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Abstract: The reductive dissolution of Fe-oxide driven by organic matter oxidation is the primary
mechanism accepted for As mobilization in several alluvial aquifers. These processes are often
mediated by microorganisms that require a minimum Gibbs energy available to conduct the reaction
in order to sustain their life functions. Implementing this threshold energy in reactive transport
modeling is rarely used in the existing literature. This work presents a 1D reactive transport modeling
of As mobilization by the reductive dissolution of Fe-oxide and subsequent immobilization by
co-precipitation in iron sulfides considering a threshold energy for the following terminal electron
accepting processes: (a) Fe-oxide reduction, (b) sulfate reduction, and (c) methanogenesis. The model
is then extended by implementing a threshold energy on both reaction directions for the redox
reaction pairs Fe(III) reduction/Fe(II) oxidation and methanogenesis/methane oxidation. The optimal
threshold energy fitted in 4.50, 3.76, and 1.60 kJ/mol e− for sulfate reduction, Fe(III) reduction/Fe(II)
oxidation, and methanogenesis/methane oxidation, respectively. The use of models implementing
bidirectional threshold energy is needed when a redox reaction pair can be transported between
domains with different redox potentials. This may often occur in 2D or 3D simulations.

Keywords: groundwater; minimum Gibbs energy; extended partial equilibrium approach; energy
gap; bacteria; Fe-oxide reduction; sulfate reduction; methanogenesis; Po Plain

1. Introduction

Arsenic pollution of groundwater is a well-known environmental problem that affects millions of
people worldwide [1]. In most cases, the origin of As pollution is related to natural processes occurring
in the aquifer system. One of the mechanisms accepted for As release in several alluvial aquifers
worldwide is the reductive dissolution of Fe-oxides containing As driven by organic matter (OM)
oxidation [1,2]. The OM driving As release can have different sources that could be anthropogenic, e.g.,
hydrocarbons plumes [3], or natural, e.g., sedimentary (such as peat layers [4,5]) or surface derived
OM [6]. Although in some cases (as for South and South East Asia) the identification of the source of
OM remains controversial [6–8], in other cases, a relative consensus is reached, as for the sedimentary
basin of Po Plain (N Italy), where many authors identified peat layers as the source of OM driving As
release [9–13]. Beyond the source of OM, what is largely accepted is that the degradation of OM and the
reductive dissolution of Fe-oxide, together with other terminal electron accepting processes (TEAPs),
are mediated by bacteria [14–17]. Therefore, microbial activity has a primary role in the processes
governing As mobility, so that some treatments for the removal of As from water are based on microbial
processes [18,19], in particular, bacteria isolated from natural aquifer systems, such as those belonging
to Rhodococcus sp., Achromobacter sp., and Aliihoeflea sp. [19], which have shown good efficiency in As
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removal processes. Microbes mediate TEAP reactions to obtain energy. The energy is conserved in
the form of adenosine triphosphate (ATP), which requires a certain energy to be activated. The stored
energy is used for cell maintenance and growth, and biomass synthesis, etc. [20–22]. It follows that
bacteria are only liable to conduct a TEAP reaction if a minimum Gibbs energy is overcome.

In the last decades, some research efforts were devoted to developing a quantitative
understanding of the processes governing As mobility through the implementation of reactive
transport modeling [11,23–27]. However, none of these previous modeling efforts implemented
the role of bacteria in mediating OM degradation and related TEAPs within the numerical simulations
of As mobility. Only a few studies considered the role of bacteria in mediating reactions in reactive
transport modeling [28–30], through the implementation of a threshold energy for the occurrence of
TEAPs [28,29]. This threshold energy represents the minimum Gibbs energy required by bacteria to
conduct the reaction [31,32], in order to sustain their life functions. Jakobsen and Cold [29] considered
a threshold energy for TEAPs in unidirectional reactions, whereas Jakobsen [28] improved this
approach by implementing a threshold energy on both reaction direction for the redox reaction
pair methanogenesis/methane oxidation.

