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Abstract
In multicomponent solutions, electrostatic coupling between charged species leads to a
process called “electromigration”. Neglecting electromigration results in a charge imbalance and
an incomplete and unrealistic description of mass transfer. Although not commonly considered
in reactive transport codes, electromigration can strongly affect mass transport processes and can
explain unexpected behaviors such as uphill diffusion or isotope fractionation. Including
electrostatic coupling in reactive transport codes enables simulation of problems involving mass
transport by advection and diffusion, electromigration and geochemical reactions, such as
electrokinetic remediation and the geobattery concept associated with buried ore bodies. There
are generally two methods for coupling charge and mass continuities. The first method is based
on the null-current approach which assumes negligible electric current transmission. The second
method considers explicit coupling of mass and electric fluxes. In this study both methods are
investigated and their implications for reactive transport are examined.
To this end, MIN3P, a fully coupled 3D reactive transport code, was extended by
integrating the Nernst-Planck and Gauss-Ampère equations. The implementation of the NernstPlanck equations was verified by inter-comparison with other existing reactive transport codes
based on a set of benchmark problems. At the same time, these benchmark problems illustrate
the effect of electric coupling during multicomponent diffusion and electrochemical migration.
By explicit coupling of the Nernst-Planck and Gauss-Ampère equations, MIN3P was
further enhanced to simulate electrokinetic remediation and the resulting code was tested for
desalination problems. In addition, scenario and sensitivity analysis were used to investigate the
potential for spontaneous exsolution of gases in response to gas generation at the electrodes of
electrokinetic remediation systems.
ii

Finally, a process-based model linking surface-measureable self-potential signals to
electrochemical transport and geochemical reactions associated with buried metallic bodies was
developed. The enhanced code provides a reactive transport modeling framework for processbased forward modeling of self-potential signals and associated geochemical signatures of buried
ore bodies and allows a quantitative investigation of the “geobattery concept”. The code was
tested based on published data from a laboratory experiment involving a buried iron bar and used
to evaluate the geobattery concept based on an illustrative example of a buried ore body.
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Chapter 1: Introduction
1.1

Background and Motivation
Reactive transport codes can be used to better understand flow, transport and

reactions in aquifer systems. These codes help to verify conceptual models, design
experiments and increase the knowledge about important parameters and processes in the
subsurface. A multicomponent reactive transport model in saturated porous media can be
used to address many problems in the field of geology, hydrogeology, engineering and
environmental research.
The migration of aqueous species is affected by a variety of transport
mechanisms. Conventionally, the three common transport mechanisms considered in
hydrogeology are advection, dispersion and diffusion. Advection is solute transport by
groundwater flow; its direction and magnitude is related to the groundwater velocity.
Dispersion is due to mixing and spreading of the solute created by variation in the
magnitude and direction of the pore velocity. Molecular diffusion or diffusion is a porescale mixing by random molecular movements of solutes driven by Brownian motion.
In many transport models, diffusion coefficients appear as proportionality
constants in Fick’s law and are treated as adjustable parameters [1]. In order to calculate a
specific value of flux and concentration distribution, experimental measurements of these
coefficients are required. The common basis for estimating diffusion coefficients in
liquids is the Stokes-Einstein equation. The Stokes-Einstein model suggests direct
dependency of diffusion coefficients to temperature variations and inverse dependency to
solvent viscosity and solute ions radii. The effects of solvent viscosity and solute radius
are much larger than the temperature effect [2].
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Although these three transport processes suffice in many cases to adequately
describe migration behavior, there are systems in which significant interactions between
diffusing molecules strongly affect the apparent diffusion coefficients. In some cases,
these interactions produce unexpected diffusion behavior such as uphill diffusion [3], [4].
For specific solutes sometimes diffusion coefficients show a strong dependency on
concentration [2]. As the measurement of diffusion coefficients is a very difficult task [1]
and it is almost impossible to generate apparent diffusion coefficients for different
species combinations for varying conditions, it is useful to consider electrochemical
interactions affecting diffusion explicitly rather than hiding them as part of the
empirically measured diffusion coefficient.
Species-specific diffusion is often necessary to describe this behavior, if diffusive
transport is the dominant mass transport process. Ions have different charges and
mobilities, by considering only concentration gradient a charge imbalance will develop in
the electrolyte, which is not physically possible. Therefore, additional transport
phenomena are required to counteract charge imbalance. The electric interactions of the
ions in an electrolyte affect ion mobility and contribute to a transport phenomenon called
“electromigration”.
In a general sense, this transport mechanism ties the migration of big cations and
small anions together electrostatically [1], [5] to enforce electrical neutrality. Fick’s law
does not consider electrostatic bonding (columbic interactions) of charged species. To
account for these electric interactions, an explicit consideration of charge and electric
potential field is required. This coupling can be represented by the Nernst-Planck
equation. This formulation ensures that the electrical field that drives electromigration
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counteracts the charge imbalance. As a result, multicomponent diffusion is controlled by
gradients of chemical and electrical potentials. To adequately describe multicomponent
transport in diffusion-dominated systems, a formulation is required that includes speciesdependent diffusion coefficients and an electrochemical migration term.
According to Ohm’s law, movement or migration of charges induce electric
current. Based on the way electric current is conducted and the value of the electric
conductivity, media and materials are classified as conductors, semiconductors or
insulators (or dielectrics). Water is not an electric conductor in itself and serves as
dielectric but the presence of charged species (ions) in the solution makes it electrically
conductive [6]. Electric charge is defined physically by carriers such as electrons and
ions. The conductors are characterized by the nature and concentration of the free
charges. Depending on the involved charges an electric current can be electric or ionic.
Electrical conduction establishes where there is an electric potential gradient and an
electrical conductor is present. In the geochemical systems, this gradient can be the redox
potential gradient. Redox potential is measured with respect to standard hydrogen
electrode as a reference point and it indicates the tendency for reduced or oxidized
species to dominate [7]. On the other hand, self-potential is the electric potential
generated by movements of charges (ions and electrons) [8] and measured by nonpolarizing electrodes, often placed at the ground surface [9]. Ore bodies have been shown
to act as electrical conductors [10]–[12]. Metals and certain other substances like carbon
materials (graphite and carbon black), some oxides and inorganic compounds (e.g. sulfide
ore deposits and tungsten carbide) and a number of organic substances have also been
identified to act as electrical conductors [6]. Ionic conductors (the second type

3

conductors) are known as electrolytes. Aqueous solutions of acids, bases and salts are
ionic conductors. Certain hydrogeochemical settings can favor conditions in which a
mixed electric current establishes consisting of electric and ionic components [6].
Most reactive transport models either neglect explicit electrostatic coupling by
using Fick’s law [13], use a simplified form of the Nernst-Planck equation by assuming
no externally induced current (null current assumption) [14], [15], or only consider
limited and simplified geochemical suites for the reactions [16]. Neglecting the electric
coupling in a reactive transport model also limits the ability of the model to describe
transport and reactions of chemical components exposed to an external electric current as
applied in electrokinetic remediation techniques. Surface measurable self-potential
associated with buried metallic ore bodies is another phenomenon that is associated with
electromigration and electron transfer in the subsurface. Self-potential measurements
have been used for decades to locate and characterize ore deposits without quantitative
analysis of geochemical reactions that contribute to generation of electric potential.
Therefore, a new development of a multicomponent electrochemical reactive transport
model is necessary to quantitatively analyze these systems.
Extending a multicomponent reactive transport model to an electrochemical
multicomponent reactive transport model requires departure from Fick’s law by including
the Nernst-Planck equation. Fick’s law is based on the chemical potential of aqueous
species while the Nernst-Planck approach includes also the effect of electrochemical
potential by considering electrostatic interactions of species with each other [5], [6], [17],
[18]. The movement of ions generates an ionic electric field and consequently electric
current in the system. An external electric field can also contribute to the inner electric
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field; as for the charged ions there is no way of understanding the origin of the electric
field without considering coupled electromigration processes [5], [17]. As a result, the
same formulation can be used for an applied electric field condition applicable for
electrokinetic remediation technology. Application of external electric potential can also
lead to hydrolysis of water on the electrodes. Hydrolysis of water on electrodes forms
O2(g) and H2(g)

gas bubble on the electrode surfaces, decreases their electrical

conductivity and consequently reduces remediation efficiency [19]–[23]. Therefore, a
thorough understanding of geochemical processes including the fate of dissolved species,
as well as gases is required to assess the performance of electrokinetic remediation on a
process-based level. The gas generation and exsolution processes at the electrodes have
not been included in electrokinetic simulations to date.
Although the full Nernst-Planck equation is the most accurate approach for
describing electrochemical migration processes, a variety of simplified approaches have
been reported in the literature, e.g. for multicomponent diffusion in sediment diagenesis
[2], [24]–[26]. The full Nernst-Planck equation is based on the gradient of the
electrochemical potential that incorporates activity coefficient gradients and an
electromigration term [26]–[32]. A common simplification valid for low concentrations
and under isothermal conditions is neglecting the gradient of activity coefficients, which
is negligible under these conditions [28], [31].
Electroneutrality is an essential condition in multicomponent systems. Many
models assume that coupling of the Nernst-Planck equation with electroneutrality
condition or constant electric field gives an adequate description of the ionic diffusion.
This is a valid assumption in many practical cases [33], [34]; however, coupling the
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Nernst-Planck equation with an electric flux continuity equation is a more rigorous
approach to the problem [17], [33], [35], [36]. Coupling mass flux continuity i.e. the
Nernst-Planck equation and electric flux continuity i.e. Gauss-Ampère’s law provides a
formulation applicable to a wide range of applications. In recent years efforts have been
focused on the inclusion of electrokinetic simulation capabilities into reactive transport
codes [37]–[40]. Integrating electrokinetic processes into the reactive transport
framework utilizes the flexibility provided by the multicomponent reactive transport
approach [28], [41] for electrokinetic remediation technologies. One of the motivations
for the present contribution is to examine this potential with a specific emphasis on gas
evolution in remediation systems.
Another motivation for the present research is to study the geobattery concept
from a reactive transport point of view. According to present geobattery models [10],
[11], [42], [43], infiltrating oxygenated rain water creates a redox gradient between
shallow and deep parts of the aquifer; when there is an ore or metallic body that connects
these two regions, electron transport though the metallic body may generate an electric
current. To maintain electroneutrality in the early stages, an ionic current in opposite
direction must be generated. Even if the magnitude of the ionic current declines over
time, it will leave behind a geochemical signature when steady state conditions are
approached. The movement of ions and electrons in the system contributes to the total
electric current flux that generates the electric field which manifests itself as selfpotential signals measurable at the ground surface. Although the association of selfpotential signals with mineral deposits [44], [45] contaminant plumes [46], [47], redox
fronts [48], [49] and corrosion of buried metallic bodies [12], [50] has been investigated,
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so far there is no forward model that includes the wide range of (bio)geochemical (kinetic
and equilibrium) reactions, taking into consideration porous media characteristics and
geochemical composition along with the various transport phenomena that ultimately
control and determine electric currents in geochemical systems and associated potential
signals.
1.2

Previous Studies
Multicomponent diffusion has been simulated by simplified forms of the Nernst-

Planck equation [15], [30], [51] neglecting explicit electric coupling. There are also
numerical solutions for coupled mass flux and electric flux system of equations. James et
al. [52] developed a numerical solution for steady-state conditions using the finite
element method and Galerkin residual weighting to solve the Poisson-Nernst-Planck
system of equations where the Poisson equation was used to describe spatial distribution
of charges. The model simulates the flow of liquids containing charged particles in a
cylinder. Kato [53] also developed a similar solution as James et al. with the difference
that its starting point is a potential profile which is used subsequently to calculate
concentration distributions. The James et al. [52] and Kato [53] models are lacking
geochemical reaction calculation capabilities. Samson et al. [54] developed a 1D model
for a variable number of species for transient conditions. The model was further
developed by incorporating heterogeneous reactions in variably saturated porous media.
Their model was used to simulate the degradation of cement-based materials in
aggressive environments [16], [55]. Paz-García et al. [19] used the finite element method
to solve the Poisson-Nernst-Planck system of equations with a chemical equilibrium
model to simulate clay brick desalination. To simulate electrokinetic in-situ oxidation
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[40], Wu et al. [39] incorporated an electric potential distribution module into an
operator-splitting reactive transport code. However, the use of numerical models to
investigate geochemical reactions associated with electrokinetic remediation remains
limited to problem-specific cases for defined geochemical reaction networks [38], [56]–
[58] and the process of gas generation and exsolution at the electrodes has not been
studied.
Sato and Mooney [42] proposed an electrochemical model describing the
geobattery concept for the first time. Its mathematical formulation was later presented by
Stoll et al. [10] and Bigalke and Grabner [11]; these authors were able to reproduce
surface measurable self-potential signals at a deep continental drilling site in Germany
[10], [11]. Stoll et al’s. [10] model is based on electrochemical potential equilibrium
between the ore body and an electrolyte solution and relies on a depth-dependent
exponential approximation of redox potential in the subsurface without considering the
geochemical properties of the environment. Bigalke and Grabner [11] conducted
laboratory experiments with synthetic materials to calculate the redox potential field and
electrochemical reactions. None of these models incorporates geochemical reactions into
a rigorous description of the feedback between geochemical reactions and self-potential
signals. There is a lack of studies available in the literature for forward modeling of selfpotential signals associated with reactive minerals.
The motivation of this research is to provide a multicomponent electrochemical
model to evaluate quantitatively the role of electric coupling in multicomponent diffusion
and electromigration in a reactive transport framework. The contribution is to provide a
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tool that will help to better understand multicomponent diffusion and electromigration
processes, electrokinetic remediation and the geobattery model.
1.3

Research Objectives
The objectives of this research project are: 1) to develop an integrated

multicomponent electrochemical reactive transport model for porous media that includes
electromigration transport based on the Nernst-Planck equation and null current
assumption in the aqueous phase with a suite of geochemical reactions; 2) to introduce
benchmark problems to evaluate the effect of electric coupling during multicomponent
diffusion and electrochemical migration and to facilitate an inter-comparison of existing
reactive transport codes; 3) to develop and benchmark the option to couple the NernstPlanck equation with Gauss-Ampère’s law in the presence or absence of external electric
current; 4) to evaluate the potential for gas generation, exsolution and consumption
during electrokinetic remediation; and 5) to develop a process-based reactive transport
model to describe the geobattery concept with a focus on applications in

mineral

exploration.
This thesis documents the development of the first numerical model for
simulation of coupled reactive transport and electrical coupling for a wide range of
applications. The identification of the degree and nature of coupling between the various
transport and reaction mechanisms is important for the investigation of systems
dominated by diffusive transport, the assessment of electrochemical remediation
technologies and the quantitative evaluation of the geobattery concept.
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1.4

Organization
The main body of the dissertation consists of three chapters (chapters 2-4). The

model development is based on the existing reactive transport code MIN3P [59] and
focuses on the derivation, implementation and presentation of the equations accounting
for the contributions of multicomponent diffusion and electromigration, full coupling of
electric flux and mass flux, application of external electric current and electrode boundary
conditions and electron transfer in electrical conductors.
Chapter 2 contains the theoretical background of multicomponent diffusion and
electromigration based on the Nernst-Planck equation and null current assumption. Three
benchmark problems are introduced to evaluate the effect of electromigration on ion
transport and also to facilitate the inter-comparison of existing reactive transport codes.
Benchmark problems are essential tools for future developments of electromigration and
multicomponent diffusion models.
Chapter 3 presents theoretical background, implementation and verification of the
Gauss-Ampère and Nernst-Planck coupling. This chapter explores circumstances in
which explicit electric coupling is necessary. We investigate the application of the
extended model for electrokinetic permanganate transport [60] and electrokinetic
desalination [61] experiments. The model application is further extended by including,
gas exsolution, degassing, and gas consumption kinetics to assess the effect of an
evolving gas phase on the system.
Chapter 4 focuses on incorporation of electron transfer in an electrical conductor
and its application for simulating geobattery systems. A validation example and an
illustrative application example for the geobattery concept are described in order to

10

demonstrate the problems that can be simulated with this tool. For this purpose,
experimental data from a sandbox experiment by Castermant et al. [12] is used as case
study and for model validation. An ore deposit illustrative model is presented to
demonstrate the applicability of this tool to simulate the geobattery concept associated
with mineral deposits and to study feedback processes between ionic transport, electron
transport and geochemical reactions on generation of self-potential signals.
Appendix A contains derivation steps of formulations presented in the main
chapters with greater detail.
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Chapter 2: Benchmarks for Multicomponent Diffusion and
Electrochemical Migration1
2.1

Introduction

It is well known that diffusive transport in multicomponent electrolyte systems cannot be
fully described by Fickian diffusion alone, but is affected by a variety of processes
including the electrostatic interactions between individual ions [1], [5], [62], [63]. Each
dissolved species is subject to its own species-dependent diffusion coefficient, affected
by parameters such as charge and size of the ion [1] and ionic conductivity [2]. As a
result, dissolved species will tend to diffuse at different rates, promoting the development
of a charge imbalance in solution. However, positively and negatively charged species
are also affected by electric coupling, which ensures that charge balance in solution is
maintained. Generally speaking, “large” cations and “small” anions are tied together
electrostatically [1], [5] to enforce electroneutrality at the macroscale - an essential
condition in electrolyte solutions [32], [64]. This electric coupling leads to an additional
mass transport process called “electrochemical migration” or “electromigration” [5], [25].
Fick’s law neglects these interactions, describes ion migration solely based on
concentration gradients, and consequently does not consider the electric field generated
by electrostatic bonding (Coulombic interactions) of charged species [2], [5], [32], [64],
[65]. In a multicomponent system that includes charged species, diffusive ion migration
is therefore better described by the Nernst-Planck equation, a formulation that explicitly

1

A version of this chapter has been published as: P. Rasouli, C. I. Steefel, K. U. Mayer, and M. Rolle,
“Benchmarks for multicomponent diffusion and electrochemical migration,” Comput. Geosci., vol. 19, no.
3, pp. 523–533, 2015, doi:10.1007/s10596-015-9481-z.
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considers the electric coupling between species and ensures the conservation of charge
[2], [5], [14], [30], [32], [64].
In some cases, electrostatic interactions between diffusing species can have a
strong effect on ion mobility and can produce unexpected behavior such as uphill
diffusion [3], [4]. In addition, apparent diffusion coefficients (i.e. diffusion coefficients
derived from Fick’s law) may show a strong dependency on concentrations. Considering
that the quantification of diffusion coefficients is labor-intensive [1], [66], it is
impractical to determine apparent diffusion coefficients as a function of solution
composition for a range of conditions. Instead, it is advantageous to consider
electrochemical interactions affecting diffusion explicitly rather than lumping this effect
into empirically measured apparent diffusion coefficients.
Species-dependent diffusion and electromigration can play a significant role for a
variety of problems in the Earth sciences, in particular in the absence of advective
transport and when the diffusing species are charged. For example, electromigration can
be relevant during early diagenesis [2], [24], [64], in the near and far-field of radioactive
waste repositories [31], [67], [68] and in the field of CO2 sequestration [65], [69].
Species-dependent diffusion and electromigration also play a role on a range of scales
extending from the pore scale to the field scale [70]–[73].
Reactive transport models are commonly used for the quantitative investigation of
flow, transport and reaction processes in porous media. These models aid with the
verification of conceptual models, are used to design and evaluate experiments, and assist
with the interpretation of field data in the fields of geology, engineering and
environmental research [26], [30], [74]–[76]. Traditionally, diffusion has been
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implemented into reactive transport models based on Fick’s law and diffusion
coefficients are often treated as adjustable parameters [1]. However, the number of
reactive transport models that include electromigration and consider the chemical
potential gradient as the driving force of diffusion has been growing in recent years [15],
[20], [28], [56], [77], [78]. Although some aspects of electromigration on solute transport
have been investigated [4], [28], [79], a direct model inter-comparison that specifically
focuses on the role of electromigration and electrostatic effects on ion transport has not
been published to date.
This contribution was motivated by the need for benchmark problems suited to
evaluate the effect of electric coupling during multicomponent diffusion and
electrochemical migration and to facilitate an inter-comparison of existing reactive
transport codes. The benchmark focuses on the assessment of electromigration and
species-dependent diffusion in the context of the Nernst-Planck equation. More complex
processes, such as anion exclusion and enhanced cation diffusion in the diffusive double
layer, relevant in clays and other low permeability media (e.g. [3], [31], [68], [80]), are
not included. These aspects are addressed in a companion contribution by Alt-Epping et
al. [67]. The following benchmark problems were specifically designed to highlight
effects of electromigration and are characterized by strong electric coupling effects,
substantially more pronounced than in the contribution by Alt-Epping et al. [67]. The first
two benchmarks are one-dimensional and the third benchmark includes two parts,
involving one- and two-dimensional scenarios. Three reactive transport codes were used
independently for the inter-comparison, namely CrunchFlow [14], MIN3P [59] and
PHREEQC [15].
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2.2
2.2.1

