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Abstract—Dissimilatory iron-reducing bacteria (DIRB) couple the oxidation of organic matter or H2 to the
reduction of iron oxides. The factors controlling the rate and extent of these reduction reactions and the
resulting solid phases are complex and poorly understood. Batch experiments were conducted with amorphous
hydrous ferric oxide (HFO) and the DIRBShewanella putrefaciens, strain CN32, in well-defined aqueous
solutions to investigate the reduction of HFO and formation of biogenic Fe(II) minerals. Lactate-HFO
solutions buffered with either bicarbonate or 1,4-piperazinediethanesulfonic acid (PIPES) containing various
combinations of phosphate and anthraquinone-2,6-disulfonate (AQDS), were inoculated withS. putrefaciens
CN32. AQDS, a humic acid analog that can be reduced to dihydroanthraquinone by CN32, was included
because of its ability to function as an electron shuttle during microbial iron reduction and as an indicator of
pe. Iron reduction was measured with time, and the resulting solids were analyzed by X-ray diffraction,
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) with energy-dispersive
X-ray spectroscopy (EDS) and selected area electron diffraction (SAED). In HCO3

2 buffered medium with
AQDS, HFO was rapidly and extensively reduced, and the resulting solids were dominated by ferrous
carbonate (siderite). Ferrous phosphate (vivianite) was also present in HCO3

2 medium containing P, and
fine-grained magnetite was present as a minor phase in HCO3

2 medium with or without P. In the PIPES-
buffered medium, the rate and extent of reduction was strongly influenced by AQDS and P. With AQDS, HFO
was rapidly converted to highly crystalline magnetite whereas in its absence, magnetite mineralization was
slower and the final material less crystalline. In PIPES with both P and AQDS, a green rust type compound
[Fe(6-x)

II Fex
III (OH)12]

x1[(A22)x/2 z yH2O]x2 was the dominant solid phase formed; in the absence of AQDS a
poorly crystalline product was observed. The measured pe and nature of the solids identified were consistent
with thermodynamic considerations. The composition of aqueous media in which microbial iron reduction
occurred strongly impacted the rate and extent of iron reduction and the nature of the reduced solids. This, in
turn, can provide a feedback control mechanism on microbial metabolism. Hence, in sediments where
geochemical conditions promote magnetite formation, two-thirds of the Fe(III) will be sequestered in a form
that may not be available for anaerobic bacterial respiration.Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION

Although the importance of microbial iron reduction in the
biogeochemical evolution of anaerobic sediments and soils is
well-recognized (Lovely, 1991a, 1993; Nealson and Saffarini,
1994), the interactions between sediment geochemistry and
microbial reduction of Fe(III) oxides are still poorly under-
stood. In particular, the factors controlling the rate and extent of
microbial reduction of Fe(III) oxides and the identity and
chemical/mineralogical nature of the products formed are not
well known.

Poorly crystalline hydrous ferric oxide (HFO) is a principal
form of Fe(III) oxide reduced by bacteria in anoxic sediments
(Lovely and Phillips, 1987). Crystalline Fe(III) oxides (a-
FeOOH, Fe2O3) are also reducible by some microorganisms
(e.g., Shewanella; Arnold et al., 1988; Roden and Zachara,
1996) with Fe(III) availability controlled to a large degree by
surface area. Roden and Zachara (1996) showed that the rate
and extent of bacterial Fe(III) oxide reduction increased lin-

early with surface area, regardless of the degree of Fe(III) oxide
crystallinity or structural form. Amorphous HFO had the high-
est surface area, at;600 m2 g21 and was the most extensively
reduced among those minerals evaluated.

The reaction of Fe(II) resulting from microbial reduction
appears to influence the overall extent and rate of dissimilatory
iron reduction, but details are unclear. Surface saturation of
a-FeOOH with sorbed, biogenic Fe(II) partially passivated the
crystalline oxide surface against further bacterial reduction.
Extraction of the surface-sorbed Fe(II) from goethite regener-
ated surfaces that were further reduced when inoculated with
fresh Shewanella algacells. Similarly, Urrutia et al. (1998)
found that pre-adsorption of Fe(II) toS. alga cell surfaces
inhibited the rate of HFO and goethite reduction. Phosphate,
carbonate, or organic ligands and reactions influencing the
speciation of Fe(II) are expected to be important factors influ-
encing microbial reduction of iron oxides through formation of
(1) aqueous complexes and/or (2) ferrous solids that suppress
sorption and act as alternative Fe(II) sinks to the oxide or
organism surface. Scientific information supporting such spec-
ulation, however, is limited.

Magnetite and siderite are frequently observed products of
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dissimilatory HFO reduction in laboratory cultures. Published
results are limited primarily to the dissimilatory iron-reducing
bacterium,Geobacter metallireducensstrain GS-15. Although
the DIRB cultures with HFO typically contain PO4 in molar
concentration, vivianite [Fe3(PO4)2 z 8H2O] formation has only
been observed when soluble Fe(III) (Fe(III)-citrate) has been
used as the electron acceptor. The mineral phases observed in
these cultures are not thought to be biogenic in the strictest
sense (e.g., biomimetic; Lovley et al., 1987; Mortimer and
Coleman, 1997), but there is clear evidence for complex inter-
play between the bacterial reduction process, such as Fe(II)
evolution rate and microenvironment, the aqueous geochemical
conditions, including composition, pH, and pe, system kinetics,
and thermodynamics, and the surface chemistry of the oxide.
These interactions lead to the formation of a dominant phase or
produce a phase mixture. The interaction between biotic and
abiotic factors involved in mineralization are poorly under-
stood, as are the conditions that dictate the relative distribution
of reduced phases, such as magnetite and siderite during mi-
crobial Fe(III) reduction. It is well recognized that the metab-
olism of anaerobic bacteria promotes the formation of magne-
tite and siderite and that the relative distribution of these phases
is, in part, a function of pH and pe (Bell et al., 1987). The
resolution of these factors is critical to understanding processes
in environments where magnetite, siderite, and vivianite are
observed as diagenetic phases in sediments and groundwaters
in which iron reduction is occurring (Emerson, 1976; Emerson
and Widmer, 1978; Karlin et al., 1987; Maher and Taylor,
1988; Baedecker et al., 1992).

Dissimilatory reduction of Fe(III) oxides by bacteria in sim-
ple, defined systems appears to require direct contact between
cells and oxides due to the low solubility of Fe(III) at circum-
neutral pH and the association of electron transducing enzymes
with the organism surface. However, recent results have dem-
onstrated that the dissimilatory Fe-reducing bacteriaGeobacter
metallireducensand S. alga can use humic substances and
quinones as electron acceptors for respiration (Lovely et al.,
1996, 1998). The reduced organic compounds can, in turn,
reduce iron oxides, functioning as electron shuttles between the
oxides and cells. Such behavior parallels the reductive abiotic
dissolution of oxides by hydroquinones. Electron shuttling can
significantly increase both the rate and the capacity for iron
oxide reduction by microorganisms, apparently by relieving the
requirement for cell surface-oxide contact and the attendant
surface chemical constraints.

The purpose of this research was to investigate the bacterial
reduction of HFO byS. putrefaciensand the nature of biogenic
secondary phase formation in the presence of different inor-
ganic ligands (PO4 and HCO3) under conditions that may
promote or suppress the organism/oxide association (i.e., with
and without an electron shuttle). The electron shuttle used,
anthraquinone-2,6-disulfonate (AQDS), is both a humic acid
analog and a soluble redox indicator (Clark, 1960). Our goal
was to provide insights on biogeochemical factors governing
dissimilatory biogenic mineralization in sediment or ground-
water systems. We have investigated the influence of AQDS on
the rate and extent of HFO reduction in different buffered
systems and utilized X-ray diffraction, scanning electron mi-
croscopy (SEM), and transmission electron microscopy (TEM)
to evaluate the crystallographic and morphologic features of the

biogenic precipitates. The biogenic phase association is inter-
preted in light of aqueous solution conditions, pe, solid phase
thermodynamic stability, and microbiological considerations
including metabolic status and growth with the intent of iden-
tifying unique microbiological contributions to secondary min-
eralization.

2. EXPERIMENTAL PROCEDURES

2.1. Bacteria and Media

S. putrefaciensstrain CN32 (Subsurface Microbial Culture Collec-
tion) was provided courtesy of Dr. David Boone (Portland State Univ.).
Strain CN32 was isolated from a subsurface core sample (250 m
beneath the surface) obtained from the Morrison Formation, a forma-
tion mined extensively for U, during drilling of a shale-sandstone
sequence in northwestern New Mexico. The sediments were anaerobic
at the time of collection based on appearance (blue-green in color) and
high Fe(II) content (.1.5 g of 0.5 N HCl-extractable Fe(II) Kg21).
Also, groundwater sampled from the overlying Cubero Sandstone had
DO below detection (,0.2 mg L21) and Fe(II) and S22 concentrations
of 0.8 and 13.6 mg L21, respectively (Fredrickson et al., 1997). The
organism was identified asS. putrefaciensby phylogenetic analysis of
the 16S rRNA gene sequence (D. Boone and D. L. Balkwill, unpubl.
results). CN32 was routinely cultured aerobically in tryptic soy broth
(TSB), 30 g L21 (Difco Laboratories, Detroit, MI), and stock cultures
were maintained at280°C.

The components in the defined solutions used for the Fe reduction
experiments are listed in Table 1; they support growth and metabolism
by strain CN32. The medium was buffered with either NaHCO3 or
1,4-piperazinediethanesulfonic acid (PIPES). Sodium lactate was
added as the electron donor and, in select treatments, filter-sterilized
(0.2 mm) AQDS (Sigma Chemical Co., St. Louis, MO) was added
separately. Medium was dispensed into Balch tubes, purged with
O2-free N2:CO2 (80:20) for bicarbonate-buffered medium or O2-free
N2 for PIPES-buffered medium, stoppered with butyl rubber closures,
and crimp sealed.

