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Dominance of sulfur-fueled iron oxide reduction in
low-sulfate freshwater sediments
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A central tenant in microbial biogeochemistry is that microbial metabolisms follow a predictable
sequence of terminal electron acceptors based on the energetic yield for the reaction. It is thereby
oftentimes assumed that microbial respiration of ferric iron outcompetes sulfate in all but high-sulfate
systems, and thus sulfide has little influence on freshwater or terrestrial iron cycling. Observations of
sulfate reduction in low-sulfate environments have been attributed to the presumed presence of
highly crystalline iron oxides allowing sulfate reduction to be more energetically favored. Here we
identified the iron-reducing processes under low-sulfate conditions within columns containing
freshwater sediments amended with structurally diverse iron oxides and fermentation products that
fuel anaerobic respiration. We show that despite low sulfate concentrations and regardless of iron
oxide substrate (ferrihydrite, Al-ferrihydrite, goethite, hematite), sulfidization was a dominant pathway
in iron reduction. This process was mediated by (re)cycling of sulfur upon reaction of sulfide and iron
oxides to support continued sulfur-based respiration—a cryptic sulfur cycle involving generation and
consumption of sulfur intermediates. Although canonical iron respiration was not observed in the
sediments amended with the more crystalline iron oxides, iron respiration did become dominant in
the presence of ferrihydrite once sulfate was consumed. Thus, despite more favorable energetics,
ferrihydrite reduction did not precede sulfate reduction and instead an inverse redox zonation was
observed. These findings indicate that sulfur (re)cycling is a dominant force in iron cycling even in
low-sulfate systems and in a manner difficult to predict using the classical thermodynamic ladder.
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Introduction

A central tenet in the Earth science is that organic
carbon remineralization is coupled to a predictable
sequence of oxidant consumption. This sequence,
commonly referred to as the thermodynamic ladder
or redox tower, is based on the overall energetic gain
of the oxidation of organic carbon (or H2) coupled to
the reduction of terminal electron acceptors includ-
ing oxygen, nitrate, manganese, ferric iron and
sulfate. This predictable energy-based hierarchy thus
defines our understanding of how microbial meta-
bolisms are organized both spatially and temporally
in wide ranging environments, from groundwaters
and terrestrial soils to marine sediments. Extending
beyond the modern, this biogeochemical framework

underpins all reconstructions of paleoenvironments,
which in turn inform our understanding of the
evolution of the Earth’s surface and in parallel, the
biosphere. Under the umbrella of this classic redox
tower (Champ et al., 1979), microbial reduction of
ferric iron (Fe3+) is expected to outcompete sulfate
with the exception of high-sulfate systems (that is,
marine environments; Froelich et al., 1979; Patrick
and Henderson, 1981; Lovley and Phillips 1987;
Hoehler et al., 1998). Thus, it is widely accepted that
sulfate reduction has little, if any, influence on the
freshwater and terrestrial iron cycle.

Iron oxides, the dominant ferric iron species in
natural systems, however, exist in a spectrum of
structures that span over 100mV in reduction
potential, with more crystalline phases closely
coinciding with sulfate potentials. In fact, Gibbs
energy (ΔGr) calculations predict that the reduction
of sulfate is less favorable than highly reactive
Fe hydroxides (that is, ferrihydrite; nominally
Fe(OH)3), but more energetically favorable than
reduction of more crystalline Fe (hydr)oxides (for
example, goethite (α-FeOOH) and hematite (α-Fe2O3);
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Postma and Jakobsen, 1996). Further, new modeling
approaches taking into account the requirements of
energy capture within metabolic energy budgets
indicated that total energy and metabolically usable
energy are not necessarily interchangeable (Bethke
et al., 2011; LaRowe and Van Cappellen, 2011).
These modeling predictions were confirmed in a
number of environmental and laboratory settings,
where the reduction of crystalline phases such as
goethite and hematite either preceded or coincided
with sulfate reduction (Postma and Jakobsen, 1996;
Jakobsen and Postma, 1999; Bethke et al., 2011;
Williams et al., 2011). Although these results pointed
out the need to incorporate mineralogical structure
and energy budget constraints in application of this
paradigm, they still broadly keep with thermody-
namic predictions as a robust metabolic predictor.
As such, in soils and sediments dominated by more
poorly crystalline iron oxides (for example, ferrihy-
drite), where energetics clearly favor iron reduction,
sulfate reduction is presumed to be a minor
contributor to iron reduction and carbon mineraliza-
tion pathways.

Consequently, frequent observations of active
sulfate reduction and cycling within a range of
low-sulfate natural environments have been attrib-
uted, in part, to the presumed presence of highly
crystalline iron oxides. Sulfur recycling in natural
systems involves a number of oxidation, reduction
and disproportionation reactions involving various
reactive intermediates that may be hidden within a
cryptic sulfur cycle (Jorgensen, 1990; Elsgard and
Jorgensen, 1992; Canfield et al., 2010). Ferric iron
hosted in crystalline minerals has been implicated in
this cycling and the resupply of sulfate and/or
intermediate sulfur species to fuel this cryptic cycle
(Holmkvist et al., 2011; Pester et al., 2012). It has
been postulated that active and sustained sulfate
reduction was allowed despite low sulfate concen-
trations due to regeneration of sulfate initiated by
reaction of the sulfide with this metabolically
unavailable yet chemically reactive iron pool. Based
on the widely held assumption that ferrihydrite will
be consumed before sulfate, it is therefore presumed
that active sulfate reduction only occurs in either the
absence of iron oxides or in the presence of highly
crystalline Fe phases.

