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Abstract 

The sequestration of carbon dioxide (CO2) (a major by-product of hydrocarbon production and 

use) into geologic formations is one of the long-term solutions proposed to mitigate atmospheric 

CO2 concentrations [1]. Potential storage sites include deep saline aquifers and depleted 

hydrocarbon reservoirs. In the case of carbonate reservoirs, the possibility of significant 

dissolution reaction taking place between CO2, in situ brines and rock is very real. Proposed in this 

thesis is a method to dynamically image reactive transport in carbonates at subsurface conditions, 

representing the movement of CO2 saturated brine in the reservoir. The work will focus on 

understanding reactive transport in carbonate reservoirs by imaging changes in the pore structure, 

porosity and permeability in representative rock samples induced by the simultaneous flow and 

reaction of CO2 saturated brine at reservoir conditions. X-ray micro-tomography will be the 

imaging tool of choice to investigate pore structure changes during reactive transport experiments. 

Effluent from the dissolution reactions will be collected for analysis via inductively coupled 

plasma mass spectrometry (ICP-MS) to monitor the preferential dissolution of different minerals 

in the rock. Direct simulation on 3D images from micro-tomography (μCT) and network modelling 

tools will be used for further analysis of the rock property evolution. In this thesis we study 

dissolution of carbonate minerals with an increasing level of complexity to observe the effect of 

chemical and physical heterogeneity. We start with a single mineral dolomite case where we 

investigate the impact of rock heterogeneity and flowrate on reaction rates and dissolution 

dynamics. Next we study dissolution in a chemically heterogeneous medium consisting of two 

minerals with contrasting initial structure and transport properties, but with uniform spatial 

distribution. Finally, we studied a heterogeneous reservoir sample consisting of dolomite and 

calcite (having the ratio 8 to 1) which had a non-uniform spatial distribution. 
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Chapter 1: Introduction and Research Objectives 

The rapid development of world economies is causing an ever-growing demand for energy. Carbon 

dioxide (CO2) is known to be an unwanted by-product of coal and hydrocarbon production and 

consumption. It is a greenhouse gas that is contributing the most to climate change [2]. Historically, 

CO2 was simply released into the atmosphere to minimize operational expenses. Today, increased 

environmental awareness and the imposing of governmental regulations attempt to limit the release 

of CO2 into the atmosphere. 

Carbon capture and sequestration (CCS) is a process whereby CO2, a by-product of industrial 

activity and burning of fossil fuels, is separated and transported to long term storage locations, 

isolating it from the atmosphere. CCS is looked upon as an effective way to mitigate atmospheric 

CO2 concentrations [2]. The most common way to store CO2 is through its injection into deep 

geologic aquifers or depleted hydrocarbon reservoirs. Alternatively, some enhanced oil recovery 

(EOR) techniques use CO2 to help feed the growing demand for oil by maintaining production 

levels for mature fields and increasing the recovery efficiency from declining fields. These tertiary 

recovery methods can double as storage solutions whereby up to 60% of injected CO2 can remain 

in the reservoir at breakthrough before even the consideration of reinjection [3]. In geologic 

reservoirs, it is important to consider the fluid-rock chemical interactions as a result of the chemical 

disequilibrium caused by introducing large amounts of CO2 into a geologic system.   

There need not be major technological nor infrastructural developments to implement CO2 storage 

in geologic reservoirs because a lot may be adapted from the oil exploration and production 

industry [1]. The challenge, rather, lies in finding suitable reservoirs and implementing operations 

such that the safe long-term storage of CO2 is ensured. Due diligence calls for the modelling of 

prospective injection operations where in fact leakage to overlaying aquifers is a real concern [4]. 

Research to understand the physical and chemical processes that take place in the subsurface 

during carbon sequestration allows for building improved predictive models and ultimately 

ensuring long-term safe storage of CO2. Modelling the dynamic interaction between CO2, in situ 

brine, and host rock is a challenge due to the induced geochemical disequilibrium caused by the 

introduction of CO2 and the wide range of reservoir heterogeneities existing at different length 

scales [5].  
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The reactivity of rock minerals plays a major role in how pore geometry changes during CO2 

acidified brine flow in geologic reservoirs; the interplay between the starting condition pore 

structure and different reaction rates of minerals are the key determinants on the evolution of flow 

and transport properties of fluids in a reactive porous media. Some argue that factors such as rock 

matrix composition, structural heterogeneities, crystal morphology, crystallographic structure of 

minerals and textures control the evolution of the transport properties in reservoirs injected with 

CO2 the same amount as the intrinsic chemical reactivity of minerals and initial reservoir 

hydrodynamics [5]. As this is the case, modelling of reactive transport can benefit from the 

increasing capabilities of imaging tools to characterise and explain these pore-scale processes that 

drive larger scale processes for more representative predictions. In this thesis, it will be shown that 

pore-scale observations provide new insights to identify the key parameters which explain how 

dissolution manifests in heterogeneous porous media which may cause a paradigm shift in the 

approach to modelling reactive transport.  

1.1 Carbonate CO2 Storage Reservoirs 

Carbonate reservoirs hold roughly 60% of the world’s oil [6] and 40% of the world’s gas reserves 

[7]. The Middle East has 62% of the world’s proven oil reserves and 40% of the world’s gas 

reserves [8]; within those, 70% of oil and 90% gas are held in carbonate formations [7]. Reservoirs 

composed of or at least containing carbonates makeup most of the world’s potential CO2 geologic 

storage sites. The largest identified potential storage sites are deep saline aquifers [9]. The 2005 

IPCC Special Report on Carbon Dioxide Capture and Storage [2] states that there is a combination 

of trapping mechanisms within CO2 storage reservoirs that storage security ultimately depends on. 

In the order of increasing security, these mechanisms are structural/stratigraphic trapping, 

residual/capillary trapping, solubility trapping, and mineral trapping. With the passing of storage 

time the contribution of the more secure mechanisms, namely solubility and mineral trapping, 

increases [2]. More recent research has shown that capillary trapping – when CO2 in its own phase 

becomes immobilized as disconnected ganglia in the pore space – takes a larger role in geologic 

storage of CO2 than has been thought previously.  In water-wet scenarios, core- and pore-scale 

experiments on a variety of rocks have shown that residual trapping makes up 60-95% of storage 

capacity [10,11]. Below is a diagram that shows a cross-sectional representation of a typical 

carbonate CO2 storage aquifer. 
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Figure 1.1 Capillary trapping in CO2 Storage reservoir, from Blunt [12].   

The immediate area surrounding the injection well sees dry supercritical CO2 (scCO2) that causes 

a dehydrating effect and associated salt and mineral precipitation [13,14]. The second zone of 

interest is where scCO2 plume migrates upwards, highlighted in different shades of purple in 

Figure 1.1 above. After CO2 displaces the in situ brine, imbibition starts to draw back the brine 

which could now be saturated with CO2 making in a weak acid. In carbonate reservoirs, there is a 

real potential that the formation of these acidic brines will cause partial dissolution of the rock. 

There is an increasing consensus among researchers that capillary trapping in this zone can account 

for up to 95% of the storage capacity [15]. Furthermore, residual trapping limits the extent to which 

the CO2 plume can migrate as up to 30% of pore volume is trapped [15]. Field-scale injection trials 

in several countries successfully demonstrated the potential of CO2 capillary trapping [16–18].  

Fluid/solid reactive transport in subsurface rock plays an important role in a number of applications 

such as carbon capture and storage (CCS) [1],  acidization in oil recovery [19], contaminant 

transport [20], and leaching [21]. In CCS, long-term storage security remains a concern [1,22]. 

The dissolution of CO2 into in situ brine forms carbonic acid, which in turn causes a dissolution 

reaction with hosting carbonate formations [23,24]. These reactive processes are dependent on 
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rock mineralogy, which is a key control on the effective reaction rates from the pore to the field 

scales [25,26].  

Even for similar pH and CO2 saturation conditions, reaction rates within a particular mineral can 

vary. Figure 1.2 shows a bar chart with literature reported mineral reaction rates extrapolated to 

60 °C under three conditions of pH and CO2. It is worth noting that for each mineral, the reported 

reaction rate for a single condition is a range rather than a single value. 

 

Figure 1.2. Figure with ranges of reported mineral reaction rates extrapolated to 60 °C from Black et al. [27]. The 

green bars represent those rates measured under low-CO2 conditions (pH = 8), the blue bars also under low CO2 but 

pH = 4, and the red bars represent elevated CO2 conditions (pH = 4).   

This is a result of the inherent complexities in carbonate reservoirs that need to be accounted for 

where modelling is concerned. How the chemical heterogeneity and spatial distribution of minerals 

effect rock dissolution has largely remained unexplored. No carbonate reservoir is completely 

homogeneous in terms of mineralogy and chemistry. To understand how dissolution is impacted 
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by chemical heterogeneity, one must first account for the chemical reactions that may take place. 

Therefore, we establish in this thesis an experimental methodology that systematically addresses 

the impact of physical and chemical heterogeneity on the effective reaction rates and dissolution 

patterns during scCO2/brine dissolution of reservoir rock. 

1.2 Research Objectives 

The overall research goal framed in this thesis aims to build a fundamental understanding of 

dissolution in heterogeneous porous media through experimental observation under storage 

reservoir conditions. The motivation behind this work is to ultimately be able to predict how the 

dissolution will take place in a CO2 injection scenario for geologic CCS. The main objectives are: 

1. To devise an experimental methodology based on screening the reservoir mini-core 

samples to classify them in accordance with their initial velocity distributions, namely 

physical heterogeneity, and use the different groups for a range of parametric studies in 

reactive transport scCO2/brine experiments. 

2. To study the impact of initial physical heterogeneity and flowrate on effective reaction 

rates and dissolution patterns in a rock composed by a single mineral, namely dolomite. 

3. To examine the impact of initial physical and chemical heterogeneity and flowrate on 

effective reaction rates and dissolution patterns in a dolomite-calcite layer system in which 

dolomite and calcite have uniform spatial distribution. 

4. To examine the impact of initial physical and chemical heterogeneity and flowrate on 

effective reaction rates and dissolution patterns in a mixed-mineralogy system in which 

dolomite and calcite have non-uniform spatial distribution. 

We will conduct mm-scale core flood experiments on carbonate rock samples with varying 

chemical and physical heterogeneity while imaging changes to the pore structure in real time. We 

will collect data to build a better understanding of the effects of chemical reaction with CO2-

acidfied brine flow through porous media in the presence of dolomite and calcite carbonate 

minerals. One of the objectives is to understand the flow and transport processes that control 

dissolution rate.  The work in this thesis provides benchmark experimental data on dissolution with 

complex mineralogy that can help test and validate reactive transport models and create and 

understanding to link reaction in the pore-scale to larger scales. Experimental data published from 
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this work has already been put to use as validation to a simulation study that aimed to reproduce 

the dissolution behaviour of a calcite mineral layer from spatio-temporal effects of microstructural 

changes in a preceding dolomite mineral layer in a chemically and physically heterogeneous 

medium [28].  

Imaging has been used to assess both the location and rate of dissolution for individual minerals 

in synthetic and real mixed mineralogy samples during CO2-acidified brine flow at deep reservoir 

conditions. Thus far, most imaging of single-mineral dissolution by CO2 acidic  brine have featured 

calcite bearing limestones [29–35]. Collectively, they observed the effects of varying physical 

heterogeneity on dissolution patterns and rates in calcite which exhibits a higher intrinsic reactivity 

than dolomite. We aim to answer the question of what dissolution patterns (it will be shown that 

determining the type of pore-scale dissolution patterns are a good measure to predict reaction rates 

and dynamic property changes) are observed with the introduction of chemical heterogeneity in 

reactive rock samples. The aim is to make pore-scale measurements of reaction rates in each 

mineral and how they influence each other.  For the scope of this work, µCT is suitable as it 

achieves an image resolution that reveals all the relevant features while giving a field of view 

(FOV) which captures a representative elementary volume (REV) for pore-scale dissolution 

sufficient to investigate the above questions.  Mineral dissolution at reservoir conditions was 

quantified both by effluent analysis, in addition to µCT imaging, for the purpose of comparison 

and validation and to compare to some rates measured similarly in the literature.  

Traditional Péclet-Damköhler space characterisation of dissolution cannot predict dissolution 

patterns in multi-mineral systems, predominantly the case in nature [34]. Therefore, experimental 

based observations of dissolution in multi-mineral carbonates were identified as a good way to 

build knowledge to better predict dissolution outcomes in such systems. Novel techniques have 

been used to analyse dissolution in multi-mineral data which focus on understanding of the 

influences of heterogeneity on mineral reaction rates and changing dynamic properties of the 

porous media. Changes in porosity, permeability and surface area were measured digitally from 

segmented µCT images. Flow modelling provides invaluable insight on flow field changes due to 

dissolution and how the different initial flow fields influence dissolution.  
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The apparatus used in the experiments is unique in that it images the dissolution at the high 

pressure and temperature conditions typical of storage reservoirs. This apparatus was used to 

examine dissolution in dolomite and mixed mineralogies and the data was published, adding to the 

accumulation of validation data for modelling communities. The images and measured properties 

produced by the experiments are indeed considered as benchmark data to validate pore-scale 

reactive transport modelling efforts. Pore-scale observations under various conditions provide 

insight into the drivers of how dissolution happens on a fundamental level and helps inform 

attempts to model dissolution at larger scales. Ultimately, this combined pore-scale imaging and 

modelling approach is important to develop a deeper comprehension of mineral dissolution and 

the produced data may indeed serve as validation for CO2 storage predictive modelling tools which 

take into account geochemistry and other complexities found in carbonate rock formations. 

1.3 Thesis Structure 

This thesis is divided into eight chapters. Chapter 2 contains a literature review pertaining to this 

work and a discussion of the main theoretical considerations for flow in porous media, reactive 

transport, dissolution kinetics of carbonate minerals at reservoir conditions and 3D X-ray imaging. 

Chapter 3 contains a detailed explanation of the experimental and modelling methods employed 

in this work. Chapter 4 presents a nomenclature system for carbonate rock classification followed 

by a petrophysical description of the rock samples used in the experiments. Chapter 5 shows 

results for experiments on dolomite mineral samples of pre-defined physical heterogeneity that 

combines pore-scale observations and modelling. The main findings in this chapter concern the 

effects of physical heterogeneity and flowrate have on dissolution in dolomite. Chapter 6 presents 

results of dissolution experiments on a synthetically mixed mineralogy composite core sample that 

is one half dolomite and one half calcite where chemical and physical heterogeneity is spatially 

uniform. Chapter 7 presents analysis from dissolution experiments carried out on naturally 

chemically and physically heterogeneous reservoir samples. Finally, Chapter 8 discusses the main 

conclusions and recommendations for future work.  
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Chapter 2: Literature Review 

Reactive transport in porous media refers to the integration of chemical reaction with transport 

phenomena in pore space and at the fluid/solid interface. To accurately model such processes at 

the field-scale, which is regarded as the practical beneficial scale to be used for predictions and 

decision making, there is an increasing consensus on the importance of pore-scale studies to inform 

the construction of larger scale predictive tools [36]. With the imaging and modelling techniques 

made available in recent years, this research intends to make use of these techniques to provide 

new insights on the impact of physical and chemical heterogeneity on the effective reaction rates 

and produce valuable benchmark experimental data as a contribution with regard to validating 

pore-scale modelling and later upscaling. In this chapter, a literature review relevant to topics in 

this research is presented including fluid flow in porous media and pore-scale processes (Section 

2.1), reactive transport (Section 2.2), carbonate dissolution chemistry (Section 2.3), and X-ray 

micro-tomographic imaging (Section 2.4).  

2.1 Flow in Porous Media and Pore-scale Processes 

2.1.1 Darcy’s Law 

An extension of Darcy’s law of fluid flow through porous media will be used to measure 

permeability and its evolution over time during experiments directly on the mini-cores. The 

pressure drop across a sample will be measured using sensitive pressure transducers. Darcy’s law 

states that the bulk velocity of a fluid is linearly related to the macroscopic pressure gradient 

through permeability K (m2) and viscosity µ (Pa.s). In mathematical terms, it is expressed as 

follows (excluding gravity): 

 
𝑢𝐷 =

−𝐾

µ

𝑑𝑃

𝑑𝑥
 (2.1) 

where uD is the Darcy velocity (m/s) and dx is the length of the sample (m) parallel to flow and dP 

is the pressure drop across that length. Permeability is usually reported in milliDarcy (mD) through 

the use of the conversion (9.87×10-14 m2 = 1 mD). 
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2.1.2 Advective and Diffusive Transport  

The mode of solute transport is one of the primary aspects affecting the effective reaction rate in 

reactive transport. In fact, it is practical to think of the prevalent transport mechanism as the 

limiting factor for reaction. The two transport mechanisms are advection and diffusion. Advection 

is the movement of solute particles through the bulk motion or flow of a fluid, described as:  

 𝐹𝑎𝑑𝑣 = 𝑢 × C (2.2) 

where Fadv is the flux of solute due to advection, u is fluid velocity and C is the solute 

concentration. The higher the flow rates, the more advection there is. On the other hand, diffusion 

is a process governed by molecular forces which enables the moving of particles through 

concentration gradients. Diffusion is the dominating transport mechanism within the boundary 

layer between the bulk solution and rock surface. The higher the advection rate of the bulk solution, 

the narrower the boundary layer.  Figure 2.1 shows a schematic of the transport mechanism at the 

rock-brine interface.  

 

Figure 2.1 Transport mechanisms at the rock surface where there is reactive brine flow.  

Species in a fluid will tend to go from areas of high concentration to areas of low concentration. 

Diffusive transfer stops when there is no longer a concentration gradient. Fick’s first law 

appropriately expresses the rate of solute mass diffusing as being proportional to its concentration 

gradient. 
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𝐹𝑑𝑖𝑓𝑓 = −𝐷𝑑 (

𝑑𝐶

𝑑𝑥
) (2.3) 

Here, Fdiff is the mass diffusion rate (mol/m2/s), Dd is the diffusion coefficient (m2/s) which is 

negative to indicate movement from high to low concentration, C (mol/m3) is the solution 

concentration and dC/dx is the concentration gradient.   

2.2 Reactive Transport 

Reactive transport is a naturally occurring phenomena where there is an integration of chemical 

reaction with transport of solutes in fluids through a porous media. The general kinetics of any 

acidic brine-rock interactions at the pore-scale are dictated by the interplay between hydrodynamic 

transport of reactants to fluid-rock interface, reaction at the interface, and the transport of reactants 

away from interface [37,38]. The transport may be through advection, diffusion or both. The 

dimensionless numbers, Péclet (Pe) and Damköhler (Da), are used to characterize and quantify 

reactive transport. Altering flow rates in reactive transport experiments will effectively change Pe. 

Similarly, Da will change by altering any of those which affect reaction rate such as temperature, 

fluid reactivity, and mineralogy. Pe and Da numbers are described in more detail in the following 

sections.  

2.2.1 Péclet Number 

The Péclet number compares the effectiveness of mass transport of the solute by advection to that 

by diffusion [39].  

 
𝑃𝑒 =

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
 (2.4) 

This definition leads to Péclet number as an estimation of fluid movement over a characteristic 

length [40]: 

 
𝑃𝑒 =

𝑢𝑎𝑣𝑔𝐿𝑐

𝐷𝑚
 (2.5) 
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uavg is the interstitial velocity (m/s), Lc is the characteristic length (m), and Dm is the temperature 

dependent molecular diffusion coefficient (7.5×10-10 m2/s for Ca2+ at 25 °C) [31]. The interstitial 

velocity can be defined as the average velocity of the fluid flow within the pores, 

 𝑢𝑎𝑣𝑔 =  
𝑢𝐷

𝜙
 (2.6) 

where uD is the Darcy velocity (m/s) from Equation (2.1) and 𝜙 is the porosity as a fraction. We 

calculate characteristic length (Lc) of consolidated rock samples from [41] which estimates it as 

the ratio of sample bulk volume VB to micro-CT image calculated surface area As i.e. specific 

surface area S (m-1): 

 𝐿𝑐 =  
𝜋

𝑆
 (2.7) 

2.2.2 Damköhler Number  

In reactive transport, the Damköhler number is a dimensionless number that characterizes the 

relationship between the chemical reaction timescale to the mass transport timescale of a particular 

system.  

 
𝐷𝑎 =

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
 (2.8) 

The most common form of Damköhler number relates the reaction rate to mass transport rate 

through advection or mass flow. We may call this form the advective Damköhler: 

 
𝐷𝑎(𝑎𝑑𝑣) =

𝐿𝑐

𝑢𝑎𝑣𝑔
𝑘 (2.9) 

where k is the chemical reaction rate constant (s-1). The other less common form of Damköhler 

number we shall call diffusive Damköhler number and it can be obtained by multiplying advective 

Damköhler number by Péclet number.  
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 𝐷𝑎(𝑑𝑖𝑓𝑓) = 𝐷𝑎(𝑎𝑑𝑣)𝑃𝑒

=
𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑟𝑎𝑡𝑒

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
×

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
 

(2.10) 

 

 

 

𝐷𝑎(𝑑𝑖𝑓𝑓) = 𝐷𝑎(𝑎𝑑𝑣)𝑃𝑒 =
𝐿𝑐𝑘

𝑢𝑎𝑣𝑔
×

𝑢𝑎𝑣𝑔𝐿𝑐

𝐷𝑚
 (2.11) 

 

 

𝐷𝑎(𝑑𝑖𝑓𝑓) =
𝐿𝑐

2𝑘

𝐷𝑚
 (2.12) 

2.2.3 Dissolution Patterns in Damköhler, Péclet Space 

When reactive fluid flows through a porous medium, the dissolution may manifest itself in 

different ways depending on chemical and physical variables. The Damköhler and Péclet numbers 

of a particular system help to characterize the dissolution regimes in reactive transport experiments 

[29–31,38,42]. The literature has identified five dissolution regimes which are face dissolution, 

conical wormholes, dominant wormholes, ramified wormholes, and uniform dissolution [38]. 

Figure 2.2 shows illustrations of what each regime looks like. 

 

Figure 2.2 Dissolution patterns (a) face dissolution (b) conical wormholes (c) dominant wormholes (d) ramified 

wormholes (e) uniform dissolution, from [38].   
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In the case of low Péclet and high Damköhler number, the reaction will be flow limited and face 

dissolution will occur. Inversely, in a case of high Péclet and low Damköhler numbers, the system 

is reaction limited and uniform dissolution should be expected. Finally, as can be deduced by the 

plot, one would expect to see dominant wormholes with combination of high flow rate and high 

reaction rate.  Figure 2.3 shows the regions of each pattern within the Péclet-Damköhler plot.  

 

Figure 2.3. Damkohler and Peclet number space showing different flow patterns, from [38].  

The actual scaling of the plot and Péclet-Damköhler numbers are highly dependent on the 

properties of the porous media. In addition, where the pattern sits in the Péclet-Damköhler space 

depends on reaction rate and characteristic time of acidic brine transport for a given initial rock 

structure.  

The problem with this analysis is that it only considers homogeneous media of uniform 

mineralogy. As we will show in this thesis, the dissolution patterns that we observe in 

heterogeneous systems are not described by the regime diagram in Figure 2.3.  In a region where 

we would expect uniform dissolution we see, instead, in almost all cases, the formation of 

channels, where dissolution preferentially occurs [32,43] – at late time these channels may merge 

and dissolution will be confined to a single dominant channel.  These are not wormholes, as the 

acid does penetrate throughout the rock and moves in advance of the channels. Figure 2.4 below, 
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from Menke et al. (2017) [43], shows the difference between uniform dissolution and channel 

formation regimes. 

 

Figure 2.4. A schematic showing the difference between (a) uniform dissolution and (b) channel formation in time 

lapsed flow and transport processes. The rock grains are the grey circles and they are shown to dissolve near regions 

dominated by advective fast flow shown in red arrows. Low velocity diffusive regions depicted by the blue arrows 

show little to no reaction when comparing them to the advective regions in similar time scales [43].  

The previously mentioned work concentrated on the effect of pore structure variations on 

dissolution regimes for close to pure calcite samples. I will extend this work by looking at how 
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rock dissolution is affected by chemical heterogeneity of carbonate rocks. The literature has shown 

that chemical heterogeneity in carbonate rocks can have a huge impact on the patterns through 

which they dissolve when injected with acidic solution [42]. Figure 2.5 shows results for a model 

that simulates wormhole dissolution in mediums with varying heterogeneity.  

 

Figure 2.5. Effect of heterogeneity magnitude on wormhole dissolution pattern. Heterogeneity increases from a to d. 

Each box size represented is 3.5 × 1.4 × 1.4 cm. Adapted from [42].   

They explain that a low number for what they define as heterogeneity magnitude (∆𝜀0=0.01) in 

their simulation results in the formation of smooth wormholes. Alternatively, high heterogeneity 

magnitude (∆𝜀0=0.19) lead to the increased roughness of wormholes making them fractal-like in 

appearance.  

2.3 Carbonate Dissolution Chemistry 

2.3.1 CO2 Phase Behaviour 

Understanding the phase behaviour of injected CO2, with the variation of reservoir conditions, is 

important to predict its fate.  Pressure and temperature have a direct influence on CO2 physical and 

chemical properties and therefore affect storage capacity and permanency. Figure 2.6 shows a 

phase diagram of CO2 over a range of temperatures and pressures.  
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Figure 2.6 CO2 phase diagram showing solid, liquid and gas regions and critical point, adapted from [44].  

7.38 MPa and 30.9°C are the pressure and temperature conditions of the critical point of CO2, 

reported by Span et al. [45]. Above these conditions, CO2 exists in a supercritical state which is 

favourable for CO2 storage mainly because it exhibits liquid like densities and gas-like flow 

properties [46].  

2.3.2 CO2 Saturated Brine Acidic Solution 

The solubility and dissolution of CO2 in natural aqueous systems to form various species is a 

fundamental process that has been studied extensively due to its importance in contaminant 

transport, weathering, and geological storage of CO2 [47–49]. CO2 solubility in a reservoir brine 

controls acidity which in turn effects its reactivity with a hosting rock mineral [50,51]. This 

solubility, however, is controlled by its equilibrium with the salt and mineral species present at a 

given pressure and temperature condition. Therefore, in this section we will discuss carbonate 

chemistry including details on equilibrium and rate constants and the dependence on temperature 

and pressure. Activity models shall be used showing experimental data to demonstrate these 

relationships. For the purpose of calculation in the activity model, as a base case we use the 

reservoir brine composition and conditions chosen for our experiments, namely ultrapure 
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deionized water (electrical resistivity of 18.2 MΩ.cm at T = 298.15 K) in which 5% wt. NaCl (0.91 

M) and 1% wt. KCl (0.14 M) are dissolved with fully saturated scCO2 at 10MPa and 50 °C (323.15 

K).  

The acidic and basic properties of any given aqueous solution is quantified using pH, a concept 

first introduced by Sörensen [52]. pH is defined by [53]: 

 
𝑝𝐻 = log (

1

𝛼𝐻+
) (2.13) 

where α is the activity of the ion. If the ion activity is high, the pH would tend towards values less 

than 7 and the solution is said to be acidic. Alternatively, if hydrogen ion activity is low, the pH 

would tend to values greater than 7 and the solution is basic. Pure water at a temperature of 25 °C 

is very close to a pH of 7 which is classified as neutral. The resulting pH of a CO2 acidified in situ 

reservoir brine is considered to be of high interest to the CCS industry  because it directly impacts 

the rate of dissolution in the hosting porous media [54–61]. The activity is related to concentration 

of a species i by use of an activity coefficient 𝛾i [62]: 

 𝛼𝑖 = γ𝑖
[𝑖] (2.14) 

In an ideal system, the activity is 1 but in our non-ideal solution, the activity is governed by the 

interaction between dissolved species and is less than 1. For a particular condition, chemical 

components in an aqueous solution react by partitioning into several species until they reach a ratio 

between the products and reactants that is non-changing; this ratio is called the equilibrium 

constant, K. For chemical species, the equilibrium constant is controlled by the species activity 

whereas for a gas dissolving into a liquid, the equilibrium constant is controlled by the gas phase 

fugacity, partial pressure and activities of dissolved species [63].   