This work presents the reactive transport modeling of an aquifer system where As is released by
the reductive dissolution of Fe-oxide and attenuated by the co-precipitation in iron sulfide considering
a threshold energy for the occurrence of the following TEAPs: (a) Fe-oxide reduction, (b) sulfate
reduction, and (c) methanogenesis. This is an improvement of the previous modeling done by
Rotiroti et al. [11], where no bioenergetics were implemented. The aim of the present work is to
provide a better and more reliable modeling of reduction processes governing As mobility through
the implementation of the role played by bacteria in mediating TEAP reactions. Indeed, imposing
a threshold energy for the occurrence of Fe-oxide, sulfate reduction, and methanogenesis that drive
As release and attenuate it and sustain its release in the studied aquifer, implies, indirectly, that more
constraints are applied to the modeling of As mobility. This may lead to a better understanding of
the hydro-bio-geochemistry of the aquifer system under analysis. A focus is given to the modeling of
Fe-oxide reduction, since it leads to the release of As in groundwater, through the implementation of a
threshold energy for both reaction directions for the redox pair Fe(III) reduction/Fe(II) oxidation. To the
best of our knowledge, this is the first time that a bidirectional threshold energy for the Fe(III)/Fe(II)
redox pair has been used in reactive transport modeling. Furthermore, a bidirectional threshold energy
was also implemented for the redox pair methanogenesis/methane oxidation.

2. Materials and Methods

2.1. Study Area

This work refers to the study area of ~150 km2 around the town of Cremona in the Po Plain
of N Italy, between longitudes 569,420.6 and 587,240.8 E and latitudes 4,991,333.9 and 5,004,382.3 N
(UTM 32 zone 32 N), which was described in detail by previous studies [11,12,33,34], so only a brief
summary is given here. The subsurface hosts a multilayer aquifer system constituted by a vertical
alternation of sands (i.e., aquifers) with silty clays (i.e., aquitards) that frequently include peat deposits.
Within the first 260 m of depth, the system hosts five aquifer units: aquifers U (unconfined, 0–25 m bgl);
S (semi-confined, 3–50 m bgl); C1 (confined, 6–85 m bgl); C2 (confined, 10–150 m bgl); and C3 (confined,
16–260 m bgl). Groundwater in shallow aquifers (U and S) mainly flows from N to S, whereas in
the deeper confined aquifers (C1, C2, C3), it flows from NW to SE. A component of downward
groundwater flow is observed from aquifer U to C2, whereas the flow is directed upwards from C3
to C2. Concerning hydrochemistry, aquifer U has redox conditions that change from oxidizing to
reducing in response to local factors, whereas all the other aquifers are anoxic with concentrations
of As, Fe, Mn, and NH4 that frequently exceed the regulatory limits (i.e., 10, 200, 50, and 500 µg/L,
respectively).



Water 2018, 10, 90 3 of 12

2.2. Hydrogeochemical Conceptual Model

The conceptual model for aquifer hydrogeochemistry of the study area was developed in
previous studies [11,12,34], and a brief summary is given below. The aquifer system under analysis
is characterized by reducing conditions that are favored by (a) longer groundwater circulation for
the deeper confined aquifers [34] and the presence of shallow silty-clay layers capping the shallow
aquifers [12] that limit the aquifer recharge by oxygenated waters; and (b) the diffuse presence of peat
deposits within silty-clay layers [11] that, when degrading, leads to oxygen consumption, followed by
the sequence of TEAPs. There is a tendency toward more reduced conditions over depth.

The high As concentrations found (<183 µg/L) are due to the reductive dissolution of Fe-oxides
coupled to the degradation of OM sourced from peat deposits. The peak of As concentrations is
attained in intermediate aquifers (~50–100 m bgl) since here the Fe-oxide reduction reaches an advanced
stage [12,35]. At increasing depths, the As concentrations are attenuated by the co-precipitation into
iron sulfides formed by the products of Fe-oxide and sulfate reduction [11,36,37]. More specifically,
the As release and attenuation in the studied system is governed by the Fe-oxide reduction, sulfate
reduction, and iron sulfide precipitation that likely occur close to a simultaneous equilibrium [11].
Dissolved Fe in the system is governed by the above mentioned simultaneous equilibrium and by
siderite precipitation [11]. Dissolved Mn is governed by Mn-oxide reduction, which does not appear
to occur near equilibrium, and by rhodochrosite precipitation close to equilibrium [11].

2.3. Modeling Strategy

This work presents reactive transport modeling with increasing degrees of complexity following
a stepwise modeling approach. Four models were implemented:

• Model 0—this model had no threshold energy for TEAPs and the simpler “partial equilibrium”
approach [38] is used; this is the model presented in the previous work by Rotiroti et al. [11].

