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and the fate of Fe(II)
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Abstract—Due to the strong reducing capacity of ferrous Fe, the fate of Fe(II) following dissimilatory iron
reduction will have a profound bearing on biogeochemical cycles. We have previously observed the rapid and
near complete conversion of 2-line ferrihydrite to goethite (minor phase) and magnetite (major phase) under
advective flow in an organic carbon-rich artificial groundwater medium. Yet, in many mineralogically mature
environments, well-ordered iron (hydr)oxide phases dominate and may therefore control the extent and rate
of Fe(III) reduction. Accordingly, here we compare the reducing capacity and Fe(II) sequestration mechanisms
of goethite and hematite to 2-line ferrihydrite under advective flow within a medium mimicking that of natural
groundwater supplemented with organic carbon. Introduction of dissolved organic carbon upon flow initiation
results in the onset of dissimilatory iron reduction of all three Fe phases (2-line ferrihydrite, goethite, and
hematite). While the initial surface area normalized rates are similar (�10�11 mol Fe(II) m�2 g�1), the total
amount of Fe(III) reduced over time along with the mechanisms and extent of Fe(II) sequestration differ
among the three iron (hydr)oxide substrates. Following 16 d of reaction, the amount of Fe(III) reduced within
the ferrihydrite, goethite, and hematite columns is 25, 5, and 1%, respectively. While 83% of the Fe(II)
produced in the ferrihydrite system is retained within the solid-phase, merely 17% is retained within both the
goethite and hematite columns. Magnetite precipitation is responsible for the majority of Fe(II) sequestration
within ferrihydrite, yet magnetite was not detected in either the goethite or hematite systems. Instead, Fe(II)
may be sequestered as localized spinel-like (magnetite) domains within surface hydrated layers (ca. 1 nm
thick) on goethite and hematite or by electron delocalization within the bulk phase. The decreased solubility
of goethite and hematite relative to ferrihydrite, resulting in lower Fe(III)aq and bacterially-generated Fe(II)aq

concentrations, may hinder magnetite precipitation beyond mere surface reorganization into nanometer-sized,
spinel-like domains. Nevertheless, following an initial, more rapid reduction period, the three Fe (hydr)oxides
support similar aqueous ferrous iron concentrations, bacterial populations, and microbial Fe(III) reduction
rates. A decline in microbial reduction rates and further Fe(II) retention in the solid-phase correlates with the
initial degree of phase disorder (high energy sites). As such, sustained microbial reduction of 2-line
ferrihydrite, goethite, and hematite appears to be controlled, in large part, by changes in surface reactivity
(energy), which is influenced by microbial reduction and secondary Fe(II) sequestration processes regardless

of structural order (crystallinity) and surface area.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Iron (hydr)oxides are ubiquitous in the environment w
contents ranging from one to several hundred g kg�1 in aerobic
soils (Cornell and Schwertmann, 1996). The dominant mean
of iron (hydr)oxide reduction within anaerobic, nonsulfi
genic conditions is by way of bacterial Fe(III) respirat
(Lovley et al., 1991). Dissimilatory iron-reducing bacteria co
ple the oxidation of H2 or organic carbon to the reduction
Fe(III) with the subsequent generation of energy in the for
adenosine triphosphate (ATP) (Lovley and Phillips, 1988; Lov
ley, 1991; Nealson and Saffarini, 1994). Dissimilatory iron-
reducing bacteria are ubiquitous in subsurface environm
being phylogenetically and physiologically diverse (Lovley and
Phillips, 1988; Lovley, 1991; Caccavo et al., 1992; Caccav
al., 1994; Nevin and Lovley, 2000; Childers and Lovley, 20
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Nevin and Lovley, 2002). The genetic system involved
acquisition and reduction of Fe(III) within sparingly solu
iron (hydr)oxides is unresolved and is currently a topic
intense investigation (Gorby and Lovley, 1991; DiChristin
and DeLong, 1994; Myers and Myers, 1998; Magnuson e
2000; Coppi et al., 2001; DiChristina et al., 2002; Thompso
al., 2002; Leang et al., 2003; Lloyd et al., 2003). The mecha
nisms of iron reduction are diverse, including extracell
electron transfer requiring direct cell-oxide contact or pro
tion of soluble Fe(III) chelators and electron shuttling c
pounds (e.g., quinones) (Lovley and Woodward, 1996; Nev
and Lovley, 2000; Newman and Kolter, 2000; Childers et
2002; Nevin and Lovley, 2002). The particular means of r
duction appears to not only vary depending on the speci
iron-reducing bacteria, but also as a function of the condi
under which reduction occurs.

A spectrum of iron (hydr)oxides exists in the environm
having a diverse range of crystallinities and subsequent
tivities (Cornell and Schwertmann, 1996; Schwertmann
Cornell, 2000). The thermodynamic stability of iron (hydr)o
ides is a function of crystal structure and particle size, w
ultimately controls the solubility of the (hydr)oxide phas

Solubility of iron (hydr)oxides generally decreases from ferri-
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hydrite (Kso � 10�39) to goethite (Kso � 10�41) to hematite
(Kso � 10�43) at circumneutral pH (Langmuir, 1969; Baes and
Mesmer, 1976; Cornell and Schwertmann, 1996). Depending
on the mechanism of dissimilatory reduction, the solubility of
the iron (hydr)oxide substrates may impart a constraint on the
extent and rate of Fe(III) reduction. Recently, however, the
thermodynamic properties (�Gr, Ks) of iron (hydr)oxides was
found to have only a secondary control on Fe(III) reduction
rates by Shewanella putrefaciens (CN32) (Roden, 2003). In-
stead, Fe(III) reduction rates of various Fe (hydr)oxides appear
to be correlated with surface area (Roden and Zachara, 1996;
Roden, 2003). Given the greater abundance but lower surface
area of more crystalline iron (hydr)oxides in the environment,
microbial reduction of phases such as goethite and hematite
may substantially contribute to the long-term potential for
Fe(II) generation, sequestration, and associated biogeochemical
cycles. Furthermore, they may undergo intense degradation
through reductive dissolution or biotransformation, thus alter-
ing the reactive components of a system.

In addition to their importance as terminal electron accep-
tors, the fate of many nutrients and metals is dictated, in part,
by iron (hydr)oxide formation and transformations. For in-
stance, the reductive dissolution of iron (hydr)oxides by dis-
similatory iron-reducing bacteria may either enhance (release
of sorbed ions) or diminish (reductive immobilization via redox
active metabolites) contaminant fate and transport within sub-
surface environments. Due to the strong reducing capacity of
ferrous Fe, the fate of Fe(II) following dissimilatory iron re-
duction will have a profound bearing on metal cycles, including
Cr (Fendorf et al., 2000; Wielinga et al., 2001; Hansel et al.,
2003b). Additionally, continued microbial reduction of Fe(III)
substrates is impeded by Fe(II) precipitation and complexation
to bacterial and/or oxide surfaces (Roden and Urrutia, 1999;
Urrutia et al., 1999; Roden and Urrutia, 2002; Royer et al.,
2002). The ultimate fate of Fe(II) will, therefore, have a direct
and profound bearing on the biogeochemical cycling of Fe and
associated nutrients and contaminants. Secondary mineraliza-
tion pathways of Fe(II) following dissimilatory iron reduction
of ferrihydrite are controlled, in large part, by the supply rate
and concentration of Fe(II) in solution (Fredrickson et al.,
1998; Benner et al., 2002; Zachara et al., 2002; Hansel et al.,
2003a). As such, the fate of Fe(II) and subsequent secondary
mineralization may substantially differ among iron (hydr)ox-
ides varying in microbial bioavailability.

