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Arsenic is a widespread environmental toxin having devastating
impacts on human health. A transition to anaerobic conditions

is a key driver for promoting As desorption through either the
reduction of As(V) or the reductive dissolution of Fe(lll)
(hydr)oxides. However, a disparity in the reported release
sequence for As and Fe to the aqueous solution hinders our
ability to determine the controlling factors liberating As to the
aqueous environment. Accordingly, we performed a thermo-
dynamic analysis of Fe, using a range of Fe-(hydr)oxides, and
As reduction coupled with hydrogen, acetate, and lactate
oxidation for a range of relevant field conditions. The favorability
of sulfate reduction is also evaluated. Our results illustrate
that As reduction is favorable over a wide-range of field condi-
tions, and Fe reduction is differentially favorable depending

on the buildup of metabolites (mainly Fe?*) and the Fe (hydr)oxide
being reduced; reduction of As(V) is thermodynamically
favorable under most environmental conditions and almost
always more favorable than goethite and hematite reduction.
Sulfate reduction is favorable over a range of conditions, and may
occur concomitantly with Fe reduction depending on the Fe
(hydr)oxides present. Thus, on a thermodynamic basis, the general
sequence of microbial reduction should be As(V) followed by
Fe(Ill) or sulfate.

Introduction

Arsenic is a toxic metalloid poisoning millions of people
worldwide (1). Although notable and problematic contami-
nation occurs from anthropogenic activities (e.g., mining,
As-pesticides, and manufacturing), consumption of naturally
occurring As in groundwater is the dominant pathway of
human exposure globally (2). Reductive transformation/
dissolution of As(V) and Fe(III) (hydr)oxides are considered
the primary mechanisms of solubilization in most surface
and subsurface environments, and they are a principal
mechanism of arsenic release to groundwaters of South and
Southeast Asia (3—6).

Arsenic reduction can occur through two biotic mech-
anisms: respiration and detoxification. In respiration, cata-
bolic As reduction is coupled to the oxidation of organic
carbon or hydrogen. In detoxification, As(V) imported into
the cell is reduced and then expelled from the cell via an
As(IID)-specific efflux pump (7). Both mechanisms may be
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operational under anaerobic soil conditions, but the detoxi-
fication mechanism commences at relatively high As con-
centrations (~100 uM) (8). Thus, at lower concentrations, As
reduction likely occurs through respiratory pathways and is
therefore subject to thermodynamic constraints (e.g., As(V)
reduction must be favorable to yield energy gain by the
bacterium).

Iron reduction is often an exergonic process when linked
to carbon or hydrogen oxidation, but the cellular processes
governing this reaction are less understood. The terminal
reductase of the genus Geobacter and Shewanella species,
for example, are thought to consist of outer-membrane
cytochromes which directly transfer electrons to Fe(IIl)
(9, 10). However, extra-cellular electron carriers, such as
Fe(II)-bearing humic acids and redox-active (quinone-like)
molecules have also been suggested as capable of transferring
electrons appreciable distances to Fe(Ill) ) (11, 12), and more
recently, flavins were shown as possible endogenous electron
shuttles in Shewanella species (13, 14). Ultimately, Fe
reduction may be governed by the thermodynamic properties
of the Fe (hydr)oxide being reduced for the specific reaction
mechanism. Generally, poorly crystalline Fe (hydr)oxides
such as ferrihydrite yield higher energy gains by bacteria
than more crystalline phases, such as goethite or hematite
(15).

