systems, and investigate how the values of these parameters 

may be controlled by the same factors that also influence porosity and permeability, 

including grain size, pore and pore-throat size (pore geometry), degree of sorting, and 

clay and cement content.   

3.1.2. Relative Permeability and Capillary Pressure Curves 

Relative permeability and capillary pressure can be represented over a 

continuum-scale using characteristic curves that relate the relative permeability and 

capillary pressure, averaged over a REV of the porous medium, to the saturation of each 

fluid (Figure 3-2a and 3-2b).  Relative permeability and capillary pressure depend not 

only on the saturation of each fluid, but also on whether drainage or imbibition is 

occurring because of a phenomenon known as hysteresis (Hillel, 1980, as cited in 

Osman, 2013).  

If we consider injection of supercritical CO2 into a REV (collection of pores) that is 

saturated with water (Sl = 1), the displacement of the water by the supercritical CO2 is 

termed drainage.  This process follows the primary drainage lines on Figures 3-2a and 

3-2b, which shows that as the saturation of water decreases, the capillary pressure 

increases, the relative permeability of the water decreases, and the relative permeability 

of the supercritical CO2 increases.  This continues until the relative permeability of the 

water (krl) becomes zero, and all that is left is the immobile water saturation, Slr.  At this 

point, the relative permeability of the supercritical CO2 is at its maximum, unless the 

saturation of the water continues to decrease from evaporation.  Note that for drainage, 

the value of the residual gas saturation, Sgr, is zero, as there is no supercritical CO2 in 

the pore spaces that could influence the mobility of either fluid.  At the start of drainage, 
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the primary parameter influencing whether CO2 will enter the pore spaces, apart from 

permeability, is the capillary entry pressure (Pe).   

After injection, water begins to infiltrate back into the pore spaces.  This process 

is termed imbibition, and the capillary pressure and supercritical CO2 relative 

permeability (krg) will follow the primary imbibition curve.  The saturation and relative 

permeability of the supercritical CO2 decrease until all that is left is the maximum 

residual gas saturation (SgrM).  It is termed the maximum residual gas saturation, 

because after primary drainage and imbibition, additional drainage and imbibition (which 

occur throughout the extent of the supercritical CO2-water plume) will result in residual 

gas saturation values below SgrM, if the saturation of CO2 within a given grid block does 

not reach the maximum saturation possible (which occurs at Slr).  In other words, the 

residual saturations are dependent on the history of saturation in the grid block, but they 

occur within the envelope of the primary drainage and imbibition curves.  Doughty (2007) 

provides a more detailed explanation of this process. 

 

Figure 3-2. Typical characteristic curves describing a) capillary pressure and b) relative 
permeability.  The blue line is for primary drainage, when the non-wetting fluid (i.e., CO2) 
is displacing the wetting fluid (i.e., water) and the pink line is for primary imbibition, when 
the wetting fluid is displacing the non-wetting fluid.   

 Numerical models use constitutive equations to describe the characteristic 

curves representing relative permeability and capillary pressure at the grid block scale.  

As discussed in Chapter 2, the equations of van Genuchten (1980) (Eq. 3-8 and 3-9, 
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respectively) are commonly used in numerical models to describe liquid relative 

permeability and capillary pressure, and Corey (1954) (Eq. 3-10) is commonly used to 

describe CO2 relative permeability.   

 

Liquid Relative Permeability (van Genuchten, 1980)  

krl= S* 1- 1- S*
1

m
m 2

                                                   
 3-8

where S*= (Sl- Slr) (Sls- Slr)  

Capillary Pressure (van Genuchten, 1980)  

Pc= -Pe S*
-1

m
-1

1-m

 3-9

Gas Relative Permeability (Corey, 1954; Pruess et al., 1999)  

krg=  1-S
2

1-S
2

 3-10

where S= (Sl- Slr) (1-Slr- Sgr)  

The functions require specification of Pe, Slr, Sgr and the exponent “m” which controls the 

slope (shape) of the liquid relative permeability and capillary pressure curves (van 

Genuchten, 1980).  Note the parameter m = 1-1/n in van Genuchten (1980)’s original 

formulation (Pruess et al., 1999).  Parameter values can be obtained by curve-matching 

laboratory or field data.  Typically, however, due to a lack of relative permeability and 

capillary pressure data, these values are unknown. Generic values for the input 

parameters, derived from examples used in numerical model comparison studies (e.g., 

Pruess et al, 2001) are often used, sometimes for very different rock types (Xu et al., 

2003; Xu et al., 2005; Zhang et al., 2009; Kihm et al., 2012), despite the fact that 

parameters likely vary considerably between rock types in real systems. 

Note that there are two Slr and m values, one set related to capillary pressure, 

and the other related to relative permeability.  In theory these values represent the same 

physical process (the pore space fraction of immobile water, and the relative mobility of 

the water, respectively, within the grid block, or REV); however, the empirical values 

obtained from curve-fitting tend to be slightly different.  The Slr value for capillary 



 

41 

pressure is usually chosen to be less than the Slr for the corresponding relative 

permeability curve to avoid numerical stability issues (Xu et al., 2004). 

One main setback of using these formulations is that they are non-hysteretic, 

meaning there is only one curve and one Sgr value for both drainage and imbibition 

processes (Figure 3-3).  This has a large effect on how the residual gas saturation is 

employed in the model.  In reality, the residual gas saturation is strongly dependent on 

the process occurring, with a zero value during drainage and a potentially large value 

(depending on the rock type) during imbibition that increases with an increase in the 

historical value of gas saturation up to SgrM (Doughty, 2007).  Numerous numerical 

modelling studies investigating CO2 storage with non-hysteretic curves have used small 

values of Sgr (e.g., 0.05) for a wide range of rock types (Xu et al., 2003; Xu et al., 2005; 

Zhang et al., 2009; Kihm et al., 2012), which will adequately model drainage processes, 

but drastically underestimate the amount of CO2 that will later be trapped during 

imbibition.  This will not only overestimate the mobility of the CO2 plume, but also affect 

the amount of CO2 dissolved into the water and potentially influence mineral reactions 

that may sequester CO2 in the mineral phase over longer time scales.  Non-hysteretic 

curves using larger values of Sgr close to maximum (SgrM) will artificially change how 

conducive that material is to the entry of supercritical CO2, because the saturation of 

CO2 will have to be greater than the value for Sgr in order to be mobile.   

In addition, with Corey’s curve (1954) the maximum relative permeability of the 

CO2 (krgMax) at the minimum water saturation (Slr) is 1 (Figure 3-3).  In reality however, 

krgMax would likely be less than 1 because of the pores still filled with water, which would 

decrease the relative permeability of the CO2.  If the water evaporates below the Slr then 

the krg would start to increase towards 1 as shown in Figure 3-2.  This discrepancy 

makes fitting the curve to experimental data challenging because the endpoints have to 

be extrapolated.   
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Figure 3-3. Example of non-hysteretic characteristic curves used in TOUGH2 to define 
a) capillary pressure (van Genuchten, 1980); and b) relative permeability of the liquid 
(blue line; van Genuchten, 1980) and relative permeability of the gas (green line; Corey, 
1954).   

Although hysteresis curves are regularly utilised in the petroleum industry, they 

have only recently been extended to the TOUGH family of codes to study CO2 geologic 

storage (Doughty, 2007; Doughty, 2009).  The primary drainage and imbibition curves 

for capillary pressure are based on the van Gencuhten function (1980), but with 

modifications of Sgr based on Land (1968) (as cited in Doughty, 2007).  The hysteretic 

relative permeability functions were taken from Parker and Lenhard (1987) and Lenhard 

and Parker (1987), who adapted them from the non-hysteretic expression of van 

Genuchten (1980).  The curves allow the initial residual gas saturation to be zero, while 

still allowing for the maximum residual gas saturation to be met if the minimum water 

saturation is obtained in a grid block.  However, the use of hysteretic curves is difficult.  

One of the reasons for this is that the hysteretic curves have a number of additional 

parameter value specifications that set turning point saturations in the curves, which 

identify the transition from drainage to imbibition for a particular grid block.  The curves 

must not have any sharp oscillations for the simulation to run, and specification of these 

parameters can be problematic.  With the addition of reactive transport through the use 

of TOUGHREACT, the use of hysteretic curves would be extremely complicated.   
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Thus, the equations of the non-hysteretic van Genuchten (1980) and Corey 

(1954) curves were used in this study.  We recognize this is a limitation, particularly for 

the parameterization of the Sgr value.  However, the trapped residual gas could have a 

large impact on the pH of the water and potential mineral reactions that may take place 

over longer time scales.  Because the SgrM values vary for different rock types, we do not 

believe a solution is to use a very low Sgr value for all the materials in the model.  

Instead, we investigate how the values for SgrM (along with Slr, Pe and m) vary for 

different rock types, knowing that this information could be applied to future modelling 

studies using hysteretic curves.  It will also provide a more realistic estimation of the 

residual gas saturation for the reactive transport models.  It is noted, however, that using 

the SgrM for parameterization of the Sgr values in non-hysteretic formulations will 

influence the mobility of supercritical CO2. 

3.1.3. Dependence of Relative Permeability and Capillary Pressure 
Parameter Values on Rock Type 

A rock’s pore geometry, and the area of solid surface exposed for coating by the 

water, has a significant effect on the shape of the relative permeability and capillary 

pressure characteristic curves and the values of Sgr (SgrM), Slr, m and Pe (Leverett, 1941; 

Morgan and Gordon, 1970; Wardlaw and Cassan, 1979; Holtz, 2002; Nelson, 2009).  

Correlations between relative permeability and capillary pressure with porosity and 

permeability have been published in the past (Leverett, 1941; Holtz, 2002).   

Increases in capillary pressure with decreases in permeability are well 

established (Leverett et al., 1941; Byrnes et al., 2009; Saadatpoor et al., 2010; Wei, 

2011), and are a direct result of decreasing pore-throat size, since lower permeability 

rocks require a higher pressure to begin infiltration of a fluid (e.g., supercritical CO2).  

The Leverett J-function (Leverrett, 1941) is commonly used to scale capillary pressure 

curves according to porosity, permeability and wetting properties:  

J Sl = 
Pc

σcosθ

k

ϕ

1/2

 3-11

where Sl is liquid saturation, σ and θ are the interfacial tension and contact angle 

between the supercritical CO2 and water phases, respectively. If one assumes the 
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wetting properties do not vary spatially, the capillary pressure curves can be scaled 

according to porosity and permeability:  

Pc2
Sl =Pc1

Sl
k1

k2

ϕ2

ϕ1

1/2

 3-12

where subscript 1 denotes the rock type for which the capillary pressure curve is known 

(Saadatpoor et al., 2010).  However, the rock types need to be similar, as the Leverett J-

function does not take into account differences in the slope of the curve related to 

differences in sorting or pore-throat size distribution between different rock types (Pini et 

al., 2012).  

Morgan and Gordon (1970) demonstrated that for any given grain size, rocks 

with large, well-connected pores and smaller mineral grain surface areas typically have a 

low Slr, with two-phase flow occurring over a broader range of saturations.  Rocks with 

small and/or poorly connected pores typically have a large mineral grain surface area 

and a higher Slr, which may result in a narrow range of saturation over which the flow of 

mobile fluids can occur.  In addition, flow of the non-wetting fluid (supercritical CO2) 

through preferential flow paths may block a large portion of the REV from the infiltrating 

fluid, resulting in a higher Slr (Perrin and Benson, 2010).  In turn, this may decrease the 

mobility of CO2 because there is a smaller pore volume available for fluid flow. 

The slope of the capillary pressure and liquid relative permeability curve 

generally reflects how well or poorly-sorted a material is (Morgan and Gordon, 1970; 

Krevor et al., 2012).  The m value in the van Genuchten function modifies the slope of 

the curve.  Well-sorted rocks typically have a small range of pore sizes, and capillary 

pressure curves may display a broad plateau where there is a large range of liquid 

saturation that has a similar capillary pressure, because of the similarity in pore sizes.  

Higher m values result in a more gradual slope (relative permeability) or a more defined 

plateau (capillary pressure), indicating a coarser material that has a higher liquid 

permeability at any given saturation. Rocks with poor sorting or high clay/cement 

concentrations will likely have a wide range of pore sizes, thus capillary pressure curves 

will have a relatively greater change in capillary pressure with decrease in saturation 
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(i.e., a steeper slope, with less of a plateau) reflecting the wider range in pore sizes that 

are being drained   

Regression of experimental soil moisture data produced m values between 0.083 

– 0.627 (Carsel and Parrish, 1988).  Experimental measurements in core samples of 

CO2-liquid systems have displayed liquid relative permeability functions that fit well with 

m values ranging from 0.83 - 1.4 (Bachu and Bennion, 2008; Yamamoto and Doughty, 

2011). However, recent reservoir scale numerical models have demonstrated that high 

liquid relative permeability (e.g., value of 0.917) caused an increase in capillary-driven 

backflow towards the injection well, and brine evaporation into the CO2 resulted in a very 

narrow salt precipitation zone causing near-zero permeability.  This decrease in 

permeability was not observed in the field to the same degree, thus higher m values may 

be inaccurate at the reservoir scale (Doughty, 2010; Yamamoto and Doughty, 2011). An 

m value of 0.457 is commonly used in numerical modelling of CO2 injection (Pruess et 

al., 2001; Xu et al., 2003; Xu et al., 2005; Zhang et al., 2009; Yamamoto and Doughty, 

2011; Kihm et al., 2012). 

Correlations between the SgrM and porosity-permeability values are not as direct, 

and relative permeability data for CO2-water systems are scarce.  Byrnes et al. (2009) 

suggested that rocks with complex primary sedimentary structures (bioturbation, 

convolute, lenticular or wavy bedding) can exhibit higher residual gas saturations than 

rocks with larger scale or massive structures (trough or planar cross bedding, planar 

laminated or structureless), even more so as permeability decreases.  Hamon et al. 

(2001) reported numerous gas-water studies that either failed to correlate trapped gas 

saturations to porosity or permeability, or found a general trend of increasing Sgr with 

decreasing porosity. Hamon et al. (2001) then conducted 300 measurements of SgrM on 

samples with porosities and permeabilities ranging from 6 – 25% and 0.1 to 3,000 mD, 

respectively, and clay content ranging from 0 – 33%.  Resulting SgrM values ranged 

between 0.05 and 0.85.  Plots of SgrM versus porosity identified three major trends, two 

of which existed in the porosity range below 14% (above a porosity of 14%, the first two 

trends merged to an average SgrM of around 0.25 – 0.35) (Figure 3-4).  
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Figure 3-4. Approximate range of porosity and SgrM values measured by Hamon et al. 
(2001) (modified from Figure 10 of Hamon et al. (2001)).    

The first trend shows that as porosity decreases, SgrM increases up to 0.85 for 

samples collected from a clay-free and relatively homogeneous quartz Fontainebleau 

sandstone sample.  This trend of increasing SgrM with decreasing porosity correlates with 

other established correlations (Holtz, 2002; Byrnes et al., 2009; Doughty, 2010), and is 

thought to be related to an increase in the complexity of the pore network and decrease 

in pore-throat size.  However, the second trend in Hamon et al. (2001) shows a 

decrease in SgrM down to 0.05 – 0.10 as porosity decreases, contrary to predicted 

behaviour. The authors conclude that the decrease in residual gas saturation was 

related to an increase in clay content (microporosity) within the samples, which did not 

contribute to trapping.  The behaviour was explained by a low body-to-throat aspect ratio 

for most clay types and the very high capillary pressure in the microporosity.  In addition 

to clays, Chiquet et al. (2007) and Krevor et al. (2012) suggest that high concentrations 

of mica might create a mixed-wet system, affecting the amount of residually trapped 

CO2. 
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3.2. Methodology 

The following section outlines the methodology used while compiling the flow 

controlling parameter values derived from published porosity, permeability, relative 

permeability, and capillary pressure data, how the parameter values were selected for a 

number of material types, the numerical simulation setup used to simulate CO2 injection 

into homogenous distributions of each of the materials, and how the sensitivity of 

supercritical and dissolved CO2 mobility to each of the flow controlling parameters was 

examined.  

3.2.1. Compilation of Flow Controlling Parameter Values 

Porosity and Permeability 

The porosity and permeability values complied in this study are provided in 

Appendix A. Porosity and permeability data were compiled from data reported for over 

454 core measurements, from samples representing a wide range of lithology and grain-

size, from siltstone to lower coarse-grained sandstone (Wardlaw and Cassan, 1979; 

Dutton and Diggs, 1992; Bennion and Bachu, 2005, 2006; Bachu and Bennion, 2008; 

Byrnes et al., 2009; Nelson, 2009; Perrin et al., 2009; Perrin and Benson, 2010; Krevor 

et al., 2012, Pini et al., 2012).  Porosity values ranged between 0.6% and 35% and 

permeability values between 3x10-6 mD and 2,264 mD.  Further information including in 

situ stressed permeability or in situ Klinkenberg permeability, mean particle size, mean 

pore and pore-throat size, sorting, and percentage of cement and clay content were 

included when available.   

Capillary Pressure Endpoints 

Capillary pressure input parameters were compiled from data reported for 30 

core samples (Brynes et al., 2009; Shi et al., 2011a,b; Pini et al., 2012; Krevor et al., 

2012), with porosities ranging between 8.9 and 28.3%, and air permeabilities between 

0.055 and 1,156 mD (Appendix B).  The most common method of capillary pressure 

measurement was mercury injection capillary pressure (MICP) (e.g., Brynes et al., 

2009), which was converted to a CO2-brine equivalence using a modification of the 

Leveret-J function (Leveret, 1941; Pentland et al., 2011; Krevor et al., 2012): 
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Pc,CO2

Pc,Hg
= 
σCO2cosθCO2

σHgcosθHg
 3-13

where Pc (Pa) is the capillary pressure, σ (mN m-1) is the interfacial tension between the 

CO2-water (σCO2) and mercury-air (σHg), and θ (deg) is the contact angle between CO2-

water (θCO2) and mercury-air (θHg) measured in the wetting fluid phase. Interfacial 

tensions of σHg = 485 mN m-1 (Pentland et al., 2011; Krevor et al., 2012) and σCO2 = 27 

mN m-1 were used, the latter of which corresponds to numerical simulation conditions of 

20 MPa and 348 K (Chiquet et al., 2007).  Contact angles of θHg = 130° and θCO2 = 0° 

were adopted (Pentland et al., 2011).  Data were then curve fit to the van Genuchten 

function to obtain parameters necessary for specification in the numerical models: Pe, 

Slr, and m.  An example is provided in Figure 3-5 and results are provided in Appendix 

B. 

 

Figure 3-5. Example of curve-fitting capillary pressure data to the van Genuchten 
function.  Capillary pressure data from a core sample with porosity of 22% and in situ 
Klinkenberg permeability of 29.0 mD (routine gas permeability of 42 mD) from the Green 
River basin (Well C-47) at depth of 823 m (2699.7 ft; B) (Byrnes et al., 2009).  Best-fit 
curve parameter values: Pe = 1.43x104 Pa, Slr = 0.04, m = 0.33. 

In general, capillary entry pressure was found to increase with decreasing 

permeability, consistent with established correlations (Leverett, 1941).  Minimum and 
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maximum Pe values collected in Appendix B were 2.1 kPa for a medium-grained 

sandstone core sample (core sample from the Paaratte formation, with a porosity of 28% 

and permeability of 1,156 mD) (Krevor et al., 2012) and 500 kPa for a coarse siltstone 

core sample (core sample from the Green River basin, with porosity of 8.9% and 

permeability of 0.05 mD) (Byrnes et al., 2009), respectively.  Slr and m values did not 

appear to be correlated with porosity or permeability; however, Slr values were difficult to 

obtain because the majority of the data (Byrnes et al., 2009) were not corrected for true 

porosity using X-ray CT scan methods (e.g., Krevor et al., 2012) and likely had a higher 

Slr than reported.  Slr values for capillary pressure ranged between 0.0 and 0.27, while m 

values ranged between 0.25 and 0.7. 

Relative Permeability Endpoints 

Only recently have core flooding experiments been extended from oil-gas and oil-

water systems to investigate CO2-water systems (Bennion and Bachu, 2005; 2006; 

Bachu and Bennion, 2008; Perrin et al., 2009; Perrin and Benson, 2010; Pini et al., 

2012; Krevor et al., 2012).  The use of core data to measure residual saturation values 

may be flawed in that vertical core flooding may not be representative of in situ 

horizontal flow characteristics because the orientation of heterogeneities and flow 

barriers can influence results; heterogeneities directed sub-parallel to flow may create 

preferential flow paths that block off a large portion of the core from infiltrating CO2, 

resulting in a higher Slr (Perrin and Benson, 2010; Paterson et al., 2013).  In addition, 

most available core data exhibits very low CO2 end-point saturations and 

correspondingly low end-point CO2 relative permeabilities (i.e., krgMax). It is questionable 

whether these low endpoints are intrinsic to the CO2-water system or whether they can 

be attributed to the experimental setup (Mueller, 2011; Krevor et al., 2012).  Krevor et al. 

(2012) demonstrated that the maximum capillary pressure possible, given the 

experimental setup, controls the maximum observed saturations; thus, low endpoint 

saturations and permeabilities should not be taken as the true endpoint values unless it 

is shown that sufficiently high capillary pressures were obtained in the experiment.  

Nonetheless, relative permeability input parameter values were sourced from 

measurements reported for 17 core samples (Bennion and Bachu, 2005, 2006; Bachu 

and Bennion, 2008; Perrin et al., 2009; Perrin and Benson, 2010; Krevor et al., 2012) 
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(Appendix C), with porosities between 3.9 and 28.3%, and absolute permeabilities 

between 2.94x10-6 and 1,156 mD.  Relative permeability measurements were then fit to 

the van Genuchten-Mualem function (1980) and Corey (1954) curves to obtain the best-

fit curve parameters for Slr, m, and Sgr.   

As noted in Section 3.1.2, the van Genuchten and Corey curves in TOUGH2 

require extrapolation of endpoints to liquid saturations of 0 and 1 to account for 

saturations below residual (in the case of liquid evaporation into CO2, or dissolution of 

CO2 into liquid), which was done by varying the input parameters to best fit the available 

data.  Where both imbibition and drainage experiments were conducted, the liquid 

drainage curve was the primary curve used to obtain the liquid relative permeability 

endpoints whereas the imbibition curve was considered the more accurate in describing 

the maximum residual gas saturation (SgrM) end-points.  An example of a curve with only 

drainage experimental data is provided in Figure 3-6.    

 

Figure 3-6. Example of curve-fitting relative permeability data to the van Genuchten 
(relative permeability of the liquid; krl) and Corey (relative permeability of the CO2; krg) 
functions, respectively.  Relative permeability experimental data from Basal Cambrian 
sandstone core sample with porosity of 11.7% and permeability of 0.55 mD (Bennion 
and Bachu, 2005).  Best-fit curve parameter values: Sgr = 0.3, Slr = 0.15, m = 1.0.  krgMax 
refers to the maximum relative permeability of the non-wetting phase (CO2). 
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A number of difficulties were encountered during curve-fitting of the data.  First, there 

was a lack of confidence in the experimental end-points, which displayed very low end-

point CO2 saturations (i.e., high Slr values).  For example, Slr values obtained in the 

experiments ranged from 0.2 for the Cardium sandstone (Bennion and Bachu, 2006) to 

0.64 for the Calmer shale (Bachu and Bennion, 2008).  The high Slr values correspond to 

low CO2 end-point relative permeabilities (krgMax).  These results potentially may have 

been limited by the maximum capillary pressures possible in the experimental setup 

(Mueller, 2011; Krevor et al., 2012).  Second, curve-fitting the data to the van Genuchten 

and Corey curves was difficult because the curves were non-unique; various 

combinations of the parameters resulted in curves that gave a reasonable fit to the data.  

For example, the experimental Slr value for the Viking sandstone (Bennion and Bachu, 

2005) was 0.56, but a value of 0.33 best fit the van Genuchten curve.  The values for the 

exponent m ranged between 0.35 (sample from the Tuscaloosa sandstone with porosity 

of 24% and permeability of 220 mD) and 1.1 (sample from the Cardium Sandstone, with 

porosity of 15% and unknown permeability). 

Finally, limited imbibition experiments were conducted, so accurate Sgr values 

could not be obtained. . Only six datasets containing imbibition experimental data were 

collected, with SgrM values ranging from 0.10 (sample from the Cardium sandstone with 

porosity of 15.3%, permeability was not provided) (Bennion and Bachu, 2006) to 0.35 

(sample from the Colorado shale with porosity of 4.4% and permeability of 7.9x10-5 mD) 

(Bachu and Bennion, 2008).  In addition to these data, Hamon et al. (2001) reported SgrM 

values ranging from 0.05 to 0.85 from core samples with porosities ranging from 6 to 

25% and permeabilities ranging from 0.1 to 3,000 mD. The dependence of the SgrM 

values on clay content in the samples was described in Section 3.1.3. 

Recent field-scale tests have begun to investigate residual trapping of CO2 at 

larger scales.  An example of this is from the CO2CRC Otway site in 2011 (Paterson et 

al., 2013).  The test involved injection of pure CO2 into a 7 m interval of the Paaratte 

Formation, followed by the injection of water pre-saturated with CO2 to drive CO2 to 

residual saturation.  The injection interval had an average porosity of 28% and average 

permeability of 2,100 mD.  A number of techniques were applied to measure the CO2 

gas saturation (Haese et al., 2013; Paterson et al., 2013).  One method was the use of 

high-quality pressure data in numerical models to simulate the CO2 gas saturation.  
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Using this method Sgr was found to vary across the reservoir up to a value of 

approximately 0.2.  In addition, a reservoir saturation tool (RST) was used to log the well 

throughout the duration of the test.  The logging results indicated a residual saturation 

between 0.18 and 0.23 (Paterson et al., 2013).   

Doughty et al. (2008) used field data collected during CO2 injection and 

monitoring at the Frio brine pilot research project in Dayton, Texas (USA), in conjunction 

with traditional site characterization techniques, to refine a reservoir scale numerical 

model and provide information on multiphase flow properties.  Calibration of the 

drainage-controlling two-phase flow parameters (Slr and m) were aided by U-tube 

sampling, early time pressure-transient analysis and RST profiles, and vertical seismic 

profile (VSP) data.  SgrM, the primary imbibition-controlling parameter, was calibrated 

using late-time pressure transients and RST profiles, crosswell seismic tomogram and 

VSP data.  Results suggested that even for the very high permeability Frio formation 

sand (>2,000 mD), SgrM was perhaps as high as 0.2.  Results also supported a Slr of 0.15 

or less.   

3.2.2. Creation of Material Types 

To test the sensitivity of CO2 distribution to the values and proposed correlations 

obtained from the literature, a number of material types were created to represent 

hydrostratigraphic units (HSUs).  The flow controlling parameter values assigned to each 

HSU reflect the proposed correlations between porosity, permeability, relative 

permeability and capillary pressure, which represent fine-scale heterogeneities inherent 

to each material.   

Porosity and permeability values were based on relationships established from 

the collected data (Appendix A), and were positively correlated.  Vertical permeability 

ratios (kz/kx) were based on correlations of Holtz (2002) and as discussed by Doughty et 

al. (2008), and ranged from 0.1 for porosity less than 24% to 1.0 for porosity greater than 

28%.  Very high values of kz conceptually might represent vertical flow conduits (e.g., 

microfractures) or sections of coarser grains graded in with finer grains.   
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Two end-member material types were initially created: Material A and Material I 

(Table 3-1).  Material A was based on a typical high porosity (25%), high permeability 

(500 mD) coarse- to medium-grained sandstone lithology, while Material I was based on 

a siltstone lithology, but with a relatively high porosity and permeability (12% and 1 mD, 

respectively) to test the sensitivity of the other flow controlling parameters. A gradual 

progression between the two end-member materials was then created using 

relationships established from the collected data (Appendix A), resulting in seven 

additional materials (Material B to H; Table 3-1).  Later, Material J was also created, 

based on high porosity (28.3%) and permeability (1,156 mD) sandstone core from the 

Paaratte Formation (Krevor et al., 2012) to evaluate CO2 mobility in materials with very 

high porosity and permeability.   

Capillary pressure input parameters were partially based on reported data 

(Appendix B), but also on proposed correlations in the literature (Leverett, 1941; 

Morgan and Gordon, 1970; Holtz, 2002; Pentland et al., 2011).  Material types with lower 

permeability (and therefore smaller pore-throats) were assigned higher Pe values.  The 

medium-grained sandstone (Material A) was assigned a relatively low Pe (6.5 kPa), 

within the range of Pe values for medium-grained sandstones with a permeability of 500 

mD (Appendix B).  The siltstone (Material I) was assigned a relatively high Pe (101 

kPa), calculated using Eq. 3-12 from the Pe value for the sandstone.  This value is also 

within the range of Pe values for a siltstone with a permeability of 1 mD (Appendix B; 

Byrnes et al., 2009).  Eq. 3-12 was then used to obtain Pe values for the materials with 

permeability values between Material A and I’s.  

Slr values for capillary pressure were much lower than those for relative 

permeability.  The medium-grained sandstone (Material A) was assigned a Slr value for 

relative permeability and capillary pressure of 0.15 and 0.03, respectively, partially 

based on values obtained by curve-matching the data (Appendix B and C), but also on 

previous reservoir scale numerical modelling studies for relatively coarse-grained 

sandstone (Doughty et al., 2008).  Slr values increased with decreasing porosity and 

permeability (representing a decrease in grain size and sorting, poorly connected pores 

and an increase in the mineral grain surface area that water can adhere to) (Morgan and 

Gordon, 1970; Holtz, 2002; Perrin and Benson, 2010).  The siltstone (Material I) was 

assigned a Slr value for relative permeability and capillary pressure of 0.27 and 0.2, 
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respectively, as this was within the upper limit of the values obtained when curve-

matching the data.  Material J was assigned a very low value of Slr for both relative 

permeability and capillary pressure (0.05) based on core data from the Paaratte 

Formation (Appendix B and C Krevor et al., 2012), reflecting the coarser grain size and 

highly connected pores.   

The m exponent in the van Genuchten equations is directly related to the mobility 

of the water, with increases in m (both related to relative permeability and capillary 

pressure) conceptually representing a material with well-sorted grain sizes, a narrow 

range in pore-throat sizes, and an overall higher liquid mobility.  As Material A 

represents relatively well-sorted sandstone, its m value should be relatively high; 

however, recent reservoir scale numerical models have demonstrated that m relative 

permeability values as high as 0.917 may be too high at the reservoir scale (Doughty, 

2010; Yamamoto and Doughty, 2011).  Thus a value of 0.7 was assigned to Material A.  

The m value for capillary pressure was set to 0.41 for Material A, as this was at the 

higher end of the values obtained during curve-fitting of the experimental data.  Material I 

was assigned m values for relative permeability and capillary pressure of 0.41 and 0.33, 

respectively, (at the lower end of the values obtained from curve-fitting the experimental 

data) and a gradual progression between the values for Material A and I was used to 

obtain m values for the other materials.  Material J was assigned lower m values (0.56 

and 0.37) than Material A, based on core data collected from the Paaratte Formation 

(Appendix B and C).   

Due to a lack of consistency in the Sgr values obtained from the limited relative 

permeability data (Appendix C), the Sgr values used in this study were based primarily 

on previously published correlations (Hamon et al., 2001; Holtz 2002; Doughty, 2010).  

Material A was assigned a Sgr of 0.2 for a number of reasons.  First, this value correlates 

with the SgrM obtained in recent residual gas field-scale experiments in high porosity and 

permeability sandstones (Paterson et al., 2013), it is the average SgrM value obtained 

from high porosity and permeability core samples (Hamon et al., 2001; Perrin and 

Benson, 2010; Krevor et al., 2012), and is the calibrated SgrM value used for previous 

reservoir scale numerical modelling studies of CO2 storage in relatively coarse-grained 

sandstone (Doughty et al., 2008).  In addition, it corresponds to values obtained using a 
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correlation proposed by Hamon et al. (2001) and adapted by Doughty (2010) of  

SgrM = 0.48 – 0.04 ln(k), with k in mD, based on Gulf Coast sandstone literature.   

As stated above, Hamon et al. (2001) reported SgrM values ranging from 0.05 to 

0.85, with two different relationships between SgrM and ϕ for rock types with low to 

moderate porosity and differences in clay content.  Thus, two sets of materials were 

considered for materials with low to moderate porosity, to investigate the sensitivity of 

the CO2 distribution to the uncertainty in the SgrM value.  The first set of materials 

(Material C to I) reflects the first trend in Hamon et al. (2001), which shows an increase 

in SgrM with decreasing porosity in clay-free sandstones.  This inverse relationship 

between ϕ and SgrM was also proposed by Holtz (2002) and adapted by Doughty (2010).  

The second set of materials (Materials C2 to I2) reflects the second trend in Hamon et 

al. (2001), which shows a decrease in SgrM with decreasing porosity in sandstones with 

higher clay content (Table 3-1).  For materials with higher porosity and permeability, the 

two trends merge to an average of around 0.25 – 0.35; thus Materials A, B and J have 

the same Sgr values.  

A total of seventeen material types were created (Table 3-1).  Seven materials 

with moderate to low porosity were assigned higher Sgr values with decreases in 

porosity, and seven with lower Sgr. Although these material types are based on realistic 

input parameters values, they do not represent any actual system and are intended for 

the purposes of this study only.   

  



 

56 

Table 3-1. Hydrogeological parameter values assigned to the hypothetical 
material types 

 
Porosity and 
Permeability 

Relative Permeability 
Capillary 
Pressure 

 

Material 
  

(%) 
kh 

(mD) 
kh:kv

kv 
(mD)

m Slr Sgr 
1 Sgr 

2 Pe 
(kPa) 

Slr m 

Injection 
Unit 

35 2000 1 2000 0.187 0.5 0.01 - 
No Capillary 

Pressure 

 J 28.3 1156 1 1156 0.56 0.05 0.18 4.57 0.05 0.37 

 A 25 500 0.5 250 0.7 0.15 0.2 6.53 0.03 0.41 

 B 22 280 0.325 91 0.63 0.18 0.25 8.14 0.07 0.39 

  C1/C22 19 93 0.175 16 0.56 0.21 0.30 0.25 13.0 0.12 0.37 

  D1/D22 15 31 0.125 3.9 0.48 0.24 0.34 0.19 20.5 0.16 0.35 

  E1/E22 14 19 0.115 2.2 0.45 0.25 0.36 0.15 24.8 0.18 0.34 

  F1/F22 13 10.0 0.108 1.1 0.44 0.26 0.39 0.14 33.8 0.18 0.34 

  G1/G22 13 5.0 0.104 0.5 0.43 0.26 0.42 0.13 47.0 0.19 0.34 

  H1/H22 12 2.5 0.102 0.25 0.42 0.27 0.44 0.11 65.2 0.19 0.33 

  I1/I22 12 1 0.1 0.1 0.41 0.27 0.5 0.09 101 0.2 0.33 

 
Generic Multiphase Flow  
Parameters 

0.457 0.3 0.05 - 19.61 0.0 0.457

1 Sgr correlations based on those in Doughty et al. (2010) (adapted from Holtz, 2002), similar to 
upper trend (Trend 1) in Hamon et al. (2001) (Materials C – I), with an increase in Sgr with 
decreasing ϕ, representing clay-free sediments.  

2 Sgr correlations based on lower trend (Trend 2) in Hamon et al. (2001) (Materials C2 – I2), with a 
decrease in Sgr with decreasing ϕ, representing clay-rich sediments.  

3.2.3. Numerical Simulations 

Homogenous Material Distributions 

First, a series of homogeneous reservoir scale two-dimensional (axisymmetric) 

multiphase flow and transport models (vertical two-dimensional slice of a cylindrical 

volume) were generated for each of the materials (Table 3-1) using the multiphase flow 

and transport code TOUGH2 (Pruess et al., 1999) and graphical user interface Petrasim 

(Thunderhead Engineering, 2010).  This was done to determine how conducive each 

material is to the flow and transport of CO2.  Chapter 2 provides details on the 
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simulation setup, initial conditions and injection scheme for the simulations.  Post-

injection was simulated for an additional 80 years (100 years total).   

The homogeneous models were discretized vertically with 20 layers that 

decreased in thickness by a factor of 0.9 up towards the top of the model to provide 

better resolution of concentration gradients as CO2 approached the upper no-flow 

boundary (maximum ∆z of 11.4 m, minimum ∆z of 1.5 m).  Models were discretized 

radially into 174 cells, and the widths were increased by a factor of 1.05 away from the 

injection zone to increase computational efficiency, from an initial width of 0.33 m to a 

maximum width of 155 m at 4,052 m away from the injection zone. Between 400 and 

1,200 m, a uniform cell size of 20 m was used to reduce numerical instabilities in an area 

of the model that exhibited high concentration gradients due to either buoyancy, 

dissolution or convection processes.  In the 100 year simulation time, CO2 did not 

migrate past 3,500 m, thus the cells in the outer regions of the model were increased in 

length to improve computational efficiency.  Chapter 2 provides further details on the 

sensitivity analysis used to decide on grid size.   

Three Layer Material Distributions 

As discussed earlier, generic values for the relative permeability and capillary 

pressure input parameters, derived from examples used in numerical model comparison 

studies (e.g., Pruess et al, 2001) are often used, sometimes for very different rock types 

(Xu et al., 2003; Xu et al., 2005; Zhang et al., 2009; Kihm et al., 2012), despite the fact 

that the parameter values likely vary considerably between rock types in real systems.  

These generic values are listed in Table 3-1.  To compare the differences in the 

distribution of CO2 when the generic multiphase flow parameter values are used versus 

when more material specific parameter values, a three layer material distribution was 

used to create a heterogeneous domain, conceptually representing three different 

homogenous sedimentary rock layers (HSUs).  The models consisted of two 45 m thick 

layers of porous (25%) and permeable (500 mD) reservoir sandstone (Material A), 

separated by a 10 m thick layer of  finer-grain size (Figure 3-7).  A number of scenarios 

were examined, as discussed below. 

First, Material I was assigned to the middle layer, conceptually representing a 

siltstone HSU of low porosity (12%) and permeability (kh of 1 mD and kv of 0.1 mD), high 
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capillary entry pressure (101 kPa) and low fluid mobility (i.e., high residual fluid 

saturations) (Figure 3-7a).  

Second, the relative permeability and capillary pressure parameters assigned to 

the top and bottom aquifers (Material A) and the middle siltstone layer (Material I) were 

changed to the commonly used generic parameter values (Figure 3-7b).  This was done 

to examine the sensitivity of the CO2 distribution to the generic multiphase flow 

parameters, with the only difference between the three layers being porosity and 

permeability.   

Third, Material D was assigned to the middle layer, conceptually representing a 

HSU of fine-grained sandstone, or a layer containing a higher volume fraction of clay or 

cement relative to the adjacent aquifers, with moderate porosity (15%) and permeability 

(31 mD) (Figure 3-7c).  The relative permeability and capillary pressure parameter 

values were again assigned to be specific to each material, as per Table 3-1.   

The three layer models were discretized vertically as follows: the bottom layer 

(lower Material A) was discretized vertically with 12 cell layers, decreasing in thickness 

by a factor of 0.9 (∆z from 6.3 to 2 m) up towards the interface between the two material 

types to better resolve concentration gradients as the CO2 encountered the lower 

porosity and permeability in the middle material.  The middle layer (either Material D or I) 

was discretized vertically with 5 cell layers (∆z of 2 m). The upper layer (upper Material 

A) was discretized vertically with 20 cell layers that also decreased slightly in size 

towards the top of the model (∆z from 2.3 to 2 m).  In the simulations where the middle 

layer prevented the flow of CO2 into the upper layer, the number of cells was decreased 

in the upper layer to improve computational efficiency.  See Chapter 2 for the radial grid 

size used for three layer models.  



