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Abstract We investigate the propagation of pH fronts during multicomponent ionic transport in satu-
rated porous media under flow-through conditions. By performing laboratory bench-scale experiments
combined with numerical modeling, we show the important influence of Coulombic effects on proton trans-
port in the presence of ionic admixtures. The experiments were performed in a quasi two-dimensional flow-
through setup under steady-state flow and transport conditions. Dilute solutions of hydrochloric acid with
MgCl2 (1:2 strong electrolyte) were used as tracer solutions to experimentally test the effect of electrochem-
ical cross coupling on the migration of diffusive/dispersive pH fronts. We focus on two experimental scenar-
ios, with different composition of tracer solutions, causing remarkably different effects on the propagation
of the acidic fronts with relative differences in the penetration depth of pH fronts of 36% between the two
scenarios and of 25% and 15% for each scenario with respect to the transport of ions at liberated state
(i.e., without considering the charge effects). Also differences in the dilution of the distinct ions plumes up
to 28% and 45% in experiment 1 and 2, respectively, were measured at the outflow of the flow-through sys-
tem. The dilution of the pH plumes also changed considerably (26% relative difference) in the two flow-
through experiments only due to the different composition of the pore water solution and to the electro-
static coupling of the ions in the flow-through setups. Numerical transport simulations were performed to
interpret the laboratory experiments. The simulations were based on a multicomponent ionic formulation
accurately capturing the Coulombic interactions between the transported ions in the flow-through system.
The results of purely forward simulations show a very good agreement with the high-resolution measure-
ments performed at the outlet of the flow-through setup and confirms the importance of charge effects on
pH transport in porous media.

1. Introduction

The correct quantification of pH distribution is of utmost importance in various areas of subsurface research
including the study of groundwater acidification [e.g., Moss and Edmunds., 1992; de Caritat, 1995; Hansen
and Postma, 1995; Donovan et al., 1997; Kjøller et al., 2004; Fest et al., 2005, 2007; Franken et al., 2009],
sorption-desorption, and surface complexation of trace metals onto mineral surfaces [e.g., Davis and Kent,
1990; Zachara et al., 1991; Kent et al., 2000; Davis et al., 2004; Prigiobbe and Bryant, 2014], ion exchange [e.g.,
Griffioen, 1993; Appelo, 1994], redox-controlled reaction fronts [e.g., Engesgaard and Kipp, 1992], as well as
mineral equilibria and reactive transport [e.g., Maher et al., 2006; Li et al., 2007, 2014; Molins et al., 2012; Red-
den et al., 2014; Haberer et al., 2015]. In particular, groundwater acidification, mainly caused by acid rain pre-
cipitation, has been identified as a serious problem especially in aquifers with sediments containing low pH
buffering capacity [Edmunds and Kinniburgh, 1986; Hansen and Postma, 1995; Kjøller et al., 2004; Franken
et al., 2009]. In such systems, the acidic recharge reaches the saturated zone where the pH front penetrates
downward and mixes with the underlying ambient groundwater. Key processes leading to vertical mixing
are molecular diffusion and transverse hydrodynamic dispersion. Diffusion of charged species is significantly
affected by electrochemical migration effects induced by the charge of dissolved species and/or mineral
surfaces [e.g., Vinograd and McBain, 1941; Lasaga, 1979; Van Cappellen and Gaillard, 1996; Liu, 2007; Appelo
and Wersin, 2007; Steefel and Maher, 2009]. Multispecies diffusion models, which are traditionally repre-
sented by Nernst-Planck formulations, are used to predict diffusive fluxes under such conditions [e.g., Bou-
dreau et al., 2004; Liu et al., 2004; Appelo and Wersin, 2007; Li et al., 2008]. These models allow capturing
interspecies interactions by preserving local charge balance, and thus represent valuable tools to accurately
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describe multicomponent conservative and reactive solute transport occurring in both laboratory and field-
scale domains [e.g., Vinograd and McBain, 1941; Giambalvo et al., 2002; Appelo et al., 2008, 2010; Liu et al.,
2011]. In two recent contributions, we studied multicomponent ionic transport in saturated porous media
and we showed that, in addition to purely diffusive processes, the charge-induced Coulombic interactions
significantly affect transverse hydrodynamic dispersion and the transport of ionic species in advection-
dominated homogeneous and heterogeneous flow-through systems [Rolle at al., 2013a; Muniruzzaman
et al., 2014]. These studies were restricted to transport of soluble salts and, to the best of our knowledge, no
investigation has yet focused on the effects of charge interactions on pH-front propagation in saturated
porous media under flow-through conditions.

The main objective of this work is to study the evolution of diffusive/dispersive pH fronts in the presence of
an ionic admixture during conservative solute transport in porous media. To investigate the macroscopic
impact of electrostatic effects on acidic front migration under flow-through conditions, we performed quasi
two-dimensional bench-scale experiments in a saturated homogeneous porous domain and studied the
transport of acidic plumes, undergoing transverse mixing with pure water, under different compositions of
the injected electrolyte solution. The experimental results were quantitatively interpreted with a two-
dimensional multicomponent transport model taking into account the effects of ionic interactions on pH
distribution. The multicomponent simulations allowed us to explain the experimental observations and to
quantify the specific components of the transverse dispersive fluxes, including the electromigration term
due to the electrostatic coupling between the different ionic species. Our flow-through experiments and
modeling results show that the impact of electrostatic microscopic effects is remarkable and causes macro-
scopic variations in pH-front development and dilution of acidic plumes that are significantly controlled by
the presence and concentration of other electrolytes in the pore water solution.

