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ABSTRACT 
Accurately modeling geochemical reactions in subsurface flow is essential for 
understanding processes such as CO2 sequestration and contaminant 
transport. This paper presents a new numerical subsurface simulator (MF3D-
GC) that combines flow, geomechanics, and geochemistry in an integrated 
and fully coupled manner. The simulator's capabilities were benchmarked by 
comparing it with other reactive-transport simulators. An adaptive tolerance 
method was implemented in the geochemistry module which reduced 
computing time while maintaining accuracy. User-defined kinetic models 
were used and coupled with changes in specific surface area, fluid saturation, 
temperature, and pH. The unique abilities of the model to couple 
geomechanics with geochemistry are highlighted. Our results show the 
importance of carefully selecting minerals and models to balance accuracy 
and computational efficiency. The model is used to simulate six different 
classes of geochemical flow problems which include flow, dissolution, 
precipitation, redox reactions, and diffusion with increasing levels of 
complexity. The potential applications of the model to CO2 sequestration, 
solution mining, geothermal energy production, and contaminant transport 
are briefly discussed.  
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1. INTRODUCTION 

The growing demand to reduce greenhouse gases has intensified efforts to combat global climate 

change. Scientists and engineers have advanced CO2 capture, utilization, and storage (CCUS) 

technologies through lab experiments and simulations, establishing CCUS as a promising method for 

reducing CO2 emissions. Several commercial-scale CCUS projects are emerging after successful pilot 

projects. Assessing risks, ensuring injection well capacity, and maintaining fluid confinement in 

geological formations throughout a project's lifespan are crucial for project success. 
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Injecting large volumes of CO2 over extended periods involves the coupling of hydrology, geochemistry, 

and geomechanics. Changes in stress and strain with temperature and pressure fluctuations can affect 

both short-term and long-term performance, leading to deformation and seismic events (27, 32). For 

example, uplifts in the Salah CO2 storage project in Algeria suggest hydraulic fracturing in reservoir and 

cap rocks (32, 45). Studies have examined CO2 sequestration safety by analyzing fault reactivation and 

seismic events (10, 19). 

As previously stated, CO2 injection includes the coupling of hydrology and geochemistry, as the acidity 

of formation water leads to the dissolution of primary minerals and precipitation of secondary minerals, 

resulting in a stable form of subsurface CO2 storage (e.g., 3, 23, 42, 47). The CarbFix2 project in Iceland 

observed mineralization of carbonates and sulfates after injecting CO2 and H2S into basalts. Additionally, 

geomechanics and geochemistry interact, altering flow and mechanical properties over time. Therefore, 

fully coupled geochemical models accounting for geomechanical changes are essential, as CO2 injection 

leads to complex physical and chemical processes. 

Numerous numerical simulators have been developed to investigate the geomechanical and chemical 

interaction of CO2 with subsurface minerals (1, 32). These simulators fall into three categories based on 

their coupling capabilities: 

1. Geomechanics and Hydrology: Examples include TOUGH-FLAC (31), OpenGeoSys (9), CODE-

BRIGHT (25), ECLIPSE-VISAGE (26), STARS (2, 7). 

2. Reactive-Transport (Hydrology and Geochemistry): Examples include TOUGHREACT (48), 

PHREEQC (29), MIN3P (21), and UTCHEM (13, 43). 

3. Fully Integrated (Hydrology, Geomechanics, and Geochemistry): Examples include 

TOUGHREACT linked with FLAC3D (33, 41), or Retraso linked with CodeBright (15). 

Despite their advancements, these simulators have limitations. Models that include geomechanics and 

geochemistry simplify the flow problem to one-dimensional (1D), single phase flow. 

This study aims to develop and test a fully 3D, coupled geomechanics and geochemistry simulator by 

incorporating geochemical capabilities into the geomechanics-based simulator Multi-frac 3D (MF3D), a 

fully integrated multi-phase, equation of state compositional hydraulic fracturing and subsurface 

simulator (50). PhreeqcRM (30) and porousMedia4Foam (36) provide geochemical capabilities. 

PhreeqcRM includes a geochemistry reaction module for PHREEQC (29), while porousMedia4Foam 

connect PhreeqcRM with any flow simulator available on the OpenFOAM® Platform (44). This work 

showcases the successful integration of these models into a single, fully-coupled system focusing on the 

single-phase aspect. The primary goal is to study CO2 sequestration projects, but the versatility of our 

new model (MF3D-GC) extends its applicability to fields like solution mining and geothermal energy 

production. 

2. MODEL DESCRIPTION 

The proposed work aims to build an integrated 3D subsurface model with non-isothermal, single phase 

flow, geomechanics and geochemical capabilities. To accomplish this, the general flow-geomechanics 

simulator (MF3D) is integrated with the geochemistry library PHREEQC (29). PHREEQC is widely used for 

simulating chemical reactions in aqueous systems, however it is limited to only 1D flow and lacks 

geomechanics. The new model (MF3D-GC) can now model chemical reactions in both aqueous and solid 

phases within geological formation, including intra-aqueous, mineral dissolution and precipitation, 

adsorption, and redox reactions. 

MF3D-GC can model CO2 injection scenarios, where CO2 lowers the pH of the formation water, leading 

to mineral dissolution. The geochemistry module can capture these reactions, while changes in porosity 

affect permeability and pressure distribution. Pressure changes can also impact the subsurface stress 

state. Capturing all these coupled effects provides a more accurate representation of subsurface physical 

behavior resulting from CO2 injection. 

https://doi.org/10.69631/ipj.v1i3nr6
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The subsurface simulation process (Fig. 1) involves the implicit 

calculation of pressure and deformation in the reservoir domain at 

each time step. Fluid properties are updated based on pressure, and 

the geochemistry module explicitly solves for the aqueous species 

concentration and reactive mineral volume. After the geochemical 

reactions are solved, the simulator updates rock properties based 

on mineral volume and proceeds to the next timestep. This process 

integrates reservoir flow, geomechanics, and geochemistry.   

The integration of MF3D and PHREEQC was facilitated by C++ 

packages, PhreeqcRM (30) and porousMedia4Foam (36). 

PhreeqcRM allows easy access to PHREEQC’s reaction capabilities 

from existing multicomponent transport simulators, while 

porousMedia4Foam extends the accessibility to PHREEQC using 

PhreeqcRM for flow transport simulators on the OpenFOAM® 

platform, a C++ toolbox for numerical solver development. MF3D 

also uses OpenFOAM® to address fracture propagation and fluid 

flow in reservoirs (50), enabling the seamless adaptation of 

porousMedia4Foam to MF3D. 

The MF3D-GC code consists of three interconnected modules: the 

flow and geomechanics solver (MF3D; Section 2.1); the reactive 

transport solver (modified porousMedia4Foam; Section 2.2); and 

the flow and rock properties alteration module, which accounts for the interaction of geomechanics and 

geochemistry (Section 2.3). While MF3D offers versatile geomechanical capabilities to simulate fracture 

propagation and wellbore deformation (Fig. 2), this work primarily focuses on the reservoir domain and 

the single-phase model. This paper aims to introduce the models used to implement the interactions 

between flow, geomechanics, and geochemistry in an integrated manner (Fig. 2).  