• Model 1—this model considered a threshold energy for TEAPs (i.e., Fe-oxide reduction, sulfate
reduction, and methanogenesis) on a unidirectional reaction using the “extended partial
equilibrium” approach [29].

• Model 2—this model implemented a bidirectional threshold energy for the Fe(III)/Fe(II) redox
pair, which is the “extended partial equilibrium” approach with the “energy gap” for this
reaction pair, in a similar manner to what Jakobsen [28] considered for the redox reaction pair
methanogenesis/methane oxidation; sulfate reduction and methanogenesis were modeled using
a unidirectional threshold energy.

• Model 3—this model implemented a bidirectional threshold energy for the redox pair
methanogenesis/methane oxidation; Fe-oxide reduction and sulfate reduction were modeled
using a unidirectional threshold energy.

It has not yet been possible to make a working model combining a bidirectional threshold
energy for more than one redox reaction pair at a time. All models simulated 1D reactive transport
using PHREEQC [39] and the wateq4f database [40], slightly modified for Models 1–3, considering
a downward flow through a vertical column composed of 12 cells of 10 m (Table 1). This thickness
represents the first 120 m of depth comprising the first three aquifers (i.e., U, S, and C1) and aquitards.
Within this domain, coherent hydrogeological properties and hydrodynamics enable a simplification
of the system in a 1D model [11]. Model calibration was performed by trial and error adjusting the
sensitive parameters in order to fit modeled concentrations to field data. Eight wells were used for
the calibration process. These wells are located in a sub-portion of the study area that meets the
assumptions for 1D modeling [11].
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Table 1. Model geometry and corresponding hydrogeological units.

Cell Depth (m bgl) Hydrogeological Unit

1 0–10 Aquifer U
2 10–20 Aquifer U
3 20–30 Aquitard U/S
4 30–40 Aquifer S
5 40–50 Aquifer S
6 50–60 Aquifer S
7 60–70 Aquitard S/C1
8 70–80 Aquitard S/C1
9 80–90 Aquifer C1
10 90–100 Aquifer C1
11 100–110 Aquifer C1
12 110–120 Aquitard C1/C2

2.4. Model Settings and Calibration

2.4.1. Model 0

Model 0 refers to the model presented in the previous work by Rotiroti et al. [11]. This was
based on the “partial equilibrium” approach [38] that involves the subdivision of the degradation of
OM into two steps: (a) the hydrolyzation and fermentation of OM with the production of simpler
compounds such as formic acid, acetic acid, H2, and CO2; and (b) the consumption of the fermentative
products by TEAPs. The first step controls the overall rate, whereas TEAPs are assumed to approach
equilibrium. This approach seems to fit the studied system since the main processes governing As
concentrations occur close to a concomitant equilibrium, as highlighted in the conceptual model.
In particular, the “partial equilibrium” approach was considered for simulating Fe-oxide reduction,
sulfate reduction, and methanogenesis. The stoichiometry of these reactions is shown in Table 2.

A steady-state flow with a constant vertical downward flow was used. The vertical flow
velocity was 3.12 m/year, and the diffusion coefficient was 0.3 × 10−9 m2/s with no dispersion [11].
The total simulation period of ~160 years allowed the biogeochemistry of the system to reach a
quasi-steady-state [11].

The hydrogeochemical conceptual model was simulated through the following reaction
network [11]:

• Irreversible reactions: (a) oxidation of OM sourced by peat as (CH2O)106(NH3)4.5(H3PO4),
producing inorganic C, NH4, and inorganic P; and (b) the reductive dissolution of Mn-oxide
driven by adding Mn-oxide to the reduced system.

• Equilibrium reactions: (a) the reductive dissolution of Fe-oxide with trace As(V); (b) the
precipitation of calcite, dolomite, siderite, and rhodochrosite; and (c) the precipitation of FeS with
trace As(III).

Model 0 calibration was done by adjusting: (a) the rate of OM degradation, (b) the SI of the
Fe-oxide, (c) the SI of the FeS, and (d) the content of As in both Fe-oxide and FeS (see Rotiroti et al. [11]
for details).

Table 2. Stoichiometry of TEAP reactions implemented in Model 0.