Iron-reducing bacteria are thought to preferentially utilize
poorly-ordered phases, such as ferrihydrite, thus explaining the
persistence of more crystalline iron (hydr)oxide phases in the
environment (Lovley and Phillips, 1986; Phillips et al., 1993).
Yet, in mature environments, well-ordered iron (hydr)oxide
phases dominate and may therefore control the extent and rate
of Fe(III) reduction. We have previously observed the rapid and
near complete conversion of 2-line ferrihydrite to goethite
(minor product) and magnetite (major product; [Fe2�]�0.4
mM) under advective flow in an artificial groundwater medium
supplemented with 3 mM lactate (Benner et al., 2002; Hansel et
al., 2003a). The addition of merely 40 �M ferrous Fe to 2-line
ferrihydrite results in near complete (90%) conversion to goe-
thite and lepidocrocite within 2 h (Hansel et al., 2003a). As
such, the persistence of iron (hydr)oxides in the environment

may stem from a microbially generated ferrous Fe-catalzyed
Oswald ripening process. Thus, even in relatively young sys-
tems, the predominant substrates available for dissimilatory
iron reduction may instead be more crystalline (thermodynam-
ically stable) iron (hydr)oxides such as goethite and hematite.
Accordingly, here we compare the reducing capacity and Fe(II)
sequestration mechanisms of goethite and hematite to 2-line
ferrihydrite under advective flow within a medium mimicking
that of natural groundwater supplemented with organic carbon.

2. EXPERIMENTAL METHODS AND PROCEDURES

Microbial reduction of 2-line ferrihydrite, goethite, and hematite was
investigated using a number of columns performed in two main exper-
imental studies. The first study consisted of a series of 2-line ferrihy-
drite, goethite, and hematite columns (1 column per oxide) that were
reacted for 16 d and the aqueous chemistry and exported cells were
monitored daily within both the effluent and side ports. The microbial
cell distribution (numbers and surface organization) associated with the
solid-phase and secondary mineral phases were determined exclusively
at the termination of the experiment following 16 d of reaction. This set
of columns is the focus of the results and discussion to follow. A
second set of column experiments was performed where 5 smaller
columns for each iron (hydr)oxide were run simultaneously and termi-
nated at varying time points. This series of columns was conducted to
check for reproducibility, determine the influence of initial Fe(III)
concentration, and to observe temporal variation in microbial distribu-
tion on the iron (hydr)oxide surfaces. The experimental details for these
two studies are provided in the following sections. Experimental con-
ditions and analyses are similar between the two studies unless noted
otherwise.

2.1. Preparation of Media and Bacterial Cultures

We examined microbially induced Fe (hydr)oxide reductive disso-
lution and biomineralization using Shewanella putrefaciens strain
CN32 in an organic carbon-rich artificial groundwater medium under
advective flow. Shewanella putrefaciens is a facultative, dissimilatory
iron-reducing bacterium (DIRB) that couples the oxidization of lactate
to acetate with Fe(III) reduction. Standard methods for culture of
anaerobic bacteria and preparation of anoxic media were used through-
out. Media and buffers were made anoxic by boiling and cooling under
a stream of O2-free N2 or N2:CO2 (80:20) gas. All reactions were
performed in an anaerobic chamber (Coy Laboratories, Inc., Grass
Lake, MI) with a N2 (90%):H2(10%) atmosphere. S. putrefaciens was
grown aerobically to late log phase in tryptic soy broth (TSB, DIFCO,
Detroit, MI) at room temperature and frozen in 20% glycerol at �80°C.
Seed cultures were started from frozen stocks (1 mL in 100 mL TSB)
and grown aerobically for 12 h at room temperature (150 rpm). Cell
suspensions were prepared by adding 1 mL of the seed culture to 100
mL of TSB and grown to late log phase (12 h, 25°C, 150 rpm). Cells
were harvested by centrifugation (4500 g 10 min, 5°C), washed twice
in 100 mL of bicarbonate buffer (2.5 g NaHCO3 and 2.5 g NaCl per
liter, pH 7.0) and resuspended in an artificial groundwater medium. The
artificial groundwater medium contained the following ingredients (in
mg/L): NaCl, 30; NH4Cl, 0.95; KCl, 5; MgSO4, 50; KH2PO4, 0.95 and
1 mL mineral solution (Balch et al., 1979) (Table 1). Lactate (as sodium
lactate) was added as the electron donor to give a final concentration of
�3 mM. The medium was equilibrated and maintained (within an
enclosed bottle) at equilibrium with calcite (0.4 g/L) and an atmosphere
of 2% CO2/98% N2 (pH�7). Batch studies indicate that the ground-
water medium supports microbial growth (Hansel et al., 2003a).

Two-line ferrihydrite-, goethite-, and hematite-coated quartz sand
were prepared by first producing a slurry of each phase. Ferrihydrite
was prepared by titrating a ferric chloride solution with NaOH to a pH
of 7.5. The titration was conducted rapidly (less than 5 min) to avoid
precipitation of akaganeite. High surface area goethite was prepared by
slow oxidation of a ferrous chloride/sodium bicarbonate solution
(Schwertmann and Cornell, 2000). Hematite was made by slow titra-
tion of a ferric nitrate solution to boiling DI water (Schwertmann and
Cornell, 2000). After washing the Fe oxide flocs by either centrifuga-

tion or dialysis, quartz sand was added to the suspension. Excess water



3219Structional constraints of ferric (hydr)oxides on Fe reduction
was decanted and the remaining solution and sand allowed to evaporate
at 20°C under convection while the mixture was periodically stirred.
The coated sand was dried at 20°C for 4 d and then resaturated with
water and heat sterilized. Both X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS) verified the Fe (hydr)oxide phases. No
change in mineralogical composition (XAS and XRD) or surface area
(BET analysis) was noted following sterilization of the Fe (hydr)oxide-
coated sands. Surface area analysis was conducted on a Beckman-
Coulter SA3100 analyzer using a single-point isotherm with N2(g) as
the adsorbate on He (24 h) purged samples. The surface area of the Si
sand was found to be negligible in comparison to the (hydr)oxide-
coated sands. Freshly precipitated Fe (hydr)oxide-coated sand was
inoculated with S. putrefaciens to a cell density of 5 � 108 cells g�1

before loading the columns.

2.2. Column Design and Flow Conditions

Experiments were conducted using 3 columns having a 3.8 cm
(inner) diameter and a 25 cm length; solution sampling ports were
located every 2.5 cm along the length of the column. Inoculated Fe
(hydr)oxide-coated sand (saturated with media) was added under con-
tinuous vibration to obtain a uniform packing (continuous bulk density
of 1.39 g/cm3) and allowed to equilibrate for 1 h before initiating flow.
Flow velocities upward through the column were maintained at �1.6
pore volumes per day, equivalent to a pore water velocity of approxi-
mately 40 cm d�1.