 

59 

 

Figure 3-7. Representation of a three layer material distribution with two porous and 
permeable 45 m thick aquifers (Material A) separated by a 10 m thick layer of finer grain 
size.  In a) the middle layer was composed of Material I; in b) generic relative 
permeability (RP)  and capillary pressure (CP) parameters were used in both Material A 
and Material I; and in c) the 10 m thick middle layer was composed of Material D. 

Sensitivity Studies 

The sensitivity studies demonstrated that the parameters describing relative 

permeability and capillary pressure have different levels of influence on the distribution 

of CO2, depending on the values of the other base parameters.   

Two sensitivity studies were conducted to examine the influence of each 

parameter.  The three layer material distributions shown in Figure 3-7a and Figure 3-7c 

were used as the base cases of Sensitivity Study 1 and 2, respectively, and then one 

parameter at a time was varied in the middle fine-grained layer (Table 3-2).  As this 

systematic approach did not account for the interaction between the flow controlling 

parameters, the two sensitivity studies were conducted to compare two different types of 

materials.  The resulting changes in supercritical and dissolved CO2 were examined in 

each of the layers using the Mass Balance module of Tough2lbox (T2B) (Audigane et 

al., 2011).  Doughty (2010) used a similar approach, investigating the effect of 

permeability, permeability anisotropy, and SgrM on plume evolution in a sand-shale 



 

60 

system.  In their conceptual model, increases in horizontal permeability (kh) were 

accompanied by increases in the vertical to horizontal permeability ratio (kz:kh), 

decreases in Pe, and decreases in SgrM (Holtz, 2002). In the present study, each 

parameter was treated independently from the others to isolate the subsequent changes 

in the CO2 distribution.  Permeability and capillary entry pressure were varied by orders 

of magnitude, while the other parameters were varied based on reasonable minimum 

and maximum parameters collected from the literature (Table 3-2; Appendix A to C), 

with the intent of representing small scale heterogeneities that are often observed within 

HSUs. The resultant materials may be not representative of real rock types, but will 

indicate the role each flow controlling parameter (i.e., ϕ, kh, kz, Pe, Slr, Sgr and m) plays in 

the flow and transport of CO2.  Note that there are two sets of Slr and m values, one set 

related to relative permeability (RP) and the other related to capillary pressure (CP). 

Table 3-2. Parameters for Sensitivity Study 1 (Material I) and 2 (Material D) 

Parameter Material Type Very Low Low Base High Very High
kx (mD) Material I  - 0.1 1 10 - 

Material D 0.31 3.1 31 310 - 
kz (mD) Material I  - 0.01 0.1 1 10 

Material D 0.039 0.39 3.9 39 390 
ϕ (%) Material I  - 6 12 30 - 

Material D - 6 15 30 - 
Sgr Material I  0.09 0.2 0.5 0.8 - 

Material D 0.09 0.2 0.34 0.8 - 
Slr – RP1 Material I  - 0.05 0.27 0.66 - 

Material D - 0.05 0.24 0.66 - 
Slr – CP2 Material I  - 0.05 0.2 0.66 - 

Material D - 0.05 0.16 0.66 - 
m – RP1 Material I  - 0.1 0.41 0.7 - 

Material D - 0.1 0.48 0.7 - 
m – CP2 Material I  - 0.1 0.33 0.7 - 

Material D - 0.1 0.35 0.7 - 
Pe (kPa) Material I  1.01 10.1 101 1010 - 

Material D 0.205 2.05 20.5 205 - 
1 RP is relative permeability  
2 CP is capillary pressure 
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3.3. Results 

3.3.1. CO2 Mobility in Each HSU – Homogeneous Material 
Distributions  

The distributions of supercritical and dissolved CO2 within the homogeneous 

Material A configuration are provided in Figure 3-8. 

Supercritical CO2 migrates up from the injection point under buoyancy flow 

processes until it reaches the impermeable boundary at the top of the model (Figure 3-

8a).  It then spreads laterally, and the maximum gas saturation (SG) decreases.  One 

hundred years after the start of injection the immiscible CO2 plume reaches a maximum 

extent of 3,200 m.  The spatial distribution of the mass fraction of dissolved CO2 (XCO2) 

mimics the distribution of supercritical CO2, except in areas where the dissolution of CO2 

into the formation brine results in density-driven convective flow and fingering of 

dissolved CO2 downwards away from the supercritical CO2 plume (Figure 3-8b).  

 

Figure 3-8. Distribution profiles of a) supercritical CO2 gas saturation (SG); and, b) 
mass fraction of dissolved CO2 (XCO2) in homogeneous distribution of Material A, 5, 30 
and 100 years after the start of injection. 
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Figure 3-9 compares the distribution of dissolved CO2 after 100 years for all of 

the material types.  On the left are the materials with the higher Sgr values, representing 

the clay-free sediments.  As the porosity and permeability vales decrease (and Pe, Slr 

and Sgr increase, while m decreases), the materials become less conducive to buoyancy 

driven flow upwards.  This results in a decrease in the concentration and lateral extent of 

CO2 at the top of the reservoir.  CO2 is able to rise higher near the injection zone 

because the pressure gradients and CO2 saturation are higher in this area; however, as 

the materials become less conducive to buoyancy dominated flow, CO2 begins to flow 

preferentially laterally along the injection layer at the base of the model.  In addition, 

convective fingering induced from density-driven flow is not as prevalent.  

The right of Figure 3-9 show the results for the materials representing the clay-

rich sediments. These materials have the same porosity, permeability, Pe, Slr, and m 

values as the corresponding materials on the left, but lower Sgr values that decreases 

with decreasing ϕ and k.   

Using a lower Sgr value for the same material dramatically increases the CO2 

mobility in materials D through G, which have more moderate ϕ (13 – 15%) and k (5 - 31 

mD), allowing a higher concentration of CO2 to collect at the top of the reservoir.  

Materials H and I, however, are less sensitive to changes in the Sgr because the values 

for the other flow controlling parameters (ϕ, k, Pe, Slr, and m) are less conducive to the 

mobility of two fluid phases, and most of the CO2 remains trapped near the injection 

layer regardless of the Sgr value.  However, with lower Sgr values in Materials H2 and I2 

more CO2 is able to penetrate upwards near the injection zone where the pressure 

gradients and CO2 saturations are higher.   

 



 

63 

 

Figure 3-9. Distribution profiles of the mass fraction of dissolved CO2 (XCO2) in 
Materials J, A and B (top), Materials C through I (left) and Materials C2 through I2 (right) 
100 years after the start of injection. 
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3.3.2. CO2 Mobility in the Three Layer Material Distributions  

The distribution of supercritical and dissolved CO2 within the three layer material 

distributions are provided in Figure 3-10.  When the middle 10 m layer contains Material 

I, and relative permeability and capillary pressure parameter values specific to each 

material (base case for Sensitivity Study 1), it behaves like a siltstone or caprock HSU.  

Supercritical and dissolved CO2 are trapped below Material I and do not migrate into the 

upper aquifer by 100 years (Figure 3-10a).  Instead, the supercritical and dissolved CO2 

migrate radially along the bottom of the layer, with only minor amounts of supercritical 

and dissolved CO2 migrating up into Material I.   

Changing the relative permeability and capillary pressure parameters to the 

commonly used generic values in both Material A and I drastically changes the 

behaviour of the materials, specifically Material I (Figure 3-10b).  Material I behaves 

more like a fine-grained sandstone rather than a siltstone, slowing the flux of 

supercritical and dissolved CO2 upwards, but not stopping it completely.  Material I’s 

lower porosity and permeability values, relative to Material A, cause supercritical and 

dissolved CO2 to migrate under Material I before rising upwards, resulting in the longer 

lateral migration distance and higher supercritical CO2 saturation within Material I.  

However, the lower residual fluid saturation (lower Slr and Sgr values), higher fluid 

mobility (designated by the higher m) and lower capillary entry pressure values (lower 

Pe) in comparison to the previous simulation, allow supercritical and dissolved CO2 to 

collect at the top of the upper aquifer.  In addition, there is almost no residual gas 

trapped in the lower aquifer (lower Material A) using the generic parameter values (Sgr = 

0.05).  
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Figure 3-10. Distribution profiles of supercritical CO2 gas saturation (SG; left) and mass 
fraction of dissolved CO2 (XCO2; right) 100 years after the start of injection when a) 
Material I was assigned to the middle layer, b) the same generic relative permeability 
and capillary pressure input data were used for the top (upper Material A), middle 
(Material I), and bottom (lower Material A) layers, but the porosity and permeability 
distribution was the same as the simulation in a); and; c) Material D was assigned to the 
middle layer, with relative permeability and capillary pressure parameter values specific 
to each material. 

When the middle 10 m layer contains Material D, and relative permeability and 

capillary pressure parameter values specific to each material (base case for Sensitivity 

Study 2), it behaves like a fine-grained sandstone HSU.  Supercritical and dissolved CO2 

are impeded by Material D, migrating along beneath the layer, but are eventually able to 

penetrate up into the upper aquifer (Figure 3-10c).  Supercritical CO2 is mobile (Sg 

greater than residual) at the top of the lower aquifer (interface of Material A and Material 

D), the top of the upper aquifer, and within the fine-grained sandstone layer itself 

(Material D).   

It should be noted that these results are limited given the use of non-hysteretic 

relative permeability and capillary curves.  The mobility of CO2 at the leading edge of the 

plume (i.e., during drainage of the water) is artificially inhibited by the specification of a 
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higher Sgr value that is more reflective of the material during imbibition.  The results, 

however, are still useful in terms of investigating the sensitivity of the CO2 distribution to 

the parameter values in non-hysteretic curves, and later how the use of a higher Sgr 

values influence the mineral reactions that take place.    

3.3.3. Sensitivity Studies 

The role that each individual flow controlling parameter plays in the mobility of 

CO2 is examined further in Sensitivity Study 1 and 2, by varying each parameter in the 

fine-grained layer (Material I and Material D) and examining the change in the mass 

balance of CO2 between each HSU.  Figures 3-11 and 3-12 show plots of the 

supercritical and dissolved CO2 content in the upper aquifer (upper Material A; top), 

siltstone/fine-grained sandstone (Material I/Material D; middle) and lower aquifer (lower 

Material A; bottom).  Note that the total mass of CO2 remains the same in all of the 

simulations.  

The sensitivity studies demonstrate that the parameters describing relative 

permeability and capillary pressure have different levels of influence on the distribution 

of CO2, depending on the values of the other base parameters.  The base parameters 

for the middle siltstone layer (Material I) are set such that it is more of a barrier or 

trapping material, allowing some CO2 in, but not allowing it to escape to the upper 

aquifer (upper Material A), as shown in in Figure 3-10a. Conversely, the base 

parameters in the fine-grained sandstone layer (Material D) are set such that it slows 

CO2 migration upwards, but does not stop it completely, as shown in Figure 3-10c. 

Therefore, increases or decreases of the individual parameters in Material I primarily 

influence the amount of CO2 trapped in, or below, the layer. Increases or decreases of 

the individual parameters in the fine-grained sandstone layer (Material D) typically 

influence the mobility of CO2 into or out of the same layer.  These processes are 

apparent by observing the changes in supercritical and dissolved CO2 in the over and 

underlying aquifers (upper and lower Material A).   

In Sensitivity Study 1 (middle layer composed of Material I), plots of the CO2 

content in each layer (Figure 3-11) demonstrate that no supercritical CO2 (0 kg) and 

negligible amounts of dissolved CO2 are able to penetrate into the upper aquifer (upper 
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Material A) in the base case. Only very low amounts of supercritical and dissolved CO2 

are able to migrate into Material I in comparison to the high amounts in the lower aquifer 

(lower Material A).  Over time, the amount of supercritical CO2 decreases in the lower 

aquifer due to dissolution into the formation water.   

Plots of CO2 content in the upper aquifer show that a decrease in the Sgr value 

from 0.5 (Base) to 0.2 (Sgr – Low) does not change the amount of supercritical CO2 that 

migrates past the siltstone.  Only at very low Sgr values (0.09) does any supercritical CO2 

migrate past the siltstone (Material I), which only occurs in a small area closer to the 

injection zone where the pressure gradients and CO2 saturation are highest.  Because of 

this, decreases in Sgr values actually increase the supercritical and dissolved CO2 

content in Material I.  In reality, the Sgr value should have no influence on the entry of 

supercritical CO2 into a material, but rather is a consequence of using non-hysteretic 

curves.   

Dissolved CO2 is able to migrate past the siltstone both for very low Sgr values 

(accompanying the supercritical CO2) and very high vertical permeability values (from 

0.1 in the Base case to 10 mD).  Plots of CO2 content in Material I show that lower 

capillary entry pressure (Pe) values (from 101 kPa in the Base case to 10.1 kPa and 1 

kPa) greatly increases the amount of supercritical CO2 able to penetrate into the 

siltstone (Material I), while the dissolved CO2 content in Material I is more sensitive to 

increases in porosity and vertical permeability in that layer.  Increases in the porosity of 

Material I (from 12% in the Base case to 30%) increase trapping of both supercritical and 

dissolved CO2 in that layer.  Increases in Slr values in Material I decrease the CO2 

content able to migrate into it because the volume of pore space available for two-phase 

fluid flow is less.  The mass balance of CO2 appears to be relatively insensitive to 

individual changes in horizontal permeability in Material I.  The large CO2 content in the 

lower aquifer (Material A) is insensitive to individual changes of the flow controlling 

parameter values in Material I.   

The distribution of supercritical and dissolved CO2 appears to be much more 

sensitive to individual changes of the flow controlling parameter values in Material D 

(Sensitivity Study 2), which has base flow controlling parameter values (ϕ, k, Pe, Slr, and 

m) more conducive to fluid mobility.  Figure 3-12 shows that the highest CO2 content in 
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the base case is in the lower and upper aquifer (lower and upper Material A, 

respectively), with the fine-grained sandstone layer (Material D) having lower CO2 

content and acting as more of a conduit between the two aquifers.  Therefore, the 

largest changes in CO2 content are observed in the upper and lower aquifers.  The 

exception is an increase in the porosity value for Material D (from 15% in the Base case 

to 30%), which increases the amount of CO2 stored in that layer.   

Plots of CO2 content in the upper aquifer show that supercritical and dissolved 

CO2 increase 50% above base levels in the upper aquifer for decreases in Sgr, Pe, and Slr 

(related to capillary pressure) in the fine-grained sandstone layer (Material D), and 

increases in kz and m (related to capillary pressure).  As a result, these same parameter 

value changes decrease the CO2 content in the lower aquifer.  Conversely, no 

supercritical CO2 (0 kg) is able to penetrate into the upper aquifer with increases in 

Material D`s Sgr, Slr (related to both relative permeability and capillary pressure), Pe, or 

decreases in m (related to both relative permeability and capillary pressure) because 

CO2 is trapped in the lower aquifer.  Only a very small amount of supercritical CO2 is 

able to migrate into the upper aquifer when the kz value in Material D is decreased by 

one order of magnitude (from 3.9 mD in the Base case to 0.39 mD), and no supercritical 

CO2 migrates into the upper aquifer when kz is decreased by two orders of magnitude (to 

0.039 mD).   

It is noted that an increase in Slr (related to capillary pressure) in the fine-grained 

sandstone decreases the amount of supercritical CO2 in that layer because of the 

smaller pore space volume available for two-phase fluid flow, but increases the 

dissolved CO2, likely because there is more water in the pore spaces for the CO2 to 

dissolve into. CO2 content also decreases in Material D with an increase in kz and 

decrease in Sgr because more CO2 is able to migrate into the upper aquifer.  The 

distribution of CO2 appears to be relatively insensitive to individual changes in horizontal 

permeability, likely because the main direction of CO2 migration is upwards due to 

buoyancy forces and pressure gradients between the lower and upper aquifers.  Over 

time, the supercritical CO2 content decreases in all of the layers due to dissolution into 

the formation water.   
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Figure 3-11. Results from Sensitivity Study 1. The graphs are arranged to show 
supercritical CO2 on the left and dissolved CO2 on the right. The top graphs show the 
upper aquifer (upper Material A), the middle graphs, the 10 m thick siltstone (Material I) 
and the bottom graphs, the lower aquifer (lower Material A).  See Table 3-2 for 
parameter values.  
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Figure 3-12. Results from Sensitivity Study 2. The graphs are arranged to show 
supercritical CO2 on the left and dissolved CO2 on the right. The top graphs show the 
upper aquifer (upper Material A), the middle graphs, the 10 m thick fine-grained 
sandstone (Material D) and the bottom graphs, the lower aquifer (lower Material A).  See 
Table 3-2 for parameter values.  
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The change in CO2 content related to the values of Sgr, Pe, Slr, kz and m 

demonstrates the dependency of CO2 mobility of CO2 on these parameters, especially 

for materials with moderate porosity and permeability.  It should not be assumed that 

parameter values that describe the CO2-water relative permeability and capillary 

pressure for one system or HSU can be transferred to another.   

3.4. Discussion 

3.4.1. Factors Influencing Flow Controlling Parameter Values and 
Distribution of CO2 

The literature review and collection of data reported from samples representing a 

wide range of lithology and grain-sizes, indicate that the same factors controlling porosity 

(ϕ) and permeability (k), also control the parameters describing relative permeability and 

capillary pressure (Sgr, Slr, m and Pe). The relative permeability and capillary pressure 

parameters vary for different rock types, and it should not be assumed the parameters 

describing multiphase flow for one rock type can adequately describe multiphase flow for 

another, even if they have similar porosity and permeability.  This study demonstrates 

that the generic relative permeability and capillary pressure parameter values commonly 

used in numerical simulations studying geological storage of CO2 can dramatically 

impact how conducive a material is to the flow and transport of CO2. 

In general, with decreasing ϕ and k, which may occur in materials with smaller 

grain sizes, poorer sorting, complex sedimentary structures, or with a higher percentage 

of cement, Pe increases (to account for smaller pore-throats) (Leverett, 1941), Slr 

increases (to account for a higher fraction of pore spaces that are inaccessible to the 

invading CO2 and a higher mineral grain surface area the liquid can adhere to (Morgan 

and Gordon, 1970; adapted from Holtz, 2002) and m decreases (to account for poorer 

sorting) (adapted from Morgan and Gordon, 1970).  The relationship between porosity 

and Sgr (SgrM) is less constrained, particularly in materials with low to moderate porosity 

and variable amounts of clay.  Hamon et al. (2001) found that the microporosity 

associated with clay does not contribute to residual trapping in materials with low to 
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moderate porosity, leading to uncertainties in this study on how the Sgr values should be 

varied in the finer-grained materials. 

These findings were used to construct a number of different material types to 

represent hydrostratigraphic units (HSUs) with averaged material properties meant to 

incorporate fine-scale heterogeneities inherent to realistic rock types.  A series of two-

dimensional, axisymmetric multiphase flow models were used to simulate CO2 injection 

in homogenous distributions of each of the materials to determine how conducive each 

HSU is for the flow and transport of CO2.  As expected, as ϕ and k decrease (and Pe and 

Slr increase, while m decreases), the mobility of CO2 decreases, lowering the 

concentration of CO2 along the top of the model, and increasing the radial extent of CO2 

in the lower portions of the reservoir.   

Sensitivity studies were conducted to: 1) consider the role each parameter plays 

in the flow, transport and storage of CO2; 2) assess which parameters the flow and 

transport of CO2 are the most sensitive to; and 3) to investigate the range of uncertainty 

in the parameters due to lithological considerations and experimental uncertainty.  The 

sensitivity studies demonstrate that the parameters describing relative permeability and 

capillary pressure have different levels of influence on the distribution of CO2, depending 

on the values of the other base parameters.  It should be noted that the intent of this 

study was not to specify critical values of each parameter that would result in a complete 

change in behaviour of the material (e.g., the exact value of Pe that would result in 

supercritical CO2 leaking through the siltstone), because the value of these parameters 

are unique to the other parameter values used for that material.  Rather the sensitivity 

studies can be used to provide a general indication of the role each parameter plays in 

the distribution of CO2.  The following sections outline some of the factors that influence 

the values of each parameter, and how they control the distribution of CO2 in the models.  

Horizontal and Vertical Permeability (kh and kz) 

Rocks with smaller grain sizes, poorer sorting, high cement content or an 

increase in the complexity of primary structures typically have lower permeability (kh) 

(Byrnes et al., 2013).  In this study, the mobility of CO2 upwards within the middle layer is 

relatively insensitive to independent changes of kh within both the siltstone (Material I) 

layer and in the fine-grained sandstone (Material D) layer.  This is because the main flow 



 

73 

direction of CO2 is vertical, due to either buoyancy flow processes directing supercritical 

CO2 up, or convective flow processes directing dissolved CO2 down.   Horizontal flow of 

CO2 preferentially occurs within the main aquifer sandstone (Material A).  

In contrast, vertical permeability (kz) has a large effect on CO2 mobility, 

particularly on the dissolved CO2 content.  The very high value of kz (10 mD) in the 

siltstone (Material I), which conceptually might represent vertical flow conduits (e.g., 

microfractures) or sections of coarser grains graded in with finer grains, increases the 

amount of dissolved CO2 able to flow into the upper aquifer. However, the base relative 

permeability and capillary pressure parameter values are set such that supercritical CO2 

is unable to continue migration upwards.  This corresponded to findings from 

Saadatpoor et al. (2010), which suggested heterogeneous rock types with small 

differences in vertical permeability may have little effect if only one phase is flowing, but 

could also be associated with differences in Pe and be enough to block rising 

supercritical CO2.  In the fine-grained sandstone layer (Material D), relative permeability 

and capillary pressure parameters are more conducive to the flow of supercritical CO2, 

so changes in kz dramatically affect both the supercritical and dissolved CO2 mobility.   

In the sensitivity study conducted by Doughty (2010), increases in sand and 

shale permeability were coupled with increases in the kz:kh ratio and decreases in Pe and 

Sgr. This resulted in an increase in CO2 buoyancy flow, which increased the 

concentration of dissolved CO2 when k was increased in the sand because the CO2 

migration distance increased, enabling more brine to be encountered by the plume. 

Conversely, it decreased the concentration of dissolved CO2 when k was increased in 

the shale, because the shale lenses were no longer able to divide CO2 into multiple 

plumes, thus less brine was encountered by CO2.  Results from this study suggest the 

increase in buoyancy flow observed in Doughty (2010) may have been influenced more 

by kz (as well as Pe and Sgr, see below) rather than kh. 

Porosity (ϕ) 

In this study, increases in porosity values, which may reflect chemical leaching or 

mineral dissolution contributing to high secondary porosity, increases the pore volume 

available for fluid occupation (both supercritical and aqueous phase), which decreases 

the mobility of the fluid.  The total CO2 content trapped in both the siltstone (Material I) 



 

74 

and fine-grained sandstone (Material D) layers are positively correlated to the porosity 

values in the same materials.  This is particularly apparent for the content of dissolved 

CO2.  An increase in porosity in the fine-grained sandstone layer decreases the amount 

of supercritical and dissolved CO2 that migrates into the upper aquifer. 

Residual gas saturation (Sgr) 

Only recently have core flooding experiments been extended from oil-gas and oil-

water systems to investigate CO2-water systems, and even fewer have performed 

imbibition experiments to obtain Sgr values (Bachu and Bennion, 2008).  The Sgr values 

obtained in these experiments ranged from 0.102 to 0.349.  However, three hundred 

measurements of SgrM conducted by Hamon et al. (2001) on core samples from gas 

reservoirs showed SgrM values ranging between 0.05 and 0.85.  Hamon et al. (2001) 

demonstrated that very low values of SgrM can occur in materials with moderate to low 

porosity and a high percentage of clay (microporosity), indicating the percentage of clay 

can have a large effect on the fraction of residual CO2 that remains trapped after the 

main plume has moved on.  The decrease in SgrM in materials with very high quantities of 

clay will likely not be as important because the higher Pe and lower k values 

accompanied with the high clay content would likely prevent CO2 from entering anyways.  

The decrease in SgrM would be more important for materials with moderate clay content 

and moderate porosity and permeability values.   

A second trend in residual gas saturation values measured by Hamon et al. 

(2001) demonstrated that higher Sgr values can occur in materials with relatively little 

clay.  Holtz (2002) suggested that increases in the pore network complexity 

(accompanied by a decrease in porosity and pore-throat size) increases Sgr.  Byrnes et 

al. (2009) observed that rocks with complex primary sedimentary structures 

(bioturbation, convolute, lenticular and wavy bedding) can exhibit higher critical gas 

saturations than rocks with larger scale structures (trough or planar cross-bedding, 

planar laminated or structureless), but primarily for rocks with permeability of less than 

0.01 mD.   

As discussed earlier, one of the limitations of the simulations in this study was 

the use of non-hysteretic curves, which meant the choice of Sgr greatly affects the 

amount of supercritical CO2 that is initially capable of invading into a grid block.  In 
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reality, only the values of k, Pe, Slr and m should influence the initial invasion of 

supercritical CO2 upwards into a water saturated grid block, not the value chosen for Sgr, 

which should only affect the amount of CO2 trapped after the leading edge of the CO2 

plume has passed.  For the materials with lower ϕ (<13%) and k (< 5 mD) the choice of 

Sgr is less of a factor for CO2 entry, because the kz and Pe values limit the amount of 

supercritical CO2 that can enter the materials anyways.  However, near the injection 

zone, where pressure gradients and CO2 saturations are higher, CO2 is able to migrate 

upwards slightly with very low Sgr values (0.09), where higher Sgr values (0.2 and 0.5) 

artificially decrease CO2 mobility because the CO2 saturation has to surpass these 

values in order to be mobile.   

The choice of Sgr values affects the mobility of CO2 in materials with moderate ϕ 

(13 – 15%) and k (5 - 31 mD) ranges more, resulting in a higher concentration of CO2 to 

collect at the top of the reservoir in the materials with lower Sgr values.  The modelling 

shows increasing Sgr in the fine-grained sandstone (Material D) layer up to a value of 0.8 

decreases the amount of CO2 able to migrate into the fine-grained sandstone because 

two-phase flow occurs over a narrower range of saturations.  Although the mobility at the 

leading edge of the plume is artificially immobilized in the materials with a higher Sgr, the 

use of very low Sgr values (0.05) would drastically overestimate the mobility of the CO2 

plume after it had passed, and underestimate the amount of residually trapped gas.  This 

could have implications for the rate of dissolution into the water, as a more mobile CO2 

plume will result in a larger CO2-water contact area (Audigane et al., 2007; Doughty, 

2010) and thus an increase of CO2 dissolution.  This will influence the pH of the water, 

and potentially the location and magnitude of mineral reactions, particularly over longer 

time scales.   

Capillary entry pressure (Pe) 

The distribution of supercritical CO2 is extremely sensitive to Pe.  Rocks with 

smaller pore-throats will have higher Pe values.  The restriction of pore-throats with fines 

or cements may not affect the porosity, so porosity alone is not sufficient to differentiate 

between the two.  Clean, well-sorted materials with larger pore-throats will have lower Pe 

values.  Simulations using the three layer model clearly show that an increase in Pe by 

an order of magnitude result in an increase in the capillary barrier between the reservoir 
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sands and the finer-grained middle layer materials, and 0 kg of supercritical CO2 in the 

upper aquifer. This corresponds to findings from Saadatpoor et al. (2010), suggesting 

differences in Pe can be sufficient to block rising supercritical CO2 while not having as 

large of an effect on the liquid phase.  Decreases in Pe by an order of magnitude in the 

fine-grained sandstone and siltstone dramatically increase the supercritical and 

dissolved CO2 in the upper aquifer and siltstone, respectively.  

Irreducible liquid saturation (Slr – RP, Slr – CP) 

Slr values are directly related to the amount of water trapped within the pore 

spaces and inversely related to the water’s mobility.  Increases in Slr (both related to 

relative permeability and capillary pressure) are expected for materials with 

heterogeneities that block off a large portion of the porous media from infiltrating CO2, 

and with higher mineral surface area that water can adhere to (Morgan and Gordon, 

1970; Perrin and Benson, 2010).  In turn, this decreases the mobility of CO2 because 

there is a smaller pore volume available for two-phase fluid flow.  The use of generic Slr 

values (0.3 for relative permeability, and 0.0 for capillary pressure) is not appropriate for 

all rock types.   

Capillary pressure Slr values obtained in this study by curve-fitting the data 

reported in the literature to the van Genuchten curve (1980), range from 0 to 0.27.  

However, the the majority of the low Slr values (0.05 or less) were obtained from curve-

fitting data reported in Byrnes et al. (2009), which was not corrected for true porosity 

using X-ray CT scan methods (e.g., Krevor et al., 2012).  Thus, the Slr values obtained 

from Byrnes et al. (2009) are likely underestimated.  The simulations show that a 

decrease in Slr (related to capillary pressure) to 0.05 in the fine-grained sandstone 

increases the amount of supercritical and dissolved CO2 in the upper aquifer 50% above 

base levels.  Lower Slr values also decrease the dissolution of CO2 in the fine-grained 

sandstone because of the lower volume fraction of water trapped in the pores.  This 

indicates that very low values of Slr (0.05 and less) should be considered carefully, and if 

possible, further investigation of Slr using X-ray CT scan methods should be 

implemented during capillary pressure measurements.  

Relative permeability Slr values obtained by curve-fitting the data reported in the 

literature to the van Genuchten curve (1980) range from 0.05 to 0.33, whereas the 
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experimental Slr endpoints range from 0.2 to 0.66.  However, high Slr values (0.66) may 

be a result of the maximum capillary pressures possible in the experimental setup, and 

should not be taken as the true endpoint unless it is clearly shown that sufficiently high 

capillary pressures were achieved in the experiment (Krevor et al., 2012).  The modelling 

shows increases in Slr up to 0.66 decreases the amount of CO2 able to penetrate into the 

siltstone (Material I) and fine-grained sandstone (Material D) layers. In the case of 

Material D, this actually prevents any supercritical CO2 (0 kg) from leaking into the upper 

aquifer over the 100 year time period and increases the CO2 content in the lower aquifer.  

This would be unlikely, given the moderate porosity, (15%), permeability (31 mD) and Pe 

(20.5 kPa) of the material.  Such high Slr values are likely a result of the experimental 

setup, and should be evaluated through model calibration with experimental data.   

These findings demonstrate the significance of the parameterization of Slr, both in 

terms of fluid mobility and CO2 dissolution.  This is particularly true for rock types with 

moderate porosity and permeability with base flow controlling parameter values more 

conducive to fluid mobility.   

van Genuchten exponent m (m – RP, m – CP) 

The m exponent in the van Genuchten equations is directly related to the mobility 

of the water, with higher m values (both related to relative permeability and capillary 

pressure) reflecting materials with well-sorted grain sizes, a narrow range in pore-throat 

sizes, and an overall higher liquid mobility.   

The m values obtained by curve-fitting the data reported in the literature to the 

van Genuchten curve (1980) range between 0.25 to 0.7 for capillary pressure, and 0.425 

to 1.1 for relative permeability.  However, recent reservoir scale numerical models of 

CO2 injection demonstrated that a high m value (0.917), corresponding to experimental 

measurements (Bachu and Bennion, 2008), simulated an increase in capillary-driven 

backflow towards the injection well and brine evaporation into the CO2, resulting in a 

very narrow salt precipitation zone causing near-zero permeability. This decrease in 

permeability was not observed in the field to the same degree, indicating the m value 

chosen in the study was too high (Doughty, 2010; Yamamoto and Doughty, 2011).   
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The modelling in this study shows that changes in m in the siltstone (Material I) 

and fine-grained sandstone (Material D) layers are directly related to the mobility of CO2 

in these layers, because an increase in water mobility frees up the pore space for the 

flow of CO2.  Increasing m up to 0.7 in the fine-grained sandstone (Material D) increases 

the amount of supercritical and dissolved CO2 in the upper aquifer, whereas decreasing 

m down to 0.18 prevents any (0 kg) supercritical CO2 from leaking into the upper aquifer 

over the 100 year time period.  This would be unlikely, given the moderate porosity 

(15%) and permeability (31 mD) of the material.  These findings demonstrate the 

significance of the parameterization of m, particularly for rocks with moderate porosity 

and permeability with base flow controlling parameter values more conducive to fluid 

mobility.  Although the use of the generic m values (0.457) may not be suitable for all 

rock types, given the range of m values obtained in this study (between 0.425 and 1.1 for 

relative permeability and 0.25 to 0.7 for capillary pressure) the value of 0.457 may be a 

relatively good estimate if the m values are completely unknown.  

3.4.2. Determination of Field-Scale Multiphase Flow Parameter 
Values  

Although the data and correlations in this study provide a starting point for 

parameterization of different rock types in a multiphase flow and reactive transport 

model, more experiments are required to obtain valid two-phase flow values  for the 

primary hydrostratigraphic units (HSUs) at a field site.  These data are critical to enable 

the capability of generating valid numerical models of heterogeneous storage sites.   

One of the primary multiphase flow parameters controlling the entry of CO2 into a 

material is Pe.  This value is typically considered to be relatively proportional to the 

permeability of the rock because both are dependent on pore-throat size.  However, the 

parameter values defining relative permeability are associated with a higher degree of 

uncertainty, particularly for CO2-water systems that have limited experimental data, and 

even less data considering SgrM.  Findings from Morgan and Gordon (1970) indicate that 

relative permeability characteristics could be very similar within individual rock types, 

even for rather large changes in permeability, whereas different rock types with the 

same permeability or grain size, display larger differences in relative permeability 

characteristics (e.g., Krevor et al., 2012).  This suggests the bulk petrology of the rock 
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may dominate over discrete heterogeneities for determining flow properties.  Morgan 

and Gordon (1970) suggested that once a reservoir is subdivided into meaningful rock 

types (HSUs) based not only on differences in porosity and permeability, but other 

factors controlling relative permeability (pore geometry, surface area, sorting and clay 

content) relative permeability could be evaluated based on those rock types rather than 

using a single property, such as permeability (Morgan and Gordon, 1970).   

Due to uncertainties associated with core-scale data, particularly for relative 

permeability of CO2-water systems (i.e., how representative they are of actual field 

conditions) (Mueller, 2011; Krevor et al., 2012), field-scale tests are preferable to core 

measurements, at least in the context of a reservoir scale study.  Recent field-scale 

tests, in conjunction with numerical model calibration, have helped to constrain values 

for the two-phase flow parameters (Slr, m, SgrM) for an entire HSU (Doughty et al., 2008; 

Doughty, 2010; Haese et al., 2013; Paterson et al., 2013).  In contrast to a measured 

value at the scale of a core plug, values obtained through calibration with field-scale 

tests provide averages over a larger area, incorporating finer-scale heterogeneities.  The 

area of investigation of field-scale techniques is closer in scale to a grid block in a 

reservoir scale numerical model, thus providing a better representation of the flow 

controlling parameter values at that scale.  More field-scale experiments such as these, 

coupled with numerical model calibration, would aid in constraining the value of m in 

various HSUs.  The experiments could potentially be used to examine how variations in 

clay content influence the maximum residual CO2 saturation in HSUs.  

3.4.3. Potential Impact on Short- and Long-Term Storage 

The flow controlling parameter values will impact the short- and long-term 

storage of CO2 by controlling the distribution of CO2 into its various trapping 

mechanisms: structural/stratigraphic, residual, dissolution and mineral trapping.  The 

distribution of supercritical CO2 will influence the distribution of dissolved CO2, which will 

then control the pH and extent of mineral dissolution and precipitation reactions that may 

take place.  In turn, the mineral dissolution and precipitation reactions may modify the 

flow regime by increasing or decreasing the porosity and permeability.   
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The multiphase flow parameters (Pe, Slr, m and Sgr) have a large influence on the 

distribution of supercritical CO2.  In some instances, these parameters will control 

whether a layer of low porosity and permeability will be sufficient to trap rising 

supercritical CO2 while not having as large of an effect on the liquid phase.  In addition, 

materials that may seem similar in terms of porosity and permeability, but have different 

degrees of sorting and clay content, may have different behaviours in terms of CO2 flow 

and transport.  Preferential flow of supercritical CO2 may occur in materials that have 

more uniform grain sizes because of a decrease in the complexity of the pore geometry 

and lower surface area for water to adhere to, thus lower Slr and higher m values, higher 

total fluid mobility and greater pore volume available for fluid storage.  Higher Slr values 

and lower Sgr values will promote the dissolution of CO2 because of a greater water 

volume.  In addition, moderate to low porosity materials with higher clay contents 

(microporosity) may have reduced values of residual gas saturation in comparison to 

cleaner materials with similar porosity and permeability, promoting CO2 mobility while 

suppressing CO2 storage.  

Over longer time scales (greater than 100 years), convective flow and 

hydrodynamic dispersion begin to play important roles in the distribution of CO2.  

Density-driven flow will bring CO2-rich water to lower portions of a reservoir, initiating 

convective flow currents and, combined with diffusion and dispersion, promote mixing 

with the ambient formation water, increasing the dissolution of supercritical CO2 (Ennis-

King and Paterson, 2007).  Materials with parameters more conducive to the mobility of 

CO2 in the aqueous phase (high kh, kv, m and low Slr) will likely have a larger amount of 

CO2 dissolution trapping because of the increase in convective mixing.  Materials with 

small grain sizes and high Pe values that are not conducive to the entry of supercritical 

CO2 may be more susceptible to the entry and transport of dissolved CO2 via diffusion, 

particularly over longer time scales.  These transport processes will influence the pH, as 

well as the location and extent of mineral dissolution and precipitation reactions. 

3.5. Conclusions 

In order to properly assess geochemical reactions and CO2 mineral trapping that 

may occur during CO2 injection, it is imperative that the flow and transport of CO2 are 
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first understood, as this will dictate the spatial distribution of pH and the extent of mineral 

reactions.   

The flow and transport of CO2 are dependent on flow controlling parameter 

values that vary according to grain size, pore and pore-throat size (pore geometry), 

degree of sorting, cement and clay content.  Numerical models investigating the 

sensitivity of the CO2 distribution during various stages of injection to the relative 

permeability and capillary pressure parameter values indicated that it should not be 

assumed that a set of multiphase flow parameters that adequately describes one rock 

type or injection site can be transferred to another rock type or simulation study.  Altering 

the relative permeability and capillary pressure parameters can dramatically change how 

conducive a material (with a fixed porosity and permeability) is to the flow and transport 

of CO2.  This may have major implications when trying to determine whether a material 

with a certain porosity and permeability is a sealing unit or not, or where preferential flow 

and storage of CO2 may occur.  It will also dictate the distribution of pH and extent of 

potential mineral reactions that may take place.   

In general, it was found that where porosity (ϕ) and permeability (k) decrease, the 

vertical to horizontal permeability ratio kz/kx decreases, capillary pressure entry strength 

(Pe) increases (smaller pore-throats), Slr increases (higher mineral grain surface area), 

and the m exponent (van Genuchten parameter) decreases (poorer sorting).  A literature 

review found two different relationships between porosity and SgrM, particularly in 

materials with low to medium porosity.  The first was an increase in SgrM with a decrease 

in porosity in clay-free sandstones, related to an increase in the complexity of the pore 

network and a decrease in pore-throat size.  The second was a decrease in SgrM with 

decreasing porosity in sandstones with higher clay content, associated with 

microporosity that did not contribute to trapping.  Further work is required to investigate 

the impact of clay content on CO2 residual gas saturations.  Recent field-scale tests, in 

conjunction with numerical model calibration, would be particularly useful for 

constraining values for the relative permeability parameters (Slr, m, SgrM) over an entire 

HSU, and for potentially examining how variations in clay content influence the 

maximum residual CO2 saturation.  
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The mobility of supercritical CO2 into a material was the most sensitive to Pe, but 

was also controlled by the values for Slr and m because these parameters control the 

mobility (and displacement) of the water in the water-saturated pore spaces.  Slr values 

also control how much water is available for the dissolution of supercritical CO2.  The 

distribution of dissolved CO2 was primarily sensitive to ϕ and kz values.   