The chemical process where CO2 dissolves in brine occurs in several steps. At first, there is a rapid 

dissolution of CO2 in the aqueous solution: 

  𝐶𝑂2(𝑔) ←→ 𝐶𝑂2(𝑎𝑞) (2.15) 
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How much CO2 dissolves in the brine is controlled by Henry’s law:  

 (𝐶𝑂2)𝑎𝑞 = 𝐾0𝑃𝐶𝑂2
 (2.16) 

where K0 is the CO2 solubility constant, PCO2 is the CO2 partial pressure. H2O dissociates into 

hydrogen and hydroxide ions:   

 𝐻2𝑂 ←→ 𝐻+ + 𝑂𝐻− (2.17) 

With the equilibrium constant equation:  

 𝐾𝑤
𝜃 = 𝛼𝐻+𝛼𝑂𝐻− (2.18) 

Kw
θ has been semi-theoretically calculated by Bandura and Lvov [64] for a range of temperatures 

and densities. Next, the aqueous CO2 will react with the brine making carbonic acid consistent 

with: 

 𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ←→ 𝐻2𝐶𝑂3
∗ (2.19) 

where H2CO3
* is defined as aqueous CO2 in solution. This reaction is in the time scale of seconds 

[65] following the equilibrium equation, 

 
𝐾𝐶𝑂2(𝑠𝑐)

=
𝑓𝐶𝑂2(𝑠𝑐)

𝛼𝐻2𝐶𝑂3
∗

=
𝑃𝐶𝑂2(𝑠𝑐)

ɸ𝐶𝑂2(𝑠𝑐)

𝛼𝐻2𝐶𝑂3
∗

 (2.20) 

PCO2(sc) is the total pressure of supercritical CO2, ɸCO2(sc) is the fugacity coefficient. 

The resulting carbonic acid dissociates into hydrogen and bicarbonate ions: 

 𝐻2𝐶𝑂3
∗ ←→ 𝐻+ + 𝐻𝐶𝑂3

− (2.21) 

in line with the following equilibrium equation: 
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𝐾1

𝜃 =
𝛼𝐻+𝛼𝐻𝐶𝑂3

−

𝛼𝐻2𝐶𝑂3
∗

 (2.22) 

The resulting bicarbonate dissociates to make carbonate ions: 

 𝐻𝐶𝑂3
− ←→ 𝐻+ + 𝐶𝑂3

2− (2.23) 

with the equilibrium equation:  

 
𝐾2

𝜃 =
𝛼𝐻+𝛼𝐶𝑂3

2−

𝛼𝐻𝐶𝑂3
−

 (2.24) 

The H+ ions from all the above dissociations will acidify the brine. Activities and equilibrium 

constants of carbonate speciation are estimated experimentally or by the use of activity models; 

Spycher and Pruess [63] estimated them for a range of high temperature and pressure conditions.  

Salinity also affects chemical speciation. Brine acidity is a factor in CO2 solubility which is 

controlled by its equilibrium with dissolved salt and mineral species present at a given pressure 

and temperature condition. By observing a Bjerrum plot (Figure 2.7) showing concentrations of 

CO2, HCO3
-, CO3

2-, H+, OH- for a solution with zero ionic strength and that of sea water in an open 

system at standard temperatures and pressures, one can visually observe the relationships between 

species concentrations, pH, and salinity.  
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Figure 2.7. Bjerrum plot for showing concentrations of CO2, HCO3
-, CO3

2-, H+, OH- vs. pH calculated using 

thermodynamic pK values for zero ionic strength representing fresh water (blue lines) and stoichiometric pK values 

typical of sea water (red dashed lines).  Figure taken from Wolf-Gladrow et al. [66].  

In the case illustrated in Figure 2.7 above, the shift between the blue and red lines shows the effect 

of salinity on chemical speciation and hence pH. Therefore, the total amount of dissolved salt 

species should be taken into account when calculating the activity and pH of our experimental 

brine. The first step is to confirm that at our chosen NaCl and KCl concentrations of 5% wt (0.91 

M) and 1% wt (0.14 M) respectively, all the solids are dissolved into solution by calculating the 

activities of the dissolved species.   

When there is an interaction between a fluid and a mineral, their equilibrium state is what 

determines whether there will be a dissolution or precipitation of the solid. As an example, when 

sylvite is added into pure water, it starts dissociates into potassium and chloride ions: 

 𝐾𝐶𝑙 ←→  𝐾+ + 𝐶𝑙− (2.25) 

Until it reaches equilibrium defined by its equilibrium equation: 
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 𝐾𝑒𝑞 =
𝛼𝐾+𝛼𝐶𝑙−

𝛼𝐾𝐶𝑙
 (2.26) 

where αi is the activity of each species. At equilibrium, the activity of the solid species αKCl is set 

to 1 (the activity of most solid species at equilibrium is 1), we can define a solubility product, Ksp, 

that is comparable to equilibrium constant:  

 𝐾𝑒𝑞 = 𝛼𝐾+𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚𝛼𝐶𝑙−𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 = 𝐾𝑠𝑝 (2.27) 

Most real solutions are not in equilibrium, therefore a term Q is introduced as the ion activity 

product at disequilibrium.   

 𝑄 = 𝛼𝐾+𝑑𝑖𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚𝛼𝐶𝑙−𝑑𝑖𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 (2.28) 

The ratio of Q to Ksp is used to define two new terms, the saturation index (SI) and saturation state 

(Ω), that describe a system’s relative distance from equilibrium.  

 
𝑆𝐼 = 𝑙𝑜𝑔𝛺 = 𝑙𝑜𝑔 (

𝑄

𝐾𝑠𝑝
) (2.29) 

At equilibrium, SI is equal to zero. When SI is negative, the solution is under saturated and the 

mineral remains dissolved. When SI is positive, the solution is supersaturated and we begin to have 

mineral precipitation.  

At constant temperature and pressure, the chemical driving force of a system could be described 

in terms of the change in Gibbs free energy (ΔG) which is given by:  

 
∆𝐺 = −𝑅𝑇 𝑙𝑛 (

𝑄

𝐾𝑠𝑝
) (2.30) 

where R is the universal gas constant and T is temperature. Therefore, at a given temperature, the 

system is said to be in equilibrium when ΔG = 0.  
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To accurately characterise the speciation of the dissolved species in our brine we need to calculate 

their activities. The predominant method of calculating activity coefficient is through the Debye-

Hückle Equation: 

  
𝑙𝑜𝑔𝛾± =

−𝐴𝛾|𝑧+ − 𝑧−√𝐼|

1 + å𝐵𝛾√𝐼
 (2.31) 

where z+ and z- represent cations and anions in solution respectively, Aγ and Bγ are solvent 

parameters that are functions of temperature, and å is the ion size parameter. The ionic strength of 

the system (I) is defined as  

 
𝐼 =

1

2
∑ 𝑚𝑖𝑧𝑖

2

𝑖

 (2.32) 

where mi is the molality of species i and zi is its electrical charge. The Debye-Hückel theory 

expressed in Equation (2.44) shows satisfactory results up to I = 0.1 mol/kg. Several modifications 

to the Debye- expression have been proposed in order to better fit experimental data with systems 

of greater ionic strength. Some of these include works by Davies [67], Guggenheim [68] and Pitzer 

[69,70]. We consider the Pitzer model of aqueous speciation to be robust because it gives the most 

accurate pH calculation, with in ±0.07 according to analytical validation of Peng et al. [71]; both 

the analytical measurement and model calculation gave a pH ≅ 3.1 for our acidic brine.  

Implementing the Pitzer model, described in Harvie et al. [72], in Reaktoro, a framework for 

modelling chemically reactive systems [73] (reaktoro.org), the activities of all species present in 

the reactive brine solution chosen for our experiments were calculated under our experimental 

conditions. From these activities, we calculated saturation indices of NaCl and KCl in our brine 

and find them to be -1.99 and -2.32 respectively; these values are well into the negative meaning 

that the salts are fully dissolved at our chosen conditions. Also from this geochemical modelling, 

we perform our own sensitivity analysis to probe the individual effect of temperature and pressure 

by simulating 4 scenarios to see the change in the major species activities and solution pH; the 

results are shown in Figure 2.8.   
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Figure 2.8. Sensitivity analysis showing the main species activities and pHs for our chosen acidic brine mixture at 

different temperature and pressure conditions. It seems that pressure has a more substantial effect on pH than 

temperature which relates to the dissolution CO2 to form more carbonic acid. Increasing temperature causes an 

increase in solution pH. The results for our brine at reservoir condition is shown in the orange box; the dominant ion 

in our system is H2CO3
* having the largest activity.   

It seems that pressure has a more substantial effect on pH than temperature which relates to the 

dissolution CO2 to form more carbonic acid. Increasing pressure causes an increase in the activity 

of carbonic acid and hence a lower pH, whereas an increase in temperature causes an increase in 

solution pH. In the above figure, the orange box shows the results for our brine at reservoir 

conditions; the dominant ion in our system is H2CO3
* having the largest activity. As a general rule, 

pH would increase with increasing temperature and decrease with increasing brine salinity and 

pressure [71]. This trend is apparent in Figure 2.9 which shows the pH of CO2 saturated brine as a 

function of pressure for high salinity (5 mol/kg NaCl) and low salinity (1 mol/kg NaCl) systems 

[74].  
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Figure 2.9 Experimentally measured pH as a function of pressure for high salinity and low salinity CO2 saturated 

system, from Peng [74].  

2.3.3 Reaction Kinetics in Relation to Carbonate Dissolution 

Whether in dolomite or limestone, the presence of CO2 saturated brine will induce a dissolution 

which is described as 3 parallel reactions taking place at the liquid/solid interface [75,76]: 

where Me is interchangeable with the metals Ca or Mg -in calcite and dolomite-, and ki are the rate 

constants for each reaction. Plummer et al. [75] suggest that k1 is only temperature dependent, k2 

is both temperature and CO2 partial pressure dependent and k3 is the reaction rate constant for 

Equation (2.35). The effective dissolution rate is controlled by the sum of the three above reactions: 

 𝑀𝑒𝐶𝑂3 + 𝐻+
𝑘4
← −

𝑘1
→ 𝑀𝑒2+ +  𝐻𝐶𝑂3

− (2.33) 

 𝑀𝑒𝐶𝑂3 + 𝐻2𝐶𝑂3

𝑘2
↔ 𝑀𝑒2+ + 2 𝐻𝐶𝑂3

− (2.34) 

 
𝑀𝑒𝐶𝑂3 +  𝐻2𝑂

𝑘3

↔ 𝑀𝑒2+ + 𝐻𝐶𝑂3
− + 𝑂𝐻− 

(2.35) 
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where αx stand for aqueous species x activity. As described by Pokrovsky et al. [76], the first three 

terms of Equation (2.36) refer to the forward dissolution reactions and the last term represents the 

precipitation which has a rate constant, k4, that is the combination of the three reverse rate 

constants. Taking the case of calcite as an example, the equilibrium state of the mineral governs 

whether it will dissolve or precipitate [23]:  

Following the following equilibrium constant: 

The loss of CO2 is what leads to the precipitation of calcite once more. 

To calculate the rate of mineral dissolution we use [77]. 

R units are (mol.m-2s-1), m is moles of mineral, t is time (s), A is the reactive surface area of solid 

(m2), V is volume of solution (m3), k is the rate constant (mol.m-1s-1), and n is the order of reaction 

constant (n=1 for calcite). The term (
𝑉

𝐴
𝑘) is often combined into a single constant K; the reason 

being is that in a plot of log R vs Log(1-Ω), the intercept will be K and slope is n: 

 𝑅 = 𝑘1𝛼𝐻+ + 𝑘2𝛼𝐻2𝐶𝑂3+𝐶𝑂2(𝑎𝑞)
+ 𝑘3𝛼𝐻2𝑂 − (𝑘4𝛼𝑀𝑒2+𝛼𝐶𝑂3

2−) (2.36) 

 𝐶𝑎𝐶𝑂3 ←→ 𝐶𝑎2+ + 𝐶𝑂3
2− (2.37) 

 
𝐾𝐶𝑎𝐶𝑂3

=
𝛼𝐶𝑎2+𝛼𝐶𝑂3

2−  

𝛼𝐶𝑎𝐶𝑂3

 (2.38) 

 
𝑅 = −

𝑑𝑚𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒

𝑑𝑡
= (

𝑉

𝐴
𝑘) (1 − Ω)𝑛 (2.39) 

 𝑙𝑜𝑔 𝑅 = 𝑛𝑙𝑜𝑔(1 − Ω) + 𝐾 (2.40) 
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Ω is the saturation state defined as the ratio of the ion activity product to the solubility product for 

the solid: 

Along with limestone, there are thick sequences of dolostone found in geologic reservoirs around 

the world. Dolomite rock is characterized as being coarse grained and having vuggy pore spaces, 

which indicates that they originated by replacement of limestone. There are many different ways 

in which dolomite can form. The simplest theory is that when magnesium rich ground water came 

into contact with limestone, diagenesis caused the magnesium ions to replace calcium converting 

calcite (CaCO3) into dolomite mineral (CaMg[CO3]2) [78]. This conversion causes the mineral to 

contract and ultimately open up pores in the rock. This process is known as dolomitization and 

limestones could be completely dolomitized or partially dolomitized to form ‘dolomitic 

limestone.’  

2.3.4 Reaction Rate 

There are unanswered questions about the reactive process that will take place after CO2 is injected 

in carbonates. In batch reaction experiments, where the goal is to get the actual rate of reaction 

between the fluid and rock unhindered by transport, the controlling factors are the chemical 

equilibrium constant, pH and CO2 partial pressure [23]. In our case, all experiments will be done 

at a single temperature and pressure condition: 50 °C and 10MPa. Using scCO2 brine as an acid, 

experiments under surface reaction controlled conditions were used by Peng et al. [23,79] to 

measure the reaction rate of calcite and dolomite under these conditions. The reaction rate was 8.1 

× 10-4 mol/(m2s) for calcite and 5.1 × 10-5 mol/(m2s) for dolomite.  

One of the scientific and engineering motivation that this work aims towards can be summarized 

in Figure 2.10 below. For every different scale there is a difference in the effective reaction rate of 

the system. The challenge lies in understanding the origin of scale-dependent reaction rates and 

what effects are responsible for this. The proper way of addressing this problem is thinking in 

terms of the limiting factor at each scale. The goal is to be able to represent the effective reaction 

 
Ω =

𝐼𝐴𝑃

𝐾𝑠𝑝
 (2.41) 
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rate at the field-scale, and relate it to the smaller scales. In this thesis, we will characterize reaction 

rates at the pore scale for different physical and chemical heterogeneities and flowrates.  

 

Figure 2.10.  Observed decrease in reaction rates when going to larger scales. 

2.4 X-Ray Micro-tomographic Imaging 

Micro-tomographic X-ray (µCT) imaging is the method of choice for many researchers looking to 

image the pore space of carbonate rocks in  three dimensions [29,30,32,80–82].  What will be 

determined from the imaging analysis in this work is how the combination of rock chemical and 

physical heterogeneity influences pore-space evolution and flow regime in the presence of reactive 

fluid flow. CT scanners come in different designs but ultimately work using the same principles.  

 

Figure 2.11 Schematic illustration of X-ray CT acquisition and reconstruction processes. A series of X-ray projection 

images is acquired and mathematically reconstructed to produce a 3D map of X-ray absorption in the volume. The 3D 

map is typically presented as a series of 2D slice images. Figure and caption from Landis and Keane [83].  

A sample sitting on a stage is incrementally rotated around its axis while an X-ray beam is 

projected through the sample, attenuated, and finally detected by a scintillator camera on the 

opposite end. The projected images are then reconstructed using a computer program to form a 

virtual 3D model of the sample. The distinguishing factor in µCT is its ability to produce high-

resolution images with voxel sizes down to ~1 m. Adjustable parameters for X-ray micro-
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tomography include energy spectrum, current, voltage, resolution, number of projections and 

projection time. All these parameters depend on the ability of a particular XMT device. As 

experiments are run, imaging is performed periodically to capture changes in the pore structure. In 

order to minimize geometrical errors when overlaying time lapsed images, we use the same 

geometry and associated resolution in each scan.  

For a particular homogeneous material, the intensity of attenuated transmitted X-ray beam (I) can 

be described using Beer-Lambert Law [84–86]: 

 𝐼 = 𝐼0exp(−µ𝑥) (2.42) 

I0 is the initial intensity of the X-ray beam, µ is the linear attenuation coefficient (in inverse of 

distance) and x is the thickness of the imaged object material. In multi-material samples,  I becomes 

[84]: 

 𝐼 = 𝐼0exp[∑(−µ𝑖𝑥𝑖)

𝑖

] (2.43) 

where every increment of i represents a single material with attenuation coefficient µi over a 

thickness xi. Equation (2.43) can be written using mass attenuation coefficient (µ/ρ) [87]:  

 𝐼 = 𝐼0 exp[(
−µ

𝜌
)𝜌𝑥)] (2.44) 

 µ

𝜌
=  −(𝜌𝑥)−1 ln(

𝐼

𝐼0
) (2.45) 

where density times thickness ρx is known as mass thickness and is defined as the mass per unit 

area. By differentiating Equation (2.44) the attenuation for each thickness, dx, can be obtained: 

 𝑑𝐼

𝐼
=  −

µ

𝜌
 𝜌𝑑𝑥 =  −µ𝑑𝑥 (2.46) 
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By adding the increments of attenuation along the direction of X-ray propagation, a more general 

expression is given to define attenuated intensity of X-ray beam: 

 
𝐼 = 𝐼0 𝑒𝑥𝑝[− ∫ µ(𝑠)𝑑𝑠] (2.47) 

where µ(s) is the linear absorption coefficient at a position s along a ray s. One of the main 

problems of CT is assigning the correct value of µ to each position along the rays traversing the 

sample knowing only the values of the line integral for the various orientations of s. This process 

is called reconstruction [86]: 

 
∫ µ (𝑠)𝑑𝑠 =  ln(

𝐼0

𝐼
) (2.48) 

Reconstruction is a mathematical operation of converting 2D projections from image acquisition 

into 3D volumes. The most commonly used reconstruction method is filtered backprojection where 

a filter is applied to each projection before smearing or backprojecting it along the line it was 

acquired corresponding to it acquisition angle [88–90].   

The quality of any particular image depends on the spatial resolution and contrast which is 

determined by the source/detector configuration and energy used. The choice of energy is 

determined by imaged object attenuation controlled by its materials and thickness. Finding the 

right energy is important mainly because it is directly tied with image contrast; the higher the 

contrast, the better the distinction between phases in an image. Contrast is expressed as the ratio 

of the difference in sample signal (intensity) and background to the signal or intensity from the 

background: 

  
𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 =  

|𝑠𝑖𝑔𝑠 − 𝑠𝑖𝑔𝑏|

𝑠𝑖𝑔𝑏
=

|𝐼𝑠 − 𝐼𝑏|

𝐼𝑏
 (2.49) 

where sig is signal, I is intensity and s and b are sample and background respectively. In simple 

terms, high energy would lead to a more effective penetration of dense materials but lower energy 

improves contrast and overall image quality. Typically, lab based µCT, such as the one used in our 
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experiments, rely on polychromatic radiation of which the linear attenuation coefficient µ is given 

by:  

 𝜇 =  𝜌 ∑ 𝜏𝑖(𝐸)𝑤𝑖

𝑖

 (2.50) 

Here, ρ is the density (g/cm3), τi is the mass attenuation coefficient of element i (cm2/g) that is a 

function of energy E and wi is the weight fraction of element i [91].  In general, the contrast 

between two phases in a grey scale image from X-ray CT is maximized when their difference in 

linear attenuation coefficients are largest. Figure 2.12 shows the linear attenuation coefficient as a 

function of X-ray energy for dolomite and calcite minerals; above 50 keV the difference in 

attenuation between the two minerals is considered insufficient.  

 

Figure 2.12 Linear attenuation coefficient as a function of incident X-ray energy of dolomite and calcite minerals.  

For carbonate geological materials, the dominant attenuation mechanism is the photoelectric effect 

when a relatively low range of the energy spectrum is being applied [84,92] (approximately 50-

100 keV for benchtop µCT). The photoelectric effect follows a trend where the mass attenuation 
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coefficient is approximately proportional to the third power of the attenuating material atomic 

number while being inversely proportion to the third power of the photon energy: 

 
photoelectric effect ~ 

(atomic number)3

(photon energy)3
 (2.51) 

In general, the use of lower energy X-rays increases the contrast in light attenuation but due to the 

lower overall flux of photons, there runs a risk of poorer image to noise ration due to their inverse 

relationship. To mitigate this issue, the exposure time of projections is increased dramatically 

leading to excessively long scan times in the scale of hours. As the aim is to capture dynamics of 

dissolution in the act, the rate of pore structure change we observe from our setup requires scan 

times to be at least within tens of minutes. Scanning at energies above 90 KeV allows us to 

decrease projections and exposure times and can therefore lead to quicker scans. The images 

produced from faster scans have sufficient contrast to be able to easily differentiate between pore 

space and rock but dolomite and calcite become almost indistinguishable. To solve this dilemma 

of image quality and scan times in in applications where there are multi-minerals, we perform low-

energy dry scans of the samples prior to core flooding to obtain good quality images with accurate 

initial mineral maps and we use higher energy scans for subsequent imaging during dissolution to 

capture only the porosity changes. Later we register the high energy scans to the initial low energy 

scan with accurate mineral distribution and are therefore able to quantify how each mineral 

dissolved based on pore growth.  

Many experimentalists have successfully employed X-ray computerized tomography for mineral 

identification and distribution within rock samples [93–97]. The principle is that X-ray attenuation 

can be used to obtain information about elemental compositions and densities of minerals. In the 

reconstruction of an X-ray µCT image, each voxel is given the average attenuation value of the 

matter within a set volume that effectively is the resolution of the scan. Because of this, any 

chemical heterogeneity that is finer than the resolution of the scan cannot be seen. Instead, an 

average of the density in that volume will be represented. The factors which influence attenuation 

ultimately are the chemical constituents and density of the scanned matter. Table 2.1 shows the 

difference in molar mass and density between dolomite and calcite minerals. 
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Table 2.1. Calcite and Dolomite mineral data 

Mineral 

Chemical 

Formula 

Molar mass 

(g/mol) 

Density 

(g/cm3) 

Calcite CaCO3 100.09 2.71 

Dolomite CaMg(CO3)2 184.4 2.84 

With µCT imaging, these differences will be exploited to distinguish between dolomite and calcite 

minerals in a dolomitic limestone.  

2.4.1 XRADIA VersaXRM-500 µCT Scanner 

At Imperial College’s department of Chemical Engineering, there is an XRADIA Versa XRM-500 

µCT scanner provided through the sponsorship of Qatar Carbonates and Carbon Storage Research 

Centre (QCCSRC). Its parts consist of an X-ray source, rotatable stage, and several 

interchangeable CCD camera detectors, all of which are enclosed in a lead cabinet to shield users 

from the ionizing radiation. As a lab based scanner, the Versa’s compact design has some inherent 

limitations. It has a microfocus X-ray tube source which gives of X-rays in a fixed spectrum (poly-

chromatic cone beam) with the power range shown in Table 2.2.  

Table 2.2. Versa Source  

Source Specs 

Max Voltage 160 KeV 

Min Voltage 30 KeV 

Max Power 10 W 

Because our µCT is limited in the volume of photon flux, these figures are considered to be limiting 

because they translate to longer scan times. In a polychromatic beam, such as that of the Versa, 

low energy X-rays are attenuated more readily causing an artefact called beam hardening. Beam 

hardening is the process by which the low-energy photons of an x-ray beam are filtered out by the 

outer volume of the scanned matter causing the average energy level of the scan to increase. This 

artefact causes the edges of a scanned object to appear artificially brighter than the centre even if 

the sample is homogeneous. To avoid beam hardening, filters can be used to remove the low energy 

X-rays before they reach the object of interest or alternatively, software can be used to correct for 

it.  
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2.5 The Use of XMT to Study Reactive Transport 

Understanding reactive transport in subsurface formations is important in many applications 

including carbon capture and storage (CCS) [1], well acidization [19], contaminant transport [20], 

and leaching [21]. In the context of CCS in carbonate rich aquifers, dissolution of minerals raises 

a concern regarding CO2 storage security [2,4]. Field-scale flow modelling that incorporates 

reaction processes between the CO2, formation brine, and rock may help control uncertainties 

which affect storage security [98]. However this task proves challenging as there are large 

variations in reported values for parameters, resulting in predicted reaction rates that span orders 

of magnitude [27]. Therefore, in such models, a fundamental pore-scale understanding is key in 

accurately representing the behaviour of different length-scale heterogeneities and forms the basis 

upon which field-scale models are built [99–102]. It is common to use a power law to predict 

permeability-porosity relationships, calibrated by its exponent –   denoted in this work by m 

[103,104]. This relationship is needed to characterize the effect of dissolution on averaged flow 

properties as input into field-scale models. [31–34,105,106]. Pore-scale observations can help 

explain the mismatch between laboratory and field-scale reaction rates [25,26,34,107,108] and 

help elucidate the relationship between permeability and porosity for different initial pore 

structures.  

Carbonate reservoirs, most susceptible to dissolution, are complex heterogeneous systems with 

mixed mineralogies, each having different reaction rates and characteristics [27]. Rock 

heterogeneity, fluid transport and dissolution kinetics are all factors which influence macroscopic 

dissolution patterns [109,110]. In recent years, direct pore-scale visual observations of geologic 

rocks, including dissolution, have been made possible by the use of  X-ray imaging [29–

35,109,111–113]. The way in which rock property alterations develop from dissolution is 

dependent on mineralogy, reservoir conditions, and pore structure [19,35,112]. A systematic way 

to study reactive transport in carbonates is to start with reaction in pure minerals and then 

characterise dissolution dynamics in more complex mixtures. In single mineral systems, 

dissolution-induced changes in dynamic properties have been shown to be dependent on initial 

pore structure [32,42,105]. Thus far, most imaging of single-mineral dissolution by CO2 acidic  

brine have featured calcite bearing limestones [29–35]. They observe dissolution regimes that vary 

depending on the influences of transport limitation, reaction kinetics, pore and surface 
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heterogeneities. In the works of Noiriel et al. [34,35], the dissolution of a mm-scale limestone core 

by flowing ambient condition low CO2-enriched brine was captured with µCT imaging and 

chemical effluent monitoring. The intent was to identify the inherent relationship between fluid 

chemistry, hydrodynamic and structural properties by assessing porosity and reactive surface 

changes in parallel to permeability changes. This new type of experimentation enables the 

examination of permeability-porosity evolution and its relation to structural modification. The 

study’s main conclusions were that the initially immediate large increase in permeability was 

observed by imaging to be attributed to the removal of fine grain calcite particles. Following this, 

the permeability increased with porosity at a lower rate because of an observable decrease in wall 

roughness and increase in pore connectivity. Finally, a higher flow rate produced a higher 

dissolution rate due to transport-limited conditions that accelerate dissolution in narrow pore 

pathways. In another work, Luquot and Gouze [31] conducted a series of reservoir condition core 

flooding experiments on a limestone reservoir rock using reactive brine with different partial 

pressures of CO2 to observe the effect of CO2 injection away from an injection well. Non-uniform 

dissolution was reported for transport-controlled reaction while lower saturations of CO2, seen 

farther away from the injection well, exhibited reaction-controlled uniform dissolution. Luquot 

and Gouze [31] also reported an initial pore structure memory effect, the loss of which offsets the 

power law relationship between permeability and porosity.  

