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Abstract

In this study, the impact of colloid facilitated transport of heavy metals on the overall
biogeochemical processes is demonstrated in example Lake Coeurd’Alene sediments.
Release and transport of heavy metals (Pb and Zn) on initially sorbed colloidal Fe
(hydr)oxide minerals are compared with immobile surfaces under various advective
flow velocities. The reactive transport model integrates a coupled biotic reaction net-
work with multiple terminal electron acceptors, including multicomponent diffusion
and electrostatic double layer (EDL) treatment effects, illustrating the impact of col-
loidal transport under competing biogeochemical reaction dynamics for the first time
to the authors’ knowledge. The model results illustrate the sensitivity of the results
under low-flow-velocity conditions. Although enhanced Fe reduction prevails with
immobile Fe (hydr)oxide mineral surfaces, the desorbed metal ions with aqueous
sulfide complexes are rather “washed out” from the system along with advective
transport of solutes, whereas the reductive dissolution of colloidal Fe (hydr)oxides
from freshly coming colloidal surfaces results in the accumulation of metal and sul-
fide ions in the system. The results show that when the potential transport of sorbed
contaminants with colloidal particles are ignored, the contaminant concentrations
might be underestimated under low-flow-velocity conditions, especially around 10~8
or 10™° m s~!, where the underestimation for the worst case scenario at the lowest
bound of low-flow-velocity conditions may reach around 90% with depth. On the
other hand, this impact may be less significant under cases of higher flow velocity,

1

even around higher limits of low-velocity environments around 10~7 m s~!, as well

as in pure diffusive transport cases.

Abbreviations: EDL, electrostatic double layer; FRB, iron-reducing bacteria; HFO, hydrous ferric oxide; LCdA, Lake Coeurd’Alene; SRB, sulfate-reducing

bacteria.
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1 | Introduction

Colloids are nanoscopic particles with diameter in the range
of 1 nm to 10 pm and are widely distributed in the environ-
ment (Bin et al., 2011; Montalvo & Smolders, 2019). These
colloids have recently been gaining significant attention due to
their unique characteristics in environmental remediation per-
taining to degradation, transformation, and immobilization of
contaminants in soils and aquifers. However, once mobilized
by subsurface water flow, colloids may pose risks to surface
water and groundwater quality as they are effective ‘‘carri-
ers’’ of a variety of common contaminants found in soils and
water (Amde et al., 2017). Due to their high specific surface
areas, high reactive site densities, and high mobility in soils,
the colloids facilitate the sorption and thus the transport of
many contaminants in the subsurface, such as heavy metals,
radionuclides, and organic compounds, which are otherwise
immobile with limited solubility in the aqueous environment
(Kretzschmar et al., 1999; Ryan & Elimelech, 1996; Thomp-
son et al., 2000). Various researchers have studied the mobility
of contaminants via colloidal particles, showing the facili-
tation of pollution transport in the subsurface systems (e.g.,
Benhabib etal.,2017; Cheng et al., 2016; de Jonge et al., 2004;
Emersonetal.,2016; Maetal.,2017; Sen et al., 2002a, 2002b;
Simtinek et al., 2006; Snousy et al., 2018; Zhuang et al., 2003),
whereas others have demonstrated the adsorbed contaminants
to be trapped among sediment grains, impeding pollution
transport (e.g., Bekhit et al., 2006, 2009; Ghiasi et al., 2020b;
Kheirabadi et al., 2017; Peng et al., 2017; Sen & Khilar,
2006). Katzourakis and Chrysikopoulos (2015) developed a
three-dimensional numerical model to investigate the simulta-
neous transport (co-transport) of dense colloids and viruses in
porous media. Their work showed that the presence of dense
colloidal particles can either enhance or hinder the horizontal
transport of viruses, but can also increase the vertical migra-
tion of viruses in homogeneous and saturated porous media.
The mobilization of colloid particles strongly depends on
solution pH, ionic strength, and ionic composition of the
aqueous solution, as the abovementioned parameters affect
the surface charge of the colloidal particle (Stumm, 1977;
Thompson et al., 2006). The adsorption or surface complex-
ation of metal oxide colloidal particles strongly depends on
their surface charge, which results in an electrostatic double
layer (EDL) that forms around the oxide surface (Bourikas
etal.,2001; Fatehah et al., 2014). Two liquid layers around the
oxide particle form. In the inner layer (also called Stern layer),
ions are strongly bound to the surface, whereas in the diffuse
layer, counter ions are surrounded (with different potentials
corresponding to Debye length), and it moves along with the
moving colloidal particle, impacting the overall distribution
of ions in the surrounding medium (Fatehah et al., 2014).
Transport behavior of ions and tracers in bentonite and clay
systems, including implementations of EDL models, has been

Core Ideas

¢ Colloidal transport of Fe (hydr)oxide particles with
complex biogeochemical dynamics is presented.

* Enhanced control of Fe reduction by Fe-reducing
bacteria with immobile Fe (hydr)oxide mineral
surfaces is observed.

* Sensitivity of the colloidal transport of con-
taminants under low-flow-velocity conditions is
observed.

* Absence of colloidal particle transport might
underestimate transport of sorbed contaminants.

studied previously (e.g., Alt-Epping et al., 2015; Appelo et al.,
2008, 2010; Appelo & Wersin 2007; Tournassat & Appelo,
2011). The impact of solution composition—particularly pH,
ionic strength, flow velocity, colloidal particle concentra-
tion, and size—has been demonstrated extensively by various
researchers (Borgnino 2013; Bradford et al., 2002; He et al.,
2019; X. Lietal., 2019; Roy & Dzombak, 1997; Ryan & Elim-
elech, 1996; Torkzaban et al., 2015; Um & Papelis, 2002). The
coupled effects of ionic strength, particle size, and flow veloc-
ity on transport and deposition of suspended particles were
investigated by Bennacer et al. (2017), proposing a relation-
ship among the deposition kinetics, particle and grain sizes,
flow velocity, and ionic strength. Ghiasi et al. (2020a) studied
the impact of colloid concentration, flow velocity, and sand
gradation on co-transport of Cr(VI) and bentonite colloids.
The colloids are mainly derived particulates from clay min-
erals, Fe oxides, Al, silicate, and natural organic substances
(Ghiasi et al., 2020a; Sen & Khilar, 2006). Iron (hydr)oxide
nanoparticles often form in natural waters and at oxic—
anoxic boundaries in sediments, and it is well established that
they can control the solid—solution partitioning of numerous
toxic metal species in near-surface aqueous regimes (Amde
et al., 2017). Thus, Fe (hydr)oxide compounds and their col-
loidal counterparts have significant applications in soil and
groundwater remediation due to their large surface areas,
self-assembly potential, high specificity, and high reactiv-
ity characteristics, which can lead to spontaneous adsorption
and co-precipitation of heavy metals. Moreover, nanoparti-
cle materials have the potential to be effectively transported
by groundwater and may be easily injected as subcolloidal
oxides, hydroxides, and/or oxyhydroxides into contaminated
soils, sediments, and aquifers due to their large susceptibility
to form and exist in suspension in an aqueous medium (Litter
et al., 2018). In addition to the abiotic factors, the Fe redox
cycle and microbial Fe reduction affect the solution chem-
istry through biogeochemical pathways, as well as promoting
colloid dispersion (Thompson et al., 2006). The impact of
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Fe redox cycles on colloid-bound natural organic matter and
metals in a soil system is investigated by Thompson et al.
(2006). The hydrological and hydrochemical parameter (ionic
strength and flow rate) effect on the control and mobility of
ferrihydrite colloids in sand columns is studied by Tosco et al.
(2012); where a correlation to estimate the travel distance of
ferrihydrite nanoparticles in field environments is proposed.

