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Abstract
Fate and transport of heavy metals is controlled by the biogeochemical processes in the environment. Reactive transport modeling is
particularly important for capturing the complex interplay between the microbial community dynamics and redox-stratified environ-
ments. The focus of this study is to investigate the impacts of (i) multicomponent diffusion (MCD) and (ii) electrical double layer
(EDL) on reactive diffusive transport of heavy metals at Lake Coeur d’Alene (LCdA) sediments. The solute benthic fluxes at LCdA
sediments are controlled by diffusion, and therefore, the biogeochemical model is focused purely on diffusive transport. In diffusive
transport-dominated multicomponent systems, species-specific multicomponent diffusion (i.e., Nernst-Planck representation of diffu-
sion) and the explicit treatment of electrostatic effects can play an important role on the overall dynamics of biogeochemical cycling of
metals in the system. The results of this study demonstrate that the use of single uniform diffusion coefficient for all species in purely
diffusion-dominated sediments may underestimate the mobility of heavy metals undergoing complex reaction network. This outcome
is further signified when explicit treatment of EDL effects is considered in addition to MCD. The simulation results also illustrate the
importance of aqueous metal (bi)sulfide complexes, especially when MCD and EDL effects are implemented in reactive transport
simulations, impacting the solubility and dynamics of heavy metals in diffusion-dominated systems. The competitive effects of Fe-
reducing bacteria FRB and sulfate reducing bacteria SRB activities on pH and overall biogeochemical processes are also demonstrated
with multispecies diffusion and explicit treatment of electrostatic effects in the system.
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1 Introduction

Lake sediments are the ultimate repository for various con-
taminants, including heavy metals, originating from anthropo-
genic activities [1, 2]. The fate and transport of heavy metals is
controlled by complex biogeochemical processes occurring at
the sediments. Quantification of the heavy metal dynamics in
the sediments requires an understanding of the coupled geo-
logical, chemical, and microbial processes. Reactive transport
models have been widely used to investigate the

biogeochemical cycling of various contaminants and heavy
metals in lake sediment environments [3–11]. The models
have been carried out to capture the essential biogeochemical
transformations coupled to transport processes, assessing the
impact of various competing reactions affecting the overall
heavy metal dynamics in the system [12, 13].

This study aims to build on the previous work of Sengor
et al. [11] to investigate the impact of (i) multicomponent
diffusion (MCD) and (ii) electrical double layer (EDL) on
reactive diffusive transport of heavy metals at Lake Coeur
d’Alene (LCdA) sediments. The biogeochemical model of
heavy metal cycling developed by Sengor et al. [11] was
based on pure diffusive transport, as the solute benthic fluxes
at LCdA are controlled by diffusion. In diffusive transport-
dominated multicomponent systems, Coulombic interactions
between the ionic species can play an important role in deter-
mining the rates of diffusion of ions in pore water, in addition
to pure Fickian processes.

MCD and EDL effects in reactive transport modeling have
been studied and reported [14–23]. MCD is a transport
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process, in which the diffusion flux of one component is in-
fluenced by the concentration of other components in the sys-
tem [24]. EDL, on the other hand, is a stratified structure
outside of a surface which attracts ions, dipole molecules,
and particles from the environment [25]. Appelo and Wersin
[14] used PHREEQC [26] to simulate the diffusion of tritium,
iodide, and sodium in Opalinus clay with the consideration of
diffuse double layer. The study compared the modeling results
with and without MCD for solute species HTO, I, and Na,
discussing how the various terms of MCD in the free pore
and DDL, and retardation by ion exchange would modify
the transport of these species. The study of the multicompo-
nent diffusion of Opalinus clay was further extended for tracer
elements such as Cl, Br, Sr, and Cs [15]. It was concluded that
a dual porosity model was more accurate to fit 85Sr2+ and
134Cs+ concentration profiles, whereas 22Na+, tritium, and
the anions could be modeled with a homogeneous porosity
structure. The geometrical factors for ionic species were dif-
ferent in the clay, in which cations could be quantified as a
function of the fraction of free pore water in the pore space and
a given anion-accessible porosity [15]. Appelo et al. [27] de-
veloped a radial diffusion model to simulate the porewater
composition in a clay rock, where diffusion was calculated
with explicit finite differences for a radially configured grid.
The model was used to understand the complex interactions
among diffusive transport, ion exchange, and calcite dissolu-
tion. Muniruzzaman and Rolle [28] investigated the impact of
multicomponent ionic transport on pH in saturated porous
media under flow-through conditions. The results from labo-
ratory bench-scale experiments in homogeneous porous me-
dium were interpreted by the 2D numerical MCD model sim-
ulations which showed a very good agreement, confirming the
importance of charge effects on pH transport in porous media.

In summary, these studies demonstrate the need for dual
porosity models to quantify the diffusion of differently
charged solutes especially for low ionic strength porewater
systems and the influence of multicomponent approach in
describing transport processes. Motivated from the signifi-
cance of electrochemical migration to be included in transport
processes, the study presented here investigates the impact of
effective diffusion coefficient of all ions, multispecies diffu-
sion, and explicit treatment of electrostatic effects in example
diffusive transport-dominated lake sediments of LCdA. The
present study is the first attempt, to the authors’ knowledge, to
investigate the MCD and EDL impacts on reactive transport
modeling of heavy metal dynamics in a natural environment,
integrating the coupled effects of biotic reaction network in-
cluding microbial-consortium biodegradation kinetics with
multiple terminal electron acceptors and heavy metal sorption
through a full surface complexation model. The extent of
MCD and EDL effects on the overall biogeochemical process-
es and competing reactions affecting heavy metal cycling in
lake sediments is presented, demonstrating the impacts of

these processes in a natural field-scale domain, as opposed
to previously studied laboratory-based idealized or homoge-
neous media.