2. Equations of Multicomponent Ionic Transport

Multicomponent diffusion models for species with nonzero charge are commonly derived based on the
Nernst-Planck equation [Bard and Faulkner, 2001]. The formulations of such models involve the pragmatic
extension of Fick’s first law by considering an additional charged-induced electrostatic term. In dilute solu-
tions and in the condition of negligible ionic strength gradients, the diffusive flux of an ionic species i in a
multicomponent environment is expressed as [Lasaga, 1979; Cussler, 2009]:

Ji52DirCi2Di
ziF
RT

CirU i5 1; 2; 3; :::;N (1)

where Ci is the concentration, zi is the charge, Di is the self-diffusion coefficient, F is the Faraday’s constant,
R is the ideal gas constant, T is the absolute temperature, U is the electrostatic potential, and N is the num-
ber of species in solution. Equation (1) indicates that the flux of a charged species, i, is not only driven by its
own concentration gradient but also by the electrical field created by the movement of different ions pres-
ent in the system.

A detailed derivation of the governing equations for the multicomponent diffusion problem can be found
in previous studies [e.g., Ben-Yaakov, 1972; Lasaga, 1979, Van Cappellen and Gaillard, 1996; Boudreau et al,
2004; Appelo and Wersin, 2007; Liu et al., 2011]. Key steps in the derivation are the physical constraints asso-
ciated with the electroneutrality of the aqueous solution: (i) local preservation of charge balance in all spa-

tial locations (
PN
i51

zi Ci50), and (ii) the absence of electrical current (
PN
i51

ziJi50). Using these constraints, the

gradient of electrical potential, rU in equation (1) can be expressed in terms of easily quantifiable parame-
ters such as concentration and charge of the ions in solution as well as their self-diffusion coefficients:

rU5

2
XN

i51

ziDirCið Þ

XN

i51

z2
i FDi Ci

� �
=RT

(2)

After substitution of equation (2) into equation (1), the diffusive flux readily reduces solely to a function of
diffusion coefficients, charge and concentration of the ions in solution, and concentration gradients:
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Ji52DirCi1
zi DiCiXN

j51

z2
j Dj Cj

� �X
N

k51

zk DkrCkð Þ (3)

Equation (3) can be further rearranged in a more compact notation by introducing a matrix of interdiffusion
coefficients, cross-coupling fluxes, and concentration gradients of the dissolved species. The multicompo-
nent formulation of diffusive processes has been adopted and shown to be relevant in numerous studies in
the geochemical and water research literature [e.g., Lasaga, 1979; Van Cappellen and Gaillard, 1996; Giam-
balvo et al., 2002; Boudreau et al., 2004; Liu et al., 2004, 2011; Appelo and Wersin, 2007].

In flow-through systems, solute mass exchange also depends on the advective movement of the fluid. Therefore,
under such conditions, hydrodynamic dispersion coefficients should be considered in the derivation of the multi-
component transport problem in porous media [Rolle at al., 2013a; Muniruzzaman et al., 2014]. By substituting the
multicomponent dispersive fluxes (formally similar to equation (3)) into the classical advection-dispersion equa-
tion, the governing transport equation of ionic species in saturated porous domain takes the form:

@Ci

@t
52v � rCi1r �

XN

j51

DijrCj

 !
(4)

where t is time, v is the velocity vector, and Dij is the dispersion tensor. In a two-dimensional system ori-
ented along the principal flow direction, the entries of Dij are DL

ij and DT
ij , which represent the longitudinal

and transverse cross-coupled dispersion coefficients [Muniruzzaman et al., 2014]:

DL
ij5dij DL

i 2
zizjDL

i DL
j CiXN

k51

z2
k DL

k Ck
� �

DT
ij 5dijDT

i 2
zi zjDT

i DT
j CiXN

k51

z2
k DT

k Ck
� �

(5)

where DL
i is the longitudinal and DT

i is the transverse component of the hydrodynamic self-dispersion coeffi-
cient of species i (i.e., when the ion is ‘‘liberated’’ from the other charged species in solution), dij is the Kro-
necker symbol which has a value of 1 when i5j or 0 when i 6¼ j. The combination of equations (4) and (5)
ensures that the movement of a specific ion depends on its own dispersion coefficient and concentration
gradient (first terms in equation (5)) as well as on the properties and concentration gradients of other
charged species in solution (second terms in equation (5)).

The general formulation of the multicomponent transport problem (equations (1)–(5)) reduces to the classi-
cal advection-dispersion equation for noncharged species, since all the electrostatic cross-coupling terms in
equation (5) drop out.

3. Experimental Setup

The experiments were performed in a quasi two-dimensional flow-through setup in a homogeneous porous
medium. The flow-through chamber has inner dimensions of 100 cm 3 19 cm 3 1 cm (L 3 H 3 W) and is
equipped with 24 ports both at the inlet and at the outlet (Figure 1). These ports, constructed with Alltech
rubber septa pierced with hollow injection needles, are directly connected to two 24 channel high-
precision peristaltic pumps (ISMATEC IPC-N24, Ismatec, Glattburg, Switzerland) through Fluran HCA pump
tubings (inner diameter 0.64 mm; Ismatec, Glattburg, Switzerland). The porous medium was prepared by fill-
ing the flow-through chamber with glass beads with grain diameter in the range 1.00–1.50 mm (Sartorius
AG, G€ottingen, Germany). A wet-packing procedure was followed by maintaining the water level always
above the upper limit of the porous medium to avoid possible air entrapment [Haberer et al., 2012]. The
pumps, calibrated before each experiment, allowed establishing a uniform horizontal flow field and the
small spacing between the ports (5 mm) allowed high-resolution sampling of the injected tracer solutions.
The experiments were performed in a temperature controlled room at a temperature of 208C.
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The flow-through experiments were initiated by injecting tracer solutions through eight injection ports at
the bottom of the chamber (port 1–8; 0–4 cm from the bottom) and an ambient solution of ultra-pure Milli-
Q water (Millipore, MA, USA) through the remaining inlet ports. Such solutions were continuously injected
until steady-state transport conditions were achieved and samples were taken afterwards at all 24 outlet
extraction ports (Figure 1).

