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Introduction

Understanding and predicting the behaviour of fluid flow and reactivity in geological porous media had gathered widespread attention for many decades. Early applications of this knowledge included deciphering groundwater movement and contaminant spreading in aquifers [START_REF] Bear | Dynamics of fluids in porous media[END_REF] or hydrocarbons movement in 1 oil bearing strata [START_REF] Aziz | Petroleum reservoir simulation[END_REF][START_REF] Dake | Fundamentals of reservoir engineering[END_REF]. More recent applications included the use of the subsurface settings for the storage of energy -e.g. in the form of hydrogen gas [START_REF] Bauer | Impacts of the use of the geological subsurface for energy storage: an investigation concept[END_REF][START_REF] Heinemann | Enabling large-scale hydrogen storage in porous media-the scientific challenges[END_REF], or of nuclear and industrial wastes [START_REF] Landais | Advances in geochemical research for the underground disposal of high-level, long-lived radioactive waste in a clay formation[END_REF]Claret et al., 2018;[START_REF] Bildstein | Rtm for waste repositories[END_REF], as well as for the sequestration of carbon dioxide emitted by industries [START_REF] Lackner | A guide to co2 sequestration[END_REF][START_REF] André | Numerical modeling of fluid-rock chemical interactions at the supercritical co2-liquid interface during co2 injection into a carbonate reservoir, the dogger aquifer (paris basin, france)[END_REF][START_REF] Haszeldine | Carbon capture and storage: how green can black be?[END_REF][START_REF] Depaolo | Geochemistry of geologic carbon sequestration: an overview[END_REF][START_REF] Trebotich | High-resolution simulation of pore-scale reactive transport processes associated with carbon sequestration[END_REF]. To decipher the complex interplay between fluid flows and reactivity in subsurface applications, it is necessary to account for the coupled and non-linear processes that include thermal, hydrological, mechanical and chemical (THMC) interactions [START_REF] Bildstein | Chapter 5 -stability of clay barriers under chemical perturbations[END_REF][START_REF] Zhang | A fully coupled thermal-hydrologicalmechanical-chemical model for co2 geological sequestration[END_REF][START_REF] Bea | Reactive transport and thermo-hydro-mechanical coupling in deep sedimentary basins affected by glaciation cycles: model development, verification, and illustrative example[END_REF][START_REF] Soulaine | Micro-continuum approach for pore-scale simulation of subsurface processes[END_REF][START_REF] Soulaine | Pore-scale modelling of multiphase reactive flow: application to mineral dissolution with production of[END_REF][START_REF] Tournassat | Reactive Transport Modeling of Coupled Processes in Nanoporous Media[END_REF][START_REF] Pavuluri | Direct numerical simulations of spontaneous imbibition at the pore-scale: impact of parasitic currents and dynamic capillary barriers[END_REF]. Minor changes in THMC parameters at the pore-scale can initiate major changes in other properties influencing the movement of fluids in the subsurface [START_REF] Noiriel | Resolving time-dependent evolution of pore-scale structure, permeability and reactivity using x-ray microtomography[END_REF][START_REF] Noiriel | Effects of pore-scale precipitation on permeability and flow[END_REF][START_REF] Noiriel | Pore-scale geochemical reactivity associated with co2 storage: New frontiers at the fluid-solid interface[END_REF][START_REF] Molins | Simulation of mineral dissolution at the pore scale with evolving fluid-solid interfaces: Review of approaches and benchmark problem set[END_REF][START_REF] Poonoosamy | Microfluidic flow-through reactor and 3d raman imaging for in situ assessment of mineral reactivity in porous and fractured porous media[END_REF]Soulaine et al., 2021a). For example, the chemical interactions of pore fluids with minerals bordering the pores may either result in dissolution or precipitation processes, which in turn alter physical properties of the porous medium such as porosity, permeability, diffusivity and reactive surface area of minerals [START_REF] Min | Changes in porosity, permeability and surface area during rock dissolution: effects of mineralogical heterogeneity[END_REF]Chagneau et al., 2015a,b;[START_REF] Luhmann | Permeability, porosity, and mineral surface area changes in basalt cores induced by reactive transport of co2-rich brine[END_REF][START_REF] Soulaine | Mineral dissolution and wormholing from a pore-scale perspective[END_REF][START_REF] Niu | Permeability prediction in rocks experiencing mineral precipitation and dissolution: A numerical study[END_REF]. These parameters govern the nature of fluid flows along with aqueous species reactivity and transport. Therefore, these parameters have a key role in the evaluation of the efficiency and safety for a number of environmental applications. In this respect, fluid flow and chemical reactivity model predictions must take into account spatial heterogeneity, which can be time-dependent in response to physical and chemical perturbations. For this reason, reactive transport modeling (RTM) has extensively been used to comment on the safety, and to provide optimal operational and design strategies for various subsurface applications (Mayer et al., 2002a;[START_REF] Steefel | Reactive transport modeling: An essential tool and a new research approach for the earth sciences[END_REF][START_REF] Gaus | Geochemical and solute transport modelling for co2 storage, what to expect from it?[END_REF][START_REF] Druhan | Reactive Transport in Natural and Engineered Systems[END_REF]. The main advantage of RTM is that it integrates both the essential ingredients required to assess the ongoing dynamic processes in subsurface applications -fluid flow and geochemistry. There already exist several reactive transport packages such as TOUGHREACT [START_REF] Xu | Toughreact version 2.0: A simulator for subsurface reactive transport under non-isothermal multiphase flow conditions[END_REF], CrunchFlow [START_REF] Steefel | Crunchflow. Software for modeling multicomponent reactive flow and transport. User's manual[END_REF], MIN3P (Mayer et al., 2002b), PFLOTRAN [START_REF] Lichtner | Pflotran user manual: A massively parallel reactive flow and transport model for describing surface and subsurface processes[END_REF] amongst others. The review by [START_REF] Steefel | Reactive transport codes for subsurface environmental simulation[END_REF] provided an extended description of various reactive transport packages and compared the packages on different grounds such as code availability (i.e. open-/ close-source), possibility to run simulations in parallel, and numerical schemes, along with implemented geochemistry and physical modelling features.

The development of reactive transport packages is a continuous and dynamic task primarily benefiting from, and triggering new research directions on the coupling of basic processes responsible for complex nonlinear THMC behaviors [START_REF] Steefel | Reactive transport at the crossroads[END_REF]. In this respect, the authors recently developed a multi-scale reactive transport open-source package porousMedia4Foam [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF], which included capabilities to model hydro-geochemistry at pore-, continuum-, and, hybrid-scales. porousMedia4Foam coupled two well established open-source packages namely, (i) OpenFOAM ® , which is used to solve fluid flow, transport of species, and compute evolution of porous media properties such as permeability, reactive surface area of minerals, and (ii) PHREEQC [START_REF] Parkhurst | Description of input and examples for phreeqc version 3: a computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF], which is used to solve for the geochemical interactions. porousMedia4Foam can simulate hydro-geochemical processes in complex and heterogeneous geological settings using unstructured meshes, which is a capability available in only a few reactive transport packages like TOUGHREACT [START_REF] Xu | Toughreact version 2.0: A simulator for subsurface reactive transport under non-isothermal multiphase flow conditions[END_REF], MIN3P [START_REF] Su | Min3p-hpc: A high-performance unstructured grid code for subsurface flow and reactive transport simulation[END_REF], PFLOTRAN [START_REF] Lichtner | Pflotran user manual: A massively parallel reactive flow and transport model for describing surface and subsurface processes[END_REF].

