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muFlowReacT: A Library to Solve Multiphase
Multicomponent Reactive Transport on
Unstructured Meshes
by O. Atteia1,2 , H. Prommer3,4, D. Vlassopoulos5 , L. André6, and G. Cohen1

Abstract
In this paper we present a new reactive transport code for the efficient simulation of groundwater quality problems. The new

code couples the two previously existing tools OpenFoam and PhreeqcRM. The major objective of the development was to transfer
and expand the capabilities of the MODFLOW/MT3DMS-family of codes, especially their outstanding ability to suppress numerical
dispersion, to a versatile and computationally efficient code for unstructured grids. Owing to the numerous, previously existing
transport solvers contained in OpenFoam, the newly developed code achieves this objective and provides a solid basis for future
expansions of the code capabilities. The flexibility of the OpenFoam framework is illustrated by the addition of diffusional processes
for gaseous compounds in the unsaturated zone and the advection of gases (multiphase transport). The code capabilities and
accuracy are illustrated through several examples: (1) a simple 2D case for conservative solute transport under saturated conditions,
(2) a gas diffusion case with reactions in the unsaturated zone, (3) a hydrogeologically complex 3D reactive transport problem, and
finally (4) the injection of CO2 into a deep aquifer with acidification being buffered by carbonate minerals.

Introduction
Reactive transport modeling has shown to be an

increasingly important tool in research and for groundwa-
ter practitioners to integrate, interpret, and predict coupled
groundwater flow, solute transport, and (bio)geochemical
reaction processes (e.g., Prommer et al. 2019; Sun
et al. 2020; Siade et al. 2021; Schafer et al. 2021).
However, model applications to real three-dimensional
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systems with spatial complexity have remained a
formidable endeavor. To date, one of the key challenges
in heterogeneous systems is, even in the absence of
reactive processes, to solve the transport equation itself,
in many cases the classic advection-dispersion equation
(ADE). Over the last three decades MT3D (Zheng 1990)
and later MT3DMS (Zheng and Wang 1999) have, for
many good reasons, been the most widely used solvers for
solute transport problems in groundwater systems. This is
not only a result of their seamless compatibility with all
earlier MODFLOW versions (Harbaugh 2005), but also
of their outstanding robustness (Zheng et al. 2012) and,
importantly, the availability of multiple solvers for the
advection term, with each of them having their individual
strengths and weaknesses under varying conditions, often
strongly depending on the degree of spatial discretization
of the problem.

Until recently, the dominance of MODFLOW-based
codes in solving real world groundwater flow and
quality problems has somewhat suppressed the needs
and opportunities to exploit the advantages of highly
efficient generic multiphysics codes that were devel-
oped outside the groundwater community for applica-
tions to a wide range of related science/engineering
disciplines. One of these codes is OpenFoam (Weller
et al. 1998), a free (available under the GNU license)
and open source software with an open structure that
supports the solution of multiphysics computational fluid
dynamics problems. Importantly, spatial discretization of
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any simulation problem is handled in OpenFoam via struc-
tured or unstructured meshes. Compared to the traditional
MODFLOW-based solute and reactive transport codes,
such as MT3DMS, SEAWAT, RT3D, and PHT3D, there
are several advantages of OpenFoam:

1 a finite volume solution approach allowing for complex
geometries (present in recent versions of MODFLOW
but not in associated reactive transport codes),

2 a modular approach that allows for rapid inclusion
of new equations or processes that address complex
behavior,

3 multiple transport solvers that provide faster and more
accurate solutions in the finite volume domain

4 built-in parallelization to solve the defined equations
(also present now in some MODFLOW solvers, see,
e.g., Dong and Li 2009, Sun et al. 2019), and

5 handling of equations written in a format very close
to their mathematical formulation, thereby allowing
addition of new functionality, as often required by
advanced users.

Recently, two OpenFoam libraries were developed
for geochemical reactions, for equilibrium reactions (Maes
and Menke 2021), or through coupling with PHREEQC
(Pavuluri et al. 2022). These libraries are intended to
solve pore scale problems; therefore, they lack many
groundwater-specific or surface water specific simula-
tion capabilities (e.g., general head boundary conditions,
rivers, and drains) that resemble that of the MOD-
FLOW/MT3DMS family of codes. Perhaps most signifi-
cantly, the library does not allow to simulate unconfined
groundwater flow systems, which is a severe limitation. In
order to equip OpenFoam with suitable geochemical reac-
tion capabilities, we followed the path of earlier coupling
efforts in applying a sequential operator splitting approach
(e.g., Walter et al. 1994; Jacques et al. 2012) and employed
the USGS code PHREEQC as reaction simulator (e.g.,
Appelo and Willemsen 1987; Prommer et al. 2003;
Parkhurst et al. 2010; De Sousa 2012; Healy et al. 2018;
Muniruzzaman and Rolle 2019; Lu et al. 2022). Indeed,
the popularity of coupling PHREEQC to flow/solute
transport simulators has triggered the USGS to develop
and release the PhreeqcRM API (available under GNU
license), aimed at simplifying the mechanics of model
coupling (Parkhurst and Wissmeier 2015). The reasons for
the popularity of using PHREEQC as reaction module for
the computation of geochemical processes are manifold:

1 it is distributed with a variety of thoroughly reviewed
and validated thermodynamic databases;

2 it has a built-in BASIC interpreter, allowing for a highly
flexible definition of complex reaction rate laws and
output post-processing options; and

3 the ability to handle calculations involving solution
density, rock volume, and partially saturated porous
medium.