Governing Equations
Mass Transfer in Electrolytic Systems

Species-specific diffusion is necessary to describe the behavior of electrolyte systems
[79] where diffusive transport is the dominant mass transport process. The most
important feature that distinguishes the electrolyte systems from non-electrolyte systems
is the electric coupling of the ionic fluxes [5], [17]. In the electrolyte systems, electric
interaction of ion-ion, ion-solvent and ion-interface induces an electric field. The
treatment of electrolytic diffusion follows naturally from the generalized treatment of
diffusion [81].
2.2.2

Nernst-Planck Equation for Multicomponent Systems

The migration of interacting species is described by the Nernst-Planck equation, which
can be derived from expressions for the diffusive flux written in terms of the chemical
potential [14]. Written in terms of the aqueous flux of an arbitrary species i, the NernstPlanck equation is given by:
= ϕτS

−∇C − C ∇lnγ −

F
C z ∇ψ
RT

(2.1)

where ϕ is porosity (m3 void m-3 bulk), τ is tortuosity (m void m-1 bulk), Sa is the
saturation of the aqueous phase (m3 fluid m-3 void), Di is the species-dependent diffusion
coefficient (m2 s-1), Cia is the concentration (mol L-1 H2O), γia is the activity coefficient
(-), F is the Faraday constant (96485 C mol-1), R is the gas constant (8.341 J K-1 mol-1), T
is the absolute temperature (K), zi is the charge number (-) and ψ is the electric potential
(V or J C-1). In the presence of advection with a Darcy’s velocity qa (m s-1), the modified
flux term is:
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= ϕτ

C −S

∇C − S

C ∇lnγ −

F
S
RT

(2.2)

C z ∇ψ

This expression is known as the extended Nernst-Planck equation and holds, in ideal
systems, for all mobile species. It describes the movement of ions in a solution with or
without external electric field [6], [17], [62]. In a multicomponent system, the set of
Nernst-Planck equations, one for each component, must be solved simultaneously.
By assuming small gradients in ionic strength, a dilute solution with low ionic
strength and isothermal conditions, the contribution of the flux from the gradients in the
logarithms of the activity coefficients can be neglected [28], [79]. With this
approximation, the flux of an individual species becomes:
= ϕτ

C −S

∇C −

F
S
RT

(2.3)

C z ∇ψ

This equation represents the contributions of advection, diffusion and electromigration to
the total mass transfer. Assuming there is no externally induced current (null current
assumption), a simplified version of the mass flux can be derived [28], [56]:
= ϕτ

C −S

∇C − S

zC

∑

z C −S ∑
S ∑

z ∇C

(2.4)

z C

where Ntot is the total number of dissolved species in the system. This formulation has the
advantage that the electric potential does not appear as a primary unknown and is
therefore well suited for implementation in standard reactive transport codes.
2.3

Participating Codes

The three reactive transport codes participating in this benchmarking exercise are
CrunchFlow [14], MIN3P [59] and PHREEQC [15]. CrunchFlow and MIN3P are 3D
block-centered finite difference (finite volume) models using the global implicit method
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(GIM) to solve the fully coupled transport and reaction equations. PHREEQC solves the
multicomponent diffusion problem with a 1D finite difference method using the
sequential non-iterative approach (SNIA). A detailed description of the formulation and
capabilities of the codes is discussed elsewhere [14] and references therein. PHREEQC
considers the gradients of the activity coefficients in its implementation [68][4] whereas
CrunchFlow and MIN3P neglect this contribution following the formulation of
Giambalvo et al. [28] (see Equation A13). In PHREEQC, electromigration is
implemented in the TRANSPORT framework and since it is a SNIA approach, transport
calculations are separated from speciation calculations (e.g. the determination of OH concentrations from water equilibrium reactions). CrunchFlow and MIN3P on the other
hand use the GIM to implement multicomponent diffusion and electrochemical migration
following the formulation of Giambalvo et al. [28]. In this approach, the total
concentration terms are weighted by species-specific diffusion coefficients for both
primary and secondary species when calculating the transport term. Both formulations
account for contributions of both primary and secondary species towards the
electrochemical migration term.
2.4

Benchmark Descriptions

The three benchmark problems are summarized in Table 2.1 The first benchmark (1)
focuses on the role of electromigration in driving the flux of the various charged species
to maintain local charge balance and was first presented by Lichtner [82]. This problem
considers diffusion of HNO3 from a low pH solution (pH = 4.007) into a circum-neutral
reservoir (pH = 6.001) with low HNO3 concentrations, both with the same elevated NaCl
background concentrations.
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Table 2.1. Summary of multicomponent diffusion benchmarks.

Benchmark
1
2
3

Description
HNO3 (pH 4.007) diffusion
into a circum-neutral pH
reservoir
Sodium isotope fractionation
induced by sodium chloride
diffusion in neutral pH water
Transverse dispersion
affected by electromigration

Processes
Diffusion/Electromigration

Remarks
1D

Diffusion/Electromigration

1D

Advection/Diffusion/
Electromigration

1D/2D

The second benchmark (2) shows the electromigration and subsequent fractionation of
the sodium isotope

22

Na+ due to diffusion of NaCl under neutral pH conditions. The

problem is loosely based on Glaus et al. [3]; however, the benchmark case presented here
is set up for a uniform relatively coarse-grained uncharged porous medium and does not
include diffusion through charged micropores as would be the case if porous clay were
considered. In the first two benchmarks, diffusion and electromigration are the only
transport processes and models are set up in one dimension. The third benchmark (3)
investigates the effect of electromigration on transverse dispersion and is based on
experiments and modeling carried out by Rolle et al. [70]. This benchmark also includes
advection and is characterized by a higher level of complexity; it is simulated in one and
two dimensions.
2.4.1

Benchmark 1: Transient Electromigration

This problem was initially presented by Lichtner [82] and has previously been used as an
example to illustrate the multicomponent capabilities of PHREEQC [15]. It is a 1D
transient problem with a fixed concentration (Dirichlet) boundary condition on the left (at
x = 0), representing the reservoir, and a no-flux (Neumann) boundary condition on the
right (x = 0.01 m). The chemical system is composed of four primary (component)
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species (H+, NO3-, Na+ and Cl-) and one secondary species (OH-). The porosity is set to
1.0 and the domain is discretized into 100 equally spaced cells of 100 microns each. The
temperature is 25ºC and there is no flow, the only transport process is multicomponent
diffusion according to the Nernst-Planck equation (equation 2.4). Activity coefficients are
calculated with the extended Debye-Hückel equation. Species-dependent diffusion
coefficients, as well as the initial and boundary conditions defining the chemical system
are given in Table 2.2.

Table 2.2. Boundary conditions, initial conditions, and species dependent diffusion coefficients for
Benchmark 1 (transient electromigration problem).

Species
pH
Na+
ClNO3OHa

Boundary Condition
at x = 0 (mM)
6.001
0.1
0.1
0.001
a
1.03 × 10-5

Initial Condition
(mM)
4.007
0.1
0.1
0.1
a
1.06 × 10-7

Diffusion Coefficient
(m2 s-1)
9.31 × 10-9
1.33 × 10-9
2.03 × 10-9
1.90 × 10-9
5.27 × 10-9

OH- concentrations are only provided for completeness, calculated from H+ and H2O (Kw = 10-14)

The problem is run for 1 hour using a constant time step of 0.001 hour (corresponding to
1,000 time steps). Results are compared along the spatial profile after T = 1 hour for H+,
Na+, NO3- and Cl-.
2.4.2

Benchmark 2: Tracer Isotope Diffusion

This 1D problem involves three primary (component) species, Na+, Cl-, and H+, along
with an isotope of Na that is also treated as a distinct component,
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Na+. In addition, a

single secondary species, OH-, is considered. In this case, fixed concentration (Dirichlet)
boundary conditions are considered at either end of the domain. The initial condition in
the domain is divided into two regions; concentrations in half of the domain are
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equivalent to those at the left boundary, while concentrations in the other domain half are
defined by the right boundary condition. However, the initial conditions are not
significant since the simulation is run until conditions close to steady state are achieved.
The gradients in activity coefficients are not considered in CrunchFlow and MIN3P,
despite the significant gradient in ionic strength. The porosity is set to a constant and
uniform value of 0.5 and the domain is discretized into 100 equally spaced cells of 100
microns each. The diffusion coefficients of Na+ and 22Na+ are assumed to be identical. A
constant time step of 1 hour is used and the simulation is run to 1,500 days representative
of conditions close to steady-state.

Concentrations at the boundaries and species-

dependent diffusion coefficients are described in Table 2.3. The simulation also assumes
no flow.

Table 2.3. Boundary conditions and diffusion coefficients for Benchmark 2 (isotope tracer problem).

Species

Left Boundary
Condition (mM)
7.0
0.5
10-6
0.5
a
1.05 × 10-4

pH
Na+
22
Na+
ClOHa

Right Boundary
Condition (mM)
7.0
0.1
10-6
0.1
a
1.03 × 10-4

Diffusion Coefficient
(m2 s-1)
9.31 × 10-9
1.33 × 10-9
1.33 × 10-9
2.03 × 10-9
5.27 × 10-9

OH- concentrations are only provided for completeness, calculated from H+ and H2O (Kw = 10-14)

2.4.3

Benchmark 3: Transverse Dispersion

Rolle et al. [70] investigate the effect of electromigration on transverse dispersion under
steady state flow conditions. In the full 2D case, the problem involves unidirectional flow
and transport of a multicomponent tracer plume down the length of a 2D flow-through
chamber.
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Figure 2.1. Schematic of the 2D flow and transverse dispersion experiment conducted by Rolle et al. [70].

Using PHREEQC, Rolle et al. [70] solved the problem numerically by simulating
transverse dispersion and electromigration perpendicular to the flow path as a 1D
problem. This approach simplifies a 2D steady-state problem into a 1D transient problem
by making use of the transformation t = x/v, where x is the distance from the source for
the 2D problem, v is the uniform average linear groundwater velocity, and t defines the
travel time to reach the location x. At the same time, t defines the simulation time for the
1D transient transverse dispersion problem [70]. Coinciding with experimental
conditions, a 1 cm source in the middle of the 12 cm wide cross section at x = 0 m
describes the continuous release of the electrolyte solution. The simulation was run for
the case of an average linear velocity of 1.5 m day-1. The results of the 1D transient
simulations are compared among the three participating codes, whereas fully 2D
simulations with explicit treatment of flow were performed with CrunchFlow and
MIN3P.
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Table 2.4. Chemical conditions and transverse dispersion coefficients for Benchmark 3 (transverse
dispersion problem).

Species

Tracer
Injection
Ports (mM)

K+
Mg+2
Cl-

0.29
0.29
0.87

Initial Condition (1D)
and Remaining
Injection Ports (2D)
(mM)
10-6
10-6
3 × 10-6

Diffusion
Coefficient
(m2 s-1)

Transverse
Dispersion
Coefficient (m2 s-1)

1.77 × 10-9
6.26 × 10-10
1.81 × 10-9

2. 405 × 10-9
1. 745 × 10-9
2. 425 × 10-9

The dispersion coefficients used in these simulations require some discussion. In fact, the
parameterization of the hydrodynamic transverse dispersion coefficient used in Rolle et
al. [70] differs from the classical linear model commonly adopted in subsurface
applications of solute transport and reads as:

D =D +D

Pe
Pe + 2 + 4δ

(2.5)

where DiP is the pore diffusion coefficient approximated as the product of the aqueous
diffusion coefficient of a species i and the porosity of the medium (0.41). Pe = vd/Diaq is
the grain Péclet number where d is the average grain size (1.25 mm). δ = 6.2, and β =
0.47 are empirical parameters determined in previous multitracer experiments and porescale simulations [83]. Equation 2.5 explicitly retains a direct dependence of the
mechanical dispersion term on the aqueous diffusivity of the transported species; the nonlinear dependence on the average flow velocity arises from the incomplete mixing in the
pore channels [84], [85].
For this benchmark analysis we considered the mixed electrolyte case described in Rolle
et al. [70], where a dilute solution of KCl and MgCl2 was continuously injected in
ambient deionized water. The free aqueous diffusion coefficients of the ions at T=20 ºC
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are DK+ = 1.77 × 10-9 m2 s-1, DMg+2 = 6.26 × 10-10 m2 s-1, and DCl- = 1.81 × 10-9 m2 s-1.
Using these values in equation (5.2) yield the transverse dispersion coefficients given in
the last column of Table 2.4.
1D Benchmark: The 1D benchmark consists of a pure transverse diffusion problem
discretized into 48 grid cells of 2.5 mm. In the 1D system, the injection ports constitute
initial conditions used at grid cells 23-26, corresponding to a 10 mm wide region in the
center of the symmetrical system. The initial condition is used everywhere else in the
domain and is intended to represent deionized water. The transverse dispersion
coefficients given in Table 2.4 are used. The boundaries at either end of the system are
treated as no-flux, but they do not influence the system behavior for the 16 hour
simulation time (corresponding to x = 1 m, i.e. the outflow boundary of the domain). The
simulation was run with a constant 0.001 hour time step.
2D Benchmark: For the full 2D problem solved with CrunchFlow and MIN3P, the
transverse discretization is 50 grid cells with a spacing of 2.4 mm (corresponding to a
total width of 0.12 m). At the inlet boundary, grid cells 24, 25, 26 and 27 in the
transverse direction are set at the tracer injection port concentrations of 0.29 mM K+, 0.29
mM Mg+2, and 0.87 mM Cl- (see Table 2.4) while the remaining injection ports carry
deionized water. The longitudinal discretization is 500 grid cells with a spacing of 2.4
mm thus a total length of 1.2 m; the concentrations are reported at x = 1.0 m,
corresponding to the outflow boundary of the experimental setup. The additional length
of 0.2 m is considered in the models to avoid any possible boundary effects. In this case,
lateral flow can be calculated, or simply prescribed at 1.5 m day-1. A maximum time step
of 1 hour is used with an initial minimum time step of 10-6 hours. The simulation time is
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32 hours to ensure that the final results correspond to steady state conditions
representative of the experiment.
2.5
2.5.1

Results and Discussion
Benchmark 1

Simulation results for Benchmark 1 [82] depict the diffusion of HNO3 (pH = 4.007) from
the solution domain towards the boundary where NO3- concentrations are 100 times lower
and pH = 6.001. Results for NO3- and H+ reveal that both ions continue to diffuse towards
the left boundary after 1 hour simulation time (Figure 2.2). Because the diffusion
coefficient for H+ is much larger than the corresponding value for NO3-, H+ has become
substantially more depleted in the domain than NO3-. The discrepancy in diffusion rates
of H+ and NO3- triggered electromigration of Na+ and Cl- to maintain local charge
balance; Na+ is entering the domain to offset the preferential loss of H+, while Cl- is
leaving the system to counterbalance NO3-, which is preferentially retained. Migration of
Na+ and Cl- occurs despite the fact that there was no initial concentration gradient for
both species (Table 2.2) and takes place even against the developing concentration
gradients of Na+ and Cl-. If Fick’s Law were used to describe this multispecies diffusion
problem, there would be no change in Na+ and Cl- concentration and consequently
electroneutrality would be violated. There is very good agreement between the simulation
results of all three codes and demonstrated by near identical outputs.
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Figure 2.2: Species concentrations after 1 hour simulation time for HNO3 diffusion (Benchmark 1). The
left boundary is a fixed concentration (Dirichlet) boundary, while the right boundary is no-flux.

2.5.2

Benchmark 2

The results of the Benchmark 2 simulation visually show conditions close to steady state
diffusion with identical concentration profiles and fluxes for Na+ and Cl- from left to right
(Figure 2.3 and Figure 2.4). However, it has to be kept in mind that the diffusion
coefficient for Cl- is considerably larger than the one for Na+. In fact, considering that the
equations are based on the null current assumption, this holds back Cl- migration and
accelerates Na+ migration. Although there are no initial concentration gradients for 22Na+,
H+ and OH-, these species, present at much lower concentrations, also become affected
by the electrostatic coupling.
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Figure 2.3: Na+, Cl-, H+, OH- and 22Na+ concentrations after 1500 days for system summarized in Table 2
(Benchmark 2). The left boundary is a fixed concentration (Dirichlet) boundary at 0.5 mM, while the right
boundary is a fixed concentration boundary at 0.1 mM for Na+, Cl-. The fixed gradient in NaCl results in a
flux of H+, OH- and
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Na+, despite the fact that their concentrations are the same at either end of the

column.

A closer look at the results reveals that H+ migrates from the left to the right to
enhance the positive charge flux, while OH- migrates from the right to the left to
counteract the negative charge flux from the left to the right dominated by Cl(Figure 2.4). The sodium isotope is present at very low concentrations and is also subject
to a net migration from the left to the right.
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Figure 2.4: Na+, Cl-, H+, OH- and
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Na+ diffusive, electromigration and total fluxes after 1500 days

(representing conditions close to steady state) for the system summarized in Table 2 (Benchmark 2). H+,
OH- and 22Na+ diffusive fluxes change direction at 0.65 cm.
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More importantly, the coupling between diffusive and electromigration fluxes
induces a substantial isotope fractionation for 22Na+ (Figure 2.3). Diffusive fluxes of H+,
OH- and 22Na+ change direction at 0.65 cm associated with a strong non-linear increase of
the electromigration flux towards the right boundary (Figure 2.4). Solving this problem
with Fick’s law would not predict 22Na+ isotope fractionation, H+ and OH- migration, and
would result in a net negative charge flux across the domain. These results suggest that
multicomponent diffusion can introduce isotope fractionation, even in the absence of
fractionating reactions.
Overall, there is very good agreement between the three codes with better
agreement between CrunchFlow and MIN3P. Slight differences are observed for the
PHREEQC results. It is difficult to decisively determine the reasons for these differences,
but it is likely that the discrepancies are due to slight variations in model formulation (i.e.
consideration of activity gradients in the PHREEQC formulation, absent in the other two
codes). However, all codes show identical trends and concentration differences are small,
implying that the residual discrepancies will not affect the interpretation of the results.
2.5.3

Benchmark 3: 1D Transverse Dispersion

The transverse concentration profiles for Cl-, K+ and Mg+2 are plotted at the outlet (x =
1.0 m) corresponding to a residence time of 16 hours in the 2D domain. The separation of
the three tracer profiles (Figure 2.5) demonstrates the effect of species-dependent
dispersion coefficients and electrochemical migration on transverse displacement. The Clconcentration profile is located between K+ and Mg+2 despite having the largest diffusion
coefficient. In fact, DCl- in liberated state is considerably larger than DMg+2 and also
slightly larger than DK+ (Table 2.4). These results show that Cl- migration is retarded due
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to electrostatic coupling with the cations and in particular with Mg+2, which diffuses
more slowly. The outcomes reported in Figure 2.5 demonstrate the positive contribution
of electromigration to transverse displacement of the two cations and the negative
contribution of electromigration to transverse displacement of chloride [35].

Figure 2.5. 1D simulation results of transverse profiles for Cl-, K+ and Mg+2 at the outlet (corresponding to
a residence time of 16 hours) demonstrate the effect of species-dependent dispersion and electromigration
on the transverse displacement of charged species (1D Benchmark 3 solved with MIN3P).

There is a very good agreement between the three codes and an excellent match
between CrunchFlow and MIN3P (Figure 2.6). Similar to the two previous benchmarks,
there are slight differences between the results of CrunchFlow and MIN3P on the one
hand and PHREEQC on the other hand. Peak chloride concentrations predicted by
PHREEQC are slightly higher than those calculated by CrunchFlow and MIN3P (~
0.6%). Magnesium and potassium concentration profiles are in very good agreement for
all codes.
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Figure 2.6. 1D simulation of transverse multicomponent diffusion for the case of transport of mixed
electrolytes (KCl and MgCl2 solution) in pure water described by Rolle et al. [70], comparing CrunchFlow,
MIN3P and PHREEQC results.

2.5.4

Benchmark 3: 2D Flow and Transverse Dispersion

Using CrunchFlow and MIN3P it was possible to carry out a full two-dimensional flow
and multicomponent transport simulation of the flow-through system. The simulation was
run for two pore volumes (32 hours) to ensure that steady state conditions at the outflow
were reached. To illustrate the 2D concentration distributions and to provide a means for
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visual comparison of the CrunchFlow and MIN3P results, 2D contour plots are provided
for K+, Mg+2 and Cl- (Figure 2.7).

Figure 2.7. Simulation results for Benchmark 3 considering flow (uni-directional) and multicomponent
transverse dispersion for steady-state conditions, from top to bottom are shown: K+, Mg+2 and Cl- for
CrunchFlow and K+, Mg+2 and Cl- for MIN3P.