2 Model structure and approach

Molecular diffusion is usually described by Fick’s first law as:

J i ¼ −∅D*
j∇C j ð1Þ

where Jj is the diffusive flux, ∅ is the porosity, D*
j is the

diffusion coefficient in the sediment, and Cj is the concentra-
tion of species in bulk solution. Integrating the diffusive fluxes
over a control volume results in the Fick’s second law as [29]:

∂C j

∂t
¼ −∇ � J j

� � ¼ ∇ � ∅D*
j∇C j

h i
ð2Þ

where ∂C j

∂t is the change in concentration with time and ∇

� ∅D*
j∇C j

h i
is the divergence of the diffusive flux.

Equations (1) or (2), however, do not consider electrostatic
forces induced by species of non-zero charge and it is there-
fore strictly valid only for uncharged species. Therefore, elec-
trochemical potential (Ψ) needs to be included as a transport
process, where positively and negatively charged species
move in a coordinated manner to maintain local charge bal-
ance. Then, the diffusion of species j depends on the concen-
tration gradient of itself and other charged species in the solu-
tion. The Nernst-Planck equation (e.g., [30–32]) is most com-
monly used for multispecies diffusion:

J j ¼ −∅D*
j∇C j−

∅D*
jC j

RT
z j F∇Ψ ð3Þ

where zj is the charge of species j, F and R are the Faraday and
gas constants, respectively, T is the absolute temperature, Ψ is
the electrical potential, and γ is the activity coefficient of the
jth species. According to the Nernst-Planck equation, the dif-
fusion of ions is controlled by the concentration gradient and
the electrical field created by the movement of charged species
at different rates (assuming the absence of an external electri-
cal field as commonly captured in geochemical transport
codes) [33]. The full version of the Nernst-Planck equation
can be derived using the gradient expressions for chemical
potential, as explained in detail by, e.g., [34].

The diffusion coefficient in the sediment (D*
j ) is related to

the molecular diffusion coefficient in water (D0
j ) as:

D*
j ¼

D0
j

θ2
¼ D0

j

∅F
ð4Þ
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where θ is the sediment tortuosity and F is the “formation
factor,” the ratio of bulk sediment resistivity to pore water
resistivity. For high porosity sediments, such as LCdA sedi-
ments, F can be approximated as ∅−3 [35, 36], where D*

j

becomes [36]:

D*
j ¼

D0
j

∅−2 ð5Þ

The simulations presented in this study are carried out with
the reactive transport code PHREEQC [26]. PHREEQC is one
of the few continuum-based reactive transport codes that can
handle the transport of ions with an explicit treatment of an
EDL. The code considers the interlayer space to be part of the
EDL. The total pore space is therefore divided into two po-
rosity domains: the microporosity (i.e., the sum of interlayer
space and the EDL) and the macroporosity containing free,
charge balanced water [33]. In PHREEQC, the electrical po-
tential and species distribution in the EDL are described by a
Donnan approach. This approach assumes a single potential
ΨEDL in the EDL and an instantaneous equilibrium of species
between the EDL and the free water (i.e., between the micro-
and macroporosity, respectively). Therefore, the diffusion be-
tween micro- and macroporosity domains is not considered
explicitly and the chemical potentials, μi, of the species are
the same in the two porosities at all times:

μEDL
i ¼ μi ð6Þ

The Donnan approximation can be described as:

CEDL
i ¼ Ciexp

−zi FΨEDL

RT

� �
ð7Þ

where CEDL
i and Ci are the concentrations in the micro- and

macroporosity, respectively, zi is the valence of species i, F is
the Faraday constant, T is the absolute temperature, R is the ideal
gas constant, and ΨEDL is the mean electrical potential in the
microporosity domain. As opposed to the charge-balanced solu-
tion in the macroporosity, the microporosity solution exhibits a
net charge balancing the total charge of the surfaces [33]:

∅EDL ∑
i
ziCEDL

i ¼ QS ð8Þ

where ϕEDL is the volume of the microporosity domain andQS is
the total surface charge. As discussed by Alt-Epping et al. [33],
the volume of the microporosity can be calculated using the
following expression:

∅EDL ¼ AminDL ð9Þ
where Amin is the charged surface area of the mineral. The Debye
length, DL, is the distance from the charged surface to the point
where electrical potential decays by a factor of e and can be
described as follows:

DL ¼ βDffiffi
I

p ð10Þ

where βD is a temperature dependent factor (2.15 × 10−10 at
25 °C) and I is the ionic strength of the free water. The Debye
length is a function of temperature and the ionic strength of the
free water in the macroporosity [33].

3 Conceptual model of biogeochemical
processes and reaction network in LCdA
sediments

An illustration of the conceptual framework is shown in Fig. 1.
Sengor et al. [11] developed a 1-D quantitativemodel to evaluate
the fate and transport of heavy metals (i.e., Zn, Pb, and Cu) in
LCdA sediments, initially sorbed onto Fe hydroxides [11]. The
model focused on the competing effects of heavy metal mobili-
zation through reductive dissolution of Fe hydroxides by Fe-
reducing bacteria (FRB) and precipitation at depth as metal sul-
fides due to biogenic sulfide formation by sulfate reducing bac-
teria (SRB). The results showed that the relative rates of FRB and
SRB were a key factor controlling the mobilization of heavy
metals and pH within the sediment depth. The study demonstrat-
ed inorganic diffusive transport model coupled to a biotic reac-
tion network including biodegradation kinetics with multiple ter-
minal electron acceptors and biotransformation dynamics of re-
dox front. The reader is referred to Sengor et al. [11] for details of
the solid phase and porewater chemistry, available sediment, and
water sample data that formed the basis of the conceptual model.
Table 1 details the geochemical reaction network and corre-
sponding kinetic rate law expressions used in the model [11].
Microbially mediated reaction network and corresponding kinet-
ic expressions are given in Table 2. The initial concentrations
used in the model are provided in Table 3. Parameter values
for the kinetic rate constants used in the biogeochemical model
are listed in Table 4. The aqueous complexation reactions along
with log K constants are listed in Table 5.