The acidic solutions injected from the bottom inlet ports contained HCl and MgCl2, a strong 1:2 electrolyte
injected at similar and hundredfold concentrations relative to HCl in different experimental runs. Mg21 and
Cl2 concentrations were measured by ion-chromatography (Dionex Dx-120, Fisher Scientific, Schwerte, Ger-
many) and pH measurements were performed by pH electrode (ORION 8103BN, Thermo Fisher Scientific
Inc., USA). For each experimental run, duplicate measurements at each outlet port were taken. Additionally,
the flow rate at each port was determined gravimetrically, by collecting and weighing the effluent volume
for a given period of time. The flow rate measurement was always carried out after sampling for the ion
concentration measurements. The transport experiments were performed in an advection-dominated
regime, at a seepage velocity of 0.8 m/d. The parameters summarizing the main features of the flow-
through setup as well as the flow and transport properties are reported in Table 1.

The values of the ion diffusion coefficients reported in Table 1 are important for this study. Such values repre-
sent the aqueous self-diffusion coefficients of the ionic species under the experimental conditions of the flow-
through experiments. It is interesting to notice the variability of the diffusivity constants which depend not
only on the size of the different ions but also on the electrostatic interactions of the ions with the polar sol-

vent. These effects cause a cohort of
solvation molecules, denoted as first
solvation shell, to follow the movement
of the ions [Møller et al., 2005]. Particu-
larly striking is the value of Daq for the
hydrogen ion, which is more than one
order of magnitude larger than the dif-
fusivity of the other cations in solution.
The large diffusivity of H1 cannot be
explained by hydrodynamic considera-
tions and arise from specific
‘‘Grotthuss-type’’ mechanisms resulting
in proton hopping through a chain
reaction between water molecules
[Cussler, 2009]. These properties are of

Figure 1. Laboratory flow-through setup. The red-shaded area represents the steady-state plume of ionic species (H1, Mg21, and Cl2)
injected from the eight bottom inlet ports. The inset shows the high-resolution sampling at the outlet of the flow-through chamber.

Table 1. Summary of Geometry and Flow and Transport Parameters of the Lab-
oratory Experimental System

Experimental Settings

Flow-through chamber inner dimensions (L3H3W) (cm) 100 3 19 3 1
Number of inlet/outlet ports used 23/24
Port spacing (mm) 5
Grain diameter of the porous matrix, d (mm) 1.00–1.50
Hydraulic conductivity, K (m/s) 1.27 3 1022

Average horizontal flow velocity, v (m/d) 0.8
Average porosity, h (2) 0.41

Diffusion Coefficients Daq (m2/s)a

H1 8.65 3 1029

Mg21 0.63 3 1029

Cl2 1.81 3 1029

aValues from Lasaga [1998] at 188C, and corrected for temperature and vis-
cosity changes of the experimental conditions at 208C.
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primary importance for the propaga-
tion of pH fronts that can advance at a
considerably higher speed than the
other ions in the pore water solution.
As illustrated in this study, the ions in
solution have the capability to
strongly influence the displacement of
the hydrogen ions.

The laboratory experiments were performed considering a ternary electrolyte system containing two cati-
ons (H1, Mg21) and a common anion Cl2. In particular, two experimental scenarios with different composi-
tion of the inlet solutions were tested: (i) Scenario 1: transport of a HCl and MgCl2 solution with similar
concentration of the two cations (i.e., CH1/CMg21 � 1) in ambient Milli-Q water, and (ii) Scenario 2: transport
of a HCl and MgCl2 solution with excess of MgCl2 (i.e., CH1/CMg21 � 0.01) in ambient Milli-Q water. The
chemical composition of the inlet solutions in the flow-through experiments is summarized in Table 2.

4. Modeling Approach

A two-dimensional steady-state model for flow and multicomponent transport in saturated porous media
has been adopted in the present study. The flow problem for hydraulic head, h, and stream-function, w,
under steady-state conditions reads as [Cirpka et al., 1999a]:

r � Krhð Þ50

r � K21rw
� �

50
(6)

where K is the hydraulic conductivity tensor. Equation (6) is solved numerically by bilinear finite elements
on Cartesian grids. Dirichlet boundary conditions are applied at the inlet and outlet boundaries for the head
problem, and at the top and bottom boundaries for the stream-function problem.

Under steady-state conditions, the governing equation describing multicomponent solute transport, written
in local coordinates xL and xT oriented along and perpendicular to the direction of the flow, writes as:

v
@Ci

@xL
2

@

@xL

XN

j51

DL
ij
@Cj

@xL

 !
2

@

@xT

XN

j51

DT
ij
@Cj

@xT

 !
50 (7)

The transport problem is computed with finite volume method (FVM) on streamline-oriented grids con-
structed by the approach of Cirpka et al. [1999a, 1999b]. The use of such grids oriented along the flow direc-
tion reduces numerical errors by avoiding artificial mixing. The system of equations is solved using the
direct matrix solver UMFPACK [Davis and Duff, 1997] and all associated calculations are performed in MAT-
LAB. A Picard iterative scheme is used to linearize the nonlinear set of transport equations (equation (7)), in
which the nonlinearity arises from the electrostatic cross-coupling between the dispersive fluxes of the dif-
ferent ions. A detailed description including the development and validation of the two-dimensional multi-
component dispersion model can be found in Muniruzzaman et al. [2014].

