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ABSTRACT

Carbon dioxide, CO,, disposal into saline aquifers could reduce emissions of
anthropogenic greenhouse gases into the atmosphere. To ensure that the CO; is
trapped securely and will not escape to the surface, storage in such formations must
be designed -carefully. The geochemical reactions involved depend on the
composition of the injected fluid introduced in the aquifer and the composition of the

initial minerals assemblage and the aquifer brine.

This thesis studies mineral dissolution/precipitation during CO, storage, both in the
cap rock and the storage aquifer itself. The overall objective is to propose an ideal
storage design for long term, inexpensive and safe CO, disposal in saline aquifers.
The rate-limiting effects of CH4 impurities in gas streams on the CO,, reactivity in the
cap rock and aquifer (carbonate and sandstone) at conditions representative of
storage locations are studied. Representative geochemical data of formation water
and mineralogy assemblages of cap rock (Nordland shale) overlying the Sleipner
field, Dogger carbonate aquifer from Paris basin, France and Frio sandstone aquifer
from Texas, US, are used. Kinetic batch and one-dimensional and two-dimensional
reactive transport models are run to predict mineral alteration induced in the cap rock
and in the aquifer. Cap rock models are run using PHREEQC for 10,000 years. The
model considers both pure CO, and mixtures of CO, with CH,4 (1-4 (w/w)%) in the
injected gas stream. The simulations demonstrate that mixtures of CO, with CH4

suppress the porosity increase in the cap rock, leading to more secure storage.

The aquifers models incorporate 1 (w/w)% organic matter and are run using
TOUGHREACT. CO, was initially injected at constant rate of 30kg/s for 25 years and
the models were subsequently run for 10,000 years to study long-term storage. The
simulations demonstrate that injection of CO, in microbial-mediated aquifers
enhances the precipitation of secondary carbonates minerals and decreases the
porosity of both sandstone and carbonate aquifers. Overall, this study proposes two

main design criteria for safe and cost-effective CO, storage: CO; injection with CH4
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(1-4 (Ww/w)%) and CO; injection into microbial-mediated aquifers to enhance mineral

precipitation, rendering storage secure.
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CHAPTER 1: INTRODUCTION AND OBJECTIVES

1.1 INTRODUCTION

The term “climate change” is generally used when referring to the changes of climate
observed over recent years and those which are predicted over the next 100 years or
so. The climate of the Earth is continuously changing as a consequence of both
natural variations and human behaviour. The principal anthropogenic driver of climate
change is related to the release of CO; and other greenhouse gases, mainly from
burning fossil fuels. With increasing industrialization of various countries, the rate of

fossil fuel use has been rising throughout the world (IPCC, 2007).

Carbon capture and storage, known as CCS, is increasingly seen as a viable
technology to prevent dangerous climate change due to anthropogenic sources from
industrial processing, such as power stations (IPCC, 2007). CCS is the collection of
CO, from large point sources, such as power stations, followed by compression,
transport and injection deep underground (Holloway, 2007). Through implementation
of CCS, approximately 1 million tonnes of CO; have been stored each year since 1996
in a saline aquifer above the Sleipner gas field, offshore Norway (the CO,, is separated
from natural gas and re-injected) (Kaerbol and Kaddour, 1996). In addition, there are
several other CCS sites around the world, such as the Alberta Basin near Lake
Wabamun in Canada, In Salah in Algeria, the Weyburn Oil field in Canada, Frio in
Texas, Dogger in the Paris Basin and Nagaoka in Japan (Audigane et al., 2007; Gaus
et al., 2005; Gunter, 1996; Hitchon, 1996; Kharaka et al., 2006; Mito et al., 2008).

There are four types of geological formation that can be used for CO, storage:
depleted oil and gas reservoirs, deep saline aquifers, deep coal seams and salt
caverns. Among the options, deep saline aquifers provide the largest potential
capacity, around 10,000 Gt globally, for CO, storage (Holloway, 2001). Deep saline
aquifers are relatively abundant in many parts of the world, such as offshore UK and
the United States. Since the salinities of these aquifers usually exceed 10,000 mg/L

total dissolved solids and this concentration is not permissible for underground



sources of drinking water (Environmental Protection Agency, 2001), the saline aquifers
are possibly suitable for CO, storage. For the last few decades, the technology
associated with CO; injection has been used in the oil and gas industry for enhanced
oil recovery. This means that CO, storage in geological formations, especially in saline
aquifers, can borrow and apply knowledge and experience gained from the oil

industry.

The suitability of CO, storage as one mitigation option for greenhouse gases is a
subject of intense public and scientific community concern. For effective storage of
industrial CO,, retention times of at least 10,000 years are required (Lindeberg,
2002a). It is crucial to confirm that CO, can be safely contained for such long periods
of time. A critical issue pertinent to CO, storage is the processing costs of CO;
separation. Previously, most research has assumed pure CO, was injected
underground. However, in recent years the injection of CO, containing impurities has
emerged as an attractive possibility, since it might reduce the CO, processing costs
(Knauss et al., 2005). The costs of capture and compression of CO, containing
impurities from flue gas or a coal gasification process account for 75% of the total cost
of a geological storage process (Knauss et al.,, 2005). Because of this, it may be
economically advantageous to store CO, containing impurities in deep saline aquifers,
if this can be done securely and with a substantial reduction in capture costs (Bachu et
al., 2009; Crandell et al., 2009; Ellis et al., 2010; Knauss et al., 2005; Xiao et al.,
2009).

The composition of the injected gas stream depends on a number of factors. These
factors include the source fuel for power generation, power plant operating conditions
and the nature and efficiency of flue-gas processing steps prior to compression. In
addition, the capture process determines the purity of the CO, (De Visser et al., 2008).
These impurities will affect the miscibility, migration and geochemical interactions with
the host rock. The introduced CO, or CO, containing impurities is not necessarily in
equilibrium with aquifer fluid and minerals. This will most likely cause dissolution or
precipitation within the rock matrix, which can change its porosity. Many modelling
studies in the literature (Crandell et al., 2009; Ellis et al., 2010; Knauss, 2005; Xu,

2007) have concentrated on chemical processes induced by the co-injection of H,S or
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SO, with CO,. For instance, a study by Knauss et al., (2005) used a one-dimensional
reactive transport simulation to study geochemical reactions in an aquifer. The results
suggested that the injection of CO, together with H,S have no significant impact on
the geochemical reactions compared to pure CO,. Nonetheless, none of these
included the effects of having methane, CH4, as co-injection with CO, during CO,

storage.

The presence of impurities such as CH4 not only can originate from the injected source
(Pevzner, 2012), but CH4 can also be present in the aquifer brine itself (Kharaka et al.,
2006). The presence of CH, is attributed to methanogenesis, a microbially-mediated
process which occurs naturally in some deep saline aquifers. Microbial effects
associated with CO, storage have been investigated in deep saline aquifers (Kirk,
2011; Morozova et al., 2010). A study by Morozova et al., (2010) revealed that CO,
injection changed the constituent of methanogens and sulphate reducers in the deep
subsurface aquifers. However, none of the studies are related to the effects of
microbially-mediated process on the chemical and physical properties of the saline

aquifers and its potential to influence the capacity of sequestered CO..

While CO; resides in the host rock, it is expected that supercritical CO, will dissolve
into the native brine target aquifers. The CO, charged brine then becomes acidic and
will react with the solid matrix, which would bring uncertainty to large-scale CO,
storage applications. Most of the studies on CO,—water—rock interaction focused on
the CO, storage in the host aquifers of primarily sandstone or carbonate aquifers
(Czernichowski-Lauriol et al., 2006; Izgec et al., 2008). Depending on its initial mineral
compositions of the host rock, the reactions can either be dissolution of CO; in the
carbonate aquifers or mineral precipitation in sandstone aquifers. The difference is

due to the higher availability of reactive minerals in sandstone aquifers.

The long term containment of CO; in an aquifer depends on the integrity of the seals.
The seal that retains the CO, within the storage system which exists naturally is the
cap rock — the impermeable rock that lies above the storage site. Cap rock integrity, its
ability to seal against migration, is thought to be one of the most important factors

determining the reliability of CO, storage. The effectiveness of the cap rock integrity
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over geological time periods (thousands of years) controls its ability to prevent
migration of CO, into potable water sources and eventually migrate back into the
atmosphere. In a CO, storage system, the cap rock will be likely in contact with CO,
saturated brine and supercritical CO,. Cap rock is generally defined as a low to very
low permeability (nD ~ uD or less) layer above the CO, storage formation through
which no CO; migration should occur (Fleury et al., 2010). Depending on the
permeability of the cap rock, a large amount of free phase CO, and dissolved CO,
may migrate through the cap rock under buoyancy forces and diffusion. Therefore, the
long-term containment of injected CO; in the deep saline aquifers crucially depends on

the performance of the cap rock.

It has been more than a decade that mineral trapping has been proposed as the most
secure form to permanently contain CO; in the formation (Gaus, 2010; Wilkinson et
al., 2009). Minerals can be trapped through carbonate precipitation. The precipitation
of secondary carbonate minerals are highly dependent on the initial mineral
composition of the host or cap rocks. The main secondary carbonates that can
possibly precipitate are calcite (CaCO3), magnesite (MgCO3), siderite (FeCO3) and
dawsonite (NaAl,CaCO3) (Hellevang et al., 2005). Since the reactions are typically
very slow, the mineral trapping only occurs after long-time scales. Thus, it is crucial to
assess mineral trapping in combination with shorter-term processes such as

hydrodynamic and solubility trapping to ensure the reliability of CO; storage.

Implementation of the CO, storage requires knowledge of the fundamental science
that governs the physical and chemical behavior of CO, during and after injection into
saline aquifers. These changes are governed by geochemical reactions between the
rock, resident brine and injected gases (pure CO, or a mixture of gases from an
industrial waste stream). Chemical reactions are affected by various factors namely
pressure, temperature, salinity, rate of reaction and solubility of CO; in the brine. The
reactions themselves depend on the temperature and pressure of the storage
formation as well as the injected gas composition. The depth of the storage aquifer is
typically of order one kilometer or greater. At this depth, CO; is injected under
supercritical conditions which enables CO; to reach higher density and subsequently

occupy less volume underground than an equivalent shallow injection where CO,
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exists in a gaseous state (Holloway, 2007). The supercritical state of CO is obtained
at pressures greater than 7.4 MPa and temperatures higher than 31.1°C (Holloway
and Savage, 1993).

The behaviour of fluid flow in porous media is very complex due to chemical reactions,
diffusion and advection occurring in a pore space that is heterogeneous in terms of
flow properties and mineral composition. Many of the hydrologic transport parameters
and chemical reactions are well known to affect natural diagenesis, but questions arise
when the system involves a huge mass transfer associated with CO, injection. Prior
to the widespread implementation of CO; injection into deep saline aquifer, the extent
of chemical alterations caused by these processes and the effects on trapping
mechanisms need to be addressed. Through numerical modelling, the hydrologic and
physical-chemical feedback loop is investigated in this thesis, to provide an
understanding of the fundamental processes that underlie the geologic sequestration
of CO..

The modelling of CO; injection in an aquifer is likely to involve modest temperatures
(below 50°C), high pressures (several hundreds of bars) and high salinities (greater
than that of seawater). Accurate assessment of any geochemical reactions requires
knowledge of the processes that govern CO, behaviour and uses field data and
numerical tools. The processes consider the specific effects of the various electrolytes
dissolved in brine and the non-ideal behaviour of the CO, and impurities in the
gaseous phase. Numerical simulation has become a widely practiced and accepted
technique for studying flow and transport processes in subsurface flow systems over
short and long term timescales (Lindeberg et al., 2000; Lindeberg, 2002a; Pruess and
Garcia, 2002). In this thesis, numerical modelling is used to evaluate the potential
migration of the CO; in the long term that takes into consideration the large spatial

extent of the storage aquifers.

The numerical modelling of CO, storage involves various assumptions in order to
represent realistic field conditions. The assumptions create uncertainties in the model
prediction. To consider the uncertainties expected in such model prediction, it is

essential to validate the model using experimental work, field observations and
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available numerical modelling work in the literature. These approaches are used to
validate the numerical models in this study. This is to achieve an acceptable level of
predictive model accuracy (Annunziatellis et al., 2008; Brennan et al., 2004; Gaus et
al., 2004; Holloway et al., 2007; Le Nindre et al., 2006; Lewicki et al., 2007a; Lewicki
et al., 2007b; Pearce, 2006; Stevens et al., 2004). Accuracy in model prediction is

crucial prior to the implementation of CO; storage.

1.2 OBJECTIVES

The main emphasis in this thesis is the study of mineral precipitation and dissolution
during CO, storage in the cap rock and storage saline aquifers. The overall objective
of the study is to propose an ideal storage design for long term, inexpensive and
reliable CO, disposal in saline aquifers. The rate-limiting effects of CHs on CO,
reactivity on the cap rock and the aquifers (carbonate and sandstone) at conditions
representative of storage locations are studied. Geochemical reactions between CO»,
impurities such as CH4 from the injected source or/and from the aquifer brine itself,
formation brine and formation minerals are thoroughly investigated. This is because
these reactions determine the ultimate fate of the CO; in the subsurface. It is important
to ensure that the CO, is permanently retained in the subsurface as secondary
carbonates over a geological time frame. To attain these goals, numerical modelling is
performed with special emphasis on the transport of CO, gas, dissolved CO, and CO»
taken up by mineral trapping, as a function of time and space for cap rock and saline

aquifers.

One-dimensional and two-dimensional reactive transport models are run to simulate
physical and chemical changes in the cap rock and aquifer. Published geochemical
data are employed, of which taken from several different proposed and actual storage
sites: the Nordland Sea overlying the Sleipner field, the carbonate aquifer of the
Dogger field in the Paris Basin and the sandstone aquifer in the Frio formation in the

Texas Gulf Coast.

Reactive transport models are run under both equilibrium and kinetic controls at

storage conditions (Temperature, T=37°C and Pressure, P=100 bar) that simulate
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both pure CO;injection and co-injection of CH4 (1(w/w)% - 4(w/w)%) with CO; into the
cap rock that overlies the Sleipner formation in Norway. The simulations are run for
10,000 years. The simulations use the simulator PHREEQC. The effect of having
impurities such as CHy in the injected fluid together with the CO, is studied in terms of
porosity changes in the cap rock. As cap rock provides the primary barrier to CO,
migration to the surface, any increase in porosity is unfavourable for sealing capacity.
This study will suggest an ideal composition of CH4 that could be injected together with
the CO, into the cap rock to improve storage security through secondary carbonate
precipitation in the cap rock. The study focuses on precipitation of two main secondary
carbonates: calcite (CaCO3) and dawsonite (NaAICO3(OH),).

Two-dimensional radial models for geologic sequestration of anthropogenic CO; in
carbonate and sandstone aquifers from the Dogger field in Paris Basin, France and
Frio field in Texas, US are run using the multiphase reactive transport simulator,
TOUGHREACT. The models are run at high pressure P=180 bar and high
temperature, T=75°C. The injection is held for 25 years with a rate of 30kg/s pure CO..
The simulations are then run for another 10,000 years post-injection. Kerogen (CH0)
is used to represent the presence of organic matter in the models. The presence of
this component enables a microbial-mediated process to take place through the
decomposition of CH,0O. The effect of having CH4 in aquifers due to methanogenesis

is studied in terms of porosity changes in the aquifers.

1.3 THESIS STRUCTURE

This thesis is presented in 6 Chapters. Chapter 2 introduces the background to CO,
storage. The main barriers to the widespread implementation of Carbon Capture and
Storage (CCS) are associated with the cost of CO, capture and the risk of leakage,
both of which are addressed in this thesis, are discussed in this Chapter. The main
trapping mechanisms and transport processes associated with CO, storage are also

reviewed in this Chapter.

Chapter 3 describes the thermodynamic properties of CO, with the various CO;

solubility models in brine used for reactive transport simulators. An overview of the
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various reactive transport simulators available pertinent to CCS is also discussed. In
this chapter, the advantages of the chosen simulators: PHREEQC and
TOUGHREACT used for the study are highlighted.

Chapters 4 and 5 present the main results of this thesis. The results of reactive
transport modelling in cap rock and aquifer formations (both carbonate and
sandstone) are presented and their implications for effective and safe storage are
discussed in detail. Each chapter uses different reactive transport simulators: Chapter
4 employs PHREEQC while TOUGHREACT is used in Chapter 5. Chapter 4 studies
the integrity of cap rock when exposed to pure CO, and a mixture of CO, with CHy,.
The integrity of cap rock when exposed to these gases in the subsurface are
evaluated in terms of porosity changes. Chapter 5 studies the effect of
methanogenesis on the precipitation of secondary carbonates during long-term CO,
storage. The changes in porosity from dissolution/precipitation of minerals are
investigated. The role of methanogenesis is investigated using the potential redox
reactions involved in the saline aquifers. The presence of organic matter, kerogen
(CH20), determines the extent of the redox front and the impacts on the physical and

chemical reactions during CO, storage.

Finally, Chapter 6 presents the conclusion of the findings of this study and
recommendations for future work to improve the prediction of reactive transport for
CO; storage in saline aquifers. Limitations of the reactive transport of two simulators,
PHREEQC and TOUGHREACT, used in the study are also discussed. In addition,
proposals for suitable storage sites in terms of the composition of injected fluid and the

composition of initial formation brine are presented.



CHAPTER 2: CARBON CAPTURE AND STORAGE

2.1 INTRODUCTION

Carbon Capture and Storage, known as CCS, is a technology that involves capturing
CO; from industrial and energy-related sources such as a power plant before being
transported and injected into geological formations for long-term isolation from the
atmosphere. There are four types of geological formations that can be used to store
COg: depleted oil and gas reservoirs, deep coal seams, salt caverns and deep saline
aquifers. Among these, deep saline aquifers provide the best option for storage as it

presents the largest storage capacity.

After the injection of CO, underground, the gas (or, in most cases, the CO, will be a
supercritical fluid) will undergo physical and chemical changes. The CO, will be
trapped in the pore space of the rock by three trapping mechanisms: hydrodynamic
trapping, solubility trapping and mineral trapping. The storage security increases over
the time with mineral trapping provides both the slowest and the safest process. This
is because the injected CO, will be permanently sequestered as a solid phase. As a

result, this prevents leakage of CO, into the surface.

The development of injection process is still in its infancy, especially when it comes to
the consideration of CO; injected with other impurities. To date, most research has
only studied the injection of pure CO,. However, allowing impurities in the gas stream
reduces the cost of capture — the most expensive step in CCS — and so is an attractive
option (Gaus, 2010; Knauss, 2005). Some studies have reported few geochemical
effects associated with injecting a mixture of CO, and H,S (Gunter et al., 2000;
Knauss et al.,, 2005; Xu et al., 2007); however, the influence of other impurities —
common in gas processing operations — such as methane, CHs — have not been
considered.

There are four approaches that can be used to assess the interaction of gas-water-

rock after injection. The approaches are experimental, field observations, natural
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analogues and numerical modelling. It is not possible to carry out laboratory
experiments over long periods of time (approximately 10* years or greater), thus the
gap between experiments and the long-term CO, storage can only be bridged by

studying the reactions through numerical modelling.

2.2 ISSUES WITH GEOLOGICAL STORAGE OF CO;

The main concerns of CO, storage are the leakage of CO; to the atmosphere (Celia
and Nordbotten, 2009) and the total cost of the technology (Knauss et al., 2005; Pires
et al., 2011).

2.2.1 RISK OF LEAKAGE

In CO; storage, very large amounts of CO, would have to be injected into subsurface
formations, resulting in CO, disposal plumes with an area extent of order 100 km? or
more (Pruess, 2003). It appears inevitable, then, that such plumes will encounter
imperfections in cap rock and fracture zones or faults, that could allow CO; to leak
from the primary storage aquifer. This can be explained by the following phenomena.
At typical subsurface conditions of temperature and pressure above critical values
(Te=31.1°C and P,=7.38 MPa), CO, will always tend to drive upward, towards the land
surface, whenever adequate (sub-) vertical permeability is available. Upward migration
of CO; could also occur along wells, including pre-existing wells in sedimentary basins
where oil and gas exploration and production may have been conducted (Gasda et al.,

2004) or along wells drilled as part of a CO, storage operation.

Concerns with leakage of CO, from a geologic storage aquifers include keeping the
CO; contained and out of the atmosphere (and hence not contributing to climate
change), avoiding CO, from entering groundwater aquifers and the asphyxiation
hazard if CO; is released at the land surface. The leakage of CO; into the surface can
acidify the potable groundwater nearby and cause the dissolution of heavy (toxic)
metals as discussed in Van Der Zwaan and Smekens, (2009). Thus, the manner in
which CO, may leak from storage aquifers must be understood in order to avoid

hazards and design monitoring systems.
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2.2.2 TOTAL COST OF THE TECHNOLOGY

The processing cost of CO, storage can be reduced through injection of CO, with
impurities. The presence of impurities is likely to have a significant effect on the phase
behaviour of CO, streams, with implications not only on the design and operation of
pipelines and injection wells, but possibly also on the storage capacity in aquifers. The
literature related to the effects of CO; injection with impurities is scarce and mainly
concerns on transport of impure CO; by pipeline (Parfomak and Folger, 2007). The
rest of the literature reports limited simulation work on co-injection of H,S and SO,
with CO,. Also, the important desiccation effect near the injection zone is not taken
into account (Knauss et al., 2005; Xu et al., 2007).

Non-condensable impurities in the CO, stream, such as oxygen, O, nitrogen, N, and
argon, A;caused a reduction in storage capacity (Wildgust et al., 2011), thanks to a
reduced density of the mixture, by a degree greater than their molar fractions when the
temperature is not above the critical temperature. The higher buoyancy of impure CO-

streams would enhance buoyant migration, reducing storage security.

It is noted that the above literature does not cover other impurities, such as CH4. CHy
will reduce the density of the injected mixture as well as inhibiting geochemical
reactions, as shown later in this study (Chapter 4), providing a trade-off between

reduced reactivity (and greater storage security) with smaller overall storage capacity.

2.3 CO, STORAGE

CO;, storage refers to the long-term containment of CO5 in order to reduce emissions
of CO, to atmosphere. There are three options for storage. First is geological storage
— the focus of the discussion so far — second is ocean storage and third is
mineralization. This first option is the most viable as it is likely to involve the least risk
and can be performed at the scales necessary to have a discernible impact on
emissions (Celia and Nordbotten, 2009; Van der Zwaan and Smekens, 2009). For
completeness, the other two storage options are discussed in this thesis. Ocean

storage refers to the injection of CO; in the sea where the CO, dissolves or forms
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hydrate (Yang et al.,, 2012). The liquid CO, (at very high pressure and low
temperatures in the deep ocean) is heavier than water (this is possible at great
depths) and sinks to the bottom of the ocean where it will slowly dissolve. However,
this option can have serious consequences for marine life, as CO, acidifies the ocean
and affects the coral growth. The third option (mineralization), can convert CO; to solid
inorganic carbonates using chemical reactions. This process is similar to natural
weathering. Although this option provides a permanent and safe storage of CO; for
long term, it involves a high cost and is likely to be unfeasible at large scales — millions

or billions of tonnes per year (Allen and Brent, 2010; Huijgen et al., 2007).

2.3.1 GEOLOGICAL FORMATIONS

There are four types of geological formation that can store CO,: depleted hydrocarbon
reservoirs, deep coal seams, saline aquifers and salt caverns. The storage capacity
for each system is presented in Table 2.1, ignoring salt caverns that are unlikely to
have significant safe storage capacity. This thesis will focus on storage in saline
aquifers, since they are likely to have large storage volume (DOE-NETL, 2010). In
addition, such saline aquifers are widespread, are geographically associated with
fossil fuel sources (Hitchon et al., 1999) and are suitable for injection since many are

close to power-plant sources of CO, (Bachu and Adams, 2003; Hitchon et al., 1999).

Table 2.1: Storage capacity for different types of geological formation (IPCC, 2005).

Type of formation | Oil and gas fields | Saline aquifers | Unmineable coal
seams
Lower estimate 615 1,000 3-15
of storage
capacity (GtCO5)
Upper estimate 900 10,000 200
of storage
capacity (GtCOy)

2.4 GEOCHEMICAL TRAPPING MECHANISMS

The effectiveness of geological storage depends on a combination of physical and

geochemical trapping mechanisms. The most effective storage sites are those where
12



CO, is immobile because it is trapped permanently under a thick, low-permeability
seal or is converted to solid carbonates through a combination of physical and
chemical trapping mechanisms. Generally, after being injected into saline aquifers,
CO; is trapped by three main physical/chemical trapping mechanisms, namely
hydrodynamic trapping, dissolution trapping and mineral trapping (Bachu and Adams,
2003).

2.4.1 HYDRODYNAMIC TRAPPING

Hydrodynamic trapping occurs when CO; is injected and dissolves in formation water
that flows inward in the basin, driven by erosional rebound. In this trapping
mechanism, CO; is practically sequestered permanently because the flow direction is
downdip into adjacent shales (Neuzill and Pollock, 1983; Bachu, 1995). Due to the
density difference, the injected CO, segregates into gas and dissolved CO; (Law and
Bachu, 1996; Gupta et al., 1999). The gas forms a plume at the top of the aquifer and
will migrate updip along the bedding. This process is similar to oil and gas migration.
For CO, storage in saline aquifers, this mechanism is crucial for trapping efficiency of
CO,. Hydrodynamic trapping of CO, does not need geological traps, but rather a
competent regional-scale sealing aquitard such as cap rock (Bachu et al., 1994). This

aquitard must not naturally or artificially fracture.

2.4.2 DISSOLUTION TRAPPING

Dissolution trapping refers to the CO, that dissolves into the brine during migration
after injection of the CO,. The time scales for this reaction to occur is hundreds to
thousands of years (Bachu et al., 1994; IPCC, 2005). The primary benefit of solubility
trapping is that once CO; is dissolved, the gas will no longer exists as a separate
phase, thereby eliminating the buoyant forces that drive it upwards (Saylor and Zerai,
2004), as a result, this causes CO, to sink in the aquifer. The process can be
explained as follows: convective currents get established as the denser brine rich in
CO, settles to the bottom part of the aquifer and the lighter brine with lower CO,
concentration tries to rise to the top of the aquifer. The process continues until a
steady state is reached in the system. In active aquifers the COgp-rich brine is
displaced continually by fresh brine, thus promoting further dissolution of COa,.

Numerical simulations have shown that of the order of 10-20% of the CO, will dissolve
13



in the pore fluid after it is injected underground over a few decades (Enick and Klara,
1990; Gunter et al., 2004). Longer term simulations have shown that even a long time
after the initial injection, CO2 will continue to dissolve as a result of diffusion and local
convection driven by the small density differences caused by dissolution of CO, into
the brine (Lindeberg, 2003).

The amount of gas that can dissolve into the water depends on several factors. These
are pressure, temperature and salinity of the brine (Spycher et al. 2003; Lagneau et al.
2005; Koschel et al. 2006; Oldenburg 2007). The maximum sum of mole fractions of
dissolved CO is obtained at the supercritical point (P;=7.4 MPa, and T,=31.1°C, see
Chapter 3). It has been reported that 0.9-3.6 mol % of CO, can be dissolved in brine,
depending on pressure, temperature and brine composition (Koschel et al., 2006).
Dissolution of CO; in pure water increases sharply with increasing pressure up to
approximately 7 MPa, at which point it starts to level off at concentrations over 1 molal
(i.,e. 5% by weight) (Gunter et al.,, 2004). At the conditions expected for most
geological sequestration (ambient to approximately 150°C and a few hundred bars
total pressure), dissolution of CO, increases with increasing pressure (i.e. depth) but
decreases with increasing temperature and salinity. Bench-scale experiments by
Czernichowski-Lauriol et al., (1996) demonstrate that CO, dissolution is rapid at high
pressure when the water and CO, share the same pore space. Nevertheless, in field,
CO;, dissolution may be rate-limited by the magnitude of the contact area between the
CO; and the fluid phase.

The dissolution of CO, varies as a function of pressure, temperature and salinity in a
manner described by a modified Henry’s Law equation (Henry, 1803):

(226 P=K;Xco,(aq) (2.1)

CO,(g)

where X is the mole fraction of supercritical CO,, Pis the total pressure and the

CO,(g)

product is equal to the partial pressure of CO,. X is equal to one, which is the

CO,(aq)
mole fraction of dissolved CO,, ¢ is the fugacity coefficient that accounts for the non-

linear increase in the dissolution of CO, with increasing P and T, K, is the modified
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Henry's coefficient, which corrects for non-ideal solution behavior with increasing

temperature and mole fraction of dissolved salt.

The dissolution of CO, decreases at higher ionic strength due to a phenomenon called
the salting-out effect. The salting-out effect is where the increase in ionic strength
forces the activity coefficient of CO, to decrease and hence the amount of CO,

dissolved in a solution decreases (Figure 2.1).
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CO2 Solubility Relative to
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Figure 2.1: CO; solubility in brine decreases with total dissolved
solids (TDS) (Enick and Klara, 1990).