Clearly, there remains a strong need for an efficient
PHREEQC-based reactive transport simulator that can

simultaneously overcome the apparent disadvantages of
structured grids while achieving an accurate solution of
the solute transport problem under challenging conditions.
This paper reports the development and main features of
muFlowReacT (muRT, freely available under the GNU
license), a code which (1) significantly expands the
capabilities of OpenFoam toward a versatile groundwater
flow and solute transport simulator and (2) couples
PhreeqcRM to OpenFoam to allow for the simultaneous
simulation of a wide range of (bio)geochemical processes
that can affect groundwater quality.

In this paper, we first present the formulation of
the equations used in the OpenFoam framework, and the
methods for treating boundary conditions, followed by the
presentation of the employed coupling strategy between
OpenFoam and PhreeqcRM. The third section is devoted
to the presentation of four selected modeling problems
that demonstrate the code’s simulation capabilities and
the attained numerical accuracy:

1 a 2D example where a direct comparison with an exact
analytical solution is possible,

2 a 1D problem that illustrates reactive transport under
variable saturated conditions and in the presence of
dispersive gas transfer,

3 a larger-scale 3D reactive transport problem under
complex hydrogeological conditions, and finally

4 a radial flow and reactive transport example involving
gas injection (CO2 at high pressure) and mineral
dissolution.

Research Method

Mathematical Formulation
Here we provide a brief overview of the governing

flow and transport equations that are solved. While these
equations are all well known, they are presented here
in the light of some specific formulations that were
adopted to use OpenFoam as a general framework that
can seamlessly exchange information with PhreeqcRM.

Single Phase Flow
The governing equations for flow and transport are

solved by OpenFoam. For single phase flow, the model
solves the diffusivity equation expressed in head:

Sh · ∂h

∂t
− ∇ (

Mf ∇h
) + ∇ΦGr = Q (1)

where Sh is the storage term, M f the mobility, ΦGr the
vector of gravity flow linked here to potential density
variation, and Q the flow source term. Here, Mf = kρ|g|

μ
,

where k is the permeability tensor (m2), ρ the density
(kg m−3) and μ the dynamic fluid viscosity (kg m−1 s−1).
In the classical formulation of the flow equation in a
finite volume, the anisotropic parameters are expressed
as tensors. In OpenFoam, the tensor operation to set the
equation for a given geometry is transparent: OpenFoam
calculates the product of the tensor parameters with the
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surface vector of each cell face to determine M f at the
cell faces. This differs fundamentally from the approach
employed by the MODFLOW family of codes, including
MODFLOW-USG (Panday et al. 2013): In OpenFoam it
is assumed that the hydraulic conductivity anisotropy is
not oriented according to the horizontal direction but is
parallel to the model layer, even if the layer is tilted.
A specific option for the permeability field was therefore
adopted in muRT to reproduce this behavior. For the inter-
layer faces, the hydraulic conductivity is set to the value of
Kv (vertical hydraulic conductivity) regardless of whether
the face is horizontal or tilted. At the same time, harmonic
averaging is performed.

ΦGr = kρ

μ
· g (2)

where g is the gravity vector. If required, Equation (1)
can be solved without the temporal term in order to
simulate steady state flow. In OpenFoam, the SIMPLE
solver (Mangani et al. 2014) is used, which includes both
linear and nonlinear equations to solve for steady state
conditions.

For unconfined flow, the relative saturated thickness
is calculated as (McDonald and Harbaugh 1988):

hw = h − zbot

thk
(3)

where h is the hydraulic head in the considered cell
(m), z bot is the bottom elevation of the cell (m), thk its
thickness (m), and hw is the relative saturated thickness
(−). The value of hw is bounded between 10−4 (dry cells)
and 1 (fully saturated). In Equation (1), hw decreases
the section for flow and thus Mf = hw

kρ|g|
μ

in case of
unconfined flow. In contrast, hw is simply set to 1 over
the rest of the domain. It is evident that this part of
the equation cannot be solved implicitly, and thus hw

is recalculated at each time step. As in MODFLOW,
the employed storage coefficient differs, depending on
whether a cell is confined or unconfined.

Unsaturated Flow
For an unsaturated porous medium, the major variable

is hp , the pressure head, and, by analogy to Equation 1,
the equation is (Bear 1988):

Ch · ∂hp

∂t
− ∇ (

Mf ∇hp

) + ∇ΦG = Q (4)

Here the storage coefficient is replaced by Ch, the
capillary capacity, with (Nielsen et al. 1986):

Ch = α · m
swx − swn

1 − m
Se

1/m
(
1 − Se

1/m
)m

(5)

sw is the water saturation, swx its maximum value, swn

its minimum, and S e the effective saturation expressed as

Se = sw− swn

swx − swn

(6)

where α and m are the Van Genuchten coefficients of the
capillary curve (Van Genuchten 1980).