CN32 cells were harvested at mid to late log phase, by centrifugation
from tryptic soy broth (TSB) cultures, washed with buffer to remove

Table 1. Medium composition

Common components

Concentration,
expt. 1

M

Concentration,
expts. 2, 3

M

Hydrous Ferric Oxide 4.53 1022 4.53 1022

Na lactate 1.83 1022 2.73 1022

NH4CI 2.23 1022 2.53 1022

KCl 1.2 3 1023 1.23 1023

CaCl2 6.13 1024 6.13 1024

Nitrilotriacetic Acid 7.13 1024 7.13 1024

MgSO4 z 7H2O 1.13 1023 1.13 1023

NaCl 1.53 1023 1.53 1023

MnSO4 z H2O 2.73 1024 2.73 1024

ZnCl2 8.63 1025 8.63 1025

FeSO4 z 7H2O 3.23 1025 3.23 1025

CaCl2 z 2H2O 6.13 1025 6.13 1025

CoCl2 z 6H2O 3.83 1025 3.83 1025

Na2MoO4 z 2H2O 9.33 1026 9.33 1026

Na2WO4 z 2H2O 6.83 1026 6.83 1026

NiCl2 z 6H2O 9.13 1026 9.13 1026

CuSO4 z 5H2O 3.63 1026 3.63 1026

AlK(SO4)2 z 12H2O 1.93 1026 1.93 1026

H3BO3 1.53 1025 1.53 1025

Treatment-Specific Components
NaHCO3 2.73 1022 3.03 1022

1,4-piperazinediethanesulfonic acid 4.53 1023 3.03 1022

NaH2PO4 3.93 1023 3.93 1023

Anthraquinone-2,6-disulfonate 1.03 1024 9.03 1025
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residual TSB, resuspended in bicarbonate or PIPES buffer, and purged
with O2-free N2. Cells were added to the media to obtain a final
concentration of 2–4 x 108 mL21.

HFO was prepared by neutralization of a FeCl3 z 6H2O solution with
NaOH followed by repeated washing with deionized water to remove
chloride and sodium (Lovely and Phillips, 1986). HFO prepared in this
manner was maintained as an aqueous suspension and added to media
to obtain a final concentration of 45 mmol Fe(III) L21. Tubes were
incubated in the dark at 30°C and agitated at 100 rpm. Each treatment
was replicated three times, and tubes were subsampled or sacrificed at
each timepoint for analyses. Controls consisted of solutions that re-
ceived 1 mL of sterile, anaerobic buffer in place of CN32 cell suspen-
sion. Due to concerns regarding the effect of autoclaving on the
properties of the HFO, the oxide was not sterilized for these experi-
ments. Autoclaving is often necessary to eliminate microbial contam-
inants in synthetic and naturally occurring iron oxides for mechanistic
experiments. Such contaminants might flourish in media that contains
P and, therefore, can support growth. Due to potential phase modifi-
cations that can occur during heating and pressurization, the oxides
were not autoclaved (nonsterile) for most of these studies. A compar-
ative study was performed, therefore, where P-containing medium was
autoclaved with HFO before inoculation.

2.2. Analyses

At select timepoints, replicate tubes were removed from the incuba-
tor and transferred to an anaerobic (Ar:H2, 95:5) glovebag (Coy Lab-
oratory Products, Inc., Ann Arbor, MI). 1 mL of suspension was
sampled and filtered through a 0.2mm polycarbonate filter directly into
1 mL of 0.5 N Ultrex HCl. This fraction was considered to be the
soluble fraction and analyzed for Fe(II), phosphate, lactate, acetate, and
reduced AQDS, where appropriate. pH was measured under anaerobic
conditions in another aliquot using a Ross combination electrode.
HCl-extractable Fe(II) was obtained by placing 1 mL of suspension
directly into 1 mL of 1 N Ultrex HCl, mixing, and allowed to stand for
at least 1 h before analyzing for Fe(II). This extraction is termed the 0.5
N HCl extraction. An extraction with 3 N HCl was also used in select
experiments because it is effective in the dissolution of most ferrous
iron forms expected in these HFO suspensions (Wallmann et al., 1993),
with the possible exception of coarse grained magnetite (Jolivet et al.,
1992).

Fe(II) in acidified filtrates (0.2mm) or extracts was determined using
the ferrozine assay (Stookey, 1970). Phosphate concentrations were
determined using an ammonium paramolybdate assay that is based on
formation of a molybdophosphate complex. Lactate and acetate con-
centrations were determined at the final sampling timepoints by HPLC
(Hewlett-Packard 1090) with a Resex organic acid column (Phenome-
nex). Reduced AQDS was quantified by measuring the absorbance of
the reduced form, anthrahydroquinone-2,6-disulfonate (AHDS), at 405
nm. Inorganic carbon was measured on an unacidified aliquot using a
Dohrmann Carbon Analyzer and HCO3 computed from the final pH,
ionic strength, and ionization constants.

2.3. X-ray Diffraction

Mineral residue from the reduction experiments was mixed with
glycerol, as a buffer against oxidation, under anaerobic conditions, and
the solid slurry was smeared on a glass slide for X-ray diffraction
analysis. The slides were maintained under anoxic atmosphere until the
time of analysis. The X-ray powder diffraction (XRPD) apparatus
consisted of two Philips Wide-Range Vertical Goniometers with inci-
dent-beam 2-theta compensating slits, soller slits, fixed 2 mm receiving
slits, diffracted beam graphite monochromators, and scintillation
counter detectors. The X-ray source was a Philips XRG3100 X-ray
Generator operating a fixed-anode, long-fine-focus Cu tube at 45 Kv,
40 mA (1800 W). Instrument control was by means of Databox
NIMBIM modules (Materials Data, Inc., Livermore, CA).

2.4. Electron Microscopy

Samples were prepared in an anaerobic glovebox to prevent oxida-
tion of Fe(II)-containing solids. Individual grains of suspension solids
were dispersed onto carbon-coated Cu grids and allowed to dry in the

glovebox. The Cu grids were carefully placed into Balch tubes with
crimp seals for transport to the electron microscopes. The only expo-
sure to air occurred during transfer from the tubes to the sample holder
and chamber. Samples were examined by SEM to obtain crystal mor-
phology information using a Philips XL30 FEG SEM fitted with
backscatter and secondary electron detectors and an IMIX energy
dispersive X-ray analytical system. All SEM images were secondary
electron images. TEM observations were made with a Philips CM200
FEG TEM fitted with an IMIX analytical system. The TEM was
operated at 200 kV and beam voltage of 3.8 kV. A 10mm objective
aperture was used for imaging. A 10mm selected-area aperture and
various camera lengths were used to obtain selected area electron
diffraction (SAED) patterns. Qualitative energy dispersive spectrum
(EDS) chemical analyses were obtained in TEM mode by focusing the
beam to a spot over the target area.

2.5. Thermodynamic Calculations

Thermodynamic calculations were performed to assess the degree of
solubility equilibrium of the biogenic precipitates and to identify stable
solid phase mineral assemblages as a function of pe, pH, buffer com-
position, and P concentration. These calculations were performed with
the MINTEQA2 code (Allison et al., 1991) and a thermodynamic data
base assembled by the authors that contained the best available equi-
librium constants for pertinent aqueous species and solid phases.
Sources of thermodynamic data for the Fe21-CO3

22-H2O and the Fe21-
PO4

32-H2O were Bruno et al. (1992) and Al-Borno and Tomson (1994),
respectively. Thermodynamic data from Smith and Martell (1997) and
Wagman et al. (1982) were also used.

Due to the uncertainty in the composition (e.g., Fe(II)/Fe(III) ratio
and anion identity and concentration) and free energy of the suspected
product (green rust), treatment 5 was not modeled although we note
that some thermodynamic data are available for a specific composi-
tional phase with sulphate interlayers (Hansen et al., 1994). For the
bicarbonate buffer, we fixed the activity of CO3

22 at a value consistent
with the measured bicarbonate concentration and pH (e.g.,aCO3

22 5
1.6131024 for treatment 1). In addition to the NaHCO3 in the bicar-
bonate media, the headspace contained 20% CO2(g) which was assumed
to establish a constant activity boundary condition for carbonate. The
chemical components modeled included H1, e2, and acetate (as de-
fined/fixed in Table 2); Ca, K, Na, Mg, Cl, SO4, and PO4 as defined in
Table 1; and Fe added as Fe(OH)3. For the PIPES buffer, H1, e2,
HCO3

2, and acetate were defined/fixed as in Table 2; PIPES (@ 1023

mol L21) was included to fix the ionic strength; and the other compo-
nents were defined as per the bicarbonate media. Siderite, magnetite,
and vivianite were considered permissible solids (e.g, allowed to pre-
cipitate in competition with the other phases if S.I.. 0) in each buffer
simulation. For both buffer systems, the phases computed to be stable
at equilibrium under the pH, and pe conditions were consistent with
those present at the end of the incubation period (Table 2).

3. RESULTS

3.1. Effect of Buffer Type, Phosphate, and AQDS on Reduction
of HFO

The presence of the humic analogue AQDS at 100mM
stimulated the reduction of HFO by cell suspensions ofS.
putrefaciensCN-32, but the effect was modified by the type of
buffer and presence of PO4

32 (Fig. 1). In the results that follow,
we use the Fe(II) concentration in the 0.5 N extraction as a
measure of the total extent of reduction. The efficiency of this
extraction is discussed later.

