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Abstract 

 This thesis presents experimental and numerical investigations of reactive flow 

in carbonate reservoirs during CO2 injection for storage. The key aims are to 

understand how CO2-brine-rock chemical interactions could cause variations in rock 

properties in carbonate formations and identify the key factors controlling these 

variations at the core- and inter-well scales.  

A series of core flood experiments were conducted using outcrop samples and 

representative reservoir samples from a CO2 storage candidate, a depleted carbonate 

gas reservoir. The samples were characterized pre- and post-injection for porosity and 

permeability changes, and effluent concentrations temporal evolution were monitored. 

Reactive transport simulations of the core flood experiments were conducted, and the 

simulation results were compared and history-matched against the laboratory data. The 

experimentally validated and calibrated parameters obtained from the core-scale 

simulations were then used in an inter-well-scale high-resolution heterogeneous 

outcrop model to analyze how the introduction of additional geological heterogeneity 

changes the evolution of rock properties compared to the core-scale simulations and 

experimentation.  

This research has shown that combining the experiments and numerical 

simulations allows enhanced understanding of chemical interactions during CO2 

injection in carbonate reservoir, including the controlling factors. Factors like reservoir 

heterogeneities, injection fluid temperature, and type of reservoir fluid at the injection 

interval, to a certain extent, influence the mineral reactivity. Information gathered from 

the core-scale experiments, and the core-scale models to develop a larger-scale model 

is an appropriate approach to predict mineral reactivity and its subsequent impact on 

reservoir properties for CO2 storage projects more accurately. A numerical model with 

improved accuracy enables more reliable field-scale reactive transport simulations of 

CO2 geological storage. Hence, it will guide the optimization of the 

injection/production operations and improve the design of CO2 storage processes in a 

real target formation. 
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Chapter 1: Introduction 

This chapter provides a brief introduction to the thesis. The role of carbon 

capture and storage (CCS) in mitigating global climate change is first described in 

Section 1.1. Section 1.2 describes the current CCS project status and challenges 

globally and specifically in Malaysia, and Section 1.3 describes the potential impact 

of injecting CO2 or CO2-saturated brine into the subsurface, particularly in carbonate 

reservoirs. The thesis’ motivation, objectives, and scopes are defined in section 1.4. 

Finally, section 1.5 includes an outline of the remaining chapters of the thesis. 

1.1 CARBON CAPTURE AND STORAGE (CCS) 

Combustion of fossil fuels and other industrial processes resulted in the release 

of carbon dioxide (CO2). The continuous release of CO2, a key greenhouse gas, into 

the atmosphere has an adverse impact on the global climate. For this reason, The Paris 

Agreement was introduced in 2015 and adopted by nearly 200 countries to limit global 

warming to 1.5°C to mitigate the current climate change (United Nations 2015). In 

order to achieve the Paris Agreement goal, CCS technologies are widely recognized 

as a key technology to accomplish the net emission reductions required to follow a 

pathway that limits the global temperature rise to 1.5°C (IPCC 2018). CCS is estimated 

to contribute to 9% of CO2 reductions, alongside other mitigation techniques such as 

improved energy efficiency and switching to renewables and nuclear energy (Figure 

1). Limiting the use of CCS as a mitigation option would require a shift to alternative 

strategies and novel technologies that often are at an earlier stage of development and, 

in some cases, have yet to be tested at scale. Abandoning CCS would result in doubling 

the CO2 abatement cost, with a total extra cost of USD 2 trillion in addition to the 

current estimated USD 2.5 trillion over 40 years (IEA 2019).   
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Figure 1. Mitigation technologies for CO2 reductions as introduced by the 

Intergovernmental Panel on Climate Change. These measures are necessary to deliver 

a sustainable development scenario and keep the increase in global temperature to 

below  2°C by 2050 (Taken from Global CCS Institute, 2019).  

 

While there has been an increased effort to switch to less carbon-intensive fossil 

fuels, fossil fuels are expected to provide the baseload of the global energy mix and 

remain a significant source of energy for at least two more decades (Capuano 2020). 

With the continued development of oil and gas fields, the production of high 

contaminants fields (i.e., fields containing significant amounts of H2S and CO2) has 

increased. It will contribute further to greenhouse gas emissions if these emissions are 

not appropriately managed. Due to these reasons, CCS has been recognized as one of 

the most promising ways to manage CO2 emissions and mitigate its adverse impact on 

the environment while exploiting fossil fuels.    

Using CCS technology, CO2 emission from the fossil fuel power plants, for 

example, can be captured and subsequently injected into geological formations for 

permanent storage (Figure 2).  The most commonly used storage sites are saline 

aquifers which contain water that is unsuitable for drinking (Bachu et al., 1994). 

However, geological information in saline aquifers is typically less abundant than data 

for depleted oil and gas fields, so CCS in saline aquifers encounters additional 

technical uncertainties. Producing and depleted gas fields are therefore attractive 

targets for CO2 storage given their proven capacity, sealing structures, and existing 

infrastructure that may be suitable for re-use, hence providing confidence in storage 

security and potential cost-savings (Hannis et al. 2017; Raza et al. 2017a; . 2017b; 

Raza et al. 2018; Orlic 2016; Agartan et al. 2018; Mkemai and Gong 2020; Sun et al. 

2020). For completeness, it is noted that other storage options are being discussed in 

the literature, including deep-sea storage (House et al. 2006; Sheps et al. 2009;  Teng 
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and Zhang 2018), coal seams (Corum et al. 2013; Wang et al. 2016; Talapatra 2020), 

or mineral carbonization of basalts (McGrail et al. 2006; Matter et al. 2011; 

Snæbjörnsdóttir et al. 2020); however, no proven storage sites are currently operating 

for these options.    

Following CO2 injection, four types of trapping mechanisms have been identified 

that will act to keep the injected CO2 securely stored in the subsurface. The first 

trapping mechanism is structural and stratigraphic trapping, where the buoyant CO2 

moves upward until it is stopped from leaking to the surface by an impermeable cap 

rock (Bachu 2015; Folger 2010). Secondly, capillary forces immobilize CO2 within 

the pore spaces as trapped gas bubbles, so-called residual trapping occurs (Juanes et 

al. 2006; Ide et al. 2007; Qi et al. 2009). Third, solubility trapping occurs when CO2 

dissolves in the formation brine, creating a denser CO2-saturated brine that will 

subsequently sink downwards in the storage formation (Riaz et al. 2006; Xu et al. 

2006). Finally, the CO2-saturated brine will react with formation rocks to precipitate 

new minerals and is arrested as a solid phase (Bachu et al. 1994; Xu et al. 2005). The 

mineral trapping mechanism represents the safest but slowest form of trapping. 

Structural and stratigraphic trapping are the fastest mechanisms (Figure 3). 

 

 

 

Figure 2. Methods for storing CO2 in deep underground geological formations 

(Taken from Metz et al., 2005)  
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Figure 3. Contributions of various CO2 trapping mechanisms over time (Taken from 

IPCC, 2005). More efficient trapping mechanisms come into play, and storage security 

increases, as time goes on.  

 

 The solution to global climate change is to switch to renewable or new energy 

based on clean fuels such as hydrogen. Such transition, however, is still at an early 

stage and requires significant investment in infrastructure, including ensuring 

competitive prices for massive production (Davis et al., 2010). Therefore, CCS is the 

most compelling technology to deliver a transition for fossil fuel-based energy in the 

short term and a large-scale solution to global climate change while exploiting fossil 

fuels (Budinis et al. 2018). 

1.2 CCS STATUS AND CHALLENGES 

Over the past decade, more than 25 million tonnes of CO2 have been permanently 

stored using CCS (Global CCS Institute, 2019). The development and deployment of 

CCS globally have grown, and to date, there are 51 large-scale CCS facilities including 

EOR in the world. The most recently operated facilities are the Gorgon natural gas 

processing plant located off the coast of Western Australia’s Barrow Island which will 

become the world’s largest geological CO2 storage facility with storing capacity of up 

to 4.0 Mtpa of CO2 per year (Global CCS Institute 2018). There are 38 other pilot 

facilities and nine technology test centers worldwide with the capacity to capture and 

store approximately 40 million tonnes of CO2 every year (Global CCS Institute, 2020). 
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The Weyburn-Midale CO2 monitoring and storage project in Saskatchewan, Canada, 

is one of the first large-scale CCS facilities that utilized depleted carbonate reservoirs. 

The site has operated for 12 years and has approximately 8500 tonnes of CO2 captured 

from a coal gasification facility and stored daily (Carroll et al. 2013). Since 2013, 

Brazil’s Petrobras Santos Basin CO2-EOR has been operating in South America, where 

a total of 7 Mt of CO2 was captured and re-injected into pre-salt carbonate reservoirs 

using floating production storage and offloading (FPSO) units (Rochedo et al. 2016). 

It is a CO2-EOR (enhanced oil recovery) pilot project where CO2 captured from natural 

gas processing plants is injected for both to enhance oil recovery and permanent 

storage. Another example of a project that utilized carbonate formation is the CO2-

EOR Uthmaniyah demonstration plant in Saudi Arabia. The pilot has been in operation 

for nearly five years and has a capacity of 0.8 Mtpa (Global CCS Institute, 2019).  

Globally, the geological storage capacity for CO2 is many times larger than what 

is required. The CO2 storage resources based on major oil and gas fields is 

approximately 300 billion tonnes, considering the already produced mass of oil or gas 

in place and the difference in density between CO2 and hydrocarbons (Global CCS 

Institute, 2020). Figure 4 shows the distributions of the major oil and gas fields 

resources that can be used to store CO2. In Malaysia, applying CCS to high CO2 gas 

field development has become a priority area for CCS development. PETRONAS, a 

state-owned oil, and gas company, is conducting a regional basin mapping study for 

CO2 storage in depleted oil and gas fields; and working toward a large-scale offshore 

project near Sarawak (MPM, 2020). The CO2 storage capacity reported to be around 

13,300 million tonnes located mainly in depleted carbonate reservoirs in Central 

Luconia province, Sarawak (Junin, 2016)  
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Figure 4. CO2 storage resources (millions of tonnes) of major oil and gas fields 

worldwide. In Malaysia, the CO2 storage sites are located mainly in Central Luconia 

province, offshore Sarawak (Taken from Global CCS Institute, 2020). 

The cost of CCS has been previously described as a significant obstacle to its 

acceptance, with the capture step is the most expensive step of the CCS chain (Budinis 

et al. 2018). The cost of transport is the next expensive step after capture, which the 

amount is highly dependent on the location and length of the pipeline. The cost of 

storage ranges from USD 1.6 to 31.4 per tonne of CO2, depending on the type of storage 

site and the possible reuse of existing facilities. Assuming an average of 250km 

pipeline, the overall cost of CCS would range between USD 22.9 and 156.5 per tonne 

of CO2. Like most industries, CCS will benefit from economies of scale, which can be 

obtained through hubs and cluster developments (Ringrose, 2018). Building a common 

CO2 transport network (e.g., Stewart et al. 2014)) and reusing existing oilfield 

infrastructure (e.g., Scafidi and Gilfillan, 2019) are likely to stimulate CCS scale-up. 

Several parallel initiatives are currently underway in the countries bordering the North 

Sea basin (Norway, the United Kingdom, the Netherlands, Denmark, and Germany), 

becoming the first integrated CCS hub globally (Ringrose, 2020). As the urgency of 
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accelerating the scale-up of CCS is increasing to achieve the annual CO2 storage rates, 

approximately 30-60 storages sites need to be developed each year until 2050 

(IEAGHG, 2017). Therefore, more carbonate-depleted hydrocarbon reservoirs are 

expected to be utilized to store the greenhouse gases. 

From a technical and scientific perspective, key issues and concerns for CCS 

project are storage capacity (Birkholzer and Zhou, 2009; Zhou and Birkholzer, 2011), 

injectivity (Giorgis et al. 2007; Peysson et al. 2014), and containment without 

significant migration or leakage (Kaldi et al. 2013). Storage capacity is a combination 

of structural trapping, capillary or residual trapping, and mineral trapping (IPCC 

2005). The capacity is controlled by a pressure rise in the reservoir and gas entry 

pressure into the overlying caprock formation. Hence, staying below the pressure level 

that could fracture the caprock is required (Rutqvist et al. 2007). The injectivity is the 

capability of the formation to receive the injected CO2, also without causing fractures 

that could lead to leakage near the injection point or seismic event. The way the 

injected CO2 interacts with the formation will affect the evolution of physical and 

chemical properties within the reservoir and potentially cause formation damage, 

subsequently, loss of injectivity. Addressing the near well bore risk for formation 

damage is therefore very important (Hansen et al. 2013). The effectiveness of the CO2 

containment in the reservoir depends on the how significant extent of the CO2 

migration laterally or vertically and through faults and abandoned wells (Wu et al. 

2014). Focused studies on potential migration pathways are vital to address the 

containment issues.   

Another concern related to CCS is the perturbations of equilibrium conditions 

during the injection of CO2. For example, perturbation of chemical equilibrium where 

chemical reactions of injected CO2 with formation fluid and rock occur. Due to 

different rock types, porosity, and rock compositions, the process is very complex (De 

Silva et al. 2015). Dissolution of CO2 into formation brine is necessary for solubility 

trapping, and further reaction with rock promotes mineral dissolution or precipitation. 

For carbonate-rich rock, the fast dissolution rate of carbonate minerals is more 

vulnerable to alteration of initial rock properties, affecting the storage integrity and 

capacity (Osdal et al. 2014). At longer time scales, mineral carbonation will have a 

significant impact on mineral trapping, and it is the safest and most effective trapping 

mechanism (Xu et al. 2011; Kempka et al. 2014). Therefore, understanding the rock-
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fluid interactions throughout the CO2 storage process is essential to ensure the long-

term security of a CO2 storage site (Bachu, 2015).  

Another perturbation during CO2 injection is introducing a thermal gradient in 

the reservoir formation (Bielinski et al. 2008). The temperature of the injected CO2 is 

expected to be the same as the surface temperature, while the reservoir is usually 

warmer, depending on the geothermal gradient of the area. The physical properties of 

the injected CO2 will be influenced by the change in temperature (Sun et al. 2015). 

The temperature is also an important factor controlling mineral reaction rate and 

mechanical strength (Ivanova et al. 2013; Gor and Prévost 2013). The existence of 

temperature variations, particularly in the vicinity of the injection well, potentially 

enhance dissolution of CO2 and fluid mixing, subsequently affect the storage capacity, 

injectivity, and containment. 

Besides chemical and thermal, mechanical and biological steady-state conditions 

are also perturbed during CO2 injection. Stress and geomechanical response play 

important roles in the physical trapping of CO2. An excessive response may trigger 

surface movements, fault reactivation, fracturing, or seismic events that subsequently 

affect the storage integrity (Rutqvist 2012). Microbial communities could be disrupted 

during CO2 injection affecting formation fluid pH, hence induce mineral precipitation 

that could eventually lead to a decrease in the storage capacity (Okyay and Rodrigues 

2015).  

1.3 CO2 GEOLOGICAL STORAGE IN CARBONATE ROCKS 

Carbonate reservoirs, typically composed of limestone or dolomite, are abundant 

and host a major part of the world’s (depleted) hydrocarbon reservoirs, making them 

viable options as CO2 storage sites (Li et al., 2006). However, CO2-brine interactions 

in carbonate rocks are more pronounced compared to clastic reservoirs. When CO2 is 

injected into an aquifer or the water-bearing section of a depleted hydrocarbon 

reservoir, dissolution of CO2 in the brine creates carbonic acid that will react with 

carbonate minerals, most notably calcite. The dissolution of carbonate minerals tends 

to increase rock permeability. However, later precipitation could impair the rock 

permeability (Noiriel et al. 2009; Ott et al. 2012; Smith et al. 2013; Přikryl et al. 2017; 

Al-Khulaifi et al. 2017; Menke et al. 2017). Such changes may lead to loss of 
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injectivity, formation damage, or scale formation, which may adversely impact the 

project’s viability.  

Fluid-rock interactions during CO2 injection in carbonate reservoirs have been 

widely studied (André et al. 2007; Mohamed and Nasr-El-Din 2013; Tutolo et al. 

2014b; Saeedi et al. 2016; Menke et al. 2017; Snippe et al. 2020; to name a few). 

However, due to the complex multi-porosity nature of carbonate rocks, phenomena 

observed during CCS spans from molecular- to pore-scale processes to reservoir scale. 

The processes are complicated by the heterogeneity of the porous system, multi-phase 

fluid flow, stress gradients, chemical and thermal in the subsurface system (Newell 

and Ilgen, 2018). These processes are still poorly understood mainly due to the fact 

that these processes are interrelated and scale-dependent.  

Chemical reactions take place at micro- or pore-scale are controlled by various 

factors such as the saturation extent, are rock mineralogy, temperature, pressure, brine 

acidity, and salinity (Peng et al. 2015). Geochemical reactions could extend over a 

long timescale (e.g., years); however, experimental studies can only focus on faster 

reactions such as calcite dissolution and precipitation. Longer-term reactions require 

modelling approaches, yet the coupled physical and chemical processes make the 

modelling work remains a challenging task (Middleton et al. 2012; Gao et al. 2017).  

Core-scale laboratory experiments provide useful data to investigate coupled 

flow and chemical processes; however, relating the behaviour in the lab to the 

reservoir-scale requires upscaling, which researchers are still trying to address (Li et 

al. 2008; Kim et al. 2011; Noiriel et al. 2012; Menke et al. 2021). At reservoir-scale, 

the inherent heterogeneity of the carbonate reservoir and natural discontinuities (e.g., 

fractures, unconformities) makes the modelling more complicated and 

computationally extensive. Modelling the coupled processes at the reservoir scale also 

requires parameterization at macro-scale and suitable numerical tools. More work is 

required to improve the understanding of the rock reactions under complex subsurface 

conditions and provide optimizing suggestions for the implementation of CO2 storage 

in carbonate reservoirs. 

1.4 OBJECTIVES AND SCOPE 

In previous studies, core scale experiments have been conducted to characterize 

porosity and permeability evolution induced by mineral dissolution and precipitation 
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and identify factors controlling these processes (Menke et al. 2017; Khather et al. 

2018; Al-Khulaifi et al. 2019). Reservoir-scale numerical simulations were also 

conducted to study the effects of reservoir-scale fluid flow on the reaction-induced 

porosity-permeability changes (Xu et al. 2003; Audigane et al. 2005; Gaus et al. 2008). 

These studies, however, used generic modeling parameters and porosity-permeability 

correlations from the literature that have not been validated by experiments. Only 

recently, attempts have been made to integrate experimental data to constrain the 

parameters in the continuum reservoir-scale model. However, these data are site-

specific and cannot be easily transferred to other sites, especially considering the 

heterogeneous nature of the carbonate reservoir  (Hao et al. 2019; Wang et al. 2019). 

Therefore, this thesis's primary aims are to understand how chemical interactions 

between CO2, brine, and rock could cause spatial variations in rock properties by 

employing laboratory investigations and numerical simulations.  

The objectives of this thesis are (1) to conduct core flood experiments to 

understand factors controlling CO2, brine, and rock chemical interactions, (2) to 

develop core-scale models validated by the experiments to help constrain parameters, 

correlations, and reaction rate models to be used in larger-scale simulations, and (3) to 

perform numerical simulations of CO2 injection at inter-well-scale incorporating 

carbonate reservoir heterogeneities. 

More specifically, this thesis targets to  answer and test the following research 

questions and hypotheses:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

• How do carbonate dissolution kinetics vary with brine pH, temperature, 

injection flow rate, and saturation states? The CO2 solubility is dependent on 

pressure, temperature and salinity. In general, CO2 dissolves more at high 

pressure, low temperature, and low salinity. At a typical reservoir condition 

where the temperature is higher than the surface temperature, the CO2 solubility 

is reduced. The brine will be less acidic, and less mineral dissolution is 

expected. On the contrary, reaction kinetics are greater at higher temperatures. 

The effect of a faster reaction rate on mineral dissolution is hypothesized to 

have a more significant impact on calcite dissolution. Therefore, mineral 

dissolution will still occur at a rate high enough to cause alterations in rock 

properties. A slow flow rate will allow longer residence time of the reactive 
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fluid, and when the reaction rate is faster than the flow rate, a complete mineral 

reaction is expected to occur. As the mineral reaction progresses and the 

saturation state gets near the equilibrium, the reaction rate is expected to reduce 

significantly. 

• Does the continuum model using experimentally derived parameters (e.g., 

chemical rate kinetics, reactive surface area, porosity-permeability 

relationship) adequately describe the physical and chemical behaviours 

exhibited at core-scale (i.e., cm-scale)? As chemical reactions are controlled 

by various processes at micro (pore-scale), predicting chemical reactions at 

continuum-scale using parameters derived from macro (core-scale) 

experiments is hypothesized to be less accurate. An upscaling is required to 

match the observations in the lab and simulation properly.   

• How can we best use the core-scale (mm to cm) experiments to model flow 

behaviours and reactions at the reservoir scale (m to km) where additional 

geological heterogeneity is encountered? Inherent heterogeneities in 

carbonates are expected to complicate large-scale flow behaviour and, 

subsequently, the fluid-rock interactions. Additional flow parameters such as 

dispersion may need to be correctly constrained to account for any flow 

variations caused by the rock properties heterogeneities. 

• What is the risk of formation damage due to reaction-induced porosity and 

permeability reduction? Mineral dissolution or precipitation expected to occur 

during CO2 injection in carbonate reservoirs will alter the rock properties 

spatially and temporally. Such changes may lead to loss of injectivity, 

formation damage, or scale formation, which may adversely impact the 

project’s viability. 

To achieve the objectives and effectively answer the research questions, a series 

of reactive-flow core flood experiments were carried out, simulated, and interpreted 

using numerical simulations. The experiments were conducted at Heriot-Watt 

University FAST Group and utilized outcrop core and actual subsurface samples from 

a carbonate hydrocarbon field in Malaysia, the F-field. The samples were characterized 

pre-and post-injection for porosity and permeability, and effluent concentrations were 

monitored throughout the experiments. Selective core samples are Micro-CT scanned 
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pre- and post-injection and compared to observe any alterations in the pore structure 

and derive input parameters to the reactive transport simulation. The experimentally 

validated and calibrated modelling parameters obtained from the core-scale numerical 

simulations were then used in inter-well-scale reservoir simulations to understand the 

impact of heterogeneity on the rock-fluid interactions and analyze the impact of 

reaction-induced alterations on the reservoir properties. The overall workflow used in 

this thesis is summarised in Figure 5.  

Through this work, the understanding of factors controlling CO2-brine-rock 

interactions during CO2 geological storage in carbonates and particularly for the F-

field will be improved. This work provides an example of experiment design and 

methodology to establish empirical reaction parameters pertinent to the target storage 

formation pressure, temperature, and rock and fluid compositions. The numerical 

simulation work at continuum-scale developed in this work provides a calibrated 

model with laboratory data and a useful basis for linking flow, transport, and reaction 

properties from core-scale to larger spatial scale, such as a reservoir. The large-scale 

model (e.g., inter-well) constrained by laboratory data and incorporating physical 

heterogeneities enable a more reliable simulation of CO2-induced reaction processes. 

Reliable models are useful for quantifying reservoir properties changes and predicting 

the risk of formation damage during CO2 injection. Empirical data generated and 

model parameter calibration in this work is tailored to the F-field. It guides the 

optimisation of the injection/production operations and manages the risks of CO2 

storage in the F-field. Several aspects of this work may be transferable to other sites 

with similar mineralogy and heterogeneity.  
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Figure 5. The overall thesis workflow 
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1.5 STUDY AREA 

A depleted gas field from offshore Sarawak, Malaysia (F Field) has been 

identified as a potential CO2 geological sequestration site (Figure 6). The field is a 

carbonate build-up of Miocene age, covering an area of 6 km wide and 22 km long. It 

is a producing gas field with 6.5 Tscf gas initially in place, of which 75% has been 

recovered. The remaining reserves are expected to be 3%. The field has achieved its 

full recovery factor of 78% in 2020, making the field a good candidate for storing CO2 

produced from nearby hydrocarbon fields.   

The reservoir was divided into three zones; Zone 1, 2, and 3, based on porosity 

and permeability values (Figure 7). Zone 1 is an 80 m thick bed of massive branching 

corals with mouldic porosity of about 35%. Zone 2 is divided into Zone 2.1 and 2.3, 

where Zone 2.1 is a mouldic-chalkified limestone with an argillaceous layer. Zone 2.1 

is the thickest and spreads extensively across the field. The zone has an average 

porosity of about 30%. Zone 2.3 is underlying Zone 2.1 and is composed mainly of 

argillaceous limestone and has tighter porosity of less than 20% on average. It behaves 

like a baffle between Zone 2 and 3. Zone 3 consists of bioclastic limestone with vuggy 

porosity of 35% on average. Most of Zone 3 is in the water zone, below the gas-water 

contact. Zones 1 and 2 are the main hydrocarbon production intervals that have been 

depleted, hence become the target zone for CO2 storage. Their excellent reservoir 

properties are also suitable for CO2 injection. Core samples were acquired from an 

exploration well, F-2 drilled in the field, penetrating Zone 1 until Zone 3. Core from 

the thickest and laterally extensive zone. Zone 2.1 was utilized for the core-flood 

experiments to ensure the most representative results for the field. Numerical 

simulation will also be done using rock and fluid data obtained from this zone and 

validated against the results of the core-flood experiments. 
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Figure 6. Location of the study area (red box). The depleted carbonate gas field, F-

field is located about 130km away from the town Bintulu, offshore Sarawak, 

Malaysia. 

 

 

 

 

Figure 7. Reservoir zones characterization in F Field based on well logs and core 

samples. Abbreviations are GR – Gamma Ray, PORNET – Porosity, and SgNET – 

Gas Saturation (From PETRONAS Internal Report, 2015). 
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1.6 THESIS OUTLINE 

This thesis commences in Chapter 2 with a discussion of the scientific 

background and literature perspective on the CO2 phase behaviour and chemical 

interactions between the carbonate rocks and reservoir fluids in the presence of CO2. 

Chapter 2 is followed by a discussion on the experimental work conducted to 

investigate the dissolution kinetics of carbonate minerals. The experimental design and 

the corresponding results for the core-flood experiments carried out as part of this 

thesis are evaluated, discussed, and summarised in Chapter 3. Chapter 4 describes the 

numerical investigation of the experiments from Chapter 3 and discusses the resulting 

reaction parameters. The development, application, and interpretation of an inter-well-

scale simulation model that uses the core-scale experiments and simulations are 

discussed in Chapter 5. The main conclusions of this study and recommendations for 

future work are presented in Chapter 6. 
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Chapter 2: Literature Review and Scientific 

Background 

This section reviews the scientific concepts behind reactive flow in carbonate 

rocks, the key fluid-rock interaction, and the main concepts of reactive transport 

numerical simulations. Section 2.1 examines the CO2 properties and phase behaviour 

at conditions pertinent to CO2 storage in a depleted carbonate gas reservoir. Since gas 

reservoirs contain (residual) methane (CH4), the impact of CH4 on CO2 properties is 

also reviewed. In Section 2.2, the chemical reactions during mineral dissolution and 

precipitation in carbonate formations are discussed, as well as an overview of 

laboratory experiments that can provide insights into these fluid-rock interactions. The 

principles of X-Ray micro-tomography and its application to support the study of fluid-

rock-interactions are reviewed in Section 2.3. The governing equations for reactive 

transport and associated key concepts are discussed in Section 2.4, along with an 

overview of suitable reactive transport modelling software tools.   