Additional experiments were conducted using a series of 4 columns
for each iron (hydr)oxide (12 columns in total), which were terminated
at 4 different time points to investigate microbial surface colonization
over time and check for reproducibility of the previous column results.
The columns were constructed of glass having a 8.2 cm length and 1.5
cm diameter, containing only influent and effluent ports. The smaller
columns had an equivalent pore water residence time as that in the
larger column set. Due to the difficulty in microscopic imaging of
uneven surfaces, iron (hydr)oxides were coated onto etched glass rods
having a rectangular cross section (3 mm � 5 mm � 5 cm). Rods
containing a coating corresponding to the Fe (hydr)oxide coated sand
were inserted down the center of each column during loading. All
experiments were conducted in an anaerobic glove bag.

2.3. Sampling and Analyses

All columns were connected to a communal pump and feed solution
to minimize induced (artificial) heterogeneity. Upon termination, the
solids were carefully extracted and homogenized at 2 cm intervals
along the length of the column. Solids intended for X-ray absorption
spectroscopic analyses were dried unaltered in the anaerobic glovebox,
mounted on a Teflon plate, and sealed with Kapton polymide film to
prevent moisture loss and oxidation while minimizing X-ray adsorp-
tion. Reproducibility of the bacterial, solution, and solid-phase results

Table 1. Average feed solution chemistry.

Element mM SD

Ca 2.9 0.4
Fe 0 0
K 0.09 0.02
Mg 0.42 0.03
Na 1.3 0.6
P 0.007 0.003
S 0.43 0.01
Si 0.04 0.02
Cl 0.08 0.01
lactate 3.2 0.7
NH4Cl 0.02 —
pH 7 0.3
alkalinity 2.8 mEq 0.5
Wolfe’ s mineral solution 0.1 mL/L —
were tested by comparison among columns for overlapping time peri-
ods. Bacterial, solution, and solid-phase analyses were conducted as
described in the following subsections.

2.3.1. Bacteria

Viable bacteria eluting from the column were quantified by serial
dilution, plating on tryptic soy agar, and incubating the plates under
aerobic conditions. Bacteria associated with the solid-phase were also
enumerated and checked for purity at the conclusion of the column
experiments using plate counts. A 1 g sample of iron-coated sand was
added to 9 mL of 0.01 mol/L sodium pyrophosphate and subjected to
low-level sonication before serial dilution and plating.

The temporal distribution of bacteria on the mineral surfaces was
investigated using epifluorescence microscopy for the smaller set of
time series columns. Upon termination, the glass columns were split in
half and the sand carefully removed from the Fe (hydr)oxide-coated rod
surface. Iron (hydr)oxide-coated sand and rods were immediately fixed
upon column termination by addition of 3 volumes of freshly prepared
4% paraformaldehyde/phosphate buffered saline (PBS) solution and
incubated at 4°C for 3 h. Samples were rinsed and resuspended in a
PBS/96% ethanol solution (1:1, v/v) and stored at 4°C. To avoid
nonselective staining, bacteria were visualized by fluorescent in situ
hybridization (FISH) using a Bacteria probe (EUB338) as described
previously (Bond and Banfield, 2001). Fixed samples (Fe oxide-coated
sand and rods) were dried and then dehydrated by immersing the
samples for 3 min into a series of 50, 80, and 90% ethanol solutions.
Samples were hybridized in buffer (0.9 mol/L NaCl, 20 mM Tris/HCl,
pH 7.4, 0.01% sodium dodecyl sulfate) containing 25–50 ng of
EUB338 probe and 20% formamide for 2 h at 46°C in an equilibrated
humidity chamber. Samples were then rinsed and soaked in wash buffer
(20 mM Tris/HCl, pH 7.4, 0.01% SDS, and 0.23 mol/L NaCl) for 15
min. at 48°C. Lastly, the samples were rinsed and viewed using a Nikon
epifluorescent microscope.

2.3.2. Solution

Solution from the feed, effluent, and side sampling ports were
obtained for major dissolved constituents and pH as a function of time.
Production of soluble Fe(II) was monitored spectrophotometrically at
562 nm using the ferrozine assay (Stookey, 1970). Total dissolved Fe
and other major ions (Ca, K, Mg, P, Si, Na) were determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES).
Acetate and lactate concentrations were obtained using ion chromatog-
raphy (IC).

2.3.3. Solid Phase

2.3.3.1. Extractions. Solid-phase extractions were performed by
adding either 1 mL of 0.5 mol/L (partial extraction) or 6 mol/L (total
extraction) HCl to 1 g of sample and shaking for 3 to 8 h. The
supernatant was filtered, diluted with DI water and analyzed via ICP-
OES for total Fe and colorimetric assays for Fe(II). Within the ferri-
hydrite columns, the concentration of Fe(II) within the extracts was
determined with the ferrozine assay for Fe(II) (discussed above). The
ferrozine assay, however, is inaccurate for systems having low Fe(II)
concentrations, specifically within a high Fe(III) matrix. A modified
Fe(II) assay using 1,10-phenanthroline and fluoride as an Fe(III) mask-
ing agent was used for the goethite and hematite extracts (Tamura et al.,
1974; Jeon et al., 2001).

2.3.3.2. Spectroscopy. The speciation and structural environment of
Fe were determined using X-ray absorption spectroscopy (XAS). XAS
analyses were conducted on beamline 4–1 and 4–3 (8 pole wiggler) at
the Stanford Synchrotron Radiation Laboratory (SSRL), running under
dedicated conditions. Spectra acquisition and analyses was conducted
as described in detail previously (Benner et al., 2002; Hansel et al.,
2003a). Briefly, extended X-ray absorption fine structure (EXAFS)
spectra were collected from �200 to �1000 eV about the K-edge of
Fe. Each scan was calibrated internally by placing an iron metal foil
between the second and third in-line ionization chambers and setting
the first inflection point of Fe0 to 7111.0 eV. A set of reference
standards for Fe, including siderite (FeCO3), 2- and 6-line ferrihydrite
(Fe(OH)3 · nH2O), goethite (�-FeOOH), lepidocrocite (�-FeOOH),

II III
hematite (�-Fe2O3), green rust (Fe 6-xFe x(OH)12[(SO4)x/2 · 3H2O]),



3220 C. M. Hansel et al.
iron sulfide (FeS), vivianite [Fe3(PO4)2 · nH2O], and magnetite (Fe3O4)
(for more details, see Hansel et al., 2003a), was utilized to perform
linear combination k3-weighted EXAFS spectral fitting using the
EXAFSPAK module DATFIT (George, 1993). Linear fitting routines
were used to reconstruct the unknown to determine the relative per-
centages of mineral phases within the samples. Linear combinations of
empirical model spectra were optimized where the only adjustable
parameters were the fractions of each model compound contributing to
the fit. Fits were optimized by minimizing the residual, defined as the
normalized root square difference between the data and the fit. The
accuracy of qualitative and quantitative results of linear combination Fe
EXAFS fits was investigated using Mössbauer spectroscopy and also
fitting a set of mixed standards having known fractions (Hansel et al.,
2003a). Fits were within �5% of the actual mole percentages using the
k-range 1–14 Å�1. The detection limit for minor constituents was �5%.