Here we conducted a systematic investigation of
the role of iron oxides on sulfate reduction by
indigenous microbial populations within natural
freshwater sediments. In detail, we conducted a
series of flow-through column experiments contain-
ing either two-line ferrihydrite-, Al-substituted ferri-
hydrite-, goethite- or hematite-coated quartz sand
mixed with natural freshwater sediments. The
influent solution consisted of calcite-buffered (pH
7.2) artificial freshwater supplemented with low
levels of sulfate (200 μM) and dissolved organic
carbon in the form of both lactate and acetate
(~500 μM each). These substrates represent two
dominant fermentation products that fuel anaerobic

respiration, including both iron- and sulfate-
reducing populations (Lovley et al., 2004). We show
that sulfate was a driving force in iron reduction
regardless of the iron oxide structure, including
the highly reactive and most bioavailable phase
ferrihydrite, and in the presence of low sulfate
levels consistent with freshwater and terrestrial
environments.

Materials and methods

Mineral synthesis
Two-line ferrihydrite, Al-substituted ferrihydrite,
goethite and hematite were prepared following the
procedure in Schwertmann and Cornell (2000).
Goethite and hematite were washed with hydroxy-
lamine to remove disordered regions. All minerals
were washed several times either via dialysis or
mixing and centrifugation with deionized water.
Washed minerals slurries were mixed with pure
quartz sand and dried at 20 °C under convection
while being periodically stirred. The dried Fe oxide-
coated sands containing 10mg iron per gram sand
were suspended in water and washed to remove any
loose mineral not attached to the sand. Both X-ray
diffraction (Harvard University) and X-ray absorp-
tion spectroscopy (Stanford Synchrotron Radiation
Lightsource) were used to verify the composition and
purity of the Fe hydroxide phases. No changes in
mineralogy were noted after sterilization.

Sediment collection and preparation
Sediment was collected from Ashumet Pond, Fal-
mouth, MA, USA, in Spring of 2012. Three shallow
sediment cores were collected within the pond
downgradient of the barrier with a water depth of
~ 0.5m. Upon sampling, the cores were stored on ice,
transferred back to the laboratory and placed in an
anaerobic chamber (97% N2: 3% H2). The outer 1 cm
of the cores was discarded, the remaining sediment
was combined and mixed, and 10 g of the homo-
genized sediment was placed in anaerobic serum
bottles containing sterile HEPES buffer (10mM). The
sediments were incubated for 21 days in pond water
to draw down the concentration of labile electron
donors and acceptors indigenous to the sediment.
Before inoculation, the sediment was sterilely sieved
(1mm2) within the anaerobic chamber to ensure
uniform distribution and remove larger pebbles. The
sediment was mixed (1:10) thoroughly with iron
oxide-coated or pure quartz sand (no Fe control). The
inoculated iron oxide-coated sand was allowed to
equilibrate for 2 h before transfer to the columns.

Column experiments
Ten columns (1.5 × 10 cm2; Hansel et al., 2004) were
packed under continuous vibration with approxi-
mately 40 g of Fe oxide-coated sand resulting in a
concentration of Fe within the columns of
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approximately 2400 μmol. The columns were secured
vertically in an anaerobic glovebox and artificial
groundwater media was pumped through the bottom
and out the top of the column at a velocity of 0.2m
per day (within normal groundwater flow rates) using a
shared peristaltic pump. The artificial groundwater
medium contained the following ingredients (in μM):
67 KCl; 82 NaCl; 200 MgSO4; 215 MgCl2•6H2O;
20 KH2PO4; 320 NH4Cl and 100 μl l− 1 each of Fe-free
Wolfe’s trace element and vitamin stock solutions.
Both lactate and acetate were provided as electron
donors to provide a final concentration of 500 μM

each. The medium was equilibrated with calcite
(~0.4 g l− 1) and pCO2 at 0.02 atm (pH ~7; Benner
et al., 2002; Hansel et al., 2003).

The ten columns were run in parallel with half
terminated after 19 days and the other half following
29 days of reaction. Effluent solution chemistry was
monitored daily while solid-phase and microbiolo-
gical analysis was conducted upon termination at
each time point.

Batch incubations
Batch incubations were conducted with Desulfovi-
brio putealis and Desulfovibrio vulgaris, bacteria that
couple sulfate and sulfur reduction to the incomplete
oxidation of lactate to acetate. Isolated strains of
D. putealis and D. vulgaris were obtained in a
parallel study via serial batch enrichment cultures
conducted under similar geochemical conditions
(Lentini et al., 2012; Lentini, 2013). Cultures
enriched in the presence of goethite and lactate were
transferred successively every couple months for 2
years into fresh liquid media. Pure isolates were
obtained by plating the cultures onto lactate- and
sulfate-amended groundwater solidified media. The
isolated strains shared 95% and 99% 16 S rRNA
sequence identity with D. vulgaris and D. putealis,
respectively (see Lentini et al., 2012; Lentini 2013).
Standard practices for sterile and anaerobic media
preparation and cultivation were used throughout
the experiment. In addition, all gases were passed
through heated copper fillings to remove any trace
oxygen. Cell preparation and incubations were
conducted in an anaerobic bicarbonate-buffered
(pH=7.2) basal media prepared by boiling and
cooling under ultra-high purity N2/CO2 (80:20) gas.
The basal media contained: 4.41mM KH2PO4,
5.62mM NH4Cl, 4.2 mM MgCl2, 0.9 mM CaCl2,
29.7mM NaHCO3 and an Fe-free trace metal stock.

Cells were initiated from glycerol stocks within the
basal medium, amended with 30mM lactate, 15mM

sulfate and Fe added to the trace metal stock. Seed
cultures were grown in the dark at room temperature
to late exponential phase. Exponentially grown cells
were centrifuged (6000 g) at 10 °C for 10min under
anaerobic conditions (under 80% N2:20% CO2). The
supernatant was discarded and the cell pellet
washed and resuspended in the basal media above
without lactate and sulfate.

The prepped seed culture was inoculated into
fresh basal media containing sulfate (as MgSO4;
0–800 μM), ferrihydrite (3.2 mM) and sodium lactate
(3.2 mM) to obtain a cell density of 5 × 106 cells per ml
(5% inoculum). Incubations were conducted for up
to 250 h in the dark within anaerobic serum vials
stored in the glovebox.