In addition, porousMedia4Foam maintains a generic coupling interface such that other geochemical packages can also be integrated into the existing code architecture. [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF] already benchmarked the multi-scale solver of porousMedia4Foam with test cases describing calcite dissolution at pore-and Darcyscales. In this numerical benchmark paper, we investigated the robustness of porousMedia4Foam continuumscale predictions, by comparing the results with state-of-the-art reactive transport codes, for published reference benchmark exercises [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF][START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF].

In the following Section 2, we present the mathematical models implemented in porousMedia4Foam for solving continuum-scale reactive transport, and we describe the flow solvers and geochemical packages used for the study. Then, in Section 3, we describe the cases that we benchmark in this paper for which reference solutions exist. Later, in Section 4, porousMedia4Foam simulation results were compared with state-of-theart reactive transport codes. Finally, we end the paper with concluding remarks.

Solving reactive transport problems with porousMedia4Foam

We commence this section by briefly describing about the porousMedia4Foam package. A more detailed review of the package and its multi-scale modelling capabilities can be found in Soulaine et al. (2021a).

Then, we discuss the geochemical package, flow solvers and models used to describe the evolution of porous media properties in response to transient chemical interactions.

Package description

porousMedia4Foam [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF]) is an open-source (can be downloaded from https://github. com/csoulain/porousMedia4Foam) and generic package developed by the authors to solve hydro-geochemical interactions that occur at multiple scales which include the pore-, continuum-, and, hybrid-scales. porous-Media4Foam is built on the skeletal framework of OpenFOAM ® (http://www.openfoam.org) which is used to solve the governing equations describing fluid flow and transport of species. All common models that are used to describe the evolution of permeability, reactive surface area and dispersivities are available as part of the porousMedia4Foam package. Chemical interactions are solved with PHREEQC (https: //www.usgs.gov/software/phreeqc-version-3), using its reaction module PhreeqcRM [START_REF] Parkhurst | PhreeqcRM: A reaction module for transport simulators based on the geochemical model PHREEQC[END_REF] which establishes communication between the OpenFOAM ® and geochemistry results. porousMedia4Foam [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF]) is an open-source (can be downloaded from https://github. com/csoulain/porousMedia4Foam) and generic package developed by the authors to solve hydro-geochemical interactions that occur at multiple scales which include the pore-, continuum-, and, hybrid-scales. porous-Media4Foam is built on the skeletal framework of OpenFOAM ® (http://www.openfoam.org) which is used to solve the governing equations describing fluid flow and transport of species. Chemical interactions are solved with PHREEQC (https://www.usgs.gov/software/phreeqc-version-3). The reaction module PhreeqcRM [START_REF] Parkhurst | PhreeqcRM: A reaction module for transport simulators based on the geochemical model PHREEQC[END_REF] is used to establish a communication between the results of OpenFOAM ® and PHREEQC.The coupling of OpenFOAM ® and PHREEQC is expected to attract users from both communities of research. porousMedia4Foam can solve for the flow using Darcy-Brinkman-Stokes equation [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF].

When the porosity φ is equal to 1, the Navier-Stokes equations is solved. On the other hand, when the porosity φ is in-between 0 and 1, the Darcy's equation is solved. Irrespective of the scale under consideration, the chemistry is solved using PHREEQC in the same manner as described in Section 2.2. The usage of this approach provides an added advantage to use porousMedia4Foam for various process engineering applications as well that may include investigating reactive transport processes in pipes and reactors not only restricting the scope of usage to the porous media research community.

porousMedia4Foam is also expected to play a pivotal role in the area of upscaling. porousMedia4Foam can assist experimentalists to validate various empirical relations to update/ improve parameters such as the permeability of the medium k. In the current version of porousMedia4Foam, all common models that are used to describe the evolution of permeability, reactive surface area and dispersivities are available.

As the focus of this paper is exclusively at the Darcy scale, we have chosen to use the Darcy equation to solve for the flow as we described in Section 2.3. Fig. 1 shows a flowchart that describes how the reactive transport algorithm in porousMedia4Foam works in a time step. A more detailed explanation regarding each block mentioned in Fig. 1 is described in the sub-sections 2.2, 2.3, and, 2.4.

Transport of species (j) for half a time step (Eq. 1) Solve geochemistry for a full time step using PHREEQC based on updated c j from previous transport computation Transport of species for remaining half time step based on c j data extracted from PHREEQC (Eq. 1)

Extract mineral volume fractions (Y s ) from PHREEQC and update the porosity (Eq. 6)

Update porous media and transport properties (permeability [Eq. 8], dispersion tensor [Eq. 9], reactive surface area [Eq. 10]) Update solution volumes source/ sink term (Eqs. 2, 7) Solve for pressure, p f (Eq. 4) Solve for velocity, v f (Eq. 3) Update concentration of species c j PHREEQC's output of c j

Strang algorithm

Next time step

Solved using PHREEQC

Solved using OpenFOAM

Figure 1: Flowchart describing various steps followed in a time step to solve hydro-geochemical problems using porousMedia4Foam .

Geochemical package -phreeqcRM

In porousMedia4Foam's geochemical package phreeqcRM, the coupling between transport of species and chemistry relies on the operator-splitting strategy. Within a time-step, the transport of species is solved without reaction using the finite-volume method embedded in OpenFOAM, and the geochemical reactions are computed using PHREEQC without transport. The PhreeqcRM module transfers essential information such as the concentration of species and minerals between the flow solver and the geochemical solver PHREEQC.

The transport of species j having concentration C j is performed according to the following advectiondiffusion equation,

∂φC j ∂t + ∇ • (v f C j ) -∇ • (φD * ∇C j ) = 0. (1) 
In the above equation, φ is the porosity, v f is the fluid velocity determined by the flow solver and D * is the effective diffusion coefficient that accounts for tortuosity and hydrodynamic dispersion.

The transport of species is followed by solving for the chemistry using PHREEQC. The geochemical package updates the solution composition C j and the distribution of solid minerals Y s,i . It is possible to account for phase equilibrium and/ or kinetically controlled reactions. For the later, reactive surface areas of minerals A e must be defined.

Strang's algorithm [START_REF] Strang | On the construction and comparison of difference schemes[END_REF]) which has second order accuracy [START_REF] Carrayrou | Operator-splitting procedures for reactive transport and comparison of mass balance errors[END_REF]) is used for operator-splitting. First, species transport (Eq. 1) is carried out for half a time step. Second, chemistry is solved for an entire time step, using updated species concentrations C j . Lastly, the transport equation is once again solved for the remaining half time step.