2.1 CO2 PROPERTIES AND PHASE BEHAVIOUR IN CO2-H2O-CH4 

SYSTEM 

CO2 can exist as three distinct phases (i.e., gas (vapor), liquid or solid), which 

are separated by defined boundaries that depend on pressure and temperature (Figure 

8). The triple point for CO2 is -56.4 °C at 5.11 bar, and the critical point is at 31.1 °C 

and 73 bar. Below the critical points, there is a clear difference between phases, either 

liquid or gas or solid, except on the equilibrium lines, where two phases may co-exist 

and triple points where three phases may co-exist. Above the critical point, CO2 exists 

as a supercritical fluid with the viscosity of a gas and the density of a liquid. In CCS, 

injecting CO2 as supercritical is a preferred strategy to optimize storage performance. 

Depleted gas reservoirs contain residual and dissolved CH4. Hence the phase 

behaviour of CO2-H2O-CH4 mixtures becomes important if CO2 is injected into 

depleted gas fields. Several experimental and modelling studies have attempted to 

quantify the phase behaviour of these mixtures (e.g., Qin et al. 2008; Hosseini et al. 

2012; Al Ghafri et al. 2014; Amin 2014) to provide the correct input data for reservoir 

studies. 
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Figure 8. CO2 phase behaviour. The triple point for CO2 is -56.4 °C at 5.11 bar, and 

the critical point is at 31.1 °C and 73 bar. CO2 exists as a supercritical fluid above the 

critical point. Taken from Witkowski et al. (2014). 

 

The solubility of CO2 in pure water has been investigated in detail 

experimentally (e.g., Wiebe 1941; Wiebe and Gaddy 1941; Qin et al. 2008), and 

models have been developed to predict the solubility behaviour accurately (e.g., ; Duan 

and Sun 2003; Li and Nghiem 1986). CO2 solubility in aqueous solutions is a strong 

function of pressure, temperature, and salinity. Figure 9 shows the CO2 solubility 

relationship with pressure, temperature and salinity obtained experimentally and 

compared against the mathematical model of Duan and Sun (2003) at 323 K, 10 MPa, 

and 1 mol NaCl/kg. When CO2 dissolves in water, four reactions take place: 

𝐶𝑂2(𝑔) ↔ 𝐶𝑂2(𝑎𝑞)        (2.1) 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ↔ 𝐻2𝐶𝑂3      

 (2.2)  

𝐻2𝐶𝑂3 ↔ 𝐻+ + 𝐻𝐶𝑂3
−       (2.3) 

𝐻𝐶𝑂3
− ↔ 𝐻+ + 𝐶𝑂3

2−      (2.4) 

Generally, when atmospheric or subsurface CO2 dissolves in water (Eq. 2.1), weak 

carbonic acid is generated (Eq. 2,2) , which subsequently dissociates into HCO3
- and 

CO3
- according Eqs. 2.3 and 2.4. The dissolved bicarbonate species can react trigger 

carbonate minerals dissolution and precipitation. 
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Experiments by Qin et al. (2008) at 𝑇 = (51.2 and 102.5) °C and 𝑝 = (100 to 

500) bar shows that in the CO2-H2O-CH4 system, CO2 becomes more soluble in the 

presence of CH4. The calculated constants for Henry’s law indicate that CO2 solubility 

is 6 to 20% higher in the ternary CO2-H2O-CH4 system compared to the binary CO2-

H2O system. Solubility evaluation using the apparent Henry’s law constant 𝐻𝑖 =

𝑝𝑦𝑖/𝑥𝑖, where 𝑖 denotes either CO2 or CH4, 𝑝 is pressure, 𝑦𝑖 denotes mole fraction in 

the gas phase, and 𝑥𝑖 denotes mole fraction in the aqueous phase, shows that with 

increasing CO2 to CH4 ratio the 𝐻𝑖 value of CH4 decreases (Figure 10). Therefore, CO2 

becomes more soluble if more CH4 is present in the reservoir. Al Ghafri et al. (2014) 

conducted similar studies at lower pressures and observed similar trends as Qin et al. 

(2008).   

Several flow simulation studies of CO2 storage have incorporated CH4 in the gas 

mixture (Oldenburg et al. 2001; Oldenburg and Doughty, 2011; Oldenburg et al. 2013). 

Oldenburg and Doughty (2011) conducted numerical simulations on the effect of 

residual CH4 gas on CO2 gas injection in a depleted siliciclastic gas reservoir.  The 

crucial observation was that the CO2 injectivity decreases due to decreasing liquid-

phase relative permeability if CH4 is already present in the reservoir. Another impact 

of CH4 on CO2 injection is that both the density and viscosity of CO2 in a typical gas 

reservoir are higher than CH4 (Figure 11), causing CO2 to migrate downward relative 

to CH4 due to gravity effects (Oldenburg et al. 2001).  Finally, the mixing of CH4 and 

CO2 gas will drastically change the gas-mixture properties and compositions. The 

resulting mixture has reduced compressibility resulting in a bigger gas plume and a 

decrease in density and viscosity that can affect the mobility of the gas (Oldenburg et 

al. 2013). 

Hosseini et al. (2012) provide analytical solutions to assess the impact of CO2 

injection into reservoirs that contain dissolved CH4 in the brine and CH4 as free gas at 

residual saturation. Two phenomena can be expected during CO2 injection into an 

aquifer with residual CH4 gas: the reduction in total mobility due to a reduction in 

fluid-gas relative permeability and a decrease in pressure build-up due to increased 

bulk gas compressibility. Injection into a brine aquifer with dissolved CH4 will not 

show these phenomena. However, three different flow regimes develop, starting from 

the wellbore and moving outward: (1) a single-phase dry-out zone near the wellbore 

filled with pure CO2; (2) a two-phase, two-component zone consisting of brine and 
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CO2; (3) a two-phase, two-component zone containing brine and CH4 (Figure 12). No 

CO2/CH4 mixture was observed from the simulation as CO2 has displaced all CH4.  

Amin (2014) conducted a simulation study investigating the impact of CH4 

impurities in the CO2 injection stream on the sealing capacity of caprock and observed 

that the presence of CH4 decreases the acidity of the brine because less CO2 is dissolved 

in brine; this, in turn, suppresses the dissolution or precipitation of minerals which is 

believed to be beneficial to storage security. However, the simulation utilized a pure 

CO2 solubility model, hence underestimating the amount of CO2 that could dissolve in 

water in the presence of CH4 compared to what was observed in the Qin et al. (2008) 

experiments. Subsequently, underestimating the amount of mineral dissolution and 

precipitation. 

(a) 

 

 

(b) 
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(c) 

 

 

Figure 9. CO2 solubility as a function of pressure at 323 K) (a), the temperature at 10 

MPa and 1 mol NaCl / kg (b), and salinity at 323 K and 10 MPa (c). Solid lines are 

data computed using Duan and Sun (2003), and the other points are experimentally 

measured values (Taken from Iglauer 2005). 

 

 

 

 

Figure 10. The apparent Henry’s Law constant as a function of the ratio of CO2 to the 

total CO2+CH4 in the H2O+CO2+CH4 system at 102.5 °C. Note that smaller values of 

the apparent Henry’s Law constant indicate higher gas solubility in the liquid. Taken 

from Qin et al. (2008). 
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(a) 

  

 

(b) 

 

 

Figure 11. Variation of gas density and viscosity as a function of CO2-CH4 mole 

fraction and pressure at (a) 40°C and (b) 90°C. Taken from Oldenburg and Doughty 

(2011). 
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Figure 12. Three distinct flow regimes during CO2 injection into a saline aquifer 

containing dissolved CH4. Taken from Hosseini et al. (2012). 

 

2.2 FLUID-ROCK INTERACTIONS IN CARBONATE ROCKS 

2.2.1 Carbonate mineral dissolution 

The main minerals found in carbonate rocks are calcite (CaCO3) and dolomite 

(CaMg(CO3)2. Siderite (FeCO3) and magnesite (MgCO3) can also be found but 

typically at much lower abundance compared to calcite and dolomite.  When CO2 

dissolves in water (Eqs. 2.1 – 2.4), it creates acidic conditions suitable for carbonate 

mineral dissolution. Carbonate mineral dissolution can be described by a system of 

three reactions (Plummer et al. 1978): 

𝑀𝑒𝐶𝑂3 + 𝐻+
𝑘1
→ 𝑀𝑒2+ + 𝐻𝐶𝑂3

−     (2.5) 

𝑀𝑒𝐶𝑂3 + 𝐻2𝐶𝑂3

𝑘2
→ 𝑀𝑒2+ + 2𝐻𝐶𝑂3

−     (2.6) 

𝑀𝑒𝐶𝑂3

𝑘3
↔ 𝑀𝑒2+ + 𝐶𝑂3

2−      (2.7) 

𝑀𝑒 represents a divalent metal ion (e.g., Ca or Mg) and 𝑘1, 𝑘2, and 𝑘3 represent the 

reaction rate constants (mol/m2/s). Dissolution kinetics of the calcite in the system 

CO2-H2O can be divided into three regimes. In Regime 1, represented by Eq. 2.5, the 

dissolution is independent of the partial pressure of CO2 and therefore only dependent 

on the pH of the system. In Regime 2 (Eq. 2.6), the dissolution is dependent on both 

the CO2 partial pressure and the pH of the system. In Regime 3 (Eq. 2.7), carbonate 
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mineral precipitation occurs and influences the partial pressure of CO2 and the 

system’s pH. The overall dissolution rate, R (mol/s) (Peng et al. 2015): 

𝑅 = 𝐴𝑘1𝑎𝐻+ (1 −
𝐼𝐴𝑃1

𝐾𝑒𝑞,1
) + 𝐴𝑘2𝑎𝐻2𝐶𝑂3

(1 −
𝐼𝐴𝑃2

𝐾𝑒𝑞,2
) + 𝐴𝑘3(1 −

𝐼𝐴𝑃

𝐾𝑒𝑞,3
)   (2.8) 

Here, 𝐴 is the reactive surface area (m2), 𝑎𝐻+and 𝑎𝐻2𝐶𝑂3
 are the activities of hydrogen 

ion and carbonic acid, 𝐼𝐴𝑃 and 𝐾𝑒𝑞 are the ion activity products and the reaction 

equilibrium constants for reactions in Eq. 2.5, 2.6, and 2.7, respectively.   

  Mineral solubility is determined by activity coefficients, which are affected by 

temperature, pressure, and salinity. As shown in Eq. 2.8, reaction rates are influenced 

by various parameters, including intrinsic mineral features such as reactive surface 

area A and intrinsic rate constants k. For rate dependence on pH, the rates are 

normalized by the amount of surface area (note that the unit is mol/m2/s). In well-

mixed reactors and low pH conditions, the dissolution can be transport-controlled 

when the mixing is not as fast as the dissolution rate. In contrast, when the pH is closer 

to neutral, the rates are substantially slower, and the reactions are frequently kinetically 

controlled. 

 The dissolution and precipitation processes of minerals are dependent on both 

fluid and surface properties. The processes occur at the fluid-mineral interfaces as 

exchange occurs between the mineral and the fluid (Wolthers et al. 2012a). The 

reaction rates are primarily influenced by the relative distance from equilibrium 

(Arvidson and Luttge 2010). According to Teng (2004) and Xu et al. (2012), there are 

three different regimes of saturation states corresponding to different dissolution 

mechanisms on the microscopic scale. The saturation states are (i) far-from-

equilibrium where dissolution occurred spontaneously and randomly on the mineral 

surface, such as the formation of etch pits (Teng 2004), widening or deepening of pits 

(Wolthers et al. 2012b), and wormholing (Laanait et al. 2015), (ii) medium saturation 

where dissolution preferentially occurred in pre-existing defects with some formation 

of etch pits and, (iii) close-to-equilibrium where dissolution only occurred in the 

presence of pre-existing etch pits or defects. Figure 13 shows dissolution mechanisms 

observed on calcite, as illustrated by (Wolthers 2015). 

 Subsurface brine present in a reservoir of geological CO2 storage varies in  

composition and pH with depth, pH, temperature, and pressure. Therefore, obtaining 
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reaction rates that represent saturation states relevant to the reservoir condition is 

important to account for different variables that affect measured reaction rates.  

 

 

 

 

Figure 13. Calcite may dissolve through; A, spontaneous dissolution on a mineral 

surface; B, formation of etch pits; C, deepening of existing etch pitch; D and E, 

widening of existing etch pits and; F, wormholing. (Taken from Wolthers (2015)).     

 

2.2.2 Influence of CO2 on carbonate mineral dissolution 

Mineral dissolution reactions in a CO2-free acidic environment are usually 

assumed to only depend on the pH of the solution (Pokrovsky et al. 2005). Acidic 

brines with low pH values tend to favour carbonate mineral dissolutions, while brines 

at high pH are usually associated with precipitation. The reaction can be modelled 

using pH-dependent rate law using dissolution rates that have been comprehensively 

compiled by Palandri and Kharaka (2004). In contrast, the dissolution of carbonate 

minerals in a CO2-saturated solution is more complicated due to many simultaneous 

reactions, as shown in Eqs. 2.5 – 2.7. Other parameters such as CO2 solubility are 

dependent on temperature and pressure, which create additional uncertainties when 

quantifying carbonate mineral dissolution in CO2-rich solutions, unlike when 

dissolving carbonates in a strong acid such as HCl (Morse et al. 1979; Dreybrodt and 

Buhmann 1991; Liu and Dreybrodt 1997). In addition, the acidity of CO2-brine 

solution, quantified by the pH, correlates with the dissociation of carbonate minerals 
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(Bachu et al. 1994; Kaszuba et al. 2005; Pokrovsky et al. 2009; Peng et al. 2015). 

Figure 14 shows the dissolved CO2 speciation as a function of pH in a NaCl solution 

at 60 °C (Lagneau et al. 2005). According to Eq 2.7, at low pH, CO2(aq) dominates 

while there is a more significant amount of CO3
2- ions at high pH causes a shift towards 

the formation of carbonates and consequently triggers the precipitation of solid 

carbonate minerals. HCO3
- is the major ion at circumneutral pH (i.e., between 6.5 to 

7.5) conditions and could also serve as a good pH buffer, influencing the H+ ion 

activity. Due to the abovementioned reasons, valid experimental data for dissolution 

rate in CO2-acidified system is required to develop a correct model to improve the 

prediction accuracy of mineral dissolution in the said system.   

 

 

 

Figure 14. Speciation of the dissolved CO2 as a function of pH in NaCl solution of 1M 

at 60 °C. CO2 (aq) is dominant at lower pH values, then HCO3
- and CO3

2- become 

dominant for intermediate and high pH values, respectively (Taken from Lagneau et 

al. (2005)). 

 

2.2.3 Experimental studies  

CO2-brine interactions with carbonate rocks at reservoir temperature and 

pressure conditions have been studied in detail in closed reactors (i.e., batch 

experiments) and flow-through experiments (i.e., core-floods). Rate laws determined 

in batch experiments (e.g., Marini 2006; Peng et al. 2015; Anabaraonye et al. 2019; to 

name a few) are limited under controlled transport conditions and do not account for 

any of the flow dependence that may be encountered in the porous media (Kim and 

Lindquist 2012). Therefore, core flooding experimental research, including flow 
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characteristics, is the most effective way for determining the mechanism and rate of 

CO2-brine-rock interaction during or after CO2 injection (Sun et al. 2016). 

One of the earlier core flood studies directly relevant to CO2 storage was on a 

dolomitic carbonate (Holm, 1959), which reported that injection of liquid CO2 and 

carbonated brine caused the permeability to increase by a factor of three after 

approximately nine pore volumes injected. Ross et al. (1982) also investigated the 

effect of mineral dissolution on permeability by flowing carbonated brine through an 

oolitic limestone at reservoir conditions of 80 °C and 3.45 x 107 Pa. The formation of 

wormholes that lead to significant permeability enhancement was observed. Results 

from more recent studies are consistent with these older studies. Luquot and Gouze 

(2009) conducted experiments at conditions above the critical pressure and 

temperature of CO2 to mimic a typical reservoir condition. The CO2 partial pressure 

of injected CO2-saturated brine was varied to represent different processes at different 

localities within a storage area. It was observed that the dissolution regime was 

controlled by injection rate and injection fluid pH. 

In contrast, more recent work observed a clogging phenomenon and 

permeability reduction during calcite dissolution (Mangane et al. 2013; Luquot and 

Roetting 2014; Garing et al. 2015; to name a few). The dissolution was highly localized 

and occurred non-uniformly along with the sample where pore size increases at the 

inlet but reduces at the outlet even though the overall porosity increases. The end 

portion of the core was affected by the movement of microparticles which loosen due 

to the so-called sugar model dissolution process (Noiriel et al. 2009). The dissolution 

process dissociates calcite into smaller grains with a higher reactive surface area but 

could not be dissolved due to low local acidity. These small particles could have been 

transported to plug the outlet, yielding an overall permeability reduction (Luquot and 

Roetting, 2014).  

While rock dissolutions modify rock and transport properties positively (e.g., 

increase porosity and permeability), re-precipitation and pore-clogging phenomena 

could negatively impact the porosity and permeability of the rocks. The porosity and 

permeability impairments would affect the injectivity (e.g., Jin et al. 2016) and may 

lead to premature termination of CO2 storage operations (e.g., (Mohamed and Nasr-

El-Din 2012; Le Guen et al. 2007; Vanorio et al. 2011). Information derived from this 

study on factors controlling mineral dissolutions or precipitation and their effects on 
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rock properties may be applied to enhance understanding of all aspects of CO2¬ 

storage operations at a given site. 

To determine accurate reactive transport parameters of the chemical processes, 

understanding the controlling factors such as geometry, transport, and rock 

heterogeneities is essential. Currently, only a few core flood experiments conducted 

on carbonate types of rocks to obtain the reactive transport parameters have been 

reported. Among them are Menke et al. (2015), and Andrew (2014), where both 

investigated the carbonate mineral reactivity at the pore-scale level. Khather et al. 

(2017) focused on petrophysical properties changes of several types of carbonate 

outcrop samples with 6-inch length and 1.5-inch diameter size, coupled with NMR and 

CT-scan imaging. Similarly, Smith et al. (2013) investigated actual samples from 

Weyburn-Midale CO2 storage sites with smaller size cores (3-inch length by 1.5-inch 

diameter). Both works show different behaviours in carbonate dissolution, reaction 

rate, and porosity-permeability changes, making the application to other study area 

warrant further investigations. 

Mineral and CO2 solubilities are temperature dependent, with lower 

temperatures generally favouring greater CO2 solubilities, while the kinetics of the 

mineral reactions are slower. When CO2 is injected into a reservoir, the injected CO2 

is usually colder than the reservoir rock, and this results in a thermal gradient along 

the flow path. The impact of CO2 injection temperature on reactivity and mass 

exchanges between phases has yet to be studied in detail experimentally. A study on 

thermal impact was first evoked by André et al. (2007) using numerical modelling 

where parameters including thermal properties influencing chemical reactivity were 

analyzed. Marcolini et al. (2008) then studied the impact of temperature on water/rock 

exchanges around the wellbore, specifically in the framework of CO2 storage. Tutolo 

et al. (2014b) investigated cold CO2 injection into a geothermally warm carbonate 

reservoir through a continuous flow-through experiment with re-circulated injection 

fluid for a total of 650 hours and stepwise increment of temperature ranging from 21 

°C to 100 °C. As temperature increases, the rapid permeability reduction to be even 

lower than the initial permeability was observed. The effect was attributed to the 

combined effect of CO2 exsolution from carbonate-saturated fluids and dolomite 

precipitation. The kinetic of dolomite precipitation was enhanced when fluid 

equilibrated with rock at the low-temperature region near the well and transported to 
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a higher temperature region within the reservoir. In the case of CO2 storage in a 

depleted reservoir, a thermal process that might occur have different origins and non-

intuitive combined impacts – e.g., heat transfer between host reservoir, thermodynamic 

sources such as CO2 dissolution and Joule-Thomson effect, or anthropic origin such as 

CO2 injection temperature (André et al., 2010).   

Many research efforts have attempted to understand the discrepancies between 

the lab and the field, particularly in the mineral dissolution rate (White and Brantley 

2003; Li et al., 2007; Al-Khulaifi et al., 2017). The discrepancies mainly attributed to 

the inherent differences between lab and natural system such as a larger reactive 

surface area of the fresh compared to weathered minerals (White and Peterson, 1990), 

the effect of reaction affinity (Maher et al. 2006), the impact of mineral armoring due 

to spatial distributions of mineral with different reactivity (Li et al., 2006; 2007) and 

increasing physical and chemical heterogeneities (Knutson et al., 2007; Molins et al., 

2012; Salehikhoo et al., 2013). Li et al. (2008) added that any heterogeneities that 

result in the formation of concentration gradients in the subsurface could lead to the 

discrepancy. Li’s work also identified regions where the discrepancy due to scaling 

effects become insignificant; (i) Péclet number is less than 1 indicating complete 

mixing and, (ii) reaction rate is either very slow to cause any aqueous concentration 

changes within the pore or very fast to allow a complete reaction to take place within 

the considered length scale. In all cases, it is not clear that disparity in the rate constants 

is genuine instead of a failure to consider the inherent variations between laboratory 

and field settings in chemical and physical conditions (Stefeel et al., 2005). To date, 

translating experimental laboratory data to predict large-scale behavior is still a 

challenge and one of the most active research areas.  

Generally, in most of the carbonate dissolution experiments discussed above, 

calcite and dolomite dissolution were observed, altering the shape, size, and 

connectivity of the pores. On the other hand, the dissolution pattern is influenced by 

several factors - heterogeneity, kinetics, and hydrodynamics - and develops depending 

on the interplay of mass transfer mechanisms and reaction kinetics. This work 

investigated CO2-fluid-rock interaction, including thermal impacts, and establish 

reaction parameters from experimental data generated using analogue cores and actual 

samples from a depleted carbonate reservoir. The experimental data was then used to 
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constrain the reactive transport simulations of the core-scale lab experiment and inter-

well-scale model. 

2.2.4 Dimensionless numbers 

Two parameters, the Péclet (Pe) and Damköhler (Da) numbers are commonly 

used to describe the physical evolution of the pore space to capture the possible 

feedback between the flow regime and the geochemical alteration (Békri et al. 1995; 

Fredd and Fogler 1998; Ott and Oedai 2015; Tang et al. 2015; Tansey and Balhoff 

2016). The Pe number is the ratio of advection to diffusion rates, and the Da number 

is the ratio of reaction to either advection or diffusion rates: 

𝑃𝑒 =
𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=

𝑈𝑎𝑣𝐿

𝐷
,      (2.9) 

𝐷𝑎 =
𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=

𝑘𝐿

𝑈𝑎𝑣
,                 (2.10) 

where, 𝑈𝑎𝑣 (ms-1) is the average pore velocity, 𝐿 (m) is the characteristic length, 𝐷 

(ms-1) is the molecular diffusion coefficient, and 𝑘 (s-1) is a reaction rate constant. The 

Da number can be further defined as: 

𝐷𝑎 =
𝐴𝑘𝐿

𝜑𝑣𝐶𝑒𝑞
 ,        (2.11) 

where  𝐴 is the mineral-specific reactive surface area (m-2), and 𝑘 is a kinetic rate 

constant (mol/m2-s), and Ceq is the observed steady-state concentrations of the 

indicator cations for each carbonate mineral (mol/m3). Another dimensionless number 

that is typically being used is the product of Pe and Da, called the PeDa number. The 

PeDa number compares the relative importance of diffusion versus reaction.  

 For single-phase flow, the dissolution regimes in carbonate rocks as a function 

of Pe and Da numbers have been systematically investigated by Golfier et al. (2002), 

Ott et al. (2012), and Menke et al. (2015). In a relatively homogeneous system, single-

phase acid injection creates a dissolution pattern that could vary from uniform 

dissolution to compact and wormhole formation depending on the Pe and Da numbers 

(Figure 15 and Figure 16).  However, for reactive transport in multiphase flow, Ott 

and Oedai (2015) observed completely different dissolution regimes for similar Pe and 

Da numbers. Instead of observing wormholing dissolution as seen in the single-phase 

experiment, co-injection of CO2 and brine led to a compact dissolution at the injection 

side, which was attributed to fluid density differences (Figure 16).  
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Figure 15. Single-phase flow dissolution regimes as a function of Péclet and 

Damköhler numbers. Uniform dissolution dominates at low reaction rates for all flow 

rates and compact dissolution at high reaction rates and low flow rates. Intermediate 

flow and reactions rates caused wormholes formation  (after Golfier et al. 2002). 

 

 

 

 

Figure 16. Dissolution regime for (a) single-phase flow reactive transport (RT) and (b) 

two-phase flow reactive transport during CO2 and brine co-injection. Both injections 

were performed at otherwise the same conditions and injection rates, resulting in the 

same Pe and Da numbers for both experiments (Taken from Ott and Oedai, 2015). 

 

2.3 X-RAY MICROCOMPUTED TOMOGRAPHY (𝝁-CT) 

Computed tomography is a process where differences in material density are 

used to resolve the interior structure of an object without interfering or changing the 

physical state of the sample. X-ray microtomography (µ-CT) uses x-rays to produce 

high resolution three-dimensional (3-D) images up to the micron scale. In subsurface 
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research, the 3-D imaging techniques have been commonly used to characterise 

porosity, pore size, the shape of rock samples and investigate pore-scale dynamics 

(Wildenschild and Sheppard 2013; Cnudde and Boone 2013). The processed and 

analyzed images can also be used to calculate transport properties quantitatively (e.g., 

(Wellington and Vinegar 1985; 1987; Auzerais et al. 1996; Qajar et al. 2013; Noiriel 

et al. 2013; Elkhoury et al. 2019). The main advantages of this technique are its non-

destructive nature, and it allows time-lapse images comparison and in-situ monitoring 

of dynamic processes (e.g., Andrew et al. 2013; Menke et al. 2015; Al-Khulaifi et al. 

2018). Nevertheless, several conditions limit these advantages, such as operator 

dependency, imaging artifacts, noise and long measuring times, to name a few (Veerle 

Cnudde et al. 2008; Derluyn et al. 2013; Dewanckele et al. 2013; Hebert et al. 2015).  

Imaging of carbonate core using CT or µ-CT scanners has been performed by 

Luquot and Gouze (2009) to characterize permeability, porosity, tortuosity, and 

hydraulic radius before and after dissolution. Using a similar type of images, Gharbi 

et al. (2013) were able to observe two distinct dissolution regimes – wormholing and 

uniform dissolution when Damköhler is varied for an experiment conducted on two 

heterogeneous carbonates at reservoir conditions. Smith et al. (2013) and Hao et al. 