The diffusive reactive transport model presented by Sengor
et al. [11] used a uniform diffusion coefficient for all species
(4.27 × 10−6 cm2/s) using Fickian diffusion, based on an av-
erage diffusion coefficient value calculated after Balistrieri
[36]. In this study, the role of Nernst-Planck representation
of diffusion (e.g., MCD modeling) on the overall effluent
composition is investigated using effective diffusion coeffi-
cients based on Eq. (5), where the species-specific diffusion
coefficients are obtained from Table 6 given below. The po-
rosity is taken to be 0.77, based on an average value reported
by Balistrieri [36]. The EDL effects are implemented in this
study involving the species-specific diffusion according to
Table 6 and an EDL that compensates the surface charge of
Fe hydroxide (i.e., ferrihydrite). Based on the ionic strength of
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porewater composition (0.0035 M), the Debye length of the
EDL can be calculated from Eq. (10) as 5.07 × 10−9 m. From
the surface area of ferrihydrite (205 m2/g as discussed by
Sengor et al. [11]) and Debye length of 5.07 × 10−9 m, the
microporosity of the EDL would be 5% using Eq. (9). The
chemical and microbial reaction networks based on Sengor
et al. [11] are shown in Tables 1, 2, 3, and 4.

4 Results and discussion

The present study aims at the investigation of species-specific
multicomponent diffusion (i.e., Nernst-Planck representation
of diffusion using Table 6, versus the uniform Fickian diffu-
sion of species in the sediments) and the explicit treatment of

electrostatic effects, on the overall dynamics of biogeochem-
ical cycling of heavy metals in the system. The solute benthic
fluxes at the LCdA sediments are controlled by diffusion.
Based on this observation, the biogeochemical model is fo-
cused purely on diffusive transport. In such systems, the elec-
trochemical potential of species in the system can play an
important role, which would thus impact the overall biogeo-
chemical processes. In this study, the conceptual model and
chemical and microbial reaction network are based on the
previously published work without any modifications.
Although a visual comparison of available field data with
new model predictions is made, any re-calibration of the mod-
el to fit field data is not considered.

The model results are presented as computed concentra-
tions as a function of sediment depth corresponding to simu-

redox reactions

Solid 
phase Aquatic 

phaseprecipitation/dissolution

Biotic 
phase

Fig. 1 Illustration of the benthic porous media with primary processes governing the fate and transport of trace metals

Table 1 Geochemical reaction network and corresponding kinetic rate law expressions used in the model (from [11])

Ferrihydrite Fe(OH)3 + 3H
+⇌ Fe3+ + 3H2O Equilibrium

Mackinawite FeS +H+⇌ Fe2+ + HS− Equilibrium

Siderite FeCO3⇌Fe2þ þ CO2−
3 RFeCO3 ¼ 1� 10−12 SIFeCO3

jSIFeCO3 jþ0:5

Sphalerite ZnS +H+⇌ Zn2+ + HS− RZnS ¼ 1� 106 Zn2þ
� �

H2S½ � SIZnS
jSIZnS jþ0:5

Galena PbS +H+⇌ Pb2+ + HS− RPbS ¼ 1� 106 Pb2þ
� �

H2S½ � SIPbS
jSIPbSjþ0:5

Chalcocite Cu2S +H
+⇌ 2Cu+ + HS− RCu2S ¼ 1� 1014 Cuþ½ �2 H2S½ � SICu2S

jSICu2S jþ0:5

SI is the mineral saturation index, log (Q/K), where Q and K represent the activity product and equilibrium constant for the reaction shown, respectively
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lated time periods of 5 years, representing the time after which
near steady-state conditions are observed (using the microbial

reaction rates in Table 4). The sediment depth of 40 cm in the
model results is based on a representative depth to capture the
redox disequilibrium conditions and calculated concentration
trends of main species during the transition from suboxic to
anoxic conditions within the sediment.

Table 2 Microbially mediated reactions and corresponding kinetic rate expressions (from [11])