Although various studies have investigated colloid mobility
and transport, including the impacts of various environmen-
tal conditions and parameters such as pH, ionic strength,
flow velocity, and colloid aggregate size and concentration
on pollutant transport (especially under well-controlled lab-
oratory experiments), the impact of colloidal transport on
heavy metal release under complex biogeochemical dynam-
ics in natural subsurface settings has been highly limited.
The biogeochemical redox dynamics exert significant controls
on heavy metal distribution within the mobile and immobile
(mineral) phases, especially considering the delicate interplay
of Fe and S species and associated minerals on redox sen-
sitive metals. Microbially mediated reductive dissolution of
(hydr)oxides generally decreases the effective surface area
of the mineral, resulting in the release of trace metals and
potentially the precipitation of secondary phases (Amde et al.,
2017; Wang et al., 2012). It is important to incorporate these
interactive and critical processes into colloidal fate and reac-
tive transport models to better understand the implications for
mobilization of sorbed contaminants and heavy metal species
in subsurface environments. Therefore, the goal of this study
is to investigate the impact of colloidal Fe (hydr)oxide parti-
cles on the transport of heavy metal species (Zn and Pb) in a
natural subsurface environment, integrating coupled micro-
bially mediated consortium biodegradation kinetics with
abiotic reaction network dynamics. The particular focus is to
investigate the impact of initially sorbed heavy metal dynam-
ics under the integrated biogeochemical conditions with a
complete (unhindered) colloidal transport of Fe (hydr)oxide
phases through comparisons with immobile counter-phases.
Although the work presented here demonstrates these pro-
cesses in an example lake sediment system, the results can
be extended to other low-advective-velocity subsurface sys-
tems such as flow through low-permeability clay lenses in
heterogeneous aquifers, leakage through aquitards overlay-
ing confined aquifers, leakage through compacted clay liners,
underground storage tanks, vertical cutoff walls, and surface
impoundments.

2 | Colloidal reactive transport model
2.1 | Modeling approach

In this study, the impact of colloid-facilitated transport of
Fe (hydr)oxide minerals on the mobility of heavy metals
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(Pb, Zn) under biogeochemical dynamics is presented using
previous work of Sengor, Spycher, Ginn, Moberly, et al.
(2007) and Sengor, Spycher, Ginn, Sani, et al. (2007) and J.
Li and Sengor (2020) on Lake Coeurd’Alene (LCdA) sedi-
ments as an example. Sengor, Spycher, Ginn, Moberly, et al.
(2007) and Sengor, Spycher, Ginn, Sani, et al. (2007) devel-
oped a one-dimensional reactive transport model to evaluate
the fate and mobility of heavy metals (i.e., Zn, Pb, and Cu) in
LCdA sediments, initially sorbed onto Fe (hydr)oxide min-
eral phases. The solubilization (and hence mobilization) of
metals as a result of microbial reductive dissolution of Fe
(hydr)oxide minerals by Fe-reducing bacteria (FRB) vs. metal
precipitation at sediment depth as metal sulfide precipitates
as a result of microbially mediated formation of sulfide by
sulfate-reducing bacteria (SRB) has been modeled, and these
competing processes were investigated. The model results
revealed the relative rates of FRB and SRB to exert signif-
icant control over the solution biochemistry and pH within
the sediment depth, which influenced the dynamics of heavy
metals in the system. The details of the solid phase and pore
water chemistry, sediment, and water sample data that were
compiled from other studies on LCdA system are provided in
Sengor, Spycher, Ginn, Sani, et al. (2007). J. Li and Sengor
(2020) presented a continuation of the work by Sengor, Spy-
cher, Ginn, Moberly, et al. (2007) and Sengor, Spycher, Ginn,
Sani, et al. (2007) illustrating the competitive effects of FRB
and SRB activities on pH and overall biogeochemical dynam-
ics including multispecies diffusion and explicit treatment of
electrostatic effects in the LCdA system. Their results showed
the significance of multicomponent diffusion (as opposed to
the use of single uniform diffusion coefficient for all species)
and EDL effects in purely diffusion-dominated sediments
on predicting the mobility of heavy metals under complex
biogeochemical conditions.

The reactive transport models previously studied by
Sengor, Spycher, Ginn, Moberly, et al. (2007) and Sengor,
Spycher, Ginn, Sani, et al. (2007) and J. Li and Sengor (2020)
were based on immobile Fe (hydr)oxide mineral phases with
sediment surface area and other characterizations of ferrihy-
drite mineral used from Sengor, Spycher, Ginn, Sani, et al.
(2007). In this study, the impact of colloidal Fe (hydr)oxide
mineral phases on the overall solution biogeochemistry and
transport of ions is investigated using the previous biogeo-
chemical model with the identical Fe (hydr)oxide mineral
phase characteristics, but only considering these phases as
fully mobile colloids under low-flow-velocity conditions.
The model simulation results are compared with previous
immobile Fe (hydr)oxide phases, demonstrating the role of
colloidal-facilitated transport of ions under complex bio-
geochemical processes within a realistic subsurface system
setting, using LCdA just as an example. It should be noted that
as the mere goal of this study is to investigate the (unhindered)
colloidal transport of Fe (hydr)oxide phases by comparing
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them with immobile mineral counter-phase responses to the
overall system dynamics, the colloid deposition, attachment,
and/or straining characteristics are not considered here, with
the intention of avoiding any retaining or hindering influ-
ences of colloidal transport. In the model presented here,
colloids are advectively transported at the same velocity as the
solutes (metal ions) in the vertical column. In other words, col-
loids are suspended and fully mobile in the pore water during
advective transport under low-flow-velocity conditions with-
out any tendency of attachment or deposition onto aquifer
matrix. The suspension and mobility of colloidal particles
in the pore water are enhanced by the repulsive interactions
present between strongly and similarly charged colloids and
the aquifer matrix. Therefore, this argument can be realistic
in most porous systems where nano-sized particle transport is
occurring. The results allow the assessment of kinetic effects
of competing coupled biotic and abiotic reaction dynamics
with unhindered transport of colloidal Fe (hydr)oxide phases
under low-flow-velocity environments that can typically be
encountered in a natural subsurface setting.

2.2 | Key parameters of transport processes
The simulation results presented in this study are carried
out with the reactive transport code PHREEQC (Parkhurst &
Appelo, 2013). The parameters of transport processes consid-
ered in this work include advective transport and multispecies
diffusion (species-specific multicomponent diffusion), and
colloidal Fe (hydr)oxide phase transport with EDL treatment
of ferrihydrite surfaces. Hydrodynamic dispersion is ignored.
These processes are described briefly below.