Reduction of As(V) and Fe(III) are generally postulated to
transpire at similar redox potentials, but the reduction
sequence, viewed through production of dissolved As(III)
and Fe(Il), varies (see, for example, ref 4). While kinetic
factors may often determine observed Fe(III) and As(V)
reduction, thermodynamic viability has an overriding control
on whether a reaction can proceed and on energy yield for
respiration. At present, there is a paucity of data regarding
the thermodynamic favorability of processes representative
of field conditions. We therefore performed a thermodynamic
evaluation of Fe(IIl) (hydr)oxide and As(V) reduction; sulfate
reduction may also impact the fate of both As and Fe, and
we thus include this redox active constituent in our analysis.
To place our thermodynamic calculations in the direct context
of field conditions, we evaluate reaction favorability(s) using
solid and aqueous phase measurements from a field site in
Cambodia, where As release from shallow (<4m) sediments
is known to occur (3, 6, 16).

Hydrogen, acetate and lactate were evaluated as electron
donors based on the partial equilibrium approach for
examining electron donor and acceptor utilization within
sediments (17, 18). The partial equilibrium approach assumes
that the rate limiting step driving biogeochemical reactions
is the fermentation of organic matter, and that the kinetics
of fermentation, and resulting production of small molecular
weight carbon species (e.g., acetate, lactate, etc.) and
hydrogen are slow compared to the kinetics of TEA reduction.
The electron accepting processes are therefore close to
equilibrium, while organic matter fermentation is not. Partial
equilibrium has been successfully invoked to describe a
variety of geochemical processes occurring within sediments
and aquifers (17—19).

Our analysis illustrates that As, Fe, and S reduction are
all thermodynamically viable over a wide-range of field
conditions and that electron donor, metabolite concentra-
tions, and pH exert a strong control on reaction favorability.
With the exception of very low As(V) and Fe(Il) activities, As
reduction is more favorable than goethite and hematite
reduction, and is more favorable than ferrihydrite reduction
above (Fe?") of ~1.0 x 1075, The favorability of sulfate and
Fe(III) reduction, however, vary depending on geochemical
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TABLE 1. Gibbs Free Energy of Formation for Reaction
Constituents

constituent AG ¢ (kJ/mol) reference
Fe(OH)s am) ~708.5 39
FeOOH —489.8 40
Fezo3 —746.2 41
Fe?* —91.50 42
C3Hs05- —-512.67 42
C,H50,- —369.33 42
HAsO4%~ —714.59 42
H,As0,2~ —753.17 42
H3AsO; —587.13 43
HCO;~ —586.94 42
H,0 —-237.17 42
S04 —744.46 42
HS™ 11.97 42
Haaq) 17.72 42
Fe(OH),* —438 23

conditions, as noted previously (19), and the type of Fe
mineral. The reduction of Fe(Ill) and sulfate ultimately
impacts the fate of As through potential secondary precipi-
tation or adsorption reactions.

Modeling and Field Validation Approach.

Thermodynamic Calculations. The standard state Gibbs
free energy of reactions was determined from compiled values
for relevant reaction constituents (Tables 1 and 2). Given the
variation in solubility (and thus, AG®) of natural Fe (hy-
dr)oxides, AG°, values for the reduction of Fe (hydr)oxides
coupled to hydrogen oxidation across a range of Fe (hy-
dr)oxide solubilities are tabulated and compared to AG°,
values calculated with AG°; of synthetic Fe (hydr)oxides (see
Supporting Informatio (SI)). Concentrations of field-relevant
aqueous constituents were adjusted to activities using
coefficients calculated with the Davies equation, and the
nonstandard state Gibbs free energy of reaction was then
obtained using the Lewis equation (eq 1) at 298 K and 1 atm
pressure:

AG = AG° + RT(n 10)log(Q) = AG® + 5.7081 x log(Q)
1

The reaction quotient, Q, is defined for a reaction as
a(A) + b(B) = ¢(C) + d(D) (2)

_ oo
(A“B)"

Non-standard state conditions for As(V), S(VI), and Fe(III) 4
reduction coupled to hydrogen, acetate, and lactate oxidation
were examined. Gibbs free energies of reaction were cal-
culated for field-relevant concentrations; for (Hpug), 1.0 x
10~? was chosen, which is representative of Hy(q concentra-
tions found under iron reducing conditions (20); acetate was
evaluated at 9.0 x 1076 (21), and lactate, typically found at
much lower concentrations than acetate, was evaluated at
9.0 x 1077 (22). The sensitivity of Gibbs free energy for As(V),
Fe(III), and S(VI) reduction analyses to varying electron donor
is presented in the SI. These analysis, which bracket a wide
range of values (two or more orders of magnitude), illustrate
that large variations in electron donor concentration do not
change the hierarchy of free energy gain between reductive
reactions, and large changes in (Hz(.q), (acetate) and (lactate)
are required to substantially change the magnitude of AG .