Dissolution characteristics in consolidated rock have been well characterised at the continuum-

scale, which is relevant for the fast reaction rates encountered in well stimulation, characterised by 

short time scales of the acidizing process.[38,114,115] Smaller scales are important in studying 

dissolution in the lower reactivity media, as in CO2 storage processes, where subtle changes in 

pore-scale connectivity control the evolution of reaction rate, porosity and permeability. The 

impact of initial structure and transport conditions on dissolution has been studied for rocks of a 

single mineralogy using X-ray micro-tomography (XMT) by comparing scans prior to and after 

reaction [29–35]. The dynamic changes in porosity can be quantified for single mineral as well as 

chemically homogeneous samples either by means of in situ imaging with lab-based XMT or 

synchrotron sources [32,33]. Menke et al. [32,33] performed dynamic pore-scale imaging of 

calcite dissolution by CO2-saturated brine at reservoir conditions. They observed that an increase 

in initial pore structure heterogeneity favours dissolution in fast flow channels (channel growth), 

as opposed to uniform dissolution throughout the entire volume.  
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The ultimate goal for this study is to get one step closer to reliably model reactive transport in 

porous media for the purpose of making predictions for complex behaviour at the reservoir scale. 

In the oil industry, acidic substances are frequently injected into formations for purposes of 

enhancing hydrocarbon recovery or simply for storage in the case of CO2. Before understanding 

the parameters at play in modelling such phenomena at the reservoir scale, as mentioned 

previously, it is prudent to obtain a fundamental understanding at the pore-scale. Different studies 

have been made to analyse dissolution and wormhole formation in carbonate rocks near the well 

bore [42,116,117]. However, there still remains huge gaps in how carbonate reservoirs react to the 

introduction of invasive reactive fluids at the pore-scale both in the short and long term. Much 

research has been done towards understanding reactive transport [29–33,35,82,112,118,119]. In 

the above mentioned works, lab experiments and models have been made at both the pore and 

continuum scale. The approach of the work described in this thesis is to conduct in situ pore-scale 

imaging of rock samples at reservoir conditions. The early imaging studies of reactive transport 

were performed ex situ where a core sample was physically removed from the core flooding 

apparatus at different intervals and placed in an X-ray machine for imaging [29,30]. In the next 

evolution this work, tools to inject into rock samples at reservoir conditions and image 

simultaneously were developed [120]. Menke et al. [43] has performed in situ pore-scale imaging 

of Ketton, Estaillades and Portland carbonate rock samples, extracted their pore geometries and 

looked at their dissolution over time. Menke et al. [32] injected scCO2 saturated brine at 50°C and 

10 MPa into millimetre-scale calcite cores (Portland and Estaillades, >97.2% calcite), with 

variations of physical heterogeneity between the samples and imaged the pore space changes 

resulting from dissolution. In more heterogeneous rock it was observed that dissolution occurs 

along preferential flow pathways leading to channel growth. On the other hand, homogeneous pore 

structures gave rise to a uniform dissolution i.e. an even growth of all flow pathways. 

It has been demonstrated that XMT is a powerful method to study the pore-scale changes induced 

by rock dissolution [29–35,109,112,119]. Rock property alterations resulting from dissolution 

depend on the spatial distribution of minerals (mineral heterogeneity), pore structure, reservoir 

conditions, and flow/transport conditions [19,35,112,119]. There are many  laboratory 

observations on single mineral dissolution by CO2 acidified formation brine under varying 

transport conditions [29–35,43,82,119]. It has been shown that even in single mineral systems, 

reaction rates and dissolution pattern behaviour depends strongly on the initial pore structure of 
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the reactive medium and flow rate [32,42,105,119].  Initial pore structure, resolvable by µCT, can 

dictate the type of dissolution, ranging from uniform to preferential channel growth which limits 

dissolution to a single or only a few channels [32,119]. Dissolution patterns also have a direct 

impact on how permeability changes with increasing porosity [31,32,34,106,119,121]. Therefore, 

because of this strong dependence of how rock properties change on dissolution patterns, it is 

important to be able to predict them. Recent reactive core flood experiments in single-mineral 

carbonates have also shown that you may get non-uniform dissolution at conditions that would 

normally describe a uniform dissolution regime, thus pointing out to the importance of impact of 

physical heterogeneity on reaction [32,82,112,119]. 

The findings from studying single mineral systems are important, but the norm in geologic sites is 

a heterogeneous spatial distribution of minerals [122]. Several studies have investigated 

dissolution in natural multi-mineral systems at the cm-scale. Smith et al. [123] performed reactive 

flow experiments in carbonate reservoir core plugs made from a mix of calcite and dolomite and 

continuously measured the pressure drop under constant flow to assess permeability changes, 

while simultaneously performing X-ray imaging at 42.5 micron resolution. They observed that, 

despite the low content of calcite in the overall sample composition, its dissolution had a 

dominating effect on permeability. Smith et al. [123] highlighted the importance of higher 

resolution observations to evaluate porosity-permeability relationships in mixed-mineralogy 

systems; this will be one of the aims of our study. Ellis et al. [124] injected CO2-acidified brine 

through a carbonate caprock at reservoir conditions and reported a preferential dissolution of 

calcite over dolomite. They observed that the evolution of permeability depends in a complex way 

on the heterogeneity of the carbonate minerals and their spatial pattern. Salehikhoo & Li [125] 

examined how mineral dissolution rates are affected by their spatial distribution and suggested that 

the difference in the rates between laboratory and field-scales could be in part caused by the spatial 

distributions of minerals.  While continuum reactive transport models that can handle mixed 

mineralogy have been developed [99,101,126–129], most of these studies report a lack of 

validation in comparison to experimental measurements in realistic systems. Some also recognize 

the importance of observing pore-scale phenomena to better predict larger scale reaction rates and 

dynamic properties [99–101]. In multi-mineral carbonates, a wide range of reaction rates is 

possible which means that they can be harder to predict [27]. There have been benchmark studies 

which attempt to model multicomponent reactive transport; most report the need for experimental 
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validation and all agree on anchoring the fundamental chemical and physical processes from pore-

scale observations [26,99,101,126,127,129,130].  

Studying the impact of pore structure heterogeneity for both single and mixed mineralogy systems 

is indeed possible by using µCT imaging [106,112]. To understand the effect of mineralogy on 

effective reaction rates, a few studies have tackled dissolution in multi-mineral assemblages using 

µCT imaging [121,131]. Smith et al. [106] performed reaction experiments where CO2-saturated 

brine was flowed through 15 mm diameter by 30 mm length reservoir core samples to explore their 

responses to variable partial pressures of CO2, initial pore structure, and calcite and dolomite 

content. They used XMT to image the reactions and reported that greater pore space heterogeneity 

results in unstable dissolution fronts. The discrepancy between field and laboratory dissolution 

rate of minerals is one of the challenges posed in modelling [25,26,34,107,108]. Early empirical 

comparison attributed this mismatch to the incomplete contact between rock minerals and the 

flowing acidic solution. Salehikhoo & Li [125] found that by using an effective surface area of 

mineral in contact with reactant, as opposed to the total BET surface area, they were able to arrive 

at a very close match between lab measured and field rates.   

Dolomite exhibits a reaction rate one order of magnitude lower than that of calcite [79]. Fewer 

studies have looked at a slower reacting dolomite [105] despite the fact that dolomite is the second 

most abundant carbonate mineral [132], and features as the main mineral in some prominent 

hydrocarbon reservoirs [133]. Smith et al. [105] conducted reactive transport type experiments on 

dolomite samples to constrain 3D models that predict the evolution of porosity and permeability 

for CO2 storage. The work compared the experimentally determined power law exponent of the 

permeability-porosity relationship and that from a model. In the context of CO2 storage, Luhmann 

et al., [118] performed core-scale (centimetre-scale) dissolution experiments in dolomite core 

plugs to investigate the effect of varying flowrate; a faster increase of permeability was observed 

at high rates. In a more recent study, Smith et al. [105] recognized the importance of pore-scale 

observations and imaged the dissolution of dolomite cores with different permeability and physical 

heterogeneity at 43 µm resolution to calibrate a continuum-scale reactive transport model. It has 

been reported that physical heterogeneity drives the dissolution front [42,106,121,134,135] that 

determines the porosity-permeability relationship and effective reaction rate. The approach in this 

thesis allows for the quantification of heterogeneity enabling direct comparison of its effects on 
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dissolution patterns and perceived reaction rates. Therefore, the impact of pore structure on 

reaction rates and dissolution patterns in Silurian dolomite reacting with CO2 acidified brine at 

reservoir conditions will be closely examined.  

It is of great interest to investigate the nature of dissolution patterns and effective reaction rates in 

other single-mineral systems, as well as in mixed-mineralogy systems. In this thesis we will study 

injection of scCO2/brine in (i) single mineral dolomite, (ii) composite dolomite/calcite system with 

uniform mineral spatial distribution, and (iii) reservoir rock composed of dolomite and calcite 

having non-uniform spatial distribution. We will examine the impact of physical (flow) and 

chemical (mineral spatial distribution) heterogeneity using a screening method which characterises 

rock cores prior to experiment, classifying them in accordance with their initial flow heterogeneity. 

We will then perform experiments for different heterogeneity classes at different flowrates to 

systematically describe changes in dissolution patterns and reaction rates. In addition, we will 

analyse the changes in porosity-permeability relationship, velocity distributions, effective reaction 

rates and dissolution patterns. Furthermore, for mixed-mineralogy systems with non-uniform 

mineral spatial distribution, we will measure proximity of reacted minerals to fast channels and 

slow regions, introducing a new measure which quantifies the coupled impact of physical and 

chemical heterogeneity. 

Table 2.3 shows a summary of all the parameters and results of the various CO2 reactive transport 

experiments in the literature. 
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Table 2.3. Parameters and results comparison of reactive transport experiments from the literature.  

 

2.6 Summary 

In this chapter, an inclusive review of the scientific background and literature relevant to the topics 

in this thesis has been presented. The next chapter will go on to explain the experimental approach 

and methods.  

Reference Sample Mineralogy

Temp 

(*C) pCO2 (Mpa) Porosity

Permiability 

(m
2
)

Pore 

structure

Flow rate 

(ml/min)

Noiriel et al. (2004) Limestone calcite standard 0.1 0.11 3×10
-14

heterogeneous 5

Luquot & Gouze (2009) D1 calcite/dolomite 100 10 0.075 40×10
-15

heterogeneous 1.14

D2 calcite/dolomite 100 6 0.08 35×10
-15

heterogeneous 1.14

D3 calcite/dolomite 100 2.5 0.084 45×10
-15

heterogeneous 1.14

Menke et al. (2015) Ketton calcite 50 10 0.172 1.66×10
-11

homogeneous 0.5

Menke et al. (2016) 1Ketton calcite 50 10 0.161 4.42×10
-12

homogeneous 0.1

2Ketton calcite 50 10 0.11 4.81×10
-13

homogeneous 0.1

3Estaliades calcite 50 10 0.137 5.17×10
-14

heterogeneous 0.1

4Estaliades calcite 50 10 0.102 1.53×10
-14

heterogeneous 0.1

5Portaland calcite 50 10 0.086 9.52×10
-16

heterogeneous 0.1

6Portaland calcite 50 10 0.087 1.25×10
-16

heterogeneous 0.1

Smith et al. (2013) Vuggy Limestone calcite67%/dolomite33% 60 3,2,1,0.5 31-36 0.9-1.7×10
-15

hetergeneous 0.05

Marly dolomite calcite30%, dolomite70% 60 3,2,1,0.5 15-22 0.9-3.2×10
-17

homogeneous 0.05

Smith et al. (2017) hetero. Dolostone dolomite 60 3 0.4-3.4 1.2-1.5×10
-18

heterogeneous 0.05

homo dolostone dolomite 60 3 1.3-2.2 0.79-5.9×10
-16

homogeneous 0.05

fractured dolostone dolomite 60 3 4.7-5.9 2-2.8×10
-15

fractured 0.05

Reference Pe Da

Brine 

pH

K power law 

exponent

Dimentions    

(diameter × length)

Duration 

(hours)

Image 

resolution 

(micron)

reaction rate 

(mol.m
-3

s
-1

)

Noiriel et al. (2004) na na 4.7 13 9mm × 21mm 22.4 4.91 na

Luquot & Gouze (2009) na na 3.2 0.79 -4.79 9mm × 18mm 1.5 5.06 33.2×10
-5

na na 3.5 1.24 9mm × 18mm 2 5.06 3.5×10
-5

na na 4 0.29 9mm × 18mm 2.1 5.06 3.5×10
-5

Menke et al. (2015) 2100 2.8×10
-5

3.1 5.2-7.5 4mm × 4mm 2.5 3.8 4.6×10
-5

Menke et al. (2016) 503 4.7×10
-5

3.6 5.45 4mm × 4mm 4 4 3.27×10
-5

681 1.02×10
-4

3.1 6.93 4mm × 4mm 4 4 1.78×10
-5

394 4.33×10
-5

3.6 13.4 4mm × 4mm 4 4 7.01×10
-6

436 1.2×10
-4

3.1 9.99 4mm × 4mm 4 4 4.26×10
-6

822 2.46×10
-5

3.6 16.2 4mm × 4mm 4 4 5.77×10
-6

745 7.8×10
-5

3.1 23.8 4mm × 4mm 4 4 3.57×10
-6

Smith et al. (2013) 200 4×10
-3

4.3,4.5,4.8,4.9 7.5-21 15mm × 30mm 1-2 days 14.8 na

500 3×10
-3

4.3,4.5,4.8,4.9 7.5-21 15mm × 30mm 1-2 days 14.8 na

Smith et al. (2017) na na 4.3 2.7-3.3 5-8cm days 42.55 na

na na 4.3 2.5-3 5-8cm days 42.55 na

na na 4.3 1.55-3 5-8cm days 42.55 na
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Chapter 3: Reactive Transport Experimental Design and 

Methods 

The goal of my thesis is to understand the impact of chemical and physical heterogeneity on 

reactive flow in carbonate porous media. The interplay between different mineralogy (representing 

chemical heterogeneity) and different pore structures (representing physical heterogeneity) makes 

dynamics of reactive flow in carbonate rock very complex. A better understanding of physic-

chemical heterogeneity impact on effective reaction rates can be achieved through the dynamic 

imaging of reactive transport in carbonates at reservoir conditions. A key factor of this work is to 

observe the dissolution at the pore level in order to determine the dissolution regime. A similar 

apparatus to the one that will be described here has been used on limestone samples, specifically 

looking at the impact of structural (physical) heterogeneity of carbonate rocks and how it affects 

the type and the rate of dissolution [32].  

3.1 Experimental Apparatus 

The experimental methodology proposed in this thesis is an in situ methodology whereby imaging 

and core flooding happen simultaneously. It is building on the works of [80,120,136] developed 

under QCCSRC at Imperial College, as discussed previously.  

3.1.1 Flow rig components and construction 

The main components are a Zeiss Versa XRM-500 µCT scanner, three Teledyne ISCO syringe 

pumps with controller, Parr instruments Co. Hastelloy reactor with stirring device and heating 

jacket, two PID controllers with thermocouples, a carbon fibre coreholder with heating tape, VICI 

Valco instruments sampler with 2 ml sampling loop, stainless steel tubing with valves and fittings, 

and PEEK tubing with fittings and connectors. Figure 3.1 shows a photo of the experimental 

apparatus’s main parts.  
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Figure 3.1 Individual components of the experimental apparatus; (A) shows the CO2 cylinder, PID controller, 

pumps, reactor with motor, and pump controlling unit all arranged adjacent to the µCT and (B) shows the effluent 

sampler attached to the µCT door just outside the X-ray baffle.  

All these parts are assembled to create a flow-loop that enables the imaging of mm-scale core 

dissolution via CO2-acidified brine flow at elevated pressure and temperature conditions. A two 

position actuator with sampling loop (VICI Valco instruments Co. Inc.) is connected to the flow 

line downstream the core holder, just outside the confines of the µCT enclosure to minimize the 

dead volume between the core and sampler, shown in Figure 3.1B. This sampling device is a 6 

port high pressure and temperature valve that has been adapted for use here. Figure 3.2 shows a 

schematic diagram of the sampler setup.  
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Figure 3.2 Two-position six port VICI HPLC sampler and port connection schematic. During the experiment, the 

sampler is set to ‘Position A’ which runs the effluent through the sampling loop as a collection reservoir. Switching 

to ‘Position B’ allows the pressurized sample to escape through sample collection port while being bypassed by the 

pressurized flow line. Figure modified from https://www.vici.com/support/app/app11.php.   

As the system is pressurized, the sampler works by isolating the sampling loop during sample 

collection, while maintaining flow and pressure continuity in the lines via a bypass route. The 

experimental apparatus is detailed in a schematic shown in Figure 3.3.   
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Figure 3.3 Schematic of experimental apparatus design of which the main parts are a µCT scanner, 3 pumps, a reactor 

vessel, an effluent sampler and carbon-fibre core holder. The only part inside the scanner’s lead enclosure is the core 

holder; all lines to and from the core holder go through an X-ray baffle located on the door of the scanner’s hutch. An 

effluent sampler is connected to the line downstream the core holder near the baffle on the exterior side. Figure from 

[119].  

This experimental apparatus enables the simultaneous µCT imaging and reservoir condition 

flooding of mm-scale rock samples. To achieve reservoir conditions, a Hastelloy reactor (Parr 

instruments Co.) is filled with water containing 5 wt% NaCl and 1 wt% KCl and pressurized to 10 

MPa by injecting scCO2 via the injection pump, heated to 50°C, and left to equilibrate overnight. 

The mechanical stirrer ensures that the brine is fully CO2 saturated resulting in a final pH of 3.1 

[71].  Reservoir conditions and the scCO2 brine reactive solution chosen for our experiments will 

be the same as that used in [29,32,112,119,136,137] to enable a direct comparison of the results.  
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3.1.2 Core holder assembly and mounting in the µCT 

The advantage offered by using this apparatus comes from the design of the Hassler cell. As the 

cell is made from carbon-fibre, it makes it strong enough to withstand elevated pressures and 

temperatures while still being X-ray transparent enough to image a core sample imbedded inside. 

 

Figure 3.4 Carbon-fibre core holder assembly. The carbon-fibre sleeve allows for the experiments to be performed at 

reservoir conditions while being sufficiently X-ray transparent to enable the imaging of the core inside. Figure from 

[119]. 

 In preparation for the experiment, the core holder is pre-load with the sample to be flooded with 

reactive brine. This process begins by wrapping a single layer of aluminium foil tape around the 

core (leaving the ends open) to prevent CO2 gas from leaching laterally out of the core when 

reservoir conditions are prevalent. The core is then inserted snugly into a Viton rubber sleeve of 

which both ends are capped by flow end pieces. Next, two more layers of aluminium tape are 

tightly wrapped around the Viton-end piece assembly, to further prevent CO2 gas from leaching 

out. During the experiment, a 2 MPa pressure differential is applied to confine the samples. Finally, 

the Viton assembly is put into an X-ray transparent carbon-fibre Hassler type core holder. The core 

holder is wrapped in heating tape to maintain the core at a temperature of 50°C; this is controlled 

by a thermocouple threaded along the core. Figure 3.5 shows an illustration of the steps to assemble 

load the core and assemble the core holder.  
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Figure 3.5 Steps for assembling and loading the core holder: (1) Wrap heating tape tightly around carbon-fibre sleeve 

of core holder (2) Thread thermocouple wire through the core holder end-piece and swage connectors for pressure 

tight seal (3) Connect micro-core end-piece to PEEK tubing and feed through core holder end-piece (4) Wrap 

aluminium tape around core sample to prevent potential CO2 leaching (5) Feed PEEK tubing through other the end-

piece and through carbon-fibre sleeve (6) Connect other PEEK end-piece and measure final length of Viton tube 

rubber tube required (7) Cut Viton tube to length and insert micro core and seal both ends with PEEK end-pieces (8) 

Wrap micro-core assembly with final two layers of aluminium tape to prevent further from CO2 leaching (9) Pull 

micro-core assembly to centre of carbon-fibre sleeve and seal both ends of core holder by screwing end-pieces on 

tightly.  

Next step is to mount the core holder onto the rotation stage of the µCT using a custom built 

mounting plate complete with confining line and receiving line valves. Figure 3.6 shows a picture 

of what the inside of the µCT should look like after the installing of the core holder and all the 

flow lines.  
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Figure 3.6 The core holder is loaded on the rotation stage using a custom made mounting plate. To achieve faster 

and better quality scans, the source is moved as close to the sample as possible while still allowing enough clearance 

for rotation.  

3.2 Experimental Procedure for Imaging during Reaction 

The experimental procedure described here will be the same for every sample considered in this 

thesis. The only difference will be the chosen µCT imaging parameters which are dictated by the 

chemical makeup of each sample and the associated attenuation properties. Using the apparatus 

described in the previous section, the experiment can then be performed with special 

considerations taken into account regarding personal safety when using ionizing radiation, CO2 

gas, and elevated temperature and pressure reactive brine. The difficulty level of successfully 

performing these experiments is medium to high and requires a precise and careful execution of 

the following steps: 
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1. Reactive brine preparation: 

a. Fill the reactor with the brine mixture and pressurize to 10 MPa by injecting scCO2 

via the injection pump and run at constant pressure. 

b. Turn on heating jacket and set to 50°C. 

c. Turn on the stirring devise and leave brine to equilibrate with scCO2 overnight. 

d. Collect a sample of the equilibrated bring to establish a baseline for later effluent 

analysis. 

2. Assemble the rig detailed in Figure 3.3 and pressure test connections for any leaks up to 

the stage valves located at the core holder.  

3. Assemble the core holder and load a core sample (approximate size less than 5 mm length 

by 5 mm diameter) by following the steps detailed in section 3.1.1. 

4. Attach the core holder to the µCT stage and integrate into flow loop by connecting the flow 

lines and heating tape electric cables. 

5. Conduct a stage rotation test to ensure the freedom of sample rotation without the catching 

of lines on stationary parts.  

6. Turn on heating tape and set to 50°C.  

7. Apply a confining pressure of 2 MPa around the core and perform a pre-reaction dry scan. 

8. Back-flow 6 wt% potassium iodide (KI) brine from the receiving pump and through the 

core sample until it drips out of the 3 way valve on the bottom of the reactor (V4 in Figure 

3.3). Wetting the core with this highly X-ray attenuating brine causes the pores to show 

brighter in the X-ray image projections. 

9. Close V4 and gradually increase the pressure of the system to 10 MPa via the receiving 

pump while constantly keeping an overburden pressure of 2 MPa in the confining fluid 

resulting in a final confining pressure of 12 MPa.  

10. Open the reactor, which has been maintained at 10 MPa pressure, to the system at 3-way 

valve point (V4). 

11. Set the receiving pump to refill at the desired flowrate of the experiment to begin reactive 

brine flow. 

12. Observe the projections of the sample until they show the light attenuating KI brine leaving 

the core, signalling the arrival of reactive brine; start the sequence of scans at this precise 

moment as the reaction has commenced. 
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13. Collect an effluent sample precisely at the end of each scan and before the start of the next 

scan to avoid compromising image acquisition by a small sample movement potentially 

caused by an instantaneous pressure blip in the flow lines from sampling.  

14. When all images and samples are acquired, stop the receiving pump. 

15. Isolate the reactor from the system at V4 and depressurize the flow lines and confining 

gradually via the receiving and confining pumps until atmospheric pressure is reached.  

16. Turn off all temperature control units and reactor stirring motor. 

17. Stop CO2 pump and leak out reactor pressure with consideration to the rate of CO2 being 

released and air ventilation rate in the lab to avoid asphyxiation.  

18. Complete disassembly of apparatus and removal of core holder and lines from the µCT. 

19. Empty all pumps and clean by flush several times with DI water. 

To complete each experiment, between nine and ten images are taken (one dry scan to capture the 

initial pore structure and the subsequent scans to capture changes caused by dissolution). 

Depending on the experiments done and the chosen scanning parameters, wet scans for the 

dolomite experiments took 50 minutes and scans for the multi-mineral samples took 30 minutes. 

An effluent sample is collected at the end of each scan for the subsequent analysis by means of 

inductively coupled plasma mass spectrometry (ICP-MS). 

3.3 Imaging and Contrast Maximization for Mineral Identification 

In the experiments using core samples with dolomite and calcite minerals, a low energy dry scan 

of the core is taken at the start. This is required in order to have sufficient contrast between mineral 

phases, as explained in Section 2.4. The acquisition time for this early scan is much longer, in the 

range of 5 to 6 hours. The scan energy chosen is 50 KeV based on attaining a big enough difference 

in attenuation coefficient between dolomite and calcite, Figure 2.12. The exposure time is 

calibrated to give average intensity count values that are in the range of 7,000 to 8,000 for high 

signal to noise ratios. 1601 projections were sufficient for image sharpness without overly 

prolonging acquisition time. This initial image has sufficiently high contrast for mineral 

identification for later segmentation. The image resolution of these high contrast scans are exactly 

5.2 µm consistent with all subsequent fast scans. All subsequent ‘fast’ scans during dissolution 

would be registered to the initial scan; only porosity would be segmented from these images and 

used to determine dissolution of each mineral.   
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3.4 µCT Image Processing 

This section will discuss µCT image processing procedure which begins with removing unwanted 

artefacts from raw image and end at segmenting the image into pore and individual mineral 

regions.  

3.4.1 Filtering 

With any X-ray imaging tool there is always image noise, the severity of which is determined by 

the signal to noise ratio. It is unavoidable and has a detrimental effect on image quality. Digital 

image denoising or filtering algorithms are applied specifically to remove noise and preserve only 

what is considered the original image. In reality, denoising will always cause numerical dispersion 

and removal of finer details form the original image. There are several methods devised for noise 

removal, each being unique in approach and result. One common thing which most of them share 

is the reliance on averaging of grey scale values. Choosing and applying the right filter is very 

important as it can heavily influence the result of the subsequent segmentation step.  

For our purposes in this research, it is important to use a filter that preserves the edges where 

different phases meet. Anisotropic Diffusion Filter (ADF), initially formulated by Perona et al. 

[138], is one such filter that respects the edges through the averaging of pixels in the orthogonal 

direction of local gradients.  Because of the complexity of carbonate rock structure, ADF misses 

small features because of its edge enhancement effect and can sometimes result in an unrealistic 

image. 

For carbonate rock image processing, the Non-Local Means (NLM) filter, proposed by [139] 

performs well when trying to resolve pore structure of carbonate rocks. Depending on how it is 

applied, NLM filter has the potential to preserve edges as well as finer details in the original image. 

NLM filter is a variation on the Yaroslavsky filter [140] which averages similar image pixels 

according to their intensity distance. The differences with NLM filter is that it gives a more robust 

similarity between pixels with noise by using a regional comparison technique instead of a local 

pixel comparison, hence the name ‘non-local’ [141]. Figure 3.7 shows a visual comparison 

between the ADF and NLM filters.  
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Figure 3.7. A visual comparison between ADF and NLM filters: (A) shows the raw image slice of a Silurian dolomite 

sample images at 5.2 µm resolution while (B) shows the same slice filtered using the ADF method, and (C) shows the 

same slice filtered with NLM. 