The governing equation for mass transport in the macrop-
orosity domain is as follows (Alt-Epping et al., 2015; Steefel,
Mayer, et al., 2015):

d(pBC, N,
% =V (¢"D;V) =V (aC) = X" vuR,
e))
where C; is the concentration of the jth primary species in
solution; ¢P is the macroporosity; ¢ is the Darcy flux, and
D; is the molecular pore diffusion coefficient of the jth
species. The reaction term includes N, kinetically controlled
mineral reactions with the corresponding stoichiometric
coefficients (v;,) and rates (R,). It should be noted that
gravity is implicitly considered during solute transport in
Equation 1, where Darcy flux ¢, in turn advective vertical
flow velocity v, accounts for the effect of gravity on solute
transport, because the sediment system is modeled as a
one-dimensional vertical column under steady-state flow
(constant total hydraulic head gradient, being the sum of the
pressure and gravitational head components) conditions. It is

assumed that colloids are advectively transported at the same
velocity as the solutes (metal ions) in the vertical column. In
addition, because the colloids are suspended in the pore water
and electrostatically not attracted to aquifer matrix during
advective transport, they are not subjected to additional
significant gravitational settlement forces. Considering the
electrostatic forces induced by species of nonzero charge, the
implementation of multispecies diffusion considered in the
study includes the involvement of electrochemical potential
for the transport of ions in the solution, where positively and
negatively charged species maintain local charge balance.
Therefore, the diffusion of species j depends on the concen-
tration gradient of itself, as well as other charged species
in the solution represented as (e.g. Bard & Faulkner, 2001;
Steefel & Maher, 2009; Steefel, Yabusaki, & Mayer, 2015):

. dDIC;
Jj=—0D;VC; - — 2, FVY @

where J is the diffusive flux, ¥ is the electrochemical poten-
tial, z; is the charge of jth species, F and R are the Faraday and
gas constants, respectively, and T is the absolute temperature.

In PHREEQC, the changes in solution composition due
to advection, dispersion, and/or diffusion are coupled with
reversible and irreversible chemical reactions within the col-
umn. For simulating colloidal transport, colloids are given a
diffusion coefficient and transported as solutes through the
column (Parkhurst & Appelo, 2013).

The EDL effects are implemented involving the species-
specific diffusion coefficients of ions in pore water and an
EDL that compensates the surface charge of Fe hydroxide
(i.e., ferrihydrite). PHREEQC is one of the few continuum-
based reactive transport codes that can simulate the solution
chemistry and species transport with an explicit treatment of
an EDL. In PHREEQC implementation of EDL, the total pore
space in the system is considered to be composed of two
porosity domains: the microporosity domain (interlayer space
and the EDL) and the macroporosity domain that consists of
charge balanced water (Alt-Epping et al., 2015). The govern-
ing equation for the EDL porosity is expressed by (Alt-Epping
et al., 2015):

9 (d)EDLCEDL)
J _ v . ( +EDL nEDL ~EDL

o =V (¢ DPePt) o)
where ¢$FPL is the EDL porosity, C}EDL is the total con-
centration in the EDL, and D;:‘DL is the species-specific
diffusion coefficient in the ED. All precipitation and dissolu-
tion reactions are assumed to take place in the macroporosity
domain, and only the water within the macroporosity domain
moves in response to a gradient. Transport within the EDL
domain is considered to be purely diffusive. In PHREEQC,
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the electrical potential and species distribution in the EDL
are described by a Donnan approach, which assumes a single
electrical potential in the EDL and an instantaneous equilib-
rium of species between the EDL and the free water (i.e.,
between the microporosity and macroporosity domains). The
details of the Donnan approximation and its implementation
in PHREEQC is discussed in detail by Parkhurst and Appelo
(2013), Alt-Epping et al. (2015), and J. Li and Sengor (2020).

For the system simulated in this study, based on the ionic
strength of the pore-water composition (0.0035 M), the Debye
length of the EDL can be calculated using the formulations
presented in Alt-Epping et al. (2015) and J. Li and Sengor
(2020) as 4.98 x 1078 m, which corresponds to 50% of
microporosity volume. Considering the EDL Debye length
calculations reported in the literature (e.g., Holmboe et al.,
2012; Parkhurst & Appelo, 2013; Tournassat & Appelo,
2011), this volume percentage is within the reported values,
and therefore the simulations have been carried out using 50%
microporosity. Although simulation results were not signifi-
cantly sensitive to the microporosity volume (%) considered
for the EDL Debye length, the results were observed to be sig-
nificantly affected by EDL consideration, compared with no
EDL implementation in the system. Therefore, all simulations
have been run with EDL considerations. In fact, when mod-
eling colloidal surfaces, the Donnan approach balances the
accumulation of surface charge with an explicit calculation
of the diffuse layer composition. Therefore, its use is essen-
tial, especially to assure electrically neutral solution when the
surfaces are separated from the solution (Parkhurst & Appelo,
2013).

The relationship between effective diffusion coefficient Dj,
pore diffusion coefficient D;’f, and diffusion coefficient in
“free” water D? is provided below (Alonso et al., 2007).
The diffusion coefficient of a spherical particle in an uncon-
fined liquid (D?) can be calculated using the Stokes—Einstein
equation as (e.g. Alonso et al., 2007):

0= KL @)
7 6nnr

where k is the Boltzmann constant, 7 is temperature, 1 is
the dynamic viscosity of the liquid (water), and r is the
hydrodynamic radius of the particle. The pore water diffusion
coefficient D;f is expressed as

* _ Oi
Dj - Dj 2 ®)
Dj = sD;‘ (6)

where T is tortuosity and § is constrictivity that hinders dif-
fusion in solids (Alonso et al., 2007; Buil, 2002). € is the
accessible porosity in the porous medium. The ratio T% =Gis

Vadose Zone 5of21

The diffusion coefficient in “free” water (D;.’), pore

TABLE 1
diffusion coefficient (D;‘), and effective diffusion coefficient (D;.’)
values for the hydrous ferric oxide colloidal particles used in this study

Parameter Value

Colloidal particle radius, m 127 x 1078
D?, m? s~! 1.93 x 107!
Dj., m? s~! 3.11 x 10712
Dj:, m? s~! 242 x 10713

geometric factor, which is less than 1 (Alonso et al., 2007). An
empirical relationship between G and € in crystalline rocks is
G = 0.71€%38 (Jakob, 2004; Parkhomenko, 1967).

In this study, the colloidal particle radius is calculated using
the specific surface area (SSA) of ferrihydrite (205 m? g~ as
discussed previously by Sengor, Spycher, Ginn, Sani, et al.
[2007]). For a particle of spherical shape, the relationship
between SSA and particle radius () is given as (Séquaris et al.,

2013):

a3 ™

SSA = =
4/3r36 rc

where o is the particle density, which is 1.15 g cm™ for fer-
rihydrite particles (Sengor, Spycher, Ginn, Sani, et al., 2007).
From Equation 7, the radius of particles is calculated to be
1.27 x 107 mor 12.73 nm.

