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Abstract:  

Carbon dioxide (CO2) storage in geologic formations is an attractive means of reducing 

greenhouse gas emissions. The main processes controlling the migration of CO2 in geological 

formations are related to convective mixing and geochemical reactions. The effects of 

heterogeneity on these coupled processes have been widely discussed in the literature. 

Recently, special attention has been devoted to fractured geological formations that can be 

found in several storage reservoirs. However, existing studies on the effect of fractures on 

the fate of CO2 neglect the key processes of geochemical reactions. This work aims at 

addressing this gap. Based on numerical simulations of a hypothetical reservoir, we explore 

the effect of fracture properties and topology on the domain’s storage capacity at different 

rates of CO2 mineral dissolution. It is found that, the fractures not only can help the mixing 

convection and reaction process in the domain but also may play a restrictive role in entering 

dissolved CO2 and hinder the plume fingers from growing. The hypothetical case is relevant 

in providing preliminary understanding but can show varying degrees of geological realism. 

For more representative geology, we investigate the migration-dissolution of buoyant CO2 

on a large-scale outcrop of a volcanic basalt rock formation. The results show that neglecting 

thin fractures can significantly affect the predicted amount of trapped CO2. The storage 

capacity is more sensitive to heterogeneity at low dissolution rates. The findings are useful 

for the management of CO2 sequestration in fractured domains. 
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1. Introduction 

Energy transition, sustainable development, and climate change are currently the main 

significant challenges facing humanity. Since the mid-20th century, due to anthropogenic 

greenhouse gas emissions and activities, global warming has been raised, and the increase in 

global temperature is estimated at 0.2°C above pre-industrial levels (Masson-Delmotte et al., 

2018). This caused various observed changes in the climate system, such as the melting of 

the ice caps, sea-level rise, intensified heatwaves, and longer drought periods in most 

semiarid regions (NASA, 2018). The Intergovernmental Panel on Climate Change (IPCC) 

predicts a temperature rise of 1 to 6°C by the end of the century, and the impact of climate 

change on humanity varies with the ability of social systems to adapt or mitigate changes 

(Masson-Delmotte et al., 2018).  

It is assessed that the major reason for the increase in the global temperature of the 

Earth's surface is the multiple anthropogenic sources that cause the accumulation of 

greenhouse gas in the atmosphere (Rose et al., 2017). Carbon dioxide (CO2) is the primary 

greenhouse gas; therefore, considerable mitigation of CO2 emissions is the most effective 

way to reduce global warming (NASA, 2018). This calls for new sources of low-carbon 

energy. But in a transition period, there is a need for efficient techniques to reduce CO2 

emission to the atmosphere. Among several available techniques, the storage of CO2 in 

geological formations is one of the leading technological ways to dramatically reduce 

anthropogenic emissions of greenhouse gas (Bachu et al., 2007; Gough, 2016; Michael et al., 

2010; Orr, 2009). Injecting CO2 into oil- and brine-bearing reservoirs is a technology to store 

captured anthropogenic CO2 beneath the Earth's surface. The sequestration of CO2 process 

for mitigating greenhouse gas involves the capture and transportation of CO2 from 

anthropogenic sources and then injecting of supercritical CO2 into underground geologic 

formations (Boot-Handford et al., 2014). The Paris Agreement on climate change estimated 
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that this technique would have a pivotal role in reducing greenhouse gas emissions (Rogelj 

et al., 2016).  

CO2 geological sequestration is a complex technology that involves a consecutive series 

of capture, transport, and sequestration/trapping processes. It requires knowledge and skills 

from geology, fluid mechanics, chemistry, geochemistry, hydrogeology, and environmental 

science. Current research questions in CO2 geological sequestration focus on the 

improvement of the injection techniques (Hoteit et al., 2019; Sigfusson et al., 2015), ensuring 

safe and successful implementation (Romasheva and Ilinova, 2019; Singh and Islam, 2018; 

Soltanian et al., 2019), enhancement of reservoirs capacity (Kim et al., 2017;  

Raziperchikola et al., 2013), and assessment and prediction of the geological and 

environmental impacts (Chen et al., 2018). A key point in addressing these research questions 

relies on a good understanding of the fate of CO2 in geological formations. The most 

important processes controlling the injected CO2 are density-driven convection (DDC) and 

precipitation/dissolution (Kim et al., 2019; Mojtaba et al., 2014). In fact, after injecting super-

critical CO2 into a reservoir, because of the buoyancy effects (density and viscosity of CO2 

are 70% and 10% those of water), CO2 migrates upward to spread over the caprock at the 

reservoir top surface, and then, it dissolves into the ambient native groundwater (Kim et al., 

2019; Mojtaba et al., 2014). This forms the carbonic acid that has a higher density than water. 

Mixing processes between carbonic acid and lower groundwater take place by molecular 

diffusion. The density difference between carbonic acid and water induces gravitational 

instability. Thus, unstable DDC processes occur, and the fingering phenomenon appears. 

Fingering processes cause an enhancement of the mixing between carbonic acid and water. 

In the under-layers, the acidified water, in the long term, initiates mineral 

precipitation/dissolution reactions with the ambient geological formations (Soltanian et al., 

2019).      
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The processes of DDC dissolution and mineral precipitation are fully coupled. 

Interactions between these processes during CO2 sequestration have been the subject of 

several theoretical, numerical, and experimental studies. A widely discussed issue is the CO2 

dissolution in resident brine (i.e., solubility trapping) during sequestration in saline aquifers 

(Emami-Meybodi et al., 2015; Jafari Raad et al., 2019; Mojtaba et al., 2014; Tang et al., 

2019). A comprehensive review of modeling and experimental works related to convective 

dissolution of CO2 in saline aquifers is presented in (Emami-Meybodi et al., 2015). In the 

underground geologic formations, the dissolution of CO2 in water increases acidity. Thus, 

under low-pH conditions, several primary minerals of the host rocks dissolve into the 

formation water. This increases the concentration in cations such as Ca2+, Mg2+ and Fe2+. By 

reactions with the existing cations carbonic, acid can form carbonate minerals such as CaCO3, 

MgCO3, and FeCO3. This phenomenon is called mineral trapping (Zhang et al., 2011; 

