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ABSTRACT 

The presence of fractures strongly affects reactive 

transport in geothermal reservoirs. Transported solute 

species and temperature trigger chemical reactions, 

altering the reservoir properties by minerals dissolving 

or precipitating onto the fracture's surface. This will 

create new flow paths or clog existing ones and 

substantially alter the flow regimes, affecting the 

transport processes. This tight coupling between the 

reactive transport processes and their interplay with the 

fractures represents a challenge for the development of 

simulation models.            

Here, we present a numerical solution strategy which 

uses a mixed-dimensional discrete fracture-matrix 

framework to explicitly account for the presence of 

fractures. The governing model equations consist of 

partial differential equations for the transport processes 

and non-linear algebraic equations representing the 

chemical reactions. The mineral 

dissolution/precipitation is modelled as a 

complementarity problem. 

The partial differential equations are discretized using 

finite-volume methods, and at every time step, we solve 

a complex system of non-linear equations with 

Newton's method. Using numerical tests, we illustrate 

the robustness of our solution strategy and its ability to 

capture complex phenomena. 

1. INTRODUCTION 

Fractures, pre-existing or engineered, are important in 

extracting geothermal energy from dense igneous rocks 

as the fractures provide the main flow paths (Lamur et 

al 2017). In water re-injection, low-temperature fluid is 

injected into a high-temperature geothermal reservoir 

and flows through regions of fractured low-permeable 

rock (Salimzadeh and Nick 2019). In the injection 

process, the in-situ reservoir state variables, such as 

temperature, pressure and concentrations of solute 

species, are altered (Bringedal et al 2014, Salimzadeh 

and Nick 2019). The alteration triggers chemical 

reactions, causing dissolution or precipitation of 

reactive minerals. This will highly affect the 

permeability of the fractures, as the fracture apertures 

will increase or decrease, and significantly alter the 

flow characteristics of the geothermal reservoir. Hence, 

the mechanisms causing opening or clogging need to be 

studied in detail to lower the exploration risk of the 

geothermal system (Wagner et al 2005, Bringedal et al 

2014).       

Investigation of such problems can be done via 

numerical simulations. This requires simulation tools 

that can cope with the tightly coupled physical and 

chemical processes and their mutual interaction with 

the geological reservoir structure (Gong et al 2018, 

Salimzadeh and Nick 2019, Cheng and Yeh 1998, 

Steefel and MacQuarrie 1996). Particularly, the 

simulator must couple fluid flow, heat transfer and 

solute transport with kinetic and/or equilibrium 

reactions that are affected by varying fracture 

properties via mineral dissolution or precipitation. 

Moreover, it needs to handle significant differences in 

rock parameters and variables between the host rock 

and the fracture (Keilegavlen et al 2021). 

In this paper, we present an approach to numerically 

simulate single-phase flow and multicomponent 

reactive transport with mineral dissolution and 

precipitation in fractured geothermal reservoirs. The 

basis of our model is a discrete fracture-matrix mixed-

dimensional modelling framework (Keilegavlen et al 

2021, Boon et al 2018, Berre et al 2019). In this 

framework, the fractures are explicitly represented and 

modelled as lower-dimensional objects embedded in 

the host porous medium. The explicit representation of 

fractures offers explicit modelling of processes in 

fractures and avoids incorporating dynamic 

permeability effects into upscaling of flow and 

transport processes, as will be needed in continuum-

type models. The mixed-dimensional approach, 

wherein fractures are represented as lower-dimensional 

objects embedded in the host rock, implies that fracture 

aperture is a model parameter and not a geometrical 

constraint (Berre et al 2019). This makes adjustment of 

the fracture aperture and permeability due to 

geochemical reactions straightforward. However, it 

also means that the strongly non-linear coupling 

between aperture and permeability is directly exposed 

in our governing equations. The modelling framework 

considered herein has been applied to a wide range of 
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physical processes relevant for geothermal energy, 

including low-pressure stimulation (Berre et al 2020), 

thermo-poromechanical fracture deformation 

(Stefansson et al 2021a) and tensile fracturing 

(Stefansson et al 2021b). The present work is a first step 

towards extending the framework to also cover 

geochemical effects.  

