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ABSTRACT

Sequestering carbon in deep geologic formations is one way of reducing 

anthropogenic CO2 emissions. Minimizing leakage rates is required for successful 

sequestration in order to mitigate possible negative impacts to overlying aquifers and 

human populations, and to ensure that injected CO2 storage meets current DOE- 

recommended and potential future regulatory storage expectations. Much research has 

been conducted to better understand CO2 migration within the injection zone. However, 

leakage rates through the caprock and subsequent movement through the intermediate 

zone (IZ; the Ethology between the injection formation and drinking water aquifers) are 

not well defined. The capacity to forecast how CO2 will move in the subsurface and the 

possible leakage of CO2 and H2 O from storage formations is vital to the development of 

quantitative risk assessment for CO2 storage projects.

The multiphase, multi-component flow and transport model PFLOTRAN was 

used to perform numerical simulations to evaluate factors that control leakage from a 

deep storage formation through a fault zone to gain insight into leakage rates and explore 

their significance. I will present results from simulations with variable CO2 injection rates, 

distance from the injection point to leakage pathway, and multiphase 

permeability/capillary relationships, hi initial simulations of leakage through a fault zone 

above the injection well, most of the plume spreads horizontally at the interface of the 

caprock and injection formation. However, a small fraction of the CO2 flows through the 

fault zone. Breakthrough of the CO2 into the overlying aquifer happens almost 

immediately after CO2 injection begins. Leakage rates through the fault remain relatively 

constant during the 3-year injection period and terminate quickly after injection ceases.



As expected, rates of CO2 leakage decrease with CO2 injection rate. Total leakage over 

the 3-year injection period decreases in scenarios where the distance between the 

injection point and fault zone are greater. However, the same inverse relationship 

between CO2 and water leakage observed for varying injection rates was also observed 

for variable injection point -  fault distance. This inverse relationship is attributed to the 

complex relationship between saturation, relative permeability, capillarity, and pressure.
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CHAPTER 1 

INTRODUCTION

Anthropogenic emissions of greenhouse gases are a likely contributor to climate 

change [IPCC CCS, 2005]. Carbon sequestration in deep saline aquifers has been 

proposed as a viable means of disposing of captured atmospheric CO2 [IPCC CCS, 2005]. 

However, storage retention must be verified before CO2 sequestration can be 

implemented. Leakage of CO2 from underground storage formations has the potential to 

impact drinking water sources that are ever more important as the world’s population 

grows [Meinzen-Dick & Appasamy, 2002]. Thus, prior to implementation of large-scale 

geosequestration, the risk of contamination of shallow aquifers must be evaluated [IPCC 

CCS, 2005]. A risk assessment must be performed to confirm either that CO2 will not 

leak into overlying drinking water aquifers, or if it does leak, that the resulting 

concentration of contaminants are not large enough to significantly affect drinking water 

quality [IPCC CCS, 2005].

The ability to predict how CO2 will move in the subsurface and the potential 

leakage of CO2 from storage formations is integral to the development of quantitative risk 

assessment models for CO2 storage projects. Much of the recent research has focused on 

CO2 in the injection zone and how the chemistry, media composition and physical 

properties, and multiphase flow properties of water and CO2 interact in non-equilibrium, 

high-pressure scenarios in order to evaluate free-phase and dissolved CO2 plume extent, 

pressure perturbations and storage capacity e.g. [Nordbotten et al. 2005; Rutqvist et al. 

2008; Birkholzer et al. 2009]. Geochemical interactions between the CO2 , reservoir brine,
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and minerals can impact the movement of CO2 through the reservoir and caprock and 

potentially alter the capacity of the storage formation or the sealing capacity of the 

caprock [Kaszuba et al, 2005; Ellis et al, 2011 ; Mouzakis 2011]. If CO2 does leak into 

overlying fresh water aquifers, geochemical interactions will drive the risk of water 

quality degradation [Wang and Jaffe 2004; Carroll et al. 2009; Bearup et al. 2012; Siriila 

et al. 2012]. The rates and spatial geometry of CO2 leakage ultimately control the extent 

and magnitude of geochemical response [Carroll et al., 2009].

Rates of CO2 leakage estimated from laboratory experiments [Li et al. 2006; 

Wollenweber et al. 2009], theoretical calculations [Nordbotten et al. 2005], or numerical 

simulation [Carroll et al. 2009; Kopp et al. 2010]. Vary by orders of magnitude, partly 

due to the different types of leakage pathways investigated. Leakage pathways can be 

split into (a) diffuse capillary transport, (b) leakage through high permeability zones such 

as faults and fractures, and (c) escape through poorly capped or damaged well casing 

[Figure 1.1]. Diffuse capillary leakage is the slowest of the pathways. Fault and wellbore 

leakage are faster and the leakage rates are a function of the fault or wellbore properties. 

Leakage through wellbores is the most likely pathway and thus has been an active area of 

research [Nordbotten et al. 2005; Wells et al. 2007; Carroll et al. 2009; Apps et al. 2010; 

Kopp et al. 2010]. However, leakage rates through faults remain relatively unconstrained.

While the sealing capacity of caprocks can be evaluated prior to CO2 injection 

[Heath et al., 2011], the presence or location of faults in the caprock may be unknown. 

Faults of all sizes are ubiquitous in the earth’s crust. Faults can be more permeable than 

caprocks [Matthaei and Roberts 1996] and flow along faults is thought to be the primary 

mechanism of fluid transport thorough formations of otherwise low permeability (such as
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caprock) [Dagan and Neuman 1997]. Real-world characterization of fault leakage is 

extremely difficult at this time. Large faults can be mapped using seismic imaging, but 

smaller (yet still hydrologically significant) faults are not always detectible [Improta & 

Bruno, 2007]. Furthermore, the physical properties of specific, known faults are 

expensive to characterize and, often, the fault is found to be highly heterogeneous 

[Takenaka 1996; Kemna 2002]. The development of deterministic fault leakage models 

for specific sequestration sites is, therefore, unlikely to be practical anytime in the near 

future. Instead, fault leakage models, such as the one we develop here, are best suited for 

developing and improving conceptual models. Such studies provide insight into leakage 

from a site whose faults have been characterized, but cannot be expected to provide 

definitive values for leakage rates. This study is a first step towards understanding the 

magnitude of this potential leakage and provides a framework for testing how these fault 

properties influence leakage rates.

In this thesis fault leakage is evaluated in a hypothetical CO2 injection scenario 

using the massively parallel, multiphase, multi-component reactive transport code 

PFLOTRAN [Mills et al. 2007] developed at Los Alamos National Laboratory. CO2 

injection into a storage reservoir overlain by a faulted caprock was simulated under 

different scenarios to gain insight into factors that constrain leakage rates through fault 

zones.
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CHAPTER 2

LITERATURE REVIEW AND METHODS

Rates of CO2 leakage through different leakage pathways [Figure 1.1] were 

compiled from published studies. Multiphase flow parameters were also compiled from 

published studies to determine realistic ranges of input parameters necessary for 

numerical simulation of CO2 injection and leakage.