Microbially mediated reactions

CH3COO
− þ 2O2⇌2CO2−

3 þ 3Hþ RO2 logK = 126.09

CH3COO
− þ 1:6NO−

3⇌2CO
2−
3 þ 0:8N2 þ 1:4Hþ þ 0:8H2O RNO−

3
logK = 153.6

CH3COO
− þ 8Fe3þ þ 4H2O⇌8Fe2þ þ 2CO2−

3 þ 11Hþ RFe3þ logK = 58.17

CH3COO
− þ SO2−

4 ⇌2CO2−
3 þ HS− þ 2Hþ RSO2−

4
logK = − 12.23

Kinetic rate laws

RO2 ¼ VO2
m

O2½ �
O2½ �þK

O2
s

log QO2
=KO2ð Þ

log QO2
=KO2ð Þþ0:5

RNO−
3
¼ VNO−

3
m

NO−
3½ �

NO−
3½ �þK

NO−
3

s

Kin
O2

Kin
O2

þ O2½ �
log QNO−

3
=KNO−

3

� �

log QNO−
3
=KNO−

3

� �
þ0:5

RFe3þ ¼ V Fe3þ
m

Kin
O2

Kin
O2

þ O2½ �
Kin

NO−
3

Kin
NO−

3
þ NO3½ �

log QFe3þ =KFe3þð Þ
log QFe3þ =KFe3þð Þþ0:5

RSO2−
4
¼ VSO2−

4
m

SO−2
4½ �

SO−2
4½ �þK

SO2−
4

s

Kin
O2

Kin
O2

þ O2½ �
Kin

NO−
3

Kin
NO−

3
þ NO−

3½ �
Kin

Fe3þ
Kin

Fe3þþ Feþ3½ �

log QSO2−
4
=KSO2−

4

� �

log QSO2−
4
=KSO2−

4

� �
þ0:5

Vm
i maximum substrate utilization rate constant using the ith terminal electron acceptor (TEA), Ks

i half saturation constant for the ith TEA, Ki
in

inhibition constants due the ith TEA, Qi, Ki activity product and equilibrium constant for the corresponding TEA utilizing reaction

Table 3 Initial concentrations used in the model (from [11])

Aqueous species Units Value

pH 7.2

Total inorganic carbon M 3.535 × 10−4

Ca2+ M 1.372 × 10−4

Mg2+ M 8.641 × 10−5

Fe2+ M 2.034 × 10−19 (≈ 0)
Fe3+ M 3.009 × 10−9

K+ M 1.279 × 10−5

S2− M 1.3093 × 10−142 (≈ 0)
SO4

−2 M 5.830 × 10−5

Na+ M 1.000 × 10−4

Cl− M 1.946 × 10−5

O2(aq) M 2.700 × 10−4 a

NO3
− M 1.800 × 10−5 a

N2(aq) M 9.150 × 10−19 (≈ 0)
Pb2+ M 5.309 × 10−8

Cu+ M 1.180 × 10−8

Zn2+ M 8.717 × 10−6

Acetate− M 7.000 × 10−3

Br− M 1.00 × 10−30 (≈ 0)

a Based on the saturation of O2 under 25 °C and nitrate data from
Winowiecki [37]

Table 4 Parameter values for the kinetic constants used in the
biogeochemical model (from [11])

Parameter Units Value used in the model

VO2
m s−1 5 × 10–9 a

VNO−
3

m s−1 2 × 10–10 b

VFe
m

3þ
s−1 3 × 10–12 c

VSO2−
4

m s−1 3 × 10–9 c

KO2
s M 2.41× 10–5 d

KNO−
3

s M 1.13 × 10–4 d

KSO2−
4

s M 1× 10–3 e

Kin
O2

M 1.61× 10–8 d

Kin
NO−

3
M 1 × 10–7 c

Kin
Fe3þ M 1× 10–8 c

a Estimated from Russell [38]
b Estimated from Parkhurst and Appelo [39]
c Sengor et al. [11]
d Estimated from Doussan et al. [40]
e Estimated from Brugato [41]
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4.1 Implementation of MCD modeling

Comparative simulation results for various anions and cations
involved in the reactive transport model are given in Figs. 2, 3,
5, and 6. Computed amounts of precipitating minerals with

Table 5 Aqueous complexation reactions used in the biogeochemical
model (from [42])

Reaction Log K
(25 °C)

S2− +H+⇌HS− 17.300

OH− +H+⇌H2O 13.997

PbOH+ +H+⇌ Pb2+ + H2O 7.597

Pb(OH)2(aq) + 2H
+⇌ Pb2+ + 2H2O 17.094

Pb OHð Þ−3 þ 3Hþ⇌Pb2þ þ 3H2O 28.091

Pb2OH
3+ + H+⇌ 2Pb2+ + H2O 6.397

Pb3 OHð Þ2þ4 þ 4Hþ⇌3Pb2þ þ 4H2O 23.888

Pb OHð Þ2−4 þ 4Hþ⇌Pb2þ þ 4H2O 39.699

Pb4 OHð Þ4þ4 þ 4Hþ⇌Pb2þ þ 4H2O 19.988

ZnOH+ +H+⇌ Zn2+ + H2O 8.9970

Zn(OH)2(aq)⇌ Zn2+ + 2H2O − 2H+ 17.794

Zn OHð Þ−3 þ 3Hþ⇌Zn2þ þ 3H2O 28.091

Zn OHð Þ2−4 þ 4Hþ⇌Zn2þ þ 4H2O 40.488

FeOH+ +H+⇌ Fe2+ + H2O 9.397

Fe(OH)2(aq) + 2H
+⇌ Fe2+ + 2H2O 20.494

Fe OHð Þ−3 þ 3Hþ⇌Fe2þ þ 3H2O 28.991

FeOH2+ +H+⇌ Fe3+ + H2O 2.187

Fe OHð Þþ2 þ 2Hþ⇌Fe3þ þ 2H2O 4.594

Fe(OH)3(aq) + 3H
+⇌ Fe2+ + 3H2O 12.560

Fe OHð Þ−4 þ 4Hþ⇌Fe3þ þ 4H2O 21.588

Fe2 OHð Þ4þ2 þ 2Hþ⇌2Fe3þ þ 2H2O 2.854

Fe3 OHð Þ5þ4 þ 4Hþ⇌3Fe3þ þ 4H2O 6.288

MgOH+ +H+⇌Mg2+ + H2O 11.397

CaOH+ +H+⇌Ca2+ + H2O 12.697

PbCl+⇌ Pb2+ + Cl− − 1.550
PbCl2(aq)⇌ Pb2+ + 2Cl− − 2.200
PbCl3

−⇌ Pb2+ + 3Cl− − 1.800
PbCl4

2−⇌ Pb2+ + 4Cl− − 1.460
ZnCl+⇌ Zn2− + Cl− − 0.400
ZnCl2(aq)⇌ Zn2+ + 2Cl− − 0.600
ZnCl3