Name Reaction logK

Fe-oxide reduction Fe3+ + e− ↔ Fe2+ 13.02
Sulfate reduction SO4

2− + 10H+ + 8e− ↔ H2S + 4H2O 40.64
Methanogenesis CO3

2− + 10H+ + 8e− ↔ CH4 + 3H2O 41.07
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2.4.2. Model 1

This model extends Model 0 by implementing a threshold energy for unidirectional TEAP
reactions. This matches the “extended partial equilibrium” approach, as defined by Jakobsen and
Cold [29], since the energy needed for the bacteria to carry out the microbiologically mediated processes
is included in the thermodynamic description of the system. This energy requirement needed for the
microorganisms to mediate the reaction is implemented in the model by considering a threshold energy
for the occurrence of the reaction. So, the reactions only proceed if the energy available to the bacteria
mediating the processes exceeds a threshold. This threshold energy was implemented in the model by
shifting the logK value of the reaction to lower or higher values, depending on the direction of the
reaction. The difference between the logK and the shifted logK in terms of Gibbs energy is the threshold
energy, that is, in other words, the energy required in the system to make the reaction microbiologically
feasible. Along the lines of Hoehler [31], followed by subsequent works [28,29], who proposed that
the H2 level may reflect the internal redox state of many different types of anaerobic microorganisms,
regardless of the main electron donor used, TEAP reactions were rewritten in the PHREEQC database
considering the H2 as the reductant instead of electrons. This also enables a comparison of results with
previous works [28,29,31], as well as checking if the modeled H2 levels are reasonable compared to
values typical for natural systems. The “extended partial equilibrium” approach was considered for
Fe-oxide reduction, sulfate reduction, and methanogenesis. Their rewritten reactions using H2 are
listed in Table 3.

Table 3. Stoichiometry of TEAP reactions implemented in Models 1, 2, and 3 and optimal threshold
energy values obtained.

Name Reaction logK Shifted logK 1 Threshold Energy (kJ/mol e−)

Fe-oxide reduction Fe3+ + 0.5H2 ↔ Fe2+ + H+ 14.55 13.87 3.76 2

Sulfate reduction SO4
2− + 2H+ + 4H2 ↔ H2S + 4H2O 52.96 46.44 4.50

Methanogenesis HCO3
− + H+ + 4H2 ↔ CH4 + 3H2O 40.18 37.86 1.60 3

1 Not considered for Fe-oxide reduction in Model 2 and for methanogenesis in Model 3; 2 used for both reaction
directions in Model 2; 3 used for both reaction directions in Model 3.

Concerning Model 1 settings, the geometries, chemistry, geochemical boundary conditions,
and calibrated parameters were the same as in Model 0. Changes were made only on the notation
of TEAPs reactions, as explained above, and on the logK values of the reactions that were shifted to
implement the threshold energy. Calibration of Model 1 was done by adjusting only the shifted logK
value for Fe reduction, sulfate reduction, and methanogenesis.

The threshold energy was expressed in terms of kJ/mol of electrons and was calculated as the
difference between the logK and the shifted logK, which was then converted using Van’t Hoff and
Gibbs-Helmholtz equations, as described by Jakobsen and Cold [29]. The calculated threshold energy
values were referred to the temperature of 15 ◦C used in the PHREEQC simulation and corresponding
to values measured in the field.

2.4.3. Models 2 and 3

Models 2 and 3 extend Model 1 by implementing a bidirectional threshold energy for TEAP
reactions, that are potentially reversible [41]. This also alleviates the problem associated with using the
“extended partial equilibrium” approach with shifted logK values, as this implies that reactions may
run in reverse with a loss of energy if conditions change. In Model 2, the bidirectional threshold energy
is implemented for the redox reaction pair Fe(III) reduction/Fe(II) oxidation, since the reduction of
Fe-oxide is an important process in the studied system, being the main mechanism responsible for
As release [12,34]. In order to model this reversibility considering the threshold energy, ensuring
that both the microbiologically mediated Fe(III) reduction and Fe(II) oxidation only occur when the
amount of energy available exceeds the threshold energy needed for the given reaction, the simple
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use of shifting the logK value is not possible since this method can only work on a single direction.
To overcome this limitation, a BASIC algorithm within the kinetic feature of PHREEQC was used,
as done by Jakobsen [28] for methanogenesis/methane oxidation. The BASIC algorithm is used to find
the amount of reaction necessary to reach the threshold energy on the basis of a calculation of the Gibbs
energy for Fe(III) reduction or Fe(II) oxidation from the activities of reactants and products involved
in the process. If the system is in a state where there is too little energy for any of the processes,
no reaction occurs and the “energy gap” is created in which neither the reduction nor oxidation of Fe
occurs [28]. For details on the BASIC algorithm see the Supplementary Materials that contain the full
PHREEQC input file for Model 2 (Data File S1). The use of this algorithm needed some modifications
in the wateq4f database since it requires the definition of distinct variables for the element Fe between
oxidation state III (variable called “Feox”) and II (“Fered”). The modified database is available in the
Supplementary Materials (Data File S2).