To simulate the flow-through laboratory experiments, the two-dimensional model domain (100 cm 3

12 cm) is discretized into 100 cells (Dx 5 1 cm) and 120 cells (Dz 5 1 mm) along the longitudinal and trans-
verse dimension, respectively. A constant concentration boundary at the inflow and zero dispersive flux
conditions at the remaining boundaries are applied. A key parameter for the accurate representation of the
displacement of the different ionic species is the hydrodynamic dispersion coefficient which was parame-
terized according to a nonlinear compound-specific formulation [Chiogna et al., 2010; Rolle et al., 2012]:

Di5DP
i 1Daq

i
Pe2

Pe1214d2

� �b

(8)

where DP
i is the pore diffusion coefficient approximated as DP

i � hDaq
i . Pe is the grain P�eclet number defined

as, Pe5vd=Daq
i , with v and d being the seepage velocity and the grain diameter, respectively. d is the ratio

between the length of a pore channel and its hydraulic radius, and b is an empirical exponent accounting
for incomplete mixing in the pore channels. For the transverse dispersion coefficient, which is the key

Table 2. Chemical Composition of the Inlet Solutions in the Flow-Through
Experiments

Parameter Scenario 1 Scenario 2

pH 3.8 4.1
Mg21 concentration, CMg21 (mM) 0.15 12.0
Cl2 concentration, CCl2 (mM) 0.46 24.1
CH1/CMg21 (2) 1.14 0.007
Ionic strength (M) 6 3 1024 3.61 3 1022
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parameter for steady-state transport, the values of d 5 6.2 and b 5 0.5 were determined in previous multi-
tracer experiments and pore-scale simulations performed in the same porous medium used in this study
[Rolle et al., 2012; Hochstetler et al., 2013]. The same empirical parameterization was used for the longitudi-
nal dispersion coefficient [Rolle et al., 2013b; Muniruzzaman et al., 2014], with the same value for d and b 5

0.89, determined in transient pore-scale simulations, even though the longitudinal dispersion term in equa-
tion (7) becomes negligible for steady-state transport and continuous injection of the tracer solutions
[Cirpka et al., 2011].

The electrostatic coupling between the different charged species in the flow-through setup is performed by
implementing the equations of multicomponent ionic interactions described in section 2. A simplified approach
was followed, considering exclusively the coupling between the major ions measured in the flow-through
experiments (H1, Mg21, and Cl2). Such approach is adequate for the experimental conditions considered in
this study, as shown by the excellent agreement of the simulation results with the outcome of PHREEQC [Par-
khurst and Appelo, 1999] for a 1-D multicomponent diffusion problem described in the supporting information.
Instead, more complex aqueous chemistry as well as higher concentrations would require a full coupling of a
multidimensional transport simulator with a geochemical code allowing considering the full aqueous speciation
reactions as well as the influence of ionic strength and the gradients in the activity coefficients.

5. Results and Discussion

Laboratory experiments were performed considering two different systems of ternary electrolytes, contain-
ing two cations (H1, Mg21) and a common anion Cl2 (Table 2). The results obtained from these two experi-
mental scenarios are quantitatively analyzed with purely forward 2-D multicomponent simulations based
on the approach outlined in section 4.

5.1. Scenario 1: Transport of HCl With Similar Molar Concentration of MgCl2

In this experiment, a dilute solution containing similar molar concentrations of hydrochloric acid (0.17 mM)
and MgCl2 (0.15 mM) was continuously injected through eight inlet ports at the bottom of the flow-through
setup; Milli-Q water was injected as ambient solution through the remaining ports. The injected ions under-
went conservative multispecies transport through the saturated porous medium until the establishment of
steady-state plumes. Figure 2 reports the steady-state concentration profiles for Mg21 and Cl2 as well as
the pH profiles measured at high vertical resolution at the outlet of the flow-through domain.

The measured vertical concentration profiles show distinct patterns in transverse displacement of injected
species (Figure 2a). Such patterns are substantiated by the multicomponent simulations that show a very
good agreement with the measurements of the ion concentrations. The distinct patterns confirm the impor-
tance of diffusion and compound-specific dispersion under the advection-dominated regime (i.e., seepage
velocity of 0.8 m/d) of the flow-through experiments. As expected from their diffusion coefficients (Table 1),
the two cations, fast H1 and slow Mg21, show different spreading and the common anion Cl2 has a profile

Figure 2. Transverse ion concentrations (a) and pH (b) profiles at the outlet of the flow-through system (x 5 1 m) for multicomponent transport in Scenario 1 (CH1/CMg21�1): measured
ion concentrations and pH (symbols) and modeling results (lines).
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that lies in-between the ones of the cations. The pH was the parameter measured to track the displacement
of hydrogen ions. In dilute solution, the pH can be approximated as the negative logarithm of H1 concen-
trations. Considering a change of 1.5 pH units from the inlet solution, the results show that at the end of
the flow-through system the dispersive pH front has migrated up to a distance of �8.6 cm (gray-dotted line
in Figure 2b, 4.6 cm above the 4 cm injection zone) from the bottom of the flow-through system. An excel-
lent agreement also exists between the measured pH profiles and the results of the multicomponent trans-
port simulations.

The multicomponent model allows us to map the distinct contributions of steady-state transverse flux com-
ponents for the different ionic species in solution. In fact, the total dispersive flux, formally identical to equa-
tion (1) but considering hydrodynamic dispersion instead of diffusion, consists of an additive contribution
of a purely dispersive flux (Jdis

i ) and an electrochemical migration flux (Jmig
i ). The latter represents the contri-

bution due to the electrostatic coupling between the charged species:

Ji5Jdis
i 1Jmig

i (9)

Mapping the different flux contributions is useful to illustrate the coupled transport of the charged species
in the multicomponent setup. Maps of the different dispersive flux components are shown in Figures 3a–3i.