In this study the mobility of CO2 at the leading edge of the plume (i.e., during 

drainage) was artificially immobilized with the use of non-hysteretic curves and very 

sensitive to the Sgr values, which were more reflective of the maximum residual gas 

saturations that each material would trap.  While this method is not ideal, the use of the 

same very low Sgr values (0.05) in all rock types would have drastically underestimated 

the amount of residually trapped gas during imbibition, and overestimated the mobility of 

the CO2 plume.  This could have major implications for the rate of CO2 dissolution into 

the water, the pH of the water and the location and magnitude of mineral reactions, 

particularly over longer time scales.  Future work could incorporate the findings from this 

study into hysteretic characteristic curves to re-evaluate how conducive each material is 

to flow and storage of CO2.   
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Chapter 4.  
 
Effect of Stratigraphic Heterogeneity on the 
Distribution of CO2 during Multiphase Flow and 
Transport Modelling of CO2 Storage  

4.1. Introduction 

In order to set up multiphase flow and reactive transport models, it is imperative 

to address the flow and transport of CO2 first, because this will influence how injected 

supercritical CO2 will partition into its various trapping mechanisms 

(structural/stratigraphic, residual, and dissolution trapping), the spatial distribution of pH, 

transport of aqueous species, and subsequent geochemical reactions that take place.  

Addressing the flow and transport of CO2 requires realistic values for the hydrogeological 

properties that define each material, adequate representation of the material distribution 

in the model, and appropriate grid discretization.  Grid discretization is discussed in 

Chapter 2, and the hydrogeological (flow controlling) parameters are discussed in 

Chapter 3.  In the present study, the impact of the material distribution on the flow, 

transport and distribution of CO2 is investigated.   

One of the key challenges when setting up the material distribution in a numerical 

model is transferring and incorporating geological data into the flow and transport 

models.  Geological models and core logs often capture extremely fine-scale 

heterogeneities and geologic variations on the centimetre to metre scale.  Past 

numerical simulation studies have used geostatistical techniques to investigate how 

heterogeneous systems and random distributions of porosity and permeability influence 

CO2 plume migration (Doughty and Pruess, 2004; Hovorka et al., 2004; Flett et al., 2007; 

Han et al., 2010; Lengler et al., 2010; Li et al., 2011; Olofsson et al., 2011).  In general, 

these studies have found that increased heterogeneity slows CO2 migration and 

produces more tortuous lateral and vertical flow paths.  This decreases the accumulation 
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of CO2 at the caprock and increases the interfacial contact area between CO2 and the 

formation water, increasing the dissolved CO2 content (Doughty and Pruess, 2004; Flett 

et al., 2007; Olofsson et al., 2011).  However, many reservoir scale simulation studies 

may not have had the computational power to refine the grid down to the scale required 

to resolve these fine-scale heterogeneities, particularly with the inclusion of reactive 

transport.  In reality, most reservoir scale multiphase flow and reactive transport 

simulations consist of coarse grids where one cell may be ten to hundreds of metres 

(and sometimes kilometres), in the horizontal direction, and one to ten metres in the 

vertical direction.  In these simulations, random distributions of porosity and permeability 

may be less realistic than macroscopic variability, having distinct vertical and lateral 

stratification that controls the primary porosity and permeability (Sharp et al., 2003; 

Johnson et al., 2001; White et al., 2005; Audigane et al., 2007; Ambrose et al., 2008).  

Hydrogeologists typically use larger scale pumping tests in combination with core 

logs to provide an effective data set for identifying hydrostratigraphic units (HSU) (e.g., 

Noyes et al., 2000).  HSUs are defined as bodies of rock with similar hydrogeological 

properties and considerable lateral extent such that they act as a reasonable distinct 

hydrogeologic system (Maxey, 1964).  These units are characterized by bulk parameter 

values that aim to capture the finer-scale heterogeneities within each unit.  In Chapter 3, 

a number of material types, or HSUs, were created, defined by hydrogeologic 

parameters that represent fine-scale heterogeneities inherent to a number of realistic 

rock types.  These HSUs form the basis of this study, representing different stratigraphic 

rock layers in a series of simple two-dimensional hypothetical simulations that 

conceptualize characteristics and material distributions common to many reservoir 

systems.  The distribution of supercritical and dissolved CO2 are compared between 

simulations, up to 100 years after the start of injection, to illustrate the sensitivity of CO2 

to stratigraphic heterogeneity over the short-term.  The multiphase flow and transport 

models were used as precursors for reactive transport simulations (Chapter 5).  This 

included the incorporation of reactive chemistry into the flow models and an extension of 

the simulation time, to examine how the flow and transport of CO2 in stratigraphically 

heterogeneous reservoirs influences the spatial distribution of pH, the transport of 

aqueous species, and the distribution of mineral dissolution and precipitation reactions.    
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4.2. Methodology 

In the present study, a series of two-dimensional reservoir models with various 

material distributions was developed using the multiphase flow and transport code 

TOUGH2 V2 (Pruess et al., 1999) and graphical user interface Petrasim (Thunderhead 

Engineering, 2010).  CO2 injection was simulated at a rate of 30 kg/s for 20 years, and 

post-injection was simulated for an additional 80 years (i.e., 100 years total) to examine 

how the stratigraphic heterogeneity controls the spatial distribution of CO2.  This time 

frame was chosen to illustrate the sensitivity of CO2 over the relatively short-term, as this 

is the period currently of interest to most regulators.  It also ensured the flow and 

transport portion of the simulations was successful over the short-term, before 

incorporating reactive chemistry and extending the simulation times.   

Chapter 2 provides details on the numerical model, the initial simulation setup, 

initial conditions and the injection scheme employed in each simulation.  The following 

sections outline the material types used in this study, and the types of material 

distribution configurations that were investigated. 

4.2.1. Materials 

A total of seventeen material types were created in Chapter 3.  Nine of these 

materials were used in this study and are provided in Table 4-1.  Conceptually, these 

materials are meant to represent bulk material properties that incorporate small-scale 

heterogeneities inherent to a number of realistic rock types (HSUs).  For example, small 

grain sizes, poor sorting, an increase in complex sedimentary structures or a higher 

percentage of cement, could be represented by: a decrease in porosity (ϕ) and 

permeability (k) (to account for smaller pore spaces and pore-throats); a decrease in the 

vertical to horizontal permeability ratio (kz/kx); an increase in the capillary pressure entry 

strength (Pe) (to account for narrower pore-throats); an increase in the irreducible water 

saturation (Slr ) (to account for a higher mineral grain surface area the liquid would 

adhere to, as well as any heterogeneities directed sub-parallel to flow which may create 

preferential flow paths and block off a large portion of the pore spaces from infiltrating 

CO2); and a decrease in the m exponent (to account for poorer sorting).  The choice of 

the Sgr values for each material in this study was difficult because of the use of non-
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hysteretic relative permeability and capillary pressure curves (discussed in Chapter 3), 

which means the mobility of CO2 at the leading edge of the plume (i.e., during drainage 

of the water) may be artificially inhibited by the Sgr value.  In reality, the Sgr value should 

be zero during drainage and then increase to the maximum value as the saturation of 

the non-wetting phase (supercritical CO2) increases, while the values of k, Pe, Slr and m 

should be the only parameter values influencing the initial incursion of supercritical CO2 

into a water saturated grid block.  However, the use of a very low Sgr value (e.g., 0 to 

0.05) will drastically overestimate the mobility of the supercritical CO2 plume during 

imbibition, and underestimate the amount of residually trapped gas.  Therefore, the Sgr 

values used in this study are more representative of the maximum residual gas 

saturation (SgrM) for each material, with Sgr increasing with decreasing ϕ and k to 

represent an increase in the complexity of the pore network, accompanied by a 

decrease the size of the pores and pore-throats (Hamon et al., 2001; Holtz, 2002; 

Byrnes et al., 2009).  This will artificially change how conducive each material is to the 

flow of supercritical CO2, particularly in the materials with moderate porosity, 

permeability and Pe values (see Chapter 3 for more details), but will later enable the 

investigation of how residually trapped gas in heterogeneous rock types effects mineral 

reactions over longer time scales and provide more realistic values of SgrM for future 

studies using hysteretic curves.  

It should be noted that Material D and D2, have the same ϕ, k, and multiphase 

flow parameters, but different Sgr values.  This was done to test two trends observed in 

rocks with moderate to low ϕ, as discussed in Chapter 3 and outlined by Hamon et al. 

(2001).  One trend represents an increase in the maximum residual gas saturation (SgrM) 

with decreasing ϕ due to an increase in the pore network complexity.  The second trend 

represents a decrease in SgrM with decreasing ϕ in sediments with a high volume fraction 

of clay, thought to result in an increase in microporosity that does not contribute to 

trapping (Hamon et al., 2001), or the presence of mica, which may create a mixed-wet 

system (Krevor et al., 2012).  Thus, Material D2 was assigned a lower Sgr value (0.19) 

than Material D (0.34), but the same ϕ and k.  
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Table 4-1. Hydrogeological parameter values assigned to the hypothetical 
material types 

 
Porosity and 
Permeability 

Relative 
Permeability 

Capillary Pressure 

 Material 
ϕ  

(%) 
kh 

(mD) 
kh:kv

kv  
(mD)

m Slr Sgr 
Pe 

(kPa) 
Slr m 

 
Injection 

Unit 
35 2000 1 2000 0.187 0.5 0.01 No Capillary Pressure

 J 28.3 1156 1 1156 0.56 0.05 0.18 4.57 0.05 0.37 

 A 25 500 0.5 250 0.7 0.15 0.2 6.53 0.03 0.41 

 B 22 280 0.325 91 0.63 0.18 0.25 8.14 0.07 0.39 

 C 19 93 0.175 16 0.56 0.21 0.30 13.0 0.12 0.37 

 D 15 31 0.125 3.9 0.48 0.24 0.34 20.5 0.16 0.35 

 D2 15 31 0.125 3.9 0.48 0.24 0.19 20.5 0.16 0.35 

 E 14 19 0.115 2.2 0.45 0.25 0.36 24.8 0.18 0.34 

 I 12 1 0.1 0.1 0.41 0.27 0.5 101 0.2 0.33 

 

Note that although these material types are based on realistic input parameter values, 

they do not represent any real system.  Also, as the primary objective of the study was to 

provide base models for reactive transport simulations, the simulations are relatively 

simple. In the interest of space, not all of the simulations are discussed, but an attempt is 

made to include those simulations that best conceptualize characteristics and material 

distributions common to many reservoir systems. 

4.2.2. Problem Setup 

Three Layer Material Distributions 

The three layer model used in Chapter 3 was adapted for this study.  The models 

contained two 45 m thick aquifers of the same material and separated by a 10 m thick 

layer of a different material, thus creating a heterogeneous domain.  Two different 

material distributions were investigated.  In the first, the top and bottom aquifers were 

composed of a material with a high porosity (25%) and permeability (kh of 500 mD and kv 

of 250 mD), intended to represent a coarse- to medium-grained reservoir sandstone 

(Material A).  These aquifers were separated by a 10 m thick material of lower porosity 
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(12%) and permeability (kh of 1 mD and kv of 0.1 mD), higher residual gas (0.5) and 

liquid (0.27 and 0.2) saturations, and higher capillary entry pressures (101 kPa) intended 

to represent an interbed of low permeability siltstone  (Material I) (Figure 4-1a).   

In the second configuration, the top and bottom aquifers were composed of a 

fine-grained sandstone with poorer sorting (Material D2) and moderate porosity (15 %) 

and permeability (kh of 31 mD and kv of 3.9 mD). The middle layer was composed of 

material with a very high porosity (28.3%) and permeability (kh and kv of 1,156 mD) 

intended to represent a clean coarse-grained sandstone (Material J) (Figure 4-1b). 

Conceptually, this configuration could represent a storage aquifer composed of finer 

grain size with an interbedded high permeability paleochannel; the simulation was 

intended to test whether these layers of high porosity and permeability relative to the 

target reservoir would act as preferential flow pathways for CO2.     

Methods used to determine appropriate grid discretization were discussed in 

Chapter 2.  The three layer models were discretized vertically as follows: the bottom 

layer was discretized vertically with 12 cell layers, decreasing in thickness by a factor of 

0.9 (∆z from 6.3 to 2 m) up towards the interface between the two material types to 

better resolve concentration gradients as the CO2 encountered the lower porosity and 

permeability in the middle material.  The middle layer was discretized vertically with 5 

cell layers (∆z of 2 m). The upper layer was discretized vertically with 20 cell layers that 

also decreased slightly in size towards the top of the model (∆z from 2.3 to 2 m).  The 

models were discretized radially with 291 cells.  The widths were increased by a factor of 

1.05 away from the injection zone to increase computational efficiency, from an initial 

width of 0.33 m to a maximum width of 87 m, 6,000 m away from the injection zone.  

Between 413 and 3,013 m a uniform cell size of 20 m was used, and between 3,425 and 

5,025 m a uniform cell size of 40 m was used to reduce numerical instabilities in areas of 

the model that exhibited higher concentration gradients due to either buoyancy, 

dissolution or convection processes.   
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Figure 4-1. Representation of a three layer material distribution of a) porous and 
permeable, coarse- to medium-grained sandstone (Material A), separated by a 10 m 
thick siltstone layer with lower porosity and permeability (Material I) and, b) fine-grained 
reservoir sandstone with moderate porosity and permeability (Material D2) separated by 
a 10 m thick layer of clean coarse-grained sandstone with very high porosity and 
permeability (Material J). 

Graded Bedding 

Ideally, material distributions in a numerical model should mimic the stratigraphy 

found in nature; however, there are a number of oversimplifications undertaken when 

transferring the geological data to the numerical model. For example, lithological layers 

are often represented as discrete units in numerical models, but in real systems, gradual 

changes in grain size and material properties are often observed as fining upwards or 

coarsening upwards sequences as a result of a gradual change in water level/energy 

within the depositional environment.  When modelling a sandstone reservoir that fines 

(or coarsens) upwards until capped by a low permeability sealing layer, a decision would 

have to be made as to where the hydrogeological unit boundaries should be defined. 

One option is to differentiate only the low permeability sealing layer, and leave the 

bottom sandstone as a single homogeneous layer.  A second option is to define several 

layers, in a gradual fining (or coarsening) upwards sequence. To examine the sensitivity 
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of the CO2 distribution to graded bedding, a multi-layered model was created.  It was 

composed of a fining upwards sequence from coarse-grained to very fine-grained 

sandstone in 5 layers (Material J to Material E) in the lower 45 m portion of the reservoir, 

capped by a 10 m thick unit of siltstone (Material I).  The distribution of material types, as 

well as profiles of the porosity and permeability, is shown in Figure 4-2.  Each 

hydrostratigraphic layer (HSU) was refined vertically with 3 cell layers, which decreased 

in thickness towards the top of the siltstone by a factor of 0.9 (∆z from 4.4 to 1.2 m).  

The siltstone was discretized with 5 cell layers (∆ z of 2 m), and the upper aquifer with 

20 cell layers (∆z from 2.3 to 2 m).  

 

Figure 4-2. a) Representation of a fining upwards material distribution. Corresponding 
b) horizontal permeability (kx) and c) porosity profiles.   

The distributions of supercritical and dissolved CO2 were then compared to the three 

layer simulation where graded bedding was not represented.  The concentration of CO2 

in each of the layers over time was examined using the Mass Balance module of 

Tough2lbox (T2B) (Audigane et al., 2011).   

Geological Discontinuities 

Geological discontinuities are a common type of heterogeneity in a storage 

reservoir/seal system that can have an impact on the containment of CO2 (Lindeberg, 

1997; Pruess and Garcia, 2002). A number of different types of geological discontinuities 
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may occur.  An erosional discontinuity is a feature that may result from a channel cutting 

down through a mudstone layer, resulting in a thinning or complete termination of a low 

permeability seal.  The erosional channel may be infilled with a variety of material types, 

such as clean coarse-grained sands and gravels, fine-grained clay-free sand, or fine-

grained poorly-sorted sand with high clay content.  To represent what might occur at an 

erosional channel cutting through a low-permeability sealing layer, a vertical 

discontinuity was placed 1 km away from the injection zone in the 10 m thick siltstone 

layer (Material I) that separates the two sandstone aquifers (Figure 4-3).  The material in 

the discontinuity was changed to one with a higher porosity and permeability (as well as 

lower residual fluid saturations and capillary entry pressure) than the adjacent siltstone.  

Five different cases were modelled. Table 4-2 provides the material types assigned to 

the top and bottom layers, as well as the discontinuity situated within the middle siltstone 

layer.   

Cases 1 and 2 represents a thinning or termination of the low permeability 

sealing layer separating two high permeability aquifers due to erosion and infilling of a 

channel feature, with the width of that separation decreasing from 10 m in Case 1 to 1 m 

in Case 2.  Case 3 is similar to Case 1, but the channel feature cutting through the seal 

is filled with fine-grained poorly-sorted sandstone.  Case 4 is essentially the same as 

Case 3, but was intended to test the system to a slight decrease in the Sgr value within 

the discontinuity, which conceptually might represent a sandstone with similar porosity 

and permeability as a clean fine-grain sandstone, but having poorer sorting and a higher 

percentage of clay size particles (Hamon et al., 2001; Chapter 3).  In Case 5, the 

material in the top layer was changed from Material A (coarse- to medium-grained 

sandstone) to Material D2 (fine-grained sandstone).  This was done to represent a 

sedimentary succession that may occur in a deltaic or river setting, where shifts in 

depositional environments may lead to a fine-grained, moderately porous and permeable 

sand aquifer overlying a silt aquitard, which overlies a medium-grained highly porous 

and permeable sand aquifer.  Erosion of the base silt/clay layer may have led to 

discontinuities in the silt.  
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Table 4-2. Material distribution and width of vertical discontinuity situated 
within the middle siltstone layer separating two coarse- to fine-grained sandstone 
aquifers 

 Case Number 

 1 2 3 4 5 

Material in Top Layer Material A Material A Material A Material A Material D2

Material in  
Vertical Discontinuity in 

Middle Layer 
Material A Material A Material D Material D2 Material D2

Discontinuity Width 10 m 1 m 10 m 10 m 10 m 

Material in Middle Layer Material I Material I Material I Material I Material I 

Material in Bottom Layer Material A Material A Material A Material A Material A 

 

Grid discretization was slightly different in the discontinuous models than in the three 

layer continuous models to ensure proper discretization in the region of the discontinuity.  

The models were discretized radially with 311 cells.  To increase computational 

efficiency, the radii were increased by a factor of 1.05 away from the injection zone, from 

an initial width of 0.33 m to a maximum width of 100 m, 4,200 m away from the injection 

zone.  A uniform radial cell size of 10 m was used between 195 and 1,245 m, and a 20 

m uniform cell size between 1,634 and 3,334 m.  The distribution of CO2 was not 

sensitive to the size of the cells within the last 6,000 m. The upper aquifer was 

discretized vertically with 14 cell layers that had a thickness of 2 m overlying the 

siltstone, increasing to 5 m near the centre of the upper aquifer, and then decreasing 

again to 3 m at the top of the layer.  The lower aquifer was discretized vertically with 12 

cell layers, which decreased in thickness from 6.3 to 2 m towards the top of the layer.  

The middle siltstone/discontinuous layer was refined with 10 vertical cell layers with 

uniform thickness (∆z of 1 m).   
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Figure 4-3. Representation of a three layer material distribution with 10 m wide vertical 
discontinuity in Material I. a) Case 1: the top layer, bottom layer, and discontinuity are 
composed of Material A. b) Case 5: the top layer and discontinuity are composed of 
Material D2, and the bottom layer is composed of Material A. 

4.3. Results 

4.3.1. Three Layer Material Distributions 

The distribution of supercritical and dissolved CO2 from the simulations outlined 

in Figure 4-1a, with the two aquifers composed of coarse- to medium-grained sandstone 

(Material A) and interbedded siltstone layer (Material I), are shown in Figures 4-4 and 4-

5, respectively.  Supercritical CO2 migrates upwards from the injection point under 

buoyancy driven flow until it reaches the siltstone (Material I) where it then begins to 

spread radially.  At the end of the 20 year injection period, the highest supercritical CO2 

saturations are near the injection zone.  Pressure gradients at the sandstone-siltstone 

interface, caused by buoyancy driven flow of supercritical CO2 upwards, result in a very 

minor amount of supercritical CO2 entering into the siltstone, up to 1.3% of the total 

amount injected, but for the most part, CO2 remains trapped below the siltstone.  Post-

injection, most of the supercritical CO2 is trapped below the siltstone, with the exception 
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of the residual CO2 that remains near the area of injection.  The plume of supercritical 

and dissolved CO2 flows radially along the siltstone-sandstone boundary, to a maximum 

extent of 3,000 m, 100 years after the start of injection. The saturation of supercritical 

CO2 decreases with time because of the lateral elongation of the plume and its 

dissolution into the formation water. 

 

Figure 4-4. Distribution profiles of supercritical CO2 gas saturation (SG) 1, 20, 50 and 
100 years after the start of injection in medium-grained sandstone (Material A) with an 
overlying siltstone (Material I) layer (model configuration outline in Figure 4-1a). 

 

Figure 4-5. Distribution profiles of the mass fraction of dissolved CO2 (XCO2) in the 
aqueous phase, 1, 20, 50 and 100 years after the start of injection in medium-grained 
sandstone (Material A) with the interbedded siltstone (Material I) layer (model 
configuration outline in Figure 4-1a). 



 

95 

Dissolved CO2 (mass fraction of dissolved CO2; XCO2) mimics the distribution of 

supercritical CO2, as it is at the supercritical CO2-water contact where dissolution occurs 

(Figure 4-5).  By 50 years, the water with dissolved CO2 has begun to migrate 

downwards in a fingering pattern due to convection currents generated by density driven 

flow.  Pressure gradients at the sandstone-siltstone interface, caused by buoyancy 

driven flow of supercritical and upwards, result in a very minor amount of dissolved CO2 

into the siltstone, up to 1.5% of the total amount injected, primarily in the region close to 

the injection zone where the pressure gradients are higher.  A minor amount (0.0001%) 

of dissolved CO2 flows upwards into the upper aquifer because dissolved CO2 is not 

sensitive to the multiphase flow parameters (Chapter 3).  

The distributions of supercritical and dissolved CO2 from the simulations outlined 

in Figure 4-1b, with the fine-grained sandstone aquifer (Material D2) and the 

interbedded layer of coarse-grained highly permeable sandstone (Material J), are shown 

in Figures 4-6 and 4-7, respectively.  Supercritical CO2 migrates upwards from the 

injection point in the fine-grained sandstone (Material D2), albeit not as quickly as when 

it is injected into the medium-grained sandstone (Material A), and then extends both 

laterally and upwards.  This is because the fine-grained sandstone is less conducive to 

buoyancy driven flow of CO2 in comparison to the medium-grained sandstone, given its 

lower porosity and permeability, higher Slr , higher Pe and lower m.  At the end of the 20 

year injection period, supercritical CO2 has reached the coarse-grained sandstone 

(Material J), where it preferentially flows radially. Some of the CO2 also flows upwards 

into the upper fine-grained sandstone (Material D2), separating the main plume into 

three distinct zones.  By 100 years, the highest CO2 saturations are in the upper fine-

grained sandstone layer because of buoyancy flow, as well as the coarse sandstone 

because its flow controlling parameter values are more conducive for the flow of CO2.  

The plume extends to a maximum radius of approximately 2,300 m within the 

preferential flow path (Material J), whereas the plume in the upper and lower aquifers 

only extends to approximately 1,000 and 1,300 m, respectively.   
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Figure 4-6. Distribution profiles of supercritical CO2 gas saturation (SG) 1, 20, 50 and 
100 years after the start of injection in fine-grained sandstone (Material D2) with 
interbedded coarse-grained sandstone (Material J) (model configuration outline in 
Figure 4-1b). 

 

Figure 4-7. Distribution profiles of the mass fraction of dissolved CO2 (XCO2) in the 
aqueous phase 1, 20, 50 and 100 years after the start of injection in fine-grained 
sandstone (Material D2) with interbedded coarse-grained sandstone (Material J) layer 
(model configuration outline in Figure 4-1b). 

The distribution of dissolved CO2 mimics the distribution of the three supercritical 

CO2 plumes.  Downward migration of dissolved CO2 is observed in the plume following 

the preferential flow path at 1,500 m as early as 20 years since the start of injection, but 

is impeded from flowing downwards into the finer-grain sandstone (Figure 4-7).   
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A comparison of the total supercritical and dissolved CO2 content in the 

simulations with the alternating sandstone and siltstone (Materials A and I) and the 

alternating fine-grained and coarse-grained sandstone layers (Materials D2 and J) is 

provided in Figure 4-8.  There is a higher content of dissolved CO2 in the model with the 

alternating fine and coarse-grained sandstone layers (Figure 4-8b).  One reason for this 

is that supercritical CO2 migrates throughout the entire extent of the 100 m reservoir, 

thus creating a larger supercritical CO2-water interface.  A second reason is the higher 

residual water saturation (Slr) in Material D2, representing a larger mineral grain surface 

area that water can adhere to due to smaller grain sizes and poorer sorting.  A higher Slr 

value increases the pore water content available for supercritical CO2 to dissolve into.   

  

Figure 4-8. Comparison of the total a) supercritical CO2 and b) dissolved CO2 content in 
the simulation with Material A and I versus the simulation with Material D2 and J. 

4.3.2. Graded Bedding 

A grading upwards of grain size from coarse-grained sandstone with very high porosity 

and permeability (Material J) to very fine-grained sandstone with moderate to low 

porosity and permeability (Material E) (model configuration outlined in Figure 4-2) has a 

significant effect on the CO2 distribution in comparison to the three layer model (outlined 

in Figure 4-1a) with only two discrete changes in layer materials (Figure 4-9).  The most 

noticeable change is the decrease in the lateral extent of the plume from approximately 

3,000 m to 2,000 m.  The thickness of the plume increases, however, occupying a large 

portion of the lower aquifer close to the injection interval. The concentration of 

supercritical CO2 in each material varies depending on the balance between buoyancy 
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flow processes pushing CO2 upwards, and the flow controlling parameters of the 

material preventing CO2 from moving upwards.  The decrease in porosity and 

permeability, the increase in the residual fluid saturations (Slr and Sgr), the decrease in 

water mobility (represented by the decrease in m), and the increase in Pe upwards within 

the lower aquifer slows the rate of buoyancy driven flow, resulting in a greater lateral flux 

and a higher residual saturation of CO2. The highest supercritical CO2 concentration is 

between -85 and -70 m, rather than just below the siltstone (at -55 m), corresponding 

spatially to the transition from medium-to-fine-grained sandstone (Materials B and C) 

(Figure 4-9aii).  This, combined with the shortened lateral extent of the CO2 plume 

beneath the siltstone, decreases the supercritical and dissolved CO2 contents in the 

siltstone by 0.2% and 1.1%, respectively.   

 

Figure 4-9. Comparison of i) supercritical CO2 gas saturation (SG) (scale of 1 – 0), ii) 
supercritical CO2 gas saturation (SG) (scale of 0.6 – 0) and iii) mass fraction of dissolved 
CO2 (XCO2) distribution profiles from simulations with a) fining upwards material 
distribution, versus b) three layer material distribution. 

 Figure 4-10a shows the total amount of supercritical CO2 in each layer, 

normalized to the thickness of each layer.  The highest amount of supercritical CO2 is in 

the medium-grained sandstone (Material A and B) during the injection period, indicating 

CO2 is extremely mobile in the lowest layer (Material J).  Over time, supercritical CO2 
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rises into the overlying finer-grained layers (Material C, D and E), but at reducing rates 

within each layer moving upward through the fining upward sequence.   

Figure 4-10b shows the total amount of dissolved CO2 in each layer, normalized 

to the thickness of each layer.  The total amount of dissolved CO2 is highest in Material J 

during the injection period, and then in Material A until the end of the 100 year simulation 

period when the dissolved content in Material B starts to surpass the content in Material 

A.  The steady increase in dissolved CO2 content in each layer indicates continual 

dissolution of supercritical CO2 as it rises into the overlying stratigraphic layers.  The 

exception is the dissolved CO2 content in Material J, which appears to stabilize after the 

injection period (20 years) since most of supercritical CO2 has already migrated out of 

the layer.  An increase in dissolved CO2 content after 80 years is due to density-driven 

flow of dissolved CO2 downwards, indicating that the content of dissolved CO2 is also 

dependent on stratigraphic position.   

 

Figure 4-10. Mass of a) supercritical CO2 and b) dissolved CO2 over time within each 
stratigraphic layer of the graded bedding simulation, normalized according to the 
thickness of each layer. 

Figure 4-11 demonstrates the influence that stratigraphic layering has on the 

amount of supercritical and dissolved CO2 in comparison to the model with just two 

discrete changes in layer materials (three layer distribution).  Simulations with graded 

bedding decrease the total supercritical CO2 content and increase the dissolved CO2 

content by 1.5% after 100 years.  One reason for this is that supercritical CO2 has 

extended through a larger vertical portion of the reservoir, which increases the 

supercritical CO2-water interface and increases the dissolution of CO2.  An additional 
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reason is that the finer-grained materials are associated with larger mineral grain surface 

areas and more pore spaces that are inaccessible to the invading CO2, thus higher Slr 

values, increasing the water content that supercritical CO2 can dissolve into. 

 

Figure 4-11. Comparison of the total a) supercritical CO2 and b) dissolved CO2 in the 
lower 45 m of the model domain when it is represented by either graded bedding or 
three layer material distribution. 

4.3.3. Geological Discontinuities  

The distributions of supercritical and dissolved CO2 100 years after the start of injection 

in the simulations with a low permeability layer (Material I) that contains a vertical 

discontinuity are shown in Figures 4-12 and 4-13, respectively.  When the discontinuity 

contains the medium-grained sandstone (Cases 1 and 2), a significant amount of 

supercritical and dissolved CO2 is able to migrate to the top of the upper aquifer, 

regardless of whether the discontinuity is 10 m (Case 1; Figures 4-12a and 4-13a) or 1 

m (Case 2; Figures 4-12b and 4-13b).  Figure 4-14 compares the change in pressure, 

supercritical CO2 gas saturation, and mass fraction of dissolved CO2 within the cell at the 

top of the upper aquifer (observation point; OBS1), located 1,000 m away from the 

injection zone, directly above the vertical discontinuity in each of the simulations (the 

location of OBS 1 shown in Figures 4-12 and 4-13).  The “Base” is the response from 

the simulation where the low permeability seal layer (Material I) is continuous and CO2 

leakage into the upper aquifer does not occur.  A decrease in pressure was observed in 

OBS1 at 20 years in all of the cases when CO2 injection ends.  The loss of CO2 

containment in the lower aquifer is evidenced by the increase in pressure, gas saturation 

and mass fraction of dissolved CO2, which indicate that CO2 begins to enter the upper 
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aquifer in Cases 1 and 2 just after 5 years, and begins to reach the top of the upper 

aquifer 7 years after injection. The responses in both Case 1 and Case 2 are very 

similar, with only 5% higher gas saturation initially in Case 1 compared to Case 2, and 

0.08% higher pressure.  However, the lateral migration distance of CO2 is greater below 

the middle layer in Case 2 (approximately 2,000 m versus 1,500 m in Case 1), indicating 

that the total amount of CO2 that is able to leak upwards is less. 

When the higher porosity and permeability sandstone forming the vertical 

discontinuity is replaced by sandstone with a lower porosity and permeability, higher 

residual fluid saturations (Slr and Sgr) and higher Pe (Material D) (Case 3), the mobility of 

CO2 is reduced significantly (Figures 4-12c and 4-13c).  Most of the CO2 remains 

beneath the low permeability middle layer, migrating laterally to almost 3,000 m.  

Supercritical CO2 does enter the vertical discontinuity, rising up to the bottom of the 

upper aquifer, but the buoyancy forces are insufficient to overcome the more stringent 

flow controlling parameter values of Material D, and the CO2 does not migrate further 

into the upper aquifer.  After injection ceases, residual CO2 remains in the discontinuity, 

resulting in a small plume of dissolved CO2 along the top of the middle siltstone layer 

(Figure 4-13c).  Figure 4-14 shows that the response in the top-most cell within the 

Case 3 model is essentially the same as in the base case. 
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Figure 4-12. Distribution of supercritical CO2 gas saturation (SG) in simulations with a 
vertical discontinuity within the middle siltstone layer (Material I) separating two 
permeable aquifers for a) Case 1, b) Case 2, c) Case 3, d) Case 4 and e) Case 5.  
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Figure 4-13. Distribution of mass fraction of dissolved CO2 (XCO2) in simulations with a 
vertical discontinuity within the middle siltstone layer (Material I) separating two 
permeable aquifers for a) Case 1, b) Case 2, c) Case 3, d) Case 4 and e) Case 5. 

When the lower porosity and permeability sandstone in the vertical discontinuity 

is replaced by a more clay-rich sandstone of similar properties, but with a lower residual 

gas saturation (Material D2, Case 4), there is significant leakage of CO2 through the 

middle layer (Figures 4-12d and 4-13d).  This demonstrates that the Sgr value is 

artificially inhibiting the flow of supercritical CO2 upwards in Case 3.  In Case 3, the 

saturation of supercritical CO2 must exceed the Sgr value of 0.34 in Material D in order to 

be mobile within the discontinuity, while in Case 4 it only needs to exceed the Sgr value 

of 0.19 in Material D2.  The saturation of supercritical CO2 when it begins to enter the 

discontinuity in Cases 3 and 4 is approximately 0.38.  Thus, the relative permeability of 

supercritical CO2 in the discontinuity is very small in Case 3, (approximately 0.0016 of 

the total permeability) whereas it moves relatively easily in Case 4 because its relative 

permeability is much higher at the same CO2 saturation (0.062 of the total permeability).   

The arrival of CO2 to the upper aquifer in Case 4 is noted by the increase in 

pressure, gas saturation and mass fraction of dissolved CO2 in OBS1, which indicate 
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CO2 reaches the top of the upper aquifer by 15.5 years after the start of injection.  The 

pressure response in the upper aquifer is not as high as for Cases 1 and 2, but is 

significantly higher than for Case 3, indicating that the flow of CO2 upwards is slowed 

significantly by the presence of the finer-grained sandstone (Material D2) in comparison 

to the porous and permeable medium-grained sandstone (Material A). When the 

medium-grained high porosity and permeability sandstone in the upper aquifer (Material 

A) is replaced by the fine-grained clay-rich sandstone with moderate porosity and 

permeability (Material D2) (Case 5), there again is leakage of CO2 to the top of the upper 

aquifer (Figures 4-12e and 4-13e).  Leakage is not detected until 36 years after the start 

of injection (Figure 4-14) and the CO2 gas saturation is not as high as for Cases 1, 2 

and 4, but is significantly higher than for Case 3.  The background pressure is higher in 

Case 5 because of the smaller pore volume.  

 

Figure 4-14. Values of a) pressure, b) supercritical CO2 gas saturation, c) mass fraction 
of dissolved CO2, and d) sensitivity of pressure to lateral grid refinement of the 10 m 
discontinuity over time in the grid cell 45 m above the discontinuity at the top of the 
upper aquifer (OBS1). 
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In reality, the likelihood of having a monitoring well directly above an area of 

leakage is low.  However, pressure perturbations were also observed in the cells in a 

wide radius around the area of leakage, particularly for Case 1.  This is illustrated in 

Figure 4-15, which compares the pressure and supercritical CO2 gas saturation at OBS1 

(directly above the leakage point) and OBS2 (500 m between OBS1 and the injection 

zone) for Cases 1, 3 and 4.  The locations of OBS1 and OBS2 are shown in Figures 4-

12 and 4-13).  At OBS2, pressure begins to increase with the onset of CO2 leakage into 

the upper aquifer; for Case 1, the pressure increase is observed in less than 6 years, 

even though CO2 does not arrive until approximately 20 years.  Pressure increases were 

smaller for Case 4 because the CO2 gas saturation is much lower in the upper aquifer, 

but starts to become noticeable around 10 years.  In Case 4, the supercritical CO2 plume 

does not reach OBS2 in the 100 year simulation time even though pressure 

perturbations were detected.    

 

Figure 4-15. Comparison of pressure (top) and supercritical CO2 gas saturation (SG) 
(bottom) in a) OBS2, located 500 m away from injection zone, and b) OBS1, located 
1,000 m away from injection zone.  
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The effects of lateral grid refinement in the area of the discontinuity were 

investigated by comparing differences in pressure, gas saturation and the mass fraction 

of dissolved CO2 when the 10 m discontinuity was represented with a grid spacing of 10 

m (1 cell column) versus a grid spacing of 1 m (10 cell columns).  Figure 4-14d shows 

the pressure observed in OBS1 when the 10 m discontinuity in Cases 1 and 5 is refined 

with 10 cell columns (Case 1 – Refined and Case 5 – Refined, respectively) as opposed 

to 1 cell column (Cases 1 and 5). The pressure is essentially the same whether the 

discontinuity is refined laterally or not.  Similar observations were made for the gas 

saturations and the mass fraction of dissolved CO2.  The effects of lateral grid refinement 

in the area of the discontinuity are negligible; however, results may be dependent on the 

thickness of the discontinuity and distance away from the injection source. 

4.4. Discussion 

4.4.1. Effect of Heterogeneity on the Short-Term Distribution of 
Supercritical and Dissolved CO2 

Fine-scale heterogeneity is represented in this study by assigning parameter 

values to hydrostratigraphic units (HSUs) that aim to capture small-scale 

heterogeneities.  Previous work (Chapter 3) has shown that the multiphase flow 

parameters have the ability to greatly change the behaviour of a material, so in this 

study, the multiphase flow parameter values were varied according to the rock type they 

were representing. For example, the lower porosity and permeability, higher irreducible 

liquid saturation (Slr) and higher capillary entry pressure (Pe) of Material D2 compared to 

Material A result in it being more representative of a rock with finer grain size, poorer 

sorting and/or containing more complex sedimentary structures.  In addition to fine-scale 

heterogeneity, stratigraphic heterogeneity is represented through layering of the 

materials (or HSUs) within the reservoir.   

The flow and storage of supercritical CO2 is a balance between buoyancy flow 

processes forcing CO2 upward, and the parameter values inherent to the material 

preventing CO2 from moving upward.  When CO2 is stored in a material with high 

porosity and permeability and properties characteristic of a medium-grained, well-sorted 
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sandstone, supercritical CO2 flows upwards relatively quickly, and soon becomes 

stratigraphically trapped under a material with low porosity and permeability, low CO2 

and water relative permeability and high capillary entry pressure, all properties 

consistent with a siltstone.  Pressure gradients at the sandstone-siltstone interface, 

caused by buoyancy driven flow of supercritical CO2 upwards, result in a very minor 

amount of supercritical and dissolved CO2 to flow into the siltstone, but for the most part, 

CO2 remains trapped below the siltstone.  From this point, supercritical CO2 can only 

migrate laterally beneath the siltstone away from the injection zone.   

Conversely, when CO2 is stored in a finer-grained, poorly-sorted sandstone with 

moderate porosity and permeability, and higher Slr and Pe values than the medium-

grained sandstone, buoyancy forces are not as prominent, and the rate of supercritical 

and dissolved CO2 movement upward is reduced, increasing the amount of residually 

trapped supercritical CO2.  Instead of moving directly upwards, the movement of CO2 is 

in both the lateral and vertical directions, which increases the interfacial contact area 

between CO2 and water.  This results in an increase in the total dissolved CO2 content 

over the 100 year simulation time in comparison to the dissolved CO2 content in the 

clean medium-grained sandstone.  Additionally, the higher Slr in the finer-grained, poorly-

sorted sandstones denotes a higher volume fraction of water that supercritical CO2 can 

dissolve into.   

In general, the flow rate of supercritical CO2 upward in models with graded 

bedding (fining upwards sequence) is dependent on the material type (hydrogeological 

parameter values) in the overlying layers.  As coarser-grained, well-sorted sandstones 

are more conducive to the vertical flow and transport of CO2, rather than CO2 storage, 

buoyancy flow processes quickly move CO2 out of the coarse-grained sandstone at the 

bottom of the sequence, up into the overlying medium- to fine-grained sandstones that 

are more conducive to the residual storage of CO2.  Over the 100 simulation time, the 

amount of dissolved CO2 is higher in the materials lower in the stratigraphic sequence 

(i.e., Material A has a higher dissolved CO2 content than Material B and so on).  Over 

time, the amount of dissolved CO2 begins to increase in the materials higher in the 

stratigraphic sequence as supercritical CO2 rises and dissolves into each of the layers.  