Soltanian et al., 2019). The reaction rates of the geochemical reactions depend on several in 

situ conditions such as pressure and temperature (Bachu et al., 2015). Processes of mineral 

trapping are slower than solubility trapping and occur over a longer (hundreds of years) 

geologic timescale (Bachu et al., 2015; Aminu et al., 2017). Such reactions enhance the 

spread of the dissolved CO2 and increase the safety of geological storage. Thus, it is important 

to understand the impact of geochemical reaction between carbonic acid and the host rocks' 

to evaluate the ability of a reservoir in storing CO2 in the long-term stability (Islam et al., 

2016a; Rochelle et al., 1999) . This topic has been discussed in the literature (Ennis-King and 

Paterson, 2007; Ghesmat et al., 2011; Ward et al., 2015). Recently, Babaei and Islam (2018) 

investigated the effect of convective-reactive CO2 dissolution taking into account the mass 

transfer with immobile water. Erfani et al. (2020) studied the signature of geochemistry on 

DDC of CO2 in sandstone rocks. They showed that geochemical reactions play a major role 

in the convective-diffusive flow of CO2. Strong interaction between geochemical and DDC 
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processes has been observed. Fu et al. (2015) demonstrated that the dissolution of carbonate 

rock initiates in regions of locally high mixing, but the geochemical reaction stops 

significantly earlier than the shutdown of convective mixing. Ghoshal et al. (2017) showed 

that the high dissolution rates intensify the fingering phenomenon. A significant issue here is 

the impact of the geochemical reactions on the hydraulic properties of the reservoir such as 

porosity and conductivity (Hidalgo et al., 2015). The importance of this process depends on 

the geological characteristics of rocks.    

The coupled processes of DDC and mineral dissolution/precipitation can be affected by 

ambient rocks. Heterogeneity has been found to play a major role in controlling the DDC-

dissolution processes of CO2. Heterogeneity impacts on convection-dissolution processes of 

CO2 have been the subject of several studies. For instance, Kong and Saar (Kong and Saar, 

2013) investigated the effect of stochastic heterogeneity on DDC processes during the 

dissolution of CO2 in brine. Based on numerical experiments, Islam et al. (2016b) showed 

that DDC and dissolution processes are influenced primarily by the heterogeneity in grain 

size. Dai et al. (2018) investigated the effectiveness of the heterogeneity-induced trapping 

mechanism. Based on a site application, they showed that heterogeneity-assisted trapping has 

a greater areal extent for secure offshore CO2 storage than gravitational trapping. Fractured 

domains are a particular type of heterogeneity. Fractures can generate preferential flow 

pathways and may increase the possibility of CO2 leakage from the geological formation, 

which can cause significant ecological risks (Zhang et al., 2018). Several ecological 

consequences of CO2 leakage on marine ecosystems are discussed in Molari e al. (2018) and 

Borrero-Santiago et al. (2020). Fischer et al. (2016) investigated the effect of CO2 storage on 

groundwater. For instance, pressure increase below the caprock, due to CO2 injection, can 

generate a preferential flow through faults and fractures that may exist in the caprock 

formation (Fitts and Peters, 2013). Preferential flow through Fractures and faults can make 
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increase the risk of leakage through abandoned wells (Huo and Gong, 2010). The ongoing 

project DETECT (https://geoenergy.hw.ac.uk/research/detect/) aims at evaluating the risk of 

CO2 leakage along fractures of the primary caprock. Thus, in principle, densely fractured 

geological formations are usually unsuitable for safe CO2 sequestration (Kim et al., 2019). 

However, fractures and faults can be observed in several storage reservoirs such as in Algeria, 

the Appalachian Basin and Montana in the USA, and Janggi site in South Korea (Kim et al., 

2019; Raziperchikolaee et al., 2019,2020). In certain sites, fractures are stimulated, by 

hydraulic fracturing, in order to improve the storage capacity of saline aquifers (Iding and 

Ringrose, 2010; Middleton et al., 2014; Raziperchikolaee et al., 2013). 

The effects of fractures on non-reactive DDC processes have been extensively 

investigated in the literature but not in the context of CO2 sequestration (Hirthe and Graf, 

2015; Jafari Raad and Hassanzadeh, 2018; Shafabakhsh et al., 2019; Simmons et al., 2008). 

Recently, Kim et al. (2019) investigated the effect of fractures on convective mixing during 

CO2 sequestration, but they neglect reactive processes. However, several studies showed that 

fractures can affect the reaction processes (Chaudhuri et al., 2008; Liu et al., 2017). Thus, it 

is important to understand the role of fractures on coupled CO2 convective mixing and 

geochemical processes in order to evaluate and predict CO2 trapping mechanisms in fractured 

geological formations. To the best of our knowledge, this topic has not been investigated in 

the past. Thus, this work aims at developing a comprehensive study on the effects of various 

fracture configurations on coupled mineral dissolution and DDC processes. Our methodology 

is based on numerical modeling which is considered as the most suitable tool to understand 

CO2 trapping mechanism, from the economical and practical point of view (Li and Jiang, 

2017; Jafari Raad and Hassanzadeh, 2017; Soltanian et al., 2019). Conclusions learned from 

numerical models are helpful in enhancing our understanding of physical processes and in 

addressing current research questions related to CO2 geological sequestration. Thus, based 

https://geoenergy.hw.ac.uk/research/detect/
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on COMSOL Multiphysics, we develop a model that couple Darcy’s law with mass transport 

equation under variable density, which is a function of dissolved CO2 concentration. The 

fractures are considered explicitly via the discrete fracture model available in COMSOL. We 

consider simplified kinetic dissolution reaction of carbonic acid and calcium carbonate as in 

Kim et al. (2019) and the references therein. The model is first applied on a hypothetical 

domain overlaid by the supercritical layer of CO2, under different configurations of fractures 

(Babaei and Islam, 2018; Kim et al., 2019). We evaluate the effect of fracture characteristics, 

topology, and density on the total CO2 flux entering the domain, which is used as a metric of 

the domain storage capacity. The problem of a synthetic reservoir with hypothetical fractured 

configurations is relevant in providing preliminary insight on the effect of fractures on CO2 

convection-dissolution processes but can show varying degrees of geological realism. For 

more representative geology, we apply the numerical model on a large-scale outcrop of a 

volcanic basalt rock formation in Lebanon. Based on the outcrop analogy we evaluate the 

capacity of fractured volcanic basalt rocks in trapping CO2. 