Site Description and Sample Collection. Solid and aqueous
phase measurements from a field site in Kandal Province,
Cambodia were used to validate the thermodynamic analysis.
Methods of sample collection, chemical and spectroscopic
analysis and the hydrology of the system, including sampling
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site locations (denoted sites A and T) were previously
described (3, 6, 16). A brief description and a methodological
synopsis is provided in the SI.

Results and Discussion

Standard versus Reaction State Thermodynamic Favorabil-
ity. Biogeochemical reactions yielding the greatest Gibbs free
energy will dominate until reactants are depleted, at which
time the dominant process will cycle to the next most
favorable energyyielding reaction (23). Under standard state
conditions, the Gibbs free energy of reaction for ferrihydrite
and singly protonated arsenate (HAsO,*") are the most
favorable on a per mol electron donor basis for hydrogen,
acetate, and lactate oxidation, followed by goethite, hematite,
diprotonated arsenate (H,AsO,?>"), and finally, sulfate reduc-
tion (Table 2). However, the driving force for reaction will
depend not only on the intrinsic reaction favorability
(standard state conditions) but also on the concentration
gradients established by the reactants and products, such as
Fe?" accumulation during Fe (hydr)oxide reduction (Figure
1). The Gibbs free energy of reaction for As, Fe, and S
reduction, for example, will change by ~10 kJ/mol with each
100-fold change in acetate concentration (SI Figure 4SI);
changing the product concentrations of each reaction,
including As(IIl) (As reduction), Fe?* (Fe reduction), HS™
(sulfate reduction), and acetate (lactate oxidation) will also
decrease the favorability of each reaction accordingly. When
pH is varied (Figure 2), favorability changes dramatically,
with the Gibbs free energy yield decreasing according to the
stoichiometry of proton consumption or production (Table
2). The Gibbs free energy of reaction is particularly sensitive
to reaction constituents with high stoichiometric coef-
ficients—as noted in eq 3 (e.g., proton consumption with
goethite or hematite reduction coupled to acetate oxidation,
reactions 11 and 12, Table 2).

On the basis of the Gibbs free energy calculated for
reaction conditions, As(V) (either HAsO,?~ or H,AsO,  at
circumneutral pH, pK,, = 6.8) reduction is the most favorable
reaction across a range of As, H,, lactate, acetate, and pH
values representative of possible field conditions (Figures 1
and 2). As previously noted (24), ferrihydrite reduction is the
only process listed here which yields similar Gibbs free energy
to As(V) reduction; ferrihydrite reduction, however, is more
favorable than As(V) only at high As(III):As(V) ratios (Figure
2), and the relative favorability diminishes markedly at Fe**
activities greater than 8 x 107¢ (Figure 1). On a thermody-
namic basis, As reduction is therefore generally expected to
occur regardless of the presence of reducible Fe(IIl)() or
sulfate, and will likely only be inhibited in the presence of
high O, or NO;™.

Relative Favorability of Iron(III) and Sulfate Reduction.
The energy yield of ferrihydrite coupled to H,, acetate or
lactate oxidation is substantially higher than hematite,
goethite, and sulfate reduction at low Fe*" concentrations.
Conversely, the favorability of sulfate reduction exceeds that
of goethite and hematite reduction at ~5.0 x 107° Fe?", and
approaches that of ferrihydrite reduction at high pH or very
high Fe?" concentration (Figures 1 and 2), albeit that the
Fe?" concentrations required for this to occur are typically
not observed under field conditions (>1 x 10~ at pH 7, Figure
1). It is therefore expected that ferrihydrite reduction will be
more favorable than that of sulfate, since Fe(II)-bearing
minerals (e.g., siderite) typically regulate dissolved Fe*" (see
below).