Flow solvers

porousMedia4Foam comprises of three flow solvers: 1. constantVelocityFoam -a solver that uses specified velocity field within the system; 2. darcyFoam -a continuum-scale solver based on Darcy's law and; 3. db-sFoam -a multi-scale solver based on Darcy-Brinkman-Stokes formulation [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF]. For the continuum-scale benchmark cases discussed in this paper, we either used the darcyFoam or the constantVe-locityFoam flow solvers.

darcyFoam is a standard continuum-scale solver for Darcy's law [START_REF] Darcy | Les fontaines publiques de la ville de Dijon: exposition et application[END_REF]. Considering a reactive environment comprising of an incompressible fluid having density ρ f and N s number of minerals, the continuity equation considering mineral dissolution (mineral convert to solution)/ precipitation (solution convert to mineral) is given by,

∇ • v f = Ns i=1 ṁs,i 1 ρ f - 1 ρ s,i , (2) 
where ρ s,i is the density of mineral i and ṁs,i is the rate of mass transfer of solid to solution or vice-versa obtained from the geochemistry computations (Eq. 7). Darcy's law used to describe single-phase flow in porous media at the continuum-scale is given by,

v f = - k µ f (∇p f -ρ f g) , ( 3 
)
where k is the permeability of the medium, µ f is the fluid viscosity, ∇p f is the pressure gradient, and, g is the acceleration due to gravity. Combining the continuity equation (Eq. 2) and the Darcy's law (Eq. 3) results in the following Laplace equation for the pressure p f which is solved implicitly,

-∇ • k µ f ∇p f + ∇ • ρ f g = Ns i=1 ṁs,i 1 ρ f - 1 ρ s,i . (4)
The modelling domain is discretized using a finite-volume method and a sequential approach is used to solve the flow governing equations. Once the pressure field is computed, the velocity is determined using Eq. 3.

Fixed values for pressure and velocity can be specified at the boundaries. However, as the pressure field is solved implicitly, the fixed value boundary conditions defined for velocity are transformed into a pressure gradient boundary defined by darcyGradPressure [START_REF] Horgue | An open-source toolbox for multiphase flow in porous media[END_REF] in porousMedia4Foam. According to the Darcy's law, pressure gradient normal to the domain boundary n • ∇p f is given by,

n • ∇p f = -n • µ f k -1 v f -ρ f g . ( 5 
)
constantVelocityFoam is a steady-state flow solver with the fluid velocity v f defined for each control volume within the domain. For example, the velocity data can be an output from a separate flow simulation or can be a data specified by the user. The velocity can either be uniform or non-uniform. This solver is particularly useful when geochemical interactions have a negligible influence on fluid flow.

Evolution of porous media properties: principles and equations

In this section, we present the mathematical models that describe the evolution of porous media properties such as porosity φ, permeability k, dispersivity D * and reactive surface area A e . Apart from the standard models described below, additional models that describe the evolution of porous media properties which are available in porousMedia4Foam can be found in [START_REF] Soulaine | porousmedia4foam: Multi-scale opensource platform for hydro-geochemical simulations with openfoam[END_REF].

Minerals distribution and porosity

Porosity φ defines the volumetric ratio of pore volume in a porous material that contain N s solid minerals in the solid matrix. Each of these minerals occupy a volume fraction of Y s,i . During hydro-geochemical interactions, mineral precipitation and dissolution result in porosity variations. In porousMedia4Foam, it is possible to maintain a constant porosity or update the porosity due to ongoing geochemical interactions according to,

φ = 1 - Ns-1 i Y s,i -Y s,inert , (6) 
where Y s,inert refers to the constant volume fraction of inert minerals.

The rate of solid mass change (caused due to mineral dissolution/ precipitation), ṁs,i , used as a source/ sink term in the continuity equation (Eq. 2) is computed as,

ṁs,i = - ∂ρ s,i Y s,i ∂t . (7)

Evolution of permeability, dispersivity and reactive surface area

In continuum-scale models, properties such as permeability k and dispersivity D * are dependent on porosity φ, and reactive surface area of minerals A e are dependent on individual minerals volume fraction Y s,i .

Corresponding relationships have been established empirically [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF][START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF].

The permeability k present in Darcy's equation (Eq. 3) influences the fluid flow velocity. The evolution of permeability as a function of porosity is commonly described according to the Kozeny-Carman equation [START_REF] Kozeny | Uber kapillare leitung der wasser in boden[END_REF][START_REF] Carman | Fluid flow through granular beds[END_REF]:

k = k 0 φ φ 0 n 1 -φ 0 1 -φ m . ( 8 
)
where k 0 refers to the initial permeability, n and m are user-defined empirical exponents, which are specific to the investigated materials and hydrodynamic conditions, and φ 0 is the initial porosity of the medium.

The dispersion coefficient D * in Eq. 1 is a parameter that governs the spreading of chemical species in the porous medium. The dispersion of species is computed using a linear dispersion model:

D * = φ n D 1 + α L D |v f | , ( 9 
)
where φ n represents the effects of tortuosity according to Archie's law [START_REF] Archie | The electrical resistivity log as an aid in determining some reservoir characteristics[END_REF], D is a molecular diffusion coefficient, α L is the lateral dispersion coefficient.

Reactive surface area of minerals A e,i are needed to compute the results of kinetic rate laws. The reactive surface area of all minerals (primary and secondary) can be updated in porousMedia4Foam according to a power-law model [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF][START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF]:

A e,i = A 0,i (Y s,i ) n , ( 10 
)
where A 0,i is the initial reactive surface area of minerals, Y s,i is the volume fraction of minerals and n is a user-defined exponent.

Description of case studies

porousMedia4Foam results were verified by comparison with continuum-scale benchmarks published in the literature. Table 1 provides a brief summary of all the cases investigated in this benchmark study. The investigated cases are presented in increasing levels of complexity. All input files required to run the test cases in Table 1 are available as examples in the porousMedia4Foam package.

Cases 1a,b and 2 considered mineral dissolution and precipitation in a one-dimensional (1D) domain.

Calcite dissolution was modelled using thermodynamic equilibrium conditions and kinetic reactions in cases 1a and 1b respectively. Case 2 involved multiple minerals in which, calcite dissolution was described using kinetic reaction rates, while dolomite precipitation/dissolution was modelled using thermodynamic local equilibrium. In both cases (case 1 and 2), porosity feedback on transport properties was neglected. Results

were compared with reference solutions obtained with PHREEQC TRANSPORT capability. PHREEQC's chemical database phreeqc.dat was used for these cases.