The reactive transport processes are modelled by 

conservation partial differential equations (PDEs) and 

non-linear algebraic equations. The PDEs are 

discretized using finite-volume methods, and the 

resulting non-linear system is solved in a global 

implicit manner (Steefel and MacQuarrie 1996).  

With a numerical example, we demonstrate our 

solution strategy’s ability to handle the non-linear 

interaction between fluid flow, transport of chemical 

species and energy, chemical reactions and alterations 

of permeability and porosity, for a domain which 

contains intersecting fractures.        

2. MATHEMATICAL MODEL 

In this section, we present a mathematical model for 

reactive transport in fractured porous media. We begin 

the presentation in sections 2.1 and 2.2 by describing 

the model equations in the porous matrix. In section 2.3 

we expand the model to a fractured porous medium. 

Finally, parameter changes are addressed in section 2.4.  

2.1 Geochemical equations 

We consider a geochemical system that consists of 

aqueous and precipitated species, and at any time we 

assume chemical equilibrium. The species are 

partitioned into the so-called secondary species and 

components (Lichtner 1996, de Dieuleveult et al 2009). 

The components represent the basis for the 

geochemical system, and the secondary species are 

functions of the components (Steefel and MacQuarrie 

1996, de Dieuleveult and Erhel 2010).  

The chemical reactions can be described by the mass 

action law, which provides a non-linear relation 

between the secondary species and the components. For 

simplicity, we set all activity coefficients equal to 1, so 

the activity of the chemical species coincides with their 

concentration. Hence, we can write the mass action law 

for the 𝑚th aqueous reaction as: 

𝛼𝑚 = 𝐾𝑚
𝛼 Π j=1

𝑁𝑐  𝑐
𝑗

𝑆𝑚𝑗  
, 𝑚 =  1, … , 𝑁𝛼 , [1] 

In this relation, 𝛼𝑚 is the concentration for the 𝑚th 

(aqueous) secondary species and 𝑐𝑗 is the concentration 

of the 𝑗th (aqueous) component. The matrix 𝑆 ∈
ℝ𝑁𝛼 ×𝑁𝑐 contains the stoichiometric coefficients and 

𝐾𝛼 ∈ ℝ𝑁𝛼 are the equilibrium constants.  

The precipitated species, 𝛾𝑜, 𝑜 = 1, … , 𝑁𝛾 , react with 

the aqueous components. If there are minerals present, 

the fluid is saturated with respect to the mineral and we 

can write a mass action law, 

  1 = 𝐾𝑜
𝛾Π

j=1

𝑁𝑝 𝑐
𝑗

𝐸𝑜𝑗 ,   [2] 

where 𝐸 ∈ ℝ𝑁𝑝×𝑁𝛾 is a matrix of stoichiometric 

coefficients, 𝐾𝛾 ∈ ℝ𝑁𝛾 are equilibrium constants, and 

mineral activities are assigned unit values.   

If 𝛾𝑜 = 0, the fluid is unsaturated with respect to the 

mineral, and equation [2] turns into an inequality: 

  1 > 𝐾𝑜
𝛾Π

𝑗=1

𝑁𝑝 𝑐
𝑗

𝐸𝑜𝑗 .  [3] 

Finally, we introduce the total concentrations (de 

Dieuleveult et al 2009), denoted by 𝑈, of the 

components. We can thus express the total mass of each 

component as 

𝑈 = 𝑐 + 𝑆𝑇𝛼 + 𝐸𝑇𝛾, [4] 

where the lack of subscripts on the lower-case letters 

means that the variables are interpreted as vectors.   