The favorability of sulfate reduction exceeds the fa-
vorability of goethite and hematite reduction at elevated (yet
commonly observed) Fe?" concentrations (~5.0 x 10~°) when
coupled with hydrogen, acetate, or lactate oxidation, and
may therefore proceed as the dominant biogeochemical
reaction in aged sediments dominated by crystalline Fe



TABLE 2. Standard State Gibbs Free Energy for Pertinent Reactions

reactions considered

Hydrogen Oxidation Reactions

AG ° e (kd/mol)

1 2Fe(OH); + Hag + 4H" =2Fe?* + 6H,0 ~206.7
2 HAsO42™ + Hyuq + 2H" =H3As0; + H,0 —180.0
3 2Fe0O0H + Hyq + 4H™ —2Fe?" + 4H,0 ~169.8
4 2Fe203 + HZlaq) + 4H" :’2Fez+ + 3H20 —166.0
5 HzASO4 + HZ(aq) + Ht =’H3ASO3 + Hzo —141.5
6 0.25S504% + Hy(aq + 0.25HT —0.25HS™ + H,0 —65.8
7 ZFS(OH)ZJr + HZ(aq,=2Fez+ + 2H20 —255.7
8 2Fe(lll)(citrate) + Hyuq—2Fe(ll)(citrate)” + 2H* —b3.57
Acetate Oxidation Reactions
9 8Fe(OH); + CH3;COO™ + 15H" =8Fe?* + 2HCO5;™ + 20H,0 —612.0
10 4HAsO,> + CH3COO™ + 7H" =4H3As0; + 2HCO;~ —505.1
11 8FeOOH + CH3;COO™ + 15H" =8Fe?" 4+ 2HCO3~ + 12H,0 —464.2
12 4F8203 + CH3COO_ + 156H" :’8Fez+ + 2HCO3_ + 8H20 —449.1
13 4H,As0, + CH3COO~ + 3H" —4H3As0; + 2HCO;~ —350.8
14 S0,2” + CH3COO™ =HS™ + 2HCO;~ —48.1
15 8Fe(OH)," + CH3COO~ + 7H + =8Fe?* + 2HCO;™ + 12H,0 —878.6
16 8Fe(lll)(citrate) + CH;COO~ + 4H,0—8Fe(ll)(citrate)” + 2HCO;~ + 9H™ —344.5°
Lactate Oxidation Reactions
17 4Fe(OH); + C3H505~ + 7HY =4Fe?t + CH3COO~ + HCO3;™ + 10H,0 —347.3
18 2HASO42_ + C3H503_ + 3H* =>2H3AS()3 + CH3COO_ + HCO3_ —293.9
19 4FeOOH + C3H503_ + 7H* =’4Fe2+ + CH3COO_ + HCO3_ + 6H20 —273.4
20 4Fe203 + C3H5O37 + 7H* =4Fe2+ + CH3C007 + HCOQ: + 4H20 —265.9
21 2H2ASO47 + C3H5O37 + H* =2H3/A\SO3 + CH3C007 + HCO37 —-216.7
22 0.580427 + C3H5037 =0.5HS™ + CH3C007 + HCO37 + 0.5H* —65.4