The exception is the coarse-grained material at the bottom of the stratigraphic sequence 

(Material J), which has a lower dissolved CO2 content because of rapid migration of 
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supercritical CO2 upwards into the overlying layers at the onset of injection.  Dissolved 

CO2 content begins to increase around 80 years in this lower layer because density-

driven flow of dissolved CO2 downwards into the lower stratigraphic layers.   

A fining upwards stratigraphic sequence decreases the accumulation and the 

maximum radial migration distance of the CO2 plume directly below the siltstone, which 

in turn decreases the content of both supercritical and dissolved CO2 able to penetrate 

into the overlying siltstone layer. This is because the more stringent flow controlling 

parameter values in the finer-grained materials (lower porosity, permeability and m, and 

higher Slr, Sgr and Pe values) are less conducive to buoyancy driven flow.  Instead lateral 

flow in each layer becomes increasingly significant and the CO2 plume increases in 

thickness and residual CO2 closer to the injection zone.  This utilizes a larger portion of 

the reservoir and increases the CO2-water interface, increasing the total amount of 

dissolved CO2 in comparison to a three layer model with only two discrete changes in 

layering.  Again, the increase in the total dissolved CO2 content can also partially be 

attributed to the higher Slr values assigned to the finer-grain materials in the higher 

stratigraphic layers.  These factors suggest finer-grained sandstones may be better 

trapping materials than coarse- to medium-grained sandstones because of their greater 

retention of the CO2 plume.   

Results are consistent with previous studies that used geostatistical methods to 

investigate how random distributions of porosity and permeability affect CO2 plume 

migration over relatively short time scales (less than 100 years) (Doughty and Pruess, 

2004; Flett et al., 2007; Olofsson et al., 2011).  These studies indicated that increased 

heterogeneity slows CO2 migration and produces more tortuous lateral and vertical flow 

paths, inhibiting vertical flow of the plume while promoting lateral flow (Flett et al., 2007; 

Olofsson et al., 2011).  Consequently, this increases the interfacial contact area and 

contact time between CO2 and water, increasing the dissolved CO2 content (Olofsson et 

al., 2011) and decreasing the accumulation of CO2 at the caprock (Flett et al., 2007).  

This indicates that heterogeneity increases the dissolution of supercritical CO2 over short 

time scales (100 years or less).  However, the higher residual liquid and gas saturations 

associated with heterogeneous materials, in addition to lower porosity and permeability, 

would likely decrease the magnitude of density-driven convective flow and the degree of 

mixing with ambient formation water.  This would have larger implications over longer 
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time scales, resulting in less dissolved CO2 over longer simulation times in comparison 

to more homogeneous, coarser grained materials that have a higher fluid mobility and 

promote mixing (Ennis-King and Paterson, 2007).   

For modelling studies attempting to predict the maximum lateral extent and 

saturation of the CO2 plume below a seal, ‘worst-case scenario’ estimates would derive 

from models consisting of more homogenous configurations or materials with higher 

porosities and permeabilities.  The exception would be high-permeability channels, 

which may result in preferential flow of CO2 away from the main plume and should be 

defined in the model.  Law and Bachu (1996) state that the rate and extent of flow away 

from the main plume in a preferential flow path is dependent on the contrast between the 

local and regional permeability values and the size of the flow path.  In this study, 

preferential flow of CO2 occurs in the 10 m thick coarse-grained sandstone, 

representative of a channel sand, with a permeability 36 times greater than the primary 

aquifer permeability.  In addition to the porosity and permeability contrast, the coarse-

grained sandstone has a lower Slr value (0.05 versus 0.24) and lower Pe value (4.5 kPa 

versus 20.5 kPa) to account for better sorting and wider pore-throats. The channel sand 

separates the main plume into three zones, with the plume in the preferential flow path 

extending more than 1,000 m farther than the plumes above and below the coarse-

grained sandstone layer.  However, the channel sand is more conducive to the flow of 

CO2, not trapping, and supercritical CO2 is eventually able to migrate upwards into the 

overlying fine-grained sandstone.   

Clearly, such contrasts in permeability should be identified in the models.  

However, it could also be argued that lower contrasts in permeability may result in 

preferential flow if the materials have differences in sorting and clay content, given the 

same permeability values.  Well-sorted sediments tend to have a lower surface area for 

water to adhere to, and fewer inaccessible pores for water to be trapped in, thus lower 

Slr and higher m values, higher liquid relative permeability (therefore higher total fluid 

mobility) and greater pore volume available for fluid storage (Chapter 3).  As stated in 

Chapter 3, meaningful rock types (HSUs) should not be based only on single value, 

such as permeability, but include other factors, such as pore geometry, surface area, 

sorting and clay content, as these factors control the relative permeability of the material.  

Field-scale tests, in conjunction with numerical model calibration (see Chapter 3), would 
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be useful for verifying how sensitive the distribution of CO2 is to contrasts in these 

factors at a larger scale over the short-term.  

4.4.2. Geological Discontinuities  

Upon injection of CO2, gravity-driven buoyant flow will cause CO2 to migrate 

upwards until it encounters a low permeability layer (structural/stratigraphic trapping).  In 

this study, injection of CO2 into a 45 m thick medium-grained sandstone aquifer overlain 

by a 10 m thick continuous low permeability siltstone results in stratigraphic trapping and 

migration of CO2 below the layer to a maximum extent of 3,000 m, 100 years after the 

start of injection.  However, geological discontinuities in a low permeability seal may 

occur for a number of reasons.  In this study, an erosional discontinuity was modelled 

using a continuum approach by placing a vertical discontinuity in the siltstone layer, 1 km 

away from the injection zone.  The material assigned to the discontinuity has a large 

impact on the rate and concentration of supercritical and dissolved CO2 able to migrate 

past the seal into the upper aquifer, more so than the width of the discontinuity.   

If the material infilling an erosional channel consists of medium- to coarse-

grained well-sorted sandstone, with high porosity and permeability, low residual fluid 

saturations and low capillary entry pressures, significant leakage can occur over a 

relatively short time period (in this study, approximately 7 years).  In this scenario, lateral 

migration of CO2 in the lower aquifer decreases from 3,000 m for the case when the seal 

was continuous, to 1,500 m and 2,000 m when the width of the discontinuity was 10 and 

1 m, respectively.  This indicates that the total amount of CO2 able to leak upwards is 

less with a narrower zone of discontinuity, but given the 5% difference in gas saturation 

and 0.08% difference in pressure at the top of the aquifer, the end result is very similar in 

both scenarios.  

Finer-grained sandstones are less conducive to buoyancy driven flow of 

supercritical CO2 primarily because of their lower permeability and porosity and higher 

Pe.  As previously discussed, the use of non-hysteretic relative permeability curves 

means the Sgr value artificially decreases the mobility of the CO2 plume, which it does in 

the fine-grained sandstones with moderate porosity and permeability.  When the fine-

grained sandstone is assigned a high Sgr value of 0.34, it contains CO2.  With all other 
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flow controlling parameter values fixed in the fine-grained sandstone, a decrease in Sgr  

to 0.19 results in CO2 leakage to the upper aquifer by about 15.5 years after the start of 

injection, and a decrease in the lateral migration distance of CO2 in the lower aquifer 

from 3,000 m to 2,800 m.  In reality, the Sgr value should only control the mobility of the 

supercritical CO2 plume during imbibition, not drainage of the wetting phase, while the 

initial invasion process would be more sensitive to Pe and k, Slr and m.  Therefore, when 

the fine-grained sandstone was assigned a higher Sgr value, it is more representative of 

a very-fine grained sandstone or coarse siltstone, containing the supercritical CO2.   

Shifts in deltaic or fluvial depositional environments may lead to stratigraphic 

successions composed of fine-grained sandstone overlying a siltstone layer. Erosion of 

the base siltstone layer or subsidence of the overlying sandstone layer may lead to 

discontinuities in the siltstone layer.  This configuration is shown to slow the rate of 

leakage of CO2 upwards, and decreases its accumulation under the impermeable 

boundary at the top of the model compared to when the upper aquifer is composed of 

coarser grain size.  A decrease in accumulation at the top of the model, in addition to a 

lower fluid mobility in the upper aquifer, decreases the lateral migration distance of CO2 

in the lower aquifer to 2,900 m.   

The length of time it would take for CO2 leakage to be detected through 

monitoring could vary widely, depending on the distance of the discontinuity from the 

injection zone, aquifer thickness and rock type, and the materials comprising the 

discontinuity.  In this study, leakage in the upper aquifer is accompanied by an increase 

in pressure, an increase in the gas saturation, and an increase in the mass fraction of 

dissolved CO2 directly above the discontinuity.  However, the likelihood of having a 

monitoring well directly above an area of CO2 leakage is relatively low.  In this study, 

pressure perturbations are also noticed in the cells 500 m away from the discontinuity 

almost immediately after CO2 begins to enter the upper aquifer.  Thus, monitoring 

pressure with the use of pressure transducers would be extremely valuable for the 

detection of CO2 leakage.  In addition, when considering relatively thin seals/baffles, a 

good understanding of the material properties, including those controlling relative 

permeability (pore geometry, surface area, sorting and clay content), is required.  

Understanding the depositional environment and structural/deformation history is also 
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important for considering what types of possible channel materials or fault/fracture 

discontinuities may exist.  

4.4.3. Implications for Reactive Transport Modelling 

The way stratigraphic heterogeneities are physically represented in a reactive 

transport model will likely have a significant effect on outcome.  The physical flow 

controlling parameter values and distribution of various HSUs will impact the distribution 

of supercritical and dissolved CO2, which will then control the pH and location of mineral 

dissolution and precipitation reactions that may take place.  CO2 leakage into an 

overlying aquifer will lower the pH of the groundwater and increase dissolved inorganic 

carbon concentrations, initiating mineral dissolution and precipitation reactions.  Mineral 

dissolution of the host rock minerals will release cations, and potentially trace metals, to 

the groundwater, which may have important implications for groundwater quality and 

monitoring.   

The increase in the total dissolved CO2 content in heterogeneous reservoirs will 

likely have implications for the geochemical reactivity of the system, as an increase in 

dissolved CO2 will decrease the pH and drive mineral dissolution and precipitation 

reactions, potentially promoting the precipitation of carbonates (mineral trapping).  In 

terms of site characterization, areas of the reservoir where CO2 may become 

concentrated through stratigraphic or residual trapping, the latter of which was shown in 

this study to increase fine-grained heterogeneous rock types, will likely need the most 

extensive information on mineral content, because CO2 trapping may result in a longer 

time period for CO2-water-rock interactions to occur.  

Information on the parameters controlling relative permeability (pore geometry, 

surface area, sorting and clay content) will also be useful in a reactive geochemistry 

context, because this information may assist in establishing more realistic reactive 

surface areas (the surface area of the mineral available for reaction).  Reactive surface 

areas control kinetic reaction rates for mineral dissolution and precipitation and are 

typically associated with a large degree of uncertainly.    



 

113 

4.5. Conclusions 

A series of hypothetical reservoir scale two-dimensional (axisymmetric) 

multiphase flow and transport models were created as precursors for reactive transport 

simulations, and were used to examine how the distribution of different 

hydrostratigraphic units (HSUs) influenced the distribution of CO2 after injection.  The 

HSUs represented different sedimentary rock layers, and were assigned hydrogeological 

parameters that incorporated fine-scale heterogeneities inherent to the material.   

The flow and storage of supercritical CO2 in the simulations is a balance between 

buoyancy flow processes forcing CO2 upwards, and the hydrogeological parameter 

values inherent to the material preventing CO2 from moving upwards.  Finer-grained, 

poorly-sorted sediments were less conducive for the upward flow of CO2 and more 

conducive for storage because of a greater flux through larger volumes of the reservoir 

and a higher volume of residually trapped CO2, which decreased the lateral migration of 

CO2 below low permeability sealing units.  For short-term modelling studies attempting to 

predict the maximum lateral CO2 plume extent and saturation below a seal, ‘worst-case 

scenario’ estimates would derive from models consisting of homogenous configurations 

or materials with higher porosities and permeabilities.  

Preferential flow of CO2 occurred in coarse-grained sandstones, but buoyancy 

forces eventually resulted in the flux of supercritical CO2 upward.  The rate of flow 

upward was dependent on the material type in the overlying HSU, and the contrasts in ϕ 

and k, Pe and Slr.  This, combined with density-driven flow of dissolved CO2 downwards 

due to density contrasts with the ambient formation water, imply that the total content of 

both supercritical and dissolved CO2 in a HSU is also controlled by their stratigraphic 

(vertical) position in an aquifer, in addition to the hydrogeological (flow controlling) 

parameter values that define them.   

This study indicated that both fine-scale heterogeneity (represented on a 

continuum scale by the hydrogeological parameters assigned to the HSU) and 

stratigraphic heterogeneity (represented by layering of the HSUs) increased the 

dissolution of CO2 over the 100 year simulation time.  This is attributed to the increase of 

the interfacial contact area between supercritical CO2 and water, as well as the higher Slr 
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values assigned to finer-grained, poorly-sorted materials.  Further work is required to 

investigate what effects heterogeneity would have on the dissolution of CO2 over longer 

time scales, particularly when considering the effects of density-driven convective flow 

and mixing with ambient formation water, which would increase CO2 dissolution.  

Convective flow would likely be inhibited in materials with lower ϕ and k, and higher Slr.   

Geological discontinuities in a low permeability sealing layer caused from an 

erosional channel were modelled in this study using a continuum approach.  Grain size, 

sorting, and clay content (reflected in the porosity, permeability, residual fluid saturation 

and capillary entry pressures values) of the material infilling the discontinuity had a 

greater impact on CO2 containment than the width of the discontinuity itself.  The arrival 

of CO2 into the upper aquifer was accompanied by an increase in the pressure, CO2 gas 

saturation and mass fraction of dissolved CO2 directly above the area of leakage.  

However, the increase in the CO2 gas saturation and mass fraction of dissolved CO2 

only occurred when the CO2 plume directly entered the observation cell, whereas 

pressure perturbations were noted in the cells at a much greater distance away from the 

discontinuity, almost immediately after CO2 began to enter the upper aquifer.  Thus, 

monitoring pressure with the use of pressure transducers would likely be very effective 

for the detection of CO2 leakage.  Additionally, when considering relatively thin 

seals/baffles, an understanding of the depositional environment and 

structural/deformation history are important for considering what types of possible 

channel materials or fault/fracture discontinuities may exist.  Thorough characterization 

of the material properties, including those controlling relative permeability (pore 

geometry, surface area, sorting and clay content), is required.   
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Chapter 5.  
 
Effect of Stratigraphic Heterogeneity on Mineral 
Reactions during Multiphase Flow and Reactive 
Transport Modelling of CO2 Storage  

5.1. Introduction 

The distribution of CO2 and pH is critical for adequately assessing the extent of 

geochemical reactions (mineral dissolution and precipitation) that take place during 

geological storage of carbon dioxide (CO2) in deep saline aquifers.  Physical 

heterogeneities, which control the distribution and partitioning of CO2 in both its 

supercritical and dissolved phases (Chapters 3 and 4) will also have a large influence 

on the spatial and temporal distribution of mineral dissolution and precipitation reactions.   

Dissolution of supercritical CO2 into the formation water occurs at the CO2-water 

interface (dissolution trapping), decreasing the pH of the water by forming carbonic acid, 

and promoting dissolution of the host rock minerals.  Dissolution of the carbonate 

minerals, such as calcite (CaCO3), occurs rather quickly, while the dissolution of the 

aluminosilicates, such as albite (NaAlSi3O8), K-feldspar (KAlSi3O8) and chlorite 

(Fe2.5Mg2.5Al2Si3O10(OH)8), proceeds at very slow rates (Gunter et al., 1997; Palandri 

and Kharaka, 2004; Ennis-King and Paterson, 2007).  Incongruent dissolution of the 

aluminosilicates results in the formation of secondary silicate minerals such as kaolinite 

(Al2Si2(O5)(OH)4), illite/muscovite (KAl2(AlSi3O10)(OH)2) or smectite 

((Na,Ca,Mg,K)0.405Al1.77Si3.97O10(OH)2) and the precipitation of quartz/chalcedony (SiO2). 

It also releases cations such as Na+, Ca2+, Mg2+, Fe2+, K+ and Al3+
 to the water, and 

neutralizes the water by consuming H+ and forming bicarbonate (HCO3
-) (Gunter et al., 

1993,1997): 
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CaCO3+ H2CO3 ↔ Ca2++2HCO3
-  5-1

NaAlSi3O8+6H2CO3 →Na-smectite+ 6HCO3
- +10Quartz+ 6Na+ 5-2

Fe2.5Mg2.5Al2Si3O10 OH 8+8H2CO3  

→	2.5Fe2++	2.5Mg2++Kaolinite+Quartz+10HCO3
- +7H2O 

5-3

As the pH is buffered and the concentrations of cations and dissolved inorganic carbon 

increase, precipitation of carbonate minerals such as calcite (CaCO3), dolomite 

(CaMg(CO3)2), siderite (FeCO3), ankerite ((CaMgFe)2(CO3)2) and dawsonite 

(NaAlCO3(OH)2) may occur (Gunter et al., 1997; Johnson et al., 2001): 

2HCO3
- + Ca2+ + Mg

2+
= CaMg CO3 2 s + 2H+ 5-4 

HCO3
- + Fe2+=FeCO3 s + H+ 5-5 

HCO3
- + Na+ + Al

3+
+2H2O =NaAlCO3 OH 2 s + 3H+ 5-6 

Carbonate precipitation is considered the safest and perhaps most desirable 

form of CO2 trapping because it immobilizes the CO2 for geological periods of time. The 

dissolution of chlorite is particularly important for mineral trapping, as it provides Fe2+ and 

Mg2+ to solution, which are essential components for the precipitation of secondary 

carbonates (Kirste et al., 2004; Kihm and Kim, 2011).  

Laboratory experiments are crucial for characterising mineral dissolution and 

precipitations reactions that may occur during geological storage of CO2 in deep saline 

aquifers over short time periods (hours to months) (Burch et al., 1993; Gunter et al., 

1997; Kirste et al., 2004; Hellmann and Tisserand, 2006; Arvidson and Luttge, 2010).  

However, in natural environments, the dissolution of silicate minerals (and therefore the 

release of carbonate forming cations) requires extremely long time frames for reaction to 

take place to any significant degree.  Thus, mineral trapping of CO2 through the 

precipitation of carbonates may not occur in notable quantities until hundreds to 

thousands of years after injection (Gunter et al., 1997; Xu et al., 2005; Beyer et al., 

2012), which is beyond experimental time frames.  Assessment of the geochemical 

reactions that may take place is further complicated because of the highly coupled 

nature of the flow, transport, dissolution and reaction processes.  Mineral dissolution and 

precipitation may modify the porosity, resulting in diagenetic changes in permeability and 

modification of fluid flow (Verma and Pruess, 1988; Worden, 2006).   
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Natural accumulations of CO2 have been observed in siliclastic reservoirs in 

many parts of the world (Moore et al., 2005; Watson et al., 2004; Worden, 2006; Higgs 

et al., 2013).  Sources of natural CO2 include intra-formational coals (Higgs et al., 2013) 

and degassing of deep seated magmas (Watson et al., 2004).  These CO2 

accumulations have often been in contact with the water and rocks for thousands to 

millions of years, and act as natural analogues for CO2 storage.  They can be used to 

assess mineral dissolution and precipitation reactions that may occur over very long time 

scales.  Therefore, potential geochemical reactions induced from CO2 injection can be 

characterized both on relatively short and long time scales, using data from both 

laboratory experiments and observations of natural analogues.  However, there is a high 

degree of uncertainty between the two periods of time (years to hundreds of years), 

which is a time scale of concern for regulators of CO2 industrial-scale storage projects.  

Numerical multiphase flow and reactive transport models are useful tools for 

predicting how CO2 will behave in the subsurface over spatial and temporal scales 

beyond those achieved experimentally (Johnson et al., 2001; Xu et al., 2003, 2005; 

2010; 2011; Audigane et al., 2007; Li et al., 2009; Kwon et al., 2011; Beyer et al., 2012; 

Kihm et al., 2012; Mito et al., 2013; Okuyama et al., 2013), bridging the gap between 

short-term experimental data and field observations from natural analogues.  In this 

study, they are used to provide insight into how stratigraphic heterogeneity controls the 

location and extent of mineral dissolution and precipitation reactions.   

Previous work investigating mineral dissolution and precipitation reactions in 

stratigraphically heterogeneous reservoirs includes Johnson et al. (2001), who 

developed three different two-dimensional (2D) multiphase flow and reactive transport 

models of CO2 injection, differing in the presence and continuity of intra-aquifer shales 

based on conditions at the Sleipner CO2 storage site in the North Sea (Utsira 

Formation).  However, the simulations were only conducted for a period of 20 years and 

convective flow due to density differences was not considered.  White et al. (2005) 

developed a 2D reactive transport model of CO2 injection in a saline reservoir of the 

Colorado Plateau that consisted of a complex sedimentary sequence subdivided into 

potential reservoirs, mixed units and seals.  The simulation considered time periods up 

to 100,000 years.  However, the complex physical and chemical heterogeneity made it 

difficult to interpret what stratigraphic layers mineral reaction was occurring the most in, 
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or how physical heterogeneity effected the mineral dissolution and precipitation 

reactions.  Audigane et al. (2007) developed a 2D reactive transport model of long-term 

storage of CO2 in the alternating sandstone and low permeability layers of the Utsira 

formation, and found that physical and chemical heterogeneity play a significant part in 

the extent of geochemical reactions and temporal changes in porosity.  However, the 

same parameters were used to describe the relative permeability (irreducible water 

saturation, Slr, m exponent, and residual gas saturation, Sgr) and capillary pressure (Slr, 

m, and capillary entry pressure, Pe) of both the sandstone and low permeability layer, 

which would change how conducive the low permeability layers were for stratigraphic 

trapping of CO2 as well as the volume fraction of water in the pore spaces available for 

reaction. . In addition, vertical grid refinement of the low permeability layers was 

relatively coarse, represented only by single cell grid layers. 

Chapters 2, 3 and 4 provide the setup for the multiphase flow and reactive 

transport models used in this study.  Chapter 2 examines how grid refinement within 

and around heterogeneities affects the distribution of CO2, numerical errors associated 

with reservoir scale models, and the grid discretization used in this study.  Chapter 3 

investigates how the values for the hydrogeological (flow controlling) parameters, 

including porosity (ϕ), horizontal and vertical permeability (kh and kv) and those 

describing the relative permeability and capillary pressure (capillary entry pressure (Pe), 

irreducible liquid saturation (Slr), residual gas saturation (Sgr) and the van Genuchten 

(1980) exponent (m)), vary for different grain sizes, pore geometries and degrees of 

sorting.  This information was used to create a number of material types 

(hydrostratigraphic units; HSUs), defined by flow controlling parameter values that 

represent fine-scale heterogeneities inherent to a number of realistic rock types.  It was 

demonstrated that altering the relative permeability and capillary pressure parameters 

can dramatically change how conducive a material (with a fixed porosity and 

permeability) is to the flow and transport of CO2, and that it should not be assumed that 

a set of multiphase flow parameters which adequately describes one rock type or 

injection site can be transferred to another rock type or simulation study.   

Chapter 4 examines the flow and transport of CO2 over a relatively short time 

frame (100 years) in models with a number of different configurations of material types 

that conceptualized characteristics and stratigraphic layering common to many different 
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reservoir systems.  Physical heterogeneity (both fine-scale and stratigraphic 

heterogeneity) decreased the maximum radial migration distance of the CO2 plume and 

increased its thickness, utilizing a larger portion of the reservoir closer to the injection 

interval.  Physical heterogeneity was also shown to increase the total amount of 

dissolved CO2 in the system because of a larger supercritical CO2-water interfacial 

contact area and because of the higher Slr values associated with more heterogeneous 

sediments.  This increase in dissolved CO2 may influence the distribution of pH and 

magnitude of mineral dissolution and precipitation reactions that take place in the 

system.  Additionally, heterogeneous sediments are also associated with a higher 

residual gas saturation.  Residually trapped CO2 may influence the extent of mineral 

reactions over longer time scales because the CO2 will have longer to react with the 

water and minerals.  Preferential flow of CO2 occurred in coarse-grained sediments, 

depending on the contrasts in the hydrogeological parameters in the overlying materials.  

This will affect the distribution of both pH and mineral dissolution and precipitation 

reactions.  The influence of geological discontinuities in stratigraphic layers is also 

examined in Chapter 4.  Grain size, sorting and clay content of the material infilling the 

discontinuity, which were reflected in the porosity, permeability, residual fluid saturation 

and capillary entry pressure values assigned to the material, had a larger impact on CO2 

containment than the width of the discontinuity itself.  Leakage and arrival of the CO2 

plume at the overlying aquifer was accompanied by an increase in pressure, CO2 gas 

saturation and the mass fraction of dissolved CO2.  Arrival of the CO2 plume at the 

overlying aquifer will also likely be accompanied by changes in the geochemical 

composition of the water.   

The present study builds on the work of Chapter 4, incorporating reactive 

chemistry into the previous flow and transport models.  The focus is on how the flow, 

transport and storage of CO2 in stratigraphically heterogeneous reservoirs influences the 

distribution of pH, transport of aqueous species, and the location and extent of the 

subsequent mineral dissolution and precipitation reactions.  Comparisons are made to 

results from previous numerical modelling studies (Gunter et al., 1993, 1997; Johnson et 

al., 2001; Xu et al., 2003, Kirste et al., 2004; Xu et al., 2005, 2010; Audigane et al., 2007; 

Li et al., 2009; Kwon et al., 2011; Beyer et al., 2012; Kihm et al., 2012; Okuyama et al., 

2013) mineralogical descriptions of reservoirs with natural CO2 accumulations (Moore et 
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al., 2005; Watson et al., 2004; Worden, 2006; Higgs et al., 2013), and geochemical 

results from field-scale CO2 injection experiments (Kharaka et al., 2006; Shevalier et al., 

2009). 

5.2. Methodology 

Reactive chemistry was introduced into the multiphase flow models created in 

Chapter 4 using the reactive geochemical transport code TOUGHREACT V1.2 (Xu et 

al., 2004) and graphical user interface Petrasim (Thunderhead Engineering, 2010).  

TOUGHREACT was developed by introducing reactive chemistry into the framework of 

the multiphase flow and transport code TOUGH2 (Pruess et al., 1999).  Pore water 

chemistry, mineral compositions, and kinetics were assigned to the models.  Post-

injection migration of CO2 in the reservoirs was modelled over a 100 to 10,000 year 

simulation time to examine how the material distribution in each configuration controls 

the spatial distribution of CO2; pH and the mineral dissolution and precipitation reactions 

over both short- and long-term time scales.  

Chapter 2 provides details on the numerical model, the initial simulation setup, 

initial conditions and the injection scheme employed in each simulation.  Chapter 3 

discusses the hydrogeological (flow controlling) parameters, the non-hysteretic relative 

permeability and capillary pressure curves (Corey, 1954; van Genuchten, 1980) used in 

this study.  Chapter 4 outlines the material types used in this study (provided in Table 5-

1), and the types of material distribution configurations that were investigated.  The 

following sections discuss the geochemical parameter values incorporated into the 

multiphase flow and transport models previously described in Chapter 4.   

5.2.1. Geochemistry 

Just as the flow controlling parameter values vary with grain size, detrital mineral 

composition also varies with grain-size in relation to stratigraphic position, the source 

and relative distance to the source of detrital material, and the mechanical and chemical 

durability of the minerals or rock fragments (Blatt et al., 1972; Dutton and Diggs, 1992).  

Previous work has reported that, in general, as grain size decreases from sandstone to 
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mudstone, the percentages of quartz, feldspar, rock fragments and heavy minerals 

decrease and the percentages of clays and fine mica increase (Blatt et al., 1972).  

Two primary mineral compositions were chosen to represent two end-member 

lithologies, one for the more permeable layers (sandstone) and one for the low-

permeability layer (mudstone).  Table 5-1 provides the material types used in Chapter 4, 

and the mineral composition associated with the materials in this study.  

Table 5-1. Hydrogeological parameter values and mineral composition 
assigned to the hypothetical material types  

 
Porosity and 
Permeability 

Relative 
Permeability 

Capillary 
Pressure 

 Material 
Mineral 

Composition 
ϕ 

(%)
kh 

(mD)
kh:kv

kv 
(mD)

m Slr Sgr 
Pe 

(kPa) 
Slr m 

 
Injection 

Unit 

Sandstone 

35 2000 1 2000 0.187 0.5 0.01
No Capillary 

Pressure 

 J 28.3 1156 1 1156 0.56 0.05 0.18 0.37 0.05 0.37

 A 25 500 0.5 250 0.7 0.15 0.2 0.41 0.03 0.41

 B 22 280 0.325 91 0.63 0.18 0.25 8.14 0.07 0.39

 C 19 93 0.175 16 0.56 0.21 0.30 13.0 0.12 0.37

 D 15 31 0.125 3.9 0.48 0.24 0.34 20.5 0.16 0.35

 D2 15 31 0.125 3.9 0.48 0.24 0.19 20.5 0.16 0.35

 E 14 19 0.115 2.2 0.45 0.25 0.36 24.8 0.18 0.34

 F 13 10.0 0.108 1.1 0.44 0.26 0.39 33.8 0.18 0.34

 G 13 5.0 0.104 0.5 0.43 0.26 0.42 47.0 0.19 0.34

 I Mudstone 12 1 0.1 0.1 0.41 0.27 0.5 101 0.2 0.33

 

The mineralogy in this study was based on sandstone and shale compositions 

previously used in a 2D reactive transport simulation utilizing data from the Utsira 

Formation at the Sleipner CO2 storage site (North Sea) (Audigane et al., 2007).  The 

mineralogies were specified in such a way as to be realistic, without taking into account 

large variations in different clay minerals, organics, or minerals present in trace amounts.  

The sandstone composition is based on a poorly cemented subarkosic sand composed 

primarily of quartz (chalcedony) with minor plagioclase, potassium feldspar, calcite and 
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minor diagenetic chlorite coating detrital grains. The mudstone has a similar composition 

to the sandstone, but with a lower percentage of quartz (chalcedony) and a higher 

percentage of chlorite, plagioclase, mica, kaolinite, and minor siderite (Table 5-2).  

Chalcedony was used instead of quartz because a detailed study of formation water 

from sedimentary basins suggested that quartz precipitation, and thus quartz control on 

the silica content, is insignificant below approximately 80C (Bjorlykke and Egeberg, 

1993). 

Table 5-2. Mineral volume fractions  

 
Chemical Composition Sandstone 

(Volume Fraction 
of Solid Rock) 

Mudstone  
(Volume Fraction 

of Solid Rock) 
Calcite CaCO3 0.067 0.01 
Chlorite Mg2.5Fe2.5Al2Si3O10(OH)8 0.013 0.044 
Chalcedony SiO2 0.769 0.334 
Albite NaAlSi3O8 0.03 0.132 
K-feldspar KAlSi3O8 0.069 0.023 
Siderite FeCO3 0 0.011 
Illite/Muscovite KAl2(AlSi3O10)(OH)2 0 (0.052)1 0 (0.251)1 
Kaolinite Al2Si2O5(OH)4 0 0 (0.195)1 
Smectite –Na,K (Na,K)0.290Mg0.26 Al1.77Si 3.97O10(OH)2 0 0 
Smectite –Ca Ca0.145Mg0.26 Al1.77Si 3.97O10(OH)2 0 0 
Smectite –Mg Mg0.405 Al1.77Si 3.97O10(OH)2 0 0 
Dawsonite NaAlCO3(OH)2 0 0 
Magnesite MgCO3 0 0 
Dolomite CaMg(CO3)2 0 0 
1 The initial mineral content for kaolinite and illite/muscovite was set to 0 as they are likely to be product 
phases of the reaction, and the existing surface areas are unlikely to contribute to nucleation or crystal 
growth during precipitation (Watson et al., 2004; Worden, 2006). 
 

The primary source for equilibrium constants of aqueous species and selected 

minerals was the thermodynamic database provided with TOUGHREACT, modified from 

the database of EQ3/6 (Wolery, 1992).   

For kinetically-controlled mineral dissolution and precipitation, a general form of 

the rate law, based on the transition state theory (TST) (Lasaga, 1984; Steefel and 

Lasaga, 1994, Xu et al., 2005) was used: 

	 T 1  5-7
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where mi is the mineral index, rmi	 is the dissolution (positive values) or precipitation 

(negative values) rate, Ami	is the effective reactive surface area (cm2/kg H2O), and kmi T 	

is the temperature dependent rate constant (mol/m2/s).  Kmi	 is the equilibrium constant 

for the mineral-water reaction, and Qmi	 is the reaction quotient; together these 

parameters account for the variation of the rate with the deviation from equilibrium 

1  (Lasaga, 1995; Hellmann and Tisserand, 2006; Schott et al., 2009; Arvidson 

and Luttge, 2010). 

The temperature dependence of the reaction rate constant can be expressed by 

the Arrhenius equation (Lasaga, 1984; Steefel and Lasaga, 1994), which is commonly 

expressed as a function of the rate constant at 25°C (298.15 K), shown in the second 

term of Eq. 5-8.  The third term of Eq. 5-8 incorporates the pH dependence of the 

dissolution and precipitation reactions for many minerals.  The kinetic rate constant kmi 

includes both of these mechanisms (Palandri and Kharaka, 2004; Xu et al., 2004): 

T 	 exp a 1
T

1
298.15

exp a 1
T

1
298.15

a  5-8

where k25 is the rate constant at 25°C, Ea is the activation energy (kJ mol-1), superscripts 

nu and H	 indicate neutral and acid mechanisms, respectively, R is a gas constant  

(J mol-1 K-1), T is absolute temperature, aH  is the activity of H+ and n is the power law 

exponent.  The simulations in this study were conducted at a constant temperature of 

75⁰C. 

The parameters used for the kinetic rate expressions of each mineral are given in 

Table 5-3.  Rate constant, activation energy, and power dependence data were taken 

from a number of sources.  The data for chalcedony/amorphous silica, albite, K-feldspar, 

calcite, dolomite, magnesite kaolinite, and smectite are from Palandri and Kharaka 

(2004). Siderite and dawsonite data were set to that of siderite from Steefel (2001), 

illite/muscovite kinetic data are from Köhler et al. (2003), and the chlorite data are based 

on Lowson et al. (2007).  
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Table 5-3. Kinetic rate parameter values  

 
k25	

(mol/m2/s) 
k25 (Acid) 

(mol/m2/s) 
Ea

(kJ/mol) 
Ea (Acid) 
(kJ/mol) 

n (Acid) Surface Area 
(cm2/g Mineral)

Calcite 1.55x10-6 0.501 23.5 14.4 1 9.8 

Chlorite 3.02x10-13 7.76x10-12 88 88 0.5 70 

Chalcedony 

Dissolution 

NA 9.8 
3.98x10-14 NA 90.9 NA 

Precipitation 

3.80x10-10 NA 49.8 NA 

Albite 2.75x10-13 6.92x10-11 69.8 65 0.457 9.8 

K-feldspar 3.89x10-13 8.71x10-11 38 51.7 0.5 9.8 

Siderite 1.26x10-9 1.59x10-4 62.76 45 0.9 9.8 

Illite/Muscovite 2.82x10-14 1.38x10-12 22 22 0.37 151.6 

Kaolinite 6.61x10-14 4.90x10-12 22.2 65.9 0.777 70 

Smectite – Ca, 
Mg, Na, K 

1.66x10-13 1.05x10-11 35 23.6 
0.34 

151.6 

Dawsonite 1.26x10-9 1.59x10-4 62.76 45 0.9 9.8 

Magnesite 4.57Ex10-10 4.17x10-7 23.5 14.4 1 9.8 

Dolomite 2.95x10-8 6.46x10-4 52.2 36.1 0.5 9.8 

 

Mineral reaction rates are proportional to the reactive surface area of the mineral 

(Eq. 5-7), which is the proportion of the mineral that is reactive, contributing to the 

dissolution/precipitation process, and may be much less than the total Brunauer-

Emmett-Teller (BET) measured surface area of the mineral (Brandt et al., 2003).  

Reactive surface areas for individual minerals are extremely difficult to characterize, 

particularly in nature where weathered surfaces of minerals may result in coating by 

clays, or where the proportion of the mineral surface area that is hydrologically 

accessible to the reactive fluid is limited (White and Brantley, 2003; Xu et al., 2005; Zhu 

et al., 2006, Perrin and Benson, 2010; Krevor et al., 2011).  The values used in this 

study were based on commonly used values in previous studies (Xu et al., 2003, 2005; 

Audigane et al., 2007), originally obtained from Sonnenthal and Spycher (2001).  The 

original values from Sonnental and Spycher (2001) were calculated assuming a rock 

framework consisting of a cubic array of truncated spheres, with the surface areas for 
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clay minerals increased to account for edges in sheet silicate minerals.  Reactive surface 

areas were then estimated by others (e.g., Xu et al., 2003, 2005) by arbitrarily reducing 

the surface areas of the original values by one order of magnitude to account for a lack 

of hydrologic accessibility and mineral coating (Xu et al., 2005).  In this study, the 

surface area of chlorite was increased from 9.8 to 70 cm2/g to account for its platy 

structure, whereas the surface area of kaolinite was decreased from 151.6 to 70 cm2/g to 

account for the aggregation of plates into compact masses (Watson et al., 2004).  As 

fine-grained rocks typically have a higher volume fraction of clays and fine mica (Blatt et 

al., 1972), and because these minerals have higher reactive surface areas, fine-grained 

rocks (mudstone) will typically be more geochemically reactive than rocks with coarser 

grains (sandstone), given the same depositional source.  Note that the surface areas in 

Table 5-3 are converted from units of cm2/g of mineral to cm2/kg of water in 

TOUGHREACT for input into kinetic rate law (Eq. 5-7) (Xu et al., 2004).  

The starting point for the formation water composition was based on that 

described by Audigane et al. (2007), equilibrium modelling using Geochemist’s 

Workbench (GWB) software (Bethke and Yeakel, 2012), and the EQ3/6 thermodynamic 

database (Wolery, 1992).  TOUGHREACT was then used to equilibrate the formation 

water to the two chosen mineral assemblages for 10,000 years using the three layer 

simulation with the two 45 m thick sandstone layers (assigned Sandstone mineral 

compositions) separated by a 10 m thick siltstone (assigned a Mudstone mineral 

composition) (see Section 5.2.4).  The resultant water composition was then used as 

the initial water composition for the simulations prior to CO2 injection (Table 5-4).  

The aqueous species diffusion coefficient was set to 10-9 m2/s (Xu and Pruess, 

2001; Xu et al., 2005; Pruess and Zhang, 2008) while the gaseous species diffusion 

coefficient was set as a function of pressure and temperature (Lasaga, 1998; Xu et al., 

2004), calculated by TOUGHREACT.  See Chapter 2 for further details.  
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Table 5-4. Initial water composition 

Parameter Value Primary Component
Concentration 
(mol/kgH2O) 

Temperature (°C) 75 

AlO2
- 4.124x10-8 

Ca2+ 2.046x10-4 

Cl- 0.5371 

Fe2+ 1.495x10-7 

HCO3
- 0.01959 

pH 7.586 

K+ 0.002343 

Mg2+ 1.365x10-6 

Na+ 0.5427 

SiO2 (aq) 9.857x10-4 

SO4
2- 1.023x10-15 

 

Temporal changes in porosity and permeability due to mineral dissolution and 

precipitation may modify fluid flow.  TOUGHREACT can calculate changes in porosity 

from changes in mineral volume fractions due to mineral dissolution and precipitation, 

and then calculate the subsequent change in permeability using one of several porosity-

permeability relationships (Xu et al., 2004). The cubic law relation (Steefel and Lasaga, 

1994 as cited in Xu et al., 2004) was used to calculate changes in permeability:  

k

ki
= k

ϕ

ϕi

3

 5-9

where ki and ϕi are the initial permeability and porosity, respectively, and k and ϕ are the 

modified permeability and porosity due to mineral dissolution and precipitation.  Leverett 

scaling is performed for capillary pressure by TOUGHREACT when porosity and 

permeability change due to mineral dissolution and precipitation according to Eq. 5-10.   

