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ABSTRACT

ARTICLE HISTORY

Dissimilatory microbial reduction of solid-phase Fe(III)-oxides and Fe(III)-bearing phyllosilicates (Fe(III)phyllosilicates) is an important process in anoxic soils, sediments and subsurface materials. Although
various studies have documented the relative extent of microbial reduction of single-phase Fe(III)-oxides
and Fe(III)-phyllosilicates, detailed information is not available on interaction between these two processes
in situations where both phases are available for microbial reduction. The goal of this research was to use
the model dissimilatory iron-reducing bacterium (DIRB) Geobacter sulfurreducens to study Fe(III)-oxide vs.
Fe(III)-phyllosilicate reduction in a range of subsurface materials and Fe(III)-oxide stripped versions of the
materials. Low-temperature (12 K) Mossbauer spectroscopy was used to infer changes in the relative
abundances of Fe(III)-oxide, Fe(III)-phyllosilicate, and phyllosilicate-associated Fe(II) (Fe(II) phyllosilicate). A
Fe partitioning model was employed to analyze the fate of Fe(II) and assess the potential for abiotic Fe(II)catalyzed reduction of Fe(III)-phyllosilicates. The results showed that in most cases Fe(III)-oxide utilization
dominated (70–100%) bulk Fe(III) reduction activity, and that electron transfer from oxide-derived Fe(II)
played only a minor role (ca. 10–20%) in Fe partitioning. In addition, the extent of Fe(III)-oxide reduction
was positively correlated to surface area-normalized cation exchange capacity and the Fe(III)phyllosilicate/total Fe(III) ratio. This ﬁnding suggests that the phyllosilicates in the natural sediments
promoted Fe(III)-oxide reduction by binding of oxide-derived Fe(II), thereby enhancing Fe(III)-oxide
reduction by reducing or delaying the inhibitory effect that Fe(II) accumulation on oxide and DIRB cell
surfaces has on Fe(III)-oxide reduction. In general our results suggest that although Fe(III)-oxide reduction
is likely to dominate bulk Fe(III) reduction in most subsurface sediments, Fe(II) binding by phyllosilicates is
likely to play a key role in controlling the long-term kinetics of Fe(III) oxide reduction
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Introduction
Microbial reduction of solid-phase Fe(III)-oxides and Fe
(III)-bearing phyllosilicates (Fe(III)-phyllosilicates) is an
important process in anoxic soils, sediments and subsurface
materials (Dong et al. 2009; Lovley 1993; Roden and Zachara
1996; Stucki and Kostka 2006). Dissimilatory iron-reducing
bacteria (DIRB) are capable of oxidizing organic matter and
hydrogen with reduction of both Fe(III)-oxides and Fe(III)bearing phyllosilicates as an electron acceptor. Microbial
reduction of Fe(III)-oxides and associated biomineralization
processes have been well studied in pure, single-phase Fe(III)
oxide systems under controlled conditions (Fredrickson et al.
1998, 2003; Kukkadapu et al. 2004; Roden and Zachara 1996;
Zachara et al. 1998, 2002), and the main factors that control
the rate and extent of microbial Fe(III) oxide reduction have
been extensively interpreted (Roden 2008).
The potential for microbial reduction of Fe(III)-phyllosilicates has also received signiﬁcant attention. Several singlephase model Fe(III)-phyllosilicates have been studied, e.g., nontronites NAu-1 and NAu-2, and ferruginous smectite SWa-1
(Dong et al. 2009; Jaisi et al. 2005, 2007a; Pentrakova et al.