Cases 3 to 7 reproduced 5 benchmarks of varying complexity, which were run with reactive transport Table 1: Summary of the benchmark cases simulated with porousMedia4Foam. ADS refers to an advective diffusive system and AS refers to an advective system.

codes presented in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]: CrunchFlow, HP1, MIN3P, PFlotran and TOUGHREACT. For the sake of simplicity and to ensure figure readability, we only showed MIN3P and TOUGHREACT results for comparison, but readers can refer to [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF] for comparison of results with other reactive transport codes. In these case studies primary minerals were calcite, gibbsite and siderite whereas secondary minerals were jarosite, ferrihydrite and gypsum. Porous media properties were updated at run time according to mineral dissolution/precipitation reactions, which were described using kinetic reaction rates only. For these benchmarks, we used the chemical database provided in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF].

Case 8 was a two-dimensional (2D) case based on the numerical benchmark of [START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF] in which celestite with a bimodal grain size distribution reacted with barium chloride solution, leading to barite precipitation and celestite dissolution. Geochemical reactions were described using kinetic rates (for celestite) and thermodynamic local equilibrium (for barite), according to PSI/Nagra chemical thermodynamic database [START_REF] Thoenen | The psi/nagra chemical thermodynamic database 12/07[END_REF]. Porous media properties were updated at run time according to mineral dissolution/precipitation reactions.

Cases 1a and 1b: Calcite dissolution -no porosity feedback

A 1D porous column of length 0.5 m was uniformly filled with 57 % of an inert mineral and with 3 % of calcite. An acidic solution at pH 2 was continuously injected from the inlet boundary at a constant rate of 10 -4 m 3 /s. Initial conditions and description of the primary components continuously injected into the system are provided in Table 2. In such a reactive setup, the dissolution of calcite occurs according to:

CaCO 3 + H + ↔ Ca 2+ + HCO - 3 , HCO - 3 ↔ H + + CO 2- 3 . ( 11 
)
In case 1b, calcite dissolution rate constant was k calcite = 1 mol/m 2 /s, and calcite reactive surface area was A 0 = 1 m 2 /m 3 mineral . For cases 1a,b evolution of transport parameters such as porosity, permeability and reactive surface area due to mineral reactivity were neglected and we used constantVelocityFoam -the porousMedia4Foam flow solver (Section 2.3). The transport of species was modeled using Eq. 1. For the dispersion model (Eq. 9), the molecular diffusion coefficient was D = 10 -9 m 2 /s, hydrodynamic dispersion coefficient α L = 10 -4 m, and an exponent n = 0. The spatial domain was discretized using 50 cells (each cell 10 mm long). We followed the evolution of calcite volume fraction and primary ion concentrations for one hour of reaction time. The results for this case are discussed in Section 4.1.

Primary components Units Initial condition

Injected solution pH - 8.2 2 Ca 2+ mol/L 5.113×10 -4 0 CO 2- 3 mol/L 1.018×10 -3 0 Cl - mol/L 9.97×10 -16 10.95×10 -3
Table 2: Cases 1a and 1b -Initial conditions and description of primary components injected for calcite dissolution considering thermodynamic local equilibrium and kinetics.

Case 2: Calcite dissolution and dolomite precipitation/ dissolution -no porosity feedback

In case 2, conditions were similar to case 1b (calcite dissolution based on kinetics), except that the injected solution also contained magnesium (Mg 2+ ). Dolomite CaMg(CO 3 ) 2 was allowed to precipitate and to dissolve at thermodynamic local equilibrium according to:

CaMg(CO 3 ) 2 + 2H + ↔ Ca 2+ + Mg 2+ + 2HCO - 3 . ( 12 
)
Initial conditions and description of the primary components continuously injected into the system are provided in Table 3. We followed the evolution of mineral volume fractions and primary ions within the system for one hour and the results are discussed in Section 4.2.

Primary components Units Initial conditions

Injected solution pH - 8.2 2 Ca 2+ mol/L 5.113×10 -4 0 Mg 2+ mol/L 0 9.967×10 -3 CO 2- 3 mol/L 1.018×10 -3 0 Cl - mol/L 9.97×10 -16 31.51×10 -3
Table 3: Case 2 -Initial conditions and description of the primary components injected for the case of calcite dissolution -dolomite precipitation/ dissolution.

Case 3: Advective system subjected to porosity opening -Calcite dissolution and porosity feedback on permeability

In case 3, we verified the ability of porousMedia4Foam to simulate coupled hydro-geochemical processes that included porosity feedback on transport properties and we used darcyFoam -the porousMedia4Foam flow solver (Section 2.3). Case 3 corresponds to Benchmark 1 described in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. It consisted of a 2 meters long 1D column initially filled with 35 % of inert mineral and 30 % of calcite. An acidic solution at pH 3 was injected at the inlet to initiate the dissolution of calcite (Eq. 11). The kinetic reaction rate constant of calcite was k calcite = 5 × 10 -5 mol/m 2 /s and initial reactive surface area was A 0 = 1 m 2 /m 3 mineral . The reactive surface area evolved according to the power law function (Eq. 10) with n = 2/3 . According to the volume fraction of calcite dissolved, the porosity was updated at run time following Eq. 6. 

mol/L 1.56×10 -4 9.97×10 -5 CO 2- 3 mol/L 2.56×10 -4 9.97×10 -3 SO 2- 4 mol/L 9.97×10 -11 6.44×10 -4
Table 4: Case 3 -Initial conditions and description of the primary components injected for calcite dissolution under kinetic conditions considering porosity feedback.

hydraulic head of 0.007 m was applied between the inlet and outlet [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF] (2015). The setup was the same as in case 3 (calcite dissolution based on kinetics, Section 3.3) except that an acidic solution containing sulfate ions (SO 2- 4 ) was injected through the system resulting in the precipitation/ dissolution of gypsum (CaSO 4 .2H 2 O):

CaSO 4 .2H 2 O ↔ Ca 2+ + SO 2- 4 + 2H 2 O. ( 13 
)
Table 5 provides the initial composition and the solution continuously injected into the system. As the molar Primary components Units Initial conditions Injected solution pH -9.33 3

Ca 2+ mol/L 1.69×10 -4 9.97×10 -5 CO 2- 3 mol/L 2.69×10 -4 9.97×10 -3 SO 2- 4 mol/L 1.69×10 -4 0.2 Na + mol/L 3.19×10 -4 0.394
Table 5: Case 4 -Initial conditions and description of the primary components injected for calcite dissolution and gypsum precipitation/ dissolution under kinetic conditions considering porosity feedback.

volume of gypsum, V m,gypsum = 74.21×10 -6 m 3 /mol, is twice that of calcite, V m,calcite = 36.93×10 -6 m 3 /mol, precipitation of gypsum was expected to clog the porosity. For gypsum, the kinetic reaction rate was k gypsum = 5 × 10 -5 mol/m 2 /s and the initial reactive surface area was A 0 = 1 m 2 /m 3 mineral . The reactive surface area for gypsum evolved according to Eq. 10 with n = 1 . Chemical species were transported by advection only (in Eq. 1, D * = 0). 150 years of transport and geochemical reactions were simulated and the results are discussed in Section 4.4.