The effect of AQDS was particularly pronounced in the
HCO3

2 buffered medium with 4 mM P where.88% of the
HFO was reduced within seven days (i.e., 88 % of the total Fe
was obtained as Fe(II) in the 0.5 N HCl extraction). In the
absence of AQDS and P, the reduction of Fe(III) was substan-
tially greater in the HCO3

2 than in the PIPES-buffered medium.
These results contrast with previous findings with a medium
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surface area (55 m2g21) goethite andS. algaBrY where the
amount of Fe(III) reduced after 30d incubation in PIPES and
bicarbonate-buffered media was similar. Although the concen-
tration of PIPES and HCO3

2 were different (Table 1) in this first
experiment, the pH of the two media at t5 20d were nearly
identical at 7.096 0.01 and 7.146 0.21, respectively, ruling
out pH effects. The presence of PO4

32, with or without AQDS
increased the reduction of Fe(III) byS. putrefaciens(Fig. 1).
Although P can promote bacterial growth, relatively high con-
centrations (2–43 108 mL21) of cells were added at the
beginning of the experiment. At t5 20 d, cell densities, as
determined by acridine orange direct counts, ranged from 1.0 to
2.8 3 108 cells mL21 for all treatments. Thus, the enhanced
reduction of Fe(III) in the presence of 4 mM P was not due to
changes in cell population size.

The concentration of Fe
(aq)

21 observed during the course of
incubation differed between buffer systems. In general, aque-
ous Fe(II) was well below that associated with the solid as
extracted by HCl (i.e., Fig. 1) indicating that sorption or pre-
cipitation dominated the partitioning of biogenic Fe(II). In the
HCO3

2-buffered medium, Fe(aq)
21 initially increased to 6 mM in

the medium without AQDS or P, but it declined in all treat-
ments by t5 20d (Fig. 1c). In the PIPES-buffered medium
(Fig. 1d), a peak in Fe(aq)

21 concentration followed by a decrease,
similar to the HCO3

2-buffered media was only observed in the
AQDS1 P treatment. In all of the other PIPES-buffered me-
dia, Fe(aq)

21 slowly increased over the course of the experiment.
After 20 d incubation, the Fe(aq)

21 concentration ranged between
1.1 and 2.0 mM for all of the PIPES-buffered media. The
concentration of soluble PO4

32, in those treatments where it was
added, rapidly declined from 4 mM at t5 0 to near analytical
detection by t5 4 d (Fig. 2). Only in the HCO3

2-buffered
medium with AQDS1 P did the soluble P concentrations
increase significantly by the end of the experiment.

Both Fe(aq)
21 and PO4

32 are strongly sorbed by HFO at the pH
of the reduction experiments (Fig. 3). Fractional sorption of
Fe(aq)

21 and PO4
32 would be higher in the biotic incubations

because the concentration of HFO was fourfold higher (45
mM) than that of the abiotic incubations. Accordingly, rela-
tively little of the 4 mM PO4

32 was observed in the aqueous
phase even at the time of inoculation (Fig. 2). The initial
sorption of both solutes results from surface complexation, but

Table 2. Mineral solids, saturation indicies, and solution composition in various media treatments

Treatment no. 1 2 3 4 5 6 7 8

pH 8.1 7.4 7.6 7.1 7.9 7.8 7.3 7.1
pea 24.85 24.49 23.40 23.47
I 0.146 0.145 0.136 0.154 0.098 0.10 0.092 0.084
[mol/L]
Ca 6.103 1024 6.103 1024 6.103 1024 6.103 1024 6.103 1024 6.103 1024 6.103 1024 6.103 1024

Fe(II) 7.83 1025 3.93 1024 1.443 1024 1.113 1023 1.123 1023 1.493 1023 1.953 1023 1.233 1023

K 1.173 1023 1.173 1023 1.173 1023 1.173 1023 1.173 1023 1.173 1023 1.173 1023 1.173 1023

Na 6.893 1022 6.893 1022 6.303 1022 6.293 1022 5.113 1022 5.103 1022 4.523 1022 4.513 1022

Mg 1.13 1023 1.13 1023 1.13 1023 1.13 1023 1.13 1023 1.13 1023 1.13 1023 1.13 1023

Cl 2.483 1022 2.483 1022 2.483 1022 2.483 1022 2.483 1022 2.483 1022 2.483 1022 2.483 1022

HCO3 3.883 1022 3.753 1022 3.633 1022 3.443 1022 8.083 1023 4.763 1023 3.433 1023

PO4 1.823 1024 3.413 1025

SO4 1.33 1023 1.33 1023 1.33 1023 1.33 1023 1.33 1023 1.13 1023 1.33 1023 1.33 1023

Acetate 1.153 1022 1.073 1022 9.553 1023 7.673 1023 8.083 1023 4.763 1023 3.433 1023

S.I.b

Calcite 0.874 0.180 0.384 20.173 0.133 20.187 20.827
Magnetite 5.42 3.06 10.45 6.135
Siderite 1.58 2.09 1.49 2.19 2.47 2.274 1.752
Vivianite 3.37 3.99 3.47 5.02
Wastite 20.159 2.829 20.848 20.969 0.687 0.621 -0.243 20.816
Fe(OH)2 21.37 22.04 22.062 22.183 20.52 20.593 21.456 22.030
Observed Solidsc

XRD Siderite/
vivianite

Siderite/
vivianite

Siderite Siderite Gre Pcf Magnetite Magnetite

Signal: noise Very low Low Moderate High High Very high Very low Very low

SEM/TEM
Siderite/

vivianite nd
Siderite/

magnetite nd Gre nd Magnetite nd
Relative abundance Dominant/

minor
Dominant/

minor
Equally

abundant
Dominant

Stable Solidd Siderite
vivianite

Siderite ?g Magnetite

a From AQDS speciation.

b Log
IAP

Ksp
.

c By x-ray diffraction.
d Thermodynamically stable solid.
e Green rust.
f Poorly crystalline.
g Appropriate data not available for calculation.
nd 5 not determined.
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coprecipitation and topotactic phase conversion can occur with
time. The added phosphate was HFO-associated at the begin-
ning of the incubation and the Fe(II) evolved would have
sorbed to the residual HFO.

We noted that autoclaving HFO in the presence of P yielded
a solid that was comparable in both color and apparent aggre-
gate structure to the starting material. In the absence of P,
autoclaved HFO becomes more aggregated and is dark red in
color, similar to hematite. Phosphate is known to stabilize
ferrihydrite against transformation to crystalline phases (Cor-
nell and Giovanoli, 1985). The rate and extent of microbial

Fe(III) reduction in the autoclaved media with P (Fig. 4a) was
comparable to the reduction in nonautoclaved media (Fig.
1a,b). The soluble Fe(II) concentrations were in good agree-
ment between the two experiments except for the PIPES-
buffered medium with P and AQDS where the concentrations
of Fe(aq)

21 were higher in the autoclaved (Fig. 4b) than in the
nonautoclaved (Fig. 1d) medium. The concentration of Fe(II)
extracted by 0.5 N HCl in the uninoculated control, HCO3

2-
buffered medium with P and AQDS was at the analytical

Fig. 1. HCl-extractable Fe(II) in bicarbonate (a) and PIPES (b) buffered HFO suspensions inoculated withS. putrefaciens
CN32 extracted with 0.5 N HCl in experiment 1. Soluble (0.2mm-filtered) Fe(II) in bicarbonate (c) and PIPES (d) buffered
solutions in experiment 1.

Fig. 2. Soluble (0.2mm-filtered) PO4 in bicarbonate (a) and PIPES
(b) buffered solutions in experiment 1. Fig. 3. Isotherm for sorption of Fe(II) and PO4 on 10 mM HFO.
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detection limit (0.5 mM in the undiluted sample) after 20 d
indicating that microbial contaminants, if present, were unable
to utilize HFO as an electron acceptor.

In order to better define the kinetics of HFO reduction by
CN32 in the various solutions, an experiment was conducted
with shorter sampling intervals. In this experiment, Fe(II) was
measured over periods of several hours, in comparison to days
in the previous experiments; for these experiments 3 N HCl
was used for Fe(II) extraction to enhance dissolution of iron
oxides such as magnetite. The impact of AQDS on the rate of
HFO reduction is clearly evident in both the PIPES and
HCO3

2buffered media, Fig. 5a and b, respectively. The effect of
phosphate in combination with AQDS on enhancing the rate
and extent of HFO reduction is consistent with the previous
experiments that were incubated for days (Figs. 1,2).

3.2. Reproducibility

Our laboratory has previously experienced difficulties in
reproducing results for the reduction of HFO by another DIRB,
Shewanella algastrain BrY. Therefore, a second long-term
experiment was conducted with a subset of treatments from the
first experiment to assess the reproducibility of results and to
measure the reduced form of AQDS, AH2DS. Although the
same general trend with regards to solution composition effects
on Fe(III) reduction were observed in the replicated experiment
(Fig. 6), differences did occur. These differences were most
notable for those treatments lacking P. For these treatments, the
amount of Fe(III) reduction was generally higher for both the

bicarbonate- and PIPES-buffered medium in the second exper-
iment in comparison to the first (Fig. 1). For those media with
P, the concentrations of soluble P in the second experiment at
the various timepoints were consistent with those measured in
the first experiment. These results illustrate that there was
generally good agreement between experiments, and that the
difficulties in reproducing results withS. algaBrY were not
observed whenS. putrefaciensCN32 was used.

3.3. Reduction of AQDS and Calculated pe

Anthraquinone-2,6-disulfonate is considered to be typical of
the quinone and hydroquinone structures in humic acids and is
readily reduced to the hydroquinone form (AH2DS) by bub-
bling H2(g) over a palladium catalyst in the presence of AQDS
(Kratnyet, 1987). AQDS also functions as an electron acceptor
for anaerobic respiration by some bacteria and can act as an
electron shuttle for microbial reduction of HFO. Quinones such
as AQDS are also excellent indicators of the oxidation-reduc-
tion potential of solutions. AQDS was used in our experiments
in a dual role, as a soluble electron shuttle and as a redox
indicator.