2. Governing equations and conceptual and numerical models 

2.1. Mathematical model 

After the injection of CO2 into an aquifer, the CO2-rich fluid at the caprock has a higher 

density than the native formation fluid; therefore, the CO2-rich water will promote carbonate 

dissolution in the domain. The experiments on carbonate rock samples (Elkhoury et al., 2013) 

have indicated that the interaction between the CO2 solution and rocks results in the formation 

of carbonate minerals through a series of geochemical reactions. These mechanisms depend 

on the pressure, temperature, acidity, chemical composition of the brine, and the mineralogy 

of the rocks (Matter et al. 2007). The precipitation of Ankerite depends on the rate of 
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reduction of mineral precursors such as goethite (Xu et al. 2004). In this work, we only focus 

on calcium carbonate dissolution.  

The chemical system of the aqueous phase reactions and mineral-fluid reactions are 

summarized by the following chemical reactions. These reactions include acidification and 

carbonation of the native formation and potential mineral dissolution (Ghoshal et al., 2017; 

Izgec et al., 2005; Marini, 2006). 

2(aq) 2 3(aq)CO +H O H CO 2  (1a) 

3(aq) (aq) 3(aq)H CO H +HCO 2  (1b) 

3(s) (aq) 3(aq)CaCO Ca CO  2 2
 (1c) 

3(s) (aq) (aq) 3(aq)CaCO +H Ca HCO   2
 (1d) 

The reactions above can be combined into the following main geochemical reaction: 

2(aq) 3(s) 2 3 2CO +CaCO +H O Ca(HCO )  (2) 

Among the reactive species in the chemical system, CO2(aq) and calcium carbonate 

(CaCO3(s)) are selected as primary species (Babaei and Islam, 2018).  

Reactive natural convection of dissolved CO2 into the water in the porous matrix is governed 

by variable-density flow and mass transport equations. The mass conservation is ensured by 

the continuity equation and the velocity based on Darcy’s law as follows: 

  0
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Where 𝜀𝑚 is the porosity of the medium [-], 𝜌 is the mixed fluid density [ML−3], t is the 

time [T], u is the velocity [LT-1], 𝑘𝑚 is the intrinsic permeability of the porous matrix [L2], 
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μ is the fluid dynamic viscosity [ML−1T−1], 𝑝 is the pressure [ML-1T-2], and g is the gravity 

[LT−2]. 

The convection-diffusion equation coupled to geochemical reactions for each chemical 

species in a non-deformable porous medium is as the following mass balance equations:  
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(5b) 

Where 𝑐𝐶𝑂2  and 𝑐𝐶𝑎𝐶𝑂3  are the solute concentration [ML−3], and 𝑟𝑐ℎ𝑒𝑚,𝐶𝑂2  and 

𝑟𝑐ℎ𝑒𝑚,𝐶𝑎𝐶𝑂3 are the reaction terms [ML−3T-1] for CO2 and CaCO3, respectively. For these two 

species, the reaction terms which are assumed to be second-order can be written as (Babaei 

and Islam, 2018; Ghesmat et al., 2011): 

      n

chem,CO r v CO CaCOr k a c (c )
2 2 3

 (6a) 

  n

chem,CaCO m r v CO CaCOr k a c (c )
3 2 3

 (6b) 

Where 𝑘𝑟 is the reaction rate constant [L4M-1T-1], 𝑎𝑣 is the mineral surface area available 

for reaction per volume of the medium [L-1], and n is the rate of the reaction which is equal 

to 1 for the second-order reaction (Brezonik, 2018). 

Finally, Equations (3), (4) and (5) are coupled with Boussinesq approximation by a linear 

function which relates the density (𝜌) and the concentration of CO2 (𝑐𝐶𝑂2) as follows: 

  
2 20 1     CO initial CO( c c )    (7a) 
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Where 𝜌0 is the density of fresh-water [ML−3], β is the volumetric expansion coefficient in 

respect to the concentration of dissolved CO2. We assumed the effect of CO2 on the density 

of water is linear and β > 0. 

To generalize the results and characterize the mixing convection, allowing its comparison 

and application to different scales and conditions, we use the following dimensionless 

quantities to obtain the dimensionless form of governing equations. 
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 (8) 

Applying the above change of variables gives the following dimensionless governing 

equations. Eq. (11) represent the mass conservation and Eq. (12) is for the convection-

diffusion equation coupled with reaction. 

Where Ra and Da are dimensionless numbers known as Rayleigh number and Damköhler 

number, respectively. 

The non-dimensional Raleigh number (Ra) relates the ratio of the buoyancy forces that drive 

flow to diffusive forces that dissipate it. This parameter governs the natural convection 

processes, and it is used to characterize the onset of free convection. Ra is defined by(Prasad 

and Simmons, 2003): 

  * * * *u P Ra.c  (9) 
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In this work, Ra is defined using the permeability of the porous matrix (𝑘𝑚). 

The dimensionless Damköhler number (Da) expresses the strength of geochemical reactions 

in porous media, and it is defined as the ratio between reaction and diffusion rates. We use 

this parameter to characterize the reactivity in the model. A high Da indicates a system with 

high reactivity due to the occurrence of fast reactions. In contrast, a low Da means the 

chemical reaction is sufficiently slow as if no reactions were present; therefore, convective 

mixing could not occur (Babaei and Islam, 2018; Fu et al., 2015; Sainz-Garcia et al., 2017). 

Using the definition presented by (Ghesmat et al., 2011) for the second-order reaction over 

convection, Da can be written as follows: 

 r vk a H
Da

D. c 

2

 (12) 

2.2. Conceptual and numerical models  

The domain and boundary conditions of a two-dimensional 1 (m) 1 (m) hypothetical 

reservoir are similar to the work of (Kim et al., 2019) and are shown in Fig. 1. In this 

reservoir, there is an initial concentration of Calcium Carbonate (CaCO3) dissolution as an 

initial condition. At the top surface, there is a dissolved CO2 layer overlaying the domain 

with sinusoidal perturbation to initiate downward propagation of the dissolved CO2 fingers 

and to trigger instability. This perturbation is equal to CCO2 = 1+A.sin(2𝜋x/λ), where A is 

amplitude and λ is the wavelength of the sinusoidal perturbation with the values of 0.01 and 

1/12 respectively similar to (Kim et al., 2019). The lateral boundaries are considered to have 

periodic boundary conditions regarding the limitation of using a small domain size (Martinez 

and Hesse, 2016). The bottom boundary is assumed to be impermeable. The physical 

parameters used in this work are summarized in Table 1.  
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Fig.1. Model domain with initial and boundary conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. (a) Model domain with initial and boundary conditions. (b) The chemical system of 

the injected CO2 in the domain. 
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Table 1. Physical parameters used in COMSOL. 