Cross-sections extracted from two-dimensional steady state CrunchFlow and
MIN3P results are compared at the outflow to one-dimensional transient PHREEQC
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results, corresponding to a residence time of 16 hours. Overall, there is an excellent
agreement between MIN3P and CrunchFlow results (Figure 2.8) and results are also very
close to the concentrations computed with the 1D PHREEQC approach. PHREEQC

concentration profiles are slightly higher than CrunchFlow and MIN3P (the differences of
the peak concentrations are ~ 0.6% for Cl-, ~ 0.7% for Mg2+ and ~ 0.4% for K+).

Figure 2.8. Comparison of 1D PHREEQC results (no explicit consideration of flow, only following the
plume as it moves down the flow path) and transverse profiles derived from 2D CrunchFlow and MIN3P
runs for the transverse dispersion problem. The CrunchFlow 2D runs are based on GIMRT and use a first
order upwind formulation, along with a backwards Euler time stepping approach, the same numerical
methods are used in the MIN3P simulations.
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2.6

Concluding Remarks

Three benchmark problems were presented, each with significant effects of
multicomponent diffusion and electromigration on transport of solutes in saturated porous
media. The benchmarks were specifically designed to be sensitive to the effect of
electromigration on diffusion and lateral concentration displacement. Benchmarks 1 and
2 are hypothetical problems that provide opportunities to verify the implementation of
multicomponent diffusion and electromigration formulations in reactive transport codes.
Benchmark 3 is based on the outcomes of laboratory experiments [70] and provides the
opportunity to verify and validate multicomponent diffusion and species-dependent
transverse dispersion formulations under flow-through conditions. Three reactive
transport codes with the capability of simulating multicomponent diffusion and
electrochemical migration participated in this study (CrunchFlow, MIN3P and
PHREEQC). For all benchmark problems considered in this work an overall very good
agreement between the simulation results obtained with the different codes. Despite some
residual discrepancies between the simulation results, all three codes were able to
consistently reproduce the same trends and evolution in concentration patterns induced by
multicomponent diffusion and by the electrostatic interactions between the charged
species. Small discrepancies between the results indicate that different approaches in
implementing the governing equations are not a significant source of uncertainties for
model applications; uncertainties will rather be dominated by the underlying conceptual
model.
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Chapter 3: Numerical Simulation of Gas Generation and Reactive
Solute Transport during Electrokinetic Remediation
3.1

Introduction

Application of an electric potential gradient that drives an electric current between
electrodes to transform and transport chemical species in soils has become popular as a
cost-effective remediation technology [86]. This technology, known as electrokinetic
remediation, can be used for desalination of sea or brackish water [87], [88], heavy metal
remediation of soils [89]–[92], desalination of concrete [61] and to promote the
decomposition of organic contaminants to less harmful and less toxic compounds [93]–
[96].
Ionic solute transport in groundwater is commonly dominated by advection and
diffusion, driven by pressure and concentration gradients, respectively. However, during
electrokinetic remediation, other transport processes such as electromigration and
electroosmosis, driven by electric potential gradients, are also of importance.
The applied electric potential gradient between electrodes leads to oxidative
conditions at the anode and reducing conditions at the cathode [97]. This modified redox
environment provides thermodynamic conditions favorable for the degradation of
contaminants to non-toxic and/or less-toxic compounds [93], [95]. However, the
modification of redox conditions also leads to water electrolysis, producing H+ and O2(g)
at the anode and OH- and H2(g) at the cathode, therefore creating acidic conditions at the
anode and alkaline conditions at the cathode [86]. The generation of product species at
the electrodes may have detrimental side effects and may inhibit electrokinetic
remediation, potentially reducing its efficiency. For example, electrokinetic desalination
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of reinforced concrete can enhance corrosion processes [61], [98], [99]. In addition, it
was shown that the precipitation of metal hydroxides in the alkaline region at the cathode
inhibited transport of metals and reduced remediation efficiency [61], [100], [101].
Activation polarisation due to O2(g) and H2(g) gas bubble formation on the surface of
electrodes tends to decrease the electric conductivity and consequently reduces
remediation efficiency [19]–[22], [102]. These previous studies show that a thorough
understanding of geochemical processes including the fate of dissolved species, as well as
gases is required to assess the performance of electrokinetic remediation on a processbased level.
Reactive transport codes have been used successfully for quantitative
investigation of flow, transport and reaction processes in porous media [79]. Specifically,
these models were applied to quantitatively assess conceptual models, to design and
evaluate experiments, and to assist with the interpretation of field data in the fields of
geology, engineering and environmental sciences [26], [30], [74], [103]. Reactive
transport codes are capable of modelling a wide range of biogeochemical reaction
processes under dynamic flow conditions [14]; thus providing a versatile framework for
environmentally related applications.
However, most reactive transport codes assume that ion migration is dominated
by advective and diffusive solute transport. Fick’s law is commonly used to simulate the
process of diffusion and diffusion coefficients are often treated as adjustable parameters
[1]. Although the number of reactive transport codes that include electromigration and
consider the chemical potential gradient as the driving force of diffusion has been
growing in recent years [14], [19], [20], [28], [56], [77], [104], the implementations are
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commonly based on the null current assumption. The null current assumption implies that
there is no electric current in the solution, which prevents this formulation from being
used for simulating electrokinetic remediation.
Integrating electrokinetic processes into the reactive transport framework is
necessary in order to fully benefit from the flexibility provided by the multicomponent
reactive transport approach [14], [74] and recent efforts have focused on the inclusion of
electrokinetic simulation capabilities [19], [39]. For example, Paz-García et al. [19],
using the finite element method, coupled a generalized Poisson-Nernst-Planck transport
model [20] with a chemical equilibrium model to simulate the desalination of brick. Wu
et al. [39] incorporated an electric potential distribution module into PHT3D, an operatorsplitting reactive transport modeling code, to simulate electrokinetic in-situ oxidation
[40].

However, the use of numerical models to investigate geochemical reactions

associated with electrokinetic remediation remains limited to problem-specific cases and
relatively simple geochemical reaction networks [38], [56]–[58]. The process of gas
generation and exsolution at the electrodes has not been included to date.
The present contribution was motivated by the need for incorporating
electrokinetic phenomena into reactive transport codes in order to demonstrate their
capability for evaluating electrokinetic remediation including an assessment for the
potential of gas generation at the electrodes. To this end, the fully coupled 3D reactive
transport code MIN3P [105] was extended by implementing the Gauss-Ampère
formulation. In this formulation, the electric potential is expressed explicitly and is fully
coupled with transport and geochemical reactions with appropriate boundary conditions,
enabling the simulations of electrokinetic problems.

Using this approach, charge
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continuity and mass continuity for all components are solved simultaneously, maintaining
charge balance locally and globally at the same time. In previous works, depending on
application, select chemical components were used to maintain the charge [38], [106],
[107] or local charge balance was achieved by adjusting the concentration of inert ions
[39]. In addition, the new model formulation covers a wide range of geochemical
reactions that can potentially affect the electrokinetic remediation process, including the
spontaneous exsolution of gases in response to gas generation at the electrodes.
The enhanced code is verified against existing experimental observations and
models from the literature [20], [39], [61]. The verification cases are focused on coupling
mass and charge continuity in the context of the Nernst-Planck equation and in the
absence of advective fluxes. The code’s capability to reproduce the evolution of
electrochemical systems is demonstrated and further advanced by simulating gas
generation and exsolution at the electrodes. Scenario and sensitivity analysis are
performed to assess the importance and contribution of selected input parameters on the
onset and vigor of gas generation, affecting total dissolved gas pressure and solution
chemistry.
3.2
3.2.1

Governing Equations
Generalized Mass Continuity in Electrolyte Solutions

In the absence of an externally applied electric potential gradient, the reactive transport
problem involves the simultaneous solution of advective-diffusive-dispersive transport of
dissolved species, diffusive gas transport, and the contribution from geochemical
reactions involving aqueous, gaseous and mineral species [59]. The governing equation
describing reactive transport in variably saturated media including electromigration is
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based on the modification of Fick’s law to include the Nernst-Planck equation [28],
[104]. The mass continuity equation for component Aj, written in terms of total
component concentration Tj, is:
∂
ϕτS T
∂t

+

∂
ϕτS T
∂t

+ ∇ ∙ ϕτ

−∇ ∙ ϕτ

F
S
RT

,

,

−Q

−Q

∗

−Q

T

− ∇ ∙ ϕτS

T z ∇ψ − ∇ ∙ ϕτS
,

−Q

,

= 0,

(3.1)

∇T
∇T
j = 1, N

where ϕ is porosity (m3 void m-3 bulk), τ is tortuosity (m void m-1 bulk), Sa is the
saturation of the aqueous phase (m3 fluid m-3 void), Sg is the saturation of the gaseous
phase (m3 gas m-3 void), Tja (mol L-1 H2O) defines the total aqueous component
concentration for component Ajc, while Tjg (mol L-1 gas) is the total gaseous
concentration for component Ajc. The total aqueous component concentrations Tja
provide a relationship between primary (component) and secondary (complexed) aqueous
species defined by T = C + ∑

ν C , where Cjc are the concentrations of the

components as species in solution, Cix are the concentrations of secondary (complexed)
species, ν are the stoichiometric coefficients of the components in the secondary species,
and Nx define the number of secondary species in the system. The gas concentrations are
related to the components by defining the total gaseous component concentrations Tjg
based on the law of mass action [108]. qa is the Darcy velocity vector, while Da and Dg
(m2 s-1) are the dispersion-diffusion tensors for the aqueous and gaseous phase,
respectively. Diffusion coefficients in Da are species-dependent.

Da

is the

electroosmosis-electromigration tensor for the aqueous phase. zj is the generalized charge
for component Ajc, and ψ is the electric potential in units of (V). F is the Faraday constant
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(96485 C mol-1), R is the gas constant (8.341 J K-1 mol-1), and T is the absolute
temperature (K). Qja,a (mol dm-3 porous medium) and Qja,s (mol dm-3 porous medium) are
internal source and sink terms toward the total aqueous component concentrations due to
intra-aqueous kinetic reactions and kinetically controlled dissolution-precipitation
reactions. Qja,ext (mol dm-3 porous medium) and Qjg,ext (mol dm-3 porous medium) are
external source and sink terms for the aqueous and gaseous phase, respectively. A
detailed

description of the general reactive transport

formulation

excluding

electromigration terms has been previously presented by [59] and is not described further.
Here, we focus on the inclusion of electro-chemical migration in electrolyte solutions
capable of transferring an electric current. The most important feature that distinguishes
electrolyte systems from non-electrolyte systems is the electric coupling of the ionic
fluxes [17]. In electrolyte systems, electric ion-ion, ion-solvent and ion-interface
interactions induce an electric field. The treatment of electrolytic diffusion follows
naturally from the generalized treatment of diffusion [81]. In this study we only consider
ion-ion electric interactions; ion-interface electric interactions on the electrodes are
considered as boundary conditions at the electrodes.
3.2.2

Nernst-Planck Equation for Multicomponent Systems

For Nc components, equation (3.1) has Nc+1 unknowns; in order to solve it either one
unknown must be eliminated or another equation must be coupled to it. In the first
approach, called the null current assumption, it is assumed that there is no electric current
in solution and the Nernst-Planck term (the fifth term in equation 3.1) is rearranged to
meet the null-current constraint. In the second approach, Gauss-Ampère’s law (charge
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continuity) is coupled to the mass continuity equations and solved simultaneously. Both
approaches are described in the following.
The extended Nernst-Planck equation describing the migration of interacting
individual species with low ionic strength in dilute solutions under isothermal conditions
[28], [104] is defined by:
= ϕτ

C −S

∇C −

F
S
RT

∗

C z ∇ψ

(3.2)

where Cia (mol L-1 H2O) is the ith aqueous species concentration, Di is species-dependent
diffusion coefficient and Jia is the ith species flux (mol m-2 s-1). Equation (3.2) describes
the movement of ions in solution in the presence and/or absence of an external electric
field [6], [17].
3.2.3

Generalized Charge Continuity in Electrolyte

Null Current: Equation (3.2) represents the contributions of diffusion, electromigration
and advection to the total mass transfer. In a linear mass flow system, the total electric
current density can be expressed as:
(3.3)
=F
where

z
is the total electric current density due to the migration of aqueous species (C s-1

m-2 or A m-2) and Ntot is the total number of aqueous species. Assuming there is no
externally induced electric current, equation (3.3) becomes:
(3.4)
=F

z

=0

Substituting (3.2) into (3.4) gives an expression for the electric potential gradient as a
function of individual concentrations of the species:
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Thus the mass flux of the ith species is:
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z C

In reactive transport codes with electrodiffusion capability equation (3.5) is commonly
substituted into equation (3.1) [14]. By eliminating the electric potential term from the
mass continuity equations, the electric potential is eliminated as a primary unknown,
effectively implying a null current condition. Electroneutrality is maintained due to the
fact that the null current assumption and electroneutrality are equivalent and differ only in
the solution strategy [30].
Gauss-Ampère’s Law: To maintain charge continuity in the system, two constituent
forms of Maxwell’s equations defined on the REV scale are needed [36]. The charge
conservation results from combining the constituent form of Gauss and Ampère’s laws
[109].
The macroscopic form of Ampère’s law for quasi-steady state conditions for the
ith species in aqueous phase a is (following [36]):
ϕS
where

=−

∂(ϕS
∂t

)

+

× (ϕS

)−

is electric displacement (C m-2),

average polarization density (C m-2),

× (ϕS

×

)+

ϕS

(3.7)

is magnetic field intensity (A m),

is

is the mass-average velocity vector (m s-1),

is external exchange current density between solution (phase a) and electrodes (phase b)
(A m-2). By assuming no water polarization and taking the divergence of equation (3.7) to
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maintain charge continuity, the second and third terms on the right hand side of the
equation can be eliminated:
∂ ∇ ∙ (ϕS
∂t

)

(3.8)
+ ∇ ∙ (ϕS

)−∇∙

ϕS

=0

According to Gauss’ law:
(3.9)
∇ ∙ (ϕS

) = ϕS F

C z

leading to:
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=0

By substituting (3.2) into (3.3) for mass flux and substituting the result into (3.10) an
expression for charge continuity in the aqueous phase can be derived (note the volume
averaging for the aqueous phase):
∂ ϕS F ∑
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When there is no externally induced electric current, the last term on the left hand side of
(3.11) becomes zero. For a system with Nc components, Nc equations (3.1) and one
equation (3.11) must be solved simultaneously. Equations (3.1) and (3.11) are functions
of species concentrations (aqueous and gaseous phases) and electric potential.
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3.2.4

Geochemical Relationships

As a database-driven code [110], MIN3P is capable of simulating a wide range of
geochemical processes [59], [110]–[114]. The present study required the consideration of
aqueous complexation by hydrolysis reactions and ion pairing, gas dissolution-exsolution,
and the consumption and production of aqueous components due to kinetically controlled
intra-aqueous reactions. The formulation of the relevant geochemical reactions is
provided in [59].
3.2.5

Gas Exsolution and Degassing

Production and exsolution of gas bubbles from the surface of the electrodes has been
observed in electrokinetic experiments [115]. Degassing of O2(g), H2(g) ), N2(g) and
Cl2(g) due to dissociation of the electrolyte [23] has been implemented in the code.
Without gas exsolution processes, the total pressure increases continuously which is not
physically realistic in an open system.
Equilibrium gas dissolution-exsolution reactions is described by the mass action
law:
(3.12)
C = RT K

(γ C )

j = 1, N ,

where Kjg is the equilibrium constant.
According to the ideal gas law, partial pressures relate to the molar concentrations of gas
species (Cjg [mol L-1 gas]):
p = RTC

(3.13)
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For common ranges of temperatures and pressures in shallow subsurface
environments, we can assume that the use of the ideal gas law for real gases does not
introduce significant errors [110], [116].
The model assumes that gas exsolution occurs when the sum of all gas pressures
exceeds the confining pressure. The degassing rate is calculated using [111]:
R = k max

∑

(3.14)

p

p + 0.9869 ρ g h − z

−1 ,0

where kd is the rate constant for the degassing reaction (mol L-1 H2O s-1), pa is the
atmospheric pressure (atm), ρw is the density of water (kg m-3) and g is the gravitational
acceleration (m s-2). We assume that exsolved gas bubbles are instantaneously released
into the atmosphere, gas bubble transport via ebullition is therefore not considered [111].
The hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) can occur
in the presence of hydrogen-oxidizing bacteria [117]–[120] or catalysts [121], [122].
Hydrogen and oxygen can be consumed to form water:
1
O (aq) + H (aq) → H O
2

(3.15)

In this context, it is assumed that the progress of reaction depends on hydrogen and
oxygen gas availability described by the following Monod-type rate expression:
R

= −k

where k

[O ]
K + [O ]

[H ]
K + [H ]

is rate constant (mol L-1 s-1), and K , K

(3.16)

are half-saturation constants

(mol L-1) for oxygen and hydrogen, respectively.
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3.3

Solution Procedure

Equation (3.1), (3.6) and (3.11) are implemented into MIN3P [59]. With the
enhancements, the code is capable of simulating multicomponent diffusion subject to the
null current assumption or the Gauss-Ampère model which enables the user to define
electric potential or current constraints for simulating electrokinetic remediation
including geochemical reactions. MIN3P employs the modified Newton-Raphson method
to solve the nonlinear system of equations in terms of concentration increments on a
logarithmic scale and electric potential on a linear scale. The spatial discretization of the
domain is based on the finite volume method which is locally mass and charge
conservative, a requirement for solving the reactive transport equations using the global
implicit approach. The temporal discretization of the governing equations is fully implicit
with adaptive time stepping scheme. The total aqueous component concentrations used
for the advective flux calculations across the interface between neighboring control
volumes are determined by upstream or centered weighting, or a by a flux limiter scheme.
Interfacial values for aqueous and gaseous saturations, porosities and diffusion
coefficients are estimated using harmonic averaging based on parameter values in the
adjacent control volumes.

The geochemical reactions are accessible through a

thermodynamic database and a user-defined input file. The set of algebraic equations
yields a large Jacobian matrix which is solved using WATSOLV, a sparse iterative solver
package [59], [123].
3.4

Model Verification and Validation

To verify the enhanced code, previously published experimental and modeling studies
were used for evaluation of the different components and functionalities of the code.
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Three verification problems are presented. The first test case compares the null current
method with the Gauss-Ampère approach for a free diffusion problem. The GaussAmpère model is verified against a Poisson-Nernst-Planck example by Paz-García [20].
The second test case compares the results of the MIN3P electrokinetic formulation with
PHT3D and experimental measurements. The third problem investigates controlling
factors on electrokinetic desalination, electrode kinetics and gas generation driven by
electrokinetic processes and is based on experiments and modeling carried out by
Kamran et al. [61]. The third problem is further extended by including, gas exsolution,
degassing, and gas consumption kinetics to assess the likeliness for the occurrence of gas
exsolution and degassing in the system.
3.4.1

Free Diffusion

In order to evaluate the applicability of equation (3.6) and equations (3.1, 3.11) for
simulating diffusion and electrochemical migration under null current conditions, a free
diffusion example previously presented by Paz-García [20] has been adopted. Paz-García
[20] employs a Poisson-Nernst-Planck formulation solved numerically with the finite
element method. This test case is a fully saturated 1D transient problem with free exit
boundaries on both ends of the domain (x = 0.0 and x = 0.1 m). The temperature is set to
25ºC and there is no flow; the only transport process is diffusion and electromigration.
Two sets of simulations are performed: a) free diffusion described by the NernstPlanck equation subject to the null current condition in the domain (equation 3.6) and b)
free diffusion described by the Nernst-Planck equation coupled with Gauss-Ampère’s
model (fully coupled equations 3.1 and 3.11). When using the Gauss-Ampère approach, it
is necessary to set initial and boundary conditions for electric potential. The initial
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condition for electric potential is set to 0 mV for the entire domain; for the boundary
conditions, the electric potential is fixed at 0 mV at x = 0.1 m as a reference point while
no boundary condition is imposed at the other side (x = 0) of the domain. Initial and
boundary conditions for the chemical composition of water are the same for both
approaches. The initial electroneutral solution is composed of five primary (component)
species (H2O, Na+, Cl-, K+ and H+) and one secondary species (OH-). The porosity is set
to 0.3 and the domain is discretized into 100 equally spaced cells of 1 millimeter each.
No reaction with the host porous medium is assumed. The Debye-Hückel equation is
used as the activity coefficient model. Species-dependent diffusion coefficients [124], as
well as the initial condition defining the chemical system are given in Table 3.1.

Table 3.1. Chemical parameters: boundary conditions and diffusion coefficients for free diffusion problem.