2.1. Fluid Flow and Geomechanics Modeling 

MF3D solves fluid flow and geomechanics implicitly on a reservoir scale. Jasak and Weller discussed the 

benefits of using the finite volume method (FVM) for linear elasticity in OpenFOAM® (12). Tang 

expanded this by introducing a poro-elasto-plastic model in OpenFOAM® (39,  40). Manchanda further 

extended this concept for hydraulic fracturing, developing a hydraulic fracture and reservoir simulator 

(20). The latest MF3D version employs a block-coupled FVM (5) to enhance computational efficiency 

 

Figure 1: Flow charts of the 
flow, geomechanics, and 
geochemistry simulator for 
single-phase flow model. 

 

 

 

Figure 2: Solution Domain and Coupled Physics in MF3D-GC (modified from 50). 
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(50). MF3D simultaneously solves governing equations for fluid flow (Section 2.1.1) and geomechanics 

(Section 2.1.2) in a poro-elastic medium within the reservoir domain. 

2.1.1. Fluid Flow in Poro-Elastic Medium 

Fluid flow in a poro-elastic medium is derived from a continuity equation for the fluid (8, 20, 50). In 

single-phase state (Eq. 1), where 𝜙 is the porosity, 𝑡 is time, and 𝒒𝒘 is the water flux vector in a 3D 

Cartesian coordination system. 

𝜕𝜙

𝜕𝑡
+ ∇ ∙ 𝒒𝒘 = 0 

(1) 

The water flux 𝒒𝒘 is described by Darcy’s law (Eq. 2): 

𝒒 = −
𝒌𝒎

𝜇𝑤

(∇𝑝 − 𝜌𝑤𝒈∇𝐷) 
(2) 

where 𝒌𝒎 is the matrix permeability tensor, 𝜇𝑤 is the water viscosity, 𝑝 is pore pressure, 𝜌𝑤 is the water 

density, and 𝒈 is gravitational force vector. In the poro-elastic medium, the constitutive equation for 

pore pressure is (Eq. 3): 

𝑝 = 𝑀(𝜙 − 𝛼ε𝑏) = 𝑀{𝜙 − 𝛼(∇𝒖)} (3) 

where 𝑀 is Biot’s modulus, 𝛼 is Biot’s effective stress coefficient, 𝜀𝑏 is the bulk volumetric strain and 𝒖 

is the total displacement vector (11). Combining these models, fluid flow in a poro-elastic medium is 

described as (Eq. 4): 

𝜕𝑝

𝜕𝑡
= ∇ ∙ (

𝑘𝑚𝑀

𝜇𝑤
∇𝑝) − 𝛼𝑀

𝜕

𝜕𝑡
(∇𝒖) − ∇ ∙ (

𝑘𝑚𝑀

𝜇𝑤
𝜌𝑤𝒈∇𝐷) 

(4) 

Accordingly, the governing equation for single-phase fluid flow in a poro-elastic medium is obtained as 

shown in Equation 5 where Ω is the control volume. 

∫
1

𝑀

𝑑𝑝

𝑑𝑡
𝑑Ω

 

Ω

= ∫ ∇ ∙ (
𝑘𝑚

𝜇𝑤
∇𝑝) 𝑑Ω

 

Ω

− ∫ 𝛼
𝜕

𝜕𝑡
(∇𝒖)𝑑Ω

 

Ω

− ∫ ∇ ∙ (
𝑘𝑚

𝜇𝑤
𝜌𝑤𝒈∇𝐷) 𝑑Ω

 

Ω

 
(5) 

2.1.2. Coupling Flow and Geomechanics in a Poro-Elastic Medium 

The poro-elastic deformation equation in the reservoir is derived from the condition for mechanical 

equilibrium (Eq. 6), where 𝝈 is the Cauchy stress tensor, and 𝑭  is the body force vector per unit volume 

of the bulk material (11).  

∇ ∙ 𝝈 = −𝑭 (6) 

Cardiff (5) introduced a block-coupled FVM for conserving linear momentum within an arbitrary body, 

neglecting inertia and body forces. For a volume 𝜴 bounded by surface 𝜞, the conservation of linear 

momentum is shown in Equation 7 where 𝒏 is the outward-facing unit normal. 

∫ ∇ ∙ 𝝈𝑑Ω
 

Ω

= ∮ 𝒏 ∙ 𝝈
 

Γ

𝑑Γ = 0 
(7) 

Using Hooke’s Law and Biot’s poro-elastic framework, the Cauchy stress tensor 𝝈 for a linear elastic body 

is formulated as (Eq. 8): 

𝝈 = 𝜇∇𝒖 + 𝜇∇𝒖𝑻 + 𝜆𝑡𝑟(∇𝒖)𝑰 + 𝝈𝟎 + 𝑎𝑝𝑰 (8) 

where 𝒖 is the total displacement vector, 𝜇  and 𝜆 are the Lame coefficients, 𝝈𝟎  is the in situ stress 

following a tension positive convention, and 𝛼 is Biot’s effective stress coefficient, and 𝑰  is the identity 

matrix. Substituting 𝝈 into the momentum conservation yields the governing equation for poro-elastic 

deformation (Eq. 9): 

https://doi.org/10.69631/ipj.v1i3nr6
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∮ 𝒏 ∙ [𝜇∇𝒖 + 𝜇∇𝒖𝑇 + 𝜆𝑡𝑟(∇𝒖)𝑰 + 𝝈𝟎 + 𝑎𝑝𝑰]
 

Γ

𝑑Γ = 0 
(9) 

MF3D fully couples geomechanics and fluid flow by introducing poro-elasticity and solving the coupled 

set flow and deformation equations implicitly (50). The displacement and pressure link the governing 

equations of fluid flow and geomechanics. 

2.2. Reactive Transport Modeling 

This section describes the governing equations and coupling method used in the reactive transport 

modeling part of MF3D-GC. The model MF3D-GC updates aqueous species concentration 𝑐𝑖𝑤  and 

mineral volume fractions 𝑌𝑠,𝑖 , through reactive transport processes to achieve geochemical modeling 

capabilities.  

This involves employing a reactive transport solver to address material balance equations for each 

chemical species 𝑖 , thereby obtaining the concentration in the aqueous phase 𝑐𝑖𝑤  and the volume 

fraction of minerals 𝑌𝑠,𝑖 . These equations are formulated as (Eq. 10): 

𝜕𝒏

𝜕𝑡
+ ∇ ∙ 𝑱𝒔 − 𝑺𝑹 − 𝑺𝒘𝒆𝒍𝒍 = 𝟎𝑵𝒔

 
(10) 

Here, 𝒏 represents the moles of chemical species per bulk volume, 𝑱𝒔 is the flux vector of species, 𝑺𝑹 is 

the vector of species supply/reduction rate due to reactions, 𝑺𝒘𝒆𝒍𝒍 is the  species supply/withdrawal rates 

from wells, and 𝑁𝑠 is the total number of chemical species (35). Each term can be specified for aqueous 

and mineral phases, as listed in Table 1.  