CONTACT E. E. Roden

eroden@geology.wisc.edu

© 2017 Taylor & Francis Group, LLC

KEYWORDS

Iron reduction; subsurface
microbiology; sediments;
iron oxides; phyllosilicates

2013; Stucki and Kostka 2006). These model phyllosilicates
have relatively high Fe(III) content and a relatively high extent
of microbial reduction by DIRB. The rate and extent of microbial reduction of Fe(III)-phyllosilicates are primarily controlled
by the properties of phyllosilicates themselves. In particular,
the site of Fe(III) in the phyllosilicate structure (e.g., tetrahedral
vs. octahedral) can affect its susceptibility to microbial reduction (Jaisi et al. 2005). Furthermore, mineralogical factors (e.g.,
the proportion of smectite in illite–smectite mixed interlayer
minerals) also strongly inﬂuence microbial reduction of model
phyllosilicates (Bishop et al. 2011; Liu et al. 2012; Zhang et al.
2012). Recent studies have demonstrated that phyllosilicate
thermodynamic properties ultimately set an upper limit on the
long-term extent of microbial Fe(III) phyllosilicate reduction
(Luan et al. 2014, 2015a, 2015b).
There are important differences between phyllosilicate minerals
found in soils and sediments compared to model minerals in relatively pure deposits. Phyllosilicate minerals from soils and sediments often have interlayered structures, a mixed order of stacking
(e.g., Sawhney 1989), and are impure (e.g., there are multiple phyllosilicate minerals, and other Fe-containing impurities such as Fe
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(III)-oxides). The interaction between Fe(III)-oxides and Fe(III)phyllosilicates may play an important role in microbial clay reduction in soils or sediments (Wu et al. 2012, 2015). Although various
studies have documented the relative extent of microbial Fe(III)
oxide and Fe(III) phyllosilicate reduction in sediments (Akob et al.
2008; Dong et al. 2003; Kukkadapu et al. 2006; Mohanty et al. 2008;
Wu et al. 2012), information on potential impact of natural sediment mineralogy and Fe phases on bulk microbial Fe(III) mineral
reduction is still limited.
In this study, the model DIRB Geobacter sulfurreducens was
used to study microbial Fe(III) oxide and Fe(III) phyllosilicate
reduction of a range of subsurface materials, with the explicit
goal of determining the relative contribution of Fe(III) phyllosilicate vs. Fe(III) oxide to bulk Fe(III) reduction. Also of interest
was (1) the rate and extent of Fe(III) phyllosilicate reduction in
pristine materials compared to Fe(III)-phyllosilicates in Fe(III)
oxide stripped sediments recovered by a previously developed
citrate-bicarbonate-dithionite (CDB) extraction and reoxidation procedure (Wu et al. 2012); and (2) controls on the extent
of Fe(III) oxide reduction in relation to the fate of Fe(II) generated during oxide reduction. This study represents a companion to Wu et al. (2015) which examined microbial reduction of
Fe(III) oxide stripped subsurface sediment coated with varying
quantities of synthetic goethite. In agreement with observations
with synthetic goethite-coated sediments (Wu et al. 2015), the
results reported here suggest that in most cases Fe(III) oxide
utilization is likely to dominate bulk Fe(III) reduction activity,
and that electron transfer from oxide-derived Fe(II) to Fe(III)phyllosilicates plays only a minor role in Fe partitioning. However, our results suggest that phyllosilicates may play a key role
in controlling the long-term extent of Fe(III) oxide reduction
by binding oxide-derived Fe(II), thereby reducing or delaying
the negative impact of Fe(II) sorption to oxide and DIRB cell
surfaces on oxide reduction.

Materials and methods
Subsurface sediments
Six U.S. Department of Energy (DOE)-relevant subsurface materials were used for this study, including: (1) Pliocene and Pleistocene Age Atlantic coastal plain sediments (designated Oyster
sediment) collected from sediment cores on the Delmarva Peninsula, Virginia, USA, which consists of quartz sand plus a mixture
of Si- and Al-rich nanophases of variable crystallinity with interspersed smectite and agglomerates of goethite nanoparticles
(Penn et al. 2001; Zachara et al. 1995); (2) three weathered saprolites (designated ﬁeld research center [FRC], SCR1 and SCR4)
from the Area 2 site at the U.S. DOE’s FRC at Oak Ridge
National Laboratory in Tennessee, which consist mainly of clays
(smectite, illite and kaolinite) heavily coated with mainly crystalline Fe(III)-oxides (Barnett et al. 2000; Moon et al. 2006); and
(3) sediments from the grounds of a former uranium ore processing facility in Riﬂe, Co (designated Riﬂe sediment). This site,
designated the Old Riﬂe site, is part of the Uranium Mill Tailings
Remedial Action program of the U.S. DOE (Anderson et al.
2003). Sediments at the site consist of quartz sand and a mixture
of clays (montmorillonite, muscovite and clinochlore) and crystalline Fe(III)-oxides. Lastly, (4) Pliocene-age ﬁne-grained

sediment from the upper Ringold Formation (designated Ringold
sediment) at the Hanford 300 Area Site in Eastern WA, which
consists mainly of a mixture of clays (smectite, muscovite,
vermiculite and chlorite) with relatively small amounts of crystalline Fe(III)-oxides (Lee et al. 2012).

Wet chemical extractions
All of the materials were wet sieved (<45 mm) and freeze dried
before wet chemical treatment. Citrate–dithionite–bicarbonate
(CDB) extraction at 80 C (CDB-80C), which reductively dissolves both amorphous and crystalline Fe(III)-oxides (Mehra
and Jackson 1960), was used to remove Fe(III)-oxides, after
which the materials were reoxidized by treatment with 3%
H2O2. Details of the extraction and reoxidation procedures are
given in Wu et al. (2012). The reoxidized solids were washed
twice with 10% 1,4-Piperazinediethanesulfonic acid (PIPES)
buffer, followed by two washes with deionized water. The
washed solids were then freeze dried. Prior studies with the
“FRC” material employed in this study (Wu et al. 2012) showed
that the CDB extraction and reoxidation procedure did not
alter phyllosilicate mineralogy (d-spacing) and that Fe redox
speciation in the reoxidized material was similar to that in the
pristine sediment.
The total Fe and Fe(II) contents of the pristine and CDBextracted materials were determined by the HF-1,10-phenanthroline (HF-phenanthroline) method, which recovers Fe from
both iron oxides and phyllosilicates. The HF-phenanthroline
method used was a modiﬁcation of the method described by
Komadel and Stucki (1988), in which hydroxylamine sulfate
(rather than light) was used to reduce all Fe in the extract for
determination of total Fe (Amonette and Templeton 1998).
The freeze-dried materials were used for cation exchange
capacity (CEC) and BET surface area measurements. CEC was
measured by using the ammonium acetate (pH 7) method
(Sumner and Miller 1996). The speciﬁc surface area of the pristine materials was determined by multipoint BET analysis
(Micromeritics Model Gemini).