Parameter Variable Value 

Length L 1 (m) 

Height H 1 (m) 

Density of fresh-water 0  1000 (kg/m3) 

Density of CO2-water at the top boundary s  1010 (kg/m3) 

Concentration at the top boundary bc  1 2 A.sin( x / )   

Amplitude of sinusoidal perturbation A 0.01 

Wavelength of sinusoidal perturbation   1/12 (m) 

Porosity of the medium m  0.3 

Diffusion coefficient Dm 
91 10  (m2/s) 

Dynamic viscosity   45 10  (kg/(m·s)) 

Gravitational acceleration g 9.8 (m/s2) 

Pressure at the top boundary bP  10 (MPa) 

Intrinsic permeability of the medium1 km 13 123.8 10 6.1 10 : 
   ( m2) 

Intrinsic permeability of fracture1 kf mk /1000  

Rate of reaction2 krav 
70 3 10 : 
 ( m3/(s.mol)) 

Fracture length Lf 0.8 (m) 

Porosity of fracture f  0.5 

Fracture aperture 2b 0.002 (m) 
1 Range of variation based on Ra 
2 Range of variation based on Da 

In this study, we investigated scenarios including single fractures with different positions and 

angles, and also networks of orthogonal fractures. By varying the Rayleigh number and 

Damköhler number, there are 72 fracture cases (18 cases for each scenario), as summarized 

in Table 2. 
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Table 2. Simulation cases of fractured scenarios. 

Scenarios Cases Varying parameters 

 

Horizontal fracture 

(HF) 

 
HF1 (y = 0.75H) 

 
HF2 (y = 0.5H) 

 
HF3 (y = 0.25H) 

 

 

 

 

 

 
Ra = 1000, 4000 

 

Da = 0, 100, 1000 

 

Vertical fracture 

(VF) 

 
VF1 (x = 

0.25L) 

 
VF2 (x = 0.5L) 

 
VF3 (x = 0.75L) 

 

Inclined fracture 

(IF) 

 
IF20( = 20°) 

 
IF45 ( =45°) 

 
IF70 ( = 70°) 

 

Network of 

orthogonal fractures 

(NF) 

NF1 NF2 NF3 

 

COMSOL Multiphysics (COMSOL, Inc., Palo Alto, CA, USA), which is a commercial finite 

element simulation package, was used in this work to perform the numerical simulations. To 

simulate the convective-reactive transport, we coupled the “Darcy’s flow” interface from the 

“Subsurface flow” module and the “transport of diluted species in porous media” interface 

from the “chemical species transport” model. Since there are two primary chemical 

components (CO2 and CaCO3) reacting in the model, we added separate “transport of diluted 

species in porous media” interface for each species. For CaCO3, we drop the convection and 

diffusion operators. The kinetic dissolution reactions are included as source terms in the 

transport equations. To include fractures via the discrete fracture approach (1D), we used the 

interface “Fracture flow” as in (Koohbor et al., 2019; Mozafari et al., 2018; Shafabakhsh et 
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al., 2019). The system of flow and transport equations are solved simultaneously using the 

fully coupled approach in COMSOL. This leads to more expensive simulations in terms of 

CPU time but allows for avoiding numerical errors related to the operator splitting approach.    

3. Results and Discussion 

We considered the fractured scenarios described in Table 2. We examined reactive and non-

reactive cases for each scenario and compared them with the homogeneous case (base case) 

in different combinations of convective flow (as different Ra) and rate of chemical 

dissolution (as different Da). As presented in Table 2, in this study, Ra = 1000 and 4000 are 

referred to as medium and high convective flow; and Da = 0, 100, and 1000 are referred to 

as non-reactive, slow-reactive, and fast-reactive respectively. 

Total mass flux of CO2 at the top boundary entering in the domain (TFtop) is a measurable 

characteristic that is used in this study to quantify the simulation results. The non-dimensional 

form of this parameter is defined as: 

*





top

top

m m

TF H
TF

D c
 (13) 

Which is known as Nusselt number (Ataie-Ashtiani et al., 2014) and defined as the ratio of 

the total mass flux through a upper layer and diffusive flux. It can be divided into two terms: 

The convective total flux, which is due to the advection process ( *

,adv topTF ) and the total 

diffusive flux ( *

,diff topTF ). In addition, total mass flux of CO2 passing through the fracture 

(TFf) is another measurable characteristic in this work. The non-dimensional total flux 

through the fracture (TF*f) has the same form as TF*top, and can be divided in convective (

*

,adv fTF ) and diffusive ( *

,diff fTF ) total flux. 

In what follows, we investigated each fractured scenario, and finally, we conduct a field‐

scale exploration of density‐driven convection in a deep geological formation. 
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3.1. Horizontal Fracture (HF) 

In this section, we examine horizontal fractured (HF) scenario and compare them with the 

homogeneous case (base case) in different values of Ra and Da. This scenario has three cases 

of different positions of horizontal fractures, as presented in Table 2. Fig. 2 represents this 

comparison by showing the dimensionless total flux of CO2 entering the domain from the top 

boundary (TF*top) during a period of time, which is set to t* = 0.015 (the equivalent of 0.5 

year) in this work. As expected in the bar charts, the values of TF*top for reactive cases (Da 

= 100 and 1000) are more than the non-reactive cases (Da = 0). The reason is that in reactive 

cases, there is dissolution of CO2 in reaction with CaCO3, and as a result of this dissolution, 

an increase in the gradient of CO2 concentration would appear at the top boundary, which 

causes an increase in the rate of entering total flux of CO2. 