Dissolution trapping is the dissolution of the CO, in the formation water by the
chemical reaction as expressed by:

—_—

CO,,,, +H,0,,, = H,CO (2.2)

3(aq)

The dissolution trapping is the process that generates a weak carbonic acid and

subsequently dissociates into zco;,, and co;- The dissociation reactions of

3 (aq)’

carbonic acid to bicarbonate ions can be shown as follows:

H,CO,, =~ HCO;,  +H" (2.3)

3(aq) <+— 3 (aq)

and
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HCO; =~ CO* 4 H" ) (2.4)

3(aq) <— 3 (aq)

Dissolution of CO; into brine will control the rate of dissolution and precipitation of
minerals in the porous rock and formation water (André et al., 2007). The release of H*
ions caused by CO; dissolution acidifies the aqueous solution during CO, injection.
The increased of ion H* concentrations in the brine due to dissolution of CO, into the
brine has significant implications on geochemical reactions (Gaus, 2010; Stumm and
Morgan, 1996). Higher ion H* concentrations lead to higher dissolution which causes
more rock to dissolve. This acidic solution has the potential to react with minerals in
the rock formation (carbonates, salts, etc.). The most reactive are the carbonates as

represented by André et al., (2007):

CaC03 (S)+H+(aq) : HCO;(aq) =+ Ca2+(aq) (2.5)
Calcite
- 2 2
(CaMg)CO,),,,, +2H  (aq) «— 2HCO; . +Ca’ (ag) + Mg (aq) (2.6)
Dolomite
FeCO,,,, +H (aqy > HCO; ,,, +Fe’ (ag) (2.7)
Siderite

As it flows through the pores, the dissolved CO, acts as a weak acid and will react
with the sodium and potassium basic silicate (e.g. feldspar, clay minerals) or calcium,
magnesium and iron carbonate, and silicate minerals (e.g. feldspars, clay minerals,
olivines) in the aquifer and becomes neutralized by forming bicarbonate ions or
carbonate ions (Gunter et al., 1993) by chemical reactions of the form:

3KAISi O, ,, +2H,0,,,, +2CO,

(s) (g)

—

muscovite, , +6Si0,, , + 2K " (aq) + 2HCO; | (2.8)

where muscovite is a phyllosilicate mineral of aluminium and potassium with formula

KAl (41Si,0,,F,0H), or (KF),(41,0,)Si0,),(H,0).
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The aluminium silicate mineral neutralizes the weak acid (and at the same time

increases the salinity of the formation water), as shown by the homogenous reaction,

(where OH (4 is contributed by mineral dissolution):

H,CO;,,  +OH g — HCO;,  +H,O, (2.9)
—

3(aq) 3 (aq) 2% (aq)
Subsequently, depending on the availability of hydroxide ions (and therefore pH), the

reaction is represented by:

HCO;

3 (aq)

+OH (a) . COT ., +H,O,,, (2.10)

The concentration of carbonate species in the formation brine and their reactions with
CO; is a function of pH. Inorganic carbon species are often the dominant anion in
groundwater systems. These species could take up or release hydrogen ions as part
of their speciation reactions, which provide the buffering capacity in natural water. The
buffering capacity in the water is extremely important due to its ability to maintain the

pH of the water.

Dissolution trapping is a reversible reaction and the overall reaction is expressed as
(Rochelle et al., 2004):

— —

—
Cco — CO,,,,+H,0,,, «— H,CO;, ., «—

2(g)

+H20(aq)

HCOS_({“I) + H+(uq: CO;(‘“’) =+ 2H+(aq,)

(2.11)

This series of linked reversible reactions is influenced by the pH of the formation
water, in-situ temperature and pressure, which control the solubility of CO, (Gunter et
al., 2004). Reactions involve the generation of H" and also depend on the ability of the
host aquifer to buffer pH. Additional reactions that consume H" ions will tend to drive

reactions to the right that lead to more dissolution of CO, (Rochelle et al., 2004).
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For solutions that deviate significantly from infinite dilution, the concentrations of ionic
species need a correction term to account for non-ideal solution. Almost all solutions

are not ideal due to electrostatic charges between ions and hydration shells around
ions. A non-ideal effective concentration is referred to as the activity of an ion, [i/,
and the correction term is an activity coefficient, 5. The [i]is related to the molal
concentration byy,, which corrects for non-ideal behavior. For aqueous solutes, the

relation is (Appelo and Postma, 2005):
[ij:yimi/mio (212)

where [i] is the activity of ion (dimensionless), » is the activity coefficient
(dimensionless), m, is the molality (mol/kg H20), m! is the molality at standard state,

i.e. 1 mol/kg H20. The activity coefficient may vary, but if the ion is present at trace

concentrations and there are no other ions present, then y, =1 .

There are various models used to calculate y, depending on ionic strength, 7. lonic

strength is calculated according to (Atkins, 2002):

1 ,
== z
2 2 (2.13)

where, m, is the moles of ion i, =z, is the charge of ion i.

Various models (Langmuir, 1997; Nordstrom and Munoz, 1994) have been proposed
to derive activity coefficients depending on the ionic strength (Table 2.2). Among them
are the Debye-Huckel (Debye, 1923), Extended Debye-Huckel (Truesdell and Jones,
1973) and Davies (Davies, 1962) models. At standard conditions, the values of
constants 4 and B for each model are the same, where 4= 0.5085 and B = 0.3285
x 10'%m. However, the constant B for Davies model is unreported. The values of the
constants for a wide range of temperature are listed in Langmuir, (1997). The variation

remains small for most groundwater temperatures, 5-35°C. The activity coefficient
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data has been fitted for chloride solutions up to ionic strength values of about 2M
(Parkhurst, 1990). The fitted parameters 4, and b, are ion-specific and measure the
effective diameter of the hydrated ion. The value of a,, multiplied by approximately

10" m™, indicates the number of water molecules surrounding each ion. The smaller

the value of q,, the closer the oppositely charged ions are able to approach the ion

and shield it. This lowers its activity coefficient. These fitted parameters are listed in
Garrels, (1965).

Table 2.2: The activity coefficient model and ionic strength.

lonic strength Model Equation
1<0.1 Debye-Huckel AN
(Debye, 1923) logy, = ————

I+ Ba, JI

| >0.1 Extended Debye-Huckel — Az2~T

(Truesdell and Jones, 1973) | /087, = I+ Ba T +b,1
l=0.5 Davies ﬁ
(Davies, 1962) logy, =—Az; -0.31
1+

2.4.3 MINERAL TRAPPING

Mineral trapping is the binding process of CO, into minerals due to chemical
precipitation and is the most secure stage of CO, trapping. This typically happens
when bicarbonate ions dominate over carbonate ions in formation waters. The process
involves the formation of solid secondary carbonate minerals due to continued
reaction of the bicarbonate ions with the calcium, magnesium and iron basic silicate
minerals present in the rock matrix. The minerals are clay minerals, micas, chlorites
and feldspars (Gunter et al., 1993). The reactions are represented by equation (2.14)
and (2.15):

+ H (ag) (2.14)

HCO;,  +Ca’"tag) . CaCO

(aq) 3(s)
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COZ_ —+ Ca2+(aq) : CaCO\?(S) (215)

3 (aq)

The mineral trapping process is time dependent. During the process, the
immobilisation of CO, increases slowly with time between 1,000 to 10,000 years. To
assess long term mineral trapping, a time scale of up to 10,000 years is needed
(Lindeberg et al., 2002b). Factors that affect rate and capacity of mineral trapping are
the brine pH, the rock matrix (primary minerals), temperature and pressure as well as
dissolution and precipitation kinetic rates (Zerai, 2006). Brine pH is the most important
parameter to affect the mineral trapping process, while system pressure and
temperature are minor contributors (Soong et al., 2002). The precipitation of carbonate
minerals is favoured when pH is greater than 9.0. This is because of the availability of

carbonate ions (Druckenmiller et al., 2005; Liu and Marato-Valer, 2010).

The dissolution of minerals due to dissolved CO, depends on the type of rock. There
are two types of rock, namely: carbonate and sandstone. Dissolution of carbonate
rocks due to perturbation of CO, can be rapid (in few days in laboratory settings).
These relatively fast dissolution reactions are controlled principally by the brine
chemistry. Carbonate dissolves in the presence of high levels of dissolved CO, and
would create additional porosity (Emberley et al., 2003). This might compromise cap
rock integrity by dissolving escape pathways through the rock and can occur

sufficiently rapid to allow release of CO, over injection timescales.

In the case of sandstone, the reactions are relatively slow (hundreds to thousands of
years) (Gunter et al., 2004). Sandstone consists predominantly silicate minerals and
provides the most permanent trapping of CO,. This is due to the high amount of
divalent cations such as Ca®* and Mg?* in this type of rock. The cation concentration is
an important element for the precipitation of solid carbonates. Solid carbonates, such
as calcite (CaCOs3), magnesite (MgCO3), siderite (FeCO3) and the sodium aluminium
carbonate dawsonite (NaAl(OH),COs3), formed by slower precipitation processes, are
regarded as permanent storage hosts for injected CO, (Saylor and Zerai, 2004).
Divalent cations such as Mg®* and Fe?* are commonly found in phyllosilicates such as
glauconite, and clinochlore, whereas Ca®"is commonly found in the plagioclase solid

solution series (albite to anorthite). The dissolution kinetics of the silicate controls how
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fast these cations are added to the solution at sub-saturation. This varies from
relatively fast reactions for the anorthite end of the plagioclase solid solution (Carroll
and Knauss, 2005) to slow silicate dissolution (Nagy, 1995). For some aquifers which
are almost pure quartz sands, the aquifer has very limited potential to store CO, as

solid carbonates.

Due to the long time scales, the complexity and interdependency of chemical and
physical processes, numerical modelling is the best tool to use to assess long term
mineral trapping (Labus and Bujok, 2011). The data used in numerical modelling
involved uncertainties, especially with regard to the kinetics of long-term reactions.
Kinetic rate depends on reactive surface area which is very difficult to estimate.
Estimation of reactive surface area may be based on geometric surface area
(Cantucci et al.,, 2009; Gaus, 2005; Xu et al., 2010). Further details on available
methods used discussed in section 2.5.2. Uncertainty in reactive surface area is often
assessed through sensitivity analysis (Gaus, 2005; Zhang et al., 2009). Other than
that, consistency in thermodynamic databases such as differences in equilibrium
constants used in the internal database of numerical codes and activity models at high
salinity of the formation fluid also affect the reliability of modelling results (Gundogan
et al., 2011).

It is important that numerical modelling results to be validated. One of the approach is
to used the data that can be acquired from COj,-natural analogues (Gaus, 2010).
Among the natural CO,-rich reservoirs (analogues) that can be used are Montmiral
(Southeast Basin, France), Messokampos (Florina Basin, Greece), Triassic Lam
Formation (Shabwa Basin, Yemen) and Honggang Anticline (Songliao Basin, China).
These natural analogues providing the evidence of high CO, pressure and could
reveal which CO, trapping minerals actually may form (Worden, 2006). Data about
geochemical interactions and their impact on reservoir lithologies, the existence of a
flow regime and the thermodynamic equilibrium conditions versus time could also be
deduced from the studies of natural analogues (Gaus, 2005). This highlights the fact
that mineral trapping relies on time-scale. Since analogues act as long-term

laboratories it is crucial to incorporate them into the analysis. However, this validation
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approach might consists uncertainties. This will be discussed in section 2.7.2 of the

thesis.

2.5 KINETIC RATE PARAMETERS

The dissolution and precipitation reactions of minerals can be described by kinetics.
The kinetic rate law used for mineral dissolution and precipitation rates is by Lasaga,
(1984):

rate, = A, k(T ), (a,. )'[1-(0,/K,)] (2.16)

where subscript m is the mineral index, rate, is the dissolution/precipitation rate
(positive values indicate dissolution and negative values indicate precipitation), 4,, is
the reactive surface per kg water, k(T ), is the temperature dependent rate constant,
a,. is the proton activity, n is the order of the reaction (0<n <1) and K, is the
equilibrium constant for the dissolution of 1 mol of mineral and Q, is the reaction

quotient.

The rate law that describes the dissolution or precipitation in the reaction (2.16)
depends on various factors. The two main factors are the reaction rate constant and

the mineral reactive surface area.

2.5.1 THE REACTION RATE CONSTANT

The reaction rate is the change of reactant over the time. Depending on the type of the
reaction, the units vary. The common unit is mol/m/s. The temperature dependence of
the reaction rate constant is expressed via an Arrhenius equation. The equation was

proposed by Arrhenius (1889):
k=k,[-E,/R(I/T—1/298.15)| (2.17)

where Eis the activation energy (kJ/mol), k,; is the rate constant at 25°C (298.15

K), Ris the gas constant (8.314 J/mol K) and 7 is the temperature (K).
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The reactions can be complex in real fields. The dissolution and precipitation of

minerals can be controlled by H' (acid mechanism), OH (alkaline mechanism) and
nu (neutral mechanism). In this case, kis calculated using the equation (Palandri,
2004):

k=K exp|- E™ /R(1/T —1/298.15)|+ ki exp|- E¥ / R(1/T - 1/298.15)a
kO expl- E /R(1/T 1/ 298.15)|a1"

(2.18)

where superscripts and subscripts nu , 7 and OH are neutral, acid and alkaline

mechanisms at 25°C, respectively and « is the activity of the species.

2.5.2 REACTIVE SURFACE AREA

The reactive surface area of minerals refers to the effective total area of solid-liquid
interface. The reactive surface area is considered as major source of uncertainty
(Dethlefsen et al., 2012), yet is an important parameter especially for the correct
interpretation of dissolution experiments (Luo et al., 2012). This uncertainty leads to
corresponding high uncertainties in the prediction of the timing and extent of reactions
at the field scale (Van Pham et al., 2012). There are two ways to obtain the reactive
surface area. The first is by the determination of gas sorption (BET method) and
second is simple geometric calculations. The simple geometric calculations are based

on an idealized geometry of mineral grains.

a) Gas sorption determination (BET method)
This approach was introduced by Brunauer et al., (1938). The method is based on gas
sorption (Atkins, 2002) and comprises two stages: firstly, desorption of all gases from
the solid surface through heating at 373 K in a vacuum; and secondly, the
measurement of gas sorption onto dried solid grains at constant temperature (77 K)
and variable gas pressure. With the assumption that only a single layer of gas is
sorbed during the second step, the gas isotherm is obtained in order to determine the
surface area of the sample. Due to the sub-microscopic surface roughness and

crevices, the value obtained from BET surface area of freshly crushed grains is higher
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than the geometric estimate (Chris, 1992; Sverdrup and Warfvinge, 1988; White,
1995). However, the BET approach is not applicable to all minerals as for some

minerals it is not possible to measure the gas sorption directly.

b) Simple geometric calculations
Simple geometric calculation can be used to calculate the reactive surface areas of
the minerals (Kieffer et al., 1999). By using this method, the calculated surface areas
of mineral grains can be obtained by assuming the same shape for all the mineral

grains. For spheres, the surface area 4, and the volume ¥ are calculated from

AS = 47Z7/‘S2 (2'1 9)
and
V- émj (2.20)

where r, is the radius of the sphere (m).

For cylinders, the surface area A4, and the volume V. are calculated from

A =2m +2m.h, (2.21)

and

V. = (2.22)

c c c

where 7. and #4_are the radius and height of the cylinder, respectively.

For mixtures of several grains of different size and shape, the total specific areas of

minerals are:

a, = wa,iai
i

(2.23)
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where a, is the total calculated specific area, x,; is the weight fraction of the i type of
grain and «, is the specific area of the i type of grain. In the field environment, the

shape of the grains is irregular. Due to these irregularities, the calculated surface area
of minerals is not accurate. To address these inaccuracies, a surface roughness

parameter is incorporated in the calculation.

2.6 TRANSPORT MECHANISMS

2.6.1. DIFFUSION

Diffusion is a process induced by the random thermal motion (Brownian motion) of
molecules and ions. The behavior of diffusion is explained by Adolf Fick in 1855. The
diffusive flux , F, through a unit cross-sectional area of a porous medium such as in
sedimentary rocks under steady state conditions can be described by Fick’s first law
(Cussler, 2009):

J=-D%

ax (2.24)

where Jis the diffusion flux (mol/m?%s), D is the diffusion coefficient (m?/s) and cis
the concentration of the solutes (mol/m®). Fick’s first law relates the flux of a chemical
to the concentration gradient where the concentration within the diffusion volume does

not change with respect to time.

The diffusion of a solute into a porous medium under transient conditions is described

by Fick’s second law:

oo _ e

or ax’ (2.25)

where ¢ is the time (s).
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2.6.2 EFFECTIVE DIFFUSION COEFFICIENT

There are two expressions for calculation of effective diffusion coefficient, D,, as

reported by Krooss et al., (1992). The first expression was developed by Cussler,
(1984):

D= (2.26)

where ¢ is the effective transport-through porosity which accounts for the reduced
cross-sectional area available for diffusion when diffusion occurs only in the pore
space (no solids diffusion) and Dis the diffusion coefficient (m?s) and r is the

dimensionless tortuosity,

The second expression is commonly used in the literature and expressed as (Nelson
and Simmons, 1992):

(2.27)

The equations (2.26) and (2.27) indicate that effective diffusion coefficient is inversely
proportional to tortuosity. The tortuosity describes the longer distance to traverse the
pores and usually ranges between two and six, averaging about three (Cussler, 2009).
The tortuosity depends on the size and connectivity of the pore space. When the solid
has low permeability, diffusion effectively takes place over a longer distance than it

would be in a homogenous porous medium (Figure 2.2).

The values of D depend on the type of species, the temperature, pressure and its
interaction with other species . Among the studies was reported by Jahne et al., (1987)
studied diffusion of CO, at temperature ranges of 10-35°C. In other studies, Tamimi et
al., (1994) and Frank et al., (1996) studied diffusivity of CO, at the temperature range
of 20-95°C and 25-55°C, respectively.

26



A semi-empirical model for calculating diffusion coefficients for infinitely diluted CO,
and water mixtures was developed by Mutoru et al., (2011) based on 187
experimental data points. Their study incorporates the temperature and pressure
effects on the total dipole moment of water and the induced dipole moment of CO,. In
addition, it can predict diffusion of CO, in H,O over the complete range from infinitely
diluted CO; to infinitely diluted H,O. Results obtained show that temperature has a
stronger influence on diffusion of CO; in H,O than pressure. This is due to the strong

dependence of the viscosity and the solvent molar density on the temperature.

Effect of pressure on diffusion coefficient was reported by Hirai et al., (1997) where
they measured diffusion coefficient of CO;, in pure water at 13°C and 29400 and
39200 kPa. In addition, Tewes and Boury, (2005) conducted their study in fixed
temperature of 40°C and pressure range of 3000 to 9000 kPa. Both studies show that
the diffusion coefficient between the gaseous CO, and liquid water changes with
pressure very little. It can be concluded that pressure insignificantly affect the changes

of diffusion coefficient of CO, in water.

Diffusion data measured in NaCl solution may be useful for acid gas and greenhouse
disposal purposes. This is because salt is the main constituent of aquifer composition
such as in saline aquifers. Study by Renner, (1988) studied the effect of pressure on
CO., diffusion coefficient into 0.25 N NaCl brine at constant temperature of 38°C and
pressure range of 1544 to 5833 kPa. Similar conditions were used by Wang et al.,
(1996) in their study but with different pressure range 1524 to 5178 kPa. Recent study
by Nazari et al., (2012) published a set of CO, diffusivity data in 200 ppm NaCl brine
at 25°C and pressure range of 2200-5900 kPa.

Multi-component diffusion has been studied by Felmy and Weare, (1991) and Lichtner
et al., (1986). Aqueous diffusion coefficient in the pure water, D for up to 30 species
in the temperature-pressure range of 0-5,000 bar and 0-300°C are given in Oelkers
and Helgeson, (1988). b values ranging for most of the major ions in ground water
from 1x10° to 2x10° m?s™ at 25°C (Robinson and Stokes, 1959). Since the

differences in D between species are small, it is sufficient to use a constant D in
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water of around p=10° m?%s for simple electrolytes and ignore interactions between

them.

Figure 2.2: Diffusion in a porous medium. When grains are impermeable, a diffusion
aqueous species must travel a longer path through a reduced cross-sectional area.

2.7 ASSESSMENT OF CO,-ROCK-WATER INTERACTIONS

There are four approaches that can be used to assess CO,-rock-water interactions;
experimental, field sites, natural analogues and modelling. Experimental approaches
involve direct observations on short time scales up to a few years, while the other
three approaches can be used to study from short time scales (several of years) to

geological time scales (hundreds to millions of years).

271 LABORATORY EXPERIMENTS (“TOTAL IMPACT” AND “SPECIFIC
EXPERIMENTS”)

The experimental work used to assess COj-rock-water interactions can be
categorized into two types: the first is large or small scale experiments on real material
also known as “total impact” experiments; the second is experimental work on parts of

the real system known as “specific experiments”.

The first type of experiment involves reactions between the host rock which can be
aquifer or cap rock and injected CO; in saturated brine at specific temperature and
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pressure conditions (Wollenweber et al., 2010; Wollenweber et al., 2009). The
changes after the injection process can be monitored using SEM (microprobe) where
the evolution of the species due to the dissolving and precipitating phases are
identified. However this type of experiment is too short to assess the long-term effects

of water-rock interactions.

CO; percolation and diffusion tests through cap rock for geochemical reactions, such
as the dissolution of cap rock, have been assessed using batch reactors and trixial
cells (Angeli et al., 2009; Busch et al., 2008; Credoz et al., 2009; Kaszuba et al., 2005;
Wollenweber et al., 2010; Wollenweber et al., 2009). These experiments investigate
the dissolution of the initial carbonate and feldspar in the cap rock. In addition, the
precipitation of secondary carbonate can be seen for experiments run for long periods

of time.

Specific experiments study interactions between simplified mineralogy and aqueous
solutions. This second type of experiments provide data such as thermodynamic
equilibrium constants and reaction kinetics for each mineral in the system (Cubillas et
al., 2004; Pokrovsky and Schott, 1999). These data are useful for geochemical

modelling to assess long term interactions over thousands of years.

The literature study by Lasaga, (1984) presented a comprehensive overview of kinetic
reaction rates for minerals, obtained from laboratory experiments. They assumed that
these rates could be directly applied to study field cases. However, transferring those
rates directly from laboratory experiments to field situations causes several problems.
Many laboratory experiments and field-condition studies (Chris, 1992; Saito et al.,
2006; White and Brantley, 2003; White, 1995) have been conducted in order to
quantify the dissolution rates of silicate minerals. A comparison of the results of these
two approaches shows that weathering rates of silicate minerals observed in the
laboratory are in general several orders of magnitude higher than those from field
studies. The many differences between experimental conditions in the laboratory and
field studies were thoroughly discussed in White and Brantley, (2003). Among the
reasons are the efficiency of solution/mineral contact, duration of weathering, aging of

surfaces, presence and depth of defects and etch pits, formation of leached layers,
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surface coatings and the degree of under saturation and solution chemistry in micro-
pores. The presence of microorganisms that can accelerate weathering rates, yielded
additional discrepancies between laboratory and field rates. To date, there has been
no successful attempt to simulate the field rates from laboratory experiments, despite
thorough discussions on this issue. This discrepancy might cause substantial error in

numerical modelling since rates are used as input parameters in the modelling.

2.7.2 OBSERVATION OF NATURAL ANALOGUES

CO; occurs naturally in geologic aquifers in numerous volcanic, geothermal and
sedimentary basins worldwide (Lewicki et al., 2007a). These CO, deposits provide
unique natural analogues that can be used to evaluate the long-term safety and
efficacy of storing anthropogenic CO; in geologic formations (Annunziatellis et al.,
2008; Schutze et al., 2012).

Most of the discussion of natural analogues in the literatures focused on the reactions
in the host formation (Baker et al., 1995; Gilfillan et al., 2008; Gilfillan et al., 2009;
Moore et al., 2005; Worden, 2006). Dawsonite (NaAICO3(OH),) - a sodium aluminium
carbonate hydroxide — has been suggested as an end product mineral during
geochemical reactions in CO, storage that could provide a permanent trap for CO..
Trapping of CO, as dawsonite has been observed in the Bowen-Gunnedah-Sydney
basin in Australia (Baker et al., 1995), beneath the Colorado Plateau and Southern
Rocky Mountains (Moore et al., 2005) and in the Yemen (Worden, 2006). The findings
from the studies have been used to make dawsonite the secondary mineral in many

geochemical numerical models.

Other researchers (Gilfillan et al., 2008; Gilfillan et al., 2009) have studied the source,
migration and fate of the naturally occurring CO; in gas fields using noble gas and
stable carbon isotope tracers. Data from nine natural COj-bearing gas aquifers
consisting of siliciclastic and carbonate lithologies in North America, China and Europe

were collected, including measurements of noble gas and 5" C (CO,) isotopes. The
results suggested that dissolution in formation brine at a pH of 5-5.8 is the primary sink
for CO; for all nine aquifers, rather than mineral reactions. Observations of interactions

of CO, with cap rock can be found in Fischer et al., (2006); May, (2005); Watson et al.,
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(2004a). These studies suggest that mineral precipitation can enhance storage

security by plugging escape pathways — such as fractures.

Interpreting the geochemical reactions of COz-rock-water through natural analogues is
difficult due to the complex geological histories typical of natural settings.
Nevertheless, the observations from natural analogues are useful to validate the
results from numerical modelling obtained for long term timescales: 10° to 10° years.
Information gathered from these natural analogues provides data on the mineralogical
and petrographical conditions and also the nature of the trapped CO,. For certain
cases, significant amounts of CO, can be trapped in mineral phases along the fracture
pathways. In spite of this, the exact behavior depends on geology, tectonic activities,
temperature and pressure conditions, displacement, the leakage history of the CO,

and changes in groundwater flow regimes.

2.7.3 MONITORING AND FIELD OBSERVATIONS

The suitability of geological formations to store CO; highly depends on the formation
characteristics. Models can be validated using data from field observation sites to
predict the behavior of CO; during the lifetime of a storage project. Several sites or
fields have been used to monitor or observe the interaction of CO, with water and the
host rock. Moreover, some sites provide useful information on the interactions
between waste stream contaminants such as NOx, SOx, H.S, CH4 and others that
may provide crucial information of the interactions for impure injected CO; into saline

aquifers.

CO, has been injected into the Alberta Basin near Lake Wabamun in Canada,
Sleipner in the North Sea, In Salah in Algeria, Weyburn Oil in Canada, Dogger in
Paris, France, Frio in Texas, the U.S, Nagaoka in Japan and Ketzin in Germany
(Audigane et al., 2007; Gaus et al., 2005; Gunter, 1996; Hitchon, 1996; Kharaka et al.,
2006; Mito et al., 2008). The authors concluded that hydrodynamic trapping is the
most important mechanism during short time scales. In addition, changes in the brine
chemistry due to the presence of CO, indicate declines in pH value and increase in

bicarbonates due to the carbonate dissolution process (Emberley et al., 2005). Over
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time, mineral trapping through precipitation of carbonates such as calcite and

dawsonite provides the most prominent trapping mechanism.

2.7.4 NUMERICAL MODELLING

Modelling can play a significant role in the development of CO, storage. If CO;
injection into saline aquifers is undertaken at a large scale, numerical modelling is
required. Such simulations can predict where CO; is likely to flow, interpret the volume
and spatial distribution of CO,, mineral dissolution/precipitation and to optimize
injection operations. These are essential if CO; storage is to be applied worldwide and

to gain public acceptance.

Long term containment of CO, and storage reliability depends mainly on physical and
geochemical trapping mechanisms. Once injected, CO, will dissolve in the brine and
causes a sharp decrease in pH. This in turn drives the minerals to dissolve/
precipitate. Due to the time and spatial constraints of experimental-based studies,
numerical modelling provides an important tool to understand and predict the behavior
of injected CO in aquifers. Presently, there are a large number of simulators available
to model the reactive transport processes during and after the injection of CO; into
saline aquifers. A comprehensive overview on the existing simulators and CO,
solubility models for reactive transport processes used for CO; storage will be given in
the next chapter of this thesis. In addition, the limitations of these simulators will also

be discussed.

Numerical modelling becomes attractive because of its capacity to model complex
processes that vary in space and time. Nevertheless, it is important to assess carefully
the relevant physical phenomena to ensure that the results of the model are physically

valid, even if approximations are made (Darcis et al., 2011).

Several investigators have presented numerical models of CO, storage using
idealized geological models that described the dominant physical and chemical
processes (Prevost, 2005; Pruess and Garcia, 2002). A substantial benchmark study
that compared a number of mathematical and numerical models applied to specific

problems in the context of CO, storage in geological formations was reported by Class
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et al., (2009). In addition, a few studies have been conducted to evaluate the
efficiency and accuracy of different numerical simulators (Class et al., 2009; Jiang,
2011). In these studies, different boundary conditions, sensitivities with respect to
vertical grid refinement, permeability and the effect of residual gas saturation were
evaluated. However, none of the previous studies evaluated the effects of CO,
solubility models. All of these factors affect the distribution of the CO, plume. A recent

comprehensive compilation on modeling studies of CO; injection into subsurface can

be found in Jiang, (2011).

Overall, there is now a substantial body of literature that suggests modelling studies —
with the caveats described previously in terms of the characterization of reaction rates,
geology and mineralogy — can make good predictions of subsurface CO; flows. The
work suggests that CO, can be stored safely over many thousands of years. In spite
of this, not all possible scenarios have been studied in detail: in particular reactions
with impure injected gas streams have received little attention, as has storage under a
full range of interacting geological and geochemical conditions. This will be the focus

of this thesis.

2.8 CONCLUSIONS

Robust predictions of the short and long-term behavior of CO in geological formations
are needed to gain public acceptance of CO, storage. There are four options for
storage in geological formations: depleted oil and gas reservoirs, deep saline aquifers,
deep coal seams and salt caverns. Saline aquifers provide the largest capacity and

are widespread and hence are an attractive option for further study.

The two main issues of CO, storage are the leakage of CO; to the atmosphere and
the total cost of the technology. Although these issues have been largely discussed in
the literature, the effects of having impurities such as CH,4 as one of the components
in the injected source together with CO, have not been discussed. The presence of
this unreactive component is believed to decrease the storage capacity but has not yet
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tested regarding to effects on mineral dissolution/precipitation. These effects will be

the main concern of this thesis.

Understanding the trapping mechanisms during and after injection of CO; into saline
aquifers is crucial with three main trapping mechanisms namely: hydrodynamic
trapping, solubility trapping and mineral trapping. These trapping mechanisms
increase containment security as time goes by. The maximum CO; storage volume
and the security of storage are based on the assumptions made on the effectiveness
of these different trapping mechanisms. The most promising long-term containment of
CO; is under mineral trapping which could sequester CO; as a solid phase. This will
be the focus of the thesis, with a particular emphasis on the injection of CO, mixed

with other gases — specifically CHa.