For the mineral phase 𝑚, 𝒏 is given by solid volume fraction 𝑌𝑠,𝑚 and concentration of chemical species 

𝑖 (𝑐𝑖𝑚). The flux 𝑱𝒔 exists only in the aqueous phase and includes advection and diffusion terms. The 

advection term uses the Darcy velocity 𝑢𝑤, introduced as 𝒒𝒘 in Equation 2, implicitly computed in the 

flow-geomechanics solver. The diffusion term involves the effective diffusion and dispersion tensor 𝑫𝒊𝒘, 

accounting for tortuosity and hydrodynamic dispersion. 𝑺𝑹  includes both equilibrium and kinetics 

reactions for aqueous and mineral phases. For equilibrium reactions (𝑞) , 𝑣𝑖𝑞̃  is the stoichiometric 

coefficient of species 𝑖, and 𝑅𝑞 is the reaction rate, and 𝑁𝑄 is the total number of equilibrium reactions. 

Kinetic reactions (𝑘) are described by 𝑣𝑖𝑘̃ , 𝑅𝑘 , and 𝑁𝑘 .The well-related source term 𝑺𝒘𝒆𝒍𝒍, which exists 

only in the aqueous phase, accounts for the species 𝑖 concentration of the produced/injected water 

𝑐𝑖,𝑤𝑒𝑙𝑙 and the injection /production rate 𝑞𝑤,𝑤𝑒𝑙𝑙. 

MF3D-GC solves the reactive transport model by splitting it into transport and reaction models. This 

methodology, known as Sequential Non-Iterative Approach (SNIA) (38), is discussed in Section 2.2.1. 

MF3D-GC also implements the adaptive tolerance approach (4) to reduce the computing time dedicated 

to the reactive transport solver, explained in Section 2.2.2.  

 

Table 1: Specification of the terms in the material balance equation. 
Term Symbol Aqueous phase Mineral Phase 
Moles of chemical species 𝑛 𝜙𝑆𝑤𝑐𝑖𝑤 𝑌𝑠,𝑚𝑐𝑖𝑚 
Flux vector of species 𝐽𝑠 𝑢𝑤𝑐𝑖𝑤

− 𝜙𝑆𝑤𝐷𝑖𝑤∇𝑐𝑖𝑤 
0 

Vector of supply or reduction rate of chemical 
species due to chemical reactions 

𝑆𝑅 

∑ 𝑣𝑖𝑞̃𝑅𝑞

𝑁𝑄

𝑞=1

+ ∑ 𝑣𝑖𝑘̃𝑅𝑘

𝑁𝐾

𝑘=1

 

 

∑ 𝑣𝑖𝑞̃𝑅𝑞

𝑁𝑄

𝑞=1

+ ∑ 𝑣𝑖𝑘̃𝑅𝑘

𝑁𝐾

𝑘=1

 

Vector of supply or withdrawal rates of chemical 
species from the injector or producer wells 

𝑆𝑤𝑒𝑙𝑙 𝑐𝑖,𝑤𝑒𝑙𝑙𝑞𝑤,𝑤𝑒𝑙𝑙 0 
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2.2.1. Sequential Non-iterative Approach (SNIA) 

MF3D-GC integrates MF3D with porousMedia4Foam and utilizes PhreeqcRM and PHREEQC. Both 

porousMedia4Foam and PhreeqcRM employ the sequential approach, also known as operator splitting 

approach, to solve the reactive transport equation (37). This includes Sequential Iterative Approach (SIA) 

and Sequential Non-Iterative Approach (SNIA) (38). Both methods solve transport and reaction models 

separately, but SIA iterates until convergence for more accuracy, while SNIA does not for numerically 

efficiency (48). MF3D-GC adopts SNIA by first calculating the transport part and then the reaction part, 

simplifying calculations and reducing computational cost. 

2.2.2. Adaptive Tolerance Approach 

While SNIA improves numerical efficiency, reactive transport simulators can still pose computational 

expenses due to numerous iterations in the geochemical module (24). MF3D-GC addresses this by 

implementing an adaptive tolerance approach (4), reducing chemical reaction calculations in each time 

step by ignoring geochemically inactive regions. This combination of SNIA and adaptive tolerance 

approach has effectively reduced computing time. 

The adaptive tolerance approach is based on the reaction zone concept, which states that the 

geochemical module only needs to be called when there is a substantial change in the concentration of 

any chemical species. In the cells 

far from the reaction zone, 

changes in species concentration 

from geochemical reactions 𝑺𝑹 

are negligible because the fluid is 

in equilibrium (34). This concept 

reduces the computational cost of 

reactive transport simulations, 

especially when advection 

dominates over other transport 

mechanisms (16). 

The adaptive tolerance approach 

determines when and where to 

perform geochemical calculations 

by checking whether the relative 

molar concentration change 𝑐𝑟 , 

obtained after solving the 

transport equation, exceeds the 

adaptive tolerance 𝜺 . Figure 3 

shows a flowchart of this process, which adjusts the criterion for executing geochemical calculations in 

response to the concentration change rate at each time step. 

Specifically, the relative molar concentration change 𝑐𝑟𝑖,𝑗
𝑛  in cell 𝑖 for chemical component 𝑗 at the 𝑛th 

(or time step) is formulated as Equation 11, where 𝑐𝑖,𝑗
𝑠𝑡𝑜𝑟𝑒𝑑  is the molar concentration in cell 𝑖  for 

chemical component 𝑗 at the most recent time step when the reactive calculation was performed at that 

cell.  

𝑐𝑟𝑖,𝑗
𝑛 = 100 × |

𝑐𝑖,𝑗
𝑛 − 𝑐𝑖,𝑗

𝑠𝑡𝑜𝑟𝑒𝑑

𝑐𝑖,𝑗
𝑠𝑡𝑜𝑟𝑒𝑑 | 

(11) 

The adaptive tolerance 𝜀𝑖,𝑗
𝑛 , at the 𝑛 th timestep for cell 𝑖 and chemical component  𝑗 , is shown in 

Equation 12: 

 

Figure 3: Flow chart of the single phase flow, geomechanics, and 
geochemistry simulator with a flow chart for the reactive 
transport module with SNIA and adaptive tolerances. 
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𝜀𝑖,𝑗
𝑛+1 =

1 + |𝜔𝑖,𝑗
𝑛−1|

1 + |𝜔𝑖,𝑗
𝑛 |

∙ 𝜀𝑖,𝑗
𝑛  

(12) 

Here, 𝜔𝑖,𝑗
𝑛  and 𝜔𝑖,𝑗

𝑛−1 are the normalized concentration slopes for cell 𝑖 and chemical component 𝑗 at 𝑛th 

and (𝑛 − 1)th timesteps (Eq. 13) where 𝑡 is the simulation time.: 

𝜔𝑖,𝑗
𝑛 =

100

𝑐𝑖,𝑗
𝑛 (

𝑐𝑖,𝑗
𝑛 − 𝑐𝑖,𝑗

𝑛−1

𝑡𝑛 − 𝑡𝑛−1 ) 
(13) 

This approach requires an initial adaptive tolerance 𝜀𝑖,𝑗
0 , which defines the frequency of reactive 

calculations. Bordeaux-Rego recommends setting 𝜀𝑖,𝑗
0  to 5% for reasonable accuracy and computing 

speed (4). In this work, the initial value 𝜀𝑖,𝑗
0  is user-defined. 