Basic settings of Model 2 were the same as in Model 0 and 1. Concerning the TEAPs, sulfate
reduction and methanogenesis were the same as in Model 1 (i.e., their threshold energies were
modeled using logK shifting). The change was only made for Fe, since Model 2 implements the
“energy gap” for the reaction pair Fe(III) reduction/Fe(II) oxidation, as described above. The imposed
threshold energy values for Fe(III) reduction, sulfate reduction, and methanogenesis were the same
as in Model 1. Concerning Fe(II) oxidation, the same threshold energy as for Fe(III) reduction was
used. The proper functioning of the BASIC script was checked by calculating the Gibbs free energy of
reaction (the “dGrT_Fe” in Data File S1) and comparing it with the imposed threshold energy.

In Model 3, the bidirectional threshold energy is implemented for the redox reaction pair
methanogenesis/methane oxidation, whereas Fe-oxide and sulfate reductions are modeled using
a unidirectional threshold energy through logK shifting. The use of the bidirectional threshold energy
for methanogenesis/methane oxidation became needful since the results (see below) showed that
considerable methane oxidation occurred in the deeper part of the system. The threshold energy
values imposed were the same as in Models 1 and 2; methane oxidation was modeled by imposing the
same threshold value as for methanogenesis. The full PHREEQC input file for Model 3 and the related
modified database are available in the Supplementary Materials (Data Files S3 and S4, respectively).

3. Results and Discussion

Figure 1 shows the comparison of measured and simulated concentrations by Model 0 with
those simulated by the three newly developed models (Models 1, 2, and 3). Although H2 and CH4

were not measured in the field [12], they are represented in Figure 1 to check the validity of their
concentrations in comparison with literature values. Figure 2 shows the modeled rates of main
processes characterizing the system for Models 0, 1, 2, and 3. Table 3 reports the imposed threshold
energy values that ensured the best model fits.

The results of Model 0 are described in detail in Rotiroti et al. [11]. However, in general, it can be
stated that the good fit obtained suggests that the “partial equilibrium” approach, used for simulating
the reaction network proposed in the conceptual model, can be a valid method for representing the
hydrogeochemistry of the system.

Simulated concentration profiles of Model 1 are very similar to those of Model 0 (Figure 1).
The sole significant variation in the concentration profiles is observed for H2, which has higher
values with respect to Model 0. This is consistent with the implementation of a threshold energy for
TEAPs. Indeed, the adoption of an energy requirement needed for the occurrence of TEAP reactions
leads to a relative accumulation in the groundwater of H2 (which is a reactant in the imposed TEAP
reactions) with respect to Model 0, where TEAPs are free to evolve without any energy requirements.
Simulated H2 concentrations were generally within 1–10 nM that is a typical range of values observed
in natural systems [28,29,42]. Simulated methane concentrations were below 0.4 mM, which are values
comparable with those observed in other natural anoxic aquifers worldwide, such as the Red River
floodplain in Vietnam [25,26] and the Asserbo [29] and Rømø [43] aquifers in Denmark.
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Figure 1. Measured vs. modeled molar concentrations of selected species over depth; symbol length
corresponds to well screen interval; U, S, and C1 refer to unconfined, semi-confined, and confined
1 aquifer units, respectively; M0, M1, M2, and M3 refer to the four implemented models.

The optimal threshold energies fitted for Model 1 were 3.76, 4.50, and 1.60 kJ/mol e− for Fe-oxide
reduction, sulfate reduction, and methanogenesis, respectively (Table 3). These results are consistent
with literature values, such as 11.8 kJ/mol e− for Fe-oxide reduction [29], 4.9 [29] and 2.4 [31] kJ/mol e−

for sulfate reduction, and 2.7 [29] and 1.3 [31] kJ/mol e− for methanogenesis. That these threshold
energy values are quite close and quite small indicates that the simpler “partial equilibrium” approach
to modeling anaerobic redox processes is also viable.