Considering the dynamic viscosity of water to be n =
8.9 x 10~* Pa s~ !, Boltzmann constant (k) = 1.38064852 x
107> m? kg s™> K™, and T = 298 K, the Dj.) value for the
ferrihydrite colloidal particles in this study is calculated to
be 1.93 x 107" m? s~! using Equation 4. As mentioned in
previous discussions for LCdA sediments (J. Li and Sengor,
2020), the average porosity for the sediments was 0.776. After
the discussions in Alonso et al. (2007), the accessible poros-
ity is taken to be one order of magnitude lower than the
average porosity (0.0776), due to the anionic exclusion of
colloids during colloidal transport (considering the negative
charge on both colloids and porous medium) (Alonso et al.
2007; Ohlsonn & Neretnieks, 1997). Therefore the D;f and
D; values for the colloidal ferrihydrite particles in this study
are calculated from Equations 5 and 6 as 3.11 x 10~'2 and
242 x 10713 m? 57!, respectively (Table 1). Alonso et al.
(2007) obtained D;f values ranging from 5.83 x 10713 to
3.32 x 107! m? s™! for 2.7-to-47.5-nm sized gold colloid
particles.

Ferrihydrite aggregates are not regarded as a solid with
a simple surface structure and geometry; therefore, diffu-
sion coefficient measurements of ferrihydrite are not directly
available (Braunschweig et al., 2014). Hofmann et al. (2004)
estimated the diameter of hydrous ferric oxides crystal-
lites by transmission electron microscopy to be 1.9 + 0.5 nm.
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Model simulations of higher and lower (around one order
of magnitude) effective diffusion coefficients are also tested
(results not shown) considering variations in hydrodynamic
radius of ferrihydrite colloidal particles. The results did not
show significant difference, and therefore an effective dif-
fusion coefficient of 2.42 x 10713 m? s~! is being used
throughout the simulations presented.

Four different flow velocities representative of subsurface
systems that can be typically encountered, for example, in
compacted clay liners widely used as hydraulic barriers in
waste disposal systems (e.g., Javadi et al., 2017) are used to
test the impact of hydrodynamic conditions on colloidal trans-
port in this study: advl (9 x 10~ m s7!), adv2 (3 x 1078
m s~ 1), adv3 (9 x 1077 m s™1), and adv4 (3 x 1077 m s~1),
which are within the range of values reported in the literature
in similar porous systems. As the Peclet number indicates the
dominance of advective vs. diffusive transport and because
the LCdA system is diffusion dominated, appropriate Péclet
number ranges are chosen accordingly. Considering solute
molecular diffusion coefficient as 5.71 x 10710 m? s~!, tortu-
osity factor as 0.5, and average grain diameter as 3.5 x 107>
m for the LCdA sediment system based on previous sediment
analysis (Sengor, Spycher, Ginn, Sani, et al., 2007), advective
velocity ranges are calculated corresponding to Péclet num-
ber ranges between 0.02 and 0.0006. Based on these ranges,
four different velocities are considered accordingly: advl (9
x 107 m s~! corresponding to Pe = 0.0006), adv2 (3 x 1078
m s~! corresponding to Pe = 0.002), adv3 (9 x 107" m s~!
corresponding to Pe = 0.06), and adv4 (3 X 1077 m s~! cor-
responding to Pe = 0.02), which are again within the range
reported in the literature for similar porous systems (e.g.,
Javadi et al., 2017).

2.3 | Key input parameters of biotic and
abiotic reaction systems

The input parameters of the inorganic and microbially medi-
ated reaction network are based on previous works for the
LCdA system (Sengor, Spycher, Ginn, Moberly et al., 2007;
Sengor, Spycher, Ginn, Sani, et al., 2007; J. Li and Sengor
2020). The chemical and microbial reaction networks are also
based on Sengor, Spycher, Ginn, Sani, et al. (2007) and are
shown in Tables 2-5.

For the inorganic reaction system, the minerals included
in the simulations are ferrihydrite [considered as colloidal
Fe(OH);] and siderite (FeCO5), which are initially present;
and mackinawite (FeS,,, disordered), sphalerite (ZnS), and
galena (PbS), which are initially absent and considered as
secondary minerals. Table 2 details the geochemical reaction
network and corresponding kinetic rate law expressions used
in the model (Sengor, Spycher, Ginn, Sani, et al., 2007).

In the microbially mediated reaction system, the inor-
ganic diffusive transport model is coupled to a biotic reaction
network including biodegradation kinetics with multiple ter-
minal electron acceptors and biotransformation dynamics
of redox front. The microbially mediated reaction network
and corresponding kinetic expressions are given in Table 3.
The initial concentrations used in the model are provided in
Table 4. Parameter values for the kinetic rate constants used
in the biogeochemical model are listed in Table 5. The aque-
ous complexation reactions along with log K constants are
provided in Supplemental Table S1.

3 | Results and discussion

The present study aims to investigate the impact of colloid
facilitated transport of contaminants (heavy metals: Pb and
Zn) on the overall dynamics of biogeochemical cycling of
heavy metals in a natural subsurface environment. Using the
LCdA system as an example field study, colloidal Fe hydrox-
ide phases in the benthic sediment environment are modeled
as mobile colloidal hydrous ferric oxide (HFO) particles with
an effective diffusion coefficient of 2.42 x 10~'3 m? s~!. The
colloidal Fe phases are modeled as being injected at the upper
boundary, which are then transported along with other solutes
along the depth of the sediment. A conceptual model illustrat-
ing the main processes implemented in the colloid-facilitated
reactive transport model in this study is given in Figure 1. As
seen from the illustrations in Figure 1, ferrihydrite colloids
are considered as the major sorbing phase for heavy metals
(Pb and Zn), where the metal adsorption is implemented by
surface complexation using double layer modeling (Dzombak
& Morel, 1990). Once the colloidal Fe phases enter the sys-
tem at the upper boundary, heavy metals that simultaneously
enter the column based on the (oxic) shorewater composition
at the top boundary (Table 4) undergo instantaneous surface
complexation reactions at equilibrium (¢ = 0 d). Heavy metals
initially sorbed onto the colloidal Fe (hydr)oxide minerals
are then mobilized through microbial reductive dissolution of
FRB, resulting in Fe(II) ions and release of heavy metals into
the solution. Sulfate reduction by SRB results in biogenic
sulfide (HS™) formation, which then becomes available to
precipitate with free heavy metal ions [Zn, Pb, Fe(Il)] in the
porewater solution. Thus the precipitation of metal sulfides
(ZnS, PbS, FeS) at depth as a result of biogenic sulfide pro-
duction, as well as siderite (FeCOj) precipitation, is captured
in the model (Figure 1). The simulations have also been
extended to investigate the impact of colloidal reactive trans-
port on coupled biogeochemical reactions by testing increased
and decreased rates of microbial Fe- and sulfate reduction.
These particular considerations are described in detail
below.
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TABLE 2

Mineral
Ferrihydrite
Mackinawite
Siderite
Sphalerite
Galena

Chalcocite

TABLE 3
Sani, et al., 2007; Li & Sengor 2020)

