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ABSTRACT

 

The reduction of Fe during bacterial anaerobic respiration in sediments and soils not only causes the
degradation of organic matter but also results in changes in mineralogy and the redistribution of many nutrients
and trace metals. Understanding trace metal patterns in sedimentary rocks and predicting the fate of contaminants
in the environment requires a detailed understanding of the mechanisms through which they are redistributed
during Fe reduction. In this work, lacustrine sediments from Lake Matano in Indonesia were incubated in a minimal
media with the dissimilatory iron reducing (DIR) bacterium 

 

Shewanella putrefaciens

 

 200R. These sediments
were reductively dissolved at rates slower than pure synthetic goethite despite the presence of an ‘easily reducible’
component, as defined by selective extractions. DIR of the lacustrine sediments resulted in the substrate-
dependent production of abundant quantities of extracellular polymeric substances. Trace elements, including
Ni, Co, P, Si, and As, were released from the sediments with progressive Fe reduction while Cr was sequestered.
Much of the initial trace metal mobility can be attributed to the rapid reduction of a Mn-rich oxyhydroxide
phase. The production of organo-Fe(III) reveals that DIR bacteria can generate significant metal complexation
capacity. This work demonstrates that DIR induces the release of many elements associated with Fe-Mn
oxyhydroxides, despite secondary mineralization.
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INTRODUCTION

 

Iron oxyhydroxides are ubiquitous components of surficial
materials and are often the dominant redox buffering solid
phases in soils and sediments (Heron & Christensen, 1995;
Cornell & Schwertmann, 1996). The geochemical behaviour
of Fe oxyhydroxides has a profound influence on the global
biogeochemical cycling of elements, including carbon, sulfur,
nitrogen, and phosphorus in addition to heavy metals and
arsenic (Perret 

 

et al

 

., 2000; Benner 

 

et al

 

., 2002; Stipp 

 

et al

 

.,
2002). Understanding the behaviour of nutrients and trace
metals during biological and abiotic processes that effect iron
mineral phase transformations is paramount for predicting
their distribution, mobility, and bioavailability in the environment.

In the absence of oxygen, Fe(III) can be used as a terminal
electron acceptor (TEA) during microbial respiration (Lovley

 

et al

 

., 2004). In this process, termed enzymatic Dissimilatory
Iron Reduction (DIR) (Lovley, 1991), bacteria couple hydrogen
and organic carbon oxidation to the reduction of Fe(III).

Dissimilatory Fe-reducing bacteria (DIRB) utilize Fe(III)
from a wide variety of oxyhydroxide and clay minerals (Lovley

 

et al

 

., 2004). The ensuing reduction of structurally bound
Fe(III) to Fe(II) causes the reductive dissolution of these
minerals (Lovley 

 

et al

 

., 1987; Hering & Stumm, 1990;
Grantham 

 

et al

 

., 1997; Zachara 

 

et al

 

., 2002).
Based on the association between many trace elements and

Fe(III) oxyhydroxides, and the tendency for these minerals to be
dissolved under suboxic conditions, DIR has often been linked to
trace element mobility in the environment. The resultant mobility,
however, is controlled by several factors including the nature of
the association between the element and the Fe mineral (e.g.
isomorphically substituted, adsorbed, included as a discrete
mineral phase), a plethora of sorption reactions between the
element and the existing sediment and secondary mineralization
products (Zachara 

 

et al

 

., 2001), by solution chemistry, notably
the presence of complexing species such as humic acids (Tessier

 

et al

 

., 1996) and the existence of solution concentration gradients
(Hamilton-Taylor & Davison, 1995). Elements commonly
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associated with Fe oxyhydroxides and, therefore expected to
be strongly influenced by DIR, are given in Table 1.

It has been demonstrated that enhanced P mobility in
submerged soils was due to ferrihydrite dissolution and the
concomitant release of sorbed P (Bostrom 

 

et al

 

., 1988). A causal
relationship between enhanced mobility and DIR was established
for radium (

 

226

 

Ra) in mine tailings (Landa 

 

et al

 

., 1991) and As
in contaminated lake sediments (Cummings 

 

et al

 

., 1999).
Detailed experimental work has shown that the biologically
induced reductive dissolution of Fe minerals causes the release
of strongly bound, isomorphously substituted trace elements
such as Ni and Co, from synthetic ferrihydrite (Fredrickson

 

et al

 

., 2001) and goethite (Zachara 

 

et al

 

., 2001).
While experiments using monomineralic, synthetic Fe

oxyhydroxides can provide fundamental information regarding
the rates and mechanisms of DIR, these experimental systems
do not adequately replicate the complexity of natural sediments
and soils. Accordingly, experiments addressing trace element
and nutrient mobility need to be conducted on heterogeneous
natural samples, such as lake sediments, in which Fe-bearing
minerals are characterized by extensive cation substitution and
contain a variety of sorbed trace elements. In this study, trace
metal and nutrient release from tropical lake sediments were
investigated as a function of DIR.