2.3.3.3. Microscopy. Iron (hydr)oxide phase surface alteration and
phase transformations were investigated via high resolution transmis-
sion electron microscopy (HRTEM). Reacted iron-(hydr)oxide coated
sand was directly applied and dried onto a carbon-coated Cu grid with
a formvar support film in an anaerobic glovebox. Imaging and analyses
were performed using a JEOL 2010 high-resolution TEM, which was
equipped with a LaB6 filament as an electron source and operated at
200 kV, with 1.9 resolution. Images were digitally collected and
analyzed using Digital Micrograph software (Gatan, Inc.). For elemen-
tal analysis, an Oxford Link ISIS X-ray EDS microanalysis system was
coupled to the TEM. Selected area electron-diffraction ring patterns
were collected from nanocrystalline material, and evaluated by Desktop
Microscopist (Lacuna Labs) software. The nominal accuracy of the
d-spacings is �0.1 nm.

3. RESULTS AND DISCUSSION

As described above, a series of column experiments were
conducted within two main study venues. In brief, the first
study consisted of a series of 2-line ferrihydrite, goethite, and
hematite columns that were reacted for 16 d and the aqueous
chemistry and exported viable cells were monitored daily
within both the effluent and side ports. The microbial cell
distribution (numbers and surface organization) associated with
the solid-phase and secondary mineral phases were determined
only at the termination of the experiment following 16 d. This
set of columns is referred to as the “16 d reacted” columns and
is the primary focus of the results and discussion to follow. A
second set of column experiments was performed where 5
smaller columns for each iron (hydr)oxide (15 columns in total)
were run simultaneously and terminated at varying time points.
This series of columns was conducted to check for reproduc-
ibility, to determine the influence of initial Fe(III) loading, and
to observe microbial distribution on the iron (hydr)oxide sur-
faces as a function of time. In the following text, these columns
will be referred to as the “ time series” columns.

3.1. Evidence of Fe(III) Reduction

Initiation of flow and subsequent introduction of dissolved
organic carbon results in Fe(II) generation within the 2-line
ferrihydrite, goethite, and hematite columns (Fig. 1a); Fe(II) is
eluted from the ferrihydrite and goethite columns at equivalent
concentrations for the first 2 pore volumes but is absent in the
hematite column effluent for more than 3 pore volumes. Peak
ferrous Fe concentrations are 5� higher for ferrihydrite (1.0
mM) than for both goethite and hematite (0.2 mM). Coinciding
with the initiation of Fe(III) reduction, effluent Eh values vary
between 25 and 50 mV for the 3 columns and the pH of the
effluent waters in the ferrihydrite column initially decrease but

increase for goethite and hematite (Fig. 1b). The pH values
after 1 d range from 6.8 to 7.7 to 8.5 for ferrihydrite, goethite,
and hematite, respectively. The observed Fe(II) profiles and
progression of pH values likely results from the interplay of
adsorption reactions of Fe(II) (represented by reaction 2) off-
setting proton consumption from respiration-driven Fe(III) re-
duction (reaction 1).

4Fe(OH)3 � CH3CHOHCOO� � 7H�74Fe2�

� CH3COO� � HCO3
� � 10H2O (1)

	FeOOH � Fe2�7	FeOOFe2� � H� (2)

The generation of ferrous Fe within the columns corresponds
with the production of acetate (Fig. 2). Peak acetate concen-
trations are approximately 3 mM for ferrihydrite, 650 �M for
goethite, and 450 �M for hematite. Within the three columns,
near-linear temporal profiles of acetate, as revealed by the
side-port data, are observed, indicating uniform generation
throughout the column (data not shown). Additionally, within
all 3 columns, a ferrous Fe pulse is present following 1 d of

Fig. 1. (a) Effluent concentrations of Fe(II) throughout the course of
the experiment (16 d) for the three different Fe (hydr)oxide columns.
Dotted line represents time approaching pseudo–steady-state condi-
tions. (b) Effluent pH values as a function of time.
reaction (Fig. 3). Ferrous Fe profiles between 3 and 9 d are
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linear for goethite and hematite suggesting uniform Fe(II)
retention along the length of the column. In contrast, Fe(II)
profiles within the ferrihydrite column have an abrupt change at
�5 cm from the inflow, indicating a higher degree of Fe(II)
retention downgradient, as observed previously (Hansel et al.,

Fig. 2. Effluent concentrations of acetate and Fe(II) for each ferric
(hydr)oxide. Shaded gray box indicates time period (�90 h) where flow
was interrupted for 8 h, represented by a second acetate pulse in the
effluent at �100 h.
2003a).
There are conflicting reports on the reduction of crystalline
ferric (hydr)oxides such as goethite. The reduction of goethite
via dissimilatory iron reduction is well-documented under both
static and dynamic flow, nutrient-rich conditions (Roden and
Zachara, 1996; Roden et al., 2000; Liu et al., 2001; Roden,
2003). Recently, however, reduction of goethite by S. putrefa-
ciens (CN32) was not observed under static, less nutrient-rich
conditions (Glasauer et al., 2003). In the present study, micro-
bial iron respiration coupled to incomplete lactate oxidation
within ferrihydrite, goethite, and hematite columns occurs un-
der advective flow in a medium (Table 1) and flow rate (40 cm
d�1) typical of organic carbon-rich natural groundwater sys-
tems (Figs. 1–3). Reduction is maintained within each system
for the entirety of the experiment (16 d); we also observe
continued reduction beyond 43 d for the time series columns.
Despite the lean (minimal) media used in these experiments,
reduction of the crystalline iron (hydr)oxides goethite and
hematite is observed.

The initial stage of reduction (
200 h) of goethite and
hematite is substantially different from that of ferrihydrite.
Over the first 200 h, 2.5 mmol of acetate are generated in the
ferrihydrite column in contrast to 0.32 and 0.14 mmol in the
goethite and hematite systems, respectively. Yet, while the
absolute rates of Fe(III) reduction (mol Fe(II) s�1) differ, initial
surface area normalized Fe(III) reduction rates are equivalent
(�10�11 mol Fe(II) m�2 g�1) (Table 2)—rates consistent with
previous studies (Benner et al., 2002; Hansel et al., 2003a) and
trends in agreement with surface area as a dominant control on
the microbial reduction of iron (hydr)oxides (Roden and Za-
chara, 1996; Roden, 2003). As mentioned previously, the time
series columns contain an equivalent quantity of Fe(III) ini-
tially to determine its impact on the extent of Fe reduction and
reduction rates. The initial Fe(III) content does not change the
previously observed reduction rates nor extent of reduction,
which are again equivalent when normalized to surface area.