Numerical modelling is used in this study to investigate effects of injected pure CO,
and CO, with CH,4 on dissolution/precipitation of minerals in the host rock. The models
are to be validated using four approaches namely: experimental, field sites, natural
analogues and numerical modelling. The validation part will be discussed in detail in
Chapter 4 and 5.
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CHAPTER 3: CO, SOLUBILITY MODELS AND AN
OVERVIEW ON THEIR APPLICATION IN REACTIVE
TRANSPORT SIMULATORS

3.1 INTRODUCTION

CO, storage in saline aquifers involved a series of complex and interconnected
geochemical and geophysical processes. Once injected, some of the injected CO,
volume will dissolve into the brine while the remainder will remain in a separate phase
and rise through the aquifer. In this chapter, the CO, phase characteristics will be
described under a wide range of temperatures and pressures. This provides a basis

for the reactive transport simulations presented later in the thesis.

Depending on the temperature and pressure in deep saline aquifers, CO, can exist in
three different states: liquid/aqueous, gas and supercritical. To reduce the injection
costs and the buoyancy forces, CO, should be injected in a supercritical state, which

means injecting deeper than where the critical point is reached (7,=31.1°C, and P.=

7.38 MPa). In this state, supercritical CO, behaves like a gas, filling all the pores
volume available, but has a density that varies from less than 200 kg/m?® to more than

900 kg/m?®, depending on the temperature and pressure conditions.

The concentration of CO, in the aqueous phase will be influenced by temperature,
pressure and salinity. Therefore, the range of salinity, temperature and pressure
conditions in deep saline aquifers needs to be integrated into CO; solubility models.
Many equations of state models (EOS) can be found in the literature that calculates
the CO; solubility under these various conditions (Duan and Sun, 2003; Spycher and
Pruess, 2005). The solubility of CO, in brine increases at high temperatures but
decreases at high ionic strength. The reduction in CO, solubility at high ionic strength
is due to the effect of salinity (Enick and Klara, 1990). This can be explained by an
increase in the ionic strength which forces the activity coefficient of CO, to decrease.

This chapter overviews the CO, solubility models developed over the past decades,
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using theoretical and experimental work, to provide a model that will be used later in

the simulations of this study.

An overview of the frequently used reactive transport simulators to study CO, storage
in saline aquifers is discussed in this chapter. The capabilities and limitation of the
simulators are also discussed. These simulators were developed using the CO,
solubility models in the literature. The impact of using the two CO; solubility models
chosen for further study (Duan et al., 1992a; Spycher and Pruess, 2005) in reactive

transport codes is discussed in Chapters 4 and 5.

3.2 THERMODYNAMIC PROPERTIES OF CO;,

3.2.1 PHASE DIAGRAM OF CO;

Carbon dioxide, CO,, is a chemical compound composed of one carbon atom and two
oxygen atoms. At normal atmospheric conditions and temperatures, CO; is stable and
heavier than air with a density of 1.872 kg/m>. CO, is in a supercritical state when the

temperature is greater than 7,=31.1°C and pressures greater than P, =7.38 MPa

(Figure 3.1). Under supercritical conditions, CO, behaves like a gas by filling all the
available volume and has a liquid-like density that increases from 150 to greater than
800 kg/m®. A higher density is preferable for storage efficiency as this fills a smaller
volume for a given mass injected and limits buoyancy forces and the upwards
migration of CO,. For instance, at 10 MPa and 35°C, CO, has a density of
approximately 700 kg/m® (Figure 3.2). Under these conditions, assuming the pore
space is completely filled by CO,, 1m® of sandstone with porosity of 0.10 contains

approximately 70 kg of CO..
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Figure 3.1: Carbon dioxide phase diagram. CO; is in a supercritical state under normal
subsurface storage conditions. The critical temperature and pressure of CO, are
31.1°C and 7.38 MPa, respectively. Figure is taken from Bachu, (2002).
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Figure 3.2: CO; density for pressure conditions characteristic of sedimentary basins.
Figure is taken from Bachu, (2002).
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3.2.2 SURFACE TEMPERATURE, LOCAL GEOTHERMAL AND PRESSURE
GRADIENT

Evaluation of the temperature and pressure conditions depends on the depth of the
aquifer, the local geothermal gradient and the pressure gradient. In general,
temperature and pressure increase proportionally with depth in most geological
formations. The general rate of increase hydrostatic pressure is approximately 10

MPa/km. The temperature at a given depth, z, is estimated by:

T=T;+G,z (3.1)

where 7, is the surface temperature, G_is the geothermal gradient and z is the depth.

This value differs from site to site, normally within T ranges from 0 to 35°C and G
(gradient) ranges from 20 to 60°C/km. Formations are divided into either warm or cold
types depending on temperature and pressure conditions of the formation and the
geothermal gradient (Figure 3.3). In warm formations, the density of CO, increases
with depth. In cold formations, the density remains constant or decreases as depth
increases. However, Figure 3.3 illustrates that the supercritical CO, density is less

sensitive to depth when depth reaches certain limits, typically 3,000 metres.

CO; is best injected at depths greater than 800 m, assuming a hydrostatic pressure
gradient and a geothermal gradient of 25° C/km, as this is where CO; is supercritical
(Holloway and Savage, 1993). However, in a storage formation, the depths where
temperature and pressure conditions for supercritical CO, state vary depending on
climate and geological conditions, surface temperature and geothermal gradients
(Bachu, 2000; Bachu, 2002). Cold basins are better candidates compared to warm
basins because higher CO, densities are reached at shallower depths. In addition, old
and continental basins are good candidates for CO; storage because these basins are
stable, close to hydrostatic pressure, topography-driven and have down-dip-directed

regional flow regimes (Bachu, 2000).
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Figure 3.3: Variation with depth and geothermal regime of carbon dioxide density.
Figure taken from Bachu, (2002).

3.3 THE EQUATION OF STATE FOR PURE GAS

The simplest equation of state (EOS) is based on the ideal gas law:

b (3.2)

where P is the pressure (Pa), R is the universal gas constant (8.314 J/mol-K), 7 is

the temperature (K) and 0 is the molar volume (m?®).

Phases of geochemical interest for CO, storage are not ideal. AQueous species do not
occur in pure form and the solubilities in water are limited. Because of this, a new EOS
is needed. The first initiative to extend the ideal gas law was done in 1873, through the
Van der Waals equation. This equation of state was extended by Redlich and Kwong,
(1949):

RT a
pP= 0
v—b T v(+b) (3.3)
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where P is the pressure in Pa, R is the universal gas constant (8.314 J/mol-K), T is
the temperature in Kelvin (K), 0 is the molar volume, a and b are the two adjustable
parameters. a is the proportionality constant and b is the effective volume of the
molecules contained in a mole of gas. This Redlich-Kwong EOS was then modified for
properties of CO, and other gases at elevated pressures and temperatures. This was
done by considering a and b parameters as a function of either temperature or

pressure or both.

3.4 THE EQUATION OF STATE FOR CO;-H,0 GAS MIXTURES

There are a number of EOS developed in the literature from experimental work on the
solubility of CO, in pure H,O and in aqueous solutions over a range of temperature
and pressure conditions. Among them are Anderson, (2002); Helgeson et al., (1981);
King et al., (1992). In addition, models of the solubility of CO, mixtures over a range of
temperature, pressure and salinity have been tabulated and formulated based on a
variety of approaches to correlating and curve fitting from experimental data. Among
the published models for CO, storage in saline aquifer are Duan et al., (1992a); Duan
et al., (1992b); Duan and Sun, (2003); Enick and Klara, (1990); Pruess and Garcia,
(2002); Spycher et al., (2003); Spycher and Reed, (1988); Xu et al., (2004b). The most
applicable EOS to both pure water and brine solutions as described are Duan and
Sun, (2003); Pruess and Garcia, (2002); Xu et al., (2004b). These EOS are corrected

for the effect of salinity over a range of temperatures and pressures.

3.4.1 CO, SOLUBILITY MODEL OF DUAN AND SUN, (2003)

Duan and Sun (Duan and Sun, 2003) presented a model for CO; solubility in NaCl for
a wide P-T-salinity range (0-2000 bar, 0 to 260°C, 0-0.43 m NaCl). The model takes
into account not only NaCl rich solutions but also salts with divalent cations such as
MgCl, and CaCl,. This solubility model uses the specific interaction model of Pitzer,
(1973) to calculate the chemical potential of CO; in the liquid phase for salinities up to
6 molal. The accuracy of this model was close to experimental uncertainty when
validated using various sets of experimental data from literature on solubilities of CO,
in NaCl and CaCl, solutions, as well as in seawater. However, this model has one-
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drawback, that is its reliability on a fifth-order virial EOS (Duan et al., 1992a). This
makes computing chemical equilibrium computationally demanding. Thus, it cannot be
efficiently implemented into any numerical flow simulations where millions of
equilibrium calculations need to be made. Moreover, this model does not compute the
solubility of H,O in the CO, phase. To overcome this problem, Spycher et al., (2003)
and Spycher and Pruess, (2005) developed a new EOS for CO2-H,O mixtures in water

and brine. These models will be discussed later in this chapter.

To calculate the activity coefficient of CO,, Duan and Sun, (2003) adopted a virial
expansion of excess Gibbs energy as described elsewhere (Pitzer, 1973). For the
fugacity coefficient of CO,, the EOS have been developed by Duan et al., (1992a);
Duan et al., (1992b). The equation of state for CO, developed by Duan et al., (1992b)

has the following form:

Z:PI‘Vr :]+a,+a2/Trz+a3/Tr3 +a4+a5/Tr2+a6/Tr3 +a7+a8/Tr2+a9/Trj
7—; Vr Vr2 Vr4
+a1{)+az1/§j +a12/Tr3 +T‘j;2 [a14+%jexp£_%j

(3.4)

where Z , P, T, and V, are compressibility factor, reduced pressure, reduced

temperature and reduced volume, respectively. They are defined as:

P
P =— 3.5
= (35)
T
I = 3.6
~ (36)
V
V.,=— 3.7
-7 3.7)
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where P and T, are the critical pressure and critical temperature, respectively. V. is

defined as:

Ve=—" (3.8)

where R is the universal gas constant (8.314 J/mol-K). The parameters of equation
(3.4),a,—a,;, are listed in Table 3.1. The mole volume V of CO, at a given T and P is

calculated as follows. First, V', is calculated by substituting equation (3.5) and (3.6) into

equation (3.4) for a given T and P, V_is then obtained by solving equation (3.4). V_is

then calculated using equation (3.8). The formula to calculate fugacity coefficient of
CO;, was deduced from equation (3.4) by Duan et al., (1992b). The equation to

calculate fugacity coefficient of CO; is represented as:

+va,/T’ +a,/T’ ’ ’
ln(D(T,P):Z—]—an“ral a2/ r a}/ r +a4+a5/]—;‘ +a6/]—;‘

v, 2V}
+a7+a8/Tr2+a9/T;‘3+a10+a11/TrZ+a12/Tr3+ a3
4V’ 5V’ 2T a,,

x{aM+I—[a14+1+%}<exp£—%ﬂ

(3.9)
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Table 3.1: Fitted polynomial for 4, in equation (3.9)
(Duan and Sun, 2003).

Parameters polynomial Values

fit for q,
a, 8.99288497x10
a, -4.94783127x10"
a, 4.77922245%10%
a, 1.03808883x107
a, -2.82516861x107
a, 9.49887563x107
a, 5.20600880x10™
a, -2.93540971x10™
a, -1.77265112x107
a, -2.51101973x107
a,, 8.93353441x107
a,, 7.88998563x10™
a, -1.66727022x107
a,, 1.39800000x10™
a, 2.96000000x107

3.4.2 CO, SOLUBILITY MODEL OF PRUESS AND GARCIA, (2002)

(Pruess and Garcia, 2002) used an extended Henry’s law to account for the salting-
out effect for up to 5 molal concentrations for the solubility of CO; in brine and used a
correlation developed by Spycher and Reed, (1988) for the fugacity coefficient. In
addition, the correlation developed by Battistelli et al., (1997) is used for the

temperature and salinity dependency of Henry’s coefficient. The equation is given as:

P[%+£+C]+E(%+i+.0
Xeo, =|e 7T 2T TIPIK, (3.10)

m(C+C,T+C,T? +C;T°+C,T*)

K, =(B+B,T+B,T° +B,T° + B,T* + B,T")x 10 (3.11)
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where is Henry’s coefficient, m is the molal salt (mol/litre), X, is the mole fraction of

CO; and B, - B,, C, - C,are polynomial fit coefficients (see Table 3.2).

Table 3.2: Fitted polynomial coefficients for equation (3.11)
(Pruess and Garcia, 2002).

Polynomial fit coefficients Values
B 7.8366x10""
B, 1.96025x10"°
B, 8.20574x10"
B, -7.40674x10"?
B, 2.18380x10"°

B; -2.20999x10""
C 1.19784x10™
C, -7.17823x10™
C, 4.93854x10°®
C; -1.03826x10®
C, 1.08233x10™"

3.4.3 CO, SOLUBILITY MODEL OF XU ET AL., (2004)

Xu and co workers (Xu et al., 2004b) derived the equilibrium constants, x| for the

solubility of CO, at eight different temperatures without considering their dependency

on pressure. The relationship between this equilibrium constant and CO; solubility is:

K@P=yC (3.12)

where K is the equilibrium constant, @ is the gaseous CO, fugacity coefficient

(dimensionless), Pis the partial pressure (Pa), y is the aqueous CO; activity coefficient

(dimensionless) and C is the molal aqueous concentration.

This corrected EOS fugacity coefficients based on temperature and pressure

according to:

44



a b d e P’
h®o=|—+—=+c|P+| —=+=+f|— 3.13
" (TZ T Cj (Tz sz ( )

where T is the temperature (K) and a, b, c, d, e and f are dimensionless

constants fitted from experimental data as in Table 3.3. For high ionic strength, the
activity coefficient for aqueous CO; is corrected because of the salting out effect.

Thus, the CO;, activity coefficient is calculated by:

Iny =(C+FT+%)I—((E+HT)($D (3.14)

where [ is the ionic strength (molal), while C,F ,G , E and H are dimensionless

constants. Values for these constants are tabulated in Table 3.3.

Table 3.3: The fitted constants for a,b,c,d,e, f

are based on pressure: 0-500 bar and temperatures:
50-350°C (Xu et al., 2004a).

Fitted constants Values

-1.4309 x10°°
3.598

-2.2738 x107°
3.4764

-1.0425 x107?
8.4627 x10°

-1.031

1.2806 x107°
2.559 x10?

0.4445
-1.606 x107°

T Q| O~ [0S
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3.4.4 CO, SOLUBILITY MODEL OF SPYCHER ET AL., (2005)

This model was developed by Spycher et al., (2003). The model was developed with
an activity coefficient for aqueous CO, with a correction for the activity of water. This
takes into account the effects of dissolved salts. The model used the activity
coefficient formulation of Duan and Sun, (2003) for their solubility correlations
(Spycher and Pruess, 2005).

The water mole fraction in the COz-rich phase (y, ,) and the CO, mole fraction in the

aqueous phase (X, ) are given by:

tot

KI(—)IOaHO (P—PO)I}HO
= = ex 2 3.15
Vi,0 @, P, P RT (3.15)

and

Do, (1= 40P, exp| - (PP co. (3.16)

x — ,
CO, 55.508)),\{[{302(;:) RT

where K' is the thermodynamic equilibrium constant for each component at T and

0 0 . . .
reference pressure; P P is atmospheric pressure and P is the total pressure,

respectively. v is the average partial molar volume of each pure condensed phase
over the pressure range (from reference pressure to total pressure), @ is the fugacity

coefficient for each component in the CO.-rich phase and R is the universal gas

constant (8.314 J/mol-K). Parameters and equations for computing KO, @ and I}HZO

and I}co_, are the same as reported in Spycher et al., (2003). The effect of dissolved

salts is expressed through «, ,, the activity coefficient for aqueous CO,. Equation

(3.15) and (3.16) can be solved by setting:
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P o 3.17
@H20Rot p RT ( )
and
o, (1- — Py
B COZ( ‘)’}HJS)PI‘OI exp _(P P )VCO-’ (3.18)
55.508y Ko, RT

The authors take the water mole fraction as a reasonable approximation for water

activity. Thus, re-writing equation (3.15) as:

yHZO = A(] B xCOZ - xsah‘) (3.1 9)
The mutual solubilities are:
— (]_B_xsalt) 3.20
Yo 1/4—B ( )
Xco, = B~ 710) (3.21)

where x_, is the mole fraction of the dissolved salt on a fully ionized basis with

salt

dissolved CO,. The dissolved salt mole fraction is:

Xy = M (3.22)
55.508 +vm,, +mc,,

salt

where m_, is the molality of salt and v is the stoichiometric number of ions, which

salt

contained in the dissolved salt, such as 2 for NaCl and 3 for CaCl,. Thus, the CO,

molality, m,,, and the water mole fraction in the CO-rich phase, y, , , are expressed

as:
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_ Xco, (vmm,l +55.508) (3.23)

1- Xco,

Mco,

~ (1-B)55.508)
Yo =1/ 4-BYm,, +55.508)+ vm__ B

salt

(3.24)

3.5 OVERVIEW OF EXISTING REACTIVE TRANSPORT
SIMULATORS FOR CO, STORAGE

To predict the flow of dissolved chemical species and free CO; in saline aquifers with
brine solution and solid matrix, reactive-transport modelling is essential for

comprehensive and quantitative predictions.

A number of reactive transport simulators have been developed over the decades to
study flow and geochemical reactions for CO, storage in saline aquifers. Reactive
simulators such as PHREEQC, TOUGHREACT, SCALE 2000, COORES, GEM and
ECLIPSE are widely used to simulate flow and/or geochemical reactions involved in
CO; storage. Each of these simulators has their own way of solving for hydrologic and
chemical processes and the numerical approach used to solve the coupled transport
equations. In addition, the simulators vary in the source of thermodynamic data and

the adopted EOS used to model CO; solubility and other chemical equilibria.

PHREEQC (Parkhurst and Appelo, 1999) is a geochemical simulator that simulates
single-phase one-dimensional reactive transport. A main feature of PHREEQC is its
ability to be adapted for a specific geochemical problem by modifying its database
(reactions and species can be added easily). The simulator is also able to add specific
modules programmed using the BASIC language to take into account, for instance, a
particular kinetic rate law. In addition, input from the modeller is needed to correct the
fugacity for gases. These values can be taken from an available EOS in the literature.
Coupling between chemistry and transport is based on the operator which is split with

a specific sequential iterative algorithm. PHREEQC may be used in batch mode either
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for equilibrium or kinetic problems and can be discretized as a linear transport model

in one dimension.

GEM (Nghiem, 2004) is a fully coupled geochemical compositional equation of state
simulator that can model CO; in aquifer and acid gas enhanced oil recovery (EOR). In
GEM, convection and dispersive flow can be modelled. Other processes that can be
accounted for include: phase equilibrium between oil, gas and brine; chemical
equilibrium reactions among aqueous components and mineral dissolution and
precipitation kinetics. In order to model the transport component in porous media for
one, two or three-dimension, the simulator uses an adaptive implicit discretization
technique. The gas solubility in the aqueous phase is modelled with Henry’s law. In

addition, GEM also uses the law of mass action approach.

TOUGHREACT (Xu et al., 2004b) is a thermal reactive transport simulator. It was
developed by introducing reactive chemistry into the framework of the existing multi-
phase fluid and heat simulator; TOUGHZ2. This simulator uses a sequential iterative
approach. TOUGHREACT can be used for batch geochemical modelling and to model
reactive transport in one, two and three dimensions. The model can include any
number of chemical species in liquid, gas and solid phases. Aqueous chemical
complexation and gas dissolution/exsolution are considered under the local
equilibrium assumption. Mineral dissolution/precipitation can proceed either subject to
local equilibrium or kinetic conditions with coupling to changes in porosity with
permeability and capillary pressure under-saturated systems. TOUGHREACT uses
the ECO2N module, which is one of the fluid property modules for the TOUGH2
simulator (Version 2.0). This module was specifically designed for CO; in saline
aquifers. It includes a comprehensive description of the thermodynamics and
thermophysical properties of H,O-NaCI-CO, mixtures, which reproduces the fluid
properties of H,O-NaCl-CO, mixtures largely within experimental error for the
temperature, pressure and salinity conditions of interest (10°C<<T7<<110°C, P<600
bar) (Spycher and Pruess, 2005).

COORES (CO; Reservoir Environmental Simulator) is a research simulator designed

by the IFP to study CO, storage processes from the well to the basin scale (Le Gallo

49



et al.,, 2006). The geometry model allows users to map porous medium properties
precisely by using the allowed flexibility in the cell size, shape and pattern and
therefore to minimize the number of cells necessary for a good geological description.
With a structured or unstructured grid, COORES simulates multi-component three-
phase three-dimensional fluid flow in heterogeneous porous media. The molar
conservation equations are solved with a fully-coupled system linearized by a Newton
approach. To take the mineralogy changes into account, the transport model is
coupled with a geochemistry reactor, Arxim (Ecole des Mines de Saint Etienne-IFP
collaboration). The permeability and capillary pressure changes due to porosity
variations are incorporated assuming different porosity-permeability and porosity-
capillarity pressure laws such as Kozeny-Carman, Labrid or Fair-Hatch laws (Le Gallo
et al., 1998).

ECLIPSE is a simulation tool used extensively in the oil and gas industry. It comprises
of two software packages: ECLIPSE Black Oil (E100) and ECLIPSE Compositional
(E300). ECLIPSE Black Oil (E100) is a fully-implicit three phase three-dimensional
general-purpose black-oil simulator. ECLIPSE Compositional (E300) is a
compositional simulator with a cubic equation of state, pressure-dependent
permeability values and compositional fluid treatment. Different options such as
CO2STORE and GASWAT have been implemented in E300 to handle CO; solubility
in water. The CO2STORE option has the capability of accurately computing the
physical properties (density, viscosity, compressibility) of pure and impure CO, as a
function of temperature and pressure. Partitions of CO, into the water-rich phase
caused its density, viscosity and salinity to change accordingly. The mutual solubility
of CO, and water includes a correction for salinity (Spycher and Pruess, 2005;
Spycher et al., 2003). Its functionalities include describing dry-out and salt precipitation
in addition to an incorporated speciation routine (Hurter, 2007). The GASWAT option
has been designed to model gas phase/aqueous phase equilibrium using a general
Peng-Robinson equation of state. In contrast with CO2STORE, this option allows a
multi-component gas phase, which makes it possible to use it to simulate CO,
injection into depleted gas reservoirs. On the other hand, water solubility in the CO»-

rich phase is underestimated compared to CO2STORE.
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SCALE 2000, a thermokinetic geochemical calculation program based on Pitzer's ion
interaction model (Pitzer, 1991), takes into account fluid flow using a specific approach
based on a scheme of serially connected homogeneous reactors. The implementation
of the complete Pitzer formalism can deal with ionic strength as high as 6 M (Azaroual
et al., 2004). A thermodynamic database of Pitzer's parameters was compiled using
the literature data by Monnin, (1999) and Krumgalz et al., (2001). The SCALE2000
thermodynamic database allows the study of the Na-K-Ca-Mg-Sr-Ba-Fe-CI-SO4-HS-
OH-H-Ac-CO3- HCO3-H2S-CO2-AcH-SiO2-H,0 system from 25 to 250°C, 1 to 1000 bar
and for salinities as high as 300 g/I. The brine densities are also calculated using the
Pitzer's formalism and the gas fugacity is calculated using equations of state of Duan
and Sun's CO; solubility model (Duan and Sun, 2003). However, the software does
not accounted for redox reactions. The SCALE 2000 simulates the mixing of waters
with contrasting physiochemical properties, as well as fluid heating/cooling
consequences. The reliability of the SCALE 2000 results was checked against
measurements of individual mineral solubility and kinetics data derived from the
literature. The simulator enables the simulation of coupled chemistry and mass
transport using a specific approach based on a set mixed reactors connected in series
(Azaroual et al., 2004; Kervévan et al., 2005). This approach can be useful for
simulations of 1D models. The 1D models can be applied for column experiments,
injection and production well in oil or geothermal fields. In addition, the simulator can
simulate the flow between various units of process flow such as a desalination facility
(Azaroual et al., 2004; Kervévan et al., 2005). One disadvantage of SCALE 2000 is
that the scale considered in the series of mixed reactors are not comparable to the
field scale. Thus, the use of more sophisticated numerical tools such as
TOUGHREACT and PHREEQC that enables 1D, 2D or 3D hydrodynamics-transport-

chemistry coupled modelling are needed (Kervévan et al., 1998).

All the simulators mentioned above can model a wide range of equilibrium and kinetic
controlled reactions except Eclipse which only simulates salt (NaCl or CacCl)
precipitation. Other simulators are able to deal with many equilibrium and kinetic
chemical reactions such as aqueous complexation, linear adsorption and decay, gas
dissolution/exsolution and cation exchange, molecular diffusion and mineral

dissolution/precipitation. However, some drawbacks have been identified in these
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simulators. The main drawback is that the selected equation of state embedded with
the simulators is incomplete. As an example, the embedded EOS in all of the
simulators except SCALE 2000 mentioned above does not include Duan and Sun's

CO; solubility model.

Another drawback is the calculation of equilibrium constants. The influence of
pressure is not taken into account for the calculated equilibrium constants either. The
corrections for aqueous and gaseous phases (activity, fugacity, influence of pressure
on thermodynamic constants) are not included in any of the simulators mentioned
above. Thus, this corrections need to be considered in geochemical models when
attempting to calculate the CO; solubility accurately in brines at high pressure and high

temperature.

While the importance of including the influence of temperature on the calculation of
equilibrium constants is well known, the influence of pressure, on the other hand, is
not taken into account in the simulators described above, with the exception of SCALE
2000. The influence of pressure was implemented in this thermokinetic modelling
software (Azaroual et al., 2004 ). Despite these drawbacks, for low salinity solutions, as
discussed in Chapter 2, activity coefficients can be easily calculated by ion association
approaches such as Debye-Huckel, B-Dot or Davies. These approaches, implemented
in most of the geochemical simulators, such as PHREEQC (Parkhurst and Appelo,
1999), are mathematically simple and accurately captured measured data (Helgeson
et al., 1981). For high salinities, the use of a more specific interaction model such as
Pitzer's model (Pitzer, 1973) is necessary. Again, this has not been incorporated into
most geochemical simulators. Pitzer's model has been implemented, however, in
SCALE 2000 (Azaroual et al., 2004), and has been specifically designed to reproduce

experimental data at high ionic strength.

3.6 CONCLUSIONS

The effectiveness of CO, storage and assurance of its reliability from leakage into the
surface require accurate prediction of the long term behaviour of CO; in the

subsurface. The CO; solubility models developed by various authors are essential for
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accurate predictability of CO, solubility in saline formations. These solubility models

are applicable for a range of temperatures, pressures and salinities.

The models incorporate various fugacity -coefficients, interacting parameters,
correction for non-ideality behaviour of the mixtures (CO»-H,O-NaCl) and the salting-
out effect. Modelling CO, sequestration in saline aquifer and estimating the storage
capacity using these CO, solubility models would overestimate the short and long term
partitioning of CO, uptake among free CO», dissolved CO;, and trapped carbon dioxide
in carbonate mineral sequestering mechanisms. This is because some of the
simulators available have EOS that does not include the capability of partitioning the
CO; uptake into free CO,, dissolved CO,, and solid CO,. One example is PHREEQC,

which in this simulator, the uptake of CO; is calculated only through dissolved CO».

Of all the EOS models reviewed in this chapter, the one presented in Spycher and
Pruess, (2005) has the most accurate model of CO, solubility in brines for a wide
range of temperatures, pressures and salinities. In addition, this model has the
capability to calculate uptake of CO, during short and long term reactions through
partitioning the CO, uptake into free CO,, dissolved CO, and solid CO.. In order to
predict the short and long-term effect of CO, storage in saline aquifers using reactive
transport simulators, it is crucial that the modeller chooses the appropriate CO,
solubility model that has the potential to represent the solubility of CO, in brine at

conditions interest.

SCALE 2000 looks an ideal code, but it has one major problem that prevents its used
in this study. Its EOS does not account for methane. Therefore, this study instead use
the best of the other models presented namely, the model of Duan et al., (1992a) will
be implemented into PHREEQC in Chapter 4, and the model of Spycher and Pruess,
(2005) that is embedded in TOUGHREACT for Chapter 5. This later model has to be

used, since this considers multidimensional reactive transport.

These models (Duan et al., 1992a) and (Spycher and Pruess, 2005) accurately predict

measured data, but some limitations are that both simulators do not account for
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pressure, and do not treat very high salinities, typically of storage aquifers, in the

computation of activity coefficient.
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CHAPTER 4: REACTIVE TRANSPORT MODELLING IN
CAP ROCK

4.1 INTRODUCTION

CO, is wusually injected during carbon storage into geological reservoirs at

temperatures and pressures above critical values, i.e., T,=31.1°C and P.=7.38 MPa.

Under these conditions, the CO;, is present as a dense phase although it is lighter than
the formation brine. Consequently, the injected CO; rises buoyantly to the top of the
aquifer formation and accumulates underneath the cap rock (Lindeberg and Wessel-
Berg, 1997). Oilfield and saline aquifers that rely on structural trapping for CO, storage
include Weyburn in Saskatchewan, Canada (Malik and Islam, 2000) and Sleipner in

the North Sea, Norway (Karbol and Kaddour, 1996), respectively.

Cap rocks are low porosity, low permeability seals saturated with brine through which
other fluids either cannot flow, or flow extremely slowly. In particular, the seal has a
high capillary entry pressure that acts to stop the entry of supercritical CO,. Common
seal lithologies are salts, anhydrites and silty or clay mineral-rich shales. Leakage
through cap rocks can occur in three ways: (i) rapid (“catastrophic”) by seal-breaching
(mechanical failure) or damage of the well casing (corrosion of pipes and cements); (ii)
long-term, controlled by the capillary sealing efficiency (essentially the cap rock is
eroded and becomes more porous and permeable) and (iii) diffusive loss of dissolved

CO; through the water-saturated pore space.