−⇌ Zn2+ + 3Cl− − 0.500
ZnCl4

2−⇌ Zn2+ + 4Cl− − 0.199
ZnOHCl(aq) + H

+⇌ Zn2+ + Cl− +H2O 7.480

FeCl2+⇌ Fe3+ + Cl− − 1.480
FeCl2

+⇌ Fe3+ + 2Cl− − 2.130
FeCl3(aq)⇌ Fe3+ + 3Cl− − 1.130
H2S(aq)⇌H+ +HS− − 7.020
Pb(HS)2(aq)⇌ Pb2+ + 2HS− − 14.710
Pb HSð Þ−3⇌Pb2þ þ 3HS− − 16.001
ZnS HSð Þ2−2 þ Hþ⇌Zn2þ þ 3HS− − 6.120
Zn HSð Þ2−4 ⇌Zn2þ þ 4HS− − 14.640
ZnS HSð Þ− þ Hþ⇌Zn2þ þ 2HS− − 6.810
HSO4

−⇌H+ + SO4
2− − 1.990

PbSO4 aqð Þ⇌Pb2þ þ SO2−
4 − 2.690

Pb SO4ð Þ2−2 ⇌Pb2þ þ 2SO2−
4 − 3.470

ZnSO4 aqð Þ⇌Zn2þ þ SO2−
4 − 2.340

Zn SO4ð Þ2−2 ⇌Zn2þ þ 2SO2−
4 − 3.280

Table 5 (continued)

Reaction Log K
(25 °C)

FeS(aq)⇌ Fe2+ + HS− 2.200

FeSO4 aqð Þ⇌Fe2þ þ SO2−
4 − 2.390

FeSOþ
4 ⇌Fe

3þ þ SO2−
4 − 4.050

Fe SO4ð Þ−2⇌Fe2þ þ 2SO2−
4 − 5.380

MgSO4 aqð Þ⇌Mg2þ þ SO2−
4 − 2.260

CaSO4 aqð Þ⇌Ca2þ þ SO2−
4 − 2.360

NaSO−
4⇌Na

þ þ SO2−
4 − 0.730

KSO−
4⇌K

þ þ SO2−
4 − 0.850

PbNOþ
3 ⇌Pb

2þ þ NO−
3 − 1.170

Pb NO3ð Þ2 aqð Þ⇌Pb
2þ þ 2NO−

3 − 1.400
ZnNO−

3⇌Zn
þ2 þ NO−

3 − 0.400
Zn NO3ð Þ2 aqð Þ⇌Zn

2þ þ 2NO−
3 0.300

FeNO2þ
3 ⇌Fe3þ þ NO−

3 − 1.000
CaNO−

3⇌Ca
2− þ NO−

3 − 0.500
HCO−

3⇌H
þ þ CO2−

3 − 10.329
H2CO3 aqð Þ⇌2Hþ þ CO2−

3 − 16.681
Pb CO3ð Þ2−2 ⇌Pb2þ þ 2CO2−

3 − 9.938
PbCO3 aqð Þ⇌Pb2þ þ CO2−

3 − 6.478
PbHCOþ

3 ⇌Pb
2þ þ CO2−

3 þ Hþ − 13.200
ZnCO3 aqð Þ⇌Zn2þ þ CO2−

3 − 4.760
ZnHCOþ

3 ⇌Zn
2þ þ CO2−

3 þ Hþ − 11.829
FeHCOþ

3 ⇌Fe
þ2 þ CO2−

3 þ Hþ − 11.429
MgCO3 aqð Þ⇌Mg2þ þ CO2−

3 − 2.920
MgHCOþ

3 ⇌Mg2þ þ CO2þ
3 þ Hþ − 11.339

CaHCO−
3⇌Ca

2þ þ CO2−
3 þ Hþ − 11.599

CaCO3 aqð Þ⇌Ca2þ þ CO2−
3 − 3.200

NaCO−
3⇌Na

þ þ CO2−
3 − 1.270

NaHCO3 aqð Þ⇌Naþ þ CO2−
3 þ Hþ − 10.079

H(Acetate)(aq)⇌Acetate− +H+ − 4.757
Pb(Acetate)+⇌Acetate− + Pb2+ − 2.680
Pb(Acetate)2(aq)⇌ 2Acetate− + Pb2+ − 4.080
Zn(Acetate)+⇌Acetate− + Zn2+ − 1.580
Zn(Acetate)2(aq)⇌ 2Acetate− + Zn2+ − 2.643
Fe(Acetate)+⇌Acetate− + Fe2+ − 1.400
Fe(Acetate)2+⇌Acetate− + Fe3+ − 4.023
Fe Acetateð Þþ2 ⇌2Acetate− þ Fe3þ − 7.572
Fe(Acetate)3(aq)⇌ 3Acetate− + Fe3+ − 9.587
Mg(Acetate)+⇌Acetate− +Mg2+ − 1.270
Ca(Acetate)+⇌Acetate− +Ca2+ − 1.180
Na(Acetate)(aq)⇌Acetate− +Na+ 0.180

K(Acetate)(aq)⇌Acetate− +K+ 0.195
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depth are shown in Fig. 4. Assessing the difference between
single uniform diffusion (i.e., Fickian) versus species-specific
diffusion (i.e., MCD with Nernst-Planck representation)
shows significant differences in the profile of almost all spe-
cies.While in the case of a single uniform diffusion coefficient
the profile of species is dependent on the magnitude of the
diffusion coefficient and the concentration gradient of the spe-
cies across the column, in the case of species-specific diffu-
sion the profile of species is a function of the diffusion coef-
ficient of the species itself as well as the diffusion coefficients
of other charged ions, the magnitude and direction of concen-
tration gradients of all species in the system, and the concen-
tration of that species in solution.