2.2 Governing partial differential equations  

We consider Darcy’s law to model the single-phase 

fluid flow,  

𝒗 = −
𝒦

𝜇
∇𝑝.  [5] 

Here,  𝒗 is the Darcy flux, 𝒦 is the permeability, and 𝑝 

is the pressure. The dynamic fluid viscosity 𝜇 is 

assumed to be constant. The mass conservation 

equation for the fluid is 

𝜕𝑡(𝜙𝜌) + ∇ ∙ (𝒗𝜌) = 0,  [6] 

where 𝜙 is the porosity. The fluid density, 𝜌, of the 

slightly compressible fluid depends on pressure and 

temperature according to 

𝜌 = 𝜌0 exp{�̂�𝐹(𝑝 − 𝑝0 ) − �̂�𝐹(𝑇 − 𝑇0)}, 

where �̂�𝐹 and �̂�𝐹 are the compressibility and the thermal 

expansion of the fluid. 𝑝0 and 𝑇0 are the initial pressure 

and temperature, and 𝜌0  is the reference density.   

The energy is transported by convection and 

conduction, and we neglect internal energy sources. 

Furthermore, local thermal equilibrium is assumed, so 

the solid and fluid temperatures are equal. Hence the 

temperature is modelled by a single energy 

conservation equation   

𝜕𝑡((𝜌𝑏)𝑀𝑇) + ∇ ∙ ((𝜌𝑏𝐹)𝒗𝑇 − 𝜆𝑀∇𝑇) = 0,  [7] 

where (𝜌𝑏𝐹) and (𝜌𝑏)𝑀  are the fluid and overall heat 

capacities per unit volume, and 𝜆𝑀  is the overall 

thermal conductivity. The two latter quantities are 

calculated by a porosity-weighted average of the fluid 

and solid heat capacities and conductivities.  

The solute species are assumed to be transported by 

advection but not dispersion. The conservation 

equation for the solute transport therefore reads 

 𝜕𝑡(𝜙𝑢) + ∇ ∙ (𝒗𝑢) = 𝑅𝑢,   
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where 𝑢 represents the concentration of a chemical 

species and 𝑅𝑢 is a reaction rate term. We can eliminate 

the reaction rate terms by computing a linear 

combination of the conservation equations (assuming 

the fluid flow is not an explicit function of time and the 

chemical species, cf. de Dieuleveult and Erhel (2010)). 

The outcome is conservation equations applied to the 

total concentrations: 

 𝜕𝑡(𝜙𝑈) + ∇(𝒗𝐶) = 0,  [8] 

where 𝐶 = 𝑐 + 𝑆𝑇𝛼 is the aqueous part of 𝑈. 

2.3 Mixed-dimensional extension 

We now present our mixed-dimensional reactive 

transport model for a 𝐷-dimensional porous domain 

(𝐷 = 2,3) with fractures. To simplify the presentation, 

we consider a porous medium with only one fracture,  

and refer to Keilegavlen et al (2021), Berre et al (2021), 

Boon et al (2018) and Stefansson et al (2021a) (and 

references therein) for the case of several fractures and 

possible fracture intersections.  

The fractured domain is split into two subdomains, 

denoted Ωℎ and Ω𝑙 for the matrix and fracture, with Ω𝑙 

embedded in Ωℎ. The two subdomains are subsets 

of ℝ𝐷 and ℝ𝐷−1, respectively. The variables and 

governing equations from the previous subsections are 

defined in each subdomain.  

  

Figure 1: Illustration of a mixed-dimensional 

domain.  The lower-dimensional subdomain, 

𝛀𝒍, represents the fracture and the higher-

dimensional subdomain, 𝛀𝒉, represents the 

matrix. The communication between the 

subdomains happens through interfaces, 

denoted 𝚪± and internal boundaries 𝝏±𝛀𝒉. 

The interfaces, boundaries and 𝛀𝒍 coincide in 

space, but for illustration purposes, are 

shown apart. 

The subdomains communicate through interfaces, 

Γ+, Γ−, and internal boundaries for the higher-

dimensional subdomain, 𝜕±Ωℎ, as depicted in Fig. 1. 

This allows variables to be transferred between the 

subdomains.  To transfer the variables, we introduce 

projection operators. The operator that maps from the 

interface to a subdomain is denoted Ξ. Conversely, the 

Π-operator maps from a subdomain to the interface. 

These operators are given a superscript to indicate the 

higher- or lower-dimensional subdomain. Finally, the 

𝑡𝑟-operator maps quantities inside Ωℎ onto its (internal) 

boundary. Fig. 2 displays the connection between 

subdomains and interface via the projection operators. 