Species
pH
Na+
ClK+
OHa

Left Initial
Condition (M)
7. 0
25.0
25.0
1.0 × 10-7
a
1.0 × 10-7

Right Initial
Condition (M)
7.0
1.0 × 10-7
1.0 × 10-7
1.0 × 10-7
a
1.0 × 10-7

Diffusion Coefficient (m2 s-1)†
9.31 × 10-9
1.33 × 10-9
2.03 × 10-9
1.90 × 10-9
5.27 × 10-9

OH- concentrations are only provided for completeness, calculated from H+ and H2O (Kw = 10-14)
From “Diffusion Coefficients in Liquids at Infinite Dilution” in [124]

†

Based on pore geometry and pore particle shapes, Mohajeri et al. [125] suggests different
tortuosity factors for cations and anions. The tortuosity factor are set to τc = 0.8 for
cations and τa = 0.9 anions [20]. The physical parameters are summarized in Table 3.2.
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Table 3.2. Physical parameters for free diffusion problem.

Parameter
Length
Cross-section area
Spatial discretization
Simulation time
Maximum time step
Porosity
Anion tortuosity†
Cation tortuosity†
†

Symbol

Value

Unit

L
A
Δx
t
Δtmax
n
τa
τc

0.1
1.0
1.0 × 10-3
30
1
0.3
0.9
0.8

m
m2
m
day
day
[-]
[-]
[-]

From [125]

The problem is run for 30 days and with a maximum time step of 24 hours. The profiles
are shown for 6, 12, 18, 24 and 30 days.
For high concentration components (i.e. Na+ and Cl-), only the Na+ profile is
shown; and for low concentration components (i.e. K+ and H+) only the pH profile is
presented. Figure 3.1a depicts total mass flux (diffusion and electromigration) of Na+
taking place from left to right; electromigration flux holds back Cl- to maintain
electroneutrality. It is seen in Figure 3.1b that at the same time, protons diffuse from
right to left while electromigration causes proton migration from left to right. The total
proton flux during early stages are from left to right while at the later stages fluxes take
place from right to left; however, it is at early times that significant proton mass transfer
to the right occurs; the amount of mass transfer from right to left is significantly less at
later stages. The comparison of the results from null current and Gauss-Ampère
approaches are nearly identical and cannot be distinguished visually; therefore the null
current results are not shown in the plots. The results of Gauss-Ampère (this work) and
Poisson-Nernst-Planck [66] approaches are very similar.
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Figure 3.1. MIN3P Gauss-Ampère formulation (symbols) and Paz-García Poisson-Nernst-Planck
formulation (solid line) [20]: (a) Na+ concentration profile; (b) pH profile and (c) diffusion potential profile
(initial conditions for potential is zero for entire domain).
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Charge separation generates an electric potential known as “diffusion potential”,
“liquid junction potential” or “junction potential” [126]–[128]. Figure 3.1c compares
diffusion potential profiles using Gauss-Ampère and Poisson-Nernst-Planck methods.
Decreasing concentration gradients in time are reflected in a decreasing electric potential
(Figure 3.1). Initial steep concentration gradients at the junction yields an initially
negative charge in the concentration region and a positive charge to the concentrated
region because Cl- diffuses faster than Na+, creating a boundary potential difference.
However, the generated electric field slows down Cl- migration and speeds up Na+ until
the effective diffusion rates for all ions become equal. This process creates a detectable
steady-state potential. It is not an equilibrium process [62] until the concentration
gradient disappears. For the null current approach (Section 3.2.3), the potential is not
expressed explicitly in the model and electroneutrality is imposed intrinsically. Therefore,
electric potential and electric current are zero for the null current model. However, the
Gauss-Ampère and Poisson-Nernst-Planck models predict the generation of an electric
potential in the domain (Figure 3.1c). The electric current and charge density remain the
same during the simulation within a range of +/- 10-13 A and +/- 10-8 C m-3 H2O
respectively. The very small magnitude of the electric current in this process explains
why the null current assumption still provides a comparable concentration gradient;
however, it fails to provide information about electric potential. The Gauss-Ampère
method has the advantage of integrating electrostatic physics into the problem based on
process-based theoretical considerations. While using the null current approach provides
similar results, our simulations demonstrate that in reality charge separation occurs,
generating local electric currents, albeit small in magnitude. These results suggest that
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care must be taken when applying the null-current method to low concentration, smaller
scale problems (Debye length order) [109].
3.4.2

Electrokinetic Permanganate Transport

In order to verify and validate the implementation of the electrokinetic model, reactive
permanganate transport under an applied electric field through a 1D domain was
simulated. The details of setup and methodology of the pH-isolated electrokinetic
experiment (Figure 3.2) can be found in Hodges et al. [129].

Figure 3.2. Schematic of the 1D pH-isolated electrokinetic experiment conducted by Hodges et al. [129].
Electrode reservoirs are separated by clay cores to prevent pH disturbance of the electrokinetic cell.

The three clay cores (1, 2, and 3) separated source and target reservoirs and the
electrode reservoir at both ends of the column [129]. A potassium permanganate
(KMnO4) solution was introduced to the source reservoir and permanganate (MnO4 -)
concentrations were monitored in the target reservoir. pH was maintained near-neutral in
both electrode chambers by circulating electrode reservoirs fluids; The column was
maintained under saturated conditions with no hydraulic gradient across the domain.
[129]. Under these conditions, permanganate transport was driven by diffusion,
electromigration and electroosmosis according to equations (3.1) and (3.10). The
experiment can be conceptualized as a 1D transient problem with a fixed concentration
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boundary condition in the source reservoir (x = 0), and free exit boundary condition in the
target reservoir (x = 0.1 m). The chemical system is composed of K+ and MnO4 -. The
porosity is 0.3 and the domain is discretized into 50 equally spaced cells of 2.0 × 10-3 m
each. A voltage gradient of 2.1 V m-1 was applied across core 2, which defines the
solution domain (see Figure 3.2). Electroosmotic conductivity is set to 2.14×10-9 m2 V-1s1

. Flow induced by electroosmosis was neglected, considering that it has no major effect

on the final outcome. The assumed tortuosity value is 0.2 [39]. The temperature is 25ºC
and activity coefficients are calculated with the extended Debye-Hückel equation.
Physical and chemical parameters as well as boundary and initial conditions of the model
are summarized in Table 3.3.

Table 3.3. Boundary condition, initial condition, and model parameters used for permanganate removal
problem.

Parameter
-

KMnO4 (initial concentration)
KMnO4- (boundary concentration)
Free diffusion coefficient of K+†
Free diffusion coefficient of MnO4 -†
Length
Cross-sectional area
Spatial discretization
Simulation time
Maximum time step
Potential gradient
Electro-osmotic conductivity*
Porosity
Tortuosity*
†

Symbol

Value

Unit

C0
Cb
D0,K+
D0,MnO4L
A
Δx
t
Δtmax
Δφ
keo
n
τ

0.0
0.19
1.96×10-9
1.63×10-9
0.1
8.49×10-3
2.0×10-3
320
144
2.1
2.14×10-9
0.3
0.2

M
M
m2 s-1
m2 s-1
m
m2
m
h
s
V m-1
m2 V-1 s-1
[-]
[-]

From “Diffusion Coefficients in Liquids at Infinite Dilution” in [124]
From [39]

*
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The problem is run for 320 hours using a maximum time step of 144 seconds.
Permanganate concentrations in the target reservoir are compared with the corresponding
PHT3D results and measurements [39] over time.
Although there are small differences between the MIN3P and PHT3D results,
there is satisfactory agreement between the results of the two codes and the
measurements (Figure 3.3). The discrepancies between the model results can be
attributed to differences in the modeling approach. PHT3D considers only MnO4 - and
uses a different free diffusion coefficient (2.0×10-9 m2 s-1) for permanganate, while
MIN3P considers the coupled diffusion of K+ and MnO4- using literature values [124] for
species-dependent diffusion coefficients. On the other hand, PHT3D accounts for
electroosmotic driven flow, which is neglected by MIN3P. Moreover, PHT3D uses a
sequential non-iterative operator splitting approach with calculating potential in a
separate step after transport while MIN3P is fully coupled with transport and potential
equations in the same time step using the global implicit approach.

_

Figure 3.3. MIN3P (solid line), measured (symbols) and PHT3D (dashed line) [39]: MnO4 concentration in
target reservoir over time.
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3.4.3

Electrokinetic Desalinization

Electrokinetic desalinization is a technology that is based on the controlled application of
direct current through the soil between appropriately distributed electrodes to mobilize
aqueous species in order to remediate contaminated soils. It is well known that during
electrochemical remediation, electrolysis of water occurs at the electrodes.
At the anode water oxidizes:
H O − 2e ↔

1
O (aq) + 2H ;
2

E ° = −1.229 V

(3.17)

while at the cathode water reduces:
2H O + 2e ↔ H (aq) + 2OH ;

E ° = −0.828 V

(3.18)

where Eº are the standard reduction electrochemical potentials of the half reactions, which
is a measure of the tendency of the reactants to proceed to products in their standard
states. The type of electrolysis reactions that take place at the electrodes depends on the
availability of the chemical species and the electrochemical potential of these reactions.
For example, chloride oxidation is a competitive reaction at the anode that may produce
chlorine gas [19], [98]:
2Cl − 2e ↔ Cl (aq);

E ° = −1.360V

(3.19)

Reaction (3.17) causes acidification at the anode and reaction (3.18) causes the
development of alkaline conditions in the vicinity of the cathode. Aqueous species are
transported towards the electrodes by diffusion, electromigration and electroosmosis [86],
[130]. Because sodium reduction is much less favorable than water (standard reduction
electrochemical potential for sodium is -2.710 V), we neglected this process and assumed
only hydrogen gas production at the cathode.
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An experimental and modeling study of water desalination has been carried out by
Kamran et al. [61]. Their experimental data has been used as an additional test case for
the verification of the enhanced MIN3P code. Specifically, the base case scenario (1) and
scenario 2 in this section constitute direct comparisons with the experimental data and
modeling results by Kamran et al. [8].
A fired-clay brick specimen with porosity of 0.3 was vacuum saturated with a 4 M
sodium chloride solution at 25ºC (room temperature) and was placed between two
meshed platinum electrodes [61]. The electrodes on both sides of the sample were in
indirect contact with large water reservoirs separated by water soaked sponges. The
permeable electrodes allowed the exchange of ions between the reservoirs and the
sample. The reservoirs were also in contact with the atmosphere (Figure 3.4).

Figure 3.4. Schematic of the 1D representation of electrokinetic desalination experiment conducted by
Kamran et al. [61].

The model includes seven aqueous components (Na+, Cl-, H+, O2(aq), H2(aq),
N2(aq),Cl2(aq)), two secondary aqueous species (OH-, NaCl(aq)) and four gaseous
species (O2(g), H2(g), N2(g) , Cl2(g)). A 1D model with 0.1 m length was set up. Initial
tortuosity was set to 0.25 for all components but adjusted later. Electroosmotic
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conductivity was set to 2.14×10-9 m2 V-1s-1. The applied electric potential was 5.5 V. The
model was discretized spatially into 50 equal size 2.0×10-3 m cells and run for 16 hours
for the base case scenario and scenario 2. There was no hydraulic gradient across the
sample. Boundary and initial conditions, as well as species-specific diffusion coefficients
are summarized in Table 3.4, Physico-chemical model parameters are presented in
Table 3.5 and Table 3.6.

Table 3.4. Boundary conditions, initial conditions, and species-specific diffusion coefficients for
desalination problem.

Species

*

Initial Condition

Aqueous species
pH
7.0
Na+
4.0
Cl
4.0
a
OH1.0 × 10-6
a
NaCl
1.26
a
O2(aq)
2.65 × 10-4
a
N2(aq)
5.15 × 10-4
*

*

Boundary
Condition

7.0
0.0
0.0
a
1.0 × 10-6
0.0
a
2.65 × 10-4
a
5.15 × 10-4

Diffusion Coefficient (m2 s-1)
9.31 × 10-9
†
1.33 × 10-9
†
2.03 × 10-9
†
5.26 × 10-9
2.0 × 10-9
2.0 × 10-9
2.0 × 10-9
†

Aqueous concentrations are in mol L-1 and gaseous concentrations are pressure in atm.
Concentrations are only provided for completeness; calculated by speciation.
†
From “Diffusion Coefficients in Liquids at Infinite Dilution” in [124].
a

3.4.3.1

Electrode Processes and Boundary Conditions

Water electrolysis at the electrodes generates H+ and OH- at a rate proportional to electric
current according to Faraday’s Law [115]. In the presence of other species participating
in electrolysis reactions, the electric current is apportioned between active species
depending on their transference number:
=

t
zF

ϕS

(3.20)
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where tj is the transference number of the participating species (e.g. H+, OH-, Cl-)
carrying different proportions of the current [131]. In the present model, only water
reduces at the cathode producing OH- and H2(aq), therefore t

= 1. But at the anode

water is being oxidized to H+ and O2(aq), and chloride is oxidized to Cl2(aq). As a result,
the applied electric current,

, must be distributed between H2O and Cl- depending on

H+ generation rate and Cl- consumption rate. The transference number for each species
depends on the charge transfer rate at the electrodes following the “Frumkin-ButlerVolmer” expression [132]:
= K , C , exp −

1 F
Δψ
2 RT

− K , C , exp

1 F
Δψ
2 RT

(3.21)

where the O and R subscripts denote oxidation and reduction reactions, respectively, K
are the oxidation/reduction rate constants, C are the concentrations of the reacting species
in the reduced and oxidized state at electrode surface, and Δψ is the electric potential
drop across electrode surface and electrolyte. Potential drop is on the order of volts per
centimeter [133] and it is determined by measuring actual potential across the domain
compared to applied potential. Therefore in the model, the initial measured potential is
considered as effective potential. The KO,Cl-/ KO,H2O ratio is determined following Kamran
et al. [61].
3.4.3.2

Simulation Results

In the base case scenario (1) degassing was not considered. No gas formation was
reported during the experiment [61]. In the second scenario (2), the degassing model
(equation 3.14) was used to determine if gas formation and degassing has an effect on the
results. Electroosmosis was also considered for the base scenario (1) but it did not have
any significant effects on the experimental results as the observed water velocity (∼5 ×
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10−8 m s-1) was more than one order of magnitude smaller than ion migration velocity
(∼10−6 m s-1) [61]. To reduce execution time, electroosmosis was neglected for all other
scenarios simulated. Experimental measurements include Na+ concentrations in 2 hours
intervals by Nuclear Magnetic Resonance (NMR) Imaging and concentrations
measurements of Na+ and Cl- after completion of the experiment by ion chromatography
[61].
Base case scenario (1): The comparison of simulation results of MIN3P with
experimental measurements is presented in Figure 3.5. To calculate electric potential,
Kamran et al. [8] integrate electric current across the domain decoupled from the mass
transport equation; their model only includes water self-dissociation reaction [61] and
their simulation results are not compared and presented here. The MIN3P results confirm
the experimental findings and simulation results by Kamran et al. [8]. During the
desalinization process, Na+ is becoming depleted from both sides of the sample
(Figure 3.5a and c). Na+ depletion at the anode side occurs more rapidly than on the
cathode side. A stagnation point develops near x = 33 mm from the anode (Figure 3.5a).
Modeling results confirm the findings by Kamran et al. [61], indicating that the position
of the stagnation point depends on hydrogen mobility. The stagnation position cannot be
matched using literature values for the H+ diffusion coefficient. It was therefore reduced
by a factor of four, in-line with the approach of Kamran et al. [8], who reduced the H+
diffusion coefficient by a factor of three to match the location of the stagnation point
[61]. It has been observed previously that proton mobility reduces in concentrated salt
solutions [134], [135]. For example, Soudijn [134] reported a fivefold reduction in the
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Figure 3.5. (a) Na+ concentration profiles for selected times (0, 2, 4, 6, 8, 10, 12, 14 and 16 hours): model
(solid sharp lines) vs. experimental measurements by NMR (shadow background lines); the arrows show
concentration profile evolution over time; (b) potential profile for 0, 10, 12 and 16 hours: model (lines) vs.
experimental measurements (symbols); (c) Na+ and Cl− concentration profile at t = 16 hours (end of
experiment): model (solid and dashed sharp lines), experimental measurements of Na+ concentration by
NMR (shadow background lines) and experimentally measured Cl− concentrations by ion chromatography
(symbols); (d) acid and alkaline fronts progress (pH = 1 and pH = 13 respectively): model (lines) vs.
measurements (symbols). Simulation results are for Scenario 1 and 2 and experimental data are taken from
Kamran et al. [61].
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proton effective diffusion coefficient in a 3 M salt solution compared to the average
diffusion coefficient in a solution containing no salt [134]. This reduction of mobility is
related to suppression of water molecule reorientation by salt ions [136], [137] or proton
interaction with the pore surface [61], [138]. Redistribution of electric resistivity changes
the electric potential distribution over time (Figure 3.5b). The electric potential drop
location coincides with the low concentration region. As resistivity increases the role of
electromigration decreases and diffusion plays a more pronounced role, resulting in a
competition between diffusion and electromigration in this region. Despite the fact that a
voltage of 9 V is applied, the potential drop between electrode and bulk solution reduces
the actual measured potential [61]. Based on the measurements (Figure 3.5b) we used a
5.5 V potential difference in the model. The only chloride measurements are by ion
chromatography after completion of the experiment ([61], Figure 3.5c). Kamran et al.
[61] report that during sample preparation some salt might have been lost, possibly
providing an explanation for the differences between observations and simulated results.
The competition between the oxidation of chloride and water at the anode is used
as an adjustable parameter in the model. The best fit is obtained with KO,Cl-/ KO,H2O = 20.
This ratio does not have a significant effect on the location of stagnation point, which is
mainly controlled by H+ mobility. By increasing the KO,Cl/KO,H2O ratio, minor increases in
pH at the acidic front was observed, as generation of Cl2(g) at the anode inhibits
production of H+. The acidic and alkaline fronts originating from the electrodes encounter
each other at 1/3 of the distance from the anode corresponding to the stagnation point (x
= 33 mm). The encounter happens after 10 hours of treatment (Figure 3.5d). Towards the
end of the simulation, a sharp pH change from pH = 1 to pH = 13 can be observed at this
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location. This stagnation point defines the boundary between removal and accumulation
regions. On the left side and closer to the anode, Na+ is removed and Cl- accumulates and
on the right side and closer to the cathode, the opposite situation occurs. When the
alkaline and acidic fronts meet, the fronts stop moving and electrokinetic ion transport
becomes inhibited [61]. The excess of positive charge near the anode and negative charge
at the cathode attract opposite charges and repel similar charges, leading to the
development of low ion concentrations at the stagnation point and reduction of
conductivity. At this point, the desalinization process becomes ineffective and
remediation stops. This is observed in the experiment starting at around 10 hours [61].
The results presented here demonstrate the capability of the model to reproduce the main
processes in the system.
Scenario 1, 2 (Gas generation and degassing): These two scenarios are
extensions of the interpretations by Kamran et al. [8] to investigate the effect of gas
generation by including the degassing model (equation 3.14). Since there was no gas
measurement carried out in the experiment [61], the simulations are used as a tool to
assess the system dynamics and highlight the capabilities of the code. Scenario 1 is a
direct extension of the base scenario by including gas generation, but without degassing,
while Scenario 2 considers rapid degassing of generated gases at the electrodes. As there
is no indication of pressure build up in the electrode chambers in the Kamran et al. [61]
experiment, we assumed open electrode reservoirs, initially in equilibrium with
atmospheric pressure. The pressure head in the vicinity of the electrodes has a significant
effect, because degassing starts only when total gas pressure exceeds confining pressure
(equation 3.14). The maximum degassing rate is set to 1.0 × 10-5 mol L-1 s-1 to represent
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rapid gas exsolution and avoid total gas pressure build-up beyond the confining pressure.
The simulated reaction network is presented in Table 3.6. The evolution of generated
gases at the electrodes is presented in Figure 3.6 and Figure 3.7. Competition between
chloride and water at the anode determines the production rate of oxygen and chlorine
gas. Therefore, the consumption of Cl- at the anode by production of chlorine is
controlled by the KO,Cl/KO,H2O ratio. Keeping the same ratio (KO,Cl/KO,H2O = 20) as in the
base case for Scenarios 1 and 2 yields the same aqueous concentrations and electric
potential (Figure 3.5) with no noticeable differences relative to the base case. Decreasing
the KO,Cl/KO,H2O ratio results in an increase of oxygen production and elevated total
pressures at the anode. However, this modification does not lead to a better fit of
simulated aqueous concentration profiles, because chloride concentrations in the aqueous
phase are electrostatically linked to other species. This result indicates that competition
between H2O and Cl- at the anode is controlling chloride consumption and chlorine
generation, and degassing does not play a significant role for this experimental setup. The
generation of H2(g) at the cathode and Cl2(g) and O2(g) at the anode increase total gas
pressure.
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Figure 3.6. Gas evolution over time at anode (solid line) and cathode (dashed line): (a and c) base case
(Scenario 1) including gas generation, but without degassing; (b and d) including gas generation and
degassing (Scenario 2). Cl2(g) is plotted separately (c and d) as its contribution to total pressure was
minimal with respect to other gas components. Degassing starts from the beginning and maintains total gas
pressure by not allowing the sum of all gas pressures to exceed the confining pressure. Degassing strips out
N2(g) from the mixture to maintain pressure (cf. a and b).
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The pressure increase at the cathode is greater than at the anode, because the production
rate of oxygen (equation 3.17) is half that of hydrogen (equation 3.18). Moreover, oxygen
solubility (1.2×10-3 mol L-1 atm-1) is approximately one order of magnitude higher than
that of hydrogen (1.0×10-4 mol L-1 atm-1), thus keeping more O2 in the aqueous phase.
Chloride oxidation also produces chlorine gas at the anode (equation 3.19) increasing
chlorine gas pressure (Figure 3.6c). The contribution of chlorine gas generation to total
pressure is not very significant which can be attributed to its relatively small contribution
in relation to water oxidation and its higher solubility in water (9.1×10-2 mol L-1 atm-1)
(Figure 3.7c and Figure 3.7d). When total gas pressure exceeds the confining pressure
(atmospheric pressure) nitrogen gas starts to exsolve from the solution at the electrodes
which is more pronounced in the cathode than at the anode. Nitrogen is stripped out of
solution and therefore its pressure declines (Figure 3.6b, Figure 3.7b and Figure 3.7d),
maintaining the total pressure at the confining pressure, despite continuous gas
generation. Hydrogen also exsolves from solution at the cathode. Hydrogen pressure at
the end of process (t = 16 h) in Scenario 2 is 0.176 atm compared to 0.202 atm in
Scenario 1.
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Figure 3.7. Simulated total and partial pressures and dissolved gas profiles during electrokinetic
desalination for selected times (0, 2, 4, 6, 8, 10, 12, 14 and 16 hours): (a and c) base case (Scenario 1)
including gas generation, but without degassing; (b and d) including gas generation and degassing
(Scenario 2). Degassing starts after 13 hours and 20 minutes, maintaining total pressure by not allowing the
sum of all gas pressures to exceed the confining pressure. Degassing strips out N2(g) from the mixture to
maintain total gas pressure at the confining pressure.
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3.5