The simulation of a conservative tracer (Br) provides the
comparison of non-reactive versus reactive (the rest of other
ions) species transport in response to the MCD implementa-
tion. The results for the conservative tracer (Br) in Fig. 3
(above panel) predict the flushing of the column (initial con-
centration is 0) with a hypothetical 1 × 10−6 M concentration,
as there has not been any field data reported on tracer concen-
trations. The model results show a faster decrease of the tracer
with depth in the presence of MCD, which is due to the higher
diffusion coefficient of the tracer, compared to the uniform
diffusion coefficient value used for all ions.

The model results of heavy metals (Pb and Zn) (as given in
Figs. 2, 5, and 6), on the other hand, show higher concentra-
tion profiles throughout the depth of the columnwhenMCD is
implemented in the model, compared to the case of a single
uniform diffusion coefficient assumed for all charged species.
Especially prior to the suboxic zone (top 5 to 10 cm of the
column where before the mobilization of heavy metals by
reductive dissolution of ferrihydrite begins), the higher con-
centrations of Zn and Pb predicted in the porewater are mainly
due to the slightly lower pH conditions observed in the system
when electrochemical potential of ions is considered in MCD
simulations. Thus, the resulting lower pH leads to less adsorp-
tion of heavy metals onto the Fe hydroxide surface yielding
higher concentrations in the porewater. In addition to this
effect, in the anoxic zone (depths below 5–10 cm of the col-
umn) the production of biogenic sulfide by SRB results in the
formation of aqueous (bi)sulfide complexes, where the major-
ity of the soluble sulfide exists as these aqueous species along
with FeS(aq). As reported by Sengor et al. (2007a, b), these
soluble complexes play an important role on the overall dy-
namics of heavy metals. As the heavy metals are solubilized
into the porewater due to the microbial reductive dissolution
of ferrihydrite by FRB, they tend to form strong metal
(bi)sulfide complexes (e.g., Zn-HS; Pb-HS). This further en-
hances the desorption of heavy metals from the Fe hydroxide
surface and competes for the precipitation of Fe and other
metal sulfide minerals. Themodel simulation results show that
this competitive effect is more pronounced when the species-
specific MCD is considered compared to the uniform species
diffusion case. As seen in Figs. 5 and 6, the distribution of
sulfide aqueous species results in higher metal (bi)sulfide
complexes within the anoxic zone in MCD case, compared
to uniform diffusion case predictions. This strong metal
(bi)sulfide formation corresponds to the delay of metal sulfide
precipitate formation in MCD predictions, whereas relatively
lower concentrations of metal (bi)sulfide complexes results in
earlier precipitation of metal sulfides in uniform diffusion case
(see Fig. 4). The simulation results thus illustrate the impor-
tance of biogenic sulfide produced by SRB to be further pro-
nounced whenMCD is implemented in reactive transport sim-
ulations, impacting the solubility and dynamics of heavy
metals in diffusion-dominated systems.

The comparative simulation results in both MCD and uni-
form diffusion cases can also be compared with the available
measured field data compiled from various sources. A visual
comparison of available data with model simulations also
shows a better match when MCD is implemented in the reac-
tive transport model, especially for dissolved inorganic carbon
and partly for Pb and Zn (Fig. 3). The variations in the report-
ed data for various species, especially Pb, Fe, including sul-
fate, and nitrate yield this visual comparison to be rather less
straightforward. However, it should be noted that any re-
calibration of the model to fit field data is not considered here,

Table 6 Diffusion coefficients of aqueous species used in the MCD
model [43]

Aqueous species Diffusion coefficient
(× 10−10 m2/s)

Acetate− 12.10

Ca2+ 7.92

Cl− 20.30

CO2−
3 9.20

Cu+ 15.10

Fe2þ 7.19

Fe3+ 6.04

H+ 93.10

HCO−
3 11.90

HS− 17.30

K+ 19.60

Mg2+ 7.06

Mn2+ 7.12

N2 18.80

Na+ 13.30

NHþ
4 19.60

NO−
3 19.00

O2 21.00

SO2−
4 10.70

Pb2+ 9.45

Zn2+ 7.03
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Fig. 2 Comparison of uniform (Fickian) diffusion versus species-dependent MCD (Nernst-Planck) diffusion of main aqueous species (pH, dissolved
inorganic carbon, total Pb, and total Zn) as a function of sediment depth. Lines represent model simulations. Symbols show measured data points
compiled from various sources (see Sengor et al. [11] for data sources)
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Fig. 3 Comparison of uniform (Fickian) diffusion versus species-
dependent MCD (Nernst-Planck) diffusion of main aqueous species
(total Br−, NO3

−, SO4
−2, and Fe+2) as a function of sediment depth.