Two-Phase Flow
In its present formulation, the muRT library includes

a general capability to simulate multiphase flow, albeit its
current implementation is limited to two phases (water and
gas). The mathematical formulation was directly adopted
from Horgue et al. (2015):

− ∇ (
Mf ∇Pg

) + ∇ΦGr − ∇Φpc = Qg (7)

and
ε
∂sw

∂t
+ ∇Φw = Qw (8)

where Pg is the gas pressure, ε the porosity, and Φpc

and Φw are the capillary and water fluxes, respectively,
across the cell face. Here, the fluid mobility M f is
the total mobility which includes water and gas. The
two equations are solved iteratively with the pressure
term being implicit and the flux term being explicit in
Equation 7. For Equation 8, the sw term is implicit and
the other terms are explicit. This is a classic approach
in the multiphase literature and was previously shown to
be as efficient as the fully implicit approach at a lower
computational effort for most cases (Chen et al. 2006).
The classical formulation of relative permeability is used
(Mualem 1986).

Solute Transport
As in most reactive transport frameworks (e.g.,

PHT3D, MIN3P), solute transport simulations are per-
formed for total aqueous component concentrations C i

(Yeh and Tripathi 1991; Engesgaard and Kipp 1992),
defined as:

Ci = ci +
ns∑

j=1

Ys
j sj (9)

where ci is the molar concentration of the (uncomplexed)
aqueous component, ns is the number of species in
dissolved form that have complexed with the aqueous
component, Y s

j is the stoichiometric coefficient of the
aqueous component in the j th complexed species, and sj

is the molar concentration of the j th complexed species.
The transport of the total component concentrations

is based on (Zheng and Bennett 2002):

θj

∂Ci,j

∂t
+ Ci,j

∂θj

∂t
+ ∇ (

ΦjCi,j

) − ∇ (
θjDj∇Ci,j

) = Q

(10)
where Ci,j is the concentration of component i in fluid
phase j (aqueous or gas), θj is the fluid content (ε.sw), Φj

is the fluid phase flux, and Dj the dispersion tensor. Dj

includes both dispersion and diffusion (Bear 1988). In the
gas phase, the effective diffusion is calculated using the
Millington and Quirk formulation (Millington 1959). Q is
the source term, which may include mass exchange with
rivers, drains, across constant head boundaries or wells,
but, importantly for muRT, also chemical reactions. Here,
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all terms are implicit, except for Φi , which is explicit,
coming from the solution to the flow equation.

For a system of n chemical components, Equation 10
for i varying from 1 to n are solved separately, as the
concentration gradient differs for each component.

Numerical Implementation

Overview
OpenFoam is written in C++ with a modular

structure, which allows the user to program its own set
of equations and use the finite volume tools embedded
in OpenFoam to solve the specified problem. Although
the basis of the transport equation was inspired by the
previous work of Horgue et al. (2015), the structure of
the muRT library is completely different, having been
developed specifically for the conditions encountered for
flow in aquifers and multicomponent reactive transport.

Geometry
Although OpenFoam can, in principle, use polyhedra

of any shape, in the present implementation of muRT the
definition of the cell geometry is limited in two ways:

1 Each cell within any layer has a corresponding cell of
the same projected geometry (i.e., the faces between
cells in the same layer are all vertical). However, in
contrast to the formulation employed in MODFLOW,
the tops and bottoms of cells strictly correspond to the
layer topography.

2 Each face can only link two adjacent cells, that is, it is
not possible to have one cell on one side and two cells
on the other side, as in nested grids.

The current implementation of muRT uses the
Voronoi mesh, primarily because it allows for a more
accurate solution of the solute transport problem (Vrettos
et al. 1989). For calculations involving a value at a
cell’s face, OpenFoam allows choosing among several
interpolation options to obtain the value at the face.

Boundary and Internal Conditions
OpenFoam, like MIN3P (Mayer et al. 2002), adopts

a definition of boundary conditions in which (1) these can
only be defined at domain boundary cells and (2) they
apply at the outside of cell boundaries, not in the cen-
ter of the cells. In the groundwater literature there has
historically been a misuse of the term “boundary condi-
tion,” which often is employed for not only the domain
boundary itself but also within the domain. This may lead
to some differences in simulation results, especially for
coarse spatial discretization. Importantly, this contrasts
the formulation employed in the MODFLOW family of
codes, which also allow for the formulation of boundary
conditions inside of a model domain.

In order to set specific properties inside a domain,
OpenFoam uses the fvOptions paradigm. This concept
allows to append information directly into the solver

matrix. We developed specific fvOptions constraints
to specify heads, or pressures, and concentrations as
“boundary conditions,” similar to their definition in the
MODFLOW/MT3DMS family of codes. The second type
of option “source” was used to specify a source term,
whether directly (Neuman condition) for wells or surface
recharge, or in relation to the value of the considered
variable (head or concentration) in the corresponding cell
(Cauchy condition) for source/sinks such as rivers or
drains.