Pc2
Sl =Pc1

Sl
k1

k2

ϕ2

ϕ1

1/2

 5-10



 

127 

5.2.2. Problem Setup 

Methods used to determine an appropriate level of spatial discretization were 

discussed in Chapter 2.  Details on the material distribution and grid size used in the 

model configurations for this study are discussed in Chapter 4.  The following sections 

provide details on the mineral composition assigned to each HSU layer.  

Three Layer Material Distributions 

First, the two three layer simulations discussed in Chapter 4 were used to 

investigate the primary geochemical reactions (Figure 5-1). The models consist of two 

45 m thick aquifers composed of the same material and separated by a 10 m thick layer 

of a different material, thus creating a heterogeneous domain.  In the first configuration 

(Figure 5-1a), the siltstone (Material I) was assigned a Mudstone mineral composition, 

whereas the reservoir sandstone (Material A) was assigned a Sandstone mineral 

composition.  In the second configuration (Figure 5-1b), both the fine-grained (Material 

D2) and coarse-grained (Material J) sandstones were assigned Sandstone mineral 

compositions.  
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Figure 5-1. Representation of a three layer material distribution of a) porous and 
permeable, coarse- to medium-grained sandstone (Material A), separated by a 10 m 
thick siltstone layer composed of lower porosity and permeability (Material I) and, b) fine-
grained reservoir sandstone with moderate porosity and permeability (Material D2) 
separated by a 10 m thick layer of clean coarse-grained sandstone with very high 
porosity and permeability (Material J).  A sandstone mineral composition was assigned 
to Material A, D2 and J.  A siltstone mineral composition was assigned to Material I. 

Graded Bedding 

As discussed in Chapter 4, a multi-layered model was created, composed of a 

fining upwards sequence from coarse-grained to very fine-grained sandstone in 5 layers 

(Material J to Material E) in the lower 45 m portion of the reservoir, capped by a 10 m 

thick unit of siltstone (Material I).  Materials J to E were assigned a Sandstone mineral 

composition, while Material I was assigned a Mudstone composition.  The distribution of 

material types, mineral compositions and profiles of the porosity and permeability, are 

shown in Figure 5-2.   

The distributions of supercritical CO2, dissolved CO2 and the magnitude and 

extent of mineral reactions were compared to the three layer simulation where graded 

bedding was not represented (Figure 5-1a), this time up to a simulation time of 10,000 

years.  The concentration of CO2 in each of the layers was examined over time using the 

Mass Balance module of Tough2lbox (T2B) (Audigane et al., 2011).   
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Figure 5-2. a)Representation of a fining upwards material distribution. Corresponding 
b) horizontal permeability (kx) and c) porosity profiles.  A mudstone mineral composition 
was assigned to Material I.  A sandstone mineral composition was assigned to all other 
materials. 

Geological Discontinuities 

As discussed in Chapter 4, to represent what might occur at an erosional 

channel cutting through a caprock or low permeability sealing layer (see Chapter 4),  a 

vertical discontinuity was placed 1 km away from the injection zone in the 10 m thick 

siltstone layer (Material I) that separates the two coarse- to medium-grained sandstone 

aquifers (Figure 5-3).  Five different cases were modelled, and are outlined in Chapter4. 

Table 5-5 provides the material types assigned to the top and bottom layers, as well as 

the discontinuity situated within the middle layer. In all of the cases, siltstone (Material I) 

was assigned to the middle siltstone layer separating the two aquifers, and was 

assigned a Mudstone mineral composition.  The top and bottom aquifer, and the vertical 

discontinuity, were assigned a Sandstone mineral composition.  Simulation times were 

maintained at 100 years, as this is the time frame most relevant for regulators concerned 

about CO2 leakage due to discontinuities in a caprock or low permeability sealing layers.  
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Table 5-5. Material distribution and width of vertical discontinuity situated 
within the middle siltstone layer separating two coarse- to fine-grained sandstone 
aquifers 

 Case Number 

 1 2 3 4 5 

Material in Top Layer Material A Material A Material A Material A Material D2

Material in  
Vertical Discontinuity in 

Middle Layer 
Material A Material A Material D Material D2 Material D2

Discontinuity Width 10 m 1 m 10 m 10 m 10 m 

Material in Middle Layer Material I Material I Material I Material I Material I 

Material in Bottom Layer Material A Material A Material A Material A Material A 

 

 

Figure 5-3. Representation of a three layer material distribution with 10 m wide vertical 
discontinuity in Material I. a) Case 1: the top layer, bottom layer, and discontinuity are 
composed of Material A. b) Case 5: the top layer and discontinuity are composed of 
Material D2, and the bottom layer is composed of Material A.  A mudstone mineral 
composition was assigned to Material I.  A sandstone mineral composition was assigned 
to all other materials. 



 

131 

5.3. Results 

The distribution of supercritical and dissolved CO2 in the simulations outlined in 

Figures 5-1 to 5-3 were described in Chapter 4 up to a simulation time of 100 years.  

The following sections focus on the distribution of supercritical and dissolved CO2 over 

longer simulation times (up to 10,000 years), as well as the distribution of pH and 

mineral dissolution and precipitation reactions. 

5.3.1. Three Layer Material Distribution – Low Permeability Layer 
Separating Two High Permeability Aquifers 

The distribution of supercritical CO2 from the simulation outlined in Figure 5-1a, 

with the two aquifers consisting of coarse- to medium-grained sandstone (Material A) 

and an interbedded siltstone layer (Material I), is shown in Figure 5-4.  The CO2 plume 

extends to a maximum radius of almost 3,500 m, 400 years after injection.  As discussed 

in Chapter 4, pressure gradients at the sandstone-siltstone interface result in the flow of 

a minor amount of supercritical CO2 into the siltstone, up to 2.5x108 kg by 100 years 

(1.3% of the total amount injected), but then the content decreases rapidly by 4,000 

years.  In addition, some residual CO2 remains trapped in the lower aquifer (Material A) 

closer to the area of injection. The saturation of supercritical CO2 decreases with time 

because of the lateral elongation of the plume and its dissolution into the formation 

water.  By 10,000 years, it is almost completely dissolved, with the exception of a small 

residual amount (saturation of 0.18) near the injection zone.   

By 100 years, dissolved CO2 (dissolved inorganic carbon; DIC) begins to migrate 

downwards due to its higher density (Figure 5-5).  This leads to the development of 

convective flow currents in the lower aquifer (Material A), accelerating dissolution as 

undersaturated water comes in contact with the supercritical CO2.  It also increases the 

concentration of dissolved CO2 within the lower portions of the aquifer. Mixing and 

dilution of the CO2-saturated water with formation water begins to decrease the 

concentration of DIC along the periphery of the plume, and after 500 years the extent of 

the DIC plume retreats.  By 10,000 years, most of the dissolved CO2 resides near the 

injection zone where the residual supercritical CO2 is highest and continues dissolving 

into the formation water.  Diffusion is most significant here due to the higher 
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concentration gradients, and elevated DIC occurs in the upper aquifer directly above the 

injection zone.   

 

Figure 5-4. Distribution profiles of supercritical CO2 gas saturation (SG) 5, 100, 500, 
1,000, 5,000 and 10,000 years after the start of injection in medium-grained sandstone 
(Material A) with an interbedded siltstone (Material I) layer. 

 

Figure 5-5. Distribution profiles of dissolved inorganic carbon (DIC) 5, 100, 500, 1,000, 
5,000 and 10,000 years after the start of injection in medium-grained sandstone 
(Material A) with an interbedded siltstone (Material I) layer. 
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The supercritical CO2 that flows into the siltstone, due to the pressure gradients 

caused by buoyancy, dissolves.  This results in an increase of the dissolved CO2 content 

in the siltstone up to 3.7 x 108 kg by 375 years (1.9% of the total CO2 injected).  As the 

pressure gradient between the sandstone-siltstone interface decreases during the 

decline in supercritical CO2 levels, dissolved CO2 continues to move upwards and 

outwards via diffusion, eventually entering into the upper aquifer by 5,000 years.   

The dissolution of CO2 decreases the pH (Figure 5-6), which is slightly buffered 

by the rapid dissolution of calcite (present as a host rock mineral in both the sandstone 

and mudstone), to a stabilized value of about 4.4 by 100 years. The lowest pH occurs in 

the region of the supercritical and dissolved CO2 plume, eventually migrating downwards 

towards the base of the reservoir with density-driven flow.  Within, and directly above, 

the siltstone (Material I), the pH is lowered to approximately 5.3 to 6.8 by 1,000 years.  

Over time, the dissolved CO2 mixes with the formation water and the pH begins to rise; 

after 10,000 years the lowest pH occurs at the base of the reservoir near the injection 

zone where residual supercritical CO2 occurs, although lower than ambient pH is found 

throughout the zone of elevated DIC.   

 

Figure 5-6. Distribution profiles of pH 5, 100, 500, 1,000, 5,000 and 10,000 years after 
the start of injection in medium-grained sandstone (Material A) with an interbedded 
siltstone (Material I) layer. 
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Mineral dissolution occurs in the areas that become acidified from the dissolution 

of CO2 and from CO2-saturated water transported by convection currents, releasing 

dissolved ions to solution. A greater proportion of mineral dissolution occurs within the 

siltstone layer (chlorite, up to about 88% of the initial volume fraction of 0.044, and albite, 

up to about 76% of the initial volume fraction of 0.132), and directly below it in the 

sandstone (calcite, up to about 20% of the initial volume fraction of 0.067, and k-

feldspar, up to about 13% of the initial volume fraction of 0.069) (Figure 5-7).  Mineral 

dissolution within the convective flow patterns in the lower aquifer also takes place.  

Upward diffusion of the CO2 past the siltstone results in calcite and chlorite dissolution in 

the upper aquifer by 5,000 years. It also results in the transport of K+ and Na+ ions into 

the upper aquifer, where the higher pH and elevated Al3+ and SiO2(aq) from the 

dissolution of chlorite result in supersaturation with respect to K-feldspar and albite. K-

feldspar precipitates directly above the siltstone layer, and minor albite precipitates 

above the region of K-feldspar precipitation, along the upper edge of the CO2-saturated 

water in the upper aquifer.  

 

Figure 5-7. Distribution profiles of a) calcite, b) chlorite, c) K-feldspar and d) albite 
10,000 years after the start of injection in medium-grained sandstone (Material A) with 
an interbedded siltstone (Material I) layer. 

Chalcedony and smectite (smectite-Na, -Ca, -Mg, and -K, respectively) 

precipitate due to increased SiO2(aq) and cation concentrations from silicate and calcite 

dissolution (Figure 5-8).  Minor kaolinite and illite/muscovite precipitation also occurs at 
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the base of the siltstone layer (figure not shown), near the injection zone and in the 

convective fingers, but is negligible compared to the precipitation of the other minerals.  

 

Figure 5-8. Distribution profiles of a) chalcedony, b) smectite-Na, c) smectite-Ca and d) 
smectite-Mg 10,000 years after the start of injection in medium-grained sandstone 
(Material A) with an interbedded siltstone (Material I) layer. 

 Carbonate precipitation is extensive, with the highest concentrations occurring in 

the siltstone layer (Figure 5-9). Dolomite and siderite precipitate throughout the entire 

siltstone layer, as well as above it in the upper aquifer, where calcite and chlorite 

dissolve.  Dawsonite precipitates primarily within the lower portion of the siltstone layer.  

Magnesite is the final carbonate mineral to precipitate, and does not appear in notable 

quantities until 200 years after the start of injection.  Magnesite is the only carbonate that 

does not precipitate in the reservoir sandstone, and is localized to the siltstone layer.  Its 

highest concentration occurs around 1,000 years, correlating to the rise in the pH at 

distal regions from the injection zone (Figure 5-6).  
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Figure 5-9. Distribution profiles of a) dolomite, b) dawsonite, c) siderite and d) 
magnesite 10,000 years after the start of injection in medium-grained sandstone 
(Material A) with an interbedded siltstone (Material I) layer. 

Figure 5-10 shows the percent change in total porosity due to mineral dissolution 

and precipitation, and the subsequent percent change in total permeability, calculated in 

the model from the cubic dependence on porosity.  A net porosity decrease is observed 

after 10,000 years owing to carbonate-silica precipitation.  The largest decrease is 

approximately 40% of the total porosity at the base of the siltstone layer, from a porosity 

value of 12 to 7.2%, translating to an estimated 80% reduction in permeability in the 

siltstone from 1 to 0.24 mD. Decreases in total porosity of less than 5% in the sandstone 

(from a porosity value of 25 to 23.8%) correlate to a 12% reduction in permeability (a 

decrease from 500 to 440 mD).  Increases in total porosity of up to 5% due to net 

mineral dissolution are observed just behind the supercritical CO2 front, as well as at the 

top-centre section of the siltstone layer.  This equates to a 12% increase in permeability 

in the siltstones, for an absolute permeability of 1.12 mD, and an approximate increase 

of 4% of the total permeability in the sandstone for an absolute permeability of 520 mD. 



 

137 

 

Figure 5-10. Distribution profiles of the percent change in a) porosity and b) permeability 
10,000 years after the start of injection in medium-grained sandstone (Material A) with 
an interbedded siltstone (Material I) layer. 

5.3.2. Three Layer Material Distribution – Fine-Grained Sandstone 
Aquifer with Interbed of High Permeability Channel 
Sandstone 

The distribution of supercritical CO2 from the simulation outlined in Figure 5-1b, 

with the aquifer composed of fine-grained sandstone (Material D2) and the interbedded 

layer of coarse-grained highly permeable sandstone (Material J) is shown in Figure 5-

11.  As discussed in Chapter 4, preferential flow occurs in the coarse-grained sandstone 

layer (Material D2), until buoyancy forces continue to force supercritical CO2 up towards 

the top of the aquifer, separating the plume into three distinct zones. Both mobile and 

residual CO2 remain in the lower aquifer (Material D2). By 500 years, the CO2 plume 

extends to a maximum radius of 2,300 m within the preferential flow path, whereas the 

plumes in the upper and lower aquifers only extend to approximately 1,400 and 1,250 m, 

respectively.  Over time, supercritical CO2 in the preferential flow path stops moving 

laterally while continuing to flow upwards, increasing the saturation and lateral extent of 

supercritical CO2 in the upper aquifer to 1,600 m. Supercritical CO2 does not completely 

dissolve by 10,000 years, prevailing as residual CO2 throughout a large portion of the 

upper and lower aquifer. 

Convective fingering of the dissolved CO2, impeded by the finer-grain sizes in the 

lower aquifer (Material D2), increases in magnitude by 500 years after the start of 

injection, primarily from the plume following the coarse-grained sandstone preferential 

flow path because of greater density contrasts with the formation water below (Figure 5-

12).  Eventually the three separate plumes begin to amalgamate, forming a wall of 
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dissolved CO2 that extends upwards through the reservoir and ends approximately 1,600 

m from the injection zone. 

 

Figure 5-11. Distribution profiles of supercritical CO2 gas saturation (SG) 100, 500, 5,000 
and 10,000 years after the start of injection in fine-grained sandstone (Material D2) with 
interbedded coarse-grained sandstone (Material J). 

 

Figure 5-12. Distribution profiles of dissolved inorganic carbon (DIC) 100, 500, 5,000 
and 10,000 years after the start of injection in fine-grained sandstone (Material D2) with 
interbedded coarse-grained sandstone (Material J). 

A comparison of the total amounts of supercritical and dissolved CO2 in the 

simulation with the alternating sandstone and siltstone (Material A and I) and with the 

alternating fine-grained and coarse-grained sandstone layers (Material D2 and J) is 

provided in Figure 5-13.  The concentration of dissolved CO2 is initially higher in the 
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simulation with Material D2 and J for the first 100 years (Chapter 4) because 

supercritical CO2 migrates throughout the entire extent of the 100 m reservoir in this 

model, creating a larger supercritical CO2 interface.  The concentration of dissolved CO2 

is also higher because of the higher residual water saturation (Slr) in the fine-grained 

sandstone (Material D2), which represents a larger mineral grain surface area that water 

can adhere to due to smaller grain sizes and poorer sorting, and a higher pore water 

content available for supercritical CO2 to dissolve into.  However, the higher Slr also 

decreases the mobility of the water (more of it is trapped), and combined with the lower 

permeability of the fine-grained sandstone, results in lower fluid mobility and a decrease 

in convective mixing in comparison to the coarse- to medium-grained aquifer.  

Convective flow and mixing with the ambient formation water is a primary driving force 

behind CO2 dissolution over longer time-scales, thus the amount of dissolved CO2 is 

significantly lower in the model with the fine-grained aquifer (Material D2). 

  

Figure 5-13. Comparison of the total a) supercritical CO2 and b) dissolved CO2 contents 
in the simulation with Material A and I versus the simulation with Material D2 and J. 

As the supercritical CO2 is still dissolving by 10,000 years, the pH remains much 

lower (about 5.1) over a larger area in comparison to the simulation with the siltstone 

present (Figure 5-14). 
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Figure 5-14. Distribution profiles of pH 100, 500, 5,000 and 10,000 years after the start 
of injection in fine-grained sandstone (Material D2) with interbedded coarse-grained 
sandstone (Material J). 

Mineral dissolution and precipitation reactions are similar to the simulation with 

the siltstone layer, but the overall magnitude is lower because this simulation does not 

have the same volume fraction of reactive minerals (Figures 5-15, 5-16 and 5-17).  

Mineral dissolution occurs throughout the area of high DIC, with marginally less 

occurring in the preferential flow path layer (Figure 5-15).  By 10,000 years, chlorite 

dissolves up to about 37% and 18% of the initial volume fraction of 0.013 in the fine-

grained and coarse-grained sandstone, respectively.  Albite dissolves up to 

approximately 75% and 62% of the initial volume fraction of 0.03 in the fine-grained and 

coarse-grained sandstone, respectively. Calcite dissolves up to about 4% and 2.5% of 

the initial volume fraction of 0.067 in the fine-grained and coarse-grained sandstone, 

respectively.  At approximately 1,500 m from the injection zone, K-feldspar dissolves up 

to about 20% and 16% of the initial volume fraction of 0.069 in the fine-grained and 

coarse-grained sandstone, respectively.  A minor amount of albite precipitation occurs 

along the periphery of the saturation front (up to 20% of initial volume fraction), and K-

feldspar precipitates along both the upper and lower edges of the CO2 plume (up to 

about 5% of the initial volume fraction), corresponding to areas of higher pH.  

Chalcedony precipitation (Figure 5-16) is spatially correlated to dawsonite precipitation 

and K-feldspar dissolution, whereas smectite-Na precipitation correlates with albite 

dissolution.  Carbonate minerals precipitate throughout the CO2 footprint (Figure 5-17).  
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Dolomite and siderite are spatially correlated with chlorite and calcite dissolution.  

Magnesite does not precipitate.  

 

Figure 5-15. Distribution profiles of a) calcite, b) chlorite, c) K-feldspar and d) albite 
10,000 years after the start of injection in fine-grained sandstone (Material D2) with 
interbedded coarse-grained sandstone (Material J). 

 

Figure 5-16. Distribution profiles of a) chalcedony, b) smectite-Na, c) smectite-Ca and d) 
smectite-Mg 10,000 years after the start of injection in fine-grained sandstone (Material 
D2) with interbedded coarse-grained sandstone (Material J). 
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Figure 5-17. Distribution profiles of a) dolomite, b) dawsonite and c) siderite 10,000 
years after the start of injection in fine-grained sandstone (Material D2) with interbedded 
coarse-grained sandstone (Material J). 

Changes in porosity and permeability from mineral dissolution and precipitation 

are much lower than in the previous simulation with the interbedded siltstone (Material I) 

because of the lower magnitude of mineral dissolution and precipitation.  A net porosity 

decrease (Figure 5-18) is observed owing to carbonate-silica precipitation.  The largest 

decreases are around 8% of the total porosity just inside the edge of the CO2 plume in 

the fine-grained reservoir sandstone (Material D2).  Decreases of 4% are also observed 

in the coarse-grained layer (Material J).  This translates to a 20% reduction in 

permeability in the reservoir sandstone (6 mD), and a 12% reduction in permeability in 

the coarse-grained sandstone (116 mD).  Increases in total porosity of up to 4% due to 

net mineral dissolution occur in a very small area along the outer extent of the 500 year 

supercritical CO2 front in the preferential flow layer.  This equates to a permeability 

increase of up 16% (185 mD).   
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Figure 5-18. Distribution profiles of the percent change in a) porosity and b) permeability 
10,000 years after the start of injection in fine-grained sandstone (Material D2) with 
interbedded coarse-grained sandstone (Material J). 

5.3.3. Graded Bedding 

A grading upwards of grain size in the lower aquifer (model configuration outlined 

in Figure 5-2) from coarse-grained sandstone with very high porosity and permeability 

(Material J) to very fine-grained sandstone with moderate to low porosity and 

permeability (Material E), has a significant effect on the CO2 distribution (Figure 5-19).  

The maximum radial extent of the CO2 plume is only 2,500 m, which it reaches by 

approximately 1,500 years after the start of injection (Figure 5-19a).  Conversely, the 

radial extent of the plume in the simulation with discrete bedding is 3,500 m, which it 

reaches 400 years after the start of injection.  An additional notable difference is that the 

supercritical CO2 is not completely dissolved by 10,000 years, with saturations as high 

as 0.4 in Material C (above residual saturation) (Figure 5-19). 
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Figure 5-19. Distribution profiles of a) supercritical CO2 gas saturation (SG), b) dissolved 
inorganic carbon (DIC) and c) pH 1,000 years (left) and 10,000 years (right) after the 
start of injection in the simulation with fining upwards material distribution. 

Figure 5-20 provides plots of supercritical and dissolved CO2 in the upper aquifer 

(upper Material A), siltstone (Material I) and lower aquifer (Materials A to E and J) for 

simulations with only two discrete changes in material types (three layer model), versus 

the model with graded bedding.  With gradational bedding, the plume extends more in 

the vertical direction, accumulating supercritical CO2 in the lower portions of the aquifer 

closer to the injection zone (see Chapter 4).  This decreases the saturation of CO2 at the 

bottom of the siltstone layer, resulting in a lower supercritical and dissolved CO2 content 

in the siltstone and upper aquifer than in the three layer model with only two discrete 

changes in bedding.  However, because of the higher residual CO2 saturations in the 

aquifer that has a fining upwards sequence, the decrease in supercritical CO2 in the 

siltstone after 100 years is not as rapid as it is in the three layer model.   

Over the short-term (100 years post-injection), the model with gradational 

bedding has a higher total dissolved CO2 content in the lower aquifer because the 

increase in the extent of the plume in the vertical direction, combined with the higher Slr 

values, increases the interfacial contact-area between supercritical CO2 and water 
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(Chapter 4).  However, because CO2 does not migrate to the same lateral extent under 

the siltstone, and because liquid mobility is inhibited due to the lower permeability and 

higher residual fluid saturations (Slr and Sgr) of the finer-grained sediments, convective 

flow is less pronounced.  Thus, mixing of the CO2 saturated water with formation water is 

less pronounced, and dissolution of supercritical CO2 decreases dramatically in 

comparison to the three layer model.  Significantly higher amounts of supercritical CO2 

dissolve in the lower aquifer in the three layered model.  Because the saturation of 

supercritical CO2 is higher in the model with gradational bedding by 10,000 years, the 

dissolved CO2 concentration gradient between the siltstone and upper aquifer is also 

higher.  Thus, the height the dissolved CO2 diffuses into the upper aquifer is slightly 

higher in the model with gradational bedding because there is a larger concentration 

gradient between the layers, even though the total dissolved CO2 in the upper aquifer is 

less.  This is observed by comparing Figures 5-5 and 5-6 with Figure 5-19.  No 

supercritical CO2 migrates into the upper aquifer in either of the simulations.   
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Figure 5-20. Comparison of the supercritical (left) and dissolved CO2 (right) content in 
the upper aquifer (upper Material A; top), siltstone (Material I; middle), and lower aquifer 
(lower 45 m; bottom) when the lower 45 m aquifer is represented by either graded 
bedding (red) or three layer material distribution (blue). 

Figure 5-21a shows the total amount of supercritical CO2 in each layer, 

normalized to the thickness of each layer.  Over the short-term (100 years post-

injection), the highest concentration of supercritical CO2 is in the medium-grained 

sandstone (Materials A and B), as the more stringent flow controlling parameter values 

in the materials stratigraphically higher slow CO2 migration upwards. Over time, the 

concentration in the overlying layers increases, with the highest supercritical CO2 
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concentrations in Materials C and D (Figure 5-21).  Conversely, the concentrations in 

the very-fine grained sandstone (Material E) and siltstone (Material I) decrease, and by 

5,000 years there is no (0 kg) supercritical CO2 left in Material I.  

Figure 5-21b shows the total amount of dissolved CO2 in each layer, normalized 

to the thickness of each layer.  Dissolved CO2 content decreases within each layer 

moving upward in the fining upward sequence, with the highest amounts in the coarse-

grained sandstone (Material J), due to density-driven flow of CO2 downwards with time.   

 

Figure 5-21. Mass of a) supercritical CO2 and b) dissolved CO2 over time within each 
stratigraphic layer of the graded bedding simulation, normalized according to the 
thickness of each layer. 

The spatial distribution of calcite, chlorite and albite dissolution (figure not shown) 

are very similar to the three layer model, occurring primarily within siltstone (chlorite, up 

to 88% of the initial volume fraction of 0.044, and albite, up to 74% of the initial volume 

fraction of 0.132) or directly below it in the sandstone (calcite, up to 30% of the initial 

volume fraction of 0.067).  K-feldspar (Figure 5-22a) dissolves primarily under the 

siltstone and in the outer regions of the plume, up to 16% of the initial volume fraction of 

0.069 in the sandstone, which is dissimilar to the model with the three layer model where 

it dissolves closer to the injection zone.  In both instances, K-feldspar dissolution is 

highest in the areas with the highest residual CO2 saturation.  The spatial distribution of 

carbonate precipitation is consistent with the simulation with the three layer model, with 

the highest concentrations in the lower portion of the siltstone.  Lesser quantities are 

observed throughout the extent of the CO2 plume in the sandstone, but there is an 

increase in the volume fraction of dawsonite in the sandstone along the outer edges of 
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the CO2 plume (gas-water contact) (Figure 5-22b).  Dawsonite precipitation correlates 

with chalcedony precipitation (Figure 5-22c) and K-feldspar dissolution.  Minor kaolinite 

precipitates within the inner portion of the dawsonite and chalcedony precipitation rind, 

corresponding to Materials C and D, which have the highest supercritical CO2 

concentrations by the end of the 10,000 year simulation time (Figure 5-22d). 

 

Figure 5-22. Distribution profiles of a) K-feldspar, b) dawsonite, c) chalcedony and d) 
kaolinite, 10,000 years after the start of injection in the simulation with the fining upwards 
material distribution. 

 Although the magnitude of mineral dissolution and precipitation is slightly higher 

in certain areas of the model with graded bedding in comparison to the three layer 

model, because of the decrease in the extent of CO2 along the sandstone-siltstone 

interface and diffusion into the upper aquifer, there is an overall decrease in the total 

minerals dissolved and precipitated in the model with graded bedding.  Figure 5-23 

provides plots of mineral dissolution and precipitation of select minerals over time.   
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Figure 5-23. Comparison of plots of mineral dissolution and precipitation over time 
between simulations with graded bedding versus the three layer model. 

Differences in mineral dissolution are the greatest for albite, which results in a 

significant decrease in smectite-Na precipitation.  Dawsonite precipitation is lower in the 

graded bedding simulation until approximately 8,000 years post injection, when graded 

bedding concentrations become higher than in the three layer model.   

The changes in porosity induced from mineral dissolution and precipitation are 

very similar in the simulations with graded bedding versus the three layer model, with the 

exception of a slightly larger decrease in porosity in the lower aquifer (lower 45 m), 

particularly underlying the siltstone (Figure 5-24). In this area, porosity decreases are as 

high as 9% of total porosity in the simulation with graded bedding, equating to a 

permeability decrease of approximately 25%, whereas in the three layer model, porosity 
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decreases only reach approximately 5% of total porosity, equating to a permeability 

decrease of 12%.  This indicates that mineral precipitation in finer-grained sandstones 

with lower original porosity and permeability (in this case conceptually representing 

materials of smaller grain size leading up to the siltstone) has a larger effect on 

diagenetic porosity decreases. Porosity decreases and increases in the siltstone layer 

are very similar in magnitude between the model with graded bedding and the three 

layer model.  

 

Figure 5-24. Distribution profiles of the percent change in a) porosity and b) permeability, 
10,000 years after the start of injection in the simulation with fining upwards material 
distribution. 

5.3.4. Geological Discontinuities 

The distribution of supercritical CO2 and dissolved CO2 in the simulations with 

discontinuities in the siltstone (Material I) layer were described in Chapter 4.  This 

section focuses primarily on the subsequent distribution of pH and mineral reactions that 

take place over the 100 year simulation time.   

In Cases 1 to 5, the distribution of pH and mineral dissolution and precipitation 

reactions follow the distribution of dissolved CO2 that was described in Chapter 4.  The 

pH distribution after 100 years in Case 1 is provided as an example in Figure 5-25.  The 

pH is lowered in both the lower and upper aquifers, following the distribution of dissolved 

CO2.   
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Figure 5-25. Distribution profile of pH 100 years after the start of injection in the 
simulation with a vertical discontinuity within the middle siltstone layer (Material I) 
separating two permeable aquifers (Case 1). 

Over the short (100 year) simulation time, mineral dissolution (Figure 5-26) and 

precipitation (Figures 5-27 and 5-28) reactions in Case 1 occur primarily within the lower 

portion of the siltstone (Material I), along the boundary with the lower aquifer.  The 

exception is K-feldspar, which dissolves near the lower portion of the CO2 plume.  

Reactions also occur along the side and upper edges of the discontinuity.   
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Figure 5-26. Distribution profiles of a) calcite, b) chlorite, c) albite and d) K-feldspar 100 
years after the start of injection in the simulation with a vertical discontinuity within the 
middle siltstone layer (Material I) separating two permeable aquifers (Case 1). 

Chalcedony and smectite-Ca and -Na are the primary silicates that precipitate 

(Figure 5-27).  Precipitation is spatially correlated to mineral dissolution. The 

precipitation of kaolinite and illite/muscovite are limited to the edges of the discontinuities 

and is very minor (not shown). 
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Figure 5-27. Distribution profiles of a) chalcedony and b) smectite-Na 100 years after the 
start of injection in the simulation with a vertical discontinuity within the middle siltstone 
layer (Material I) separating two permeable aquifers (Case 1). 

Dawsonite, dolomite and siderite precipitate primarily along the bottom boundary 

of Material I and along the edges of the discontinuity (Figure 5-28).  Magnesite does not 

precipitate in the 100 year simulation time.  
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Figure 5-28. Distribution profiles of a) dawsonite, b) dolomite and c) siderite 100 years 
after the start of injection in the simulation with a vertical discontinuity within the middle 
siltstone layer (Material I) separating two permeable aquifers (Case 1). 

The leakage of the CO2 plume to the upper aquifer decreases the pH at the top 

of the upper aquifer, while mineral dissolution increases the concentration of dissolved 

ions.  Figure 5-29 compares the change in pH and dissolved ions within the cell 

(observation point; OBS1) at the top of the upper aquifer, directly above the vertical 

discontinuity in each of the simulations (location shown in Figure 5-25).  The “Base” is 

the response from the simulation where the low permeability seal (Material I) is 

continuous and CO2 leakage into the upper aquifer does not occur.  The arrival time of 

CO2 at the top of the upper aquifer in Cases 1, 2, 4 and 5 is evidenced by a decrease in 

pH and rapid change in the concentration of dissolved ions.   
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Figure 5-29. Change in a) pH, b) Ca2+, c) Mg2+, d) Fe2+, e) Na+ and f) K+ over time in the 
grid cell 45 m above the discontinuity at the top of the upper aquifer (OBS1). 

Ca2+, Fe2+, Mg2+ and K+ increase above base levels, due to the dissolution of 

calcite, chlorite and K-feldspar, but the concentration of Na+ decreases below base 

levels, indicating that Na+ is removed from the formation water through mineral 

precipitation.  The three minerals with Na+ in their chemical composition in the simulation 

are albite, dawsonite and smectite-Na, the latter precipitating in only minor amounts over 

the 100 year simulation time (Figure 5-27).  Figure 5-30 shows the volume fraction 

increase of dawsonite at the top of the upper aquifer above the discontinuity in Case 1, 

which takes up Na+ from the formation water, and the volume fraction decrease of albite, 

which provides Na+ to the formation water.  At the end of the 100 year simulation time, 

the change in molar concentration of dawsonite is 20.5 mol/m3, whereas the change in 

molar concentration of albite is -1.8 mol/m3.  This indicates that dawsonite obtains Na+ 

from other sources other than albite dissolution, such as the saline formation water.  The 

influx of DIC accompanying CO2 leakage permits supersaturation of the saline (Na+-rich) 
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water with respect to dawsonite, regardless of the limiting dissolution of albite. The result 

is a net loss of Na+ and precipitation of dawsonite.  

  

Figure 5-30. Mineral dissolution and precipitation over time in the grid cell 45 m above 
the discontinuity in the siltstone at the top of the upper aquifer (OBS1). 

Concentration gradients in the dissolved ions are observed.  In Cases 1, 2, 4 and 

5, there is a spike in Fe2+ and Mg2+ concentrations with the onset of CO2 leakage that is 

not observed in the other dissolved ions.  The spike in Fe2+ and Mg2+ concentrations is 

attributed to the dissolution of chlorite, which occurs primarily in the siltstone layer.  The 

increases in Ca2+ and K+ concentrations, attributed to the dissolution of calcite and K-

feldspar, are steadier than Mg2+ and Fe2+ concentrations because a relatively uniform 

volume of calcite and K-feldspar dissolves all the way through the sandstone, releasing 

Ca2+ and K+ to the water.  The spikes in Fe2+ and Mg2+ concentrations are less in Cases 

4 and 5 then it is in Cases 1 and 2, particularly for Mg2+.  Figure 5-31 compares the 

distribution of dissolved Fe2+ and Mg2+ over various times after injection in Cases 1 and 

5.  After 5 years of injection, there is elevated Mg2+ and Fe2+ from chlorite dissolution in 

the siltstone in both Cases 1 and 5.  Concentration gradients in Fe2+ and Mg2+ are 

observed, owing to differences in the reaction rates and spatial distribution of dolomite 

and smectite precipitation, which take up Mg2+, and siderite precipitation, which takes up 

Fe2+.  The highest concentrations of Fe2+ and Mg2+ are at the leading edge of the plume, 

where mineral precipitation has not had enough time to occur to any large degree.  The 

highest concentration of Mg2+ is slightly ahead of Fe2+, indicating mineral precipitation is 
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removing Mg2+ faster than Fe2+.  By 10 years in Case 1, the plume has begun to 

disperse laterally along the top of the upper aquifer.  

In Case 5, the finer-grained sediments inhibit CO2 leakage, so the CO2 plume 

migrates further under the siltstone, transporting the highest concentration of Mg2+ and 

Fe2+ to the periphery of the plume in the lower aquifer.  This allows more time for mineral 

precipitation to take place in the lower aquifer, which takes up Fe2+ and Mg2+, and 

spreads the dissolved ions over a larger area, decreasing the concentration gradients.  

By the time the CO2 plume flows to the top of the upper aquifer (36 years), the 

concentration gradients in Fe2+ and Mg2+ are reduced.   
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Figure 5-31. Distribution of dissolved Fe2+ and Mg2+ in a) Case 1 and, b) Case 5, 5, 10 
and 40 years after the start of injection. 
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5.4. Discussion 

5.4.1. Long-term Distribution of Supercritical CO2, Dissolved CO2 
and pH 

Over longer simulation times (greater than 100 years) convective flow processes 

become important for the mass transport of dissolved ions.  Convective flow plays a 

large role in bringing the acidic CO2-rich water down to lower portions of the aquifer, as 

well as bringing the ambient formation water into contact with the plume, promoting 

dissolution of supercritical CO2.  The extent of convective mixing is dependent on how 

conducive the material is to fluid mobility.  Materials with high absolute permeability and 

high water relative permeability (low Slr and high m values) (e.g., Material A) have a 

higher degree of convective mixing than materials with low absolute permeability and 

low water relative permeability (high Slr and low m values), thus promoting dissolution of 

supercritical CO2 past residual concentrations (Ennis-King and Paterson, 2007; Chapter 

3).  An example of this is the high supercritical CO2 saturations at the end of the 10,000 

year simulation time in the reservoirs with the fine-grained sandstone and gradational 

bedding, both of which represent an increase in heterogeneity in comparison to the 

simulation with 45 m thick lower reservoir composed of medium-grained sandstone 

(Material A). In the short-term, an increase in heterogeneity is shown to increase the 

interfacial contact area between CO2 and water, thereby increasing the amount of 

dissolved CO2 (Chapter 4).  However, over the long-term, an increase in heterogeneity 

decreases the extent of CO2 lateral migration and convective mixing, which actually 

decreases the rate of dissolution, thus the amount of dissolved CO2 is much lower at 

10,000 years in the simulations with finer-grain sizes and graded bedding.  The 

remaining residual CO2 in these materials continues to dissolve, promoting a lower pH 

over longer time periods (Xu et al., 2011). 

Flow of a small percentage of CO2 up into the siltstone in both its supercritical 

and dissolved phases occurs due to pressure gradients resulting from buoyancy-driven 

flow of supercritical CO2 upwards.  The multiphase flow parameter values in the 

siltstone, primarily the value of capillary entry pressure, prevent the flow of supercritical 

CO2 further into the siltstone (Chapter 3).  The use of non-hysteretic curves also results 

in the residual gas saturation value artificially inhibiting the upward migration of 
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supercritical CO2.  However, dissolved CO2 distributions are not sensitive to the relative 

permeability and capillary pressure parameter values (Chapter 3), and dissolved CO2 is 

able to diffuse up through the 10 m thick siltstone into the overlying aquifer over longer 

time scales.  The height the dissolved CO2 diffuses into the upper aquifer is dependent 

on the total CO2 concentration in the underlying layers, which is the driving force for 

diffusion. Flow and diffusion of supercritical and dissolved CO2 into the siltstone are very 

important for the magnitude and extent of mineral reactions.  The mass transport of 

dissolved CO2 through the siltstone initiates a greater magnitude of mineral dissolution 

and precipitation than when the siltstone is not present.  Dissolved ions released during 

mineral dissolution in the siltstone are eventually transported up into the upper aquifer 

via diffusion, and into the lower aquifer via convection, resulting in further mineral 

precipitation.   

Preferential flow in the coarser-grained high permeability channel sandstone 

results in the separation of the main plume into multiple plumes, promoting CO2 

dissolution and enhancing density-driven flow in the fine-grained sandstone.  Over time, 

the separated dissolved CO2 plumes amalgamate due to mixing of the CO2 with the 

formation water by density-driven flow and diffusion from high to low CO2 concentration 

gradients.  In the simulation with gradational fining upwards of grain size, contrasts in the 

flow controlling parameter values result in the supercritical CO2 becoming the most 

concentrated in the fine-grained sandstones situated in the mid-region of the reservoir, 

rather than directly below the siltstone.   