2.1 Well Leakage Rates

Well leakage is traditionally reported as Tonnes CO2 yr-1 leaked per well. 

Variation in leakage rate as a function of well properties such as well diameter, aquifer 

thickness, formation pressure and casing type is not well understood. Reported well 

leakage values vary between 2.82x10"3 [Wells et al. 2007] and 5,594,720 [Nordbotten et 

al. 2005] Tonnes CCL/year, a nine-order-of-magnitude difference. The lower end was 

estimated from a field test using perflourocarbon tracers. Others used numerical 

simulations to estimate leakage [Nordbotten et al 2005, Carroll et al. 2009, Apps et al 

2010, Kopp et al. 2010]. Apps et al (2010) reported a value of 2.36 Tonnes C02/year for 

leakage of groundwater through a well penetrating the cap rock, whereby all the CO2 

dissolved into the groundwater and is the theoretical maximum of amount of CO2 that can 

be injected without creating a supercritical plume [Apps et al. 2010]. The leakage rates 

reported by Carroll et al. (2009) were used in numerical simulations (1,000 - 2,000,000 

Tonnes CCVyear) and were obtained by assuming that between 0.01 -  20% of the CO2 

injected from a 1-gigawatt power plant leaked. Nordbotten et al. (2005) used a semi- 

analytical approach to ascertain how much CO2 would leak from a well 953m away from
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the injection point and determined that 0.025-2% could potentially escape (69,934 - 

5,594,720 Tonnes COz/year given an injection rate of 1200 m3/day). Kopp et al. (2010) 

found that approximately 42,000 Tonnes/year could leak given an injection 100m away 

from a leaky well using a radial model and statistically varying model parameters.

2.2 Fault Leakage Rates

Like well leakage, fault leakage is also usually reported as Tonnes/year leaked. 

Brine leakage, in addition to CO2 , is of concern for fault scenarios as increased pressure 

in the injection formation has the potential to drive fluid upwards through fast pathways. 

McPherson and Lichtner (2001) detail a numerical simulation of Wyoming’s Powder 

River Basin and use a fault with different middle and outer permeabilities. Their 

numerical simulation predicts brine leakage, finding that grid resolution played a large 

part in CO2 fingering, but did not report leakage values. Lindeberg’s (1997) numerical 

simulation reports a leakage rate of 0-480 Tonnes CO2 yr"1 through a fault 8 km from the 

injection well, finding that leakage rate varies as a function of aquifer permeability when 

fault permeability is held constant. Gherardi et al. (2007) estimated a CO2 leakage rate of 

120,852 Tonnes CO2 y r'1 through a small fault, 0.1 m wide and 1 m long using 2-D 

numerical models.

2.3 Diffuse Leakage Rates

Non-discrete leakage comes primarily from diffusive leakage through a confining 

layer. It is hard to observe, because it is so slow - being governed by diffusion and 

capillary barrier effects. It is also spread out over large areas making it o f a smaller 

magnitude per unit area and thus harder to detect.
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Three studies of diffuse leakage through caprocks were found. In all of these 

studies small-scale experiments capillary leakage was calculated from high-pressure tests 

on single drill core samples. These experiments all utilize Darcy’s Law and are 

dependent on three parameters: the permeability of the rock, its thickness, and the head 

(capillarity). The head is generated by the experimental setup and is meant to simulate in- 

situ conditions. Li et al. (2006) and Wollenweber et al. (2009) found leakage rates of CO2 

of 1,200 and 1,582,686 Tonnes COi/km^/year, respectively. Hildenbrand et al. (2004) 

obtained leakage rates ranging from 22,120 — 55,300,000 Tonnes COa/knAyear using a 

range of different caprock samples and using pressures up to 20MPa measured 

differential gas pressures to derive capillary sealing efficiencies.

2.4 Natural Analogues

Natural analogues provide useful information to constrain leakage rates under 

natural hydrogeologic conditions. Two studies used natural analogues to determine fault 

zone leakage. The first natural analogue is the Latera Caldera in Italy. Scientists 

measured CO2 release by on-site CO2 collection instruments and then projected a leakage 

rate of 620,500 Tonnes CCL/kmVyear [Annunziatellis et al 2008]. Allis et al. (2005) 

found a leakage rate of 1,582,686 Tonnes CCL/kmVyear through a fault on the Colorado 

Plateau by taking physical measurements along a visibly degassing fault zone.

2.5 Conceptual Model

In this study, a hydrologie system is modeled as two aquifers, separated by a 

caprock, but interconnected by a permeable fault zone. The conceptual model is three- 

dimensional and consists of three tabular lithologie units [Figure 2.1] An impermeable 

shale layer (caprock) separates the upper and lower sandstone units, where the lower
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aquifers represents a saline injection form ation, and the upper aquifer represents a unit 

where quantification o f leakage is desirable. The vertical fault zone consists o f brecciated 

shale fragm ents is 5m wide and cuts com pletely through the 25m  caprock. Supercritical 

C O 2 , injected at a point in the lower aquifer, induces a pressure response resulting in fluid 

leakage through the fault zone into the overlying aquifer. A dditional interw oven shale 

and sandstone units w ere added on top o f  the overlying aquifer for the purpose o f 

m itigating any boundary condition effects, but these are extrem ely im perm eable, do not 

influence the leakage rates, and thus are not be discussed here.

O verlying A quifer

F a u l t

C ap rock

Injection A quifer

Injection

Figure 2.1 : Three-dim ensional conceptual m odel (not to scale, vertical dim ension is 

exaggerated)

N um erical sim ulations are perform ed on a vertical tw o-dim ensional slice (12 km 

by 0.6 km) through the conceptual model [red outline Figure 2.2]. Grid spacing is 5 m in 

the x and z directions w ith the exception o f the fault zone w hich has 0.5m spacing in the 

x direction only. The y-direction is one grid block, 10m in length.
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Figure 2.2: A tw o-dim ensional slice is taken. The blue dot on figure 2.2b represents the 
injection point.