Evaluation of the Potential for Gas Generation, Exsolution and Consumption

The experimental conditions by Kamran et al. [61] involved a scenario with high salt
concentrations. As was shown above, ion separation and increasing electric resistivity
inhibited electrokinetic desalination and prevented further gas generation. In the absence
of the salt or lower salt concentrations, remediation processes continue for longer time
periods. On the downside, gas generation at the electrode will continue to progress with
more substantial effects than shown in the experiment by Kamran et al. [61]. Such
scenarios are relevant for numerous groundwater remediation problems involving trace
metals or trace organic contaminants. To investigate this scenario in more detail, Na+ and
Cl- were removed and the model was run for a longer period of time up to 64 hours. This
scenario provides a more suitable platform to further evaluate the effects of gas
generation at the electrodes. Four hypothetical scenarios have been run to evaluate the
effects of gas generation, exsolution and also gas consumption in the region where O2 and
H2 are present. In the first case, it was assumed that degassing and gas consumption do
not occur (Scenario 3). In this scenario generation of hydrogen and oxygen at the
cathode and anode, respectively, continue and increase total pressure. The second case
assumed instantaneous degassing with a degassing rate of 1.0 × 10-5 mol L-1 s-1, but also
without gas consumption (Scenario 4). The rapid degassing is representing gas bubble
formation at the electrodes in the early stages of the process. In the third case, a gas
consumption reaction (equation 3.15) is included (Scenario 5), in the absence of
degassing. The gas consumption model (equation 3.16) is a kinetic Monod-type reaction
which accounts for the oxidation of H2(aq) by O2(aq). The effective rate constant of 1.0 ×
10-7 mol L-1 s-1 is introduced. In the absence of experimental data, the reaction rate is
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chosen relatively fast deliberately to account for the high energy yield of this reaction and
in order to capture the interaction between degassing and reaction during the simulation
time. In a follow-up sensitivity analysis, multiple realizations with reaction rates varying
by 5 orders of magnitude have been run. The last case includes degassing and gas
consumption (Scenario 6). Table 3.5 summarizes model parameters for the different
Scenarios and Table 3.6 presents the geochemical reactions considered for each scenario.
In all scenarios, molecular diffusion and electromigration are the main transport
mechanisms in the aqueous phase. The current model does not explicitly consider the
process of ebullition.
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Table 3.5. Physico-chemical model parameters used in desalination problem.

Parameter

Symbol

Unit

Scenarios
†

Simulation time
t
Maximum time step
Δtmax
Length
L
Spatial discretization
Δx
Initial pressure head
ψ
*
Electroosmosis conductivity
keo
Electrode permeability‡
β
‡
Porosity
n
Tortuosity‡
τ
‡
Potential
φ
††
Oxidation rate constants ratio
KO,Cl-/ KO,H+
Degassing
Gas consumption
Degassing rate constant
kd
Gas consumption rate constant
kO2-H2
†

h
s
m
m
m
m2 V-1 s-1
m2 s-1
[-]
[-]
V
[-]
mol L-1 s-1
mol L-1 s-1

Na+, Cl-, NaCl, Cl2(aq) and Cl2(g) are present in base scenario 1 and 2.
From [39].
‡
From [61].
††
Calibrated.

1

16
36

5.5
20
No
No
-

†

2

3

4

5

6

16
36

64
288

64
288

64
288

64
288

5.5
No
Yes
1.0 × 10-7

5.5
Yes
Yes
1.0 × 10-5
1.0 × 10-7

5.5
20
Yes
No
1.0 × 10-5
-

0.1
2.0 × 10-3
0.01
2.14 × 10-9
5.0 × 10-6
0.3
0.25
5.5
5.5
No
Yes
No
No
1.0 × 10-5
-

*
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3.5.1

Simulation Results

Scenario 3: Generation of hydrogen and oxygen at the cathode and anode increase total
gas pressure. At the cathode pressure increases to 2.18 atm and at the anode an increase
to 1.36 atm can be observed at the end of simulation (64 h). Figure 3.8a illustrates gas
evolution at the electrodes.
Scenario 4: In this scenario instantaneous degassing is assumed. Degassing strips
nitrogen, hydrogen and oxygen out of the solution to maintain total gas pressure below
the confining pressure. At the cathode nitrogen and hydrogen exsolve significantly more
out of the solution than oxygen, while at the anode mainly nitrogen is exsolved. Oxygen
partial pressure at the end of the simulation at the anode is 0.48 atm compared to 0.57 atm
in scenario 3 without degassing (Figure 3.8b). During the simulation, the total gas
pressure at the electrodes remains almost constant at near atmospheric pressure,
representative of instantaneous degassing conditions.
Scenario 5: Degassing is deactivated in this scenario and a Monod-type kinetic
(equation 3.16) gas consumption reaction (equation 3.15 or reaction 10 in Table 3.6) with
an effective rate constant of 1.0 × 10-7 mol L-1 s-1 is introduced. The final total gas
pressures at the electrodes decrease as result of hydrogen and oxygen consumption in
relation to Scenario 3. At the cathode, generated hydrogen immediately reacts with
dissolved oxygen initially present in the water, until oxygen is depleted at around 57
hours, temporarily dropping total pressure to 0.85 atm. In the following, pressure starts to
increase to reach 1.28 atm at the end of the simulation as the H2 consumption reaction is
inhibited by a lack of oxygen. At the anode, due to the absence of hydrogen in the water,
no reaction occurs and generated oxygen contributes directly to total gas pressure. The
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maximum total gas pressure at the anode is similar to Scenario 3 and reaches 1.35 atm at
the end of simulation (Figure 3.8c). The oxidation of hydrogen by oxygen inhibits gas
exsolution, as long as total pressure is kept below the confining pressure (demonstrated in
the next scenario); and if the groundwater condition are initially aerobic.
Scenario 6: This scenario includes degassing and gas consumption reactions at
the same time. Gas consumption at the cathode prevents total gas pressure to exceed
confining pressure; therefore degassing does not occur at the cathode for most of the
simulation period. Increasing pressure at the anode by oxygen generation initiates
degassing by stripping nitrogen out of the solution and maintaining confining pressure
(Figure 3.8d). At the cathode, hydrogen starts to react with ambient oxygen from the
beginning and stops at about 57 hours when oxygen is completely depleted. From this
point hydrogen pressure starts to rise until total pressure reaches the confining pressure
and gas exsolution eventually initiates at around 61 hours.
These scenarios demonstrate the dynamics between gas exsolution and
geochemical reactions that consume gases generated at the electrodes. There is a
competition between the processes of degassing and the oxidation of hydrogen by oxygen
to maintain the total gas pressure. Rapid degassing in the vicinity of the electrodes will
inhibit the oxidation of hydrogen by oxygen, in particular considering the fact that
degassing occurs by desorption of gas bubbles from the electrode surfaces. Therefore, it
becomes more difficult for H2 and O2 generated to migrate away from electrodes.
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Table 3.6. Reactions network and corresponding coefficients.

No. Name
1
2
3
4
5
6
7
8
9
10
†

H2O dissociation
*
NaCl dissociation
H2O oxidation
* Cl oxidation
H2O reduction
*
Cl2(g) dissolution
H2(g) dissolution
O2(g) dissolution
N2(g) dissolution
O2(g) / H2(g) consumption

†

Reaction

H2O ↔ H+ + OHNaCl ↔ Na+ + ClH2O ↔ 2H+ + 2e- + 0.5O2(g)
2Cl- ↔ Cl2(g) + 2eH2O + 2e- ↔ 2OH- + H2(g)
Cl2(aq) ↔ Cl2(g)
H2(aq) ↔ H2(g)
O2(aq) ↔ O2(g)
N2(aq) ↔ N2(g)
H2O ↔ H2(aq) + 0.5O2(aq)

†

Reaction
coefficients
log K25 = -13.998
log K25 = -0.7770
E0 = -1.229
E0 = -1.360
E0 = -0.828
kH = 9.1 × 10-2
kH = 1.0 × 10-4
kH = 1.2 × 10-3
kH = 6.5 × 10-4
kO2-H2 = 1.0 × 10-7

Units

Remarks

Scenarios

mol L-1
mol L-1
V
V
V
mol L-1 atm-1
mol L-1 atm-1
mol L-1 atm-1
mol L-1 atm-1
mol L-1 s-1

equilibrium
equilibrium
at anode
at anode
at cathode
Henry’s law
Henry’s law
Henry’s law
Henry’s law
Monod kinetic

1,2,3,4,5,6
1 and 2
1,2,3,4,5,6
1 and 2
1,2,3,4,5,6
1 and 2
1,2,3,4,5,6
1,2,3,4,5,6
1,2,3,4,5,6
5 and 6

Henry’s constant taken from Sander 2015 [139].
Na+, Cl-, Cl2(g) and Cl2(aq) are only considered in scenario 1 and 2.

*
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Figure 3.8. Gas evolution over time at anode (solid lines) and cathode (dashed lines): (a) degassing and gas
consumption not active (Scenario 3); (b) degassing active, but no gas consumption (Scenario 4); (c) degassing not
active, but including gas consumption (Scenario 5); (d) degassing and gas consumption active (Scenario 6).
Degassing maintains total pressure by not allowing the sum of all gas pressures to exceed the confining pressure (b
and d). Gas consumption reaction first depletes oxygen at the cathode then lets the pressure increase (c and d).

72

3.5.2

Sensitivity and Scenario Analysis

The influence of the different processes on total gas pressures was discussed in the previous
section. In order to further investigate the dynamics between the different processes and their
implications on electrokinetic remediation design, sensitivity and scenario analyses were used.
Sensitivity analysis is a tool to identify the contribution of input parameters on model
outputs, specifically total gas pressure and composition at the electrode in this case. For the
sensitivity analysis, Scenario 6 was selected, which represents the most comprehensive test case
by considering degassing and the oxidation of hydrogen by oxygen. Sensitivities were calculated
with respect to nominal values of potential (5.5 V), hydrogen oxidation rate (1.0 × 10-7 mol L-1
s-1) and the rate of degassing (1.0 × 10-5 mol L-1 s-1). The electric potential was varied between
3.5 and 11 V, the hydrogen oxidation rate ranged from 1.0 × 10-8 mol L-1 s-1 to 1.0 × 10-4 mol L-1
s-1 and the degassing rate was varied between 1.0 × 10-10 mol L-1 s-1 and 1.0 × 10-5 mol L-1 s-1.
The wide range of degassing and reaction rates was chosen to account for the uncertainty and to
cover the full range from slow to fast progress. Dimensionless (dss) and composite scaled
sensitivities (css) [140] were calculated using UCODE [141]. It was found that the electric
potential and rate of degassing provide the main controls on the total gas pressure and their
effects are greater at the cathode, because gas production is greater than at the anode (Table 3.7).
The composite scaled sensitivities are computed using model observations of total
pressure in vicinity of the electrodes. Electric potential is the most sensitive parameter with the
largest effect on total gas pressure at the electrodes, even though there is less uncertainty in
determining electrode potential in comparison to other parameters. The rate of degassing is the
second most sensitive parameter with a negative sensitivity, implying that increasing the rate of
degassing decreases total pressure. The model shows the least sensitivity to the rate of hydrogen
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oxidation with almost no sensitivity at the anode, because there is no hydrogen present to trigger
the reaction.

Table 3.7. Dimensionless and composite scaled sensitivities for Scenario 6 calculated by UCODE [141].

Parameter

Dimensionless Sensitivity (dss)

Potential
Degassing rate
Reaction rate

Anode
81.8
-19.5
0.0

Cathode
220.8
-44.8
-0.1

Composite Scaled
Sensitivity (css)
578.7
19.7
8.5

Scenario analysis provides a tool to evaluate the effect of perturbing sensitive parameters
on model output with respect to the reference model with nominal values. For scenario analysis,
380 realizations of scenario 6 were produced using PEST [142] by assuming uniform
distributions of electric potential, degassing and reaction rates between upper and lower bounds.
The effect of the input parameters on total gas pressure at the end of simulations (t = 64 hours) is
depicted in Figure 3.9.
Total gas pressure increases at the anode with potential increase (Figure 3.9a). In the low
electric potential range between 3.5 V to 4.5 V, pressure at the cathode drops from initial
pressure considerably due to the hydrogen oxidation reaction, which consumes both ambient
oxygen and produced hydrogen. By increasing potential and consequently the gas production
rate, total pressure quickly increases because the rate of hydrogen production at the electrode
outpaces the rate of hydrogen oxidation. For potentials greater than 5.5 V, the generation rate
exceeds hydrogen oxidation and degassing rates and the total gas pressure exceeds confining
pressure. Total gas pressure increase at the anode is directly controlled by the applied potential
and the rate of degassing. When the electric potential becomes greater than 6 V, the rate of
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oxygen generation exceeds the rate of degassing and total gas pressure increases above the
confining pressure.
Hydrogen oxidation does not affect total pressure at the anode significantly (Figure 3.9b)
due to a lack of H2(aq) in this region. At the cathode, three different steps are noticeable in total
gas pressure curve as a function of the hydrogen oxidation rate. For rate coefficients up to
approximately 7.0 × 10-10 mol L-1 s-1, the consumption rate is too slow to affect total gas
pressure. The range from 7.0 × 10-10 to 3.0 × 10-8 mol L-1 s-1 is a transition region, showing
increasing effects on the total gas pressure. For rate coefficients greater than 3.0 × 10-8 mol L-1s-1
total gas pressure is maintained at the confining pressure (Figure 3.9b).
The effect of the rate of degassing on total gas pressures at the electrodes is demonstrated
in Figure 3.9c. The rate of degassing controls total gas pressure at both electrodes in a similar
fashion. From 1.0 × 10-8 to 1.0 × 10-5 mol L-1 s-1, increasing the rate of degassing decreases total
dissolved gas pressure, but still remains above confining pressure; at 1.0 × 10-5 mol L-1 s-1, total
gas pressure is maintained at the confining pressure, and a further rate increase does not affect
total gas pressure at the electrodes.
During electrokinetic remediation, potential is generally controlled and regulated either
by applying a constant potential or a constant electric current, which reduces uncertainty with
respect to the rate of gas production at the electrodes. However, gas accumulation and adsorption
on the electrodes can reduce electric conductivity of the electrodes [143], [144] and create a
decline of the effective potential between the electrodes [22], consequently reducing the
efficiency of the method. The results of sensitivity and scenario analyses suggest that for high
voltage, when the rates of degassing and hydrogen oxidation are outpaced by gas generation, gas
accumulation and adsorption can be diminishing method efficiency.
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Figure 3.9. Total gas pressure at anode (solid lines) and cathode (dashed lines) at the end of simulation and as a
function of: (a) electric potential; (b) rate of hydrogen oxidation and (c) rate of degassing. (Note: confining pressure
is 1.0097 [atm]).

3.6

Summary and Conclusions

The development of a general purpose reactive transport code incorporating electrochemical
processes based on the Nernst-Planck system of equations has been presented.

Electrode

boundary conditions were implemented for application to electrokinetic remediation problems.
The resulting model facilitates the study of interactions between electrode reactions, gas
generation and consumption, as well as solute transport in electrokinetic systems.
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The necessity of coupling mass transport and electrochemical processes to simulate
electrokinetic remediation has been demonstrated. Two physically different approaches, one
based on the null current assumption and the other based on the direct integration of an electric
field (Gauss-Ampère model) were implemented and compared. For a free diffusion problem
without an applied external potential gradient, near-identical results were obtained from both
methods in terms of simulated concentration distributions, despite different physical and
mathematical basis. However, using the Gauss-Ampère method provides additional information
on the generation of electric potential and electric current within the domain, triggered by charge
separation. This example also demonstrates that a weak electric current can generate detectable
electric potential which is not predictable using the null-current assumption. Using the nullcurrent assumption eliminates the electric potential term from the Nernst-Planck equation and the
electric potential field cannot be calculated explicitly. In the presence of an external electric
field, it is necessary to use the Gauss-Ampère method.
The implementation of the Gauss-Ampère method was verified with two test examples.
The first test case included pH-isolated electrokinetic transport of permanganate preventing
alkaline and acidic fronts from advancing into the domain. The second verification example
focused on the electrokinetic desalination of brick. For the permanganate problem, the fully
coupled model was able to reproduce experimental observations and results from PHT3D, a twostep electrokinetic reactive transport code and experimental observations. Good agreement with
experimental results was also obtained for the desalination problem.
To demonstrate the model capabilities and in order to evaluate the potential for gas
generation, exsolution and consumption, the desalination problem was extended to include water
electrolysis and four different scenarios were investigated. Water electrolysis generates hydrogen
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and oxygen at the electrodes increasing total gas pressure and possibly driving gas exsolution.
The build-up of total gas pressure was controlled by including degassing and combined hydrogen
oxidation and oxygen reduction. Scenario and sensitivity analyses provide a quantitative
assessment on the roles of electric potential, degassing and hydrogen oxidation on the build-up
of total gas pressure. An understanding of these interactions is particularly important for
designing electrokinetic remediation technologies for heavy metal removal, where a decrease in
current density and removal efficiency [38], [86], [145] has been observed. Utilizing reactive
transport codes that include a complex geochemical network can be used to further assess the
performance of electrokinetic remediation.
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Chapter 4: A Process-based Reactive Transport Model for Understanding
Self-potential Signals Associated with Buried Ore Bodies
4.1

Introduction

Self-potential signals are associated with a variety of processes occurring in subsurface
environments such as the natural attenuation of contaminant plumes [46], [146], the development
of redox fronts [48], [49], as well as the corrosion of buried metallic bodies [12] and the
weathering of mineral deposits [147]–[149]. Self-potential signals can typically be characterized
by an ohmic potential drop that is measurable at the ground surface. Sulfide minerals, most
notably pyrite and pyrrhotite, are largely responsible for self-potential signals related to buried
ore bodies. Spatially separated redox reactions associated with the ore body create an electric
current through the ore body, generating the self-potential signal. The oxidation-reduction
reactions are generally metal or sulfide mineral oxidation at depth leading to the transfer of
electrons towards the ground surface, facilitated by the conductivity of the ore body, and oxygen
reduction near the ground surface, receiving the electrons. These reactions initiate an array of
subsequent geochemical processes that tend to alter the ambient groundwater geochemistry
considerably. The generated electric field and induced electrochemical transport processes
contribute to further geochemical alterations of groundwater within and in the vicinity of the ore
body. In this context, the conductive ore body and the surrounding aquifer effectively act as a
“geobattery”.
The first electrochemical model of the geobattery concept describing the principles
behind self-potential signals of massive mineral deposits was proposed by Sato and Mooney
[42]. Later, Stoll et al. [10] and Bigalke and Grabner [11] presented a mathematical formulation
of the geobattery model and were able to reproduce self-potential signals measured on the
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surface above a deep continental drilling site in Germany [10], [11] (Stoll et al., 1995; Bigalke
and Grabner, 1997). The Stoll et al. and Bigalke and Grabner's mathematical “inert electrode
model” is based on electrochemical potential equilibrium between an ore body and an ambient
electrolyte, and relies on the approximation of the vertical redox potential gradient [10]. In the
“inert electrode model” the chemical composition and properties are constant and only electron
transfer is taken into account [10], [11].