2 Calculated by combining iron and hydrogen half reactions
al. (44)

with Fe-citrate complexation reactions presented by Liu et
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FIGURE 1. (A) AG 4, calculated for As(V), S(Vl), and Fe(lll)s reduction coupled with (A) H, (B) acetate and (C) lactate oxidation at
pH 7.0 as a function of H,As0, /HAsO.2~, SO,2~ and Fe?". For hydrogen oxidation reactions, H, = 1.0 x 10~% for acetate oxidation
reactions (HCO;7) = 7.1 x 102 and (CH;C00) = 9.0 x 10°% and for incomplete lactate oxidation reactions, (HCO; ") = 7.1 x 1073,
(C3Hs037) = 9.0 x 1077 and (CH;C007) = 9.0 x 1075 Dashed lines bracketing As(V) reduction favorability are AG , calculated with
H3;As0; activities of 1.3 x 107 and 2.7 x 107° (solid line is AG |, favorability at 1.3 x 10~7 H;As0s). Dashed lines bracketing S0,2~
reduction favorability are AG ,, values calculated with HS™ activities of 20 x 10° and 2.0 x 1075 (solid line is AG favorability at
2.0 x 1077). Shaded boxes within all plots represent AG ., values below the nominal minimum threshold required for metabolic

maintenance (35, 37).

(hydr)oxides. At H, activities of 1 x 107, hematite and
goethite reduction is marginally (0 to —15 kJ/mol) favorable
above Fe?* activities of ~1 x 107%, but is appreciably more
favorable at elevated H, (1077 atm, see SI Figure 4SI). Sulfate
reduction is also marginally favorable at 10~% atm Hy, (—15—0
kJ/mol) (Figure 1 and SI Figure 4SI). However, As(V) reduction

is favorable over a wide range of H,,q and As(V) activities,
even with low As(V) and Hyqg (<1.0 x 1078 As(V) and 1 x
107! H,, SI Figure 4SI).

The reduction of hematite by acetate (Reaction 12, Table
2) yields —449.1 kJ/mol at standard state, but when adjusted
to high Fe?* activities (approximately 3.0 x 10™%), the reaction
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Acetate oxidation Lactate oxidation

Hydrogen oxidation

AG (kJimol)
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FIGURE 2. AG , calculated as a function of pH for As(V), S(VI), and Fe(lll); reduction coupled with (A) hydrogen, (B) acetate, and
(C) lactate oxidation. For hydrogen oxidation reactions H, = 1.0 x 107 for acetate oxidation reactions (HCO;") = 7.1 x 10~ and
(CH;C00) = 9.0 x 1075 for incomplete lactate oxidation reactions (HCO; ) = 7.1 x 1073, (CH;C007) = 9.0 x 10°° and (C3Hs0;7) =
9.0 x 107". In each case, (Fe?")=6.5 x 1075, (S0,2) = 3.24 x 107% (HS™) = 1.78 x 1077, and (As(V)) = 6.0 x 107, To demonstrate
the effect of varying As(lll):As(V), As(V) reduction favorability is calculated with (H;As03;) = 1.3 x 1078 and 2.7 x 1075, and the range
of AG ., between these calculations falls within the cross-hatched area. Shaded boxes within all plots represent AG ,, values
below the nominal minimum threshold required for metabolic maintenance (35, 37).
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FIGURE 3. Solid lines for (A) hydrogen, (B) acetate, and (C) lactate oxidation reactions are identical to those calculated in Figure 1.
Calculated AG ,,, values (point data) for Fe, As, and S reduction are plotted based on field measurements of aqueous and solid
phases reaction constituents. Open squares and closed circles represent AG ,, values calculated from sediment chemistry collected
from different locations (Sites A and T, respectively) where As release from sediments is known to occur (see Sl). Vertical dotted
lines represent Fe?",; concentrations in equilibrium or 10 times oversaturated with respect to siderite (dashed line in each graph).
Shaded boxes within all plots represent AG 4, values below the nominal minimum threshold required for metabolic maintenance
(35, 37).