The concentration of AH2DS was measured at the various
sampling points in the second experiment (Fig. 7) and closely
tracked the reduction of the HFO for the various media (Fig.
6a) as defined by Fe(II) in the HCl extraction. By t5 20 d,

Fig. 4. HCl (0.5 N)-extractable (a) and soluble (b) Fe(II) in auto-
claved HFO suspensions inoculated withS. putrefaciensCN32.

Fig. 5. HCl (3 N)-extractable Fe(II) in PIPES (a) and bicarbonate (b)
buffered solutions inoculated withS. putrefaciensCN32 sampled over
short time intervals.
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essentially all of the AQDS was in the reduced hydroanthra-
quinone form in the bicarbonate-buffered media, whereas in the
PIPES-buffered media, the concentration of AH2DS was 33%
and 62% of the starting AQDS concentration for media with
and without P, respectively.

The final pe of the various media containing AQDS were
calculated (Table 2) from the ratio of the oxidized (So ) and
reduced (Sr; Fig. 7) species of AQDS, its Eo (0.228 V), and the
pH:

pe 5 16.9$Eo 1 ~RT/nF!ln~So/Sr! 1 ~RT/nF!ln@~H1!2

1 Ka1~H
1! 1 Ka1Ka2% (1)

where Ka1 and Ka2 are ionization constants of the AH2DS
(Ka1 5 8 3 1029 and Ka2 5 3 3 10211). The computed pe’s
(or redox potential) followed a trend that paralleled the extent
of Fe(III) reduction. Lower pe’s were computed in suspensions
with greater concentrations of HCl extractable Fe(II) and ace-
tate (Table 2), one of the two respiration products (acetate,
bicarbonate) of lactate. For example, in the bicarbonate media,
Fe(II) concentrations were higher, and the acetate concentra-
tions were greater than those in the PIPES buffered solutions.
Correspondingly, the calculated pe of the bicarbonate solutions
were 1–2 log units lower (see Table 2) than they were for the
PIPES-buffered treatments.

3.4. Biogenic Solids

Solid phase transformation products of HFO were observed
in all treatments. All were different in appearance from the

starting material. Solids formed in the bicarbonate buffer were
light whitish-gray to whitish-brown to black in comparison to
those formed in PIPES buffer that were dark-green to black.

Solids in the bicarbonate buffered media were predominantly
siderite (FeCO3, Fig. 8a,b). The crystallinity of the solids
formed in the presence of AQDS was greater than those formed
in its absence, as evidenced by the lower signal to noise ratio of
the X-ray diffractograms of the latter samples. With AQDS, the
siderite was present as distinct 1–3mm cubic crystallites (Fig.
8c), some of which were linked as chains (Fig. 8d). The SAED
pattern obtained from the individual cubic crystals (not shown)
exhibited a single crystal diffraction pattern, indicating that the
cubes were single crystals, rather than aggregates of smaller
particles. In addition to FeCO3, a minor phase of distinct
morphology was present that consisted of aggregates of grains
several nanometers in size (Fig. 9a). Individual crystals were
not resolved at high magnification (above 200,0003) because
the crystal boundaries were not clearly defined. The corre-
sponding SAED pattern (Fig. 9b) gave rise to a ring-like
powder pattern because the selected area aperture was suffi-
ciently large to include many crystals with random orientations.
The indexing of these rings uniquely identified this phase as
magnetite.

In the bicarbonate media with P, XRD showed the presence
of crystalline siderite and vivianite [Fe3(PO4)2 z 8H2O] (Fig.
10a,b). Peak amplitude of both FeCO3 and vivianite was higher
with AQDS suggesting that domain size or crystallinity was
greater in these samples. The siderite formed with AQDS and
P occurred as aggregates of particles 1–2mm in size (on the
right of Fig. 10c), forming characteristic cauliflower-like struc-
tures. This morphology was distinct from that observed in
bicarbonate-buffered media with AQDS but no P (Fig. 8c,d).
The vivianite was found in druses (on the left of Fig. 10c.)
exhibiting a prismatic habit with pinacoids. The individual
crystals were 5–10mm long and 0.5–1mm wide. Their SAED

Fig. 6. HCl (0.5 N)-extractable (a) and soluble (b) Fe(II) in micro-
bially reduced solids in experiment 2.

Fig. 7. Changes in concentration of reduced (AH2DS) 2,6-anthraqui-
none disulfonate in HFO suspensions inoculated with CN32 and final
pe, calculated from Eq. (1).
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pattern (not shown) was pseudo-hexagonal, suggesting that the
vivianite precipitate was of low symmetry. Consistent with
vivianite, the EDS analysis of this phase revealed that Fe, P,
and O were the dominant elements (Fig. 10d).

A greater diversity of solid materials was observed in the
PIPES-buffered solution. Crystalline solids were primarily ob-
served when AQDS was present. In absence of P, well crys-
tallized magnetite (Fe3O4) was revealed by XRD (Fig. 11a).
The individual crystals of magnetite were not resolvable in
SEM, and a typical TEM image of such aggregates (Fig. 11b)
revealed poorly defined crystal boundaries. The crystals were
nanometers in size and were similar to the fine-grained extra-
cellular biogenic magnetite reported by Sparks et al. (1990).
The SAED pattern of these materials exhibited a ring-like
powder pattern (not shown) consistent with small crystal size.

When P was present in the PIPES buffer with AQDS, a poorly
crystalline phase was observed that exhibited diffraction maxima
(Fig. 12a) consistent with a green rust-type compound (Hansen,
1989; McGill et al., 1976; Vins et al., 1987). Green rusts (GR) are
compositionally varied, mixed Fe(II)-Fe(III) hydroxycompounds.
Their structure is layered, consisting of positively charged
brucite-like sheets with negatively charged, hydrated anion
(A22) interlayers; the overall stoichiometric formula is gener-
alized as [Fe(6-x)

II
(aq)
21 FeIII

x(OH)12]
x1[(A22)x/22 yH2O]x2. The

SEM of this precipitate (Fig. 12b) showed the presence of large
(.10 mm) lath-shaped crystallites that were surrounded by a
groundmass of poorly differentiated material. The laths were
identified by EDS and SAED as vivianite (as described above),
and the groundmass contained a minor fraction of hexagonal
shaped crystallites (Fig. 12c) that ranged in diameter from 0.5
to 1 mm and that were similar in morphology to GR described
by McGill et al. (1976) and Mann et al. (1989). These crystals
possessed a layered growth habit with individual layers (plates)
stacking normal to (0001) face of the prism (Fig. 12c). In
addition to these prisms, a minor fine-grained phase was
present on some of the (0001) faces of the prism (Fig. 12c). The
EDS analyses of the well-formed prism revealed O, Fe, Na, Al,
Si, P, S, and Cl (Fig. 12d). The fine-grained material exhibited
similar composition but with higher concentrations of Na, S,
Cl, P, Si, and lower concentrations of Al and Fe (not shown),
suggesting that the morphologically varied materials were the
same phase. In the PIPES medium without AQDS, the mate-
rials were poorly crystalline both with and without P, although
nascent peaks of magnetite were observed in both (not shown).

3.5. Saturation Indicies for Observed Mineral Solids

Saturation indices [log(IAP/Ksp)], where IAP5 the ion ac-
tivity product and Ksp5 the solubility product) were calculated

Fig. 8. X-ray diffractograms of microbially reduced Fe solids in bicarbonated-buffered suspensions without (a) and with
(b) AQDS, and SEM images of solids from (b) displaying distinctive cubic crystallites (c) some of which were linked as
chains (d).
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for the solid phases noted above (and other relevant ones) for
which reliable thermodynamic data exist. The computations
used the measured solution compositions and pH at experiment
termination (Table 2). The saturation index (S.I.) is a measure
of the extent of solution phase equilibrium with the tested
phase. Values in excess of 0 indicate supersaturation and en-
ergetics favoring precipitation, and values less then 0 indicate

undersaturation and tendency to dissolve. The computations
included equilibria for bicarbonate, carbonate, phosphate, sul-
fate, and acetate complexes. For those incubations that con-
tained AQDS, pe was fixed at the value computed from the
AH2DS/AQDS measurement. The extent of solubility equilib-
rium with respect to magnetite could only be assessed for those
incubations where pe was calculated from AQDS speciation.

The saturation indicies (Table 2) indicated that the incubated
solutions were oversaturated with respect to the solids that were
found within them. Siderite was generally over saturated by 1.5
orders of magnitude (treatments in Table 2), vivianite by 3.4–
5.0 orders of magnitude (treatments 1, 2, and 5), and magnetite
by 6.3 orders of magnitude (treatment 7). It is significant that
these high degrees of supersaturation persisted from days 7–20,
a period over which biotic reductive activity [as determined by
change in 0.5 N HCl extractable Fe(II)] was minimal. It ap-
pears, therefore, that active solid phase precipitation/formation
paralleled microbiological respiration.

One concern regarding the concentration of soluble Fe(II)
was that small solids (e.g., fine grained (100 nm) magnetite)
may have passed the membrane filter (0.2mm) and dissolved in
the stabilizing acid (0.5 N HCl). Another concern was that
Fe(II) might be complexed to cell fragments or cellular mac-
romolecules and that these may have been carried through the
filter into acid. Both phenomena would contribute to artificially
high Fe(aq)

21 concentrations that would bias S.I. calculations
toward oversaturation. Therefore, an assessment of filtration
efficiency was performed on yet a third series of microbially
reduced HFO suspensions. We found, however, that Fe(aq)

21

concentrations were comparable in 0.2mm and 1.8 nm filtrates
(data not shown), indicating that the passage of Fe(II)-colloidal
precipitates or Fe(II) bound to cell fragments were not the
cause of the apparent supersaturation. Fe(aq)

21 concentrations
were consistently higher in PIPES buffer (Table 2), however,
leading us to speculate that the organic acid buffer components
may complex Fe(II).