3.2. Fe(II) Sinks and Impact on Secondary
Mineralization

Acid extractions of the column solids disclose the distribu-
tion of ferrous and ferric iron within the solid-phase (Fig. 4).
Average Fe(III) content within the ferrihydrite and hematite
columns are �10 mg g�1 (Fig. 4). In an attempt to equate the
available Fe oxide surface area within the goethite and hematite
columns, the average solid-phase Fe(III) content within the
goethite column (�3 mg g�1) is approximately one-third that
in the hematite column. The corresponding surface area of the
oxide-coated sands within the ferrihydrite, goethite, and hema-
tite columns is 3, 0.4, and 0.5 m2 g�1, respectively. Following
16 d of reaction, variable Fe contents, and hence degrees of Fe
transfer, are evident among the 3 (hydr)oxide columns (Fig. 4).
Within the ferrihydrite column, a decline in Fe content occurs
within the first 5 cm along the flow path. In contrast, transport
of Fe occurs over the length of both the goethite and hematite
columns.

Deviation from the 4:1 stoichiometry between ferrous Fe and
acetate (reaction 1) for all the iron (hydr)oxide columns (Figs.
2 and 3) coupled with Fe(II) speciation data from solid-phase
extracts (Fig. 4), indicates that Fe(II) is being retained in the

solid-phase. Goethite and hematite illustrate a similar control
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on the fate of Fe(II), which differs appreciably from that within
the ferrihydrite column. The amount of solid-phase Fe(II) in the
goethite and hematite columns is equivalent (�0.025 mg g�1),
yet levels are 100� higher within the ferrihydrite column (2.4
mg g�1) (Fig. 4). The amount of solid-phase-bound Fe(II) is
relatively uniform throughout the columns except for the up-
gradient 5 cm in the ferrihydrite column. While 83% of the
Fe(II) produced in the ferrihydrite system is retained within the
solid-phase, merely 17% is retained within both the goethite
and hematite columns (Table 2).

Despite the apparent supersaturated conditions with respect

Fig. 3. Iron(II) concentrations along the length of the thr
of sampling.

Table 2. Iron dynamics as a fu

Fe(III)
Initially available (mmol)
Remaining in column (mmol)
Reduced (%)
As secondary precipitatesb (mmol)

Fe(II)
Produced (mmol)
Eluted from column (mmol)
Sequestered in solid-phase (mmol)
% associated with solid-phase
As secondary precipitatesb (mmol)

Fe(III) reduction rates (�mol Fe(II) h�1)
Initialc

Steady stated

Fe(III) reduction rates (mol Fe(II) m�2 s�1)
Initialc

Steady stated

Time to reduce remaining Fe(III) (d)e

Surface area (m2 g�1)
Fe oxide slurry
Fe oxide-coated sand (initial)

a nd � not detected.
b As mol% Fe determined from EXAFS linea
c Calculated using initial acetate production p
d Calculated using acetate generation profiles
e
 Determined using steady-state acetate generation pr
to a suite of ferrous/ferric-bearing minerals (calculated using
the geochemical modeling program MINTEQ (Allison et al.,
1990) and solubility constants as in Hansel et al., 2003a) for the
ferrihydrite, goethite, and hematite effluent waters, only two
secondary mineral phases were detected by linear-combination
EXAFS analysis. Consistent with previous findings, reductive
dissolution of 2-line ferrihydrite results in the secondary pre-
cipitation of dominantly (�10–50%) magnetite with lesser
(�10%) amounts of goethite (Fig. 5; Benner et al., 2002;
Hansel et al., 2003a). The concentration of magnetite increases
along the flow path, with average concentrations within the

ydr)oxide columns. Numbers adjacent to plots reflect day

of initial Fe oxide substrate.a

errihydrite Goethite Hematite

46 14 42
34 13 41
25 4.6 1.4
13 nd nd

12 0.64 0.58
1.6 0.53 0.48

10 0.11 0.10
83 17 17
6 nd nd

55 21 13
2.3 1.9 1.3

4E-11 6E-11 3E-11
9E-13 5E-12 3E-12
630 291 1279

361 157 57
2.9 0.40 0.53

ination fits.
nd acetate to Fe stoichiometery.

e period following 300 h.
ee Fe (h
nction

F

r comb
rofiles a
for tim
ofiles and residual Fe(III).
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upgradient 5 cm section being 10% in comparison to 52%
downgradient. Magnetite, therefore, serves as a dominant con-
trol in the sequestration of Fe(II) within the column; 60% of the
total Fe(II) and 38% of the Fe(III) within the solid-phase are
retained within magnetite. The remaining portion of solid-
phase bound Fe(II) largely exists as sorption complexes to
either the bacterial or mineral surfaces. We have observed
previously, however, the existence of green rust in trace quan-
tities (�1%) following reductive dissolution of 2-line ferrihy-
drite under similar conditions (Hansel et al., 2003a). While the
incidence of such trace phases is below linear-combination

Fig. 4. Concentrations of Fe(II) and total Fe in the soli
extraction. Dotted lines correspond with initial total Fe c

Fig. 5. k3-weighted EXAFS spectra (solid line) and linear-combina-
tion fit (circles) for the solid-phase products in the bottom 5 cm (inflow)
and top 5 cm (outflow) from the ferrihydrite column following 16 d of
reaction. Vertical dotted line specifies an EXAFS oscillation indicative

of the proportion of magnetite.
EXAFS detection limits (�5%) and therefore cannot be elim-
inated, they would constitute a diminutive fraction of the total
Fe(II) mass balance on ferrihydrite in these experiments.

In contrast to ferrihydrite, a secondary precipitate is not
detected by linear-combination EXAFS upon reductive disso-
lution of goethite or hematite. Notwithstanding the absence of
detectable secondary phase precipitation, structural alteration
of the initial (unreacted) goethite and hematite phases is
present. X-ray diffraction analyses of the initial goethite and
hematite phases reveal peak broadening suggesting a degree of
structural disorder (data not shown). Furthermore, linear-com-
bination EXAFS fits of initial goethite and hematite phases
include a measurable component of 2-line ferrihydrite (29 and
6%, respectively) (Fig. 6). It is important to keep in mind,
however, that the inclusion of 2-line ferrihydrite in the fitting
regime does not denote the presence of a purely ferrihydrite
component but instead may simply represent a structural dis-
order within the solid. Following 16 d of reaction, the compo-
nent of 2-line ferrihydrite required to adequately reconstruct the
experimental EXAFS spectra increases to 34% for both goe-
thite and hematite (Fig. 6). Conventional shell-by-shell fitting
of the EXAFS spectra revealed no change in the local order of

along the column flow path determined by 6 mol/L HCl
ations within the 3 columns.

Fig. 6. k3-weighted EXAFS spectra (solid line) and linear-combina-
tion fit (circles) for the solid-phase products from the goethite and
hematite columns following 16 d of reaction. Standard spectral com-
ponents comprised in fits are depicted below the fit experimental
d-phase
spectra. All percents are �5% and the detection limit is �5%.
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the reacted solids relative to the original goethite and hematite
phases (data not shown).