Expression type

Microbially mediated reactions

Kinetic rate laws

Precipitation/dissolution reactions:
Fe(OH), + 3H* « Fe*3 + 3H,0
FeS + H* < Fe*? + HS™

FeCO; < Fe*? + CO;~2

ZnS + H* < Zn*? + HS™

PbS + H* & Pb*? + HS™

Cu,S + H* & 2Cu* + HS™

Precipitation/dissolution reactions (from Sengor, Spycher, Ginn, Sani, et al., 2007; Li & Sengor 2020)

Kinetic rate (R) law expression
Equillibrium
Equillibrium

— —12 _ Slgecos
Rpecos = 1% 10 [STrecos |+0.5

Sl
Ry = 1% 10"[Zn+2][HZS]m

i 6 12 _Sles
RPhS =1x10°[Pb ][HZS] [STpps |+0.5

= 1 x 104[Cu* P [H, 5] —Ses
Reos = 1 101 [Cut ' [H, ] e

Microbially-mediated reactions and corresponding kinetic rate (R) expressions for the model system (from Sengor, Spycher, Ginn,

Expression

CH,COO~ + 20, < 2C0O;72 + 3H*R,

CH;COO~ + 4NO;~ < 2C0572 + 4NO,™ + 3H*Ry(;
CH;COO~ + 8Fe*? +4H,0 « 8Fe*? +2C0;72 + 11H* Ry, 5
CH,COO0~ + SO,~2 « 2C0O;72 + HS™ + 2H*Ry4»

R, = n(])2 [0,] — 10g(Qo,/Kop)
[0,]+K2? 10g(Qpy/Kpp)+0.5,

Ryoz = VnI:IO3 l—NOEJNm mK(‘;IZ log(Ono3/Knos)

INO; [+KNO3 K% +[0,] 10g(Qx03/Knos)+ 05
RFe+3 = V‘:e Kngz = Klos 108(Qre 3/ Kres3)

I +[0,] Kl . +INO5] 108(Qrer3/Kreps)+05
RSO4—2 = Vn§O4 [-320;21504 ian‘z - K;\Jnoa

[SO,”[+KS0% K22 +[0,] Kty +[NO;]
K 10g(Qs04 /Ks04)

Kt +[Fe*] log(Qgo4 [Kso4)+0.5

Note. Vn"‘, maximum substrate use rate constant using the ith terminal electron acceptor (TEA); K., half saturation constant for the ith TEA; K;“, inhibition constants due

the ith TEA; Q;, K;, activity product and equilibrium constant for the corresponding TEA use reaction

— Surface

Measured complexation/

shorewater: Desorption of

initial and Pb =
metals

boundary =

condition

Release of
heavy b
metals Zn

Benthic
porous media

Sulfate
reduction

7 Fe(OH); —>Fe™

SOs2 —>  HS

FIGURE 1

bacteria; SRB, sulfate-reducing bacteria

Advective/
Diffusive
transport of
Fe(hydr)oxide
colloids (with
initially sorbed
metals)

Fe(III)

reduction

O Pb Zn

Heavy metal
Precipitation/
Dissolution

(© coloidal Fe(hyanyoxide @ rre @D SRB
PDS
‘@ L Metal-Sulfide and Other Precipitates

Conceptual model illustrating the processes implemented in the colloid-facilitated reactive transport model. FRB, Fe-reducing
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TABLE 4
(oxic) lake water composition at the top boundary (from Sengor,
Spycher, Ginn, Sani, et al., 2007; Li & Sengor, 2020)

Initial concentrations used in the model based on the

Aqueous species Units Value

pH 7.2

Total inorganic C M 3.535 x 107

Ca’* M 1.372 x 107

Mg>* M 8.641 x 107>

Fe?* M 2.034 x 10719 (~ 0)
Fe’* M 3.009 x 10~°

K* M 1.279 x 1073

S?- M 1.3093 x 107142 (=~ 0)
Noe M 5.830 x 107>

Nat M 1.000 x 107*

Cl~ M 1.946 x 1072

Osaq) M 2.700 x 10742
NO;~ M 1.800 x 1073¢
Noug) M 9.150 x 107'° (~ 0)
Pb** M 5.309 x 1078

Cut M 1.180 x 1078

Zn** M 8.717 x 1076
Acetate ~ M 7.000 x 1073

Br~ M 1.00 x 1073 (~ 0)

“Based on the saturation of O, under 25 °C and nitrate data from Winowiecki
(2002).

TABLE 5
biogeochemical model (from Sengor, Spycher, Ginn, Sani, et al., 2007,
Li & Sengor, 2020)

Parameter values for the kinetic constants used in the

Parameter Units Value used in the model
V“CI)Z S—l 5% 10—91\
VNO3— S—l 2 X 10—10b
VFe3Jr ¢! 3 x 10-12¢

S042— =il —9¢
v S 3x 10
K M 241 x 1074
KNO3- M 113 x 107+
KS042- M 1 x1073¢

in —8d
K5, M 1.61 x 10

in —7c
Kos- M 1x10
K" M 1% 1078¢

Fe3+

Note. V. maximum substrate use rate constant using the ith terminal electron
acceptor (TEA); K; , half saturation constant for the ith TEA; K,.i“, inhibition
constants due the ith TEA.

2Estimated from Russell (1973).

PEstimated from Parkhurst and Appelo (2013).

¢Sengor et al. (2007b).

dEstimated from Doussan et al. (1997).

¢Estimated from Brugato (1999).

The simulations have been conducted using four different
flow velocities representative of low velocity subsurface sys-
tems that can be typically encountered in natural subsurface
environments (e.g., Javadi et al., 2017): advl (9 x 107 m
s7h,adv2 (3 x 108 ms™1), adv3 (9 x 1077 ms~}), and adv4
(3 x 1077 m s~1). Simulations with advective transport are
also compared with pure diffusive transport runs. The model
results are presented as computed concentrations as a function
of sediment depth (40 cm) corresponding to 5 yr of simu-
lated time periods, which is considered to be representative
of steady-state conditions. The 40-cm sediment depth in the
model results is chosen based on a representative depth that
is adequate to capture the main trends of key species during
the transitioning from suboxic to anoxic conditions, as well
as the redox disequilibrium conditions occurring within the
sediment depth column.

Although available field data for the solutes are included
in the resulting figures (Figures 2—10) below just to provide
a qualitative visual comparison with model predictions, any
recalibration of the model parameters to fit field data is not
considered in this study. Field data, wherever available, are
included in the presented figures merely to provide a visual
comparison with simulation predictions, where the presented
model is not intended to reproduce the measured data, but the
goal is to investigate and understand the impact of colloidal
Fe (hydr)oxide transport on important biogeochemical pro-
cesses operating in low-flow-velocity conditions in a natural
subsurface environmental setting.