3.4.2 Segmentation 

Image segmentation partitions images into multiple phases based on similarity in grey value. The 

segmentation methods employed in this work are interactive thresholding and the watershed 

method. Interactive thresholding is the simplest segmentation method whereby each phase is 

defined by a chosen range of grey scale values. In cases where an image has a high signal to noise 

ratio and two materials, this method is adequate. Using global thresholding to segment images 

with more than two phases and contrast that is not sufficiently sharp can cause an error known as 

partial volume effect where the grey scale of several materials are averaged together. In these 

cases, the watershed transform will be used to segment the grey scale µCT images because of its 

ability to preserve edges of interfaces [142,143]. It achieves this by seeding different phases at the 

extreme grayscale values and then grows a watershed until a phase boundary is attained. It was 

first introduced by Digabel and Lantuéjoul [144] with the interest of identifying the mathematical 

morphology of structures. Developed further by Roerdink and Meijster [145], the algorithm is also 

best suited to identify individual phases and phase boundaries and avoids the partial volume effect. 

All filtering and segmenting of the images has been done using Avizo, a commercial software for 

3D image data visualisation and analysis. Once segmented, the 3D image may be used as the input 

space for direct simulation which will be discussed in the next section. Figure 3.8 shows 

visualisations of the steps taken to segment a raw image into rock and pore phases which is 

necessary to perform subsequent measurements for data analysis.  
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Figure 3.8. Image (A) showing a 2D slice from the raw micro-CT image, image (B) shows the same image with the 

noise removed by using a nonlocal-means filter, and finally (C) shows the images segmented in two phase – rock is 

grey and pore is black. 

3.4.3 Dissolution Rates from Image Data 

To convert μCT image data into pore-scale effective reaction rate we assume that chemical 

conditions inside the rock are constant due to the fact that a continuous flow fresh reactant has a 

residence time in the order of deciseconds in the 5 mm long sample. This makes it reasonable to 

estimate the reaction rate from the change in porosity (measured from 3D segmented images) 

during an experiment. 

Over the course of a reactive core flood, the changes in the rock incurred by dissolution are 

captured through time lapsed 3D scans which are later segmented into pore and mineral phases. 

These segmented digital representations of the core make it possible to perform different analysis 

where volumes and surfaces can be calculated and quantified. The way that imaging is converted 

to dissolution rates involved measuring the difference in mineral volume and effective surface area 

between scans at fixed time intervals. For the study of single minerals systems, the reaction rate 

was calculated using an equation, the general form of which is: 

 
𝑟𝑒𝑓𝑓 =

𝜌𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑆
×
Δ𝜙𝐶𝑇

Δ𝑡
 (3.1) 

Here, ρmineral is the density of pure mineral, ∆CT is the change in image calculated porosity between 

two scans a time Δt apart, and S is the specific surface area at the start of a considered time period. 

For the naturally mixed mineralogy systems studied in this thesis, the effective reaction rate is also 

measured from imaging and for each mineral present in the rock individually. The effective 
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reaction rate (reff) of dolomite and calcite during dissolution was calculated from mineral volume 

changes observed between segmented micro-CT images: 

 
𝑟𝑒𝑓𝑓 =

𝜌𝑚𝑖𝑛𝑒𝑟𝑎𝑙Δ𝑓𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑆Δ𝑡
 (3.2) 

where Δfmineral is the change in image calculated mineral fraction between scans and Δt is the time 

between scans. As will be seen in the result sections later in the thesis, pore-scale average effective 

reaction rates tend to be orders of magnitude lower than either the batch measured reaction rates. 

It will be shown that this is largely due to mass transport limitations and effective surface areas as 

influenced by the changing flow fields within the pore space.   

3.5 Direct Simulation Modelling 

A numerical finite volume solver implemented in OpenFoam [146,147] will be used to analyse the 

flow fields in the resulting images obtained from segmented µCT scans. This code is preferred 

because it was successfully tested and validated on millimetre-sized three-dimensional images 

accounting for flow and solute transport through both advection and diffusion [33,146–152]. The 

modelling code solves for Navier-Stokes and volume conservation equations: 

 ∇ ∙ u = 0 (3.3) 

 
ρ (

∂u

∂t
 +  u ∙ ∇u) = −∇p + µ∇2u 

(3.4) 

Pressure (p) and velocity (u) are obtained for each voxel between the inlet and outlet faces of the 

image; µ is the viscosity of water (µ = 0.001 Pa s), while ρ is the density of water (ρ = 1,000 

kg/m3). Constant pressure boundary conditions are applied at the inlet and outlet faces (1 Pa 

pressure gradient and Reynolds number Re << 1) with a zero gradient in the directions 

perpendicular to flow. A no-flow boundary condition is used for solid voxel boundaries. After the 

velocities and pressures are obtained for each voxel, absolute permeability K (m2) can then be 

calculated from Darcy’s law, Equation (2.1). The Darcy velocity is calculated as uD = Q/(LyLz), 

where Q (m3/s) is the total volumetric flux calculated as Q = ∫ ux dAx , and Ax (m
2) is the cross-
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sectional area perpendicular to the direction of flow x, and ux is the face velocity normal to Ax; Lx 

,Ly ,Lz are the image lengths in each direction. 

3.6 Effluent Analysis using ICP-MS 

In this research, dissolution will be assessed by measuring major cation concentrations in the effluent 

and this will be used to validate dissolution measurements from imaging. Inductively coupled plasma 

mass spectrometry (ICP-MS) is regarded as a robust technique for trace metal analysis in aqueous 

solutions [153]. This technique measures different isotopes of a certain element. ICP-MS also has an 

analytical range of detection on the order of parts-per-million (ppm) to parts-per-trillion (ppt) in any 

particular acquisition [153]. This capability specifically is valuable for measurements of dissolution in 

aqueous system having backgrounds of high total dissolved solids (TDS); with ICP-MS TDS can go 

up to 25%. Figure 3.9 shows a picture of the Agilent ICP-MS 7900 used for our analysis.     

Typically, an ICP-MS system is made up of 7 main components as explained in Perkin [153] and 

Thomas [154]:  

1. Sample introduction: where liquid samples are transported to a pray chamber to be nebulized 

2. Plasma source: aerosolized samples are dried, vaporized, atomized and ionized with a plasma 

torch 

3. Interface region: where the generated ions go from ambient to vacuum pressure required for 

mass spectrometry 

4. Ion focusing: where an ion deflector separates ions from non-ionized particles 

5. Mass analyser: where ions are separated by their mass to charge ratio 

6. Ion detector: that produces electronic signal when hit by the ions 

7. Data handling: where ion counts from the detector are managed by software. 

In our work we used an Agilent ICP-MS 7900 (shown in Figure 3.9) that uses pure argon gas to 

generate plasma. Among all gasses used for plasma in ICP-MS, argon is the most popular due to its 

high energy of first ionization, 1520 kJ/mol. One drawback though is that 40Ar interferes with the 

measurement of 40Ca, calcium’s most abundant isotope. Therefore, what is actually measured are 43Ca 

and 44Ca, other stable isotopes of calcium that are 0.135% and 2.086% in abundance respectively.  
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Figure 3.9 Agilent ICP-MS 7900 used for effluent analysis post-experimentation.  

During an experiment, collected samples are diluted with a 2% nitric acid solution prepared with 

deionized water and TraceSelect® ≥69.0% HNO3 solution that reportedly contains less than 10 

µg/kg of Ca. The samples are slightly acidified mainly to prevent precipitation and any biological 

growth activity. The samples are analysed for calcium, magnesium, potassium, and sodium at 

ambient conditions. Concentrations of these elements where checked against multilevel calibration 

standard solutions for each analytical run. Using mass conservation principles and known chemical 

equilibrium values for the reactions taking place, we are able to ascertain the amounts of dissolved 

rock minerals.  

3.7 Data Quality Assurance 

To assess the data quality with regards to potential errors arising from image segmentation, a 

sensitivity analysis was conducted for an experiment on the images acquired at the start (where 
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porosities were lower but change quicker) and end (where porosities were higher but change more 

slowly) to see the effect of this error on calculations of porosity, permeability, mineral volumes, 

mineral surface areas, and effective reaction rates. We do this by considering the thresholding 

values defining pore and rock phases from images acquired during an experiment on a Silurian 

dolomite and consider them as the base case CT numbers. The segmentation is then modified by 

increasing and decreasing the base case threshold values by 200 CT numbers to obtain high and 

low bound cases. Porosities, mineral volumes, mineral surface areas, and effective reaction rates 

are then calculated for high and low bound segmentations to measure their deviation from base 

case values. Flow simulation was performed for the base case, and the low and high bound value 

images to assess the permeability sensitivity to segmentation. High and low bound deviations from 

the base case calculated values are shown in Table 3.1.  

Table 3.1. Percent error incurred on measured and calculated values including porosity, mineral volume, surface area, 

and permeability from increasing and decreasing segmentation threshold an equal CT number amount for images from 

an experiment on Silurian dolomite sample.  

Time Period 

Scan 

Number. 

Difference in 

Base case CT 

Number  Porosity 

Mineral 

Volume 

Surface 

Area Permeability 

Start of 

Experiment 

Scan t1 
-200 -1.78% -0.35% -2.1% -8% 

+200 1.84% 0.36% 2.2% 11% 

Scan t2 
-200 -2.54% -0.53% -3.6% -16% 

+200 2.73% 0.57% 4.2% 19% 

End of 

Experiment 

Scan t8 
-200 -1.64% -0.46% -2.8% -5% 

+200 1.70% 0.48% 3.1% 4% 

Scan t9 
-200 -1.56% -0.45% -2.8% -4% 

+200 1.63% 0.47% 3.1% 4% 

Figure 3.10 shows a plot of the first and last calculated reaction rates of the experiment with 

error bars from that varied segmentation.  
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Figure 3.10. Plot showing effective reaction rates measured from imaging at the start and end of an experiments on 

Silurian dolomite with the associated error bars sourced from sensitivities related to segmentation.  

An average error of ±6.5% for effective rate measurements at early time and ±3.8% at late time is 

estimated from this analysis. From this analysis, it is apparent that the measurement error 

associated with segmentation is largest at the start an experiment where changes to pore structure 

are more dramatic.  

3.8 Summary 

In this chapter, the experimental methods and analytical techniques used as part of pore-scale 

observation and analysis of dissolution in carbonate minerals at reservoir conditions were 

discussed. In the next chapter we describe of the carbonate rock samples used in this research: a 

pure dolomite, a pure calcite, and a mixed calcite and dolomite reservoir rock. Analysis done 

includes mercury injection capillary pressure (MICP), X-ray diffraction (XRD), thins section, and 

µCT imaging. Prior to a petrophysical description of the samples, the chapter provides a brief 

summary on the used nomenclature system for carbonate rock classification. 
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Chapter 4: Carbonate Sample Description 

Carbonate formations have a wide range of pore structures and grain size distributions depending 

on their depositional and diagenetic histories [6,155,156].  As the objective of this research was to 

see the effect of pore-scale physical and chemical heterogeneity of carbonate rocks on their 

dissolution when exposed to the flow of acidified CO2 brine, a methodical approach was 

considered whereby the examined samples start from single mineral cases and increase in 

complexity to multi-mineral. Calcite and dolomite are the two minerals featured in this work as 

they are the most abundant carbonate minerals existing in nature [6,132]. The carbonate samples 

examined in this work are Ketton Limestone (homogeneous physically and chemically), Silurian 

dolomite (heterogeneous physically and homogeneous chemically), and sample B3, a mixed 

mineralogy reservoir sample (heterogeneous physically and chemically). Here, descriptions and 

classifications of the samples used terminology after Dunham [157] (see Figure 4.1). 

 

Figure 4.1 Adaptation of Dunham (1962) limestone classification taken from Tucker & Wright [158].  
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Figure 4.2 Planar and non-planar dolomite fabric classification from Sibley & Gregg [159].   

We use terminology from Choquette and Pray [71] is used to describe pore types and sizes shown 

in Figure 4.3. 

 

Figure 4.3 Classification of carbonate porosity Choquette and Pray [160]. Porosity types are divided into three groups: 

fabric selective, non-fabric selective, and fabric selective or not.  
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The Choquette and Pray classification takes into account micro-porosity and labels it ‘intraparticle’ 

porosity [160]. They define it as having an average diameter less than 62.5 µm. In our work, this 

is considered to be quite large as we consider microporosity which is unresolvable by µCT 

imaging. Later, Cantrell and Hagerty [161] provided a more detailed characterization of 

microporosity classifying it into four major types including microporous grains, microporous 

matrix, microporous fibrous to bladed cement and microporous equant cement. They deemed 

microporosity to be that which is less than 10 µm with the justification that it is the resolution limit 

of most optical petrographic microscopes.  

Sample characterization will include scanning electron microscopy and thin section analysis to 

examine surface characteristics and crystallization. Using core plugs, the porosity of each sample 

was measured from helium porosimetry and liquid permeability from applying a pressure 

differential and Darcy’s Law. Mercury injection capillary pressure (MICP) analysis was also 

performed to report pore throat radii from the Young-Laplace equation: 

 
𝑃𝑐 =

2𝜎

𝑟
 (4.1) 

where Pc is the capillary pressure (Pa), σ is surface tension (N/m), and r is the pore throat radius 

(m). In their respective chapters, the pore-structure heterogeneity of each rock is characterized by 

the imaged pore velocity distributions. 

4.1 Silurian Dolomite 

The Silurian dolomite (>99% dolomite) used in the reaction experiments was from the Thornton 

formation deposited between 443 to 416 million years ago [112]. Silurian is homogeneous in 

chemical composition but spatially has a very heterogeneous pore structure even at the scale of 

sample size chosen for this work, 4.8 mm long by 4.8 mm diameter (Figure 4.4). 
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Figure 4.4 (A) µCT image of Silurian dolomite taken at 5 µm resolution.(B) 1.5 inch diameter core plug of Silurian 

dolomite. 

Helium porosimetry gave an average core plug porosity of 15% and a separate core flood measured 

a liquid permeability of 30 mD. MICP analysis, shown in Figure 4.5, shows Silurian having a wide 

range of pore throat sizes with the peak around 10 micron. From the µCT images, Silurian can be 

classified as vuggy with a very wide range of pore sizes.  
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Figure 4.5 MICP curve for Silurian dolomite from Chen [162].  

According to the Folk et al. [163] scale, Silurian dolomite crystal sizes are medium to finely 

crystalline with a nonplanar texture (Figure 4.6). The sample is completely dolomitized.    

 

Figure 4.6 Thin section image for Silurian dolomite.  
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4.2 Ketton Limestone 

Ketton is a well characterized and widely known oolitic carbonate quarry limestone from Ketton, 

Rutland, UK (Figure 4.7). It is often used by experimentalists since it has large pores that are easily 

imaged. It was deposited 169-176 million years ago and is almost pure calcite.  It is characterized 

as a medium grained oolite with microporous cement of a standard micritic texture. It has an 

average helium porosity of 0.234 and a permeability of 2.81×10-12 m2 measured on a standard size 

core plug [137].   

 

Figure 4.7 (A) µCT image of Ketton limestone taken at 5 µm resolution. (B) 3.8 cm diameter core plug of Ketton 

limestone. 

Ketton is considered to be homogeneous in both its mineralogy and pore-structure as it is well 

connected throughout. Its MICP curve shows a bimodal distribution of pore throats, the smaller 

group representing the microporosity (Figure 4.8). Due to the µCT imaging resolution of ~5 µm 

in this work, only the larger pore sizes are resolvable for subsequent flow simulation.    
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Figure 4.8 MICP curve for Ketton limestone from [164] 

Ketton grains are divided into two main types: spherical microporous ooliths (with ranging nuclei types 

and concentric layering) and smaller grained fragments and peloid pellets, Figure 4.9.  
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Figure 4.9 Thin section images of Ketton limestone with varying magnifications. The grey shades represent calcite 

mineral and the blue dye is pore [165].  

4.3 B3 Mixed Mineralogy Reservoir Sample 

The B3 carbonate sample chosen for this study comes from an underground aquifer in the Middle 

East whose exact location and depth is undisclosed. XRD analysis shows the sample having 86.6% 

dolomite and 11.1% calcite and an average porosity of 0.109 measured from helium porosimetry 

on a 3.8 by 7.6 cm core plug (Figure 4.10B). For our experiments, all the core samples used are 5 

mm diameter by 5 mm length drilled parallel to the plain of bedding. Initially, we perform low 

energy (50 KeV) dry scans to maximize the image contrast so that we are able to differentiate 
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between dolomite and calcite mineral. Figure 4.10A shows a µCT grey-scale image of sample B3 

where calcite, dolomite, and pore are easily distinguishable.   

 

Figure 4.10 (A) µCT image of B3 mixed mineralogy reservoir sample taken at 5 µm resolution. Dolomite (grey) and 

calcite (white) and pore (black) are visually distinguishable. (B) 3.8 cm diameter core plug of B3 mixed mineralogy. 

According to the Dunham classification, it is described as having a dolomitised matrix with micrite 

envelopes. It is considered a dolopackstone that is bimodal in dolomite crystal size with very fine 

to aphano-crystalline grains after Folk et al. [163]. Calcite is available as a medium to very coarsely 

crystalline phases that are pore-filling in interparticle and mouldic pores. These features are visible 

in Figure 4.11 showing thin sections for sample B3 at multiple magnification levels.  
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Figure 4.11 B3 reservoir sample thin section microscopy images. (A) shows a lower magnification image and (B) 

shows a higher magnification image. In both images, the grey mineral represents dolomite (d1, d2), pink stains 

represent calcite (c1, c2), and blue represents the pore space.    

MICP data shows a wide range of pore throats radii with the peak around 1 micron, as shown in 

Figure 4.12.  



Chapter 4: Carbonate Sample Description 

67 

 

 

Figure 4.12 B3 reservoir sample MICP pore throat radius distribution, by Weatherford Laboratories [166].  

From the backscattering image in Figure 4.13, it is apparent that the calcite is mostly enclosed in 

dolomite and the porosity mainly exists in the dolomite. B3 carbonate sample is considered as 

being both chemically and physically heterogeneous. The distribution of calcite within the sample 

is random in both location and size.  
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Figure 4.13 Backscattered electron image of a B3 sample surface where C indicates calcite, D indicated dolomite 

mineral and P is pore. Imaged used with permission from Anabaraonye [44].  

4.4 Summary 

In this chapter, the carbonate samples used in the experiments of this thesis are described: Silurian 

dolomite, Ketton calcite, and a mixed mineralogy carbonate reservoir sample. From MICP 

analysis, pore size distribution shows that the majority of the porous volume of these rocks is 

resolvable when using µCT imaging at our selected resolution of ~5 µm. All the samples exhibit 

surface roughness features and the presence of micro-porosity but due to the observation length 

and time scale prescribed for this work and the speed at which reaction happens, effects from these 

factors are non-perceptible. The samples are composed almost entirely of calcite and/or dolomite 

and were chosen on the basis of a desired level of chemical and physical heterogeneity as required 

by the experimental control factors.  The next chapter is the first of the three chapters that show 

experimental results and analysis of the effect of heterogeneity and flowrate on dissolution. It starts 

with the case of complete chemical homogeneity (a pure dolomite) and different degrees of 

physical heterogeneity predefined by a novel method derived from combination of pore-scale 

imaging and modelling. 
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Chapter 5: Influence of Initial Pore Structure and Flowrate 

on Dolomite Dissolution 

 

A digital 3D representation of Silurian Dolomite micro-core 

5.1 Overview 

The aim in this chapter is to characterize reactive transport in dolomite for CO2 storage by 

combining pore-scale experimental observation and modelling. We provide micro-scale 

observations at an image resolution of 5.2 µm to enable further insights into coupled reactive 

phenomena unresolvable at larger scales. To make direct observations of the effect of physical 

heterogeneity and flow conditions on reaction rates and patterns, a screening method for 

characterizing the rock heterogeneity prior to conducting the reaction experiments is introduced. 

First, dry scans of the core samples are performed. Then, on these images, direct  numerical 

simulations using a Navier-Stokes flow solver are run  [147,167] to obtain velocity fields 

representing their intrinsic heterogeneity characteristics. Using this analysis, four dolomite 

samples are classified into two heterogeneity groups A and B, based on their pore-scale velocity 

distributions. Next, dynamic reactive transport experiments are performed to obtain effective 

reaction rates and examine the impact of pore structure and initial flow field heterogeneity at two 

flowrates. Reactive transport experiments are then analysed by again employing direct flow 
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simulation on time-lapsed pore-space dissolution images acquired during experimentation to 

provide (a) the porosity-permeability relationship, and (b) dynamic changes in flow heterogeneity 

characteristics from reaction-induced alterations in pore velocity distributions. Finally, there will 

be a discussion of the effects of flowrate and initial rock heterogeneity on dissolution rates and 

patterns.  

5.2 Introduction 

In single mineral systems, dissolution induced changes in dynamic properties have been shown to 

be dependent on initial pore structure [32,42,105]. All these studies lack the means to quantify 

physical heterogeneity in natural systems order to study its effects of dissolution in a systematic 

way. We address this knowledge gap by introducing the Screening Pore-scale Imaging and 

Modelling (SPIM) method; this is a novel technique whereby flow field heterogeneity of rock 

samples is pre-screened and the degree of physical heterogeneity between them can be directly 

compared.  

Menke et al. [32] injected scCO2 saturated brine at 50°C and 10 MPa into millimetre-scale calcite 

cores (Portland and Estaillades, >97.2% calcite), with variations of physical heterogeneity between 

the samples and imaged the pore space changes resulting from dissolution. In more heterogeneous 

rock it was observed that dissolution occurs along preferential flow pathways leading to channel 

growth. On the other hand, homogeneous pore structures gave rise to a uniform dissolution i.e. an 

even growth of all flow pathways [33].  

Thus far most single-mineral imaging of dissolution by CO2 acidic brine have featured calcite 

bearing limestones [29–35]. However, fewer studies have looked at a slower reacting dolomite 

[105] despite the fact that dolomite is the second most abundant carbonate mineral [132], and 

features as the main mineral in some prominent hydrocarbon reservoirs [133]. In this Chapter, we 

will systematically examine the impact of pore structure on reaction rates and dissolution patterns 

in Silurian dolomite reacting with CO2 acidified brine at reservoir conditions.  

Dolomite exhibits a reaction rate one order of magnitude lower than that of calcite [74]. In the 

context of CO2 storage, Luhmann et al. [118] performed core-scale (centimetre-scale) dissolution 

experiments in dolomite core plugs to investigate the effect of varying flow rate; a faster increase 
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of permeability was observed at high rates. In a more recent study, Smith et al. [105] highlighted 

the importance of pore-scale observations (hence our work is at the pore-scale to address this 

specific gap in knowledge) and imaged the dissolution of different permeability and physical 

heterogeneity in dolomite cores at 42.55 µm resolution to calibrate a continuum-scale reactive 

transport model.  

It has been reported that physical heterogeneity drives a dissolution front [42,106,121,134,135] 

that determines the porosity-permeability relationship and effective reaction rate. The previously 

mentioned works, however, do not exactly quantify physical heterogeneity in order to see its exact 

effects. Our approach to characterize reactive transport in dolomite for CO2 storage is to combine 

pore-scale experimental observation and modelling. We provide micro-scale observations at an 

image resolution of 5.2 µm to enable further insights into coupled reactive phenomena 

unresolvable at larger scales. To make direct observations of the effect of physical heterogeneity 

and flow conditions on reaction rates and patterns we use the SPIM pre-screening method for 

characterizing the rock heterogeneity prior to conducting the reaction experiments.  

5.3 Silurian Dolomite Heterogeneity Characterization 

The dolomite samples used in this chapter were extracted out of the Silurian dolomite core plug 

described in section 4.1 of chapter 4. Sample selection for the experiments that are presented here 

involved a novel screening method whereby samples are chosen based on their pore structure 

heterogeneity characterized by their simulation derived flow field; this method is the so called  

SPIM technique. The process starts by drilling 8 micro-cores (5 mm length × 5 mm diameter) and 

imaging all of them in a µCT at 5.2 micron resolution. The pore-space from each dry scan is 

segmented out and used as 3D mesh on which to run a Navier-Stokes flow solver detailed in 

Section 3.5. The simulation produces a flow field with a calculated velocity for each pore voxel. 

The distributions of the velocities from each sample, in the form of probability density functions 

(PDFs) of velocities, are used to characterize the intrinsic flow heterogeneity of the samples. Out 

of the ten samples, two pairs were chosen for experimentation based on the shape of their velocity 

distributions reflecting their structural heterogeneity. Figure 5.1 shows the velocity distributions 

of the four rocks, where velocity is sampled logarithmically.  
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Figure 5.1 Initial PDF of the logarithm of velocity for each of the four samples. Heterogeneity A samples are 

characterized by both a smaller number of stagnant velocities and a single peak with larger number of velocities similar 

to the average velocity, suggesting a less heterogeneous flow field in comparison to Heterogeneity B. Heterogeneity 

B samples are characterized as having two peaks suggesting the presence of two separate channels and a more 

heterogeneous pore space. 

Each individual pair has samples of matching heterogeneity (heterogeneity A and heterogeneity 

B) and within each pair, a low (0.1 ml/min) and high (0.5 ml/min) rate dissolution experiment 

(described in Chapter 3) was performed, giving a total of four experiments. Samples A are 

observed to have lower pore structure heterogeneity (single peak distribution) and a smaller 

number of low velocities, whereas samples B are seen as having a higher heterogeneity due to the 

double peak of their velocity distributions and a larger number of stagnant velocities. However, 

the range of flow speeds is similar for all the samples and consistent with all 8 samples considered 

in the screening study. 

5.4 Experimental Imaging and Effluent Sampling Strategy 

As discussed in Chapter 3, to complete each experiment, nine images are taken (one dry scan to 

capture the initial pore structure and eight subsequent scans to capture changes caused by 

dissolution). The intrinsic reaction rate of dolomite, that is the batch reaction rate of 5.1×10-5 

mol/m2s measured with scCO2 saturated brine at the same conditions as in this work [79], is 

sufficiently slow for a laboratory  based µCT to capture the dissolution dynamics. Table 5.1 shows 

details of imaging strategy and parameters chosen for each experiment. 
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Table 5.1. Scan and experimental parameters for all four experiments. 

Sample group Flowrate 
Experimental 

time 
No. of 
scans 

No. of 
projections 

Time per 
scan 

  (ml/min) (min)     (min) 

Heterogeneity A  0.1 400 9 901 50 

Heterogeneity A  0.5 400 9 901 50 

Heterogeneity B  0.1 400 9 901 50 

Heterogeneity B  0.5 400 9 901 50 

Each scan took 50 minutes and an effluent sample was collected at the end of each scan for the 

subsequent analysis by means of inductively coupled plasma mass spectrometry (ICP-MS). About 

2 ml of effluent is collected each time and samples were collected at the end of each scan and 

before the start of the next scan to prevent potential disruption of image acquisition caused by 

sample movement.  

5.5 Effective Reaction rate and Péclet-Damköhler Analysis on Images 

As explained in Chapter 2 the dimensionless numbers, Damköhler and Péclet, are used to 

characterize and quantify reactive transport. The Damköhler number characterizes the relationship 

between the chemical reaction timescale to the mass transport timescale of a particular system, 

Equation (2.8). The most common form of the Damköhler number relates the reaction rate to the 

mass transport rate through advection or mass flow; this is called the advective Damköhler number, 

Equation (2.9). From that equation, uavg is the interstitial velocity (m/s) defined as the average 

velocity of the fluid flow within the pores. 