Absence of detectable secondary precipitates suggests that
Fe(II) sequestered within goethite and hematite happens largely
as sorption complexes to the (hydr)oxide and/or bacterial sur-
faces. However, addition of 0.5 N HCl, targeted at removing
mainly weakly adsorbed Fe(II), did not extract all of the Fe(II)
associated with the goethite and hematite solid-phase (total
Fe(II) determined via 6 N HCl extraction), suggesting Fe(II)
sequestration mechanisms beyond adsorption. A number of
studies have identified the inefficiency of 0.5 N HCl in com-
pletely extracting ferrous Fe following reaction with varying
oxyhydroxides (Tronc et al., 1992; Coughlin and Stone, 1995;
Fredrickson et al., 1998; Cooper et al., 2000; Jeon et al., 2001).
This inefficiency has been attributed to the failure of 0.5 N HCl
in extracting crystalline Fe(II) precipitates (e.g., magnetite)
and/or strongly adsorbed Fe(II) species (Tronc et al., 1992;
Coughlin and Stone, 1995; Fredrickson et al., 1998; Jeon et al.,
2001). Incomplete extraction of Fe(II) was previously noted
after reaction with hematite above pH 6 (Jeon et al., 2001).
Conversely, complete extraction occurred after Fe(II) reaction
at pH values below 6. The authors infer auto-catalytic forma-
tion of magnetite, the stability of which is greater than that of
hematite above pH 5.9 (Jeon et al., 2001). Recently, however,
Mössbauer analysis of isotopic labeled iron (hydr)oxides indi-
cates oxidation of Fe(II) at the surface and subsequent delocal-
ization of electron density within the bulk solid-phase (Scherer,
personal communication) consistent with nonlocal electron
transfer to hematite by dissimilatory iron-reducing bacteria
(Rosso et al., 2003). Either or both of these mechanisms may be
operative within this study. Alternatively, yet less likely, Fe(II)
may be located within site vacancies or structural defects of the
ferric minerals (Coughlin and Stone, 1995).

The heterogeneous precipitation of magnetite from (hydr)ox-
ides may proceed via two means, depending on the (hydr)oxide
in question. The precipitation of magnetite in the presence of
ferrihydrite occurs via a solid-state conversion driven by Fe(II)
adsorption (Cornell, 1988; Tronc et al., 1992; Fredrickson et
al., 1998; Zachara et al., 2002; Hansel et al., 2003a). Similarly,
for more crystalline iron (hydr)oxides, precipitation of magne-
tite may be preceded by a hydrated surface layer on the sub-
strate (hydr)oxide leading to nano-scale disordered regions
(e.g., ferrihydrite) with subsequent solid-state conversion to
magnetite upon reacting with Fe(II). For example, chemisorp-
tion (mainly at defect sites) of water on hematite occurs at
much lower pressures than that calculated for the conversion of
hematite to FeOOH or Fe(OH)3 (e.g., ferrihydrite), the result of
which may be from nano-scale Fe(III) hydroxide particles
(islands) similar to ferrihydrite on the hematite surface (Liu et
al., 1998). Alternatively, the precipitation of magnetite may
occur via direct heterogeneous nucleation (e.g., epitaxial
growth), such as on the hematite(0001) surface which is crys-
tallographically similar to magnetite(111) (Condon et al.,
1998). Both of these processes may be manifested in the
EXAFS spectra as an increase in phase disorder from the
original crystalline iron (hydr)oxide represented by an en-
hanced ferrihydrite component in the linear-combination fits.

The formation of surface hydration layers on both goethite
and hematite is confirmed using high resolution transmission

electron microscopy (Fig. 7). Analysis of lattice fringes reveals
a termination of bulk crystalline order at the surface of the
grains. Surface associated phase disorder is evident by an
approximately 1 nm thick rind on the goethite and hematite
particles having no definitive lattice fringes. However, atomic
reorganization into spinel domains or discrete sites of magne-
tite nucleation were also not observed within the hydrated
layer. Confirmation of small quantities of magnetite on the
(hydr)oxide surfaces may not be feasible due to the small
percentage of total Fe (
1%) and small (subnanometer) crys-
talline domains. We have previously observed �5-nm-sized
magnetite domains throughout ferrihydrite, accompanied by
larger magnetite crystals (Hansel et al., 2003a). We postulated
that the accumulation of magnetite may depend on both the
concentration of Fe(II) and Fe(III) in solution to obtain crystal
growth following initial magnetite nucleation (Hansel et el.,
2003a). The higher solubility of ferrihydrite may allow for
enhanced aqueous Fe(III) concentrations and subsequent mag-
netite crystal growth, not permitted in the goethite and hematite
systems resulting in magnetite-like phase concentrations below
EXAFS detection limits and microscopic visualization. Ac-
cordingly, lower bacterially-generated Fe(II) concentrations
and solubility of goethite and hematite may hinder magnetite
precipitation beyond mere surface reorganization into nanom-
eter-sized, spinel-like domains.

3.3. Dissimilatory Fe(III) Reduction

3.3.1. Extent of Reduction

The amount of Fe(III) reduced differs between the three iron
(hydr)oxide substrates. Following 16 d of reaction, the amount
of Fe(III) reduced within the ferrihydrite, goethite, and hema-
tite columns is 25, 5, and 1%, respectively (Table 2), a trend
consistent among systems normalized to both total available
Fe(III) (�10 mg g�1) and available surface area for the goe-
thite- (0.4 m2 g�1) and hematite-coated (0.5 m2 g�1) sand. A
similar trend was noted in batch studies (Roden and Zachara,
1996), with the cessation of microbial reduction attributed to
Fe(II) complexation/precipitation on bacterial and/or oxide sur-
faces. However, while reduction within hydrologically static
systems ceases before complete Fe(III) removal, reduction in
the present study continues unabated under advective flow due
to the removal of Fe(II) and other metabolic end-products.
Similarly, enhanced reduction of ferrihydrite, goethite, and
hematite within static systems is observed in the presence of
Fe(II) complexants and/or electron shuttling compounds
(Urrutia et al., 1999; Roden and Urrutia, 2002; Royer et al.,
2002). Furthermore, reduction of high surface area goethite in
continuous-flow reactors (flow rate of 100 cm d�1) enhances
the amount of goethite reduced from 13% in batch to 95% over
a 6-mo incubation period (Roden et al., 2000). Assuming
continued steady-state reduction rates, it would take approxi-
mately 630, 291, and 1279 d for complete reduction of the
remaining Fe(III) in the ferrihydrite, goethite, and hematite
columns, respectively (Table 2). The shorter time period for
goethite relative to ferrihydrite is a consequence of a lower
initial Fe(III) loading. Considering an initial Fe(III) content
within the goethite column equivalent to ferrihydrite and
hematite, it would require �900 d to reduce the remaining

goethite.
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The ratio of electron donor to acceptor has previously been
identified as an important factor dictating the rate and extent of
bacterial reduction of ferrihydrite within batch systems
(Fredrickson et al., 2003). The rate and amount of Fe(III)
reduction is inversely related to the concentration of ferrihy-
drite (electron acceptor) relative to lactate (electron donor). The
concentration of ferrihydrite, goethite, and hematite within the
columns is 317, 99, and 176 mM, respectively (concentration of
goethite is lower such that the available surface area is equiv-
alent to hematite; concentration of Fe(III) for ferrihydrite and
hematite are equal—2 mol of Fe(III)/mole of hematite as op-
posed to 1 mol Fe(III) for ferrihydrite and goethite). Consid-
ering that the lactate concentration is �3 mM and a 1:4 stoi-
chiometry for lactate to Fe(III) consumption, the electron donor
(lactate) is the limiting substrate (Fe(III) is in excess). How-
ever, we do not observe complete consumption of lactate along
the length of the columns, suggesting that either maximum
bacterial rates are obtained or, most likely, that a decrease in
readily available (accessible) Fe(III) limits lactate consump-
tion. Additionally, the rate (�30 �mol h�1) and extent (25%)
of ferrihydrite reduction are representative of a higher donor to
acceptor ratio according to previous observations within batch
systems (Fredrickson et al., 2003). The higher rate and extent of
reduction is most likely a consequence of solute transport (via