Microbial reduction experiments
The six pairs of CDB-extracted/reoxidized and pristine sediments were employed in microbial reduction experiments with
the model DIRB, G. sulfurreducens (Caccavo et al. 1994; Methe
et al. 2003). All experiments were conducted with washed, acetate/fumarate-grown cells in a PIPES (10 mM) buffered (pH
6.8) growth medium containing (g/l) NH4Cl (0.25), NaH2PO4H2O (0.07), and KCl (0.1) (Lovley and Phillips 1988). Acetate (20 mM) served as the electron donor, and Fe(III) in
sediments as the only electron acceptor. All cultures contained
50 g/l of sediment, which (by virtue of the differing Fe(III) contents of the materials) led to bulk Fe(III) concentrations ranging from 7 to 52 mmol/l. Fe(III) reduction was monitored by
measuring the accumulation of HF-phenanthroline extractable
Fe(II). Aqueous samples were acidiﬁed in 0.5 M HCl and the
aqueous Fe was measured by ICP-OES.
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XRD and Mossbauer analysis
Oriented aggregate mounts of all seven sediments were prepared to identify phyllosilicates and other minerals by X-ray
diffraction (XRD). Sediments were mixed with a small amount
of distilled water and sonicated for 1 h. The suspension was
gently transferred to a petrographic slide, and air-dried slowly.
The (101) peak of quartz in all the XRD patterns was used as
an internal calibrator. The samples were analyzed with a Scintag PADV X-ray Diffractometer (Cu Ka radiation). The Scintag
diffractometer was operated at 45 kV, 40 mA and used a 2-mm
divergence slit, 4-mm incident scatter slit, 1-mm diffracted
beam scatter slit, and 0.5-mm receiving slit. A step size of 0.02
and a dwelling time of 2 sec per step were used for collecting all
the step-scan diffraction patterns.
Mossbauer analysis of unreduced natural sediments was performed on air-dried samples, whereas analysis of biologically
reduced sediments was performed on samples dried under a
stream of O2-free N2. Only spectra obtained at 12 K, where Fe
(III)-oxides and certain Fe(II) phases (e.g., siderite) magnetically order, are reported in this study. All samples (reduced and
unreduced) were analyzed at Pennsylvania State University
using a SVT400 cryogenic Mossbauer system (SEE Co., USA).
The 57Co radioactive source (»50 m Ci) was in a Rh matrix at
room temperature. All hyperﬁne parameters are reported relative to a-Fe foil at room temperature. Samples were sealed
between two pieces of 5 ml kapton tape inside an anaerobic
chamber to avoid oxidation when transferring the sample from
the anaerobic chamber to the sample holder.
Spectral ﬁtting of Mossbauer spectra was done using the
Recoil Software (University of Ottawa, Ottawa, Canada). All
ﬁts were done using a Voigt-based model (Rancourt and Ping
1991). For simplicity, only three Fe pools were considered for
the ﬁtting: (1) a sextet representing Fe(III) oxide (i.e., goethite),
(2) a doublet representing Fe(III) phyllosilicate and (3) a doublet representing Fe(II) phyllosilicate. As explained in Wu et al.
(2015), although the data could be ﬁt to a more complex model
that included multiple Fe(III) oxide pools, the improvement in
overall ﬁt was minimal and in some cases use of a more complex model led to inconsistencies in Mossbauer-derived
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estimates of Fe(III) oxide reduction. Hence the approach
adopted for analysis of microbially reduced synthetic goethitecoated subsurface sediment (Wu et al. 2015) was retained in
this study of natural Fe(III) oxide bearing materials.
The Lorentzian linewidth was held at 0.14 mm/sec during
ﬁtting, as it was the linewidth measured on the spectrometer
for an ideally thick a-Fe foil. For all ﬁts, unless otherwise noted,
the chemical shift (CS), quadrupole splitting (QS), hyperﬁne
parameter (H), and relative areas between sites were allowed to
ﬂoat during ﬁtting. In some cases, two hyperﬁne ﬁeld components were used to model the Fe(III) oxide sextets to account
for interline broadening. For each sample analyzed, the relative
abundance of Fe(III) oxide, Fe(III) phyllosilicate, and Fe(II)
phyllosilicate was determined by multiplying the fractional
phase area by the total HF-phenanthroline extractable Fe content. Error terms for the Mossbauer-derived Fe pool size estimates (and changes in them) were determined by propagation
of uncertainties (Bevington and Robinson 1992) in model ﬁts
to Mossbauer spectra.