Measurement of dissolved and gaseous species
Within the column experiments, effluent chemistry
was monitored daily by collecting the solution coming
out of the column (effluent) into a sealed serum vial. In
order to avoid the build up of backpressure, the serum
vials were exhausted into a secondary vial, which
contained a ZnCl2 solution to trap gaseous sulfide.
Approximately every 24 h, the effluent solution was
weighed, filtered (0.2 μm) and measured for the
following: ferrous Fe, total Fe, dissolved sulfide,
alkalinity, pH, organic acids and major cations and
anions (including sulfate and thiosulfate).

Within the batch incubations, aqueous samples
were collected in an anaerobic glovebox using
degassed anaerobic syringes. To maintain a constant
headspace, the sample volume was replaced with an
equal volume of N2:CO2 gas. Soluble Fe(II) and
sulfide were measured immediately. Zinc chloride
(0.1 mM final concentration) was added to aqueous
samples stored for cations and anions to remove any
residual sulfide from solution. Samples were stored
at − 20 °C until analysis.

Fe(II) and total Fe (FeTOT) were measured using a
modified Ferrozine method with total Fe measured by
first reducing Fe(III) to Fe(II) via reaction with
hydroxylamine under a flame (Stookey, 1970). Aqu-
eous sulfide was measured by the Cline assay using
1,4-benzenediamine, N,N-dimethyl sulfate, sulfuric
acid and ferric chloride hexahydrate (Cline, 1969).
Major cations were measured via inductively coupled
plasma optical emission spectroscopy. For both of
these colorimetric assays, samples were incubated in
the anaerobic chamber in the dark for 20min before
measurement on a Varian ultraviolet–visible spectro-
photometer. Organic acids and major anions (for
example, sulfate, thiosulfate) were measured using
ion chromatography.

Measurement of solid-phase species
Within the anaerobic chamber, solid samples were
carefully extracted using a syringe from the serum
vials (batch incubations) or by scooping out the
sediment from the glass columns. The column
sediments were divided in half according to weight
to allow for analyses and comparison of the top and
the bottom of the reacted sediments.

Solid-phase Fe(II) and total Fe were measured by
digesting a weighed amount of solid in anaerobic 6 M

HCl within the anaerobic chamber for several hours.
Fe2+ and total Fe were then measured using the
Ferrozine method (as described above) with an
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ammonium acetate buffer where needed. For the
column sediments, acid volatile sulfide was mea-
sured by addition of the solid-phase to anaerobic HCl
under an N2 flow. The gas was passed though a Zn
hydroxide EDTA solution for approximately 4 h and
measured via the Cline method (Cline, 1969). For the
batch incubations, slurry (solid and solution) sam-
ples were collected via syringe and added directly to
the Cline reagents. Samples were incubated in the
dark for 15min before centrifugation (15min at 11
000 g). The supernatant was analyzed on the spectro-
photometer (670 nm). Solid-phase sulfide was deter-
mined as the total Cline extractable sulfide minus the
filterable sulfide. Measurements of solid-phase asso-
ciated sulfide within the batch experiments by direct
Cline extraction was equivalent to values obtained
via acid volatile sulfide.

Secondary minerals were characterized via X-ray
absorption spectroscopy on solid samples that were
stored anaerobically and frozen until analysis at the
Stanford Synchrotron Radiation Lightsource. For Fe
analysis, the samples were dried in an anaerobic
chamber and mounted onto Teflon holders with
Kapton tape. For S, dried samples were mounted
onto S-free Lexan. Fe and S X-ray absorption spectra
were collected within a He-purged sample chamber
under a continuous He flow with a Lytle detector at
beamline 4-3. The spectra were calibrated with Fe(0)
and thiosulfate for Fe and S, respectively. To
minimize any exposure to oxygen and avoid sample
oxidation, all samples were prepared and stored in
the laboratory glovebox at the synchrotron. Samples
were transferred from the glovebox to the beamline
using portable anaerobic boxes and placed directly
into a He-purged anaerobic bag surrounding the
sample holder chamber within the beamline hutch.

Identification and quantification of the secondary
Fe and S phases were determined by fitting either the
k3-weighted EXAFS (Fe) or XANES region (S) of the
unknown spectra (samples) with a linear combina-
tion of reference compounds using the program
SIXPack (Webb, 2005) and as described in detail
previously (Hansel et al., 2003). Linear combinations
of the empirical model spectra were optimized
where the only adjustable parameters were the
fractions of each model compound contributing to
the fit. The goodness of fit was established by
minimization of the R-factor (Newville, 2001).

Microbial community characterization
DNA was extracted from the solid-phase samples
and sequenced by Molecular Research LP. DNA was
extracted using the MOBIO PowerSoil (MO BIO,
Carlsbad, CA, USA) as per the manufacturer instruc-
tions. Bacterial tag-encoded pyrosequencing (bTE-
FAP) was conducted by the Research and Testing
Laboratory (Lubbock, TX, USA) as described pre-
viously (Dowd et al., 2008). Primers 28 F (Ludwig
et al., 1993) and 519 R (Ruffroberts et al., 1994) were
used to sequence variable regions V1-V3 of the 16 S

rRNA gene. A single-step 30 cycle PCR using
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia,
CA, USA) was used under the following conditions:
94 °C for 3min, followed by 28 cycles of 94 °C for
30 s; 53 °C for 40 s and 72 °C for 1min; after which a
final elongation step at 72 °C for 5min was per-
formed. Following PCR, all amplicon products from
different samples were mixed in equal concentra-
tions and purified using Agencourt Ampure beads
(Agencourt Bioscience, Beverly, MA, USA). Samples
were sequenced utilizing Roche 454 FLX titanium
instruments and reagents and following the manu-
facturer’s guidelines.