Lines represent model simulations. Symbols show measured data points
compiled from various sources (see Sengor et al. [11] for data sources)
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Fig. 4 Computed amounts of precipitating minerals and acetate as a function of depth using uniform (Fickian) diffusion versus species-dependent MCD
(Nernst-Planck) diffusion
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Fig. 5 Calculated distributions of aqueous Zn and Pb species as a function of sediment depth using uniform (Fickian) diffusion (left panel) versus
species-dependent MCD (Nernst-Planck) diffusion (right panel)
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as this study aims to assess the difference between a Fickian
versus Nernst-Planck representation of diffusion on the over-
all dynamics of heavymetals and biogeochemical processes in
purely diffusion controlled environments, such as LCdA sed-
iments, rather than reproducing the measured field data. The
results reveal that the use of single uniform diffusion coeffi-
cient for all species in purely diffusion-dominated sediments
may underestimate the mobility of heavy metals undergoing
complex reaction network. The electrochemical potential of
species needs to be incorporated in diffusive transport of ions
such as the implementation of MCD, for reliable prediction of
species transport in such systems.

4.2 Implementation of EDL

The reactive transport modeling of heavymetals in LCdA lake
sediments with MCD is also extended to simulate the reactive
transport with explicit treatment of electrostatic effects, which
involves the implementation of species-specific diffusion

according to Table 6 and an EDL that compensates the surface
charge of ferrihydrite. As discussed above, this is accom-
plished by dividing the total pore space in the medium
(77%) into two porosity subdomains: (i) microporosity (5%
EDL) and (ii) macroporosity (72% free-moving charge-bal-
anced water). Only the water within the macroporosity is as-
sumed to move in response to a gradient. The extent of MCD
and EDL effects on the overall biogeochemical processes is
investigated by the model results shown for “low” and “high”
rates of sulfate and Fe(III) reduction, respectively, considering
5% EDL in all cases. The “low” rates of sulfate reduction are
tested as 5 and 3 times lower reduction rates compared to the

original rate (i.e., VSO2−
4

m = 3 × 10−9 s−1), whereas the rates of
iron reduction are tested as 2 and 1.5 times higher reduction

rates compared to the original rate (i.e.,VFe
m

3þ
= 3 × 10−12 s−1)

given in Table 4. The results are also compared with only
MCD implementation case (without EDL effects, i.e., no
EDL). The “no EDL” and 5% EDL cases are based on the
same original rates of sulfate and iron reduction. The
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Fig. 6 Calculated distributions of aqueous S species as a function of sediment depth using uniform (Fickian) diffusion (left panel) versus species-
dependent MCD (Nernst-Planck) diffusion (right panel)
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Fig. 7 Computed concentrations of main aqueous species as a function of
sediment depth: comparison of model predictions for “low” and “high”
rates of SRB (red lines) and FRB (blue lines) activity rates, respectively

when 5% EDL is implemented. Symbols show measured data points
compiled from various sources (see Sengor et al. [11] for data sources)
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Fig. 8 Computed concentrations of Br (tracer) and total Zn as a function
of sediment depth: comparison of model predictions for “low” and “high”
rates of SRB (red lines) and FRB (blue lines) activity rates, respectively

when 5% EDL is implemented. Symbols show measured data points
compiled from various sources (see Sengor et al. [11] for data sources)
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Fig. 9 Calculated distributions of aqueous Zn species as a function of sediment depth: comparison of model predictions for “low” and “high” rates of
SRB and FRB activity rates, respectively when 5% EDL is implemented
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Fig. 10 Calculated distributions of aqueous Fe species as a function of sediment depth: comparison of model predictions for “low” and “high” rates of
SRB and FRB activity rates, respectively when 5% EDL is implemented
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Fig. 11 Computed amounts of precipitating minerals as a function of depth: comparison of model predictions for “low” and “high” rates of SRB (red
lines) and FRB (blue lines) activity rates, respectively when 5% EDL is implemented
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competitive effects of FRB and SRB activities on pH and
overall biogeochemical processes along with MCD and EDL
implementation are discussed below.

The comparative simulation results for various anions and
cations involved in the reactive transport model are given in
Figs. 7, 8, 9, and 10. The “no_EDL” and “5% EDL” simula-
tion results are shown with black lines, whereas the “low” and
“high” rates of sulfate and Fe(III) reduction simulations are
presented with red and blue lines, respectively. Computed
amounts of precipitating minerals with depth are shown in
Fig. 11. The results for the conservative tracer (Br) in Fig. 8
show (above left panel) higher concentration of Br to be ob-
served in the free-water domain when EDL is implemented in
the code. Due to the positive charge of the ferrihydrite surface

below pzc (pHHFO
PZC ¼ 8:11 ), Br accumulate at the EDL, and

more mass of Br is transferred between the two porosity do-
mains until equilibrium is attained. Therefore, this results in
higher concentrations to be retained in the free-water
(macroporosity domain). The concentration distribution, how-
ever, changes with the change in pH (Fig. 8 upper right panel),
which is influenced by the competitive FRB and SRB reac-
tions as explained below. With the increase in pH, the accu-
mulated Br ions at the microporosity domain are kicked out of
the ferrihydrite surface to be replaced by hydroxyl ions,
whereas with the decrease in pH, higher concentration of Br
are attracted to the surface, as expected (see Fig. 7 to compare
with pH trends).