Figure 3. Maps of multicomponent ionic transverse fluxes for Scenario 1: total fluxes (a, b, c), dispersive fluxes (d, e, f), and electrochemical migration fluxes (g, h, i). The bottom plots
(j, k, l) show the vertical profiles of multicomponent ionic fluxes at the outlet of the flow-through domain. The vertical red line represents the width of the tracer solution at the inlet. The
direction from the core to the fringe (upward) of the plume is considered positive for the calculated fluxes.
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The figures illustrates that the total and dispersive fluxes of H1 are significantly more spread than those of
the other ions, in particular of Mg21 (Figures 3a–3f). The electrochemical migration term (Jmig

i ) shows an
interesting distribution with both cations having negative contributions and the anion (Cl2) having a posi-
tive contribution (Figures 3g–3i). Therefore, due to negative electrochemical migration flux components,
protons and magnesium ions experience a decrease of their transverse displacement. The situation is oppo-
site for Cl2, for which a positive electrochemical flux component leads to an enhancement of its transverse
flux. As a consequence, in this scenario, both cations slowed down and the anion accelerated compared to
their liberated state. This is also evident from the profiles of the transverse fluxes computed at the outlet of
the domain (Figures 3j–3l). Notice that for both cations the total flux components have smaller magnitude
compared to the purely dispersive flux terms. For Cl2, instead, both the dispersive and the electrochemical
migration fluxes have a positive contribution and add up to a larger total flux. In this scenario, the Coulom-
bic interactions between the different ionic species is particularly effective in limiting the transverse disper-
sion of the protons whose displacement is considerably reduced compared to the case of transport in the
absence of electrostatic effects (i.e., liberated state).

5.2. Scenario 2: Transport of HCl With Excess Molar Concentration of MgCl2

In this scenario, we investigated the transport of HCl in the presence of excess MgCl2. The tracer solution
contained 0.08 mM hydrochloric acid and 12 mM MgCl2. As in the previous experiment, this electrolyte solu-
tion was continuously injected through the eight bottom inlet ports and Milli-Q water was injected from
the remaining inlet ports. When the plume reached steady state, samples were taken at the 24 outlet ports
of the flow-through chamber. The measured and simulated outlet profiles are shown in Figure 4.

Unlike Scenario 1, Mg21 and Cl2, present in excess concentration, appear to travel together resulting in over-
lapping concentration profiles (Figure 4a). The hydrogen ion, present in relatively smaller concentration, trav-
els much further compared to the other two ions. This is reflected in a more spread vertical profile with a
smaller peak concentration. The pH measurements and simulations shows that the dispersive pH front (1.5 pH
units change from the inlet solution) has advanced up to a vertical distance of �10.2 cm from the bottom
(i.e., 6.2 cm above the 4 cm injection zone), at the outlet of the flow-through chamber (Figure 4b). Also in this
case, the agreement between the measured profiles and the profiles calculated with the purely forward multi-
component simulations is very good. Also for this scenario, it is illustrative to visualize the different flux com-
ponents of the ionic plumes in the two-dimensional setup. Figure 5 shows the maps of the steady-state
transverse dispersive fluxes and the corresponding profiles at the outlet boundary of the domain.

It is clear from Figures 5a–5c that the total transverse flux for H1 has a wider distribution compared to the
other two ions. This pattern is also consistent with the outlet concentration profiles of the ions shown in Fig-
ure 4a. In fact, the transverse flux for H1 interest a wider portion of the domain and this is reflected also by
the higher spreading of the H1 plume compared to Mg21 and Cl-. Notable differences between the different
ions in solution can be observed also for the dispersive flux components Jdis

i (Figures 5d–5f). The electro-
chemical migration flux distributions (Figures 5g–5i) show an interesting behavior, completely opposite to

Figure 4. Transverse ion concentrations (a) and pH (b) profiles at the outlet of the flow-through system (x 5 1 m) for multicomponent transport in Scenario 2 (CH1/CMg21 � 0.01): meas-
ured ion concentrations and pH (symbols) and modeling results (lines).
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the one observed in Scenario 1. In this case, both cations (Mg21 and H1) have a positive contribution and the
anion (Cl2) has a negative contribution. This causes an enhancement of Mg21 and a reduction of Cl2 transverse
displacements, which leads to the practically identical movement of these two species due to the electrochemi-
cal coupling. These effects are also well reflected in the flux profiles computed at the outlet of the domain (Fig-
ures 5j–5l). Particularly interesting is to examine the additive contribution of the transverse flux components for
the hydrogen ions. Specifically, the electromigration term, Jmig

H1 , shows a positive contribution that accelerates
H1 for most of the transverse thickness of the H1 plume. However, at the very edge of the plume (z> 8 cm at
the outlet cross-section), Jmig

H1 decreases and becomes negative again (Figures 5g and 5j). This happens because
in this outer fringe area, the other two ions (Mg21 and Cl2) are present only in trace amount and the concentra-
tion ratio between protons and magnesium ions becomes similar (CH1/CMg21�1) or even larger (CH1/
CMg21>1) than in Scenario 1. Consequently, as observed in Scenario 1, a negative contribution of Jmig

H1 reduces
the dispersive flux, Jdisp

H1 , and leads to a reduction of transverse movement of H1 in this particular small region of
the domain.

The results found in Scenario 1 and 2 clearly show the existence and significance of ionic interactions dur-
ing acidic plume migration in advection-dominated flow-through systems and how their extent can vary
depending on the composition of the same ternary electrolyte system.