(2013) combined µ-CT and modelling where the images of dolomitic and vuggy 

limestone cores before and after core flooding with CO2-saturated brine are used to 

validate a continuum-scale reactive transport model. Lamy-Chappuis (2015) used CT 

scanning to measure calcite dissolution and found that permeability increases did not 

agree with classical models. As technology evolved, studying time-resolved imaging 

of fluid flow has become possible. Menke et al. (2017) coupled fast synchrotron 

tomography with reservoir-condition core flood apparatus to investigate dynamic 

reactive dissolution processes in rock with complex pore structures, and they observed 

a channelling dissolution pattern whose emergence is dependent on initial pore 

structure and flow conditions.  

2.3.1 Imaging Acquisition 

The principle of operation of the µ-CT scan is the acquisition of a cylindrical image at 

a micro-meter resolution as a representation of the inspected object. Typical set up 

required an X-ray source with a microfocus tube for projection to a detector or a 

camera, and can be configured based on one of the following systems 

(Krassakopoulos, 2013; Pacilè and Tromba 2018):  
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1. Fan Beam: This system consists of an electronic X-ray source and a one-

dimensional X-ray detector. The sample is placed on a turntable rotated along 

the Z-axis and shifted vertically during image acquisitions (Figure 17 (a)). 

Vertical slices of 2-D cross-sections of the object will then be assembled to 

form a 3-D image. 

2. Cone Beam: This system consists of an electronic X-ray source and a 2-D 

planar X-ray detector (camera). The camera automatically captures an entire 

vertical slice during every rotation (Figure 17 (b)). 

3. Parallel Beam: Similar to the cone-beam configuration but with parallel 

synchrotron beam is used, and the total rotational angle is 180° instead of 360° 

for the cone-beam system (Figure 17 (c)) 

In either configuration, the distance between the source and the detector determines 

the resolution of the acquired images.  

 

(a) 

 

 

 

(b) 

 

 

 

 

 

 

 

 

(c) 

 

 

 

Figure 17 Microcomputed tomography (μ-CT) scanner imaging system configuration 

(Taken from Pacilè and Tromba (2018)). 
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2.3.2 Image processing and analysis 

The acquired images require digital image processing before being used for any 

analysis. The most relevant processes are reconstruction, filtering, and segmentation 

(Ketcham and Carlson 2001). The images are reconstructed to create a cross-sectional 

image of the object along the measurement plane (a “slice”), and by stitching together 

several slices, a dataset representing a 3-D volume can be created. Each element of a 

3-D image is called a voxel. Filtering noise or image artifacts such as beam-hardening 

artifacts are then required prior to image segmentation. The critical step is converting 

the images into a quantitative description of the pore geometry through image 

segmentation (Scheibe et al. 2015). Each voxel in the image is assigned to either solid 

or pore. Many approaches to image segmentation have been developed mainly by 

thresholding the values of the image voxel intensity (e.g., Otsu 1979; Huang and Wang 

1995; Wildenschild and Sheppard 2013).        

Image analysis typically follows image processing, where the output includes 

measurements and a limited degree of dynamic modelling. There are software suites 

available to aid in processing and analyzing the images, such as ImageJ, a public 

domain Java-based program (Rasband 2015), and Avizo from FEI Visualization 

Sciences Group (FEI 2016). In this thesis, these software suites were utilized to process 

the images for qualitative comparison of pre-and post-core flood core images and 

quantitatively measured the specific surface area used as input data for reactive 

transport simulations.  

2.4 REACTIVE TRANSPORT SIMULATION 

Reactive transport simulation is a well-established tool to study the interplay 

between fluid flow and geochemical reaction, given the complexities of the processes, 

multi-scale in nature, and time frame that beyond laboratory scale (Steefel et al. 2005; 

Xiong et al. 2016; Berkowitz et al. 2016; Harrison et al. 2019). While reactive transport 

simulations are usually conducted by describing average properties at the continuum 

scale, fluid phases and minerals interactions occur at the pore scale. These complex 

flow and reaction processes can be studied by both continuum-scale and pore-scale 

reactive transport simulations. This thesis focuses on the continuum-scale experiments 

and simulations, and a review of the pore-scale reactive transport modelling is included 

for comparison purposes.   
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Pore-scale reactive transport modelling solves the Navier-Stokes Equation for 

the flow velocity distribution. There are two main methods currently available for 

pore-scale simulation; (i) Direct Numerical Simulation (DNS) and (ii) Pore Network 

Modelling (PNWM). DNS refers to simulations carried out on the actual pore 

geometry obtained from imaging techniques such as X-Ray CT imaging. This 

approach includes grid-based Finite-Element (FE) / Finite-Difference (FD) / Finite-

Volume (FV) methods (Békri et al. 1995; Panga et al. 2005; Maheshwari et al. 2013; 

Nunes et al. 2016), particle-based such as Lattice-Boltzmann (LB) methods (Kang et 

al. 2007) and Smoothed Particle Hydrodynamics (SPH) methods (Tartakovsky et al. 

2007). PNWM refers to simulations where the reconstructed pore space is represented 

as an idealized network. In contrast to DNS, PNWM is computationally less 

demanding and can deal with larger samples (Yang et al. 2016) but does not preserve 

the original pore geometry, which is vital for understanding the evolution of rock 

surfaces due to fluid-rock interactions. 

Pore-scale simulations are useful to elucidate the pore-scale nature of reaction 

processes. However, it requires significant computational time and is limited to the 

maximum representative elementary volume (REV) of the system that can be modelled 

(Knutson et al. 2007). For practical field applications, much larger scales must be 

considered where typically all pore-scale processes are spatially averaged and 

modelled at continuum-scale (Noiriel et al. 2012). A Darcy-scale continuum modeling 

approach has been primarily employed to analyze the factors affecting mineral 

dissolution and associated with reactive transport processes (e.g., Golfier et al. 2002; 

Hao et al. 2013; Noiriel et al. 2009). Predicting reaction-induced porosity and 

permeability evolution during CO2 sequestration is vital as the changes in the rock 

property fundamentally affect the storage capacity and integrity. Continuum-based 

codes available either commercially or as open-source include PHREEQC, 

TOUGHREACT, CMG-GEM, HYTEC, CrunchFlow, and PFLOTRAN (Steefel et al. 

2015). These simulators have their capabilities and limitations discussed in detail by 

Steefel et al. (2015); this discussion does not include the commercial software CMG-

GEM. To date, CMG-GEM is the only commercial simulator that has the capability to 

couple hydrodynamic simulation of CO2-CH4-H2O system and geochemical modelling 

(CMG 2017). In this research, CMG-GEM will develop a core-flood model to simulate 

CO2 injection into carbonate rock, including a detailed mineralogical description and 
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characterization of the formation water system. Injection of colder CO2 was also 

simulated non-isothermally, and at the inter-well--scale model, residual CH4 gas was 

incorporated.  

2.4.1 Governing equations 

The reactive transport model combines advective-diffusive transport with both 

aqueous chemical equilibrium and kinetic reactions. All reactive transport simulations 

conducted in this study used a commercial compositional simulator package – CMG-

GEM (CMG 2017). The simulator uses the Peng-Robinson equation of state (EOS) 

and solves the Darcy equation to simulate the fluid flow. The following equations 

govern mass transport of a single fluid phase in porous media 

𝜕

𝜕𝑡
(𝜑𝜌) =  −∇ ∙ (𝜌𝑽) + Γ,     (2.10) 

where t, ∇, and Γ represents time, spatial derivative operator, and source/sink terms, 

respectively. 𝜑 is porosity, 𝜌 is density, and the Darcy flux vector 𝑽 is given by 

𝑽 = −
𝐾

𝜇
(∇𝑝 − 𝜌𝑔),      (2.12)  

where p is pressure (Pa) and 𝐾, 𝜇, and 𝑔 are the intrinsic permeability (m2), phase 

viscosity (𝑃𝑎 ∙ 𝑠), and gravitational acceleration (ms-2) vector, respectively. 

Multicomponent transport processes are constrained by mass balance as  

𝜕(𝜑𝐶𝑎)

𝜕𝑡
= −∇ ∙ (𝑽𝐶𝑎) − ∇ ∙ (𝐷∇𝐶𝑎) = 𝑅𝑎,   (2.13) 

where 𝐶𝑎 is the molal concentration of species 𝑎 (mol m-3), 𝐷 is the combined 

diffusion and dispersion coefficients (m-1 s-1), and 𝑅𝑎 is the reaction rate of species 𝑎 

(mol m-3 s-1). Equation 2.12 is also the classical Advection-Dispersion equation (ADE) 

for reactive flow (Bear, 1988). 

 The following equation is used in CMG-GEM to model the porosity changes 

caused by mineral dissolution and precipitation 

𝜑∗̅̅ ̅ = 𝜑∗ − ∑ (
𝑁𝑎

𝜌𝑎
−

𝑁𝑎
𝜊

𝜌𝑎
)𝑛

𝑎=1 ,     (2.14) 

where 𝜑∗ is the porosity before the mineral dissolution or precipitation (fraction), 𝜑∗̅̅ ̅ 

is the new porosity after mineral reaction (fraction), 𝑁𝑎 are total moles of mineral 𝑎 

per bulk volume at the current time (mol), 𝑁𝑎
𝜊 are total moles of mineral 𝑎 per bulk 

volume at the time zero (mol). and 𝜌𝑎 the mineral molar density of mineral 𝑎 (mol).  
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 A change in porosity will yield a change in permeability. In CMG-GEM, two 

options available calculate the permeability based on the change in porosity; the 

power-law and Carman-Kozeny (Carman 1937) equations, which are given by  

𝑘 = 𝑘𝜊 (
𝜑∗

𝜑∗
)

𝑛

,       (2.15) 

𝑘 = 𝑘𝜊 (
𝜑∗

𝜑∗)
𝑚

(
1−𝜑∗

1−𝜑∗
)

2

.      (2.16) 

Here, 𝑛 is the power-law exponent, 𝑚 is the Carman-Kozeny exponent, 𝑘 and 𝑘𝜊 are 

the new and the initial permeabilities, respectively.  

2.4.2 Diffusion and dispersivity 

Molecular diffusion is driven by the concentration gradient and is described by 

Fick’s First Law (Fick, 1855): 

𝐽𝑑𝑖𝑓𝑓 =  −𝐷0(
𝜕𝐶

𝜕𝑥
)      (2.17) 

where 𝐽𝑑𝑖𝑓𝑓 is the diffusive mass flux per unit area (mol/m2/s); 𝐷0 is the molecular 

diffusion coefficient in water (m2/s), and 𝑥 is the distance (m). Typically, the diffusion 

coefficient in water generally is in the order of 10-9 m2/s and is temperature- and fluid 

viscosity-dependent. When Fick’s first law is combined with mass conservation, the 

equation becomes 

𝜕𝐶

𝜕𝑡
= −

𝜕𝐽𝑑𝑖𝑓𝑓

𝜕𝑥
= 𝐷0

𝜕2𝐶

𝜕𝑥2 .     (2.18) 

Equation 2.18 is Fick’s second law and is the diffusion term in Eq. 2.13. 

 Dispersion describes the mixing of a solute due to fluctuations around the 

average velocity (Gelhar, 1986). Mechanical dispersion in porous media accounts for 

the spreading of the concentration profile and can appear on smaller and larger scales. 

It is typically defined as the product of the average fluid velocity and dispersivity, 𝛼: 

𝐷𝑚 =  𝛼 ∙ 𝜐       (2.19) 

where 𝜐 is the average flow velocity (m/s), and 𝛼 is the dispersivity (m). In a system 

with more than one direction, dispersivity in principle flow (i.e., longitudinal 

direction), 𝐷𝐿 is typically higher than that in transverse of the main flow (transverse 

dispersivity, 𝐷𝑇).   
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Dispersion is a scale-dependent process where at the column scale, a typical 

dispersivity may be on the order of centimeters, while at field scale, the value can vary 

from 10 to 100m, as shown in Figure 18. On the pore-scale to laboratory-scale, the 

spreading is caused by the diffusion of molecules and friction on capillary walls 

(Taylor, 1953). On a larger scale, such as a reservoir, spreading is caused by 

geometrical dispersion due to network structure or topology (Bear, 1975). The 

anomaly of breakthrough curves where fluid moves slowly create long tails known as 

the ‘tailing effect’ as observed at the smaller-scale model (Figure 19) but not apparent 

at a larger scale (Vasilyev, 2018).   

 

 

 

Figure 18. Longitudinal dispersivity versus the scale of observation (taken from Gelhar 

et al., 1992) 
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Figure 19. The long tail appearance results from preferential flow in porous media 

(from Vasilyev, (2018)). 

2.4.3 Relative permeability  

The gas-water relative permeability function used in this work is given by the 

Brooks and Corey model (Brooks and Corey, 1964) given by 

𝑘𝑟𝑤 = 𝑘𝑟𝑜𝑐𝑤 (
𝑆𝑤−𝑆𝑤𝑟

1−𝑆𝑤𝑟−𝑆𝑜𝑟𝑤
)

𝑛𝑤

,     (2.20) 

𝑘𝑟𝑜 = 𝑘𝑟𝑤𝑟𝑜 (
1−𝑆𝑤−𝑆𝑜𝑟𝑤

1−𝑆𝑤𝑟−𝑆𝑜𝑟𝑤
)

𝑛𝑜

,     (2.21)  

𝑘𝑟𝑔 = 𝑘𝑟𝑜𝑔𝑟 (
𝑆𝑙−𝑆𝑔𝑟

1−𝑆𝑔𝑟−𝑆𝑜𝑟𝑔
)

𝑛𝑔

,     (2.22) 

where 𝑘𝑟𝑤 is the relative permeability of water, 𝑘𝑟𝑜𝑐𝑤 is the relative permeability of 

water at irreducible oil saturation, 𝑘𝑟𝑜 is the relative permeability of oil, 𝑘𝑟𝑤𝑟𝑜 is the 

relative permeability of oil at irreducible water saturation, 𝑘𝑟𝑔 is the relative 

permeability of gas, 𝑘𝑟𝑜𝑔𝑟 is the relative permeability of gas at irreducible liquid (oil 

and water) saturation, 𝑆𝑤 is the water saturation, 𝑆𝑤𝑟 is the irreducible water saturation, 

𝑆𝑜𝑟𝑤 is the oil saturation at irreducible water saturation, 𝑆𝑙 is the liquid (oil or water) 

saturation, 𝑆𝑔𝑟 is irreducible gas saturation, and 𝑆𝑜𝑟𝑔 is the gas saturation at irreducible 

liquid saturation. 𝑛𝑤, 𝑛𝑜 and 𝑛𝑔 are water, oil, and gas exponents, respectively.  

2.4.4 Reaction rate model  

All rock-fluid reactions are assumed to be kinetically controlled until 

equilibrium. Calcite and dolomite dissolution and precipitation reactions can be 
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modelled using the Transition State Theory (TST) (Eyring, 1935; Lasaga, 1995) 

kinetic rate law tied to mineral saturation given by 

𝑅𝑎 =  −𝑆𝑎𝑘𝑎𝑒−
𝐸𝑎
𝑅

(
1

𝑇
−

1

298.15
)(1 −

𝑄𝑎

𝐾𝑎
𝑒𝑞),    (2.23) 

where 𝑆𝑎 is the reactive surface area for the mineral, T is the absolute temperature, R 

is the gas constant, 𝐾𝑎
𝑒𝑞

 is the equilibrium constant of mineral reaction, and 𝑄𝑎 is the 

corresponding activity product. 𝑘𝑎 and 𝐸𝑎 are the rate constant at 298.15 K and 

activation energy, respectively. The ratio of 𝑄𝑎/𝐾𝑎
𝑒𝑞

 is called a saturation index of the 

reaction, and the value determines the direction and extent of the reaction. When the 

value is higher than 1.0, dissolution occurs, and precipitation occurs when the value is 

less than 1.0. The 𝑄𝑎 = 𝐾𝑎
𝑒𝑞

 implies equilibrium condition.  

 Given the rate constant at a specific temperature, the rate constant at another 

temperature, 𝑘𝑗 can be calculated as follows: 

𝑘𝑎 = 𝑘0𝑎 exp [−
𝐸𝑎𝑗

𝑅
(

1

𝑇
−

1

𝑇0
)]                (2.24) 

where 𝐸𝑎𝑗 is the activation energy for reaction 𝑗 (J/mol) and 𝑘0𝑗 is the reaction rate 

constant for reaction j at 𝑇0 (mol/m2s). 

In addition to the TST rate model, CMG-GEM allows using the Arrhenius 

(ARN) rate equation to model mineral reactions. The rate of concentration (molality) 

change using the Arrhenius equation is given by 

𝑅𝑎 = 𝐹 ∙ exp[−
𝐸𝑎

𝑅
(

1

𝑇
−

1

298.15
)] ∏ 𝐶𝑎

𝑚𝑖𝑛
𝑎=1 ,   (2.25) 

where for a reaction with 𝑛 reactants F is frequency factor, or pre-exponential factor 

describing the rate of molecular collisions that occur in the chemical reaction and its 

unit depends on the overall order of the reaction, i.e. [mol s-1 1/(sec.molalitya-1)] where 

𝑚𝑖 is the overall order of reaction [1/(sec.molalitya-1)]. The F is a constant that can be 

derived experimentally or numerically. 

  

2.4.5 Thermal modelling 

Thermal modelling in CMG-GEM involves solving temperature equations that 

include energy balance with convection, conduction, and heat loss terms. This allows 

modelling non-ideal fluid effects and heating or cooling due to fluid expansion or 
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compression, including the Joule-Thomson effect. The Joule-Thomson effect is a 

thermodynamic process related to the expansion of real gases at constant enthalpy. 

Joule-Thomson cooling corresponds to a temperature drop as real gas expands from 

high to low pressure. Therefore, the Joule-Thomson effect will be most significant in 

cases of CO2 storage in depleted gas fields with low initial pressure (e.g., Oldenburg, 

2007). 

2.5 SUMMARY  

This chapter outlined the scientific concepts behind reactive flow in carbonate 

rocks, the key fluid-rock interaction, and the main concepts of reactive transport 

numerical simulations. Previous work on experiments and numerical simulations 

related to CO2-brine-rock interactions during CO2 injection in carbonate formations 

has also been reviewed, and knowledge gaps have been identified.  

Several approaches have been used to investigate reactive flow experimentally. 

Understanding the governing elements such as geometry, transport, and rock 

heterogeneities are critical for determining correct reactive transport parameters of 

chemical processes. Only a few core flood studies on carbonate types of rocks to 

acquire reactive transport parameters have been reported. The heterogeneous nature of 

carbonate making the application of available data to other study areas warrants further 

investigations. This research attempted to understand the processes and generate data 

suitable for the study area of interest.  

Thermal processes that might occur if CO2 is stored in a depleted reservoir have 

different origins and non-intuitive combined impacts. In addition, the effect of CO2 

injection temperature on reactivity and mass transfer across phases has yet to be 

thoroughly investigated experimentally. The experimental work in this thesis will be 

combined with numerical simulations to understand the thermal process better and its 

impact on chemical reactivity. 

While reactive transport simulations have been established to aid in 

understanding the complex nature of the reactive flow and processes, translating 

experimental laboratory data to numerical simulation to predict large-scale behavior is 

still a challenge and one of the most active research areas. This research extended the 

numerical simulations from core-scale to inter-well scale, incorporating inherent 

heterogeneities of an actual reservoir.
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Chapter 3: Dissolution Kinetics of 

Carbonate Minerals 

This chapter describes the experimental methods and analytical techniques 

adopted to understand factors controlling CO2, brine, and rock chemical interactions 

by analyzing the dissolution kinetics of carbonate minerals at different saturation states 

and different temperatures. This experimental work tries to answer the first research 

question on how carbonate dissolution kinetics vary with brine pH, temperature, 

injection flow rate, and saturation states as described in section 2.2.1. All of the 

experiments in this chapter were conducted in the laboratories of the FAST Group at 

Heriot-Watt University under the auspices of Mike Singleton. My contributions 

focused on the design of the experiments, the data interpretation, and the laboratory 

results' analysis, which led to the overall understanding of the reaction process and 

provided the input data needed for subsequent numerical modelling.  

Section 3.1 introduces the work of others, which establishes the foundation of 

this work. Section 3.2 details the methodology implemented, and all results are 

presented in section 3.3. Section 3.4 discusses the findings of the laboratory-scale 

results and their impacts on the bigger-scale, CO2 storage system. Section 3.5 briefly 

summarizes the experiments and data to be used for modelling CO2 injections in 

Chapter 4. 

3.1 INTRODUCTION 

Due to the excellent storage potential of depleted carbonate reservoirs, it is 

essential to have a fundamental understanding of the basic physical chemistry of CO2-

brine-mineral systems under typical reservoir conditions. One of the critical 

requirements is to characterize the reactivity of carbonate minerals in aqueous 

solutions at reservoir conditions (Ringrose 2020). The chemical interactions between 

CO2-brine and the reservoir minerals can affect the porosity and permeability of the 

formations leading to changes in the transport processes that occur during the storage 

of CO2.  
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 A series of reactive-flow core flood experiments were conducted on Edward 

Limestone and F-field core at varying temperatures and constant pressure. For each 

set of cores, the injection fluid was also varied, starting with an acidic brine, 

bicarbonate-saturated brine, and CO2-saturated brine to understand the effect of 

different pH and saturation states on mineral reactions. Changes in the major cation 

concentrations from the effluent, core’s porosity, and permeability provide an 

understanding of mineral reaction pathways and the impact of the mineral dissolution 

on rock properties. Modification of rock properties due to dissolution will 

subsequently affect overall flow behaviour within the CO2 storage reservoir.  

The results will provide insights into the potential risk of formation damage near 

the injection well and destabilization of the host rock which could result in premature 

termination of CO2 storage operations (e.g., Mohamed and Nasr-El-Din, 2012; Le 

Guen et al. 2007; Vanorio et al. 2011). Information derived from this carbonate 

dissolution study may also be applied to enhance the understanding of mineralization 

of CO2, which occurs by a similar mechanism to the reverse process of carbonate 

dissolution, as it could create scaling and blockage. The blockage and scaling will 

potentially impair the injectivity of the CO2, which will require provisions of well 

stimulation or matrix acidizing hence, not favourable by the CO2 storage operations 

(Jin et al. 2016).  

In addition to the enhanced understanding of chemical interactions between 

CO2-brine and the reservoir minerals, this experimental work will generate a dataset 

for developing and calibrating continuum models in section 4.3Chapter 3:. The model 

by experimental data constrained will become a basis for predicting mineral 

dissolution under other conditions pertinent to subsurface CO2 sequestration. 

3.2 MATERIALS AND METHODS 

 Core flood experiments were conducted using outcrop material in the form of 

the well-characterized Edward limestone outcrop samples and samples from the core 

of the F-2 well. Due to the limited availability of core samples from the F-2 well, 

outcrop material was used as proof of concept and in getting initial results. The initial 

results help refine the experimental methodology before applying a similar method on 

the valuable subsurface core. The difference in mineralogical composition also allows 

comparison being made between the two types of cores. Each sample was assigned an 
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identifier that contains the core type and the type of brine with which the core was 

reacted (e.g., Edward-pH4 refers to an Edward limestone core treated with acidified 

brine of pH4). Briefly, the Edward limestone is a dolomitized, certified, and calcitized 

mosaic of shallow water, back reef carbonate lithofacies from Edward Formation of 

Albian age in Texas, USA (Abbott 1975). Fine grains and chert nodules are common 

in the formation, and calcite and dolomite minerals are almost equal proportions. The 

F-2 sample has siderite minerals in addition to calcite and dolomite, with calcite having 

the highest percentage among the three carbonate minerals. The initial porosity and 

permeability of Edward limestone are relatively higher compared to the F-2 sample. 

Detailed mineralogy composition, porosity, and permeability of the cores used in this 

study are shown in Table 1.  

 

Table 1 Summary of average bulk rock properties and mineral composition of the 

core samples used in this PhD thesis. 

Sample 

Initial 

Porosity 

𝝋𝒊 

(v/v%) 

Initial 

Permeability

𝒌𝒊 (mD) 

 Mineral (wt%) 

Calcite Dolomite Siderite Quartz Other 

Edward

-pH4 

42.93 367 47.0 45.4 0.0 7.6 0.0 

Edward

-pH8 

41.82 90 47.0 45.4 0.0 7.6 0.0 

Edward

-CO2 

31.38 156 47.0 45.4 0.0 7.6 0.0 

F-2 

-pH8 

34.56 8 88.1 0.6 0.6 0.3 10.4 

F-2-

CO2 

32.13 19 88.1 0.6 0.6 0.3 10.4 

 

3.2.1 Experimental setup and procedure 

The primary equipment used to study rock-fluid chemical interactions with 

reactive brine is a core flooding rig. The experimental assembly is shown in Figure 20. 

Three sets of core floods were performed using three different injection fluids; (i) 

acidified brine of pH 4, (ii) brine with bicarbonates of pH 8, and (iii) CO2-acidified 

brine of pH 4. Different brines were injected to allow the comparison of varying pH 

and CO2 saturations on mineral reactions. The reactions caused by acidified brine 

injection of pH4 will be compared with brine with pH 8 to understand the effect of 
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different acidity on mineral reactions. The injection of CO2-acidified brine will be 

compared with acidified brine to see the impact of CO2 present on mineral reactions.  

All experiments were carried out in a core flood reactor where temperatures were 

held at a constant temperature of 21°C, 50°C, 70° or 90°C, respectively. The 

temperature range is based on the core flood rig temperature operating limit and allows 

for extrapolation to the range of typical potential storage reservoirs (i.e., 50 – 125°C) 

(Black et al., 2015). The back pressure was kept constant at  2.76 x 106 Pa. The 

differential pressures (dP) monitored throughout each experiment allowed us to 

calculate changes in permeability over time. Each core sample was placed in the core 

flood reactor and then subjected to initial brine saturation, pre-reactive brine injection 

for baseline brine permeability data, tracer injection for pore volume (PV) calculation, 

and reactive brine injection pressure monitoring and effluent sample collection. Post-

reaction tracer tests and final brine permeability measurements were then conducted, 

followed by an increase in the core flood system temperature. In this work, Lithium 

(Li+) was used as a tracer. The pore volume obtained from the post-reaction tracer test 

was compared with pre-reaction measurement to quantify changes in pore volume due 

to mineral dissolution or precipitation. Flowrates of 30, 60, 90, 120, and 150 mL/h 

were used in the brine permeability measurement, and at each flow rate, brine was 

injected for several PVs (i.e., 10 to 15) until dP has stable. A flow rate of 150 mL/h 

was used for tracer and reactive brine injection, and each injection lasted for 8 to 25 

PVs. For one of the experiments (i.e., acidified brine of pH4), two flow rates of 30 

mL/h and 300 mL/h were used for reactive brine injection to see the effect of flow rate 

on mineral reactions. Figure 21 illustrates the step-by-step of the core flood 

experiments. 

.   
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Figure 20. Experimental set-up for core flooding experiments. 

 

 

 

 

Figure 21. Core flood experimental procedure.  