CO, transport through cap rocks occurs by molecular transport (diffusion) through the
water-saturated pore system since the Darcy flow rates are negligible — this is
mechanism (iii) above. Although this process is considered of little relevance in terms
of CO; loss (Busch et al., 2008), it can control the rate of geochemical reactions, i.e.,
the dissolved CO; can allow dissolution of the cap rock. As a result, this affects the
rock properties such porosity and permeability, hence admitting flow and allowing CO»
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to escape to the surface — mechanism (ii). Only a few experimental and numerical
results on molecular diffusion of CO, through cap rock have been published (Angeli et
al., 2009). However, the characterization of cap rock alteration caused by molecular
diffusion on chemical reactions and dissolution/precipitation of minerals, especially for

long term containment, is of great importance for the design of safe storage.

Dissolution of CO, into the cap rock brine can form acidic solutions that dissolve
minerals such as calcite and dawsonite. However, these minerals can precipitate later
given the right conditions and consequently store CO, in a stable solid phase with
increasing storage security. The conditions for calcite and dawsonite to form depend
on the availability of metal cations such as Ca®* and Na* (Hellevang et al., 2005).
These minerals react at moderate to high CO; partial pressures and in highly alkaline
solutions (Baker et al., 1995; Gao et al., 2009; Hellevang et al., 2005; Moore et al.,
2005; Worden, 2006).

Previous laboratory experiments and modelling studies have been conducted to
assess the potential of mineral trapping in cap rock for a wide range of different
geological systems (Bertier et al., 2006; Czernichowski-Lauriol et al., 1996; Gaus et
al., 2005; Gherardi et al., 2007; Gunter et al., 1997; Johnson et al., 2004; Kaszuba et
al., 2003; Rochelle et al., 2004; Wigand et al., 2008). These studies showed that
mineral alterations, such as dissolution of calcite, are caused by the formation of
bicarbonate with a decrease in pH during CO; injection. Some studies have addressed
the impact of these changes on the porosity in cap rocks (Busch et al., 2008; Hangx et
al., 2009). All of these studies show good sealing capacity through precipitation of
minerals. Insights on cap rock mineralogical alteration patterns induced by CO;
migration have been gained by means of reactive transport modelling (Gaus et al.,
2005; Gherardi et al., 2007; Johnson, 2005; Johnson et al., 2004; Xu et al., 2005).
None of these studies, however, have assessed the impact of impurities such as

methane on the CO; on sealing capacity.

Depending on the industrial source (energy production, natural gas processing, iron
industry, concrete production) and capture processes, the composition of the gaseous

COg-rich mixture emitted varies considerably in chemical composition and
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concentration. The degree of purity of the captured CO; is a key factor for injection
and sequestration. In addition to CO, and traces of water, other gases, such as CH4
may present in the mixture. The admixing of CH,4 affects the compressibility of the
injected CO; and reduces the storage capacity of the free phase. In addition, CH4
impurities affect the aqueous solubility and the rates of mineral dissolution and

precipitation (Kaenen et al., 2011).

The goal of this chapter is to study the geochemical aspects of long-term integrity of
the cap rock that prevents upward migration of the injected CO, with and without
methane impurities. Special attention is placed on the mineral dissolution/precipitation
of two important carbonates: calcite and dawsonite. In addition, changes in porosity
from dissolution/precipitation of these minerals are investigated. To achieve this,
reactive transport modelling combining reaction kinetics and diffusive transport in
alumina silicate-rich shales were performed. The site investigated is the Sleipner field,
where CO; has been successfully injected and stored since 1996 (Kerbol and
Kaddour, 1996). Published, site-specific geochemical data from the Nordland shale
that overlies the Sleipner field is used to describe the cap rock. Gas-water-rock
interactions resulting from CO, migration into the cap rock are simulated assuming
diffusive transport. Simulations are run using pure CO, and variable mixtures of CO,
with CHy (1-4 (W/w)%).

Fluid-rock interactions in sealed cap rock have been modelled using a kinetic batch
and one-dimensional molecular-diffusion kinetically-controlled model at a temperature
of 37°C and a pressures of 100 bar employing the PHREEQC simulator (Parkhurst
and Appelo, 1999). The change in porosity is calculated from changes in solid volume.
The simulations were run for 10,000 years, which is the relevant timescale for the

long-term safety assessment of CO, storage (Credoz et al., 2009).
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4.2 MATERIALS AND METHODS

4.2.1 GEOCHEMICAL DATA

The system was modelled using the initial formation water composition and the
primary cap rock mineral assemblage of the Sleipner site as input data
(Czernichowski-Lauriol, 2002; Johnson et al., 2004). Literature data was used for
molar volumes, reaction rate parameters and specific surface areas for the primary
and secondary minerals albite, chalcedony (quartz), dawsonite, illite, k-feldspar,
siderite, magnesite, calcite, clinochlore-7A, dolomite-dis, kaolinite, pyrite and smectite-
high-Fe-Mg (see references in Table 4.1). The mineral assemblages are taken from
samples collected from the Nordland shale. This shale is a well-characterized cap rock
that is effectively impermeable to CO, and acts as important barrier of buoyant CO,

leakage to the surface.

4.2.2 CAP ROCK FORMATION WATER

The chemical composition of the formation water in the Nordland shale is unknown. In
this study, the formation water using a pore water sample from the Oseberg field,
which is located 200 km north of Sleipner was used. The formation water was
equilibrated with the mineralogy of the Nordland shale and the resulting composition
(Table 4.1) was used as the starting point for subsequent modelling in this study
(Czernichowski-Lauriol, 2002). A total of 11 aqueous components (Table 4.1) were

included in the simulations.

4.2.3 KINETIC PARAMETERS

The dissolution and precipitation of minerals in the system was kinetically controlled
during the batch and molecular diffusion modelling. The reaction rates were derived

from previous work (Lasaga, 1984):

rate, = A,k(T),(a,. )"[1-(0, /K, )] (4.1)

where the subscript m is the mineral index, rate, is the dissolution/precipitation rate

(positive values indicate dissolution, negative values precipitation), 4 is the reactive
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surface per kg water, k(T) is the temperature dependent rate constant, a, is the
proton activity, » is the order of reaction (0 < n < 1), K, is the equilibrium constant for
the mineral water reaction written for the dissolution of 1 mol of mineral and Q, is the

reaction quotient. The precipitation of all minerals was assumed equals the dissolution
rate and that the secondary minerals (dawsonite, magnesite, etc) precipitate following
the dissolution of the albite and calcite. This is likely to be a simplified assumption;
however, in absence of accurate data with respect to precipitation and dissolution
rates under field conditions, this approximation is justified. Rate laws determined in
the laboratory can differ from field rates by orders of magnitude (Appelo and Postma,
2005)

The rate constants for all minerals were extrapolated to field conditions — a
temperature of 310.15 K — from reported rate constants at 298.15 K using the

Arrhenius relation (Table 4.1):

k=k,[-E,/R(1/T—1/298.15)] (4.2)

where E_ is the activation energy (J/mol), k,,is the rate constant at 298.15 K

(mol/m?s), R is the gas constant (8.314 J/mol K) and 7 is the temperature (K). The
rate constants at 298.15 K are taken from the literature (Table 4.1). The kinetic rate
law for pyrite was (Wiersma and Rimstidt, 1984):

rate =k(T)A(Fe’ )/m (4.3)

pyrite solution

where m is the mass of the solution (kg). This rate law best represents the

solution

contribution of Fe’*in the oxidation of pyrite (Stumm and Morgan, 1996).

The parameters to calculate kinetic rates of minerals are given in Table 4.2. Calcite
was assumed to react with aqueous species at local equilibrium because the reaction
rates are fast. For other minerals, the dissolution and precipitation are kinetically

controlled. Rate law constants for minerals were taken from various sources in the

59



literature (Table 4.2). These constants were compiled and fitted from experimental
data and references are provided in Table 4.2. The superscript n values in Equation
(4.1) are inconsistent in the literature, thus, a uniform average value of 0.5 for all

minerals studied were used.

The reactive surface area of the rock was represented by spherical grains with two
grain diameters: 2 x 10° m for the clay minerals and 3.3 x 10 m for the non-clay
minerals. Reactions between minerals and fluid are expected to take place at the
reactive surface area; differences between total and reactive surface area can differ by
up to 3 orders of magnitude possibly explaining the discrepancy between laboratory
measured and field rates (Appelo and Postma, 2005). The difference is because often
large parts of the mineral surface involved in the reactions are covered by coatings
(other minerals, biofilms, etc.) with only a small fraction of clean surface exposed to
the brine. To account for this, a scaling factor of 0.001 was applied to all minerals (see
Appendix 1 for the calculation of reactive surface areas). This also defines the ratio of
the BET to geometric surface area. This approach has been successfully used before
(Zerai et al., 2006). Table 4.2 shows the specific surface areas for all minerals. The
calculated surface areas (Gaus et al., 2005) are shown in Table 4.2. For Nordland
shale, no direct BET measurements are available to help refine these estimates. The
larger surface areas for clay minerals (kaolinite, smectite-high-Fe-Mg, and illite) are

due to smaller grain sizes.

4.2.4 MODELLING APPROACH

4.2.4.1 CONCEPTUAL MODEL AND SIMULATION CONDITIONS

The fluid-rock interactions of a homogenous cap rock have been tested using two sets
of simulations: kinetic batch modelling and molecular diffusion modelling. The kinetic
batch modelling assesses the rate of reaction, assuming that CO,, brine and the rock
are always in mutual contact. The diffusion modelling assesses how dissolved CO»
may penetrate the cap rock, causing dissolution or precipitation in a transient front that

moves, slowly, through the formation.

In kinetic batch modelling, the model consists of 150 litres of brine, the initial porosity
is 0.15, and the total volume of the porous medium is 1m?® (including rock). The
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geochemical reactions are not limited by the availability of solid minerals and are
therefore insensitive to the rock volume (Figure 4.1). The simulations were started
from a chemically, hydrologically and geometrically simplified batch system at
chemical equilibrium. This was done in the absence of CO,; the initial brine
composition in the cap rock is given Table 4.1 with the minerals listed in Table 4.2,
and was run for 20 years: this established the initial conditions for the simulations to

follow.

150 kg pure CO, and
Mixture of 150 kg CO,
with CH,4 (0-4 (w/w)%)
In 150 litres brine in
contactwith the cap
rock

Figure 4.1: Conceptual diagram of the kinetic batch model. The model
contains rock with a porosity of 0.15 in contact with 150 litres of brine.
This cap rock is equilibrated with 150 kg of pure CO; or of a mixture of
CO3 with CH4 (0-4 (W/w)%).
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Table 4.1: Initial fluid composition of the formation water in the cap
rock from equilibration of the Nordland shale mineralogy with the
formation water from the Utsira sand, taken from Czernichowski-
Lauriol, (2002).

Parameter Value Elements Concentration (M)
Temperature (°C) 37 Al 3.51 x 10°
lonic Strength 0.647 Ba 1.25 x 10
pH 7.67 C 6.92 x 10°
pe -4.07 Ca 1.77 x 107
Cl 4.79 x 10™
Fe 2.48 x 107
K 1.42 x 10™
Mg 1.11 x 1072
Na 1.06 x 10™
S 4.81x10*
Si 2.52 x 10™

Note: pe is used to indicate the redox conditons of the system.
Positive values of pe indicate oxidizing conditions and negative values
indicate reducing conditions.
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Table 4.2: Kinetic rate parameters for the primary and secondary minerals of
Nordland shale, taken from Bage, (2001).

Minerals Amount Molar Specific Rate Source of kinetic
present / volume / surface constant / rate constant
mol per REV| 10° m*mol | area/ mol/m?s
x10°m%g
Albite 25.6 100.25 6.95 -8.44 Blum and
Sittings (1995)
Calcite 5.6 36.93 6.71 -6.35 Lee and Morse
(1999)
Chalcedony 196.0 22.69 6.86 -11.73 Rimstidt and
(Quartz) Barnes (1981)
Clinochlore- 4.0 20.98 11.3 -11.63 Nagy (1995)
7A
Dawsonite 0 59.30 8.49 -6.86 Intermediate
calcite/dolomite
Dolomite-dis 0 64.39 6.35 -7.38 Pokrovsky
and Schott
(2001)*
lllite 35.21 59.89 46.8 -13.08 Set to muscovite
rate
Kaolinite 38.15 99.52 116.0 -12.54 Nagy (1995)
K-feldspar 4.08 108.87 7.1 -8.79 Blum
andStillings
(1995)
Pyrite 12.90 23.94 3.63 -3.72 WiersmaandRim
stidt(1984)
Siderite 8.60 29.37 4.61 -7.38 as dolomite
Smectite- 11.93 140.71 104 -13.25 set to
high-Fe-Mg muscovite rate
(Nagy, 1995)
Magnesite 0 28.02 6.04 -7.38 as dolomite

* Average value from these authors

Then, an initial amount of either 150 kg pure CO, or 150 kg of a mixture of CO, with
CH4 (1-4 w/w%) were added into the cap rock and 150 litres of brine. At this stage, the
simulations were run using kinetic parameters for a period of 10,000 years. This time
period was chosen as this is the legal minimum retention time to contain CO; safely in
saline aquifers (Lindeberg, 2002a). Simulations were performed at isothermal
conditions of 37°C. At a depth of 800 meters, the pressure of the Utsira formation is
assumed to be 100 bar. These values mean that the CO, is under supercritical (sc)
conditions. Under these pressure and temperature conditions, the fugacity coefficients
were computed for CO, (sc) and CH4 (sc) species using the virial equation given

elsewhere (Duan et al., 1992a).
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For the simulations including molecular diffusion with a spatial evolution of a reacting
front, the model was run with no net flow of brine in a one-dimensional model
consisting of a 10 m column of cap rock (Figure 4.2). The computational domain was
divided into 10 cells; each one was a 1 m® cube. Each cell was denoted as a
Representative Elementary Volume (REV) with an initial porosity of 0.15 which
contains 150 litres of brine; again the reactions were assumed to be not limited by the
availability of solid minerals. The simulations were performed at isothermal conditions
of 37°C. The initial composition of the cap rock brine is given in Table 4.1. The lower
end of the domain is in contact with the permeable aquifer, where a brine composition
that is fully saturated with CO, (or the CO»-CH; mixture) was maintained. The
supercritical CO, was assumed trapped in the aquifer and the acidic brine ingresses
into the cap rock by diffusion of dissolved species only. The diffusion coefficients for all
aqueous species in the cap rock and aquifer are shown in Tables 4.1 and 4.3; these
are discussed in more detail below. The chemical and mineral compositions of the cap
rock are given in Tables 4.1 and 4.2. As in the kinetic batch modelling, it was assumed
that the aquifer was situated at a depth of 800 metres where the pressure of the Utsira

formation was assumed to be 100 bar.

Simulations were also run for a model with total number of 20 smaller grid blocks. The
spacing between the grid blocks were 0.05 m. Results obtained were identical to the
simulations run with grid spacing of 1 m. This suggests that the results from this study
are not sensitive to numerical dispersion and other errors in the discretization of the

transport and reaction equations.
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Top boundary: no transport

A

10 metres length of cap
rock consists 10 cells of
1 metre length

ey
-

M

1 metre |

Base boundary: chemical composition
of aquifer pore waters equilibrated
with 150 kg of pure CO, or a mixture
of CO, with CH,4 (0-4 (w/w)%) and the
cap rock with 150 litres brines.

Figure 4.2: Conceptual diagram of the one-dimensional reactive transport model. Each
cell has a volume of 1 m® of Nordland shale with an initial porosity of 0.15 and 150
litres of brine. Lower boundary conditions: the aquifer brine at the base of the system
in contact with the permeable aquifer is assumed to be fully saturated with 150 kg of
pure CO; or a mixture of CO, with CH4 (0-4 (w/w)%). Top boundary conditions: no
transport. The effective diffusion coefficient for all aqueous species listed in Table 4.1
and 4.2 are 3.33 x107° m%s.

Table 4.3: Initial fluid composition of the formation water in the aquifer.

Parameter Value Elements Concentration (M)

Temperature (°C) 37 Al 1.30 x10®
pH 7.67 C 2.98 x107

Ca 7.11x107°

Cl 5.25 x10™

K 4.26 x10™

Mg 9.58 x1072

Na 3.11 x10™

Si 2.53 x10™
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4.2.4.2 MODELLING SIMULATOR

All simulations were performed for 10,000 years using the computer simulator
PHREEQC. This simulator is based on an ion-association aqueous model that

simulates kinetically controlled batch reactions.

The Debye-Huckel equation was used to calculate the activity coefficients of the
species. The Pitzer equations are arguably better suited to high ionic strength
solutions such as the brines tested in this model (Gaus, 2010); however, in the
PHREEQC, the distribution of species including SiO, and AI** in solution are not taken
into account and only free ions are recognized. These assumptions preclude the use
of minerals such as albite, quartz, and feldspar in the model. Using the Debye Huckel

model likely overestimates the activity coefficients for all of the aqueous species.

The simulator is supplemented with a number of thermodynamic databases that
provide equilibrium constants (Parkhurst and Appelo, 1999). The Vantt’ Hoff equation
was used to adjust the reaction enthalpies to temperature changes and the equilibrium
constants. The equilibrium constants are tabulated for any reactions based on eight

temperatures. No pressure dependent corrections were implemented.

4.2.4.3 MOLECULAR DIFFUSION

The simulations considered molecular diffusion in a single aqueous phase as the
dominant mass transport process. A stagnant condition was assumed in the modelled
system (no net flow of brine). This assumption is strictly only valid in the cap rock. In
the aquifer, relatively high porosity and permeability conditions would allow mass
transfer to occur by advection in response to local hydraulic gradients, but the flow in

the cap rock — the focus in this chapter — would still be negligible (Bear, 1972).

The mass transport process in the cap rock can be treated based on Fick’s First Law.
This law has been discussed in section 2.6 of this thesis. The diffusion model used the
same pure water diffusion coefficient applied for all dissolved species (1x10'9 m2/s).
This study assumes there are no different tracer diffusivities for the species and no
electrochemical migration effects due to the different charges of various ions. This
assumption is in line with previous work by Boudreau et al., (2004) and Giambalvo et
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al., (2002). In this model, the initial porosity of cap rock was 0.15. Tortuosity usually
ranges between 2 and 6, averaging approximately 3 (Cussler, 2009), the value which
was used in the model. Thus, by assuming a fixed diffusion coefficient for all aqueous
species in Table 4.1 and 4.2 as 1x10° m%s and a tortuosity of 3, the calculated

effective diffusion coefficient using equation (2.27) for all aqueous species are 5.0 x

10" m?s.

4.3 RESULTS AND DISCUSSION

4.3.1 KINETIC BATCH MODELLING

Kinetic batch modelling simulates the reaction of mixed species with no diffusion for
10,000 years. The initial fugacity, fco2, of pure CO; is 52 atmospheres. The initial
fugacity of CO, decreases with an increase in CH4 concentration. In this simulation,
the migration of CO, over time and spatial scales due to flow and diffusion was not
considered. The results are divided into three subsections: pH, mineral

dissolution/precipitation and porosity.

4.3.1.1 PH

Following the injection of CO; into the system, the pH immediately decreased from 7.7
to below 4 (Figure 4.3A) and thereafter gradually increased to 5.8 at the end of 10,000
years. At 10 years, the pH for reactions with rock assemblages decreases with
increasing initial fugacity, fcoz. This is due to the increase of dissolved CO; in the brine

and the pH is not completely neutralized by reactions with carbonate minerals.

The initial fco2 controls the available CO; in the system and consequently the evolution
of the pH over the course of the reaction. A small amount of CH,4 decreases the initial
fugacity of CO, making the brine less acidic. The dissolution and precipitation of the
minerals, discussed below, reflect the consumption of the acidic CO, by CO,-brine-
mineral reactions. These geochemical reactions result in an increasing pH at later
times. A higher initial foo2 increases the amount of dissolved CO; in the brine and as a
result increases the extent of mineral dissolution. Minerals such as calcite dissolve

rapidly, leading to an increase in pH and porosity. After 1,000 years of reactions, the

67



pH of the aqueous solution does not change significantly (Figure 4.3B). This is
because equilibrium has been attained once all of the CO, has dissolved into the brine

and reacted with the minerals.

4.3.1.2 MINERAL DISSOLUTION/PRECIPITATION

The dissolved CO; in brine after injection causes minerals to dissolve and precipitate.
Figures 4.4 to 4.14 show the masses of individual minerals dissolved and precipitated
over time for the kinetic batch modelling. As illustrated in Figure 4.4, a small quantity
of calcite dissolves rapidly during the first 100 years and equilibrates with the brine
according to Reactions 4.1 and 4.2, Table 4.4. Much of the bicarbonate that formed
from the dissolution of CO, is removed from the brine by precipitation of dolomite. In
addition, there is a small amount of precipitation of siderite. There is dissolution of K-
feldspar and albite and precipitation of calcite and dawsonite. The dissolution of albite
and K-feldspar can be presented by Reactions 4.3 and 4.4. The formation of calcite

and dawsonite can be presented by Reactions 4.5 and 4.6.
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Table 4.4: The chemical reactions considered in this study.

Reaction 4.1

Dissolution of CO5:

H,0+CO,,,, € H,CO; & H'+HCO;

Reaction 4.2

Dissolution of calcite:

CaCO, +H* < Ca’ + HCO;

Reaction 4.3

Dissolution of albite:

2Na( AlSi; )O, +2H* +9H,0 <
Al,Si,O,(OH ), + 2Na* +4H ,SiO,

Reaction 4.4

Dissolution of K-feldspar:

KFe, AlSi ;0,,(OH ), +7CO, + H,0 <
3FeCO, + 3SiO, + K* +4HCO; + Al’*

Reaction 4.5

Precipitation of calcite:

2NadlSi ,O, + CO, + 2H,0+ Ca™

4Si0, + CaCO, + Al,Si,0,(OH ), + 2Na"

Reaction 4.6

Precipitation of dawsonite:

NadiSi ,0, + CO, + H,0 <= 3Si0, + NaAICO,(OH ),
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Figure 4.3: Evolution of the pH for kinetic batch modelling of dissolved CO, in the cap
rock with 0, 1, 2, 3 and 4 (w/w)% CHgj. A. Short-term reactions (0-100 years). B. Long
term reactions (100-10,000 years). The initial fugacity, f;,» controls the available CO,
in the system. A small amount of CH4 decreases the initial fugacity of CO; resulting in
less acidic brine.
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Figure 4.4: Dissolution and precipitation of calcite in the rock for kinetic batch
modelling of dissolved CO; in the cap rock with 0, 1, 2, 3 and 4 (w/w)% CHj. A. Short-
term reactions (0-100 years). B. Long term reactions (100-10,000 years).

The dissolution of K-feldspar over 10,000 years (Figure 4.5) contributes AI** to the
solution, which reacts with Na* in the initial brine and dissolved CO; to form
dawsonite. Dissolution of albite (Figure 4.6) and K-feldspar is driven by the decrease
in pH due to dissolved CO,. In addition, the dissolution of aluminasilicate minerals

I** needed for precipitation of carbonate

buffers the pH and provides Na® and A
minerals such as dawsonite (Figure 4.7). Thus, the precipitated mass of both calcite

and dawsonite is controlled by the rate of dissolution of initial calcite, albite and K-
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feldspar and the presence of aluminasilicate phase in the cap rock. This significantly
increases the mineral trapping potential relative to the carbonate assemblage,

provided there is sufficient time for the reactions to occur.
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Figure 4.5: Dissolution of K-feldspar for kinetic batch modelling of dissolved CO, in the
cap rock with 0, 1, 2, 3 and 4 (w/w)% CHy4. The initial concentration of K-feldspar in
the rock is 4.08 mol/litre of brine. Negative values indicate net dissolution of K-
feldspar in the rock.
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Figure 4.6: Dissolution of albite for kinetic batch modelling of dissolved CO- in the cap
rock with 0, 1, 2, 3 and 4 (w/w)% CHyj. The initial concentration of albite in the rock is
25.6 mol/litre of brine. Negative values indicate net dissolution of the albite in the rock.
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Figure 4.7: Precipitation of dawsonite for kinetic batch modelling of dissolved CO; in
the cap rock with 0, 1, 2, 3 and 4 (w/w)% CH,. Dawsonite is a secondary mineral. A.
Short-term reactions (0-100 years). B. Long term reactions (100-10,000 years).

The most important minerals for trapping CO, in the cap rock are calcite (CaCO3) and
dawsonite (NaAICO3(OH),). Precipitation of these carbonate minerals requires
sufficient amounts of Ca®* and Na* to be available for reaction. In addition, AI** needs
to be available in the formation water. These ions are added to the brine by dissolution
of calcite and aluminasilicates resulting from the high acidity after CO; injection. It is
worth noting that since the aquifer is highly saline, the Na* needed for dawsonite
precipitation is available in large concentrations in the initial brine. Additional Na* and

A" are obtained through dissolution of albite and K-feldspar. Dissolution of these
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aluminasilicates minerals neutralizes the acidic brine. Net mineral trapping of CO; is
8.4, 8.16, 8.12, 8.06 and 8 M for pure CO,, CO, with 1% CH,4, CO, with 2% CH4 and
CO, with 3% CH4 and CO, with 4% CH, respectively. This shows net mineral trapping

decreasing with an increasing percentage of CHa.

Leaching of Ca?* and Na', two important cations with respect to dissolution and
precipitation of calcite and dawsonite, is shown in Figures 4.8 and 4.9. As seen in
Figure 4.8, after a slight increase during the first 10 years, the molality of Cca?
decreases gradually before it stabilizes at concentrations between 0.18, 0.168 and
0.165 for pure CO,, CO, with 1% CH4 and CO; with 2% CHg, respectively. For CO;
with 3% CH4 and CO, with 4% CHys, the molality of Ca®* stabilize at concentrations of
0.16 M. Figure 4.9 shows a significant decrease of Na* concentration with increasing
CH, percentage. The Na® concentration peaks at approximately 100 years (Figure
4.9A) and later gradually decreases reaching concentrations of approximately 0.173,
0.165 and 0.163 for pure CO,, CO; with 1% CH4 and CO; with 2% CHg4, respectively.
For CO; with 3% CH,, and CO, with 4% CH,, the molality of Na* peaks at
concentrations of 0.16 M at 10,000 years (Figure 4.9B).

Calcite and dawsonite precipitate in alkaline solutions as more Na* and HCOj3™ are
available. Thus, together with the increased total concentration of Ca®* obtained from
the dissolution of calcite, the precipitation of secondary carbonates, calcite and
dawsonite, are favoured. Other than that, minor precipitation of siderite (FeCO3) and
magnesite (MgCOs) were also observed. The available Fe?* (Figure 4.10) and Mg**
(Figure 4.11) from the dissolution of illite (K,H3O)(Al,Mg,Fe)2((Si,Al)4010[(OH)2,(H20)]
(Figure 4.12), when the brine becomes acidic due to perturbation of CO; into the cap
rock trigger the formation of siderite and magnesite (Figures 4.13 and 4.14). However,
the dominant reaction in the system over the 10,000 years is the dissolution of albite
(NaAISizOg). Other than precipitation of dawsonite, the dissolution of albite leads to the
formation of kaolinite (Al2SiOs (OH),).

Precipitation of ankerite is not considered in the model. This is because the primary

mineral of the cap rock does not include any composition of chlorite. Precipitation
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ankerite  (CaMgosFeo7(CO3).) requires Fe™ supplied mainly by chlorite
(Mgz.s5Fe2 5A1,Si30410(OH)g) and some by hematite (Fe,O3) dissolution and reduction.
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Figure 4.8: Kinetic batch modelling of dissolved CO; in the cap rock with 0, 1, 2, 3 and
4 (w/w)% CHs. A. Evolution of Ca®" in the brine during short-term reactions (0-100
years). B. Evolution of Ca®" in the brine during long-term reactions (100-10,000 years).
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Figure 4.9: Kinetic batch modelling of dissolved CO, in the cap rock with 0, 1, 2, 3 and
4 (w/w)% CHg. A. Evolution of Na® in the brine during short-term reactions (0-100
years). B. Evolution of Na® in the brine during long-term reactions (100-10,000 years).
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Figure 4.11: Kinetic batch modelling of dissolved CO, in the cap rock with 0, 1, 2, 3
and 4 (w/w)% CHs. A. Evolution of Mg?* in the brine during short-term reactions (0-100
years). B. Evolution of Mg?* in the brine during long-term reactions (100-10,000 years).
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Figure 4.12: Dissolution of illite for kinetic batch modelling of dissolved CO; in the cap
rock with 0, 1, 2, 3 and 4 (w/w)% CHa. The initial concentration of illite in the rock is
35.21 mol/litre of brine. Negative values indicate net dissolution of the illite in the rock.
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Figure 4.13: Precipitation of siderite for kinetic batch modelling of dissolved CO; in the
cap rock with 0, 1, 2, 3 and 4 (w/w)% CH,. The initial concentration of siderite in the
rock is 8.60 mol/litre of brine. A. Short-term reactions (0-100 years). B. Long term
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Figure 4.14: Precipitation of magnesite for kinetic batch modelling of dissolved CO; in
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4.3.2 MOLECULAR DIFFUSION MODELLING

The geochemical reactions coupled with transport are considered in this section. Since
transport occurs only by diffusion, it is possible to estimate the minimum times
necessary for solute to diffuse across the domain. The time taken to diffuse a distance
x for all aqueous species in Table 4.1 and 4.2 is given approximately by x*/De with an
effective diffusion coefficient, D, = 3.33 x 107 m?s. Noting that 1 year is
approximately 3x10”s, a time of around 100 years to travel one grid block (1 m) and

10,000 years to traverse the whole system (10 m) were obtained.

4.3.2.1 PH

For a pure CO; stream, the effect on the pH is limited to a region of 8 m in the cap
rock above the aquifer interface (Figure 4.15A) after 10,000 years. For CO, with 1%
CHg, the effect on the pH is contained within only 5 m of the cap rock (Figure 4. 15B).
The migration distance of acidic brine decreases with an increase in the amount of
admixed CH, (Figure 4.15). This is in agreement with the observations of the kinetic
batch model (see above) where the effect of CH4 reduces the changes in pH. The
migration distance is less than that permitted by diffusion alone and so the brine is
buffered in the presence of CH4; which limits the movement of the protons in the

system.