3.6. Extraction Efficiency

As in previous studies (Roden and Zachara, 1996; Lovley
and Phillips, 1988) 0.5 N HCl was used to extract Fe(II) that
was microbially generated in oxide suspensions and sediments.
However, concerns regarding the extraction efficiency of 0.5 N
HCl for Fe(II) from residual HFO and biogenic precipitates
prompted a further evaluation using solids from the filtration
experiment discussed above. Total Fe [e.g., Fe(II) and Fe(III)]
in the 0.5 N HCl extraction was determined by reducing Fe(III)
in the extracts to Fe(II) with hydroxylamine HCl, followed by
ferrozine analysis. In addition, the results of the 0.5 N HCl
extraction of representative incubation suspensions varying in
secondary phases were compared to results from a 3 N HCl
extraction. Often, a solid residue remained after the 0.5 N HCl
extraction while the 3 N HCl extraction typically dissolved all
the mineral matter in each incubation suspension. Between
86% and 98% of the total Fe added as HFO was recovered at
20 d sampling point by 0.5 N HCl extraction (Table 3), whereas
essentially 100% was obtained by 3 N HCl extraction. The 0.5
N HCl extraction was able to dissolve most of the biogenic
precipitate when it was dominated by siderite, vivianite, or
green rust (Table 3). The presence of magnetite, however, lead

Fig. 9. Transmission electron micrograph of minor-phase Fe solids in
bicarbonate-buffered solutions (a) and selected area electron diffraction
pattern (b) revealing the solids as magnetite.
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to decreased extraction efficiency because of the slower disso-
lution rate and lower solubility of magnetite in this acid. The
0.5 N HCl extraction was effective, however, in dissolving
most of the solid associated Fe(II) except in the singular case
where highly crystalline magnetite was the reduction product
(medium with PIPES and AQDS). Mass balance calculations
using HCl extractable Fe values are shown in Table 3.

4. DISCUSSION

S. putrefaciensstrain CN32, under conditions promoting
oxidation of lactate coupled to respiration of Fe(III), trans-
formed Fe(III) as HFO to distinct phases. The macroscopic
reaction sequence is approximated as follows.

4.1.1 Lactate oxidation

4Fe~OH!3 1 CH3CHOHCOO2 1 7H1 5 4Fe21 1 CH3COO2

1 HCO3
2 1 10H2O ~log K 5 58.2! (2)

4.1.2 HFO phase conversion

2Fe~OH!3 1 Fe21 5 Fe3O4 1 2H2O 1 2H1 (3)

2Fe~OH!3 1 4Fe21 1 A22~CO3
22, SO4

22! 1 9H2O

5 @Fe4
IIFe2

III ~OH!12#@A
22 z 3H2O# 1 6H1 (4)

Fe21 1 HCO3
2 5 FeCO3 1 H1 (5)

3Fe21 1 2HPO4
22 1 8H2O 5 Fe3~PO4!2 z 8H2O 1 2H1 (6)

where Fe3O4, [Fe4
IIFe2

III (OH)12][ A 22 z 3H2O], FeCO3, and
Fe

3
(PO4) 2 z 8H2O in reactions 3, 4, 5, and 6 represent magne-

tite, green rust, siderite, and vivianite, respectively. Reactions 3
and 4 have been written in terms of solid phase conversions of
HFO in accordance with the noted strong sorption of Fe21 to
HFO (Fig. 3) and mechanistic considerations to be discussed in
4.2. The biogenic reduction reaction 2 consumes protons (e.g.,
7H1) and tends to increase pH in the absence of a strong buffer.
The subsequent precipitation reactions 3–6, however, tend to
liberate protons compensating, in part, for the pH increase.

4.1. Microbial Metabolism and HFO Reduction

Bicarbonate, via its ability to complex Fe(II) and precipitate
as siderite, promoted microbial oxidation of lactate when cou-
pled to dissimilatory reduction of HFO, regardless of whether
AQDS or P were present whereas in PIPES buffer, HFO
reduction was less extensive. Although these studies were
conducted with synthetic HFO, similar experiments with natu-
rally occurring iron oxides indicates that the natural oxides are
equally or more susceptible to microbial reduction (Zachara et
al., 1998). Also, the aqueous chemical composition influenced

Fig. 10. X-ray diffractograms of microbially reduced Fe solids in bicarbonated-buffered solutions with PO4 and AQDS
(a) and with PO4 but no AQDS (b); SEM image of solids from (a) displaying cauliflower-like aggregates; and composition
of prismatic pinnacoid crystals in (c) as determined by EDS (d).
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the extent of reduction of the natural oxides and distribution of
the resulting Fe(II) in a manner similar to that observed in this
study. The variations in the extent of metabolism as a function
of medium composition were evidenced by the differences in
the concentration of HCl-extractable Fe(II) (Figs. 1a and b, 4a,
5a and b and Table 3) and from acetate generated as a result of
lactate oxidation (Table 4). Greater than 84% of the HFO was
reduced in the various bicarbonate buffered solutions. In con-
trast, only 32–52% of the HFO was reduced in the PIPES buffer
in the absence of P and AQDS; the phase formed was predom-
inantly magnetite. When P and AQDS were present in PIPES,
the extent of HFO reduction was significantly greater (.70%),
and the resulting solid phase was predominantly green rust.

S. putrefacienscouples the oxidation of lactate to acetate and
CO2 with the concomitant reduction of Fe(III) to Fe(II) (Eqn.
2). The concentrations of lactate (not shown; the moles of
lactate consumed were equivalent to the moles of acetate pro-
duced) and acetate (Table 4) were quantified as a measure of
the extent of metabolism. The highest concentrations of acetate,
and, therefore, the greatest extent of metabolism of lactate,
occurred in media where P and AQDS were present. Phospho-
rous consistently stimulated the oxidation of lactate in compar-
ison to those solutions where it was absent (Table 4). It is well
known that P is a growth-limiting nutrient for microorganisms
and is a constituent of macromolecules such as nucleic acids,
nucleotides, and phospholipids. Although the cell populations

did not change significantly over the course of the experiments
in any of the treatments, there may have been growth in those
treatments with added P balanced against cell death. However,
the method used for measuring cell population size (direct
microscopic counting) does not distinguish viable from nonvi-
able cells or recently grown cells from those added as part of
the inoculum. Even in the absence of cell turnover and growth,
the presence of P could have promoted the biosynthesis of cell
components such as lipopolysaccharide (LPS) and exopolysac-
charide (EPS). Gram-negative bacteria such asS. putrefaciens
typically contain an outer layer of LPS that has a high affinity
for divalent metal cations, primarily due to the phosphoryl
constituents (Ferris, 1989). Hence, in addition to abiotic effects,
the presence of P, via stimulation of cell biosynthesis and
general enhancement of metabolism, could have facilitated
lactate oxidation and HFO reduction byS. putrefaciensCN32.
The role of AQDS on microbial metabolism and Fe reduction
is discussed further in section 4.3.

The formation of magnetite and more reduced mineral as-
semblages including vivianite, siderite, and green rust have
significant implications for microbial metabolism in sediments.
The formation of magnetite during microbial reduction of HFO
sequesters two-thirds of the Fe(III) from the bioavailable pool.
Subsequently, this will function to constrain microbial metab-
olism that is dependent upon Fe(III) respiration. Therefore, an
understanding of the chemical and biological factors and mech-
anisms controlling the formation of magnetite and the subse-
quent tranformation of magnetite to more reduced phases is
essential for predicting or controlling microbial iron respira-
tion.

Because of the potentially incomplete recovery of magnetite
Fe(II) by the 0.5 N HCl extraction (Table 3, expt. 2), a more
concentrated acid (3 N HCl) extraction was employed in the
third experiment. The 3 N HCl extraction resulted in a more
complete recovery of Fe, especially for the PIPES-buffered
medium (Table 3). However, the masses of Fe(II) extracted by
the strong acid were not significantly higher than those ex-
tracted by 0.5 N HCl. This would be expected in those treat-
ments where acid soluble phases such as vivianite and siderite
had formed, but not in solutions such as PIPES1 AQDS,
where highly crystalline magnetite dominated. Magnetite and
other crystalline iron oxides such as goethite and hematite are
only sparingly soluble in cold, dilute HCl (Chao and Zhou,
1983). Since the non-0.5 N HCl extractable fraction in the
PIPES and PIPES1 AQDS treatments were predominantly
Fe(III), it may be that some of the HFO was converted to a
more crystalline, hence less acid soluble, form during incuba-
tion. Cornell and Schneider (1989) observed the formation of
acicular goethite crystallites during the reductive dissolution of
HFO by cysteine. Whether AQDS promotes a similar effect is
not known. The 3 N HCl extractable Fe(II) and Fe(II1 III)
concentrations were generally consistent with the Fe(II)/Fe(III)
stoichiometry of the phases identified by XRD and TEM with
SAED and EDS.