Raw sequencing reads were quality trimmed in
QIIME (Caporaso et al., 2010), and chimeric
sequences were removed from the trimmed singleton
reads by checking against a chimera-free database of
16 S rRNA gene sequences (GreenGenes; DeSantis
et al., 2006) using UCHIME (Edgar et al., 2011).
Sequences were removed from the data set that were
short read (o200 bp), had ambiguous base calls or
were homopolymer runs exceeding 6 bp. Libraries
from different samples were size normalized by
reducing all libraries to the size of the smallest
sample. This resulted in 609 high-quality sequences
per library after normalization. Operational taxo-
nomic units were defined by clustering at 3%
divergence and classified using the RDP Naïve
Bayesian Classifier and a bootstrap cutoff of 80%
(Wang et al., 2007).

Results and discussion

Consistent with thermodynamic predictions (Table 1)
and previous results from natural and engineered
systems (Postma and Jakobsen, 1996; Jakobsen and
Postma, 1999; Bethke et al., 2011), the reduction of
both goethite and hematite was dominated by reaction
with biologically generated sulfide despite low sulfate
(o200 μM) concentrations. Within sediment columns
amended with goethite and hematite, lactate was
completely consumed and sulfate fully reduced to
sulfide soon after carbon addition (Figures 1 and 2).
Here, only minor levels of sulfide (1–5% of total
sulfide measured) were eluted from the column
(Figures 1 and 2) and instead sulfide was scavenged
near the bottom of the columns as solid-phase FeS
(Supplementary Table 1 and Supplementary Figure
1). A corresponding dominance of known lactate-
oxidizing, sulfate-reducing (Desulfovibrio and Desul-
fosporomusa) genera (Rabus et al., 2006) were
observed throughout the columns, accounting for
more than 80% and 68% of the 16 S rRNA sequences
in the goethite and hematite columns, respectively
(Figure 3 and Supplementary Table 2). In contrast,
known iron-reducing bacterial genera (for example,
Geobacter spp., Shewanella spp.; Lovley et al., 2004;
Weber et al., 2006) were not detected within the
columns. Solid-associated ferrous iron decreased
downgradient in parallel with declining FeS levels
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(Figure 1 and Supplementary Table 1), suggesting
that Fe(III) reduction was primarily mediated by iron
oxide reaction with hydrogen sulfide (that is,
sulfidization). Despite ample acetate flowing through
the column (Figure 2), the limited ability of model
iron-reducing bacteria to reduce crystalline Fe
oxides like goethite and hematite likely precluded
their activity (Hansel et al., 2004; Cutting et al.,
2009).

Although reduction of these crystalline phases can
occur co-metabolically by fermenting organisms

(Dobbin et al., 1999; Dominik et al., 2002), it appears
that the consumption of lactate (Figure 2) by sulfate-
reducing bacteria and lack of other fermentable
substrates limited their activity here and supported a
smaller relative proportion of putative fermenting
organisms (Figure 3 and Supplementary Table 2).
Further, lower carbon concentrations have previously
been shown to select for sulfate-reducing over
fermenting microbial populations (Oyekola et al.,
2009). However, as sulfate reducers can utilize a wide
range of fermentation products, we cannot rule out

Table 1 Reactions of particular relevance in this study. The Gibbs energy using the influent and effluent aqueous conditionsa,b are
calculated using two ΔGf for two-line ferrihydrite with varying structural water contentc (results for less hydrated form given in
parentheses). Based on Bethke and others (2011), the amount of usable energy are also calculatedd for Fe(III) and sulfate reduction

Influent a, c ΔGr per mol C Effluent b,c ΔGr per mol C ΔGu
d

Metabolic reactions:
(1) C3H5O3

−+4Fe(OH)3+7H+=C2H3O2
−+HCO3

−+4Fe2++10H2O −313 (−1241) −35 (−963) 257
(2) C2H3O2

−+8Fe(OH)3+15H+=2HCO3
−+8Fe2++20H2O −481 (−2337) −35 (−1891) 425

(3) C3H5O3
−+4FeOOH+7H+=C2H3O2

−+HCO3
−+4Fe2++6H2O −230 48 174

(4) C2H3O2
−+8FeOOH+15H+=2HCO3

−+8Fe2++12H2O −315 131 258
(5) C3H5O3

−+0.5SO4
2− =C2H3O2

−+HCO3
−+0.5HS−+0.5H+ −116 − 41 60

(6) C2H3O2
−+SO4

2− =2HCO3
−+HS− −102 − 59 57

(7) C3H5O3
−+2S0+2H2O=2HS−+HCO3

−+C2H3O2
−+3H+ −210 −172

(8) C2H3O2
−+4S0+4H2O=4HS−+2HCO3

−+5H+ −288 −322

Predicted abiotic FeS reactions:
(9) HS−+2Fe(OH)3+5H+=2Fe2++S0+6H2O
(10) HS−+2FeOOH+5H+=2Fe2++S0+4H2O
(11) Fe2++HS−=FeS+H+

aCalculated based on the influent conditions: pH=7; [Fe2+] and [HS−] = 10− 12; [C3H5O3
−] and [C2H3O2

−] = 5 ×10− 4; [SO4
2−] = 2 × 10− 4;

[HCO3
−] = 6 × 10− 3 M.bEffluent conditions: pH=8; [Fe2+] = 10− 4; [HS−] = 10− 12; [SO4

2−] = 2 ×10− 12; [C3H5O3
−] = 10− 12; [C2H3O2

−] = 4 ×10− 3 M.cΔGf
0 values

for two-line ferrihydrite nominally as Fe(OH)3 (Majzlan et al., 2004) or FeOOH*0.027H2O (Snow et al., 2013) and goethite (α-FeOOH) (Majzlan
et al., 2003) were − 705, −473 and −489 kJ mol− 1, respectively.dΔGu =ΔGr - mΔGp, where ΔGp = 45 kJ (mol ATP)−1 and m (ATP number) for sulfate
reduction is 1 and 5/4 for acetrotrophic Fe(III) reduction. The same m value was used for lactate.
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Figure 1 Geochemical characteristics of the influent, effluent and solid-phase and microbial community composition within the 19 days
incubated unamended (control) and iron oxide-amended columns. The components are shown as cumulative concentrations within each
pool following the first 19 days of incubation (data are tabulated in Supplementary Table 1). Solid-phase Fe(II) and sulfide are total
concentrations of these components associated with the solid-phase measured via colorimetric analysis of solid extracts. Flow goes from
the bottom (upgradient) to top (downgradient) of the column. Secondary mineralization is evident by the conversion of red ferrihydrite,
yellow goethite and red hematite to black iron sulfides and magnetite (ferrihydrite only; see Supplementary Figure 1).
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that fermenting organisms were (also) consuming
lactate and subsequently fed the sulfate-reducing
population (Rabus et al., 2006). We predict that the
fermenting population was contributing to iron reduc-
tion but was likely quantitatively minor in comparison
to reduction by sulfide. Thus, in the presence of only
lactate and acetate, goethite and hematite reduction
were primarily a byproduct of ‘sulfidization’ driven by
the activity of sulfate-reducing bacteria.