4.3.2.2 MINERAL DISSOLUTION/PRECIPITATION

The process controlling the evolution of reactivity of the system is the
dissolution/precipitation of calcite (Reactions 4.2 and 4.5, Table 4.4). Calcite dissolves
under acidic conditions and precipitates under alkaline conditions as observed in the
batch simulations of the previous section. This is also seen in Figure 4.16, where
calcite dissolves in the cap rock and precipitates in the upper part of the column.
Figure 4.16 shows the changes in volume fraction of calcite. Dissolution of calcite in
the first few cells of the cap rock is driven by low pH conditions induced by the high
partial pressure of CO,, Pcog, in the aquifer. Calcite dissolution increases the available
concentration of Ca®* in the cap rock brine. The high concentration of Ca** diffuses
from the lower part to the upper part of the cap rock column due to the concentration

gradient vertically. This induces an upward movement of Ca® through the column.
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Figure 4.15: Diffusion of the acidified aquifer brine: pH profiles in the cap rock over
10,000 years. The effective diffusion coefficient De is 3.33 x 10"° m?s. A. Injection of
pure CO,. B. Injection of CO, with 1 (W/w)% CHg. C. Injection of CO, with 2 (w/w)%
CHg. D. Injection of CO; with 4 (w/w)% CHa.

Calcite dissolution/precipitation reactions can be expressed using the calcite

saturation index. The saturation index can be calculated using:

ST = log(IAP/K) (4.4)

where 74P is the ion activity product and kis the solubility product. For pure CO,,

after 100 years of reaction, the simulations show that calcite is highly under saturated
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(S7<0) in the lower 2 m of the cap rock and slightly oversaturated in the cap rock cells
above (Figure 4.16). This oversaturation triggers the precipitation of calcite. On the
other hand, CO, with 1-4 (w/w)% CH, gives calcite that is highly undersaturated (S
<1) in less than 1 m at the lower part of the cap rock column (Figures 4.16B, 4.16C,
4.16D). The amount of dissolved calcite decreases in this region (less than 1 metre)
over 500, 1000, 2500, 5000, 7500, and 10,000 years. Beyond the region on 1m, there

is a slight oversaturation of calcite (SI>0).

The diffusive flux of Ca®" leads to precipitation of calcite. This is best explained by the
very fast kinetics of calcite precipitation. As a result, this seals the void spaces in the
upper cells in the cap rock column. This process is dominant over the competing
diffusion of protons (H*) induced by acidification in the aquifer. The mineral
assemblages in the cap rock act as a buffer that inhibits propagation of the acid front
created by high Pcop conditions in the aquifer. However, this model does not alter the

diffusion coefficient as the porosity changes, but keep it fixed at its initial value.

The dissolution/precipitation behaviour of minerals other than calcite such as
dawsonite do not significantly control the porosity during the first 100 years, but
dawsonite might play a significant role in controlling the composition of the aqueous

solution for longer time periods, beyond 10,000 years (Figure 4.17).
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Figure 4.16: Concentration of calcite in the rock over a distance of 10 m through the
cap rock column. The simulation was run for 10,000 years. The initial calcite
concentration is 5.6 M and decreases initially as calcite dissolves and enters the
aqueous phase. Later the concentration increases due to precipitation. A. Injection of
pure CO,. B. Injection of CO, with 1 (W/w)% CHgj. C. Injection of CO, with 2 (w/w)%
CHg. D. Injection of CO, with 3 and 4 (w/w)% CHa.
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Figure 4.17: Concentration of dawsonite in the rock over a distance of 10 m through
the cap rock column. The simulation was run for 10,000 years. The initial dawsonite
concentration is 0 M. Dawsonite was treated as a secondary mineral. A. Injection of
pure CO,. B. Injection of CO, with 1 (w/w)% CHgs. C. Injection of CO, with 2 (w/w)%
CHg. D. Injection of CO, with 3 and 4 (w/w)% CHa.

4.3.2.3 POROSITY

The porosity changes of the cap rock over the time of simulations (10,000 years) due

to rock alteration after CO; injection is shown in Figure 4.18.

86



03 03 E = Initially
0.25 - 0.25 + —100 years
: : =500 years
> 02 2 0.2 /K\ — 1000 years
§ 0.15 § 0.15 - —2500 years
o o r — 5000 years
a o /
0.1 01+ 7500 years
0.05 - 0.05 - — 10000 years
0 . . : ; 0 . T T .
0 2 4 8 8 10 0 2 4 B 8 10
Distance from an aquifer interface (m) Distance from an aquifer interface (m)
B D
03 ¢ 0.3 ¢
025 | 0.5 |
z 2
. & 0t
al - 0.1
0.05 | 0.05 -
0 ‘ ‘ : : 01 ‘ ‘ : :
0 2 4 6 8 10 0 2 4 6 8 10
Distance from an aquifer interface (m) Distance from an aquifer interface (m)

Figure 4.18: Porosity changes over a distance of 10 metres through the cap rock
column. Initial porosity is 0.15. A. Injection of pure CO,. B. Injection of CO, with 1
(W/w)% CHa. C. Injection of CO, with 2 (w/w)% CHgs. D. Injection of CO, with 3 and 4
(W/w)% CHa.

The figure shows an increase in porosity everywhere except in the first 500 years in
the first metre above the aquifer. The dissolution of primary and precipitation of
secondary minerals such as calcite changes the formation porosity. The changes in
this property change the fluid flow pattern. When this occurs, there is additional space
to accommodate brine and CO,. The changes in solid phase volumes and porosity

caused by the mineral reactions were calculated according to:

Zl’ni,t K,t
Ad)t = I_V— _(I)t:O (45)

total
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where, ¢,_, is the initial porosity, n,, is the moles of dissolved minerals i at time of

it

simulations, V.; is the molar volume of dissolved minerals i at time of simulations

and V,_,,, is the total initial minerals volume of the system.

The changes in porosity can affect permeability. Small increases in porosity will
increase the permeability. This creates a migration pathway in the cap rock for CO,
into the surface. Thus an assessment of the change in porosity is very crucial to

understand the reliability of cap rock for storage purposes.

4.4 MODEL VALIDATION

These simulations suggest that calcite minerals play a vital role in the trapping of CO,
into minerals under the conditions tested. Here, the model findings were assessed in
the light of experimental laboratory evidence, numerical simulation and field

observations from natural analogues.

4.4.1 COMPARISON WITH LABORATORY EXPERIMENTS

The reactivity of cap rock with fluids after CO, injection has been tested in laboratory
experiments by Alemu et al.,, (2011); Angeli et al., (2009); Credoz et al., (2009);
Kaszuba et al., (2005) and there is a good qualitative agreement with the results as

discussed below.

Alemu et al. (2011) conducted batch dissolution experiments with shale using a
mixture of CO, and brine fluids at temperatures between 80 and 250°C and a pressure
of 110 bars for one to five weeks (Alemu et al., 2011). The shale samples were
sourced from different layers of the Adventalen group overlying a proposed
underground CO, storage site in Svalbard, near Longyearbyen, Norway. This was
analyzed using XRD and SEM and showed significant dissolution of primary minerals
such as primary carbonates, chlorite and illite and precipitation of secondary minerals
such as smectitie and calcite. Ingression of CO, significantly reduced the pH and

increased the reaction rates.
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More batch reactions were conducted by Credoz and co workers using two cap rock
samples from the Chinle Shale, western USA, and from the Comblanchien Formation,
Paris basin, France (Credoz et al., 2009). The experiments were conducted for one
year at temperatures between 80 and 150°C and pressures of 1 bar and 150 bars.
XRD and SEM analyses showed dissolution of carbonates at low temperature and
precipitation of mixed carbonates (Fe®', Ca**, Mg?') and smectite at higher
temperature (150°C). At the end of the experiments, the dissolution of carbonates
buffered the fluid pH between 6.3 and 8. The concentration of Ca?*, Mg** and K* were
increased by approximately 50%. This high concentration triggered the precipitation of
secondary minerals. The simulation results in this study showed a similar increase in
concentration of two major ions: Ca?* and Na*. Higher concentrations of these ions are
due to the dissolution of initial calcite and albite in the cap rock. The dissolution of

these minerals was triggered by acidic brine from dissolution of CO».

Dissolution of clay minerals in cap rock model can be validated through previous
dissolution studies conducted on dissolution of phyllosilicate minerals. Most studies
indicate that the dissolution rates of clay minerals increase with increasing acidity.
Among them are study on the dissolution of smectite (Rozalen et al., 2009; Rozalén et
al., 2008) and illite (Bibi et al., 2011).

Kaszuba et al. (2005) conducted batch dissolution experiments using mixed aquifer
(synthetic arkose) and aquitard (Silurian shale) samples at 200°C and 200 bars The
shale samples reacted with 5.5 MNaCl brine for 32 days before injection of CO, and
the reaction continued for another 45 days. Primary minerals such as siderite
dissolved following the decrease of pH after CO; injection. The low pH was buffered
by the mineral phases, which restored the pH to almost neutral values. This is in line
with the simulations in this study, which is at lower temperature (37°C) and pressure
(100 bar), which showed rapid dissolution of calcite and siderite during CO,, injection.
However, these minerals re-precipitate in large amounts later due to the increase of
Ca? and Fe®" concentrations in brine. These reactions create the buffering conditions

in the system.
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Although the experiments mentioned above used high temperatures to accelerate the
silicate reactions in the cap rock, the precipitation of alumina silicates such as
dawsonite is rarely observed. This is in contrast to the present and other modelling
results where precipitation of dawsonite is observed (Gaus et al., 2005). The
differences are explained by factors such as kinetic and nucleation effects that likely
prevent the formation of these minerals over the very short time scales of the
laboratory experiments (Hellevang et al., 2011). The precipitation of secondary silicate
minerals such as dawsonite is likely to take thousands of years (Hellevang et al.,
2005).

4.4.2 COMPARISON WITH MODELLING WORK

Reactive transport modelling of the cap rock sealing capacity due to CO;injection into
saline aquifers has been performed before by Gaus et al., (2005) and Gherardi et al.,
(2007). These simulations show evidence of calcite and dawsonite precipitation in the
upper zone of the cap rock. The initial mineralogy temperature (37°C) and pressure
(100 bar) used were similar, but the reaction times were 3,000 years compared to this
study, which is 10,000 years. The main difference between the model of Gaus et al,
(200%5) and this study is the choice of the effective diffusion coefficients and inclusion
of tortuosity values. Gaus et al., (2005) assumed an average value for diffusion
coefficient of 107 for all of aqueous species. This study considered the tortuosity factor
and calculated the effective diffusion coefficient. Despite these differences, the
formation of calcite after 10 years in the upper part of the cap rock column is observed
in both models. The higher concentrations of Ca** contribute to calcite precipitation. Of

course the presence of methane impurities was also not considered in that study.

4.4.3 COMPARISON WITH NATURAL ANALOGUES

Various investigations have studied the source, migration and fate of naturally
occurring CO» in gas fields using noble gas and stable carbon isotope tracers (Baines
and Worden, 2004; Gilfillan et al., 2008; Gilfillan et al., 2009; Moore et al., 2005;
Worden and Burley, 2009). The results broadly suggest that dissolution of host rocks
in formation brine at pH between 5 and 5.8 is the primary sink for CO,. Work on the
integrity of mud rock seal overlying a natural CO; reservoir in the North Sea Miller oil

field (Lu et al., 2009) also showed significant presence of free-phase of CO, in the
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basal cap rock compared to dissolved CO;and evidence of precipitation of secondary

minerals from SEM analysis.

The formation of secondary minerals as suggested from the present modelling is in
line with observations of dawsonite formation as secondary minerals after dissolution
of plagioclase in the Permian Supai Formation of the Springerville-St. John CO; field
associated with magmatic or volcanic activity (Moore et al., 2005). Aqueous species
sampled from this site showed a drop in total inorganic compounds resulting from
formation of secondary carbonate phases such as calcite and dawsonite. Other fields
that observed formation of dawsonite are Bowen, Gunnedah, the Sydney Basins of
New South Wales (Baker et al., 1995) and Denison Trough of east-central
Queensland (Baker, 1991; Baker and Decaritat, 1992).

4.5 CONCLUSIONS

A simplified homogenous kinetic batch and one-dimensional kinetically controlled
molecular diffusion modeled the physical and chemical processes expected to occur in
the cap rock of a storage site (Sleipner). This study addressed the effect of pure CO,
and 1-4 (w/w)% CH4 contaminated CO, stream on cap rock sealing capacity. The
integrity of the cap rock was tested through dissolution/precipitation of minerals on

porosity changes. The porosity was calculated from changes in mineral volume.

The major conclusions from this study can be divided into two: kinetic batch reactions
modelling and molecular diffusion modelling. Findings from kinetic batch modelling
show that the presence of CH4 suppresses the dissolution/precipitation of minerals.
The presence of CH4 (1-4 (w/w)%) in the system decreases the acidity of the brine. As

a result, this affects the dissolution rate of minerals such as calcite.

For molecular diffusion modelling, the conclusions are as follows:

1) The area that is affected due to the acidified brine from the underlying aquifer is
limited to less than 8 m for pure CO;, and 5 m for mixtures of CO, with CH,4 (1-4

(w/w)%) over a timescale of 10,000 years. This is less than the maximum
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distance that the solute can move by diffusion - 10 m - and implies buffering of

the brine. The migration of acidic brine through the cap rock is reaction limited.

2) Dissolution reactions involving calcite reduce the sealing capacity of cap rock

by allowing CO.-rich fluids to migrate upwards into the cap rock.

3) The dominant role played by calcite is due to its fast kinetic rates and
overwhelms the effects of other minerals dissolution/precipitation during short-
term reactions (0-100 years). However, during long-term reactions, the effect of
dawsonite precipitation overwhelms other mineral dissolution/precipitation. This
is due to the dissolution of albite that contributes to the high concentrations of
Na® in the brine for dawsonite precipitation. Thus, together with the increased
total concentration of Ca®* obtained from the dissolution of calcite, the
precipitation of secondary carbonates, including calcite and dawsonite, are

favoured.

4) The presence of CH; decreases the initial partial pressure (fugacity) of
CO:.. This causes the brine to be less acidic and makes less reaction. Thus, the

acidic brine front moves slower.

5) Both pure CO; and mixtures of CO, with CH,4 in the injected gas decrease the
porosity of the cap rock in the long term. This enhances the sealing capacity of

cap rock.

6) The models suggest that co-injection of CO, with CH,4 could provide safer
storage than injecting pure CO, while reducing separation costs. The CH4 limits
the migration of acidic brine and calcite, ensuring that the cap rock remains
unaffected by injection. This needs to be balanced against the lower injected

phase density and greater storage volume required.

Further improvement to the reactive transport simulator; PHREEQC 2.15.0 is required
for truly predictive modelling of these geochemical processes. The improvements

include the kinetic control of heterogeneous reactions in the aqueous phase, and
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further refinement of the kinetic and thermodynamic properties such as equilibrium

constants.

The simulation results presented in this chapter are only specific to the conditions
studied: a temperature of 37°C and a pressure of 100 bar, with the other parameters
considered. Thus, it is recommended to re-run these tools to study other specific
storage sites, using the pertinent conditions. However, reactive transport modelling
tools are still the best options for analyzing and evaluating the reliability of cap rock in

the absence of direct, long-term laboratory data.
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CHAPTER 5: REACTIVE TRANSPORT MODELLING IN
CARBONATE AND SANDSTONE AQUIFERS

5.1 INTRODUCTION

Methane is a reduced form of carbon and plays an important role in many
geochemical processes in Earth’s crust. Methane not only can be found from the
injection of CO, (as described in Chapter 4) but is a common constituent in saline
aquifers. There are two possible sources of methane: biogenic and abiogenic. This
study focuses on biogenic methane. Biogenic methane refers to the gas generated
during the decomposition of organic matter by anaerobic microbes at low
temperatures. As much as 20% of the world’s natural gas resources such as CH, are
estimated to be generated by microbes (Rice, 1993). Abiogenic methane may be
derived from heating of kerogen, pyrolysis or inorganic reaction of water with hot
ultramafic rocks and metals (Horita, 1999). At elevated temperatures, reduced
minerals such as Fe-bearing minerals can lead to reactions similar to that which
methanogenic enzymes (which utilize the same metals) catalyze at low temperatures.
The generation of biogenic methane requires an environment that is anoxic with low
sulphate concentrations (Oremland, 1988) and at a temperature range between 9°C
(Kotelnikova, 1998) and 110° C (Stetter, 1992). In addition, abundant organic matter is
usually needed for formation of biogenic methane in old sediments. In young and
shallow sediments, availability of hydrogen-rich concentration is needed for the

formation of biogenic methane.

The formation of biogenic methane by methanogenesis is enhanced by injection of
CO; into saline aquifers. The methane formed could lead to the precipitation of
sulphide minerals and secondary carbonates. The reactions involved for precipitation
of these minerals will be discussed in section 5.3. Methane, CH4 has been detected in
the deep groundwater of carbon storage sites at Aspo in Sweden (Pedersen, 1992)
and in Olkiluto, Finland, (Pedersen, 2008), at concentrations as high as 1mM. This
supports the idea that methanogenesis is involved in the carbon cycle in deep storage
sites. Previous reactive transport modelling in CO, storage studies, however, often
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neglected these effects in their models. Neglecting the presence of this component in

the brine could overestimate the amount of CO, sequestered.

Organic matter plays an important role in methanogenesis. This role can be tested
using the potential redox reactions involved in the saline aquifers. The organic matter
available determines the extent of the redox front and the impacts on the physical and
chemical reactions during the CO, storage. It was reported that the organic
compounds can change rates and the extent of mineral dissolution and precipitation
reactions (Yang et al., 2011). A previous study used acetate to test the effects of
organic matter on the dissolution of anorthite (CaAl;Si;Og) and on subsequent
secondary mineral precipitation under conditions typical during CO, storage (35°C and
74.8 atm) (Yang et al., 2011).

Potential geological sequestration sites are known to have significant quantities of
methanogens and reducing bacteria (Chappelle, 2002; Lin, 2011). Studies on
microbial effects associated with CO, storage have been investigated in deep saline
aquifers by Kirk, (2011). A study revealed that CO; injection could potentially change
the proportions of methanogens and sulphate reducers in the deep subsurface
microbial community (Morozova et al., 2010). However, they did not address the effect
of microbial changes on precipitation of secondary carbonates minerals. Thus,
numerical modelling of geochemical processes is necessary to investigate the impact
of long term CO; injection in deep saline aquifers; especially for alumina silicate
mineral alteration as the reactions are very slow under ambient deep-aquifer

conditions and therefore are not easily assessed using laboratory experiments.

Previous studies on reactive transport simulations involving the quartzose lithic arkose
representative of the Frio Formation of the Texas Gulf Coast by Xu et al., (2004a) and
Xu et al., (2007) focused on mass transfer, mineral alteration and CO, sequestration
confined on either side by reactive shale. In addition, injection of CO, with H,S and
CO, with SO, were studied (Xu et al., 2005). However, none of these considered the

buoyancy effects that would tend to drive gases towards the top of the sandstone.
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The aim of this chapter is to constrain geochemical processes affecting long-term CO,
storage in the presence of organic matter and account for methanogenesis. The
models used kerogen (CH,O) to represent organic matter in the formation brine.
Special attention is placed on mineral dissolution/precipitation. In addition, changes in
porosity from dissolution/precipitation of minerals were investigated. This was
achieved using reactive transport modelling in carbonate and sandstone aquifers. The
model sites investigated are a Dogger and a Frio aquifer using previously published,
site-specific geochemical data. The aquifers, with contrasting geochemical
characteristics, had been chosen to illustrate two main expected phenomena. The two
main phenomena are CO; dissolution in the carbonate aquifer and the precipitation of
secondary carbonates in sandstone aquifer. Simulations were run using pure CO;
injection and mineralogy compositions reflecting field conditions. Fluid-rock
interactions were modelled using two-dimensional radial reactive transport models at a
temperature of 75°C and a pressure of 180 bar employing the TOUGHREACT
simulator. The change in porosity was calculated from changes in solid volume. The
CO, was injected at constant rate of 30 kg/s for 25 years. The simulations were then
run for 10,000 years for post-injection, which is the relevant timescale for the long-term

safety assessment of CO, storage (Credoz et al., 2009).

5.2 MATERIALS AND METHODS

5.2.1 GEOCHEMICAL DATA

The system was modelled using the initial formation water composition and the
primary mineral assemblage from Dogger and Frio aquifers as input data (Rojas et al.,
1989). Literature data (Apps, 1996; Palandri, 2004; Rojas et al., 1989) were used for
molar volumes, kinetic rate parameters and specific surface areas of primary and
secondary minerals. The composition for the mineral assemblages was taken from
samples of the Midale Jurassic of the Paris Basin, France and of the Frio formation in
Texas, U.S.A (Tables 5.1 and 5.2). In the Dogger aquifer, kaolinite, magnesite,
dawsonite, anhydrite, halite, pyrite, siderite and chalcedony could be formed after CO,
injection and are specified as secondary minerals in the simulations. In Frio aquifer,

the secondary minerals were specified as magnesite, dolomite, siderite, ankerite,
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dawsonite and Ca-smectite. All possibilities of secondary carbonate and clay minerals
were covered in the simulations, which were based on previous studies of modelling
(André et al., 2007; André et al., 2010; Gaus, 2005; Xu et al., 2007; Xu et al., 2010),
laboratory experiments (Bénézeth, 2009; Bénézeth, 2007; Knauss, 2005; Wolf, 2004)
and field observations (Moore, 2005; Watson, 2004b; Worden, 2006).

The Dogger aquifer belongs to a large intra-cratonic sedimentary basin. The formation
is over 15,000 km? area and lies between 1500 and 2000 m depth. The formation
predominantly has a limestone assemblage, which is 200 to 300 m thick and confined
between the Liassic and Upper Callovian marls. In a previous study by André et al.,
(2007), the composition was shown to consist of carbonates (85 (w/w)%) and alumina
silicates (15 (w/w)%). Goethite (FeOOH) often forms in hydrothermal deposits and can
be found in the form of oolites in aquifers. Goethite is a Fe** bearing mineral. In
contrast, siderite is the Fe?* end member component of carbonates. Using siderite
(FeCOs3) as a substitute for goethite underestimates the amount of carbonate
precipitation and hence the extent of CO, sequestration. In the Dogger aquifer,
significant concentrations of H,S is thought to be produced in-situ by sulphate
reducing bacteria (Castillo and Ignatiadis, 2012). Evidence of these processes was
obtained from fluid chemistry and sulphur isotopic composition. Thus, in the present
study, precipitation of pyrite was incorporated. 1 (w/w)% of Type Il kerogen (CH,0)
represented the organic matter was assumed to present in the aquifer. All of the
modifications mentioned above were incorporated into the models and the modified
models were believed to be more closely reflect the formation conditions than previous

studies.

A proxy sediment from the United States Gulf Coast was used to represent the Frio
aquifer (Apps, 1996). The composition is representative of a quartzose lithic arkose
with 56 (w/w)% quartz, 28 (w/w)% feldspar and 16 (w/w)% lithic fragments. The main
characteristic of these sediments is the maturity of the organic matter and its migration
into structural traps. Thus, it is necessary to include maturing of organic process in the
simulation. This is best explained by the presence of shale confining beds of the Gulf
Coast that consists of substantially larger mass than the aquifer beneath. The shale is

estimated to contain organic C composition of 1 (w/w)%. Because of this, 1 (w/w)% of
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Type Il kerogen (CH,O) was included in the present model. In addition, a small
amount of hematite (1 (W/w)%) was incorporated to represent the impurity in Fe®*

bearing sediments. This is similar to work by Gherardi et al., (2007).

Table 5.1: Composition of initial primary and secondary minerals
for Dogger carbonate taken from Rojas et al., (1989). The initial
mineralogy assemblage consists of 85 (w/w)% carbonates and 15
(W/w)% alumina silicates. The carbonates minerals are calcite,
dolomite and goethite. The alumina silicates minerals are illite,
albite and microcline.

Minerals Reactive surface Initial Composition
area (cm?/g) (Volume fraction, %)
Primary:
Calcite - 0.70
Dolomite 9.8 0.10
Goethite 9.8 0.05
lllite 151.6 0.05
Albite 9.8 0.05
Microcline 9.8 0.05
Secondary:
Kaolinite 151.6 0.00
Magnesite - 0.00
Dawsonite - 0.00
Anhydrite - 0.00
Halite - 0.00
Pyrite - 0.00
Siderite 9.8 0.00
Chalcedony 9.8 0.00
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Table 5.2: Composition of initial primary and secondary mineral
assemblage for Frio sandstone taken from Apps, (1996). The
initial mineralogy assemblage consists of 56 (w/w)% quartz, 28
(W/w)% feldspar and 16 (w/w)% lithic fragments. The feldspar are
oligoclase (20 (w/w)%), and K-feldspar (8 (w/w)%). The lithic
fragments consist of kaolinite (2 (w/w)%), calcite (3 (w/w)%), illite
(1 (w/w)%), Na-smectite (4 (w/w)%), chlorite (5 (w/w)%), and
hematite (1 (w/w)%).

Minerals Reactive surface Initial Composition
area (cm?/g) (Volume fraction, %)
Primary:
Quartz 9.8 0.56
Kaolinite 151.6 0.02
Calcite 9.8 0.03
lllite 151.6 0.01
Oligoclase 9.8 0.20
K-feldspar 9.8 0.08
Na-smectite 151.6 0.04
Chlorite 151.6 0.05
Hematite 12.9 0.01
Secondary:
Magnesite 9.8 0.00
Dolomite 9.8 0.00
Albite-low 9.8 0.00
Siderite 9.8 0.00
Ankerite 9.8 0.00
Dawsonite 9.8 0.00
Ca-smectite 151.6 0.00
Pyrite 12.9 0.00

Prior to simulating reactive transport for both formations, a batch geochemical model
of water-rock interaction was performed to generate an aqueous-phase chemical
composition approaching the composition of typical formation brine. This was done by
equilibrating a 1.0 molarity (M, mol/l H,O) solution of sodium chloride in the presence

of the primary minerals listed in Table 5.1 and 5.2 at a temperature of 75°C.

Ten aqueous species from the Dogger and Frio formations were included in the

simulations (Table 5.3 and 5.4). This formation water is the result of initial equilibrium

with calcite, disordered dolomite and chalcedony (Michard and Bastide, 1988). The
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down hole temperatures are between 55°C and 85°C and the formation water
salinities are between the range of 6.4 g/l and 35 g/l (Castillo and Ignatiadis, 2012). In

this study, a temperature of 75°C and a salinity of 35 g/l were employed.

Table 5.3: Chemical composition of Dogger carbonates formation water
(Michard and Bastide, 1988) after equilibrium with the initial primary
minerals as in Table 5.1.

Parameter Value Elements Concentration
(M)
Temperature 75°C Na* 7.9 x 10
pH 6.5 K* 3.1x10°
Ca®* 3.1x10°
Mg?* 9.1 x 1073
A" 4.4 x 108
Fe?* 1.7 x 10°
o} 7.1 x 1072
S0.% 2.1 %1072
SiOy 4.4 x 107
HS 3.5x 107

Table 5.4: Chemical composition of Frio sandstone formation water
after equilibrium with the initial primary minerals as in Table 5.2.

Parameter Value Elements Concentration
(M)
Temperature 75°C Ca”* 1.6 x 10°
pH 6.7 Mg** 9.1 x 10”7
Na* 59 x 107
K* 1.2 x 107
Fe?* 8.3 x10°
SiOy 8.9 x 107
C 4.2 x10°
S0.* 1.3 x 107
A" 58 x 10"
Cr 4.2 x 10°
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5.2.2 KINETIC PARAMETERS

Dissolution and precipitation of minerals in the system were kinetically controlled. The

rates of mineral dissolution and precipitation rates were derived from Lasaga, (1984):
rate, = A, k(T ), (a,.)'[1-(0, /K,)] (5.1)

where the subscript m is the mineral index, rate, is the dissolution/precipitation rate,

A4 is the reactive surface per kg water, k(T) is the temperature dependent rate

constant, a,. is the proton activity, » is the order of the reaction (0 < n<1), K is the

m

equilibrium constant for the mineral water reaction written for the dissolution of 1 mol

of mineral and Q,, is the reaction quotient. The last term in the equation (5.1) takes

into account the rate of reactions, which depend on how far the system is from
chemical equilibrium, that is, the degree of super- or under-saturation. The rate
constants for all minerals were extrapolated to the field conditions temperature of

348.15 K from reported rate constants at 298.15 K using the Arrhenius relation:
k(T )=k,;exp[-E, (R(1/T —1/298.1))] (5.2)

where E_is the activation energy (J/mol), k,; is the rate constant at 25 °C (mol/m?s), r

is the gas constant (8.314 J/mol K) and 7 is the temperature (K). The rate constants

at 298.15 K were taken from the literature.
Multiple mechanisms (neutral, acid and base) were simulated for the dissolution and

precipitation of minerals. At any given pH, the total rate is the sum of the rates via

each mechanism (Palandri, 2004):

“E, (1 1 “E (1 1
k=k> ex | — +k7 ex, al (—— j al +
& p{ R (T 298.15)} " p{ R \T 29815)"

- F 1 1
k2 exp| —2L| Z — alon
oH p{ R [T 298.15)} oH

(5.3)
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where subscripts nu , 7 and OH indicate neutral, acid and base mechanisms,

respectively, £, is the activation energy, k,; is the rate constant at 25°C, R is the

gas constant (8.314 J/mol K), 7 is the absolute temperature (75°C), a is the activity of

the species and n is the order of reaction (0 < n<1).

Table 5.5: Kinetic parameters for mineral dissolution and precipitation for Dogger
carbonate (Palandri, 2004).