2.6 Num erical Model

The m assively parallel 3-D reservoir sim ulator PFLO TRA N  is used to sim ulate 

C O 2 injection and transport through the m odel domain. In this m ultiphase reactive 

transport m odeling code, the mass and energy conservation equations are coupled to 

reactive transport equations describing chem ical reactions w ithin the reservoir. The 

m ultiphase fluid flow  field is coupled to changes in porosity and perm eability o f  the 

reservoir caused by precipitation and dissolution reactions o f m inerals. Flowever, only 

m ultiphase fluid flow  is considered for these sim ulations. This research aims to 

investigate leakage by conducting num erical sim ulations for hypothetical, yet realistic, 

injection scenarios. Thus, a literature review  was perform ed to determ ine value ranges for 

m odel-input param eters. The input param eters chosen for the base-case m odel is shown 

in Table 2.1. M any o f  these param eters are only poorly known; therefore a sensitivity 

analysis for a couple o f  param eters was perform ed using plausible ranges o f  perturbations 

[Table 2.2] w ithin the literature-derived ranges presented in Table 2.1.
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Supercritical CO2 is injected into the model at a rate of 1.0 kg/s for 3 years [Table 

2.1]. The CO2 plume, including both liquid and gas saturation, is tracked for the duration 

of the model. Leakage of fluid - both water and the supercritical CO2 - and transport of 

aqueous CO2 through the fault zone, are monitored at the point where it connects with the 

overlying aquifer. This point was chosen to be the most representative of leakage values 

as it is the point in which the CO2 within the fault has had the most time equilibrate with 

fluids within the fault, but has not yet encountered fluids in the upper aquifer.

The top boundary of the 2D flow domain is specified as Dirichlet conditions, 

designed to avoid unrealistic pressure buildups. A Dirichlet condition holds the pressure 

on the boundary constant while still allowing water to flow through. The rest of the 

boundaries are no flow. The initial pressure conditions were set using hydrostatic 

gradient in the z direction with 2.3 x 107 Pa at the origin (x = 0 and z = 0 in Figure 2.2) 

and no horizontal pressure gradient. This pressure profile is within the bounds of a 

realistic injection aquifer [Bohnhoff 2010; Preston et al., 2012]. The initial temperature is 

set to 62°C at the bottom with a geothermal gradient of -0.02°C/m in the z direction, 

which is consistent with the pressure profile and the earth’s geothermal gradient 

[Fridleifsson et al. 2008; Cantucci et al. 2009].
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Table 2.1 : Input parameters and values for Base Case CO2 leakage modeling in
PFLOTRAN

Property Base-Case Value Uncertain 

Parameter Range
Reference Units

Sandstone

Injection

Formation

Thickness'

100 25 -200 [Han et al. 2010] m

Porosity 10 1 0 - 4 9 [Churcher et al. 1991; 

Flett et al. 2006]

%

Tortuosity 0.2 [Donaldson & Kendall 

1976]

m/m

Rock Density 2650 [Klein and Hurlbut, 

1993]

Kgm'J

Specific Heat 9.2x10"4 [Klein and Hurlbut, 

1993]

J kg-'K"1

Permeability IxlO"15 Ix lO 'M xlO "16 [Bacci et al. 2011; 

Doughty et al. 2002; 

Churcher et al. 1991]

m"2

Permeability 

function type

Maulem [Ghezzehei et al. 2007]

Saturation function 

type

Van Genuchten [Ghezzehei et al. 2007]

Residual saturation 

(liquid Phase)

0.1 0.1-0.3 [Pruess et al. 2002]

Residual 

Saturation (gas 

phase)

0 0.00-0.05 [Pruess et al. 2002]

lambda 0.457 0 .4 5 7 -0 .8 9 [Pruess et al. 2002; 

Ghezzehei et al. 2007]

alpha 5.1x10 '5 5 .1 x l0 '5-1 .6x l0 ’4 [Pruess et al. 2002; 

Ghezzehei et al. 2007]

Pa"1

Maximum 

capillary pressure

Ix lO 15 [Pruess et al. 2002] Pa
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Table 2.1 continued: Input parameters and values for Base Case CO2 leakage modeling in
PFLOTRAN

Property Base-Case Value Uncertain 

Parameter Range
Reference Units

Shale

Layer thickness 25 1-250 [Han et al. 2010] m

Porosity 5 1-40 [Doughty 2008;

M. Ramos da Silva 

et al. 2008; Flett 

et al. 2006]

%

Tortuosity 0.095 [Barone et al. 

1989]

m m"1

Pock Density 2650 [Klein and 

Hurlbut, 1993]

Kg m'3

Specific Heat 920 [Klein and 

Hurlbut, 1993]

J kg"1 K"1

Permeability X&Y IxlO"19 IxlO -'M xlO "22 [Barone et al. 

1990; Doughty et 

al. 2002; Flett et 

al. 2006]

m 1

Permeability Z IxlO '20 [Barone et al. 

1990]

m 2

Permeability 

function type

maulem [Ghezzehei et al. 

2007]

Saturation function 

type

van genuchten [Ghezzehei et al. 

2007]

Residual saturation 

(liquid Phase)

0.1 0.01-0.4 [Pruess et al. 2002]

Residual 

Saturation (gas 

phase)

0 0-0.05 [Pruess et al. 2002]

lambda 0.392 - [Pruess et al. 2002]

alpha 2.04x10 'v - [Pruess et al. 2002] P a '1

max cap pressure Ix lO 15 - [Pruess et al. 2002] Pa
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Table 2.1 continued: Input parameters and values for Base Case CO2 leakage modeling in
PFLOTRAN
Property Base-Case Value Uncertain 

Parameter Range

Reference Units

Fault

Thickness 25 - [Han et al. 2010] m

Width 5 1-100 - m

Porosity 15 0.01-0.3 [Doughty 2008;

M. Ramos da Silva 

et al. 2008; Flett 

et al. 2006]

%

Tortuosity 0.095 [Barone et al. 

1989]

m m '1

Rock_Density 2650 [Klein and 

Hurlbut, 1993]

Kg m"3

Specific Heat 920 [Klein and 

Hurlbut, 1993]

J k g 1 K"1

Permeability X&Y IxlO"12 I x l0 'l2-lx l0 "22 [Matthaei and 

Roberts, 1996; 

Leverett 1941]

m"2

Permeability Z IxlO"12 - m"2

Permeability 

function type

maulem

Saturation function 

type

van genuchten

Residual saturation 

(liquid Phase)

0.1

Residual 

Saturation (gas 

phase)

0

alpha 2.04x10"7 - [Pruess et al. 2002] P a 1

lambda .392 - [Pruess et al. 2002]

max cap pressure Ix lO 15 - [Pruess et al. 2002] Pa

Table 2.2: Variation of Parameters
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C ase P aram eter  V aried N ew  V alue U nits

Base N one N one N one

2 Horizontal D istance Betw een Injection W ell and Fault 100 m

3 Horizontal D istance Betw een Injection W ell and Fault 250 m

4 Injection Rate 0.9 kg/s

5 Injection Rate 0.8 kg/s

2.7 Model Input Parameters

To enable development of a conceptual model that could serve as a basis for 

mathematical multiphase flow modeling of CO2 leakage, an exhaustive literature review 

was completed to constrain values for physical and chemical properties of the modeled 

system. These properties were chosen to be within the bounds of a typical CO2 injection 

aquifer system. [Table 2.1]. This literature review includes parameters needed for model 

input, which includes parameters for all initial and boundary conditions.