4.2. Secondary Phase Formation Accompanying Reduction

4.2.1. Thermodynamic consistency of the phase association

Under oxic conditions (e.g., pe. 6), HFO is thermodynam-
ically unstable with respect to goethite and hematite. HFO will

Fig. 11. X-ray diffractogram of microbially reduced solids in PIPES-
buffered solutions with AQDS (a) and TEM image of Fe solids (b).
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slowly transform to these phases at 25°C in hundreds of hours
in the absence of sorbates that suppress this transformation
(e.g., PO4 and others, Fischer and Schwertmann, 1975;
Schwertmann and Murad, 1983; Cornell and Giovanoli, 1985).
Certain abiotic reductants, such as cysteine, may promote such
crystallization (Cornell and Schneider, 1989). While these crys-
tallization reactions are competitive to the reductive ones stud-

ied here and could potentially influence experimental outcome,
there was no evidence of crystalline Fe(III)-oxides in any of the
control suspensions at experiment termination. These results
suggest that the rate of crystalline Fe(III) oxide formation in the
solutions used was significantly slower than the biotic reduc-
tion reaction.

Using the best available thermodynamic data and the

Fig. 12. X-ray diffractogram of microbially reduced solids in PIPES buffer with PO4 and AQDS (a), SEM of solids in
this same treatment (b), hexagonal crystal with a minor fine-grained phase (left side) (c) and composition of hexagonal
crystal (right side of c) as determined by EDS.

Table 3. Efficiency of HCl extractions of microbially reduced solids after incubation for 20 d

Treatment

Expt. 2 Expt. 3

0.5N HCl 0.5N HCl 3 N HCl 3 N HCl (whole tube)a

Fe(II) Fe(II1III) Fe(II) Fe(II1III) Fe(II) Fe(II1III) Fe(II) Fe(II1III)

—mM—
#1 (HCO3 1 P 1 AQDS) 37.6 (4.8) 39.8 (4.6) 38.3 (2.5) 39.8 (2.2) 41.9 (3.1) 45.8 (4.6) 50.2 49.1
#3 (HCO3 1 AQDS) 40.1 (0.6)c 44.3 (0.7) 40.7 (2.0) 45.3 (2.4) 44.2 (0.5) 49.9 (0.8) 43.5 47.0
#4 (HCO3) ndb nd 46.3 (5.7) 52.0 (3.6) 43.5 (4.7) 51.7 (4.) 49.2 50.7
#5 (PIPES1 P 1 AQDS) 28.1 (1.6) 38.8 (0.7) 47.6 (1.5) 61.6 (2.1) 40.6 (2.6) 57.7 (6.4) 41.4 51.7
#7 (PIPES1 AQDS) 16.1 (0.8) 39.0 (1.6) 22.6 (0.9) 23.4 (0.9) 25.8 (0.6) 54.7 (0.9) 25.6 45.4
#8 (PIPES) nd nd 14.2 (0.7) 15.0 (0.8) 16.8 (0.9) 52.8 (3.6) 17.5 49.5

a Due to plating of precipitates on the sides of some of the tubes, a single whole tube from each treatment was also extracted with 3 N HCl.
b nd 5 not determined.
c Values in parentheses are standard errors.
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specific chemical composition of the media, we have com-
puted the stable phase associations as a function of pe in the
two buffer systems, PIPES (Fig. 13a,b ) and bicarbonate
(Fig. 13c,d). For these calculations, magnetite, siderite, and

vivianite were allowed to precipitate in the two buffer solu-
tions as a function of pe with 50 mM HFO as the initial
solid. Aqueous complexation equilibria of acetate, carbon-
ate, phosphate, and sulfate were considered. The average

Fig. 13. Computed solid phase stability as a function of pe in PIPES buffer at pH 7.3. Without P (a) and with P (b).
Computed solid phase stability as a function of pe in HCO3 buffer at pH 8.1. Without P (c) and with P (d). Starting and
ending experimental pe as determined from AQDS measurement is noted.

Table 4. Stoichiometry of acetate and Fe(II) production in CN32 cultures with amorphous Fe oxide as the electron acceptor and lactate as the
electron donor

Buffer
Solution

composition
Acetate produced

(mM)
Fe(II) produceda

(mM)
% of theoretical

maximumc

HCO3 P, AQDS 11.49 (0.09)b 33.68 (3.41) 73
HCO3 P 10.73 (0.11) 27.68 (1.94) 65
HCO3 AQDS 9.55 (0.87) 21.71 (5.41) 57
HCO3 Unamended 7.66 (0.78) 15.63 (5.77) 51
PIPES P, AQDS 8.08 (1.82) 33.39 (2.60) 103
PIPES P 4.76 (0.08) 13.08 (1.44) 69
PIPES AQDS 3.43 (0.27) 5.77 (0.62) 42
PIPES Unamended 2.60 (0.01) 3.58 (0.29) 34
HCO3 (autoclaved Fe) P, AQDS 12.62 (0.11) 42.44 (3.16) 84
HCO3 (autoclaved Fe) P 6.81 (0.51) 23.48 (7.38) 86
PIPES (autoclaved Fe) P, AQDS 7.87 (1.01) 26.10 (2.28) 83
PIPES (autoclaved Fe) P 4.10 (0.74) 13.11 (0.76) 80

Repeat
HCO3 P, AQDS 13.05 (0.84) 37.65 (4.84) 72
HCO3 AQDS 12.26 (2.11) 40.11 (0.57) 82
PIPES P, AQDS 10.91 (0.63) 28.12 (1.58) 64
PIPES AQDS 7.24 (1.25) 16.08 (0.84) 56

a Fe(II) extracted by 0.5 N HCl.
b Standard error of the mean in parentheses.
c The theoretical stoichiometry of lactate oxidation to acetate and CO2 coupled to Fe(II) reduction is 1:4 for lactate and Fe(II), respectively..
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final pH of the two buffers was used (PIPES5 7.3, HCO3 5
8.1). The calculation did not consider the reductive energet-
ics of lactate, only its complexation of Fe21. Green rust was
not considered because of the compositional and thermody-
namic uncertainties.

Considering the HFO as the stable Fe(III)-oxide at experi-
ment initiation (as opposed to goethite or hematite) for pur-
poses of discussion, our measurements of AQDS speciation in
the control suspensions without CN 32 place the initial chem-
ical conditions (pe5 21.63 to22.09) well within the stability
field of magnetite in both buffer systems (Fig. 13). In spite of
favorable thermodynamic conditions for abiotic magnetite for-
mation, however, magnetite was not observed in any of the
controls at experiment termination. This observation parallels
that of Lovley et al. (1991), that nonenzymatic reduction of
Fe(III) oxides, including HFO, proceeds slowly.

As reductive equivalents were liberated from lactate via
respiration, they were transferred to the HFO, initiating its
rapid reduction (Eqn. 2) and mineralogic transformation (Eqn.
3–6). Respiration was indicated by the accumulation of acetate,
reduction of Fe(III), and the lowering of pe by 1.75 to over 3
log units as indicated by AQDS speciation (shown on Fig. 13).
In PIPES buffer with and without P, the geochemical condi-
tions remained within the magnetite stability field during the
course of biotic reduction. Consistent with thermodynamics
(Fig. 13c), the mineralogic product in the PIPES/AQDS with-
out P treatment was magnetite (Fig. 11). When P was present,
however, we observed green rust formation (Fig. 12) rather
than the predicted phase assemblage of magnetite and vivianite
(Fig. 13b). Magnetite formation may have been inhibited by
phosphate, as discussed below. For the bicarbonate system, the
geochemical conditions evolved from those within the magne-
tite stability field (pe5 22.09) to those immediately below the
phase transition point (pe5 24.4) where siderite and vivianite
(when P was present) were the stable phases. Indeed, the pe
should not drop significantly below this level because the
electron acceptor [Fe(III)] is fully reduced. The mineralogy of
the biogenic solids in the bicarbonate buffer was consistent
with a reaction path through the magnetite stability field, e.g.,
fine-grained magnetite was observed as a minor accessory
phase with siderite in the bicarbonate buffer with AQDS.

4.4.2. Thermodynamic constraints on reduction

Important to this study are the reasons for the complete
reduction of HFO to Fe(II) (as siderite or siderite/vivianite) in
the bicarbonate buffer and its incomplete reduction to green
rust and magnetite in the PIPES buffer. In the PIPES buffer, a
mass balance of lactate shows that greater than 75% of its
initial concentration still remains at experiment termination.
Why then did reduction cease after the formation of magnetite
(in the PIPES/AQDS system), leaving 60% of the Fe(III) when
excess electron donor was still present? The fact that HFO was
fully reduced to Fe(II) in the bicarbonate system indicates that
sufficient electron equivalents existed in the lactate to do so.
The answer to this question lies, in part, in reaction thermody-
namics.

While magnetite has often been considered a terminal prod-
uct in dissimilatory Fe(III)-oxide reduction (Lovley, 1991b),
Kostka and Nealson (1995) argued that its apparent recalci-

trance to microbiological reduction at circumneutral pH results
from unfavorable thermodynamics. Their experiments showed
that magnetite was reducible byS. putrefacienswhen the initial
media pH ranged from values of pH 5–6.5 where the reaction
was predicted to be thermodynamically feasible. These pH
values were below those used in our experiments and below
those observed at experiment termination.