 

Effluent fluid samples were collected regularly at the back-pressure regulator 

(BPR) outlet and analyzed for metal cations to monitor changes in major ions, i.e., 

Ca2+, Mg2+, and Fe2+ as proxies to carbonate mineral dissolutions using inductively 
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coupled plasma-mass spectroscopy (ICP-MS). The pH of the effluent was also 

measured at the pressure and temperature of the core flood system. The amount of 

dissolved carbonate minerals over time at a constant flow rate can be calculated by 

integrating the total ion concentrations, assuming a stoichiometric coefficient of the 

cations are following carbonate mineral end members’ chemical formulae and molar 

volumes published by Robie & Bethke (1983) (Table 2).          

Table 2. Mineral composition and molar volumes used for mineral dissolution rate 

calculation. 

 

Mineral Chemical Formula Molar Volumes (cm3 

mol-1) 

Calcite CaCO3 36.94 

Dolomite CaMg(CO3)2 64.35 

Siderite FeCO3 29.38 

  

3.2.2 Core samples 

As noted above, two different limestone cores were used in this study, Edward 

limestone and F-2 well cores. Their properties are given in   

. The Edward limestone was characterized in detail by Lai et al. (2015). Its well-

known characteristic will help better interpret the core flood experiments results and 

ensure that experiments work properly. It also allows us to elucidate differences in 

field cores as the F-2 cores exhibit more complex pore and mineral heterogeneities 

than the Edward limestone samples (Figure 22). Five core plugs were used for this 

PhD thesis, three from Edward limestone (Edward-pH4, Edward-pH8, and Edward-

CO2) with a 1.5-inch diameter and 6-inch length and two from F-2 cores (F-2-pH8 and 

F-2-CO2) with a 1.5-inch diameter and 3-inch length.  
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(a) 

 

(b) 

 

Figure 22. Core plug from Edward limestone (a) and F-2 well (b).  

 

3.2.3 Image acquisition and analysis 

One core plug from the Edward limestone experiment (i.e., Edward-CO2) was 

imaged by X-ray computed microtomography (μ-CT) before and after core flood 

experiments at the cone-beam μ-CT facility in the University of Edinburgh. This 

technique is a highly time-consuming and expensive procedure; therefore, only one 

sample was scanned and analyzed. The imaging techniques are mainly used to obtain 

a representative reactive surface area for the continuum reactive transport modelling 

in Chapter 4. The traditional methods to estimate reactive surface areas are based on 

geometric calculations or from Brunauer-Emmett-Teller (BET) measurements 

(Brunauer et al., 1938), which relies on the adsorption of monolayers of gas, 

commonly nitrogen or argon. However, these approximations are still debatable and 

dependent on the saturation conditions of the solution (Peng et al., 2015). There is also 

no universally accepted method, and many modelling studies use ‘typical values’ that 

are mostly arbitrary (Beckingham et al., 2016).  The before and after imaging were 

compared to assess the dynamics of the pore structure during mineral dissolution or 

precipitation. Parameters used for the μ-CT data collection are listed in Table 3. 
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Table 3. X-ray computed microtomography parameters used in this study 

 

μ-CT parameters Value 

Energy (kEV) 120 

Image resolution (µm) 32.8 

X-ray projection per core 1000 

 

 Image reconstruction of each core after the acquisition was conducted using 

the image reconstruction package Octopus 8 (Vlassenbroeck et al., 2010). After 

reconstruction, image analyses were performed to visualize the pore structure and 

compute the reactive surface area of carbonate minerals. First, the μ-CT images were 

segmented into porous and solid phases by thresholding the grey-scale data using the 

manual thresholding method and the segmentation parameters given in Table 4 

described in Lai et al. (2015). The greyscale value was manually adjusted according 

to Table 4 to segmentize different types of minerals. The segmentation of the μ-CT 

images was performed using the open-source software ImageJ Fiji (Rasband, 2015) 

and shown in Figure 23.  

From the segmented CT image, the ratio of the pore perimeter to the pore space 

area was multiplied by a factor of 4/π to obtain a total specific surface area (SSA) value 

by assuming an isotropic medium (Peters, 2009). Due to the very minor quartz 

minerals in the Edward Limestone (  

) and its slow kinetic rate (Palandri and Kharaka 2004), quartz mineral reaction 

will not be measured and modelled in this study. Only SSA for the carbonate phase 

was measured, and using the aforementioned segmentation approach, an SSA in the 

range of 104 to 106 m2 m-3 was obtained for the carbonate phase. Reactive surface areas 

for individual carbonate minerals (i.e., calcite and dolomite) were computed by 

multiplying the SSA by volume fractions of each mineral.    
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Table 4. The greyscale value of different phases for the μ-CT image manual 

thresholding segmentation. 

Segmentation Manual Threshold 

Phase Pore Quartz Carbonate Other Mineral 

Greyscale 

value 
0 – 18000 

18000 – 

27000 

27000 – 

35000 

35000 – 

65536 

Area (%) 1.27 10.85 52.53 3.82 

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 23. Segmented images of Edwards Limestone core sample using manual 

thresholding of four phases; (a) carbonates, (b) quartz, (c) other minerals, and (d) pore. 

Areas marked in red are categorized as the pore phase. The surface area corresponding 

to the outer part of the core was removed from the analysis.  

3.2.4 Fluid compositions 

Prior to injecting the reactive brines, a 1% NaCl brine with pH 7 was used as 

resident brine to equilibrate the core. As mentioned earlier, three types of injection 

reactive brine were used in the experiments: First, an acidified brine with pH4, which 
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consists of 1% NaCl (from now on referred to as 1% Na+), second a brine with 

bicarbonates of pH 8, which is a 1% NaCl brine saturated with HCO3 (from now on 

referred to as 1% Na++HCO3), and third a CO2-acidified brine of pH 4, which is a 1% 

NaCl saturated with 2000 ppm of CO2 (from now on referred to as 1% Na++CO2). The 

concentration of CO2 was chosen to yield a solution with pH 4 based on solubility 

calculation from Ahmadi and Chapoy (2018). Detailed compositions of the resident 

brine and injection brine are shown in Table 5. Table 6 summarises the experiments 

and their variables. 

Table 5. Average brine compositions used in the core flood experiments. 

Composition 

Concentration (mg/l) 

Resident 

Brine 

Injection 

Brine 1 

(1%Na+) 

Injection Brine 

2 

(1%Na++HCO3) 

Injection 

Brine 3 

(1%Na++CO2) 

Na 10,000 10,000 29,746 10,000 

Ca 0 0 0 0 

Mg 0 0 0 0 

Cl 15,421 15,421 15,421 15,421 

HCO3 0 0 52,600 0 

CO2 (g) 0 0 0 2000 

pH 7.0 4.0 8.0 4.0 

 

Table 6. Summary of the core flood experiments. 

Experiment Core Reactive 

Brine 

Flow rate 

(mL/h) 

PV of injection Temperature 

(°C) 

Edward-

pH4 

Edward 

limestone 

1% Na+ 30 

300 

8-12 21, 50, 70 

Edward-

pH8 

Edward 

limestone 

1% Na+ 

+ HCO3 

150 8-10 21, 50, 70, 90 

Edward-

CO2 

Edward 

limestone 

1% Na+ 

+ CO2 

150 8-10 21, 50, 70 

F-2 

-pH8 

F-2 core 1% Na+ 

+ HCO3 

150 10 21, 50, 70, 90 

F-2-CO2 F-2 core 1% Na+ 

+ CO2 

150 20-25 21, 50, 70 

 

3.2.5 Geochemical data analysis 

Effluent samples were collected from the BPR outlet every two minutes and 

diluted for major elements using inductively coupled plasma-mass spectroscopy (ICP-
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MS). In this study, modelling and interpretations work focused only on geochemical 

components that are directly reflecting carbonate mineral reactions. Only Ca2+, Mg2+, 

and Fe2+ concentrations were considered when calculating the effective reaction rates 

for calcite, dolomite, and siderite minerals.  

The effective reaction rate, 𝑅 (mol/s), was calculated based on the release rate 

of the cations (i.e., Ca2+, Mg2+, and Fe2+) during the core flood experiments. The 

average cations concentrations were measured when a steady-state had been achieved 

during the injection. The equations calculating 𝑅 are as given by (Smith et al. 2013): 

𝑅𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 = (𝐶𝑀𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝐶𝑀𝑔,𝑖𝑛𝑝𝑢𝑡) ∙ 𝑄𝑣𝑜𝑙,                                          (3.1)              

𝑅𝑐𝑎𝑙𝑐𝑖𝑡𝑒 = (𝐶𝐶𝑎,𝑜𝑢𝑡𝑙𝑒𝑡 − (𝐶𝑀𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝐶𝑀𝑔,𝑖𝑛𝑝𝑢𝑡) − 𝐶𝐶𝑎,𝑖𝑛𝑝𝑢𝑡) ∙ 𝑄𝑣𝑜𝑙,   (3.2) 

𝑅𝑠𝑖𝑑𝑒𝑟𝑖𝑡𝑒 = (𝐶𝐹𝑒,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝐶𝐹𝑒,𝑖𝑛𝑙𝑒𝑡) ∙ 𝑄𝑣𝑜𝑙,                                               (3.3)  

where 𝐶 is the elemental concentration of a cation (mol/m3) and 𝑄𝑣𝑜𝑙 (m
3/s) is the 

injection rate. The effective rate includes the effects of advective and diffusive 

transport in the pore space. It assumes that calcite is pure (i.e., pure CaCO3) and that 

Ca2+ and Mg2+ in dolomite dissolve stoichiometrically following the ideal chemical 

formula of CaMg(CO3)2.  

Laboratory tests conducted in this thesis utilize more than one type of sample 

materials, dimensions, flow rates, and reactive conditions. The Pèclet number Pe (Eq. 

2.9) and Damköhler number Da (Eq. 2.10 - 2.11) are used as means to compare and 

describe results.    

3.3 RESULTS  

In this section, results from different core flood experiments are presented. 

Mineral dissolution rates of five core flood experiments were calculated, and changes 

to porosity-permeability due to the dissolution of each core were analyzed and 

compared against the classical Kozeny-Carman’s porosity-permeability relationship. 

The results are supported by the Pe and Da dimensionless number analysis and 

imaging of pore-structure evolution.   
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3.3.1 Mineral dissolution rates 

3.3.1.1 Results for experiment Edward-pH4 

In this experiment, an acidified brine of pH 4 was injected into the Edward 

Limestone (Table 6). Figure 24(a) and (b) show the evolution of Ca2+ and Mg2+ ions 

concentrations measured in the effluent fluid throughout the pH 4 acidified brine 

injection at different temperatures, respectively. At 21°C, the Ca2+ and Mg2+ 

concentrations were consistently higher than zero (~4 x 10-4 mol/kg H2O and ~2 x 10-

4 mol/kg H2O, respectively). The concentrations rapidly decrease after approximately 

6 PV where the flow rate was doubled (Ca2+ concentrations reduced to ~3 x 10-4 mol/kg 

H2O and Mg2+ concentrations reduced to ~1.5 x 10-4 mol/kg H2O). The positive 

concentration values indicate dissolution of the carbonate minerals, and the rapid 

decrease in the concentrations directly informs that dissolution rate is reduced with an 

increase in flow rate. At each flow rate, the concentrations of the main cations 

approached a steady-state (i.e., the concentration in the output solution reaches a 

constant value) after several PVs indicating the solution has achieved saturation with 

respect to calcite and dolomite. This steady-state is considered to be far from 

thermodynamical equilibrium since chemical gradients are always present in the 

system. 

 At 50°C, the Ca2+ and Mg2+ concentrations are ~3.5 x 10-4 mol/kg H2O and ~1.3 

x 10-4 mol/kg H2O, respectively for injection at 30 ml/hr. The concentrations are also 

rapidly reduced to ~ 3 x 10-4 and ~1.5 x 10-4 mol/kg H2O, respectively, for injection at 

300 ml/hr, similar to what was observed at the 21°C experiments. The injection at 

70°C shows a similar trend in Ca2+ and Mg2+ concentrations when the flow rate is 

changed. The Ca2+ concentration, however, is higher (~4.5 x 10-4 mol/kg H2O for 30 

ml/hr and ~4 x 10-4 mol/kg H2O for 300 ml/hr) than that observed in lower 

temperatures experiment. The increase in Ca2+ indicates that calcite dissolution rate 

increases with temperature when other parameters are constant. Unlike calcite, 

dolomite dissolution rate may have been less influenced by the increase in temperature 

as indicated by the almost constant Mg2+ concentration at all temperatures. Figure 24 

(c) shows that the solution pH increased rapidly from the initial pH of 4 as the calcite 

and dolomite dissolved and stabilized at pH ~9.5 upon reaching a steady state.  

Based on the mineralogical characterization of Edward Limestone (Lai et al., 

2015), similar mass fractions of calcite and dolomite are expected from the core 
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samples.  Assuming a stoichiometric dissolution, when calcite and dolomite start to 

dissolve, a release rate of Ca2+ and Mg2+ ratio close to two is expected. However, 

calcite reacts at a much faster rate than dolomite; hence, more calcite is expected to 

dissolve first, followed by dolomite dissolution (Ellis et al. 2011; Kirstein et al. 2016; 

Hao et al. 2013). This trend suggests that a release rate of Ca2+ and Mg2+ is expected 

to be higher than two at the beginning and only later approaches a 2:1 ratio. 

A plot of molar Ca2+ and Mg2+ ratio as a function time shows that the ratio is 

consistently at about 2.5:1 for experiments conducted at 21°C and 50°C (Figure 25). 

This indicates that calcite dissolved more abundantly than dolomite throughout the 

experiment. Also, Plummer and Busenberg (1982) suggested that the CaCO3 

component of dolomite dissolves faster than the MgCO3 components, leaving the 

surface of the dissolving mineral-enriched in the second component leading to a non-

stoichiometric dissolution. At 70°C, the ratio is about double (5:1) than the ratio at 

21°C and 50°C, suggesting that the calcite dissolution rate at elevated temperature is 

significantly higher than that for dolomite. The relationship between the molar ratio of 

Ca2+ and Mg2+ and temperature can be observed in Figure 26. The proportion of Ca2+ 

and Mg2+ increases exponentially with temperature, from 2.5:1 at 21°C to 3:1 at 50°C 

and 5:1 at 70°C.  

Under equilibrium conditions, the Ca2+ and Mg2+ concentrations for different 

temperatures can be calculated using the following expressions (Kaasa 1998; Bénézeth 

et al. 2018a): 

ln 𝐾𝑠𝑝(𝐶𝑎𝐶𝑂3) =
𝐾1

𝑇
+ 𝐾2 + 𝐾3 ln 𝑇 + 𝐾4 +

𝐾5

𝑇2
,                                             (3.4)          

 

with 

 

𝐾1 =  −170410 

𝐾2 = 3044.27 

𝐾3 = −475.704 

𝐾4 = 0.376097 

𝐾5 = 9.4195 ∙ 106, 
 

and 

 

ln 𝐾𝑠𝑝(𝐶𝑎𝑀𝑔(𝐶𝑂3)2) = 𝑎 +
𝑏

𝑇
+ 𝑐𝑇,                                                              (3.5) 

 

with 
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𝑎 = 17.502 

𝑏 = −4220.119 

𝑐 = −0.0689, 

 

where 𝐾𝑠𝑝(𝐶𝑎𝐶𝑂3) and 𝐾𝑠𝑝(𝐶𝑎𝑀𝑔(𝐶𝑂3)2) are the solubility products of calcite and 

dolomite, respectively. Assuming the solution is ideal, the Ca2+ and Mg2+ 

concentrations were calculated as follows 

𝐾𝑠𝑝(𝐶𝑎𝐶𝑂3) = [𝐶𝑎2+][𝐶𝑂3
2−],                                                               (3.6) 

 

𝐾𝑠𝑝[𝐶𝑎𝑀𝑔(𝐶𝑂3)2] = [𝐶𝑎2+][𝑀𝑔2+][𝐶𝑂3
2−]2.                                        (3.7) 

 

The molar ratio of Ca2+ and Mg2+ predicted under equilibrium conditions is lower than 

that measured from the core flood experiments (Figure 26), suggesting that the solution 

and the core have not reached equilibrium conditions within the time frame of the 

injection and for the size of core sample used in this experiment. The reaction rate 

obtained from this experiment will only be relevant for application in a CO2 

sequestration modelling at far from equilibrium conditions. 

 The Eqs. 3.1 – 3.2 were adopted to calculate the effective reaction rate of calcite 

and dolomite in the acidic brine system to obtain dissolution kinetics for reactive 

transport predictions of CO2 within carbonate. Using the average Ca2+ and Mg2+ 

concentrations at steady-state and an injection flow rate of 300 mL/hr, the effective 

reaction rates for calcite and dolomite were estimated to be in the range of 1.47 x 10-8 

– 2.80 x 10-8 mol/L/s and 1.02 x 10-8 – 9.06 x 10-9 mol/L/s respectively. The steady-

state effective reaction rate increases with temperature for calcite but decreases for 

dolomite (Figure 27). The increase and decrease of calcite and dolomite reaction rates, 

respectively, as a function of temperature could be extrapolated to a temperature above 

70°C, given all other conditions (i.e., mineral and brine composition) are constants. 

These values are lower than those obtained by Pokrovsky et al. (2009), who reacted 

calcite and dolomite samples with a 5% NaCl solution of pH 3 to 6 in a batch reactor. 

Pokrovsky et al. (2009) experimented with pure mineral crystals with bigger reactive 

surface area and a rotating disk and hence eliminated mass-transfer effects on the 

reaction rate, in contrast to the core flood experiments in this work. The dependency 

of reaction rates on residence time associated with flow rate during core flood provides 

insights to ensure correct characterization of dissolution kinetics for conditions more 

relevant to geological carbon storage, i.e., CO2 injection.     
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 24. Solution chemistry of Ca2+ (a), Mg2+ (b), and pH (c)  as a function of pore 

volume injected (PVI) in the Edward limestone sample at 20°C, 50°C, and 70°C with 

1% Na+ brine of pH 4. 
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Figure 25. The molar ratio of Ca2+ and Mg2+ versus pore volume injected (PVI) for 

Edward limestone sample reacted with 1% Na+ brine of pH4 at 20°C, 50°C, and 70°C.  

 

 

 

 

Figure 26. Range of molar ratio of Ca2+ and Mg2+ for Edward limestone sample reacted 

with 1% Na+ brine of pH 4 compared to the range of ratios predicted under equilibrium 

conditions using Eqs. 3.6 and 3.7 (solid lines) at varying temperatures.  
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Figure 27. The effective reaction rate of calcite and dolomite R measured in the core 

flood experiments using an Edward limestone sample at 20°C, 50°C, and 70°C with 

1% Na+ brine of pH 4. The dotted lines represent linear regression of the measured R 

values and have been used to extrapolate R to higher temperatures. 

3.3.1.2 Results for experiment Edward-CO2 

As discussed in section 2.2.2, mineral dissolution reactions in a carbonic acid 

environment are influenced by CO2 dissociation in an aqueous system, unlike the pH-

dependent CO2-free acidic environment (Peng 2015). A brine saturated with 2000 ppm 

of CO2 was injected into the Edward Limestone core to understand the effect of the 

CO2 on the dissolution rate. Results from this experiment will then be compared 

against the Edward-pH4 experiment.  

Figure 28 shows the Ca2+ and Mg2+ concentrations at the outlet as a function of 

time and solution pH, respectively. As the system reached steady-state, the average 

concentrations of the cations at steady-state are nearly ten times higher (i.e., Ca2+ 

concentration of  6.0 x 10-3 to 1.0 x 10-4 mol/kg H2O) compared to those obtained from 

CO2-free brine experiment; Edward-pH4 (i.e., Ca2+ concentration of 3.0 x 10-3 to 4.5 x 

10-3 mol/kg H2O) as discussed in section 3.3.1.1, even though the pH of the reactive 

brines and injection flow rate are the same. The solution pH at the outlet decreased 

from about 8-10 to ~6 because of mineral dissolution. The molar ratio of Ca2+ and 

Mg2+ observed at the outlet is consistently about 2:1, suggesting an almost 

stoichiometric dissolution of calcite and dolomite (Figure 29). All these trends are 

consistent for all temperatures tested. 
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The effective reaction rates measured using Eqs. 3.1 - 3.2 are in the range of 2.99 

x 10-7 – 4.09 x 10-7 mol/L/s for calcite and between 1.83 x 10-7 and 2.06 x 10-7 mol/L/s 

for dolomite. These rates are one order of magnitude higher than those observed in the 

CO2-free brine experiment. Notably, both calcite and dolomite react at an almost 

similar rate. However, comparable core flooding studies have consistently shown that 

calcite reacts at a relatively faster rate than dolomite (e.g., Smith et al., 2013 -  5.37 x 

10-5 mol/m2/s for calcite and 1.20 x 10-6 mol/m2/s for dolomite at 60°C and; Mohamed 

and Nasr-El-Din, 2013 – 6.46 x 10-7 mol/m2/s for calcite and 1.26 x 10-9
 mol/m2/s for 

dolomite). The discrepancy in the observed reaction rates for dolomite may potentially 

be caused by the mineral heterogeneity, where the presence of different carbonate 

minerals may simultaneously inhibit the reaction of one of the minerals and expedite 

those of another mineral (Al-Khulaifi et al. 2019) as seem bySmith et al., 2013 for 

dolostone  

Furthermore, due to the relatively fast dolomite reaction, dolomite can re-

precipitate on the surface of dissolving calcite. The partial armouring of calcite can 

block the passage of the aqueous species to the reactive calcite surface, preventing its 

further dissolution (Luquot and Gouze 2009; Kang et al. 2010). The steady-state 

effective reaction rate for calcite decreases with temperatures, while the rate for 

dolomite is less affected by a change in temperature (Figure 30).     
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 28. Solution chemistry of Ca2+ (a), Mg2+ (b), and pH (c) against pore volume 

of brine injected in the Edward limestone sample reacted at 20°C, 50°C, and 70°C with 

1% Na+ + CO2 brine of pH 4. 
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Figure 29. The molar ratio of Ca2+ and Mg2+ versus pore volume of brine injected for 

Edward limestone samples reacted with 1% Na+ + CO2 brine of pH 4 at 20°C, 50°C, 

and 70°C. 

   

 

 

 

 

Figure 30. Effective reaction rates, R of calcite and dolomite, R measured from core 

flood experiments using Edward limestone sample at 20°C, 50°C, and 70°C reacted 

with 1% Na+ + CO2 brine of pH 4. The dotted lines represent linear regression of the 

measured R values. 
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3.3.1.3 Results for experiment F-2-CO2 

The experiment with a CO2-saturated brine was repeated using core sample F-2. 

As discussed in section 3.2.2, the core has a more complex pore structure than the 

Edward limestone and contains siderite, calcite, and dolomite minerals.  Figure 31 

shows the temporal evolution of Ca2+, Mg2+, and pH of the effluent, respectively, at 

21°C, 50°C, and 70°C. At 21°C, the Ca2+ concentration increases rapidly from 0 to 

~1.6 x 10-2 mol/kg H2O after the breakthrough, which occurred at approximately 1.0 

PV of injection. The Mg2+ concentration also increases rapidly to ~2.0 x 10-4 mol/kg 

H2O. The solution pH at the outlet decreased from about 8-10 to ~6 due to mineral 

dissolution.    

At higher temperatures (i.e., 50°C and 70°C), Ca2+ and Mg2+ concentrations are 

lower than those at 21°C, implying the release rate was slowing and suggesting that 

mineral dissolution has reduced. For the 70°C experiment, the concentrations decrease 

after approximately 19 PVI. The reduction in the release rate of the main cations could 

be due to the emergence of a preferential flow path or wormhole in the core sample. 

Subsequent volumes of injected brine will flow rapidly throughout the sample and 

widen the fast flow pathways without reacting much with the rock. The evolution of 

the differential pressure across the sample gives additional insight into the changes 

that the sample has experienced during the flooding process (Figure 32). During the 

continuous brine injection, the differential pressure decreases considerably to 0 from 

~2.5 psid. This significant change indicates a much-reduced resistance to fluid flow 

due to the formation of a wormhole. 

The core is mostly calcite; hence, the molar ratio Ca2+ to Mg2+ is about 100:1 

(Figure 33). Fe2+ concentrations are below 10-6 mol/kg H2O (i.e., 0.05 mg/L); hence it 

was not plotted, and the effective reaction rate of siderite could not be calculated. The 

effective reaction rate of calcite and dolomite calculated from the effluent ion 

concentrations are in the range of 4.29 x 10-7 to 6.50 x 10-7 mol/L/sec and 4.41 x 10-9 

to 5.82 x 10-9 mol/L/sec, respectively. In this experiment, calcite dissolution is two 

orders of magnitude faster than dolomite, consistent with dissolution rates obtained by 

Smith et al. (2013) for rock samples containing only a small amount of dolomite 

compared to calcite. The steady-state effective reaction rate decreases with 

temperature for both calcite and dolomite (Figure 34).  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 31. Solution chemistry of Ca2+(a), Mg2+(b), and pH (c) against pore volume of 

brine injected in the F-2 core sample reacted at 20°C, 50°C, and 70°C with 1% Na+ + 

CO2 brine of pH 4.  
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Figure 32. The evolution of differential pressure across sample F-2-CO2 during the 

core flooding at 70°C. The differential pressure keeps decreasing as the sample 

permeability increases under the effect of wormhole formation. 

 

 

 

 

Figure 33. The molar ratio of Ca2+ and Mg2+ versus pore volume of brine injected for 

F-2 core samples reacted with 1% Na+ + CO2 brine of pH 4 at 20°C, 50°C, and 70°C. 
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Figure 34. The effective reaction rate, R of calcite and dolomite, measured from core 

flood experiments using F-2 core samples at 20°C, 50°C, and 70°C reacted with 1% 

Na+ + CO2 brine pH 4. The dotted lines represent linear regression of the measured R 

values.  

 

3.3.1.4 Results for experiment Edward-pH8  

The relative distance from equilibrium significantly impacts the dissolution rates 

(Teng 2004; Arvidson and Luttge 2010; Xu et al. 2012). In this experiment, injection 

of HCO3
- saturated brine is performed to mimic the condition of the reservoir in the 

long-term where the system is re-equilibrating after the injection of CO2. Figure 35 

shows the temporal evolution of Ca2+ and Mg2+ and pH, respectively. At 21°C, the 

high Ca2+ and Mg2+ concentrations for the first 2 PVI are due to carbonate mineral 

dissolution as the resident brine equilibrated with the core. After approximately 4 PVI, 

the Ca2+ and Mg2+ concentrations achieve a steady-state; at ~1.5 x 10-4 mol/kg H2O 

and ~1.9 x 10-4 mol/kg H2O, respectively. The concentrations are lower for the 

experiment conducted at higher temperatures (i.e., 50°C, 70°C, and 90°C). The 

solution pH is maintained at ~8 for all temperatures, implying very low to almost 

negligible dissolution taking place. 