In keeping with these energetic predictions
(Table 1), it should then follow that the reduction
of more reactive Fe(III) (hydr)oxides, and specifically
the poorly crystalline Fe hydroxide ferrihydrite,
should support and actually preferentially select
for iron-respiring communities. Specifically, at the
environmental conditions within the influent section
of the column, ferrihydrite reduction is thermody-
namically predicted to outcompete sulfate reduction

µ µ µ µ

µ µ

µ µ

µ µ µ µ

µ µ µ µ

µ µ µ µ

Figure 2 Aqueous chemistry of the column effluent, including (left) lactate and acetate, (middle) sulfate and (right) ferrous iron and
sulfide concentrations over time. All columns were conducted in duplicate with one set terminated after 19 days (gray) and the other at
29 days (black) to analyze for solid-phase and microbiological composition. Acetate production is non-stoichiometric with lactate
consumption and increases steadily over time, evidence of acetogenesis within the column. This is supported by observations of
substantial 16 S rRNA sequences for the acetogen Acetobacterium within the columns. Note the different scales for the y-axis and that all
concentrations are μM except for acetate, which is mM.
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for lactate or acetate (Table 1). However, similar to
the goethite columns, sulfate (and lactate) was
completely consumed within the ferrihydrite col-
umns (Figures 1 and 2,). Further, as seen with the
more crystalline iron oxides, sulfide was observed in
the effluent of the ferrihydrite columns within a few
days (Figure 2), indicating that sulfate reduction was
stimulated immediately upon addition of carbon.

Consequently, the upgradient sections of the
ferrihydrite columns are strikingly similar to the
goethite and hematite columns, as seen by the high
FeS concentrations and overwhelming dominance
(470% for Fh; ~ 50% for Al-Fh) of the lactate-
oxidizing, sulfate-reducing (Desulfovibrio and
Desulfosporomusa) genera (Figures 1 and 3,
Supplementary Tables 1 and 2). We cannot rule out
the possibility that these organisms were also
directly reducing ferrihydrite, and, in fact, some
Desulfovibrio species can respire ferric iron
(Coleman et al., 1993; Li et al., 2006). Yet, sulfate
was still completely consumed in the columns
(Figure 2) and sulfide was extensively sequestrated
in the solid-phase along the beginning of the
flowpath (Figure 1 and Supplementary Table 1).
Further, known iron-reducing bacterial genera
(Lovley et al., 2004; Weber et al., 2006) were minor
(2% in Al-Fh) or completely absent (Fh) within the
sediments along the initial flowpath after 19 days,
despite previous observations of both lactate- and
acetate-oxidizing iron reducers in the sediments
(Lentini et al., 2012; Lentini, 2013). Thus,
sulfate reduction was a primary means of carbon
oxidation within the beginning of ferrihydrite
columns despite the presence of ample acetate and
the more energetically favorable phase ferrihydrite to
support canonical iron respiration (Lovley and
Phillips, 1988).

Consumption of sulfate and lactate upgradient led
to a transition from sulfate to Fe(III) reduction,
presumably via iron respiration, within the ferrihy-
drite columns. In contrast to the goethite and
hematite columns, solid-phase Fe(II) was detected
throughout the column (Figure 1 and Supplementary
Table 1). Fe(II) within the downgradient iron-
reducing zones within the ferrihydrite columns was
coincident with the presence of the common acetate-
oxidizing, Fe(III)-reducing bacterium, Geobacter
(~14% for Fh and 6% for Al-Fh 16 S rRNA
sequences) and a higher proportion of fermenting
organisms (Figure 3 and Supplementary Table 2;
Lovley and Phillips, 1988). This transition in the
distribution from sulfate- to iron-reducing microbial
communities is counterintuitive when considering
the reaction energetics along the column gradient. In
particular, the reduction of Fe(III) via sulfide (as well
as other iron-reducing processes) leads to progres-
sively more alkaline conditions downgradient as
observed in the higher pH of the effluent solution
(Supplementary Figure 2). Although the energetics of
sulfate reduction is largely insensitive to pH
(Table 1; Postma and Jakobsen, 1996; Bethke et al.,
2011; Flynn et al., 2014), higher pH greatly deceases
the favorability of iron reduction (Table 1). Never-
theless, sulfate-reducing organisms, which presum-
ably have a less energetic metabolism (Table 1 and
see Bethke et al., 2011; LaRowe and Van Cappellen,
2011; Postma and Jakobsen, 1996), dominated the
microbial communities along the initial flowpath,
whereas iron-reducing organisms dominated the less
conducive conditions downgradient.