 

Figure 2: Communication between two subdomains 

and a single interface. The 𝒕𝒓-operator maps 

quantities on 𝛀𝒉 onto its boundary. The 𝚷-

projection maps onto 𝚪 from the subdomains, 

and 𝚵-operator projects quantities from the 

interface onto the subdomains.  

With the projection operators, we can write the 

governing PDEs in the fracture, Ω𝑙, using a subscript 𝑙 
to indicate that the variables are taken within this 

subdomain:   

𝒗𝑙 = −𝑎 
𝒦𝑙  

𝜇𝑙
∇𝑝𝑙 ,   [9] 

𝜕𝑡(𝑎𝜙𝑙 𝜌𝑙  ) + ∇ ∙ (𝒗𝑙𝜌𝑙  )                     

               −Ξl𝜌(𝑣 + + 𝑣 −) = 0,  [10] 

𝜕𝑡(𝑎𝜙𝑙𝑈𝑙) + ∇ ∙ (𝒗𝑙𝐶𝑙) 
   −Ξ𝑙(𝜂+ + 𝜂−) = 0. [11] 

𝜕𝑡(𝑎(𝜌𝑙 𝑏𝑙)𝑀𝑇𝑙) + ∇ ∙ (𝒗𝑙(𝜌𝑙 𝑏𝑙,𝐹)𝑇𝑙 − 𝑎𝜆𝑙,𝑀∇𝑇)  

   −Ξ𝑙(𝑤 + + 𝑤 −) 

  −Ξ𝑙(𝑞+ + 𝑞−) = 0 [12] 

In these equations, the gradient and divergence 

operators are interpreted as operators in the tangential 

direction of Ω𝑙. The dimension reduction is further 

accounted for by the scaling of terms with the fracture 

aperture 𝑎. The lower-dimensional fracture 

permeability is, hence, given by 𝑎𝒦𝑙, where 𝒦𝑙 is the 

equi-dimensional permeability of the fracture (i.e., the 

permeability that would have been assigned to the 

fracture if it had been modelled as a domain with equal 

dimension as the matrix). Finally, 𝑣 ± , 𝜂± , 𝑤 ± and 𝑞± 

are interface fluxes accounting for the coupling with 

Ωℎ, given by 

        𝑣 = −
2Π𝑙 𝒦𝑙

𝜇Π𝑙 𝑎
(Πl𝑝𝑙 − Πℎ𝑡𝑟(𝑝ℎ)),  [13] 

        𝜂 = {
𝑣Πℎ𝑡𝑟(𝐶ℎ), if 𝑣 ≥ 0

𝑣Π𝑙 𝐶𝑙, if 𝑣 < 0
  [14] 

        𝑤 = {
𝑣Πℎ𝑡𝑟(𝜌ℎ𝑏ℎ,𝐹𝑇ℎ) 𝑖𝑓 𝑣 ≥ 0

𝑣Π𝑙𝜌𝑙 𝑏𝑙,𝐹𝑇𝑙 𝑖𝑓 𝑣 < 0
 [15] 
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            𝑞 = −
2Π𝑙 𝜆𝑙,𝐹

Π𝑙 𝑎
(Π𝑙𝑇𝑙 − Πℎ𝑡𝑟(𝑇ℎ)). [16]   

Here, 𝑣 can be 𝑣 + or 𝑣 − (𝜂, w, q similar), and the trace 

operator gives boundary values from the + and – side 

of 𝜕Ωℎ. The subscript h indicates that variables are 

taken in the neighbouring higher-dimensional matrix 

domain Ωℎ.  

In Ωℎ we can formulate a similar system, with the 

difference that the communication with the lower 

dimensional fracture domain now occurs through a 

single interface and enters the equations as Neumann 

boundary conditions 

 𝒏ℎ ∙ 𝒗ℎ = Ξℎ𝑣,   [17] 

𝒏ℎ ∙ (𝒗𝑪)ℎ = Ξℎ𝜂,  [18] 

𝒏ℎ ∙ (𝒗𝑇𝜌𝑏𝐹 )ℎ = Ξℎ𝑤,  [19] 

𝒏ℎ ∙ (−𝜆ℎ,𝑀∇𝑇ℎ) = Ξℎ𝑞,  [20] 

where 𝒏ℎis an outward normal vector on 𝜕Ωℎ, pointing 

from Ωℎto Ω𝑙.  