3.1 | Impact of hydrodynamic conditions on
colloidal transport

Comparative simulations demonstrating the biogeochemical
cycling of metals in lake sediments considering colloidal vs.
immobile phases of Fe (hydr)oxide minerals using four dif-
ferent flow velocities (colored lines), as well as pure diffusive
transport (black lines) cases are presented in Figures 2—6.
In the figures, all solid lines correspond to colloidal HFO
cases, whereas dashed lines correspond to immobile phases
of HFO, with solutes traveling at corresponding flow veloc-
ities (or with pure diffusive transport as indicated by black
lines). In general, the implementation of colloidal HFO cases
indicated a significant difference in results when advective
transport of solutes (and HFO) is considered in the sys-
tem, as opposed to pure diffusive transport. The simulations
demonstrate the strong impact of hydrochemical conditions,
especially pH, on the mobility of heavy metals, partic-
ularly adsorption—desorption and precipitation—dissolution
reactions. The implementation of EDL that compensates for
the surface charge of HFO also plays a significant role on
the mobility and dynamics of heavy metals in the system,
as only the water within the macroporosity domain moves
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acetate, total Pb, and total Fe*?) as a function of sediment depth with 50% electrostatic double layer. Lines represent model simulations. Simulations

include diffusive transport (black lines) and advective transport with various flow velocities (colored lines). Symbols show measured data points

compiled from various sources (data sources are discussed in Sengor, Spycher, Ginn, Sani, et al. 2007)

in response to a gradient. Therefore, the transport of ions in
the macroporosity domain with the consideration of mobile
vs. immobile HFO particles exerts a strong control on the
overall release and transport of heavy metals in the system.
Comparative concentrations of ions in the microporosity and
macroporosity subdomains are also provided below to shed
light on the discussions to explain the complex interplay of
competing reactions.

The cause and impact of pH trends on the overall system
dynamics is explained first. As discussed by Sengor et al.

(2007a, 2007b), the pH trends are controlled by two main
microbial processes: Fe reduction by FRB and sulfate reduc-
tion by SRB. The microbially mediated reductive dissolution
of Fe (hydr)oxide minerals results in an increase in pH as
shown by

8Fe(OH)s,, + CH;COOH + 14H* = 8Fe’* + 2HCO; + 20H,0 (8)

whereas upon shifting from suboxic to anoxic conditions at
about 10-cm depth, microbially mediated sulfate reduction
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FIGURE 3 Comparison of colloidal vs. immobile (no colloid) implementation of hydrous ferric oxide particles on aqueous species [Br(tracer)

and total Zn] within the macroporosity and microporosity subdomains as a function of sediment depth with 50% electrostatic double layer. Lines

represent model simulations. Simulations include diffusive transport (black lines) and advective transport with various pore velocities (colored lines).

Symbols show measured data points compiled from various sources (data sources are discussed in Sengor, Spycher, Ginn, Sani, et al. 2007)

reaction results in a decrease in pH as shown by
CH;COO™ +SO;” = 2C03™ +HS™ +2H"  (9)
The pH trend profiles of model simulation results are

shown in Figure 2a (upper left). When simulation results
are compared in general, the colloidal transport cases, espe-

cially under higher flow velocity conditions, do not result
in a significant change in pH with depth, as the impact of
microbial processes (which are taking place relatively slowly)
are less pronounced under high-flow conditions. Due to the
initial boundary effect (i.e., equilibration of the initial solu-
tion with HFO sites at the initial boundary), initial pH values
at the at top boundary start with higher pH values when
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diffusive transport (black lines) and advective transport with various pore velocities (colored lines). Symbols show measured data points compiled

from various sources (data sources are discussed in Sengor, Spycher, Ginn, Sani, et al. 2007)

HFO phases are considered to be mobile. For immobile HFO
cases, pH trends vary with depth as the microbial processes
show prevailing impact with advective transport. At low-
flow-velocity conditions, especially as the low Fe reduction
rate (i.e., VHF163+ =3 x 10712 g71, see Table 5) becomes
comparable with advective transport velocities, the impact
of immobile HFO surface interactions becomes significantly

visible with increasing pH trends with depth, indicating the
enhanced control of Fe reduction by FRB with immobile Fe
(hydr)oxide mineral surfaces. The higher concentration of
Fe(Il) ions in parallel due to the enhanced microbial reductive
dissolution reaction is seen in Figure 2d (lower right; com-
pare colloidal [solid] lines with immobile [dashed] simulation
results).
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various sources (data sources are discussed in Sengor, Spycher, Ginn, Sani, et al. 2007)

The response of the ions in the system to changes in pH
(within both microporosity and macroporosity domains) is
first demonstrated by comparing the adsorption—desorption
behavior of a conservative tracer (Br) in the system under
various flow velocities with mobile vs. immobile HFO cases.
Figure 3 (a and b) shows the flushing of the sediment column
with a hypothetical 1 x 10~% M Br concentration that is intro-
duced at the upper boundary (initial concentration within the
column is 0). The model results show that at lower pH (occur-
ring at the first around 10-cm sediment depth), Br ions are
rather attracted to the microporosity domain due to the pos-
itive charge of the ferrihydrite surface below pzc (pHEZFg =
8.11). However, with the increase in pH towards the deeper
depths, the accumulated Br ions in the microporosity domain
are kicked out of the ferrihydrite surface to be replaced by
hydroxyl ions, transferring to the macroporosity domain (as
expected and discussed by J. Li & Sengor, 2020).

The dynamics of ion transfer within the EDL domains,
combined with advective transport effects, result in signifi-
cant differences in heavy metal profiles with sediment depth
under colloidal vs. immobile HFO cases. When HFO parti-
cles are considered to be immobile, the enhanced Fe reduction
results in the enhanced desorption of heavy metal ions from
the colloidal surface, which then form strong aqueous metal
(bi)sulfide complexes (in the form of Zn-HS, Pb-HS) after
the production of biogenic sulfide by SRB in the anoxic
zone. These negatively charged ions are kicked out of the

ferrihydrite surface with the increase in pH, which are then
transported down the depth of the sediment column along
with the advective flow of water, ending up in lower heavy
metal concentration profiles with depth. The lower amounts
of heavy metals and aqueous sulfide ions in the system result
in lower ZnS and PbS precipitation amounts towards the depth
(Figure 4). The parallel decrease in sulfide concentrations
are seen in Figure 5 (see immobile [dashed] lines). On the
other hand, in the case of colloidal HFO, although the lower
amount of Fe(II) ions are produced with lower amounts or des-
orbed heavy metals as a result of Fe reduction from mobile
colloidal surfaces (compared with immobile colloidal sur-
faces), the produced heavy metals forming strong aqueous
metal (bi)sulfide complexes are more retained in the system.
Atlower pH values, these ions are more attracted to the micro-
porosity layer, and with transfer between the two domains
(due to equilibrium between the microporosity and macro-
porosity subdomains), high concentrations of these ions are
being observed in the free water, as more and more Fe reduc-
tion takes place from freshly arriving colloidal Fe (hydr)oxide
mineral particles from the top boundary transporting through
the sediment column with depth. As a result, higher heavy
metal concentrations, as well as greater metal-sulfide precip-
itates (ZnS and PbS precipitates being formed as equilibrium
metal and sulfide concentrations favor their precipitation) are
being observed under colloidal HFO particle implementa-
tion. Therefore, these results reveal that when the potential