Case 5: An advective system with complex geochemical reactions and porosity feedback on permeability

Case 5 corresponds to Benchmark 3 in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. A one-dimensional 2 m long column was filled with 22 % calcite, 5 % siderite, 5 % gibbsite and 33 % of an inert mineral. The initial composition and solution continuously injected into the system is shown in Table 6: Initial conditions and description of the primary components injected in cases 5-7.

at 0 Pa at the outlet. The presence of aluminum (Al 3+ ), potassium (K + ), ferrous (Fe 2+ ) and ferric (Fe 3+ ) ions resulted in the formation of ferrihydrite, jarosite, gibbsite and siderite within the system according to the following reactions:

Ferrihydrite:

Fe 3+ + 3H 2 O ↔ Fe(OH) 3 + 3H + , (14) 
Jarosite:

K + + 3Fe 3+ + 2SO 2- 4 + 6H 2 O ↔ KFe 3 (SO 4 ) 2 (OH) 6 + 6H + , ( 15 
)
Gibbsite:

Al 3+ + 3H 2 O ↔ Al(OH) 3 + 3H + , ( 16 
)
and Siderite:

Fe 2+ + CO 2- 3 ↔ FeCO 3 . ( 17 
)
All the above reactions were described using the kinetic reaction rates k calcite = k gypsum = 5×10 -5 mol/m 2 /s, k gibbsite = 5 × 10 -7 mol/m 2 /s and k ferrihydrite = k jarosite = k siderite = 5 × 10 -6 mol/m 2 /s. The initial reactive surface area for all minerals was A 0 = 1 m 2 /m 3 mineral . The reactive surface area of minerals evolved as a function of the individual mineral content using a power-law, with n = 2/3 (Eq. 10) for calcite, gibbsite and siderite, and with n = 1 for other minerals. Chemical species were transported by advection only (in Eq. 1, D * = 0). The permeability evolved according to the Kozeny-Carman relationship (Eq. 8) with k 0 = 1.186 × 10 -11 m 2 , m = 2, and n = 3. The column was spatially discretized using 80 cells (each cell 25 mm long). 300 years of hydro-geochemical interactions were simulated and the results are discussed in Section 4.5.

Case 6: An advective-diffusive system with complex geochemical reactions and porosity feedback on permeability

The objective of case 6 was to verify the ability of porousMedia4Foam to simulate complex geochemical reactions in an advective-diffusive system. It was based on the Benchmark 5 in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. The case setup was similar to case 5 (for kinetic reaction rates, evolution of reactive surface area of all minerals and permeability, see Section 3.5) with the notable exception of the presence of diffusive effects modelled using Eq. 9 with D = 10 -9 m 2 /s, n = 1/3 and α L = 0 m. 300 years of reactive transport had been simulated and the results for this case are presented in Section 4.6. 

Case

Case 8: Reactive zone comprising of celestite having different grain sizes and considering porosity feedback on permeability

In this case, we investigated reactive transport occurring in a 2D flow cell containing celestite (SrSO 4 ) having a bimodal grain size distribution. The setup was discussed in detail in [START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF] and is illustrated in Fig. 3a. The flow cell comprised of three compartments -Q1, Q2 and Q3. Q1 and Q3 were composed of inert mineral (quartz). Q2 comprised of a reactive mineral, celestite. An acidic solution

The solution comprising of barium (Ba 2+ ) and chloride (Cl -), was injected continuously from the inlet at a constant rate. Specifics of the solution being injected into the flow cell and the initial solutions composition in the flow cell can be seen in the electronic annex. Once the barium ions reached the reactive zone Q2 in the flow cell, celestite dissociated into strontium (Sr 2+ ) and sulphate (SO 2- 4 ) ions. The barium ions reacted with sulphate ions resulting in the precipitation of barite (BaSO 4 ) according to the following reaction:

Ba 2+ + SrSO 4 → BaSO 4 + Sr 2+ . ( 18 
)
As barite has a greater molar mass (V m,barite = 52.09 × 10 -6 m 3 /mol) compared to celestite (V m,celestite = 46.38 × 10 -6 m 3 /mol), the geochemical reactions would result in reduction of porosity. The dissolution of celestite was taken into account based on kinetics while the formation of secondary minerals (barite, witherite, strontianite etc) relied on thermodynamic equilibrium. In the modelling, celestite grains of different size were treated as two separate minerals. Initially, on the one hand, smaller celestite grains volume fraction and reactive surface area were 0.223 and A celestite,small,0 = 20000 m 2 /m 3 mineral , respectively. On the other hand, the volume fraction of larger celestite grains was 0.447 and their reactive surface area was A celestite,large,0 = 100 m 2 /m 3 mineral . The reactive surface area of celestite evolved as a linear function of celestite's mineral content (power-law with n = 1, Eq. 10). The permeability-porosity relationship was described using Kozeny-Carman law (Eq. 8). The initial permeability of Q1 and Q3 zones was k = 1.82 × 10 -11 m 2 and for the Q2 zone it was k = 1.8 × 10 -14 m 2 . The exponents m, n in Eq. 8 were set to 2, 3 respectively. The species transport was modelled using a linear dispersion law (Eq. 9) with D = 10 -9 m 2 /s, α L = 10 -5 m and n = 1. The spatial domain was discretized using a Cartesian mesh with ∆x = ∆y = 1 mm resulting in a total of 10000 cells. Further, we also ran this benchmark study considering unstructured (triangulated) mesh to show the modelling capabilities of porousMedia4Foam. Fig. 3b shows a zoom of a section of the flow domain with the triangular meshes. For this scenario, the domain comprised of 31854 cells. We followed the reactive transport processes for 300 hours and the results are discussed in Section 4.8. Data regarding initial conditions and solution injected into the system can be found in [START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF].

Benchmarks results

In this section we discuss and compare the results of porousMedia4Foam with other state-of-the-art reactive transport codes for the cases described in Section 3.

Results of cases 1a and 1b: Calcite dissolution -no porosity feedback

The setup for this case was discussed in Section 3.1. Fig. 4a,b show the results of porousMedia4Foam and PHREEQC TRANSPORT module for the evolution of calcite volume fraction and primary species (Cl -, CO 2- 3 and Ca 2+ ) for the thermodynamic equilibrium case at time t = 20 min, 40 min and 60 min. As an acidic solution is being continuously injected into the system, calcite dissolves according to Eq. 11.

Hence, we noticed the calcite volume fraction front moving towards the outlet (from left to right) over time (Fig. 4a). Subsequently, the dissolution of calcite released CO 2- 3 and Ca 2+ into the system (Fig. 4b). As Cl -is not taking part in any reaction its concentration remained constant throughout the run. Overall, porousMedia4Foam is able to capture accurately the behaviour determined by PHREEQC TRANSPORT module.