Results
Iron content and phyllosilicate mineralogy
The relative abundance of Fe(II) in CDB-extracted and reoxidized sediments was comparable to that of pristine sediments
(Table 1). As previously discussed (Wu et al. 2012), this result
implies that most of the Fe(II) in the pristine sediment was
present in the structure of Fe-bearing phyllosilicates. The
remaining Fe was present as Fe(III)-oxides that resisted CDB
extraction in SCR4, Riﬂe and Ringold materials. The results of
prior studies have shown that the residual Fe(III)-oxides were
not reduced by G. sulfurreducens (Wu et al. 2012, 2015). More
Fe was present as Fe(III)-oxides than as Fe(III)-phyllosilicates
for all but the Ringold sediment, in which Fe(III)-oxides
accounted for only ca. 10% of total Fe.
Phyllosilicates mineralogy varied signiﬁcantly among the
different sediments. Smectite, illite and kaolinite were identiﬁed
(by XRD) in all materials (Figure 1). Smectite was the dominant

Table 1. Fe content of pristine sediments and CDB-stripped sediments.
Materials
(<45 mm)
FRC
SCR1
SCR4
Riﬂe
Oyster
Ringold
Extracted FRCe
Extracted SCR1e
Extracted SCR4e
Extracted Riﬂee
Extracted Oystere
Extracted Ringolde
a

BET SAa
(m2 g¡1)

Fe(II)b
(m mol g¡1)

Total Feb
(m mol g¡1)

Total Fe(III)c
(m mol g¡1)

Fe(II) phyllod
(m mol g¡1)

Fe(III) phyllod
(m mol g¡1)

Fe(III) oxided
(m mol g¡1)

14.4
13.6
32.1
17.4
38.4
25.0

17.6 § 0.5
20.6 § 1.3
87.2 § 6.3
130.7 § 5.4
47.8 § 0.7
76.3 § 0.7
12.0 § 0.1
20.3 § 2.9
121.3 § 10.9
154.3 § 6.1
56.6 § 1.3
84.7 § 3.1

421.8 § 26.4
418.9 § 25.2
850.2 § 48.1
586.8 § 28.8
716.9 § 42.5
552.9 § 27.1
145.1 § 10.6
147.1 § 6.1
589.9 § 17.4
424.6 § 19.8
250.8 § 12.6
428.3 § 16.9

404.2 § 26.4
398.3 § 25.2
763.0 § 48.5
456.1 § 29.3
669.1 § 42.5
476.6 § 27.1
133.1 § 10.6
126.8 § 6.8
458.1 § 18.9
270.3 § 20.7
194.2 § 12.6
343.6 § 17.2

36.7 § 5.9
23.6 § 4.2
123.11 § 7.3
121.29 § 6.7
52.4 § 4.7
92.39 § 4.9
48.0 § 7.2
41.8 § 2.9
116.2 § 7.3
136.7 § 10.6
91.0 § 7.2
49.3 § 4.4

89.0 § 6.8
102.3 § 7.1
292.81 § 16.7
184.1 § 9.8
144.74 § 9.1
407.8 § 20.2
97.1 § 9.4
105.3 § 5.4
298.1 § 13.6
164.7 § 13.4
159.8 § 9.7
267.7 § 12.6

296.1 § 19.3
293.2 § 18.2
434.3 § 24.7
281.7 § 16.6
519.8 § 31.1
52.7 § 3.6
0.00 § 0.0
0.00 § 0.0
184.64 § 13.5
123.13 § 14.0
0.00 § 0.0
111.32 § 8.1

Sediment surface area, determined by multipoint BET N2 adsorption.
Determined by HF-phenanthroline analysis; values represent the mean § SD of duplicate determinations.
Determined from difference between total HF-phenanthroline extractable Fe and HF-phenanthroline extractable Fe(II);error terms calculated by error propagation.
d
Determined by Mossbauer spectroscopy (see Figure 3); error terms were determined by propagation of uncertainties in model ﬁts to Mossbauer spectra.
e
No surface area data available.
b
c
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Figure 1. XRD patterns for the pristine subsurface sediments. SM is smectite; IL is illite; KA is kaolinite, Qz is quartz; Gt is goethite. The numbers associated with SM, IL and
KA indicate the (hkl) planes in the minerals. The d-spacing values (A) for the identiﬁed phases are as follows: 001 SM D 13.97; 001 IL D 10.54; 001 KA D 7.178; 004 IL D
4.962; 003 SM D 4.736; 002 KA D 3.562; 004 SM D 3.517.

phase in the FRC, Oyster and Ringold materials; in contrast,
SCR1, SCR4 and Riﬂe contained relatively
more illite. The


smectite 001 peak (2Ө D 6.219
;
d
D
14.2A
)
and
illite 001 peak

(2Ө D 8.257 ; d D 10.7A) were overlapped by broad peaks
shown from 4 to 9 (2Ө) in the FRC, SCR1, Riﬂe and Ringold
materials, which indicates the presence of mixed layer smectite-illite phases. Fe(III)-oxides (goethite) were detected by
XRD only in the FRC materials.
Microbial reduction of pristine and CDB-extracted
sediments
Each of the pristine and CDB-extracted/reoxidized materials
underwent signiﬁcant reduction by G. sulfurreducens (Figure 2).
The total amount of Fe(II) produced was signiﬁcantly higher
for the pristine vs. the Fe(III) oxide stripped sediments, which