2.3. Flow Property Models 

The reactive transport modeling in Section 2.2 incorporates a one-way coupling between flow and 

geochemistry using Darcy velocity and sink/source terms from wells. However, to fully account for 

geochemistry’s impact on fluid flow, porosity and permeability can be added as coupling terms. This 

creates a fully integrated system that includes flow, geomechanics, and geochemistry in the simulator, 

with feedback between components. These integrations provide a more accurate representation of the 

dynamically evolving subsurface system. 

2.3.1. Porosity 

The solid volume fraction of a given mineral phase 𝑚  in the controlled volume 𝑌𝑠,𝑚  is determined 

through the material balance equations in mineral phases. The resulting porosity of the porous medium 

can then be computed using the following formula (Eq. 14) where 𝑌𝑠,𝑖𝑛𝑒𝑟𝑡 denotes the solid volume 

fraction of inert minerals in the controlled volume.: 

𝜙 = 1 − ∑ 𝑌𝑠,𝑚

𝑁𝑚

𝑚=1

− 𝑌𝑠,𝑖𝑛𝑒𝑟𝑡 

(14) 

Mineral dissolution or precipitation affects porosity, which influences permeability, fluid flow, and elastic 

properties. Empirical correlations between porosity changes and other petrophysical properties are used 

in the simulation. Users can specify additional mineralogy-specific correlations to model the interplay 

between geochemistry, geomechanics, and fluid flow in subsurface systems more accurately. 

2.3.2. Matrix Permeability 

Changes in porosity can also affect matrix permeability, which must be updated accordingly. The matrix 

permeability tensor 𝒌𝒎, can be modified due to geochemical reactions through the application of the 

Carman-Kozeny equation (6, 14). Specifically, the matrix permeability tensor is calculated by Equation 

15 where 𝑘𝑚,𝑖𝑗
0  is the initial matrix permeability tensor, and 𝜙0 is the initial porosity, respectively.  

𝑘𝑚,𝑖𝑗 = 𝑘𝑚,𝑖𝑗
0 (

𝜙

𝜙0
)

3

(
1 − 𝜙0

1 − 𝜙
)

2

 
(15) 

Table 2: Summary of the dispersion models implemented in porousMedia4Foam (36). 
Name Expression 
None 𝐷𝑖𝑤 = 0 
Diffusion Only 𝐷𝑖𝑤 = 𝐷𝑖𝑤

0 𝐼 
Archie’s Law 𝐷𝑖𝑤 = 𝜙𝑛𝐷𝑖𝑤

0 𝐼 
Linear Dispersion 

𝐷𝑖𝑤 = 𝜙𝑛 {(𝐷𝑖𝑤
0 + 𝛼𝑇|𝑢𝑤|)𝐼 +

(𝛼𝐿 − 𝛼𝑇)

|𝑢𝑤|
𝑢𝑤𝑢𝑤} 
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2.3.3. Dispersion 

Dispersion refers to the small-scale mechanical mixing and diffusion that occurs when one fluid displaces 

another miscibly (17). Although dispersion is often negligible in applications dominated by advection, 

MF3D-GC includes models for the effective diffusion and dispersion tensor 𝐷𝑖𝑤  built into the 

porousMedia4Foam module by Soulaine (36). Table 2 lists options for the effective diffusion and 

dispersion tensor 𝐷𝑖𝑤. Here, 𝐷𝑖𝑤
0  denotes the molecular diffusion coefficient, 𝑰  is the unit tensor, and 𝑛 

is a user defined variable. Parameters 𝛼𝐿  and 𝛼𝑇  describe lateral and longitudinal dispersion, 

respectively. 

A user can choose to ignore dispersion, consider only diffusion, or specify the dispersion tensor. The 

Archie’s Law option includes tortuosity by introducing 𝜙𝑛 into the model. The Linear Dispersion option 

includes diffusion, tortuosity, and dispersivity-velocity product. The model should be chosen carefully 

based on the application. 

2.4. Kinetic Reaction Models 

In MF3D-GC, users can specify the reaction models for mineral dissolution and precipitation as 

equilibrium or kinetic reactions. Suppose those are kinetics reaction, the kinetic reaction rate of mineral 

𝑚 (an element of the kinetic reaction 𝑅𝑘), or 𝑟𝑚, is expressed as (Eq. 16) where 𝐴𝑠 is the specific reactive 

surface area, and 𝑘𝑘𝑚 is the apparent rate constant for mineral 𝑚. 

𝑟𝑚 = 𝐴𝑠,𝑚𝑘𝑘𝑚 (1 −
𝑄𝑚

𝐾𝑚
) 

(16) 

𝑄𝑚 𝐾𝑚⁄  represents the saturation rate of mineral 𝑚 with 𝑄𝑚 as the reaction quotient and 𝐾𝑚 as the 

equilibrium dissolution constant. This term assumes dimensionless fitting parameters 𝑝 and 𝑞 equal to 

1 (18, 28). The reaction rate depends on various physical properties, including surface area 𝐴𝑠 , 

temperature 𝑇, and Gibbs energy (3). 

Within the simulator, users can select the reactive surface area 𝐴𝑠 and the apparent rate constant 𝑘𝑘 

from models in Sections 2.4.1 and 2.4.2. The code allows defining the kinetic reaction rate using the 

BASIC interpreter, originally embedded in PHREEQC and distributed with the Linux operating system (29, 

49). Users can customize the reaction models and conditions for their specific study. 

2.4.1. Reactive Surface Area 

Several methods for modeling the reactive surface area (or effective reactive surface area) are built in, as 

listed in Table 3 (36).  