becomes unfavorable (Figure 3). When coupled to hydrogen
oxidation, the thermodynamic control of Fe’* on hematite
reduction is more striking; goethite reduction becomes
unfavorable above Fe?" activities of 8 x 107%, which is
observed under field conditions (Figure 3). Bacteria therefore
utilizing acetate (and hydrogen) as a substrate at elevated
Fe?" levels will be required to use a different electron acceptor
(e.g., ferrihydrite) or a multistep (dissolution followed by
reduction) reaction pathway. To reduce hematite, an alternate
electron donor or reaction path would be needed. Indeed,
lactate oxidation coupled to hematite reduction under the
same field conditions is favorable, yielding approximately
—70 kJ/mol at (Fe?") of 3.0 x 107% other fermentation
products or aromatic and aliphatic hydrocarbons may also
provide favorable energy yields when linked to hematite
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reduction (25). A suite of electron donors thus provide
conditions favorable to sustain reduction of crystalline Fe(III)-
(hydr)oxide reduction.

Alternatively, Fe(IT)- (hydr) oxide reduction could proceed
through an independent dissolution step, inclusive of ligand
promoted dissolution, followed by microbial reduction of
Fe(Ill),q (26). The reduction of Fe(III) hydrolysis species (and
Fe*") in equilibrium with well-crystalline Fe-(hydr)oxides
coupled to the oxidation of hydrogen or acetate may provide
sufficient energy for metabolic sustenance, with the caveat
that solid-phase dissolution is rapid enough to continuously
poise aqueous Fe(Ill) to activities conducive to continued
energy gain. For example, assuming a solution contains a
total aqueous Fe(Ill) activity of 8.0 x 1072 (aqueous total
Fe(III) slightly undersaturated with respect to goethite), 1.0



x 1078 citrate, and 6.5 x 107 Fe?* at pH 7.0, Fe(OH)," is
predicted to be the dominant hydrolysis species in solution,
with an activity of 7.20 x 107! (calculated using the
geochemical modeling program PHREEQC (27)). Under these
conditions, reduction of Fe(OH),* coupled to hydrogen or
acetate will yield —136.3 and —322.7 k] mol ™!, respectively.
Furthermore, reduction of organically bound Fe(III) will
present a viable alternative pathway of Fe(III) reduction (26).
Accordingly, Fe(IIl) citrate ,q activity under these conditions
is predicted to be 4.2 x 107'%, and Fe(Il)-citrate 8.4 x 1077,
Even with this high ratio of products to reactants, Fe(III)-
citrate is still calculated to be favorable, yielding —7.7 and
—355.9 kJ/mol when coupled with hydrogen and acetate
oxidation, respectively.

Effect of Mineral Precipitation on Reaction Favorability:
Field-Relevant Assessment. While the buildup of metabolites
in solution will diminish the thermodynamic favorability of
reductive reactions, precipitation of metabolite-bearing solids
will exert a strong control on chemical gradients. A number
of solid phases may act as Fe(Il) sinks and thus affect the
Gibbs free energy for a reaction, including magnetite, green
rust, siderite, and a number of sulfidic minerals (e.g.,
mackinawite and pyrite). Siderite is a particularly common
Fe(Il)-bearing carbonate (FeCOs3) that often imparts controls
on Fe?" concentration within soils and sediments, and was
identified as a dominant constituent in our sediment profile
from Cambodia (SI Figure 3SI). Using a logK;, of 0.09 for the
reaction:

FeCO,(siderite) + H* = Fe** + HCO; 4)

Fe?" will reach saturation with respect to siderite at an activity
of 1.7 x 107° under field-relevant conditions (Figure 3).
However, Fe’* concentrations are often observed to be higher
within soil and sedimentary porewater (10—200 uM) (18),
since the concentration necessary for nucleation will be
greater than mineral solubility (28). At our field site, Fe*" g
activities range from ~1.0 x 107® to 2.0 x 107*, which fall
between ~1 and 10 times the values expected for Fe?*
saturation with respect to siderite (Figure 3). Thus, it is likely
that precipitation of siderite regulates Fe?" ,q concentrations
within our field site, and prevents (Fe*") from exceeding 2.0
x 107" at the current pH values, which maintains a favorable
condition for Fe (hydr)oxide reduction when coupled to
acetate (and perhaps hydrogen) oxidation. Variation in
bicarbonate activity, however, will alter the solubility of Fe**
with respect to siderite. While average field measurements
of bicarbonate activities are ~7.1 x 1073 (and used in our
calculations), values range from 2.05 x 1072 to 4.3 x 1074,
resulting in Fe?" activities with respect to siderite of 2.1 x
107%and 2.9 x 104, which fall within our observed activities
of Fe?* (Figure 3).