We performed a thermodynamic assessment to ascertain
whether energy was still available for reduction of magnetite at
the termination of the PIPES/AQDS experiment where well
crystallized magnetite was observed as the only, and apparently
terminal, mineralogic product of reduction (e.g., Fig. 11). The
analysis was based on the following reaction where thermody-
namic data was taken from Morel (1983):

2Fe3O4 1 CH3CHOHCOO2 1 11H1 5 6Fe21 1 CH3COO2

1 HCO3
2 1 6H2O ~log K 5 60.6! (7)

The equilibrium activity quotient (EAQ) so defined is:

$CH3COO2%$HCO3
2%$Fe21%6/$CH3CHOHCOO2%@Fe3O4#

2$H1%11

5 1060.6 (8)

where {} denotes activities and [ ] concentration, respectively.
Activities for the chemical species in Eqn. 6 for the PIPES/
AQDS experiment were calculated from the final concentration
data in Table 3, taking full account of ionic strength and
aqueous complexation effects. The activity quotient (AQ) so
obtained (1060.6) was in remarkable agreement with the equi-
librium value (AQ/EAQ' 1). While the close agreement was
likely fortuitous, the result suggests thatDG ' 0 and that there
was little or no chemical energy remaining at experiment
termination to drive further reduction of Fe(III) in the magne-
tite. We note, however, the large dependence of the AQ on
{Fe21} and {H1} and are cautious not overemphasize this
finding given the experimental uncertainty in the measurement
and thermodynamic estimation of both these parameters. These
findings are consistent with those of Kostka and Nealson
(1995) who argued that the microbial reduction of magnetite
should be dependent of pH and [Fe21]aq. One additional ob-
servation was curious. We numerically allowed the solution
data used for this calculation in Table 2, which was supersat-
urated with respect to magnetite (Table 2, Section 3.5), to react
to equilibrium. The resulting [Fe(aq)

21 ]TOT changed from
1.953 1023 mol/L to 1.533 1025 mol/L. The AQ/EAQ ratio
that was calculated using the equilibrium Fe21 activity was
,,1, signifying that there was potential chemical energy re-
maining in lactate to drive magnetite reduction. It may, there-
fore, be plausible that the excess Fe21 observed in this suspen-
sion (above solubility equilibrium) was due to bacterial
reduction of magnetite which ceased as chemical energy was
exhausted.

The presence of high carbonate in the aqueous phase and a
large reservoir of CO2(g) to maintain that aqueous concentration
were important factors allowing the complete reduction of HFO
in the bicarbonate buffer. Thermodynamic analysis indicates
that siderite formation in the bicarbonate buffer can energeti-
cally drive the microbial reductive dissolution of magnetite by
lactate at circumneutral pH and above, through the maintenance
of a low aqueous activity of Fe21. Thus, the bicarbonate buffer
provides a more favorable energetic environment than PIPES

3252 J. K. Fredrickson et al.



for Eqns. 2 and 8 to proceed to the right and completion. It is
not known whether magnetite was initially formed in the bi-
carbonate buffer with subsequent biotic reduction to siderite or
whether siderite was the initial reaction product. Vivianite
maintains an even lower Fe21 activity than does siderite in the
bicarbonate buffer and, for that reason, it also thermodynami-
cally promotes the reduction of magnetite. The overall impact
of vivianite formation is limited, however, by the fact that the
total P concentration (4 mM) is ten-fold below that of Fe(III).

4.4.3. Implications for formation mechanism

As shown above, the crystalline solids observed as primary
reduction products (magnetite, siderite, vivianite) exhibit ther-
modynamic consistency. The observation that HFO in controls
does not transform to magnetite and that secondary mineral-
ization is rapid and parallels respiration, however, suggests a
microbial role in mineral synthesis. Magnetite, siderite, and
green rust, however, have all been observed as abiotic reaction
products formed under chemical conditions similar to those
used here. At issue is whether the microbial role in the synthe-
sis of these phases reported herein has been direct or indirect.

Magnetite forms rapidly at circumneutral pH and higher in
periods of hours (e.g., 3–12 h) by topotactic/solid state conver-
sion of HFO following Fe(aq)

21 sorption (Cornell, 1988; Mann et
al., 1988; Tronc et al., 1992). The magnetite so formed is fine
grained and similar in size and appearance (Tronc et al., 1992)
to the magnetite observed herein. Typically, magnetite is the
sole reaction product if the Fe(II)/Fe(III) ratio is low (i.e.,
,0.5) approximating magnetite Fe stoichiometry, but associ-
ated phases including green rust and siderite have been ob-
served if the Fe(II)/Fe(III) ratio becomes higher or if carbonate
is present (Taylor, 1980; Mann, 1989). Couling and Mann
(1985) reported that the addition of phosphate to HFO prior to
Fe(aq)

21 addition retards magnetite formation, undoubtedly via its
strong sorption and site blockage. The strong sorption of Fe(aq)

21

to HFO (e.g., Fig. 3) and the absence of significant soluble
Fe(II) during the course of biotic HFO reduction in
PIPES1 AQDS suggests that this mechanism may have been
the operative one here. The absence of well crystallized mag-
netite in all but the PIPES1 AQDS treatment suggests that
AQDS mediates the reaction.

As noted by Hansen et al. (1994), green rusts (GR) are
readily synthesized in the laboratory by a number of different
means. Under appropriate abiotic chemical conditions, GR
forms rapidly, yielding crystalline solids with hexagonal mor-
phology in less than 24 h at 25°C. Green rust formation is pH
sensitive, with the optimal range falling between pH 6.5–7.5. A
characteristic abiotic formation mechanism for GR is by Fe(aq)

21

sorption to HFO at circumneutral pH and solid state conversion
(Mann et al., 1989; Hansen et al., 1994). Anions are required
(e.g., SO4

22, CO3
22) that stabilize the hydrotalcite structure via

charge compensating intercalation (Brindley and Bisch, 1976).
Green rust appears favored over magnetite when the Fe(II)/
Fe(III) ratio exceeds 2 or more. Green rust is known as a
transitory phase in the corrosion/oxidation of steel (Stampfl,
1969; Bigham and Tuovinen, 1985) and is a reduced precursor
to the oxidative formation of magnetite (Tamaura et al., 1984)
and other crystalline Fe(III) oxides. The identification of GR in
geologic materials has been difficult because of their oxidative

lability, but several examples exist (Koch and Morup, 1991;
Trolard et al., 1997).

To our knowledge, ours is the first report of biotic GR
formation. The most plausible biotic formation mechanism is
the solid state conversion of HFO, paralleling the abiotic syn-
thesis procedures noted above (Mann et al., 1989; Hansen et al.,
1994). Magnetite formation is apparently inhibited initially by
P sorption to the HFO, and this, and other undefined factors,
apparently allow the biotic generation of a Fe(II)/Fe(III) ratio
large enough for GR formation. GR may be thermodynamically
more stable than magnetite under the specific experimental/
media conditions. Based upon EDS spectra, we propose that the
biotic compound is a mixed SO4

22/CO3
22 green rust, with the

interlayer carbonate arising from respiration. Phosphate is also
a plausible interlayer anion, but the observed presence of vivi-
anite, in association with the GR, suggests that much of the P
is associated with that phase.

Mg/Al-hydrotalcites show preference for CO3
22 over SO4

22

(Miyata, 1983), and if such behavior holds here, the GR may be
closer to the pure hydroxycarbonate endmember (Taylor et al.,
1985). Indeed, the X-ray diffraction spectra for the biogenic
GR shows closest agreement to that reported for iron carbonate
hydroxide (Fig. 12). Mass balance on carbonate (respiratory CT

estimated from the acetate analysis [8.08 mM]- analytical DIC
[4.5 mM]) indicates that as much as 3.58 mM of respiratory
CO3

22 is associated with the GR (using Eqn. 4 stoichiometry) as
an interlayer anion. The remaining estimated positive charge
(2.92 mM) is apparently compensated by a combination of
SO4

22, HPO4
22, and possibly Cl2 as suggested by the EDS

analysis. As noted for magnetite, AQDS mediates the GR
formation reaction as GR is not observed in the absence of
AQDS.

Siderite is a frequently observed diagenetic precipitate in
recent aquatic and geologic sediments (Postma, 1981; Gautier,
1982; Pye et al., 1990; Mozley and Carothers, 1992; Mortimer
et al., 1997). Its formation is generally associated with the
bacterial respiration of organic matter coupled with dissimila-
tory iron reduction (Suess, 1979; Pye et al., 1990); although the
in situ geochemical conditions under which siderite forms are
not well established (Pye et al., 1990). The stable isotopic
signature of sedimentary siderite typically indicates significant
disequilibrium (Mortimer and Coleman, 1997), which in turn,
has been used to speculate on the conditions of its formation
(Mozley and Wersin, 1992; Pye et al., 1990). High alkalinity
and Fe(aq)

21 , as promoted by bacterial activity, seem important to
its precipitation (Rajan et al., 1996; Mortimer and Coleman,
1997). While the free energy and enthalpy of siderite are
relatively well established through investigations of hydrother-
mally synthesized material (Wersin et al., 1989; Bruno et al.,
1992; Chai and Navrotsky, 1994); little appears to be known
about abiotic formation mechanisms and kinetics under tem-
perature and pressure conditions relevant to this study. Lipp-
mann (1973) notes that siderite forms artificially at room tem-
perature from solutions with high supersaturation and that the
formation rates are sluggish and the products are of poor
crystallinity. One example of abiotically precipitated siderite at
33°C was different from the biogenic forms observed here
(Carothers et al., 1988); it was comprised of small (,0.5 mm)
psuedo-cubic crystallites that were aggregated in approximate
6–8 mm spheres.
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4.3. Role of AQDS and Implications for Biomineralization

The inclusion of the humic acid analog AQDS at 100mM
enhanced the rate and extent of HFO reduction by CN32 (Fig.
5), and, presumably, the overall respiration rate. Additionally,
significant differences in the mineralogic products of reduction
were observed in the presence and absence of AQDS. These
differences were greatest in PIPES buffer where the reduction
rate enhancement was largest. In bicarbonate solutions, AQDS
appeared to enhance the crystallinity of the siderite and vivi-
anite products that also formed in its absence. In PIPES buff-
ered solutions, AQDS promoted formation of well crystallized
magnetite in the absence of P and green rust with P, when
primarily amorphous reduction products were observed in its
absence. AQDS may promote these striking effects by replac-
ing the organism electron transfer system as the de-facto re-
ductive ligand at the oxide surface and functioning as a more
accessible electron acceptor that stimulates respiration and al-
lows formation of microenvironments near the organisms that
are conducive to mineralization.