95UB01 7 SUOLILLIOD A1 3 [cfedt [ddke au) Aq pauen0b 8.2 Sao1ke O ‘SN J0 S3INJ 10} AIqITUIIUQ AB]1M UO (SUOTPUOO-PUR-SLLLIBI WD A3 1M ATeIq 1 [Bu [UO//ScIY) SUORIPUOD PUe SWLB | 8U 89S *[£202/20/02] U0 AleidiTauluO AB]IM ‘SaISIBAIUN Iuxe L nBod elO Aq £6202 2 [2A/200T 0T/I0p/W00 A3 1M A e1q 1 jpUI [UO'SS3sJe//:SANY W01) papeo|umod ‘T ‘SZ02 ‘€99T6EST



SENGOR AND UNLU

Vadose Zone Journal . 13 of 21

AqueousZn Species (colloid adv1)

Concentration (Molality)

0.0E+0 2.0E-5 4.0E-5 6.0E-5 8.0E-5 1.0E-4
0
LY
4
I,
005 |4
L
-
041 | i
|
!
015 I '
* .
i 3
RL :
S T
& i} %
T \
e . \
025 |1 |
. 'II
I :
03 1 |', Zn_Total
o & 1}
| ! =| ————— Zn+2
Ak \
03s | ' '.l """"" Zns(HS}
| H — - = Zn(Acetate}+
o ¥ .
! \ — . -7nco3
04 1 '
N 1
Aqueous Zn Species (colloid adv2)
Concentration (Molality)
0.0E+0 2.0E-5 4.0E-5 6.0E-5 8.0E-5 1.0E-4
0
\
;
L
0.05 l'
i
I
1
01 |y,
I
7]
0.15 !;
I
E I
T 02 -,
g |
@ i1
a =
1
0.25 ii
t
i
03 || Zn_Total
- n+2
-1
035 !; --------- ZnS(HS)-
| | =+ = Zn(Acetate+
i! — . =ZnCo3
04 1

Depth (m)

Depth (m)

Aqueous Zn Species (no colloid adv1)

Concentration (Molality)
0.0E+0 2.0E-5 4.0E-5 6.0E-5 8.0E-5 1.0e-4

Zn_Total

......... ZnS(HS)-
=+ = Zn(Acetate}+

— - =ZnCO3

AqueousZn Species (no colloid adv2)

Concentration (Molality)
0.0E+0 2.0E-5 4.0E-5 6.0E-5 8.0E-5 1.0E-4

Zn_Total

......... ZnS(HS)-
=+ = Zn(Acetate+

— - -ZnCO3

FIGURE 6 Calculated distributions of aqueous Zn species as a function of sediment depth: comparison of model predictions for mobile

(colloid) vs. immobile (no colloid) implementation of hydrous ferric oxide particles with 50% electrostatic double layer. Simulations include

advective transport with low flow water velocities advl (9 x 10~ m s~') and adv2 (3 x 1078 m s™!)

transport of sorbed contaminants (such as heavy metals) with
colloidal sorbent particles is ignored, the contaminant concen-
trations in aqueous environments might be underestimated,
especially under low-flow-velocity conditions (around 1078
or 10~ m s~!). The amount of underestimation for dissolved
heavy metals in the solution may go up to around 90% with
depth, as a worst-Case-scenario condition at the lowest bound
of low-flow-velocity situations (compare red solid and red

dashed lines towards sediment depth in Figures 2c¢ and 3d).
This colloidal transport impact, however, may be less sig-
nificant under higher flow velocity cases, even around the
higher bound of low velocity environments (around 10~/
m s~!). When pure diffusive transport case is considered,
simulation results did not show much difference between
colloidal vs. immobile HFO particle implementations in
the system.
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Comparison of colloidal vs. immobile (no colloid) implementation of hydrous ferric oxide (HFO) particles on main aqueous

species (pH, acetate, total Pb, and total Fe*?) as a function of sediment depth. Lines represent model simulations. Simulations also include

predictions for “low” and “high” rates of sulfate-reducing bacteria (SRB, orange lines) and Fe-reducing bacteria (FRB, purple lines) activity rates

when colloidal HFO particles are implemented with low flow water velocity advl (9 x 10~ m s~') Symbols show measured data points compiled

from various sources (data sources are discussed in Sengor, Spycher, Ginn, Sani, et al. 2007)

3.2 | Comparison of colloidal transport with
different microbial process rates

To further illustrate the impact of pH and microbially medi-
ated reaction kinetics on the overall dynamics of heavy metals
under low-velocity-flow conditions, colloidal vs. immobile
HFO particle implementation runs have been extended to
test “high” and “low” rates of Fe(IIl) and sulfate reduction,

respectively, with the low-advective-velocity transport (i.e.,
advl =9 x 107 m s™!). The “high” rate of Fe(III) reduction
by FRB is tested as 1.5 times higher than the original reduc-
tion rate (i.e., V3= 3 x 10712 s71); and the “low” rate of
sulfate reduction is tested as 5 times lower than the original
reduction rate (i.e., V5947=3 x 107 s71) given in Table 5.
Simulation results for pH and main ions are provided in
Figures 7 and 8. Computed amounts of precipitated minerals
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FIGURE 8 Comparison of colloidal vs. immobile (no colloid) implementation of hydrous ferric oxide (HFO) particles on aqueous species

[Br(tracer) and total Zn] within the macroporosity and microporosity subdomains as a function of sediment depth with 50% electrostatic double

layer. Lines represent model simulations. Simulations also include predictions for “low” and “high” rates of sulfate-reducing bacteria (SRB, orange
lines) and Fe-reducing bacteria (FRB, purple lines) activity rates when colloidal HFO particles are implemented with low flow water velocity adv1
(9 x 107 m s~!) Symbols show measured data points compiled from various sources (data sources are discussed in Sengdr, Spycher, Ginn, Sani,

et al. 2007)

are given in Figure 9. Again, the solid lines correspond to
the colloidal HFO cases, whereas dashed lines correspond to
immobile HFO particle runs. Competitive effects of varying
Fe and sulfate reduction rates on the pH trends, and release
and transport of heavy metals in the system with the consider-

ation of colloidal vs. immobile HFO particles, are discussed
below.

The reactive transport model results show that when
Fe reduction rate is increased, the increase in pH (due to
Equation 8 as given above) is further pronounced in the
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FIGURE 9 Comparison of colloidal vs. immobile (no colloid) implementation of hydrous ferric oxide (HFO) particles on ZnS, FeS siderite

(FeCOs), and ferrihydrite minerals as a function of sediment depth with 50% electrostatic double layer. Lines represent model simulations.