can be attributed to partial reduction of Fe(III)-oxides in the
pristine sediments. First-order rate constants for Fe(III) reduction ranged from ca. 0.008 to 0.2 d¡1, with no systematic trend
among pristine vs. Fe(III) oxide stripped materials. The majority (93 § 7%) of the Fe(II) produced during reduction of the
pristine materials remained associated with the solid-phase,
and there was no detectable release of Fe(II) to solution during
microbial reduction of CDB-extracted materials. The culture
medium for these experiments did not contain high concentrations of dissolved inorganic carbon or phosphate that could
have facilitated formation of secondary Fe(II) minerals such as
siderite or vivianite; hence, the near absence of aqueous Fe(II)
production can be attributed to reassociation of biogenic Fe(II)
with surface sites on clays and residual Fe(III)-oxides.
Low-temperature (12 K) Mossbauer spectroscopic analysis
was used to determine the partitioning of solid-phase Fe during
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Figure 2. Microbial reduction of pristine and CDB-extracted/reoxidized subsurface sediments. Data represent the mean range of duplicate cultures. Solid and dashed
lines show nonlinear least-squares regression ﬁts of the data to an equation depicting the production of Fe(II) from a pool of microbially-reducible Fe(III) according to a
ﬁrst-order rate law: Fe(II)t D Fe(II)0 + (Fe(II)max - Fe(II)0) [1 - exp(-kredt)], where Fe(II)t is the Fe(II) concentration at time t, is the Fe(II) concentration at t D 0, Fe(II)max is
the maximum concentration of Fe(II), and kred is the ﬁrst-order reduction rate constant. Fe(II)0, Fe(II)max, and kred were each allowed to vary during the ﬁtting procedure.

reduction of the pristine sediments (Figure 3). With the exception of the Ringold sediment, all of pristine materials showed a
similar pattern (Figure 4) of a decrease in oxide-associated Fe,
an increase in phyllosilicate-associated Fe(II), and only a small
or insigniﬁcant change in phyllosilicate-associated Fe(III). For
Ringold sediment (Figure 4f), the decrease in oxide-associated
Fe was much less than other materials, likely due to the relatively low Fe(III) oxide content of the material.

Discussion
Fe partitioning during microbial Fe(III) reduction
The purpose of this research was to assess the interaction
between microbial Fe(III) oxide and Fe(III) phyllosilicate
reduction in relation to the relative abundance of the two
phases in natural subsurface materials. The study was designed
to complement an analogous examination of microbial reduction of Fe(III) oxide stripped, synthetic goethite-coated FRC
sediment, i.e., one of the same materials included in this work
(Wu et al. 2015). A previously developed model for Fe partitioning (Figure 10 in Wu et al. 2015) during microbial Fe(III)
reduction was applied to interpretation of the data from this
study. The model revolves around three possible pathways for

partitioning of Fe(II) generated during microbial Fe(III) oxide
reduction: (1) Fe(II) sorption to Fe(III)-oxides (f1) which produces no change in oxide-Fe signal; (2) Fe(II) sorption to phyllosilicates (f2), which produces an increase in phyllosilicate-Fe
(II) signal; or (3) electron transfer from oxide-derived Fe(II) to
Fe(III) phyllosilicate surfaces (f3), which produces a decrease in
phyllosilicate-Fe(III) signal and a parallel increase in oxide-Fe
and phyllosilicate-Fe(II) signals. An additional factor, f4, corresponds to the fraction of total solid-phase Fe(II) production
associated with Fe(III) oxide reduction. As explained in Wu
et al. (2015), an inverse modeling approach was employed to
obtain estimates for f1, f2, f3 and f4. The total amount of solidphase Fe(II) produced at the end of the microbial reduction
experiments [equal to total HF-phenanthroline extractable Fe
(II) minus aqueous Fe(II)] was used to constrain the total
change in Mossbauer signal across the three pools, and the
Solver routine in Microsoft Excel was used to compute values
for f1, f2, f3 and f4 that minimize the sum of the square of the
differences between observed and calculated changes in oxideFe, phyllosilicate-Fe(II), and phyllosilicate-Fe(III) pool sizes.
The percent of total Fe pool size change accounted for by the
model predictions was computed by a sum of squared errors
approach analogous to that employed in regression analysis
(see Wu et al. 2015, for details).
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Figure 3. Mossbauer spectra for pristine subsurface sediments before and after microbial reduction.

The Fe partitioning model is based on assumptions derived
from experimental observations. The ﬁrst assumption, i.e., that
Fe(II) sorbed to Fe(III) oxide surfaces produces no change in
Mossbauer signal for oxide-Fe, is based on the ﬁnding that the
Mossbauer spectra for microbially reduced pure synthetic goethite was identical to that for the unreduced mineral (Figure 5
in Wu et al. 2015). This ﬁnding is consistent with previous
experiments with synthetic goethite, where sorption of 57Feenriched Fe(II) to 56Fe-goethite produced a 57Fe signal in the
goethite sextet in Mossbauer spectra (Williams and Scherer
2004). The second key assumption is that Fe(II) sorbed to phyllosilicate surfaces produces an increase the Mossbauer signal
for phyllosilicate-Fe(II). This phenomenon has been observed

in several studies (Dong et al. 2003; Kukkadapu et al. 2001,
2006) and results from the fact that Fe(II) associated with clay
surface sites produces a doublet which overlaps the doublet for
phyllosilicate-Fe(II) (Diamant et al. 1982). The ﬁnal assumption is that Fe(II) derived from microbial Fe(III) oxide reduction has the potential to engage in electron transfer to Fe(III)
phyllosilicate surfaces. This is a recently recognized phenomenon (Neumann et al. 2013; Schaefer et al. 2011), which was
observed during abiotic Fe(II) sorption experiments reported
in Wu et al. (2015).
With the exception of the Ringold sediment, the Fe partitioning model results (Table 2) indicate that Fe(III) oxide
reduction dominated overall Fe(III) reduction activity (f4  1).