Considering Ra = 1000 (which represents having medium convective flow in this study) in 

Fig. 2(a), as one can observe, TF*top of HF1 is lower than the base case for both non-reactive 

case (Da = 0) and slow-reactive case (Da = 100). This is because horizontal fractures in the 

domain play a restrictive role in entering of dissolved CO2. Also, we can see this concept in 

Fig. 2(a) in comparison of base case with HF2 and HF3 for these two amounts of Da, but in 

a lower difference because of the fact that the fracture in the cases of HF2 and HF3 are at 

middle and bottom of the domain respectively, and they have a lesser influence on the 

entering flux. As depicted in Fig. 3, which shows the concentration distribution of dissolved 

CO2 at t* = 0.01 for different cases, for Da = 0 and 100, it can be clearly seen that the fractures 

inhibit the growth of fingers. Therefore, there would be a lower amount of CO2 dissolution, 

and as a result, a lesser amount of flux enters the domain. Fig. 4 presents the variation of both 

convective and diffusive total fluxes at the top boundary versus t* for Ra = 1000 and Da = 0 

and 100 for the base case and HF1. First of all, by comparing the non-reactive (Da = 0) base 

case with HF1, for both convective and diffusive fluxes, it is shown that the base case has a 
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higher amount of TF*adv,top and TF*diff,top during the period of time (t* = 0.015), and this 

confirms the restrictive role of fractures. However, in comparison of the reactive (Da = 100) 

base case with HF1, we see an opposite trend for diffusive flux after the first stage of mixing 

(t* = 0.0045), but for convective flux, we do not see any specific trend. (As shown in Fig. 3) 

Diffusion is dominant around edges and tips of the fingers, and existence of fracture helps 

the diffusion mechanism as it spreads dissolved CO2; therefore, in Fig. 4(b) TF*diff,top for 

reactive HF1 is higher than reactive base case, and since the more CO2 dissolved in water, 

the more diffusive flux of CO2 enters from the top boundary readily. Nonetheless, 

comparison of reactive base case with HF1 in Fig. 4(a) reveals that while the fracture helps 

the mixing by convection and reaction processes, it inhibits the entrance flux of CO2, and it 

is why the trend of TF*adv,top curves for these two cases are not like TF*diff,top curves. 

For medium Ra (= 1000) with fast reaction (Da = 1000), as we have more Da, the rate of 

reaction is higher. By comparing the base case with the fractured cases for Da = 1000 in Fig. 

2(a), we see TF*top for fractured cases are higher than the base case. This is related to the 

existence of the fracture which can provide a place where the reaction process may occur, 

and therefore, more dissolution of CO2 leads to having more TF*top. To measure the amount 

of reaction in the domain, we can check the decrease of average concentration of CaCO3 

(corresponds to the change of mass in the domain) to see the amount of dissolution of CaCO3 

in reaction with CO2. Fig. 5 illustrates the variation of the average concentration of CaCO3 

for the slow and fast reactive cases. In this figure, we can see that the difference between the 

cases starts from the first stage of mixing (t* = 0.0045), and it is obvious that for medium Ra 

(= 1000) when there is a low reaction rate (Da = 100) in the domain, the base case has more 

dissolution due to having more entering TFtop of CO2 rather than the fracture cases. But when 

there is a high reaction rate (Da = 1000) in the domain, the fracture cases have more 

dissolution than the base case because of having a place (fractures), which helps the reaction 
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process. To illustrate the development of fingers of dissolved CO2, in Fig. 3 it is perfectly 

evident that for fast reaction cases (Da = 1000), the fracture helps the dissolution process 

through the fracture (specifically in HF1 and HF2 at t* = 0.01 when fingers reach the 

fracture), and for slow reaction cases (Da = 100), longer fingers can be seen in reactive base 

case which leads to having more dissolution rather than HF cases. In brief, for medium Ra, 

when there is a slow reaction, the existence of horizontal fracture causes the domain to 

capture the lower total flux of CO2. Also, when there is a fast reaction, the horizontal fracture 

causes the domain to capture a higher amount of total flux of CO2. 

In Fig. 2(b), we have high Ra (= 4000), which represents a higher convective flow. Therefore, 

there is higher natural convection, and as it is shown the bar chart, regardless of the value of 

Da, TF*top are almost the same due to convective mixing. However, there is a slight difference 

in non-reactive cases and the cases with low reaction. Thus, If the Ra is high, especially for 

fast reactions, the horizontal fractures will not affect our estimation of the total flux of CO2 

that can be stored in the domain. 

  

Fig. 3. Time integration of the dimensionless total flux of CO2 at the top boundary (TF*top) 

for both homogeneous unfractured case and horizontal fractured cases: medium convection 

flow (Ra = 1000) at left and high convection flow (Ra=4000) at right. 
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Fig. 4. Concentration distribution of dissolved CO2 for unfractured homogeneous and HF 

scenarios at t* = 0.01. The black arrows and red arrows represent convective and diffusive 

fluxes respectively. 
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Fig. 5. Time variation of the dimensionless fluxes of CO2 at the top boundary for the HF 

scenario: (a) total convective flux and (b) total diffusive flux (Ra = 1000 and Da = 0, 100). 

 

 

  

Fig. 6. Time variation of the average concentration of CaCO3 in the domain: low reaction 

rate (at left) and high reaction rate (at right), for the HF scenario. 
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it is vice versa, and especially when there is a fast dissolution (Da = 1000), TF*top of the base 

case is lower than the fractured cases. This can be related to the fact that for non-reactive 

cases, the presence of fracture seems to be an obstacle for the convective flow, and during 

mixing convection, because of the upward flow of freshwater through the vertical fracture 

(Kim et al., 2019), it would cause to be lower entering flux of dissolved CO2. Nonetheless, 

for reactive cases, the presence of fracture facilitates the reaction process and provides a 

location where the reaction can take place. As a result, there would be more precipitation of 

CO2 with minerals. This increases the concentration gradient and lead to more dissolved CO2 

flux to enter from the top boundary. In Fig. 6(b), almost the same results of high Ra (= 4000) 

are shown, and we see that the difference between the fractured cases and the base case for 

each Da are not noticeable as medium Ra cases, because of the high natural mixing 

convection. Since the CO2 is injected sinusoidally through the top boundary, the coincide of 

dense plume flow with the fracture is by chance, and we cannot observe any relation between 

the different VF cases, as they have different positions and do not confront a determined 

plume of CO2. 