2.4.2. Apparent Rate Constant 

The apparent reaction rate constant 𝑘𝑘 models the pH and temperature dependence of the reaction 

rate. In MF3D-GC, users can flexibly assign 𝑘𝑘 according to the mineral description, as summarized in 

Table 3: Summary of the reactive surface area models in porousMedia4Foam (36). 
Name Expression 
None 𝐴𝑠 = 0 
Constant 𝐴𝑠 = 𝐴𝑠

0 
Power-law 𝐴𝑠 = 𝐴𝑠

0(𝑌𝑠,𝑚)
𝑛

 
Sugar-lump 

𝐴𝑠 = [𝐴𝑠
0 + 𝐴𝑚 {1 − (

𝑌𝑠,𝑚

𝑌𝑠,𝑚
0 )

𝑛1

}

𝑛2

] (
𝑌𝑠,𝑚

𝑌𝑠,𝑚
0 )

𝑛3

 

Hydro-geochemical coupling 
𝐴𝑠 = 𝐴𝑠

0 (
𝑌𝑠,𝑚

𝑌𝑠,𝑚
0 )

𝑛

(1 − exp(𝑃𝑒−𝑝𝐷𝑎−𝑞)) 
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Table 4. This table 

includes the forward rate 

reaction constant 𝑘+ , 

which refers to the 

dissolution reaction rate 

of minerals involving 𝐻+, 

𝐻2𝑂 , and 𝑂𝐻−  (28). The 

formulation of 𝑘+  is (Eq. 

17): 

𝑘+ = 𝑘+,𝐻 + 𝑘+,𝑤 + 𝑘+,𝑂𝐻 (17) 

where 𝑘+,𝐻, 𝑘+,𝑤, and 𝑘+,𝑂𝐻 denote the acid, neutral, and basic mechanisms for specific pH ranges (1.3-

4.0, 5.6-8.2, and 8.6-10.3). Palandri and Kharaka (28) compiled these terms based on experimental rate 

data, available as a library script compatible with PHREEQC (49) (Table 4).  

3. MODEL VALIDATION 

This section validates the geochemical capabilities of MF3D-GC by comparing results with benchmarks 

from Xie et al. (46) and building on the validation work of the underlying porousMedia4Foam module 

(36). The benchmarks increase in geochemical and physical complexity, as shown in Table 5. Benchmark 

1 (B1) is a simple 1D model with advective flow considering the calcite dissolution. Benchmark 2 (B2) 

adds gypsum precipitation to B1. Benchmark 3 (B3), Benchmark 5 (B5), and Benchmark 6 (B6) extend B2 

with more complex chemical reactions, incorporating redox reactions and additional species. Benchmark 

3 assumes advection-dominated flow without diffusion, while B5 and B6 include diffusion, with B6 

expanding to 2D. Simulation results were compared for all benchmarks, focusing on B1 to B6. The 

original benchmark list included a diffusion dominated benchmark (B4), which is excluded here to focus 

on advection-dominated cases.  

Benchmarks B1 to B5 assume a 1D model with flow over a 2-meter length, as illustrated in Figure 4. The 

cross-sectional area is 1 square meter to achieve consistency with the original benchmarks (46) and the 

validation by porousMedia4Foam 

(36). While Xie applied a hydraulic 

head difference of 0.007, Soulaine 

applied a fixed pressure of 70 Pa at 

the inlet and 0 Pa at the outlet, 

which this work follows. The 2-

meter model for B1 to B5 is 

discretized into 80 cells (each 0.025 

meter) with a time interval 𝛥𝑡  of 

21,600 seconds. The complexity of 

Table 5: Overview of the benchmarks (46), showing the processes included in the benchmark by 
“〇” marks in the table. 

Level 1D/2D Processes 𝒕𝒆𝒏𝒅 
[years] 

Advection Dissolution Precipitation Redox Diffusion 

B1 1D 〇 〇    150 
B2 1D 〇 〇 〇   150 
B3 1D 〇 〇 〇 〇  300 
B5 1D 〇 〇 〇 〇 〇 300 
B6 2D 〇 〇 〇 〇 〇 300 

 

 

Figure 4: Image of a 1D Model assumed in benchmarks B1 to 
B5. 
 

 

Table 4: Summary of the apparent reaction rate constant 
Name Expression 
None 𝑘𝑘 = 0 
Constant 𝑘𝑘 = 𝑘𝑘,0 
Forward rates model 

𝑘𝑘 =  {
𝑘+ , 𝑆𝐼 < 0 
0 , 𝑆𝐼 ≥ 0

 

User defined 𝑘𝑘 = user defined function 
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chemical reactions is based on fluid and mineral compositions detailed in Section 3.1 to 3.3. Section 3.4 

describes a 2D model. 

The discretization parameters were selected to align with previous works (36, 46). Both MIN3P and 

TOUGHREACT, referring Xie’s work, implemented automatic timestep adjustment for unstable 

computations due to clogging or mineral phase disappearances (46). In contrast, this work and 

porousMedia4Foam maintained a fixed timestep of 21,600 seconds. PorousMedia4Foam divided 

timestep into six intervals for transport calculations, a method not used in MF3D-GC. These differences 

in numerical setting contribute to variation in results. 

The benchmarks by Xie provide a comprehensive validation framework for testing MF3D-GC's 

geochemical capabilities. The following subsections detail the simulation setups and results for each 

benchmark, demonstrating that MF3D-GC can successfully simulate advection-dominated transport with 

varying geochemical complexities, including mineral dissolution, precipitation, and redox reactions. In 

addition, the model demonstrates both geochemical and geomechanical capabilities.  

3.1. B1: Calcite Dissolution with Advective Transport 

Benchmark 1 (B1) represents a simple 1D model where calcite dissolution alters flow properties in an 

advection-dominated flow. The model includes calcite and inert minerals with an initial volume fraction 

of 0.35 for pore space, 0.35 for inert mineral, and 0.30 for calcite. Initial porosity and permeability are 

0.35 and 1.186 × 10-11 m2, varying with calcite dissolution. Table 6 lists the composition of in-place and 

Table 6: Initial and boundary conditions of the primary components for benchmark 1 (B1), 
calcite dissolution case. 
Primary components Units Initial conditions Boundary conditions 

pH - 9.38 3 
𝐂𝐚𝟐+ mol/kgwater 1.56 × 10-4 9.97 × 10-5 
𝐂𝐎𝟑

𝟐− 
 

mol/kgwater 2.56 × 10-4 9.97 × 10-3 

𝐒𝐎𝟒
𝟐− 

 

mol/kgwater 9.97 × 10-11 6.44 × 10-4 

 

 

Figure 5: Comparison of profiles (B1) of hydraulic head (a), porosity (b), and volume 
fraction of calcite (c) at 10, 100 and 120 years simulated by MIN3P, TOUGHREACT, 
porousMedia4Foam (PM4F), and MF3D-GC. 
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injected fluids. The pore space is initially saturated with an alkaline solution (pH 9.38) undersaturated 

with calcite. An acidic solution (pH 3) is injected to dissolve the calcite, treated as a kinetic reaction with 

a constant kinetic reaction rate of 5 ×10-5 mol/m2/s. The initial specific surface area is 1 m2/m3 and 

decreases over time, following a power-law function with 𝑛 of 2/3. The simulation is run for 150 years.  

Simulation results for B1 were compared with reference models produced by MIN3P (21), TOUGHREACT 

(48), and porousMedia4FOAM (36). The comparison involved analyzing pressure, porosity, and calcite 

volume fraction at 10, 100, and 120 years, as illustrated in Figure 5. The results are color-coded: MIN3P 

in red, TOUGHREACT in magenta, porousMedia4FOAM in sky-blue, and MF3D-GC in orange. Line types 

indicate the time points: solid for 10 years, dashed for 100 years, and dotted for 120 years.  