2.4 Parameter changes 

We model changes in porosity due to chemical 

reactions as 

 𝜙 = 1 − Σ
𝑚=1

𝑁𝛾 𝜒𝑚 − 𝜒𝑛𝑟,  [21] 

where 𝜒𝑚 = 𝑉𝑚/𝑉𝑚𝑒𝑑𝑖𝑢𝑚 is the 𝑚th mineral volume 

fraction and 𝜒𝑛𝑟 is the volume fraction of a non-reactive 

mineral (Zhang et al 2015), with 𝜒𝑛𝑟 equal to zero in 

the fracture. 𝑉𝑚 is the volume of the 𝑚th mineral 

volume. For the simulation in section 4, we use the 

mineral densities in Schön (2015) to calculate the 

mineral volumes. Similarly, the fracture aperture varies 

due to the chemical reactions by  

𝑎 = 𝑎0 − Σ
𝑚=1

𝑁𝛾 𝑉𝑚/𝐴𝑚,  [22] 

where 𝑎0 is aperture when no minerals are present and 

𝐴𝑚 is the 𝑚th reactive surface area. For simplicity, we 

set all the 𝐴𝑚 to be constant. Permeabilities are 

modelled by the Kozeny-Carman relationship, 

 𝒦ℎ = 𝒦0 (
1−𝜙0

1−𝜙
)

2

(
𝜙

𝜙0
)

3

,  [23]  

in the matrix, and the cubic law,  

 𝒦𝑙 =
𝑎2

12
,    [24]  

in the fracture. Finally, the equilibrium constants are 

temperature dependent and calculated according to 

van’t Hoff’s relationship (Cheng and Yeh 1998) 

𝐾𝑒𝑞 = 𝐾0
𝑒𝑞exp{

Δ𝐻

𝑅
(

1

𝑇0
−

1

𝑇
)}  [25]   

where 𝐾0
𝑒𝑞

 are (reference) equilibrium constants at the 

initial temperature and 𝑅 is the gas constant.  Δ𝐻 is the 

standard enthalpy and can be found as table values, e.g., 

in appendix 2 in Chang and Goldsby (2014).  

3. NUMERICAL APPROACH 

The geochemical equations [1]−[4] and PDEs [9]−[20] 

form a system of non-linear partial differential-

algebraic equations.  The equations are solved in a 

globally implicit manner by first discretizing the PDEs 

in space. We then couple the semi-discretized equations 

with the geochemical conservation equation [4] and the 

solubility equations [2] and [3] in each computational 

cell. Using the backward Euler method for time-

stepping, we solve a complex non-linear system of 

equations on the form  

  𝐺(𝑌𝑛 ) = 0 

to advance forward in time. Here, 𝑌𝑛  is a vector 

representing the pressure, the temperature and the 

concentrations at time step 𝑛, while 𝐺 is the residual 

representation of all the equations. The non-linear 

system is solved with a line search Newton’s method 

(Dennis and Schnabel 1996). For the linear system,  

 𝐽 ∙ (𝑌𝑗+1
𝑛+1 − 𝑌𝑗

𝑛 ) = −𝐺(𝑌𝑗
𝑛 ),  [26] 

the Jacobian is computed by automatic differentiation 

and the system is solved using the superLU method (Li 

2005). 

Regarding spatial discretization, we use cell-centred 

finite-volume methods. The Darcy flux and the 

conduction term are discretized by the multipoint flux 

approximation method (Aavartsmark 2002). The 

advective fluxes are discretized with a first-order 

upwind scheme, e.g., the advective term in equation [8] 

is calculated as,  

(𝒗𝐶)𝑘𝑙 = {
(𝒗𝐶)𝑙, if sign(𝒗𝑘𝑙) > 0
(𝒗𝐶)𝑘 , if sign(𝒗𝑘𝑙) ≤ 0

, 

where sign(𝒗𝑘𝑙) is the sign of flux moving from cell 𝑘 

to 𝑙 at the previous Newton iteration. For the convection 

term, we have a similar expression, where also the 

density is calculated at the previous Newton iteration. 