Sulfate reduction will also impart solubility constraints
on metabolite (Fe?* and HS™) buildup through precipitation
of FeS. Precipitation transpires directly through reaction
of HS™ with Fe?"; the solubility of these constituents with
respect to FeS, is described by

FeS,,, + H™ = Fe’" + HS™ )

Using a log K= —3 (29), the solubility of HS™ is 1.0 x 107°
in the presence of 1.0 x 107° Fe*". Low S(-II) is commonly
observed in the presence of Fe (hydr)oxides, since S(-II)
directly reduces Fe(III) ) to Fe(II) and is thus consumed. This
also represents an indirect mechanism of iron reduction
(source of Fe?"), and may be operative in sediments pos-
sessing more recalcitrant Fe(Ill) (hydr)oxides, such as
hematite—minerals less thermodynamically conducive to
reduction in the presence of Fe(Il). In this reaction sequence,
HS™ reduces Fe(Ill)), producing Fe(II) which may then
precipitate as FeS provided additional HS™ is present (30).

These mineralogical constraints on S(-II) and Fe(II), may
allow iron and sulfate reduction to occur concurrently, as
evidenced by the similar free energies calculated for crystal-
line Fe (hydr)oxide and sulfate reduction under field condi-
tions (Figure 3). Furthermore, not only does this reaction
series remove Fe?t and HS™, increasing the favorability of
both Fe and S reduction, but it also depletes Fe (hydr)ox-
ides, which sorb As, representing another pathway of As
mobilization.

Role of Microscale Chemical and Physical Heterogeneity.
While the measurements presented herein describe bulk
aqueous and soild phase chemical parameters, the het-
erogeneity of porous media will undoubtedly affect the
subsurface distribution of electron donor(s)/acceptor(s),
resulting in large microscale variation in biogeochemical
thermodynamic favorability. Furthermore, steep chemical
gradients develop across cell walls/membranes, likely
altering the local (bio)chemical environment and altering
free energies accordingly. The influence of such altered
environments on thermodynamic favorability remains
elusive. Nevertheless, the favorability of overarching
biologically driven reactions may be represented by bulk
chemical conditions, and certainly are operational for
advecting solutes, rendering evaluations of thermodynamic
favorability based on such conditions useful for elucidating
the predicted ordering of electron acceptor (and donor)
utilization. Here, the general sequence of reduction in
reduction subsequent to a minimal accumulation of Fe*"
is As(V) followed by Fe(III) and S(VI).

Field Site Applicability: Mekong Delta, Cambodia. Iron-
(IT) (hydr)oxides are strong sorbents of As and thus exert a
domineering effect on As mobility (31). The reductive
dissolution/transformation of As-bearing Fe(III) (hydr)oxides
have been implicated as the likely source of As within many
contaminated groundwaters throughout the world, most
notably in South and Southeast Asia; the overall reaction
liberating As following As(V) reduction to As(IIl) can be
summarized as

4FeOO0H (H,AsO,), + C;H,CO; + 7TH' = 4Fe’" +
CH,COO™ + HCOj; + 6H,0 + xH,AsO, (6)

where As is bound to Fe- (hydr)oxide (here written as goethite,
which is replaceable with other Fe (hydr)oxides), and where
x=the stoichiometric coefficient of As (typically very low for
South and Southeast Asian sediments, ~0.0002). Some As
could be incorporated within the lattice structure of the more
crystalline (hydr)oxides, such as hematite (32); this fraction
of As could remain physically protected from reductive
processes until the reductive dissolution of Fe (hydr)oxides.
However, within the sediments of our field site, phosphate-
extractable As approximates the citrate—bicarbonate—
dithionate (CBD) extractable fraction (3), suggesting most
of the As is sorbed to mineral surfaces rather than
incorporated into the Fe (hydr)oxides.