Heterogeneity has an important influence on the distribution of CO2 through its 

various stratigraphic, residual and dissolution trapping mechanisms, as well as for 

preferential flow, and needs careful characterisation.  Contrasts in porosity and 

permeability are important, but so are contrasts in the properties that control pore 

geometry and surface area (Chapters 3 and 4) because these parameters control the 

relative permeability and residual saturations of each fluid.   

5.4.2. Primary Mineral Reactions 

In general, calcite, chlorite, albite and K-feldspar dissolve when contacted by the 

acidic dissolved CO2, resulting in authigenic precipitation of carbonates, chalcedony and 
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clays. This is consistent with numerical simulations conducted by others (Gunter et al., 

1993; Gunter et al., 1997; Johnson et al., 2001; Xu et al., 2003, Kirste et al., 2004; Xu et 

al., 2005, 2010; Li et al., 2009; Kwon et al., 2011; Beyer et al., 2012; Kihm et al., 2012; 

Okuyama et al., 2013) and field observations of natural analogues (Moore et al., 2005; 

Watson et al., 2004; Worden, 2006; Higgs et al., 2013).  Differences in the types of 

carbonate and clay minerals precipitated between this study and the work of others are 

observed, owing to differences in initial mineral composition and abundance and mineral 

kinetics. 

Extensive carbonate precipitation is observed in this study, primarily in the 

simulation with the siltstone separating the two aquifers.  Dolomite sources Mg2+ and 

Ca2+ from chlorite and calcite dissolution, siderite sources Fe2+ from chlorite dissolution, 

dawsonite sources Na+ and Al3+ from albite, K-feldspar and chlorite dissolution, and 

magnesite sources Mg2+ from chlorite dissolution.  Dolomite and siderite precipitate 

throughout the entire CO2 footprint, and extend throughout the entire 10 m thickness of 

the siltstone layer.  Findings are consistent with Watson et al. (2004), who described 

mineralogical and formation water changes caused by magmatic CO2 invading lithic 

sandstones of the Ladbroke Grove Field within the Pretty Hill formation in South 

Australia.  Comparisons were made by Watson et al. (2004) to the mineralogy in the 

same unit of the Katnook Gas Field less than 1 km away, charged with pure methane 

and separated from Ladbroke Grove by a fault.  Observed similarities with the present 

study and the Ladbroke Grove reservoir include the dissolution of chlorite in the lithic 

fragments, corrosion of feldspars, decrease in calcite and extensive siderite and ankerite 

precipitation.  Ankerite was not included in the present simulations as the Ca:Fe:Mg 

composition is variable and difficult to constrain thermodynamically; the precipitation of 

siderite and dolomite is considered to be constituent carbonates.   

Dawsonite precipitation is slightly more restricted.  Although it does precipitate in 

the lower aquifer within the CO2 footprint, it primarily precipitates in the lower portion of 

the siltstone at the sandstone-siltstone interface, as well as at the saturation front (CO2-

water contact).  Dawsonite precipitation is spatially correlated to albite and K-feldspar 

dissolution and chalcedony precipitation, consistent with numerical simulations 

conducted by Audigane et al. (2007). However, Audigane et al. (2007) only noted 

precipitation of dawsonite in the sandstone layers of their simulations, not the shales.  
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Field observations of the Supai Formation of the Springville-St. John CO2 field on the 

border of Arizona and Mexico (Moore et al., 2005) and CO2-rich sandstones of the Lam 

formation in Yemen (Worden, 2006) indicated extensive dawsonite precipitation 

associated with corroded plagioclase and K-feldspar, as well as quartz precipitation.   

Magnesite does not precipitate until 200 years after the start of injection, and is 

limited to the siltstone layer.  Magnesite does not precipitate over the entire 10,000 

simulation time in the simulation without the siltstone layer.  Precipitation of smectite-Na, 

-Ca, -Mg and -K, which have Mg included in the octahedral layer, result in 

undersaturation of the water with respect to magnesite until later time periods when the 

concentration of Mg2+ increases in the siltstone due to increased amounts of chlorite 

dissolution.  Numerical simulations conducted by Xu et al. (2005) show similar results, 

where magnesite was not a stable trapping mineral in their modelled environment. 

Minor albite precipitates near the saturation front (CO2-water contact) and at the 

top of the siltstone in the upper aquifer.  Albite precipitation is consistent with numerical 

simulations and field observations of diagenetic alteration in Gulf Coast sandstone 

aquifers reported in Xu et al (2003).  K-feldspar precipitation also occurs in the present 

study.  Re-precipitation of these host rock minerals is interpreted to be a result of mass 

transport and mixing of acidic high Ca+/HCO3
- and Na+/K+/Al3+/SiO2(aq) water with 

formation water of more neutral pH, resulting in a change of the saturation states.  

Evidence for this is provided by the similar spatial distribution of chlorite dissolution, K-

feldspar precipitation and the pH distribution.  The dissolution of chlorite provides Al3+ 

and SiO2(aq) to the formation water, and neutralizes the pH through consumption of H+ 

and production of HCO3
-.  Transport of K+ into these areas results in over-saturation of 

the formation water with respect to K-feldspar, and K-feldspar precipitation.  Other 

numerical modelling studies have also observed precipitation of K-feldspar over longer 

time periods (greater than 1,000 years) (Audigane et al., 2007; Beyer et al., 2012).  In 

the 2D reactive transport model of long-term storage of CO2 in the alternating sandstone 

and shale layers of the Utsira formation, Audigane et al. (2007) observed precipitation of 

K-feldspar in the shales from muscovite alteration, but also discerned a large fraction of 

K+ was mobilized and transported downwards, leading to some K-feldspar precipitation 

in the adjacent sandstone layers. 
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Chalcedony and smectite (primarily smectite-Na, -Ca and -Mg) are the primary 

silicates that precipitate from incongruent dissolution of chlorite, albite and K-feldspar.  

The precipitation of chalcedony (quartz) is consistent with qualitative field observations 

of the formation of quartz nodules (Watson et al., 2004, Worden, 2006) and numerical 

simulation studies (Gunter et al., 1997; Audigane et al., 2007; Kihm et al., 2012).  

Smectite precipitation has also been recorded in numerical simulation studies of CO2 

injection (Xu et al., 2003; Kihm et al., 2012).  Kaolinite and muscovite also precipitate in 

the present study in areas of higher acidity, but only in very minor amounts, which is 

inconsistent with observations of natural analogues, where kaolinite is typically a major 

secondary mineral, but at higher temperatures (90C) (Watson et al., 2004).  Moore et 

al. (2005) determined that kaolinite formed subsequent to dawsonite precipitation 

following a decline in the CO2 pressure in the Supai Formation.  This is consistent with 

findings in this study, which observe only minor kaolinite precipitates inside the outer 

edges of dawsonite precipitation rind.  It is also consistent with findings from 1D (Xu et 

al., 2010) and 2D (Xu et al., 2005) multiphase flow and reactive transport simulations of 

CO2 injection in a proxy of Gulf Coast sandstone-shale sediments of the Frio formation, 

which found that kaolinite was unstable during the precipitation of dawsonite, resulting in 

only minor precipitation of kaolinite.   

The greatest changes in mineral abundance are observed in the siltstone 

(Material I) layer, which was assigned an initially higher volume fraction of chlorite and 

albite.  The flow, dissolution, and later diffusion of the dissolved CO2 up, into, and above 

the siltstone layer results in interaction with a higher volume fraction of chlorite and 

albite, the former being generally more geochemically reactive owing to its higher 

reactive surface area.  Dissolved CO2 also moves more slowly through the siltstone, 

promoting further mineral dissolution, and increasing the concentration of dissolved ions 

for potential mineral precipitation.  The higher volume fraction of chlorite and albite 

signify a greater bulk concentration of Fe2+, Mg2+ and Na+
 that could be converted from 

silicates to carbonates (Johnson et al., 2001; Kirste et al., 2004; Li et al., 2009). Thus, 

the ratio of mineral reaction to advection-diffusion is much larger in the siltstone (Material 

I) than in the higher porosity and permeability reservoir sandstones (Material A), 

promoting greater mineral dissolution and subsequent precipitation.  These findings are 

consistent with numerical simulations conducted by Johnson et al. (2001), who 
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investigated the influence of intra-aquifer shales on CO2 storage mechanisms and found 

high concentrations of detrital Fe-Mg clays within intra-aquifer and caprock shales 

greatly increased carbonate cementation.  In this study, structural trapping of the CO2 

directly below the siltstone also promotes mineral dissolution at the sandstone-siltstone 

interface.  Convective flow plays a role in transporting dissolved ions originating from 

mineral dissolution in the siltstone downwards to enhance precipitation of minerals in the 

lower aquifer.  Likewise, mass transport of dissolved ions into the upper aquifer via 

diffusion initiates mineral reactions there over longer time scales.  

Changes in mineral abundance in the simulation without the siltstone layer are 

much less extensive, owing to the lower volume fraction of chlorite and albite.  Mineral 

dissolution is slightly lower in the coarse-grained, well-sorted sandstone, in comparison 

to the fine-grained, poorly-sorted reservoir sandstone.  This is attributed to the higher 

fluid mobility in the coarse-grained layer, which produces a lower mineral reaction to 

advection-diffusion ratio.  A higher volume fraction of mineral precipitation occurs in the 

fine-grained reservoir sandstone, due to its relatively lower permeability and higher 

residual water saturation, which restricts fluid circulation and promotes precipitation.  

The highest precipitation occurs along the CO2-water contact.  Xu et al. (2003) stated 

that mineral reaction peaks occur just behind the supercritical CO2 front because the 

water saturation is higher at these locations and the magnitudes of mineral dissolution 

and precipitation are proportional to the amount of water in the model (pore spaces). 

This also explains why a higher irreducible water saturation (Slr) (higher volume fraction 

of water trapped in the pore spaces) would enable a greater magnitude of mineral 

dissolution and precipitation.  

In the simulations with graded bedding, the finer grain sizes inhibit the saturation 

and lateral migration distance of supercritical CO2 along the sandstone-siltstone 

boundary.  This leads to an overall decrease in the total minerals dissolved and 

precipitated in the model with graded bedding.  However, there is a slightly higher 

concentration of mineral precipitation in areas of the model with graded bedding in 

comparison to the three layer model with a homogenous medium-grained sandstone 

because of the higher residual CO2 saturation in the finer-grained sandstones, which 

continues to dissolve into the water, promoting further mineral reaction over longer time 

scales (Xu et al., 2011).  This is contradictory to Mito et al. (2013), who observed a 
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decrease in mineral reaction with an increase in residual gas saturation values in 

numerical simulation studies of the Nagaoka CO2 injection site in Japan, which they 

attributed to a lower volume fraction of water available for reaction.  In this study 

however, the finer-grained sandstones are also associated with higher irreducible water 

saturation, which in turn promotes a higher residual gas saturation by decreasing the 

overall fluid mobility, and increases the water content available for reaction.  

The dependence of mineral reactions on grain size, lithofacies and stratigraphic 

position in the reservoir have been documented in recent work from the Kapuni Field of 

onshore Taranaki Basin, New Zealand, which has naturally occurring CO2 believed to be 

sourced from intra-formational coals (Higgs et al., 2013).  It was observed that coarse-

grained high-energy facies had undergone the most feldspar dissolution and subsequent 

formation of secondary porosity due to preferential migration of CO2-rich fluids through 

the more permeable beds, resulting in an enhancement of the reservoir quality of these 

units.  However, less feldspar corrosion but more mineral precipitation was found to 

occur in fine-grained, lower energy sandstone facies due to a lower permeability, which 

restricted fluid circulation and promoted precipitation.  This implied a mass transfer of 

ions from the coarser-grained material to the fine-grained material.  Pervasive cements 

were observed at the gas/water contacts and the upper interface between the reservoir 

and sealing unit.  The modelling in this study also observes pervasive carbonate 

precipitation at the interface between the reservoir and sealing unit, primarily in the lower 

portion of the siltstone layer.  In addition, carbonate precipitation in the reservoir sands is 

the highest at the CO2-water contacts.  However, the highest feldspar dissolution occurs 

in the siltstone layer, rather than the coarse- to fine-grained sandstones, which 

contradicts the findings from Higgs et al. (2013).  This may be due to the high initial 

volume fraction of albite (0.132) in the siltstone layer.   

5.4.3. Porosity-Permeability 

In general, the porosity of the materials in the simulation shows a net decrease 

due to carbonate and silicate mineral precipitation.  This is inconsistent with field 

observations from the Ladbroke Grove reservoir (Watson et al., 2004), which noted a 

slight net increase in porosity and permeability due to the dissolution of pore-lining 

cements opening pore-throats.  However, field studies of sandstones rich in CO2 gas of 
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the Lam Formation in Yemen, noted a significant inverse correlation between 

permeability and total carbonate cement, resulting in poorer reservoir quality (Worden, 

2006).  Higgs et al. (2013) observed an enhancement of the vertical heterogeneity and 

compartmentalisation of fluid flow, with development of porosity through mineral 

dissolution in the preferential flow layers and a reduction of porosity through mineral 

precipitation in the fine-grained units.    

For the simulation with the siltstone layer, the decrease in porosity is as high as 

40% of the total porosity at the base of the siltstone (siltstone-sandstone contact), 

translating to an 80% percent decrease (0.8 mD) in permeability.  This permeability 

reduction in the siltstone, which had an original permeability of 1 md, would result in 

better sealing capabilities (Johnson et al., 2001; Higgs et al., 2013).  In the sandstone, 

decreases in porosity are the highest directly under the siltstone.  This “roof-downward 

cementation”, as termed by Johnson et al. (2001), is a result of the higher supercritical 

CO2 saturation directly underneath the siltstone, enabling the precipitation of carbonates 

in these areas, and increasing the sealing capabilities of the siltstone (Higgs et al., 

2013).  Johnson et al. (2001), who also used a cubic relation to relate porosity-

permeability changes in a sandstone-shale system, stated that continuum-based 

estimates used in numerical simulations severely underestimate the actual change in 

permeability with changes in porosity because they do not take into account where the 

changes in porosity are occurring (i.e., in the pore body or pore throats, the latter having 

a much greater effect on permeability).  This implies that the sealing capabilities of the 

siltstone may be even greater than simulated in this study.  

A decrease of up to 5% of total porosity is observed in the sandstone in the three 

layer model, and 9% in the model with graded bedding, equating to a decrease in 

permeability of 12% and 25%, respectively.  Mineral precipitation induced by CO2 

appears to have a larger effect on diagenetic alteration of porosity in materials with lower 

original porosity and permeability (in this case the finer-grained materials leading up to 

the siltstone).  Increases of up to 5% of the total porosity are observed in the upper 

portion of the siltstone, indicating leaching of chemical constituents from the siltstone (Xu 

et al., 2005). This increase in porosity (and permeability) would likely be negligible given 

the reduction in porosity and permeability in the lower portion of the siltstone, but may 

enhance flow and transport upwards over longer time scales. 
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Decreases in porosity are not as prominent in the simulation with the preferential 

flow path layer because of the lower magnitude of overall mineral reaction.  The largest 

decrease is up to 8% of the total porosity in the fine-grained sandstone and 4% in the 

coarse-grained sandstone.  This results in a decrease in permeability of up to 116 mD in 

the coarse-grained sandstone layer, due to its high original permeability of 1,156 mD, 

and a decrease of 6 mD in the reservoir sandstone.  This result is inconsistent with 

findings from Higgs et al. (2013), which showed a net increase in porosity in coarse-

grained preferential flow paths, enhancing reservoir potential.  Increases in porosity of 

up to 4% of total porosity are observed in the coarse-grained sandstone layer, equating 

to permeability increases of 16% (185 mD), but are spatially limited to a small section of 

the outer edge of the CO2 plume.   

5.4.4. Geological Discontinuities 

Mineral dissolution and precipitation reactions in the models with discontinuities 

in the low permeability sealing layer are limited within the 100 year simulation time, but 

the greatest magnitude of reaction occurs primarily in the lower portion of the siltstone 

and along the side and upper edges of the discontinuity.  The exception is K-feldspar, 

which dissolves more in the sandstone materials near the lower portion of the CO2 gas-

water contact.  This is primarily related to the higher initial volume fraction of chlorite and 

albite in the siltstone layer, while the sandstone has a higher initial volume fraction of K-

feldspar.  Although mineral dissolution and precipitation reactions are relatively minor, 

they are large enough to observe changes in the water chemistry in the upper aquifer 

with the onset of CO2 leakage.  The pH of the water decreases due to the dissolved 

CO2, and concentrations of the primary cations (Ca2+, Mg2+, Fe2+ and K+) increase due to 

dissolution of calcite, chlorite, and K-feldspar, consistent with observations of water 

chemistry at physical CO2 injection sites (Kharaka et al., 2006; Shevalier et al., 2009; Xu 

et al., 2010; Zheng et al., 2012; Mito et al., 2013).  The exception is Na+, which 

decreases below base levels.  The formation water had a moderate initial salinity of 

about 32 g/L, and after the addition of dissolved CO2, pH buffering and increases in the 

concentrations of Al3+ and SiO2(aq) through mineral dissolution reactions, the water 

becomes supersaturated with respect to dawsonite, resulting in dawsonite precipitation 

and removal of Na+ from the formation water. 



 

168 

Concentration gradients in the dissolved ions are attributed to differences in the 

reaction rates and spatial distribution of the controlling mineral reactions, as well as the 

rate of leakage upwards, which controls the time for mineral dissolution and precipitation 

to take place.  Medium- to coarse-grained, well-sorted sandstone infilling an erosional 

channel is more conducive to buoyancy driven flow and results in significant leakage 

over a short time period (7 years), as well as sharp spikes in the concentrations of Mg2+ 

and Fe2+.  The initially high concentrations of Mg2+ and Fe2+ occur because of chlorite 

dissolution in the siltstone, 45 m below the observation point.  The water then becomes 

supersaturated with respect to dolomite, smectite and siderite because calcite 

dissolution throughout the footprint of the CO2 plume results in pH buffering and an 

increase in HCO3
-
.  Precipitation of dolomite, smectite and siderite consumes Mg2+ and 

Fe2+, resulting in a decrease in their concentrations shortly after arrival at the top of the 

upper aquifer.  The increases in Ca2+ and K+ are more gradual because they are 

sourced from calcite and K-feldspar dissolution, which occurs throughout the sandstone 

aquifer.   

Finer-grained sandstones are less conducive to buoyancy driven flow of 

supercritical CO2, allowing a greater portion of the CO2 plume to bypass the discontinuity 

and migrate under the siltstone in the lower aquifer, and more time for mineral 

precipitation to take place.  The rate of CO2 leakage upwards is reduced, and although it 

is still accompanied by a decrease in the pH and increases in the cation concentrations, 

the sharp spikes in Mg2+ and Fe2+ are lower owing to the slower rate of flow upwards, 

precipitation of dolomite, smectite and siderite over longer time periods, and spreading 

of the plume over larger areas in the lower aquifer.  These observations may be relevant 

to CO2 monitoring projects, because they suggest that concentration gradients in certain 

dissolved ions could be useful in estimating the rate of CO2 leakage upwards, the 

distance of the discontinuity from the observation point, or the composition of the 

materials infilling the discontinuity.  
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5.5. Conclusions  

The incorporation of reactive chemistry into the flow and transport models 

created in Chapter 4 and the extension of the simulation time to 10,000 years provided 

important insights into how the material distribution of various HSUs affects the 

distribution of CO2, pH, and mineral dissolution and precipitation reactions in 

stratigraphically heterogeneous CO2 storage reservoirs.  The interaction between flow 

and geochemistry was found to be very important for assessing the distribution of 

supercritical and dissolved CO2, the redistribution of ions from more geochemically 

reactive materials to more unreacted portions of the reservoir, and the mixing and 

dilution of CO2-rich waters.  

Over longer time scales (greater than 100 years) density-driven flow downwards 

plays an important role in fluid circulation and mixing, increasing the dissolution of 

supercritical CO2 and initiating mineral dissolution and precipitation reactions throughout 

a larger area of the storage reservoir.  Finer-grained or more heterogeneous rock types 

were found to be less conducive to mixing and convective flow processes, thus over 

longer time scales, have higher residual CO2 saturations and lower total dissolved CO2 

content.  Residual CO2 continued to dissolve in the formation water, resulting in a lower 

pH over longer time scales.  Areas with higher residual CO2 saturation contributed to a 

higher magnitude of some mineral dissolution and precipitation reactions because there 

was more time for CO2-water-rock interactions to take place.  

Flow of relatively small amounts of supercritical CO2 into fine-grained, low 

permeability, but geochemically reactive layers had a large impact on the magnitude of 

mineral reaction.  Upon dissolution, the dissolved CO2 diffused slowly through the 

interbedded siltstone layer, initiating mineral dissolution and precipitation reactions 

throughout the entire thickness of the layer, and eventually entering into the upper 

aquifer.  The height the dissolved CO2 diffused into the upper aquifer was dependent on 

the total CO2 concentration in the underlying layers.  This process was extremely 

important, because the greatest magnitude of mineral dissolution and precipitation 

reactions occurred within the low permeability layers.   
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The type of mineral reactants and products were similar in all the simulations, but 

the magnitude of dissolution and precipitation was primarily dependent on the initial 

volume fraction of geochemically reactive minerals in the material, and the extent the 

material came into contact with dissolved CO2.  Siltstones were assigned a higher initial 

volume fraction of geochemically reactive minerals due to poorer sorting and an increase 

in clay size particles.  This increased the bulk concentration of carbonate forming cations 

in these layers and, combined with lower fluid mobility (which increases the time for 

water-rock interactions to take place), resulted in a higher ratio of mineral reaction to 

advection-diffusion.  The greatest magnitude of mineral precipitation occurred at the 

boundary between (and below) the sandstone-siltstone interface where stratigraphic 

trapping of CO2 resulted in the most extensive reactions.  The stratigraphic position of 

this layer was important, because density-driven flow transported dissolved ions 

originating in this layer into lower portions of the aquifer. Additionally, mineral 

precipitation in the lower section of the siltstone layer decreased the porosity and 

permeability by up to 40 and 80%, respectively, increasing the siltstone’s sealing 

capability.  However, chemical leaching of ions in the upper portion of the siltstone 

slightly increased the porosity and permeability by up to 5 and 10%, respectively.  Thus, 

the sealing capability of the siltstone increased in the lower section of the 10 m thick 

layer, while decreasing in the upper section, narrowing the thickness of the seal. 

In addition to the sandstone-siltstone interface, higher amounts of mineral 

precipitation occurred at the supercritical CO2-water contact in the reservoir sandstone 

where both CO2 and liquid saturations were high.  This is particularly apparent in the 

finer-grained sandstones, where fluid mobility was restricted, allowing more time for gas-

water-rock interactions to take place.  Thus, sections of a potential storage reservoir 

where CO2 may become concentrated through stratigraphic or residual trapping will 

likely need the most extensive information on mineral content.   

Findings are, for the most part, consistent with field observations of natural 

analogues.  Observed similarities include the dissolution of chlorite, corrosion of 

feldspars, decrease in calcite, and extensive carbonate, quartz and clay precipitation.  

Inconsistences in the types of carbonate and clay minerals precipitated are observed, 

owing to differences in initial mineral composition and abundance, mineral kinetics, and 

physical flow controlling parameter values that control the distribution of CO2 



 

171 

(lithofacies).  In addition, pervasive cements have been observed at the gas/water 

contacts and the upper interface between the reservoir and sealing unit in natural 

analogues, which also resulted in a reduction of porosity and enhancement of the 

sealing capabilities of the low permeability units.  

Geological discontinuities in a low permeability seal layers caused by an 

erosional channel were modelled in this study.  In addition to the increase in pressure, 

gas saturation and mass fraction of dissolved CO2 observed in Chapter 4, the arrival of 

CO2 to the upper aquifer was accompanied by a decrease in the pH and increase in 

cations, with the exception of Na+.  Due to the moderate initial salinity of the formation 

water, the water became supersaturated with respect to dawsonite with the addition of 

dissolved CO2, pH buffering and increases in the concentrations of Al3+ and SiO2(aq) 

through mineral dissolution, resulting in dawsonite precipitation and removal of Na+ from 

the formation water.  Differences in the dissolved ion concentrations at the top of the 

upper aquifer were attributed to differences in the rate of CO2 leakage upwards 

(regulated by the material assigned to the discontinuity), which controlled the spatial 

distribution of dissolved ions and degree of dilution.   

Mineral trapping of CO2 (precipitation of carbonate minerals) depends on the 

initial minerals and formation water composition as well as the distribution and type of 

heterogeneities that exist in the storage system. While this study was based on 

hypothetical reservoir systems and was not intended to predict trapping capacities of any 

real system, the importance of capturing physical and chemical heterogeneities was 

made apparent.  Physical heterogeneity, represented through stratigraphic layering of 

the HSUs, as well as through assignment of the flow controlling parameter values, 

controls the distribution of supercritical and dissolved CO2 through its various trapping 

mechanisms (stratigraphic, residual and dissolution trapping), as well as preferential flow 

of CO2 in layers more conducive to fluid mobility.  This is critical for assessing the 

magnitude and extent of mineral dissolution and precipitation reactions, especially in 

very fine-grained rocks with a higher volume fraction of geochemically reactive minerals.  

Heterogeneity needs careful characterisation when assessing the impact of CO2 storage 

on geochemistry. 
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Chapter 6.  
 
Conclusions and Recommendations 

6.1. Conclusions 

The role of physical heterogeneity in deep saline CO2 storage aquifers, 

representing different sedimentary rock layers and the relationships between those 

layers, on the distribution of CO2 in its various physical and chemical trapping 

mechanisms was examined.  A literature review was conducted to better understand 

how the primary parameters controlling the flow of CO2 in numerical multiphase flow 

models (porosity, permeability and the parameters defining relative permeability and 

capillary pressure) vary for different rock types.  TOUGH2 V2, a numerical multiphase 

flow and transport code, and TOUGHREACT V1.2, a multiphase flow and reactive 

transport code, were used to construct a series of reservoir scale simulations.  These 

simulations were used to investigate how the flow controlling parameter values, 

distribution and grid refinement of various hydrostratigraphic units (HSUs) affect the 

distribution of CO2, pH, and mineral dissolution and precipitation reactions during 

geological storage of CO2. 

Stratigraphic heterogeneity was represented through layering of materials, or 

hydrostratigraphic units (HSUs) within the reservoir.  This study investigates how both 

radial grid refinement and vertical grid refinement above, within, and below stratigraphic 

layers influences the distribution of CO2 over both short and long-term time scales.  Grid 

refinement is required the most in areas with the highest pressure and concentration 

gradients, thus, cell sizes near the injection zone and in areas where CO2 migrates 

throughout the duration of the simulation have to be small, to adequately resolve 

buoyancy, dissolution and convective flow processes.  In order to increase 

computational efficiency, grid size can be increased radially away from the injection 

zone.   
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Vertical refinement of HSUs is important for resolving discrete changes in 

material types; single cell representation of HSUs is inadequate.  For low permeability 

materials, such as a siltstone or shale, an increase in vertical refinement dramatically 

decreases the amount of CO2 able to penetrate into and above the material, and 

increases the lateral migration distance of CO2 under the impermeable boundary due to 

better resolution of the flow controlling parameter values that prevent the upward 

migration of CO2.  Vertical refinement of materials with high permeability increases 

preferential flow of CO2 laterally within these layers, but also increases buoyancy flow of 

CO2 up into the overlying aquifer.  Vertical grid refinement in the reservoir sandstone 

increases the total content, and thus, the radial migration distance of CO2 under the low 

permeability sealing layer because of better resolution of buoyancy flow processes.  

Lateral refinement decreases numerical dispersion of the CO2 plume in the radial 

direction, and improves resolution of convective fingering.  Coarse cell sizes 

overestimate the amount of dissolved CO2 over short time scales (up to 100 years), but 

underestimate the amount of dissolved CO2 over longer time scales, due to poor 

resolution of convective flow processes.   

In general, the level of grid refinement required within reservoir scale simulations 

is largely dependent on the level of detail required for the purposes of the study. 

Numerous processes have to be resolved in the simulations, all occurring on different 

spatial and temporal scales.  Short-term simulations may require smaller cell sizes 

closer to the injection zone to better investigate near injection processes, while long-term 

simulations may require a more uniform grid to decrease numerical dispersion within the 

main portion of the aquifer and better resolve convective flow processes. Due to the 

sensitivity of dissolved CO2 content and the resolution of convective fingering to grid 

refinement, results from reservoir simulation studies with relatively coarse grids such as 

this should not be considered as precise predictions of dissolved CO2 movement, but 

instead offer an estimate of the overall magnitude of convective transport. 

Each HSU was assigned bulk parameter values that aimed to capture fine-scale 

heterogeneities inherent to a number of realistic rock types.  For example, small grain 

sizes, poor sorting, an increase in complex sedimentary structures, and/or a high 

percentage of clay or cement content, were represented by a decrease in porosity (ϕ) 

and permeability (k) (to account for smaller pore spaces and pore-throats), a decrease in 
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the vertical to horizontal permeability ratio kz/kx, an increase in the capillary pressure 

entry strength (Pe) (to account for narrower pore-throats), an increase in Slr (to account 

for a higher mineral grain surface area the liquid would adhere to, as well as any 

heterogeneities directed sub-parallel to flow which may create preferential flow paths 

and block off a large portion of the pore spaces from infiltrating CO2), and a decrease in 

the m exponent (van Genuchten parameter, to account for poorer sorting) (Morgan and 

Gordon, 1970; Wardlaw and Cassan, 1979; Byrnes et al., 2009; Nelson, 2009; Perrin 

and Benson, 2010).  Maximum residual gas saturation (SgrM) correlations were less 

constrained, particularly for sediments with low to moderate porosity, with one trend 

indicating an increase in SgrM with decreasing porosity due to an increase in the pore 

network complexity (Holtz, 2002; Byrnes et al., 2009), and a second trend indicating a 

decrease in SgrM with decreasing porosity in sediments with a high volume fraction of 

clay (microporosity) (Hamon et al., 2001).  An attempt was made to test the uncertainty 

in SgrM in this study by creating duplicate materials with different residual gas saturation 

(Sgr) values, but the same porosity and permeability.  Thus, the Sgr values used in this 

study are more reflective of the maximum residual gas saturations that each material 

would trap.   

Non-hysteretic relative permeability and capillary pressure curves were used, 

meaning the mobility of CO2 at the leading edge of the plume (i.e., during drainage) is 

artificially immobilized by the values of Sgr.  While this method is not ideal, the use of the 

same very low Sgr values (0.05) for all the rock types would have drastically 

underestimated the amount of residually trapped gas during imbibition, and 

overestimated the mobility of the CO2 plume.  This would have had major implications for 

the CO2 dissolution rate, the pH of the water and the location and magnitude of mineral 

reactions, particularly over longer time scales.  

Physical heterogeneity controls the distribution and concentration of CO2, both in 

its supercritical and dissolved phases, which are critical for assessing the magnitude and 

extent of mineral dissolution and precipitation reactions.  Over shorter time scales (less 

than 100 years), the distribution of supercritical CO2 controls the distribution of dissolved 

CO2 and pH.  The flow and storage of supercritical CO2 are a balance between 

buoyancy flow processes forcing CO2 upwards, and the flow controlling parameter 

values of the material preventing CO2 from moving upwards.  Preferential flow of CO2 
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occurs in coarser-grained sandstones with large contrasts in permeability relative to the 

adjacent aquifers, but buoyancy forces may eventually result in the flow of supercritical 

CO2 upwards.  The rate of migration upwards is dependent on the material type 

(hydrogeological or flow controlling parameter values) in the overlying HSU.  In an 

aquifer with a fining upwards sequence, preferential flow and storage of CO2 occurs in 

overlying finer-grained sandstones, rather than coarse- to medium-grained sandstones 

in the lower portion of the aquifer, because the fine-grained sandstones are less 

conducive for the upwards flow of CO2, and more conducive for storage.  Contrasts in 

porosity and permeability are important, but so are contrasts in the residual fluid 

saturations (Slr and Sgr) and capillary entry pressure (Pe), which depend on the 

properties that control pore geometry and surface area (grain size, grain shape, sorting, 

pore/pore-throat size and distribution, and clay content).  A material with similar porosity 

and permeability, but with differences in pore geometry and surface area, may be more 

conducive for the flow, storage and/or trapping of CO2. 

Supercritical CO2 dissolves into the formation water at the CO2-water interface.  

Over short simulation times (less than 100 years), more supercritical CO2 dissolves into 

the aqueous phase in finer-grained or poorly-sorted sandstones in comparison to 

coarse-grained or well-sorted sandstones because of a greater interfacial contact area 

between supercritical CO2 and water, and because of the Slr values associated with the 

finer grain sizes.  Over longer time scales (greater than 100 years), however, convective 

flow becomes more important for mixing and dissolution of supercritical CO2.  Finer-

grained sediments are less conducive for fluid mobility and convective flow because of 

their lower permeability and higher Slr values.  Thus the amount of supercritical CO2 that 

dissolves is lower in finer-grained sediments over longer simulation times, resulting in 

higher residual CO2 saturations after 10,000 years compared to more permeable and 

well-sorted sandstone aquifers.  The continual dissolution of residual supercritical CO2, 

combined with the lack of mixing with the ambient formation water, also results in a 

lower pH in aquifers composed of finer-grains after 10,000 years. 

The decrease in the formation water pH due to CO2 injection results in the 

dissolution of host rock minerals, including calcite and aluminosilicates such as chlorite, 

albite and K-feldspar.  This releases carbonate forming cations to the formation water, 
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including Na+, Ca2+, Mg2+, Fe2+, K+ and Al3+, and neutralizes the pH by consuming H+ 

and forming bicarbonate (HCO3
-).  Extensive precipitation of dolomite, dawsonite, 

siderite occurs, as well as minor magnesite.  Incongruent dissolution of the 

aluminosilicates results in the formation of secondary silicates, such as smectite, 

kaolinite and muscovite, as well as the precipitation of chalcedony/quartz.   

The magnitude and location of mineral dissolution and precipitation reactions are 

dependent on the location of geochemically reactive layers (rich in calcite, chlorite and 

feldspar), and the extent that these layers come into contact with dissolved CO2.  

Siltstones were assigned a higher initial volume fraction of geochemically reactive 

minerals due to poorer sorting and more clay size particles.  Flow of CO2 up into the low 

permeability siltstone in both its supercritical and dissolved phases occurs due to 

pressure gradients resulting from buoyancy driven-flow of supercritical CO2 upwards.  

Over time, dissolved CO2, which increases in concentration due to the dissolution of 

supercritical CO2, diffuses up through the interbedded siltstone layer and into the 

overlying aquifer.  The degree to which the dissolved CO2 diffuses into the upper aquifer 

is dependent on the total CO2 concentration in the underlying layers, which is the driving 

force for diffusion.  Flow and diffusion of supercritical and dissolved CO2 into the 

siltstone are very important for the magnitude and extent of mineral reactions.  The 

higher initial volume fraction of geochemically reactive minerals in this layer implies a 

higher bulk concentration of carbonate forming cations and, combined with lower fluid 

mobility (which increases the time for gas-water-rock interactions to take place), results 

in a higher ratio of mineral reaction to advection-diffusion.  The greatest magnitude of 

mineral precipitation occurs at the boundary between (and below) the sandstone-

siltstone interface, where stratigraphic trapping of CO2, in addition to a higher volume 

fraction of geochemically reactive minerals, results in the most extensive reactions.  

Mineral precipitation in the lower section of the siltstone layer and along the upper 

portion of the sandstone where it contacts the siltstone, decreases the porosity and 

permeability by up to 40 and 80%, respectively, increasing the siltstone’s sealing 

capability.  However, chemical leaching of ions in the upper portion of the siltstone 

slightly increases the porosity and permeability by up to 5 and 10%, respectively.  Thus, 

the sealing capability of the siltstone increases in the lower section of the 10 m thick 

layer, while decreasing in the upper section, narrowing the thickness of the seal.  Flow 
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and diffusion of dissolved CO2 into very fine-grained rocks (siltstones) is very important 

for the magnitude of mineral dissolution and carbonate precipitation in this study; one 

question that arises is whether layers of very fine-grained rocks and siltstones allow for 

the migration of the CO2 in aqueous phase in reality. 

In addition to the sandstone-siltstone interface, higher magnitudes of mineral 

precipitation occur at the supercritical CO2-water contact in the reservoir sandstone 

where both CO2 and liquid saturations are high.  This is particularly apparent in the finer-

grained sandstones, where fluid mobility is restricted, allowing more time for gas-water-

rock interactions to take place.  Thus, areas of a reservoir where CO2 may become 

concentrated through stratigraphic or residual trapping will likely need the most 

extensive information on mineral content.   

Findings are, for the most part, consistent with field observations of natural 

analogues (Moore et al., 2005; Watson et al., 2004; Worden, 2006; Higgs et al., 2013).  

Observed similarities include the dissolution of chlorite, corrosion of feldspars, decrease 

in calcite, and extensive carbonate, quartz and clay precipitation.  Inconsistences in the 

types of carbonate and clay minerals precipitated are observed, owing to differences in 

initial mineral composition and abundance, mineral kinetics, and physical flow controlling 

parameter values that control the distribution of CO2.  Higgs et al. (2013) also observed 

a dependence of mineral reactions on grain size, lithofacies and stratigraphic position in 

the reservoir from the Kapuni Field of the onshore Taranaki Basin, New Zealand, as well 

as cements at the gas/water contacts and the upper interface between the reservoir and 

sealing unit.  This resulted in a reduction of porosity and enhancement of the sealing 

capabilities of the siltstone. However, Higgs et al. (2013) inferred a mass transfer of ions 

from coarser-grained material to fine-grained material, whereas this study observes a 

mass transfer of ions from the finer-grained more geochemically reactive materials to the 

coarser-grained materials.   

The influence of geological discontinuities in stratigraphic layers, which might 

occur at an erosional channel cutting through a caprock or low permeability layer, were 

examined in this study using a continuum approach.  A vertical discontinuity was placed 

in a 10 m thick siltstone layer separating two sandstone aquifers, 1 km away from the 
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injection zone.  The grain size, sorting and clay content of the material infilling the 

vertical discontinuity, which are reflected in the porosity, permeability, residual fluid 

saturation and capillary entry pressures values assigned to the material, have a larger 

impact on CO2 containment than the width of the discontinuity itself.  Lack of 

containment was accompanied by an increase in pressure, gas saturation, dissolved 

CO2 and most of the primary cations, as well as a decrease in pH in the area affected by 

the CO2 plume.  Pressure perturbations were detected in a large radius around the CO2 

plume very soon after the CO2 began to migrate into the upper aquifer, and indicate 

pressure monitoring with the use of pressure transducers may provide the first 

indications of CO2 leakage in CO2 monitoring projects.  In addition, concentration 

gradients in dissolved ions are observed in this study, the magnitude of which are 

dependent on the rate of CO2 leakage upward.  This indicates that monitoring 

concentration gradients in dissolved ions could be useful in estimating the rate of CO2 

leakage upwards, the distance of the discontinuity from the observation point, or the 

composition of the materials infilling the discontinuity.  

6.2. Recommendations 

Due to the dependence of mineral dissolution and precipitation reactions on the 

distribution of CO2 and mass transport of dissolved ions, it is recommended that, where 

possible, realistic multiphase flow parameter values are used to define relative 

permeability and capillary pressure in various material types and HSUs.  Altering the 

relative permeability and capillary pressure parameter values can dramatically change 

how conducive a material (with a fixed porosity and permeability) is to the flow and 

transport of CO2.  This may have major implications when trying to determine whether a 

material with a certain porosity and permeability is a sealing unit.  It may also dictate the 

distribution of pH and the extent of potential mineral reactions that may take place.  One 

set of multiphase flow parameter values should not necessarily be used to describe all 

rock types.  In the event multiphase flow data are not available, the sensitivity to these 

parameters should be examined within reasonable ranges according to each rock type.   