Figure 4. Mossbauer-derived changes in Fe pool sizes during microbial reduction of (a) FRC, (b) SCR1, (c) SCR4, (d) Riﬂe, (e) Oyster, and (f) Ringold sediment. Open bars
show observed data; ﬁlled bars show results of Fe partitioning model calculations (see Discussion). Error terms for observed data were determined by propagation of
uncertainties in model ﬁts to Mossbauer spectra.
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Figure 5. Correlation between the extent of Fe(III)-oxide reduction (see Table 3) and the ratio of Fe(III)-phyllo to total Fe(III) content (A) and surface area-normalized CEC
(B). Lines show the results of linear least-squares regression analysis.

These results are directly analogous to those reported for the
synthetic goethite-coated FRC sediment employed in Wu et al.
(2015). It is notable that, in contrast to prior studies with specimen Fe(III)-phyllosilicates [see Dong et al. (2009) for review],
variations in phyllosilicate mineralogy among the ﬁve Fe(III)
oxide rich sediments (Figure 1) had essentially no impact on Fe
(III) phyllosilicate reduction in the pristine sediment. Likewise,
there was no obvious connection between phyllosilicate mineralogy and Fe(III) phyllosilicate reduction rate constants (see
Figure 2) and extents of reduction for the Fe(III) oxide stripped
sediments, which averaged 13.3 § 6.1% and 0.057 § 0.025 d¡1,
respectively, across the FRC, SCR1, SCR4, Riﬂe and Oyster
materials. The observed extents of reduction are comparable to
those documented for specimen smectites in the absence of
exogenous electron shuttling compounds such as AQDS, which
are known to signiﬁcantly increase the extent of Fe(III) phyllosilicate reduction (Jaisi et al. 2005, 2007b; Kostka et al. 1999;
Seabaugh et al. 2006).
Fe(III) phyllosilicate reduction contributed signiﬁcantly (ca.
33%) to total Fe(III) reduction in the pristine Ringold sediment.
This result may be attributed to the relatively high Fe(III) phyllosilicate content of the Ringold material compared to the other
ﬁve sediments (see Table 1). Nevertheless, it is striking that Fe
(III) oxide reduction still dominated overall reduction activity
despite the comparatively low Fe(III) oxide content of the
material. Across all the materials, the Fe partitioning model
results indicated that only 0–5% of the Fe(III) phyllosilicate
content of the pristine materials was microbially reduced, compared to 7–17% for the Fe(III) oxide stripped materials. As discussed in Wu et al. (2015), the most straightforward way to
interpret these results is that G. sulfurreducens preferentially
attacked Fe(III) oxide coatings as opposed to Fe(III) centers on
phyllosilicate surfaces. Whether or not this can be attributed to
kinetic or thermodynamic factors is currently unknown. However, the speciﬁc surface area of the Fe(III) oxide coatings is
likely to be signiﬁcantly higher than the mm-sized clay particles,
such that kinetic control posed by the availability of Fe(III) surface sites could have played a signiﬁcant role in controlling
oxide vs. phyllosilicate reduction. In addition, sorption of Fe
(II) produced during Fe(III) oxide reduction to phyllosilicate
surfaces (evidenced by f2 values of 0.27–0.76 in Table 2), may
have inhibited enzymatic electron transfer to Fe(III) phyllosilicate surfaces (Jaisi et al. 2007a, b).
The Fe partitioning model results suggest that there was
only limited electron transfer from oxide-derived Fe(II) to Fe

(III)-phyllosilicates (f3 values  0.2 in Table 2). Here again,
these results are consistent with those from microbial reduction
experiments with synthetic goethite-coated FRC sediment (Wu
et al. 2015), and different from abiotic Fe(II) sorption experiments with the same FRC material as well as synthetic Fe(III)
phyllosilicate phases (Neumann et al. 2013; Schaefer et al.
2011). As previously discussed (Wu et al. 2015), the simplest
explanation for these results is that rapid exposure of Fe(III)
phyllosilicate surfaces to a large quantity of aqueous Fe(II) during sorption experiments leads to signiﬁcant abiotic reduction,
whereas Fe(II) accumulating more slowly during microbial
reduction experiments becomes associated with oxide and
phyllosilicate surface sites (i.e., cation exchange sites in the case
of the clays) before electron transfer can take place.

Implications for previous studies
The ﬁnding that Fe(III) oxide reduction dominated overall Fe
(III) reduction activity in the current experiments has important implications for interpreting previous and ongoing studies
of Fe(III) oxide and Fe(III) phyllosilicate reduction in natural
soils and sediments. In previous studies, the change in Mossbauer Fe(III) oxide signal compared to Fe(III) phyllosilicate signal
has been used to directly infer the relative amount of oxide vs.
phyllosilicate reduction (Kukkadapu et al. 2006; Komlos et al.
2007, 2008; Mohanty et al. 2008). This approach does not take
Table 2. Model-inferred Fe(II) partitioning during the microbial reduction
experiments.