The binding strength of As on mineral surfaces is partially
governed by its speciation, where As(IIl) is more easily
released from Fe(IIl) (hydr)oxides (33) relative to As(V) (34).
Our calculations illustrate that As(V) reduction is more
favorable than Fe(III) and S(VI) reduction over a wide-range
of field conditions and should thus precede the reduction
sequence following marginal Fe(III) reduction to Fe?*, and
hence be a key factor in its liberation to the aqueous phase.
Within our field sites of the Mekong Delta, goethite, hematite,
and within the first 10—50 cm, ferrihydrite, exist as reducible,
As-bearing Fe(IIl) (hydr)oxides (SI Figure 3SI). Throughout
the sediment profile, the thermodynamic favorability of As(V)
reduction is much greater than Fe(III) (hydr)oxide reduction
at measured Fe?",, concentrations; the only exception being
the reduction of ferrihydrite, which yields similar free energy
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but is much less prevalent in the flow-field (Figure 3 and SI
Figure 3SI). Consistent with this prediction, >80% of the total
As is As(IIl) in all porewater samples collected along the
flowpath.

Although As reduction yields the highest energy across a
range of field conditions, the reduction of ferrihydrite is also
clearly favorable under the conditions measured at our sites
(Figure 3). At our field sites, fresh sediments containing
ferrihydrite are continuously buried (1—3 mm/yr) during
annual inundation, endure repeated cycles of reduction/
oxidation above the average seasonal water table (~50—200
cm below ground), and are subjected to anaerobiosis below
the seasonal water table—processes conducive to restructur-
ing of Fe(OH); into more crystalline Fe (hydr)oxides. Ad-
ditionally, Fe(OH); would be utilized preferentially to sulfate
and other Fe phases, and would therefore be depleted with
time, leading to a dominance of more crystalline phases (e.g.,
goethite, hematite) which yield less energy when coupled to
organic matter oxidation than ferrihydrite (or at Fe** activities
greater than ~5.0 x 1075, sulfate reduction) at circumneutral
pH (Figures 1-3). In fact, when Fe?* accumulates in soil/
sediment porewater, the reduction of hematite becomes
biologically unfavorable (e.g., it reaches —20 to —10 kJ/mol,
the nominal minimum energy required to drive ATP synthesis
(35— 37); the reaction is microbially unfavorable at Fe?" > 8.0
x 107¢ when coupled to H, oxidation and Fe?* > 3.0 x 10™*
Fe*" when coupled with acetate oxidation (Figure 1). The
unfavorable thermodynamic viability may explain the per-
sistence of hematite below the seasonal water table of our
field site (Figure 3, SI Figure 3SI), and may result in longevity
of crystalline Fe (hydr)oxides in evolving sediments (38). A
more diverse suite of electron donors (e.g., lactate, etc.) would
therefore be needed to drive reductive dissolution of As-
bearing Fe (hydr)oxides to completion, or Fe(III) must exist
in different reducible form (e.g., aqueous hydrolysis species
or complexes). Accordingly, As reduction is expected to
precede Fe reduction as a mobilization mechanism on a
thermodynamic basis. Finally, sulfate reduction may precede
Fe(Ill) reduction in the presence of field-relevant Fe?"
concentrations and hematite, as evidenced by diminishing
sulfate along a reaction path (SI Figure 3SI)—under these
conditions, Fe(IIl) reduction may then transpire though
abiotic (HS") reaction pathways.
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