All simulated results show good agreement in pressure, porosity, and calcite volume fraction at 10 and 

100 years. However, some variations appear at 120 years due to the dissolution front breakthrough, as 

previously noted by Xie et al (46). Overall, the comparison demonstrates that MF3D-GC effectively 

simulates calcite dissolution in advection-dominated flow, with results in good agreement with 

established models. 

3.2. B2: Dissolution and Precipitation 

Benchmark 2 adds complexity to B1 by including gypsum as a secondary mineral. The initial volume 

fractions are 0.35 for pore space, 0.35 for inert mineral, 0.30 for calcite, consistent with the setting of B1. 

Porosity, permeability, and specific surface area are the same as in B1. Calcite dissolution and gypsum 

precipitation are treated 

as kinetic reactions with 

constant kinetic reaction 

rates of 5 ×10-5 mol/m2/s 

and 5 ×10-5 mol/m2/s. The 

specific surface area of the 

primary mineral varies 

with porosity (power-law,  

n = 2/3), while the specific 

surface area of secondary 

mineral is fixed. An acidic 

solution (pH 3.0) is 

introduced into the rock initially saturated with an alkaline solution (pH 9.33), as shown in Table 7. The 

in-place fluid is undersaturated with gypsum and in equilibrium with calcite, while the injected fluid is 

undersaturated with both minerals.  

The simulated results for B2 are compared with the reference models, MIN3P, TOUGHREACT, and 

porousMedia4FOAM. Figure 6 illustrates pressure, porosity, calcite volume fraction, and gypsum volume 

fraction at 10 and 100 years. The color-code for the simulators match those in B1, with solid lines for 10 

years and dashed lines for 100 years. In Figure 6a and b, pressure and porosity profiles show a sharp 

drop at 0.5 m from the inlet at 100 years due to gypsum precipitation. All models predict this drop in 

porosity where gypsum precipitates. Figure 6c and d show small discrepancies in the mineral volume 

fraction with overall good agreement among the simulators.  

Benchmark 2 shows clogging at 0.5 meters from the inlet due to gypsum precipitation. The permeability, 

calculated using MultiFrac3D-GC, decreased from 1.186 x 10-16 m2 to 1.17 x 10-19 m2, following the 

Carman-Kozeny equation. This reduction in injectivity led to slow the reaction propagation, resulting in 

minor differences between the 100 years and 120 years results. Consequently, the 120 years results are 

omitted from Figure 6 to maintain plot visibility. 

3.3. B3: Redox Reaction 

Benchmark 3  through B5 share identical fluid and mineral compositions, expanded from B2 to include 

more intricate chemical reaction, such as redox reactions, and additional species (Fe (II), Fe (III), K, Al, Na, 

Table 7: Initial and boundary geochemical compositions in aqueous 
phase in benchmark 5 (B5). 
Primary 
components 

Units Initial 
conditions 

Boundary 
conditions 

pH - 9.33 3.0 
𝐂𝐚𝟐+ mol/kgwater 1.70 × 10-4 1.00 × 10-4 
𝐂𝐎𝟑

𝟐− 
 

mol/kgwater 2.70 × 10-4 1.00 × 10-2 

𝐒𝐎𝟒
𝟐− 

 

mol/kgwater 1.70 × 10-4 0.2 

𝐍𝐚+ mol/kgwater 3.20 × 10-4 3.96 × 10-1 
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and O2 (aq). Primary minerals are calcite, gibbsite, and siderite, while secondary minerals are gypsum, 

ferrihydrite, and jarosite. The initial homogeneous volume fractions are 0.35 for porosity, 0.35 for inert 

mineral, 0.22 for calcite, 0.05 for gibbsite, and 0.05 for siderite, as listed in Table 8. Initial porosity and 

permeability are 0.35 and 1.186 × 10-11 m2, varying with mineral dissolution and precipitation. All mineral 

dissolution and precipitation are treated as kinetic reactions with constant kinetic reaction rates listed in 

Table 9. The specific surface area of primary minerals varies with porosity (power-law, n = 2/3), while 

the specific surface area of secondary minerals is fixed.  

An acidic solution (pH 3.0) infiltrates the rock initially filled with an alkaline solution (pH 8.01). Metals 

cause redox reactions, as indicated in the in-place and injected fluid compositions in Table 9. Saturation 

index (SI) columns in Table 8 display the SI of minerals for initial conditions (IC) and boundary conditions 

(BC). Initially, the in-place fluid is undersaturated with gypsum and jarosite and in equilibrium with other 

minerals, while the injected fluid is oversaturated with jarosite but undersaturated with other minerals.  

Benchmark 3 considers an advection-dominated flow scenario with dissolution, precipitation, and redox 

reactions and the associated alteration of flow properties. The simulation runs for 300 years. Results are 

 

Figure 6: Comparison of profiles (B2) of hydraulic head (a), porosity (b), calcite volume fraction 
(c), and gypsum volume fraction (d) at 10 and 100 years simulated by MIN3P, TOUGHREACT, 
porousMedia4Foam (PM4F), and MF3D-GC. 

 

Table 8: Fractional volume, specific surface area, and saturation index of each mineral for 
benchmark 5 (B5). Saturation index corresponds to the in-place fluid at initial conditions (IC) and 
injected fluid as a boundary condition (BC) (46). 
Mineral Initial Volume 

Fraction 
Kinetic reaction rate 
[mol/m2/s] 

Saturation Index 
I.C. B.C. 

Calcite 0.22 5 × 10-5 0.00 -8.93 
Gypsum 0.00 5 × 10-5 -2.78 -2.02 
Ferrihydrite 0.00 5 × 10-6 0.00 -0.07 
Jarosite 0.00 5 × 10-6 -12.97 6.66 
Gibbsite 0.05 5 × 10-7 0.00 -2.94 
Siderite 0.05 5 × 10-6 0.00 -10.89 
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compared with reference models (MIN3P, TOUGHREACT, and porousMedia4FOAM). Figure 7 illustrates 

pressure, porosity, and volume fractions of minerals at 10, 100, and 300 years. The color-codes match 

those in B with solid lines for 10 years, dashed for 100 years, and dotted for 300 years. The x-axis in 

Figure 7 is scaled to focus on mineral dissolution and precipitation.  

 

Figure 7: Comparison of profiles (B3) of hydraulic head (a), porosity (b), calcite volume fraction (c), 
gypsum volume fraction (d), ferrihydrite volume fraction (e), jarosite volume fraction (f), gibbsite volume 
fraction (g), and siderite volume fraction (h) at 10, 100, and 300 years simulated by MIN3P, 
TOUGHREACT, porousMedia4Foam (PM4F), and MF3D-GC. 
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While the general trends in mineral volume fractions computed using MF3D-GC align with other 

simulators, discrepancies are observed at 100 and 300 years, especially in pressure and volume fractions 

of calcite and gypsum. Xie et al (46) noted that minor porosity variations significantly impact fluid flow, 

affecting dissolution and precipitation propagation causing these discrepancies. Calcite and gypsum 

show relatively larger differences because of their higher kinetic reaction rates. Despite these challenges, 

MF3D-GC provides comparable results to other models in B3’s complex geochemical setup.  