2.7.1 Computational Grid

Fault leakage was modeled in two dimensions to give the ability to scale the 

leakage results with different length faults while avoiding the increased simulation time 

required by a 3-D simulation. The overall model grid dimensions are 12 km in the x- 

direction (horizontal) by 600 m in the z-direction (vertical) with one 10m grid-block in 

the y-direction [Figure 2.2]. The caprock was 25 m thick, spanning the length of the 

simulation with a 5 m fault in the center.

Grid size influences both model accuracy and computing expense. Yamamoto et 

al. [2011] completed a numerical experiment testing how grid block size affected the 

radial extent of a CO2 plume using 2D injection rates of 0.01 -  1 Mt/year. It was found 

that larger grid blocks (10 m) tended to overestimate buoyancy effects, and therefore the
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simulated plume exhibited reduced lateral spreading. The smaller grid blocks (1 m) 

captured lateral spreading behavior much more effectively; however their use made the 

simulation much more computationally expensive.

A grid spacing of 5 meters was chosen for both the x and z directions, with 5m of

0.5 m spacing within the fault to prevent permeability boundary effects [Table 2.3]. This

grid spacing was expected to maximize the radial extent of the supercritical CO2 plume

without compromising computation time [Yamamoto 2011].

Table 2.3: Model Grid Discretization 

Grid Discretization
Dimension Model Fault  Zone Units
x 5 0.5 [m ]
y 10 10 [m ]
z 5 5 [m ]

2.7.2 Pressure and Temperature

Supercritical conditions keep the CO2 density high and provide optimal mass 

injection and storage per unit volume of porous media. Supercritical CO2 can have 

densities approaching that of water, while atmospheric CO2 gas densities are 3 orders of 

magnitude smaller. Thus, the temperature and pressure must be above the supercritical 

point of CO2 [Span and Wagner, 1996] which is at 7.38 MPa and 31.1°C. In the Earth, 

the temperature and pressure requirements are depth restrictive. For the average 

continental geothermal gradient of 22.1 °C/km [Hitchon 1984], the corresponding 

injection depth is greater than approximately 800m [Kopp 2010]. Thus, to avoid the need 

to simulate phase changes, a model depth of 2.3km is chosen that is far greater than 800m 

and scale temperature and pressure accordingly. The specific heat of all materials was 

assumed constant at 1000 J/kg.
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2.7.3 Injection Rate

An injection rate of 1 kg/s was chosen for the 2-D simulation through a series of 

test cases. When injection was 1.2 kg/s or higher the model did not converge. Conversely, 

when injection was 0.5 kg/s or lower, no significant supercritical CO2 plume was formed. 

From this data the injection rate o f 1 kg/s was picked because it produced a plume of 

supercritical C 0 2 in a model that converged efficiently enough to simulation injection for 

3 years. This injection rate is assumed to be an injection rate per unit width of the model 

on a horizontal injection well parallel to the fault which can then be linearly scaled by the 

length of the fault (section 4.4.1).

2.7.4 Capillary Pressure - Saturation Constitutive Relationships

The pore-size distribution and air entry pressures of the lithologie unit govern its 

capillary pressure-saturation functions. The van Genuchten [van Genuchten, 1980] 

relationships describing these functions are used in the simulations presented here 

[Equation 2.1].

1-/1

( k r - i )
Pc = ^ -------------------------------------------------------------------------------------- (2.1a)

a
where

s - ■ ,2 " ”
Pc = Capillary Pressure [Pa]
Se = Effective Saturation []
A = van Genuchten Parameter ( often written as m) 
a  = van Genuchten Parameter [Pa"1]
S1 = Water Saturation []
Slr = Irreducible Water Saturation []
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The van Genuchten capillary pressure-saturation parameters are denoted by («) 

[m-1], related to the inverse of the air entry pressure, pore-size distribution, and the 

interfacial tension between supercritical CO2 and brine, and /?[-], related to the pore size 

distribution [van Genuchten 1980]. For sandstone and shale, reported values vary greatly 

[Table 2.1]. The parameters a and n are also correlated [van Genuchten 1980] and must 

be implemented together, rather than separately.

The residual gas saturation in these simulations is 0.0. It is expected that having 

no residual gas saturation in the pore network would slow down the spread of the C02 

plume and result in higher overall gas saturations throughout at the model. However, due 

to computational requirements necessary for residual saturations 0.1 -  0.2 for the gas 

phase, gas saturation was not included. Computational expenditures increased 1000-fold 

in test simulations run with higher residual saturations.

2.7.5 Saturation Function Parameters

Table 2.4: Values of van Genuchten capillary-pressure saturation function parameters are 
taken from literature sources.

Rock Type a n Source

Berea Sandstone 

Pierre Shale 

Pierre Shale 

Hypothetical 

Fractured Rock 

Hypothetical Saline 

Aquifer 

Hypothetical

1.94 [1/m] 

0.002 [1/m] 

0.005 [1/m] 

0.00567 [1/m]

0.0510204082
[1/kPa]

5 x 10- 5

9.06

1.646

1.513

1.789

1.84

1.85

Ghezzhei et al. 2007 

Kuo-Chieh Chao et al. 1992 

Kuo-Chieh Chao et al. 1992 

Peters and Klavetter 1988

Bacci et al. 2011

Birkholzer et al. 2009
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Aquifer

Hypothetical 5 x 10"7 1.85 Birkholzer et al. 2009

Aquitard

For the van-Genuchten capillary equation, the maximum capillary pressure was 

set to IxlO 15 Pa [Ghezzehei et al. 2007] to accommodate pressure increases in the model 

as CO2 is injected. In all cases, van-Genuchten parameters and residual saturations for 

both aquifer and aquitard were taken from Pruess et al. 2002 [Table 2.4].

2.7.6 Material Properties

Rock density was taken from the approximate bulk densities of rock at the 

injection pressure of 2.65xl03 kg/m3 [Klein and Hurlbut ,1993]. The aqueous diffusion 

coefficient of water was set to the value of IxlO"15 m2/s [Franks 2000]. Tortuosity is the 

ratio of the length of the fluid path and the straight-line distance of the path [Epstein,

1989] [Equation 2.2]. This parameter is used to obtain aqueous diffusion coefficients in 

porous media from aqueous phase diffusion coefficients in free water [Bear 1972]. 

Donaldson and Kendall (1976) did a comprehensive analysis and found tortuosity factors 

ranging from 3.01 -  14.00 in different sandstone samples using many different 

measurement methods. The tortuosity for shale as tabulated by Barone et al. (1990) 

ranges from 0.095 -0.101. (We note that PFLOTRAN input requires reciprocal tortuosity 

[T/Ic]).
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r  = Y  (2-2)

r  = tortuoisty
Le = Effective length of the pore or capillary network 
L = Length of the porous medium

Reciprocal tortuosity was chosen for the injection formation and overlying 

aquifers to be 0.2m/m, which is congruent with exemplified sandstone [Donaldson et al. 