Rather, the activity of the ferrihydrite-reducing
communities appears to have been suppressed until
sulfate was near quantitatively consumed. Given the
eventual presence and activity of iron-reducing

Figure 3 Microbial community composition within the sediments in the unamended (control) and iron oxide-amended columns after
19 days of incubation. There were 16 genus-level taxonomic groups that had 2% or greater representation in the 16 S rRNA sequence
libraries for any of the samples. Genera representing less than 2% of the sequence libraries were grouped together and labeled as ‘other.’
Pie graphs display these 16 genera for the sediments from the top and bottom of the columns. Dominant and key functional groups include
sulfate-reducing Desulfovibrio and Desulfosporomusa, iron-reducing Geobacter, sulfur-reducing Sulfurospirillum sp. and fermenters
Clostridia and Lentzea spp. Tabulated values for these samples and the initial sediment are provided in Supplementary Table 2.
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bacteria (in the absence of sulfate) upgradient,
nutrients were clearly not limiting growth or driving
competitive exclusion. Thus, even given the pre-
sence of Geobacter (Supplementary Table 2) and
Shewanella species within the indigenous popula-
tion (Lentini et al., 2012; Lentini, 2013) and ample
acetate (Figure 2,and Supplementary Table 1) and Fe
(III) as ferrihydrite (Supplementary Figure 1), classi-
cally envisioned dissimilatory iron reduction
became the dominant respiratory process only after
sulfate reduction ceased.

This suppression of iron respiration may have
been a consequence of sulfide toxicity, lower iron
oxide availability through sulfidization, and/or other
unappreciated constraints on the metabolism of
solid-substrates (Burdige 1993; Koretsky et al.,
2003). An unexpected oscillatory behavior of iron-
and sulfate-reducing organisms was previously
observed in batch incubations containing saltmarsh
sediments, where carbon-stimulated activity of
sulfate-reducing organisms led to suppression of
microbial iron respiration (Koretsky et al., 2003).
Addition of exogenous ferrihydrite did not stimulate
dissimilatory iron-reducing communities or depress
sulfate reduction rates, suggesting that sulfide toxi-
city rather than diminished iron oxide availability
was responsible for the inhibitory effect. Here,
sulfate reduction commenced at the onset of carbon
addition when ferrihydrite bioavailability was high
and sulfide levels were low. Further, although the
ferrihydrite surface likely became compromised by
secondary precipitates over time, nearly half of the
ferrihydrite was still present in the columns after
19 days (Supplementary Figure 1). This ferrihydrite
was still chemically reactive toward sulfide, as
sulfide was not detected in the effluent and in minor
levels downgradient (Figures 1 and 2). Although we
can only speculate at this point, we predict that the
proliferation of sulfate reducers at inception here is a
consequence of differences in kinetic constraints on
electron transfer reactions to solid-phase versus
soluble substrates.

This microbial respiratory sequence (Figure 3) and
solid-phase distribution (Figure 1) point to reactions
with free sulfide largely driving initial iron redox
transformations in the presence of iron oxides
regardless of the structure and despite low sulfate
levels (o1%modern ocean). It is well established that
sulfidization, abiotic reaction of sulfide (HS−) and
iron oxides, leads to iron reduction and formation of
intermediate sulfur species such as elemental sulfur
(S0) (Poulton, 2003). In detail, one can assume that
each mole of biogenic sulfide generated reacts with
ferrihydrite, for instance, to produce two moles of Fe
(II) (Table 1). Using this stoichiometry and assuming
the FeS pool represents immediately sequestered
sulfide, we estimate that Fe(II) produced via reaction
with free sulfide formed through solely sulfate
reduction accounts for 39% and 54% of the total Fe
(II) generated in the upgradient section of the
ferrihydrite column and throughout the entire

goethite column, respectively (Figure 4 and
Supplementary Table 1). Thus, by the most conserva-
tive estimate, nearly 40% of the iron reduction in the
upgradient sections of the ferrihydrite columns can be
attributed solely to reaction with biogenically derived
sulfide through sulfate reduction.

However, we observed ratios of Fe(II) to sulfide
(tracked by sulfide accumulation and sulfate loss) in
excess of 2, which implicates an additional mechan-
ism for production of Fe(II). At first pass, the
additional Fe(III) reduction might suggest classic
dissimilatory iron reduction. The dominance of
sulfate-reducing bacteria and absence of known
iron-reducing populations within the goethite and
hematite columns and bottom of the ferrihydrite
columns, however, point to other ferrous iron
sources (Figures 1 and 3, Supplementary Table 2).
We cannot rule out the presence of unknown iron-
reducing organisms or that known iron-reducing
organisms were also initially present with the
sulfate-reducing organisms, but then preferentially

Figure 4 (a) Schematic representing cumulative fluxes of
compounds (also denoted by line weight of arrows) as measured
in flow-through column experiments using sediments amended
with either ferrihydrite or goethite. Values shown in black are the
cumulative fluxes (in μmol) measured at the end of the experiment
(sulfate reduction measured as sulfate consumed, iron reduction
measured as change in total Fe(II) and FeS precipitation measured
as acid volatile sulfide). Values in gray are sulfur transformation
fluxes calculated to satisfy iron mass balance. In both ferrihydrite
and goethite, sulfur mass balance implies an unmeasured
intermediate sulfur pool of 125 and 70 μmol, respectively. (b)
Using the fluxes in a, the relative importance of recycling of an
intermediate sulfur pool (dashed lines) in catalyzing iron reduc-
tion for ferrihydrite is calculated. Numbers in black reflect mass
fluxes normalized to the amount of sulfate reduced. Based on the
difference between sulfate reduced (SR) and sulfide recovered as
FeS, a minimum of 51% of residual SR-derived sulfide reacted
with ferrihydrite yielding sulfur of an intermediate oxidation state
(predicted as S0). A ratio of Fe(II) produced to sulfate reduced of
2.9:1 was applied to calculate the amount of S0 reduction required
to satisfy the iron mass balance (representing approximately 40%
of the sulfate originally reduced). This recycling, which leads to a
standing pool of S0 (interpreted as the sulfur not accountable as
sulfate or sulfide), implies that an equivalent of 91% of the original
sulfate reduced was directly involved in iron reduction. Numbers
in red indicate the relative proportion of Fe(III) reduced by sulfide
derived from sulfate reduction (solid lines) or from S0 reduction
(dashed lines).
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died off and their DNA degraded and/or washed out
of the column. Nevertheless, an incomplete sulfur
mass balance based on the offset of sulfate intro-
duced to total sulfide measured indicates that there
was a standing pool of intermediate sulfur species
within both the more crystalline (63–70 μmol S for
goethite and hematite) and poorly crystalline iron
oxide (103–125 μmol S for pure and Al-ferrihydrite)
columns (Supplementary Table 1 and Figure 4). This
is in stark contrast to the unamended control
columns, where we had a largely (495%) resolved
sulfur mass balance (see Supplementary Table 1).
Although DOM can also oxidize sulfide to various
sulfur intermediates (including thiosulfate) in anoxic
systems (Heitmann and Blodau, 2006), since the
control columns also contained the same starting
sediment inoculum, DOM-mediated formation of
sulfur intermediates cannot (fully) explain this mass
balance difference.