Acid mechanism Neutral mechanism Base mechanism

Log k Ea n Log k Ea Log k Ea n
Calcite -0.30 14.40 1.00 -5.81 23.50 -3.48 35.4 1.00
Dolomite -5.19 36.10 1.00 -7.53 52.20 -5.11 34.80 1.00
Goethite -5.19 36.10 1.00 -7.53 52.20 -5.11 34.80 1.00
Quartz,alpha - - - -13.99 87.70 - - -
Microcline -10.06 51.70 0.50 -12.41 38.00 -21.20 94.10 -0.82
lllite -12.71 48.00 0.22 -14.41 48.00 -14.41 48.00 -0.13
Magnesite -6.38 14.40 1.00 -9.34 23.50 -5.22 62.80 1.00
Anhydrite - - - -3.19 14.30 - - -
Halite - - - -0.21 7.40 - - -
Dawsonite - - - -7.00 62.80 - - -
Kaolinite -11.31 65.90 0.78 -13.18 22.20 -17.05 17.90 -0.47
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Table 5.6: Kinetic parameters for mineral dissolution and precipitation for Frio
sandstone (Palandri, 2004).

Acid mechanism Neutral mechanism Base mechanism
Log k Ea n Log k Ea Log k Ea n
Quartz - - - -13.99 87.7 - - -
Kaolinite -11.31 65.9 1.00 -13.16 22.2 -17.05 17.90 1.00
Calcite -0.30 14.4 1.00 -5.81 235 - - -
llite -10.98 23.6 1.00 -12.78 35.0 -16.52 58.90 1.00
Oligoclase -9.67 65.0 1.00 -11.84 69.8 - - -
K-feldspar -10.06 51.7 0.50 -12.41 38.0 -21.20 94.10 0.82
Na-smectite -10.98 23.6 0.34 -12.78 35.0 -16.52 58.90 -0.40
Chlorite -11.11 88.0 0.50 -12.52 88.0 - - -
Hematite -9.39 66.2 1.00 -14.60 66.2 - - -
Magnesite -6.38 14.4 1.00 -9.34 23.5 - - -
Dolomite -3.19 36.1 0.50 -7.53 52.2 - - -
Albite -10.16 65.0 0.46 -12.56 69.8 - - -
Siderite -3.80 45.0 0.90 -8.90 62.8 - - -
Ankerite -3.80 45.0 0.90 -8.90 62.8 - - -
Dawsonite -3.80 45.0 0.90 -8.90 62.8 - - -
Ca-smectite -10.98 23.6 0.34 -12.78 35.0 -16.52 58.90 -0.40
Pyrite -11.31 65.9 0.78 -13.18 22.2 -17.05 17.90 -

Possible secondary minerals formed during the dissolution/precipitation process are
shown in Table 5.1 and 5.2. All the precipitated and dissolved minerals are
represented using the same kinetic rate expressions. The initial volume fraction of

solid minerals is represented as v, =0, where Vv, is mineral volume fraction.

Precipitation of secondary minerals can differ in several aspects. The aspects that
must be taken into account are nucleation, Ostwald ripening, crystal growth processes
and reactive surface (Plummer, 1978; Steefel and Van Cappellen, 1990). Due to
coating, interaction with the minerals is generally expected to occur only at selective
sites of the mineral surface and the actual reactive surface area could be between one
and three orders of magnitude less than the surface roughness base surface area

(Lasaga, 1995; Zerai, 2006). To account for these effects, a surface roughness factor
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of 10 was incorporated and defined as the ratio of the true (BET) surface area to the
equivalent geometric surface area. The reactive surface areas used in this chapter for
all minerals are similar to those of Zerai, (2006) and Knauss, (2005), who used a total

surface area of about 10 cm?/g mineral.

The initial surface area of each primary mineral was calculated from its volume fraction
multiplied by the total surface area. As the surface areas change with time in complex
ways, the relation between time and surface areas of primary minerals to the mineral

volume fraction is represented as:

i (5.4)

AZAO—()
vy

where 4, and ¥, are the reactive surface areas and volume fraction of a primary

minerals, respectively, and superscript zero indicates the values at initial time. The
reactive surface areas for secondary minerals were set to 0.25 m?%dm?®. For clay
minerals, the reactive surface areas were increased by two orders of magnitude,
based on the assumption that the particles were in the range of 0.1 to 1 um in
diameter and 0.01 — 0.1 um thick.

5.2.3 CO, SOLUBILITY

To calculate the CO; solubility in brine, gaseous and aqueous CO; were assumed to

be in equilibrium, thus, CO,,, = CO

(aq)- 1h€ reaction was expressed using the mass-

action law:

KgP=yC (5.5)

where K is the equilibrium constant, ¢ is the gaseous CO, fugacity coefficient, P is
the partial pressure (bar), y is the aqueous CO, activity coefficient and C is the

aqueous concentration (mol/kg H,0).

The equilibrium constants at temperatures of 0, 25, 60, 100, 150, 200, 250 and 300°C

were calculated using the relationship:
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b, b
logK:bjlnT+b2+b3T+?"+T—52 (5.6)

Based on log K values at these temperatures given in EQ3/6 geochemical database

(Wolery, 1992), the following values of the coefficients were obtained:
b, = 65.48,b, =—425.5,b, =—0.05301,b, = 24010,b, =—1.22x10° (5.7)

The gas phase was normally assumed to behave ideally at low pressures (close to
atmospheric pressure), thus, the fugacity coefficient is unity. However, in the case of
an aquifer, where the temperature and pressure are higher, the assumption of an ideal
gas is no longer applicable. Because of this, the fugacity coefficient of the gas needs
to be corrected based on the desired temperature and pressure of the aquifer studied.
According to Spycher and Reed, (1988), the fugacity coefficients can be corrected and

calculated by:
a
ln¢:(F+—+0jP+(F+—+f)— (58)

where P is the total gas pressure of vapour and CO,, 7 is the absolute temperature,
and a,b,c,d,e, f are constants fitted from experimental data. For P-T ranges of 50 to

350° C and up to 500 bars, the fitted constants have the following values:

a=-1430.87,b=3.598,c=-2.27376 x107 ,d = 3.47644,e = —1.04247 x 107, f = 8.46271x 10"

Examples of equilibrium calculations between aqueous and gas phase show that ideal
mixing of real gases is an adequate approximation in the above-mentioned P-T ranges
(Spycher and Reed, 1988).

As discussed in Chapter 2, at high ionic strength NaCl solution, the CO; (aq) activity
coefficient should be corrected to account for the salting-out effect (Drummond, 1981):

1

G
Iny= (C+FT +?j1—(E+HT)(mJ (5.9)
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where 7 is the absolute temperature, 7 is ionic strength (or NaCl molality) and
C,F,G,E,H are constants. The values are 1.0312, 0.0012806, 255.9, 0.4445,

0.001606 for C,F,G,E,H , respectively. This expression was previously used in the
geochemical modelling code EQ3/6 (Wolery, 1992). The ionic strength 1 is defined
by:

1
I:Echzf (5.10)

where the summation is for all aqueous species, ¢,and z, are concentration (mol/kg

H,0) and electrical charge of species i, respectively.

5.2.4 MODELLING APPROACH

5.2.4.1 CONCEPTUAL MODEL

The fluid-rock interactions of a homogenous aquifer had been tested using two sets of
simulations: kinetic batch and reactive transport modelling. The kinetic batch models
were run to establish the initial conditions for the subsequent simulations. Kinetic
batch modelling does not consider any fluid flow in the model but allows a study of the
important reactions involved in the storage process. In numerical modelling, it is
essential to perform kinetic batch modelling prior to reactive transport modelling. This
is to provide a preliminary outlook on long-term geochemical impacts of minerals
dissolution and precipitation. On the other hand, the reactive transport modelling was
used to assess how dissolved CO, may migrate in the aquifer, causing dissolution or

precipitation in a transient front that moves slowly through the formation.

In this study, the kinetic batch simulations were run in two steps. First, the simulations
were run without considering the presence of CO; in the models. This is to assess the
reactivity of initial brine with minerals. Then, second simulations were run to consider
models containing CO,. This is to access the effects of CO;, on dissolution and

precipitation of minerals in the aquifer.
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The kinetic batch model was represented by a domain 2,000 m x 2,000 m area with a
thickness of 200 m (Figure 5.1). The initial brine compositions in the aquifer used in
the models are given in Table 5.3 and 5.4 with the minerals listed in Table 5.1 and 5.2.
In the kinetic batch model with CO,, the simulations were run using kinetic parameters
for a period of 10,000 years. This time period was chosen as this is the legal minimum
retention time to contain CO; safely in saline aquifers (Lindeberg, 2002a). CO, was
injected at constant rate of 30 kg/s for 10,000 years. Simulations were performed at
isothermal conditions of 75°C and pressure of 180 bar. These values indicate that the

CO; is under supercritical (sc) conditions as described in Chapter 3.

The change of porosity was calculated from solid volume changes due to minerals
dissolution and precipitation. The changes in porosity caused by the minerals

reactions were calculated according to:

(5.11)

where, ¢,_, is the initial porosity, ., is the moles of dissolved minerals i at time of

it
simulations, V;, is the molar volume of dissolved minerals i at time of simulations and

V... is the total initial minerals volume of the system.

2000 m

2000 m /

Dogger (carbonate) or Frio
(sandstone)aquifer

200 m

Figure 5.1: The dimensions of kinetic batch model of Dogger carbonate and Frio
sandstone aquifers. The model was assumed as homogenous with porosity of 0.15
and 0.10 for carbonate and sandstone, respectively.
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For the reactive transport modeling, the model was run with a simplified two-
dimensional cylindrical homogenous domain. The physical properties of the aquifer
were those taken from the Dogger aquifer in the Paris basin, France and from the Frio
aquifer in Texas, U.S (Table 5.7).

The dimensions for the reactive transport model are shown in Figure 5.2. The model
was represented as a 200 m thick aquifer with a vertical injection well in the centre.
The bedrock and cap rock are assumed to be impervious. No regional flow was
considered and the volume of the outer grid element is specified a large value of 10%°
m°, representing an infinite lateral boundary for constant pressure. The maximum
radial extent was 10 km. The system under consideration was represented by 4880
grid blocks comprising the model mesh. The radius of the injection well was 0.3 m.
Along the radius axis, 99 grid blocks were considered between 10 and 100 m and 22
grid blocks were considered between 100 and 10,000 m. In each interval, the widths
of the radial elements increased logarithmically from the well. The model grid was
made finer near the injection well. This is to provide better concentration resolution for
the CO, plume and represent precisely the geochemical reactions due to the
perturbation of CO, in the near-well region. The mesh is more refined near the
injection well, where most of the multiphase effects take place, while it is coarser at
larger distance. In the vertical direction, a total of 100 layers were used with a constant

spacing of 2 m.

A three dimensional model was not considered in this study because of computational
constraints. The CO, was injected through the vertical injection well through the centre
of the aquifer and was applied at the bottom portion of the aquifer with a constant rate
of 30 kg/s for 25 years. After injection ceased, the CO, was allowed to reach
equilibrium within the aquifer for 10,000 years. The two dimensional radial model of
fluid flow and geochemical transport was simulated for a period of 10,000 years, which

is a relevant time scale for CO, geological sequestration (Lindeberg, 2002a).
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5.2.4.2 SIMULATION CONDITIONS

Simulations were performed for isothermal conditions at a temperature of 75°C. The
initial pressure value was 180 bar. Under the prescribed pressure and temperature
conditions, the fugacity of CO, was calculated according to the equations given by
Spycher and Pruess, (2005). The initial boundary conditions used in the simulations
were presented in Table 5.7. The formations were assumed to be homogenous. The
initial porosity of the Dogger carbonate and Frio sandstone were 0.15 and 0.10,
respectively. The vertical and horizontal permeabilities were assumed to have the

same value of 1073 m.

Table 5.7: The initial boundary conditions used in the
simulations for the Dogger carbonate and the Frio sandstone.

Parameters Value
Rock properties
Porosity 0.15 (Dogger), 0.10 (Frio)
Permeability 107"
Rock grain density 2750
Formation heat conductivity 2.51
Rock grain specific heat 900
Relative permeability
parameters
( Van Genuchten model)
m=1-1/n 0.457
Residual liquid saturation 0.300
Maximum liquid saturation 1.000
Residual gas saturation 0.050
Capillary pressure parameters
(Van Genuchten model)
m=1-1/n 0.457
Residual liquid saturation 0.300
Po (Pa) 19607
Pmax (Pa) 10’
Maximum liquid saturation 1.000
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Figure 5.2: Two-dimensional conceptual cylindrical model for injection of CO; into a
homogenous carbonate and sandstone aquifers. The CO, mass injection rate was
30kg/s. Injection was constant for 25 years. The conditions were at T=75°C and
P=180 bar. The aquifer was assumed to be homogenous.

5.2.4.3 MODELLING SIMULATOR

The isothermal reactive geochemical transport simulator TOUGHREACT (Xu and
Pruess, 2001) was used to simulate the models. In this chapter, the models require a
tool that is capable of simulating CO,-multiphase flow and analyzing dynamically
partial pressure each grid block at each time step. A conventional geochemical
modelling tool such as PHREEQC, which was used previously in Chapter 4, could not
be used as this simulator can only deal with single-phase water flow under one-
dimensional constant flow velocity conditions. Thus, in this study, a more
comprehensive modelling tool such as TOUGHREACT was used to address more
complex multi-dimensional problems that involve multi-phase fluid and geochemical

reactions.

TOUGHREACT introduces reactive chemistry into the multiphase fluid and heat flow
simulator TOUGH2 (Pruess, 2004). A fluid property module, ECO2N, which describes
the thermodynamics for H,O-CO,-NaCl mixtures, based on work by Spycher and
Pruess, (2005) was used. This provides an accurate description of the thermo-physical
properties of mixtures of water and CO, under conditions typically encountered in
saline aquifers of interest for CO, disposal (31 °C<7<110°C; P <600 bar). To consider

the effect of the dissolved CO, on salinity, the simulator uses an extended Debye-
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Hickel model to determine activity coefficients of dissolved species in the brine
(Helgeson et al., 1981).

The numerical method for fluid flow and chemical simulations used by the simulator is
based on the integral finite difference (IFD) method for space discretization. The
method provides flexible discretization of geologic media and the use of irregular grids
is permissible. An implicit time-weighting scheme is used for the flow, transport and
kinetic geochemical equations. The simulator uses a sequential interactive approach

for the coupling between transport and geochemical reactions.

The simulator is well suited for one-, two- and three-dimensional porous media
problems with or without physical and chemical heterogeneity. In addition, the
simulator can accommodate any number of chemical species present in the liquid, gas
and solid phase. Furthermore, a broad range of subsurface physical-chemical
processes can be considered under various hydrological and geochemical conditions
of pressure, temperature, ionic strength, pH and Eh. Further details on the process

capabilities are given in Xu et al., (2006).

5.3 RESULTS AND DISCUSSION

The results from kinetic batch modelling and two dimensional reactive transport
modelling for two chosen aquifers lithologies: carbonate and sandstone are presented

in this section.

5.3.1 KINETIC BATCH MODELLING WITHOUT CO, FOR CARBONATE AND
SANDSTONE AQUIFERS

In the Dogger carbonate studied, a slight decrease in porosity 0.2 x 107 is observed
(Figure 5.3). This change was caused by dissolution of primary carbonates and illite
resulting in minor re-precipitation of secondary carbonates such as calcite and
precipitation of dawsonite. The precipitation of secondary carbonates is approximately
3 moles per m* of medium over 10,000 years.
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For the Frio sandstone, no change in porosity was observed (Figure 5.4). The very
small precipitation of secondary minerals was due to the low concentrations of divalent
cations in the sandstone aquifer. The precipitation of secondary carbonates was

approximately 1.4 moles per m? of material over 10,000 years.
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Figure 5.3: The dissolution and precipitation of significant minerals prior to CO,
injection for kinetic batch modelling in carbonate aquifer. Negative values indicate the
dissolution of minerals. Positive values indicate the precipitation of minerals. The
simulation conditions were at T=75°C and P=180 bar.
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Figure 5.4: The dissolution and precipitation of significant minerals prior to CO,
injection for kinetic batch modelling in sandstone aquifer. Negative values indicate the
dissolution of minerals. Positive values indicate the precipitation of minerals. The
simulation conditions were at T=75°C and P=180 bar.
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5.3.1.1 EVOLUTION OF CO, AND CHyg4

The calculated partial pressure of CO, and CHy is presented in Figures 5.5 and 5.6.
From Figure 5.5, it can be seen that at the lowest values of pH, the CO, partial
pressure tends to be the highest. This is because the highest CO, concentration
caused the largest pH drop. After 2,000 years, CO, disappeared and CHy is still being
evolved (Figure 5.5 and 5.6).
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Figure 5.5: Evolution of CO, in the Dogger carbonate and Frio sandstone over
simulation periods of 10,000 years without CO, injection. The simulation conditions
were at T=75°C and P=180 bar.
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Figure 5.6: Evolution of CH4 in the Dogger carbonate and Frio sandstone over
simulation periods of 10,000 years without CO; injection. The simulation conditions
were at T=75°C and P=180 bar.
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Both CO, and CH,4 from methanogenesis without the presence of CO; injection are
evolved over different periods during the simulations. In the present study, the models
considered only aqueous CO; and CH4. To calculate the partial pressure of these
components in the gas phase, the mass-action equation for equilibrium as in equation
5.12 was used. CHj (g) = CHaaq) Was assumed. The CH4 gaseous fugacity coefficient
and aqueous activity coefficient are equal to one. Thus, CH,4 partial pressure was

calculated by:

Fey, = Cen, /KCH4 (5.12)

where P is the partial pressure (bar), C is the aqueous concentration (mol/kg H,O)

and K is the equilibrium constant.

The changes in Eh (measured as redox potential) due to the formation of COz and CHg4
is plotted in Figure 5.7 for carbonate and sandstone aquifers. The evolution of Eh is
consistent with the generation of CH, in the system. During short term reactions (0-
100 years), there is a slight increase in Eh from -0.16 to 0.08 V. This could be due to
the generation of CO, from methanogenesis. However, during long term reactions
(100-10,000 years), the CO; is depleted and CH4 dominates the system (Figure 5.5
and 5.6). As shown in Figure 5.7B, the Eh tends to decrease in the presence of high

concentrations of CHy in the system.
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Figure 5.7: Evolution of the Eh for kinetic batch modeling with CO, in the Dogger
carbonate and Frio sandstone. A. Short-term reactions (0-100 years). B. Long term
reactions (100-10,000 years). The simulation conditions were at T=75°C and P=180
bar.
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5.3.2 KINETIC BATCH MODELLING WITH CO, FOR CARBONATE AND
SANDSTONE AQUIFERS

The results are presented into three subsections: changes in pH and Eh, mineral

dissolution/precipitation and the generation of CO, and CH, in the models.

5.3.2.1 CHANGES IN PH AND EH

In the carbonate aquifer, following the injection of CO, into the system, the pH
decreases from 6.5 to 3.5 (Figure 5.8A) within 10 years and thereafter gradually
increases to 6.7 over 1,000 years and remains constant during the following 10,000
years. The injected CO; controls the available CO; in the system and the evolution of
the pH. The dissolution and precipitation of the minerals is discussed in section
5.3.2.2. The amount of injected CO; results in significant amounts of dissolved CO,in
the brine and as a result increases mineral dissolution. Minerals such as calcite
dissolve rapidly, leading to an increase in pH and porosity. Equilibrium of the minerals
is attained after 1,000 years of reactions (Figure 5.8B). This can be explained by
insignificant changes of pH after 1,000 years. At this later stage, all the injected CO,

has been dissolved into the brine and fully reacted with the minerals.

In the sandstone aquifer, a similar trend is observed for the pH during the first ten
years of injection. The initial pH of 6.7 dropped to 4 (Figure 5.9A) and the pH stayed
constant after 10 years due to low reactivity of sandstones. During the initial stage of
the reactions (0-10 years), the acidic brine reacts with the limited amount of calcite
and after 3,000 years (Figure 5.9B) slower dissolving alumina silicates (refer to Table
5.6). The most significant reaction is the dissolution of albite. The dissolution of

minerals increases the concentration of HCOs3', which contribute to on higher pH.
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Figure 5.8: Evolution of the pH for the system with dissolved CO, in the carbonate
aquifer rock. Reactions were run A. Short-term (0-100 years) and B. Long term (100-
10,000 years). A significant drop of pH from 6.7 to 3.8 is observed during 10 years of
reactions due to large amount of injected CO, into the brine. The dissolved CO,
subsequently reacts with primary minerals, as in this case with calcite. Calcite
dissolves rapidly due to its fast kinetic rates compared to other minerals present (see
Table 5.5). At a later stage (100-1,000 years), high concentrations of HCO3™ obtained
from dissolution of silicate minerals especially albite increases the pH to 6.7. The pH
stays constant after 1,000 years of reactions as all of the minerals have reacted. The
initial fugacity f;,> controls the available CO; in the system. The simulation conditions
were at T=75°C and P=180 bar.
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Figure 5.9: Evolution of the pH for the system with dissolved CO, in the sandstone
aquifer rock. The CO,was injected at 30 kg/s for 25 years. The simulations were first
run for 25 years to account for the injection period followed by 10,000 years to account
for the retention period. The simulation conditions were at T=75°C and P=180 bar. A.
Evolution of pH during short-term reactions (0-100 years) and B. Evolution of pH
during long term reactions (100-10,000 years). The initial fugacity f,» controls the
available CO; in the system. A significant drop of pH from 6.7 to 3.8 is observed
during 10 years of reactions due to large amount of injected CO, into the brine. The
dissolved CO, reacts with primary minerals, initially with (a limited amount of) calcite
due to its fast kinetic rates compared to other minerals (see Table 5.6) and at a later
stage (100-1,000 years with alumina silicates minerals especially albite), leading to a
significant increase in the pH to 6.7 after 3,000 years. The pH stays constant after this
period as all of the minerals have reacted.
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The dissolution of CO, in water forms carbonic acid and its subsequent dissociation is
known to cause a decrease in pH as a result of agueous phase proton enrichment
(Reaction 5.1, Table 5.8). The changes in pH trigger the dissolution of minerals and
the subsequent release of chemical elements into the brine. However, the production
of HCO3; subsequently leads to precipitation of minerals. In addition, these changes
may significantly affect the extent and rate of chemical, biological and hydrological
reactions, which may control the elements mobility in the aquifer. Previous studies on
experimental and modelling indicated that CO, could induce a decrease in aqueous
pH of 1 to 3 units (Kharaka, 2010; Little, 2010; Lu, 2010; Vong, 2011; Wei, 2011). This

is consistent with this study.

A poorly buffered system (e.g., Frio sandstone) lacks the ability to resist changes in
pH. In such systems, the decrease in pH due to the dissolution of CO;into solution is
generally more apparent and the risk of a pH-induced perturbation to environmental
quality is more significant and prolonged compared to well-buffered systems (McGrail,
2006; Wilkin, 2010).

Buffering occurs when dissolved CO; reacts, for instance, with reactive carbonates
such as calcite, K-feldspars and clays (Reactions 5.2, 5.3, and 5.4, Table 5.8). These

reactions may provide sufficient buffering capacity (via HCO; alkalinity) to resist

drastic changes in pH. The presence of calcite or other reactive carbonates in a host
aquifer will have a major impact on how the chemical reactions evolve during injection
of CO.. If CO, dissolved into brine is in equilibrium with carbonate minerals, the total

HCO,, ,,COZ

amount of dissolved inorganic carbon (CoO vaar» CO3rua)

) in the Dogger aquifer

2(aq)
is greater compared to the Frio aquifer. Dissolution of carbonate minerals such as
calcite will partially neutralize the acidic brine due to the injection of CO,. The nature of
the formation mineralogy is expected to exert an important control on pH changes.
Minerals other than carbonates such as albite (Reaction 5.5, Table 5.8) could also
react with dissolved CO, to release cations, produce bicarbonate and buffer pH.
However, this reaction tends to be extremely slow due to its slow kinetic rates (Table
5.5 and 5.6).
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The electron availability usually controls the oxidation/reduction reaction and this
availability is expressed as redox potentials. Decomposition of organic matter such as
Type Il kerogen through methanogenesis often serves as catalysis for the release of
electrons from a substance. Organic matter is an important electron donor in the
aquifer. If organic matter was represented in the most simple way as (CH,O), , which
is the general formula for carbohydrate, then the half reaction for oxidation is given by
Reaction 5.6, Table 5.8.

In the absence of oxygen (in anaerobic environments such as in saline aquifers), the
prominent electron acceptors are Fe (lll) oxyhydroxide minerals (Reaction 5.7, Table
5.8). Concentrations of dissolved CO, in the aquifer can be increased through
methanotrophic oxidation of CH,4, thus, enhancing its impact on geochemical
processes. CH,4 can be induced from Reaction 5.7 (Table 5.8) and can be re-oxidized
by anaerobic methane oxidation (AMO) by sulphate-reducers, resulting in further
biogenic carbonate formations (Reaction 5.8, Table 5.8). The AOM process increases
the alkalinity of the pore water and therefore may result in co-precipitation of

carbonate minerals (Moore, 2005) This is similar to what was observed by Chen,

(2007) and Michaelis, (2002). X *"in Reaction 5.8 (Table 5.8) could be any carbonate
forming divalent metal (e.g., Ca**, Mg?* or Fe?*). Reactions 5.7 and 5.8 in Table 5.8
yield Fe?* and S? that lead to the formation of pyrite in the aquifers. When all electron
acceptors are exhausted, H" (protons) can serve as the final electron in the aquifers
(Reaction 5.9, Table 5.8).

It is important to study the impact of CO; injection on the redox conditions of the
aquifer. The electron availability usually controls the oxidation/reduction reactions and
this availability is expressed as redox potential, Eh. Changes in redox conditions
influence and control the extent and rate of chemical, biological and hydrological
reactions during CO; storage. The modelling results show that increasing CO, rates
could result in shifting the system redox conditions that favour the formation of
secondary carbonate minerals. The shift in system redox conditions can be seen from

changes in pH (discussed above) and Eh (Figure 5.10).
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Figure 5.10: Evolution of the Eh in the system with dissolved CO; in the aquifer rock.
Reactions are A. Short-term (0-100 years) and B. Long term (100-10,000 years). The
simulation conditions were at T=75°C and P=180 bar.

The pH and Eh in the subsurface are interdependent. This is because most redox
reactions involve protons. Shifts in Eh influence the speciation of redox sensitive
elements, thus, the dissolution or precipitation of redox-sensitive minerals. The
injection of CO, can potentially cause the greatest effect on redox shift when injected
into aquifers that contain Fe oxides and oxyhydroxide in the aquifer (Noubactep et al.,
2008; Sasaki et al., 2010).
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The relationship between Eh and pH and their combined influence on system

geochemistry is commonly represented using the Nernst Equation:

=g~ 0% 0, s
n aoxioz'a[.fr

(5.13)

where Eh is the redox potential of the reaction, £’ is the standard state redox
potential, n is the number of electrons involved in the reaction, mis the number of

proton involved in the reaction, a_,a ., a, . are the chemical activity of the reduced

red, " oxid,™ g+

species, oxidized species and protons, respectively (McBride, 1994).

5.3.2.2 MINERAL DISSOLUTION AND PRECIPITATION AND CHANGES IN
BRINE CHEMISTRY

The dissolution and precipitation of minerals over time for kinetic batch modelling for
both aquifers are discussed in this section. The CO, dissolved in the brine after
injection causes minerals to dissolve and precipitate. The pH initially decreases when
the brine is first in contact with CO,, which leads to the dissolution of carbonates. The
dissolution of carbonates stabilizes pH at values of 5.8 and 5.9 in the carbonate and
sandstone aquifer, respectively. The higher pH triggers minerals to precipitate. The
mass of carbonate dissolution is minor when compared to the mass of minerals that
precipitate over long time scales. Alumina-silicate reactions dominate the geochemical
interactions over longer time scales due to their slow kinetic rates, as shown in Tables
5.5and 5.6.

In the Dogger carbonate, the most significant reaction is the dissolution of calcite
(Figure 5.11). The dissolution of calcite occurred first due to its fast kinetic rates (Table
5.5 and 5.6). As illustrated in Figure. 5.11, a small quantity of calcite dissolves rapidly
during the first 100 years and in equilibrium with the brine. The dissolution of albite in
the Dogger carbonate (Figure 5.11) leads to higher concentrations of Al**in the brine.
The dissolution of albite is represented in Reaction 5.10, Table 5.8. Acidic brine
caused by the dissolution of CO; is neutralized by the dissolution of these minerals.
This can be explained by the precipitation of dawsonite (Figure 5.12) using high
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concentration of Na* was obtained from the brine itself.
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Figure 5.11: The dissolution and precipitation of primary minerals during short term
reactions after CO; injection for kinetic batch modelling in the carbonate aquifer.
Positive values indicate the precipitation of minerals. CO, was injected at 30kg/s for 25
years. The simulation was then run for another 10,000 years. The simulation
conditions were T=75°C and P=180 bar.
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Figure 5.12: The dissolution and precipitation of secondary minerals during long term
reactions after CO; injection for kinetic batch modelling in the carbonate aquifer.
Positive values indicate the precipitation of minerals. CO; was injected at 30kg/s for 25
years. The simulation was then run for another 10,000 years. The simulation
conditions were T=75°C and P=180 bar.
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In the Frio sandstone, much of the bicarbonate that forms from the dissolution of CO>
is removed from the brine by precipitation of dolomite. The dissolution of chlorite
(Figure 5.13) consuming calcite (Figure 5.13) lead precipitation of siderite (Reaction
5.11, Table 5.8, Figure 5.14), dolomite (Reaction 5.11, Table 5.8, Figure 5.14),
kaolinite (Reaction 5.11, Table 5.8, Figure 5.14) and chalcedony (Reaction 5.11, Table
5.8, Figure 5.14).