Coupling of OpenFoam and PhreeqcRM
In muRT, the coupling between OpenFoam and

PhreeqcRM is achieved through a sequential operator-split
technique (Yeh and Tripathi 1991; Barry et al. 2002), a
routinely used strategy to equip solute transport simulators
with geochemical reaction capabilities. Since 2015, the
U.S. Geological Survey provides an API (PhreeqcRM)
of the stand-alone PHREEQC version (Parkhurst and
Appelo 2013). The API substantially simplifies the
integration of its components into other codes (Parkhurst
and Wissmeier 2015) and several coupled codes that
employ PhreeqcRM have been developed and presented
since then (e.g., Healy et al. 2018; Muniruzzaman and
Rolle 2019). In muRT, the Phreeqc API has been included
as an OpenFoam class that can be called whenever
required. For reactive transport problems that involve
mobile and immobile entities, concentrations of immobile
entities associated with the solid phase, such as mineral
phases, exchange sites, and surfaces, are stored in the
PhreeqcRM class, while the concentrations of any mobile
entity is sequentially exchanged between OpenFoam and
PhreeqcRM, similar to other reactive transport codes (e.g.,
Prommer et al. 2003; Xu et al. 2012).

PhreeqcRM uses total aqueous component concentra-
tions C i , as defined by Equation 8, as inputs for reaction
calculations. In order to maintain electron balance, den-
sity effects, ionic strength effects, and to compute the pH
or pE, PhreeqcRM stores and uses the concentrations of
water, oxygen, and hydrogen and of any charge imbalance.
The muRT library is based on the aqueous components
and thus requires an initial execution of PhreeqcRM in
order to calculate the concentrations of all components
from the Phreeqc solution definitions within the domain.

For two-phase systems with pressure variations in
the gas phase, special care must be taken as reactions
can modify the amount of the gas components. Each
PhreeqcRM cell receives the porosity, the current water
saturation, volume of the gas phase, and partial pressure of
each gas species from OpenFoam, as computed during the
previous time step. Each PhreeqcRM reaction calculation
is performed in constant volume mode, which can produce
variations in partial pressures that results from progressing
reactions. Thus, the final resulting pressure (the sum of
all partial pressures) is transferred back to OpenFoam. In
the next calculation step, the pressure equation is solved
to equilibrate the pressure with the surrounding cells and
then the saturation equation is solved where water from
neighboring cells moves to equilibrate pressure.

4 O. Atteia et al. Groundwater NGWA.org
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Several options have been implemented to reduce
the computational load. First, it is possible to solve the
reactive transport equations in a specified subdomain
of the groundwater flow domain. Second, changes in
concentrations in each cell within the reactive transport
subdomain between subsequent time steps are tracked and
PhreeqcRM is called only when the concentration of at
least one aqueous component has changed by more than
a user-specified threshold value.

Schemes, Solutions, and Solvers
OpenFoam implements several advection schemes,

such as the Van Leer scheme (Van Leer 1974) and other
higher order solvers derived from the total variance dimin-
ishing (TVD) approach, like SuperBee or MUSCL (Dar-
wish and Moukalled 2003) to deal with the earlier men-
tioned and often encountered difficulties in numerically
solving the ADE. In muRT, we slightly modified the
SuperBee algorithm by setting at each step the few slightly
negative concentrations to zero ones but this artificial neg-
ative mass is removed from other cells in order to keep
the total mass.

OpenFoam also provides several linear solvers that
can be specified for each of the used equations. Here, PCG
was mainly used for head or pressure and BiCGStab for
concentrations. The preconditioners can also be chosen
according to the solver and problem. In the same input
file, the absolute and relative tolerances and the maximum
number of time steps can also be specified. For nonlinear
problems like unsaturated and dual phases, we used the
Picard approach brought by Horgue et al. (2015).

In the present implementation of the unconfined flow
solution equation, piecewise curves were added in the
relative wet thickness hw in order to smooth the function
at the point of sharp change of hw slope according to head
(similar to the one described in Panday 2017). This helps
to stabilize the outer iterations.

The time stepping for the unsaturated and dual phase
flow solutions are adaptative, based on the computed
Courant numbers (Horgue et al. 2015). In OpenFoam, the
transport time stepping is adapted by using a tolerance on
the relative concentration variation over two consecutive
time steps (default value is 1 × 10−3). Given that a
sequential noniterative approach is employed to couple
transport and chemistry, it was not viable to incorporate
an automatic and time step definition. However, to adjust
the computational load while monitoring accuracy, it is
possible to select the frequency at which reaction steps
are performed relative to the transport time steps.

Overall Structure
The structure of the muRT library is illustrated in

Figure 1. In muRT, in order to allow flexibility, the
options for each process are independent, that is, it is
possible to select a different types of flow solvers for each
transport solver. Thermal effects can also be modeled for
any flow or transport option. Chemistry is only associated
with multicomponent transport for dissolved or gaseous
components.