Figure 5. Maps of multicomponent ionic transverse fluxes for Scenario 2: total fluxes (a, b, c), dispersive fluxes (d, e, f), and electrochemical migration fluxes (g, h, i). The bottom plots (j,
k, l) show the vertical profiles of multicomponent ionic fluxes at the outlet of the flow-through domain. The vertical red line represents the width of the tracer solution at the inlet. The
direction from the core to the fringe (upward) of the plume is considered positive for the calculated fluxes. Additionally, notice that the scale used in the H1 maps and profiles is
hundredfold smaller because the absolute concentrations of Mg21 and Cl- are two orders of magnitude higher compared to the H1 concentration.
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5.3. Analysis of the Electrical Potential Gradient
A deeper understanding of the interactions between individual species and insights into the mechanisms
of electromigration can be obtained by evaluating the electrical potential gradient produced by different
ions on the course of multicomponent transport. The electrical potential gradient is a key term for the elec-
trochemical migration flux (equation (1)) and describes the effect of the additional force, acting on a given
ion i, arising from electric fields induced by the different diffusion rates of the charged species in solution
[Lasaga, 1998]. According to equation (2), the gradient of electrical potential (also known as diffusion poten-
tial) in the transverse direction can be calculated as:

@U
@xT

5

2
XN

i51

ziDi
@Ci

@xT

� �
XN

i51

z2
i FDiCi

� �
=RT

(10)

in which the diffusion coefficients of equation (2) are replaced by transverse hydrodynamic dispersion coef-
ficients for flow-through systems. By considering an electrolyte system with the three major ions considered
in our experimental scenarios, the electrical gradient component in the above equation is the additive con-
tribution of the gradients caused by each ion and can be expressed as:

@U
@xT

5
@UH1

@xT
1
@UMg21

@xT
1
@UCl2

@xT
(11)

Figure 6 represents the calculated electrical gradient and its different components (equation (11)) for both
experimental scenarios. Figure 6a also shows that the net electrical potential gradient produced by the
movement of different ionic species is negative in Scenario 1. Such net electrical potential gradient consists
of a negative contribution for both cations (H1 and Mg21) and a positive contribution for the common
anion (Cl-) (Figures 6b–6d). The outlet vertical profiles of ion-specific electrical potential gradients for this
experimental scenario are shown in Figure 6e.

In the source zone (z 5 0–4 cm), the components from the cations (@UH1

@xT
and

@UMg21

@xT
) tend to counterbalance

the anionic component, @UCl2

@xT
. However, due to the differences in their diffusivities, the electrostatic gradi-

ent develops in the fringe area. The gradient in the electrostatic potential generates an electrical field,
under which electrical forces are exerted on the dissolved charged species in the solution. The magnitude
of the force imposed on individual species is dependent on the charge of the dissolved species and the
overall electrical gradient. The flux due to the electrical gradient for an individual species is directly pro-
portional to the force active on that species and the species’ concentration [Probstein, 1989]. As a result,
the active electric field enforces the dissolved ionic species’ diffusive movement (electromigration) in the
solution to maintain electroneutrality. In particular, for this specific experimental scenario, the negative
electrostatic gradient limits the overall diffusive/dispersive movement of positively charged ions and
enhances the movement of the negatively charged ion.

This behavior is also evident from equations (1) and (9); in fact, for a cation, a negative electrical poten-
tial gradient leads to a migration flux component in the direction opposite to the diffusive/dispersive
component and thus reduces its total flux. The situation is opposite for an anion where the same electri-
cal potential gradient produces Jmig

i in the same direction as Jdis
i and consequently enhances the total

transverse flux. Such behavior is also observed during the experiment as illustrated in the maps of fluxes
in Figure 3.

In Scenario 2, the distribution of the net electrical potential gradient is significantly different compared to
that of Scenario 1. In this experiment, @U

@xT
is negative in the outer fringe area whereas it is positive in the

inner fringe of the ionic plume. The opposite behavior of @U
@xT

in these two fringe zones is clearly illustrated
in Figure 6f. This outcome further explains the behavior observed in the flux maps in Figure 5, where the
positive electromigration flux of the cations and the negative migration flux of the anion are induced by
the positive electrical potential gradient in the inner fringe. However, in the outer fringe, @U@xT

is negative
and the situation is similar as in Scenario 1. Consequently, in this region, the negative electrostatic gradi-
ent retards the cations and accelerates the anion. The ions present in great excess (Mg21 and Cl-) have
larger electrical gradient components compared to those of Scenario 1 (Figures 6c–6j). On the other
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hand, the proton component, @UH1

@xT
is around zero until the outer fringe (z 5�8.5 cm at the outlet), where

it becomes negative (Figure 6j). Such behavior in the outlet cross-sectional profiles also implies that H1 is
the least involved species in the electrostatic coupling for most of the vertical cross section with the
exception of the outer fringe area. However, in Scenario 1 the opposite is observed where H1 is the most
involved ion in the electrostatic coupling and major contributor to the net electrical potential gradient
(Figure 6e).

Figure 6. Maps of the transverse component of the electrostatic potential gradient produced during multicomponent ionic transport: the
net electrical gradient (a, f), proton component (b, g), magnesium component (c, h), chloride component (d, i), and the outlet cross-
sectional profiles (e, j) for Scenario 1 (Figures 6a–6e) and Scenario 2 (Figures 6f–6j).
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5.4. Dilution of the Ionic Plumes
It is interesting to analyze the multicomponent transport problems and the flow-through experiments of
this study using metrics of plume dilution. We use the flux-related dilution index [Rolle et al., 2009] to quan-
tify the dilution of the different ionic plumes due to their lateral displacement and mixing with deionized
water. This metric, based on the concept of Shannon entropy, describes the distribution of a solute mass
flux over the volumetric water flux at a given location along the main flow direction. The flux-related dilu-
tion index is particularly suited to study the dilution of solute plumes continuously emitted from a contami-
nation source [Chiogna et al., 2012; Rolle et al., 2012]. For a multicomponent ionic transport problem, the
flux-related dilution index of a charged species, i, reads as:

EQ;iðxÞ5exp 2

ð
X

pQ;iðxÞln ðpQ;iðxÞÞqxðxÞdX

0
@

1
A (12)

where qx 5 vh is the specific discharge in the main flow direction normal to the cross-sectional area X, h is
the porosity and pQ,i is the flux-related probability density function:

pQ;iðxÞ5
CiðxÞð

X

CiðxÞqxðxÞdX
(13)