The molar ratio for Ca2+ and Mg2+ is close to one at 21°C (at steady-state), 50°C, 

and 90°C (Figure 36). The almost equal release of Ca2+ and Mg2+ suggests a 

preferential release of Mg2+ compared to Ca2+ when dolomite is dissolved together 

with calcite. At 70°C, the molar ratio is less than one. This difference may indicate a 

suppressed calcite dissolution in the presence of dolomite, potentially due to armouring 
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of calcite by the dolomite given the close-to-equilibrium condition suitable for re-

precipitation dolomite (Luquot et al. 2016; Kang et al. 2010). 

As mentioned earlier, how far the system is from chemical equilibrium 

influences the measured dissolution rates. Due to the elevated concentration of HCO3 

in the injection brine, the system is close to equilibrium conditions, and the reaction 

rate of the carbonate minerals investigated is significantly lower, in contrast to the 

NaCl case previously discussed in section 3.3.1.1. The Ca2+ and Mg2+ concentrations 

are hardly measurable at higher temperatures, indicating that the calcite and dolomite 

dissolution rates are close to zero. The measured pH is almost constant, suggesting 

mineral dissolution was minimal. Using Eqs. 3.1 - 3.2, the effective reaction rate is in 

the range of 8.77 x 10-10 - -9.83 x 10-11 mol/L/s for calcite and 1.86 x 10-9 – 8.30 x 10-

10 mol/L/s for dolomite. At this condition, the effective reaction rate of dolomite is 

higher than calcite, suggesting dolomite reacted preferentially, subsequently 

armouring the calcite and inhibiting calcite dissolution (i.e., R. Ca2+ released during 

the minor dissolution of calcite is consumed to reprecipitate dolomite, yielding 𝑅 < 0 

for calcite at 20°C, 70°C and 90°C. Note that there appears to be no significant impact 

of temperature on R (Figure 37). 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 35. Solution chemistry of Ca2+ (a), Mg2+ (b), and pH (c) against pore volume of 

brine injected in the Edward limestone sample reacted at 20°C, 50°C, 70°C and 90°C 

with 1% Na+ + HCO3 brine of pH 8. 
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Figure 36. The molar ratio of Ca2+ and Mg2+ versus pore volume of brine injected for 

Edward limestone sample reacted with 1% Na+ + HCO3 brine of pH 8 at 20°C, 50°C, 

70°C, and 90°C. 

 

 

 

 

Figure 37. The effective reaction rate, R of calcite and dolomite,  measured from core 

flood experiments using Edward limestone sample at 20°C, 50°C, 70°C, and 90°C 

reacted with 1% Na+ + HCO3 brine of pH 8. The dotted lines represent linear regression 

of the measured  values. 
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3.3.1.5 Results for experiment F-2-pH8 

Mineral dissolution in the high HCO3
- system was also extended to a reservoir 

sample to validate the reaction kinetics under different saturation states. Figure 38 (a) 

and (b) show the concentrations of the main cations as a function of the pore volume 

of brine injected in a high bicarbonate system at 20°C, 50°C, and 70°C. The temporal 

evolution of solution pH is shown in Figure 38(c). Results show that the Ca2+ and Mg2+ 

ion concentrations release rates are very low, suggesting very limited carbonate 

mineral dissolution. There are almost zero changes to the solution pH, also suggesting 

the amount of mineral dissolution is negligible. The Ca2+ and Mg2+ molar ratio for all 

temperatures is about 2 to 1 (Figure 39). The effective reaction rate for calcite ranges 

from 4.29 x 10-7 to 6.50 x 10-7 mol/L/s, while for dolomite ranges from 4.41 x 10-9 to 

5.82 x 10-9 mol/L/s, two orders of magnitude slower. The reaction rate of calcite shows 

a decreasing trend with temperature, but since the rate is almost zero, it is not definitive 

for dolomite (Figure 40). The effective reaction rate of calcite and dolomite for all core 

flood experiments is summarized in Table 7. 
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(b) 

 

 

(c) 

 

 

Figure 38. Solution chemistry of Ca2+ (a), Mg2+ (b), and pH (c) against pore volume of 

brine injected in the F-2 core sample reacted at 20°C, 50°C, and 70°C with 1% Na+ + 

HCO3 brine of pH 8. 
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Figure 39. The molar ratio of Ca2+ and Mg2+ versus pore volume of brine injected for 

the F-2 core sample reacted with 1% Na+ + HCO3 brine of pH 8 at 20°C, 50°C, and 

70°C. 

 

 

 

 

Figure 40. The effective reaction rate, R of calcite and dolomite, R measured from core 

flood experiments using an F-2 core sample at 20°C, 50°C, and 70°C reacted with 1% 

Na+ + HCO3 brine of pH 8. The dotted lines represent a linear regression of the R 

values measured. 
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Table 7. Summary of effective reaction rate R for calcite and dolomite at different 

temperatures and fluid compositions. 

Experiment 

Calcite effective reaction rate, 

Log10 Rcal (mol/L/s) 

Dolomite effective reaction rate, 

Log10 Rdol (mol/L/s) 

20°C 50°C 70°C 90°C 20°C 50°C 70°C 90°C 

Edward-pH4 -7.83 -7.72 -7.55 - -7.99 -8.04 -8.20 - 

Edward-CO2 -6.39 -6.44 -6.52 - -6.69 -6.69 -6.74 - 

F-2-CO2 -6.19 -6.30 -6.37 - -8.24 -8.26 -8.36 - 

Edward-pH8 -8.96 -9.06 -8.69 -10.01 -8.20 -8.73 -8.51 -9.08 

F-2-pH8 -9.67 -9.78 -10.14 -10.14 -9.48 -9.49 -9.55 -9.61 

 

3.3.2 Porosity-permeability evolution 

Tracer test data provided a quantitative comparison of pre-and post-reaction 

porosity, including a measure of the new pore space generated by carbonate mineral 

dissolution. Permeability of each core was obtained from the differential pressure. The 

initial porosity and permeability for each sample are provided in   

. Table 8 summarizes the porosity and permeability measured for different 

samples at different temperatures and reactive brines.   

 Figure 41 (a) shows the ratio of post- and pre-reaction porosity, and Figure 41 

(b) shows the ratio of post- and pre-reaction permeability for all experiments at 

different temperatures. The results show that there have been an increase in porosity 

for experiments with acidic brine (Edward-pH4) and CO2-saturated brines (Edward-

CO2) of pH 4 for the Edward limestone samples (i.e., ratio values of ~1.2 and ~1.3; 

respectively). In contrast, the reservoir core samples that were exposed to CO2-

saturated brine (F-2-CO2) shows the opposite behaviour (i.e., ratio value from ~0.8 to 

0), which is believed to be due to the formation of a wormhole, which concentrates 

flow and causes the porosity that is measured by the tracer test to be artificially low. 

The formation of a wormhole is also apparent in the permeability change of F-2-CO2 

at 70°C, where the permeability increases from 50 mD to 1592 mD (Table 8). Note 

that the ratio for F-2-CO2 at 70°C is off the pre/post permeability chart due to its 

extremely high ratio (i.e., ~32). All HCO3
- injection experiments (i.e., Edward-pH8 

and F-2-pH8) show no clear correlation of porosity and permeability changes with 

temperature, which is expected due to signification reduction in the reaction rates.  

The porosity-permeability data observed in the experiments was further 

quantified by comparing it with the widely used Kozeny-Carman approach (Eq. 2.16), 

where the exponent n was adjusted to fit the data (Figure 42). Note that data from 
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experiment F-2-CO2 at 70°C  is omitted from the plot due to artificially high value of 

permeability changes, potentially due to the formation of the preferential pathway or 

wormholes. The experimental data can be fitted well using 𝑛 = 2 and 𝑛 = 3. These 

exponents imply that the data follows the traditional cubic law for the Kozeny-Carman 

model. However, the values are lower than those obtained by Izgec et al. (2008b) (𝑛 =

6.5), Mohamed and Nasr-El-Din (2012) (𝑛 =  3.4 𝑡𝑜 6), and Smith et al. (2013) (𝑛 =

 3 𝑡𝑜 7) for other carbonate rocks. Generally, these other experimental datasets 

indicate that the n is around 3 for porosities from 0.15 to 0.25, and around 6 for 

porosities from 0.25 to 0.50 (Nogues et al. 2013). It is important to understand how to 

best parameterise the Kozeny-Carman relation to model permeability changes in 

reactive transport simulations (see Chapter 4). The results from our experiments 

highlight the importance of obtaining bespoke experimental data to model 

permeability changes as a function of porosity adequately for a given rock type, as 

incorrect values for 𝑛 could lead to permeability predictions that are orders of 

magnitude wrong. 

Table 8. Summary of the porosity and permeability measured for different samples at 

different temperatures and brines compositions.   

Experiment 
Porosity (%)  Permeability (mD) 

Init 20°C 50°C 70°C 90°C Init 20°C 50°C 70°C 90°C 

Edward-

pH4 

42.93 43.18 47.10 47.05 - 367 449 323 n/a - 

Edward-

CO2 

31.38 40.84 39.11 41.59 - 156 238 244 269 - 

F-2-CO2 32.13 34.71 24.64 0.20 - 19 34 50 1592 - 

Edward-

pH8 

41.82 42.82 42.82 42.19 41.66 90 93 93 93 94 

F-2-pH8 34.56 34.56 32.99 31.74 n/a 8 19 11 12 17 
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(a) 

 

 

(b) 

 

 

Figure 41. The ratio of (a) porosity and (b) permeability before and after injecting 

reactive brines as a function of temperature for all experiments. 
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Figure 42. Porosity and permeability data for all experiments and their approximation 

using the Kozeny-Carman relationships with different exponents 𝑛.  

3.3.3 Dimensional numbers  

The Damköhler (𝐷𝑎) and Péclet (𝑃𝑒) numbers were calculated using the 

parameters listed in Table 9, in addition to the sample-specific porosity and 

surface areas given in   

 and section 3.2.3. Using a length scale of 𝐿 =  3 or 𝐿 =  6 inches, which is 

equivalent to the respective lengths of the cores, provides PeDa values in the 

range of 10-3 – 102 (Table 10). These values indicate that the fluids remained 

well-mixed in some experiments as the physical mass transfer is fast compared 

to calcite and dolomite reaction rates (i.e., Edward-pH4, Edward-CO2, and F-2-

CO2). Some of the experiments yield high 𝑃𝑒 and 𝐷𝑎 values, indicating rate-

limited conditions (i.e., Edward-pH8 and F-2-pH8). All experiments fall within 

high 𝑃𝑒 regime but the large range of 𝐷𝑎 value suggests that the dissolution 

pattern resulting from the reactive flow could be in the uniform pattern or 

wormholes.  

Table 9. Parameters used to calculate Damköhler (Da) and Péclet (Pe) numbers. 

Parameter Values 

Linear Darcy flux, υ 8.95 x 10-5 ms-1 

kcalcite (25°C) 10-5.81 mol m-2 s-1 (Fredd and Fogler 1998) 

kdolomite (25°C) 10-7.00 mol m-2 s-1 (Fredd and Fogler 1998) 
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D (25°C) 7.50 x 10-10 m2 s-1 (Yuan-Hui and Gregory 1974) 

 

Table 10. Summary of Damköhler (Da) and Péclet (Pe) numbers 

Experiment Temperature (°C) Pe Da PeDa 

Edward-pH4 20 104 10-5 10-1 

 50 104 10-5 10-1 

 70 104 10-5 10-1 

Edward-CO2 20 104 10-7 10-3 

 50 103 10-6 10-3 

 70 103 10-6 10-3 

F-2-CO2 20 104 10-6 10-2 

 50 103 10-6 10-3 

 70 103 10-6 10-3 

Edward-pH8 20 104 10-4 1 

 50 103 10-4 10-2 

 70 103 10-4 10-2 

 90 103 10-2 10 

F-2-pH8 20 104 10-4 1 

 50 103 10-4 10-2 

 70 103 10-3 1 

 90 103 10-3 1 

 

3.3.4 Pore-structure evolution  

The X-ray μ-CT image of the core from the Edward-CO2 experiment was 

generated before and after flooding in their dry state. Figure 43 shows a comparison 

of 2D images of Edward limestone cores at the inlet before and after reaction with 

CO2-saturated brine at 21°C and 50°C. The images presented with dark grey or black 

colours represent low-density areas (i.e., pores) and light grey or white colours 

representing high-density rock grains. Comparison between initial condition and after 

core-flooding at 21°C shows opening up of pore-spaces indicating mineral dissolution 

is highly pronounced at the inlet of the sample and porosity is enhanced. More reaction 

occurs as temperature increases and can be observed that the dissolution is 

concentrated in the enhanced porosity region, causing bigger pore-spaces opening.  

A porosity profile along the length of the core generated using CT value, as 

shown in Figure 44, can somewhat reveal the dissolution pattern within the core. At 

the inlet and the first several millimeters from the inlet, the higher porosity value of 

the post-injection confirms the dissolution within the sample. However, the porosity 

profile shows no changes to the porosity at the outlet of the sample. This could indicate 

that the dissolution did not continue towards the outlet, or the region was possibly 

masked by the precipitation of minerals carried through from the inlet region or 
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plugging due to fines migration. The almost uniform porosity profile is also consistent 

with the uniform dissolution regime predicted from 𝑃𝑒 and 𝐷𝑎 number of Edward-

CO2 experiment (Table 10).     

In general, during core-flooding, the dissolution begins at the injection point of 

a sample and is gradually extended radially and axially within the sample. Similar 

results have been reported by Luhmann et al. (2014) and  Khather et al. (2017). They 

have also reported an increase in porosity and bulk permeability of their samples. In 

this work, permeability changes have not been significant, potentially due to 

reprecipitation or fines migrations. Unfortunately, due to limited images and data, the 

actual cause could not be delineated.   

 

 

 

Figure 43. X-ray μ-CT images of the core inlet for Edward-CO2 experiment, showing 

the pore space at initial conditions before brine injection (a), after brine injection at 

21°C (b), and after brine injection at 50°C (c). Pore spaces, both before and after the 

reaction, are shown in dark colours.   
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Figure 44. Pre- and post-porosity profile along the length of the core for Edward-CO2 

experiment at 21°C. 

3.4 DISCUSSIONS 

3.4.1 Impact of pH, CO2, and temperature on mineral reactivity 

Variations in dissolution rate and pH regime are critical to optimizing injection 

conditions for CO2 storage. Peng (2015) found that carbonate mineral dissolution rates 

are influenced by the pH and CO2(aq)
 concentrations, apart from mineral type, pressure, 

and temperature conditions. In this study, the Edward-pH4 and Edward-CO2 

experiments are within the same pH regimes (i.e., pH = 4); however, the presence of 

CO2 in the Edward-CO2 experiment contributes to the increase in reaction rate. The 

difference in the reaction rate is due to a further reduction in pH. In a slightly acidic 

solution (i.e., at pH 4), the CO2 dissolution decreases the pH further due to dissociation 

of HCO3
, produced by carbonate mineral dissolution, and increases the bulk H+ ion 

activity (Plummer et al., 1978) (see section 2.2.1, Eq. 2.8). In the circumneutral pH 

range (i.e., pH 7-8) with added HCO3
-, the mineral dissolution rate decreases due to 

the inhibition of dissolution rates caused by the presence of HCO3
- ions (Pokrovsky et 

al. 2009). The plot of calcite and dolomite dissolution rates comparing all pH 

conditions and temperatures is shown in Figure 45. 

Figure 45 also shows that the mineral dissolution rates decrease with an increase 

in temperature for almost all experiments. For all experiments, the dissolution rate is 

decreasing with an increase in temperature. However, the trend is relatively weak for 

experiments with CO2-saturated brine (i.e., Edward-CO2 and F-2-CO2) compared to 

the experiments with acidified brine (i.e., Edward-pH4 and F-2-pH4). The decrease of 

dissolution rate with increasing temperatures was observed by Jobard et al. (2013), 

who investigated the effect of thermal gradients on the petrophysical properties of 

carbonate rocks using, in contrast to this study, crushed samples and a long tubular 

reactor. The observed trends were explained by lower activities of HCO3
- and CO3

2- 

species at higher temperatures and lower CO2 solubility, yielding lower pH conditions. 

The mass-transfers of solutions from the colder part, where dissolution is the highest 

to the warmest, also lead to calcite re-precipitation, making the net dissolution rate is 

relatively lower. Tutolo et al. (2014b) also observed a decrease in reaction rate from 

their experiment with dolomite; however, they relate the thermal impact with CO2 

exsolution phenomena.  
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(a) 

 

 

(b) 

 

 

Figure 45. Effective reaction rate 𝑅 for (a) calcite and (d) dolomite minerals as 

calculated from major ions concentrations measured from all core flood experiments 

plotted against temperatures.  
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3.4.2 Effect of extent of saturation state 

As discussed in Chapter 2 (see section 2.2.1), the dissolution rates and 

dissolution mechanisms of carbonate minerals are influenced by the saturation state 

(Alkattan et al. 1998; Teng 2004; Zhang et al. 2015; Anabaraonye et al., 2019). In 

addition, defect densities in the calcite and dolomite crystals and solution chemistry 

also have been shown to affect dissolution rates (Ruiz-Agudo et al. 2009; Xu et al. 

2012; Peng 2015; Bouissonnié et al. 2018).  The new experimental dataset presented 

in this work (i.e., Edward-pH8 and F-2-pH8) shows a significant decrease in 

dissolution rate as the system’s HCO3
- concentration increases and the system gets 

closer to equilibrium. Anabaraonye et al. (2019) observed a consistent reduction in 

calcite reaction rates with an increase in NaHCO3 molality. The reaction rate at 

T=52°C and 6.0 MPa reduced almost linearly from 4.0 x 10-4 molm-2s-1 for 0.01 mol/kg 

H2O of NaHCO3 to zero as the NaHCO3 increases to 1.0 mol/kg H2O.  

The decrease in dissolution rate observed by Anabaraonye et al. (2019) is 

consistent with this work, where the increase in the HCO3
- molality increases the pH, 

which results in orders of magnitude decrease in hydrogen activity. For Edward-pH8 

and F-2-pH8 experiments (NaHCO3 concentrations at ~1.0 mol/kg H2O), the 

dissolution rate obtained was very low, in the order of 10-9 to 10-10 mol/L/s. The 

dissolution at this regime is inferred to be within a transition region with a switch in 

dissolution mechanism from the formation of etching pit to widening of existing etch 

pit, indicating a significant reduction in dissolution rates. Considering the variability 

of HCO3
- saturations across a reservoir, obtaining reliable estimates for dissolution 

rates for a given saturation state is needed. Such data is necessary for subsurface CO2 

sequestration modelling to correctly predict the impact of carbonate mineral 

dissolution on a geological storage system. The effect of the far-from-equilibrium to 

close-to-equilibrium conditions will be further addressed in Chapter 4 through reactive 

transport simulations. 

3.4.3 Risk of formation damage and mineral scaling 

The assessment of the porosity and permeability evolution from the experimental 

results provides an insight into the risk of formation damage caused by carbonate 

mineral reaction during CO2 injection. An increase in porosity (i.e., 2 to 9% change) 

was observed in the most far from equilibrium experiments (i.e., Edward-pH4 and 

Edward-CO2), and almost no changes were observed in the close-to-equilibrium 
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conditions experiments (i.e., Edward-pH8 and F-2-pH8). This magnitude of porosity 

change is consistent with other flow-through experiments conducted on carbonate 

rocks where the mass transfer is present (e.g., Khather et al. 2018; Garcia-Rios et al. 

2015; Smith et al. 2019). No clear indicator of mineral re-precipitation was observed 

in this work; however, fines migration could not be ruled out since there is a slight 

reduction in permeability for some of the experiments. The fines would originate from 

the dissolution of carbonate minerals and may have blocked small pore throats, as 

observed by Saeedi et al. (2016).  

3.5 SUMMARY 

In this chapter, a series of reactive-flow core flood experiments were conducted 

on Edward Limestone and F-field core to understand factors controlling CO2, brine, 

and rock chemical interactions. In particular, these experimental works try to answer 

the first research question on how carbonate dissolution kinetics vary with brine pH, 

presence of CO2, temperature, injection flow rate, and saturation states. Changes in the 

major cation concentrations from the effluent, core’s porosity, and permeability 

provide an understanding of mineral reaction pathways and the impact of the mineral 

dissolution on rock properties, and subsequently into any potential risk of formation 

damage and injectivity issue.  

This study demonstrates that the dissolution rate of carbonate minerals is greatly 

influenced by the pH of the injection brine and CO2(aq) concentrations. We compared 

reactive brine injection of pH4 and pH8 and observed that carbonate mineral 

dissolution rate decreases significantly to almost zero from pH4 to pH8. A higher 

abundance of HCO3
- reduces H+ ion activity, hence inhibits dissolution. At the 

circumneutral pH, the reaction is also inferred to be at transition region from far- to 

close-to-equilibrium condition with a switch in dissolution mechanism, causing a 

significant reduction in dissolution rate. We also compared reactive brine injection pH 

4 with and without CO2 present and observed that the carbonate mineral reaction rate 

is one order of magnitude higher for brine with CO2 than without CO2. The CO2 

dissolved in brine and dissociation of HCO3
- decreases the pH further, hence, increases 

the bulk H+ ion activity.  

We examined the impact of increasing temperature on dissolution rates in all 

experiments by increasing the core’s temperature up to 90°C. For all experiments, the 
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carbonate dissolution rate decreases with an increase in temperature, although the trend 

is relatively weak for experiments with CO2-saturated brine and close-to-equilibrium 

condition (i.e., pH8 brine injection). The observed trends were explained by lower 

activities of HCO3
- and CO3

2- species at higher temperatures and lower CO2 solubility, 

yielding lower pH conditions. Another possible explanation that could not be tested in 

this works is CO2 exsolution at higher temperature and re-precipitation and the mass-

transfers of solutions from the colder to a warmer part of the core. 

Based on the assessment of porosity and permeability evolutions of the 

experimental results, the risk of formation damage caused by carbonate mineral 

reaction during CO2 injection is minimal as no clear indicator of mineral 

reprecipitation could impair the porosity and permeability. However, fines migration 

could not be ruled out and would require further investigation. In addition to enhanced 

understanding of CO2-brine-rock interaction for CO2 storage, this experimental work 

generated a dataset useful to develop and calibrate continuum models, which could 

become a basis for predicting mineral dissolution at other conditions pertinent to 

subsurface CO2 sequestration. 
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Chapter 4: Core-Scale Reactive Transport 

Simulation of Reactive Flow in 

Carbonate Rocks 

This chapter details the core-scale reactive transport simulations carried out to 

model the core-flood experiments performed in Chapter 3:. The simulations were 

validated with the experimental results to help constrain parameters, correlations, and 

reaction rate models in larger-scale simulations. Section 4.1 revises past reactive 

transport modelling studies in carbonate rocks and establishes the foundation of this 

modelling study. Section 4.2 details the methodology, and the results are presented in 

section 4.3. Section 4.3.4 discusses the outcomes of the reactive transport simulations 

with respect to the inferred mineral reactions and extension of the model to investigate 

other conditions pertinent to CO2 storage. Section 4.5 briefly summarizes the work and 

discusses its applicability for larger-scale modelling of CO2 injection.  

4.1 INTRODUCTION 

Predicting reaction-induced rock properties evolution is essential for geologic 

CO2 sequestration technologies because changes in the properties such as porosity and 

permeability fundamentally affect the CO2 storage capacity and integrity. Reliable 

simulations of the chemical reactions between CO2-rich brines and carbonate rock is 

challenging as geochemical interactions occurring at pore-scale require adaptation of 

the pore-scale model, which is currently limited in scale and requires high 

computational cost (e.g., Tartakovsky et al. 2007; Meakin and Tartakovsky 2009; 

Kang et al. 2010; Zaretskiy et al. 2012; Noiriel and Daval 2017; Oliveira et al. 2019). 

Instead, a reactive transport model at the continuum-scale based on Darcy flow and 

other approximations, as described in section 2.4.1, is often used (e.g., Golfier et al. 

2002; Kalia and Balakotaiah 2007; Maheshwari et al. 2013; Beckingham 2017). The 

continuum-scale model can simulate and analyze carbonate reactions and forecast the 

dynamic evolution of pore structures during dissolution or precipitation reactions, 

especially at larger scales (e.g., (Lichtner 1992; Steefel and Lasaga 1994; Stefeel et al. 

2005; Xu et al. 2010; Liu et al. 2018; Smith et al. 2019).  
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Many studies have employed continuum-scale reactive transport modelling to 

analyze key factors that influence mineral dissolution, the evolution of dissolution 

patterns, and the subsequent changes in permeability and porosity (e.g., Golfier et al. 

2002; Panga et al. 2005; Maheshwari et al. 2013; Mohamed and Nasr-El-Din 2013; 

Ali and Nasr-El-Din 2019; to name a few). The continuum models used to simulate 

and analyze carbonate dissolution processes predict the dynamic evolution of 

dissolution structures and wormhole geometry. However, a key uncertainty in 

continuum-scale reactive transport models is the choice of macroscopic reaction 

parameters, i.e., rate kinetics, reactive surface areas, and porosity-permeability 

relationships needed to couple the chemical reactions to changes in reservoir 

dynamics. For example, the use of rate kinetics measured from laboratory-based batch 

experiments to describe reactive transport processes were found to fail to reproduce 

reactive transport processes found in column experiment (Szecsody et al. 1998). By 

comparing pore-scale and continuum-scale models, several numerical investigations 

have identified the scaling effects of macroscopic transport and geochemical reaction 

properties and linked such scale dependence to mineral and pore heterogeneities (e.g., 

Li et al. 2006; 2008; Knutson et al. 2007; Molins et al. 2012). The scale dependency 

emphasizes the importance of calibrating macroscopic parameters with either pore-

scale simulations or experimental data to count for scaling effects effectively. Only a 

few studies have properly calibrated the reactive transport models to experimental 

observations (e.g., Izgec et al. 2008a; Izgec et al. 2008b; Smith et al. 2013; Hao et al. 

2013b; Nunes et al. 2016; Smith et al. 2019).  

In this chapter, one-dimensional continuum reactive transport models were 

constructed to simulate the core flood experiments described in Chapter 3. The 

numerical models were history-matched against the experimental data such that the 

parameterized reactive transport models can be extended to predict reaction-induced 

changes at different conditions pertinent to CO2 storage sites (i.e., F-2 field).  

4.2 METHODS 

4.2.1 Reactive transport model: set-up and configuration 

The core flood experiments were simulated using a commercial reactive 

transport simulator that combines advective-diffusive transport with both aqueous 

chemical equilibrium and kinetic reactions: CMG GEM (CMG 2017). The simulator 
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uses the Peng-Robinson equation of state (EOS) and solves the Darcy equation to 

simulate the fluid flow. The gaseous phase and the aqueous phase are assumed to be 

in thermodynamic equilibrium. The extended Debye-Hückel (also known as B-dot) 

(Helgeson 1969) model was used to model the aqueous phase, and mineral dissolution 

or precipitation reactions were assumed to be kinetically controlled and modelled 

using the Transition-State-Theory (TST) model, as described in section 2.4.2. The 

Arrhenius (ARN) equation was used to model experiments with bicarbonate saturated 

brine (i.e., Edward-pH8 and F-2-pH8) as an alternative to the TST model. The 

governing equations are given in Eq. 2.23 to 2.24. 