1976]. Shale reciprocal tortuosity was used for the caprock and fault zone was 0.095m/m 

[Barone et al. 1990].

2.7.7 Permeability

Bulk permeabilities of target sandstones vary from IxlO '6 - IxlO"15 m2 [Meyer 

2002; Bacci et al. 2011]. Shale permeabilities are much lower, in the range of Ix lO '18 - 

IxlO '22 m2, with an anisotropy of 1-2 orders o f magnitude in the vertical direction [Flett 

et al. 2006; Doughty 2008]. Fault permeability depends on the type of rock as well as the 

dimensions o f the fault, the degree of fracturing within the fault, and the degree of 

heterogeneity of the fracturing [Matthaei and Roberts 2004]. Fault permeabilities are not 

well documented, so fault permeability values were assumed to fall within a range of 

values less than the surrounding sandstone, but greater than the confining layer.

Shale caprock permeability was set to IxlO"19 m2 in the horizontal direction 

(Table 2.1) and IxlO '20 m2 in the vertical direction to reflect the notion that shale rock is 

1 -2 orders of magnitude more permeable in the horizontal direction due to the orientation, 

shape, and stacking of the clay layers [Best & Katsube 1995; Deutsch 1989] Injection- 

zone formation and overlying aquifer permeability is IxlO '15 m2 typical of a sandstone
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unit [Meyer 2002, Table 2.1]. Fault permeability was determined using the shale 

permeability and scaled using the Leverett-J Function (Equation 2.3) [Leverett 1941].

Fault zones are very poorly characterized in scientific literature. Thus, we derive 

capillary-saturation parameters for these zones of higher permeability from the 

surrounding shale (the parent rock for the fracture) by scaling the van Genuchten 

parameter anw via permeability (Equation 2) using the the Leverett J-Function.

Equation 2.3: Leverett J-Function

In equation 2.3 the subscript (1) refers to the shale, and subscript (2) refers to the 

assumed fracture-zone properties. We assume that van-Genuchten X remains constant.

PFLOTRAN uses the following equations to calculate saturation and relative 

permeability from user provided input values:

(2.3)

Thus, the fault-zone alpha is equal to 6.45x1 O'4 [Pa"1] for all cases.
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Equation 2.4: VG-Mualem equation for relative permeability as used by PFLOTRAN

where
saturation = Sr + ( \ - S r)* Se 
a = VG alpha
Pc = reference pressure — pressure 
m = VG m 
n —\/(l — m)
Sr = ^(iphase)

2.7.8 Bulk Porosity

Porosities o f sandstones typically range from 10 - 26 % [Churcher et al. 1991]. 

The range of shale porosities is much larger, from 2 - 50% [M. Ramos da Silva et al. 

2008; Hart et al. 2006; Doughty et al. 2002]. Shale porosity values at the high end of the 

range are typical o f shallow formations that have not experienced burial and compaction 

[Kuo-Chieh Chao et al. 1992]. Fault porosities are not well characterized, as they are also 

fault dependent.

Caprock porosity was taken to be 5%, a midrange value for compressed shale 

[Morris and Johnson 1967; Doughty and Pruess 2004]. The upper and lower aquifer 

porosities were chosen as 10%, a porosity on the lower end of sandstone porosities 

[Morris and Johnson et al 1967; Pruess et al 2002]. The low porosity was chosen to be in 

agreement with Pruess et al. (2002), a document outlining standards for CO2 test 

simulations. The fault porosity was assumed to be 15% - a ten percent increase from the 

caprock porosity and a 5% increase from the injection formation porosity. A higher

Relative Permeability = * 1

(2.4)
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porosity was chosen because faults, given their brecciated nature, are known to be more 

porous than the rock surrounding them, [Morrow and Lockner, 2001]. Because very little 

data on fault networks exists, this scenario was chosen to fit into a conceptual model of a 

highly fractured shale fault connecting two reasonably permeable sandstone formations.

2.7.9 Layer Thickness

Simulations were run until CO2 breakthrough into the overlying aquifer. Shale 

layer thickness in the model controlled the time to CO2 breakthrough and, thus, the total 

simulation time. Shale layers can vary from a few mms to 100’s of meters thick [Han, 

2000]. Here, I chose a 25 meter thick shale caprock because it was thick enough to 

minimize diffuse capillary transport, but thin enough to minimize computation time by 

decreasing the time to CO2 break through into the overlying aquifer that flow through the 

[Johnson et al. 2002]. The saline aquifers both below and above the aquitard were 

assigned thicknesses such that CO2 had room to rise as a buoyant plume, whilst still being 

in a range that was computationally efficient. The horizontal length was chosen to make 

sure that the closed boundaries did not come into contact (or near contact) with the CO2 

plume [Rutqvist et al. 2008].
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CHAPTER 3

RESULTS

A base case of representative model parameters was simulated [Table 2.1]. In a 

sensitivity analysis the horizontal offset between the injection point and fault and 

injection rate were varied. In the base case the injection point is directly underneath the 

fault zone. In cases 2 and 3 this point was moved 100 m and 250m away from the fault 

[Table 2.2] respectively, with all other parameters remaining the same [Figure 3.1]. For 

cases 4 and 5, the base case injection rate of 1 kg/s was reduced to 0.9 and 0.8 kg/s, 

respectively keeping all other model inputs equal. While this is a small range of injection 

rates, in this 2-D model the range of possible values is also quite small. In a 3-D scenario, 

the additional dimension in which the plume spreads decreases the likelihood of 

unrealistic boundary effects. In either case, if the injection rate is too high, pressure build

up is unrealistic with respect to pressure induced rock fracture. PFLOTRAN does not 

incorporate geomechanics, so it important to account for this when determining injection 

rate. On the other hand, if too small no plume of supercritical CO2 forms. The purpose of 

these simulations was to determine the impact of input-parameter variations (for realistic 

values of the parameter) on the leakage rate, not to determine different leakage rates for a 

range of realistic parameter values.

Many tests were conducted before the base case to optimize run time. In particular, 

model convergence parameters were tested in many configurations, the size and shape of 

the model was tested with many different degrees of freedom per node, the grid-spacing
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was optimized, the residual saturations were tested, and boundary conditions were 

optimized for both run-time and minimizing CO2 plume effects.

Variation of Horizontal Distance of the Fault from the Injection Point

Base Case

Move 100m

«Cl X

Fault

I
*  Injection Point

x

Fault

n
*  Injection Point

Move 250m
Fault

Injection Point

Figure 3.1: Cases 2 & 3. Not to scale.