 𝑢𝑎𝑣𝑔 =  
𝑢𝐷

𝜙𝐶𝑇
 (5.1) 
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 uD is the Darcy velocity (m/s) and ϕCT is the porosity calculated from the segmented micro-CT 

images. Da is also defined as the ratio of the time for advection to time for reaction over a 

characteristic length and reaction time can be interpreted as the time taken to dissolve a portion of 

the rock of length L. As stated earlier, the non-transport limited reaction rate of dolomite under 

condition of this work was measured to be r = 5.1×10-5 mol/m2s. If Silurian dolomite was assumed 

to be pure dolomite of spherical grains, then the reaction rate constant can be estimated by k = 

πr/nL [33], where n represents moles of dolomite per unit rock volume:  

ρdolomite is the grain density of dolomite measured from helium porosimetry (2820 kg/m3) and 

Mdolomite is its molecular mass (0.1844 kg/mol). ϕtotal is ϕCT plus the unresolvable microporosity 

(ϕmicro):  

where (ϕmicro) is estimated from helium porosimetry using the equation: 

For the particular Silurian samples used in the experiments, ϕmicro was calculated to be 0.05, 

assuming a homogeneous grain porosity throughout the rock. With the above estimation of 

reaction rate constant, Equation (2.9) can be rewritten as follows [33]: 

 Da =
𝜋𝑟

𝑢𝑎𝑣𝑔𝑛
  (5.5) 

The Péclet number compares the effectiveness of mass transport of the solute by advection to that 

by diffusion:  

 
𝑛 =

𝜌dolomite(1 − 𝜙total)

𝑀dolomite
 (5.2) 

 𝜙𝑡𝑜𝑡𝑎𝑙 = 𝜙𝑚𝑖𝑐𝑟𝑜(1 − 𝜙𝐶𝑇) + 𝜙𝐶𝑇 (5.3) 

 
𝜙𝑚𝑖𝑐𝑟𝑜 =

𝜙ℎ𝑒𝑙𝑖𝑢𝑚 − 𝜙𝐶𝑇

1 − 𝜙𝐶𝑇
 (5.4) 
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𝑃𝑒 =

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
 (5.6) 

This definition leads to Péclet number as an estimation of fluid movement over a characteristic 

length [40]: 

 
𝑃𝑒 =

𝑢𝑎𝑣𝑔𝐿𝑐

𝐷𝑚
 (5.7) 

Dm is the temperature dependent molecular diffusion coefficient (7.5×10-10 m2/s for Ca2+ at 25 ͦC) 

[31]. The characteristic length (Lc) of consolidated rock samples is found from  the ratio of sample 

bulk volume VB to micro-CT image calculated surface area As i.e. specific surface area S (m-1) [41]: 

 𝐿𝑐 =  
𝜋

𝑆
 (5.8) 

The effective reaction rate (reff  – mol/m2s) of dolomite dissolution, including mass transfer 

limitations, was calculated from porosity changes seen between each consecutive segmented 

micro-CT image [112]: 

 
𝑟𝑒𝑓𝑓 =

𝜌dolomite(1 − 𝜙𝑚𝑖𝑐𝑟𝑜)

𝑀dolomite𝑆

Δ𝜙𝐶𝑇

Δ𝑡
 

(5.9) 

Although the reactive brine can invade microporosity by diffusion, it is assumed that this process 

is too slow and does not cause dissolution to take place within the grains – this is confirmed by the 

images as no observable change in the grey scale of the rock grains. The grain porosity term ϕmicro 

in the equation for reff accounts for the fact that the solid contains micro-porosity. Peng et al. [79] 

reported the batch non-transport limited reaction rate of dolomite mineral to be 5.1×10-5 mol/m2s 

at similar solution composition and temperature and pressure conditions as in this study.    

Equation (5.9) captures an average rate of mass transfer in the experiment: we divide the mass 

transfer by the specific surface area from image analysis to find an effective reaction rate [31–

34,100,102]. This reaction rate is an effective value and accounts for mass transfer limitations in 



Chapter 5: Influence of Initial Pore Structure and Flowrate on Dolomite Dissolution 

76 

 

the dissolution process at the specific conditions of the experiment. We follow this approach to 

allow direct comparison with experimental measurements from batch reactors when mass transfer 

limitations are avoided through vigorous stirring. 

5.6 Results 

Presented first are the porosity changes during dissolution and then the results of the analysis of 

dissolved rock volume from µCT images are compared with the measurements obtained from ICP-

MS effluent analysis. Next, effective reaction rates from measurements are presented, based on 

the rate of mass transfer under these experimental conditions, followed by a pore-scale simulation 

analysis of the permeability-porosity relationship and dynamic changes in Pe, Equation (5.7), and 

Da numbers, Equation (5.5). Finally, the flow fields of the four dolomite samples are visualized 

and will serve as a basis for interpretation of the effective reaction rates based on time-dependent 

velocity distributions.  

5.6.1 Evolution of porosity and material balance analysis 

The increase in porosities, due to dissolution, calculated on images (ϕCT) for different heterogeneity 

samples at high and low flowrates are plotted against time in Figure 5.2.  

 

Figure 5.2 Porosity versus experimental time calculated from µCT images for Silurian dolomite samples at low (0.1 

ml/min) and high (0.5 ml/min) flowrates. The high rate examples show a faster increase in porosity from dissolution 

than the low rate experiments. For the low rate experiments, the porosity increases at similar rates whereas at a higher 

rate, the more heterogeneous sample (B) shows a more rapid increase in porosity than sample A but arrive at the same 

value at the end.   



Chapter 5: Influence of Initial Pore Structure and Flowrate on Dolomite Dissolution 

77 

 

For samples A and B, faster increases in porosity are measured for the higher rate experiments. 

This implies that flowrate has a profound effect on dissolution in dolomite – in the following 

sections, we will use pore-scale simulation to explain the origin of this behaviour for different rock 

heterogeneities. The evolution of porosity profiles along the length of the cores, shown in Figure 

5.3, provide more detail on how porosity increases; both porosity and change in porosity are 

represented.  

 

Figure 5.3 The µCT image porosity profiles along the cores with the progression of experimental time on the left side 

of each figure and the image porosity change along the core on the right side of each figure for all four samples (a-d). 

The initial distribution of porosities along the length of the samples, shown by the blue lines in 

Figure 5.3, is a reflection of Silurian dolomite’s heterogeneous pore space. The plots of change in 

porosity show more dissolution at the inlets of the cores for the high rate experiments for samples 

A and B. 
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Magnesium ion (Mg2+) concentrations measured in the effluent are used to estimate the rock 

volume dissolved and this is compared to the rock volume dissolved from the change in porosity 

on the µCT images. Figure 5.4 compares the volumes calculated from both methods for all four 

samples.  

 

Figure 5.4 The volume of dolomite dissolved in 50 minute increments for the samples calculated from ICP-MS 

effluent analysis and from µCT images; a good match is observed between measurements of both methods. The first 

points from effluent analysis could not be quantified using this method because the initial effluent samples do not 

have representative concentrations due to the delay in the arrival of the reactive brine to the sampling point after t0. 

A good agreement is seen between the results obtained by the two methods. Oscillations in the 

plots of volume dissolved measured from images could very well be real or caused by errors in 

phase segmentation. Either way, a one-to-one comparison with the effluent method is not entirely 

correct because it is measured by averaging dissolution over 50 minute periods from sampling 

points of 2 ml volumes. Rather, the intent is to see that the overall trends between the two methods 

are the same. For the high rate conditions, approximately twice as much of the rock has dissolved 

than at the lower rate. For the low rate conditions, there is a very slow decrease in the amount of 

dolomite disolving throughout the experimental time whereas for the higher rate, the amount of 

dolomite dissolution decreases more markedly over time.  
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5.6.2 Effective reaction rates 

Figure 5.5 shows effective reaction rates versus time for the four dolomite core experiments 

calculated from the images using Equation (5.9): there is relatively little change in rate with time. 

The effective reaction rates for samples A and B at the higher rate are 5.47×10-6 mol/m2s and 

10.60×10-6 mol/m2s respectively, while for the lower rate they are 3.15×10-6 mol/m2s and   

1.35×10-6 mol/m2s respectively. 

 

Figure 5.5 Effective reaction rate versus experimental time for low (0.1 ml/min) and high (0.5 ml/min) flowrate 

experiments in the samples with heterogeneities A and B. 

From Figure 5.5, it is observed that higher flowrates result in higher effective reaction rates due to 

more efficient transport. Reaction is faster in the more heterogeneous sample B – this is attributed 

to the formation of several preferential dissolution channels which were quantified as the two 

peaks in the high velocity regions of velocity distributions in Figure 5.1 in Section 5.3. This will 

be explained in more detail by visualizing time-dependent velocity fields in Section 5.6.4 and 

velocity distributions in the Discussion, section 5.7. 

5.6.3 Permeability Simulation and Péclet-Damköhler Analysis 

Figure 5.6 shows the permeabilities computed through direct simulation of flow against the 

connected porosities calculated from the µCT images using the method described in Chapter 3.5.  
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Figure 5.6 Log-log scale plot of calculated permeabilities plotted against porosities for the two low (0.1 ml/min) and 

two high (0.5 ml/min) flowrate experiments. The porosities considered in the simulation are those connected in the 

axis parallel to flow. The permeability data for each sample is fitted with a power-law trend.  

For both samples A and B a much greater overall increase in permeability is observed for the 

higher rate experiments. Irrespective of initial rock heterogeneity and initial porosity/permeability, 

the porosities and permeabilities at the end of core flooding in the high flowrate experiments have 

similar values. In contrast to this, Figure 5.6 shows that at the end of the low rate experiments the 

permeability for the initially more heterogeneous rock B is lower than that of the sample A by a 

factor of almost 5. This indicates that initial rock heterogeneity and initial porosity/permeability 

have an appreciable impact on the dissolution rates under less advective conditions. Although 

smaller changes in porosity from the low flowrate experiments are inducing larger jumps in 

permeability, in the final permeabilities of the high rate experiments are greater due to the greater 

overall increase in porosity. Part of this phenomenon can be attributed to the effect of transport 

and part to the difference in pore structure between the two samples.  

A power law with the equation 𝐾 = 𝑐ϕconnected
𝑚  is used to fit the porosity-permeability 

relationships where K is the permeability (m2), c is a constant and m is the power-law exponent. 

The use of this relationship has been noticed in earlier works to help parameterize permeability–

porosity functions for modelling [34] and observed experimentally in the context of mineral 

transport limited dissolution [31–34,105,106,112] with values of m in the range 0.29 to 21. The 

exponents obtained in the work presented here are in the upper range and higher. It has been 

observed that lower rates yield higher m values; meaning, a smaller increase in porosity yields a 
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greater jump in permeability. As shown later, unstable dissolution fronts are seen and they are 

attributed to pore space heterogeneity which is the origin of this sensitive dependence of 

permeability on changes in porosity [105]. The next section will use velocity field simulation to 

further examine the effects of structural heterogeneity.  

Figure 5.7 shows the results of the Péclet-Damköhler analysis, as described in section 5.55. All 

experiments are considered to have relatively high Péclet number meaning that advection 

dominates over diffusion. However, the degree to which the dissolution is transport controlled 

varies between the two rates as evident by the difference in effective dissolution rates.   

 

Figure 5.7 Damköhler number vs time and Péclet number vs time for two low and two high flowrate dissolution 

experiments on Silurian dolomite samples. 

All the experiments show a decrease of Péclet number through time; a faster decrease is observed 

in the high flowrate cases, which is due to the faster dissolution, resulting in a larger increase in 

porosity and hence a greater lowering of uavg for a fixed Darcy velocity. The Damköhler number 

is much less than 1 for all flowrates implying that the reaction rates are slow relative to advection. 

All experiments indicate that Da increases over time in a steady fashion – this is a consequence of 

the decrease in average flow speed over the experiments; the reaction rates do not change so 

markedly, see Figure 5.5. Table 5.2, Table 5.3, Table 5.4, and Table 5.5 show the flow, transport 

and reaction parameters (Pe, Da, ϕCT, reff, S, and permeability) calculated from the segmented µCT 

images for all four experiments at t = 0 min, t = 200 min, t = 400 min. 

Table 5.2 Parameters for sample with Heterogeneity A in the low flowrate experiment 
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Scan # 
Time 

(min) 
Pe Da 𝜙𝐶𝑇 reff (mol/m2s) 

Permeability 

(m2) 

S (m-1) 

1 0 421 2.34 × 10−5 0.209 0 4.39 × 10−13 5336 

5 200 378 2.60 × 10−5 0.222 2.67 × 10−6 5.06 × 10−12 5468 

9 400 347 2.84 × 10−5 0.236 2.62 × 10−6 2.42 × 10−11 5530 

Table 5.3 Parameters for sample with Heterogeneity A in the high flowrate experiment  

Scan # 
Time 

(min) 
Pe Da 𝜙𝐶𝑇 reff (mol/m2s) 

Permeability 

(m2) 

S (m-1) 

1 0 1632 4.54 × 10−6 0.204 0 5.51 × 10−13 5684 

5 200 1320 5.76 × 10−6 0.238 6.01 × 10−6 2.58 × 10−11 5507 

9 400 1217 6.81 × 10−6 0.264 4.96 × 10−6 1.23 × 10−10 5018 

Table 5.4 Parameters for sample with Heterogeneity B in the low flowrate experiment 

Scan # 
Time 

(min) 
Pe Da 𝜙𝐶𝑇 reff (mol/m2s) 

Permeability 

(m2) 

S (m-1) 

1 0 369 1.88 × 10−5 0.182 0 6.73 × 10−14 6044 

5 200 328 2.02 × 10−5 0.190 1.50 × 10−6 1.36 × 10−12 6278 

9 400 297 2.17 × 10−5 0.198 1.46 × 10−6 5.38 × 10−12 6472 

Table 5.5 Parameters for sample with Heterogeneity B in the high flowrate experiment 

Scan # 
Time 

(min) 
Pe Da 𝜙𝐶𝑇 reff (mol/m2s) 

Permeability 

(m2) 

S (m-1) 

1 0 2653 3.85 × 10−6 0.184 0 5.21 × 10−14 4998 

5 200 2028 5.41 × 10−6 0.228 1.23 × 10−5 4.02 × 10−11 4922 

9 400 1720 6.89 × 10−6 0.266 9.73 × 10−6 2.93 × 10−10 4791 

 

5.6.4 Pore-scale Velocity Fields 

Simulation on the segmented images’ connected pore voxels provides the velocity fields and the 

distribution of velocities. A 3D rendering of these velocities, normalized in each individual image 

with its respective average pore velocity (uavg), are shown in Figure 5.8, Figure 5.9, Figure 5.10, 

and Figure 5.11. 
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Figure 5.8 Images of 3D renderings of velocity fields from simulations showing changes with dissolution for the 

sample with Heterogeneity A flooded at a low (0.1 ml/min) flowrate. The direction of flow is from bottom to top and 

the low and high colour scale represents normalized voxel velocities within each image. Box size is roughly 5 mm3 at 

5.2 µm resolution. 
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Figure 5.9 Images of 3D renderings of the velocity fields from simulations showing changes with dissolution for the 

sample with Heterogeneity A flooded at a high (0.5 ml/min) flowrate. The direction of flow is from bottom to top and 

the low and high colour scale represents normalized voxel velocities within each image. Box size is roughly 5 mm3 at 

5.2 µm resolution. 
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Figure 5.10 Images of 3D renderings of the velocity fields from flow simulations showing changes with dissolution 

for the sample with Heterogeneity B flooded at a low (0.1 ml/min) flowrate. The direction of flow is from bottom to 

top and the low and high colour scale represents normalized voxel velocities within each image. Box size is roughly 

5 mm3 at 5.2 µm resolution. 



Chapter 5: Influence of Initial Pore Structure and Flowrate on Dolomite Dissolution 

86 

 

 

Figure 5.11 Images of 3D renderings of the velocity fields from flow simulations showing changes with dissolution 

for the sample with Heterogeneity B flooded at a high (0.5 ml/min) flowrate. The direction of flow is from bottom to 

top and the low and high colour scale represents normalized voxel velocities within each image. Box size is roughly 

5 mm3 at 5.2 µm resolution. 

The 3D visualizations of velocity fields show that regardless of initial pore heterogeneity, at high 

flowrates, corresponding to Péclet numbers in the range of 1200-2600, acid reactant causes the 

growth of many channels. In contrast, at low flowrates, characterized by Péclet numbers in the 

range of 290-420, acid tends to dissolve the regions with less resistance to flow, resulting in 

preferential dissolution in fewer channels. Channel growth patterns of dissolution were explained 

in Section 2.2.3 and were also observed in scCO2/brine/calcite experiments by Menke et al. 

[32,43]. In this study, by pre-screening the dolomite cores for their initial flow field heterogeneity 

and classifying them accordingly, it is possible to discriminate the impact of initial pore structure 

from that of flowrate and observe different channel growth patterns for different initial 

heterogeneities and flowrates. 
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In Figure 5.10 for sample B in the low flowrate experiment, at times less than 100 minutes there 

are two equivalent channels growing at approximately the same rate. However, after 100 minutes, 

only one channel continues to grow. All the dissolution occurs predominantly in that channel 

alone, implying considerable mass transfer limitations to acid reactant that result in a slightly lower 

effective reaction rate overall (see Figure 5.5). In contrast, the velocity images for sample B in the 

high rate experiment, visualised in Figure 5.11, demonstrate that after 100 minutes, many 

dissolution-induced channels develop without favouring a particular one. This implies fewer mass 

transfer limitations and results in an approximately 8 times higher effective reaction rate, see 

Figure 5.5.  

Visualisation of flow fields in Figure 5.9 for sample A at a high rate indicates the similar 

development of many channels– the only difference is that for sample B it takes longer for the 

channels to develop at early times, as seen in Figure 5.11. Finally, Figure 5.8 shows the evolution 

of the flow field of sample A with low rate where preferential dissolution of a few channels is 

observed. This indicates that there is more contact of reactant with the solid surface, leading to a 

higher overall reaction rate when compared to the relatively more heterogeneous sample B at the 

same low flowrate.  However, the reaction rate is still considerably lower than at the higher Pe 

experiments (Figure 5.5).  

5.7 Discussion 

Figure 5.12 shows velocity distributions for all four samples and their evolution through 

experimental time. 
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Figure 5.12 Changes in the PDFs of velocity over the experimental time for both heterogeneities A and B flooded at 

low and high rates. Low flowrate distributions are shown in plots a and b, and high flowrate are shown in plots c and 

d. The red trends in each plot represent the initial velocity distribution of each samples, see Figure 5.1. 

Putting initial rock heterogeneity aside and strictly looking at the global effect of flowrate, the 

samples undergoing dissolution at the higher rate are associated with a narrowing of the velocity 

distribution over time, ultimately characterized by a single peak. This occurs in conjunction with 

a significant reduction in stagnant velocities, especially for dissolution in the more heterogeneous 

sample B. Here dissolution is more uniform with fewer mass transfer limitations. On the other 

hand, the velocity distributions for the lower flowrate experiments are both characterised by 

widening of the velocity distributions with time even though they have different initial 

distributions. This is a consequence of mass transfer limitations causing preferential dissolution 

along the single or few channels, Figure 5.8 and Figure 5.10, resulting in the velocity distributions 

characterized by more stagnant voxels compared to the initial velocity distribution.  
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In a closer examination of the evolution of velocity distributions within the high rate experiments, 

differences are found between the responses of the two heterogeneities. The distribution of more 

heterogeneous sample B has a higher and narrower peak with a sharper drop towards the lower 

velocities, Figure 5.12-d. This effect resulted in a higher reaction rate than in sample A, Figure 

5.5, where the distribution was not as high and narrow, Figure 5.12-c. Furthermore, there are 

differences in the responses of the velocity distributions of the two heterogeneities at the lower 

flowrate. In comparing the two, Figure 5.12-a and Figure 5.12-b, the more heterogeneous sample 

B sees a greater broadening of the distribution than A causing reaction rates to be lower, Figure 

5.5. This effect is exactly opposite to how the two heterogeneities respond to high flowrates.  

Tying the analyses of velocity distributions, flow fields and permeability may be used to explain 

the differences in effective reaction rate as a consequence of differential initial heterogeneity and 

flowrates for the four dolomite samples. In addition to the effective reaction rates, Figure 5.13 

shows PDFs of velocity, the corresponding 3D velocity fields, and permeabilities at the start 

(Kinitial) and at the end (Kfinal) of the experiments for each sample. 
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Figure 5.13 Plots of initial and final PDFs of velocity and 3D velocity fields for the four dolomite samples – see 

Figure 5.1 and Figure 5.12. (c) and (d) compare effective reaction rates in the high flowrate experiments. The final 

permeabilities for both heterogeneities are similar indicating no impact of initial rock heterogeneity and a narrowing 

of the velocity distributions; (a) and (b) for the lower rate show that dissolution leads to a widening of the velocity 

distributions.  

For the low flowrate dissolution (Péclet in the range of 300-420), the more heterogeneous sample, 

B, has a lower reaction rate, as the flow is confined to a narrower subset of the pore space: this is 

seen as a less pronounced peak in higher velocities and the 3D visualisation of the velocity field 

shows flow in two channels which correspond to the two peaks at high velocities in its initial PDF 

of velocity. This initial heterogeneity leads to only a single channel of, initially of least resistance, 

to be preferentially dissolved, Figure 5.10.  For sample A, the average effective reaction rate is 

higher, because there are no obvious dominating flow channels: here the initial PDF velocity plot 

is narrower leading to a more even dissolution The permeabilities at the end of experiments, Kfinal, 



Chapter 5: Influence of Initial Pore Structure and Flowrate on Dolomite Dissolution 

91 

 

are profoundly different (5.38×10-12 m2 versus 2.42×10-11 m2 for samples B and A respectively) 

indicating an appreciable impact of initial rock heterogeneity on permeability when dissolution 

occurs at low flowrates. 

For high flowrates, the initial pore structure and its resulting PDF of velocity is not a dominant 

factor in creating dissolution patterns; the images show that both samples eventually undergo 

dissolution in many channels. The permeabilities at the end of the experiments are similar for both 

heterogeneities. The higher average effective reaction rate for the more heterogeneous sample B 

is driven by its lower initial porosity which leads to a higher pore velocity (higher Péclet number) 

and a more efficient penetration of reactant through the sample.  

Finally, the analysis reveals an interesting difference in how velocity distributions for the low and 

high flowrate experiments evolve as a consequence of flowrate, Figure 5.13. While the high flow 

dissolution results in a final velocity distribution that is more homogeneous than initially, low rate 

dissolution decreases the peaks of higher velocities and increases the number of stagnant 

velocities, causing the distribution to broaden. This is a consequence of two fundamentally 

different impacts of transport and dissolution. At high rates, where there is an effective penetration 

of reactant in the pore space, the rock dissolves rapidly and relatively uniformly. On the other 

hand, low flowrates, where reaction is faster in comparison to advection, cause the reactants to 

preferentially flow through the more permeable pathways causing these fast-flow channels to 

grow, increasing the flow field heterogeneity and lowering the overall reaction rates.  This 

observation has been echoed in the work of Menke et al. [32] during their experimentation with 

structurally homogeneous and heterogeneous limestone samples under similar reservoir 

conditions. In addition, Luquot and Gouze [31] saw, in a heterogeneous limestone sample, a 

difference in dissolution regimes (using a Darcy velocity ~ 3×10-4 m/s similar to the high rate in 

this chapter), which depended on the reactivity of the brine solution. A non-uniform regime came 

from equilibrating brine with pCO2 = 10 MPa (characterized as transport controlled dissolution) 

and uniform dissolution from pCO2 = 2.5 MPa reaction controlled. The conclusion there was that 

this observation cannot be used to model reservoir-scale processes until both the porosity changes 

- and the dependent permeability changes - are parameterized according to the fluid composition. 

Luhmann et al. [118] performed core-scale (centimetre-scale) dissolution experiments on 8 

dolomite core plugs to investigate the effect of varying flow rate (orders of magnitude apart as in 
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our chosen Péclet number conditions) on dissolution patterns and surface area changes by taking 

images at the end of dissolution. They observed different degrees of unstable dissolution fronts but 

could not relate these to specific rock physical heterogeneities as they were not pre-characterised. 

In this chapter, we observe that a higher physical heterogeneity leads to a more unstable dissolution 

front only at low Péclet number with therefore a smaller change to surface areas but a steeper 

gradient in the porosity-permeability relationship. In comparing the porosity-permeability results 

for heterogeneous dolostone in this chapter and that of Smith et al. [105], they see power law 

exponents between 1 and 3 whereas for our core scale observation we calculate exponent between 

10 and 28. In order to see the influence of Péclet number alone on dissolution in single media with 

the exact same initial condition in terms of pore-structure, Noiriel et al. [168] performed reactive 

transport experiments to study dissolution in exactly replicated fractures. Like us, they observed 

the effect of Péclet number that were orders of magnitude apart for similar initial condition pore 

structure heterogeneities and also observed different dissolution regimes with different flow rates.   

5.8 Summary 

Dynamic µCT imaging is used to study the dissolution of Silurian dolomite by scCO2 saturated 

brine at reservoir conditions at the mm scale. We investigated the effect of initial rock 

heterogeneity and flowrate on effective reaction rates, porosity-permeability relationship, and the 

nature of dissolution patterns by employing combined pore-scale imaging and direct numerical 

simulation modelling of flow on images. To this end, four experiments were designed for two 

types of dolomite rock heterogeneities, as characterized by their initial velocity distributions 

(samples A are more homogeneous than samples B), at two flowrates which create profoundly 

different transport conditions. 

Firstly, it is important to emphasize that the effective reaction rates, which include mass transfer 

effects, are between 5 to 38 times lower than the batch reaction rate obtained under the same 

conditions of temperature and pressure but where mass transfer limitations are not present [79]. 

Secondly, the effective reaction rates increase significantly with the flowrate, while being 

approximately constant over the period of the experiments. When dissolution occurs at high rates 

(Péclet numbers in the range of 2600 – 1200) the permeabilities at the end of experiments are 

similar for both types of heterogeneity. Here the reactant penetrates most of the pore space, 

widening many channels throughout the samples.  However, at low flowrates (Péclet numbers in 
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the range 420 – 300) the reaction rates are lower, and the final permeabilities are very different. 

The more heterogeneous initial velocity distribution is characterized by more stagnant velocities 

and a lower peak of high velocities which can considerably impede transport of fresh acid reactant 

to the solid surface, leading to a lower reaction rate and a less significant increase in permeability.  

Finally, it is observed that velocity distributions change differently from their initial states for each 

sample. Dissolution at the lower flowrates leads to creation of wider velocity distributions with 

fewer velocities similar to the average velocity, due to the widening of a few preferential fast-flow 

channels. In contrast, dissolution at the higher rates results in more homogeneous velocity 

distributions, as dissolution is more uniform occurring over many channels. The more 

heterogeneous sample B exhibited a lower effective reaction rate that the less heterogeneous 

sample A due to the heterogeneity limiting the dissolution preferentially to one channel. 