The current paradigm for the reduction of Fe(III) oxides by
DIRB requires direct contact between cell surfaces and oxides.
However, the mechanism(s) by whichS. putrefaciensachieves
electron transfer to the solid phase is unknown. The solubility
of HFO at circumneutral pH is low (10217 Fe31 activity), and
is well below the concentration range of 1028 to 1026 M
required for optimal growth of microorganisms (Guerinot,
1994). Therefore, oxide-reducing bacteria must have mecha-
nisms by which they can transfer electrons from the terminal
point of the electron transport chain to the Fe(III) metal ion
centers on the oxide surface.

S. putrefaciensmay achieve electron transfer to HFO in
several ways. Some bacteria assimilate iron via high affinity
Fe(III) uptake systems such as siderophores, or nonspecific
low-affinity systems involving citrate, malate, or other organic
acids. Many gram-negative bacteria have outer membrane re-
ceptor proteins that are involved in energy-dependent transport
of siderophore-complexed Fe(III) across the outer membrane
for subsequent interaction with periplasmic electron transfer
proteins. This mechanism, however, is not likely involved in
dissimilatory metal reduction by DIRB because higher concen-
trations of Fe(III) are required for energy generation than the
high affinity assimilatory systems typically provide.S. putre-
faciens localizes c-type cytochromes, that are oxidized by
Fe(III) and Mn(III), to its outer membrane in response to
anaerobic growth with fumarate (Myers and Myers, 1992,
1997). These outer membrane cytochromes may participate in
electron transfer to oxide surface sites by either direct coordi-
nation or through linkages to coassociated electron-transducing
proteins.

In spite of mechanistic uncertainty, there is little doubt that
biotic electron transfer is constrained by the chemistry and
structure of the organism-oxide contact (Roden and Zachara,
1996). AQDS apparently relieves these constraints by its direct
interactions with and its ability to shuttle electrons between
oxide and cell surfaces. Hydroquinone is a facile reductant of
Mn(IV) oxides (Stone and Morgan, 1984; Kung and McBride,
1988). Hydroquinone can reduce ferrihydrite but, for thermo-
dynamic reasons, is weakly reactive toward hematite and goe-
thite (Kung and McBride 1988; LaKind and Stone, 1989). In

contrast to hydroquinone, reduced AQDS (AH2DS) is a stron-
ger reductant because of its lower E° (0.228 V as compared to
that of 0.699 V for hydroquinone). Hydroquinones form a
surface complex on the oxides that allows electron transfer to,
and the in-place reduction of, the oxidized metal ion centers on
the surface (Stone and Morgan, 1984; Kung and McBride,
1988; LaKind and Stone, 1989). AH2DS is structurally similar
to hydroquinone and is expected to react with the oxide surface
in a similar manner. We suspect that reduced AQDS is more
effective in electron delivery to HFO because, as a reactive
solute without the structural and size constraints of the organ-
ism, it may more readily access the complex surface topogra-
phy and inter-aggregate space of the amorphic electron accep-
tor. HFO typically exists in water as loose agglomerates of
nanometer size particles where approximately 25% of the
Fe(III) is solute-reactive (Dzombak and Morel, 1990). AH2DS
may accelerate topotactic conversion of the HFO by more
uniformly reacting with and reducing the Fe(III) associated
with these sites.

Electron micrographs of the solid-microbe interface (not
included) show that HFO associates with the organism surface
as variable sized aggregates of nanoparticles. The complex
geometry of the aggregates and their steric interaction likely
prevents optimal interaction between the organism surface and
the oxide for electron transfer. A significant percentage of the
organism surface does not appear in contact with the oxide
under such conditions, and the full reductive potential of the
organism surface may not be realized. AQDS may stimulate
respiration by providing a greater effective concentration of
electron acceptor around the organism periphery. As a solute, it
would have improved access to regions of enzymatic activity or
high electron density on the organism surface. For this same
reason, solutions of Fe(III)-citrate or -nitrilotriacetic acid
(NTA) are reduced more rapidly than suspensions of HFO at
the same molarity (data not shown). AQDS may also diffuse
through the outer membrane to the periplasm where it could
engage with the electron transport chain without the need for
surface complex formation. AQDS is functionally similar to
menaquinones which are integral to the electron transport chain
of bacteria includingS. putrefaciens(Myers and Myers, 1993),
and this similarity may allow AQDS to interact with the elec-
tron transport chain by mechanisms that are precluded for the
hydroxylated Fe(III) centers on the oxide surface.

The enhanced respiration of DIRB in the presence of AQDS
may favor the development of organism proximate microenvi-
ronments. The biogenic mineralization observed herein results
from biologicallyinducedas opposed to biologicallycontrolled
processes, such as the intracellular membrane-assisted forma-
tion of magnetosomes byAquaspirillum(Gorby et al., 1988).
The biomineralization induced by CN32 may be facilitated by
a number of microbially induced chemical effects in addition to
Fe(III) reduction. These effects could include local supersatu-
ration of select ions, complexation, local redox and pH modi-
fications, changes in ion activities, and the continuous supply of
reactants at optimal rates. For example, Eqn. 2 implies that a
microenvironment high in Fe21, HCO3

2, CH3COO2, and pH
may surround actively respiring DIRB. Bicarbonate and acetate
complexation of Fe(II) within this microenvironment may draw
Fe(II) from the residue solid phase, and the ensuing elevated
concentrations of Fe(II), hydroxyl, and bicarbonate may pro-
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mote siderite supersaturation and precipitation as postulated by
Mortimer and Coleman (1996). In the presence of AQDS, a low
pe microenvironment may surround actively respiring cells that
is enriched in AH2DS and that may destabilize or otherwise
prevent the formation of expected solid phases, given the
average or macroscopic pe estimated from the global AQDS
speciation. The microenvironments may extend beyond the
HFO surface into aggregate interstices because the organisms
and solid are in close association.

Fe(II) also sorbs to the surfaces ofS. alga(Urrutia et al.,
1998) and, presumably, to the surfaces ofS. putrefaciens. Metal
binding to cell surfaces may serve to nucleate or prevent
mineralization. Biomineralization can either be enhanced or
inhibited by the presence of biological polymers (Williams,
1989) such as LPS, EPS, or protein which are typically asso-
ciated with the outer surfaces of gram-negative bacteria. The
potential impacts of biosorption in this system are not known.

5.0. IMPLICATIONS FOR IN SITU BIOGEOCHEMICAL
PROCESSES

The extent of HFO reduction byS. putrefaciensCN32 was
increased by the presence of Fe(II) complexing ligands such as
HCO3

2 and HPO4
22. Although these studies were conducted

with synthetic HFO, similar experiments with naturally occur-
ring iron oxides indicated that the natural oxides were equally
or more susceptible to microbial reduction (Zachara et al.,
1998). The aqueous chemical composition also influenced the
extent of reduction and the distribution of the resulting Fe(II) in
the natural sediments in a manner similar to that observed in
this study. In the absence of complexing ligands, as in the
PIPES-buffered media, biogenic Fe(II) sorbed strongly to the
HFO, promoting its solid-state conversion to magnetite or
green rust. These results have significant implications for bi-
omineralization processes involving dissimilatory metal-reduc-
ing bacteria in both natural and manipulated environments.
Magnetite is an apparent metabolic product of a wide variety of
iron-reducing bacteria (Blakemore and Blakemore, 1991;
Lovely, 1991b); occurs frequently in soil and aquifer, freshwa-
ter, and marine sediments; and is concentrated within ancient
banded iron formations (Walker, 1984).

The stability of magnetite in such environments is a function
of a number of factors including pH, pe, and pCO2; its presence
or absence also reflects geochemical conditions that promote
(presence of reactive HFO) or inhibit (presence of high-P) its
formation. From a thermodynamic standpoint, magnetite will
convert to siderite at atmospheric concentrations of CO2 when
the pe1 pH reaches approximately 2.2. Although the micro-
bial reduction of magnetite has been shown to be thermody-
namically favorable only under a relatively narrow pH range,
its stability is quite sensitive to the concentration of complexing
ions such as HCO3 and PO4. Hence, the microbially directed
formation of siderite via reduction of Fe(III) oxides or magne-
tite may occur naturally when such ligands and appropriate
electron donors are in sufficient concentration.

The weathering of silicates has been postulated to be coupled
to the precipitation of carbonates by phototrophic microorgan-
isms, occurring globally on a scale of a billion tonnes of
carbonate-C per year (Ferris et al., 1994). Given the abundance
of Fe in anaerobic sedimentary systems, the fixation of CO2 by

Fe(II) generated by microbial reduction could have an equally
significant impact. In addition to CO2 fixation, microbial re-
duction of Fe(III) oxides to siderite (or vivianite) or green rust
allows for greater oxidation of organic matter or contaminants
than when magnetite is the end product. Metal-reducing bac-
teria can effectively couple the oxidation of organic contami-
nants to the reduction of Fe(III) (Kazumi et al., 1995; Lovely
and Lonergan, 1990). Nitroaromatics (Heijman et al., 1993,
1995) and chlorinated solvents can be abiotically reduced by
microbially generated Fe(II). In aquifer and other sedimentary
environments, Fe(III) and Mn(IV) oxides typically constitute
the greatest mass of potential oxidant (Heron et al., 1994);
Nealson and Saffarini, 1994). The formation of magnetite in
these sediments could effectively sequester two-thirds of the
aquifer oxidation capacity to a form that is microbially unavail-
able and poise the pe at a point where contaminant reduction
reactions may be less favorable.
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