In the Frio sandstone, calcite dissolved initially (Figure 5.13). The major CO, trapping
minerals are dawsonite, ankerite and siderite (Figure 5.14). The concentrations of AP
needed for precipitation of dawsonite are obtained from primary dissolution of K-
feldspar (Reaction 5.12, Table 5.8, Figure 5.13). The dissolution of K-feldspar in the
sandstone aquifer over 10,000 years contributes AI** to the solution, which reacts with
Na® in the initial brine and dissolved CO, to form dawsonite. Dissolution of oligoclase
and K-feldspar (Figure 5.13) is driven by the decrease in pH due to dissolved CO.. In
addition, the dissolution of alumina silicate minerals (oligoclase) buffers the pH and
provides Na* and AIP* needed for precipitation of carbonate minerals such as
dawsonite. Thus, the precipitated mass of dawsonite is controlled by the rate of
dissolution of calcite, oligoclase and K-feldspar and the presence of a significant
amount of alumina silicate. This could only occur if there is sufficient time for the

reactions to take place.

The dissolution of kaolinite together with the initial concentration of Na®* in the brine
lead to the formation of dawsonite. In addition, as shown in Figure 5.14, a significant
amounts of SiO, lead to the precipitation of chalcedony. In field, the formation of
chalcedony is difficult to observe. However, this study assumes that increases in

concentration of SiO, provide conditions for the chalcedony to precipitate.
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Figure 5.13: The dissolution and precipitation of primary minerals during short term
reactions after CO, injection for kinetic batch modelling in the sandstone aquifer.
Positive values indicate the precipitation of minerals. CO, was injected at 30kg/s for 25
years. The simulation was then run for another 10,000 years. The simulation

conditions were T=75°C and P=180 bar.
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Figure 5.14: The dissolution and precipitation of secondary minerals during long term
reactions after CO; injection for kinetic batch modelling in the sandstone aquifer.
Positive values indicate the precipitation of minerals. CO; was injected at 30kg/s for 25
years. The simulation was then run for another 10,000 years. The simulation

conditions were T=75°C and P=180 bar.
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Dolomite formation is kinetically slow because of the existing kinetic energy barrier to
inhibit its formation (Krauskopf, 1995). Geological observations (i.e., the coarseness of
grains, cavities and pore spaces) indicate that many dolomite rocks form by
replacement of pre-existing calcite over a long time under conditions of high salinity
and pH, a high Mg?*/Ca®* ratio and an elevated temperature (Krauskopf, 1995). A high
Mg**/Ca®" ratio is required to precipitate dolomite because the Mg®" ion has high
hydration energy (Slaughter, 1991). Ferrous iron and MgZ+ in illite together with the
Fe?* from reduced Fe>* bearing oxides such as hematite and goethite could act as a
cation donor that leads to trapping CO, through siderite and dolomite precipitation. It
was reported that the dissolution of hematite and goethite are higher when the pH is
lowered by CO; injection (Kirk, 2011).

All of the above reactions impact the porosity by changing mineral volume due to
dissolution and precipitation of minerals. In the Dogger carbonate, the porosity
decreases from 0.15 to 0.10 (Figure 5.15). The reactions are slower in the Frio
sandstone and cause the porosity to decrease slightly from initial 0.10 to 0.09 (Figure

5.16) after 8,000 years of reactions.
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Figure 5.15: Porosity profiles for the carbonate aquifer over 10,000 years after 25
years of injection with CO,. The acidic brine due to the dissolved CO triggers mineral
dissolution. A. Dissolution of minerals especially primary carbonates increases
porosity in the short term (0-100 years). This is due to fast kinetic rates of calcite
shown in Table 5.5. B. At later stage of reactions (100-10,000 years), re-precipitation
of calcite and precipitation of other secondary carbonates minerals decreases the
porosity. During this stage, alumina silicate formation dominates. The simulation
conditions were T=75°C and P=180 bar.

127



0.15

— Porosity

0.1

Porosity

0.05

0 20 40 60 80 100

Time (years)

0.15

N N
- -

Forosity

0.05 . . . .
100 2000 4000 6000 6000 10000

Time (years)

Figure 5.16: Porosity profiles for the sandstone aquifer over 10,000 years after 25
years of injection with CO,. The acidic brine due to the dissolved CO triggers mineral
dissolution. A. Dissolution increases the porosity in the short term (0-100 years). This
is due to fast kinetic rates of calcite dissolution, shown in Table 5.5. B. At later stage of
reactions (100-10,000 years), re-precipitation of calcite and precipitation of other
secondary carbonates minerals decreases the porosity. During this stage, alumina
silicates formation dominates. The simulation conditions were T=75°C and P=180 bar.
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5.3.2.3 FORMATION OF CO; AND CHg,

Methane formation was nearly equivalent to the organic matter consumed. The

stoichiometric methanogenic reaction suggests that almost all the methane formed
was derived from organic matter (Reaction 5.6, Table 5.8, Figure 5.17). In addition,
Figure 5.17 shows the production of methane rate for the kinetic batch model with CO
injection is twice as high as without CO». This indicates that CO; injection stimulates
methanogenesis. Water with a high dissolved CO, concentration triggers microbial
community composition to change. Changes in aquifer pH, minerals
dissolution/precipitation, alkalinity after CO; injection can decrease and enhance the
mobility of organic compounds such as CH4. The increase in CO; pressure from CO,
injection accelerates the rate of methanogenesis more than in the models without
CO,. The organic matter, CH,O, presents in the brine decreased concomitantly with

an increase in methane concentration.
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Figure 5.17: Comparison of CO, and CH4 generation (partial pressure (bars)) in two
different conditions: with and without CO,. Higher CH4 partial pressure (bars) was
obtained with the injection of CO,. This shows that CO; enhanced the
methanogenesis. The CO, mass injection rate was 30 kg/s and held for 25 years. The
simulation conditions were T=75°C and P=180 bar.
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5.3.3 REACTIVE TRANSPORT MODELLING

The results of reactive transport are presented in two main sections: short term

reactions and long term reactions.

5.3.3.1 SHORT TERM SIMULATIONS (DURING THE INJECTION PERIOD OF
25 YEARS)

After injection, the vertical flow of CO,-rich gas is influenced by buoyancy. This is due

to the difference in the density and viscosity of CO,-rich gas and brine. The smaller
viscosity of COg-rich gas compared to brine causes hydrodynamic instabilities.
Eventually, counter current flow occurs as the gas flows upward and the brine
downward. The profile of CO, saturation in the domain is plotted in Figure 5.18. The
CO; plume size is illustrated using saturation contours for supercritical CO,. Only a
small part of the entire domain (radial distance of 1,000 m) is shown concentrating on
the storage formation near the injection point. The significant gas saturation phase
spreads to approximately 200 m up from the injection well during 25 years of injection
(Figure 5.18). At the top of the formation, the CO, plume propagates laterally along the
cap rock giving the high concentration of CO, saturation beneath the cap rock (Figure
5.18).
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Figure 5.18: Distribution of CO, gas saturation after 25 years of injection at three
different levels of the aquifer. The distribution is similar for both aquifers: Dogger and
Frio. High saturation of CO; is obtained at the bottom left-edges of the model and at
the top of formation. The high saturation area indicates near to the injection point and
below cap rock. The CO, mass injection rate was 30 kg/s and held for 25 years. The
simulation conditions were at T=75°C and P=180 bar.
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5.3.3.2 CHANGES IN PH AND EH

The initial pH and Eh for Dogger carbonate are 6.5 and -0.18 V, respectively. For the
Frio sandstone, the initial pH and Eh are 7 and -0.1 V. The injection of CO, strongly
changes the pH and Eh. The high pressure of CO, decreases the pH to 4.5 and
increases the Eh to 0.15 V in the Dogger carbonate. In the Frio sandstone, a pH of
about 4.0 and an Eh of 0.10 V are obtained.

These changes are associated with the movement of injected CO; in its own
supercritical phase. The pattern changes of pH are observed to be similar for both
aquifers (Figures 5.19 and 5.20). At the top of the formation, these changes in pH
occur approximately 1,000 m along the flow path from the injection well. At the centre
of the formation, the pH drop is significant at approximately 600 m along the flow path
from the injection well. At the bottom of the formation, the smaller area of pH drop
occurs approximately 300 m from the injection well. The uniform low pH is
approximately 4.5 and 4.0 for carbonate and sandstone aquifer, respectively, before
being separated by fronts or relatively sharp changes in pH as a buffering phase is
reduced. In the area that is not affected by the CO, plume, the pH remains at 6.5. In
this unaffected zone, the pH is the same as the initial pH. After the injection ceases,
the pH in the affected zone increases and is maintained at 6.5 and 6.7 for carbonate
and sandstone, respectively, due to the continuous dissolution of carbonates such as

calcite, dolomite and siderite.
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Figure 5.19: pH front for carbonate aquifer as a function of radial distance caused by
CO; injection for 25 years in comparison with initial pH of 6.5. The CO, mass injection
rate was 30 kg/s. The simulation conditions were at T=75°C and P=180 bar. A. at 20
metres depth from the top of the formation, B. at 100 metres depth from the top of the
formation, C. at 180 metres depth from the top of the formation.

132



L — Initial
6.5 | dyears
10 years
= 55 —15years
20 years
45 y
' 29 years
|
3.5 ; ; : ;
0 200 400 600 800 1000
Distance from an injection well (m)
B

75 <

0 200 400 600 300 1000

Distance from an injection well (m)

7.5

6.5 |

pH

5.5 1

4.5

3.5 + : : : :
0 200 400 600 800 1000

Distance from an injection well {(m)

Figure 5.20: pH front for sandstone aquifer as a function of radial distance caused by
CO; injection for 25 years in comparison with initial pH of 6.5. The CO, mass injection
rate was 30 kg/s. The simulation conditions were at T=75°C and P=180 bar. A. at 20
metres depth from the top of the formation, B. at 100 metres depth from the top of the
formation, C. at 180 metres depth from the top of the formation.
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After 25 years injection of CO; into the aquifer, the supercritical fluid is in contact with
the brine. As a result, it forms H,CO3, a weak acid that almost immediately dissociates
into hydrogen and bicarbonate. The low pH during injection of 25 years with CO,
causes the brine to become highly under saturated with respect to carbonates present
in the carbonate and sandstone aquifers. The main carbonates that dissolve
progressively are calcite, dolomite, goethite and illite. In sandstone, the main

carbonates that dissolved progressively were calcite, oligoclase, hematite and illite.

In the carbonate aquifer, the dissolution of primary carbonates after 25 years of
injection is only observed 1,000 m from the injection well, where the high saturation of
CO; occurs. Progressive calcite, dolomite and goethite dissolution were observed
approximately 1,000 m from the injection well at the top of the formation (Figure
5.21A). At the centre of the formation, progressive dissolution of calcite, dolomite and
goethite dissolution are observed approximately 600 m from the injection well (Figure
5.21B). The influence area of dissolved CO; becomes smaller at the bottom of the
formation, where the minerals (calcite, dolomite, hematite and illite) dissolved along
220 m from the injection well (Figure 5.21C). As shown in the Figures 5.21A, 5.21B,
and 5.21C, higher concentrations of these minerals dissolve at the advancing low pH
front. The dissolution of these carbonates occurs in order of reactivity (see Table 5.5);
first calcite, followed by dolomite, goethite and illite. Dissolution of these carbonate

minerals has raises the pH of the brine to 6.5.

The same pattern is observed for dissolution of primary carbonates in the sandstone
aquifer. Progressive dissolution of calcite as well as oligoclase, hematite and illite for
sandstone aquifers are shown in Figure 5.22. Progressive calcite, oligoclase, hematite
and illite dissolution were observed approximately 1,000 m from the injection well at
the top of the formation (Figure 5.22A). At the centre of the formation, progressive
calcite, dolomite and hematite dissolution were observed approximately 400 m from
the injection well (Figure 5.22B). The influence area of dissolved CO, becomes smaller
at the bottom of the formation, where the minerals (calcite, dolomite and hematite)
dissolved along 180 m from the injection well (Figure 5.22C). The dissolution of these

carbonates occurs in order of reactivity (see Table 5.6); first by dissolution of calcite,
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followed by dissolution of dolomite, hematite and illite. Dissolution of these carbonates

minerals has raises the pH of the brine to 6.5.
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Figure 5.21: Dissolution of calcite, dolomite and goethite in moles per m> of rock
medium after 25 years, caused by CO; injection for 25 years. The CO, mass injection
rate was 30 kg/s. The simulation conditions were T=75°C and P=180 bar. A. at 20
metres depth from the top of the formation, B. at 100 metres depth from the top of the
formation, C. at 180 metres depth from the top of the formation.
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Figure 5.22: Dissolution of oligoclase, hematite and illite in moles per m* of rock
medium after 500, 1000, 5000 and 10,000 years, caused by CO, injection for 25
years. The CO, mass injection rate was 30 kg/s. The simulation conditions were
T=75°C and P=180 bar. A. at 20 metres depth from the top of the formation, B. at 100
metres depth from the top of the formation, C. at 180 metres depth from the top of the
formation.
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5.3.3.3 LONG-TERM SIMULATION (10,000 YEARS)

Upon COs; injection into the aquifers, the supercritical CO, migrates upward quickly

due to the density difference. As a result, most of the supercritical CO, accumulated
below the cap rock. The CO;dissolves and the dissolved plume migrates downwards
due to the larger density of brine with CO, (10 kg/m* higher) compared with the brine
without CO,. The brine containing dissolved CO, is carried downward and is
subsequently replaced by brine with less CO,. This process is known as convective

mixing.

It is acknowledged that the role of convective mixing is crucial during the long term
CO;, dissolution. Previous studies focused on the instability of convection effects on
CO; storage (Ennis-King and Paterson, 2003; Lindeberg, 2002a) and showed that the
solution of the scaled equations for convection of thick layer of dissolved CO, at the
top of aquifer was dependent upon the permeability anisotropy (Ennis-King and
Paterson, 2003). For the simple case, critical parameters such as the onset and

wavelength of the instabilities can be calculated analytically. The mixing time, ¢, is

the most important time scale for CO, storage. The time required for the entire layer of

gas to dissolve is called ¢,,. (Ennis-King and Paterson, 2005):

mix

L oy

[~ (5.14)
k,Apg

where « is the density ratio of gas to brine, L is the thickness of the initial gas layer,

u is the viscosity, £, is the vertical permeability, Apis the density difference between

brine with and without dissolved CO, and g is the acceleration of gravity. In the case

of pure diffusion, mixing can be far slower with a time scale of L’ /D , where D is the

diffusion coefficient.

Using typical parameters (= 5x10™* Pa.s, k, =10"°-10"*m? 4p =10kgm™, L =10m,

and «a =10) for a typical storage site, values of 7,, range from 1,600 to 16,000 years.
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Estimates for the CO, gas bubble at Sleipner using a 3D model provide a mixing time

of about 7,000 years for an average k, =200mD (Lindeberg and Bergmo, 2002b).

Gas dissolution and buoyant convection and mixing of brine involve a range of spatial
scales. Accurate spatial resolution requires fine gridding in three dimensions (Ennis-
King and Paterson, 2003), which currently is impractical for field-scale simulations.
The three dimensional (3D) simulations require a robust computer capability to run the
model. Simulations of CO; injection at Sleipner using a homogenous three-
dimensional (3D) model have shown that the fingering and convection behaviour
during the mixing process has approximate cylindrical symmetry (Frangeul et al.,
2004). The two dimensional radial model in this study using fine grid and imposes a
cylindrical symmetry on the convection process. In addition, the model achieves a
mixing time of approximately 7,000 years that is consistent with the 3D model of
Lindeberg and Bergmo, (2002b). These comparisons suggest that the model in this
study should capture in an approximate way the effects of brine convection and mixing

on water chemistry.

The geochemical evolution for long-term reactions is shown in Figures 5.23 to 5.32
plotting pH and changes in mineral abundance against time. Due to transport effects,
the long-term chemical interactions are significantly different from the behaviour seen
in the batch system. In the carbonate aquifer, dissolution of primary minerals such as
calcite, dolomite, goethite and albite in the high CO, concentration region can mobilize

elements that are subsequently transported through convective flow in the aquifer.

The reactivity of long-term reactions is best interpreted using the evolution of pH. The
evolution of pH is related to the amount of CO, dissolved in the brine. The evolution of
pH for both aquifers during long term reactions is shown in Figure 5.23. In carbonate
aquifer, five main reactions are identified during long-term reactions: the dissolution
and precipitation of calcite, the dissolution of albite and microcline and the

precipitation of dawsonite and siderite.

Calcite dissolution occurs in the region near to the injection point and at the top of the

aquifer below the cap rock where CO, dissolved rich brine is present and the acidic
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brine attacks the calcite. Calcite precipitation occurs further from the injection point as
well as in the middle region of the aquifer, where brine with low pH is convecting
downward. The precipitation of calcite is a result of the high concentration of HCO3
from calcite dissolution. Downward flow of brine mobilizes Ca** through calcite
dissolution, which leads to super-saturation with respect to calcite and causes the
brine to have a slightly higher pH. As a consequence, the Ca®* concentration in the

brine declines.

The second COa trapping reaction in the carbonate aquifer is the dissolution of albite,
leading to the formation of dawsonite and chalcedony such in Reaction 5.10 (Table
5.8). The dissolution of albite is shown in Figure 5.25. The dissolution of albite is most
significant in the region with acidified brine. Alteration is most intense in the downward
limbs of the brine convection. Due to the convective flow regime, dissolution and
precipitation processes are separated in terms of spatial scales. Dissolution of albite
mobilizes SiO, and Na®, where both species are used for precipitation of dawsonite
and chalcedony. The dissolution of albite observed in reactive transport is consistent

with the observations in the batch model discussed earlier.

Microcline dissolution (Figure 5.27) leads to the precipitation of siderite (Figure 5.28)
and kaolinite (Figure 5.29) and a strong correlation exists with the precipitation
patterns for these minerals. The dissolution of microcline is represented in Reaction
5.11, Table 5.8.

In this case, dissolution and precipitation are spatially not separated as in the case for

I** from the dissolution of microcline is

dissolution of albite. However, the increased A
mobilized away from the injection well. As a consequence, kaolinite is not precipitated
near to the injection well region (Figure 5.29), which is different from the batch model.
In this region, where the saturation point for kaolinite is not reached and elevated AP
concentrations are maintained. The microcline dissolution pattern is strongly
correlated with the kaolinite precipitation pattern (Figure 5.27 and 5.29). This can be
observed in the region of the descending brine, with more intense re-precipitation (up
to 10 moles per m® of rock medium). The precipitation of kaolinite is shown in Figure

5.29. The re-precipitation is aided by elevated AI** concentration in the brine.
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Table 5.8: The chemical reactions considered in this study.

Reaction 5.1: CcO

2(g) +H204_ H2CO

HCO;,

+
3(aq) + H (aq)

3(aq)

Reaction 5.2: | CaCO, + H,CO, <> Ca’* +2HCO;
Calcite

Reaction 5.3: | KFe,AlSi,0,,(OH ), +7CO, + H,0
K — feldspar

—
4_

3FeCO, + 3Si0, + K* +4HCO; + Al’*
Siderite Chalcedony

Reaction 5.4: Al,Si,0;(OH ), +5H,0+6CO,,,,, —

Kaolinite
2A41°" + 6 HCO; + 2H ,SiO,
Reaction 5.5: | 2Na(4iSi,)O, + 2H" + 9H,0 «——>
Albite
Al,Si,O,(OH ), + 2Na* +4H,,SiO,
Kaolinite
Reaction 5.6: CH,O - C"+H ,O+4e”
Organic
matter
Reaction 5.7: * i 2
CH,0+ Fe,0, +6H" <—— C*" +4H,0+ 3Fe
Organic
Hematite
matter

Reaction 5.8: | CH,+S0O; + X" &% XCO,+HS +H,0+H"

Reaction 5.9: H' +e —«— H 5

Reaction 5.10: | NaAl,Si,0, +CO, + H,0 <—> NadICO,(OH ), +3SiO,
Albite Dawsonite  Chalcedony

Reaction 5.11: | 2KAISi O, + CO, + H,0 —»
44—

Microcline
A1,Si,0,(OH ), + 2K* +4H,SiO,

Kaolinite
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Table 5.8: The chemical reactions considered in this study (cont.).

Reaction 5.12:

KFe, AlSi,0,,(OH ), +7CO, + H,0
K — feldspar

 —
«—

3FeCO, + 35i0, + K +4HCO; + Al**
Siderite Chalcedony

Reaction 5.13:

Na™ + AlSi ,O, + CO, + H,0 = 38i0, + NaAICO,(OH ),

4—
Kaolinite Chalcedony Dawsonite
Reaction 5.14: | CaCO,,,, +0.7FeCO,, +0.3MgCO,,, +2CO,,..

Calcite Siderite  Magnesite

—
4—

CaMg,, ;Fe,,(CO; ),
An kerite

Reaction 5.15:

Fe, Mg, Al,Si,0,,(OH ), + 2.5CaCO, + 5CO,

Chlorite Calcite
—
4—
2.5FeCO, + 2.5MgCa(CO, ), + Al,Si,0,(OH ), + SiO, + 2H ,O
Siderite Dolomite Kaolinite  Chalcedony
Reaction 5.16: | CaAl,SiO, + HCO;” + H* <~ CaCO, + Al,SiO; +2H*
Oligoclase Calcite
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Figure 5.23: pH front along the x- distance caused by CO; injection over 10,000 years
after 25 years of injection. The CO, mass injection rate was 30 kg/s. The simulation
conditions were T=75°C and P=180 bar. A. at 20 metres depth from the top of the
formation, B. at 100 metres depth from the top of the formation, C. at 180 metres
depth from the top of the formation.
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Figure 5.24: Evolution of calcite (negative sign indicates dissolution of calcite, positive
sign indicate precipitation of calcite) in moles per m* of rock medium after 500, 1000,
5000 and 10,000 years, caused by CO; injection for 25 years. The CO, mass injection
rate was 30 kg/s. The simulation conditions were T=75°C and P=180 bar. A. at 20
metres depth from the top of the formation, B. at 100 metres depth from the top of the
formation, C. at 180 metres depth from the top of the formation.
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Figure 5.25: Evolution of albite (negative sign indicates dissolution of albite) in moles
per m® of aquifer rock medium after 500, 1000, 5000 and 10,000 years, caused by
CO;, injection for 25 years. The CO, mass injection rate was 30 kg/s. The simulation
conditions were T=75°C and P=180 bar. A. at 20 metres depth from the top of the
formation, B. at 100 metres depth from the top of the formation, C. at 180 metres

depth from the top of the formation.
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Figure 5.26: Evolution of dawsonite (positive sign indicates precipitation of dawsonite)
of aquifer rock medium after 500, 1,000, 5,000 and 10,000 years,
caused by CO; injection for 25 years. The CO, mass injection rate was 30 kg/s. The
simulation conditions were T=75°C and P=180 bar. A. at 20 metres depth from the top
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Figure 5.27: Evolution of microcline (negative sign indicates dissolution of microcline)
in moles per m® of aquifer rock medium after 500, 1,000, 5,000 and 10,000 years,
caused by CO; injection for 25 years. The CO, mass injection rate was 30 kg/s. The
simulation conditions were T=75°C and P=180 bar. Dissolution of microcline is the
same at 20 metres depth from the top of formation, at 100 metres depth from the top
of the formation and at 140 metres depth from the top of the formation.
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Figure 5.28: Evolution of siderite (positive sign indicates precipitation of siderite) in
moles per m® of aquifer rock medium after 500, 1,000, 5,000 and 10,000 years,
caused by CO; injection for 25 years. The CO, mass injection rate was 30 kg/s. The
simulation conditions were T=75°C and P=180 bar. Precipitation of siderite is the
same at 20 metres depth from the top of the formation, at 100 metres depth from the
top of the formation and at 180 metres depth from the top of the formation.
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Figure 5.29: Evolution of kaolinite (positive sign indicates precipitation of kaolinite) in
moles per m*® of aquifer rock medium after 500, 1000, 5000 and 10,000 years, caused
by CO; injection for 25 years. The CO,; mass injection rate was 30 kg/s. The
simulation conditions were T=75°C and P=180 bar. Precipitation of kaolinite is the
same at 20 metres depth from the top of the formation, at 100 metres depth from the
top of the formation and at 180 metres depth from the top of the formation.

For the Frio sandstone, the dissolution of primary carbonate minerals and the
precipitation of secondary minerals such as calcite, ankerite, siderite and magnesite
are described below. After 600 years, the CO, gas phase saturation decreased
significantly. The dissolution of CO; gas into brine is slower in the Frio sandstone as
the aquifer composed mainly of minerals that are kinetically limited in their reaction

with CO;, (e.g. quartz, chlorite, kaolinite and illite).

Changes in the moles of carbonate minerals at different time and spatial scales are
presented in Figure 5.30 to 5.32. In the CO; plume region, large amount of calcite is
dissolved (Figure 5.30). A significant amount of calcite dissolves near to the injection
well (800 m to 1,000 m). Beyond this region, calcite precipitates due to the high
concentration of Ca®* from the calcite dissolution front. Ankerite appears only after 200
years and become as one of a stable carbonate phase (Figure 5.32). It worth noting
that the dissolution of one mole of calcite (CaCOs3), 0.7 mole of siderite (FeCO3), 0.3
mole of magnesite (MgCO3) and 2 moles of CO; leads to the precipitation of one mole
of ankerite (CaMgo sFeo.7(CO3)2) such in Reaction 5.14 (Table 5.8).
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Note that the CO, plume extends outward to about 5,000 m and this is the reason for
the abrupt changes in mineral abundances seen in Figure 5.30 to 5.32. The
dissolution peak occurs behind the CO; front due to the higher water saturation at this
region. Mineral dissolution and precipitation are proportional to the amount of

dissolved CO; in the aquifer.

Dissolution of chlorite together with calcite is represented in Reaction 5.15, Table 5.8
where a significant increase of Fe®* concentration is observed with bicarbonate
alkalinity near to the injection well region. The reaction can proceed in the reverse
direction of equation when the pH rises. When this happened, the re-precipitation of
chlorite occurred. This is due to the dissolution of siderite and kaolinite. The re-
precipitation of chlorite is seen in the region of descending brine. The re-precipitation

is supported by high concentration of Mg®* in the brine.

Dissolution of minerals lead to precipitation of secondary carbonates minerals. The
dissolution of oligoclase together with the availability of bicarbonate aided the re-
precipitation of calcite and kaolinite. A higher concentration of bicarbonate in the brine
was obtained from dissolution of CO,.The reactions of re-precipitation of calcite is

represented in Reaction 5.16, Table 5.8.

The major CO, trapping minerals in Frio sandstone are dawsonite and ankerite.
Dolomite is not formed in the current simulations. Siderite precipitates initially following
the dissolution of hematite, but later dissolves in favor of ankerite. The dissolution of
siderite at later stage of reactions is consistent with the results obtained in kinetic
batch model. The dissolution of siderite can be related with the increases
concentration of Fe®" in brine from 90 to 200 mg/L after 1,000 years of reactions.
However, this amount reduces after 100 years due to the precipitation of ankerite. The
increases of Fe? can also be related with dissolution of hematite due to
methanogenesis. These reactions have been discussed earlier in this chapter. The
dissolution of siderite and hematite has also been proposed as the main iron source at
the Frio CO; injection site by Kharaka et al., (2009).
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The reactive transport simulations demonstrate that rock alteration in both aquifers
after CO; injection results in lower porosity. The results obtained in this set of
simulations are consistent with results obtained earlier in kinetic batch modeling. This
is due to the addition of CO,; mass into solid volume during mineral trapping. As shown
in Figures 5.33 and 5.34 the porosity after 10,000 years decreased to 0.10 for Dogger
carbonate and 0.09 for Frio sandstone. Decrease in porosity lead to less space
available to accommodate water and injected CO,. A small decrease in porosity can
result in a significant decrease in permeability. The decrease could reduce the CO»

injectivity. Thus, porosity is a crucial issue for CO; injection in saline aquifers.
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Figure 5.30: Evolution of calcite (negative sign indicates dissolution of calcite, positive
sign indicates precipitation of calcite) in moles per m*® of aquifer rock medium after
500, 1000, 5000 and 10,000 years, caused by CO; injection for 25 years. The CO,
mass injection rate was 30 kg/s. The simulation conditions were T=75°C and P=180
bar. A. at 20 metres depth from the top of the formation, B. at 100 metres depth from
the top of the formation, C. at 180 metres depth from the top of the formation.

150



100

f —>500 years
E c —1000 years
R 5000 years

o
% g ——10000 years
25
z O
26
O m
g £
o @
% 0
) 0 1000 2000 3000 4000 5000

Distance from an injection well (m)
B

o 100
Q -
o -
Eg 80 +
£ 3 -
273
= e
25
3o
26
O m
g E .
28 ]
2
(&) 0 1000 2000 3000 4000 5000

Distance from an injection well (m)

100

60

~

20

~

per m® of rock medium
N
o

Changes of dawsonite in moles

0 1000 2000 3000 4000 5000

Distance from an injection well (m)

Figure 5.31: Evolution of dawsonite (precipitation of dawsonite) in moles per m® of
aquifer rock medium after 500, 1000, 5000 and 10,000 years, caused by CO; injection
for 25 years. The CO, mass injection rate was 30 kg/s. The simulation conditions were
T=75°C and P=180 bar. A. at 20 metres depth from the top of the formation, B. at 100
metres depth from the top of the formation, C. at 180 metres depth from the top of the
formation.
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Figure 5.32: Evolution of ankerite (precipitation of ankerite) in moles per m? of aquifer
rock after 500, 1000, 5000 and 10,000 years, caused by CO; injection for 25 years.
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Figure 5.33: Porosity changes for the Dogger carbonate caused by 25 years injection
of CO,. A. Porosity changes during short-term reactions (0-100 years). B. Porosity
changes during long-term reactions (100-10,000 years). Porosity increases during
short term reactions (0-100 years) and starts to decrease during long-term reactions
(100-10,000 years). The CO, mass injection rate was 30 kg/s. The simulation
conditions were T=75°C and P=180 bar.
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Figure 5.34: Porosity changes for the Frio sandstone caused by 25 years injection of
CO.. A. Porosity changes during short-term reactions (1-100 years). B. Porosity
changes during long-term reactions (100-10,000 years). Porosity increases during
short-term reactions (1-100 years) and started to decrease during long-term reactions
(100-10,000 years). The CO, mass injection rate was 30 kg/s. The simulation
conditions were T=75°C and P=180 bar.