A comparison of modeled reaction rates between Models 0 and 1 (Figure 2) shows that the rates
are quite similar, with the exception of Fe-oxide reduction and siderite precipitation where, in Model 1,
the peak of rates are moved upwards in the depth range 20–30 m bgl. Therefore, in Model 1, there is
a sequence of rate peaks over depth for the different TEAPs that follows the canonical order of the
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ecological succession of TEAPs [44]. First the peak of Fe-oxide reduction between 20 and 30 m bgl,
then for sulfate reduction between 30 and 40 m bgl, and finally the peak in methanogenesis between
40 and 50 m bgl. So, although these three processes still occur concomitantly, they occur with different
rates over depth. Therefore, it appears that implementing a minimum energy requirement for the
occurrence of TEAPs leads to a fit which complies closer to the generally observed succession of TEAPs.
In general, it emerges from this modeling that the use of threshold energies has a higher influence
on modeled rates rather than modeled concentrations (except for H2). Therefore, the availability of
rate observations from in situ or batch experiments and H2 concentration measurements could help to
constrain the model fit when threshold energies are implemented.

Simulated concentrations in Model 2 were very close to those in Model 1 (Figure 1), maintaining
a good fit with measured concentrations. Moreover, reaction rates of Model 2 were also quite close
to those of Model 1 (Figure 2). This agreement within results between Models 2 and 1 is related to
the fact that no net reoxidation of Fe2+ to Fe3+ occurred in the system. Indeed, a closer analysis of
results (i.e., same profile of modeled Fe3+ over depth for all models and no precipitation of newly
formed Fe-oxide) confirms that in this simple 1D model there is no net reoxidation of Fe2+ to Fe3+.
This explains why modeled concentrations and reaction rates are so similar in the two models, since
similar results are expected if the net reoxidation of Fe2+ does not occur. The reason for this is that,
in principle, modeling a bidirectional threshold energy when the reverse reaction is negligible is
equivalent to modeling a unidirectional threshold energy. The fact that Models 1 and 2 gave the same
results when there is no net reoxidation of Fe2+ confirms the robustness of both techniques used for
modeling the threshold energy (i.e., the logK shifting and the BASIC algorithm calculating the amount
of reaction necessary to reach the threshold energy).
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Figure 2. Modeled rates of selected processes over depth; negative rates indicate consumption, positive
formation; Fe-ox: Fe-oxide reduction; OC: organic carbon consumption; SO4: sulfate reduction; Sid:
siderite precipitation; FeS: iron sulfide precipitation; CH4: methane formation/oxidation.

The non-occurrence of the net reoxidation of Fe2+ in this case could be related to the use of a
simple 1D model, allowing a stability of anoxic conditions that ensures the primary occurrence of
Fe3+ reduction. However, in 2D or 3D simulations where reduced water may come into contact with
more oxic waters downstream, it is very important to avoid the reoxidation of Fe2+. If this would
occur using the logK shifting method as for Model 1, the oxidation would actually occur with a loss of
energy, which would obviously be wrong.

As opposed to Fe-oxide and sulfate reductions, which showed a negligible occurrence of their
reverse reactions (i.e., Fe2+ and sulfide reoxidation), simulated methane in Models 1 and 2 was subjected
to formation in the shallower part of the system (down to 50 m bgl) with a rate of up to ~60 µM/year
and oxidation in the deeper part (between 50 and 80 m bgl) with a rate of up to ~45 µM/year. The use
of the logK shifting method for methanogenesis as done in Models 1 and 2 implied the simulation
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of the reverse methane oxidation with an erroneous loss of energy (as explained in Section 2.4.3).
In order to overcome this limitation, Model 3 implemented a bidirectional threshold energy for the
pair methanogenesis/methane oxidation.

Reaction rates simulated in Model 3 (Figure 2) were, in general, consistent with those of Models 1
and 2; a slight difference is seen in the deeper part of the system where the rates of Fe-oxide reduction
and siderite precipitation decreased. This is related to the most notable change: the rate of methane
oxidation, occurring in cells 6 (50–60 m bgl), 7 (60–70 m bgl), and 8 (70–80 m bgl), showed a decrease
in Model 3 (0, 6, and 4 µM/year, respectively for these three cells) with respect to Model 1 (25, 44,
and 7 µM/year, respectively) and Model 2 (33, 46, and 7 µM/year, respectively). This stems from the
implementation of a threshold energy for methane oxidation in Model 3, preventing its occurrence
with a loss of energy, as occurred in Models 1 and 2. This change in the modeling approach also had
an effect on the simulated concentration of CH4. Indeed, Model 3 obtained a higher CH4 value in the
deeper part of the system with respect to Models 1 and 2 (Figure 1) due to the lower rates of methane
oxidation. This can also explain the lower H2 concentration simulated by Model 3, since hydrogen is a
product of methane oxidation (Table 3), implying higher hydrogen levels in Models 1 and 2. Model 3
also showed a lower simulated pH. In all models, pH increases over depth due to the ongoing Fe-oxide
reduction [45]; when methanogenesis is occurring concomitantly, this also controls the pH according
to the following reaction shown in Equation (1):