Figure 1. Overall structure of the muFlowRT library and
solvers to treat reactive transport. φ stands for porosity, ρ
the density, μ the viscosity, ϕ the fluid flux, p the pressure, S
the saturation, C the concentration, and T the temperature,
where w is for water and g for gas phase, i stands for the
component index. In ovals, Eq represents the equations. For
the exchange with Phreeqc, gmol is the number of moles
of each gas component in the gas phase and δmineral is the
amount of minerals precipitated or dissolved.

Illustrative Application Examples
Selected model application examples are presented

below in order to illustrate the comprehensive range
of simulation capabilities that are included in muRT.
All individual model simulation results are benchmarked
against numerical codes that can correspondingly han-
dle the specific processes that are included in each of
the application examples. The specifically tested and pre-
sented capabilities illustrate the achieved accuracy in solv-
ing conservative solute transport problems as well as reac-
tive transport in the unsaturated zone and in multiphase
systems. This highlights that muRT combines the capabil-
ities of several specialized codes while achieving accurate
results effectively.

Case 1: 2D Conservative Transport in a Uniform
Flow-Field

This first illustrative example demonstrates muRT’s
abilities in solving the transport of conservative solutes.
The example involves the instantaneous pulse-type injec-
tion of a tracer into an aquifer discretized by a regu-
lar mesh that is characterized by a uniform flow field.
The simulated groundwater flow occurs in diagonal direc-
tion. This setup was selected to specifically demonstrate
muRT’s performance for the typical “real world” case,
where groundwater flow does not occur parallel to the
mesh discretization direction. With the longitudinal and
transverse dispersivities set to 0.5 and 0.05 m, respec-
tively, the transport is advection dominated. The solu-
tion obtained by muRT is compared with the solution
obtained by MT3DMS, whereby comparable spatial dis-
cretization levels were employed. In MT3DMS, which
was discretized by a regular grid, cell sizes were set to

NGWA.org O. Atteia et al. Groundwater 5
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(a) (b)

Figure 2. Comparison of the various tested numerical solutions with the corresponding analytical solution for an instantaneous
tracer pulse in a diagonal flow field. (a) Concentration profile in longitudinal direction and (b) in transverse direction. Here
muRT results are shown for two different Openfoam advection schemes: Van Leer (vl) and SuperBee (sb) scheme. For
MT3DMS fd refers to finite difference formulation.

1 × 1 m, thus being larger than the dispersivity values,
similar to what is typical for many real world cases
(e.g., Sliwka et al. 2005; Seibert et al. 2016). Two
of MT3DMS’s advection schemes were tested, that is,
TVD and MOC, while the finite-difference advection
scheme was excluded as it well known to poorly per-
form for advection-dominated problems. In muRT and
MODFLOW-USG Voronoi polygons were used for spatial
discretization, with a Delaunay triangulation provided by
Gmesh (Geuzaine and Remacle 2009) (see Data S1 for the
mesh geometry). The employed number of cells (11,831)
was similar to that of the MT3DMS model (10,000), that
is, the size of each cell is close to 1 m2. A comparison
with Feflow (Diersch. 2014) was also added, as it is a
widely used flow and solute transport model.

Figure 2 shows a comparison of simulation results
obtained with MT3DMS (TVD and MOC), with those
obtained using a Voronoi mesh (muRT and MODFLOW-
USG) and an analytical solution of the problem. Solute
concentrations are presented as profiles along the flow
direction and transverse to it. All parameters that were
defined for the different solvers are provided in Data
Table S1. Interestingly, due to the low value of the
transverse dispersivity (0.05 m), none of the tested

numerical models was able to provide a perfect match
to the analytical solution. It can be seen that the TVD
method, as incorporated in MT3DMS, performs most
favorably, while MT3DMS’s MOC implementation seems
to suffer from a poor mass balance (calculated over the
whole domain). OpenFoam’s implementation of the Van
Leer scheme, like Feflow, compares quite well with the
TVD results in both cases, that is, for groundwater flow
parallel and diagonal to the principle discretization direc-
tion. The SuperBee scheme, which was developed for
advection-dominated problems and modified in muRT to
avoid negative concentrations, performs very well, mostly
matching the analytical solution. Notably, thanks to the
correction described above, muRT does not show negative
concentrations, in contrast to the TVD or Feflow solu-
tions. MODFLOW-USG shows a much higher numerical
dispersion, particularly in the transverse direction, compa-
rable to the classical finite-difference upwind scheme. If
not constrained, the MODFLOW-USG solver is using an
implicit scheme for transport, but tolerance and time step
limiting are also available. A wide range of settings were
tested, including small time steps (e.g., 10−3 days in the
first step and a maximum of 0.1 days), and for every set-
ting the numerical dispersion remained noticeable. This

6 O. Atteia et al. Groundwater NGWA.org
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(a) (b) (c)

Figure 3. Vertical profiles of water saturation (left) at time 3 and 5 days, and partial pressure of the gases (middle t = 3 days
and right t = 5 days) involved in benzene diffusion and biodegradation. Solid lines: MIN3P; dash-dotted lines: muRT. Initial
equilibration is for a steady water content profile with freewater level at z = 0.01 m.

mainly shows that the group of TVD methods such as
MUSCL or SuperBee, that are available within OpenFoam
is capable of dealing with sharp fronts on unstructured
meshes, which is unfortunately not very common. The
success of MT3DMS can be closely tied to the availabil-
ity of several alternative options for advection schemes,
each suiting best specific combinations of problem type,
available memory, etc. Here, OpenFoam shows the same
capabilities for unstructured meshes.