5.3.3.4 TOTAL AMOUNT OF SEQUESTERED CO3

The total amount of CO, stored in aqueous, gas and solid phases over time during the
injection period of 25 years for the Dogger aquifer is shown in Figure 5.35. From this
figure approximately 90% of injected supercritical CO, remains in its own phase over
25 years of injection. However, over long time-scales the amount of supercritical (own
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phase), CO, decreases and CO; in the mineral phase dominates. After 10,000 years
of simulation, approximately 93% of the injected CO; is sequestered as a mineral
phase (Figure 5.36). This is explained by the large amount of precipitation minerals as
shown in the cumulative sequestration of CO, by secondary carbonates minerals. The
total amount of CO, sequestered is calculated by the changes in moles of carbon
inventory multiplied by the molecular weight. The value was converted using some
conversion factors. Figure 5.36 shows that mineral trapping in the Dogger carbonate
increases slowly with time and contributes to long-term stability of the storage process.
At the end of the simulation (10,000 years), no gaseous CO, remains in the aquifer.
Approximately 93% of the injected mass is stored in mineral phase, while the
remaining 7% is dissolved in the brine (Figure 5.36). Dissolution is rapid during the
injection phase (Figure 5.35), where after 25 years 15% of the injected mass is

dissolved while after 1,000 years this value reaches only 8%. (Figure 5.36)
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Figure 5.35: Total CO, sequestered for the Dogger carbonate in percentage for
different phases over 25 years dominates by dissolution of CO, trapping in the brine
caused by CO; injection for 25 years. The CO, mass injection rate was 30 kg/s. The
simulation conditions were T=75°C and P=180 bar.
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Figure 5.36: Total CO, sequestered for the Dogger carbonate in percentage for
different phases over time dominates by mineral trapping in the brine caused by CO,
injection. The CO, mass injection rate was 30 kg/s for 25 years. The simulation
conditions were T=75°C and P=180 bar.

The cumulative sequestration of CO, by secondary carbonates for the Frio sandstone
is presented in Figures 5.37 and 5.38. After 10 years the results obtain no mineral
trapping, indicative of dissolution (Figure 5.37). Significant CO, mineral trapping starts
after 1,000 years (Figure 5.38). This is due to re-precipitation of calcite, precipitation of
ankerite and dawsonite. CO, mineral trapping reaches about 30% of the total injected
CO, after 1,000 years and reaches approximately 55% at 10,000 years (Figure 5.38).
At the end of the simulation, no gaseous CO, remains in the aquifer. Precipitation of
siderite and ankerite requires Fe?* supplied by the dissolution of iron-bearing minerals,
such as chlorite and reduction of Fe** from the dissolution of hematite. In contrast with
the Dogger carbonate, the capacity of mineral trapping in the Frio sandstone is lower
as it is restricted by a lack of buffering minerals in its mineral composition. Low
compositions of feldspar and carbonate minerals in the Frio sandstone lower the
mineral trapping. Thus, mineral trapping of CO, will not be important in the Frio
sandstone due to the limited amount of available trace plagioclase and carbonates
which contributes to the supply of Ca** and Na*.
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Figure 5.37: Total CO, sequestered for the Frio sandstone in percentage for different
phases over 25 years is dominated by dissolution of CO; trapping in the brine caused
by CO; injection for 25 years. The CO, mass injection rate was 30 kg/s for 25 years.
The simulation conditions were T=75°C and P=180 bar.
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Figure 5.38: Total CO, sequestered for the Frio sandstone in percentage for different
phases over time is dominated by mineral trapping in the brine caused by CO,
injection. The CO, mass injection rate was 30 kg/s for 25 years. The simulation
conditions were T=75°C and P=180 bar.
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5.4 MODEL VALIDATION

The simulations indicate that calcite formations play an important role in the trapping
of COz into minerals under the conditions tested. The models findings are compared in
the light of experimental laboratory evidences, numerical simulations and field

observations from natural analogues.

5.4.1 COMPARISON WITH LABORATORY EXPERIMENTS

The reactivity of sandstones with brine after CO;, injection has been tested in
laboratory experiments (Alemu et al., 2011; Angeli et al., 2009; Credoz et al., 2009;
Kaszuba et al., 2005; Wigand et al., 2008). A good qualitative agreement with the

present modelling results was obtained and discussed in the following paragraphs.

Wigand and co workers (Wigand et al., 2008) conducted laboratory experiments using
dry sandstone samples mounted in a triaxial cell and autoclave system and saturated
the rock with 1 M NaCl. Supercritical CO, with a pressure gradient of 1-2 MPa was
injected into the brine-rock, which was allowed to react at 30 MPa confining pressure,
15 MPa pore fluid pressure and 60°C. The duration of the experiment was 1496 hours.
The sandstone samples were sourced from North German saline aquifer rocks of
1,500 to 2,000 metres depth. The fluid analyzed suggested that the ingression of CO,
significantly reduced the pH from 7 to 4.3 in 9 days. In addition, fluid analyses
indicated that most of the major elements such as Ca?*, Mg** and Fe?®" increased in
concentration during the reaction with brine and supercritical CO». The fluid analyses
results were supported by scanning electron microscopy, which indicated dissolution
of dolomite, K-feldspar and albite. The simulation results showed a similar increase in
concentration of two major ions: Ca®* and Fe?*. Higher concentrations of these ions
are due to the dissolution of initial calcite and hematite in the formations. The
dissolution of these minerals was triggered by acidic brine from dissolution of CO..
Other than that, the dissolution of these minerals buffered the acidic brine, which

increased the pH to approximately pH 5.5.

Other experimental work, Kharaka et al., (2006), reported a significant increase of
dissolved organic carbon (DOC) in brine samples using sandstone from the Frio

formation which was collected 20 days after the CO, injection. Approximately 1,600
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tonnes of CO, were injected to test the potential for enhanced oil recovery (EOR) and
CO; storage in this depleted oil field. They believed that high DOC values were likely
to represent organic matter mobilized by the injected CO,. Supercritical CO, is
capable of extracting organic matter from the rock (Liu et al., 2012). In addition,
following the CO, breakthrough, a significant increase in the concentration of HCO3"
(from initial 100 mg/L to final 3000 mg/L), Fe?* (from initial 30 mg/L to final 1,100 mg/L)
and other metals (Fe?*, Ca?* and Mg®*) were observed after the pH dropped (Kharaka
et al., 2006; Kharaka et al., 2009). The Nagaoka pilot test in Japan has also shown
elevated concentrations of HCOs, Ca?*, Mg®**, Fe®" in the formation brine after
injection of 10,400 tonnes of CO, (Mito et al., 2008).

Dissolution of phyllosilicates minerals observed in experiments with the Frio formation
depend on the acidity of the solutions. A recent study by Bibi et al., (2011) reported
the first attempt to measure the dissolution rates of illite in saline acid sulfate solutions
using stirred flow-through reactors. The aims of the study were to determine the
effects of acidity combined with varying levels of salinity, commonly observed in saline
acid sulfate soils in wetlands, on the dissolution rates and stoichiometry of illite
dissolution. Samples from Silver Hill illite were dissolved in a brine solution at pH
range 1 to 4 (sulphuric acid) and at ionic strength of 0.25 and 0.01. The samples were
saturated with the brine solution at temperature of 25°C. The results suggested that
injection of supercritical CO, into deep saline aquifers show limited reactivity with
sandstone aquifer compared with carbonate aquifer. This is because of the limited
availability of slow reactivity of alumina silicates minerals in the sandstone aquifer.
However in the real field, mixing of fluids of different compositions may allow additional

reaction.

5.4.2 COMPARISONS WITH PREVIOUS MODELLING WORK

Reactive transport modelling testing CO; injection into saline aquifers has been
performed before by Gaus et al., (2005) and Gherardi et al., (2007). These simulations
show evidence of calcite and dawsonite precipitation in the region far from the
injection well. This is consistent with the simulation results of this study. The initial
temperature (75°C) and pressure (180 bar) used were similar, but with the
incorporation of decomposition of organic matter in the present models. The main
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difference between the previous models of Kharaka et al., (2006); Kharaka et al.,
(2009); Xu et al., (2010) and this study is the inclusion of sweep efficiency effects in
the former. Previous studies by Kharaka et al., (2006); Kharaka et al., (2009); Xu et
al., (2010) assumed an average value for the effective diffusion coefficient of 10 for
all the aqueous species. This study considered the tortuosity factor and calculated the
effective diffusion coefficient. Despite these differences, the formation of secondary

carbonates minerals was observed near the top of the aquifers in both models.

5.4.3 COMPARISON WITH NATURAL ANALOGUES

Gao and co workers (Gao et al.,, 2009) reported that reservoir sandstones in the
Hailaer Basin (Northeastern China) contain abundant dawsonite as a cement and
replacement mineral. The origins of dawsonite and CO, in these sandstones were
studied by petrographic and isototropic analysis. According to the paragenetic
sequence of the sandstones, dawsonite grew after the CO, charge arrived 110-85 Ma
ago. Besides dawsonite, the secondary carbonates minerals that precipitate the
sandstone include quartz overgrowths, ankerite and clay minerals. This is consistent

with the simulation results in this study.

Various investigations have studied source, migration and fate of the naturally
occurring CO; in gas fields using noble gas and stable carbon isotope tracers (Baines
and Worden, 2004; Gilfillan et al., 2008; Gilfillan et al., 2009; Moore et al., 2005;
Worden and Burley, 2009). The results suggest that dissolution of host rocks in

formation brine at pH between 5 and 5.8 is the primary sink for CO..

5.5 CONCLUSIONS

A two-dimensional radially symmetric reactive transport model for the Dogger and Frio
aquifers has been studied. Twenty five years injection period was simulated followed
by 10,000 years of storage that allowed describing the evolution of the three main
trapping mechanisms for CO, storage to be modelled: hydrodynamic, solubility and
mineral trapping. From the simulations of this study, it can be concluded that mineral
trapping of CO, varies considerably with rock type. For the two type of sedimentary

rocks studied in this study, the Dogger carbonate aquifer has a greater CO, mineral
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trapping capability under a suitable redox environment than the Frio sandstone

aquifer. For both cases, the sequestration capacity is proportional to the abundance of

available reactive minerals and organic matter. In both cases presented, the mineral-

trapping capacity is comparable or larger than solubility trapping after 10,000 years.

Two (carbonate and sandstone) aquifers with different lithologies have been evaluated

for the long term CO, storage in deep saline aquifers using a multiphase geochemical

modelling tool, TOUGHREACT. Major conclusions that can be drawn are as follows:

1)

2)

In microbially active systems, either Ca®*, Fe?* or Mg**-rich fluids or highly
supersaturated conditions are required for the precipitation of secondary
carbonates. In actual fact, microorganisms by their metabolic processes directly
influence the rate-controlling step in precipitation of secondary carbonates. In
this study, methanogens through decomposition of organic matter (CH,O) and
not sulphate reducers were found to be the principal organisms in secondary

carbonate precipitation.

Small porosity decreases are seen after 10,000 years, increasing the reliability
of CO, storage in carbonate and sandstone aquifers. The carbonate Dogger
aquifer shows a higher reactivity than the Frio sandstone. This is due to the
presence of reactive minerals that contribute higher concentration of Ca?*, Fe®*
and Mg®* that leading to precipitation of secondary minerals. This contributes to

stability of CO, storage.
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CHAPTER 6: CONCLUSIONS AND
RECOMMENDATIONS

6.1 CONCLUSIONS

This study set out to explore the effects of injected CO,on geochemical reactions and
fluid dynamics in the cap rock and in saline aquifers. The first three chapters introduce
the general concept and approach of CO; sequestration in saline aquifers and provide

a review on the applicability of existing geochemical modeling simulators.

Chapter 4 uses kinetic batch simulations to demonstrate that admixture of methane
(CH,) to the CO,during the sequestration process leads to a decrease in the porosity
of the cap rock. The presence of CH4 (ranging between 1 and 4 (w/w) %) leads to a
decrease in the acidity of the brine and inhibits the dissolution of minerals, especially
of calcite. The model predicts a net mineral trapping in the cap rock. The gain of solid
volume through mineral trapping is due to the precipitation of carbonate minerals and
K-feldspar. Using molecular diffusion modeling over 10,000 years, this work shows
that the acidic brine from the underlying aquifer moves less than 8 m and 5 m along
the cap rock for pure CO, and for a mixture of CO, with CH4 respectively. This is less
than the maximum distance that the solute can move by diffusion without reaction,

which is 10 m. This implies important buffering reactions in the brine by CHg.

The initial reactions are dominated by calcite dissolution. This is explained by fast
kinetic rates (6.35 mol/m?s). The dissolution of calcite dominates over the
dissolution/precipitation reactions of other minerals. At a later stage, dawsonite
dominates the geochemical reactions. The dissolution of albite contributes to high
concentrations of Na* in the brine leading to the precipitation of dawsonite. These
reactions overall cause a decrease in porosity in the upper part the cap rock. This

enhances the sealing capacity of cap rock.

The above models suggest that co-injection of CO, with CH,4 provides safer storage
than injecting pure CO,. The CHjy4 limits the migration of acidic brine, ensuring that the
cap rock remains unaffected by injection. The disadvantage of co-injection of CO, with
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CH,4 is the low density which reduces the storage volume. The simulation results
presented in Chapter 4 are specific only for the conditions studied: at temperature of
37°C and pressure of 100 bar, it is recommended to re-run these tools to study other

specific storage sites of interest, using the pertinent conditions.

Chapter 5 shows the results for kinetic batch modelling. The results indicate that
extent of mineral trapping in carbonate and sandstone aquifers depend on the
presence of CH4and the influence of methanogenesis. The study predicts net mineral
trapping in carbonate and sandstone aquifers. The increase in solid volume is due to
the precipitation of secondary carbonates. The increase in rock mass is accompanied
by a slight decrease in porosity: 2 x 10 and 107, for the Dogger carbonate and Frio
sandstone aquifers respectively. The results indicate substantial sequestration of CO,
into solid minerals especially in a carbonate aquifer in the presence of 1 % (w/w)
organic matter because of the reduction of hematite.The decreases of pH and shift in
redox conditions following CO; injection triggers the reduction of hematite which
contributes to higher amounts of Fe?* for the subsequent precipitation of siderite in

carbonate and of ankerite in sandstone aquifers.

Reactive transport modelling indicates that the geochemical processes in the aquifers
are dominated by solubility trapping during the first 100 years and by mineral trapping
thereafter. The modelling indicates that over a time period of hundreds to 10,000
years, it is possible to sequester large quantities of CO, by mineral trapping
(approximately more than 90% from the CO; injection) in the carbonate and sandstone
aquifers alike. Reactive transport modeling indicates that for trapping CO, over the
long term, ankerite and dawsonite are important mineral sinks in the Dogger
carbonate, while siderite and dawsonite in Frio sandstone. During shorter reaction
times, hydrodynamic trapping plays a crucial role in all the models. It can be
concluded that the rate of dissolution/precipitation of minerals depends on the flow
rate and dispersion of CO, away from the injection well. The modelling suggests that,
after CO; injection, the carbonate phase is saturated until the CO, is diluted by
outward radial flow as shown by the large precipitation of ankerite, siderite and
dawsonite. The concentrations of relevant elements (Ca?*, Na* and Fe?*) needed for

the precipitation of these minerals are provided through the dissolution of CO, and
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relevant primary minerals such as calcite, albite and siderite. The increase in rock
mass over 10,000 years of reactions is accompanied by a decrease in porosity from

0.15 to 0.10 for carbonate and from 0.10 to 0.09 for sandstone aquifer.

The models studied in Chapter 5 suggest that incorporation of 1 (w/w) % organic
matter into carbonate and sandstone aquifers could provide a larger secure storage
volume as organic matter enhances the precipitation of secondary minerals. The
simulation results are specific to the conditions studied at a temperature of 75°C and a
pressure of 180 bar. For future work, the same approach could be useful to assess the

potential of mineral trapping in other potential storage sites.

The above findings could be used to design a safe and cost-effective CO, storage.
One of the design criteria is that the CO, should be injected with CH4. To ensure the
precipitation of secondary minerals, CO; should be injected with 1-4 (w/w) % CH4 at

lower temperature (37°C) and high pressure (100 bar).

To enhance mineral trapping CO; should be injected into gypsum-rich (CaSO,)
formations. Next to containing approximately 1 (w/w) % organic matter, the formations
should contain high concentrations of SO to provide the maximum possible amount of
oxidant for precipitation reactions of secondary carbonates. This approach also
reduces the overall costs of as the sequestration process as the co-injection with SOx

IS unnecessary.

Overall, the work of this study could serve as an initial step in the design of safe

storage, incorporating a detailed analysis of long-term geochemical processes.

6.2 RECOMMENDATIONS

There are various simulators available that are used to study the complex processes
that occur during CO, storage. However, the real field reactions and processes of CO,
storage in the cap rock and the saline aquifer itself are very complex. Current models
do not achieve an accurate quantitative prediction on the geochemical evolution of the

aquifer and cap rock after CO; injection due to uncertainties and approximations. The
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main uncertainties are regarding kinetic rates for mineral dissolution and precipitation.
Geochemical data taken from in situ field sites are insufficient and a critical evaluation
of modelling results is needed to address this problem. In addition, present CO,
solubility models in the literature potentially cause large errors in the estimation of the
CO, sequestration capacity because of the complex range of reactions occurring

during brine-CO»-rock interactions.

Reactive transport modelling is a powerful tool to evaluate the behaviour of long term
reaction and solute transport at the field scale, which cannot be determined in
laboratory settings. However, the results obtained from reactive transport modelling
are only accurate to the same degree of complexity of the conceptual model and of
the input data provided. Thus, it is crucial to represent the conceptual model based on
real field observations in future work. Formation heterogeneity of porosity, permeability
and mineral composition should be incorporated in future models. This is because the
heterogeneity determines the amount of free CO; dissolved in brine and the extent of
mineral reactions with the dissolved CO,. In addition, the effects of viscous fingering
and gravity segregation need to be incorporated in the models. This would allow the
accurate assessment of physical processes, such as the sinking of CO»-laden brine
and its impact on dissolution rate. In addition, improving the data quality of the

chemical, physical and hydrological parameters is essential.

To facilitate the validation of the current modelling, the experimental work related with
the redox conditions representative of settings field is one area that current laboratory
studies should be improved. This can be achieved by incorporating 1 (w/w)% of
organic matter in the brine solution that contain mineral compositions pertinent to
conditions of interest. The shift of redox conditions can be obtained through reduction
of redox sensitive minerals, if available. The optimum sequestration of CO, as solid

minerals can be achieved if this process is considered in such laboratory work.
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APPENDICES

Appendix 1 - Calculation for surface area of minerals in Chapter 4.

1) Albite
Chemical formula: NaAlS;30g
Molecular Weight: 263.02g

Molar Volume, ¥, =100.25x10°m?*/mol

Molar Mass, ar =263.02g

Vo=

m

M
0

where ¥ is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 263.02g / mol
P 100.25x10°°m> / mol

=2.62x10°g/m’

Volume of 1 grain = ixnxr3
3

3
zéxg_m{WJ

=1.88x107"m’

I I i
Volume of 1 g albite grains = > = —————=3.82x 10" m’
p 262x10

3.82x107

Number of grains in 1 g albite = — =2.03x10’
1.88x10

2
Surface of 1 grain albite =4x 7 xr’ :4x3.142X(0-0002033mj

=3.42x107° m’
Surface area of 1g albite =(2.03x10” )x(3.42x10"°m" )

=0.0694m’° / g
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2) Calcite
Chemical formula: CaCOs;
Molecular Weight: 100.09g

Molar Volume, ¥, =36.93x10-6m*/mol

Molar Mass, Az =100.09¢g

where ¥ is the molar volume (m®mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

B 100.09g / mol
P 36.93x 10" m’ / mol

=271x10°g/m’

Volume of 1 grain calcite = 5 Txr’
3

3
:;><3.142><(WJ

=1.88x107"m’

1 1 .
Volume of 1 g calcite grains = = =———=3.69x10 "m’
p 271x10

3.69x107
Number of grains in 1 g calcite = ;_14 =1.96x10
1.88x10

2
Surface of 1 grain calcite = 4*pi*r’ = 4xxr’ = 4x3.142x(0‘00—20033]

=3.42x107°m’

Surface area of 1g calcite, A=(1.96x10" )x(3.42x10" m’ )

=0.067Im’ / g
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3) Chalcedony
Chemical formula: SiO;
Molecular Weight: 60.08g

Molar Volume, ¥, =22.69x10-6m*/mol

Molar Mass, Az =60.08g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 60.08g/mol
p 22.69%x107° m’ / mol

=265x10°g/m’

4
Volume of 1 grain= }X axr’

3
=§X3'142X[0.000033j

=1.88x107"m’

_ Ig 1
Volume of 1 g chalcedony grains=—

=36 10 =3.77x107 m’
Yo J6 x

3.77x107

W:2.0]X107

Number of grains in 1 g chalcedony=

=3.42x10"°m’

2
Surface of 1 grain chalcedony =4 x 7 x 7’ = 4X3'142X(0.000033j

Surface area of 1g chalcedony, 4 =(2.01x10" )x(3.42x107°m’ )

=0.0686m° / g
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4) Clinochlore-7A
Chemical formula: (Mg,Fe?*)5AI(SizAl)O+1o(OH)g
Molecular Weight: 595.229g

Molar Volume, ¥, =20.98x10®°m?mol

Molar Mass, M =595.22¢g

where ¥ is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_595.22g/mol
P 20.98x 107 m’ / mol

=2.84x10" g/ m’

4
Volume of 1 grain —§><7z><r3

:ix3.142><(
3

2x10%J3

=4.19x107"%m’

1 1 .
Volume of 1g clinochlore-7A grains = £ —————=3.52x10"m’
P 2.84x10
3.52x107°
Number of grains in 1 g clinochlore-7A = ————-= 8.4x10°
4.19x10

2x107°°

2
Surface of 1 grain clinochlore-7TA= 4« 7 x 2 = 4><3.142><( J =1.256x10"m’

Surface area of 1g clinochlore-7A, A=(8.4x10° )x(1.256x10™""m’ )

=0.1Im° /g
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5) Dawsonite
Chemical formula: NaAICO3(OH),
Molecular Weight: 144.00g

Molar Volume, ¥, =59.3x10°m?%mol

Molar Mass, M =144.00g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

B 144g /mol
p 59.3x10°m’ / mol

=243x10°g/m’

4
Volume of 1 grain= §><7Z><V3

3
=1X3,142X(M)
3
=1.88x10"" m’
. . Ig 1 7.3
Volume of 1g dawsonite grains =—=———=4.12x10"m
P 2.43x10
4.12x107
Number of grains in 1 g dawsonite = —————~ =2.19x10"
1.88x 10

=3.42x10"°m’

2
Surface of 1 grain dawsonite = 4x 7 x> = 4x 3.142X(0-000033j

Surface area of 1 g dawsonite, 4 =(2.19x10" )x(3.42x107m")

=0.08m° / g
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6) Dolomite-dis
Chemical formula: CaMg(CO3)
Molecular Weight: 184.409g

Molar Volume, ¥, =64.39x10°m?*mol

Molar Mass, M =184.409g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 184.40g/ mol
p 64.39x 107 m’ / mol

=286x10°g/m’

4
Volume of 1 grain dolomite-dis = E xTxr’

3
:§x3,14zx(0'000033j

=1.88x107"m’

o g 1
Volume of 1 g dolomite-dis grains=—

YT =350x107m’
P .86 x

3.50x107

W:].86X107

Number of grains in 1 g dolomite-dis=

=3.42x10"°m’

2
Surface of 1 grain dolomite-dis= 4x 7z x 7’ = 4x 3.142X(0-000033j

Surface area of 1 g dolomite-dis, 4=(1.86x10" )x(3.42x10"°m’)

=0.0636m” / g
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7) lllite
Chemical formula: (K,H30)(Al,Mg,Fe)2(Si,HI)401,[(OH)2,(H20))]
Molecular Weight: 389.349g

Molar Volume, ¥, =59.89x10°m?*/mol

Molar Mass, M =389.34¢g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_389.34g/mol
p 59.89x107°m’ / mol

=6.5x10°g/m’

Volume of 1 grain illite= Exﬂxrj

_53
=§X3J42X[2X10 j

=4.19x107"%m’

1 1 _
Volume of 1 g illite grains=—g =——— = 1.54x107m’
o 6.5x10
1.54%x107
Number of grains in 1 g illite=———————=3.68x 10"
4.19%x10

2x107°

2
Surface of 1 grainillite = 4 x 7 x? = 4><3.142><[ j =1.256%x10"m?

Surface area of 1 g illite, 4=(3.68x10"" )x(1.256x10™"m’ )
=0.46m’ /g
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8) Kaolinite
Chemical formula: Al;Si;Os(OH)4
Molecular Weight: 258.169g

Molar Volume, V', =99.52x1 0%m3®mol

Molar Mass, M =258.169g

where V' is the molar volume (m*mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 258.16g/mol
p 99.52x 107 m’ / mol

=259%x10°g/m’

Volume of 1 grain kaolinite = §>< rxr’

-6 3
=§X3.142x[2”0 j

=4.19x107"%m’

1 1 -
Volume of 1 g kaolinite grains = L4 ————— =3.86x10"m’
o 259x10
3.86x107
Number of grains in 1 g kaolinite= ~—————— = 9.21x 10"’
4.19x10
2x107°

2
Surface of 1 grain kaolinite = 4 x 7 x? = 4x3,142>{ J =1.256x10"m’

Surface area of 1 g kaolinite, 4=(9.21x10"" )x(1.256x107"'m’ )
=1.16m" /g
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9) K-feldspar

Chemical formula: KAISi;Og
Molecular Weight: 278.332¢g
Molar Volume=108.87x10°m%mol

Molar Mass=278.332¢g

where ¥ is the molar volume (m®mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 278.33g/mol
p 108.87 x 107 m’ / mol

=2.56x10°g/m’

Volume of 1 grain K-feldspar= 3 XX’

3
:§x3'142x[0.000033j

=1.88x107"m’

Ig 1

Volume of 1 g k-feldspar grains=—=—————-=3.9/x 107 m’
p 2.56x10
3.91x107
Number of grains in 1 g k-feldspar=—————=2.08x 107
1.88x10
2
Surface of 1 grain k-feldspar=4x zxr? = 4><3.]42><(MJ =3.42%x10"° m’

Surface area of 1 g k-feldspar, 4=(2.08x10" )x(3.42x10”°m’)

=0.0711m’> / g
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10) Pyrite

Chemical formula: FeS,

Molecular Weight: 119.98g

Molar Volume, ¥, =23.94x10®°m?%mol

Molar Mass, M =119.98¢g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 119.98g /mol
P 23.94%x10° m’ / mol

=5.01x10°g/m’

Volume of 1 grain pyrite = Exﬂxi’j

3
:§X3'142X[0‘000033j

=1.88x107"m’

Ig 1 73

Volume of 1 rite grains=—=——=2x10"m

! g pymie gral 5.01x10°
2x107

W:].06X107

Number of grains in 1 g pyrite=

=3.42x10"°m’

2
Surface of 1 grain pyrite=4x 7 xr’ = 4X3'142X(0-000033j

Surface area of 1 g pyrite, 4=(1.06x10" )x(3.42x10”"m" )

=0.0363m° / g
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11) Siderite

Chemical formula: FeCO3

Molecular Weight: 115.869g

Molar Volume, V, =29.37x10°m3*/mol

Molar Mass, M =115.869g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 115.86g/mol
p 29.37x107m’ / mol

=394x10°g/m’

Volume of 1 grain siderite = EX xr’

3
:§X3'142X[0‘000033j

=1.88x107"m’

1 1 .
Volume of 1 g siderite grains = LA ————— =254x107"m’
p o 3.94x10
2.54x107
Number of grains in 1 g siderite=—————=1.35x 107
1.88x10
2
Surface of 1 grain siderite=4xzxr’ = 4><3.142><(Mj =342x10"m’

Surface area of 1 g siderite, 4=(1.35x10" )x(3.42x10”°m" )
=0.0462m’ / g
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12) Smectite-high-Fe-Mg
Chemical formula: Cao_025N80_1 K0_2F6++.5Fe+++.2Mg1 _15A|1 _25Si3_5H2012
Molecular Weight: 404.199¢g

Molar Volume, ¥, =140.71x10"°m*mol

Molar Mass, M =404.199¢g

where ¥ is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 404.199g / mol
p 140.71x 10 m’ / mol

=287x10°g/m’

Volume of 1 grain Smectite-high-Fe-Mg = E X X1’

_6 3
_ 4 3 140x| 2210
3 2

=4.19x107"%m’

1 1 _
Volume of 1 g Smectite-high-Fe-Mg grains = 2 ——————— =348x107"m’
p 2.87x10
7
A0 _ g 31x10

Number of grains in 1 g Smectite-high-Fe-Mg = ——
! drains in 1.9 HETG 9™ L 19x10"

Surface of 1 grain Smectite-high-Fe-Mg

2x107°

2
=4><7r><r2=4><3.]42><[ j =1.256x10""m?

Surface area of 1 g Smectite-high-Fe-Mg , 4=(8.31x10"" )x(1.256x107"'m" )

=1.04m’ / g
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13) Magnesite
Chemical formula: MgCO3
Molecular Weight: 84.31g

Molar Volume, ¥, =28.02x10®°m?%mol

Molar Mass, M =84.31g

where V' is the molar volume (m*/mol), Az is the molar mass (g), and pis the density
(g/m®). Thus,

_ 84.31g/mol
p 28.02x107°m’ / mol

=3.0Ix10°g/m’

Volume of 1 grain magnesite = }X axr’

3
=§X3‘]42X(0.000033]

=1.88x107""m’

1 1

Volume of 1 g magnesite = £

YT =332x107m’
P 01 x

3.32x107

W:].77><]07

Number of grains in 1 g magnesite =

Surface of 1 grain magnesite
=dxmxr’

=3.42x10"°m’

2
=4x3.142x (—0' 000033)

Surface area of 1 g magnesite, A=(1.77x10" )x(3.42x10°m")

=0.0604m’° / g
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