Fig. 4c,d show the evolution of calcite volume fraction and primary ion concentrations (Cl -, CO 2- 3 and Ca 2+ ) along the column length at t = 20 min, 40 min and 60 min when geochemical processes are treated using kinetic reactions (case 1b). Essential data required to describe kinetic rate law for this case is specified in Section 3.1. The ongoing geochemical processes in the system were similar to the previous case (case 1a) except that the dissolution rate of calcite was governed by the kinetic rate law. We found a very good match between the results of porousMedia4Foam coupled with PhreeqcRM and the reference solution calculated using PHREEQC and its TRANSPORT module.

Results of case 2: Calcite dissolution and dolomite precipitation/ dissolution -no porosity feedback

The setup for this case was discussed in Section 3.2. Fig. 5a show the evolution of the mineral volume fractions -calcite and dolomite determined by porousMedia4Foam and PHREEQC along the length of the column at time t = 20 min, 40 min and 60 min. Fig. 5b,c show the results of primary ions (Ca 2+ , Mg 2+ , Cl -, and CO 2- 3 ) concentration determined by the packages at different time intervals (t =20 min, 40 min and 60 min) along the column. As the acidic solution is injected into the system, calcite started to dissolve (Eq. 11)

releasing carbonate ions into the system. The injected magnesium in presence of carbonate ions reacted to precipitate dolomite (Eq. 12). Then, as the acidic solution is continuously injected into the system, the precipitated dolomite also dissociated over time in presence of H + according to Eq. ( 12). Overall, from 3 ) concentrations. The markers (black squares for porousMedia4Foam, red circles for PHREEQC) represent cell center data collected for both solvers. Fig. 5a,b,c we noticed a very good match between the results of OpenFOAM coupled with PhreeqcRM and the reference solution calculated using PHREEQC with its TRANSPORT module.

Results of case 3: Advective system subjected to porosity opening -Calcite dissolution and porosity feedback on permeability

Calcite dissolution was modelled using a kinetic rate of reaction with the data specified in Section 3.3. The ongoing chemical processes were similar to case 1b discussed in Section 4.1 with the notable exception of evolving porous media properties caused due to the change in porosity. In Fig. 6, we compared the results of our hydro-geochemical package porousMedia4Foam with other packages -MIN3P and TOUGHREACT. The analysis of results included the evolution of porosity (Fig. 6a), calcite volume fraction (Fig. 6b), hydraulic head (Fig. 6c) along the column length and the outflux over time (Fig. 6d). While computing outflux, we consider column surface area of 1 m 2 to be consistent with the benchmark presented in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF].

As the dissolution of calcite occurred, the calcite volume fraction decreased and the porosity increased over time. Consequently, in Fig. 6c, we noticed different slopes of hydraulic head at different times. The slope was minimal where porosity was large and vice-versa. The velocity -and therefore the outflux -increased over time as the permeability (and porosity) of the system increased. The evolution of porosity, calcite volume fraction, hydraulic head and outflux predicted by porousMedia4Foam were in close agreement with those of MIN3P and TOUGHREACT which demonstrated the ability of porousMedia4Foam to simulate hydro-geochemical processes with porosity feedback. As calcite dissolution reached the end of the column, however, there was a slight difference in the results of porousMedia4Foam compared with other solvers. This numerical artefact due to boundary effects was also observed amongst different solvers in the benchmark of [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF] when there was a breakthrough. At 150 years, there was only non reactive inert mineral in the column and the flow reached steady-state. For sub-plots a, b, and, c we collect the cell center data for porousMedia4Foam. For reference, we display the data at every 25 mm with a marker (black square). For MIN3P, the cell face data is plotted with the marker (red circle) displayed at every 25 mm. For TOUGHREACT, we digitize the data from plots available in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. 10Y refers to the data at time t = 10 years.

Results of case 4: Advective system subjected to porosity clogging -Calcite dissolution, gypsum precipitation/ dissolution and porosity feedback on permeability

The setup for this case was discussed in Section 3.4. Simulation results of porousMedia4Foam, MIN3P

and TOUGHREACT for the evolution of porosity, gypsum and calcite volume fractions, hydraulic head, hydraulic conductivity along the column and also the outflux over time are plotted in Fig. 7.

All the results predicted by porousMedia4Foam at 10 years were in close agreement with MIN3P and TOUGHREACT. porousMedia4Foam predicted the porosity to reach minimum threshold value (φ = 0.001) at 46 years at x = 0.4625 m (distance from the inlet boundary). From this point of time, the reactive surface area of calcite and gypsum were considered to be minimal (A e = 10 -6 m 2 /m 3 mineral ) in the control volume with minimal porosity threshold. This consideration prevented any further change in the volume fraction of minerals in specific control volumes. However, the porosity could still vary in the other control volumes surrounding the nearly clogged cell causing variation in flow within the column as reported by the outflux (Fig. 7f). In [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF], it was reported that other hydro-geochemical solvers reached a porosity of approximately 0.008 at 100 years and at 1000 years the porosity dropped to 0.001 approximately. We observed that the results of porousMedia4Foam in regard to the position along the column where porosity was minimal, presence of calcite dissolution front and maximum gypsum volume fraction, drop in hydraulic head and hydraulic conductivity were relatively close to the solutions of MIN3P and TOUGHREACT as seen in Fig. 7. The minor difference could potentially arise as some solvers used nodal data for analysis whereas porousMedia4Foam used cell centre data.

Results of case 5: An advective system with complex geochemical reactions and porosity feedback on permeability

The case setup for this benchmark was discussed in Section 3.5. The evolution of porosity, hydraulic head, hydraulic conductivity and outflux over time predicted by porousMedia4Foam compared with MIN3P and TOUGHREACT are plotted in Fig. 8. The evolution of all the mineral volume fractions obtained with porousMedia4Foam and compared with MIN3P, TOUGHREACT are plotted in Fig. 9. Overall, there was a good agreement between the results of porousMedia4Foam, MIN3P and TOUGHREACT. For this specific setup, gypsum (volume fraction of 0.45 at x ≈ 0.5 m) majorly contributed in clogging the porous medium.

A similar behaviour in the evolution of porosity with clogging occurring at approximately 0.5 m at 300 years (Fig. 8a) was observed for all the codes. porousMedia4Foam determined that the reactive system takes 164 years to reach the threshold porosity φ = 0.001. Due to the clogging of the system, the hydraulic conductivity reduced to extremely low values as seen in Fig. 8c. The hydraulic head (Fig. 8b) determined by the solvers matched well at all times. There was a difference in the trend of the outflux determined by various solvers.

Though for the first 50 years, all solvers predicted the same outflux, thereafter the results commenced to differ. This was the period from when the porosity fell to lower values and the outflux by then had already reduced by almost 99.9% from its initial values. A similar sort of behavior was also observed in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF].

As seen in Fig. 9, we noticed a good match in the results determining the evolution of mineral volume fractions between porousMedia4Foam and other packages. An interesting observation was that of jarosite, (2015). For sub-plots a -e, we collect the cell center data for porousMe-dia4Foam. For reference, we display the data at every 25 mm with a marker (black square). For MIN3P, the cell face data is plotted with the marker (red circle) displayed at every 25 mm. For TOUGHREACT, we digitize the data from plots available in [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. 10Y refers to the data at time t = 10 years. (d) gibbsite, (e) siderite, and, (f) jarosite. porousMedia4Foam results were compared with MIN3P and TOUGHREACT data taken from [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. For subfigures (a) to (e) the column length (represented on X-axis) had been scaled to 1 m and for (f) the length had been scaled to 0.1 m. The scaling of the X-axis was done to focus on the region where minerals precipitated.