Fig. 7. Transmission electron micrographs illustrating b
fringes reveal the presence of surface hydration layers (arr
phases following 16 d of reaction. Inset of image (e) illustr
hematite precipitate and the �1 nm thick hydrated (disor
advective flow) within the columns thus minimizing Fe(II) (or
other products) adsorption onto bacterial cell surfaces and
subsequent inhibition of enzymatic Fe(III) reduction activity.

3.3.2. Steady-State Fe(III) Reduction

Goethite reduction by S. putrefaciens has a first-order kinetic
dependence on surface site availability, which is a function of
Fe(II) adsorption and secondary precipitation (Liu et al., 2001).
As mentioned in the previous section, advective flow would
diminish the aforementioned constraints through the removal of
soluble species allowing for decreased retention via adsorption/
precipitation (Liu et al., 2001). Correspondingly, we observe
continued, unabated reduction of iron (hydr)oxides under ad-
vective flow, yet the rate of reduction decreases an order of
magnitude following approximately 300 h of reaction—the
time at which all three (hydr)oxide phases appear to approach
a pseudo–steady state.

While the initial conditions of reduction and Fe(II) retention
differ between the ferrihydrite and goethite/hematite systems,
the aqueous chemistry and microbial dynamics of the three
systems converge following approximately 300 h of reaction
for both the 16 d reacted and the time-series columns (43 d).
Given an open system, a kinetically-driven equilibrium be-
tween the reduction, retention, and transport rates results in a

goethite and (b) hematite morphology. Images of lattice
h ‘h’ designation) on both (c) goethite and (d–e) hematite
orientation and termination of d-spacings within the bulk

rind on the grain surface.
ulk (a)
ows wit
ates the
steady-state within the three (hydr)oxide columns. Following
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300 h, acetate and Fe(II)aq concentrations are similar and the
rate of Fe(III) reduction declines an order of magnitude from
the initial rates to �10�12 mol m�2 g�1 within the 3 iron
(hydr)oxide systems (Figs. 1 and 2). Under steady-state condi-
tions, the ratio of effluent ferrous Fe to acetate increases indi-
cating a decline in Fe(II) retention (Fig. 2). For all three
(hydr)oxide phases, approximate steady-state concentrations
for acetate (40 �M) and Fe(II)aq (150 �M) are in near stoichio-
metric agreement with the dissimilatory reduction of Fe (reac-
tion [1], 1 acetate:4 Fe(II)aq). In fact, the percent of Fe(II)
sequestered within the solid-phase in the three oxide systems
remains equivalent beyond 16 d of reaction and the concentra-
tion of magnetite is constant within the ferrihydrite column
(data not shown). The aqueous Fe(II) concentrations therefore
are poised at steady-state reduction rates with only minimal
continued Fe(II) retention.

Within the 16 d reaction period, a steady-state bacterial
population and cell organization on the (hydr)oxide surfaces is
obtained. Assuming a maximum value of 6.4 � 106 cells
produced per �mol of Fe(II) (see Roden and Zachara, 1996),
steady-state Fe(II)aq concentrations (150 �M) yield a maxi-
mum cell concentration within each of the three (hydr)oxide
columns of �1 � 108 cells mL�1 (�7 � 107 cells g�1).

8 �1

Fig. 8. Epifluorescence images depicting the bacterial c
series images were collected at the same scale for direct
a whole. Significant cell concentration and structure diffe
each iron oxide. Numbers indicated in the lower right han
determined via serial dilution and plating on tryptic soy a
(16 d).
Considering initial cell concentrations of �5 � 10 cells g ,
bacterial concentrations decreased an order of magnitude fol-
lowing 16 d of reaction. Acetate concentrations are maintained
following 300 h of reaction suggesting that the sustainable
(interim) population of iron-reducing bacteria within the iron
oxide columns is �107 cells g�1.

The distribution of cells on the (hydr)oxide surfaces changed
dramatically over the course of 16 d converging to a constant
and equivalent bacterial population (Fig. 8). Initially, the dis-
tribution of microbial cells on the (hydr)oxide surface varies
among the three iron (hydr)oxide substrates (Fig. 8). The com-
plexity of the cell distribution decreases from ferrihydrite to
goethite to hematite. While ferrihydrite sustains a sinuous net-
work of 3D cell clusters, merely incomplete monolayer cover-
age is observed for hematite. Cell distribution on goethite is
intermediate between that of ferrihydrite and hematite, display-
ing an incomplete monolayer with random 3D cell clusters
(mounds). Upon introduction of advective flow, however, the
bacterial distribution on the three (hydr)oxides is equivalent,
consisting of an incomplete monolayer and cell numbers appear
near equivalent—an observation consistent over columns hav-
ing 2 different flow rates (25 and 40 cm d�1). The loss of 3D
structure upon introduction of advective flow may be a conse-
quence of the mechanism of iron reduction by S. putrefaciens.

of the three Fe (hydr)oxides as a function of time. Time
ison. Images depicted are representative of the sample as

ere not present among the 1, 4, 16, and 43 d images for
r are the corresponding viable cells after 16 d of reaction
) or calculations from steady-state acetate concentrations
overage
compar
rences w
d corne
gar (3 h
In contrast to Geobacter species, Shewanella does not require
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direct contact with the iron (hydr)oxide surface to respire
Fe(III) (Lovley and Woodward, 1996; Newman and Kolter,
2000; Nevin and Lovley, 2002). The mechanism of reduction
may involve either Fe(III) chelators or electron shuttling com-
pounds (e.g., quinones)—both of which involve the depen-
dence of localization of soluble species. Subsequently, Fe(III)
availability due to solute transport under advective flow may
impose a limitation on microbial colony thickness.

3.3.3. Role of Site Reactivity in Microbial Reduction

Goethite and hematite phases initially contain a component
of ferrihydrite-like disorder corresponding to 0.34 and 0.25
mmol of Fe(III), respectively (Fig. 6; Table 3). Correspond-
ingly, within the first 291 h of reaction, 0.39 and 0.34 mmol of
Fe(II) are produced in the goethite and hematite systems, re-
spectively. Thus, the initial disorder (or degree of �high-energy
sites’ ) within the goethite (29%) and hematite (6%) phases may
be equated to the amount of Fe(II) generated within the initial
pulse of reduction before steady-state reduction (Table 3).
Consumption of high energy surface sites may explain the
decline in reduction rates within the three (hydr)oxide systems.
The initial reduction of higher energy sites followed by slower
sustained reduction of lower energy sites has previously been
observed (Liu et al., 2001; Rosso et al., 2003). Thus, two stages
of Fe(III) reduction are supported here: an early rapid reduction
controlled by the initial disorder (reflected in the ferrihydrite-
like component) and high energy surface sites followed by a
sustained, slower reduction of lower energy sites (Figs. 1
and 2).