Fig. 7 presents the concentration distribution of dissolved CO2 at t* = 0.01 for the base case 

and VF scenario for non-reactive and reactive cases. For the non-reactive cases, the restrictive 

effect of the vertical fracture on the finger development is clear. For instance, in cases VF1 

and VF3, we can see the fracture hinders the left and right fingers respectively to growth due 

to the upward flow of freshwater. As mentioned above, because of sinusoidal injected CO2, 

the plume flow through the fracture is accidental, and for example in Fig. 7 for VF1 when 

Da = 1000, we can see the generation of a finger through the fracture, so it explains why in 

Fig. 6a, TF*top for VF1 at fast-reactive case, is higher than the other fractured cases.  

Fig. 8 shows the variation of convective and diffusive total fluxes at the top boundary versus 

t* at Ra = 1000 and at Da = 0 and 100 for the base case and VF2. In both of the convective 
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and diffusive total fluxes at the first stage of mixing (t* = 0.006), we see a higher maximum 

of TF*adv,top and TF*diff,top
 for reactive and non-reactive cases of VF2, since the CO2 plumes 

migrate downward across the vertical fracture at this period. However, after the first stage of 

mixing for both of the convective and diffusive total fluxes, we see the same trend as 

horizontal fracture depicted in Fig. 4.  

  

Fig. 7. Time integration of the dimensionless total flux of CO2 at the top boundary (TF*top) 

for the VF scenario: medium convection flow (Ra = 1000) at left and high convection flow 

(Ra=4000) at right. 
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Fig. 8. Concentration distribution of dissolved CO2 for homogeneous and VF scenario at t*= 

0.01. In all cases Ra = 1000. The black arrows and red arrows represent convective flux and 

diffusive flux respectively. 

  

Fig. 9. Time variation of the dimensionless fluxes of CO2 at the top boundary for the VF 

scenario: (a) total convective flux and (b) total diffusive flux (Ra = 1000 and Da = 0, 100). 
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3.3. Inclined Fracture (IF) 

This section considers the inclined fractured scenario for three different cases. It examines 

the effect of fracture angle on the dissolution of injected CO2 in reactive porous media for 

low angle (20°), medium angle (45°), and high angle (70°) fracture. Fig. 9 represents the 

dimensionless total flux of CO2 entering the domain during t* = 0.015. Comparing the base 

case and low angle case, we can see for medium Ra (= 1000), no matter of the value of Da 

(or the amount of rate of reaction), TF*top of the base case is higher than TF*top of IF20 case, 

and this is also true for high Ra (= 4000) with lower intensity as there is higher convective 

mixture. This can be attributed to the fact that low angle fracture has almost the same features 

as a horizontal fracture; thus, it restricts the entering flow of dissolved CO2. Moreover, as 

depicted in Fig. 10, which shows the concentration distribution of dissolved CO2 at t* = 0.01, 

for all Da of the IF20 case, it is clear that the low angle fracture, like the horizontal fracture, 

inhibits the growth of fingers.  

In Fig. 9(a), the case of high angle fracture (IF70) has the highest value of TF*top in 

comparison with the other cases when there is a reaction in the domain (especially fast 

reaction). In this case, as depicted in Fig. 10, fracture helps the freshwater to transfer upward 

in the domain, and it causes the merging and mixture of the plume fingers of dissolved CO2 

over the domain. By having a fast reaction, there is more dissolution of CO2; therefore, the 

total entering flux of CO2 increases. The case of medium angle fracture (IF45) seems to have 

a restrictive role for entering flow of dissolved CO2 and in addition to be a pathway for the 

upward flow of freshwater; thus, it has a combined feature of IF20 and IF70. For high Ra (= 

4000) in Fig. 9(b), as noted before, a very slight difference can be seen between different 

cases, and they have almost the same value of TF*top like other scenarios. 

Figs. 11(a and b) show the variation of both convective and diffusive total fluxes at the top 

boundary versus t* for Ra = 1000. First of all, in these two figures, it is clear that the fluxes 
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of reactive cases are higher than the non-reactive cases after the first stage of mixing (t* = 

0.006), and have the same trend as previous scenarios. In the first stage of mixing, as one can 

observe, high angle fracture case has the highest value (especially for convective flux), and 

low angle fracture case has the lowest value. The reason is that IF70 at the first stage is the 

pathway for dissolved CO2 and it facilitates the convective flow. However, IF20 at the first 

stage is like a horizontal fracture, and it inhibits the CO2 plumes. Figs. 11(c and d) show the 

variation of both convective and diffusive total fluxes through the fracture (TF*adv,f, and 

TF*diff,f) versus t* at Ra = 1000. Here also, we can see at the end of the mixing, the fluxes 

through the fracture of reactive cases are higher than the non-reactive cases because of the 

higher dissolution of CO2. In Fig. 11d for diffusive flux through the fracture, we see the same 

trend as the fluxes at the top boundary. However, in Fig. 11c due to the interaction between 

different tendencies of inclined fracture in restricting the growth of CO2 plumes, increasing 

mixing convection, and being a pathway for upward transport of freshwater, there is no 

particular trend for curves of convective flux through the fracture. 

 

 

  

Fig. 10. Time integration of the dimensionless total flux of CO2 at the top boundary (TF*top) 

for the inclined fractured scenario: medium convection flow (Ra = 1000) at left and high 

convection flow (Ra=4000) at right. 
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Fig. 11. Concentration distribution of dissolved CO2 for homogeneous and IF scenario at t* 

= 0.01. In all cases Ra = 1000. The black arrows and red arrows represent convective flux 

and diffusive flux respectively. 
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Fig. 12. Time variation of dimensionless convective total flux at the top boundary (a), 

diffusive total flux at the top boundary (b), convective total flux through the fracture (c), and 

diffusive total flux through the fracture (d). 
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orthogonal fractures (fracture density), and this is noticeable even if for high Ra in Fig. 12b. 

The reason is that as the level of orthogonal fractures increase, there would be more fractures 

to help the mixing and to provide a place where the reaction process can occur, and more 

dissolution of CO2 leads to greater TF*top. This is almost true for slow-reactive cases (Da = 

100) but in a lower intensity due to the lower dissolution. Fig. 13 shows the concentration 

distribution of dissolved CO2 at t* = 0.01. It is clear for the reactive cases, increasing the level 

of fractures causes the plumes of dissolved CO2 to distribute over the domain, and we can 

see that the fractures behave as pathways that help the dissolution. 