Results of case 6: An advective-diffusive system with complex geochemical reactions and porosity feedback on permeability

The case setup for this benchmark was discussed in Section 3.6. The evolution of porosity, hydraulic head, hydraulic conductivity and outflux over time predicted by different reactive transport codes are shown in Fig. 10. Fig. 11 shows the evolution of various mineral volume fractions. The results of porousMedia4Foam

were in good agreement with the results of MIN3P and TOUGHREACT. For this benchmark, porousMe-dia4Foam predicted that at 142 years, the geochemical system reached the threshold porosity at x ≈ 0.5 m -consistent with the clogging position determined by other solvers (Fig. 10a).

Likewise, the position of the hydraulic head front (Fig. 10b) and the position where the hydraulic conductivity was minimum (Fig. 10c) determined by porousMedia4Foam matched well with the solutions determined by other solvers. The determined outflux of all the solvers matched precisely up to 65 years (Fig. 10d). At 65 years, the outflux had already dropped by 99.9% from initial values. As the effect of clogging started to get prominent, the discrepancy in the predicted outflux between solvers started to show as we also observed in case 5 (Fig. 8d).

porousMedia4Foam determined that between 100 and 300 years, the precipitated gypsum (Fig. 11b) and gibbsite (Fig. 11d) close to the inlet dissolved more compared to the solution determined by other solvers.

Just near the inlet, porousMedia4Foam predicted almost twice the amount of jarosite precipitate compared to the results of MIN3P and TOUGHREACT (Fig. 11f).

Results of case 7: A 2D advective-diffusive system with complex geochemical reactions and porosity feedback on permeability

The setup for this benchmark was discussed in Section 3.7. Fig. 12a shows the evolution of porosity at two specific points within the system -P1 (0.1, 1.0) and P2 (0.5, 1.0) -as represented in Fig. 2. Fig. 12b shows the evolution of outflux over a period of 300 years. P1 lies very close to the inlet boundary which could explain the different predictions obtained by all solvers. The evolution of porosity determined by various solvers at P2 was qualitatively consistent. The porosity at P2 dropped initially up to approximately 18 years and thereafter the porosity only marginally increased over time. From Fig. 12b we noticed that the outflux determined by different solvers were consistent for initial 20 years. From then on-wards, we noticed that the outflux determined by porousMedia4Foam was greater than other two solvers. At 20 years, the flux had already reduced by 96.5% from the initial value due to various minerals that precipitated all along the height of the channel at approximately x = 0.5 m (see Fig. 13a for the distribution of porosity at 300 years).

Fig. 13 shows the porosity and permeability fields in the domain at 300 years. The porosity (Fig. 13a) was relatively high, φ ≈ 0.5 near the inlet and a substantial drop in porosity was observed in-between the region x ≈ 0.2 m to x ≈ 1 m. Especially around x ≈ 1 m, the porosity was substantially low, φ ≈ 0.001 which resulted in clogging of the system. Due to the decrease in porosity, the corresponding permeability also drastically reduced as shown in Fig. 13b. (2015). For subfigures (a) to (e), the column length (represented on X-axis) had been scaled to 1 m and for (f) the length had been scaled to 0.1 m to focus the region where minerals precipitated. 24 

Results of case 8: Reactive zone comprising of celestite having different grain sizes and considering porosity feedback on permeability

The setup for this benchmark was discussed in Section 3.8. Fig. 14 shows the mineral concentration of celestite (small grains, large grains and total) and barite within the flow cell after 300 hours. The results of porousMedia4Foam -with structured and unstructured mesh-were in very good agreement with the results obtained by TOUGHREACT and MIN3P in [START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF]. As smaller celestite grains had a larger reactive surface area in comparison to larger celestite grains, the acidic solution comprising of barium reacted with smaller celestite grains precipitating barite. Over 300 years, we noticed a substantial amount of smaller celestite grains that had dissolved and barite which had precipitated. The larger celestite grains, however, only had shown minimal amounts of dissolution. 

Barite

Figure 14: Case 8 -Concentration of celestite -small, large grains, total and barite in the flow cell after 300 hours. Results of porousMedia4Foam (with structured, unstructured mesh) was compared with the data obtained by TOUGHREACT and MIN3P from [START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF]. Fig. 15 shows the results of porosity and permeability at 300 hours in the Q2 zone (x = 0.045 m to x = 0.055 m). The data was collected at a heigth of y = 0.01 m in the flow cell. Within the Q2 zone, the porosity had reduced from an initial value of 0.33 to 0.305. Correspondingly, the permeability had decreased approximately by two orders of magnitude due to the precipitation of barite. porousMedia4Foam results were in good agreement with TOUGHREACT and MIN3P. Fig. 16 compares the results of porousMedia4Foam with TOUGHREACT and MIN3P for the evolution of primary ion concentrations -barium (Ba 2 +), chloride (Cl -) and strontium (Sr 2 +)-along the length of the flow cell at a height of y = 0.01 m at 150 hours (Fig. 16a) and 300 hours (Fig. 16b). Once again we noticed a good match between all solvers. At 150 years, as the process of dissolution of smaller celestite grains and barite precipitation was ongoing, the fronts of barium and strontium ions were relatively well-noticed compared to the concentration fronts of the same ions at 300 years. At 300 years, as significant amount of smaller grains had already dissolved and larger celestite grains reacted slowly with the incoming acidic solution, the front was not as sharp as seen at 150 years. In this numerical benchmark paper, we verified the robustness of the OpenFOAM-PHREEQC coupling by running eight cases of increasing complexity for which reference solutions exist. These solutions are well-established and used in the reactive transport community to benchmark the state-of-the-art reactive transport codes at the continuum-scale [START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF][START_REF] Poonoosamy | Benchmarking of reactive transport codes for 2d simulations with mineral dissolution-precipitation reactions and feedback on transport parameters[END_REF]. The benchmarks included cases considering multiple minerals within the reactive environment that account for phase equilibrium and/or kinetic reactions both in one-and two-dimensional domains. The verification tests also involved complex feedback of porosity on transport properties including permeability and minerals reactive surface area. We also verified that our package could effectively handle reactive transport on unstructured meshes.

We demonstrated that porousMedia4Foam successfully reproduced all the test cases which gave full confidence to use the simulation platform for predictive purposes or experiment modeling.