3.4. B6: 2-D Version of B6 

Benchmark 6 extends B5 from a homogeneous 

1D model to a heterogeneous 2D model, with the 

same fluid and mineral compositions as B3. The 

2D model is 3 meters long and 2 meters high, as 

shown in Figure 8a, discretized into 1,200 cells 

(0.1m intervals in both directions). The porosity 

and specific surface area are the same as in B5, 

but permeability is heterogeneous, higher in the 

upper half than the lower half, as shown in Figure 

8b. The flow is controlled by fixed pressure of 103 

Pa at the inlet and 0 Pa at the outlet, maintaining 

the same pressure gradient as B1 to B5.  

Benchmark 6 results demonstrate how 

permeability heterogeneity affects property 

distribution. Figure 9 displays porosity at 300 

Table 9: Initial and boundary geochemical compositions in aqueous phase in benchmark 5 (B5). 
Primary components Units Initial conditions Boundary conditions 
pH - 8.01 3.0 
pe - -0.67 17.53 
𝐂𝐚𝟐+ mol/kgwater 4.71 × 10-4 1.00 × 10-4 
𝐂𝐎𝟑

𝟐− mol/kgwater 2.19 × 10-3 1.00 × 10-2 
𝐒𝐎𝟒

𝟐− mol/kgwater 1.70 × 10-4 1.00 × 10-1 
𝐍𝐚+ mol/kgwater 1.54 × 10-3 9.09 × 10-2 
𝐀𝐥𝟑+ mol/kgwater 2.81 × 10-7 1.43 × 10-2 
𝐊+ mol/kgwater 1.00 × 10-5 7.67 × 10-5 
𝐅𝐞𝟐+ mol/kgwater 6.59 × 10-6 1.14 × 10-8 
𝐅𝐞𝟑+ mol/kgwater 2.53 × 10-8 2.23 × 10-2 

 

 

 

Figure 9: Image of a 2D Model assumed in benchmark B6: (a) domain of 2D model (b) the initial 
permeability distribution. 

 

 

 

 

Figure 8: The porosity distribution after 300 years 
after starting acid injection. P1 and P2 are points 
chosen to display the porosity profile versus time 
in Figure 10b. 
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years after starting acid injection, highlighting selective flow due to heterogeneous permeability, 

resulting in significant spatial variations in mineral-fluid chemical reactions. High porosity zones appear 

in red, moderate in yellow to green, and low in blue. This trend is like B5, but propagation varies in the 

y-direction due to permeability heterogeneity.  

Despite local flow differences, the global trend aligns well with other simulators (MIN3P, TOUGHREACT, 

and porousMedia4FOAM), as shown in Figure 10a. The computed flux at the outlet gradually decreases 

over time. The porosity comparison also shows good agreement as shown in Figure 10b, displaying 

porosity evolution at two locations, P1 and P2. As illustrated in Figure 11, P1 is in a high porosity zone, 

and P2 is in a low porosity zone at 300 years. All simulators show increasing porosity at P1 and decreasing 

at P2. Therefore, the results are comparable in the 2D case with complex physical and geochemical 

settings.  

 

Figure 10: Porosity profiles of B1 with adaptive tolerances set at 0% and 5% for 10 years, 
100 years, and 120 years. Results for 0% (results without adaptive method) are depicted in 
gray, while those for 5% are in black. Solid lines, dashed lines, and dot lines represent the 
time point at 10 years, 100 years, and 120 years, respectively. Dot marks show the grid 
location at which the geochemistry library was called to compute the concentration of 
chemical components when the adaptive tolerance is set to 5%. 

 

 

Figure 11: Comparison of profiles (B6) of flux (a) and porosity (b) over time simulated by MIN3P, 
TOUGHREACT, porousMedia4Foam (PM4F), and MF3D-GC. The location of P1 and P2 are shown in 
Figure 9. 
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4. ILLUSTRATION OF GEOCHEMISTRY CAPABILITIES IN MF3D-GC 

This section discusses two new features incorporated into the MF3D-GC model beyond the original 

capabilities of porousMedia4Foam. Section 4.1 explores using an adaptive tolerance approach to 

reducing computing time, while Section 4.2 examines the effect of making the apparent kinetic reaction 

rate a function of temperature and pH. The cases are based on B1, an advection-dominated case with 

calcite dissolution. As shown in Table 10, the original B1 used no adaptive tolerance and a constant 

kinetic reaction rate. In Section 4.1, adaptive tolerance ranges from 0% to 10% to study its impact on 

computing time and accuracy (B1 (a)). In Section 4.2, two kinetic reaction rates are compared: a constant 

kinetic reaction rate (B1(b.1)) and a kinetics reaction rate as a function of temperature and pH (B1(b.2)). 

These results guide using the MF3D-GC model with these new features.  

4.1. Performance Evaluation of Adaptive Tolerance Approach 

This section investigates the performance of the adaptive tolerance approach (Section 2.2.2) by 

comparing simulation results with adaptive tolerances range from 0 % to 10 %. The case settings are 

based on B1 (Section 3.1) with an adaptive tolerance of 0%.  

The adaptive tolerance approach reduces the calculations needed for geochemical reactions, which are 

time-consuming in reactive-transport simulators. Figure 11 illustrates the porosity profile with adaptive 

tolerances of 0% and 5% at 10, 100, and 120 years. Results for 0% adaptive tolerance, equivalent to the 

original results without the adaptive method, are represented in gray, while those for 5% are depicted 

in black. Porosity values with dot marks, considering both transport and chemical reactions, appear only 

along reaction fronts. In this case, using a recommended adaptive tolerance of 5% halved the computing 

with minimal accuracy loss at 10 and 100 years.  

The relationship between adaptive tolerance magnitude and accuracy is investigated in Figure 12, which 

shows porosity profiles with various adaptive tolerance at 10, 100, and 120 years. The 0% adaptive 

tolerance results (the original results) are displayed in black lines, while other results range from hot to 

cool colors with increasing adaptive tolerance (0.1 % to 10 %). The 0.1% tolerance matches the original 

results perfectly at all time points, reducing computation time to 60%. Other results show good 

agreement at 10 years (solid lines), but discrepancies from the original result increase over time for 

higher adaptive tolerance. Higher adaptive tolerances underestimate the calcite dissolution, causing 

errors and delays in reaction propagation at 100 and 120 years. 

The adaptive method improves computing efficiency while maintaining high accuracy. However, 

selecting the appropriate adaptive tolerance value is crucial based on the simulation’s objective. Overall, 

the adaptive tolerance approach is valuable for enhancing efficiency in  long-duration simulations with 

complex geochemical reactions.  