Permeability-porosity relationship parameterization must account for rock type dependent 

properties such as mineralogy and pore structure heterogeneity, but also dissolution regime 

triggered by Péclet and Damköhler conditions. In this chapter it has been shown that this combined 

approach, which includes analysis of velocity distribution, supported the experimental findings on 

the nature of dissolution regimes. The next chapter introduces observations of dissolution in a 

composite mineral system with an incrementally increased complexity by introducing a second 

mineral. The aim is to examine if and how chemical heterogeneity may influence the manifestation 

of dissolution in geological rocks which are formed of two mineral layers with uniform spatial 

distribution.  
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Chapter 6: Composite Core Dissolution 

 

Velocity field of Silurian dolomite/Ketton limestone composite core sample post dissolution 

6.1 Overview 

In the previous chapter, we demonstrated that increased initial pore structure heterogeneity (and 

thus flow heterogeneity) in dolomite leads to more unstable dissolution fronts at low flow rates 

(Péclet numbers, Pe, in the range 420 – 360) which in turn causes the reaction rate to decrease 

(due to dissolution becoming spatially limited to a channel) and the permeability-porosity 

relationship to exhibit a stronger dependency (permeability increases more sharply with porosity 

change). However, at high flow rates (Pe = 2650 – 1630), dissolution was more uniform and not 

dependent on the initial flow heterogeneity. The aim in this chapter is to gain a deeper 

understanding of pore-scale phenomena in the presence of both physical and mineral 

heterogeneity. We will: (a) measure effective reaction rates for a chemically heterogeneous 

composite system comprised of two minerals having an order of magnitude difference in individual 

batch reaction rates; and (b) study the impact of contrasting initial physical (flow and transport) 

heterogeneity in two minerals on the nature of the dissolving patterns. As in the previous chapter, 

we will perform reservoir-condition imaging to study supercritical CO2/brine systems in natural 

rock. Specifically, we will use X-ray micro-tomography (XMT) to study reservoir-condition 
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dissolution of a calcite and dolomite composite medium by CO2 dissolved in brine. We show how 

the coupling of different flow/transport characteristics and different intrinsic reaction rates of the 

two minerals impacts the effective reaction rates, permeability, and dissolution patterns. Calcite 

(Ketton limestone) and dolomite (Silurian) were chosen for their contrasting reaction rates, pore 

structures, and flow heterogeneity characteristics. One important aspect of the work is to include 

effluent analysis to validate the dissolution seen by imaging. We also perform numerical analysis 

on the time-series of µCT images of the two-mineral composite medium by simulating flow 

through the pore space to quantify the changes in flow heterogeneity characteristics, such as 

velocity distributions. This enables us to examine how these characteristics evolve for both 

minerals, demonstrating the impact of dynamic coupling between transport and reaction on 

dissolution patterns. 

6.2 Introduction 

The dissolution of CO2 into in situ brine forms carbonic acid, which in turn may cause a dissolution 

reaction with hosting carbonate formations.[23,24] These reactive processes are dependent on rock 

mineralogy, which is a key control on the effective reaction rates from the pore to the field scales 

[25,26]. There remains an uncertainty in the experimental estimation of reaction rates and kinetic 

input parameters for multi-mineral reactive transport models used for CO2 storage [27]. Effective 

reaction rates have not only been shown to decrease with an increase in length-scales [30,102], but 

are also dependent on initial pore structure and flow heterogeneity [32,42]. However, in multi-

mineral systems there is a complex coupling between transport and reaction that has not been 

experimentally investigated under reservoir conditions.  

Some developers of reactive transport models recognize the importance of observing pore-scale 

phenomena to better predict larger scale reaction rates and dynamic properties [99–101]. Small 

scale observations are especially important in studying dissolution in the lower reactivity media, 

as in CO2 storage processes, where subtle changes in pore-scale connectivity control the evolution 

of reaction rate, porosity and permeability. The impact of initial structure and transport conditions 

on dissolution has been studied for rocks of a single mineralogy using X-ray micro-tomography 

(XMT) by comparing scans prior to and after reaction [29–35].  
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To understand the effect of mineralogy on effective reaction rates, a few studies have tackled 

dissolution in multi-mineral assemblages [121,131]. Smith et al. [106] performed reaction 

experiments where CO2-saturated brine was flowed through 15 mm diameter by 30 mm length 

reservoir core samples to explore their responses to variable partial pressures of CO2, initial pore 

structure, and calcite and dolomite content. They used XMT to image the reactions and reported 

that greater pore space heterogeneity results in unstable dissolution fronts and hence much greater 

permeability increases. However valuable their observations, a systematic characterisation of the 

sample mineralogy was not in place whereby conclusions only went as far as defining a single 

dissolution regime for heterogeneous samples without going into detail about how different 

degrees of chemical heterogeneity may affect these. We aim to fill this knowledge gap by starting 

with a simplified system where the physical heterogeneity is spatially non-uniform but the 

chemical heterogeneity is spatially uniform and therefore exactly defined. We show how the 

coupling of different flow/transport characteristics and different intrinsic reaction rates of the two 

minerals impacts the effective reaction rates, permeability, and dissolution patterns. To achieve 

this, calcite (Ketton limestone) and dolomite (Silurian) were chosen for their contrasting reaction 

rates, pore structures, and flow heterogeneity characteristics. We define the contrast in flow 

heterogeneity  perform numerical analysis on the initial XMT image of the two-mineral composite 

medium by simulating flow through the pore space and seeing their different velocity distributions. 

This enables us to examine how these characteristics influence change in both minerals, 

demonstrating the impact of dynamic coupling between transport and reaction on dissolution 

patterns. 

6.3 Rock Samples and Experimental Strategy 

We design the experiment by selecting two rock samples, Silurian dolomite (described in Chapter 

4.1) and Ketton limestone (described in Chapter 4.2), which have highly contrasting flow, transport 

and reaction characteristics. As discussed in Chapter 4, Ketton limestone, which is 99% calcite, is 

from the Jurassic period and has a homogeneous pore structure made up of oolitic grains cemented 

together [80]. On the other hand, Silurian dolomite is 99% dolomite [169] and has a markedly 

more heterogeneous pore structure. The contrasting heterogeneity of the initial pore structures for 

the two rocks will be quantified in the next section by their velocity distributions. We perform 

dynamic reactive transport experiments with the two rock samples arranged in series. The batch 
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reaction rate of the CO2/brine/calcite system under the same temperature and pressure conditions 

as in this work was measured to be  8.1×10-4 mol/m2s [23]. Silurian dolomite batch reaction rates 

were measured to be 5.1×10-5 mol/m2s, more than an order of magnitude lower than that of calcite 

[74,79]. The Silurian dolomite sample is placed first in the sequence due to its significantly lower 

reaction rate compared to calcite; as a result, there should be a limited buffering of the acid when 

it reaches the Ketton sample. Figure 6.1 shows a schematic of the full composite core assembly.  

 

Figure 6.1 Core composite assembly schematic (A) and a 2D projection of the core as seen by the X-ray micro-

tomography field of view (B). The supporting matrices at the ends of the core are drilled from a porous non-reactive 

glass disc and do not contribute to the pressure drop across the core during flow; they allow for the flow to be evenly 

distributed across the area of the core and prevent imaging artefacts from the metal end pieces of the flow cell by 

distancing them from the field of view. 

We design our two-mineral layered porous medium (hereafter referred to as the composite core) 

by drilling 4.89 mm diameter cores of Silurian dolomite and a Ketton limestone and cutting them 

both to a length of 2.5 mm. These cores are then stacked giving a total length of 5 mm; this length 

is required so that the complete core fits inside the field of view (FOV) for XMT when scanning 

at a 5 µm image resolution.  We apply a sufficiently high flow rate of 0.4 ml/min that would render 

the effect of buffering of the acidic brine small due to the short relative length of the core and the 

continuous flow of fresh reactant. A total of 8 XMT scans where done, each having 901 

projections, 100 keV energy, voxel size of 5 µm and a duration of 45 minutes; with this, changes 

in the pore structure can be captured without compromising image quality. We collect a 2 ml 
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sample at the end of each scan and analyse in an ICP-MS (Agilent ICP-MS 7900) for Ca2+ and 

Mg2+ concentration for material balance calculations. The specific details of the experimental 

procedure are described in Chapter 3.2.  

6.4 Rock heterogeneity characteristics from flow simulation 

We first quantify the difference in the two rock samples used by presenting intrinsic flow 

heterogeneity characteristics in the form of probability density functions (PDFs) of voxel velocities 

for Silurian and Ketton obtained from direct numerical simulation on the images of their pore 

space, shown in Figure 6.2, as described in Chapter 3.5.  

 

Figure 6.2 Initial PDF of velocity for the dolomite/calcite composite core; shown are the distributions for the full core 

(in blue), the Ketton calcite portion (in green), and the Silurian dolomite portion (in red). 

Shown in the above plot are the normalized frequency of velocities of the initial flow fields of the 

composite medium, and the Ketton and Silurian contributions, respectively, to the composite 

velocity frequency. Silurian and Ketton have highly contrasting flow heterogeneity characteristics. 

The Ketton velocity distribution shows a narrower spread than that of Silurian: Ketton has a highly 

pronounced peak of velocities that are similar to the Darcy velocity, while the Silurian distribution 

is characterised by a large number of both stagnant and fast flow voxels. This implies that Ketton 

is relatively homogeneous [146], whereas Silurian has a more heterogeneous flow characteristic. 

MICP analysis from Chapter 4 shows Ketton (Figure 4.8) having a higher peak in the distribution 

of pore throat sizes than Silurian (Figure 4.5) reaffirming the previous statement. The connected 
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porosity of the Silurian is less than half that of Ketton, and hence it contributes a much smaller 

fraction to the overall velocity distribution in the composite. 

6.5 Imaging and Effluent Analysis 

All µCT images were reconstructed and an edge preserving non-local means filter is used to 

remove noise [139]. Next, each image was segmented into two phases, rock and pore. Figure 6.3 

shows the segmentation of the pores from rock samples with a seeded watershed algorithm, the 

details of which are discussed in Chapter 3.4.2. 

 

Figure 6.3 Changes in a single centre slice of each mineral are displayed. Images A, B, and C show the same 2D slice 

of Silurian (dolomite) at the start (t = 0 min), middle (t = 180 min) and the end (t = 315 min) of the dissolution 

experiment respectively. Images D, E, and F show a 2D slice of Ketton (calcite) at the start, middle and end of the 

dissolution experiment respectively. For each mineral, approximately the centre slice is displayed. Apart from showing 

much faster dissolution than in Silurian dolomite, the Ketton part of the composite core has initially a more uniform 

dissolution across the core cross-section whereas dissolution in Silurian dolomite is concentrated around larger pores 

where flow is dominant.  

Dissolution and transport are characterized by Damköhler (Da) and Péclet (Pe) numbers first 

defined in Chapter 2. The Damköhler number compares timescales for chemical reaction and mass 

transport [37] and we refer here to a form of it defined in Equation (5.5). From that equation, r is 

the reaction rate constant, 8.1×10-4 mol/m2s in the case of calcite [23] and 5.1×10-5 mol/m2s for 



Chapter 6: Composite Core Dissolution 

100 

 

dolomite [79]. The pore velocity (m/s) is defined by uav = uD/CT where CT is the porosity 

measured from XMT images. n represents the moles of mineral per unit volume of rock: 

where ρmineral is the density (2.82 × 103 kg/m3 measured on our dolomite sample and 2.71×103 

kg/m3 for calcite) and Mmineral is the molecular mass (0.1844 kg/mol and 0.1009 kg/mol 

respectively). total is the total porosity, including micro-porosity: how this is obtained is described 

later in the section. The Péclet number is calculated from the segmented µCT images using 

Equation (2.5) from Chapter 2. We use the molecular diffusion coefficient of 7.5 ×10-10 m2/s for 

Ca2+ at 25 ͦC [31]. We calculate the characteristic length Lc [m] of consolidated rock samples from 

the XMT image specific surface area, S (m-1), using Equation (2.7) also in chapter 2. The surface 

area was obtained by summing the number of voxel faces shared between grain and pore in the 

images. This area was then divided by the bulk volume to obtain the specific surface area, S. 

Calculated also is the diffusive Damköhler number (PeDa) for each mineral which relates reaction 

rate to diffusion rate obtained by multiplying Pe and Da.  

Between consecutive XMT images, the effective reaction rate is calculated for each mineral 

individually using: 

 
𝑟𝑒𝑓𝑓 =

𝜌𝑚𝑖𝑛𝑒𝑟𝑎𝑙(1 − 𝜙𝑚𝑖𝑐𝑟𝑜)

𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑆

Δ𝜙𝐶𝑇

Δ𝑡
 (6.2) 

Here, ρmineral is the density of pure mineral, and micro is the sub-resolution porosity within the 

grains of the rock quantified through Helium porosimetry discussed below, ∆CT is the change in 

image calculated porosity between two scans a time Δt apart, and S is the specific surface area –

calculated as described above – at the beginning of the considered time period. We calculate all 

these values for the calcite and dolomite portions of the core individually; these results are shown 

in the following tables: 

 

 
𝑛 =

𝜌𝑚𝑖𝑛𝑒𝑟𝑎𝑙(1 − 𝜙𝑡𝑜𝑡𝑎𝑙)

𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙
 (6.1) 
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Table 6.1 Image analysis results for composite core dissolution; calculated Pe, Da, PeDa, 𝝓𝑪𝑻, and reff for each time 

step. 

Silurian Dolomite             

scan time (min) Pe Da PeDa 𝜙𝐶𝑇  Δ𝜙𝐶𝑇  

reff 

(mol/m2s) 

1 0 3073 3.25×10-6 9.99×10-3 0.099 0 n/a 

2 45 2072 3.84×10-6 7.96×10-3 0.115 0.016 1.29×10-5 

3 90 1522 4.36×10-6 6.64×10-3 0.129 0.030 9.71×10-6 

4 135 1433 4.75×10-6 6.80×10-3 0.139 0.039 7.09×10-6 

5 180 1372 5.05×10-6 6.93×10-3 0.146 0.047 5.56×10-6 

6 225 1322 5.35×10-6 7.07×10-3 0.153 0.054 5.22×10-6 

7 270 1258 5.58×10-6 7.02×10-3 0.159 0.060 4.09×10-6 

8 315 1178 5.81×10-6 6.84×10-3 0.165 0.065 3.86×10-6 

        

Ketton Limestone             

scan time (min) Pe Da PeDa 𝜙𝐶𝑇 Δ𝜙𝐶𝑇 

reff 

(mol/m2s) 

1 0 2271 4.41×10-5 1.00×10-1 0.143 0.00 n/a 

2 45 1238 7.92×10-5 9.80×10-2 0.230 0.087 1.48×10-4 

3 90 827 1.17×10-4 9.71×10-2 0.307 0.164 1.16×10-4 

4 135 719 1.53×10-4 1.10×10-1 0.366 0.223 9.15×10-5 

5 180 665 1.73×10-4 1.15×10-1 0.395 0.253 4.67×10-5 

6 225 637 1.87×10-4 1.19×10-1 0.414 0.272 2.92×10-5 

7 270 627 1.93×10-4 1.21×10-1 0.421 0.279 1.18×10-5 

8 315 600 2.02×10-4 1.21×10-1 0.433 0.290 1.70×10-6 

        

We observe almost no change in grey-scale values for solid voxels containing sub-resolution 

features for all scans indicating no measurable change in porosity in these regions. Because of the 

transport-dominant conditions caused by the relatively high flow rate of the experiment, the 

surface reaction is favoured over the reaction in the inter-granular porosity. 

In calculating the dissolved volume, ΔVd, between scans for both minerals, the change in porosity 

was multiplied by the volume of the core, V, for each individual mineral: ΔVd = Vtotal. To account 

for the micro-porosity, non-resolvable by the µCT we use Equation (5.3), from which micro is 

calculated from helium porosimetry using Equation (5.4). The Ketton grain porosity was measured 

to be 0.12 [10] and the Silurian grain porosity was measured to be 0.05. Then as dissolution 

proceeds, we assume that micro remains the same and use Equation (5.3) to estimate the total 

porosity as CT increases. 
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At the end of each scan, 2 ml of effluent is collected and the concentration of Mg2+ and Ca2+ in the 

sample is measured with ICP-MS. We assume that every dissolved mole of dolomite will give a 

mole of Mg2+ and Ca2+ each, based on the molecular formula of dolomite, CaMg(CO3)2. To find 

the moles of calcium from Ketton dissolution, we subtract the moles of Ca2+ coming from dolomite 

(equal to moles of Mg2+) from the total Ca2+ concentration of the sample. We find the volume 

dissolved of each mineral in the time between each two sampling points (45 min duration) by 

assuming a linear relationship between each measured concentration.  

where here n labels the sample number, 𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙 is the molecular mass (kg/mol), V is the volume 

dissolved (m3), c is the mineral ion concentration of the sample in (mol/m3), t is the sampling time 

in (s), and Q is the flow rate in (m3/s). The volume of material dissolved at the end of the first 45 

minute period cannot be estimated accurately because 𝑐0 = 0. Therefore, the point for calcite from 

ICP-MS at 45 minutes is omitted.  

6.6 Results 

In this section we will examine µCT images and effluent analysis results of dissolution in Silurian 

and Ketton to assess the dynamic changes in their individual effective reaction rates. Next we study 

the porosity-permeability relationship for Silurian, Ketton and the composite core. Furthermore, 

we examine the dynamics of flow and transport in each mineral core by visualising flow fields and 

analysing velocity distributions to observe and interpret the nature of time-dependent dissolution 

patterns in this composite system. From the segmented images, the porosity of each time step was 

calculated individually, by counting rock and pore voxels, for the Silurian and Ketton part of the 

core; the time evolution of the porosity is shown in Figure 6.4. 

 
∆𝑉𝑛 =

𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑄(𝑐𝑛 + 𝑐𝑛−1)(𝑡𝑛 − 𝑡𝑛−1)

2𝜌𝑚𝑖𝑛𝑒𝑟𝑎𝑙
 (6.3) 
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Figure 6.4 Image derived porosity of both minerals over the course of the experiment. Ketton (calcite) shows a higher 

initial porosity and dissolution occurs at a high rate in the first 135 minutes. Silurian (dolomite) on the other hand 

exhibits a steady reaction rate throughout the experiment. 

6.6.1 Effective reaction rates 

Figure 6.5-A shows the plots of rock volume dissolved between two successive scans for Silurian 

and Ketton calculated from µCT images and effluent analysis. There is a reasonable agreement in 

calculations of the rock volume dissolved from the measurements performed by ICP-MS and XMT 

for both minerals that constitute the composite core. These reaction rates are approximately one 

order of magnitude lower than that measured in bulk, consistent with experiments on Ketton [33]. 

This indicates that even though we are in a high-Pe, low-Da regime, normally characterized as 

resulting in uniform dissolution [38], there are significant pore-scale transport limitations on the 

overall dissolution rate.  Moreover, as we show later, the dissolution patterns are not all uniform, 

restricting reaction to only a subset of the pore space. 

Figure 6.5B shows the calculated effective reaction rates for both minerals in the time intervals 

between two consecutive scans. The effective reaction rates for the dolomite and calcite averaged 

over the course of our dynamic experiment are 6.92×10-6 mol/m2s and 6.57×10-5 mol/m2s 

respectively. As expected, the reaction rate for calcite is an order of magnitude greater than that 

for dolomite. While the reaction rate of the dolomite part of the composite core remained relatively 

steady during the experiment, the rate of calcite experienced a substantial drop which then 

stabilised at late times. This suggests a large change in pore structure of Ketton during dissolution 
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to be discussed in the next sections. In Figure 6.5-B we also compare our results with the effective 

reaction rates (the blue line) for a calcite-only dynamic experiment [33] in which the dissolution 

took place under similar transport conditions for a Ketton core of dimensions 4 mm diameter by 

120 mm length. The reff of Ketton in the composite core is higher than the reff for the Ketton core 

in the calcite-only mineralogy experiment. The less reactive Silurian dolomite which precedes 

Ketton in the composite core shows a smaller buffering effect of the acidic brine, resulting in a 

higher reaction rate, compared to the Ketton-only core, where images and calculations where 

performed on a 4 mm length section 2 mm away from the core inlet. 

We define ε as the ratio of the effective reaction rate of calcite to that of dolomite:  

The effective reaction rates for the dolomite and calcite averaged over the course of the experiment 

are an order of magnitude apart as mentioned above. We calculated ε from image analysis, 𝜀𝑖, by 

taking the ratio of the effective reaction rates calculated from XMT scans, and from the effluent, 

𝜀𝑒. The ratio from effluent analysis was calculated as follows: 

For each respective rock, M is the molecular mass of the minerals, S is the specific surface area 

calculated from the XMT image at the beginning of the time interval considered, and ΔV is the 

change in rock volume between scans, Equation (6.3). Figure 6.5-C shows a plot of both εe and εi 

against time. 

 𝜀 =
𝑟𝑐𝑎𝑙𝑐𝑖𝑡𝑒

𝑟𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒
 (6.4) 

 
𝜀𝑒 =

∆𝑉𝑐𝑎𝑙𝑐𝑖𝑡𝑒

∆𝑉𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒

𝜌𝑐𝑎𝑙𝑐𝑖𝑡𝑒

𝜌𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒

𝑀𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒

𝑀𝑐𝑎𝑙𝑐𝑖𝑡𝑒

𝑆𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒

𝑆𝑐𝑎𝑙𝑐𝑖𝑡𝑒
 (6.5) 
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Figure 6.5 (A) The volume of calcite and dolomite dissolved in 45 minute increments from Ketton and Silurian 

calculated from ICP-MS and from XMT images. A reasonable match is observed between the ICP-MS and XMT 

measurements. The first points from ICP-MS could not be quantified using this method because the initial effluent 

sample does not have representative concentrations due to the delay in the arrival of the reactive brine to the sampling 

point. (B) Effective reaction rates of Silurian and Ketton over the course of the dissolution experiment. Included on 

the plot is the effective reaction rate of Ketton from Menke et al. [33] measured for a Pe ranging from 2100 to 1050. 

(C) Plot of the ratio of reaction rates of dolomite and calcite calculated from ICP-MS effluent analysis (𝜺𝒆) and from 

µCT imaging (𝜺𝒊). The ratio steadily decreases with time because of much greater reduction in calcite effective 

reaction rate.  

At early time (t = 90 min) 𝜀i and 𝜀𝑒 are 12.0 and 16.1 respectively, and at intermediate time (t = 

180 min) 𝜀i and 𝜀𝑒 are 8.40 and 7.45. Finally at late time (t = 315 min), 𝜀i and 𝜀𝑒 become 4.40 and 

3.87. Although both 𝜀i and 𝜀𝑒 show a decreasing trend, 𝜀i is consistently lower than 𝜀𝑒. The 

decrease in reaction ratio is mainly due to the Ketton reaction rate becoming much lower, as the 

dissolution in Ketton changes from uniform to the dominant channel regime; this will be shown in 

the following section. The larger discrepancy between 𝜀i and 𝜀𝑒 at early time could be explained 

by uncertainties in the segmentation of small differences in rock structure, around grains that are 

dissolving.  

6.6.2 Porosity-permeability relationship 

From the segmented images, the porosity was calculated individually for the Silurian and Ketton 

part of the core at each scan time by counting pore and solid voxels. Permeability was obtained 

from flow simulations described in Chapter 3. The connected image porosity (connected) vs. 

permeability relationship are shown in Figure 6.6.  



Chapter 6: Composite Core Dissolution 

106 

 

  

Figure 6.6 The calculated permeabilities for the whole composite core compared to those of the individual rock 

sections as a function of porosity plotted on a log-log scale. Every data set is divided into three sections, 0-45 min, 

45-135 min, and 135-315 min, each of which is fitted with a power law trend. 

The trend in permeability-porosity for the composite medium is similar to that in Silurian dolomite, 

albeit with a shift to higher porosity, which is the contribution from the Ketton section to the 

composite core. This implies that resistance to flow of the composite system is predominantly 

dependent on the resistance in the lower permeability Silurian. We observe different exponents m 

at different regions of the porosity-permeability relationship when fitting the similarly sloped 

sections using a power law trend in line with 𝐾 = 𝑐𝜙𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑
𝑚  where K is the permeability (m2), 

and c a constant (m2). The variability in m reflects transitions to different dissolution regimes [34], 

and higher m values indicate a greater sensitivity of permeability to changes in porosity. Whereas 

in the previous study, porosity-permeability trend of a homogeneous rock could be fitted with a 

single power law relationship [33], in our Silurian, Ketton, and composite data, we observe 

different scaling in the porosity-permeability relationship for different ranges of experimental 

times, see Figure 6.6 and Table 6.2: (i) between t = 0 and t = 45 min, (ii)  between t = 45 min and 

t = 135 min, and (iii) between t = 135 min and t = 315 min. For the early range, (i), and late range, 

(iii), experimental times, the power-law exponent m for the composite is close to that of Silurian. 

Another noteworthy observation is the changing of Ketton’s m exponent from 6.8 at early time to 

9.3 at late time, signifying a shift to a more sensitive permeability to porosity relationship due to 

the evolving heterogeneous flow field of the preceding Silurian dolomite. This observation implies 

different stages of dissolution, the nature of which will be studied in more detail in the following 

section. In contrast, the dolomite only experiments from Chapter 5 show a more linear porosity-

permeability relationship (Figure 5.6) with a single power law fit and constant m exponent 
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throughout an experiment. The calculated m exponents there are generally higher and range from 

10.4 to 28.3. 

Table 6.2 Porosity-permeability power law fit constants c and exponents m. 

Time period  Dolomite Ketton Composite 

(min)  c (m2) m c (m2) m c (m2) m 

0-45 2.3 11.1 4.0×10-6 6.8 4.0×10-4 10.4 

45-135 0.0002 7.4 2.0×10-8 3.2 3.0×10-8 5.0 

135-315 1.6 11.3 8.0×10-6 9.3 8.0×10-4 12.8 

 

6.7 Discussion: Impact of Flow and Transport on Dissolution 

To examine the impact of time-dependent changes of flow and transport characteristics on the 

nature of dissolution in the composite core, we visualise the normalized PDF of velocity for the 

composite images for scan times t = 0, 90, 180, 270 and 315 min. Figure 6.7 presents the ratios of 

the magnitude of the velocity (u) in each voxel to the Darcy velocity (uD) on a linear colour scale 

where the lowest velocities are in blue and the highest velocities are in red. The two parts of the 

composite core have two different values for the average pore velocity due to the difference in 

porosities. Therefore, the velocities in Figure 6.7 were normalised by Darcy velocity, as this is 

fixed in the experiments. The isolated pores and stagnant regions are invisible as their voxel 

velocities are virtually zero.  
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Figure 6.7 3D renderings of PDF velocities from modelling over the span of the experiment as dissolution advances. 

Box size is roughly 5 mm3 with an image resolution of 5.2 µm. Silurian (dolomite) is on the bottom and Ketton 

(calcite) is at the top of the composite core. The direction of flow is from the bottom to top; the cooler colours represent 

the voxels with lower normalized velocities and the warmer colours represent the voxels seeing higher normalized 

velocities. The full range of existing velocities (divided by the respective Darcy velocity of each image) are 

represented on linear colour scales, customized for each image to maximize the contrast. 3D visualisation indicates a 

two-stage dissolution in Ketton core: the first stage is characterised by a uniform growth of channels while the second 

stage follows a single-channel growth regime. This is seen as the concentrated flow in the Ketton core at later times. 