The flux-related dilution index has been used as metric of plume dilution in both Stokes’ and Darcy’s flows
[Rolle et al., 2013b; Rolle and Kitanidis, 2014]. Physically EQ,i(x) represents an effective volumetric flux trans-
porting the solute flux of a given ion i at the longitudinal position x. The values of EQ,i(x) monotonically
increase with the travel distance in the flow-through system. For multicomponent transport, a higher value
of the flux-related dilution index for a species i compared to the other ions in solution quantifies the higher
dilution of the plume of that species. Figure 7 reports the computed flux-related dilution index, EQ,i at

Figure 7. Observed (symbols) and simulated (lines) flux-related dilution index for the two experimental scenarios: (a) Scenario 1: injection
of HCl and MgCl2 with similar concentration (i.e., CH1/CMg21 �1) in Milli-Q water; (b) Scenario 2: injection of HCl and MgCl2 with excess
MgCl2 concentration (i.e., CH1/CMg21 �0.01) in Milli-Q water. The term liberated refers to the case without electrostatic coupling (i.e., the
species are transported as uncharged species with their own diffusive/dispersive properties).
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different longitudinal cross sections for the investigated experimental scenarios. At the inflow boundary,
the flux-related dilution index is identical for each ion because they are injected from the same inlet ports
and thus show the same extent of dilution. However, EQ profiles evolve differently for different ionic species
in the porous media because the transported ions have different diffusive and dispersive properties leading
to a distinct distribution of the ions’ mass fluxes over the volumetric flux in the flow-through setup (Figures
7a and 7b).

The experimental flux-related dilution index, calculated from the concentrations and volumetric discharges
measured at the inlet and outlet of the flow-through domain, shows a reasonable agreement with the
model simulations. In Scenario 1, where two electrolytes (HCl and MgCl2) were simultaneously injected at
the same concentration level, all ions show distinct profiles that monotonically increase along the travel dis-
tance (Figure 7a). The dotted lines denote the simulated dilution of each species at their liberated state (i.e.,
as if they were transported as uncharged species). Both cations (H1 and Mg21) show a reduction and the
common anion (Cl2) shows an enhancement of dilution compared to the case of displacement at liberated
state conditions. In particular, the H1 plume, although being clearly the most diluted one, shows a consider-
able decrease in the EQ value compared to the outcomes of the multicomponent simulations describing H1

undergoing transverse displacement according to its liberated state diffusive/dispersive properties. As dis-
cussed above, this limitation in dilution is due to the electrostatic interactions with the other charged spe-
cies. This results in coupled dispersive fluxes that are caused by the development of an electrical potential
gradient induced by the different diffusive rates of the ionic species in the solution (section 5.3) and by the
dependence of local dispersion coefficients on the solutes’ diffusivities, not only at slow but also at high
flow velocities. The latter effect arises from incomplete mixing and compound-specific gradients of different
solutes in the pore channels [Rolle et al., 2012].

In Scenario 2, Mg21 and Cl2 have identical profiles of flux-related dilution index and they also show practi-
cally the same measured values of EQ (Figure 7b). This behavior is, in fact, induced from the composition of
the injected electrolyte solution and the associated Coulombic cross-coupling of dispersive fluxes. Although
MgCl2 fully ionizes in solution, the cation and anion appear to travel together, nearly as a single salt. How-
ever, a close inspection of the concentrations of these ions reveals a tendency of Cl2 to displace slightly fur-
ther in the transverse direction resulting in a small excess of Mg21 in the core of the plume. This also affects
the behavior of H1 which tends to displace faster out of this region, thus receiving a positive electrostatic
contribution to its lateral movement. As a result, the hydrogen ions displace at a rate that is even larger
than the one expected under liberated state conditions. The enhanced displacement of H1 results in a very
dilute plume showing values of flux-related dilution index 45% higher than the other ionic species in the
setup. Comparing the dilution of the H1 plumes in the two experimental scenarios, it is interesting to notice
that, based on the measured values at the outlet, the acidic plume in Scenario 2 is effectively distributed
over a water flux which is 26% larger compared to the one carrying the acidic plume in Scenario 1. This out-
come is quite striking since it shows that the extent of mixing for H1 varies remarkably depending on the
composition of the aqueous solution. This variation is solely due to the electrostatic Coulombic effects since
both multicomponent ionic flow-through experiments were performed using the same electrolytes and
under identical flow and transport conditions. The values of the flux-related dilution index measured at the
outlet of the flow-through setup are summarized in Table 3.

5.5. Propagation of pH Fronts
As seen in the previous sections, the laboratory experiments with a ternary mixture of strong electrolytes
have shown specific features of the concentration profiles of the different ions, the interaction of purely dis-

persive and electromigration fluxes as well a distinct dilu-
tion of the ionic plumes. Focusing on the proton
displacement, the transport of H1 in the saturated porous
medium can be regarded and analyzed as a problem of
propagation of dispersive pH fronts in the transverse direc-
tion. Figure 8 illustrates the results of the propagation of
pH fronts for the two experimental scenarios. Figure 8a
represents the vertical distances, beyond the injection
zone, reached by the acidic fronts at different longitudinal
cross sections in the flow-through setup. The calculation of

Table 3. Flux-Related Dilution Index Computed From
Ion Concentrations and Volumetric Discharge Meas-
ured at the Outlet of the Flow-Through Setup

Ions

Flux-Related Dilution
Index, EQ,i (m3/s)

Scenario 1 Scenario 2

H1 2.84 3 1029 3.59 3 1029

Mg21 2.22 3 1029 2.50 3 1029

Cl2 2.53 3 1029 2.48 3 1029
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such vertical distances, which can be regarded as a penetration depth traveled by the pH fronts, refers to
changes of 1.5 units in pH compared to the inlet solution. These pH values were chosen as threshold for the
edge of the acidic plumes.