 Each core sample was represented by a rectangular model of 15.2 x 3.4 x 3.4  

cm, which was discretized using a uniformly spaced grid with a grid block size of 

0.00076 x 0.03402 x 0.03402 m3, resulting in a total of 200 x 1 x 1 grid blocks. The 

rock properties were assumed to be uniform and, like the initial conditions, the same 

as in the experiment (  

). The boundary conditions have impermeable lateral boundaries, a constant inlet 

flux, and constant outlet pressure of 400 psi. The temperature was kept constant at 

21°C, 50°C, 70°C, or 90°C, respectively to represent experimental conditions. The 

simulations were done isothermally (i.e., injection fluid’s temperature is the same as 

and core’s temperature), except 1 experiment (i.e., Edward-CO2) was extended to 

simulate non-isothermal conditions to see the effect of injecting colder fluid into the 

relatively warmer core. For the non-isothermal simulation, the core sample was set to 

have an initial temperature of 100°C, and injection fluid temperature was varied 

systematically from 20°C to 90°C. For all simulations, water viscosity and density are 

kept constant at 0.414 cP and 1026.5 kg/m3, respectively. Aqueous viscosity and 

density are functions of temperature and were modelled according to Kestin et al. 

(1981) and Rowe and Chou (1970), respectively. A constant diffusion coefficient of 

10-9 m2/s for all dissolved ions was used. The model configurations and initial rock and 

fluid properties are shown in Figure 46 and Table 11.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 46. Model geometry and configuration showing (a) core sample, (b) discretized 

model, and (c) model domain with boundary conditions. See Table 11 for further 

information. 

 

Table 11. Properties used in the numerical simulations. 

Property Unit Value 

Grid dimension  I x J x K 200 x 1 x 1 

Grid block size m 0.00076 x 0.03402 x 0.03402 

Porosity % Table 8 

Permeability  mD Table 8 

Initial pressure Psi 101.325 kPa 

Initial temperature °C 21 – 90 

Flow rate mL/h 150 – 300 

Water viscosity cP 0.414 

Aqueous viscosity cP Kestin et al. (1981) 

Water density kg/m3 1026.50 

Aqueous density kg/m3 Rowe and Chou (1970) 

 

4.2.2 History matching 

We used the CMG-CMOST engine to assist the history matching utilizing the 

design of the experimental method (i.e., Latin Hypercube design) and CMG’s DECE 

(Designed Exploration and Controlled Evolution) optimization algorithms. The Ca2+ 

and Mg2+ ion concentrations from the laboratory data as the objective functions to 
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obtain the calibrated specific surface area, 𝑆 (m2/m3) and kinetic rate constant, 𝑘 

(mol/m2s). All objective functions are weighted equally. In the event where the assisted 

history matching was not able to provide an acceptable history matching error (HME) 

(i.e., HME>80%), systematic manual adjustment was made on the calibration 

parameters (i.e., 𝑆 and 𝑘) until reasonable matching was obtained.   

We started the history matching using 𝑆 and 𝑘 values from the experiment. The 

𝑆 was initially based on X-ray µ-CT segmented (section 3.2.3), and 𝑘 was based on 

the effective reaction rate 𝑅 calculated from the experimental results described in 

section 3.2.5 and Table 7. These two values were then varied to achieve the best match 

to experimental data. To avoid non-sensical values of the tuned parameters, upper and 

lower boundaries were set for both 𝑆 and 𝑘 based on the lowest and highest values 

available in published data. When the simulation still could not match with the 

experimental data for 𝑆 and 𝑘 values within the range, mineral volume fractions 

parameters were then tuned to improve the matching.  

4.2.3 Chemical equilibrium and reaction kinetics 

All aqueous reactions were assumed to be at equilibrium with the primary 

species selected as 𝐻+, 𝐻𝐶𝑂3
−, 𝑁𝑎2+, 𝐶𝑙−, 𝐶𝑎2+, 𝑀𝑔2+ and 𝐹𝑒2+. Calcite, dolomite, 

and siderite dissolution and precipitation were modelled using the kinetic rate law (Eq. 

2.24). The major geochemical reactions, relevant equilibrium constants, activation 

energies, and kinetic parameters range (i.e., for tuning) used in this work are listed in 

Table 12.  

Table 12. Major equilibrium and kinetic reactions considered in the simulations. 

Reactions 
Log Keq 

(25 °C)a 

Ea
b 

(kJ/mol) 

Log10 k25
d 

(mol/m2s) 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 = 𝐻+ + 𝐻𝐶𝑂3
− -6.38 - - 

𝐶𝑂3
2− + 𝐻+ = 𝐻𝐶𝑂3

− 1.04 - - 

𝑁𝑎𝐶𝑙 = 𝑁𝑎+ + 𝐶𝑙− 1.64 - - 

𝐶𝑎𝑙𝑐𝑖𝑡𝑒 + 𝐻+ = 𝐶𝑎2+ + 𝐻𝐶𝑂3
− -8.68 23.5 -5.81e 

𝐷𝑜𝑙𝑜𝑚𝑖𝑡𝑒 + 2𝐻+ = 𝐶𝑎2+ + 𝑀𝑔2+ + 2𝐻𝐶𝑂3
− -17.82 52.2 -7.53e 

𝑆𝑖𝑑𝑒𝑟𝑖𝑡𝑒 + 𝐻+ = 𝐹𝑒2+ + 𝐻𝐶𝑂3
− -10.24 62.8c -6.20f 

a,b CMG (2017) 
c Xu et al. (2007) 
d reaction rate constant, 𝑘25 can be converted to temperature-specific values using 

activation energies and Eq. 2.24. 
e Hao et al. (2013) 
f Golubev et al. (2009) 
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4.2.4 Porosity-permeability-surface area relationship 

The relation between reaction-induced porosity changes and subsequent 

permeability alteration are modelled using the Kozeny-Carman model given by Eq. 

2.16 with an exponent of 3, obtained from the experimental data described in section 

3.3.2 and Figure 42.  

4.2.5 Initial core and fluid properties 

Initial core properties, mineral compositions, and the composition of the injected 

brine are taken directly from core and fluid characterization described in sections 3.2.2 

and 3.2.3. All properties (with the exception of the boundary conditions) are assumed 

to be uniformly distributed in the model at the start of the simulation. Prior to 

simulating reactive transport, thermodynamic equilibrium modelling was performed 

to equilibrate the resident brine composition with the initial mineral assemblages (  

) at the temperature and pressure of the experiment. The resulting water 

chemistry is used as the initial condition for the reactive transport simulation (Table 

13), assuming that the mineral and the brine had achieved equilibrium before injecting 

the reactive fluids in the experiments. 

Table 13. Initial brine compositions used in the simulations. 

Component 

Initial 

equilibrated brine 

(mol/kg H2O) 

Injection Brine (mol/kg H2O) 

1% Na+ 1%Na++HCO3 1%Na++CO2 

Ca 3.57 x 10-4 0.00 0.00 0.00 

Mg 1.42 x 10-4 0.00 0.00 0.00 

Na 4.35 x 10-1 4.35 x 10-1 1.33  4.35 x 10-1 

Cl 4.35 x 10-1 4.35 x 10-1 4.42 x 10-1 4.35 x 10-1 

HCO3
- 1.92 x 10-4 0.00 9.10 x 10-1  0.00 

CO2(aq) 5.23 x 10-8 0.00 1.96 x 10-2 4.35 x 10-2 

pH 8.1 4.0 8.0 4.0 

 

4.3 RESULTS 

We group the modelling results of the core flood experiments as either reacted 

using acidic brine, CO2-saturated brine, and bicarbonate saturated brine.   We observed 

the effect of microscopic heterogeneity on fluid flow and transport, which requires 

dispersion modelling to be incorporated in the history-matching exercise. Choices of 

reaction rate model are also important depending on saturation extent. Thermal 

modelling is also important to properly simulate the reaction. These findings are 
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discussed in more detail by comparing fitted model results to experimental 

observations. 

4.3.1 History-matching of the core flood experiments with acidic brine 

We simulated the Edward Limestone acidic brine (1% Na+ brine at pH4) experiment 

(Edward-pH4) at 50°C and history-matched the simulated model response to the 

experimental data. Figure 47 compares the measured and simulated Ca2+ and Mg2+ 

concentrations and effluent pH as a function of time. Table 14 summarizes the tuned 

parameters to obtain the history match. The tuned rate constant, 𝑘 for calcite and 

dolomite have values of 𝑘𝑐𝑎𝑙  = 10-7.50 and 𝑘𝑑𝑜𝑙 = 10-8.55 at 25°C, respectively (Table 

14). The tuned rate constants are converted to 25°C values for easier comparison with 

published data typically reported at that temperature.  The fitted rate constants were 

about ~1 to 2 order of magnitude lower than those determined for single mineral 

systems in CO2-free fluids at the surface reaction (Palandri and Kharaka 2004) (Table 

16). 

The simulations could not replicate the effluent concentrations precisely but 

could capture the changes in the concentrations that reflect the change in the injection 

rate from 30 mL/h to 300 mL/h. The calibrated specific surface area (SSA) is 6 x 103 

m2/m3 (Table 14). Note that the initial mineral volume fractions for Edward Limestone 

were adopted from Lai et al. (2015), as shown in   

, where equal proportions of calcite and dolomite were reported. No 

measurement was done on the sample used in this experiment. Since the Edward 

limestone is not perfectly homogeneous, volume fractions for the individual minerals 

may have varied slightly. Therefore, we investigated if further improvements to the 

match could be obtained by systematically adjusting the mineral volume fractions. 

Figure 48 shows the comparison between the simulated and measured ion 

concentrations, assuming different mineral volume fractions in the simulations. Pairs 

of calcite and dolomite mineral volume fractions were varied. The total volume 

fractions are 60%, as the remaining 40% is the initial pore space (Edward-pH4 core 

initial porosity is 42% (  

)). An improved match was obtained when volume fractions of 40% calcite and 

20% dolomite were used, compared to 30% calcite and 30% dolomite used initially.  

The simulation model with the tuned parameters (i.e., 𝑆, 𝑘25 and mineral volume 

fractions) was used to forecast the Ca2+ and Mg2+ concentrations and pH evolution for 
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the experiment conducted at 70°C. All parameters remain the same; only initial 

porosity, permeability, brine composition, and temperature were input to the reactive 

transport forward simulations. Figure 49 shows the forecast of pH, Ca2+, and Mg2+ 

concentrations compared to the experimental data. Generally, the simulated and 

observed concentrations show similar trends, with slight underpredictions, especially 

for Mg2+ at a high flow rate, as seen in the 50°C history match. The pH evolution is 

better reproduced using the calibrated model.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 47. Comparison between the measured and simulated Ca2+ (a) and Mg2+ (b) 

concentrations and pH (c) for the Edward Limestone core flood experiment when 1% 

Na+ brine with pH4 is injected at 50°C.  
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(a) 

 

 

(b) 

 

 

Figure 48. Simulated Ca2+ (a) and Mg2+ (b) concentrations for different calcite and 

dolomite volume fractions in the Edward limestone and comparison with laboratory 

data. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 49. Comparison between the measured and simulated Ca2+ (a) and Mg2+ (b) 

concentrations and pH (c) for the Edward Limestone core flood experiment when 1% 

Na+ brine with pH4 is injected at 70°C.  
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Table 14. Tuned parameters for the Edward limestone core flood experiment with a 

1% Na+ brine injection at pH4 (Edward-pH4).  

Mineral Effective 

reaction rate 

(mol/L/s) 

Volume 

fraction 

(v/v) 

SSA (m2/m3) Log10 k25 

(mol/m2s) 

Calcite 10-7.72 0.40 6.00 x 103 -7.50 

Dolomite 10-8.04 0.20 6.00 x 103 -8.55 

 

4.3.2 History-matching of the core flood experiments with CO2 saturated brine 

We simulated the Edward Limestone CO2 saturated brine experiment (Edward-

CO2) at 50°C and history-matched against experimental data. Figure 50 shows the 

simulation results fitted to the experimental data, and the tuned parameters from the 

history match are summarized in Table 15.  

The tuned rate constants for calcite and dolomite have values of kcal = 10-9.00 and 

kdol = 10-9.02, respectively. A specific surface area of 6.0 x 106 m2/m3 is required to 

achieve the match. The tuned rate constants are about five orders of magnitude lower 

for calcite and three orders of magnitude lower for dolomite than those determined for 

single mineral systems in CO2-rich fluids at surface-reaction conditions (Pokrovsky et 

al., 2009). The rate constants are also three orders of magnitude lower than those 

measured at mass-transfer limited conditions (Hao et al. 2013). However, the rates are 

only ~0.5 to ~1 order of magnitude lower than those observed in our experiments that 

used an acidic brine without CO2 (see section 4.3.1). The significant mismatch 

between tuned rate constants for the CO2-saturated aqueous system and published data 

illustrates specific difficulties in capturing pore-scale phenomena in the continuum 

model even when significant additional data is available to constrain reaction rates 

such as µ-CT images, time-dependent solution chemistry, and pH data (Carroll et al. 

2013). As discussed in section 2, the chemical reaction of carbonate minerals with 

CO2-saturated brine includes several parallel reactions (Eqs. 2.5 to 2.7). The use of 

kinetic equations is defined in section 2.4.4, in which the net rate is dependent on a 

single rate constant and effective surface area tied to mineral saturation. The difficulty 

of accurately measuring the effective surface area under transport conditions most 

likely causes the observed discrepancies in the rate constants. As demonstrated in this 

work, experimental calibration is one way in which the co-dependence of the rate 
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constant and surface area on reaction rate can be quantified for a given CO2 injection 

study. 

A good match was obtained after the first pore volume of injections; however, 

in the simulations, the effluent composition increases sharply after breakthrough, in 

contrast to a more gradual increase in the experiment. The slight delay of species 

arrival and a long tail of the breakthrough curve suggests a fluid front spreading due 

to microscopic heterogeneities (e.g., some ions flow faster than others). Calibration of 

dispersivity was performed to capture similar flow behavior, as shown in the 

experiment. As discussed in section 2.4.2, in porous media, the dispersion 𝐷𝑚 is 

typically defined as the product of the average fluid velocity, υ (m/s), and dispersivity, 

α (m) (Eq. 2.19). A systematic variation of longitudinal dispersivity, αL value was 

conducted to see the parameter's impact on the breakthrough behaviour. The ranges of 

the value were based on Gelhar et al. (1992) (Figure 18). A significantly improved 

match was obtained when an αT value of 0.02 m was used (Figure 50).  
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(a) 

 

 

(b) 

 

 

I 

 

 

Figure 50. Comparison between the measured and simulated Ca2+ (a) and Mg2+ (b) 

concentrations and pH (c) for the Edward Limestone core flood experiments when 1% 

Na+ + CO2 is injected at 50°C. The model that incorporates dispersion with a 

longitudinal dispersivity value of 0.02 m was able to capture the delay ions arrival and 

spreading due to microscopic heterogeneities. 
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 Using the calibrated model of Edward-CO2 at 50°C, a forward simulation for F-

2-CO2 was conducted. This forward simulation used the initial porosity, permeability, 

and initial brine composition of the F-2-CO2 experiment. Figure 51 compares the 

simulation results with the experimental data before and after tuning the reaction 

parameters.   

 The F-2 core samples used to validate the reactive transport model differ from 

Edward Limestone by having a higher amount of calcite and a more heterogeneous 

pore structure. The F-2 sample also has permeability a lot lower than the model was 

initially calibrated. In general, the forecast model captures the ion concentration trends 

but underpredicts the value. The best agreement between simulated and experimental 

data is observed if kcal and kdol were adjusted to 10-8.00 and 10-8.00, respectively (Table 

15). In this process, the specific surface area for dolomite decreased from ~106 to ~104 

m2/m3. However, changing the exponent in the Kozeny-Carman relation (Eq. 2.16) to 

model the permeability-porosity relationship had little effect on the ion concentrations 

and was kept at 𝑛 =  3. The forecasted pH evolution, however, matches the 

observations.   
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 51. Comparison between the measured and simulated Ca2+ (a), Mg2+ (b) 

concentrations and pH (c) for the F-2 core flood experiments when 1% Na+ + CO2 is 

injected at 50°C.  
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Table 15. Tuned parameters for the core flood experiments with the injection of a 1% 

Na+ + CO2. 

Experiment (50°C) Edward-CO2  F-2-CO2 

Effective reaction rate calcite (mol/L/s) 10-6.44 10-6.30 

Effective reaction rate dolomite (mol/L/s) 10-6.69 10-8.26 

Volume fraction calcite (v/v) 0.30 0.63 

Volume fraction dolomite (v/v) 0.30 0.07 

SSA calcite (m2/m3) 6.00 x 106 6.00 x 106 

SSA dolomite (m2/m3) 6.00 x 106 6.00 x 104 

Log10 kcal (mol/m2s) @ 25°C -9.00 -8.00 

Log10 kdol (mol/m2s) @ 25°C -9.02 -8.00 

 

Table 16. Comparison of tuned parameters with those reported by literature. 

 SSA cal 

(m2/m3) 

SSA dol 

(m2/m3) 

Log10 kcal   

(@ 25°C) 

Log10 kdol  

(@ 25°C)  

Edward-pH4 6.00 x 106 6.00 x 106 -7.50 -8.55 

Edward-CO2 6.00 x 106 6.00 x 106 -9.00 -9.02 

F-2 CO2 6.00 x 106 6.00 x 104 -8.00 -8.00 

Palandri and Kharaka 

(2004) 

- - -5.81 -7.53 

Pokrovsky et al. (2009) 105 105 -3.95 -5.97 

Hao et al. (2013) 102 102 -6.83 to -4.70   -6.35 

 

4.3.3 History-matching of the core flood experiments with 𝑯𝑪𝑶𝟑
− saturated 

brine  

Injection of bicarbonate (𝐻𝐶𝑂3
−) saturated brine was performed to mimic the 

reservoir conditions in the long-term, hundreds of years after injection has stopped and 

when the system is re-equilibrating after the injection of CO2. We simulated the 

Edward Limestone 𝐻𝐶𝑂3
− saturated brine experiment (Edward-pH8) at 50°C and 

history-matched against experimental data. Figure 52 compares the measured and 

simulated Ca2+ and Mg2+ concentrations and pH as a function of time.  

Unlike the other three core flood models (i.e., Edward-pH4, Edward-CO2, and F-2-

CO2), Edward-pH8 simulation could not recreate the experimental results for SSA, kcal, 

and kdol within an acceptable range. We tested the hypothesis that modifying the 
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equilibrium constant, 𝐾𝑒𝑞 of the TST model (Eq. 2.23) would result in best-fit SSA, 

kcal, and kdol values more consistent with the previously calibrated range (Table 16). 

The tuned SSA, kcal, and kdol are 6.00 x 103 m2/m3, 10-9.00, and 10-8.00, respectively. The 

best-fit 𝐾𝑐𝑎𝑙
𝑒𝑞

and 𝐾𝑑𝑜𝑙
𝑒𝑞

 are 103.00 and 105.00, respectively. For this simulation, the effluent 

ion compositions are less sensitive to the rate constant value potentially because of the 

close to equilibrium condition. The dolomite is more reactive than calcite which is not 

typically the case in nature. The equilibrium constants are also 12 orders of magnitude 

different for calcite and 23 for dolomite when compared to published data (e.g., ~10-

8.00 (Plummer and Busenberg, 1982)) for calcite and ~10-17.00 for dolomite (Bénézeth 

et al. 2018)). Parameters used to obtain match were somewhat arbitrary and not 

consistent with published data, especially 𝐾𝑒𝑞 which the value is usually well 

constrained. Due to that, the TST rate modelling approach may not be suitable to model 

this kind of system. 

In CMG-GEM, an alternative reaction rate model available is the Arrhenius 

equation (ARN) (Eq. 2.24), as described in section 2.4.4. We simulated the same 

experiment (Edward-pH8 at 50°C) using ARN and history-matched against 

experimental data. Using Eq. 2.24 and effective reaction rate, R (Table 7), the 

frequency factor, F, can be calculated. Using the experimentally derived frequency 

factor, F, an improved matching with lab data was obtained from the outset, with no 

other fitting required (Figure 52). A single F value was used for calcite and dolomite, 

Fcal = Fdol = 1.83 x 10-8.  

Using the calibrated ARN model of Edward-pH8 at 50°C, a forward simulation 

for F-2-pH8 was conducted. This forward simulation used the initial porosity, 

permeability, and initial brine composition of the F-2-pH8 experiment. Figure 53 

compares the simulation results with the experimental data. In general, the forecast 

model captures the trends and values of ion concentrations and pH evolution within 

experimental error. Table 17 summarizes the parameters used to obtain the history 

match and compares against published data. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 52. Comparison between the measured and simulated Ca2+ (a), Mg2+ (b) 

concentration, and pH (c) for the Edward Limestone core flood experiments when 1% 

Na+ + HCO3
- is injected at 50°C. TST – Transition State Theory, ARN – Arrhenius 

equation. 
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 53. Comparison between the measured and simulated Ca2+ (a) and Mg2+ (b)  

concentration and pH (c)  for the F-2 core flood experiments when 1% Na+ + HCO3
- 

is injected at 50°C.  
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Table 17. Tuned parameters for the core flood experiments with the injection of a 1% 

Na+ + HCO3
- and comparison with those reported in the literature. 

Minerals 

Model 

TST ARN 

Log10 k25  Log10 Keq 
Log10 k25  

(best-fit) 

Log10 Keq
  

(best-fit) 
F 

Calcite -5.50a -8.68b -9.00 3.00 1.83 x 10-8 

Dolomite -6.50a -17.82c -8.00 5.00 1.83 x 10-8 
a Hao et al., 2013 
b Plummer and Buenberg, 1982 
c Benezeth et al., 2018 

4.3.4 Non-isothermal model  

 We extended the simulation of the Edward-CO2 experiment to simulate non-

isothermal conditions. This simulation used the initial core condition and calibrated 

reaction parameters from the previous history-matching exercise (section 4.3.2). The 

core was set to have an initial temperature of 100°C to reflect the target reservoir 

condition. The injection fluid temperature was varied systematically from 20°C to 

90°C to create the thermal gradient from the wellbore to the reservoir. Figure 54 shows 

simulated Ca2+ concentrations at different injection temperatures against pore volume 

injected. The results show that with decreasing injection temperature, the 

concentration of Ca2+ decreases, indicating that less calcite is getting dissolved. The 

effect is particularly significant when the injection fluid is at least 30°C colder than 

the reservoir. If the difference between injection and reservoir temperature is less than 

30°C, the thermal impact on calcite dissolution is negligible, suggesting that 

isothermal simulations are sufficient to describe the reservoir behaviour during CO2 

storage. Mg2+ ion concentration exhibited a similar trend as the Ca2+, indicating 

dolomite dissolution is also influenced by the presence of the thermal gradient (plot 

not shown).  
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Figure 54. Non-isothermal simulated Ca2+ concentrations at different injection 

temperatures. 

4.4 DISCUSSIONS 

 The ability of the continuum-scale reactive transport model to simulate core 

flood experiments and predict mineral reactions are highly dependent on good 

approximations of initial core properties and kinetic parameterization. Model 

calibration and validation allows us to maximize information gained from the 

experiments, testing the modelling framework and constrain input parameter used for 

specific sites for larger-scale simulations. Here we discuss the role of dispersivity in 

capturing microscopic heterogeneities, selection of reaction rate model for accurate 

modelling of mineral dissolution, and effect of thermal gradient on mineral reactivity 

at core-scale. 

4.4.1 Dispersion and dispersivity 

For the Edward-CO2 experiment, we first tested the effect of dispersion in the 

simulation by comparing simulation with and without dispersion to see if a better fit 

obtains between simulation and experimental data, especially at the breakthrough 

curve. We assigned a typical value of diffusion coefficient of 10-9 m2/s for all dissolved 

ions, as described in section 4.2.1. Results show that dispersion has no impact on the 

released ion concentration (Figure 55).  
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Figure 55. Comparison of simulated Ca2+ concentration with and without dispersion 

coefficients. 

 

The change in the dispersivity value, however, improved the history-match of 

the Edward-CO2 experiment at 50°C (Figure 42). As discussed in section 2.4.2, the 

gradual change and slight delay in species arrival could be caused by microscopic 

heterogeneity, which makes the fluid move faster at the middle of the pore and slower 

at the boundary of water grain, pore sizes differences where fluid particles move faster 

through larger pores, and path length variations, allowing certain fluid particles to go 

longer path than others (Zhang 1996). On the other hand, Carroll et al. (2013) 

attempted to modify the sharp change in solution chemistry predicted by the model to 

fit the slight delay observed in the measurement by fitting the dispersion coefficient 

but was not successful. They attributed the observed differences to an experimental 

artifact like in-line dilution of the concentrations as the system transitions from CO2-

free to a CO2-rich system.  

The delayed breakthrough is also called ‘the tailing effect,’ which in principle 

cannot be quantified with the ADRE without adjusting the dispersivity value in the 

ADRE (Gelhar 1986; Vasilyev 2018). Dispersion is a scale-dependent process with 

larger dispersivity values observed at larger spatial scales. The value can be in the 

order of centimeters up to 100 m, as discussed in section 2.4.2 (Figure 18). Figure 56 

shows how the ‘tailing effect’ varies with increasing dispersion when we 

systematically vary the dispersion value of the Edward-CO2 simulation. This analysis 

suggests that at the core-scale (cm-scale), the dispersivity in the longitudinal direction 
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is roughly 1/10th of the observation scale, and the value fits well in the plot of Gelhar 

(1992) (Figure 57). The field-scale (100m-scale) dispersivity value obtained from the 

m-scale model (see Chapter 5:) is also included for comparison.  

 

 

 

 

 

Figure 56. Simulated Ca2+ concentration for different longitudinal dispersivity 

values. 

 

 

 

 

 

Figure 57. Longitudinal dispersivity versus the scale of observation (modified from 

Gelhar et al. (1992)). 
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4.4.2 Reaction rate model 

For the simulations of Edward-pH8 and F-2-pH8 experiments, we observed that 

the classical TST rate model could not recreate the experimental results when the 

kinetic parameters were tuned within a specific range. These experiments are believed 

to be in the transition to close-to-equilibrium conditions, given their significantly 

reduced reaction rate (see section 3.3.1.4 and 3.3.1.5, Table 7). 

The TST rate model has been widely used to describe carbonate mineral 

dissolution and is based on a large number of published rate constants (Schott et al., 

2012), and the model presents a direct relationship between reaction kinetics and 

thermodynamics (Eq. 2.24). However, several studies have addressed the limitations 

of the TST in subsurface reservoir environments, especially at certain saturation states 

(e.g., Teng 2004; Bouissonnié et al. 2018; Anabaraonye et al. 2019). TST was 

developed for a homogeneous reaction. Therefore extension to non-elementary 

reactions invalidates the underlying assumption of the TST model (Anabaraonye, 

2017). As discussed in Chapter 2, the dissolution rate depends on the surface 

topography and population of various reactive surface sites (Smith et al., 2013). For a 

reaction that cannot be modelled using the TST, Bouissonnié et al. (2018) proposed 

alternative relations such as the step wave model (Lasaga and Luttge, 2001) or more 

complex empirical relations such as parallel rate laws by Xu et al. (2012) to improve 

the agreement between modelled and measured reaction rates.  