For this simple 2D case, model execution times were
quite similar among all tested codes. Full model details
are provided in Data S1.

Case 2: Benzene Diffusion in Unsaturated Soil
This example simulates the pollution spreading that

occurs in the presence of a nonaqueous phase liquid
(NAPL) source of a volatile contaminant, pure benzene,
above the groundwater table in the vadose zone. During
an initial phase of the simulation period, the water
content was considered to be at steady state and being
at equilibrium with the groundwater table at z = 0.01 m,
before a rainfall event with an infiltration rate of
3 × 10−7 m s−1 was assumed to occur between days 3.2
and 3.8. The source of NAPL benzene was assumed to
be at equilibrium with the water and gas phases and
therefore benzene slowly diffuses away from the source

zone in the water phase and more rapidly in the gas phase.
During diffusion, gaseous benzene is also exchanged
instantaneously with the water phase according to the
equilibrium described by Henry’s law (Kh ). At the same
time, oxygen diffuses downward from the surface and, as
a result, biodegradation of benzene can occur at locations
where both reagents, that is, benzene and oxygen, prevail.
The reaction, which is assumed to occur in the aqueous
phase, is described in this example by commonly used
dual Monod kinetics (e.g., Barry et al. 2002):

k = k0
| O2 |

(KO2 + |O2|)
| Bz |

(Kbz + |Bz|) (11)

where k0 is the reaction constant (d−1), | O2 | and
| Bz | are the oxygen and benzene concentrations in
water (mol L−1), respectively, and KO2 and KBz are half
saturation constants (mol L−1).

For simplicity, neither sorption of benzene onto
the solid phase nor NAPL mobility was assumed. The
tortuosity in the gas phase is computed based on
the Millington empirical relationship, and the diffusion
coefficients of the gaseous species were assumed to be
the same. The simulation results obtained with muRT are
compared with the corresponding results obtained with
MIN3P (Mayer et al. 2002).

NGWA.org O. Atteia et al. Groundwater 7
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Figure 4. Head contours in layers 1 to 4 (top to bottom and left to right) of the 3D model (contours for 9, 18, 27, 40, and
50 m), muRT in solid lines, MODFLOW-USG dash-dotted lines. Coordinates are in meters. In layer 2 the positions of specified
heads are provided in grayed polygons, and the drain as gray dashed polygon. Model details are provided in Data S1.

Figure 3 shows the simulated concentration depth
profiles after a simulation time of 3 and 5 days, respec-
tively. For most components the comparison of the results
shows only minor differences between the two numerical
solutions. At day 3 both models show the same value of
benzene partial pressure at z = 0.24 m, due to the presence
of the NAPL and Henry’s law equilibrating water with the
gas phase. The presence of benzene in the gas phase leads
to vertical diffusion in both directions. However, the dif-
fusion is very limited in the downward direction due to
the presence of the water table at the profile bottom. At
the top of the simulated depth profile, the gas composi-
tion is equilibrated with the atmosphere, that is, with zero
benzene concentration. The diffusion of gaseous benzene
from the NAPL source location provides benzene to the
aqueous phase, which then reacts with oxygen and pro-
duces CO2. The code comparison (Figure 3) shows only
slight differences between the two compared codes.

The effect of the rainfall event is clearly evident in
the simulated concentration depth profiles, with similar
results for both models. As can be seen, the concentration
gradients of the gaseous species are higher in the region of
increased water content, which is a result of the reduced

gas diffusion coefficient that occurs with higher water
saturation. However, at elevations between 1.5 and 1.8 m,
MIN3P shows much higher partial pressure of oxygen
compared to atmospheric pressure. This arises from the
fact that in MIN3P there is no gas advection and the
infiltration of water increases the gas pressures. In real
world, infiltration may lead to increasing gas pressures,
but they are rapidly equilibrated when water content does
not reach the porosity value. In order to mimic this
phenomenon in muRT the sum of the gas components
partial pressure is kept constant for unsaturated soil.
Note, that when a substantial infiltration event occurs, the
infiltrating water can block the gas to below the infiltration
front. In such cases the multiphase capability of muRT
should be invoked.