The black box (2 mm3 size) in the first and last figures highlight the initial and final condition of the region where the 

dominant channel in Ketton eventually formed. 
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It is seen in Figure 6.7 that a few preferential flow paths exist in the dolomite at early times, which 

is in accordance with its heterogeneous initial flow characteristic. These flow paths grow until t = 

90 min when the establishment of a dominant flow channel occurs, which then continues to enlarge 

further throughout the experiment. However, dissolution in the Ketton calcite differs from that in 

the dolomite in two ways: firstly, at early times (until t = 90 min) dissolution occurs more 

uniformly in a large number of higher-velocity channels throughout the sample volume - this is 

expected considering different initial structures and the corresponding flow fields. However, at 

later times after t = 135 min, the formation of a dominant flow channel in Ketton becomes visible; 

it is evident that this preferential channel is connected to the region where the dominant channel 

from Silurian exists. This implies that the preferential flow channel in Silurian dolomite has grown 

to the extent that it determines more focused dissolution in the calcite. This is what leads to the 

two-stage dissolution: the first stage is characterised by a uniform growth of channels while the 

second stage follows a single-channel growth regime. The spatial memory effects in the medium 

with a heterogeneous flow characteristic (dolomite) are observed to change dissolution patterns in 

the medium with an initially more homogeneous flow (calcite). This hitherto unobserved 

phenomenon implies that both different initial pore structure and dynamic changes in flow and 

transport characteristics in the composite core can result in a time-dependent change in dissolution 

patterns.  

We now use velocity distributions to analyse and interpret this behaviour. Figure 6.8 shows the 

plots of PDFs of velocity of the full composite, Ketton, and Silurian cores for all XMT scans.    

 

Figure 6.8. PDFs of the velocity over time for the composite (A), Ketton calcite (B) and Silurian dolomite (C) portions 

plotted separately.  
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From the PDFs of velocities in Figure 6.8, we observe that the average velocity of the dolomite is 

greater than that for the calcite for all experimental times - this is due to lower porosity of the 

dolomite. As the dissolution progresses, porosity increases in both rocks resulting in a decrease in 

their average velocity. In Figure 6.8-B we see a rapid change in the PDFs of velocity for Silurian 

dolomite at early times up to t = 45 min characterised by a narrowing of the distribution and a 

significant loss of stagnant voxels – this is also observed in Figure 6.7 for the dolomite part of the 

composite at t = 45 min which shows that new preferential flow channels have formed. In general, 

there is little change in the PDFs of velocity after t = 45 min, which is consistent with a channel 

widening regime throughout the experiment. The formation of a small second peak in the Silurian 

dolomite plot by t = 90 min represents the establishment of another channel, which can also be 

seen in Figure 6.7. For Ketton calcite we observe two remarkable features: firstly, there is a 

decrease in average velocity represented by the peak from t = 0 min to t = 180 min, and secondly, 

from t = 180 min a second smaller peak emerges with velocities higher than the average. The first 

observation is related to the dissolution driven by widening of a number of channels which result 

in the higher porosity throughout the sample - for the constant Darcy flow rate throughout the 

experiment this leads to a decrease in average velocity. The second observation at the later times 

can be associated with reaction which proceeds as the growth of a single dominant flow channel.  

The nature of initial structural heterogeneity of Silurian dolomite leads to a heterogeneous initial 

flow characteristic which at a high flow rate results in the formation and growth of a few large 

channels, one of which dominates the flow, as evident in Figure 6.7. On the other hand, for the 

initially homogeneous pore structure and flow characteristic of Ketton calcite, Menke et al. [33] 

showed that under similar transport and reactive conditions (Pe ranging from 2100 to 1050 and 

Da from 2.8×10-5 to 6.5×10-5), dissolution occurs through a widening of the existing fast flow 

channels. In the experiments presented here, dissolution patterns in the Ketton pore space are 

additionally influenced by the dynamic change in flow heterogeneity of the preceding Silurian 

dolomite mineral, leading to a two-stage dissolution: initially there is a widening of the fast flow 

channels throughout the Ketton core, while at later times dissolution is focused through a widening 

of the single channel. These observations serve as a demonstration of complexity of dissolution 

patterns in mixed mineralogy systems. To further elucidate this phenomenon and more accurately 

define the time threshold when the dominant channel in the Ketton formed, we have extracted a 

subvolume for the Ketton rock where the main channel has developed, as marked by the black box 
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in Figure 6.7. Figure 6.9 shows the plot of the porosity profile of this subvolume (A) and the 

effective perimeter of the porosity per image slice with time (B).  

 

Figure 6.9 Porosity profile (A) and the effective perimeter of the porosity per image slice (B) as a function of time 

for the Ketton calcite channel subvolume shown in black box region of Figure 6.7. The uniform increase of the porosity 

profile suggests channel growth through widening of pre-existing pathways as opposed to the formation of a wormhole 

where the growth would spread from inlet to outlet as a new path is etched through the rock. 

The perimeter was calculated for every 2D image slice perpendicular to the direction of flow using 

the Crofton formula [170] which counts the number of image line intersections to estimate curve 

lengths. The porosity profile increases evenly across the length of the core suggesting that no 

wormholing occurs, but channel expansion. Figure 6.10 shows the growth of Ketton pores at the 

top and side cross-sections of the subvolume analysed up to the time when they merge to form a 

single channel.  
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Figure 6.10 A series of the identical 2D slices at different times looking at the top and side cross-sections of the Ketton 

calcite subvolume (black box region in Figure 6.7) highlighting the formation and growth of the dominant dissolution 

channel. 

The images reaffirm the widening of existing flow paths, rather than etching a new path through 

the rock [32,33]. 

Also within this subvolume, we calculate the area available for reaction as the sum of pore and 

rock voxel common interfaces. In Figure 6.11-A, we plot the evolution of the surface area with 

time: the surface area increases until t = 45 min and then steadily decreases. With this plot alone, 
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the point at which the dominant channel formed may not be determined because it gives little 

information on the effect merging pores has surface area change. 

Recalling Figure 6.8C, by t = 315 min in the PDFs of velocity of Ketton, the second peak 

representing velocities higher than average emerges, which indicates the existence of a single 

channel. To mark the start of the single channel development we resort to the analysis presented 

in Figure 6.11-B. It shows the surface area normalized by the number of pores in the image. From 

t = 0 min to t = 90 min there is a clear increase in normalized surface area. Within this period, the 

increase of normalised surface area is due to the growth of individual pores. Starting from t = 90 

min, many small pores merge and a single large pore, or channel, forms. This is indicated by the 

fluctuation in the plot of the normalised surface area after 90 minutes. This method helps to identify 

the time at which a preferential flow path was generated, at t = 90 min. 

 

Figure 6.11. Plot (A) shows the surface area of the Ketton calcite subvolume, highlighted by a black box in Figure 

6.7, through time; the initial increase reflects uniform dissolution of grains and the later drop in surface area can be 

explained as small pores merging into one another to form a larger channel. Plot (B) shows the normalised surface 

area (surface area divided by number of pores in 3D) against time. The 90 minute point marks the establishment of a 

single dominant channel.   

Our combined pore-scale imaging and modelling approach allows us to study the coupled impact 

of structure and transport properties on the effective reaction rates in a chemically heterogeneous 

composite rock made up of Silurian dolomite and Ketton limestone arranged in series. The 

advantage of this approach is that it allows us to study complex media composed of minerals with 

contrasting flow, transport and reaction characteristics. Effective reaction rates for the two 

minerals were shown to be in a good agreement when comparing measurements and analysis from 

images and from effluent analysis, thus providing a validation method for mixed mineralogy 
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samples. In comparing the results found here with a comparable study from the literature, Menke 

et al. [33] made pore-scale observations of dissolution in the same homogeneous Ketton rock 

featured in this chapter with the exact same Péclet numbers and experimental conditions; they 

observed a uniform dissolution regime. On the other hand, our system observed a two stage 

dissolution which had an abating effect on reaction rates. For both experiments, the perceived 

average effective reaction in rate in Ketton were of the same order of magnitude.  

6.8 Summary 

In this Chapter, a study of CO2-saturated brine injection in a mixed-mineralogy system consisting 

of a dolomite and calcite arranged in series was performed to assess how the evolution of pore 

structure and flow field induced by dissolution in dolomite would affect that in calcite. This 

dolomite/calcite system was designed to have sharply contrasting initial pore 

structure/flow/transport heterogeneity and intrinsic reaction rates. The study demonstrated how 

dynamic changes in flow field heterogeneity in the dolomite can profoundly change the dissolution 

pattern in the calcite. We observe a large change in the ratios of effective individual reaction rates 

in the dolomite and limestone (calcite). The effective reaction rates for calcite and dolomite are 

one order of magnitude lower than their corresponding batch reaction rates. This is consistent with 

what has been observed in the previous chapter for Silurian dolomite. The ratio of the effective 

reaction rates for calcite and dolomite decreases with time, indicating the coupling of dynamic 

transport effects and reaction dynamics for the two minerals. Analysis of the dynamics of flow and 

transport in each mineral core has led to new observations of dissolution patterns in the calcite 

influenced by the preceding dolomite. Velocity field visualisation and PDFs of velocity confirmed 

that the evolving dolomite flow heterogeneity characteristic has a large impact on the nature of 

dissolution in the calcite. We observe two-stage dissolution. Initially, dissolution in the more 

heterogeneous dolomite is concentrated in a few fast channels, whereas the Ketton dissolution is 

more uniform.  In the second stage, a dominant channel emerges in the dolomite, providing a 

focussed ingress of reactant to the Ketton, which too then sees dissolution concentrated in a single 

dominant channel. Hence, we demonstrate that propagation of single channel growth can occur 

through two minerals with contrasting flow, transport and reaction characteristics, which in this 

way can preserve spatial memory effects. These experimentally observed dynamic effects, leading 

to different type of dissolution, need to be considered in pore-to-field-scale modelling of reactive 



Chapter 6: Composite Core Dissolution 

115 

 

transport. The combined pore-scale imaging and modelling methodology demonstrated in this 

chapter can be extended to study reactive transport dynamics in multi-mineral subsurface media 

encountered, which will be seen in the next chapter.  
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Chapter 7: Mixed Mineralogy Reservoir Sample 

7.1 Overview 

The previous chapter demonstrated how dynamic changes in flow field heterogeneity in the 

dolomite can profoundly change the dissolution pattern in the calcite. In that case, the spatial 

distribution of minerals was uniform with two mineralogically homogeneous samples placed 

together. In this study we will perform experiments on natural mixed mineralogy samples 

consisting of calcite and dolomite that are non-uniformly distributed. Previous experimental 

studies cited in this thesis provide evidence that the complexity of dissolution in natural systems 

stems from the spatial distribution of minerals with different intrinsic reaction rates, different pore 

structures and associated flow/transport heterogeneities. This leads to the question of how to 

discriminate the pore structure, flow, and transport from spatially non-uniform reaction rate effects 

which may change during dissolution. To address this in the current chapter, we use a combined 

experimental and numerical simulation approach that examines dissolution in a naturally 

heterogeneous rock containing dolomite and calcite distributed non-uniformly in space. Our 

approach consists of screening the rock samples to obtain two pairs of samples with similar 

physical heterogeneity defined by the velocity distribution obtained using direct numerical 

simulation, the SPIM technique. For each heterogeneity pair we inject CO2 saturated brine at 

reservoir conditions at two flow rates to study the impact of transport conditions. Finally, we 

analyse transport and reaction parameters and show that effective reaction rates and dissolution 

patterns behaviour can be accurately described by examining proximity of minerals to fast 

channels and slow regions through the use of reacted mineral distributions. The ultimate aim is to 

perform reactive transport experiments on naturally heterogeneous rocks to analyse how 

dissolution patterns and effective reaction rates are affected by the presence of multiple minerals, 

namely dolomite and calcite, with a non-uniform spatial distribution. This will provide insight on 

the dissolution dynamics with the interplay between the different reaction rates existing within the 

rock.  In this Chapter, it will be shown how heterogeneous and anisotropic reactivity exhibited by 

mineral assemblages drive the global geochemical reactivity in the coupling between reaction, 

flow and transport [5]. 
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7.2 Introduction 

In multi-mineral carbonates, a wide range of reaction rates is possible meaning that they can be 

harder to predict [27]. There have been benchmark studies which attempt to model 

multicomponent reactive transport; most report the need for experimental validation and all agree 

on anchoring the fundamental chemical and physical processes from pore-scale observations 

[26,101,126–129]. The findings from studying single mineral systems are important, but the norm 

in geologic sites is a heterogeneous spatial distribution of minerals [122]. Chapter 5 featured a 

dolomite/calcite system with sharply contrasting initial pore structure/flow/transport heterogeneity 

and intrinsic reaction rates. There, the spatial distribution of minerals was uniform with two 

mineralogically homogeneous samples placed together. In the literature, several studies have 

investigated dissolution in natural multi-mineral systems at the cm-scale. As mentioned in the 

previous Chapter, Smith et al. [123] performed reactive flow experiments in carbonate reservoir 

core plugs made from a mix of calcite and dolomite and continuously measured the pressure drop 

under constant flow to assess permeability changes, while simultaneously performing X-ray 

imaging at 42.5 micron resolution. They observed that, despite the low content of calcite in the 

overall sample composition, its dissolution had a dominating effect on permeability. Smith et al. 

highlighted the importance of higher resolution observations to evaluate porosity-permeability 

relationships in mixed-mineralogy systems; this will be one of the aims of our study. Ellis et al. 

[124] injected CO2-acidified brine through a carbonate caprock at reservoir conditions and 

reported a preferential dissolution of calcite over dolomite. They observed that the evolution of 

permeability depends in a complex way on the heterogeneity of the carbonate minerals and their 

spatial pattern. Salehikhoo & Li [125] examined how mineral dissolution rates are affected by their 

spatial distribution and suggested that the difference in the rates between laboratory and field scales 

could be in part caused by the spatial distributions of minerals. These experimental studies provide 

evidence that the complexity of dissolution in natural systems stems from the spatial distribution 

of minerals with different intrinsic reaction rates, different pore structures and associated 

flow/transport heterogeneities. This leads to the question of how to discriminate the pore structure, 

flow, and transport from spatially non-uniform reaction rate effects which may change during 

dissolution. To address this, we use a combined experimental and numerical simulation approach 

that examines dissolution in a naturally heterogeneous rock containing dolomite and calcite 
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distributed non-uniformly in space. Our approach consists of screening the rock samples to obtain 

two pairs of samples with similar physical heterogeneity defined by the velocity distribution 

obtained using direct numerical simulation, as discussed previously. For each heterogeneity pair 

we inject CO2 saturated brine at reservoir conditions at two flow rates to study the impact of 

transport conditions. Finally, we analyse transport and reaction parameters and show that effective 

reaction rates and dissolution patterns behaviour can be accurately described by examining 

proximity of minerals to fast channels and slow regions through the use of reacted mineral 

distributions.   

7.3 Rock Sample and Experimental Strategy 

As mentioned in Chapter 4, the carbonate chosen for this study comes from an underground aquifer 

in the Middle East. X-ray diffraction analysis shows that the sample has an 8:1 dolomite to calcite 

composition, with an average porosity of 0.109 measured from helium porosimetry on a 3.8 by 7.6 

cm core plug. A petrographic analysis revealed a dolomitised matrix with calcite micritic 

envelopes. It is a dolopackstone that is bimodal in dolomite crystal size with very fine to aphano-

crystalline grains. For our experiments, all the core samples used were 5 mm diameter by 5 mm 

length drilled parallel to the plane of bedding. Initially, we performed low energy (50 KeV) dry 

scans to maximize the image contrast so that we are able to differentiate between dolomite and 

calcite mineral. Figure 7.1 shows a micro-CT grey-scale image of a representative sample where 

calcite, dolomite, and void space are easily distinguishable. 
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Figure 7.1. 2D cross section of a 50 KeV dry scan of a sample imaged with micro-CT with a 5.2 µm voxel size. Low 

energy scans give sufficient image contrast to differentiate between pore (black), dolomite (grey) and calcite (white). 

The initial distribution of calcite within each sample is non-uniform in both location and size, 

which makes it chemically heterogeneous. As we will show later in Section 7.4 initial velocity 

distributions of the four carbonate samples selected for our study show distinct range of values 

indicating two pairs of samples having different physical (flow) heterogeneity. 

The screening process to choose the four samples involved coring ten 5 mm length by 5 mm 

diameter samples from a larger piece of rock; the length of the cores extracted was parallel to the 

bedding plane, as in Chapter 5. Dry scans of these ten samples were taken to assess their pore 

structure heterogeneity. This was done by implementing a flow simulator (details in section 3.5) 

directly on the segmented image pore space from which the pore velocity distributions were 

compared to find matching pairs. Two pairs of samples with similar flow characteristics were 

chosen for experimentation applying this method which we call Screening for Pore-scale Imaging 

and Modelling (SPIM) method [119]. Within each pair there is a sample flooded with reactive 

brine at high flow rate (0.5 ml/min) labelled with the letter H, and low flow rate (0.1 ml/min) 

labelled with the letter L.   

The experimental setup and procedure is similar to that explained in Chapter 3: with the only 

difference being the micro-CT scanning parameters. As mentioned, we performed low energy (50 

KeV) dry scans for each sample before the start of each experiment to maximize the image contrast 
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and obtain an accurate mineral map and initial pore-structure (Figure 7.1 shows an example 

image). During the experiment when the sample is dissolving, we increase the source energy to 

100 KeV and decrease the number of projections to 901 in order to shorten image acquisition time 

to a reasonable 33 minutes. This way we still have enough contrast to segment out the pore space 

and can capture the changes in the pore-structure within a reasonable resolution. Later, all the 

images will be registered and resampled to the 50 KeV scan and we can determine how each 

mineral dissolved through the pore structure changes of subsequent images. 

The number of pore volumes (PV) injected is calculated between two consecutive scans as  

𝑃𝑉𝑛,𝑛+1 =
𝑄∆𝑡𝑛,𝑛+1

𝑉𝑏𝑢𝑙𝑘𝜙𝑛
 , where Q is the flow rate, ∆tn,n+1 is the time period between two scans equalling 

33 minutes, Vbulk is the bulk volume of the sample and ϕn is the connected porosity at scan n. The 

effective reaction rate (reff) of dolomite and calcite during dissolution was calculated from mineral 

volume changes observed between segmented micro-CT images: 

 
𝑟𝑒𝑓𝑓 =

𝜌𝑚𝑖𝑛𝑒𝑟𝑎𝑙Δ𝑓𝑚𝑖𝑛𝑒𝑟𝑎𝑙

𝑀𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑆Δ𝑡
 (7.1) 

where Δfmineral is the change in image calculated mineral fraction between scans and Δt is the time 

between scans. This equation is similar to Equations (5.9) and (6.2) in the previous chapters. There 

can be additional dissolution caused by the reactive brine invading the microporosity through 

diffusion but this was not observed from imaging as there was no detectable change in the grey 

scale of rock grains. As we will describe later, throughout the core flood experiments, the effective 

reaction rates were an order of magnitude lower than intrinsic rates and decreased with time. We 

also calculate effective reaction rates of dolomite and calcite separately for fast channels and slow 

pore regions. This is done using equation (7.1) in which dissolved voxels of dolomite and calcite 

in contact with fast and slow regions are counted for the specific surface area calculation.   

7.4 Rock Heterogeneity Characterization 

We performed simulations on the segmented pore space using a finite volume solver implemented 

in OpenFOAM  [147,167]. This model, described in section 3.5, is the same one used in previous 

chapters. Figure 7.2 shows the velocity distributions of the initial unreacted state of the four core 

samples obtained from flow simulation. We grouped them into two pairs with similar velocity 
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distributions: the two more homogeneous distributions (A) had both larger peaks around the Darcy 

velocity and fewer slow velocities, than the characteristic distributions of the two more 

heterogeneous samples (B). 

 

Figure 7.2. Initial velocity distributions of the reservoir samples. There were two types of heterogeneity, one for each 

sample pair. A had the less heterogeneous pore structure and B the more heterogeneous pore structure. L and H refer 

to low and high flow rate experiments respectively. 

To relate the impact of transport heterogeneity to mineral spatial heterogeneity we quantified the 

proximity of minerals to fast channels and slow regions. The step by step algorithm for our method 

is provided in Appendix 1. The first stage was to discriminate between fast channels and slow 

regions within each image, using a thresholding method based on labelling those voxels with the 

highest 25% of velocities in the flow field as being in the fast channels. Once the spatial 

coordinates of the fast voxels in all fast channels was established, we used them as seeds which 

were grown in all directions sequentially until the nearest solid wall was encountered. Note that a 

fast channel will also contain voxel velocities which are in the low velocity range near the walls. 

The second stage is to find proximity of each solid voxel of calcite and dolomite to the fast channels 

and slow regions.  We compute the shortest distance from each solid voxel to the nearest fast 

channel or slow region of the pore space.  In the analysis that follows we study this distance for 

those mineral voxels that dissolve during the experiment. 
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7.5 Results 

In Section 7.5.1 we study dynamic changes in physical heterogeneity. Furthermore, in Section 

7.5.2 we analyse dynamic changes in chemical heterogeneity parameters, namely in mineralogical 

content, the effective reaction rates and reacted mineral distribution. Finally, In Section 7.5.3, we 

evaluate the combined impact of chemical and physical (flow) heterogeneity on dissolution 

dynamics by examining evolution of reacted mineral proximity to fast flow channels and slow 

regions. 

7.5.1 Transport Metrics  

7.5.1.1 Porosity-Permeability Relationship 

The time-dependent porosity-permeability relationship for the four cores is plotted in Figure 7.3. 

Permeability is obtained by running Navier-Stokes solver on the micro-CT images during 

dissolution and plotted against connected porosity.  

 

Figure 7.3. The permeability as a function of connected image porosity calculated from flow simulation. Power law 

trends are fitted to linear sections of each trend. As dissolution proceeds the porosity-permeability increase is 

dependent on the channel pattern. The encircled points correspond to the porosities and permeabilities for the first 

experimental scans following the formation of single preferential channels. 
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A power law with the equation K = c𝜙𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑
𝑚  where K is the permeability (m2), c is a constant 

(m2), m is the power-law exponent and ϕconnected is porosity connected in the direction of flow 

determined from micro-CT images, is used to fit the porosity-permeability relationships. Previous 

studies have indicated a broad range of exponents with values of m in the range 0.29 - 28.3 

[31,32,34,105,112,119]. In Chapter 6, m exponents ranged from 6.8 – 9.3 for Ketton and 7.4 – 

11.3 for Silurian dolomite. The exponents obtained in this study are found to be in the upper range 

and higher than found previously, since, as discussed in the next section, dissolution proceeds with 

the formation of a single channel which occupies only a small fraction of the sample, yet 

completely dominates the permeability, such that a tiny increase in porosity can lead to a huge leap 

in permeability. This is seen in Figure 7.3 for A samples from the encircled points representing the 

porosities and permeabilities for the first experimental scans taken after the formation of single 

preferential channel. This is the point at which the pre-existing channels in more homogeneous 

samples A merged into the single preferential channel, producing a sharp increase in permeability 

for a relatively small change in porosity.  

The early time m exponents seen for the four experiments here range from 5.2 to 15.5 whereas for 

Silurian dolomite in Chapter 5, those values are higher and range from 10.4 – 28.3. This can be 

attributed to the dominance of calcite dissolution throughout the multi-mineral samples initially. 

Once the single channel regime is established in the multi-mineral samples, the m values become 

similarly high, 15.2 – 37.3, as the dolomite samples seen in Chapter 5. Therefore, the impact of 

initial flow heterogeneity and Péclet numbers was found to be very important for the single mineral 

case. However, the porosity-permeability relationship for chemically heterogeneous samples 

studied here additionally depends on the initial distribution of minerals, especially at early time of 

dissolution.   

7.5.1.2 Analysis of Velocity Fields 

Figure 7.4 to Figure 7.7 show visualizations of the three-dimensional velocity fields for the four 

carbonate samples studied. A striking feature which occurs in all four cases is the development of 

a single channel through which most of the flow streamlines are focused. This has a profound 

effect on the later-stage dissolution, since most of the mineral volume is at this time away from 

the single channel and will not be available to the injected reactant, thus resulting in a considerable 

decrease of the effective reaction rate, as quantified later in Section 7.5.2.2.  
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Figure 7.4.Time lapsed velocity fields for sample AL labelled with the number of pore volumes, PV, injected. The 

low and high colour scale represents normalized relative voxel velocities within each image. Each box size is roughly 

5 mm3 with an image resolution of 5 µm.  

 

Figure 7.5. Time lapsed velocity fields for sample AH labelled with the number of pore volumes, PV, injected. The 

low and high colour scale represents normalized relative voxel velocities within each image. Each box size is roughly 

5 mm3 with an image resolution of 5 µm. 
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Figure 7.6. Time lapsed velocity fields for sample BL labelled with the number of pore volumes, PV, injected. The 

low and high colour scale represents normalized relative voxel velocities within each image. Each box size is roughly 

5 mm3 with an image resolution of 5 µm. 

 

Figure 7.7. Time lapsed velocity fields for sample BH labelled with the number of pore volumes, PV, injected. The 

low and high colour scale represents normalized relative voxel velocities within each image. Each box size is roughly 

5 mm3 with an image resolution of 5 µm. 

The number of pore volumes injected, PV, needed to form single channel is provided in Table AP2 

of Appendix 2. It takes more injected PV to form the single dominant channel at high flow rates 

since there are more competing channels. The impact of initial flow field heterogeneity can be 

observed in the early stages of dissolution. Initially, in the A samples, many fast flow channels 

exist. Calcite and dolomite dissolve and widen these channels, until one of them wins and flow 

becomes focused. However, in the B samples there are initially fewer fast flow channels 

throughout the core volume, which makes it more probable that more reactive calcite will be 

further away from them. Hence, the single channel will not necessarily be formed through one of 
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the initially fast flow channels. In this case chemical heterogeneity, specifically the location of 

calcite, may determine the final location of the dominant channel. 

7.5.1.3 Velocity Distributions 

The velocity distributions reveal the relative importance of fast flow channels compared to 

stagnant velocity regions. In Figure 7.8, time-evolving PDFs of velocities are shown for the four 

samples.  

 

Figure 7.8. Evolution of PDFs of velocity for the four samples. 

For all four samples we observe the formation of a secondary peak when the single channel is 

formed at the later stages of dissolution. As dissolution proceeds, the peaks representing fast and 

slow regions both shift to the left, indicating that their mode velocities decrease.  This is simply 

because the porosity increases and, at a fixed Darcy flow rate, the average interstitial velocity 

decreases. 

Here we observe the differences related to the two flow rates studied: the secondary peaks for the 

higher flow rates are more pronounced for both A and B, since the single channels have become 
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wider than in the lower flow rate cases. Correspondingly, less of the initially high velocities 

become more stagnant relative to the secondary peak. 

Overall, the porosity-permeability relationship, velocity fields and velocity distributions can be 

used to explain the impact of physical heterogeneity at different flow rates on reactive transport. 

However, in chemically heterogeneous rocks with a non-uniform spatial distribution of minerals 

having different batch reaction rates, additional analysis needs to be employed, to study the 

effective reaction rates and evolving spatial distribution of minerals.  

7.5.2 Reaction Metrics 

7.5.2.1 Mineral Volume Changes 

The porosity and mineral volume changes during dissolution are shown in Figure 7.9. A steeper 

increase in porosity is observed for the higher injection rate, independent of the initial flow 

heterogeneity. This is echoed in initially a more rapid decrease in mineral volume of both calcite 

and dolomite.  
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Figure 7.9. Evolution of porosity and the associated calcite and dolomite volume percent change as a function of pore 

volumes injected. For better visualization, the dolomite trend is plotted on the secondary axis due to its higher range 

of values. 

7.5.2.2 Effective Reaction Rates 

The average reaction rates found from the changes in mineral volume at the end of the experiments 

are given in Table 7.1. The intrinsic (batch) reaction rate at the same experimental conditions for 

calcite is 8.1×10-4 mol/m2s and for dolomite is 5.1×10-5 mol/m2s. In all four cases the average 

reaction rates were at least an order of magnitude lower than the intrinsic reaction rates due to the 

effect of mass transport limitations to the solid surface in the highly irregular carbonate pore space. 