In this research, an alternative rate model, the Arrhenius equation with an 

empirically determined coefficient, can model the experiments with a saturation state 

close to equilibrium more accurately. The Arrhenius equation relies solely on the 

change in ion concentration instead of the saturation index as in the TST model, 

enabling improved modelling of the reaction process at where the saturation index is 

close to unity. Based on this finding, geochemical modeling that attempts to 

extrapolate the far from equilibrium data to close to equilibrium conditions using a 

typical linear relationship between dissolution rate and saturation state may lead to 

huge errors in the chemical dissolution estimation (Xu and Higgins 2011). In CO2 

geological storage, near-equilibrium conditions are likely to occur. Thus, accurate 

modeling of the mineral dissolution that leads to long-term behavior and covers both 

far and close to equilibrium conditions becomes essential. 
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4.4.3 Thermal effects of injection 

In an actual CO2 geological storage site, CO2 is typically injected at a 

temperature different from the initial reservoir temperature. In a tropical country like 

Malaysia, the temperature of the reservoirs targeted for CO2 storage is typically above 

100°C. The difference between injection fluid and reservoir temperature will result in 

thermal gradients along the flow path of CO2. As seen in the core flood experiment 

results (section 3.3.1), temperature variations will impact the kinetics of carbonate 

mineral dissolution (Table 7). The non-isothermal simulations of Edward-CO2 

experiments have shown that the effect of thermal gradient on mineral reactivity is 

particularly significant when the injection fluid is at least 30°C colder than the 

reservoir. The mineral reactivity decreases with decreasing injection fluid temperature 

(i.e., the higher the temperature, the higher the reaction rate).  

Recall that CO2 solubility in water increases with decreasing temperature (see 

section 2.1, Figure 9). It was hypothesized that the injection of cold CO2, which cools 

the reservoir temperature and leads to increased dissolution of CO2 in the resident 

brine, will dissolve more calcite. However, reaction rates are also influenced by 

temperature, and in this case, the reaction rate would have more impact on calcite 

dissolution than the greater solubility of CO2. At the lower temperatures, the numerical 

investigations showed that, despite the solubility of the minerals being higher, the 

reaction rates were slower. So, as a result of these competing effects, moderate mineral 

dissolution was observed. At higher temperatures, the solubilities of the minerals were 

lower, yet the reactions rates were higher; hence similar mineral dissolution could be 

achieved.  

The simulation work here provides insights on changes in mineral dissolution at 

the near well-bore region and the deeper reservoir. Near the well, where the 

temperature is low, CO2 solubility is elevated. However, the reaction rates and 

residence times are lower, characterized by lower Damköhler numbers, somewhat 

limiting the mineral dissolution. Deeper in the reservoir, CO2 solubility is reduced due 

to higher temperatures, but the residence time is longer, and reaction rates are higher; 

a complete mineral reaction is expected to occur, hence, enabling an equilibrium to be 

established.  
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4.5 SUMMARY  

This chapter describes core-scale reactive transport simulations calibrated and 

validated against core-flood experiments. The aim is to parameterize reactive transport 

models that can be extended to predict reaction-induced changes at a larger scale and 

different conditions pertinent to CO2 storage sites.  

 The numerical investigations presented in this work demonstrated that the 

continuum model using experimentally derived parameters adequately describes the 

core-scale physical and chemical behaviours exhibited. However, the reaction 

parameters need to be adjusted to account for uncertainties related to initial sample 

characterization and thermodynamic database. Using a single rate parameter that 

averages the effects of detailed mechanisms allows similar fidelity obtain between 

simulated and experimental solution chemistry in this study. The model parameter 

calibration is specific to the Edward limestone and F-2 carbonate; however, several 

aspects may be transferable to other sites with similar mineralogy and heterogeneity. 

 Inherent microscopic heterogeneities in carbonate rocks have caused fluid 

spreading, hence delayed breakthrough or the ‘tailing effects.’ Due to that, the 

incorporation of mechanical dispersion in the core-scale model is required to properly 

capture the fluctuations of average flow velocity observed in the experiments. This 

study found that the dispersion coefficient at the longitudinal direction is about 1/10th 

of the scale of observation. Dispersion is a scale-dependent process; therefore, 

application at a larger-scale model requires this parameter to be scaled-up accordingly 

to capture field-scale heterogeneity (further addressed in Chapter 5:). 

Furthermore, it was found in this work that selecting a reaction rate law that can 

describe the dissolution rate at any particular set of equilibrium conditions is required 

to model the CO2 storage system accurately. This work suggests that the TST model 

cannot accurately predict the reaction rate under the given conditions, particularly in 

the saturation regime close to equilibrium (which will be the case when modeling the 

long-term fate of injected CO2). The Arrhenius type rate model was found to be better 

in predicting the dissolution rate under those conditions.  

Non-isothermal simulations of relatively colder fluid injection into a hotter 

reservoir have shown that the effect of thermal gradient from well bore to the deeper 

reservoir on mineral reactivity becomes significant when the temperature difference is 
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at least 30°C. Although earlier hypothesized that mineral reactivity will be higher at 

low temperature due to heightened CO2 solubility, the competing effects of low 

reaction rate at low temperature and short residence time are limiting mineral 

dissolution at the near well bore area. Deeper in the reservoir, a more complete reaction 

is expected to occur, allowing equilibrium to be established. In addition, this work 

suggests that non-isothermal reactive transport simulation is required to properly 

quantify the mineral dissolutions and changes in the rock properties, especially when 

the impact is expected to be significant (i.e., temperature difference more than 30°C).  

   

 . 
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Chapter 5: Inter-well-Scale Reactive 

Transport Simulation of 

Reactive Flow in Carbonate 

Rocks 

In this chapter, reactive transport simulations of CO2 injection at inter-well-scale 

were conducted, informed by the core-scale experimental data and corresponding 

numerical simulations discussed in Chapters 3 and 4. The large continuum-scale (m- 

to km-scale) 3D reactive transport models include a more complex geological 

heterogeneity inherent to carbonate reservoirs, providing a better understanding of 

large-scale flow behaviour and fluid-rock interactions. The simulations will also 

provide insights into the risk of formation damage at the field scale and a guide to risk 

management and optimization of CO2 injection operations. Section 5.1 reviews 

previous studies on reservoir-scale reactive transport simulations applied in carbon 

capture and storage (CCS) and explains which approaches have been adopted in this 

study. Section 5.2 details the methodology and the model setup. Results are presented 

and discussed in section 5.3, while section 5.4 summarizes the main findings and their 

implication to CO2 storage sites located in carbonate formations.     

5.1 INTRODUCTION 

Referring to literature reviews and discussions in previous chapters, reactive 

transport modeling is a key technology to understand the mineral reaction and 

associated reactive transport processes during CO2 storage. However, upscaling from 

pore- to continuum- and reservoir-scale is still an unresolved challenge.   

Numerical investigations at large-scale have been attempted but limited in 

number to understand reservoir injection and storage (e.g., André et al. 2007; Audigane 

et al. 2009; Xu et al. 2010; Tutolo et al. 2015; Wang et al. 2019; Jin et al. 2016; 

Guimarães et al. 2007; 2020; André et al. 2015; Ribeiro et al. 2016; Wolf et al. 2016; 

Liu et al. 2017). André et al. (2007) used TOUGHREACT to simulate fluid-rock 

interactions during CO2 injection in Dogger Basin, Paris, for dry-out effects. Audigane 

et al. (2009) performed 3D simulations of CO2 injection in the depleted K12B gas field 



 

114 Chapter 5: Inter-well-Scale Reactive Transport Simulation of Reactive Flow in Carbonate Rocks 

in the North Sea, comparing the impact of pure CO2 and CO2/CH4 mixtures on 

injectivity.  Tutolo et al. (2015) examined how the injection of cold CO2 changes the 

mineralogy at the reservoir-scale and found that low heat capacity of CO2 caused very 

little temperature perturbation to the large portions of the reservoir, hence limit mineral 

reaction directly attributable to cool injection. They used modeling parameters (e.g., 

kinetics rate and reactive surface area) and permeability-porosity correlations from 

literature without further validation against laboratory experiments. Recently, Hao et 

al. (2019) presented high-resolution simulations at the meter scale based on a 

centimetre-sized core scale reactive transport model calibrated using core-flood 

experiments. This meter-scale model was calibrated with a core-scale simulation and 

used in reservoir simulations at successively larger scales, providing a useful protocol 

for upscaling. The carbonate reaction rates found for larger models are around ten 

times slower than those achieved for smaller core-flood experiments. The calibrated 

reactive transport parameters are also consistent with those derived from lab analysis. 

Using a similar approach, Wang et al. (2019) employed experimental data and core-

scale experimental data and simulations to constrain parameter distributions and 

determine correlations for subsequent reservoir-scale simulations. He found 

discrepancies in permeability results between core and reservoir-scale and attributed 

that strong pH buffering in the larger scale CO2 storage formation.  However, this study 

did not consider reservoir heterogeneity, mineral surface CO2 adsorption, and any 

near-well region event that could potentially affecting reaction rates and CO2 plume 

migration.   

Based on the literature as mentioned above, there is still relatively uncommon to 

link the evolution of rock properties observed in reactive flow experiments and 

simulations of CO2 injection at the core-scale to reservoir-scale simulations when 

studying field-scale CO2 injection processes that consider both the impact of 

geochemical reactions on the petrophysical properties and the impact of multi-scale 

geological heterogeneities on reservoir-scale fluid flow. An effective way to study this 

interplay between small-scale geological heterogeneities and reservoir-scale flow 

behaviours are high-resolution numerical simulations based on outcrop analogue 

models that capture multi-scale complex geological structures (e.g., Ringrose et al. 

1998; Pringle et al. 2004; Kirstetter et al. 2006; Jackson et al. 2009; Geiger and 

Emmanuel 2010; Geiger and MatthäI 2014; Ringrose and Bentley 2015; Pola et al. 
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2021).  However, such simulation studies have yet to be applied for reactive transport 

modelling to understand how the evolution of petrophysical properties observed at the 

core-scale impacts the large-scale inter-well behaviour. In this thesis, the reactive 

transport models calibrated and validated using experimental data and numerical 

simulations at the core-scale are hence deployed in an outcrop analogue of a carbonate 

formation to study inter-well-scale reservoir flow during CO2 injections in the 

presence of geological heterogeneities. The approach that is followed is similar to 

Wang et al. (2019) but does account for geological heterogeneities that are typically 

encountered in carbonate formations to analyze the impact of geological heterogeneity, 

thermal gradients caused by injecting relatively colder CO2 into the formation, and 

dispersion on mineral reactions and changes in petrophysical properties (Figure 58).  

Furthermore, the presence of a hydrocarbon gas on geochemical reaction and 

CO2 migration were also investigated. Geologic structures associated with depleted 

gas reservoirs have a feature that may affect CO2 injection – i.e., the presence of 

methane, either as remaining unproduced gas or residual gas. Several geological CO2 

sequestration projects worldwide inject directly into the gas reservoir (e.g., K12-B; 

Audigane et al. 2011) while others into the water leg of the reservoir (e.g., Otway pilot 

project; Sharma et al. 2011 and In Salah; Ringrose et al. 2009). The interval above the 

original gas-water contact would be of preferred injection interval as hydrocarbon 

presence in the past suggests good rock properties (e.g., porosity and permeability) for 

storage compared to the deeper section of the reservoir’s water leg. The effect of 

residual gas presence on storage capacity and trapping effectiveness has been 

investigated in detail by Oldenburg and Doughty (2011) and Raza et al. (2017; 2018). 

These works identified changes in the fluid density and viscosity upon mixing different 

types of gases and the relative fluid permeabilities that can affect the injectivity and 

mobility of the fluids. In this thesis, a numerical investigation was made to compare 

rock-fluid reactivity during CO2 injection in a gas-rich reservoir (i.e., above gas-water 

contact) and water-bearing reservoir (i.e., below gas-water contact or depleted gas 

reservoir with water breakthrough) assuming complete fluid mixing, no changes in the 

relative permeability curves and no hysteresis.    

Therefore, the simulations presented here enable us to place experimental and 

numerical observations into an inter-well-scale context while understanding potential 

impacts of heterogeneity, temperature and hydrocarbon gas on mineral reactivity and 
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important reservoir properties.  It should be noted that the model used in this chapter 

is a first-pass model for a more complex model. Although the model will take into 

account formation heterogeneities, such as variations in porosity and permeability at 

different places, it will not take into account the presence of fractures and karst, which 

could have a considerable impact on permeability. Mineral precipitation in narrow 

fractures, for example, can clog the fractures, lowering the effective permeability by 

orders of magnitude. In addition, the model uses a single relative permeability curve 

for all rock types, although relative permeability might vary in reality. As a result, 

additional research is required to study these components in order to develop a more 

comprehensive inter-well-scale model.  

 

 

 

Figure 58. Summary of the approach that links core-scale experimental and simulation 

data to an inter-well-scale reactive transport model to study inter-well scale reactive 

transport processes during the injection of CO2. 

  

5.2 METHODS 

5.2.1 Model setup and description 

A geological model of an outcrop near the village of Rustrel in Provence in the 

southeast of France (Figure 59) was used as the inter-well-scale model (Leonide et al., 

2012). The outcrop is a suitable analogue to platform carbonate formations in age-

equivalent (i.e., Lower Cretaceous) to Middle Eastern reservoirs such as the Shu’aiba 
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and Kharaib reservoirs. The model has a wide range of sedimentological and structural 

features and resolves small-scale geological heterogeneities that are typical for 

carbonate reservoir systems but are not resolved in field-scale reservoir simulations. 

The carbonate system also shows similar characteristics in terms of facies 

heterogeneity laterally and vertically found in the carbonate platform where the F-

Field is located, although younger (i.e., Early to Middle Miocene).  

Three key stratigraphic units have been identified in the outcrop (Figure 60(a)): 

(i) U1 - 18m of bioclastic calcarenites and cherty Urgonian limestone with some 

corals-bearing beds and ooidal limestones, (ii) U2 – 84m of Urgonian limestones of 

mainly rudstone and rudist origin; and (iii) U3 – 50m tight Urgonian limestones (i.e., 

mudstone and grainstone). Two structural unconformities, a tidal channel that cuts 

through the rudist beds with cross-bedding stratifications and repetitive fining upward 

beds with parallel stratification, represent abrupt vertical variations of the system 

(Figure 60(b)). The porosity types observed in the outcrop are dominated by mouldic, 

intergranular, and triangular porosity, with values range from 6.7% to 36.2%, with an 

arithmetic average of 20.6%. The permeability values range from 0.6 to 299.6 mD, 

with an arithmetic average of 96.78 mD (Figure 60(c)).  The petrophysical properties 

and diagenetic history of the area have been described in detail in Borgomano et al. 

(2013) and Léonide et al. (2014). 

Figure 61 shows the facies interpretation of the Rustrel outcrop and its grid 

representation. The sedimentological and structural features observed in the outcrop 

form the basis for the reservoir architecture in the model, which is now referred to as 

the ‘Rustrel model’ (courtesy of Mark Bentley, HWU). The model contains six 

stratigraphic zones: (i) coral-rudstone, (ii) oolite, (iii) orbitolinid, (iv) rudist, (v) 

rudstone, and (vi) coral. The model has dimensions of 500 m x 300 m x 9.8 m (I x J x 

K) and consists of 50 x 60 x 56 grid blocks. There are 123,213 active grid blocks and 

44,787 pinch-out blocks. Each grid block is 10 m x 10 m x 0.22 m in dimension. A 

quarter of a 5-spot well pattern was adopted to place the injector and producer wells. 

The injector is a vertical well with 100 m perforations in coral zones of the U1 

stratigraphic unit, and the producer is also a vertical well with 80 m perforations at the 

shallower interval in the rudist zone of the U2 stratigraphic unit (Figure 61).  
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(a) 

 

 

Figure 59. Location of the Rustrel outcrop in SE France. 

 

 

 

Figure 60. Rudistic rudstone beds of Rustrel outcrop and cross-bedding, fining-

upwards patterns and channels with erosive bases as described and interpreted by 

Leonide et al. (2012) (a), Vertical facies sucession of the Rustrel section (taken from 

Masse and Fenerci Masse 2011) (b), thin-section of Rustrel sample and porosity and 

permeability cross-plot for the Rustrel data set (taken from Borgomano et al. 2013) 

(c). 
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Figure 61. Facies interpretation of Rustrel outcrop and its grid representation (modified 

from Ringrose and Bentley (2015)). Stratigraphic zones in the Rustrel model showing 

the coral-rudstone (i), oolite (ii), orbitolinid (iii), rudist (iv), rudstone (v), and coral 

(vi). 

 

5.2.2 Petrophysical and fluid properties 

Figure 62 shows the distribution of permeability and porosity in the base case 

model (courtesy of Mark Bentley, HWU). The horizontal permeability ranges from 

0.02 to 99.9 mD, with an average value of 17.4 mD, while the vertical permeability 

ranges from 0.0002 mD to 5 mD, with an average value of 0.5 mD. The porosity ranges 

from 13% to 30%, with an average of 19.8%. Initial water saturation has an average 

value of 18%, with 8% for minimum and 49% for maximum saturation. In this model, 

the reservoir is assumed to be in the gas column with CH4 being the only gas, and 

hence no gas-water contact was specified. For simplicity, it is assumed that no oil is 

present in the model. An alternative model has an initial water saturation of 100%, 

with no initial CH4 in place, to represent aquifer conditions or below gas-water contact.  

The model comes with a relative permeability function for gas-water and 

capillary pressure, following the Brooks and Corey model (section 2.4.3) with 𝑆𝑤𝑟 = 

0.06, 𝑆𝑔𝑟 = 0.059, 𝑛𝑤 = 4 and 𝑛𝑔 = 6 (Figure 63). As no relative permeability function 

for CO2 was made available, the CO2 relative permeability is assumed to be following 
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the gas-water relative permeability curves. Brine properties are a function of brine 

composition, as discussed in Chapter 2.     

An initially uniform pressure of 1508 psi and temperature of 100°C was assigned 

to the model for all simulations. This fixed pressure corresponds to a standard depth 

of 1000 m underground for CO2 storage. Note that the absolute reservoir pressure does 

not significantly influence the simulation because mineral solubilities are mainly 

independent of pressure (Macdonald and North 1974). The initial temperature 

corresponds to a temperature gradient of ~30°C/km, commonly found in the Sarawak 

basin (Abdul Halim, 1994). CO2 has a more liquid-like density and a more gas-like 

viscosity at these pressures and temperatures, resulting in considerably higher mobility 

than the formation brine. The key reservoir physical properties are summarized in 

Table 18.  

There are one vertical producer and one vertical injector in the model. The 

producer has a target production rate of 100 m3/day and a minimum pressure limit of 

1319 psi. The injector has a constant borehole flow rate of 120 m3/day with a 5000 psi 

bottom-hole pressure limit to remain below the formation fracture pressure at all times.   

(a) 
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(b) 

 

(c) 
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(d) 

 

Figure 62. Porosity-permeability distributions in the base case Rustrel Model, showing 

cross-sections for porosity (a), horizontal permeability (b), vertical permeability (c), 

and water saturation (d). 

 

Table 18. Reservoir rock and fluid properties used in the Rustrel model. 

Parameter Value 

Grid dimension 50 x 60 x 56 

Grid block size 10m x 10m x 0.22m 

Average porosity 19.8% 

Average horizontal permeability 17.4 mD 

Average vertical permeability 0.5 mD 

Initial reservoir pressure 1508 psi 

Reservoir temperature 100 °C 

Water irreducible saturation 0.060 

Gas irreducible saturation 0.059 

Water viscosity 0.414 cP 

Aqueous viscosity Kestin et al. (1981) 

Water density 1026.50 

Aqueous density Rowe and Chou (1970) 
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Figure 63. Gas-water relative permeability curve used in the Rustrel model.   

 

5.2.3 Reactive transport model 

 The scale-independent kinetic parameters (i.e., rate constant, 𝑘 and specific 

surface area, 𝑆) used in this model are directly adopted from the model in Chapter 4 

(i.e., Edward-CO2 experiment). Initial mineral and formation water compositions were 

also based on the calibrated Edward-CO2 experiment. Two injection scenarios are 

considered: (1) injection of a CO2-saturated brine and (2) injection of supercritical 

CO2. Table 19 summarizes the initial mineral and water compositions and injection 

fluid used in the simulations.  

 The simulation presented here utilized the multiphase reactive transport 

simulator CMG GEM (CMG 2017), which combines advective-diffusive transport 

with both aqueous chemical equilibrium and kinetic reactions. The extended model 

Debye-Hückel (also referred to as B-dot) (Helgeson 1969) was used to model the 

aqueous process, and kinetically controlled mineral dissolution or precipitation 

reactions were modelled using the Transition-State-Theory (TST) rate law, as 

described in section 2.4.4 The gaseous phase and the aqueous phase are assumed to be 

in thermodynamic equilibrium. All governing equations are described in section 2.4.1. 

The key major geochemical reaction parameters are listed in Table 20. Reaction rate 

constants at 25°C can be converted to temperature-specific values (e.g., reservoir 

temperature of 100°C) using activation energies and Eq. 2.24.  

The relation between reaction-induced porosity changes and subsequent 

permeability alteration are modelled using the Kozeny-Carman model given Eq. 2.16 

with an exponent of 3, obtained from the experimental data described in section 3.3.2 

and Figure 50. 

Two types of simulations were conducted; (i) isothermal simulation and (ii) non-

isothermal simulation. In the isothermal simulation, heat exchange and temperature 
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change induced by CO2 injection were not considered. The injection fluid temperature 

was then set to have the same temperature as the reservoir’s temperature (i.e., 100°C). 

In the non-isothermal simulation, the injection fluid is set at a 60°C bottom hole to 

create the thermal gradient between the wellbore and the reservoir. The relatively 

lower temperature was chosen based on the injection fluid’s temperature sensitivity 

study conducted at the core-scale model in section 4.3.4. 

Dispersivity modeling was included in some of the simulations for comparison 

to understand the effect of dispersivity at a larger-scale. A dispersivity value of 0.1 m 

was used based on 1/10th of the size of the cell in the lateral dimension (refer to section 

4.4.1). 

Table 19. Initial reservoir mineralogy and fluid compositions. 

Component Initial brine (mol/kg H2O) Injection brine (mol/kg H2O) 

Na 4.350 x 10-01 4.350 x 10-01 

Ca 3.818 x 10-03 0.00 

Mg 1.111 x 10-03 0.00 

Cl 4.350 x 10-01 4.350 x 10-01 

HCO3 1.920 x 10-04 0.00 

CO2 (aq) 0.00 4.348 x 10-02 

pH 7.20 4.00 

Mineral Volume fraction (v/v) Specific surface area (m2/m3) 

Calcite 0.30 6.00 x 106 

Dolomite 0.30 6.00 x 106 

 

Table 20. Reaction rates and equilibrium constants used in the simulations. 

Reactions Log Keq  

(25 °C)a 

Ea
b (kJ/mol) Log10 k 

(25 °C) 
𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 = 𝐻+ + 𝐻𝐶𝑂3

− -6.383 - - 
𝐶𝑂3

2− + 𝐻+ = 𝐻𝐶𝑂3
− 1.036 - - 

𝑁𝑎𝐶𝑙 = 𝑁𝑎+ + 𝐶𝑙− 1.639 - - 
𝐶𝑎𝑙𝑐𝑖𝑡𝑒 + 𝐻+ = 𝐶𝑎2+ + 𝐻𝐶𝑂3

− -8.680 23.5 -9.00 
𝐷𝑜𝑙𝑜𝑚𝑖𝑡𝑒 + 2𝐻+ = 𝐶𝑎2+ + 𝑀𝑔2+ + 2𝐻𝐶𝑂3

− -17.820 52.2 -9.02 
a,b CMG (2017) 
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5.2.4 Grid size effect 

This work considers core-scale (cm-scale) experimentally calibrated reaction 

rate parameters and porosity-permeability correlations as input to the larger-scale 

model (m-scale) to quantify mineral dissolution and porosity-permeability evolution. 

It is important to note that the kinetic parameters derived from the core-scale 

experiments and simulation may not be representative of the reservoir system because 

reservoir flow conditions may be different (e.g., residence time) from the conditions 

encountered at the core-scale, and the core-scale system is also less heterogeneous than 

the larger-scale inter-well system. A large-scale inter-well model typically has a 

coarser grid resolution than a core-scale model, depending on the field's complexity 

and size. As a result, it is necessary to understand the effects of grid size on flow and 

CO2-induced mineral reactions.  

To understand the effect of grid size, we compared fine and coarse grids of the 

Edward-pH4 core-scale models developed in chapter 4 before simulating the Rustrel 

model. Figure 64 shows the systematic scale-up of the core-scale model’s grid size. 

The cm-scale model has the dimension of the core used in the experiment, which then 

extended in the horizontal direction (i.e., I direction) to have a meter length scale (i.e., 

m-scale H) with grid block size is maintained. The longer model represents a longer 

core, and simulation using this grid will provide insights on the effect of residence 

time on total mineral dissolution. The m-scale HV has a meter length scale in both 

horizontal and vertical directions (i.e., I and J direction, respectively) to represent the 

typical size of a single grid in an inter-well-scale model. The m-scale HV maintains 

the same grid resolution as the m-scale H. The m-scale Coarse has a similar dimension 

as the m-scale HV, but with a bigger cell size, hence fewer grid blocks. The grid 

coarsening maintains uniform parameters everywhere. To ensure that all simulations 

are comparable, the Péclet (Pe) number was kept constant throughout, yielding 

different injection flow rates for each grid size.  
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Figure 64. Illustration of the core-scale model’s grid size scaling up. Q is the injection 

flow rate, n is the total number of grid blocks, and d is the dimension of each grid block 

in the I direction. 

 

5.2.5 Model runs 

A total of eight simulation runs were conducted on the inter-well model to 

examine the effect of a thermal gradient, reservoir property heterogeneities, reaction 

rate model, and presence of hydrocarbon gas on reactive flow in the reservoir (Table 

21). All simulations considered an injection period of 20 years. Two simulations were 

extended for another 10 years post-injection (i.e., Run 4 and 5) to investigate the re-

equilibration process that occurs after an injection well shut-in. The simulations are 

organized as follows: 

• Run 1: Isothermal simulation of base case model with CO2-saturated brine 

injection. 

• Run 2: Isothermal simulation of the alternative model with CO2-saturated brine 

injection.  

• Run 3: Isothermal simulation of the alternative model with CO2-saturated brine 

injection and dispersivity modelling. 

• Run 4:  Isothermal simulation of base case model with supercritical CO2 gas 

injection. 

• Run 5: Isothermal simulation of base case model with supercritical CO2 gas 

injection using Arrhenius rate model. 

• Run 6: Isothermal simulation of the alternative model with supercritical CO2 

gas injection. 