Past work has suggested that the rock properties that control relative 

permeability can be identified through microscopic core examination.  Reservoirs could 
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be subdivided into meaningful rock types (HSUs) using variations in rock properties that 

control the pore geometry and surface area of the material (grain size, grain shape, 

sorting, pore/pore-throat size and distribution, and clay content).  Relative permeability 

could then be evaluated based on those rock types, rather than using a single property, 

such as permeability.  However, experimental work investigating field-scale relative 

permeability in varying HSUs would likely be the biggest asset to aid in reservoir scale 

model parameterization and calibration.  In addition, further work is required to 

investigate the impact of clay (microporosity) and mica on CO2 residual gas saturations.   

This study uses non-hysteretic relative permeability and capillary pressure curves 

(Corey, 1954; van Genuchten, 1980), where capillary pressure and relative 

permeabilities depend only on the local saturation at the current time.  Because of this, 

the leading edge of the supercritical CO2 plume is artificially immobilized by the Sgr 

value.  A more sophisticated approach is the use of hysteretic curves, where capillary 

pressure and relative permeability depend on both the current local saturation value, but 

also on the history of the local saturation and whether drainage or imbibition is occurring 

(Doughty, 2007).  It is recommended further work incorporates the findings from this 

study (i.e., ranges in Sgr values for different material types) into numerical models using 

hysteretic relative permeability and capillary pressure curves to re-evaluate how 

conducive each material is to the flow and storage of CO2, and how this then affects the 

distribution of pH and mineral dissolution and precipitation reactions in physically 

heterogeneous CO2
 storage systems. 

During site characterization, areas of the reservoir where CO2 may become 

concentrated through stratigraphic or residual trapping will likely need the most 

extensive information on mineral content, because trapping can result in a longer time 

period for gas-water-rock interactions to take place.  In addition, information on the 

parameters controlling relative permeability (pore geometry, surface area, sorting and 

clay content) will also be useful in a reactive geochemistry context, because this 

information may assist in establishing more realistic reactive surface areas.  Reactive 

surface areas control kinetic reaction rates for mineral dissolution and precipitation and 

are typically associated with a large degree of uncertainly, particularly for silicates.  

Mineral reaction rates measured in laboratory experiments are often found to be several 

orders of magnitude more rapid than those observed in nature at similar temperatures 
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and pH.  One reason for this is that reactive surface areas for individual minerals are 

extremely difficult to characterize, particularly in nature where weathered surfaces of 

minerals may result in coating or where the proportion of the mineral surface area that is 

hydrologically accessible to the reactive fluid is limited (White and Brantley, 2003; Xu et 

al., 2005; Zhu et al., 2006, Perrin and Benson, 2010; Krevor et al., 2011).  Secondly, 

laboratory experiments are typically conducted far from equilibrium, when in reality 

natural systems are typically at near to equilibrium conditions → 1 .  Reaction 

mechanisms vary depending on the proximity to equilibrium between the fluid chemical 

composition and the mineral, and those mechanisms have different reaction rates 

(Hellmann and Tisserand, 2006; Arvidson and Luttge, 2010).  Traditional linear forms 

based on the transition state theory (TST) (Lasaga, 1984; Steefel and Lasaga, 1994), as 

used in this study, do not incorporate the change in rate as equilibrium is approached, 

and can significantly overestimate rate of mineral dissolution and precipitation reactions 

(Hellmann and Tisserand, 2006).  Non-linear reaction rate laws incorporating two rate 

constants have been proposed to account for changes in the rate as equilibrium is 

approached (Burch et al., 1993).  Uncertainties related to the kinetic rates and reactive 

surface areas should be examined in future numerical modelling studies, potentially 

using comparisons to field observations from natural analogues to verify model results 

and constrain realistic reaction rates.   

Finally, the cubic law relation (Steefel and Lasaga, 1994) was used in this study 

to calculate the temporal change in permeability due to changes in porosity from mineral 

dissolution and precipitation.  This law yields zero permeability only under the condition 

of zero porosity.  However, in most experimental and natural systems, permeability 

reductions to values near zero can occur at porosities significantly higher than zero due 

to mineral precipitation in the narrower interconnecting pore-throats while disconnected 

void spaces remain in the pore bodies (Verma and Pruess, 1988).  The permeability 

reduction depends not only on the reduction of porosity, but also on the pore space 

geometry and the distribution of precipitate.  These factors may vary widely for different 

rock types and HSUs.  Verma and Pruess (1988) derived an improved porosity-

permeability relationship (Chapter 2), which requires the parameterization of ϕc, the 

“critical” porosity at which permeability goes to zero, and n, a power law exponent.  
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These parameters are media dependent.  Future work should consider how these 

parameters may vary for different rock types.  
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Appendix A.  
 
Porosity, Permeability, Grain Size and Pore-throat Size 
Data Compiled from the Literature 

In general, permeability was found to increase with increasing porosity (Figure A-1).  

Scatter in the data above and below the upper and lower trends is likely due to 

differences in primary and secondary porosity, sorting, sedimentary structure, and type 

and volume of cementation (Dutton and Diggs, 1992; Byrnes et al., 2009).  In general, 

porosity and permeability decrease with an increase in complexity of the primary 

sedimentary structure.  Samples exhibiting massive or planar laminae structures have a 

generally higher porosity and permeability compared to those with biotrubated, or 

convoluted structures or lenticular bedding. 

 

Figure A1. Comparison of porosity versus air permeability from collected data.   
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Table A-1  Description of symbols  

m grain Mean grain size 

m/r p thrt Mean or range in pore-throat diameter 

ϕ Average Porosity 

k Average Permeability 

kisk Average In situ Klinkenberg permeability. 

CP/RP data Capillary pressure (CP) or relative permeability (RP) data was collected 

 

Table A-2. Digital rock number scheme for siliciclastic core description from Byrnes et al. 
(2009) (Rock Type Code)  

First Digit: Basic Lithology 0xxxx Organic rocks (coals, etc.) 
1xxxx Siliciclastic rocks 

Second Digit: Grain Size, 
sorting, texture 

10xxx Shales 
11xxx Silty shales (60-90% clay) 

12xxx Siltstones or very shaly sandstones (40-65% clay and silt) 
13xxx Moderately shaly sandstones (10-40% clay and silt) 

14xxx Sandstones, very fine 
15xxx Sandstones, fine 

16xxx Sandstones, medium 
17xxx Sandstones, coarse 

18xxx Sandstones, very coarse to gravely –sandstone 
19xxx Conglomerate, matrix or clast supported 

Third Digit: Degree of 
consolidation or cementation 

1x0xx Totally cemented, dense, hard, unfractured 
1x1xx Dense, fractured 

1x2xx Well indurated, mod-low porosity (3-10%), unfractured 
1x3xx Well indurated, mod-low porosity (3-10%), fractured 

1x4xx Well indurated, mod-low porosity (3-10%), highly fractured 
1x5xx Indurated, mod-high porosity (>10%), unfractured 
1x6xx Indurated, mod-high porosity (>10%), fractured 

1x7xx Indurated, mod-high porosity (>10%), highly fractured 
1x8xx Poorly indurated, high-v. high porosity, soft 

1x9xx Unconsolidated sediment 

Fourth Digit: Primary 
sedimentary structures 

1xx0x Vertical perm barriers, shale dikes, cemented vert. fractures 
1xx1x Churned/bioturbated to burrow mottled (small scale) 

1xx2x Convolute, slumped, large burrow mottled bedding (large scale) 
1xx3x Lenticular bedded, discontinuous sand/silt lenses 

1xx4x Wavy bedded, continuous sand/silt and mud layers 
1xx5x Flaser bedded, discontinuous mud layers 

1xx6x Small scale (< 4 cm) x-laminated, ripple x-lam, small scale hummocky x-bd 
1xx7x Large scale (> 4 cm) trough or planar x-bedded 

1xx8x Planar laminated or very low angle x-beds, large scale hummocky x-bd 
1xx9x Massive, structureless 

Fifth Digit: Dominant 1xxx0 Sulfide pore filling (RhoG=3.85-5.0) 
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cementation or pore filling 
material 

1xxx1 Siderite (RhoG=3.89) 
1xxx2 Phosphate (RhoG=3.13-3.21) 

1xxx3 Anhydrite or Gypsum (RhoG=2.98 or 2.35) 
1xxx4 Dolomite (RhoG=2.89) 
1xxx5 Calcite (RhoG=2.71) 
1xxx6 Quartz (RhoG=2.65) 

1xxx7 Authigenic clay (RhoG=2.12-2.76) 
1xxx8 Carbonaceous debris (RhoG= 2.0) 

1xxx9 No pore filling material or detrital clay filled intergranular voids 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued)  
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 

samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 
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Table A-3. Porosity, permeability, grain size and pore-throat measurements from core 
samples (continued) 

 



 

218 

Appendix B.  
 
Capillary Pressure Data Compiled from the Literature 
and Corresponding Best-Fit Curve Parameter Values 

Table B-1. Description of symbols 

ϕ Average porosity 

k Average permeability  

kisk Average in situ Klinkenberg permeability 

Pe Capillary entry pressure 

Slr Irreducible water saturation 

m van Genuchten exponent 

Pmax Maximum capillary pressure 

SCO2 Saturation of supercritical CO2 

Sl Saturation of liquid 

MICP Mercury Injection Capillary Pressure analysis 

X-ray CT Determination of porosity and fluid saturation using X-ray CT imaging  
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Table B-2. Summary of capillary pressure endpoints obtained from best-fit to van 
Genuchten function (1980) 
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Table B-2. Summary of capillary pressure endpoints obtained from best-fit to van 
Genuchten function (1980) (continued) 

 
1. Grain size classification based on Wentworth scale and rock code provided in Byrnes et al. (2009) 
2. Slr from Byrnes et al. (2009) not corrected for porosity using X-ray CT scan methods, thus these values are likely 

underestimated (see Krevor et al., 2012). 
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Table B-3. Average, maximum and minimum values for capillary pressure endpoints based 
on grain size. 

 ϕ (%) k (mD) Pe (Pa) Slr2 m 
Medium Grained Sandstones1  (7 tests) 

Average 16.5 306.9 1.65x104 0.07 0.38 
Min 10.9 0.9 2.1x103 0.0 0.25 
Max 28.3 1156 5.0x104 0.27 0.6 

Fine Grained Sandstones1 (17 tests) 
Average 19.9 71.8 4.63x104 0.06 0.37 

Min 12.0 0.1 2.5x103 0.00 0.26 
Max 27.0 330 3.33x105 0.25 0.70 

Very Fine Grain Sandstones1 (2 tests) 
Average 12.9 2.16 2.29x104 0.00 0.35 

Min 11.1 0.25 1.25x104 0.00 0.29 
Max 14.7 4.07 3.33x104 0.00 0.40 

Coarse Siltstones1 (8 tests) 
Average 16.9 31.4 1.07x105 0.01 0.38 

Min 8.9 0.1 5.0x103 0.00 0.30 
Max 21.6 140.0 5.0x105 0.07 0.46 

1. Grain size classification based on Wentworth scale and rock code provided in Byrnes et al. (2009) 
2. Slr from Byrnes et al. (2009) not corrected for porosity using X-ray CT scan methods, thus these values are 

likely underestimated (see Krevor et al., 2012). 
 

Note that capillary threshold (entry) pressures values from 27 MCIP tests were also 
reported in Wardlaw and Cassan (1979), but were not included in Appendix B because it 
was uncertain whether these single values could be converted to a CO2-brine 
equivalence.  Relative differences in the values were still useful for observing changes in 
Pe values with changes in permeability.  
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Table B-4. Capillary pressure measurements made by Pini et al. (2012) for Arqov 
sandstone and van Genuchten curve-fitting parameters obtained in this study 

Arqov Sandstone1 – 1194 m 
k = 28 mD, ϕ = 10.9% (50°C) 

van Genuchten (1980)  Best-fit Curve Parameters 

SCO2 Sl Pc (Pa) m Slr Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.372 0.628 9.93E+03 0.6 0.27 1.0E04 1.0E-04 1.0E+07 1.0 
0.387 0.613 1.11E+04 

 
1. Data obtained from core flooding experiments; average (core-

scale) measurements used. 

0.411 0.589 1.49E+04 
0.466 0.534 1.76E+04 
0.551 0.449 2.21E+04 
0.612 0.388 3.09E+04 
0.655 0.345 4.49E+04 
0.687 0.313 5.55E+04 
0.704 0.296 6.80E+04 
0.722 0.278 7.82E+04 
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Figure B-1. Capillary Pressure Curve - Arqov Sandstone
Pini et al. (2012) 
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Table B-5. Capillary pressure measurements made by Pini et al. (2012) for Berea 
sandstone and van Genuchten curve-fitting parameters obtained in this study 

Berea Sandstone1 
k = 276 mD, ϕ = 19.5% (50°C) 

van Genuchten (1980)  Best-fit Curve Parameters 

SCO2 Sl Pc (Pa) m Slr Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.106 0.894 3.55E+03 0.7 0.20 8.0E03 1.25E-04 1.0E+07 1.0 
0.109 0.891 4.40E+03 

1. Data obtained from core flooding experiments; average 
(core-scale) measurements used. 

 

0.149 0.851 5.80E+03 
0.259 0.741 7.06E+03 
0.456 0.544 8.36E+03 
0.577 0.423 1.11E+04 
0.626 0.374 1.41E+04 
0.665 0.335 1.63E+04 
0.693 0.307 1.93E+04 
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Figure B-2. Capillary Pressure Curve - Berea Sandstone
Pini et al. (2012)
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Table B-6. Capillary pressure measurements made by Krevor et al. (2012) for Berea 
sandstone and van Genuchten curve-fitting parameters obtained in this study 

Berea Sandstone 1,2 

k = 914 mD, ϕ = 22.1 % 
van Genuchten (1980)  Best-fit Curve Parameters 3 

Sl Pc (Pa) m Slr4 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.11 1.00E+07 0.33 0.11 2.5E03 4.0E-04 2.0E07 1.0 
0.15 1.00E+06 

1. Measurements made using MCIP and converted to 
CO2/water system. 

2. Data estimated from Figure 8 in  
Krevor et al. (2012). 

3. Adapted from best-fit Brooks-Corey curve parameters 
provided in Krevor et al. (2012) (Table 2). 

4. Approximated by Krevor et al. (2012) using MCIP data 
normalized to porosity obtained using x-ray CT scanner. 

 

0.2 1.00E+05 
0.35 1.00E+04 
0.4 5.00E+03 
0.6 4.00E+03 
0.8 3.00E+03 
0.9 2.50E+03 
1 2.00E+03 
1 1.00E+02 
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Figure B-3. Capillary Pressure Curve - Berea Sandstone
Krevor et al. (2012)

van Genuchten
Berea Sandstone



 

225 

 
Table B-7. Capillary pressure measurements made by Krevor et al. (2012) for Paaratte 

sandstone and van Genuchten curve-fitting parameters obtained in this study 

Paaratte Sandstone1,2 – 1400 m 

k = 1156 mD, ϕ = 28.3% 
van Genuchten (1980)  Best-fit Curve Parameters 3 

Sl Pc (Pa) m Slr4 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.05 1.00E+07 0.37 0.05 2.1E03 4.762E-04 2.0E07 1.0 
0.05 8.00E+06 

1. Measurements made using MCIP and converted to 
CO2/water system. 

2. Data estimated from Figure 8 in Krevor et al. (2012). 
3. Adapted from best-fit Brooks-Corey curve parameters 

provided in Krevor et al. (2012) (Table 2). 
4. Approximated by Krevor et al. (2012) using MCIP data 

normalized to porosity obtained using x-ray CT scanner. 

 

0.1 1.50E+05 
0.2 2.00E+04 
0.35 4.00E+03 
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Figure B-4. Capillary Pressure Curve - Paaratte Sandstone
Krevor et al. (2012)

van Genuchten

Paaratte Sandstone
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Table B-8. Capillary pressure measurements made by Krevor et al. (2012) for Mt. Simon 
sandstone and van Genuchten curve-fitting parameters obtained in this study 

Mt. Simon Sandstone 1,2 – 1650 m 
k = 7.5 mD, ϕ = 24.4 % 

van Genuchten (1980)  Best-fit Curve Parameters 3 

Sl Pc (Pa) m Slr4 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.22 1.00E+07 0.26 0.22 4.6E03 2.174E-04 2.0E7 1.0 
0.3 9.00E+05 

1. Measurements made using MCIP and converted by Krevor 
et al. (2012) to CO2/water system. 

2. Data estimated from Figure 8 in Krevor et al. (2012). 
3. Adapted from best-fit Brooks-Corey curve parameters 

provided in Krevor et al. (2012) (Table 2). 
4. Approximated by Krevor et al. (2012) using MCIP data 

normalized to porosity obtained using x-ray CT scanner. 

 

0.4 1.00E+05 
0.5 2.00E+04 
0.6 1.50E+04 
0.8 1.00E+04 
0.9 9.00E+03 
1 7.00E+03 
1 2.00E+03 
1 1.00E+02 
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Figure B-5. Capillary Pressure Curve - Mt. Simon Sandstone
Krevor et al. (2012)

van Genuchten

Mt. Simpson SandstoneMt. Simon Sandstone
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Table B-9. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well C-47 (823 m, core sample B) and van Genuchten curve-fitting 
parameters obtained in this study 

C-47 Tip Top Shallow – 823 m (2699.7 ft) (B)1 

Ambient Conditions 

kisk2 = 29.0 mD, ϕ = 21.7% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.33 0.04 1.43E-04 7.0E-05 1.0E7 1.0 

Sl Pc (Pa) 
Sl  

(continued) 
Pc (Pa)  

(continued) 
Sl 

(continued) 
Pc (Pa) 

(continued) 

1.00 1.20E+03 0.552 2.79E+04 0.209 4.38E+05 
0.998 1.99E+03 0.502 3.58E+04 0.188 5.77E+05 
0.997 2.63E+03 0.468 4.38E+04 0.167 7.37E+05 
0.996 3.42E+03 0.421 5.97E+04 0.153 9.55E+05 
0.994 4.38E+03 0.387 7.56E+04 0.138 1.23E+06 
0.993 5.73E+03 0.344 9.55E+04 0.12 1.59E+06 
0.990 7.40E+03 0.32 1.19E+05 0.105 2.07E+06 
0.988 9.55E+03 0.29 1.59E+05 0.093 2.67E+06 
0.983 1.23E+04 0.267 2.07E+05 0.08 3.42E+06 
0.774 1.59E+04 0.243 2.79E+05 0.071 4.42E+06 
0.647 1.99E+04 0.227 3.42E+05 0.062 5.73E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-6. Capillary Pressure Curve - Well C-47 - 823 m  
(2699.7 ft) (B)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

C-47 @ 823 m
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Table B-10. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well C-47 (823 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

C-47 Tip Top Shallow – 823 m (2699.7 ft) (A)1 

Net Confining Pressure = 27.6 MPa 
kisk2 =  33.8 mD, ϕ = 21.7 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.38 0.0 2.5E-04 4.0E-05 1.0E7 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.5 2.09E+04 0.18 3.28E+05 
1.00 1.49E+03 0.469 2.69E+04 0.158 4.33E+05 
1.00 1.97E+03 0.431 3.28E+04 0.138 5.52E+05 
1.00 2.56E+03 0.388 4.48E+04 0.118 7.17E+05 
1.00 3.28E+03 0.347 5.67E+04 0.099 9.26E+05 
1.00 4.30E+03 0.318 7.17E+04 0.081 1.19E+06 
1.00 5.55E+03 0.292 8.96E+04 0.066 1.55E+06 
1.00 7.16E+03 0.261 1.19E+05 0.053 2.00E+06 
1.00 9.26E+03 0.237 1.55E+05 0.04 2.57E+06 
0.887 1.19E+04 0.213 2.09E+05 0.031 3.31E+06 
0.624 1.49E+04 0.2 2.57E+05 0.013 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-7. Capillary Pressure Curve - Well C-47 - 823 m  
(2699.7 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

C-47 @ 823 m
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Table B-11. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well C-47 (828 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

C-47 Tip Top Shallow – 828 m (2717.1 ft) (A)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 11.3 mD, ϕ = 20.0 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.370 0.0 3.33E04 3.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.752 2.09E+04 0.243 3.28E+05 
1.00 1.49E+03 0.583 2.69E+04 0.217 4.33E+05 
1.00 1.97E+03 0.536 3.28E+04 0.19 5.52E+05 
1.00 2.56E+03 0.476 4.48E+04 0.164 7.17E+05 
1.00 3.28E+03 0.441 5.67E+04 0.137 9.26E+05 
1.00 4.30E+03 0.401 7.17E+04 0.116 1.19E+06 
1.00 5.55E+03 0.367 8.96E+04 0.094 1.55E+06 
1.00 7.16E+03 0.337 1.19E+05 0.076 2.00E+06 
1.00 9.26E+03 0.308 1.55E+05 0.059 2.57E+06 
0.997 1.19E+04 0.282 2.09E+05 0.047 3.31E+06 
0.996 1.49E+04 0.264 2.57E+05 0.024 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-8. Capillary Pressure Curve - Well C-47 - 828 m  
(2717.1 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
C-47 @ 828 m
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Table B-12. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well C-47 (832 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

C-47 Tip Top Shallow – 832 m (2729.9 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 6.1 mD, ϕ = 18.7 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.43 0.0 4.0E04 2.5E-05 5.0E06 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.931 2.09E+04 0.194 3.28E+05 
1.00 1.49E+03 0.661 2.69E+04 0.165 4.33E+05 
1.00 1.97E+03 0.51 3.28E+04 0.136 5.52E+05 
1.00 2.56E+03 0.441 4.48E+04 0.112 7.17E+05 
1.00 3.28E+03 0.4 5.67E+04 0.087 9.26E+05 
1.00 4.30E+03 0.355 7.17E+04 0.062 1.19E+06 
1.00 5.55E+03 0.321 8.96E+04 0.033 1.55E+06 
1.00 7.16E+03 0.288 1.19E+05 0.017 2.00E+06 
1.00 9.26E+03 0.258 1.55E+05 0.0 2.57E+06 
1.00 1.19E+04 0.235 2.09E+05 0.0 3.31E+06 
1.00 1.49E+04 0.217 2.57E+05 0.0 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-9. Capillary Pressure Curve - Well C-47 - 832 m  
(2729.9 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
C-47 @ 832 m
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Table B-13. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well B-54 (1038 m, core sample B) and van Genuchten curve-fitting 
parameters obtained in this study 

B-54 Big Piney – 1038 m (3403.9 ft) (B)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 1.90 mD, ϕ = 16.0 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.38 0.0 5.0E04 2.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.49E+03 0.98 2.69E+04 0.232 4.33E+05 
1.00 1.97E+03 0.884 3.28E+04 0.209 5.52E+05 
1.00 2.56E+03 0.67 4.48E+04 0.181 7.17E+05 
1.00 3.28E+03 0.597 5.67E+04 0.158 9.26E+05 
1.00 4.30E+03 0.52 7.17E+04 0.14 1.19E+06 
1.00 5.55E+03 0.475 8.96E+04 0.111 1.55E+06 
1.00 7.16E+03 0.421 1.19E+05 0.076 2.00E+06 
1.00 9.26E+03 0.375 1.55E+05 0.056 2.57E+06 
1.00 1.19E+04 0.327 2.09E+05 0.036 3.31E+06 
1.00 1.49E+04 0.299 2.57E+05 0.005 4.30E+06 
0.996 2.09E+04 0.266 3.28E+05   

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-10. Capillary Pressure Curve - Well B-54- 1038 m  
(3403.9 ft) (B)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
B-54 @ 1038 m
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Table B-14. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well B-54 (1047 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

B-54 Big Piney – 1047 m (3433.8 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 28.6 mD, ϕ = 17.4% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.46 0.247 1.43E04 7.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.534 2.09E+04 0.268 3.28E+05 
1.00 1.49E+03 0.486 2.69E+04 0.263 4.33E+05 
1.00 1.97E+03 0.453 3.28E+04 0.262 5.52E+05 
1.00 2.56E+03 0.41 4.48E+04 0.256 7.17E+05 
1.00 3.28E+03 0.383 5.67E+04 0.256 9.26E+05 
1.00 4.30E+03 0.355 7.17E+04 0.256 1.19E+06 
1.00 5.55E+03 0.336 8.96E+04 0.255 1.55E+06 
0.999 7.16E+03 0.312 1.19E+05 0.255 2.00E+06 
0.998 9.26E+03 0.298 1.55E+05 0.254 2.57E+06 
0.806 1.19E+04 0.281 2.09E+05 0.253 3.31E+06 
0.632 1.49E+04 0.274 2.57E+05 0.247 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-11. Capillary Pressure Curve - Well B-54- 1047 m  
(3433.8 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
B-54 @ 1047 m
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Table B-15. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well B-54 (1055  m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

B-54 Big Piney – 1055 m (3461.5 ft) (A)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 170.9 mD, ϕ = 18.2 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.40 0.0 1.43E04 7.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.443 2.09E+04 0.124 3.28E+05 
1.00 1.49E+03 0.401 2.69E+04 0.099 4.33E+05 
1.00 1.97E+03 0.372 3.28E+04 0.082 5.52E+05 
1.00 2.56E+03 0.326 4.48E+04 0.061 7.17E+05 
1.00 3.28E+03 0.302 5.67E+04 0.046 9.26E+05 
1.00 4.30E+03 0.272 7.17E+04 0.036 1.19E+06 
1.00 5.55E+03 0.239 8.96E+04 0.022 1.55E+06 
1.00 7.16E+03 0.215 1.19E+05 0.009 2.00E+06 
0.995 9.26E+03 0.188 1.55E+05 0.0 2.57E+06 
0.623 1.19E+04 0.159 2.09E+05 0.0 3.31E+06 
0.521 1.49E+04 0.143 2.57E+05 0.0 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-12. Capillary Pressure Curve - Well B-54- 1055 m  
(3461.5 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
B-54 @ 1055 m
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Table B-16. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well B-54 (1061 m, core sample B) and van Genuchten curve-fitting 
parameters obtained in this study 

B-54 Big Piney – 1061 m (3480.8 ft) (B)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 0.00579 mD, ϕ = 8.9 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.46 0.03 5.0E05 2.0E-06 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.978 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.79 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.676 5.52E+05 
1.00 2.56E+03 1.00 4.48E+04 0.584 7.17E+05 
1.00 3.28E+03 1.00 5.67E+04 0.511 9.26E+05 
1.00 4.30E+03 1.00 7.17E+04 0.449 1.19E+06 
1.00 5.55E+03 1.00 8.96E+04 0.383 1.55E+06 
1.00 7.16E+03 1.00 1.19E+05 0.322 2.00E+06 
1.00 9.26E+03 1.00 1.55E+05 0.263 2.57E+06 
1.00 1.19E+04 0.999 2.09E+05 0.206 3.31E+06 
1.00 1.49E+04 0.995 2.57E+05 0.145 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-13. Capillary Pressure Curve - Well B-54- 1061 m  
(3480.8 ft) (B)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
B-54 @ 1061 m
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Table B-17. Capillary pressure measurements made by Byrnes et al. (2009) for Green River 
Basin, Well B-54 (1072 m, core sample B) and van Genuchten curve-fitting 
parameters obtained in this study 

B-54 Big Piney – 1072 m (3515.8 ft) (B) 
Net Confining Pressure = 27.6 MPa 

kisk2 = 0.0199 mD, ϕ = 12.0 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.41 0.03 3.3E05 3.0E-06 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.679 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.624 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.579 5.52E+05 
1.00 2.56E+03 1.00 4.48E+04 0.519 7.17E+05 
1.00 3.28E+03 1.00 5.67E+04 0.464 9.26E+05 
1.00 4.30E+03 1.00 7.17E+04 0.404 1.19E+06 
1.00 5.55E+03 0.999 8.96E+04 0.345 1.55E+06 
1.00 7.16E+03 0.997 1.19E+05 0.294 2.00E+06 
1.00 9.26E+03 0.986 1.55E+05 0.241 2.57E+06 
1.00 1.19E+04 0.816 2.09E+05 0.204 3.31E+06 
1.00 1.49E+04 0.741 2.57E+05 0.151 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-14. Capillary Pressure Curve - Well B-54- 1072 m  
(3515.8 ft) (B)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
B-54 @ 1072 m



 

236 

Table B-18. Capillary pressure measurements made by Byrnes et al. (2009) for Unita Basin, 
Well 2-7 Flat Mesa (1972 m, core sample C) and van Genuchten curve-fitting 
parameters obtained in this study 

2-7 Flat Mesa - 1972 m (6468.4 ft)  (C)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 0.390 mD, ϕ = 12.0 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.38 0.00 5.0E04 2.0E-02 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.34 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.29 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.25 5.52E+05 
1.00 2.56E+03 1.00 4.48E+04 0.22 7.17E+05 
1.00 3.28E+03 0.94 5.67E+04 0.19 9.26E+05 
1.00 4.30E+03 0.65 7.17E+04 0.16 1.19E+06 
1.00 5.55E+03 0.59 8.96E+04 0.13 1.55E+06 
1.00 7.16E+03 0.53 1.19E+05 0.10 2.00E+06 
1.00 9.26E+03 0.47 1.55E+05 0.08 2.57E+06 
1.00 1.19E+04 0.42 2.09E+05 0.06 3.31E+06 
1.00 1.49E+04 0.38 2.57E+05 0.03 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-15. Capillary Pressure Curve - 2-7 Flat Mesa             
1972 m  (6468.4 ft) (C)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

2-7 Flat Mesa @ 1972 m



 

237 

Table B-19. Capillary pressure measurements made by Byrnes et al. (2009) for Unita Basin, 
Well 2-7 Flat Mesa (1972 , core sample C) and van Genuchten curve-fitting 
parameters obtained in this study 

2-7 Flat Mesa - 1977 m (6486.4 ft) (C)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 0.633 mD, ϕ = 12.1 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.37 0.06 -3.33E04 -3.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.33 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.29 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.26 5.52E+05 
1.00 2.56E+03 0.98 4.48E+04 0.22 7.17E+05 
1.00 3.28E+03 0.72 5.67E+04 0.18 9.26E+05 
1.00 4.30E+03 0.63 7.17E+04 0.17 1.19E+06 
1.00 5.55E+03 0.57 8.96E+04 0.15 1.55E+06 
1.00 7.16E+03 0.51 1.19E+05 0.13 2.00E+06 
1.00 9.26E+03 0.45 1.55E+05 0.11 2.57E+06 
1.00 1.19E+04 0.40 2.09E+05 0.10 3.31E+06 
1.00 1.49E+04 0.37 2.57E+05 0.09 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-16. Capillary Pressure Curve - 2-7 Flat Messa (C)      
1977 m  (6468.4 ft)

Byrnes et al. (2009)  (US DOE Technical Report)

van Genuchten

2-7 Flat Messa @ 1977 m
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Table B-20. Capillary pressure measurements made by Byrnes et al. (2009) for Washakie  
Basin, Well Arch Unit (1487 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

102-7-10 Arch Unit - 1487 m (4878 ft) (A)1 
 Ambient Conditions 

kisk2 = 30.7 mD, ϕ = 18.7% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.35 0.03 1.25E04 8.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.56 2.69E+04 0.16 5.52E+05 
1.00 1.49E+03 0.53 3.28E+04 0.14 7.17E+05 
1.00 1.97E+03 0.47 4.48E+04 0.13 9.26E+05 
0.99 2.56E+03 0.43 5.67E+04 0.11 1.19E+06 
0.99 3.28E+03 0.38 7.17E+04 0.10 1.55E+06 
0.99 4.30E+03 0.35 8.96E+04 0.08 2.00E+06 
0.99 5.55E+03 0.31 1.19E+05 0.07 2.57E+06 
0.98 7.16E+03 0.28 1.55E+05 0.06 3.31E+06 
0.94 9.26E+03 0.25 2.09E+05 0.054 4.30E+06 
0.78 1.19E+04 0.23 2.57E+05 0.047 5.55E+06 
0.69 1.49E+04 0.20 3.28E+05   
0.62 2.09E+04 0.18 4.33E+05   

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-17. Capillary Pressure Curve - Well 102-7-10 
Arch Unit  Ambient Conditions - 1487 m  (4878 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

102-7-10 Arch Unit @ 1487 m



 

239 

Table B-21. Capillary pressure measurements made by Byrnes et al. (2009) for Washakie  
Basin, Well Arch Unit (1493 m, core sample A (Ambient Cond.)) and van 
Genuchten curve-fitting parameters obtained in this study 

102-7-10 Arch Unit - 1493 m (4899 ft) (A)1 
 Ambient Conditions 

kisk2 = 28.5 mD, ϕ = 20.1 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.35 0.00 1.11E04 9.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.55 2.09E+04 0.17 3.28E+05 
1.00 1.49E+03 0.50 2.69E+04 0.15 4.33E+05 
1.00 1.97E+03 0.47 3.28E+04 0.13 5.52E+05 
1.00 2.56E+03 0.42 4.48E+04 0.11 7.17E+05 
1.00 3.28E+03 0.38 5.67E+04 0.09 9.26E+05 
1.00 4.30E+03 0.34 7.17E+04 0.06 1.19E+06 
1.00 5.55E+03 0.31 8.96E+04 0.05 1.55E+06 
1.00 7.16E+03 0.28 1.19E+05 0.04 2.00E+06 
0.99 9.26E+03 0.25 1.55E+05 0.03 2.57E+06 
0.70 1.19E+04 0.22 2.09E+05 0.02 3.31E+06 
0.63 1.49E+04 0.20 2.57E+05 0.01 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-18. Capillary Pressure Curve - Well 102-7-10 
Arch Unit  Ambient Conditions - 1493 m  (4899 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

102-7-10 Arch Unit @ 1493 m
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Table B-22. Capillary pressure measurements made by Byrnes et al. (2009) for Washakie  
Basin, Well Arch Unit (1493 m, core sample A (Confining Cond.)) and van 
Genuchten curve-fitting parameters obtained in this study 

102-7-10 Arch Unit - 1493 m (4899 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 28.5 mD, ϕ = 20.1 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.35 0.00 1.11E04 9.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.55 2.09E+04 0.17 3.28E+05 
1.00 1.49E+03 0.50 2.69E+04 0.15 4.33E+05 
1.00 1.97E+03 0.47 3.28E+04 0.13 5.52E+05 
1.00 2.56E+03 0.42 4.48E+04 0.11 7.17E+05 
1.00 3.28E+03 0.38 5.67E+04 0.09 9.26E+05 
1.00 4.30E+03 0.34 7.17E+04 0.06 1.19E+06 
1.00 5.55E+03 0.31 8.96E+04 0.05 1.55E+06 
1.00 7.16E+03 0.28 1.19E+05 0.04 2.00E+06 
0.99 9.26E+03 0.25 1.55E+05 0.03 2.57E+06 
0.70 1.19E+04 0.22 2.09E+05 0.02 3.31E+06 
0.63 1.49E+04 0.20 2.57E+05 0.01 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-19. Capillary Pressure Curve - Well 102-7-10 
Arch Unit 1493 m  (4899 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

102-7-10 Arch Unit @ 1493 m
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Table B-23. Capillary pressure measurements made by Byrnes et al. (2009) for Washakie  
Basin, Well Arch Unit (1493 m, core sample D) and van Genuchten curve-fitting 
parameters obtained in this study 

102-7-10 Arch Unit - 1493 m (4899 ft) (D)1 
kisk2 = 57.3 mD, ϕ = 21.6% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.38 0.07 1.0E04 1.0E-04 1.0E07 1.0 

Primary 
Drainage 

Primary 
Imbibition Second Drainage Second Imbibition Third Drainage Third Imbibition 

Sl Pc (Pa) Sl Pc (Pa) Sl Pc (Pa) Sl Pc (Pa) Sl Pc (Pa) Sl Pc (Pa) 

1.00 1.20E3 0.78 1.20E3 0.78 1.20E3 0.69 1.20E3 0.69 1.20E3 0.53 1.20E3 
1.00 1.49E3 0.76 1.49E3 0.78 1.49E3 0.67 1.49E3 0.69 1.49E3 0.52 1.49E3 
1.00 1.97E3 0.75 1.97E3 0.77 1.97E3 0.67 1.97E3 0.68 1.97E3 0.50 1.97E3 
0.99 2.56E3 0.73 2.56E3 0.77 2.56E3 0.65 2.56E3 0.68 2.56E3 0.47 2.56E3 
0.99 3.28E3 0.72 3.28E3 0.77 3.28E3 0.57 3.28E3 0.67 3.28E3 0.45 3.28E3 
0.98 4.30E3 0.70 4.30E3 0.75 4.30E3 0.54 4.30E3 0.65 4.30E3 0.43 4.30E3 
0.84 5.55E3 0.70 5.55E3 0.72 5.55E3 0.52 5.55E3 0.62 5.55E3 0.40 5.55E3 
0.69 7.16E3 0.69 7.16E3 0.68 7.16E3 0.49 7.16E3 0.59 7.16E3 0.39 7.16E3 

    0.62 9.26E3 0.48 9.26E3 0.56 9.26E3 0.37 9.26E3 
    0.57 1.19E4 0.45 1.19E4 0.53 1.19E4 0.34 1.19E4 
    0.54 1.49E4 0.43 1.49E4 0.50 1.49E4 0.32 1.49E4 
    0.49 2.09E4 0.40 2.09E4 0.47 2.09E4 0.29 2.09E4 
    0.46 2.69E4 0.38 2.69E4 0.44 2.69E4 0.26 2.69E4 
    0.43 3.28E4 0.37 3.28E4 0.42 3.28E4 0.25 3.28E4 
    0.39 4.48E4 0.36 4.48E4 0.39 4.48E4 0.22 4.48E4 
    0.36 5.67E4 0.36 5.67E4 0.37 5.67E4 0.21 5.67E4 
        0.33 7.17E4 0.20 7.17E4 
        0.31 8.96E4 0.18 8.96E4 
        0.28 1.19E5 0.17 1.19E5 
        0.26 1.55E5 0.15 1.55E5 
        0.23 2.09E5 0.14 2.09E5 
        0.21 2.57E5 0.13 2.57E5 
        0.20 3.28E5 0.12 3.28E5 
        0.18 4.33E5 0.11 4.33E5 
        0.16 5.52E5 0.10 5.52E5 
        0.15 7.17E5 0.96 7.17E5 
        0.13 9.26E5 0.087 9.26E5 
        0.12 1.19E6 0.082 1.19E6 
        0.11 1.55E6 0.078 1.55E6 
        0.10 2.00E6 0.074 2.00E6 
        0.09 2.57E6 0.074 2.57E6 
        0.08 3.31E6 0.072 3.31E6 
        0.074 4.30E6 0.07 4.30E6 
        0.068 5.55E6 0.068 5.55E6 
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1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-20. Capillary Pressure Curve - Well 102-7-10 
Arch Unit 1493 m  (4899 ft) (D)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten
Primary Drainage
Primary Imbibition
Second Drainage
Second Imbibition
Third Drainage
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Table B-24. Capillary pressure measurements made by Byrnes et al. (2009) for Washakie  
Basin, Well Arch Unit (1446 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

102-7-10 Arch Unit - 1446 m (4743 ft) (A)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 0.487 mD, ϕ = 14.1% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.45 0.00 1.0E05 1.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) Pc (Pa)  
(continued) 

Sl (continued) Pc (Pa)  
(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.31 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.27 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.23 5.52E+05 
1.00 2.56E+03 1.00 4.48E+04 0.20 7.17E+05 
1.00 3.28E+03 1.00 5.67E+04 0.16 9.26E+05 
1.00 4.30E+03 0.66 7.17E+04 0.13 1.19E+06 
1.00 5.55E+03 0.59 8.96E+04 0.10 1.55E+06 
1.00 7.16E+03 0.51 1.19E+05 0.08 2.00E+06 
1.00 9.26E+03 0.45 1.55E+05 0.05 2.57E+06 
1.00 1.19E+04 0.39 2.09E+05 0.04 3.31E+06 
1.00 1.49E+04 0.35 2.57E+05 0.01 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-21. Capillary Pressure Curve - Well 102-7-10 
Arch Unit  1446 m  (4743 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