3.1 Base Case Results

The base case simulation was run for a period of 25 years with no injection to 

achieve steady state, and then CO2 was injected for a period of 3 years. The model was 

run for an additional 0.5 years after injection until steady state was observed. The 3-year 

injection length is a lot shorter than the 30-year injection period that would accompany 

the life of a power plant [Birkholzer et al. 2009]. However, three years is in the range of 

pilot or demonstration scale projects [Trautz et al. 2006] or sequestration of other
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industrial sources of CO2 . In any case, we observe that the leakage rate has reached its 

maximum value well before the end of the injection period and any further time would be 

unnecessary and computationally excessive.

Base case leakage was calculated using Equation 3.1. The model timestep output 

was 0.1 yr. So, all values were assumed constant of the timestep.

Q, =  ]  f Xl A p ^ ^ d x d t  
-, ' 

where
Qj = leakage of phase i 
A = surface area of the fault [m2 ]

Pi = density of phase i [kg/m3] (3.1)
viz = velocity in the z - dir of phase i [m/yr]
Sj = saturation of phase i [] 
x = width of the fault [m] 
t = time [yr]
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The base case injection rate of 1 kg/s for 3 years is equivalent to total CO2 

injection of 31,556,926 kg or 31,556 metric tons per year over the 3 year period. During 

the base-case simulation [Figure 3.32], upwards o f 3,000,000 kg of CO2 leaks through the 

fault in the 3-year injection period. The water leakage rate that occurs due to 

pressurization of the injection zone above the hydrostatic pressure, however, is much 

greater. For every kg of CO2 that is released into the upper aquifer, almost 3 kg of water 

is released. Yet, after injection ceases, both the CO2 and H2 O leakage rates decrease and 

leakage stops entirely after less than 0.5 years post injection.

3.2 Horizontal Distance from Injection Zone Results

When the horizontal distance from the injection point is increased from 0 m to 

250 m [Figure 3.5] there are several significant changes. First, the breakthrough time of 

CO2 through the fault is increased. Breakthrough occurs in the base case almost 

immediately, but in the 100m simulation it occurs at approximately 0.2 years, and occurs 

at 0.3 years in the 250m simulation [Table 3.1]. These breakthrough times do not scale 

linearly with distance. Second, the amount and rate of CO2 leakage decrease with 

increasing distance between the injection zone and fault. There is a 40% decrease in the 

cumulative amount of CO2 leaked over the 3 year injection period when the fault is 250 

m from the injection point. The H2 O leakage rate, however, increases by 50% relative to 

the base case. Total leakage has a non-linear scaling with distance. The saturation of the 

base case peaks at about 1.8 yrs with a value of ~ 0.13, whereas the max saturation of 

case 2 peaks at 2 yrs with — 0.12 and case 3 has a maximum of — 0.11 at 2.2 years [Figure 

3.7].
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leakage rates.
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3.3 Injection Rate Results

When injection rate is varied a significant change in both CO2 and H2 O leakage 

rates is observed [Figure 3.10]. The first noticeable change is in breakthrough time. When 

injection rate is decreased by 10% there is a lag in the breakthrough of CO2 through the 

fault o f approximately 0.1 years and 0.2 years for a 20% decrease [Table 3.1].

The second significant change is the leakage rate of both CO2 and H2 O. When 

the injection rate is decreased by 20%, the decrease in CO2 leakage is nearly 40% below 

the base case. In contrast, the H2 O leakage rate increases by 10% when the CO2 injection 

rate is decreased by 20%. The saturation of the base case peaks at about 1.8 yrs with a 

value of —0.13, whereas the max saturation of cases 4 and 5 peaks at approximately the 

same time with values of ~ 0.12 and -  0.11, respectively [Figure 3.7].
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igure 3.10: Total Leakage of CO2 and ILO in kg when the injection rate is varied
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Table 3.1: Sum m ary o f  results from all cases.

Case: Base 2 [inject 100m 
from  fault]

3 [inject 250m 
from  fault]

4 Uni 0.9 kg/sl 
below fault

5 fini 0.8 kg/s] 
below fault

C 0 2 Breakthrough 
Time [Yr]

<0.1 <0.2 < 0 3 0.1 0.2

Avg H20  Leakage 
rate [kg/yr]

2.67x10* 3.12 x 10* 3.92 x 10* 1.63 x 10* 2.84 x 10*

Avg C 0 2 Leakage 
rate [kg/yr]

1.19 x 10* 1.09 x 10* 9.74 x 105 1.01 x 105 7.79 x 105

Max H20  Leakage 
rate [kg/yr]

1.16 x 107 1.16 x 107 1.16 x 107 2.62 x 10* 9.32 x 10*

Max C 0 2 leakage 
Rate [kg/yr]

1.61 x 10* 1.45 x 10* 1.23x10* 1.31 x 10* 1.03 x 10*

Total H20  Leaked 7.94 x 10* 9.26 x 10* 1.18 x 107 8.05 x 10* 8.51 x 10*

Total C 0 2 Leaked
/ w

3.58 x 10* 3.17 x 10* 2.73 x 10* 2.91 x 10* 2.18 x 10*
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Table 2.2: Maximum and Average CO2 Saturation Values taken at the top of the fault.

Case: Base
2 [move 
100m]

3 [move 
250m] 4 [In j 0.9 kg/s] 5 [Inj 0.8 kg/s]

Maximum  
Saturation [] 0.128 0.119 0.106 0.119 0.109

Average 
Saturation [] 0.102 0.097 0.079 0.093 0.088
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This relationship is observed both when comparing the base case CO2/H2 O 

leakage and when comparing leakage between cases. In all cases the rate of H2 O leakage 

starts out very high at the beginning of injection [Figures 3.7] [Figure 3.11]. Then, as the 

CO2 leakage rate increases, the H2 O leakage rate decreases until both rates stabilize. In 

cases 4 & 5, when the injection rate decreases, CO2 and H2 O leakage rates reach their 

maximum value and then remain relatively constant. However, in the base case and cases 

2 & 3 where injection rate is 1 kg/s there is a noticeable drop in the CO2 leakage rate and 

an increase in the H2 O leakage rate towards the end of injection [Figure 3.7][Figure 3.11]. 

This is due to the decrease in buoyancy forces caused by the increases in SC-CO2 density 

as injection continues [Figure 4.2][Figure 4.8].

In a situation where the lower aquifer contained significant concentrations of 

dissolved solids, it is expected that the density difference would be greater than with pure 

water. However, this would be mitigated by the decrease in CO2 solubility, meaning that 

more CO2 is present in its supercritical form, causing a slight increase in pressure, and 

thus, more dense CO2 .
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Figure 4.2: The difference in density between H2 O and CO2 is plotted with time.

The changes in leakage rates due to the movement of the injection point away 

from the fault are caused by differences in saturation [Table 3.2]. As the injection point 

distance increases, the leakage rate of CO2 decreases [Figure 3.11]. The change in 

leakage rate is due to where the fault is connected to the CO2 plume. In the base case the 

fault is connected by the middle of the plume where the saturation is greatest [Figure 3.3] 

[Figure 3.8]. However, as the injection point is moved further away from the fault, the 

connection point moves further out on the edges of the plume where the saturation is 

lower [Figure 3.9] and the relative permeability of CO2 is lower. The lower relative 

permeability allows for less leakage of CO2 , and thus, more leakage of H2 O.
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When injection rate is varied the leakage rate of CO2 changes for three reasons. 