• Run 7: Non-isothermal simulation of the base case model with CO2-saturated 

brine injection. 
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• Run 8: Non-isothermal simulation of the base case model with supercritical 

CO2 gas injection. 

Table 21. Summary of model runs. 

ID Model Res 

Temp 

(°C) 

Inj. 

Temp 

(°C) 

Inj. fluid 

phase 

Avg. 

Initial 

Sw (frac)  

Dispersivity Rate 

Law 

1 Isothermal 100 100 CO2-

saturated 

brine 

0.18 Not included TST 

2     1.0 Not included TST 

3      Included TST 

4    CO2 

supercritical 

0.18 Not included TST 

5      Not included ARN 

6     1.0 Not included TST 

7 Non-

isothermal 

100 60 CO2-

saturated 

brine 

0.18 Not included TST 

8    CO2 

supercritical 

0.18 Not included TST 

 

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Comparison between cm-scale and m-scale modelling 

Figure 65 shows a comparison between Ca2+ concentrations measured in the 

laboratory and Ca2+ species concentrations calculated by the reactive transport model 

for different length scales and grid resolutions when the same reaction parameters are 

used. For progressively larger rock volumes from the core to meter-scale of the same 

resolution, all models achieved steady-state at approximately one pore volume of 

injection, and similar steady-state concentrations were observed. The coarser grid 

model (i.e., m-scale Coarse), however, shows significant numerical dispersion.  

Comparing the fine and coarse-scale models shows that the calibrated model 

provides different results on CO2-induced carbonate dissolution in terms of 

breakthrough time but can still largely capture the solution chemistry changes. The 

slight scale-dependency of reaction rates when upscaling reactive transport process 

from small core-scale to large inter-well or field-scale, variation of reaction parameters 

(e.g., rate constants, 𝑘, specific surface area, 𝑆 and porosity-permeability relationship 
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exponent, 𝑛) in the simulation may be necessary to take account of discrepancy 

between core-scale system and larger-scale system. Wang et al. (2019) address the 

scale dependency by conducting uncertainty quantification of each model parameter 

and observed that changes in model parameters over several orders of magnitudes have 

minor effects on the simulation results. Based on the comparison made in this study 

and findings from Wang et al. (2019), the calibrated kinetic parameters and n value 

were directly applied in the inter-well-scale Rustrel model. It is assumed that the values 

are independent of porosity evolution, and it does not vary at different locations within 

the rock layer.  

  

 

 

Figure 65. The experimentally derived Ca2+ concentrations and reactive transport 

simulation results using models with different length scales and grid resolutions.  

 

5.3.2 Effect of thermal gradient on mineral reactivity 

We compared the model run ID7 and ID8 for CO2-saturated brine injection and 

CO2 supercritical injection, respectively, to see the effect of thermal gradient on 

mineral reactivity. Figure 66 shows the temperature distribution in the reservoir at the 

end of 20 years of injection. The thermal evolution in the reservoir shows that the 

injected CO2-saturated brine cools the reservoir more rapidly than CO2 supercritical 

injection as the brine spreads almost two times faster, covering a more extensive area 

of the reservoir. The injected CO2-saturated brine temperature remains at about 60 ºC 

until it achieves thermal equilibration with the reservoir at about 400 m away from the 

injection well. The high heat capacity of the liquid phase (e.g., water heat capacity is 

4200 J/kg ºC) effectively cools across large portions of the simulated reservoir. 
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The injection of cold CO2 supercritical gas (ID8), on the other hand, creates a 

slight reduction in the temperature near the wellbore area (i.e., 4 to 5 ºC decrease) and 

a smaller area of thermal perturbations compared to CO2-saturated brine injection. 

Under this condition, the observed temperature depression can result from the Joule-

Thomson cooling effect (see section 2.4.5). The low heat capacity of CO2 in the 

supercritical phase combined with the low relative permeability of brine within the 

supercritical CO2 caused the injected CO2 to achieve thermal equilibrium with respect 

to the background reservoir temperature before traveling a large distance from the 

injection well.   

To compare mineral reactivity between different model runs, temperature and 

pH profiles from the injector well to 420 m away in I-direction at the initial condition 

and 20 years after injection were plotted (Figure 67). For the area near the wellbore, 

CO2-saturated brine injection shows higher mineral reactivity compared to that of 

supercritical CO2 injection. The pH value increases from ~4 to about 9 as the carbonate 

mineral dissolves during CO2-carbonated injection. Negligible changes in the pH 

values during supercritical injection limit the mineral reactivity. Thermal effects (e.g., 

Joule-Thomson cooling) are more significant near the injection well. However, they 

have a weak influence on mineral reactivity. The colder temperatures would also have 

suppressed the reaction kinetics. Far from the injection well, the temperature effects 

on mineral reactivity are insignificant for both types of CO2 injection. 

Changes in porosity caused by the mineral dissolution are small and localized, 

occurring only up to 10 m around the wellbore. During CO2-saturated brine injection, 

porosity increases by 3.5%, while during supercritical CO2 injection, porosity only 

increases by 0.5%. In both cases, the thermal gradient has no significant impact on 

mineral reactivity and enhanced CO2, and carbonate solubilities associated with a 

lower reservoir temperature have low influence (André et al., 2010). The mineral 

reactivity is limited by the acidification of the medium and reaction kinetics.  



 

130 Chapter 5: Inter-well-Scale Reactive Transport Simulation of Reactive Flow in Carbonate Rocks 

(a) 

 

 

(b) 

 

Figure 66. Temperature distribution in the reservoir after 20 years of injecting cold 

CO2-saturated brine (a) and supercritical CO2 (b) into a relatively warmer reservoir.  
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(a) 

 

 

(b) 

 

 

Figure 67. Profile of temperature (a) and pH (b) from injector to 420m away in the 

horizontal direction, at the initial condition and after 20 years of injection. 

 

 

 

 

Figure 68. Profile of porosity changes due to mineral reaction from injector to 420 m 

away in the horizontal direction at the initial condition and 20 years after injection. A 

negative value indicates dissolution, and a positive value indicates precipitation. 

  

In general, during cold supercritical CO2 injection, only a fraction of the 

reservoir experienced cooling, and it is always in relative proximity to the injection 
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well. High injection pressure and injection into a depleted gas reservoir where the 

depleted pressure is relatively lower would have higher potential to cause gas 

expansion and creates the Joule-Thomson effect inside the well and near the wellbore 

area. The resultant cooling will pose a risk of frozen well or hydrate formation. A slim 

or narrow bore is suggested to minimize the risk of gas expansion in Joule-Thomson 

cooling. 

5.3.3 Dispersion modelling 

In this section, the results of Runs ID2 and ID3 are described. As discussed in 

Chapter 2, dispersion is used to model the spreading of a concentration plume due to 

unresolved small-scale heterogeneities. It is essential to accurately determine the 

degree of spreading in a larger-scale model and hence, determine the impact on mineral 

reactivity. Figure 69 shows the difference in Ca2+ concentration when solute transport 

was modelled with and without dispersion. At this scale, where the grid size is 10m by 

10m horizontally, the dispersivity or delayed arrival due to spreading is not apparent 

for both models, i.e., without dispersion (ID2) and with dispersion (ID3). 

Subsequently, mineral reactivity (proxy by porosity changes) predicted by simulation 

with dispersion and without dispersion is exactly the same (Figure 70). 

In a large-scale numerical simulation, numerical dispersion introduces an 

artificial diffusion at any transported fronts (e.g., oil/water, gas/water, or water/water) 

(Peaceman 1977). The numerical dispersion is essentially a term like physical 

dispersion term in the finite difference approximation of a numerical simulation. In 

this work, due to the length scale and grid size used, the numerical dispersion 

dominates over physical dispersion. Therefore, introducing dispersion in the 

simulation is not required.   

If modelling of true levels of dispersivity within an inter-well or reservoir-scale 

model is required, this grid size is not appropriate. This implies that very fine grids are 

needed to model the dispersivity process accurately. However, it may be very difficult 

or impractical to carry out such simulations for many large field cases. It may be 

possible to perform some scoping studies in a coarse grid model and carry out a local 

grid refinement (LGR) in some regions of the model to capture the appropriate level 

of dispersion (Sorbie and Mackay 2000).  
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(a) 

 

 

(b) 

 

Figure 69. Simulated Ca2+ concentrations after 20 years of injection as measured 420 

m away from the injection well when including dispersion (a) and excluding dispersion 

(b).   

 

 

 

 

Figure 70. Profile of porosity changes from injector to 420m away in horizontal 

direction, at initial condition and after 20 years of injection for simulation conducted 

with and without dispersion modelling. 
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5.3.4 Reaction rate model 

As shown in the core-scale model of the close-to-equilibrium core flood 

experiment (i.e., Edward-pH8 and F-2-pH8) in Chapter 4, the classical Transition-

State-Theory (TST) rate model (Eq. 2.23) could not sufficiently describe the mineral 

dissolution kinetics at that condition. We recommended the Arrhenius rate equation 

(ARN) (Eq. 2.24) over TST to correctly predict the reaction rate at near-equilibrium 

conditions. In this section, we compared model run ID4 and ID5 to see mineral 

reactivity at the inter-well-scale model when different rate models were used. Figure 

71 compares the moles of CO2 that (i) dissolved in the brine, (ii) present in a 

supercritical phase, (iii) trapped as residual gas, and (iv) turned into secondary mineral 

10 years after the 20-year supercritical CO2 injection has stopped.  

Comparison between the TST and ARN models shows that the ARN model 

exhibits more reaction between the CO2, brine, and rock. Simulation using the 

Arrhenius equation shows that as the system re-equilibrates after an injection well 

shut-in, the amount of supercritical CO2 decreases while the mass of CO2 dissolved in 

the brine increases, more than those exhibited by the TST model. The amount of 

trapped CO2 as residual gas has also decreased at a higher magnitude than that of the 

TST model. This indicates that CO2 reaction with brine continues and subsequently 

dissolves more carbonate mineral (i.e., mineralized CO2 values gets more negative). 

In contrast, the results of the TST simulation show no further reaction after the 

injection has stopped. There are also no further changes in porosity resulting from 

mineral dissolution when assuming the TST model. On the other hand, the ARN model 

predicts ongoing mineral dissolutions post-injection, leading to continuous CO2 

dissolution and pH changes (Figure 72).  
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Figure 71.  Moles of CO2 in the supercritical phase, dissolved brine, residual gas and 

converted to mineral,10 years after the 20-year injection process stopped, using the 

TST and Arrhenius model.  
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(a) 

 

 

(b) 

 

 

Figure 72. Profile of porosity changes due to mineral dissolution (a) and pH values (b) 

from injector to 50m away in the horizontal direction, at the end of injection and 10 

years post-injection for simulation conducted using TST and ARN rate model.  

 The long-term fate of injected CO2 has been studied to analyze the containment 

and leakage risks of the injected CO2 (e.g., Tutolo et al. 2015; Wang et al. 2019); 

however, not very conclusive. Tutolo et al. (2015) carried out post-injection modelling 

on a clastic sediment reservoir containing calcite and dolomite and predicted that no 

further carbonate mineral dissolution taking place within 10 years after the injection 

has stopped. However, precipitation of dolomite was observed. Wang et al. (2019) 

modelled the post-injection process for a carbonate reservoir and observed quick re-

equilibration with no further dissolution or precipitation, attributed to strong pH 

buffering capacity directly related to a large rock-water ratio. In this work, we 

acknowledge the different results shown by the two rate equations, however further 

investigations are required to understand the process, particularly at the near-to-

equilibrium condition. It is also worth to note that CMG GEM has incorporated more 
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alternative reaction rate model in the simulator in its recent 2021 release that could 

potentially help to delineate factors controlling mineral reaction at the near-to-

equilibrium condition in future work.  

5.3.5 Effect of the reservoir’s initial fluid saturation 

 To understand rock-fluid reactivity during CO2 injection in a gas-rich reservoir 

(i.e., methane-filled reservoir or above gas-water contact with only residual brine 

present) and water-bearing reservoir (i.e., below gas-water contact or depleted gas 

reservoir with water breakthrough and residual gas present), we simulated 2 scenarios 

; (i) supercritical CO2 injection into a gas-rich reservoir (run ID4) and (ii) supercritical 

CO2 injection into a water-bearing reservoir (run ID5). Figure 73 shows the evolution 

of the CO2 mole fraction in the reservoir during 20 years of injection for the two 

scenarios.  

 For scenario 1, the simulation results show that supercritical CO2 injection into 

a gas-rich reservoir would likely keep the CO2 as a movable phase due to the limited 

amount of brine available for dissolution, limiting the mineral dissolution process.  The 

injected CO2 remains as a supercritical gas phase (i.e., CO2 mol fraction is ~1) and 

travels preferentially through the high porosity and permeability rudstone channel 

before migrating through the shallower rudist layer. In scenario 2, a similar pathway 

is taken by the injected supercritical CO2, and due to buoyancy, the CO2 creates a layer 

overlying the denser brine. Injection of supercritical CO2 into the water-bearing 

reservoir promotes more solubility trapping as more CO2 gets dissolved in the water. 

However, the acidification of the formation brines increases carbonate minerals 

dissolution leading to maximum porosity increment by ~0.6% at the near-wellbore 

area. The area affected by the mineral dissolution is extended to about 60-80 m away 

from the well when CO2 is injected into a brine-filled reservoir compared to 30-40 m 

when CO2 is injected into a gas-filled reservoir (Figure 74). The pH changes at the end 

of the injection are almost negligible for both scenarios. 

 In both scenarios, mineral reactivity is localized to the near-wellbore area, and 

geochemical equilibrium can be achieved quickly (i.e., within the injection period) 

upon introducing CO2-rich gas. This can be attributed to limited acidification and 

strong pH buffering due to the large water-rock ratio (Hao et al. 2013; Wang et al. 

2019). An increase in porosity and, subsequently, permeability implies that the risk of 

formation damage is low, and injectivity of CO2 is not affected. This work reveals that 

at the inter-well-scale model, reservoir spatial heterogeneity (e.g., porosity-

permeability distribution and stratigraphy) would have a low impact on mineral 

reactivity because all reactions are close to the well. This finding also suggests that 

focused evaluation at the near well-bore region through high resolution near well bore 
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modelling (e.g., Chandra et al. 2011) is important to better understand the risk of 

formation damage, injectivity, and well integrity issues during CO2 injection for 

storage. 

 In terms of long-term safe containment, injection into a water-bearing reservoir 

(or below gas water contact) would have an advantage over injection into a gas-rich 

reservoir (or above gas water contact) through enhanced solubility trapping and 

potentially residual trapping if the hysteresis process were to be considered.      
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Figure 73. Evolution of CO2 mole fraction during 20 years of supercritical CO2 

injection in a gas-rich reservoir – run ID4 (a) and water-bearing reservoir – run ID5 

(b).  
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Figure 74. The pH evolution (a) and porosity change due to mineral dissolution (b) 

after 20 years of injection.  

  

5.4 SUMMARY 

This chapter discusses reactive transport simulations of CO2 injection at inter-

well-scale, informed by core-scale experimental data and corresponding numerical 

simulations. The simulations utilized an outcrop analogue model with more complex 
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geological heterogeneity inherent to carbonate formations. The simulations enable us 

to place experimental and numerical observations into an inter-well-scale context 

while understanding the potential impact of heterogeneity, thermal, and hydrocarbon 

gas on mineral reactivity.  

We have examined the effect of grid size on flow and CO2-induced mineral 

reactions when the same reaction parameters are used. This is necessary as the kinetic 

parameters derived from the lab experiment may not be representative of a larger 

reservoir system. For progressively larger rock volume and coarser grid, significant 

numerical dispersion was observed. Large and coarse grid model will provide different 

breakthrough time than that of fine grid model, however, could still largely capture the 

similar magnitude of mineral reaction. Direct application of kinetic parameters from 

lab-scale to field-scale is acceptable, and any discrepancy due to slight scale-

dependency could be addressed by uncertainty quantification of relevant model 

parameters. 

We have also compared isothermal simulation and non-isothermal simulations 

to understand the effect of thermal gradient on mineral reactivity at an inter-well-scale 

model. Injection of cold supercritical CO2 creates the Joule-Thomson effect at the area 

behind the fluid front caused by gas expansion. The cooling has a high potential to 

occur in a low-pressure depleted gas reservoir. Injection of cold CO2-saturated brine 

cools the reservoir more effectively than the supercritical CO2 injection due to the high 

heat capacity of the liquid phase. Higher mineral reactivity was also predicted during 

cold CO2-saturated brine injection but localized to only a few meters around the 

wellbore. Injection of colder CO2 into a relatively warmer reservoir would have 

enhanced CO2 solubility and increase acidification, however, the colder temperature 

would have also suppressed the reaction kinetics. The competing effects limit the 

overall mineral reactivity in the reservoir for both supercritical CO2 and CO2-saturated 

brine injections. 

The inter-well-scale simulations have also shown that dispersion modelling is 

not required for a large-scale model in determining the degree of spreading caused by 

the small-scale heterogeneity. Numerical dispersion inherent in the large-scale reactive 

transport simulation is more dominant than the physical dispersion. Therefore, 

dispersivity has no impact on mineral reactivity at the large-scale model.  
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We demonstrated that Arrhenius (ARN) rate equation could better predict the 

reaction rate at near-to-equilibrium conditions over Transition-State-Theory (TST) for 

core-scale simulation (see Chapter 4) and observed that the two rate models provide 

different results of mineral reactivity at the inter-well-scale model. Further 

investigations are recommended to understand the process and delineate factors 

controlling mineral reaction at the near-to-equilibrium condition.  

   Comparison between simulation of CO2 injection in a gas-rich reservoir and 

brine-filled reservoir reveals for both cases that mineral reactivity is localized to the 

area close to the wellbore, and geochemical equilibrium can be achieved very rapidly. 

Minimal changes to the reservoir properties imply a low risk of formation damage and 

injectivity issue. In addition, at the inter-well-scale model, reservoir spatial 

heterogeneity would have a low impact on mineral reactivity as chemical equilibrium 

was achieved near the wellbore area. However, the findings suggest that focused 

evaluation at the near well-bore region with a high-resolution grid might be necessary 

to understand better the risk associated with CO2 injection.  

This study shows that using information gathered from core-scale experiments 

and core-scale models to develop an inter-well-scale model is an appropriate approach 

to predict mineral reactivity and its subsequent impact on reservoir properties for CO2 

storage projects. The use of experimentally calibrated parameters should improve 

chemical reaction predictions; however, more work is needed to confirm the 

applicability of the data at the much larger reservoir system with more rock types and 

flow properties (e.g., full-field kilometer-scale model).     
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Chapter 6: Conclusions and 

Recommendations for Future 

Work 

6.1 CONCLUSIONS 

Carbon capture and storage is a promising way to manage CO2 emissions and 

mitigate their adverse impact on the environment. Producing and depleted gas fields 

are becoming preferred targets over deep saline aquifer for CO2 storage, given their 

proven capacity, sealing structures, and existing infrastructure suitable for re-use, 

hence providing confidence in storage security and improving project economics. Gas 

fields located in carbonate type of reservoir are abundant; hence carbonate reservoirs 

become the focus of this work. This thesis aims to understand reactive flow in a 

carbonate reservoir during CO2 injection for permanent geological storage through 

laboratory experiments and numerical simulations.  

Core flood experiments were undertaken on outcrop samples and representative 

reservoir samples to understand carbonate mineral dissolution rate dependency of 

solution pH, CO2 concentration, temperature, and extent of saturation state. Three 

different fluid injections were conducted; (i) an acidic brine, (ii) CO2-saturated brine, 

and (iii) bicarbonate-saturated brine and effluents were sampled. The effluent 

measurements were utilized to determine effective carbonate mineral dissolution rate 

to specific saturation states and temperatures relevant for CO2 sequestration. 

Experimental results show that calcite and dolomite dissolution rates are dependent on 

pH and CO2 content. For a similar pH regime, the presence of CO2 increases the 

reaction rate caused by an increase in H+ ion activity following HCO3
- dissociation. 

The reaction rate was also varying with temperature, with high temperature-induced 

more mineral dissolution. However, when the system gets closer to equilibrium, the 

reaction rate decreases significantly to almost zero. These experiments provide a 

complete kinetics and porosity-permeability relationship dataset to develop and 

calibrate continuum-scale reactive transport models.  

Reactive transport models at continuum-scale using laboratory-derived 

dissolution rate equations, rate constants, and reactive surface area were then 
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constructed to simulate the CO2 core flood experiments conducted earlier. The 

numerical model was history-matched against the experimental data, and the calibrated 

model was then extended to predict reaction-induced changes at different conditions 

pertinent to a CO2 storage site.  The rate constants and specific surface area were 

adjusted to account for uncertainties related to initial sample characterization and 

thermodynamic database to obtain a match. The core-scale reactive transport models 

result shows that using a single rate parameter that averages the effects of detailed 

dissolution mechanisms allows similar fidelity to be obtained between simulated and 

experimental solution chemistry in this study. Numerical investigations on the effect 

of thermal gradient on mineral reactivity identified that the impact would only be 

significant if the temperature difference between injection fluid and host rock is more 

than 30°C. When the temperature impact is significant, non-isothermal reactive 

transport simulation is required to properly quantify the mineral dissolutions and 

changes in the rock properties. The numerical investigations also show that an accurate 

selection of reaction rate law is essential, especially when modelling close to 

equilibrium saturation regime (which will be the case when modelling the long-term 

fate of injected CO2). This work suggests that the Arrhenius rate equation can better 

predict the dissolution rate under those conditions. This work also found that 

incorporating mechanical dispersion in the core-scale model can capture the 

fluctuations of average flow velocity observed in the experiments. The dispersion 

coefficient at the longitudinal direction proposed is 1/10th of the scale of observation.  

The applicability of core-scale model parameters calibrated with laboratory data 

at the larger length-scale model was studied through reactive transport simulation 

using a high-resolution outcrop analogue model called the Rustrel model. This work 

reveals that for progressively larger rock volume and coarser grid, significant 

numerical dispersion was observed. Large and coarse grid model will provide different 

breakthrough time than that of fine grid model, however, could still largely capture the 

similar magnitude of mineral reaction. Similar to the core-scale model, the effect of 

thermal gradient and on mineral reactivity was studied. The thermal gradient caused 

by low-temperature CO2 injection into a relatively higher temperature reservoir will 

have a different impact depending on the phase of the injected fluid. Injection of cold 

CO2-saturated brine cools the reservoir more effectively than the supercritical CO2 

injection due to the high heat capacity of the liquid phase. Injection of relatively colder 
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CO2 into a warmer reservoir also has a low impact on mineral reactivity. However, it 

could still pose a risk to well integrity, such as hydrate formation or frozen well due to 

changes in phase behaviour (e.g., gas expansion) which is likely to occur in a low-

pressure depleted gas reservoir like the F-2 field. Higher mineral reactivity was also 

predicted during cold CO2-saturated brine injection but localized to only a few meters 

around the wellbore.  

While dispersion modelling is essential at the core-scale model, numerical 

dispersion inherent in the large-scale inter-well reactive transport simulation is more 

dominant than the physical dispersion. Incorporating dispersion modelling at a large-

scale model will have no impact on breakthrough and mineral reactivity. Modelling 

using two different rate equations (i.e., TST and ARN) at inter-well scale provides two 

different results of mineral reactivity; however, further investigations are 

recommended to fully understand the process and delineate factors controlling mineral 

reaction at the near-to-equilibrium condition.   

When a simulation of CO2 injection in a gas-rich reservoir is compared to a 

simulation of CO2 injection in a brine-filled reservoir, it is discovered that mineral 

reactivity is localized near the wellbore in both situations, and geochemical 

equilibrium can be attained relatively quickly. For a gas-rich reservoir like the F-2 

field, injection in the water leg would have an advantage over injection in the gas 

interval regarding storage security through enhanced solubility trapping. Furthermore, 

because chemical equilibrium was attained within the wellbore area, reservoir spatial 

variability would have a limited impact on mineral reactivity at the inter-well scale 

model. Minimal changes to the reservoir properties imply a low risk of formation 

damage and injectivity impairment caused by carbonate mineral reaction during CO2 

injection in a depleted gas carbonate reservoir. 

Through this work, it is possible to design experiments of CO2-fluid-rock 

interactions and establish reaction parameters for carbonate formations based on 

experimental data pertinent to the formation pressure, temperature, and rock and fluid 

compositions of a given target formation. Combining the experiments and numerical 

simulations is an appropriate approach to understanding chemical interactions during 

CO2 injection in carbonate reservoir, including the controlling factors and predicting 

mineral reactivity more accurately. A numerical model with improved accuracy will 

guide the optimization of the injection/production operations and the safety of CO2 
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storage in geologic reservoirs. Application of the experimental data and model from 

this thesis to other carbonate formations is possible, although it may require additional 

calibration to constrain the reaction parameters and account for changes to porosity 

and permeability pertinent to the specific properties of the formation. 

6.2 RECOMMENDATIONS FOR FUTURE WORK 

The work presented in this thesis leaves room for further studies in the area of 

reactive flow and transport:  

• The presence of impurities or co-contaminants such as H2S, especially in the 

carbonate gas reservoir, is common, particularly in the Middle East and 

Southeast Asia countries. In Malaysia, H2S concentration varies from several 

hundred ppm to tens of thousands of ppm. These impurities when co-injected 

with pure CO2 into an H2S-free reservoir, or pure CO2 is injected into a 

reservoir with H2S could affect the CO2 solubility in brine and subsequently 

the pH. The presence of sulfide would also promote secondary mineral 

precipitation that may lead to the risk of clogging the fluid flow near the well-

bore and injectivity impairment. It is recommended to extend these 

experimental and numerical simulation works to include possible impurities. 

• Considering mineral dissolution and precipitation during CO2 injection in a 

carbonate reservoir will alter the petrophysical properties, the chemical 

process's continuous changes can affect mechanical properties. Coupling the 

thermal-hydro-chemical phenomena described in this thesis with mechanical 

phenomena is recommended to fully understand the reservoir during CO2 

injection for storage. 

• Calcite and dolomite are common minerals in a carbonate reservoir and have 

been the focus of the thesis. However, the inclusion of other carbonate 

minerals, silicates, or salts may lead to competing reaction rates and the 

availability of suitable cations to allow secondary mineral precipitation. 

Mineral precipitation would then pose the risk of clogging, hence reducing the 

reservoir's overall storage capacity. It is therefore proposed to extend the 

simulations to a multi-mineral system. 

• When this work only utilizes simple brine (i.e., Na+ and Cl-) of a targeted 

salinity in the experiment and numerical simulation, the actual gas reservoir 
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typically has a more complex brine containing various ions such as K+ and 

Ca2+, Mg2+, Ba2+, Sr2+, SO4
2-, etc. Complex brine would have different CO2 

solubility than simple brine; hence, it is recommended to extend the work by 

utilizing more representative sets of brine composition. 

All these additional recommended works would help evaluate and extend the 

applicability of the current study's methods and results to increasingly complex 

reservoir systems and provide a more comprehensive understanding of fluid-rock 

interactions during CO2 storage in a carbonate reservoir. 
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