As noted before, to find out the amount of reaction occurring in the domain, we can measure 

the decrease in the average concentration of CaCO3. Fig. 14 presents the variation of the 

average concentration of CaCO3 in the domain for the different convective-reactive flow of 

NF scenario. Figs. 14(a and d) we have the lowest and highest loss of CaCO3 concentration 

respectively as expected, since for the first case, there is low reaction and medium natural 

convection, and for the second case, there is high reaction and high natural convection. As 

one can observe, only in Fig. 14b, in which Ra = 1000 and Da = 1000, is there a noticeable 

difference between the curves of different cases, and for other combinations of Ra and Da 

we cannot distinguish them easily. The case with slow reaction (Da = 100) does not have a 

large impact on the variation of CaCO3 concentration, since there is not enough dissolution 

of dissolved CO2 in reaction with CaCO3, and it can be confirmed by observing the low-

reactive cases of Fig. 12. Furthermore, high natural convection (Ra = 4000) leads to having 

more convective mixing, and as shown in Fig. 14 (c and d), different cases of NF scenario 

have almost the same amount of dissolution. In Fig. 14b as expected from the discussion 

above for the total entering flux of CO2, the loss of CaCO3 concentration for the cases NF2 

and NF3 are more than NF1, and also it is more than the base case, and we can see the higher 

fracture density results in more mixing and consequently more reaction. 
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Fig. 13. Time integration of the dimensionless total flux of CO2 at the top boundary 

(TF*top) for the network of fractures scenario: medium convection flow (Ra = 1000) at left 

and high convection flow (Ra=4000) at right. 
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Fig. 14. Concentration distribution of dissolved CO2 for homogeneous and NF scenario at 

t* = 0.01. In all cases Ra = 1000. The black arrows and red arrows represent convective flux 

and diffusive flux respectively. 
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Fig. 15. Time variation of the average concentration of CaCO3 over time in the domain for 

the reactive network of fracture scenario at different combinations of Ra and Da. 
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aperture sizes of fractures. The initial and boundary conditions of the real case are the same 

as the conceptual model, and the physical parameters are summarized in Table 3. To 
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simulated for different rates of reactions. For the fractured domain, we consider two cases. 

In the first one (case 1), we neglect the thin fractures to reduce model complexity; thus 

exclusively, the biggest fractures are included. In the second one (case 2) we consider 

fractures with all sizes of aperture. 

The concentration distribution of dissolved CO2 in the homogeneous case and two 

fractured cases for different rates of reaction at t* = 0.315 (the equivalent of 10 years) are 

presented in Fig. 16. In each case, we explore the results for no reaction (krav = 0), slow 

reaction (krav =
10 3 1 15 10 . .m s mol   ), and fast reaction (krav =

9 3 1 15 10 . .m s mol   ). First of all, it 

is obvious that as the rate of reaction increases in the domain, the dissolved CO2 plume over 

the domain decreases due to the enhancement of the dissolution of CO2 in reaction with 

CaCO3. In Fig. 16, we can clearly see that the rate of reaction affects the amount of dissolved 

CO2 distributed in each case. Also, we observe that the heterogeneity leads to an increase of 

the CO2 plume in the surface area. Comparing case 1 and case 2 of the fractured cases shows 

that adding more different types of fractures helps the spreading of dissolved CO2 in the 

domain, and the heterogeneity helps the spreading of dissolved CO2 by passing the plume 

flow through the fracture. In case 2 the existence of thin fractures (Other than the ones with 

big aperture) causes the dissolved CO2 to distribute more over the domain. Moreover, the 

domain is more sensitive to heterogeneity when there is no reaction, and for a higher rate of 

reaction, we can see that the spreading of the dissolved CO2 through the fractures is less. For 

instance, for the high-reactive domain, heterogeneity has the lowest effect on CO2 

distribution. 

Fig. 17 illustrates the dimensionless total flux of CO2 entering the domain from the top 

boundary (TF*top) during t* = 0.315. To begin with, the fractured cases rather than 

homogeneous case, and also, the case with higher heterogeneity (case 2) rather than the case 

with lower heterogeneity (case 1) have higher TF*top, since the fractures help the dissolved 
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CO2 to spread over the domain generally. As a result, the need for entering total flux will 

increase in the domain. In the homogeneous case, like the conceptual model, the values of 

TF*top for the fast-reactive domain is more than the slow-reactive domain, and we see as the 

reaction rate increases, the total entering flux of CO2 gets higher. As noted before, this is 

because the reaction between CO2 and CaCO3 will increase the gradient of CO2 concentration 

at the top boundary, and consequently, there would be an increase in the rate of entering total 

flux of CO2. However, we cannot see this trend in the two other fractured cases in Fig. 17. 

This can be attributed to the fact that some fractures in the domain may have a restrictive role 

in spreading the flow of dissolved CO2, and for different reaction rates in fractured cases, the 

dissolved CO2 plumes can be hindered in the face with some fractures in their growth 

pathway. Furthermore, this figure shows that the effect of the reaction is more when we have 

all types of fractures (Case 2) than when we have just the fractures with big aperture (Case 

1); in other words, the case with higher heterogeneity is more sensitive to the reaction rate. 

Fig. 18 represents the variation of the average concentration of CaCO3 for the slow and fast 

reactive cases. It is clear that for all the cases when there is a fast reaction, the domain has 

more dissolution of CaCO3, and the average concentration of CaCO3 decreases more in 

comparison to the slow-reactive cases. The mentioned point that the cases with higher 

heterogeneity are more sensitive to the reaction rate can be seen in this figure, and the 

difference between the slow reaction and fast reaction curves is increasing from 

homogeneous case to the fractured-case 2. 
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Fig. 16. Photograph showing the outcrop of volcanic basalt rocks in Lebanon. Three sizes of 

aperture for the fractures are considered in this case: The black, red, and yellow lines 

represent fractures with large (2 cm), medium (1 cm), and small (0.5 cm) aperture, 

respectively.  
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Table 3. Physical parameters used for the real case. 