In addition to single phase reactive transport discussed in this manuscript, porousMedia4Foam comprises of extensive set of libraries and solvers that can also handle multi-phase reactive transport which is currently being validated. The flow solvers included in porousMedia4Foam embed two-phase Darcy's models using concepts such as relative permeabilities and capillary pressure. Next, we will extend our hydro-geochemical simulator to model multi-phase flow processes in reactive environments. At last but not least OpenFOAM is widely used in process engineering and its coupling with PHREEQC could be used beyond environmental geoscience application to account for (bio)chemical reactivity which is a key issue for the design, implementation, control, and optimisation of industrial processes.

Electronic Annex

The electronic annex to the manuscript comprises of the following: description of the injected solution, initial solution in the flow cell for benchmark 8, and, the computational architecture used for the benchmarks along with information related to the computational time and matrix solvers used.

Contributions of the authors

SP designed, setup the benchmark problems and ran simulations. CS is the architect of porousMedia4Foam. SP, CT and CS implemented new models in porousMedia4Foam and corrected bugs. SP, CT, FC and CS discussed, interpreted the results and wrote the paper. CS, CT and FC applied for funding.

  by fixing the inlet pressure at 70 Pa and the outlet pressure at 0 Pa. The species were transported only due to advection (in Eq. 1, D * = 0). The permeability evolved according to Kozeny-Carman relation (Eq. 8) where the initial permeability was k 0 = 1.186 × 10 -11 m 2 , m = 2 and n = 3. The domain was spatially discritized using 80 cells (each cell 25 mm long). We tracked the evolution of calcite volume fraction and other porous media properties for 150 years of reaction time. The results for this case are discussed in Section 4.3. 3.4 Case 4: Advective system subjected to porosity clogging -Calcite dissolution, gypsum precipitation/ dissolution and porosity feedback on permeability Case 4 corresponds to Benchmark 2 in Xie et al.

Figure 2 :

 2 Fig.2. The permeability for porousMedia4Foam simulation (Fig.2) was defined at the cell centres using linear interpolation of nodal data of permeability provided in[START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. P1, P2 in Fig.2indicate the points at which the porosity, permeability data were followed. 300 years of reactive transport was simulated and the results are discussed in Section 4.7.

Figure 3 :

 3 Figure 3: Case 8 -(a) Schematic of the flow cell. (b) Zoom of a section of the flow cell meshed with unstructured triangulated mesh.

Figure 4 :Figure 5 :

 45 Figure 4: Case 1a/b -Calcite dissolution in a 1D column considering no porosity feedback. Primary ions are Cl -, CO 2- 3 and Ca 2+ . (a) Evolution of calcite volume fraction -considering thermodynamic local equilibrium (case 1a), (b) evolution of primary ion concentrations -considering thermodynamic local equilibrium (case 1a). (c) Evolution of calcite volume fraction -considering kinetic reactions (case 1b), and (d) evolution of primary ion concentrations -considering kinetic reactions (case 1b). In the plot, the porousMedia4Foam markers (black squares) and PHREEQC markers (red circles) represent the cell center data.

Figure 6 :

 6 Figure 6: Case 3 -Calcite dissolution under kinetic conditions considering feedback of porous media properties. Evolution of (a) porosity, (b) calcite volume fraction, (c) hydraulic head along the channel and (d) evolution of outflux. MIN3P and TOUGHREACT data were taken from Xie et al. (2015) for comparison.For sub-plots a, b, and, c we collect the cell center data for porousMedia4Foam. For reference, we display the data at every 25 mm with a marker (black square). For MIN3P, the cell face data is plotted with the marker (red circle) displayed at every 25 mm. For TOUGHREACT, we digitize the data from plots available in[START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. 10Y refers to the data at time t = 10 years.

Figure 7 :

 7 Figure7: Case 4 -Calcite dissolution and gypsum precipitation/ dissolution under kinetic conditions considering feedback of porous media properties. Evolution of (a) porosity, (b) hydraulic head, (c) gypsum volume fraction, (d) hydraulic conductivity, (e) calcite volume fraction and (f) outflux. MIN3P and TOUGHREACT data were taken from[START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. For sub-plots a -e, we collect the cell center data for porousMe-dia4Foam. For reference, we display the data at every 25 mm with a marker (black square). For MIN3P, the cell face data is plotted with the marker (red circle) displayed at every 25 mm. For TOUGHREACT, we digitize the data from plots available in[START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. 10Y refers to the data at time t = 10 years.

Figure 8 :Figure 9 :

 89 Figure 8: Case 5 -Evolution of (a) porosity, (b) hydraulic head, (c) hydraulic conductivity, and, (d) outflux over time. porousMedia4Foam results were compared with MIN3P and TOUGHREACT data taken from Xie et al. (2015). For subfigures (a), (b) and (c) the column length (represented on X-axis) had been scaled to 1 m to focus on the clogging zone.

Figure 10 :Figure 11 :

 1011 Figure10: Case 6 -Evolution of (a) porosity, (b) hydraulic head, (c) hydraulic conductivity, and, (d) outflux over time for an advective-diffusive clogging system. porousMedia4Foam results were compared with MIN3P and TOUGHREACT results taken from[START_REF] Xie | Implementation and evaluation of permeability-porosity and tortuosity-porosity relationships linked to mineral dissolution-precipitation[END_REF]. For subfigures (a), (b), and, (c) the column length (represented on X-axis) had been scaled to 1 m to focus near the clogging zone.

Figure 12 :Figure 13 :

 1213 Figure 12: Case 7 -Comparison of results of porousMedia4Foam with MIN3P and TOUGHREACT data taken from Xie et al. (2015). Evolution of (a) porosity at points P1 and P2 as shown in Fig. 2, (b) outflux.

Figure 15 :

 15 Figure 15: Case 8 -Change in porous media properties (a) porosity, (b) permeability at 300 hours due to dissolution of celestite and precipitation of barite in Q2 zone of the flow cell. The results of porousMedia4Foam were compared with TOUGHREACT and MIN3P which were taken from Poonoosamy et al. (2018).

Figure 16 :

 16 Figure 16: Case 8 -Evolution of the primary ion species -barium (Ba 2+ ), strontium (Sr 2+ ) and chloride (Cl -) within the flow cell at (a) 150 hours, (b) 300 hours. The data was collected at a height of y = 0.01 m along the length of the flow cell.

  Table4provides the initial conditions and a description of primary components injected continuously into the system. A

	Primary components Units Initial conditions Injected solution
	pH	-	9.38	3
	Ca 2+			

Table 6 .

 6 The pressure was fixed at 70 Pa at the inlet and

	Primary components Units Initial conditions Injected solution
	pH	-	8.01	3
	Ca 2+	mol/L	4.74×10 -4	9.97×10 -5
	CO 2-3 SO 2-4 Na +	mol/L mol/L mol/L	2.14×10 -3 1.69×10 -4 1.49×10 -3	9.97×10 -3 0.1 0.09
	Al 3+	mol/L	2.8×10 -7	1.43 × 10 -2
	K +	mol/L	9.97×10 -6	7.65 × 10 -5
	Fe 2+	mol/L	6.59×10 -6	1.14 × 10 -8
	Fe 3+	mol/L	2.53×10 -8	2.23 × 10 -2
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