Figure 8a clearly shows that the pH front at any longitudinal cross section migrates to a larger distance in
Scenario 2 compared to Scenario 1. At the end of the flow-through domain (x 5 1 m), the difference among
the measured penetration depths in the two experimental scenarios reaches 1.6 cm. This behavior is con-
sistent with the observations of the outlet pH profiles (Figures 2b and 4b) and of the flux-related dilution
indices (Figure 7). The use of a different solution composition in Scenario 2 and the resultant Coulombic
interactions between transported ionic species significantly accelerate the protons compared to the condi-
tions tested in Scenario 1, thus causing a more effective penetration of the acidic front in Scenario 2. The
different and increasing penetration depth of the acidic fronts at different cross sections along the water
flow direction allow us to calculate a speed of propagation of the dispersive pH fronts in the vertical direc-
tion. The results are reported in Figure 8b and show distinct behaviors for the two experimental scenarios
with faster propagation velocity of the pH front observed in Scenario 2. In both cases, the trend of such
propagation velocities show that they reach their maximum close to the inlet of the flow-through setup,
where due to the injection boundary conditions very high H1 gradients occur. Due to hydrodynamic disper-
sion, those gradients tend to smooth along the water flow direction causing a reduced penetration velocity
of the pH fronts at increasing longitudinal distances.

6. Summary and Conclusions

This study shows the significance of ionic interactions for the propagation of pH fronts in porous media. We
have presented detailed flow-through experiments on multicomponent ionic transport in saturated porous
media under steady-state conditions. In particular, we have studied the propagation of acidic fronts consid-
ering two distinct transport scenarios for mixed electrolyte solutions. Such experimental scenarios were
chosen to demonstrate significantly different electromigration effects of the ions in solution on the trans-
verse displacement of hydrogen ions, and thus on the propagation of dispersive pH fronts. The experiments
have been quantitatively interpreted with a two-dimensional multicomponent ionic transport model based
on an accurate description of local dispersion and accounting for charge conservation and for

Figure 8. The symbols represents the observed (blue and pink colors for Scenario 1 and 2, respectively) penetration depths (a) and pene-
tration velocities (b) of pH fronts in the two experimental scenarios. The lines are the simulated values including the case of penetration
depth (black-dotted line) computed for liberated state (i.e., without electrostatic coupling). Penetration depth refers to the distance of pH
front migration. The pH front is tracked considering a difference of 1.5 pH units from the initial solution pH.
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electrochemical cross-coupling of charged species in the solution. Purely forward numerical simulations
showed an excellent agreement with the high-resolution ion concentrations and pH profiles measured at
the outlet of the laboratory setup.

The experimental and modeling results clearly show the importance of charge interactions and the cross-
coupling of ion displacement also for advective-dispersive transport in porous media. Specifically, the effects
of Coulombic interactions on acidic front migration were explored in this study and were shown to be particu-
larly important for the propagation of pH fronts, since the displacement of hydrogen ions can be significantly
accelerated or retarded depending on the concentration of other ions in solution. Considerable differences
have been observed between the two experimental scenarios, both in terms of penetration depth of the pH
fronts (relative difference of 36% between the two flow-through experiments) as well as for plume dilution
(26% relative difference). Furthermore, the differences were also significant (up to 25% and 19% in penetra-
tion depth and plume dilution, respectively) compared to transport at liberated state (i.e., without considering
the electrostatic cross-coupling). Coulombic interactions at the basis of multicomponent ionic transport occur
at the small molecular scale; however, their effect propagates through the scales and impacts macroscopic
solute transport. This was observed both in the flow-through experiments and from the outcomes of the
numerical simulations. Furthermore, the conditions investigated highlight the importance of electromigration
interactions not only at slow horizontal flow velocity but also for fast groundwater flow, under advection-
dominated conditions. Two main factors contribute to these effects: the electrochemical coupling between
different charged species and the incomplete mixing in the pore channels which is captured by macroscopic
parameterizations of local transverse dispersion depending on solutes diffusivities not only at slow but also at
high flow velocities [Rolle et al., 2012; Scheven, 2013]. The latter effect has been proven to be relevant and to
propagate also at larger field scales, in heterogeneous flow fields, provided that the spatial variability and
dependence from the grain size of local dispersion coefficients is acknowledged [e.g., Chiogna et al., 2011; Eck-
ert et al., 2012]. The experimental findings of this study also contribute to support the conclusions of recent
investigations that pointed out the key role of aqueous diffusion for groundwater transport also at large scales
[LaBolle and Fogg, 2008; Rolle et al., 2013b; Hadley and Newell, 2014].

The effects of electromigration on pH front propagation, studied in this work under simplified conditions, can
also impact more complex situations of subsurface flow and transport including transient transport conditions
as well as additional physical and (bio)geochemical processes such as sorption, ion-exchange, surface complex-
ation [e.g., Gvirtzman and Gorelick, 1991; Zachara et al., 1991; Bjerg and Christensen, 1993; Appelo, 1994; Liu et al.,
2011; Holden et al., 2012, 2013], geochemical weathering of sediments, pH buffering, release/mobilization of
trace metals, mineral dissolution-precipitation, and degradation reactions [e.g., Hansen and Postma, 1995; Kjøller
et al., 2004; Maher et al., 2006; Tartakovsky et al., 2008; Liu et al, 2011; Molins et al., 2012; Li et al., 2014].

Finally, recent investigation of solute transport in homogeneous and heterogeneous three-dimensional
experimental setups [Ye et al., 2015a, 2015b] suggests that the charge interactions and the cross-coupling
effects, studied in this work in (quasi) two-dimensional domains, would be even more pronounced for fully
three-dimensional ionic transport in porous media.
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