Thanks to the mixed-dimensional geometry structure, 

we can apply the same discretization schemes in the 

lower dimension. Moreover, the interface fluxes can be 

discretized directly, using the mapped values, see 

Keilegavlen et al (2021).      

For the geochemical equations, we introduce the 

logarithmic variable (de Dieuleveult et al 2009), 

  𝑙𝑐 = ln(𝑐).  

This will ensure that the chemical species remain 

positive at every time step. Further, the mass action 

laws can be linearized, 

       𝛼 = Kα exp{𝑆𝑙𝑐}. 
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The solubility equations [2] and [3] can be formulated 

as a complementarity problem, see Kräulte (2011), and 

solved numerically as  

 min (𝛾𝑜, 1 − Ko
γΠ

j=1

𝑁𝑝 𝑐
𝑗

𝐸𝑜𝑗 ) = 0. [27] 

The minimum function implies that this is only partly 

smooth. We solve this equation using an active set 

strategy (Kräutle 2011). We define 

𝒜𝑜: {𝛾: 𝛾𝑜 > 1 − Π
𝑗=1

𝑁𝑝 𝑐
𝑗

𝐸𝑜𝑗 }, 

ℐ𝑜: {𝛾: 1 − Π
𝑗=1

𝑁𝑝 𝑐
𝑗

𝐸𝑜𝑗 ≥ 𝛾𝑜}. 

The minimum equation [27] can hence be solved as 

𝐹𝒜 𝑜
(𝛾)(1 − 𝐾𝛾 exp{𝐸𝑙𝑐}) + 𝐹ℐ𝑜

(𝛾)𝛾 = 0,  

where 𝐹𝒜𝑜  and 𝐹ℐ𝑜
 are diagonal matrices, with entries 

F𝒜𝑜
(𝛾) = {

1, 𝛾 ∈ 𝒜𝑜

0, 𝛾 ∈ ℐ𝑜
,  

 Fℐ𝑜
(𝛾) = {

0, 𝛾 ∈ 𝒜𝑜  
1, 𝛾 ∈ ℐ𝑜  

 

After solving the linear system [26], we update 

permeability and equilibrium constants according to 

equations [21]−[24] and [25], respectively.   

We have implemented our model using the simulation 

toolbox PorePy (Keilegavlen et al 2021) to generate the 

computational mesh and discretize the PDEs in space. 

4. NUMERICAL RESULT 

In this section, we demonstrate our model on a synthetic 

problem. The run scripts for the simulation can be 

found on GitHub (https://github.com/taj004/EGC). 

The chemical reactions we consider are 

𝐻𝐶𝑂3
− ↔ 𝐻+ + 𝐶𝑂3

2− 
𝐻𝑆𝑂4

− ↔ 𝐻+ + 𝑆𝑂4
2− 

𝑂𝐻− ↔ 𝐻2𝑂 − 𝐻+ 
𝐶𝑎𝐶𝑂3 ↔ 𝐶𝑎2+ + 𝐶𝑂3

2− 
𝐶𝑎𝑆𝑂4 ↔ 𝐶𝑎2+ + 𝑆𝑂4

2−  

These reactions were proposed in Bringedal et al (2014) 

as relevant for investigations of geothermal energy 

extraction. For reference equilibrium constants, we use 

the ones in Plummer et al (1988). The total 

concentrations are calculated, using a procedure from 

Steefel and MacQuarrie (1996), to be 

𝑈𝐶𝑎2+ = 𝐶𝑎2+ + 𝐶𝑎𝐶𝑂3 + 𝐶𝑎𝑆𝑂4  
𝑈𝐶𝑂3

2−  = 𝐶𝑂3
2− + 𝐻𝐶𝑂3

− + 𝐶𝑎𝐶𝑂3  

𝑈𝑆𝑂4
2−  = 𝑆𝑂4

2− + 𝐻𝑆𝑂4
− + 𝐶𝑎𝑆𝑂4  

𝑈𝐻+ = 𝐻+ + 𝐻𝐶𝑂3
− + 𝐻𝑆𝑂4

− − 𝑂𝐻−  

In our problem setup, the computational domain is 
[0,2] × [0,1] m in 2D and consists of four fractures 