 

Table 10: Overview of cases used to evaluate the Adaptive Tolerance feature in MF3D-GC. 

Level 1D/2D Processes 𝒕𝒆𝒏𝒅 
[years] 

Advection Dissolution Adaptive 
tolerance 

Kinetics Setting 

B1 1D 〇 〇 0% Constant value 200 
B1(a) 1D 〇 〇 0~10% Constant value 200 
B1(b.1) 1D 〇 〇 5% Constant value 200 
B1(b.2) 1D 〇 〇 5% Function of pH and T 200 
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4.2. Comparison of Kinetic Reaction Rate Models 

MF3D-GC allows user-defined kinetic reaction models via BASIC scripts. Benchmarks in Section 3 

assumed a constant reaction rate for minerals. This section compares B1 using two different apparent 

kinetic reaction rates models: a constant value of 5 ×10-5 mol/m2/s (Case 1) and a rate dependent on 

temperature and pH (Case 2). An adaptive tolerance of 5% is used in both cases to reduce computing 

time. 

The components of the apparent kinetic reaction rate constant 𝑘𝑘 for calcite (𝑘+,𝐻, 𝑘+,𝑤, and 𝑘+,𝑂𝐻), as 

a function of temperature and pH, are given as shown below (Eq. 18) in the database, where 𝑅  is the 

gas constant, 𝑇  is the temperature, and 𝛼𝐻𝐶𝑂3− is the activity of 𝐻𝐶𝑂3− (28). 

0, 6.59 × 104𝑒−66000/𝑅𝑇, 1.04 × 109𝑒−67000/𝑅𝑇𝛼𝐻𝐶𝑂3−
1.6  (18) 

In this isothermal case, the temperature remains constant at 25℃, so the calcite dissolution rate varies 

only with pH. The rate function is introduced into the code using BASIC scripts (49). 

Figure 13 compares Case 1 (black lines) and Case 2 (gray lines) at 10, 100, and 120 years. Ignoring pH 

effects underestimate chemical concentration at low pH and overestimates them at high pH. Differences 

accumulate over time due to varying mineral properties. While more complex models improve accuracy, 

they also increase computing time. Users should carefully select minerals and property models to 

balance accuracy and computing efficiency for evaluating geochemical reactions in long-term CO2 

sequestration. 

4.3. Coupling Geochemistry with Geomechanics and Flow  

This section demonstrates geochemistry and geomechanics coupling capabilities using two cases: one 

based on benchmarks in previous sections (Section 4.3.1), and the other from our previous work (Section 

4.3.2). 

 

 

 

Figure 12: Comparison of porosity profiles of B1 with various adaptive tolerance from 0 % to 10 % at 10 
years, 100 years, and 120 years. 
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4.3.1. Benchmark Results 

Stress and deformation profiles are shown for a 2D domain from B6 with geochemical settings from B2. 

The geomechanical settings allow to move freely with zero constraining stress, and the Biot coefficient 

is set to 1.0. Figure 14 illustrates the results after 10 years of acid flow into the 2D model with calcite 

and inert minerals. Similar to B2, porosity increases near the inlet due to calcite dissolution and decreases 

around x = 0.5 m due to gypsum precipitation (Figure 14a). The heterogeneous permeability distribution 

(Figure 8b) causes non-uniform porosity in z-direction, affecting pressure and stress propagation 

(Figure 8b and c). Stress is linked to displacement (Figure 14d), with higher displacement along the 

inlet due to elevated total stress corresponding to high pore pressure. The high displacement region, 

colored red, is larger in the upper half due to permeability heterogeneity. The stress distribution from 

lateral and vertical heterogeneity in pressure and permeability leads to a small displacement zone at the 

bottom left. These results demonstrate the impact of mineral dissolution and precipitation on 

geomechanical properties.  

4.3.2. Previous Work on Fractured Sandstones Case Study 

This example uses a study on CO2-rich water injection into fractured sandstones and carbonates to 

showcase the simulator's geomechanics capabilities (22). 

Figure 15 illustrates the geochemical interactions between CO2-rich brine and reservoir minerals in 

sandstone, with quartz as the reactive component. The model geometry with the injector at the center 

and a planer fracture is shown in part a, porosity in part b, deformation in part c, and effective stress in 

part d after short period of CO2-rich brine injection. Significant changes in porosity and permeability 

were observed due to mineral dissolution and precipitation along the fracture, impacting the mechanical 

and flow properties of the reservoir rocks (Figure 15b). 

 

 

 

Figure 13: Comparison of kinetic reaction models. Black lines assumed a constant apparent reaction 
rate (Case 1), and gray lines include the dependence on pH and temperature (Case 2).  
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Figure 14: Distribution of hydraulic and geomechanical properties after 10 years of flow: (a) porosity, (b) 
pressure, (c) total stress, and (d) displacement. 
 

 
Figure 15: Examples of the impact of CO2 injection on the geomechanical properties in the sandstone 
reservoir: (a) model geometry (b) porosity, (c) displacement, and (e) effective stress (22). 
 

 

The geomechanics coupling revealed dynamic stress and deformation evolution (Figure 15c and d). 

Decreased porosity led to localized zones of higher stress and displacement, particularly near the fracture 

tips and injector where CO2-rich brine interacted more intensively with the minerals. The simulation 

results demonstrated that fracture geometry and mineral composition significantly influenced the extent 

and location of stress changes and deformation. The combined effects of chemical reactions and 
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geomechanical changes indicated a potential increased fracture growth and propagation. These results 

highlight the importance of integrating geochemical reactions with geomechanical simulations to 

accurately predict subsurface system behavior under CO2 injection conditions. The findings demonstrate 

the importance of considering both geomechanical and geochemical processes in assessing the long-

term stability and effectiveness of CO2 sequestration projects. 

5. CONCLUSION 

This study presents MF3D-GC, a new 3D geochemical model that couples fluid flow and geomechanics 

by incorporating PhreeqcRM into MF3D. MF3D-GC’s capabilities as a reactive-transport simulator are 

validated through benchmark comparisons, showing good agreement with other reactive-transport 

simulators. It allows user-defined kinetic models dependent on specific surface area, saturation state, 

temperature, and pH, enhancing accuracy but reducing computational efficiency. Selecting minerals and 

models requires balancing accuracy and computational efficiency. 

To address the high computational cost of reactive transport simulation, an adaptive tolerance method 

was implemented. This method effectively reduces computation time, but the choice of adaptive 

tolerance parameters should be made carefully to maintain accuracy.  

This work also demonstrated the coupling between geochemistry and geomechanics, extending beyond 

conventional reactive transport simulators. Results highlighted that mineral precipitation and dissolution 

affect stress and displacement through pressure changes. Enhancing the model's coupling of 

geochemistry and geomechanics requires considering the alterations in geomechanical properties 

induced by geochemistry. 

The results presented in this work successfully validate the MF3D-GC, a versatile, 3D, single-phase 

reactive transport model. The code can be applied to solution mining, geothermal energy production, 

and CO2 sequestration.  
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