16H+ + CH4 + 8Fe(OH)3 ↔ 8Fe2+ + CO2 + 22H2O. (1)

In Model 3, the pH is lower likely because the lower methane oxidation implies a lower
consumption of H+.

4. Conclusions

This work presented reactive transport modeling using a stepwise approach with increasing
degrees of complexity for simulating the release and attenuation of As in groundwater by implementing
the minimum Gibbs energy required by bacteria (i.e., threshold energy) to conduct TEAP reactions.

Although many aspects of this work remain theoretical (i.e., no measurements of CH4 and
H2 concentrations, no rate observations, and no estimations of microbial biomass involved in the
processes), some general points and indications for a wider applicability of this method can be drawn:

• The “partial equilibrium” approach can be extended to comply more closely to the energy
requirements of the microorganisms mediating TEAP processes with the aim of better
understanding the hydro-bio-geochemistry of the aquifer system under analysis.

• The use of a threshold energy, with the aim of incorporating the role of reaction mediation played
by bacteria into reactive transport modeling, has some influence on the fitted rates of the modeled
processes and on modeled H2 concentrations. So, implementing a threshold energy in reactive
transport modeling could be useful when rate measurements and/or measured threshold values
of H2 from in situ or batch experiments of microbially mediated processes are available. Imposing
a threshold energy and using observations of rates and H2 concentrations would help to constrain
the model fit.

• The implementation of a threshold energy for only the reduction processes may lead to
obviously faulty reverse reactions occurring with a loss of energy. This would occur in systems
with a changing condition, e.g., anoxic water that subsequently seeped into oxic sediments,
and implementing 2D or 3D models that involve more complex groundwater flow paths,
facilitating a mixing of different redox conditions. However, our 1D modeling indicates that
in simpler flow systems and under stable anoxic conditions, the problem of reverse oxidation
reactions occurring with a loss of energy is negligible for some redox reaction pairs (e.g., Fe(III)
reduction/Fe(II) oxidation), so the use of a unidirectional threshold energy simulated through the
logK shifting method could be suitable in these cases.
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• By implementing a description of the redox process pairs that has the “energy gap”, the artefact of
faulty reverse reactions occurring with a loss of energy can be avoided. The use of the bidirectional
energy gap description is required in 1D modeling for those reaction pairs that alternate
their preferential reaction direction, as occurred in our modeling for methanogenesis/methane
oxidation, and is recommended for all the important TEAPs in 2D or 3D models involving more
complex groundwater flow paths which can facilitate a mixing of anoxic and oxic conditions
where, for instance, both methane and Fe2+ would be oxidized.

• The main advantages and disadvantages of implementing a threshold energy in reactive transport
modeling that emerge from this study are: (a) including threshold energies makes it possible to
include H2 data when calibrating; (b) models implementing a bidirectional threshold energy take
much longer to run and often show convergence problems; (c) unidirectional threshold energies
cannot be used when reoxdation occurs within the model.

Future works involving the modeling of As release and attenuation in the Po Plain aquifers
will be addressed, considering a 2D model, and thus, a bidirectional threshold energy for all the
TEAPs considered, in particular for the reaction pairs Fe(III) reduction/Fe(II) oxidation, sulfate
reduction/sulfide oxidation, and methanogenesis/methane oxidation. The use of micro-niches for
the reaction pair methanogenesis/methane oxidation [28] will also improve the understanding of this
system. Moreover, the role played by bacteria in mediating the reduction of As(V) to As(III) [46] will
also be implemented using a threshold energy.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/10/1/90/s1,
Data File S1: PHREEQC input file for Model 2, Data File S2: Modified wateq4f database for running Model 2,
Data File S3: PHREEQC input file for Model 3, and Data File S4: Modified wateq4f database for running Model 3.
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