Bigalke and Grabner [10] conducted laboratory

experiments with synthetic materials to calculate the redox potential field and electrochemical
reactions at the mineralization surface. The assumed reactions were oxygen reduction at the
cathode and iron and methane oxidation at the anode. The oxygen diffusion coefficient and
standard current density were treated as fitting parameters in their study. The Bigalke and
Grabner simulations were able to reproduce measured self-potential signals, but did not take into
account geochemical changes in the subsurface [11].
To date, many aspects of self-potential signals cannot be explained by the existing
models [148]. For example, the inert electrode model is not able to explain the effect of reactive
minerals on the electric field [44]. There is no study available in the literature for forward
modeling of self-potential signals associated with reactive minerals. Although the association of
self-potential signals with contaminant plumes [46]–[48], [146], redox fronts [48], [49],
corrosion of buried metallic bodies [12] and ore deposits [44] has been investigated using inverse
modeling, so far there is no forward model that includes the wide range of (bio)geochemical
(kinetic and equilibrium) reactions accounting for porous media properties, aqueous composition
and the various transport phenomena that ultimately control and determine electric currents in
the geochemical systems and the associated potential signals.
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Recent investigations of relationships between self-potential and redox potential have
focused on the mapping and assessment of contaminant plumes. Self-potentials have been
associated with redox potential gradients resulting from the biodegradation of dense nonaqueous
phase liquids [150], [151], bacterially-mediated organic carbon oxidation in landfill leachates
[43], [47], [48], [146], [150]–[155], and corrosion of buried iron bars [12], [50].
In this study, we present the first process-based reactive transport model to investigate the
relationship between self-potential surface signatures and multicomponent reactive transport
processes in the subsurface. Processes considered by the model include geochemical reactions
such as aqueous complexation, mineral dissolution-precipitation and gas dissolution-exsolution
along with mass and charge transport by diffusion, electromigration and electron drift through
the ore body that acts as an electrical conductor. There are a limited number of previous studies
on this subject and their two major limitations are 1) performing only inverse modeling for selfpotential source currents or dipole localization [44], [47]–[50], [146], [156]–[158] and 2) not
considering the geochemical reactions generating the redox gradient in the forward model [50],
[158].
The present work focuses on a quantitative and process-based description of the
geobattery concept related to self-potential signals and geochemical reactions within and in the
vicinity of an ore body. Specific objectives of this contribution include: 1) the development of
the governing equations describing the geobattery concept in a multicomponent reactive
transport framework and implementation of the equation into the reactive transport code MIN3P
[59], [104], 2) evaluation of the model based on a published dataset from a controlled sandbox
experiment focusing on the corrosion on a buried iron bar and 3) to demonstrate, based on an
illustrative example, that a process-based reactive transport model can be used to simulate the
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geochemical and transport processes that generate redox anomalies and self-potential signatures
associated with buried ore deposits. In addition, we also investigate the effect of geochemical
and physical properties on self-potential response. To serve these objectives, we extended the
fully coupled 3D reactive transport code MIN3P [59], [104] by implementing the Gauss-Ampère
formulation to couple electric potential implicitly with relevant transport processes and
geochemical reactions.
4.2

Conceptual Model

In the absence of a conductive ore body, redox potential in the subsurface is affected by the
ingress of atmospheric oxygen, which enters with infiltrating rainwater and by diffusion,
generating oxidizing conditions in the shallow subsurface. Mineral phases containing metals in
reduced state (e.g.: Fe(II), Mn(II)), disseminated sulfides, or organic carbon fragments act as
effective redox buffers, consuming oxygen and maintaining reduced conditions in the deeper
subsurface. However, the presence of a conductive ore body may allow oxidation reactions to
occur at greater depth, effectively leading to the formation of two spatially separated half-cell
oxidation-reduction reactions (Figure 4.1). The mobility of electrons through the conducting ore
body enables electron transfer between the spatially separated reaction sites [159]. Therefore,
when an electrical conductive metallic body is present, an upward electron flow in the ore body
is established facilitated by deep anodic reactions releasing electrons as a result of oxidation
reactions (e.g. corrosion reactions), and near surface cathodic reactions typically by the reduction
of oxygen radicals [43], [160]. Simultaneously, the ionic current in the surrounding electrolyte
establishes upward migration of cations from the anodic region at depth to the cathodic region
near the ground surface and downward migration of anions from cathode to anode, both
processes contributing to the generation of a potential field [10], [11], [160]. Electrokinetic
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processes such as diffusion, electromigration, electroosmosis and streaming potential contribute
to the movement of charged species and generate electric potential. The electric current through
the conducting ore body, known as “source current” [12], [43] or “forcing current” [50],
contributes to the total electric current flux [10], [11], [42], [43] and affects the self-potential
measurable at the ground surface.

Figure 4.1. Geobattery concept. An electric field is established when a gradient of the redox potential is connected
by an electrical conductive body. Oxidation-reduction reactions (oxygen reduction near the surface and metal
oxidation e.g. metal or sulfide oxidation at depth) are responsible for the generation of an electric current by electron
flux through the ore body. The generated electric field initiates electromigration of ions in the opposite direction in
the surrounding aquifer to maintain electroneutrality. Geochemical reactions such as mineral dissolutionprecipitation, gas generation and exsolution may occur in the surrounding environment and within the ore body.
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This system acts as a geobattery in which the electric current through the electrical
conductive minerals or other forms of conductors, such as bacterial conductive pili, and/or
nanowires [43], is balanced by ionic electrochemical migration.
In this study we establish the link between geochemical reactions occurring in subsurface
environments and the generation of surface-measureable electric potential signals by reactive
transport modeling.
4.3

Governing Equations

As described in the previous chapter, the migration of interacting individual aqueous species
with low ionic strength in dilute solutions under isothermal conditions [28], [104], and in the
absence of advection, is defined by the Nernst-Planck equation:
= −ϕτS

∇C −

F
C z ∇ψ
RT

(4.1)

where ϕ is porosity (m3 void m-3 bulk), τ is tortuosity (m void m-1 bulk), Sa is the saturation of
the aqueous phase (m3 fluid m-3 void), Cia (mol L-1 H2O) is the ith aqueous species concentration,
Di is species-dependent diffusion coefficient (m2 s-1), zi is the charge of a species, and ψ is the
electric potential (V). F is the Faraday constant (96485 C mol-1), R is the ideal gas constant
(8.341 J K-1 mol-1), and T is the absolute temperature (K). Jia is the ith aqueous species flux (mol
m-2 s-1). This equation describes the total mass flux of aqueous species in the sediments as a
function of total concentrations and electric potential. To complete the geobattery model, the
Nernst-Planck equation requires an additional term to account for movement of electrons in the
conductor called electron drift. Electron drift in the electrical conductor can be expressed as
[161]:
=−

enμ
∇ψ
F

(4.2)
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where e is the elementary electron charge (1.6 × 10-19 C), n is number of free electrons per
volume (m-3) and μe is electron mobility (m2 V-1 s-1).
In the absence of an external electric current, the total electric current associated with
diffusion, migration and electron drift is:
=F
where

(4.3)

z Jia + Je
is the total electric current density due to the movements of aqueous species,

m-2 or A m-2) and includes the electron flux in the electrical conductor,
of aqueous species. In the aquifer,

,(C s-1

. N is the total number

, is equal to zero because there is no conductor and electron

drift. In the absence of external electric current and electrical conductive media, the total electric
current and resulting electric potential are small and commonly termed as "shale potential",
"liquid junction potential" or "diffusion potential" [8]. An example of diffusion potential was
presented in the previous chapter in a free diffusion verification problem where mixing of two
aqueous solutions with different ionic strength generated electric potential across the diffusion
cell.
According to the geobattery model presented by Revil and co-workers [12], [43], [46],
[47], [49], [146], [162], an electric current, termed as source (or driving) electric current density,
(A m-2), is established in the presence of an electrical conductor and a redox potential
gradient, facilitating electron transfer from the reducing regions to the oxidizing regions. The
source electric current density can be defined as:
= −σ ∇ E

_

−E

_

− E

_

−E

_

(4.4)

where σm (S m-1) is the electric conductivity of the electrical conductive medium (ore or metallic
body) and EH_an and EH_ca (V) are the equilibrium redox potentials of anodic and cathodic
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reactions, respectively. Em_an and Em_ca are the redox potentials of the electrical conductive
medium at the anode and cathode, corresponding to the top and bottom of the ore body. The
redox potential of the electrical conductive medium eventually becomes constant (Em_an = Em_ca)
as the chemical potential of electrons is constant inside the conductor [11], [12]. Here we
adopted the “active electrode model” after [12], [46], [163], which assumes participation of the
ore body in geochemical reactions and for simplification considers a linear relationship between
the redox potential and source current density. The total electric current density,

, is the sum

of total electric current density due to the movements of aqueous species in the aquifer and
electron drift in the ore body,
=

, and source current density

[12], [43], [46], [157], [164]:

+

(4.5)

By substituting equations (4.3) and (4.4) into equation (4.5) and applying Gauss-Ampère’s law
(i.e. continuity of charge written in terms of electric flux), the temporal and spatial distribution of
concentrations and the electric potential will be obtained:
∙

=

∙

(4.6)

+

and:
∂ ϕS F ∑
∂t

C z

+

∙

(4.7)

=0

substituting equations (4.3) and (4.4) into equations (4.6) and then (4.7):
∂ ϕS F ∑
∂t
∙ FϕτS

C z

(4.8)

−
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∙

F
C z ∇ψ − (1 − ϕ) enμ ∇ψ −
RT
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−E

− E

−E

=0
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Since electric conductivity of the surrounding porous media (σm) is very low in comparison to
the electrical conductive body, the source term will be negligible for the surrounding sediments.
The electron movement is restricted to the conductor according to Gauss's law; in this model the
electrical conductor zone transmits electrons from a high potential region to a low potential
region (equation 4.2). A more detailed step-by-step derivation of the equations is presented in
Appendix A.
4.4

Model Implementation and Verification

Equation (4.6) without the addition of source electric current was implemented into previously
verified and validated developments of MIN3P described in the preceding chapter [59]. In the
previous model for simulation of electrokinetic remediation, the electrode boundary conditions
were applied at the electrode-aquifer interface (equation 3.21 in chapter 3). For the present
model, equation (4.8) was implemented in MIN3P and electric flux boundary conditions are
specified at the ore-aquifer interfaces (i.e. anode-aquifer and cathode-aquifer) where the sum of
the electron flux through the conductor is equal to the sum of the electric flux in the aquifer
induced by ion migration. The electrical conductive zone is defined as a co-existing medium
where electrons are drifting from high potential to low potential regions. A vertical electric flux
in the conductor was assumed, which only can enter and exit at the anodic and cathodic ends of
the ore body. Outside the electrical conductive zone, electrons are immobile. Since there is no
other forward reactive transport numerical model coupling geochemical transport and reactions
with self-potential signals, the new model was validated against published results of a controlled
sandbox iron corrosion experiment conducted by Castermant et al. [12].
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4.5

Experimental Case Study

Castermant et al. [12] studied the relationship between redox potential and self-potential
anomalies by inserting a 50 × 2 × 2 cm iron bar in a 200 × 50 × 7 cm sandbox filled with sand
composed of 95% silica, 4% orthoclase and less than 1% albite. The sandbox was carefully filled
by an electrolyte of known composition (1×10−2 M KCl and 2×10−3 M NaOH) with an initial pH
of 7. The use of NaOH was intended to accelerate the process of iron corrosion. The upper
boundary of the tank was in contact with air. Surface self-potential signals were measured by
non-polarizing electrodes. The redox potential, self-potential and pH were measured in a regular
grid 42 days after the iron bar insertion into the sandbox [5]. The iron bar was inserted vertically
at the left-hand side of the tank. The results were interpreted in terms of a geobattery model
combined with iron oxidation reactions. Here iron acts as the electron donor and electrical
conductor to transport electrons released by iron oxidation towards the top of the sandbox, where
oxygen reduction takes place.

The iron oxidation reactions lead to the corrosion of iron

generating ferrous or ferric iron and dissolved gases. The pH increased significantly during the
experiment and the redox potential of the ambient water decreased [12]. The pH increase
initiated precipitation of secondary minerals on the surface and in the vicinity of the iron bar
which partially buffered further pH increases. Visual observations of blue-greenish sand in the
vicinity of the iron bar suggested the formation of green rust represented by fougerite (Fe(OH)2).
Upon exposure to air, unstable Fe(OH)2 oxidized to an ochre-coloured mineral which was likely
goethite or lepidocrocite (FeOOH). Atmospheric oxygen and CO2 gases are diffusing into the
tank across its surface. Oxygen plays the role of the electron acceptor in this system. The charge
transfer resulting from iron oxidation and oxygen reduction reactions is essential to establish a
measurable surface self-potential response. This charge transfer is controlled by the electric

88

conductivity of the conductor. In the absence of a conductive medium, only a very small electric
potential field can be generated by diffusion potential.
Geochemical Relationships: the geochemical reaction network considered for this study can be
represented by the following 8 components: H+, Na+, K+, Fe+2, Fe+3, Cl-, CO3–2 and H2O and 3
gases: O2(g),

H2(g), CO2(g) and 4 possible secondary minerals: Fe(OH)2(am), FeOOH,

Fe(OH)3(am) and FeCO3(am). Fe+2/Fe+3 was considered as an equilibrium redox couple. Electron
migration was restricted to the conductive ore body and the electron was also used as a master
variable to calculate redox potential. A total number of 9 aqueous complexation reactions from
the MIN3P database were also included in the model.
Reactions at the electrodes and mineral dissolution-precipitation: electrode and mineral
precipitation reactions are assumed to progress in parallel with no inhibitive or competitive
interaction. A general rate expression for the surface-controlled irreversible dissolution was used for
oxidation of iron [111], [165].
The rate constants were obtained by calibration to match the observed pH and self-potential
signal. The precipitation of secondary mineral phases is represented by the following rate
expression:
R

= −k

1−

IAP
K

(4.9)

where keff is an effective rate constant for mineral precipitation, IAPm is the mineral ion activity
product and Km is the mineral equilibrium constant. The reaction stoichiometries of electrode
reactions, mineral formation reactions, gas exchange and aqueous complexation are summarized
in Table 4.1.
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Table 4.1. Reactions network and corresponding coefficients [166].

Name

Reaction

Electrode reactions
Anode
Fe(s) → Fe+2 + 2e−
Cathode
O2(aq) + 4e− + 2H+ → 2H2O
Secondary minerals reactions
Fougerite
Fe(OH)2(am) ↔ Fe+2 + 2H2O − 2H+
Ferrihydrite
Fe(OH)3(am) ↔ Fe+3 + 3H2O − 3H+
Lepidocrocite
FeO(OH) ↔ Fe+3 + 2H2O − 3H+
Siderite
FeCO3(am) ↔ Fe+2 + CO3‒2
Gas dissolution-exsolution reactions
O2(g) dissolution
O2(aq) ↔ O2(g)
H2(g) dissolution
H2(aq) ↔ H2(g)
CO2(g) dissolution CO2(aq) ↔ CO2(g)
Redox couples
Fe2+ /Fe3+
Fe2+ → Fe+3 + e−
Aqueous complexation
OHH2O ↔ H+ + OHO2(aq)
O2(aq) + 4e− + 2H+ ↔ 2H2O
H2(aq)
H2(aq) ↔ 2e− + 2H+
‒
HCO3
HCO3‒ ↔ CO3‒2 + H+
H2CO3(aq)
H2CO3(aq) ↔ CO3‒2 + 2H+
+
FeHCO3
FeHCO3+ ↔ Fe2+ + CO3‒2 + H+
FeCO3(aq)
FeCO3(aq) ↔ Fe2+ + CO3‒2 + H+
2+
FeCl
FeCl2+ ↔ Fe3+ + Cl‒
FeCl+
FeCl+ ↔ Fe2+ + Cl‒
†

log K

log keff
mol L-1 H2O s-1

− 14.9
− 86.018

− 8.3†
-

− 13.905
− 4.891
− 1.371
10.450

− 9.6
− 9.6
− 9.6
− 9.9

2.898
− 43.009
18.160

mol L-1 atm-1
mol L-1 atm-1
mol L-1 atm-1

13.032

-

− 13.998
− 86.018
− 3.124
− 3.617
− 2.247
12.330
4.380
1.480
0140

-

Calibrated.

Physical Parameters: a 2D model of the sandbox experiment with overall dimensions of 2 m
length and 50 cm depth was constructed and discretized into 1184 control volumes. In the
experiment, the iron bar had a thickness of 2.0 cm. The sandbox thickness was 7.0 cm with a
porosity of 0.34 for the sand; since the iron bar was not present over the entire thickness of the
sandbox, the volume fraction of iron was adjusted accordingly in the 2D model and porosity of
the porous media in the iron bar section was reduced to 0.24 to account for the presence of the
iron bar. The domain was divided into two zones: “background” from 0.05 to 2.0 m representing
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the aquifer with identical material properties and initial conditions, and the iron bar zone from
0.0 to 0.05 m with an iron bar volume fraction of 0.28 m3 m-3 (Figure 4.2).

Figure 4.2. (a) Domain and boundary conditions and (b) MIN3P model grid applied for solving iron bar case study.

The initial volume fractions of secondary minerals were set to 0.0. The initial geochemical
composition of the pore water in the entire domain is listed in Table 4.2. The diffusion
coefficients were taken from [124] for available ions. When diffusion coefficients were not
available, they were calculated based on the Stokes-Einstein equation [167]. The physical
parameters of the porous medium are given in Table 4.3. Equilibrium constants for geochemical
reactions were derived from the MINTEQA2 database [166]. Details can be found in [108] and
[111]. The temperature was set to 25ºC and there was no flow in the domain; the transport
processes were diffusion and electromigration in porous media and electron drift in the iron bar.
The Debye-Hückel equation was used as the activity coefficient model. The top boundary
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condition of the domain allowed continuous O2(g), H2(g) and CO2(g) exchange with atmosphere.
The initial electric potential condition was set to 0 V for the entire domain. It has to be noted that
here the electric potential is the self-potential which is measured by non-polarizing electrodes
while redox potential is expressed with respect to the standard hydrogen electrode as a measure
of tendency to accept electrons; therefore a more positive redox potential indicates the tendency
to accept electrons. For the electric boundary conditions, the electric potential at the top right
corner of the domain was fixed at a reference voltage of 0 V. The top boundary condition was
determined by a redox potential representative of atmospheric conditions (i.e. equilibrium with
atmosphere: Eh = 803 mV). pH is fixed at the top boundary to 7.0. Electric flux boundary
conditions were applied to cathode and anode boundary cells at the top and bottom of the iron
bar respectively. This boundary condition is adapted over time to account for changes in redox
potential gradient. The results of the simulation were compared to experimental measurements to
assess the capabilities of the model to capture the electrochemical evolution in the experiment
including geochemical reactions.
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Table 4.2. Boundary conditions, initial conditions, and species-specific diffusion coefficients.

Species
Aqueous phase
pH
Na+
Cl‒
K+
Fe+3
Fe+2
CO2‒3
Eh
Mineral phase
Fe(s)
Fougerite
Ferrihydrite
Lepidocrocite
Siderite
*

*

Initial
Condition

*

†

Boundary
Condition

Unit

Diffusion
Coefficient (m2 s-1)

7. 0
2.000 × 10-3
1.059 × 10-2
1.000 × 10-2
4.720 × 10-12
2.530 × 10-13
1.950 × 10-3
400

7.0
803

mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mV

9.31 × 10-9
1.33 × 10-9
2.03 × 10-9
1.90 × 10-9
1.33 × 10-9
2.03 × 10-9
9.55 × 10-10
-

0.28
0
0
0
0

-

m3 m-3
m3 m-3
m3 m-3
m3 m-3
m3 m-3

-

Aqueous concentrations are in mol L-1.
From “Diffusion Coefficients in Liquids at Infinite Dilution” in [124] unless otherwise indicated.

†

Table 4.3. Physical parameters.

Parameter
Length × Depth
Spatial discretization
Control volume
Simulation time
Maximum time step
Porosity - sand
Porosity – iron bar
†
Electron mobility in iron
††
Electric conductivity of iron
†

Symbol

Value

Unit

L×D
Δx
n
T
Δtmax
φp
φm
μe
σm

2.0×0.5
1.0 × 10-3
1184
42
0.5
0.34
0.24
3.29 × 10-8
450

m
m
day
day
[-]
[-]
2
(m V-1 s-1)
(S m-1)

Calculated for iron with electric conductivity of 450 [S m-1].
Calibrated.