An increase in goethite and hematite disorder (ferrihydrite
component increases to 34%) transpired following 16 d of
reaction and yet a decreased reduction rate is observed (Table
3), contradicting the expected increase in reduction rates with
solid-phase disorder. While we confirm the presence of �1 nm
thick hydration (disordered) layers on the surface of reacted
goethite and hematite, atomic reorganization into spinel-like
(magnetite) domains is not directly observed. Yet, as discussed
above, the sequestration of Fe(II) cannot be explained by mere
adsorption processes (incomplete 0.5 N HCl extraction com-
pared to 6 N HCl extracts). Declining reduction rates may
suggest that the benefit of a surface hydration layer (enhanced
disorder similar to ferrihydrite) on microbial reduction is neu-
tralized by localized magnetite nucleation sites (nano-scale
spinel domains) within the hydration layers (resulting in local-
ized low energy surface sites). As a consequence, lower energy
sites become the predominant available sites for reduction since

Table 3. Comparison of Fe(II) production to initial phase disorder.

Goethite Hematite

% Fhy componenta 29 6
Fe(III) as Fhy initially (mmol) 0.34 0.25
Fe(II) production (mmol)

Within 46 h 0.06 0.04
Within 291 h 0.39 0.34

% Fhy component increase after 16 da 34 34

a As mol% Fe determined from EXAFS linear combination fits.
magnetite nucleation would initiate and be expected to con-
sume higher energy sites. In addition, sequestration of Fe(III)
within magnetite, which is not a viable electron acceptor at
circumneutral pH, reduces the bioavailablility of Fe(III) for
microbial reduction (Kostka and Nealson, 1995). Alternatively,
delocalized electron density within the bulk phase may alter
surface reactivity and the reducing capacity of the solid-phase.
Thus, microbial reduction capacity of all three (hydr)oxide
phases may be poised by electron delocalization and/or mag-
netite precipitation leading to a slower, steady-state Fe(III)
reduction rate.

In addition to declines in microbial reduction rates and Fe(II)
retention, changes in surface reactivity may also influence cell
migration and transport. Besides the observed changes in cell
distribution and associations, epifluorescence images also
reveal a decrease in overall cell numbers as a function of
(hydr)oxide substrate and time. Over the 16 d reaction period,
a substantial concentration of viable cells (�106 CFU) is eluted
from all three columns (determined via serial dilution plating).
The loss of viable cells under advective flow has previously
been attributed to migration of daughter cells before attachment
(Roden et al., 2000). As surface area and available active sites
decrease on the (hydr)oxide substrates, daughter cells may
undergo an enhanced migration and subsequent elution from
the column. Similarly, substrate limitation, as surface sites are
consumed via microbial reduction or magnetite nucleation, may
induce detachment of viable cells. Cells may detach from areas
where growth factors may be depleted to emigrate to regions
more amenable to growth. The extent of reattachment, how-
ever, may be a function of advective flow and physiologic
status (Lawrence et al., 1995). As such, viable cell loss in the
three columns may be ultimately controlled by the initial extent
of microbial reduction and secondary mineralization and hence
subsequent availability of surface area and reactive surface
sites.

3.4. Reproducibility

As aforementioned the reproducibility of the results obtained
in the 16 d reacted column experiments was investigated by
performing additional column studies varying in the initial
Fe(III) content and flow rate (time series columns). Microbial
reduction rates, extent of Fe(III) reduction, and bacterial pop-
ulations are equivalent between the 16 d reacted and time series
columns for each (hydr)oxide. Additionally, the aqueous chem-
istry, solid-phase transformations, and microbial dynamics
within the ferrihydrite column are equivalent to results obtained
previously (Hansel et al., 2003a).

4. CONCLUSIONS AND IMPLICATIONS

Although overall surface area normalized reduction rates are
equivalent among 2-line ferrihydrite, goethite, and hematite,
the extent of Fe(III) reduction and mechanisms of Fe(II) reten-
tion differs among the three systems. While the fate of Fe(II)
within all three systems may involve the nucleation and se-
questration of Fe(II) within magnetite, the degree of conversion
varies. The initial reduction of ferrihydrite results in a greater
degree of Fe(II) generation and accumulation (as a magnetite
phase) compared to goethite and hematite. Goethite and hema-

tite illustrate a similar control on Fe(II) dynamics, where Fe(II)
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primarily remains in the aqueous phase and is eluted from the
system. A smaller degree of Fe(II) retention results in Fe(II)
adsorption and/or minor (
1%) magnetite precipitation on the
goethite and hematite surfaces. Iron(II) sequestration ranges
from magnetite precipitation and crystal growth on ferrihydrite
to possible localized spinel-like (magnetite) domains within
surface hydrated layers (�1 nm thick) on goethite and hema-
tite. The lower solubility of goethite and hematite relative to
ferrihydrite resulting in lower Fe(III)aq and bacterially-gener-
ated Fe(II)aq concentrations may hinder magnetite precipitation
beyond mere surface reorganization into nanometer-sized,
spinel-like domains. Recent evidence, however, suggests that
Fe(II) may not be preserved upon abiotic reaction with iron
(hydr)oxides (Scherer, M., personal communication) and in-
stead electron delocalization may occur within the solid-phase.
Changes in electron density may therefore alter surface reac-
tivity and subsequent reduction potential.

Nevertheless, despite the differences in initial reduction and
retention, the subsequent rate of Fe(II) generation reaches an
equivalent steady-state for the three Fe (hydr)oxides, in which
similar aqueous ferrous iron concentrations, bacterial popula-
tions, and microbial Fe(III) reduction rates are noted. The
decline in microbial reduction is, most likely, due to preferen-
tial consumption of higher energy surface sites and changes in
surface energy (reactivity) via microbial reduction, magnetite
nucleation, and electron transduction. The persistence of lower
energy sites or diminished surface passivation allows for
slower, sustained reduction and a subsequent decline in Fe(II)
retention. As such, sustained microbial reduction of ferrihy-
drite, goethite, and hematite is largely controlled by changes in
surface reactivity (energy). The secondary Fe(II) retention
mechanism, in part, governs the availability of reactive sites
and is equivalent for the various (hydr)oxides studied regard-
less of structural order and surface area. Initial reduction rates
for the various iron (hydr)oxides therefore may not be repre-
sentative of sustainable reduction resulting in an inaccurate
portrayal of either the extent or sustained rate of reduction and
ultimate fate of Fe(II). Similarly, given the transient nature of
reactive sites on ferrihydrite, microbial reduction and coloni-
zation may not differ substantially from that of goethite and
hematite. Given the greater abundance of more crystalline iron
(hydr)oxides in the environment, microbial reduction of phases
such as goethite and hematite may impart an equivalent or
potentially greater impact on sustained, long-term Fe(II) gen-
eration, retention, and associated biogeochemical cycles as that
of ferrihydrite.
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