As MIN3P employs a global implicit method to
solve the flow and reactive transport system, the local
equilibrium at the NAPL point between dissolution,
volatilization and gas diffusion is solved simultaneously.
In contrast, as muRT uses a sequential operator-split
approach and the diffusion in the gas phase is relatively
rapid, this requires a fine temporal discretization (around
0.01 d) to obtain an accurate solution, that is, a large

8 O. Atteia et al. Groundwater NGWA.org
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Figure 5. Contour maps of tracer concentrations after a 50-year simulation time. Solid lines represent muRT results while
dashed lines show the results for MODFLOW-USG. The gray area shows the location of the constant source zone (in layer 1).

number of phreeqcRM executions, which makes muRT
much slower than MIN3P for this case.

Case 3: 3D Reactive Transport with Ion Exchange
This 3D reactive transport test case assesses the

muRT performance under complex hydrogeological con-
ditions that are typical for many real world modeling
problems. In the test case, the complexity arises particu-
larly from (1) the widely varying thickness of some model
layers, from less than a meter to more than 100s m, (2)
the hydraulic conductivity (K ) varying in space over sev-
eral orders of magnitude, and (3) the horizontal to vertical
K ratio varying in space. The domain, which represents
an unconfined aquifer, includes several internal boundary
conditions, which are treated in MODFLOW-USG by a
general head boundary (GHB) or drains. Several wells,
and particularly one deep well with a very high pump-
ing rate, are used to contain a contaminant plume. The
resulting flow pattern that evolves between this well and
the adjacent river, which provides significant recharge, are
quite complex. In addition, there is also a wide variation

of recharge fluxes that are induced by a number of infil-
tration ponds. Full details of the site characteristics are
provided in Data S1.

Figure 4 shows the distribution of hydraulic heads in
layers 1 to 5 of the model. The contours are shown for
heads of 9, 18, 27, 40, and 50 m (from blue to brown).
In layer 2 the position of the fixed head boundaries,
close to 10.3 m are shown in gray, and the large drain
region (elevation 13.5 m) is shown by the dash-dotted
gray polygon, while the southern boundary was defined
as a GHB, set to an elevation of 42 m. Full details are
provided in Data S1. Simulated heads are very similar for
MODFLOW-USG and muRT for layers 2 to 5, except for
selected locations close to the drain, where some small
differences occur. In layer 1, a part of the domain is
dry; therefore, head contours are absent for MODFLOW-
USG results, while for muRT calculated heads are shown.
It can be seen in the results computed for layer 1, that
MODFLOW-USG provides very low values (9 m) south
of the drain area, which is specified at 13.5 m. It seems
therefore that the muRT solution is more robust than

NGWA.org O. Atteia et al. Groundwater 9
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Figure 6. Spatial distribution of F (left) and P (right) from layer 2 to layer 4 (top to bottom). Solid lines for muRT and dotted
ones for MODFLOW-USG. Contour lines are shown for 6 × 10−6, 2 × 10−5, 8 × 10−5 mol/L for F and for 4 × 10−6, 1 × 10−5,
and 3 × 10−5 for P.

the one provided by MODFLOW-USG. A wide range of
solver settings was explored, including a decrease of the
tolerance, without clear improvement of the MODFLOW-
USG solution.

The conservative transport problem is defined by a
dissolved contaminant that is present in the gray zone
of layer 2 (see Figure 5) as a continuous source for a
period of 50 years. Figure 5 compares the results of both,
muRT and MODFLOW-USG. It can be seen that the
contaminant plume is effectively captured by the deep
well. Although the results are quite similar, it can be
seen that the MODFLOW-USG simulated plume disperses
slightly more than that simulated by muRT. The small
difference, compared to the earlier discussed 2D diagonal
case, may be due to the fact that here solute transport
occurs in combination with a convergent flow pattern, in
which case dispersion remains smaller compared to the
case of uniform flow.

Using the same groundwater flow pattern and solute
transport parameters, a source composed of the min-
eral fluorite is defined for the same area for the tracer
in the previously described case. For this simulation

scenario, it was assumed that an anion exchanger, namely
aluminum hydroxide, is uniformly distributed across the
entire model domain. The exchanger, referred to as Y,
can fix both F (log_k = 0.5 for YF) and P (log_k = 0.4
for Y3PO4). This leads to the sorption and retardation
of dissolved fluoride. Downstream of the fluorite source,
the spatial distribution of dissolved phosphate, which
is present at background levels throughout the domain
(detailed chemistry is provided in Data S1) is influ-
enced by the competition for sorption sites on the Y
exchanger.

Figure 6 shows the simulation results obtained by
muRT and PHT-USG (Panday et al. 2019) for both,
fluoride and phosphorus for layers 2 to 4 (top to
bottom). Simulated concentration contours for fluoride are
very similar, except for MODFLOW-USG producing a
slightly larger plume for the deepest layer (layer 5). For
phosphorus, the simulated concentrations also compare
well, except for, again, a larger plume extent simulated by
MODFLOW-USG at greater depth. These discrepancies
indicate that MODFLOW-USG results are slightly more
affected by numerical dispersion than muRT.

10 O. Atteia et al. Groundwater NGWA.org
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(a) (b) (c)

Figure 7. (a) Water saturation (blue) and pH (red lines) as a function of radial distance (m) from the injection well. (b, c)
Simulated concentration profiles of selected species (in mol/L) after 10 years of continuous gas injection. Continuous lines for
TOUGHREACT and dash-dotted lines for muRT.