The first is that less CO2 is available for leakage, so less CO2 leaks. However, since this 

relationship is non-linear, other processes must be helping govern leakage. With a lower 

injection rate, the CO2 plume never builds to the same saturation as higher injection rates 

[Table 3.2]. Therefore, relative-permeability is lower and the corresponding leakage is 

lower [Figure 4.1][Figure 4.7]. In contrast, the lower injection rates reach a steady 

leakage rate, while the base case rate decreases. This is due to less buoyancy driven flow 

as supercritical CO2 is compressed. Supercritical CO2 is a compressible fluid, while H2 O 

is incompressible. When pressure in the aquifer increases, CO2 is compressed and 

eventually approaches the density of water [Figure 4.2] [Figure 4.8]. Without this large 

density difference CO2 is not as buoyant. With lower injection rates we do not see the 

same density increase of supercritical CO2 at the end of injection and thus a more stable 

leakage rate. This is the reason that the base case has a large dip in leakage rates at the 

end of the simulation, while cases 4 & 5 have much smaller perturbations.

4.2 Discussion of Total CO2 Leakage

When injection rate is decreased there is a non-linear decrease in the total amount 

of CO2 leaked. When injection is decreased by 20%, total leakage decreases by 40% 

[Figure 3.10]. This relationship is also observed when the distance between the fault and 

injection zone is varied. When the fault is moved from 100 m to 250 m away there is a 

decrease of 15% leakage with an increases of 150% distance from the fault. These 

discrepancies are explained by both breakthrough time and saturation. The lag in 

breakthrough time means that the simulations have less overall time to transport CO2 

through the fault [Table 3.1]. Given that the injection rates are lower in cases 4 & 5 and
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the fault exists further towards the edge of the plume in cases 2 & 3 saturation is 

decreased significantly [Table 3.1]. A lower saturation means a lower relative 

permeability for CO2 [Figure 4.1].

4.3 Discussion of H2 O leakage

When the injection rate and distance from the fault are varied, the leakage 

amounts of CO2 and H2O are not inversely proportional. When CO2 leakage decreases by 

40%, H2 O increases by only 7% [Figure 3.10]. However, when the distance from the 

injection point is increased from 100 m to 250 m, the total CO2 leaked decreases by 15% 

and the H2O total leakage increases by 50% [Figure 3.5]. This large increase in the 

amount of H2 O leaked in cases 2 and 3 is again explained by breakthrough and saturation. 

When the injection point is moved away from the fault, H2 O is unhindered in its leakage 

by CO2 in the time before breakthrough. With a saturation of 1, water moves very quickly 

through the fault. Once CO2 arrives, water saturation is decreased as CO2 saturation 

increases. Thus, water leakage rates decreased until peak saturation is reached.

4.4 Evaluating Leakage from 2-Dimensional Simulations

The numerical simulations presented in this paper were performed using 2- 

dimensional model domains. Results from this study can be placed in the context of the 

3-dimension space of a real world system under certain conditions. For CO2 injection 

through a horizontal well parallel to the fault the leakage rate obtained in these 

simulations scales linearly as a function of fault surface area and injection rate. For 

different physical configurations the geometry of the aquifer and fault zone will control 

the relationship between the 2-dimensional and 3-dimensional leakage rates. CO2 

saturation at the fault zone and gas velocities through the fault are controlled by Sg and
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Vgz parameters, respectively. Here, two different aquifer configurations are considered 

for predicting leakage rates in a 3-dimensional system based on the 2-dimensional results. 

The first is a horizontal injection scenario directly below a fault zone (Example A). The 

second is a point source close to a fault (Example B).

4.4.1 Example A

In a case where a fault is located 100 m away from, and parallel to, a horizontal 

injection well [Figure 4.3] leakage can be calculated by Equation 4.1.

L' =nx L- 
where
Lt = leakage total [kg] (4.1)
n = # of 10 m fault segments
Lj = leakage per 10m fault segment

If the CO2 injection rate is 1 kg/s for every 10 m of well for 3 years and the length of the 

well and fault are both equal in length, the total leakage is 946,680 metric tons.
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Figure 4.3: Diagram of a horizontal injection well parallel to a fault.

4.4.2 Example B

In the second example, leakage through a fault located 100 m away from a 

vertical injection well is evaluated [Figure 4.4]. CO2 saturation for the plume at 0 m and 

100 m are predicted from the 2-dimensional simulations. If we assume a linear 

relationship between distance and saturation, the saturation along the fault can be 

calculated in a stepwise fashion similar to Nordbotten et al. 2005 [Equation 4.2].
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where
Sn = Saturation at point n (4 .2)
SG = Saturation at point 0
S100 = Saturation at point 100
n = # of meters away from injection

Gas velocities and gas densities can also be calculated with the same linear interpolation 

assumption. Once gas velocity, gas density, and saturation are known for each block at 

each time step, the following summation can be used to find total leakage [Equation 4.3].

SA = surface area of the top of each gridblock [m2] 
yOg = gas density [kg/m3]
Sg = gas saturation [] 
dt = time per timestep [yr]

4.5 Implications

The Department of Energy (DOE) has outlined guidelines for CO2 sequestration goals 

[DOE Roadmap, 2010]. They have recently increased the storage permanence goals from 

95% to 99% storage efficiency. Thus, in order to abide by DOE procedures, 99% of CO2 

must remain in the injection formation and not escape. When the percent of total CO2 

injection leakage is plotted as a function of time [Figure 4.3], it becomes apparent that for 

a fault of this size, the DOE maximum of 1% leakage will be exceeded in all cases. In the 

base case, approximately 4% of the total CO2 injected into the formation escape,

x„

where
L t = Total Leakage [kg]
Vgz = Gas Velocity in the z - dir [m/yr] (4.3)
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Figure 4.4: Diagram of a point injection plume intersecting a fault.
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surpassing DOE goals of 1%. In fact, all 5 simulations surpass this goal within 1.0 year 

and half of them surpass it within 0.5 years. Whether or not total leakage surpasses DOE 

standards in 3-D depends on the type of injection. With horizontal injection, the % 

leakage would be unaffected [Section 4.4.1], However, with a point injection, the 

resulting leakage could be much less [Section 4.4.2].

However, it is important to remember that a 5 m fault is rather large and easier to 

detect than a smaller fault or linear fracture would be. So, it is not unreasonable that a 

carefully planned injection site that has been well characterized, with the injection 

location chosen to be far away from any faults could have leakage rates well under DOE 

limits. Conversely, if a large fault remains undetected near the injection location, DOE 

recommendations may be hard to meet.