with one fracture intersection; see Fig. 3 for an 

illustration of the domain and the computational grid. It 

is initially at an equilibrium state, with a pressure of 

1000 𝑃𝑎, a temperature of 573.15 K and a matrix 

permeability 𝐾0 = 10−13 m2. The chemical 

composition is initialized at chemical equilibrium, 

including an initial concentration of 20 mol/m3 of 

calcite (𝐶𝑎𝐶𝑂3).  

We alter the initial state by injecting a fluid with a 

different chemical composition, using a pressure and a 

temperature on the inlet boundary of 7000 𝑃𝑎 and 

543.15 𝐾, respectively. The injection triggers 

dissolution of the calcite, which releases 𝐶𝑎2+ ions. 

The released 𝐶𝑎2+  ions then react with 𝑆𝑂4
2− ions, 

causing precipitation of anhydrite (𝐶𝑎𝑆𝑂4). An 

interesting point about the precipitation is that it occurs 

as soon as the dissolution happens, i.e., the dissolution 

front coincides with the precipitation front. This effect 

is also seen in the model of Kraütle (2011). 

 

Figure 3: The discretization of domain, with the four 

fractures represented as black lines.  

For the aqueous species, the initial and inflow boundary 

𝑆𝑂4
2− and 𝑂𝐻− values are 10 and 1500 mol m3⁄ , 

respectively. The remaining initial and inflow boundary 

values are so that the mass action laws, including the 

solubility conditions, are fulfilled. At the outlet, we 

impose the initial values of the chemical species, 

pressure and temperature as boundary values. The 

remaining boundaries are impermeable walls. The 

reactive surface area is set to two-thirds power of the 

computational cell volume. Other simulation 

parameters are presented in Table 1.     

Table 1: Parameters used in the simulations.  

Parameter name 
Symbol (if 

used in text) 
Value [unit] 

Compressibility �̂�𝐹 10−9 [1/Pa] 

Thermal 

expansion of the 

fluid 
�̂�𝐹 4 ∙ 10−4 [1/K] 

Fluid viscosity 𝜇 10−3 [Pa s] 

Reference fluid 

density 
𝜌0  1000 [kg/𝑚3] 

Density calcite  2710 [kg/m3] 

Density anhydrite     2970 [kg/m3] 
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Density non-

reactive mineral 
 2500 [kg/m3] 

Specific heat 

capacity fluid 
𝑏𝐹 4200 [J/K] 

Specific heat 

capacity solid 
 790 [J/K] 

Fluid thermal 

conduction 
 0.6 [W/(m K)] 

Solid thermal 

conduction 
 3.0 [W/(m K)] 

Non-reactive 

mineral volume 

fraction  

𝜒𝑛𝑟 0.8 [-] 

Open aperture 𝑎0 5 ∙ 10−3 [m] 

 

Figs. 4-6 depict the concentrations of 𝐶𝑎2+ , calcite and 

anhydrite after approximately 2 days. The figures 

illustrate how the computational model capture the 

transport of chemical species between fractures and 

host rock near the two leftmost fractures. As the 

fractures are the preferential flow paths, we can see a 

more rapid propagation of the aqueous 𝐶𝑎2+ 

concentration through the fractures compared to the 

matrix (Fig. 4). This is also apparent from the 

dissolution front of the calcite (Fig. 5). All the calcite 

within the fractures have dissolved and we see mineral 

dissolution in the matrix, close to the tip of the 

fractures. A similar effect can be seen in the 

precipitation of anhydrite (Fig. 6). We also remark that 

in our parameter setup, the conduction dominates the 

convection. Therefore, the temperature profile seems 

smoother, and also unaffected by the presence of the 

fractures compared to the concentrations (see Figs. 7 

and 14).    