††
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Results and Discussion: two-dimensional simulations of 42 days length were carried out and
compared to the experimental data of Castermant et al [12]. The model was calibrated against
available pH, Eh and self-potential measurements. The model was also used to demonstrate the
geochemical changes which likely have occurred in the sand box in response to the corrosion of
the iron bar.
Eh evolution, electric flux and self-potential signals: the occurrence of iron oxidation created a
vertical upward electron flux through the iron bar. The oxidation of iron and the initial vertical
natural redox gradient initiated the upward electron drift generating an electric current of 25.2
mA across the iron bar. The observations and simulation results show a decrease in redox
potential indicative of a reducing environment around the iron bar (Figure 4.3). Oxygen
diffusion from the surface created an oxidizing zone in the upper section of the tank. The redox
conditions within the tank were affected by two processes: 1) Gas exchange with the atmosphere
which determines the vertical distribution of redox conditions within the sand box at distances
greater than 30 cm from the iron bar, exhibiting a transition from an oxidizing environment to a
reducing environment; 2) the near field of the iron bar, up to a distance of 30 cm from the bar,
was strongly disturbed by iron oxidation reactions (Figure 4.3). The initial redox potential at the
upper boundary open to air in the entire tank before introducing the iron bar was 803 mV. After
inserting the iron bar, electrons generated by iron oxidation drifted to the upper oxygen rich
section and initiated oxygen reduction consuming the dissolved oxygen which created a lower
redox potential surrounding the iron bar (Figure 4.3). The far-field measured redox potential
ranged between 300 mV and -50 mV and between -250 mV and -120 mV in the vicinity of iron
bar. The overall reducing nature of the redox potential in the far-field region of the tank was
indicative of other unknown reactions than iron oxidation. The difference between computed and
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measured redox potential can possibly be attributed to organic matter degradation and/or
interactions with mineral phases present in the sand tank which were not considered in the model
due to the unknown nature of these reactions (Figure 4.3). In addition, it is a well-known fact
that redox reactions in groundwater do not easily approach equilibrium conditions due to kinetic
limitations, whereas the model simulations were based on the equilibrium assumption. Despite
these limitations, the modeling adequately captures the redox zonation within the sandbox.

Figure 4.3. Distribution of the redox potential: simulated (top) vs. measured (bottom) [12] 42 days after inserting
the iron bar on the left hand side of the tank. Measured redox potential from [12]. Copyright © 2008 European
Association of Geoscientists & Engineers. Reprinted with permission from John Wiley & Sons.
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As the source current associated with the electron flux through the iron bar increased over time,
the resulting self-potential anomaly also increased significantly and reached its peak at the end of
the simulation. The best fit for the self-potential signal at the end of the simulation was obtained
for an electric conductivity of 450 S m-1 for the iron bar. The iron bar was coated gradually by a
thin layer of rust with a measured electric conductivity of 2.5×10-3 S m-1 [12]. The low electric
conductivity of the iron bar can be attributed to rust accumulation on its surface. The computed
self-potential signal at the surface was -70 mV, and agreed reasonably well with the measured
surface self-potential at the end of the experiment (Figure 4.4). By increasing the electrical
conductivity, the self-potential signature magnitude also increased. The simulated self-potential
distribution showed a negative potential anomaly located on the top of the iron bar and a positive
potential anomaly at the bottom which is consistent with observations and the proposed dipolar
nature of the geobattery concept (Figure 4.5).

Figure 4.4. Self-potential distribution on the surface; line is the model and symbols are measured at the end of the
experiment after 42 days.
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Figure 4.5. Self-potential distribution after 42 days: simulated (top) vs. measured (bottom) [12]. Measured selfpotential from [12]. Copyright © 2008 European Association of Geoscientists & Engineers. Reprinted with
permission from John Wiley & Sons.

Iron oxidation and oxygen reduction: oxygen was the electron acceptor in the system. There
were two iron oxidation mechanisms in this system: one was the kinetic oxidation of zero-valent
iron to ferrous iron and the other oxidation of ferrous iron to ferric iron. Electrons released from
both reactions were transferred through the iron bar and enhanced oxygen reduction (available
from atmospheric diffusion) in the shallower part of the tank (Table 4.1). This result also shows
that oxygen availability plays an important role in driving the system. The reducing environment
around the iron bar (Figure 4.3) can be attributed to oxygen depletion by iron corrosion reactions
(Figure 4.6). The simulation results indicate that iron oxidation by oxygen reduction will be
stopped if oxygen as electron acceptor depletes. Under steady state conditions, the transport rate
of oxygen eventually should be equal to its consumption rate. In this simulation, a fully saturated
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environment was present, where oxygen is only available within the uppermost few centimeters
of the tank. However, in variably saturated environments, if the metallic body intercepts the
capillary fringe across the oxic/anoxic interface, then stronger iron oxidation would be expected
at the anode in the reduced zone due to greater oxygen availability at the cathode.

Figure 4.6. Oxygen partial pressure (atm) after 42 days: depletion of oxygen due to oxygen reduction reactions.

Mineral formation and pH evolution: the oxidation of iron increases pH by donating electrons
to drive oxygen reduction. Figure 4.7 compares the computed pH values obtained by numerical
simulations and from experimental observations. The pH of the sandbox increased from 7.0 to
9.2 in close proximity of the iron bar during the experiment. The computed pH in the vicinity of
the iron bar was 9.9. The oxidation reaction rate was calibrated to reproduce the observed pH
values. The pH distribution depends on the oxidation reaction rate and the presence of oxygen.
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Figure 4.7. pH distribution: simulated (top) vs. measured (bottom) [12] after 42 days after inserting the iron bar on
the left hand side of the tank. Measured pH from [12]. Copyright © 2008 European Association of Geoscientists &
Engineers. Reprinted with permission from John Wiley & Sons.

The simulation results also showed that iron oxidation and pH increases lead to the precipitation
of secondary minerals (Figure 4.8). For the simulations, minerals are assumed to precipitate as
ferrous and ferric hydroxides. The model results indicated that all mineral precipitation took
place in the direct vicinity of the iron bar confirming laboratory observations by Castermant et al.
[49]. Mineral precipitation of the iron oxides emulates the formation of green rust (here
represented as fougerite) observed in the experiment (Figure 4.8).
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Figure 4.8. Secondary mineral formation in the direct vicinity of the iron bar after 42 days, shown as volume
fractions.

Ionic transport: In the absence of a hydraulic gradient, diffusion and electromigration were the
main transport mechanisms. There was a downward transfer of oxygen and CO2 gas from the
atmosphere entering the tank via diffusion. The oxygen diffusion was the driving force of the
iron corrosion reaction in the upper part of the tank. Iron and the high pH front produced by
corrosion diffused through the pore water. Ferric and ferrous iron transport was limited to a few
centimeters surrounding the iron bar due to their small diffusion coefficients and rapid
immobilization by precipitation into the solid phase as secondary minerals. However, a high pH
front propagated through the domain farther from the iron bar. Simulated pH values are generally
lower than measured pH (Figure 4.7). The simulation results showed less pH front movement
with respect to iron bar compared to the laboratory measurements, but the overall pH distribution
is well captured. The observed pH increase in the far field region cannot be attributed to iron
oxidation reactions, because transport by diffusion and migration in 42 days cannot reach the far
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field region despite the high diffusion coefficient of OH-. The elevated pH level in the far field
zone can be attributed to possible degradation of organic matter observed inside the sand tank, as
discussed by Castermant et al [12]. This process was not simulated here. The local precipitation
of secondary minerals over time reduced the reactivity of the iron bar by forming a coating of
high electric resistivity around the bar surface. This reduced electric conductivity could decrease
electron flux from bottom to the top and consequently might have inhibited iron oxidation. We
did not consider the effect of increasing electric resistivity in the model.
4.6

Illustrative Ore Deposit Model

In order to evaluate the code’s capabilities to simulate the geobattery mechanism associated with
mineral deposits, an illustrative numerical model was constructed.

The model and its

parametrization include the key features of geobattery processes attributed to buried mineral
deposits. Based on the conceptual model presented in Figure 4.1, a two dimensional numerical
model was constructed for a 20 × 4 m domain. A pyrite ore body with 1 × 2.5 m dimension was
assumed in the middle of the domain; the top and bottom of the ore body were 0.5 m and 1 m
from upper and lower boundaries respectively. Although the dimensions of this illustrative
model are not representative of field conditions, the model allows capturing the relevant
mechanisms and demonstrates their interactions.
The upper boundary was in contact with the atmosphere, providing a constant source of
oxygen diffusing into the domain and the lower boundary was assumed anoxic with reducing
conditions maintained by iron-bearing silicate minerals. An initial mineral distribution is
assumed to represent the result of long-term weathering and is meant to represent present day
conditions. The ore body was electrical conductive, allowing electron drift though the ore. For
simplicity, it is assumed that there was no hydraulic gradient. Diffusion and electromigration
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were the main transport mechanisms for solutes and electron migration occurs in the electrical
conductive zone controlled by the electric potential gradient between the two ends of the ore
body. The domain was discretized into 1302 control volumes (62 in horizontal and 21 in vertical
direction). The mesh around the ore body was refined to better capture the processes occurring at
the interface.
Geochemical Relationships: The following 12 components were considered in the simulations:
H+, Ca+2, Mg+2, Al+3, K+, Fe+2, Fe+3, Cl-, CO3–2, HS-, SO4–2, H4SiO4 and H2O In addition, 3 gases
(O2(g), H2(g), CO2(g)) and 7 minerals (pyrite [FeS2], K-mica [KAl3Si3O10(OH)2] and calcite
[CaCO3] as primary minerals and gypsum [CaSO4.2H2O], iron hydroxide

[Fe(OH)2(am)],

ferrihydrite [Fe(OH)3(am)] and siderite [FeCO3(am)] as secondary minerals) were included.
Fe+2/Fe+3 and SO4‒2/ HS‒ were considered as redox couples. Electron migration took place
through the conductive ore body and the electron was also used as master variable to calculate
redox potential. A total number of 10 aqueous complexation reactions from the MIN3P database
were included in the model to adequately simulate mineral solubilities. The initial conditions for
the three different zones are presented in Table 4.4. The ore body is assumed passivated and
non-reactive from 1.5 m to 3.5 m elevation. The diffusion coefficients were taken from [124] for
available ions or calculated based on the Stokes-Einstein equation [167] for other ions. The
upper boundary was fixed at a redox potential to 808 mV to represent oxidizing conditions by
contact with the atmosphere. As O2(aq) is a secondary species, it was not possible to assign
oxygen flux directly as boundary condition and as an approximation its concentration was
calculated based on redox potential. The initial mineral distribution is illustrated in Figure 4.9.
The electric potential was set to 0 V from x = 0 to x = 20 m and z = 4 m (top surface) as
reference points for electric potential field calculation.
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Table 4.4. Initial conditions for three different zones.

Species
Aqueous phase
pH
Cl‒
CO2‒3
Ca+2
Fe+3
Fe+2
SO4‒2
HS‒
Mg+2
K+
Al+3
H4SiO4
Eh
Mineral phase
Pyrite
Calcite
K-mica
Fougerite
Ferrihydrite
Gypsum
Siderite

Upper
Domain

Lower
Domain

Ore Body

Units

7. 17
1.000 × 10-2
1.950 × 10-3
5.825 × 10-3
4.720 × 10-12
1.000 × 10-6
1.000 × 10-10
1.000 × 10-10
1.000 × 10-10
7.000 × 10-9
2.100 × 10-8
2.100 × 10-8
400

7. 17
1.000 × 10-2
1.950 × 10-2
7.695 × 10-3
4.720 × 10-12
1.000 × 10-6
1.000 × 10-10
1.000 × 10-10
1.000 × 10-8
7.000 × 10-9
2.100 × 10-8
2.100 × 10-8
75

7. 17
1.000 × 10-2
1.950 × 10-3
5.869 × 10-3
4.720 × 10-12
1.000 × 10-6
1.000 × 10-10
1.000 × 10-10
1.000 × 10-10
7.000 × 10-9
2.100 × 10-8
2.100 × 10-8
400

mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mol L-1
mV

0
1.0
0
0
0
0
0

0
0.5
0.5
0
0
0
0

1.0
0
0
0
0
0
0

m3 m-3
m3 m-3
m3 m-3
m3 m-3
m3 m-3
m3 m-3
m3 m-3

Table 4.5. Physical parameters.

Parameter
Length × Depth
Control volume
Maximum time step
Porosity – aquifer
Porosity – ore body
†
Electron mobility in pyrite
†

Symbol

Value

Unit

L×D
n
Δtmax
φp
φm
μe

20.0 × 4.0
1304
0.01
0.38
0.38
3.765 × 10-8

m
year
[-]
[-]
(m2 V-1 s-1)

Calculated for pyrite with electric conductivity of 152 [S m-1] from [168].

103

Table 4.6. Reactions network and corresponding coefficients [166].

Name

Reaction

Primary minerals reactions
Pyrite
FeS2 + 8H2O ↔ Fe+2 + 2SO4–2 + 16H+
+ 14e−
Calcite
CaCO3 ↔ Ca+2 + CO3-2
K-mica
KAl3Si3O10(OH)2 + 9H+ ↔ K+ + 3
Al+3 + 3 H4SiO4+ e−
Secondary minerals reactions
Fougerite
Fe(OH)2(am) ↔ Fe+2 + 2H2O − 2H+
Ferrihydrite
Fe(OH)3(am) ↔ Fe+3 + 3H2O − 3H+
Gypsum
CaSO4.2H2O ↔ Ca+2 + SO4–2 + 2H2O
Siderite
FeCO3(am) ↔ Fe+2 + CO3‒2
Gas dissolution-exsolution reactions
O2(g)
O2(aq) ↔ O2(g)
H2(g)
H2(aq) ↔ H2(g)
CO2(g)
CO2(aq) ↔ CO2(g)
Redox couples
Fe2+ /Fe3+
Fe+3 + e− ↔ Fe+2
SO4–2/HSHS- + 4H2O ↔ SO4–2 + 9H+ + 8e−
Aqueous complexation
OHH2O ↔ H+ + OHO2(aq)
O2(aq) + 4e− + 2H+ ↔ 2H2O
H2(aq)
H2(aq) ↔ 2e− + 2H+
HCO3‒
HCO3‒ ↔ CO3‒2 + H+
H2CO3(aq)
H2CO3(aq) ↔ CO3‒2 + 2H+
HSO4‒
HSO4‒ ↔ SO4‒2 + H+
CaSO4(aq)
CaSO4(aq) ↔ SO4‒2 + Ca+2
CaOH+
CaOH+ + H+ ↔ Ca+2 + H2O
+
CaHCO3
CaHCO3+ ↔ Ca+2 + CO3‒2 + H+
CaCO3(aq)
CaCO3(aq) ↔ Ca+2 + CO3‒2

log K

log keff
mol L-1 H2O
s-1

85.798

− 10.0

8.480
− 12.703

− 8.0
− 10.0

− 13.905
− 4.891
4.581
10.450

− 9.0
− 9.0
− 8.0
− 10.0

2.898
− 43.009
18.160

mol L-1 atm-1
mol L-1 atm-1
mol L-1 atm-1

13.032
− 33.660

-

− 13.998
− 86.018
− 3.124
− 3.617
− 2.247
3.850
1.470
14.535
5.410
4.030

-
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Figure 4.9. Initial mineral distribution a) pyrite, b) calcite, and c) K-mica.
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Results and discussion: assuming present day mineral distribution, the model was run until
aqueous concentrations, redox distribution and self-potential distribution did not show significant
change, representing a quasi-steady-state solution. The initial aqueous concentrations were set to
ensure global electroneutrality in the domain. The model was used to illustrate the major
geochemical and physical changes which are likely to occur in a buried ore deposit.
The ore body straddles two regions of reducing condition at depth and oxidizing condition in the
shallower region. The redox gradient and pyrite oxidation at depth induced upward electron
transfer through the ore body as well as migration of chloride toward the bottom to compensate
excessive negative charge on top and maintain electroneutrality in the early stages before
approaching steady state. As the process progresses toward steady state, the net movement of
chloride diminishes and only a signature of chloride depletion and enrichment remains. At steady
state, the Fickian diffusion compensates for electromigration and maintains electroneutrality. The
redox potential within the ore is more reducing than in the surrounding aquifer near the top
(Figure 4.10). The electrical conductivity of the ore body is the key parameter that enables
electron transfer from the anode (oxidation of unweathered sulfides at depth) to the cathode
(oxygen reduction near the surface). The passivation of reaction surfaces can lead to persistence
of sulphides in regions with elevated redox potential, as was for example observed in the
Kambalda nickel deposits [169]. This passivation can be due to deposition of goethite and ferric
hydroxide in early stages on reactive surfaces of the shallower portion of the deposits [170].
Therefore, the upper 2m of the ore was assumed passivated due to weathering and coating with
insoluble minerals and only the lower 0.5 m of the ore body was reactive and underwent
oxidation releasing electrons into the conductive ore according to pyrite oxidative dissolution
reaction (FeS2 + 8H2O → Fe+2 + 2SO4–2 + 16H+ + 14e−). As a result, electrons drifted upward
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along the redox potential gradient through the conducting ore body. Simultaneously, strong
oxidizing conditions propagate to greater depth outside of the ore body due to the absence of
reducing mineral phases in this region (Figure 4.11). The encounter of dissolved oxygen and
electrons at top of the ore body leads to oxygen reduction according to the reaction (O2(aq) + 4e−
+ 2H+ → 2H2O) and resulted in oxygen depletion near the top of the ore (Figure 4.11). In this
model, the upper boundary redox potential controls oxygen influx into the domain.

Figure 4.10. Redox potential at quasi steady state. Electron drift through the ore body decreases the redox potential
gradually.
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Figure 4.11. Oxygen distribution at quasi steady state.

The electrons released by pyrite oxidation are balanced by the electrons accepted by oxygen
reduction under steady state conditions. The source current inside the conducting ore body
(equation 4.4) is the result of this electron flux. In order to calculate the rate of electron transfer
by pyrite, normalized pyrite oxidation (with respect to electrons) was integrated over the ore
body and compared with the fraction of electron intake from the ore-aquifer interface, which was
consumed by oxygen. The electric conductivity of the conductor was calibrated to balance the
two rates for quasi-steady state conditions.
Pyrite oxidation reduces pH in the deeper part creating acidic condition and oxygen reduction
increases pH in the shallower part (Figure 4.12). However the presence of calcite in the system
buffers the pH in the surrounding areas outside the ore body and maintains the pH near neutral
pH values.
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Figure 4.12. pH distribution at quasi steady state. pH decreases at depth due to pyrite oxidation and increases near
the surface due to oxygen reduction.

At quasi-steady state the rates of pyrite oxidation and oxygen reduction became equal. Pyrite
dissolution led to conditions very close to equilibrium in the deeper region (Figure 4.13a and c).
The protons generated by pyrite oxidation were consumed by calcite and K-mica dissolution
outside the ore body (Figure 4.13b and d).

Figure 4.13. (a) Pyrite dissolution rate, (b) K-mica dissolution rate, (c) pyrite saturation index and (d) calcite
dissolution rate at the end of simulation (quasi steady state).
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The self-potential signal at quasi steady state is presented in Figure 4.14. According to Sato and
Mooney [42], the maximum self-potential anomaly would be one-half of the total potential
difference. The maximum self-potential anomaly for pyrite would be on the order of 356 mV; in
our simulations a maximum anomaly of 300 mV was reached.

Figure 4.14. Self-potential generated by pyrite oxidation at quasi steady state.

Pyrite oxidation produced protons and led to dissolution of calcite; near the interface of the ore
body, resulting in the depletion of carbonates and, increased CO2(aq) and increased ferrous iron
concentration in the pore water. Dissolution of calcite and pyrite caused the formation of siderite

110

at depth. Ferrous iron was transported upward, and was oxidized to ferric iron in the shallower
part, where it precipitated as ferrihydrite.
The maximum oxidation rate of the ore body that can be supported is limited by oxygen
diffusion in water to the top of the ore body. In order to investigate the effect of oxygen influx on
self-potential response, the oxygen influx rate was reduced by a factor of 3.5 by decreasing the
redox potential at the upper boundary. The self-potential results at quasi steady state compared to
the base case scenario are presented in Figure 4.15. Decreasing the oxygen influx rate decreases
source current and consequently self-potential response.
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Figure 4.15. Self-potential response for (a) base case scenario, (b) reduced oxygen influx by a factor of 3.5 by
reducing upper boundary redox potential and (c) surface signal.
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In the absence of a hydraulic gradient, diffusion, electromigration and electron transfer were the
main transport mechanisms. In this simulation pyrite oxidation released ferrous iron
(Figure 4.16a) and sulfate (Figure 4.16b) at depth. Ferrous iron and carbonate from calcite
dissolution (Figure 4.16d) led to precipitation of siderite (Figure 4.17a). Ferrous iron was
transported upward by diffusion and electromigration (Figure 4.16a) and when encountering
more oxidizing conditions in the shallower part it oxidized to ferric iron and eventually led to
precipitation of ferrihydrite in the upper part (Figure 4.17b).
The acidic environment surrounding the reactive ore body contributed to dissolution of K-mica
in the vicinity of pyrite (Figure 4.13b) releasing potassium and aluminum (Figure 4.16c and e).
The transport of potassium and aluminum around the ore body are dominantly driven by
diffusion. Electromigration contributes to cation transport including ferrous iron, potassium and
aluminum toward the cathode (Figure 4.16a, c and e) and anions such as sulfate and carbonate
toward the anode (Figure 4.16b and d), but is not very significant. In case of silicic acid, since it
has no electric charge, its transport is only by diffusion (Figure 4.16e). The effect of
electromigration can be seen most clearly in the chloride concentration distribution
(Figure 4.16h). Chloride unlike other ions did not participate in any heterogeneous and/or
homogenous reaction and its initial concentration was uniformly distributed in the entire domain,
therefore any disturbance to chloride concentration and consequently its transport can only be
attributed to electromigration to maintain electroneutrality in the system. When electrons drift to
the upper part of the ore, a negative net charge in the shallower part and a positive net charge in
the deeper part starts to build up. To offset the charge imbalance, chloride migrated toward the
anode and its concentration around the cathode decreased as its concentration around the anode
increased. Chloride migration is the direct result of electric coupling and the electric field is the
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driving force for its migration. It should be noted that at the steady state only signatures of
chloride depletion and enrichment remains and electromigration will be compensated by
diffusion.