Table 7.1 shows some Pe, Da, and reff values calculated from image analysis. The average rates of 

dolomite in the multi-mineral samples is within the same order of magnitude as the single mineral 

dolomite case from chapters 5 and 6 but consistently lower. This can also be said for the calcite in 

the multi-mineral samples; their rates are consistently lower than those seen in single mineral case 

such as the Ketton portion of the composite core from chapter 6 and the experiments on limestone 

sample done by Menke et al. under similar experimental conditions [32,33].   

Table 7.1. The average reaction rates for calcite and dolomite samples with heterogeneities A and B at the high and 

low flow rates calculated over the full course of experiments. Initial and final values for Pe and Da numbers for calcite 

and dolomite are also shown. 

Sample AL AH BL BH 

Calcite ave. reff  (mol/m2s) 5.08×10-6 5.45×10-6 1.09×10-5 3.42×10-6 

Dolomite ave. reff  (mol/m2s) 1.23×10-6 2.69×10-6 9.80×10-7 3.21×10-6 

Initial Pe 212 1030 164 1746 

Final Pe 126 529 109 642 

Calcite initial Da 1.11×10-3 2.13×10-4 1.08×10-3 2.28×10-4 

Calcite final Da 1.83×10-3 4.69×10-4 1.88×10-3 6.22×10-4 

Dolomite initial Da 1.32×10-5 3.11×10-6 1.87×10-5 2.20×10-6 

Dolomite final Da 2.05×10-5 3.11×10-6 2.61×10-5 5.27×10-6 

     

Furthermore, it is important to determine dynamic change in the effective reaction rates. Figure 

7.10 shows the effective reaction rates for calcite and dolomite as a function of time for the four 

experiments calculated from the images using Equation (7.1). To assess the impact of flow 

heterogeneity we present the effective reaction rates for the full core, fast channels and slow 
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regions. We also plot the vertical lines representing the number of PV after which the single 

channel is formed.  

The dynamics of the effective reaction rates change was different in calcite compared to dolomite. 

There was a faster decrease in the calcite effective reaction rate for the lower flow rate experiments 

for both heterogeneities A and B, which became an order of magnitude lower after approximately 

3,000 PV were injected. The same magnitude of reaction rate decrease is observed for the higher 

flow rate experiments after approximately 9,000 PV for both heterogeneities A and B. At the time 

when the single channel is formed, the effective reaction rate of calcite and dolomite either 

decreased considerably (for high flow rates), or were already very low. The dolomite effective 

reaction rates were slow and steady showing little change in the lower flow rate experiments, while 

they were initially faster with a later-stage order of magnitude decrease after approximately 9,000 

PV in the higher flow rate experiments. At this point, for the BH sample, there was a cross-over 

of the calcite and dolomite reaction rates, with the dolomite rate exceeding that of calcite. To 

explain this, we examine the effective reaction rates of calcite and dolomite in fast channels and 

slow regions. 

The analysis of fast channel reaction rates reveals that once the fast channel was formed, the 

dolomite reacted faster than the calcite, which confirms that calcite was shielded by dolomite. The 

calcite then predominantly reacted in slow regions. For the BH sample both slow regions and fast 

channel dolomite reaction rates were higher than that of calcite – this resulted in the cross-over in 

the effective reaction rates of calcite and dolomite. This cross-over cannot be fully explained by 

the initial or evolving velocity field heterogeneity, since in single- mineralogy experiments higher 

flow heterogeneity resulted in lower effective reaction rates due to less efficient transport [119]. 

This phenomenon can be attributed to the non-uniform distribution of chemical heterogeneity - in 

the BH sample most of reacted calcite mineral was initially far away from fast channels, which 

facilitated dolomite dissolution both in fast channels and slow regions. The evolution of reacted 

calcite and dolomite in relation to fast channels and slow regions will be analysed in Sections 

7.5.2.3 and 7.5.3.  



Chapter 7: Mixed Mineralogy Reservoir Sample 

130 

 

 

Figure 7.10. Calcite and dolomite effective reaction rates calculated from the change in mineral volumes in micro-

CT images plotted as a function of pore volumes injected. The columns represent the effective rates associated with 

the surface area related to (a) the full volume, (b) fast channels and (c) slow regions. 

7.5.2.3 Spatial distribution of reacted minerals  

Next, we examine the changes in spatial distributions of reacted minerals. As seen in Figure 7.11 

and Figure 7.12, in the more homogeneous samples A many flow channels existed initially, 
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supplying fresh reactant throughout the sample volume to both calcite and dolomite. Hence, we 

observe significant dissolution of both calcite and dolomite until the single channel is formed. In 

AL, the formation of the channel was mostly influenced by the pre-existing pathways which 

initiated the channel formation by dissolving a cluster of dolomite at the inlet of the core. Due to 

non-uniform mineral distribution, small amounts of scattered calcite dissolved early but this was 

not sufficient to influence the formation of the dominant channel. The main flow channel was 

formed principally through the dissolution of dolomite. From Figure 7.11 and Figure 7.12, we 

observe the single channel formation for both samples A occurred after several thousand PV. Once 

the channel was formed, fresh reactant flowed through this preferential path, leaving most of the 

remaining calcite unavailable for reaction since it was shielded by the larger amount of dolomite. 

Therefore, the effective reaction rate of calcite dropped significantly, while the dolomite rate 

decreased by a smaller extent.  

In the more heterogeneous B samples, shown in Figure 7.13 and Figure 7.14, fewer flow channels 

existed initially, which reduced the availability of fresh reactant throughout the sample volume. 

Therefore, the initial reaction rate for calcite was lower than those in the less heterogeneous 

samples A, while at the same time the initial reaction rates for dolomite were higher for the B 

samples. Visualisation of reacted minerals in sample BL shows that only a part of the single 

channel formed from initially existing channels. The other part of the channel was formed by 

reaction with initially distant calcite and/or dolomite. For sample BH the entirety of the single 

dominant channel was formed by the reaction away from the pre-existing fast channels. This means 

that the impact of chemical heterogeneity was more significant than that of physical heterogeneity. 

This observation shows that transport and reaction should be considered as coupled phenomena, 

which is the main idea for our analysis in the next section.  
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Figure 7.11. Time lapsed images of fast channels with dissolved calcite and dolomite superimposed for sample AL. 

The low and high colour scale represents normalized relative voxel velocities within each image. Each box size is 

roughly 5 mm3 with an image resolution of 5 µm.   
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Figure 7.12. Time lapsed images of fast channels with dissolved calcite and dolomite superimposed for sample AH. 

The low and high colour scale represents normalized relative voxel velocities within each image. Each box size is 

roughly 5 mm3 with an image resolution of 5 µm. 
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Figure 7.13. Time lapsed images of fast channels with dissolved calcite and dolomite superimposed for sample BL. 

The low and high colour scale represents normalized relative voxel velocities within each image. Each box size is 

roughly 5 mm3 with an image resolution of 5 µm. 
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Figure 7.14. Time lapsed images of fast channels with dissolved calcite and dolomite superimposed for sample BH. 

The low and high colour scale represents normalized relative voxel velocities within each image. Each box size is 

roughly 5 mm3 with an image resolution of 5 µm. 

7.5.3 Coupled Transport and Reaction Metrics 

7.5.3.1 Reacted Mineral Proximity to Fast Channels and Slow Regions  

In Section 7.4 we characterised the initial state of the samples in terms of physical heterogeneity 

by their initial velocity distributions. To couple the effect of flow and reaction in this section we 

study histograms of the proximity of reacted mineral voxels to fast channels and slow regions. In 

Figure 7.15 to Figure 7.18 we plot the histograms of the proximity of calcite and dolomite voxels 

that dissolve as a function of their distance from fast channels and slow regions during the period 

between two experimental scans. The number of voxels are normalised by dividing by the surface 
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area of each mineral in contact with the pore space of the fast channels and slow regions at the end 

of each experimental scan. 

As discussed in Section 7.5.2.3, for more homogeneous A samples, initially many channels existed 

which supplied fresh reactant throughout the volume resulting in significant contributions to 

overall dissolution by the calcite in proximity to both fast and slow regions, as seen in Figure 7.15 

to Figure 7.16. The contribution of calcite dissolution in proximity to the fast flow channels was 

larger than that near the slow regions until the single channel was formed (for AL experiment this 

occurred within 2035-2461 PV injected, and for AH within 4085-5626 PV injected, see Table AP2 

in Appendix 2). From then on, the contribution of calcite dissolution in proximity to the slow 

regions became more important. However, the opposite is observed for dolomite – since single 

channel formation resulted in a preferential flow path of fresh reactant, while the mineralogical 

composition in the channel and the entire sample (see Table AP2 in Appendix 2 and Figure 7.9) 

favoured dolomite dissolution, we see an increase in the contribution of dolomite dissolution in 

proximity to the fast flow channels. The dolomite in contact with the single channel prevented the 

contact of reactant with calcite elsewhere in the rock, thereby further decreasing the calcite 

effective reaction rate, as shown in Figure 7.10. This effect is also evident for sample AH in which 

a larger number of PV were injected after formation of the single channel. 

We discriminate different behaviour for the higher initial flow heterogeneity samples with 

heterogeneity B, as seen in Figure 7.17 and Figure 7.18. Since they had initially fewer fast flow 

channels, the supply of fresh reactant was limited to only a part of the sample volume. Hence, 

initially the contribution of calcite dissolution in proximity to the slow regions was larger than that 

near the fast channels before the single channel was formed (for BL experiment this occurred 

within 1332-1850 PV injected, and for BH within 7149-9061 PV injected, see Table AP2). This 

behaviour is also seen after the formation of the preferential flow path, but with much less 

dissolution and lower calcite effective reaction rates, as previously discussed for the heterogeneity 

A samples.  

For the B samples the contribution of dolomite dissolution in proximity to the slow flow regions 

was larger than that near the fast flow channels before the single channel was formed. However, 



Chapter 7: Mixed Mineralogy Reservoir Sample 

137 

 

after the formation of the single channel the opposite was true since the preferential flow path of 

the fresh reactant and mineralogical composition in the channel favoured dolomite dissolution. 

A larger number of dissolved calcite voxels close to slow regions is a signature that the single 

channel (BH sample) or parts of it (BL sample) can be formed away from the initially fast channels. 

This phenomenon is favoured by a more heterogeneous flow field (higher probability that initial 

calcite will be distributed away from the fast channels), and by an order of magnitude higher calcite 

intrinsic reaction rate than that of dolomite. 

 

Figure 7.15. AL sample analysis of dissolution. The dissolved mineral voxels divided by the exposed surface area is 

shown as a function of distance from either a fast channel or a slow region. Results are shown for different PV injected 

for calcite and dolomite, and for fast channels and slow regions. Visualisation of the flow fields are provided for the 

beginning of each scan and shown as an insert in the dolomite figures. 
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Figure 7.16. AH sample analysis of dissolution. The dissolved mineral voxels divided by the exposed surface area is 

shown as a function of distance from either a fast channel or a slow region. Results are shown for different PV injected 

for calcite and dolomite, and for fast channels and slow regions. Visualisation of the flow fields are provided for the 

beginning of each scan and shown as an insert in the dolomite figures. 

 

Figure 7.17. BL sample analysis of dissolution. The dissolved mineral voxels divided by the exposed surface area is 

shown as a function of distance from either a fast channel or a slow region. Results are shown for different PV injected 
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for calcite and dolomite, and for fast channels and slow regions. Visualisation of the flow fields are provided for the 

beginning of each scan and shown as an insert in the dolomite figures. 

 

Figure 7.18. BH sample analysis of dissolution. The dissolved mineral voxels divided by the exposed surface area is 

shown as a function of distance from either a fast channel or a slow region. Results are shown for different PV injected 

for calcite and dolomite, and for fast channels and slow regions. Visualisation of the flow fields are provided for the 

beginning of each scan and shown as an insert in the dolomite figures. 

7.6 Discussion 

For all the samples studied, visualisation of both the velocity field and the reacted mineral 

distribution revealed that a single dominant flow channel was formed, which considerably 

decreased the effective reaction rate of calcite as it became shielded by dolomite. However, the 

formation time and the spatial position of the channel depended on both initial physical and 

chemical heterogeneity. The more homogeneous samples were characterised by a narrower 

velocity distribution and a larger number of fast channels throughout sample volume. This results 

in the dominant flow pathway being formed from the pre-existing flow channels which widened 

and merged during dissolution. On the other hand, higher pore-structure heterogeneity translates 

to a broader distribution of velocity and fewer fast channels, which were limited to a part of sample 

volume. Here calcite was not necessarily close to fast channels. Hence, calcite dissolution which 

formed the single dominant channel occurred away from the initially fast channels. This slowed 

down the formation of single channel. Chemical heterogeneity dominated over physical 

heterogeneity in these cases.  
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The average reaction rates calculated over the course of the experiments were at least an order of 

magnitude lower than the intrinsic reaction rates due to mass transfer limitations. Moreover, the 

effective reaction rate of calcite decreased due to the establishment of a single preferential flow 

path. This decrease was much higher than that observed for dolomite, and, dependent on proximity 

of reacted minerals to fast flow channels, even led to a higher effective reaction rate for dolomite 

than calcite. We explain this behaviour by showing that effective rates for dolomite in both fast 

channels and slow regions were faster than those for calcite, due to coupled effects of transport 

heterogeneity and non-uniform mineral distribution.  

In comparing our results to the latest mixed mineralogy experiments in the literature, we highlight 

Smith et al. [123] core-scale (42.5 micron resolution) observations of dissolution from reactive 

flow in carbonate reservoir core plugs made from a mix of calcite and dolomite. They reported 

that despite the low content of calcite in the overall sample composition, its dissolution had a 

dominating effect on permeability; this observation is parallel to some scenarios seen in 

experiments in this chapter. Our coupling of chemical and flow field analysis method revealed that 

pre-existing pathways may also by the dominating factor to different degrees. The most recent 

study on mixed mineralogy samples containing dolomite and calcite was performed by Salehikhoo 

& Li [125] who examined how mineral dissolution rates are affected by their spatial distribution 

and suggested that the difference in the rates between laboratory and field scales could be in part 

caused by the spatial distributions of minerals. They highlighted the importance of quantifying 

mineral spatial distribution to predict the availability of “reactive interfaces.” Our addressing of 

this point demonstrated that the channel establishment leads to the complete shielding-off of one 

mineral by another and the resulting flow field confines flow to the channel surfaces and 

significantly abates reaction of stagnant region surfaces.    

 

7.7 Summary 

We have examined the impact of physical heterogeneity, chemical heterogeneity, and flow rate on 

the nature of mixed-mineralogy rock dissolution by supercritical CO2 saturated brine. To reduce 

the parameter space we used a Screening Pore-scale Imaging and Modelling (SPIM) method  

introduced in Al-Khulaifi et al. [119] (Chapter 5) to select two pairs of samples of different 
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heterogeneity in accordance with their initial velocity distributions, for which we then performed 

experiments at low and high flow rates. The mineralogical composition of the samples was similar 

(dolomite to calcite ratio of 8:1) but the intrinsic reaction rates of the minerals at the reservoir 

conditions studied differ by an order of magnitude. This chapter represents the most complex case 

among the analysed samples which went from a single mineral in Chapter 5, to segregated multi-

mineral in Chapter 6, to a natural multi-mineral distribution in this Chapter. Ultimately, these types 

of experiments are important to develop a deeper comprehension on mineral dissolution and may 

serve as validation for CO2 storage predictive modelling tools which take into account 

geochemistry and other complexities found in carbonate rock formations. The next and final 

chapter gives concluding thoughts and future recommendations to further extend and build on the 

current work.   
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Chapter 8: Conclusions and Recommendations 

8.1 Conclusions  

This thesis has presented new data and analysis techniques which shed light on the pore-scale 

dissolution of multi-mineral porous media in the context of CO2 storage in deep carbonate aquifers. 

For the very first time, pore structure heterogeneity was characterized prior to experimentation 

using the SPIM technique we proposed in Chapter 5. To see the individual and collective effects 

of physical and chemical heterogeneity on dissolution behaviour, the experimental approach was 

to gradually increase the sample complexity starting from a single mineral case, where different 

physical heterogeneities where pre-characterized, and moving toward an intermediary two mineral 

case with uniform spatial distribution, followed by a naturally physically and chemically 

heterogeneous scenario that is closest to the reality of what real carbonate storage reservoirs are 

like.  

Our work implies that physical and chemical heterogeneity needs to be added to the traditional 

picture of describing reactive transport in porous media. Golfier et al. [38] plotted Damköhler vs. 

Péclet number graphs to help identify reactive transport conditions needed for the establishment 

of different dissolution regimes, namely compact (face) dissolution, wormholing and uniform 

dissolution. These plots are successfully used for single mineralogy media but are more limited in 

describing multi-mineral porous media where many more reactants are present and for which the 

definition of Damköhler numbers is not straightforward [171]. In our pore-scale experiments, the 

Damköhler numbers (10-3 – 10-4 for calcite, and 10-5 – 10-6 for dolomite) and  Péclet numbers (Pe  

̴1000 for the high flow rate experiment, and Pe  ̴100 for the low flow rate experiment) are in the 

range of conditions associated with the uniform dissolution regime, as defined by Golfier et al. 

[38].  

However, the impact of physical heterogeneity leads to a channelling effect, i.e. widening of pre-

existing channels instead of uniform dissolution, as observed  in single-mineralogy experiments 

[32,119] and described in Chapter 5. Furthermore, our study in multi-mineral porous media 

demonstrates that new aspects related to both physical and chemical heterogeneity of porous media 

should always be considered. Figure 8.1 illustrates schematically our results: an increase in 
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physical heterogeneity (defined by the velocity distribution) and chemical heterogeneity (defined 

by the spatial distribution of minerals) leads to preferential channelling, with the effective reaction 

rate decrease and a greater scaling exponent in the porosity-permeability relationship. 

 

Figure 8.1. Observed trends in pore-scale dissolution. (A) The general observed trends of pore-scale dissolution at 

different Péclet and Damköhler numbers and (B) the impact of physical and chemical heterogeneity in multi-mineral 

porous media. An increase in physical and/or chemical heterogeneity is associated with favouring a preferential 

channelling regime instead of uniform dissolution. This results in the effective reaction rate decrease and a greater 

scaling exponent m in porosity-permeability power-law relationship, K = c𝝓𝒄𝒐𝒏𝒏𝒆𝒄𝒕𝒆𝒅
𝒎 .  

8.2 Future work 

This thesis builds on previous works that aim to understand the impacts of heterogeneity and flow 

on reaction dynamics by exploring the effects of having two minerals of different reaction rates in 

the system. As we have used one naturally heterogeneous reservoir sample that had an 8:1 calcite 

to dolomite ratio, there are still cases in nature that have a different fractions of minerals which 

need studying. One such case is reservoir sample C4 sample shown below in Figure 8.2 which 

exhibits a completely different pore-structure and relative dolomite and calcite amounts.  
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Figure 8.2. 5.2 micron resolution micro-CT image of a naturally heterogeneous mixed mineralogy reservoir sample 

with a distinct pore and mineral distribution. This sample, labelled C4, contains both dolomite (in grey) and calcite 

(in white) in a ratio that is closer to 1:1.   

Examining the effects of more heterogeneities is required to form a robust understanding of how 

heterogeneity, both chemical and physical, effect pore-scale dissolution and ultimately use this 

understanding to better predict and model reactive transport in the context of CO2 storage.  

Another important scenario worth investigating is reaction in the presence of a secondary fluid 

phase either as CO2 in its own phase, residual oil/gas or mobile oil/gas making two-phase flow. It 

has been shown that in such scenarios the dissolution regimes within the same rock will completely 

vary and initial Pe and Da numbers can no longer predict them in the presence of a secondary 

phase [172]. Experimentation for these cases would be useful to predict CO2 injection into depleted 

hydrocarbon reservoirs as storage sites or reservoirs with declining production as a tertiary 

recovery method.  

The final and most important part of this research is the open question of upscaling pore-scale 

dissolution models to core and field scales. To advance in this regard, there needs to be more 

experiments with multiple length scale observations such as that by Menke et al. [82]. Moreover, 
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expanding these studies to field scale and assessing the uncertainties due to heterogeneities at each 

scale of interest, e.g. with hierarchical modelling approach by Rhodes et al. [173,174] and Muljadi 

et al. [175], should be the subject of future work. 
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Appendix 1 

We obtain histograms of distance maps showing the frequency of dissolved calcite and dolomite 

minerals layer-by-layer away from fast channels and slow regions. The layer thickness is one 

voxel. Fast channels are identified as those containing velocities which are in the highest 25% of 

a particular flow field. The algorithm is as follows: 

1. Defining fast channels in a velocity field: 

a. To find the fast velocity ‘seed’ within a particular image we determine the 

cumulative density function (CDF) of velocity of the calculated flow field from that 

image and choose the voxel velocity that corresponds to CDF of 0.75 as the cut-off 

point. All velocities above that are included in the ‘seed’ from which to locate a 

channel. In other words, we segment out the pore voxels with the top 25% of highest 

velocities.  

 

Figure AP1. Probability density function (labels in primary axis) and cumulative density function (labels on secondary 

axis) of velocity for the initial flow field of sample BL. The vertical dotted line cuts the CDF trend at the 0.75 CDF 

and all velocities above that point are those chosen as the seed to locate channels in the flow field. 

An example image used for extracting the geometry of fast channels is shown in Figure AP2 in 

which the seeded fast voxels are marked in red in the channel cross-section. 
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Figure AP2. Steps for extracting fast channels: (A) shows the high velocity voxels (in red) which are used as the 

seeds; the rock grain voxels are in grey while black voxels are pores, (B) shows the dilated seeds (in green) in the 

form of layers covering the fast channel and the adjacent solid grains, (C) yellow voxels represent the void voxels 

remaining as part of the channel after removing the solid grain voxels from the dilated voxels in (B). 

 

b. We grow the “seed” (segmented voxels with fastest velocities) to identify the 

channel volume that contains the fastest velocities. This is done in two steps: (1) 

using a dilation module in our image analysis software, we grow the seed for a 

certain number of layers after which there is an insignificant change in the channel 

volume. In our analysis of the four carbonate samples the number of layers varied 

between two and eight, dependent on the channel volume. These layers are seen as 

green in Figure AP2-B and consist of void but also the solid voxels for which 

dilated voxels exceeded the pore wall boundary, and (2) if the voxels exceed the 

pore wall boundary we subtract the solid grain voxels and thus obtain the exact 

geometry of the channel, which now contains the fastest seed voxels (red) and the 

voxels with velocity lower than the seed voxels (yellow), as seen in Figure AP2-C. 

2. Defining slow regions: subtract the fast channel image acquired in the previous step 

from the original full image to provide the slow regions.  
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3. Calculate the number of dissolved calcite and dolomite voxels adjacent to fast channels 

and slow regions layer by layer moving outward from pore: 

a. Step 1: Calculate two distance maps: one that gives the distance of all calcite and 

dolomite voxels from the outer walls of fast channels, and one from the outer walls 

of slow regions.  

b. Step 2: Separate the dissolved calcite and dolomite voxels between two consecutive 

segmented images using the fast channel and slow regions maps produced in Step 

1. 

c. Step 3: Make histogram of resulting distance maps to assess the frequency of 

dissolved calcite and dolomite voxels layer-by-layer away from fast channels and 

slow regions.



Appendix 2 

149 

Appendix 2 

Table  and Table AP2 summarise the key observations from the analysis based on the chemical and physical parameter 

values describing dissolution for the four experimental samples.  

Table AP1. Interpretation of results related to physical parameters for each sample. 

 Physical Physical Physical Physical Physical Physical 

Sample 
Initial 
porosity 

Final 
porosity 

Initial 
permeability Final 

permeability   
Velocity field Velocity distribution 

AL 9.9%                                   15.3% 7.6×10-15 m2 5.3×10-11 m2 

Initially, many fast channels 

existed. Calcite and 

dolomite dissolved along the 

initial fast flow channels 
leading to channel widening.  

A secondary peak developed 

where the channel was 

formed. Previously fast 

velocity peak became slower 
relative to the secondary 

peak.  

AH 11.3%                                 21.4% 5.0×10-14 m2  8.0×10-10 m2 

Initially, many fast channels 
existed. Calcite and 

dolomite dissolved along the 

initial fast flow channels 
leading to channel widening.  

A secondary peak developed 
and was higher than the AL 

case (as the channel is 

wider). Correspondingly less 
of previously high velocities 

became more stagnant 

relative to the secondary 
peak.  

BL 7.9%               13.0% 1.7×10-15 m2 3.7×10-11 m2 

Fewer channels initially 

make the dissolution of 

calcite away from fast 

channels more probable. 

Secondary peak is formed 

while the primary peak 

moves towards stagnant 

velocities relative to the 

secondary peak.  

BH 8.0%  18.0% 2.3×10-15 m2      4.7×10-10 m2 

Fewer channels initially 
make the dissolution of 

calcite away from fast 

channels more probable.  

New secondary peak is very 
pronounced because of 

calcite dissolution while the 

initial peak moves towards 
stagnant velocities relative 

to the secondary peak. 
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Table AP2. Interpretation of results related to chemical parameters for each sample.  

  Chemical Chemical  Chemical  Chemical Chemical  

Sample 

Initial dol. 

& cal. 
content 

(vol%) 

Final dol. 

& cal. 
content 

(vol%) 

PV needed to 

form the 

channel 

Effective reaction rates Mineral distribution 

Reacted mineral 

proximity to fast 

channel 

AL 

Dol:81.5%  

Cal: 8.7% 

Dol:77.0% 

Cal: 7.7% 

2035-2461 

Dolomite reaction rate 
is low and steady. 

Calcite reaction rate 

decreased but never 
crossed over dolomite 

rate.  

Calcite and 
dolomite dissolved 

throughout the 

sample volume until 
the single dominant 

channel was 

formed. 

Reacted calcite was 
initially in the 

proximity of fast 

channels due to the 
homogeneous initial 

flow field.  

AH 

Dol:78.4% 

Cal: 10.3% 

Dol:70.0% 

Cal: 8.6% 

2256-4085   

Dolomite rate was 
initially higher than in 

the A low flow rate 

case. Calcite reaction 
rate has a decreasing 

trend but never crossed 

over dolomite rate.  

Calcite and 
dolomite dissolved 

throughout the 

sample volume until 
the single dominant 

channel was 

formed.  

Reacted calcite was 
initially in the 

proximity of fast 

channels due to the 
homogeneous initial 

flow field. 

BL 

Dol:79.7% 

Cal: 12.4% 

Dol:77.4% 

Cal: 9.6% 

2775-3214   

Dolomite rate is low 

and steady.  

Calcite reaction rate 
initially very high and 

decreases with time, 

but never crosses over 
dolomite rate.  

Part of the single 

dominant channel is 

from the pre-
existing channel. 

However, the other 

part of the channel 
is from a distant 

calcite.  

Reacted calcite was 

initially away from 

fast channels due to 
the heterogeneous 

initial flow field. 

BH 

Dol:84.6% 

Cal: 7.3% 

Dol:76.2% 

Cal: 5.8% 

4449-7149   

Dolomite rate was 

initially higher than in 
the B low flow rate 

case. Calcite reaction 

rate was high and 
decreased until it 

crosses-over dolomite 

rate at 9000 PV.  

The entirety of the 

single dominant 
channel was formed 

away from initially 

fast channels.  

Reacted calcite was 

initially away from  
fast channels due to 

the heterogeneous  

initial flow field. 
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