The impact of fractures as the main flow paths is also 

visible in Figs. 11-13, which show the concentrations 

of 𝐶𝑎2+ , calcite and anhydrite after approximately 6 

days. The transport of the 𝐶𝑎2+concentration (Fig. 11) 

towards the right-hand side of the domain is 

significantly faster through the rightmost fractures 

(particularly the lower one), as is the precipitation of 

anhydrite (Fig. 13). An analogous dissolution effect can 

be seen in the concentration of calcite (Fig. 12) near the 

lowermost of the two fractures. 

 

 

 

Figure 4: The concentration of aqueous Ca2+ after 

approximately 2 days. 

 

Figure 5: The concentration of solid 𝑪𝒂𝑪𝑶𝟑 after 

approximately 2 days.   

 

Figure 6: The concentration of solid 𝑪𝒂𝑺𝑶𝟒 after 

approximately 2 days. 

 

Figure 7: The temperature after approximately 2 

days. 

 

Figure 8: The matrix permeability compared the 

initial permeability after approximately 2 

days 
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Figure 9: The fracture permeability compared to 

the initial permeability after approximately 2 

days. 

 

Figure 10: The fracture closure after approximately 

2 days. 

Figs. 8 and 15 show the fraction between the matrix 

permeability and its initial state, after 2 and 6 days. 

Further, Figs. 9 and 16 show the same comparison for 

the fracture permeability. Finally, Figs. 10 and 17 show 

how much the fracture apertures deviate from being 

fully open (i.e. 𝑎0 − 𝑎). The coupling between 

precipitation and fracture aperture is evident: When the 

anhydrite precipitates, the aperture decreases, which in 

turn affects the fracture permeability. However, we see 

only a minor change in this permeability. For the matrix 

permeability, we also obtain a very small change, 

reflecting that the porosity change due to the chemical 

reactions is minor. These results are similar to the 

results of Bringedal et al (2014). They discuss that 

using lower injection ion concentrations and lower 

injection temperature could possibly have increased the 

permeability change.  

We finally note what appears to be spatial oscillations 

in the results of the anhydrite (particularly within the 

fractures) and subsequently for the permeabilities and 

the aperture (see Figs. 8, 9, 10, 15, 16 and 17). We 

believe these are caused by the complex interaction 

between several chemical reactions, transport of 

chemical species and heat, and dynamic updates of the 

permeability and equilibrium constants caused by 

mineral dissolution and precipitation and varying 

temperature. However, they may also in part be 

attributed to instabilities in the numerical solution.  

 

Figure 11: The concentration of aqueous 𝑪𝒂𝟐+ after 

approximately 6 days. 

 

Figure 12: The concentration of solid 𝑪𝒂𝑪𝑶𝟑 after 

approximately 6 days. 

 

Figure 13: The concentration of solid 𝑪𝒂𝑺𝑶𝟒 after 

approximately 6 days. 

 

Figure 14: The temperature after approximately 6 

days. 
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Figure 15: The matrix permeability compared to the 

initial permeability after approximately 6 

days. 

 

Figure 16: The fracture permeability compared to 

the initial permeability after approximately 6 

days. 

 

Figure 17: The fracture closure after 6 days. 

5. CONCLUSIONS 

In this paper, we presented an approach to numerically 

simulate multicomponent reactive transport with 

mineral dissolution and precipitation in fractured 

porous media. The model is based on a mixed-

dimensional representation of the fracture network. The 

model equations are represented by conservation PDEs 

and non-linear algebraic equations. The solution 

strategy used finite-volume methods for spatial 

discretization and Newton’s method to solve the non-

linear equations. A numerical test was used to illustrate 

our method’s ability to capture the tight coupling 

between the reactive transport processes and their two-

way interaction with complex fracture networks.  

A mathematical convergence analysis of our solution 

strategy remains a study for future work. Further, we 

plan to expand the geochemical model to include 

kinetic chemical reactions. This will require a strategy 

to handle mixed kinetic-equilibrium reactions. Such a 

strategy could for instance be an operator splitting 

technique to split the chemical reactions and iterate 

between the kinetic and equilibrium reactions until a 

converged solution is achieved (Steefel and 

MacQuarrie 1996).  
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