Figure 4.16. Generation and transport of ions: (a) ferrous iron, (b) sulfate, (c) potassium, (d) carbonate, (e)
aluminum, (f) silicic acid, (g) redox potential and (h) chloride.

Figure 4.17. Precipitation of secondary minerals: (a) siderite precipitation rate and (b) ferrihydrite precipitation rate.
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The simulations are able to reproduce the major mechanisms associated with the geobattery
conceptual model shown in Figure 4.1 and results are consistent with the observations from a
field study involving the weathering of a pyritic quartz-feldspar porphyry deposit. This field
study also reported a correlation between self-potential and redox potential response [171].
4.7

Summary and Conclusions

An electrochemical reactive transport model was developed to incorporate generation of surfacemeasurable self-potential signals associated with redox reactions (e.g. metal or sulfide oxidation
and oxygen reduction) based on the Nernst-Planck and Gauss-Ampère equations and including a
full suite of geochemical reactions. The model was constructed according to the geobattery
conceptual model developed by Sato and Mooney [42], Sivenas and Beales [160] and Revil et al.
[43] where electron transfer through an electrical conductive medium creates a source current in
a metallic body and leads to self-potential response at the surface. To account for electron flux
through conducting media, the MIN3P code was enhanced by implementing electron drift. The
associated electric current by electron transfer (source current) was applied as an electric flux
boundary conditions at anode-aquifer and cathode-aquifer interfaces. This assumption required a
simplification on pre-defining the location of anode and cathode.
Reactive

transport

modelling

was

performed

to

describe

geochemical

and

electrochemical processes occurring during a controlled sand tank experiment involving the
oxidation of an iron bar conducted by Castermant et al. [12]. This study served as a validation of
the model’s ability to simulate the geobattery concept. The simulation results demonstrated that
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kinetic iron oxidation along with oxygen reduction were controlling the redox, pH and water
chemistry. Electron transfer towards the surface where oxygen is present in response to iron
oxidation at depth created a source current along the redox potential gradient and produced the
self-potential signals. The simulation results indicated that metal oxidation reactions can lead to
kinetically controlled formation of secondary minerals with higher electric resistivity in vicinity
of an iron bar confirming laboratory observations. The study also demonstrated how the
connection between regions of different redox potentials can be established by a metallic body
[152], [156], [172]–[175].
The electrochemical signature of a hypothetical pyritic ore deposit and its ambient
environment was investigated to illustrate the simulation capabilities of the code in capturing
geochemical reactions and self-potential response. To produce surface measurable self-potential
signals the electrical conductive media should intercept the regions of strong redox potentials
(oxic/anoxic interface). To represent present day conditions of the deposit, the shallower part of
the ore was assumed passivated due to prior deposition of inert minerals on reactive surfaces and
only the deeper portion of the ore body was considered geochemically reactive. The model was
run to reach quasi-steady state conditions. The rate of electron transfer through the conducting
ore body is controlled by its electric conductivity; decreasing electric conductivity reduced selfpotential response. Overall, it could be shown that the model was able to produce key elements
of the geobattery conceptual model in a process-based fashion. The simulation results were also
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consistent with field observations at a sulphide mineral deposit, including self-potential response
and geochemical alterations.
Generally, despite simplifying assumptions, the simulation results agreed reasonably well
with available laboratory and field observations and principles of the geobattery conceptual
model. The geochemical reactions could only be investigated hypothetically and qualitatively
due to limited field data; more quantitative assessments of geobattery systems using reactive
transport modelling, requires detailed observations and measurements of water chemistry and
mineralogical studies. Lab scale experiments in controlled environment are very crucial to obtain
comprehensive and reliable data for further studies of geobattery systems. Further model
development is necessary to account for early stages of system development, when the upper
portion of the deposit is not yet passivated. However, because of the strong coupling between
geochemical reactions and the self-potential anomaly, the developed model can be used to
investigate the geochemical process associated with surface-measurable self-potential signals.
The model helps to understand the interactions between geochemical reactions and self-potential
signatures. Possible applications for using this novel approach include contaminant plume
migration and degradation, and identification of buried ore deposits for mineral exploration.
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Chapter 5: Summary and Conclusions
5.1

Model Development Summary
The MIN3P reactive transport code [105] was used as a platform to implement new

enhancements to facilitate the simulation of reactive transport problems characterized by electric
coupling with mass transfer. The three major enhancements implemented in MIN3P are:

1. Implementation of the Nernst-Planck equation using the null current assumption to
account for electric coupling for multicomponent diffusion problems,
2. Full coupling of mass flux and electric flux continuity equations i.e. Nernst-Planck and
Gauss-Ampère equations and electrode boundary conditions for electrokinetic
remediation problems,
3. Implementation of electron transfer in an electrical conductor and consideration of source
current term as the driving force behind the geobattery mechanism.

Species-dependent diffusion and electromigration have applications in early diagenesis
[2], [24], [64], radioactive waste disposal repositories [31], [67], [68] and CO2 sequestration
[65], [69]. Implementation of electromigration based on the null current assumption and the
Nernst-Planck equation enhanced MIN3P’s capabilities for these applications. Three benchmark
problems specifically designed to be sensitive to electric coupling were considered, each with
significant effects of electromigration on diffusion and lateral concentration displacement. The
implementation and formulation in MIN3P were tested based on these benchmark problems via
an inter-comparison with other reactive transport codes (CrunchFlow and PHREEQC). Two of
the benchmark problems were hypothetical problems and one of them was based on laboratory
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flow-through experiments [78]. The benchmark problems contribute to the verification of the
implementation of multicomponent diffusion and electromigration in all three reactive transport
codes. Overall very good agreement between codes was achieved. Nearly identical concentration
distributions were produced by all codes, in the presence of electrostatic interactions between the
charged species. Miniscule residual discrepancies between results were indicative of different
implementation schemes and were not considered a significant source of uncertainty.
The benchmark problems and various applications [2]–[4], [65] have shown the
importance of electromigration and electric coupling for reactive transport problems under some
circumstances. This thesis has shown that full coupling of mass transport and electric flux is
necessary for development of a general purpose reactive transport code incorporating
electrochemical processes. For application of reactive transport simulation in electrokinetic
remediation technologies, the Nernst-Planck and Gauss-Ampère equations were coupled and
electrode boundary conditions were implemented. The completed model was shown to be able to
simulate interactions between electrode reactions, gas generation and consumption, in
electrokinetic systems. The electric coupling was tested against three examples. The first
verification was against a hypothetical free diffusion example in the absence of an external
electric field, as introduced by Paz-García et al. [20]. These authors used the finite element
method to solve the Poisson-Nernst-Planck system of equations numerically. A reasonable
agreement between Gauss-Ampère and Poisson-Nernst-Planck approaches was achieved in the
inter-comparison. Another example was a pH-isolated permanganate transport experiment [60]
in the presence of an induced external electric field. The pH-isolation prevented alkaline and
acidic fronts from advancing into the domain. A comparison between MIN3P, PHT3D [39] and
experimental results showed a satisfactory agreement. The discrepancies between two codes can
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be related to the differences in modeling approaches as PHT3D considered only MnO4- but
MIN3P considered coupled diffusion of K+ and MnO4 -. On the other hand, PHT3D also
accounted for electroosmotic driven flow, which was not included in the MIN3P simulations.
Moreover, MIN3P and PHT3D use different numerical solution strategies. Finally the third
verification example was the electrokinetic desalination of brick. Good agreement with
experimental results was obtained for the desalination problem. The desalination model was
extended by including gas generation, exsolution and consumption, as well as electrode
reactions. The simulations demonstrated that total gas pressure build-up by hydrogen and oxygen
generation at the electrodes are controlled by degassing, as well as combined hydrogen oxidation
and oxygen reduction. Scenario and sensitivity analysis were used to assess the role of electric
potential, degassing and hydrogen oxidation on build-up of total gas pressure. This analysis
showed that gas accumulation and adsorption can decrease remediation efficiency when
degassing and hydrogen oxidation rates are outpaced by gas generation. The new model can be
used to assess and design electrokinetic remediation technologies especially since it benefits
from an existing complex geochemical calculation framework already in place and suitable to
assess the performance of electrokinetic remediation.
Based on geobattery conceptual models, surface measurable self-potential signals are
typically generated when an electric source current establishes in an electrical conductor as a
result of electron drift between regions of redox potential differences. MIN3P was enhanced by
incorporating electron drift through a metallic conductive body to account for electric source
current. At anode-aquifer and cathode-aquifer interfaces, electric flux boundary conditions equal
to source current was applied. Metal oxidation and oxygen reduction are major redox reactions
that drive the geobattery system. For concept validation an iron oxidation experiment in a
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controlled sand box was adopted. Simulation results for transient conditions demonstrated
reasonable agreement with experimental observations and reproduced key mechanisms of the
geobattery concept. Iron oxidation and oxygen reduction reactions were controlling ambient
water chemistry and redox potential distribution. Increasing source current associated with
electron flux through the iron bar increased the self-potential signal until reaching its maximum
value at the end of the simulation. The dipolar nature of the geobattery was demonstrated by a
negative potential anomaly on top and a positive potential anomaly at depth. The model also
adequately captured the distribution of redox conditions despite some differences in absolute
values, which can be attributed to kinetic limitations of redox reactions and measurements. An
illustrative example was developed in order to evaluate the code’s capability in capturing
geobattery model behavior of a buried ore body under long-term quasi-steady state conditions.
The upper part of the ore was assumed passivated due to early time weathering and more stable
mineral precipitation. Pyrite oxidation at depth provided the electrons required for oxygen
reduction at shallow depth. The electron transfer rate through the conducting ore body was
controlled by its electric conductivity. Redox reactions initiated subsequent mineral dissolution
reactions and precipitation of secondary minerals. The generated electric field and electron drift
also caused electromigration of chloride from top to bottom to maintain overall electroneutrality,
leaving a lasting signature under quasi-steady state conditions. Simulation results of an
illustrative example were compared qualitatively with a hydrogeochemical and geophysical
study of oxidation of a massive sulfide mineral deposit. Observations indicated association of
self-potential signals with pyrite oxidation and oxygen reduction. pH increased in the shallower
part of the deposit and increased acidity in the deeper part leading to subsequent carbonate
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mineral dissolution and secondary carbonate deposition. The modeling results were overall
consistent with these observations.
5.2

Limitations, Future Works and Contributions
Despite implementation of full electric coupling, the model has certain limitations due to

simplifying assumptions; there are three major simplifications that could be addressed in the
future: 1) advective flux was not considered in the geobattery model; therefore the model is not
applicable for scenarios which involve advection and its contribution to self-potential signal
known as streaming potential. 2) The location of anode-aquifer and cathode-aquifer interfaces
are user defined and it was assumed that electron transfer only occurs at the top-end and bottomend of the ore body; consequently, internal electric flux boundary conditions were defined at
these interfaces. This limits the applicability of the code for early time ore deposit evolution
when oxidation starts from the shallow part and advances through the ore body, passivating the
upper part by secondary mineral depositions. For the same reason, the simulations assumed that
the present day ore deposit contains a passivated upper portion of the ore body, representing
weathering over geologic time. 3) To balance the rate of electron transfer from pyrite to the
reduction of oxygen, the electric conductivity of the ore body was calibrated.
The Nernst-Planck equation with null current assumption used for multicomponent
diffusion and full coupling of Nernst-Planck and Gauss-Ampère equations are general propose
formulations coupled with geochemical reactions. This feature makes the new model applicable
for a wide variety of problems like nuclear waste repositories, CO2 sequestration, soil
remediation by electrokinetic technology and self-potential signatures associated with buried ore
bodies or contaminant plumes.

122

Another potential addition to the multicomponent diffusion model and the Nernst-Planck
and Gauss-Ampère coupling includes modelling the diffuse double layer to account for surface
complexation, cation surface migration and anion exclusion in low permeability media. The new
model containing the fully coupled Nernst-Planck and Gauss-Ampère equations incorporates
induced external electric current as applied in electrochemical remediation techniques. Currently
there is no other model available to simulate gas phase evolution on electrodes in electrokinetic
electrochemical remediation scenarios. The capability of the model to simulate gas generation,
exsolution and consumption on electrodes can be utilized to aid in the understanding of electrode
processes and improve the design and efficiency of remediation strategies. However, more
experimental scale studies are required to obtain reliable data on gas phase dynamics on the
electrodes and its effect on technology efficiency. Finally, the geobattery model formulation is
capable of simulating the self-potential signals and is the first geochemical/reactive transportbased model for assessing the geobattery concept. The previous models by Stoll [10] and Bigalke
and Grabner [11] and models based on Revil et al’s [43] formulation neglects geochemical
processes that affect the redox regime, while focusing on the representation of the electric flux in
the conductor. The model developed in this thesis includes full geochemical coupling and has the
potential to contribute significantly to the understanding of generation of self-potential anomalies
related to mineral exploration studies. Detailed quantitative study of geobattery systems requires
laboratory scale experiments in controlled environments with a focus on water and mineral
chemistry analysis to collect reliable data.
The model presented in this project can be used for future developments; MIN3P
provides a suitable development platform and it already offers various options for flow (e.g.
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saturated, unsaturated and density-driven) and geochemistry (Pitzer model and diffuse double
layer model in batch mode).
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Appendix A
Extended Nernst-Planck formulation: This equation describes total mass transfer of
interacting species by advection, diffusion and electromigration [28], [79]:
= ϕτ

C −S

∇C −

F
S
RT

(A.1)

C z ∇ψ

where ϕ is porosity (m3 void m-3 bulk), τ is tortuosity (m void m-1 bulk), Sa is the saturation of
the aqueous phase (m3 fluid m-3 void), Di is the species-dependent diffusion coefficient (m2 s-1),
qa is Darcy’s velocity (m s-1), Cia is the species concentration (mol L-1 H2O), F is the Faraday
constant (96485 C mol-1), R is the gas constant (8.341 J K-1 mol-1), T is the absolute temperature
(K), zi is the charge number (-) and ψ is the electric potential (V or J C-1).
Assuming zero external electric current (null current assumption), the sum of all electric
currents induced by species migration should be equal to zero. Therefore, the total electric
current density can be expressed as:
(A.2)
=F
where

z

=0

is the total electric current density (C s-1 m-2 or A m-2) and Ntot is the total number of

aqueous species. Substituting (A.1) into (A.2) leads to:
=F

z

= Fϕτ

z

C −S

F
∇C −
S
RT

(A.3)
C z ∇ψ = 0

Here, the sums are taken independently for each term:
Fϕτ

z C −S

z

F
∇C −
S ∇ψ
RT

(A.4)
C z

=0

Rearranging equation (A.4) leads to:

146

(A.5)

F
ϕτ
S ∇ψ
RT

C z = Fϕτ

z C − FϕτS

z

∇C

When solving for the electric potential term:
∇ψ =

Fϕτ

∑

z C − FϕτS ∑
z
F
ϕτ RT S ∑
C z

(A.6)

∇C

similar terms cancel out:
∑

∇ψ =

z C −S ∑
F
∑
RT S

z

(A.7)

∇C

C z

By rearranging we obtain a new expression for electric potential gradient as a function of
concentrations of the species:
∇ψ =

RT
F

∑

z C −S ∑
S ∑

z

(A.8)

∇C

C z

Substituting equation (A.8) into (A.1) yields:
= ϕτ

C −S

∇C − S

C z

∑

z C −S ∑
S ∑

z

∇C

(A.9)

C z

This formulation is valid when there is no external electric potential. This is the equation
implemented in MIN3P and used in chapter 2 for benchmarking multicomponent diffusion
problems.
Gauss-Ampère’s Law: On the REV scale and for quasi-steady state conditions, GaussAmpère’s Law for the ith species in the aqueous phase a can be written as [36]:
ϕS

=−

∂(ϕS
∂t

)

+

× (ϕS

)−

× (ϕS

×

)+

ϕS

(A.10)
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is electric displacement (C m-2),

where

polarization density (C m-2),

is magnetic field intensity (A m),

is the mass-average velocity vector (m s-1),

is average
is external

exchange current density between solution (phase a) and electrodes (phase b) (A m-2).
To maintain continuity of charge, we take the divergence of equation (A.10) and
assuming no water polarization; the second and third terms on the right hand side of the equation
will be eliminated (Reminder: the divergence of the curl of any vector field is always zero):
∂ ∇ ∙ (ϕS
∂t

)

(A.11)
+ ∇ ∙ (ϕS

)−∇∙

ϕS

=0

According to Gauss’ law charge density is equal to change in electric displacement field; so the
first term on the left-hand side becomes:
(A.12)
∇ ∙ (ϕS

) = ϕS F

C z

By substituting (A.12) into (A.11), we obtain:
∂ ϕS F ∑
∂t

C z

+ ∇ ∙ (ϕS

)−∇∙

ϕS

(A.13)

=0

Substituting (A.3) into (A.13) gives an expression for charge continuity in the aqueous phase:
∂ ϕS F ∑
∂t

∇∙

ϕS

C z

+ ∇ ∙ Fϕτ

z

C −S

F
∇C −
S
RT

(A.14)
C z ∇ψ

−

=0

When there is no externally induced electric current (

= ), the last term on the left hand side

becomes zero. This is the equation implemented in MIN3P for simulation of electrokinetic
remediation presented in chapter 3.
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For the geobattery model presented in chapter 4, advection is neglected. The NernstPlanck equation without the contribution of advection is:
= −ϕτS

∇C +

F
C z ∇ψ
RT

(A.15)

Electron Drift: This equation defines the movement of electrons in the electrical conductor
[161]:
=−

enμ

(A.16)

∇ψ

where e is the elementary electron charge (1.6 × 10-19 C), n is number of free electrons per
volume (m-3) and μe is electron mobility (m2 V-1 s-1). Total electric current flux in porous media
is the sum of electric current attribution from aqueous species in the aqueous phase and electron
drift in the electrical conductor:
(A.17)
=F

z

Jia

+ Je

The first term on the right-hand side corresponds to equation (A.3) without the advection term.
By substituting (A.3) and (A.16) into (A.17), we obtain:
= −FϕτS

F
z ∇C +
C z ∇ψ − (1 − ϕ) enμ ∇ψ
RT

(A.18)

According to the geobattery model [12], [43], [46], [47], [49], [146], [162] a source (or
driving) electric current density,

(A m-2), is established in the presence of an electrical

conductor and a redox potential gradient, facilitating electron transfer from the reducing regions
to the oxidizing regions, defined as:
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=−

∇ E

_

−E

_

− E

_

−E

(A.19)

_

where σm (S m-1) is the electric conductivity of the electrical conductive medium (ore or metallic
body) and EH_an and EH_ca (V) are the equilibrium redox potentials for the anodic and cathodic
reactions, respectively. Em_an and Em_ca are the redox potentials of the electrical conductive
medium at anode and cathode ends.
The total electric current density,

, is the sum of electric current density by aqueous

species in the aquifer and electron drift in the ore body,
=

, and source current density

+

:
(A.20)

Applying Gauss-Ampère’s law (i.e. continuity of charge written in terms of electric flux) for
(A.20):
∂ ϕS F ∑
∂t

C z

+

∙

=0

+

∙

+

(A.21)

or:
∂ ϕS F ∑
∂t

C z

(A.22)

=0

Substituting equations (A.18) and (A.19) in to (A.22) yields:
∂ ϕS F ∑
∂t
∙ FϕτS

∙

∇ E

C z

(A.23)

−

z ∇C +

−E

F
C z ∇ψ − (1 − ϕ) enμ ∇ψ −
RT

− E

−E

=0

This is the equation implemented in MIN3P for modeling of the geobattery concept, presented in
chapter 4.
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