Parameter Variable Value 

Length L 100 (m) 

Height H 50 (m) 

Density of fresh-water 0  1000 (kg/m3) 

Density of CO2-water at the top 

boundary s  1010 (kg/m3) 

Concentration at the top boundary bc  1 2 A.sin( x / )   

Amplitude A 0.01 [-] 

Wavelength of sinusoidal perturbation   1/12 (m) 

Porosity of the medium m  0.1 [-] 

Porosity of fracture f  0.3 [-] 

Diffusion coefficient Dm 
91 10  (m2/s) 

Dynamic viscosity   45 10  (kg/(m·s)) 

Gravitational acceleration G 9.8 (m/s2) 

Pressure at the top boundary bP  10 (MPa) 

longitudinal dispersivity L  1 (m) 

transverse dispersivity T  0.1 (m) 

Fracture dispersivity F  1 (m) 

Intrinsic permeability of the medium km 131 10  (m2) 

Intrinsic permeability of fracture kf 91 10  (m2) 

Fracture aperture 2b 0.5, 1, 2 (cm) 

Rate of reaction krav 
10 90, 5 10 , 5 10  
   ( m3/(s.mol)) 
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Fig. 17. Plume migration of the injected CO2 in the homogeneous and fractured cases for no 

reaction, low rate of reaction, and high rate of reaction after 10 years of simulation time. 

 

 

Fig. 18. Time integration of the dimensionless total flux of CO2 at the top boundary (TF*top) 

for the homogeneous case, the fractured case contains fractures with big aperture (case 1), 

and the fractured case contains fractures with all sizes of aperture (case 2). 
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Fig. 19. Time variation of average concentration of CaCO3 over time in the homogeneous 

and fractured cases for slow and fast reactions. 

4. Conclusion 

The geological sequestration of CO2 is the most efficient technique for reducing carbon 

emissions to the atmosphere. A crucial issue in improving this technique, for safe 

implementations and in assessing its ecological and geological impacts relies on a good 

understanding of the fate of CO2 in geological formations. Mainly the carbonic acid, resulting 

from CO2, is controlled by the density-driven convection (DDC) and dissolution processes. 

Fractures and faults can be found worldwide in several storage reservoirs/aquifers. In certain 

cases, fractures are stimulated, by hydraulic fracturing, in order to improve the storage 

capacity of aquifers. The effect of fractures on DDC during CO2 sequestration has been 

widely discussed in the literature, but previous works neglect the effect of dissolution and 

reaction. This work aims at addressing this gap by evaluating the effect of fractures on the 

coupled processes of DDC and mineral dissolution. Our methodology is based on numerical 

simulations that are commonly used to investigate CO2 for practical and theoretical purposes. 

A COMSOL model is developed to perform the simulation. Appropriate numerical 
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techniques are selected to reduce the computational requirements while maintaining high 

accuracy. The model is first applied to a synthetic domain with hypothetical fractured 

configurations. The convective flow is controlled by the Rayleigh number while the 

dissolution rate can be represented by the Damköhler number. We explore different 

combinations of these non-dimensional parameters to evaluate the coupled effects of 

convection and mineral dissolution on the total flux of CO2, under different configurations 

of fracture characteristics and topology. For more representative geology, we apply the 

methodology on a large-scale outcrop of a volcanic basalt rock formation in Lebanon. Based 

on outcrop analogy we evaluate the capacity of fractured volcanic basalt rocks in trapping 

CO2. The main findings of each scenario are summarized separately in the following: 

 Horizontal fracture scenario: For medium convective flow, when the reactions are 

fast, by neglecting horizontal fractures, the entering total flux of CO2 is 

underestimated, and if the reaction is slow, neglecting horizontal fracture will lead to 

overestimation of the total flux of CO2. For high convective flow, neglecting 

horizontal fractures will not affect the estimation of the total flux of CO2 that can be 

stored in the domain, especially for fast reactions. For slow reactions, the total flux 

of CO2 is slightly sensitive to the fractures. Also, it was found that horizontal fracture 

can help the mixing by convection and reaction processes in the domain, it can play 

a restrictive role in entering dissolved CO2, and when the position of the horizontal 

fracture is not near the top surface, it has less influence on the entering flux. 

Moreover, for all cases, reactions enhance the capacity of the domain in capturing 

CO2. 

 Vertical fracture scenario: For medium convective flow, when we have a non-reactive 

domain, neglecting vertical fracture will lead to overestimation of the total flux of 

CO2, and when we have a reaction in the domain (especially for fast reaction), 



  

39 

 

neglecting vertical fracture will lead to underestimation of the total flux of CO2. And 

high convective flow, we have the same results but with less intensity. Furthermore, 

it was observed that the vertical fractures could hinder the fingers from growing due 

to the upward flow of freshwater. 

 Inclined fracture scenario: Regardless of the rate of the reaction, ignoring the inclined 

fracture with a low angle leads to an overestimation of the total flux of CO2, no matter 

the rate of the reaction. Also, ignoring the inclined fracture with a high angle leads to 

an underestimation of the total flux of CO2, especially for the fast-reaction cases. In 

general, we saw that the low angle fracture acts like horizontal fracture which inhibits 

the growth of fingers, and the high angle fracture acts like vertical fracture which 

helps the freshwater to transfer upward in the domain, and eventually, the medium 

angle of fracture appears to have a combination of these effects.  

 Network of fractures scenario: By increasing the level of the orthogonal fractures, the 

total entering flux of dissolved CO2 from the top surface is higher, and the more the 

rate of reaction, the stronger this effect. This is true for both medium and high 

convective flow. Network of fractures behave as pathways that help the dissolution 

of dissolved CO2, and higher fracture density causes the plumes of dissolved CO2 to 

distribute more evenly throughout the domain especially for high-reactive cases. 

 Outcrop analogs (Real case): For the case of a realistic fracture network, containing 

fractures with different apertures, lengths and separations, for all the rates of reaction, 

we saw that ignoring heterogeneity results in an underestimation of the storage 

capacity of the total entering flux of CO2. It is found that heterogeneity helps the 

spreading of dissolved CO2 by passing the plume flow through the fracture and leads 

to an increase of the CO2 plume in the surface area. This effect will be higher when 
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there is less reaction in the domain; in other words, the domain is more sensitive to 

heterogeneity when there is no reaction, and for a higher rate of reaction, the 

spreading of the dissolved CO2 through the fractures is less.  

The present work contributes to a better understanding of the impact of fractures on the 

mechanisms of CO2 trapping. However, there are many uncertainties in the input parameters 

for both static geological modeling and dynamic flow modeling. Future work should be 

directed to evaluation of the uncertainties related to fractures on model outputs. The effects 

of more complex/realistic geochemical reactions are worthy of investigation. Extension to 

3D domain and fractures could be an interesting direction for future research. An important 

issue is also the influence of mineral dissolution on the fracture characteristics, which is 

neglected in this work. 
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