102-7-10 Arch Unit @ 1446 m
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Table B-25. Capillary pressure measurements made by Byrnes et al. (2009) for Piceance  
Basin, Well 1 Book Cliffs (78 m, core sample A2) and van Genuchten curve-
fitting parameters obtained in this study 

1 Book Cliffs   – 78 m (255.9 ft) (A2)1 

Net Confining Pressure = 27.6 MPa 

kisk2 = 90.1 mD, ϕ = 24.3% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.31 0.00 5.0E03 2.0E-04 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) Pc (Pa)  
(continued) 

Sl (continued) Pc (Pa)  
(continued) 

1.00 1.20E+03 0.44 2.09E+04 0.18 3.28E+05 
1.00 1.49E+03 0.41 2.69E+04 0.15 4.33E+05 
1.00 1.97E+03 0.40 3.28E+04 0.13 5.52E+05 
1.00 2.56E+03 0.37 4.48E+04 0.11 7.17E+05 
1.00 3.28E+03 0.35 5.67E+04 0.08 9.26E+05 
1.00 4.30E+03 0.32 7.17E+04 0.07 1.19E+06 
1.00 5.55E+03 0.30 8.96E+04 0.06 1.55E+06 
0.68 7.16E+03 0.27 1.19E+05 0.04 2.00E+06 
0.58 9.26E+03 0.25 1.55E+05 0.03 2.57E+06 
0.50 1.19E+04 0.22 2.09E+05 0.02 3.31E+06 
0.47 1.49E+04 0.20 2.57E+05 0.008 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-22. Capillary Pressure Curve - 1 Book Cliffs           
Ambient Conditions - 78 m  (255.9 ft) (A2)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

1 Book Cliffs @ 78 m
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Table B-26. Capillary pressure measurements made by Byrnes et al. (2009) for Piceance  
Basin, Well 1 Book Cliffs (78 m, core sample A1) and van Genuchten curve-
fitting parameters obtained in this study 

1 Book Cliffs – 78 m (255.9 ft) (A1)1 
Ambient Conditions 

kisk2 = 113 mD, ϕ = 24.5% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.29 0.00 5.0E03 2.0E-04 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) Pc (Pa)  
(continued) 

Sl (continued) Pc (Pa)  
(continued) 

1.00 1.20E+03 0.44 2.69E+04 0.16 5.52E+05 
1.00 1.49E+03 0.42 3.28E+04 0.13 7.17E+05 
0.99 1.97E+03 0.39 4.48E+04 0.11 9.26E+05 
0.99 2.56E+03 0.36 5.67E+04 0.091 1.19E+06 
0.99 3.28E+03 0.33 7.17E+04 0.077 1.55E+06 
0.98 4.30E+03 0.31 8.96E+04 0.063 2.00E+06 
0.94 5.55E+03 0.29 1.19E+05 0.051 2.57E+06 
0.77 7.16E+03 0.27 1.55E+05 0.043 3.31E+06 
0.62 9.26E+03 0.24 2.09E+05 0.036 4.30E+06 
0.55 1.19E+04 0.22 2.57E+05 0.029 5.55E+06 
0.51 1.49E+04 0.20 3.28E+05   
0.46 2.09E+04 0.17 4.33E+05   

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 

.  
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Figure B-23. Capillary Pressure Curve - 1 Book Cliffs Drill Hole
Ambient Conditions - 78 m  (255.9 ft) (A1)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

1-Books Cliff @ 78 m
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Table B-27. Capillary pressure measurements made by Byrnes et al. (2009) for Powder 
River  Basin, Well 1 Barlow 21-20 (2131 m, core sample A) and van Genuchten 
curve-fitting parameters obtained in this study 

1 Barlow 21-20 - 2131 m (6994.1 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 36.5 mD, ϕ = 18.1% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.26 0.00 2.5E03 4.0E-04 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.45 2.09E+04 0.18 3.28E+05 
1.00 1.49E+03 0.41 2.69E+04 0.15 4.33E+05 
1.00 1.97E+03 0.38 3.28E+04 0.13 5.52E+05 
1.00 2.56E+03 0.35 4.48E+04 0.12 7.17E+05 
1.00 3.28E+03 0.33 5.67E+04 0.10 9.26E+05 
1.00 4.30E+03 0.31 7.17E+04 0.08 1.19E+06 
1.00 5.55E+03 0.28 8.96E+04 0.06 1.55E+06 
1.00 7.16E+03 0.26 1.19E+05 0.05 2.00E+06 
0.98 9.26E+03 0.24 1.55E+05 0.03 2.57E+06 
0.59 1.19E+04 0.21 2.09E+05 0.02 3.31E+06 
0.52 1.49E+04 0.20 2.57E+05 0.000 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-24. Capillary Pressure Curve - 1 Barlow 21-20 
2131 m (6994.1 ft) (A) 

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

1 Barlow 21 - 20 @ 2131 m



 

247 

Table B-28. Capillary pressure measurements made by Byrnes et al. (2009) for Powder 
River  Basin, Well 1 Barlow 21-20 (2134 m, core sample A) and van Genuchten 
curve-fitting parameters obtained in this study 

1 Barlow 21-20 - 2134 m (7001.1 ft) (A) 

Net Confining Pressure = 27.6 MPa 
kisk2 = 34.6 mD, ϕ = 17.0% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.29 0.00 2.5E03 4.0E-04 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.45 2.09E+04 0.15 3.28E+05 
1.00 1.49E+03 0.40 2.69E+04 0.13 4.33E+05 
1.00 1.97E+03 0.37 3.28E+04 0.11 5.52E+05 
1.00 2.56E+03 0.34 4.48E+04 0.10 7.17E+05 
1.00 3.28E+03 0.31 5.67E+04 0.08 9.26E+05 
1.00 4.30E+03 0.28 7.17E+04 0.068 1.19E+06 
1.00 5.55E+03 0.26 8.96E+04 0.057 1.55E+06 
1.00 7.16E+03 0.23 1.19E+05 0.043 2.00E+06 
1.00 9.26E+03 0.21 1.55E+05 0.030 2.57E+06 
0.87 1.19E+04 0.18 2.09E+05 0.021 3.31E+06 
0.56 1.49E+04 0.17 2.57E+05 0.007 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-25. Capillary Pressure Curve - 1 Barlow 21-20 
2134 m (7001.1 ft) (A) 

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

1 Barlow 21 - 20 @ 2134 m
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Table B-29. Capillary pressure measurements made by Byrnes et al. (2009) for Powder 
River  Basin, Well 1 Barlow 21-20 (2142 m, core sample A) and van Genuchten 
curve-fitting parameters obtained in this study 

1 Barlow 21-20 -  2142 m (7027.2 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 2.53 mD, ϕ = 14.7% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.29 0.00 1.25E04 8.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.26 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.23 4.33E+05 
1.00 1.97E+03 0.87 3.28E+04 0.20 5.52E+05 
1.00 2.56E+03 0.56 4.48E+04 0.18 7.17E+05 
1.00 3.28E+03 0.49 5.67E+04 0.16 9.26E+05 
1.00 4.30E+03 0.45 7.17E+04 0.14 1.19E+06 
1.00 5.55E+03 0.41 8.96E+04 0.12 1.55E+06 
1.00 7.16E+03 0.38 1.19E+05 0.10 2.00E+06 
1.00 9.26E+03 0.34 1.55E+05 0.07 2.57E+06 
1.00 1.19E+04 0.31 2.09E+05 0.05 3.31E+06 
1.00 1.49E+04 0.28 2.57E+05 0.02 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-26. Capillary Pressure Curve - 1 Barlow 21-20 
2142 m (7027.2 ft) (A) 

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

1 Barlow 21 - 20 @ 2142 m
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Table B-30. Capillary pressure measurements made by Byrnes et al. (2009) for Powder 
River  Basin, Well 2 Fred State (2299 m, core sample A) and van Genuchten 
curve-fitting parameters obtained in this study 

2 Fred State - 2299 m (7544.1 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 3.53 mD, ϕ = 16.6% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.3 0.00 1.25E04 8.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.94 2.09E+04 0.26 3.28E+05 
1.00 1.49E+03 0.64 2.69E+04 0.24 4.33E+05 
1.00 1.97E+03 0.57 3.28E+04 0.21 5.52E+05 
1.00 2.56E+03 0.50 4.48E+04 0.18 7.17E+05 
1.00 3.28E+03 0.46 5.67E+04 0.15 9.26E+05 
1.00 4.30E+03 0.42 7.17E+04 0.13 1.19E+06 
1.00 5.55E+03 0.39 8.96E+04 0.10 1.55E+06 
1.00 7.16E+03 0.36 1.19E+05 0.08 2.00E+06 
1.00 9.26E+03 0.33 1.55E+05 0.05 2.57E+06 
1.00 1.19E+04 0.30 2.09E+05 0.03 3.31E+06 
1.00 1.49E+04 0.29 2.57E+05 0.003 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-27. Capillary Pressure Curve - 2 Fred State         
2299 m (7544.1 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

Fred State @ 2299 m
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Table B-31. Capillary pressure measurements made by Byrnes et al. (2009) for Powder 
River  Basin, Well 2 Fred State (2300 m, core sample A) and van Genuchten 
curve-fitting parameters obtained in this study 

2 Fred State - 2300 m (7546.7 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 0.047 mD, ϕ = 13.1 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.35 0.00 1.67E05 6.0E-06 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.60 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.54 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.49 5.52E+05 
1.00 2.56E+03 1.00 4.48E+04 0.44 7.17E+05 
1.00 3.28E+03 1.00 5.67E+04 0.39 9.26E+05 
1.00 4.30E+03 1.00 7.17E+04 0.340 1.19E+06 
1.00 5.55E+03 0.98 8.96E+04 0.286 1.55E+06 
1.00 7.16E+03 0.92 1.19E+05 0.237 2.00E+06 
1.00 9.26E+03 0.76 1.55E+05 0.179 2.57E+06 
1.00 1.19E+04 0.69 2.09E+05 0.128 3.31E+06 
1.00 1.49E+04 0.65 2.57E+05 0.072 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-28. Capillary Pressure Curve - 2 Fred State              
2300 m (7546.7 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

Fred State @ 2300 m



 

251 

Table B-32. Capillary pressure measurements made by Byrnes et al. (2009) for Sand Wash  
Basin, Well 1-791-2613 Craig Dome (1057 m, core sample A) and van 
Genuchten curve-fitting parameters obtained in this study 
1-791-2613 Craig Dome 
1057 m (3469.2 ft) (A)1 

Net Confining Pressure = 27.6 MPa 
kisk2 = 30.2 mD, ϕ = 17.8% 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.28 0.00 2.5E3 4.0E-4 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) Pc (Pa)  
(continued) 

Sl (continued) Pc (Pa)  
(continued) 

1.00 1.20E+03 0.43 2.09E+04 0.15 3.28E+05 
1.00 1.49E+03 0.38 2.69E+04 0.13 4.33E+05 
1.00 1.97E+03 0.35 3.28E+04 0.12 5.52E+05 
1.00 2.56E+03 0.32 4.48E+04 0.10 7.17E+05 
1.00 3.28E+03 0.29 5.67E+04 0.08 9.26E+05 
1.00 4.30E+03 0.26 7.17E+04 0.06 1.19E+06 
1.00 5.55E+03 0.24 8.96E+04 0.05 1.55E+06 
1.00 7.16E+03 0.22 1.19E+05 0.04 2.00E+06 
1.00 9.26E+03 0.20 1.55E+05 0.02 2.57E+06 
0.62 1.19E+04 0.18 2.09E+05 0.02 3.31E+06 
0.52 1.49E+04 0.17 2.57E+05 0.001 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-29. Capillary Pressure Curve - 1-791-2613 
Craig Dome 1057 m (3469.2 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

1-791-2613 Craig Dome @ 1057 m
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Table B-33. Capillary pressure measurements made by Byrnes et al. (2009) for Unita Basin, 
Well 4-5 US Lamco (1717 m, core sample A) and van Genuchten curve-fitting 
parameters obtained in this study 

4-5 US Lamco - 1717 m (5633.1 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 8.5 mD, ϕ = 11.7 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.25 0.00 5.05E3 4.0E-4 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.54 2.09E+04 0.29 3.28E+05 
1.00 1.49E+03 0.48 2.69E+04 0.26 4.33E+05 
1.00 1.97E+03 0.47 3.28E+04 0.22 5.52E+05 
1.00 2.56E+03 0.44 4.48E+04 0.18 7.17E+05 
1.00 3.28E+03 0.42 5.67E+04 0.14 9.26E+05 
1.00 4.30E+03 0.40 7.17E+04 0.11 1.19E+06 
1.00 5.55E+03 0.39 8.96E+04 0.08 1.55E+06 
1.00 7.16E+03 0.37 1.19E+05 0.06 2.00E+06 
1.00 9.26E+03 0.35 1.55E+05 0.04 2.57E+06 
0.94 1.19E+04 0.33 2.09E+05 0.03 3.31E+06 
0.75 1.49E+04 0.31 2.57E+05 0.008 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-30. Capillary Pressure Curve -
4-5 US Lamco 1717 m (5633.1 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

US Lamco @ 1717 m
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Table B-34. Capillary pressure measurements made by Byrnes et al. (2009) for Unita Basin, 
Well 3 Book Cliffs (53 m, core sample A2) and van Genuchten curve-fitting 
parameters obtained in this study 

3 Book Cliffs – 53.4 m (175.3 ft) (A2)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 18.6 mD, ϕ = 21.5 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.30 0.00 5.0E3 2.0E-4 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 0.58 2.09E+04 0.21 3.28E+05 
1.00 1.49E+03 0.53 2.69E+04 0.18 4.33E+05 
1.00 1.97E+03 0.50 3.28E+04 0.14 5.52E+05 
1.00 2.56E+03 0.46 4.48E+04 0.13 7.17E+05 
1.00 3.28E+03 0.42 5.67E+04 0.10 9.26E+05 
1.00 4.30E+03 0.38 7.17E+04 0.08 1.19E+06 
1.00 5.55E+03 0.35 8.96E+04 0.06 1.55E+06 
1.00 7.16E+03 0.32 1.19E+05 0.04 2.00E+06 
1.00 9.26E+03 0.29 1.55E+05 0.02 2.57E+06 
0.80 1.19E+04 0.26 2.09E+05 0.01 3.31E+06 
0.67 1.49E+04 0.23 2.57E+05 0.006 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-31. Capillary Pressure Curve - 3 Book Cliffs
53.4 m (175.3 ft) (A2)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

3 Book Cliffs @ 53.4 m
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Table B-35. Capillary pressure measurements made by Byrnes et al. (2009) for Washakie 
Basin, Well Wild Rose 1 (1717 m, core sample A) and van Genuchten curve-
fitting parameters obtained in this study 

Wild Rose 1 – 3111 m (10207.8 ft) (A)1 
Net Confining Pressure = 27.6 MPa 

kisk2 = 0.192 mD, ϕ = 11.1 % 

van Genuchten (1980)  Best-fit Curve Parameters 

m Slr3 Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.40 0.00 3.3E4 3.0E-05 1.0E07 1.0 

Sl Pc (Pa) Sl (continued) 
Pc (Pa)  

(continued) Sl (continued) 
Pc (Pa)  

(continued) 

1.00 1.20E+03 1.00 2.09E+04 0.20 3.28E+05 
1.00 1.49E+03 1.00 2.69E+04 0.17 4.33E+05 
1.00 1.97E+03 1.00 3.28E+04 0.16 5.52E+05 
1.00 2.56E+03 1.00 4.48E+04 0.13 7.17E+05 
1.00 3.28E+03 0.99 5.67E+04 0.11 9.26E+05 
1.00 4.30E+03 0.56 7.17E+04 0.10 1.19E+06 
1.00 5.55E+03 0.45 8.96E+04 0.07 1.55E+06 
1.00 7.16E+03 0.36 1.19E+05 0.05 2.00E+06 
1.00 9.26E+03 0.31 1.55E+05 0.04 2.57E+06 
1.00 1.19E+04 0.26 2.09E+05 0.04 3.31E+06 
1.00 1.49E+04 0.23 2.57E+05 0.009 4.30E+06 

1. Measurements made using MCIP.  Converted herein to CO2/water system assuming air-Hg σ = 485 mN/m, CO2-
water σ 27 mN/m, air-Hg contact angle = 130°, CO2-water contact angle = 0° (see Chapter 2).  

2. In situ Klinkenberg permeability.  
3. Unnormalized to true porosity. Likely lower than true Slr (see Chapter 2). 
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Figure B-32. Capillary Pressure Curve - Wild Rose
3111 m (10207.8 ft) (A)

Byrnes et al. (2009) (US DOE Technical Report)

van Genuchten

Wild Rose @ 3111 m
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Table B-36. Capillary pressure measurements made by Shi et al. (2011a) for Berea 
sandstone and van Genuchten curve-fitting parameters obtained in this study 

Berea Sandstone1 
k = 330 mD, ϕ = 18.7% 

van Genuchten (1980)  Best-fit Curve Parameters2 

Sl Pc (Pa) m Slr Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.14 1.19E+06 0.425 0.09 2.0E04 5.0E-05 1.0E+07 1.0 
0.14 8.20E+05 

 
 

1. Data estimated from Figure  5 in Shi et al. (2011a). 
2. Parameters also used by Shi et al. (2011a). 

 

0.16 5.00E+05 
0.2 2.20E+05 
0.29 1.10E+05 
0.37 6.00E+04 
0.6 3.00E+04 
0.8 1.50E+04 

0.998 1.00E+04 
1.0 0.00E+00 
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Figure B-33. Capillary Pressure Curve - Berea Sandstone
Shi et al. (2011a)

van Genuchten
Berea Sandstone
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Table B-37. Capillary pressure measurements made by Shi et al. (2011b) for Tako 
sandstone and van Genuchten curve-fitting parameters obtained in this study 

Tako Sandstone1 
k = 9.7 mD, ϕ = 27% 

van Genuchten (1980)  Best-fit Curve Parameters2 

Sl Pc (Pa) m Slr Pe (Pa) 1/Pe (1/Pa) Pmax (Pa) Sls 

0.45 1.18E+06 0.425 0.15 2.5E05 4.0E-06 1.0E+07 1.0 
0.5 8.21E+05 

1. Data estimated from Figure 9 in Shi et al. (2011b). 
2. Parameters also used by Shi et al. (2011b). 

 

0.585 5.26E+05 
0.71 2.95E+05 
0.94 1.31E+05 
0.98 7.39E+04 
0.98 3.28E+04 
0.98 2.10E+04 
0.98 0.00E+00 
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Figure B-34. Capillary Pressure Curve - Tako Sandstone
Shi et al. (2011b)

van Genuchten

Tako Sandstone
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Appendix C.  
 
Relative Permeability Data Compiled from the Literature 
and Corresponding Best-Fit Curve Parameter Values 

Table C-1. Description of symbols 

ϕ Average Porosity 

k Average permeability  

Slr Irreducible water saturation 

Sgr Residual gas saturation 

m van Genuchten exponent 

SCO2 Saturation of supercritical CO2 

Sl Saturation of liquid 

Sls Saturation of liquid at full saturation  

kCO2 Relative permeability of CO2 at given saturation 

kl Relative permeability of CO2 at given saturation 
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Table C-2. Summary of relative permeability experimental and curve-fit endpoints 
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Table C-2. Summary of relative permeability experimental and curve-fit endpoints 
(continued) 

 

1. Best-fit curve parameter values were obtained in this study by plotting the reported data and fitting the van 
Genuchten-Mualem (1980) and Corey’s curves (1954) by varying the parameters Slr, m and Sgr. 

2. Experimental endpoints were reported in the referenced work. 
3. Sgr values obtained using the best-fit curve method data sets that did not contain imbibition measurements 

were estimates only.   
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Table C-3. Average, maximum and minimum values for relative permeability endpoints 
obtained from best-fit to van Genuchten-Mualem funtion (1980) and Corey`s 
curves (1954) 

 ϕ (%) k (mD) Sgr1 Slr m 

Average 18.0 286 0.227 0.17 0.72 

Min 3.9 2.94E-6 0.102 0.05 0.15 

Max 28.3 1156 0.349 0.33 1.1 

1. Only Sgr values obtained from imbibiton experiments were included in this table. 

 

In addition to these data, Hamon et al. (2001) reported SgrM values from 5 to 85% from 
core samples with porosities ranging from 6 to 25% and permeabilities ranging from 0.1 
to 3,000 mD.  
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Table C-4. Relative permeability measurements made by Bennion and Bachu (2005) for 
Basal Cambrian sandstone and van Genchten/Corey curve-fitting parameters 
obtained in this study 

Basal Cambrian Sandstone 
k = 0.55 mD, ϕ = 11.7% (75°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

m Slr Sls Sgr1 

1.0 0.15 1.0 0.3 

SCO2 Sl kCO2 kl 
SCO2 

(continued) 
Sl 

(continued) 
kCO2 

(continued) 
kl 

(continued) 

0.706 0.294 0.5446 0 0.353 0.647 0.0194 0.2821 
0.671 0.329 0.4221 0.0045 0.318 0.682 0.0123 0.3356 
0.635 0.365 0.3228 0.0154 0.282 0.718 0.0076 0.3933 
0.6 0.4 0.2433 0.0318 0.247 0.753 0.0047 0.4552 

0.565 0.435 0.1805 0.0535 0.212 0.788 0.0029 0.5211 
0.529 0.471 0.1315 0.08 0.177 0.823 0.0019 0.5911 
0.494 0.506 0.094 0.1114 0.141 0.859 0.0012 0.665 
0.459 0.541 0.0657 0.1474 0.106 0.894 0.0008 0.743 
0.424 0.576 0.0449 0.1879 0.071 0.929 0.0005 0.8248 
0.388 0.612 0.0299 0.2328 0.035 0.965 0.0003 0.9105 

1. Estimates only (based on best-fit curve from drainage experiment) as imbibition experiment not performed. 
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Figure C-1. Relative Permeability Curve  - Basal Cambrian Sandstone
Bennion and Bachu (2005)
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Table C-5. Relative permeability measurements made by Bennion and Bachu (2005) for 
Ellerslie sandstone and van Genchten/Corey curve-fitting parameters obtained 
in this study 

Ellerslie Sandstone 
k = 2.2 mD, ϕ = 12.6% (40°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

m Slr Sls Sgr1 

0.7 0.3 1.0 0.1 

SCO2 Sl kCO2 kl 
SCO2 

(continued) 
Sl 

(continued) 
kCO2 

(continued) 
kl 

(continued) 

0.034 0.966 0.0008 0.8052 0.205 0.795 0.0374 0.1528 
0.051 0.949 0.0018 0.7159 0.222 0.778 0.0466 0.1164 
0.068 0.932 0.0034 0.632 0.239 0.761 0.0525 0.0851 
0.085 0.915 0.0055 0.5535 0.256 0.744 0.0612 0.0588 
0.102 0.898 0.0082 0.4804 0.273 0.727 0.0706 0.0375 
0.119 0.881 0.0155 0.4127 0.29 0.71 0.0807 0.0211 
0.136 0.864 0.0153 0.3502 0.307 0.693 0.0916 0.0095 
0.153 0.847 0.0199 0.293 0.324 0.676 0.1032 0.0025 
0.17 0.83 0.025 0.2411 0.341 0.659 0.1156 0 
0.188 0.812 0.0309 0.1943     

1. Estimates only (based on best-fit curve from drainage experiment) as imbibition experiment not performed. 
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Figure C-2. Relative Permeability Curve  - Ellerslie Sandstone
Bennion and Bachu (2005)
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Table C-6. Relative permeability measurements made by Bennion and Bachu (2005) for 
Viking sandstone and van Genchten/Corey curve-fitting parameters obtained in 
this study 

Viking Sandstone 
k = 5.78 mD, ϕ = 12.5% (35°C) 

van Genuchten -Mualem (1980) and Corey’s Curve 
(Corey, 1954)  Best-fit Curve Parameters 

m Slr Sls Sgr1 

0.7 0.33 1.0 0.05 

SCO2 Sl kCO2 kl 
SCO2 

(continued) 
Sl 

(continued) 
kCO2 

(continued) 
kl 

(continued) 

0.044 0.956 0.0007 0.7156 0.265 0.735 0.0767 0.0567 
0.066 0.934 0.0018 0.597 0.287 0.713 0.0964 0.0379 
0.088 0.912 0.0037 0.4927 0.309 0.691 0.1191 0.024 
0.111 0.889 0.0067 0.4018 0.331 0.669 0.1451 0.0142 
0.133 0.867 0.011 0.3232 0.354 0.646 0.1747 0.0077 
0.155 0.845 0.0168 0.2559 0.376 0.624 0.2079 0.0038 
0.177 0.823 0.0244 0.199 0.398 0.602 0.2451 0.0016 
0.199 0.801 0.0339 0.1516 0.42 0.58 0.2863 0.0006 
0.221 0.779 0.0457 0.1127 0.442 0.558 0.3319 0 
0.243 0.757 0.0599 0.0814     

1. Estimates only (based on best-fit curve from drainage experiment) as imbibition experiment not performed. 

 
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

R
el

at
iv

e 
P

er
m

ea
b

ili
ty

Liquid Saturation

Figure C-3. Relative Permeability Curve - Viking Sandstone
Bennion and Bachu (2005)
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Table C-7. Relative permeability measurements made by Bennion and Bachu (2006) for 
Cardium sandstone (IFT = 33.2 mN/m) and van Genchten/Corey curve-fitting 
parameters obtained in this study 

Cardium Sandstone (IFT = 33.2 mN/m)1 
k = NA, ϕ = 15.3% (43°C) 

van Genuchten -Mualem (1980) and Corey’s Curve 
(Corey, 1954)  Best-fit Curve Parameters 

m Slr Sls Sgr 

0.9 0.1 1.0 0.107 

Drainage Imbibition 

Sl kCO2 kl Sl kCO2 kl 

1 0 1 0.271 0.4558 0 
0.963 0.003 0.8893 0.302 0.4232 0.0206 
0.927 0.0095 0.7859 0.333 0.3914 0.0488 
0.891 0.0186 0.6897 0.364 0.3604 0.0808 
0.854 0.0302 0.6006 0.38 0.3462 0.1157 
0.818 0.0439 0.5183 0.417 0.3124 0.1528 
0.781 0.0596 0.4428 0.453 0.2801 0.1917 
0.745 0.0773 0.374 0.489 0.2446 0.2324 
0.708 0.0969 0.3117 0.52 0.2179 0.2745 
0.672 0.1182 0.2558 0.551 0.1921 0.3179 
0.635 0.1412 0.206 0.582 0.1674 0.3625 
0.599 0.1658 0.1622 0.613 0.1438 0.4083 
0.563 0.1921 0.1243 0.644 0.1213 0.4551 
0.526 0.2199 0.092 0.675 0.1001 0.5028 
0.49 0.2493 0.0651 0.706 0.0801 0.5515 
0.453 0.2801 0.0433 0.737 0.0616 0.6011 
0.417 0.3124 0.0264 0.769 0.0447 0.6515 
0.38 0.3462 0.0141 0.8 0.0295 0.7027 
0.344 0.3813 0.006 0.831 0.0165 0.7546 
0.307 0.4179 0.0015 0.862 0.0061 0.8073 
0.271 0.4558 0 0.893 0 0.8606 

1. Data obtained from Relative Permeability Explorer (n.d.). 
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Figure C-4. Relative Permeability Curve  - Cardium Sandstone                    
(IFT = 33.2 mN/m)

Bennion and Bachu (2006)
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Table C-8. Relative permeability measurements made by Bennion and Bachu (2006) for 
Cardium sandstone (IFT = 19.8 mN/m) and van Genchten/Corey curve-fitting 
parameters obtained in this study 

Cardium Sandstone (IFT = 19.8 mN/m)1 

k = NA, ϕ = 15.3% (43°C) 

van Genuchten -Mualem (1980) and Corey’s Curve 
(Corey, 1954)  Best-fit Curve Parameters 

m Slr Sls Sgr 

1.1 0.08 1.0 0.102 

Drainage Imbibition 

Sl kCO2 kl Sl kCO2 kl 

1 0 1 0.803 0.5265 0 
0.96 0.0103 0.9145 0.768 0.4964 0.029 
0.92 0.0255 0.8323 0.733 0.4665 0.0644 
0.879 0.0434 0.7534 0.698 0.4369 0.1025 
0.839 0.0633 0.6779 0.663 0.4251 0.1426 
0.799 0.0849 0.6059 0.628 0.3784 0.1843 
0.759 0.1079 0.5373 0.593 0.3495 0.2272 
0.719 0.1322 0.4723 0.558 0.321 0.2711 
0.679 0.1576 0.4109 0.523 0.2928 0.3161 
0.639 0.184 0.3532 0.488 0.265 0.3619 
0.598 0.2114 0.2993 0.453 0.2375 0.4084 
0.558 0.2397 0.2492 0.418 0.2104 0.4556 
0.518 0.02687 0.2032 0.382 0.1838 0.5035 
0.478 0.2986 0.1612 0.347 0.1577 0.552 
0.438 0.3292 0.1234 0.312 0.1321 0.601 
0.398 0.3605 0.09 0.277 0.1072 0.6506 
0.358 0.4075 0.0612 0.242 0.0829 0.7006 
0.317 0.4369 0.0373 0.207 0.0596 0.7512 
0.277 0.4583 0.0186 0.172 0.0374 0.8021 
0.237 0.4921 0.0057 0.137 0.0169 0.8535 
0.197 0.5265 0 0.102 0 0.9053 

1. Data obtained from Relative Permeability Explorer (n.d.). 
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Figure C-5. Relative Permeability Curve  - Cardium Sandstone              
(IFT = 19.8 mN/m)

Bennion and Bachu (2006)
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Table C-9. Relative permeability measurements made by Bachu and Bennion (2008) for 
Cardium sandstone (#2) and van Genchten/Corey curve-fitting parameters 
obtained in this study 

Cardium Sandstone #21 
k = 31.11 mD1, ϕ = 16.1% (43°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

m Slr Sls Sgr 

1.0 0.1 1.0 0.25 

Drainage Imbibition 

Sl kCO2 kl Sl kCO2 kl 

1.000 0.0000 1.0000 0.425 0.0000 0.1285 

0.971 0.0029 0.9380 0.441 0.0010 0.1022 

0.942 0.0070 0.8768 0.457 0.0036 0.0803 

0.914 0.0116 0.8165 0.473 0.0076 0.0623 

0.885 0.0167 0.7570 0.489 0.0129 0.0476 

0.856 0.0222 0.6985 0.505 0.0196 0.0358 

0.827 0.0280 0.6409 0.522 0.0276 0.0265 

0.799 0.0340 0.5843 0.538 0.0369 0.0191 

0.770 0.0403 0.5288 0.554 0.0474 0.0135 

0.741 0.0467 0.4744 0.570 0.0592 0.0093 

0.712 0.0534 0.4212 0.586 0.0721 0.0063 

0.684 0.0602 0.3694 0.602 0.0863 0.0041 

0.655 0.0673 0.3189 0.618 0.1017 0.0026 

0.626 0.0744 0.2700 0.634 0.1183 0.0016 

0.597 0.0818 0.2228 0.650 0.1360 0.0009 

0.569 0.0892 0.1775 0.666 0.1550 0.0006 

0.540 0.0969 0.1344 0.683 0.1751 0.0003 

0.511 0.1046 0.0939 0.699 0.1963 0.0002 

0.482 0.1124 0.0567 0.715 0.2187 0.0001 

0.454 0.1204 0.0239 0.731 0.2422 0.0001 

0.425 0.1285 0.0000 0.747 0.2669 0.0000 
1. Data obtained from Alberta Geological Survey (October 3, 2012). 
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Figure C-6. Relative Permeability Curve  - Cardium #2 Sandstone      
Bachu and Bennion (2008)
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Table C-10. Relative permeability measurements made by Bachu and Bennion (2008) for 
Vardium sandstone (#2) and van Genchten/Corey curve-fitting parameters 
obtained in this study 

Viking Sandstone #21 
k = NA, ϕ = 19.5% (35°C) 

van Genuchten -Mualem (1980) and Corey’s Curve 
(Corey, 1954)  Best-fit Curve Parameters 

m Slr Sls Sgr 

0.95 0.2 1.0 0.297 

Drainage Imbibition 

Sl kCO2 kl Sl kCO2 kl 

1.000 0.0000 1.0000 0.423 0.0000 0.2638 
0.971 0.0002 0.9150 0.437 0.0010 0.2152 
0.942 0.0006 0.8332 0.451 0.0036 0.1737 
0.913 0.0015 0.7546 0.465 0.0079 0.1386 
0.885 0.0031 0.6794 0.479 0.0141 0.1091 
0.856 0.0055 0.6076 0.493 0.0220 0.0846 
0.827 0.0090 0.5392 0.507 0.0317 0.0645 
0.798 0.0138 0.4743 0.521 0.0432 0.0483 
0.769 0.0199 0.4130 0.535 0.0566 0.0354 
0.740 0.0276 0.3553 0.549 0.0719 0.0253 
0.711 0.0370 0.3014 0.563 0.0890 0.0176 
0.683 0.0484 0.2512 0.577 0.1080 0.0119 
0.654 0.0619 0.2050 0.591 0.1288 0.0077 
0.625 0.0776 0.1628 0.605 0.1516 0.0048 
0.596 0.0957 0.1248 0.619 0.1763 0.0029 
0.567 0.1163 0.0912 0.633 0.2029 0.0017 
0.538 0.1398 0.0622 0.647 0.2314 0.0009 
0.510 0.1660 0.0380 0.661 0.2618 0.0005 
0.481 0.1954 0.0190 0.675 0.2941 0.0003 
0.452 0.2279 0.0059 0.689 0.3284 0.0001 
0.423 0.2638 0.0000 0.703 0.3646 0.0000 

1. Data obtained from Alberta Geological Survey (October 3, 2012). 
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Figure C-7. Relative Permeability Curve  - Viking Sandstone #2         
Bachu and Bennion (2008)
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Table C-11. Relative permeability measurements made by Krevor et al. (2012)  for Paaratte 
Formation and van Genchten/Corey curve-fitting parameters obtained in this 
study 

Paaratte Formation1 
k = 1156 mD, ϕ = 28.3% (50°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

Sl kCO2 kl m Slr2 Sls Sgr3 

0.41 0.3 0 0.56 0.05 1.0 0.27 

0.69 0.05 0.06 
1 Data estimated from Figure 13 in Krevor et al. (2012). 
2 Approximated by Krevor et al. (2012) using MCIP data 

normalized to porosity obtained using X-ray CT scanner. 
3 Core averaged residual gas saturation assigned by Krevor 

et al. (2012).  Maximum and minimum Sgr were 0.33 and 
0.2, respectively. 
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Figure C-8. Relative Permeability Curve  - Paaratte Formation                
Krevor et al. (2012)
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Table C-12. Relative permeability measurements made by Krevor et al. (2012)  for Mt. 
Simon sandstone and van Genchten/Corey curve-fitting parameters obtained in 
this study 

Mt. Simon Sandstone1 

k = 7.5 mD, ϕ = 24.4 % (50°C) 
van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 

1954)  Best-fit Curve Parameters 

Sl kCO2 kl m Slr2 Sls Sgr3 

0.45 0.48 0 0.56 0.22 1.0 0.11 

0.82 0.1 0.12 
1 Data estimated from Figure 13 in Krevor et al. (2012). 
2 Approximated by Krevor et al. (2012) using MCIP data 

normalized to porosity obtained using X-ray CT scanner. 
3 Adjusted from core averaged residual gas saturation of 0.18 

assigned by Krevor et al. (2012) to the minimum Sgr to 
obtain a better fit of the data to Corey’s curve .  Maximum 
and minimum Sgr were 0.21 and 0.11, respectively. 
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Figure C-9. Relative Permeability Curve  - Mt. Simon Sandstone            
Krevor et al. (2012)
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Table C-13. Relative permeability measurements made by Krevor et al. (2012)  for 
Tuscaloosa sandstone and van Genchten/Corey curve-fitting parameters 
obtained in this study 

Tuscaloosa Sandstone1 
k = 220 mD, ϕ = 23.6 % (50°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

Sl kCO2 kl m Slr2 Sls Sgr3 

0.79 0.02 0.03 0.35 0.05 1.0 0.23 

0.84 0.01 0.05 1 Data estimated from Figure 13 in Krevor et al. (2012). 
2 Approximated by Krevor et al. (2012) using MCIP data 

normalized to porosity obtained using X-ray CT scanner. 
3 Core averaged residual gas saturation assigned by Krevor 

et al. (2012).  Maximum and minimum Sgr were 0.31 and 
0.15, respectively. 
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Figure C-10. Relative Permeability Curve  - Tuscaloosa Sandstone             
Krevor et al. (2012)
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Table C-14. Relative permeability measurements made by Krevor et al. (2012)  for Berea 
sandstone and van Genchten/Corey curve-fitting parameters obtained in this 
study 

Berea Sandstone1 
k = 914 mD, ϕ = 22.1% (50°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 1954)  Best-fit 
Curve Parameters 

SCO2 Sl kCO2 kl m Slr2 Sls Sgr3 

0.55 0.45 0.36 0 0.7 0.2 1.0 0.25 

0.28 0.72 0.05 0.13 1 Data estimated from Figure 13 in Krevor et al. (2012). 
2 Approximated by Krevor et al. (2012) to be 0.11 using MCIP data 

normalized to porosity obtained using X-ray CT scanner, but was 
changed by authors to 0.2 for relative permeability during  best-fit 
curve matching.  

3 Core averaged residual gas saturation assigned by Krevor et al. 
(2012).  Maximum and minimum Sgr were  0.31 and 0.18, respectively. 
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Figure C-11. Relative Permeability Curve  - Berea Sandstone                 
Krevor et al. (2012)
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Table C-15. Relative permeability measurements made by Perrin et al. (2009)  for Berea 
sandstone and van Genchten/Corey curve-fitting parameters obtained in this 
study 

Berea Sandstone (2.6 mL/min) 
k = 430 mD, ϕ = 20.3% (50°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

Sl kCO2 kl m Slr Sls Sgr 

1 0 1 0.7 0.2 1.0 0.2 

0.94 0.023 0.528 
0.848 0.023 0.341 
0.795 0.035 0.266 
0.727 0.037 0.186 
0.658 0.057 0.096 
0.57 0.098 0 
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Figure C-12. Relative Permeability Curve  - Berea Sandstone 
(2.6 mL/min) 

Perrin et al. (2009)
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Table C-16. Relative permeability measurements made by Perrin and Benson (2010)  for 
Berea sandstone and van Genchten/Corey curve-fitting parameters obtained in 
this study 

Berea Sandstone 
1.2 L/min 

k = 430 mD, ϕ = 20.3% (50°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

Sl kCO2 kl m Slr Sls Sgr 

0.95 0.019 0.445 0.6 0.25 1.0 0.15 

0.87 0.015 0.234 
0.79 0.023 0.172 
0.77 0.03 0.154 
0.73 0.042 0.09 
0.62 0.063 0 
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Figure C-13. Relative Permeability Curve  
Berea Sandstone (1.2 mL/min)                     

Perrin and Benson (2010)
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Table C-17. Relative permeability measurements made by Perrin and Benson (2010)  for 
Otway Basin and van Genchten/Corey curve-fitting parameters obtained in this 
study 

Otway Basin, 2071 m  
k = 45 mD, ϕ = 18.2% (63°C) 

van Genuchten -Mualem (1980) and Corey’s Curve (Corey, 
1954)  Best-fit Curve Parameters 

Sl kCO2 kl m Slr Sls Sgr 

1 0 1 0.9 0.3 1.0 0.2 

0.861 0.002 0.514 
0.823 0.009 0.379 
0.803 0.014 0.325 
0.765 0.025 0.246 
0.732 0.034 0.222 
0.722 0.044 0.186 
0.65 0.055 0.136 
0.586 0.086 0.149 
0.549 0.157 0.081 
0.444 0.608 0 
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Figure C-14. Relative Permeability Curve  
Otway Basin (2071 m)                      

Perrin and Benson (2010)
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