a

Material

f1a

f2b

f3c

f4d

% Variation explainede

FRC
SCR1
SCR4
Riﬂe
Oyster
Ringold

0.73
0.06
0.55
0.59
0.59
0.46

0.27
0.76
0.30
0.41
0.41
0.41

0.0
0.2
0.1
0.0
0.0
0.1

1.0
0.93
0.98
1.0
1.0
0.67

94
98
100
100
90
100

Fraction of solid-associated Fe(II) that sorbed to Fe(III) oxides, as inferred from Fe
partitioning model [Figure 10 in Wu et al. (2015)] calculations (see Discussion).
Fraction of solid-associated Fe(II) that sorbed to Fe-phyllosilicates, producing a Fe
(II) phyllosilicate signal, as inferred from Fe partitioning model calculations.
c
Fraction of solid-associated Fe(II) that engaged in electron transfer to Fe(III) phyllosilicates, as inferred from Fe partitioning model calculations.
d
Fraction of bulk Fe(III) reduction attributable to Fe(III) oxide reduction, as inferred
from Fe partitioning model calculations.
e
Percent of total variation among observed pool size changes accounted for by Fe
partitioning model calculations [see Discussion section in Wu et al. (2015)].
b

238

T. WU ET AL.

Table 3. Fractional contribution of Fe(III) oxide reduction to total Fe(III) reduction determined directly from Mossbauer spectral data, compared to that estimated from the
Fe partitioning model.
Study

Sediment

Wu et al. (2012)
Wu et al. (2015)
This study
This study
This study
This study
Kukkadapu et al. (2006)
Komlos et al. (2007)
Komlos et al. (2008)
Mohanty et al. (2008)

Direct calculation

Fe partitioning model

Ratioa

0.60
0.77

0.80
0.98

1.34
1.27

0.72
0.64
0.99
0.39
0.45
0.13
0.53
0.74

0.93
0.98
1.0
0.67
1.0
1.0
1.0
0.99

1.29
1.52
1.01
1.70
2.2
8.0
1.9
1.3

Pristine FRC
Fe(III) oxide stripped,
synthetic goethite-coated FRC
SRC1
SRC4
Riﬂe
Ringold
FRC
Riﬂe
Riﬂe
SCR1

a

Ratio of Fe partitioning model result to direct calculation.

Table 4. Inferred Fe(II) partitioning in previously published Mossbauer-based studies of sediment Fe(III) oxide and Fe(III) phyllo reduction.
Study
Kukkadapu et al. (2006)
Komlos et al. (2007)
Komlos et al. (2008)
Mohanty et al. (2008)

Material/DIRB

f1a

f2b

f3c

f4d

% Variation explainede

FRC C S. putrefaciens
Riﬂe C sediment microbes
Riﬂe C sediment microbes
SCR1 C sediment microbes

0.47
0.18
0.21
0.0

0.53
0.19
0.60
0.76

0.0
0.63
0.19
0.24

1.0
1.0
0.99
1.0

100
100
75
100

a

Fraction of solid-associated Fe(II) that sorbed to Fe(III) oxides, as inferred from Fe partitioning model [Figure 10 in Wu et al. (2015)] calculations (see Discussion).
Fraction of solid-associated Fe(II) that sorbed to Fe-phyllosilicates, producing a Fe(II) phyllosilicate signal, as inferred from Fe partitioning model calculations.
Fraction of solid-associated Fe(II) that engaged in electron transfer to Fe(III) phyllosilicates, as inferred from Fe partitioning model calculations.
d
Fraction of bulk Fe(III) reduction attributable to Fe(III) oxide reduction, as inferred from Fe partitioning model calculations.
e
Percent of total variation among observed pool size changes accounted for by Fe partitioning model calculations [see Discussion section in Wu et al. (2015)].
b
c

into account the fact that Fe(II) sorbed to residual Fe(III) oxide
surfaces contributes to the Mossbauer signal for Fe(III) oxide,
thus biasing downward Mossbauer-derived estimates of Fe(III)
oxide reduction. Inherent uncertainties in changes in Fe(III)
phase abundances inferred from ﬁtting of Mossbauer spectra
complicates making a comprehensive analysis of the quantitative signiﬁcance of this phenomenon across all the experimental data reported here and in Wu et al. (2012, 2015): in four out
of ten experiments with pristine or synthetic goethite-coated
sediments [two in Wu et al. (2015) and two in this study], there
was either no change or a small increase in the Mossbauer Fe
(III) phyllosilicate signal, which prevents making a direct calculation of Fe(III) oxide vs. Fe(III) phyllosilicate reduction. However, this was possible for the other six experiments, and the
results indicate that direct calculation of Fe(III) oxide reduction
from Mossbauer data underestimated oxide reduction by a factor of up to 1.7 compared to Fe partitioning model calculations
(see Table 3). Application of the Fe partitioning model to data
from four previously published studies of subsurface sediment
microbial Fe(III) reduction (Kukkadapu et al. 2006; Komlos

et al. 2007, 2008; Mohanty et al. 2008) (Figure 5) indicate that
direct calculation of Fe(III) oxide and Fe(III) phyllosilicate
reduction from Mossbauer accounted for virtually all Fe(III)
reduction (Table 4) and underestimated oxide reduction by a
factor of 1.8–8 (Table 3). These results emphasize that future
Mossbauer studies of Fe(III) oxide and Fe(III) phyllosilicate
reduction in natural sediments need to take this effect into
account, e.g., through application of the Fe partitioning model.
Controls on the extent of Fe(III) oxide reduction
Although the results from this study showed little or no enzymatic Fe(III) phyllosilicate reduction except for the phyllosilicate-rich Ringold material, this does not mean the presence of
phyllosilicates does not inﬂuence overall Fe(III) reduction
activity. Phyllosilicates have the potential to sorb biogenic Fe
(II) derived from Fe(III) oxide reduction, and thereby enhance
Fe(III) oxide reduction by reducing or delaying the inhibitory
effect that Fe(II) accumulation on oxide and DIRB cell surfaces
has on oxide reduction (Urrutia et al. 1999). This effect was