Simulations also include predictions for “low” and “high” rates of sulfate-reducing bacteria (SRB, orange lines) and Fe-reducing bacteria (FRB,

purple lines) activity rates when colloidal HFO particles are implemented with low flow water velocity adv1 (9 x 10™ m s™!) Symbols show

measured data points compiled from various sources (data sources are discussed in Sengor, Spycher, Ginn, Sani, et al. 2007)

case of immobile HFO particle implementation, resulting in
very high pH profile trends with depth (blue dashed lines
in Figure 7). This high pH trends correspond with further
desorption of metal ions [with accompanying increase in
Fe(I) levels as a result of microbial Fe reduction], and

increased aqueous metal (bi)sulfide complexes, which are
transported and “washed out” from the solution domain by
advective transport of solutes in the free-water domain. This
results in further decreases in heavy metal ions in the solution
along with further decreased aqueous sulfide ions (Figures 8
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(b) Aqueous Zn Species (no colloid - 1.5 times high FRB)
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FIGURE 10 Calculated distributions of aqueous Zn species as a function of sediment depth: comparison of model predictions for mobile

(colloid) vs. immobile (no colloid) implementation of hydrous ferric oxide (HFO) particles with 50% electrostatic double layer. Simulations include

predictions for “low” and “high” rates of sulfate-reducing bacteria (SRB) and Fe-reducing bacteria (FRB) activity rates when colloidal HFO particles

are implemented with low flow water velocity advl (9 x 107 ms™!)

and 10). The amounts of ZnS and PbS precipitate formation
do not change significantly though, due to the already low
amounts of metal and sulfide ions remaining in the medium.
As aresult of high Fe(II) production, FeS precipitation forms
earlier but with lower amounts compared with the colloidal
HFO case results (Figure 9). If the sulfate reduction rate is

lowered, on the other hand, then pH increases due to the
lower amount of sulfide production (red lines in Figure 7),
which results in lower amounts of ZnS and PbS precipitate
formation and lower concentrations of heavy metal ion pro-
files in the system. The lower amounts of sulfide production
also lower the potential of strong aqueous metal (bi)sulfide
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complex formation. When HFO particles are considered to
be mobile, again relatively high amounts of heavy metal ions
remain in solution compared with the immobile HFO case.
Comparing the relative impacts of “high” and “low” rates of
Fe and sulfate reduction, the system dynamics are observed
to be highly sensitive to Fe reduction compared with sulfate
reduction, as also previously noted by J. Li and Sengor, 2020.
This sensitivity of Fe reduction on the overall biogeochem-
ical dynamics of the system is shown to be further more
visible in the colloidal vs. immobile HFO implementation, as
demonstrated in this study. Although enhanced Fe reduction
impacts on the pH and metal mobilization dynamics are
observed in the immobile HFO particle runs, increased heavy
metal concentrations are retained in the system as a result of
the net effect of biogeochemical reactions in the presence of
colloidal HFO, as opposed to low concentration profiles with
immobile HFO. This opposing impact of heavy metal release
and transport is observed to be highly pronounced especially
under low-flow-velocity conditions (around 1078 or 10~°
m s~') with strong sensitivity to low Fe reduction rates,
commonly observed in anaerobic subsurface environments.

3.3 | Environmental consideration and
significance

The modeling study demonstrates the impact of colloidal
Fe (hydr)oxide transport on overall heavy metal dynamics
with strong dependence of flow velocity on Fe reduction
rates. Understanding the complex interplay between flow
velocity impacts and colloidal transport along with coupled
microbially mediated reactions—especially Fe-reduction—
would be of utmost importance for effective management
and (bio)remediation of subsurface and groundwater contam-
inated environments, as well as for predicting heavy metal
transport through these environmental systems. The high
reactivity of Fe nanoparticles, and their potential use as elec-
tron acceptors for microbial Fe reduction, can be of significant
use for bioremediation applications for a variety of pollutants
in the subsurface.

The outcomes of this modeling study have considerable
implications for metal transport in low-advective-velocity
subsurface systems such as transport through low-
permeability clayey lenses enclosed in heterogeneous
aquifer systems, leakage through aquitards overlaying
confined aquifers, and leakage through compacted clay
liners that are widely used as hydraulic barriers in landfills,
underground storage tanks, vertical cutoff walls, and sur-
face impoundments. As the impact of colloidal facilitated
transport is observed to be more significant under low-flow-
velocity conditions with enhanced pollutant (heavy-metal)
concentrations observed in the system (as a result of the
net effect of biogeochemical reactions in the presence of

colloidal Fe-oxide based minerals), this would have opposing
impacts depending on the specific subsurface environmental
system of concern. For example, although for leakage through
aquitards overlaying confined aquifers or leakage through
compacted clay liners, this enhanced pollutant transport
might have negative implications; on the other hand, it might
have positive impacts with regards to effective management
and/or (bio)remediation of subsurface and groundwater
contaminated environments, especially for transport of
pollutants through low-permeability clayey lenses enclosed
in heterogeneous aquifer systems. Therefore, the impacts
of colloidal transport of pollutants can be extended or used
to help design strategies according to the intended desired
use. For the design of compacted clay liners to be used for
hydraulic barriers in landfills, underground storage tanks,
vertical cutoff walls, or surface impoundments, the possibility
of colloidal transport of, for example, Fe-based particles
might be minimized or designed to be kept at minimum,
whereas for effective remediation of low-permeability clayey
lenses within heterogeneous aquifer systems, nanosized Fe
oxide particles with high reactivity might be considered for
use as electron acceptors for Fe reduction along with their
colloidal transport. The model outcomes can also be used to
consider modeling or predicting possible leakage or pollutant
transport through the low-flow-velocity settings, or be
integrated with colloidal transport dynamics in the system for
prediction purposes or risk assessment models for subsurface
systems.

The impact of colloidal load, as well as colloid type [Mn
(hydr)oxide phases in addition to Fe (hydr)oxide particles], is
currently being investigated and will be the subject of future
work.

4 | SUMMARY AND CONCLUSIONS

In the present study, the impact of colloidal facilitated
transport of heavy metals on the overall dynamics of biogeo-
chemical processes in example diffusive transport-dominated
lake sediments of LcdA is investigated. The impact of col-
loidal HFO particles on reactive transport and sorption of
heavy metals in a natural environment, integrating a cou-
pled biotic reaction network with multiple terminal electron
acceptors, is presented. The results of the study reveal that
when the potential transport of sorbed contaminants with col-
loidal particles is ignored, the contaminant concentrations
in aqueous environments might be underestimated, espe-
cially under low-flow-velocity conditions (around 10~% or
107 m s_l), where the amount of underestimation for dis-
solved heavy metals may reach around 90% with depth, as a
worst-case scenario at the lowest bound of low-flow-velocity
situations. This colloidal transport impact, however, may be
less significant in higher flow velocity cases, even around
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the upper bound of low-velocity environments (around 10~
m s~!). The model results illustrate the sensitivity of the
colloidal transport of contaminants to EDL implementation
under low-flow-velocity advective transport conditions, espe-
cially when microbially mediated Fe reduction rates become
comparable with advective transport velocities in the system.
The outcomes of this modeling study may have significant
implications for pollutant (e.g. heavy-metal) transport in low-
advective-velocity subsurface systems. Considering leakage
through aquitards (e.g., overlaying confined aquifers or leak-
age through compacted clay liners), the enhanced pollutant
transport might have negative impacts, whereas it might have
positive considerations regarding pollutant removal through
low-permeability clayey lenses within heterogeneous aquifer
systems. Therefore, the model outcomes can be helpful to
shed light on any intended design strategies to be used accord-
ingly or integrated with colloidal transport dynamics in the
system for prediction purposes or risk assessment models for
subsurface remediation.
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