Instead, we predict that sulfide oxidation and the
subsequent re-reduction of intermediate sulfur spe-
cies, defined here as S0 (elemental sulfur), were
likely responsible for the majority of the additional
Fe(III) reduction; in essence, a cryptic sulfur cycle as
proposed previously in sub-glacial and marine
systems (Mikucki et al., 2009; Holmkvist et al.,
2011). In parallel to the column experiments, batch
incubations conducted under equivalent geochem-
ical conditions enriched for sulfate reducers closely
related to the dominant species identified within the
columns (Desulfovibrio putealis and D. vulgaris;
Lentini et al., 2012; Lentini, 2013). Batch incubation
of these axenic cultures with ferrihydrite and at
sulfate levels mimicking the column influent led to
the same sulfidization reactions as identified in the
column experiments—that is, reduction of Fe(III) by
HS− and FeS precipitation (Figure 4 and Table 1).
Within these batch incubations, elemental S was

observed as a reaction product of sulfide reaction
with ferrihydrite (Table 1 and Figure 5), which can
be metabolized by these Desulfovibrio species (Rabus
et al., 2006). In fact, at initial sulfate concentrations
similar to those in the influent solution used in the
columns (~150 μM), acetate and Fe(II) were still
generated following complete consumption of sul-
fate (Figure 6a) and coincident with the loss of S0

(Figure 5). Thus, sulfide regenerated through the

Figure 5 Sulfur XANES from batch incubations. Mole percent of
sulfur present as elemental sulfur within the batch incubations
containing D. putealis and two-line ferrihydrite after 50 h (black
bars) and 82 h (white bars) as a function of initial sulfate
concentration (80–730 μM). S(0) percentages were obtained from
linear combination fitting of S K-edge XANES spectra using a set
of standard spectra over the energy range 2465–2495 eV. R values
(Newville, 2001) range from 0.002 to 0.01.

Figure 6 Sulfide-driven ferrihydrite reduction mediated by
Desulfovibrio putealis in batch reactors. (a) Continued total Fe(II)
(closed circles) and acetate (open triangles) production following
complete consumption of 155 μM sulfate (open squares; vertical
dotted line) implicates recycling of intermediate sulfur species.
Indeed, approximately one-quarter (ca 40 μM) of the sulfate
reduced is not accounted for in the total sulfide pool (closed
squares). A large fraction of this missing pool is present as
transient S0 species (Figure 5). In the presence of ferrihydrite but
absence of sulfate, maximum Fe(II) levels are 10 μM and acetate is
below detection limit indicating that D. putealis does not have the
ability to respire ferrihydrite. (b) Black circles indicate the ratio of
Fe(II) generated to initial sulfate concentration (Fe(II):SO4) as a
function of sulfate concentration. Deviation from a ratio of 2
indicates more Fe(II) was generated than can be supported by all
sulfate-derived HS− reaction with the iron hydroxide. Based on
this deviation, the bars indicate the proportion of total Fe(II) (black
bars) and acetate (open bars) produced due to S0 reduction as a
function of initial sulfate concentration after 73 h of reaction (time
point at which all sulfate is depleted). Equivalent results were
obtained for D. vulgaris.
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microbial reduction of S0 (Table 1) coupled to further
lactate oxidation led to sulfide-generated Fe(II) in
excess of the presumed Fe:S for sulfate reduction of 2
(Figure 6b and Table 1). This recycling, in fact, can
account for nearly half of the Fe(III) reduced within
these batch experiments (Figure 6b).

This sulfur recycling at an initial sulfate concen-
tration of 150 μM led to a ratio of generated Fe(II) to
sulfate reduction near 3 (rather than 2; Figure 6b),
which is notably similar to that observed in the
iron oxide column experiments (Figure 1 and
Supplementary Table 1). Within the ferrihydrite
columns, we applied this batch-derived Fe(II)/SO4

stoichiometry to calculate the amount of S0 reduc-
tion required to satisfy the iron mass balance
(Figure 4a). The amount of sulfide oxidation was
then calculated as the sum of S0 reduction plus the
standing pool of S0 (interpreted as the sulfur not
accountable as sulfate or sulfide). Using this
approach, then nearly 70% of the total Fe(II) within
the upgradient section of the ferrihydrite column can
be explained without calling upon the activity of
iron-respiring populations (Figure 4b). For compar-
ison, within the goethite columns, the amount of
sulfide oxidation was constrained by iron mass
balance and was simply calculated as the amount
required to produce enough sulfide to produce the
observed Fe(II) (Figure 4a). As we have excluded the
measured FeS-associated sulfur pool in any recy-
cling for these models (Figure 4), we contend that
this is likely an underestimate of the sulfur-based
iron reduction. In any case, it is clear that sulfate
reduction, cryptic S cycling and the inorganic
reduction of Fe(III) by biogenic sulfide was a
dominant process in the Fe cycle within these
ferrihydrite-dominated, low-sulfate systems.