Case 4: CO2 Injection in a Deep Well
The last case illustrates the multiphase modeling

capability of muRT. The example is based on earlier
work described by André et al. (2007), where the full
details for this case can be found. Briefly, pure CO2

is injected at a pressure of 200 bar and a temperature
of 75 ◦C at a rate of 1 kg s−1 into a deep aquifer. In
the model simulations, the aquifer is represented by a
radial-symmetric domain. The corresponding volume of
gas is calculated by muRT and TOUGHREACT using
the Peng Robinson formulation (Robinson et al. 1985),
which includes the case of a supercritical state of CO2. In
Figure 7 the water saturation, pH, and ion concentrations
are shown as a function of distance from the injection well
after 10 years of continuous injection.

As can be seen, the gas injection lowers the water
saturation in the medium (Figure 7a; left axis), with a
diffused front, which is linked both to the employed
values of the Van Genuchten parameters and also to the
radial configuration. Indeed, as the cells sizes increase
with distance from the well, the same gas flux can occur
across a cell at lower gas saturation. During the gas
injection, a small water flux occurs toward and across the
model external boundary: it corresponds to the variation
of Sw , as the main moving fluid is gas. Therefore, less
than a pore volume of water has swept across any cell.
The very low values of Sw close to the well are due
to the injection of a dry gas that leads to a drying of
the medium through water evaporation. The saturation
patterns are different in the two models and we did not
find a clear explanation for this, despite numerous tests in
muRT. Both models provide a correct water/gas volume
balance.

To simulate the geochemical reactions, the
TOUGHREACT chemical database, as provided by
André et al. (2007), has been translated to a Phreeqc
reaction database. The reactions are first linked to the
equilibrium-based dissolution of CO2 into water, as
calculated based on the Peng Robinson formulation for
the Henry coefficient. As the pressure and temperature
remain close to 200 bar and 75 ◦C in the entire domain,
the Henry coefficient varies barely in space. The high
pressure of CO2 in the injected gas phase leads to an
acidification of the water. This acidification is com-
pensated by the buffering effect that is provided by
an assemblage of carbonates. Their dissolution and/or
precipitation is assumed to be kinetically controlled,
using rate laws that were originally proposed by Lasaga
and Kirkpatrick (1981), and described in more detail in
André et al. (2007) as well as in Data S1. The majority
of the pH buffering effect results from the presence of
calcite and dolomite in the sediment. As each kinetic
rate depends on the mineral saturation state, once the
equilibration with CO2 is reached, mineral concentrations
do not change any further.

Figure 7a shows that the pH steeply drops at the front
where CO2 is present. Interestingly, the high CO2 pressure
leads to a low pH, even where complete equilibrium
with carbonate minerals is attained. The simulated pH
profiles agree very closely between the two compared
models, muRT and TOUGHREACT. The pH value where
CO2 is present, around 4.8, is controlled by the induced
buffering reactions. Indeed, Phreeqc simulations of CO2

equilibration without minerals (not shown) lead to a much
lower pH. It is interesting to notice that despite the
obtained discrepancies in water saturation between muRT

NGWA.org O. Atteia et al. Groundwater 11
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and TOUGHREACT, the pH is similar and the front
is located at the same place. Very close to the well,
the model results differ slightly, due to the very low
saturation, which induces complex chemical interactions.
However, as barely any water flow occurs at this location
the discrepancies have no further implications for the
geochemical patterns at larger distances.

Finally, Figure 7b and 7c show the concentration
profiles for dissolved species. Almost all dissolved species
behave similar to pH, with a sharp change at the front
and mostly stable values closer to the well. The reason
for the latter is that at greater radial distances the kinetic
rates are faster than the gas displacement due to the
elevated temperatures. Moreover, as already discussed
above, there is only very limited water movement which
induces only minor changes in mineral concentrations and
porosity. Contrary to pH, there are some discrepancies
between the concentrations of some species, which are
quite low for most species but higher for Si. The simulated
mineral concentrations pattern is mostly characterized by
successively progressing dissolution fronts. However we
were not able to obtain a correct mass balance for minerals
in TOUGHREACT.

Conclusions
This article presents the development and capabil-

ities of a new code that couples the two widely used
tools OpenFoam and PhreeqcRM through the creation of
the gwaterFreakFoam library. Benchmarking the newly
developed code against existing, well-tested codes demon-
strates the accuracy and efficiency of the new code. The
major motivation for the development of the new code
was to generate a reactive transport code for unstruc-
tured grids with both wide-ranging geochemical capabil-
ities and a high accuracy of the transport solution under
advection-dominated conditions, which is currently not
available elsewhere. Moreover, the library also allows for
the simulation of the diffusion, advection and reactions
of gaseous compounds, which adds further to the useful-
ness of the code and its applications to advanced bio-
geochemical simulations problems. While not presented
here, thermal and/or density effects can also be con-
sidered, when required. Based on the generated code
structure the utility of the code can easily be further
enhanced.
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