As discussed by Sengor et al. [11], pH values initially show
an increasing trend with depth followed by a slowly decreas-
ing trend in the anoxic zone (Fig. 7, upper left). The initial
increase with depth is controlled by the multiple enzyme-
mediated reductive dissolution of ferrihydrite, which drives
the pH up, as shown by (Sengor et al. [44]):

8Fe OHð Þ3 sð Þ þ CH3COOHþ 14Hþ⇌8Fe2þ þ 2HCO−
3 þ 20H2O ð11Þ

The decreasing trend at about 10 cm depth is due to the
microbially mediated sulfate reduction by SRB, as shown in
Table 2 by:

CH3COO
− þ SO2−

4 ⇌2CO2−
3 þ HS− þ 2Hþ ð12Þ

Model results of this study show that when EDL effects are
implemented in the code, pH shows a further decreasing trend
with depth (dotted lines in Fig. 7), compared to the “no_EDL”
case (solid lines in Fig. 7). This is due to the higher precipitation
of FeS(s) in the presence of EDL implementation (Fig. 11, lower
left), consistent with the lower concentration profile of Fe(II)
observed in the presence of EDL (Fig. 7, lower right; Fig. 10).
As the total Fe is mainly in the form of Fe(II) species, the positive
surface of ferrihydrite (at the considered pH ranges) excludes the
majority of Fe(II) from the EDL, leaving high concentration of

Fe(II) in the macroporosity layer available to precipitate as FeS(s)
with the available aqueous sulfide ions in this layer. On the other
hand, the concentration profiles of Pb (Fig. 7, lower left panel)
and Zn (Fig. 8, lower panels; Fig. 9) show higher computed
concentrations with depth along with the implementation of
EDL. This is partly due to the desorption of heavy metals from
ferrihydrite surface due to the lower pH, and partly due to the
formation of strongmetal (bi)sulfide complexes after the produc-
tion of biogenic sulfide by SRB in the anoxic zone. Again, as
more strong aqueous metal (bi)sulfide complexes are retained
within the microporosity domain (black lines in Fig. 8, lower
panels), the availability of free metals to form metal sulfide pre-
cipitates decreases, which is again consistent with the corre-
sponding delays in metal sulfide formation (compare dotted
and solid black lines in Fig. 11). These results reveal the signif-
icance of EDL implementation, in addition to MCD effects, in
simulating the heavy metal fate and transport problems using
coupled complex reaction network environments to avoid any
underestimation of the mobility of heavy metals in the system.

To illustrate the competitive effects of the strong metal
(bi)sulfide complexes on pH and coupled biogeochemical
reactions, model simulations are run considering “low”
and “high” rates of sulfate and Fe(III) reduction, respec-
tively, considering 5% EDL in all cases. The results show
that when Fe(III) reduction rate is increased, the rise in
pH (caused by the 1st reaction mentioned above) is more
pronounced and the decrease in pH (caused by the second
reaction mentioned above) is less pronounced (blue lines
in Fig. 7, upper left). If the sulfate reduction rate is
lowered, then pH increases due to the lower amount of
sulfide production and hence lower amount of FeS pre-
cipitation (red lines in Fig. 7, upper left; Fig. 11, lower
left). The rise in pH increases the net sorption of metals
onto ferrihydrite surface. Aqueous metal (bi)sulfide com-
plex formation as well as the metal sulfide precipitation
formation potential decreases. As a result of the net effect
of these reactions, the dissolved heavy metal concentra-
tions decrease with time and depth. Although both the
“low” and “high” rates of sulfate and Fe(III) reduction
cases increase the pH of the medium, the system is more
sensitive to the changes in Fe(III) reduction compared to
sulfate reduction, which is in accordance of the stoichi-
ometry of the reactions. As there is less production of
sulfide with lower SRB activity, the impact of aqueous
metal (bi)sulfide complexes gets minimal as the rate of
SRB activity decreases. In the case of higher Fe(III) re-
duction, the increase in pH results in the negatively
charged (bi)sulfide complexes to be excluded from the
EDL layer (due to the abundance of hydroxyl ions at the
positive ferrihydrite surface kicking off the negatively
charged ions) and thus significantly enhancing their pre-
cipitation as metal sulfides at the macroporosity layer.
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5 Summary and conclusions

The present study aims at the investigation of species-specific
multicomponent diffusion (i.e., Nernst-Planck representation
of diffusion compared, using Table 6, versus the uniform
Fickian diffusion of species in the sediments) and the explicit
treatment of electrostatic effects, on the overall dynamics of
biogeochemical cycling of metals in example diffusive
transport-dominated lake sediments of LCdA. The impact of
MCD and EDL on reactive transport and sorption of heavy
metals in a natural environment, integrating coupled biotic
reaction network with multiple terminal electron acceptors is
presented for the first time to the authors’ knowledge. The
solute benthic fluxes at the LCdA sediments are controlled
by diffusion. In such purely diffusive transport-dominated
systems, the electrochemical potential of species in the system
can play an important role in determining the rates of diffusion
of ions in pore water, in addition to pure Fickian processes,
which would thus impact the overall biogeochemical dynam-
ics. The results of the study reveal that the use of single uni-
form diffusion coefficient for all species in purely diffusion-
dominated sediments may underestimate the mobility of
heavy metals undergoing complex reaction network. This out-
come is further signified when explicit treatment of EDL ef-
fects is considered in addition to MCD. The simulation results
also illustrate the importance of aqueous metal (bi)sulfide
complexes, especially whenMCD and EDL effects are imple-
mented in reactive transport simulations, impacting the solu-
bility and dynamics of heavy metals in diffusion-dominated
systems. The competitive effects of FRB and SRB activities
on pH and overall biogeochemical processes showed that the
system is more sensitive to the changes in Fe(III) reduction
compared to sulfate reduction. The impact of EDL implemen-
tation (in addition to MCD) using a wide range of micropo-
rosity spectrum is also assessed on the overall ion transport
dynamics in the system, demonstrating the significance of
accurate determination of EDL layer, based on the ionic
strength of the solution. Investigations are underway to in-
crease the model complexity in a step-by-step fashion in later
stages of the model to cover the dynamics of additional heavy
metals of interest (e.g., As, Mn, Cu) and larger scale process-
es. Other future work also includes conducting numerical sim-
ulations for different sediments in natural environments, or
different regions of LCdA environment, to seek representation
of processes pertaining to different regions.
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