In addition to the mass balance calculations
(Figure 4 and Supplementary Table 1), the presence
of sulfur intermediates is further supported through
taxonomic indicators. In particular, a substantial
fraction (up to 10%) of the 16 S rRNA sequences
within the iron oxide-amended columns belonged to
Sulfurospirillum (Figure 3 and Supplementary Table
2), a bacterium known to couple the oxidation of
lactate to the reduction of intermediate S species like
S0 (but not sulfate; Straub and Schink, 2004). Indeed,
within pure culture batch incubations, this bacter-
ium previously demonstrated extensive ferrihydrite
reduction via a catalytic sulfur cycle that resulted in
sustained respiration of intermediate sulfur species
(mostly S0 but also sulfite, tetrathionate and poly-
sulfides (Lohmayer et al., 2014)) and recycling (460
times) of sulfur (Straub and Schink, 2004). In our
sediment columns, the initial oxidation of biogenic
HS− coupled to Fe(III) reduction generated S0 and
likely other sulfur intermediates, which could then
be recycled back to sulfide by both Sulfurospirillum
and Desulfovibrio species coupled to lactate oxida-
tion (as in Figures 4,5,6).

Further, although counterintuitive, the relative
importance of ferrihydrite reduction via sulfur

recycling increased with decreasing sulfate concen-
tration (Figure 6b). That is, the relative role of S0

reduction and eventual excess of Fe(II) production
showed an inverse relationship with initial sulfate
concentration (Figure 6b). Thus, low-sulfate levels
will lead to a disproportionately large amount of Fe
(III) reduction by cryptic S cycling. As the bacterial
communities within the columns were dominated by
these two genera (Desulfovibrio and Sulfurospirillum;
Figure 3 and Supplementary Table 2), we contend
that it can be safely assumed that intermediate
sulfur species like S0 played a similar role as
reactive intermediates within the sediment columns
explored here.

Conclusions

There is mounting indirect evidence pointing to a
sulfur-fueled iron cycle not only within marine
sediments (Koretsky et al., 2003; Holmkvist et al.,
2011) but also terrestrial systems that span acidic to
alkaline conditions (Akob et al., 2008; Komlos et al.,
2008; Pester et al., 2012; Osorio et al., 2013; Flynn
et al., 2014; Kwon et al., 2014). Previous models of
geochemical zonation have likely overlooked the
importance of this cryptic cycling by relying primar-
ily on measurements of substrate and endproduct
concentrations. In particular, a rapidly spinning
cycle involving the consumption of sulfide via
reaction with iron oxides and microbial respiration
of the subsequent sulfur products (sulfate, sulfur,
thiosulfate) leads to low sulfate and aqueous sulfide
levels but high Fe(II) conditions that would suggest
ferric iron respiration and not sulfur metabolism. By
measuring production and consumption rates of
metabolic substrates and products, detecting the
oftentimes elusive intermediates and monitoring
active metabolic pathways, the relevance of these
cryptic cycles, involving various elements, within
environmental systems will continue to emerge.

Observations of sulfate reduction and cryptic
sulfur cycling in natural systems have frequently
been attributed to the presence of more crystalline
iron oxides that were presumed to be biologically
unavailable. Our conservative estimates here indi-
cate that along the upgradient portions of the column
where both sulfate and ferrihydrite were available,
reaction of ferrihydrite and biogenic sulfide
accounted for nearly 40% of the observed iron
reduction, with an additional 30% if sulfur recycling
is invoked. Thus, this research shows that within
natural sediments incubated under conditions
mimicking natural systems, sulfur-fueled iron reduc-
tion is a dominant process regardless of the iron
oxide present, including the most bioavailable iron
oxide two-line ferrihydrite, and despite low-sulfate
levels. In fact, even after 19 days of incubation, more
than half of the added ferrihydrite was still present,
indicating that observations of sulfate reduction
within natural sediments do not necessarily
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preclude the presence of poorly crystalline and
microbially available iron oxide phases.

This respiratory sequence, where sulfate reduction
precedes or occurs simultaneously with ferrihydrite
reduction, leads to an inverse redox zonation
that is in stark contrast to long-standing thermody-
namic models (Chapelle and Lovley, 1992). Thus,
regardless of the mechanistic underpinning, a
thermodynamic-based hierarchy cannot alone predict
operative respiratory pathways and geochemical
zonation in nature. One complicating factor is the
frequent utilization of bulk aqueous chemical condi-
tions in thermodynamic models, which most likely do
not accurately reflect the biogeochemistry of sedimen-
tary microenvironments. Micro-scale heterogeneity
will no doubt hinder our ability to accurately calculate
true in situ reaction energetics. It cannot be ruled out
therefore that micro-scale porewater heterogeneity
leads to localized conditions that favor metabolic
reactions not predicted by bulk geochemistry.

By relaxing the presumed energy-based hierarchy
between iron- and sulfate-reducing communities,
reinterpretation of environmental geochemical zona-
tion will undoubtedly bring to light an overlooked
control of kinetic, physiological and ecological factors
in the cycling of iron and sulfur. Indeed, the
dominance of a microbial Fe cycle has been long
assumed for Earth’s earliest records (Canfield, 2005),
both before and after the initial rise of atmospheric
oxygen. This was always taken to reflect an excess of
iron over other, more oxygen-dependent, electron
acceptors like sulfate. The results presented here,
however, indicate that even micromolar levels of
Archean sulfate (Halevy, 2013) could catalyze large-
scale iron cycling—no longer then can evidence for
active iron cycling be viewed independent of the
sulfur cycle. These findings also challenge certain
biogeochemical models predicated on the classic
redox tower, perhaps helping to explain the persis-
tence of a prominent Fe redox cycle throughout the
Proterozoic (Planavsky et al., 2011) in the face of
higher pO2, rather than requiring an excess of ferric
iron or paucity of organic carbon or sulfate (Johnston
et al., 2010). As ferrihydrite is a dominant product of
iron oxidation in the rhizosphere of terrestrial and
wetland plants (Emerson et al., 1999; Hansel et al.,
2001), this Fe oxide-based sulfur recycling could
also explain unexpectedly high rates of sulfate
reduction within low-sulfate wetland sediments (see
Pester et al. (2012))—systems that single-handedly
account for up to 40% of global emissions of methane
(Wuebbles and Hayhoe, 2002). That noted, given this
updated understanding of the nature of this system,
direct tests should follow. What is clear is that sulfur
recycling is an essential catalytic engine driving the
Fe cycle.
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