Table 5. Extent of microbial Fe(III) oxide reduction in pristine subsurface materials.
Sample

Fe(III) oxide reductiona (m mol/g)

% Fe(III) oxide reduction

Fe(III) Phyllo/Total Fe(III)b

CECc (mol/m2)

FRC
SCR1
SCR4
Riﬂe
Oyster
Ringold

76.1 § 4.6
75.9 § 3.3
122.0 § 6.3
85.8 § 10.7
103.3 § 5.0
20.9 § 3.9

25.7 § 2.3
25.9 § 2.0
28.1 § 2.2
30.5 § 4.2
19.9 § 1.5
35.6 § 7.1

0.22 § 0.02
0.26 § 0.02
0.38 § 0.03
0.40 § 0.03
0.22 § 0.02
0.86 § 0.06

7.0
5.9
6.2
10.0
4.0
11.2

Determined from total HF-phenanthroline extractable Fe(II) production and the factor f4 in Table 2.
Ratio of Fe(III) phyllo to total Fe(III) content (data from Table 1).
c
Surface area-normalized cation exchange capacity (CEC).
a

b
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Figure 6. Mossbauer-derived changes in Fe pool sizes during previously-published subsurface sediment microbial reduction experiments. Open bars show observed data;
ﬁlled bars show results of Fe partitioning model calculations (see Discussion).

observed in Wu et al. (2015), where reduction of synthetic goethite coated onto Fe(III) oxide stripped FRC sediment was 1.5to 2-fold greater than reduction of the pure oxide. Although it
is not possible to make such direct comparisons for natural
sediments [because of difﬁculties in physically separating
oxides and phyllosilicates in sediments; Wu et al. (2012)], we
did observe a strong positive correlation between the extent of
Fe(III) oxide reduction (inferred from Fe partitioning model
calculations; Table 5) and (1) the relative abundance of Fe(III)
phyllosilicate to bulk total sediment Fe(III) (see Figure 5a), as
well (2) the surface area-normalized cation (NH4C) exchange
capacity (CEC) of the different sediments (Figure 5b). bib18Phyllosilicates, especially smectites, have much higher CEC
than other soil and sediment minerals, including Fe(III)-oxides
(Yuan and Theng 2011). Hence, surface area-normalized CEC
was likely indicative of the Fe(II)-binding capacity of the native
phyllosilicates. The correlation between the extent of oxide
reduction and the relative abundance and CEC of sediment
phyllosilicates is consistent with the idea that binding of oxidederived Fe(II) by phyllosilicates can promote Fe(III) oxide
reduction. These ﬁndings provide empirical support for reaction models of sediment Fe(III) oxide reduction that take into
account the inﬂuence of Fe(II) sorption onto “auxiliary” mineral surfaces as a key control on long-term oxide reduction
kinetics (Jin and Roden 2011; Roden 2008).

Conclusion
This study together with the companion paper (Wu et al. 2015)
expands our knowledge of the interaction between Fe(III)oxides and Fe(III)-phyllosilicates during microbial reduction in
subsurface sediments. In particular, this work is the ﬁrst to
address all of the major Fe partitioning phenomena that may
inﬂuence the relative extent of Fe(III) oxide vs. Fe(III) phyllosilicate reduction. The results suggest that Fe(III) oxide reduction
is typically underestimated when changes in Mossbauer-

derived Fe(III) oxide abundance are used directly to estimate
Fe(III) oxide reduction, because oxide-derived biogenic Fe(II)
that reassociates with Fe(III) oxide surfaces contributes to the
Mossbauer Fe(III) oxide signal. Application of a Fe partitioning
model that takes this effect into account led to the conclusion
that Fe(III) oxide reduction dominated overall Fe(III) reduction
in each of the sediments examined here; even in materials
(Ringold formation) that had a very high abundance of Fe(III)phyllosilicates (i.e., compared to Fe(III)-oxides), Fe(III) oxide
reduction accounted for ca. two-thirds of overall reduction
activity. Nevertheless, our data indicate that the presence of
phyllosilicates can signiﬁcantly inﬂuence overall Fe(III) reduction activity by binding oxide-derived Fe(II), thereby counteracting the passivating effect that accumulation of Fe(II) on
oxide and DIRB surfaces has on Fe(III) oxide reduction.
Although our results indicate that electron transfer from oxidederived Fe(II) to Fe(III) phyllosilicate surfaces did not have a
major impact on Fe partitioning during microbial reduction,
this as well as the aforementioned phenomena should be carefully considered in all future studies of Fe(III) reduction in subsurface sediments that contain signiﬁcant quantities of both Fe
(III)-oxides and Fe(III)-phyllosilicates.
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