The rapid decrease in CO2 leakage rate after injection ceases indicates that if a 

CO2 leak is detected stopping injection can minimize the impacts and prevent further CO2 

leakage. The leakage of H2 O, however, may be of greater concern. Given that most 

planned CO2 injection formations are extremely saline (upwards of 100,000 TDS), and 

that drinking water reservoirs may lie above them, the contamination of potable aquifers 

remains a primary concern. If  a large amount o f brine containing high TDS and regulated 

or toxic contaminants is driven upwards through fault zones into drinking water aquifers, 

the effect of this contamination on human populations could be serious.

This leakage may also be hard to detect until large-scale aquifer contamination. 

Unlike CO2 , which dissolves in water as carbonic acid, the addition of salts, hazardous 

metal, and hydrocarbons is not easily reversible. Further study must be given to this topic.
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CHAPTER 5 

CONCLUSION

Simulations presented in this thesis are an idealized version of the physical 

phenomena expected to occur in the fault zone connecting two aquifers as a result of CO] 

sequestration. Models such as these describe overall fluctuations under particular 

assumed physical circumstances that cannot represent the full complexity o f a natural 

system. While we use simplified numerical simulations to predict and understand 

controlling factors of behavior such as CO2 leakage, site characterization and careful 

model development are required to capture expected behavior for a given heterogeneous 

natural system.

From this numerical study of CO2 leakage through faults in caprock we conclude:

1) Maximum CO2 leakage rates during the 3-year CO2 injection period vary between 

1.61 x 106 in the base case and 1.03 x 106 kg/yr in Case 5. Total leakage over the 

3-year injection period is highest in the base case at 3.58 x 106 kg and lowest in 

Case 5 at 2.18 x 106 kg.

2) Maximum H2 O leakage rates during the 3-year CO2 injection period vary between 

1.16 x 107 in the Base Case and 2.62 x 106 in Case 4. Total leakage of H2 O is 

highest in Case 3 with 1.18 x 107 kg and lowest in the Base Case with 7.94 x 106 

kg leaked.

3) Fault location in relation to injection point plays a large role in the relationship 

between CO2 and H2 O leakage. The closer to the fault an injection zone is, the 

more likely and the higher magnitude of leakage of CO2 . Leakage o f H20
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decreases as the distance between the fault and injection zone decreases due to 

lower liquid phase saturations. However, total H2 O leakage is higher than total 

CO2 leakage in all cases.

4) Injection rate plays a vital role in leakage rates. Higher C 0 2 injection rates result 

in more CO2 leakage but less H2 O leakage due to higher CO2 saturations.

5) The relationship between saturation and relative permeability is a major factor in 

controlling leakage rates and total leakage. If CO2 saturation is low, relative 

permeability will also be low and CO2 leakage rates will be low. Conversely, 

when CO2 leakage is low, H2 O leakage will be high.

6) CO2 leakage rates calculated in this study are in the middle of reported literature 

values. In Lindeberg (1997) the values of between 0 -  480 Tonnes CC^/yr are 

reported for a fault 8km away from the injection point. These leakage values are 

much less than the values in this thesis, but the fault is much further away in 

Lindeberg (1997). Ghereardi et al. (2007) reports values of 241,704,000 kg 

CC^/yr which is much greater than the 1.61 million kg CC^/yr of the simulations 

presented here but the injection rate was also much higher.

The unintended consequence of H2 O leakage has been pointed out by others 

[Birkholzer et al. 2009; McPherson and Lichtner 2001]. High leakage rates of brine from 

saline reservoirs into fresh water reservoirs has the potential to release large quantities of 

salt into humanities drinking supply, reinforcing the need for caution and greater study of 

multiphase phenomena under pressure. This study also puts great emphasis on site 

selection. If we are to inject CO2 into deep surface aquifers we must first be extremely
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careful in our injection methods and locations in order to leave our drinking water 

undisturbed and stay within DOE guidelines. If we do not, the consequences have the 

potential to be disastrous.
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APPENDIX A 

ONGOING STUDIES: PERMEABILITY STUDIES 

A .l Introduction and Methods

The permeability of the fault zones effect on leakage rates is an obvious choice 

for study. Permeability helps govern both the ease and amount of fluid movement 

through a porous medium. However, give time restraints, the permeability studies have 

yet to conclude and are thus presented in an appendix rather than the main results section 

o f this thesis.

Fault zone permeability is IxlO"12 m2 in the base case and was varied between 

IxlO '13 and lx l0 ‘14m2 in cases 6 and 7. The alphas values [Table A .l] for these 

permeabilities were again derived using the Buckley-Leverett method.

Table A .l : Capillary-scaling values from permeability and alpha using the Buckley- 
Leverett method.

Capillary Scaling

Case Fault Perm eability a .  [P a 1]

Base IxlO"12 6 .4 5 x 1 0"4

6 IxlO"13 2 .0 4 x 1 0"4

7 IxlO"14 6.45x1 O'5

A.2 Results and Discussion

When permeability is decreased there is a noticeable lag in both CO2 and H2 O 

breakthrough [Figure A .l]. This is due to a higher entry pressure of the fault. Pressure has 

to build in the injection formation until the entry pressure of the fault rock is reached.

CO2 breakthrough occurs almost instantly in the base case and at 0.1 and 0.2 years for
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cases 6 and 7, respectively, suggesting an exponential relationship between breakthrough 

and permeability. Once breakthrough occurs, the rate of CO2 leakage is slightly lower as 

permeability decreases and the total amount of CO2 leaked as also less. This can be 

explained by lower permeabilities, which do not allow for the relative permeability of 

CO2 to reach base case values.

The H2 O leakage, however, is much less linear. After the initial lag in 

breakthrough, the rate of leakage for case 6 and 7 begin to increase and eventually 

surpass the base case. This can be explained by the pressure gradient across the fault. In 

the base case this pressure is relieved by CO2 and H2 O almost immediately, but in cases 6 

and 7, where the entry pressure is greater, the pressure builds to a higher value in the 

injection formation. When this pressure is released, the pressure gradient is higher due to 

the higher entry pressure. So, the flow rate of water is much higher in order to equalize 

this buildup.

The saturation curves of all simulation rock types are plotted to show the 

relationship between them [Figure A.2], The caprock has, by far, the highest entry 

pressure. The next highest is the injection zone and then the values for the different faults 

(depending on simulation) are the lowest. These were chosen as such because a 

brecciated fault will have a lower entry pressure than an intact formation.
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A 3 Permeability Conclusions

1) Permeability will greatly affect both H2 O and CO2 leakage rates. When 

permeability is decreased there is a significant lag in CO2 and H2 O breakthrough. 

Once breakthrough occurs, the lower the permeability, the higher the initial H2O 

leakage rate.

2) CO2 leakage rates increase linearly with an exponential decrease in 

permeability.

65