 

EXPERIMENTAL

 

Preparation of sediments and synthetic goethite

 

Iron-rich sediments (Lake Matano sediment; LMS), produced
by the weathering of peridotite bedrock (Golightly, 1981;
Crowe 

 

et al

 

., 2004) were collected from Lake Matano
(Sulawesi Island, Indonesia; 121

 

°

 

20

 

′

 

E, 2

 

°

 

28

 

′

 

S) using a gravity-
coring device. LMS from the top 10 cm of the core was freeze-
dried and homogenized by mixing, without grinding so as to
preserve natural textures, in a 95% ethanol slurry under oxic
conditions then evaporated to dryness in a sterile bio-hood.
This procedure should render most native consortia nonviable
without effecting any mineralogical change

 

.

 

The mineralogy and texture of LMS were determined using
both X-ray diffraction [XRD; Rigaku MiniFlex (Rigaku, The
Woodlands, TX, USA) with Cu K

 

α

 

 radiation] and scanning
electron microscopy [SEM; Leo 1550 (Carl Zeiss SMT Inc.,
Thornwood, NY, USA) operated at an accelerating voltage of
20 kV with an energy dispersive spectrometer (EDS)]. Samples
for SEM were stub-mounted and gold-sputter-coated for 1.5 min.

The major element composition of the sample was determined
by X-ray fluorescence (XRF) on a lithium tetraborate fused bead
using a Philips PW2440 4 kW instrument (Panalytical Inc.,
Natick, MA, USA). Accuracy for major and trace elements was
within 1 and 5%, respectively, based on the analyses of standard
reference materials, and relative precision was within 0.5%
determined by repeated analyses of the same fused bead. The
surface area of LMS was characterized with a Quantachrome
Autosorb1 (Quantachrome Instruments, Boynton Beach, FL,
USA) using a five-point BET with nitrogen as the adsorbate gas.

For an experimental reference, a synthetic goethite sample
(Gt) was prepared from FeNO

 

3

 

·9H

 

2

 

O as described in Cornell
& Schwertmann (1996). The sample was washed five times
in a hydroxylamine hydrochloride solution (0.25 mol L

 

−

 

1

 

NH

 

2

 

OH·HCl in 0.25 mol L

 

−

 

1

 

 HCl) and five times in
NaC1O

 

4

 

 to remove any residual ferrihydrite (Zachara 

 

et al

 

.,
2001). Following this treatment the sample was rinsed 5 times
in 18 m

 

Ω

 

 RO H

 

2

 

O (Milli-Q, Millipore, Billerica, MA, USA).
The washed goethite was then freeze-dried at 

 

−

 

50 

 

°

 

C and 100
mbars. Mineralogy was confirmed using XRD and the surface
area characterized as described above.

 

Selective extractions

 

A suite of selective extractions was used to characterize the
nature of Fe oxyhydroxides and potential Mn oxyhydroxides
in LMS. Two protocols described by Neaman 

 

et al

 

. (2004) were
used to identify Mn phases. In brief, the first protocol involved
mixing 5 mg of LMS with 10 mL of 0.1 

 

M

 

 hydroxylamine
hydrochloride (pH 3.6) for 2 h. The second protocol involved
mixing 10 mg of LMS with 10 mL of 30% H

 

2

 

O

 

2

 

 and 0.5 M
HNO

 

3

 

 for 0.5 h. More aggressive extractions including 1.0 

 

M

 

hydroxylamine hydrochloride and citrate dithionite were used
to characterize the LMS Fe pool (Poulton & Canfield, 2005).
All extractions were conducted in duplicate.

 

Bacterial culture and growth medium

 

Cultures of 

 

Shewanella putrefaciens

 

 strain 200R (obtained
from J. Haas, Department of Earth Sciences, Western Michigan
University) were grown aerobically to the late log phase (18 h)
at 32 

 

°

 

C in tryptic soy broth (TSB) (Difco Laboratories,
Detroit, MI, USA) with 0.5% yeast extract (Difco Laboratories).
The initial cell density in the batch reaction vessels was 10

 

8

 

cells mL

 

−

 

1

 

 based on visible light adsorption at 600 nm. The
bacteria were harvested by centrifugation at 3000 

 

g

 

 and then

Table 1 Elements associated with Fe oxyhydroxides

Type of association Elements and valence References

Substitution for Fe(III) NiII, ZnII, CdII, AlIII, CrIII, GaIII, VIII, MnIII, CoIII, ScIII, PbIV, GeIV, CuII, SiIV, MgII, CaII 1
Cation sorption Pb2+, Zn2+, Cd2+, Hg2+, Cu2+, Ag+, Ni2+, Co2+, Cr3+, Ca2+, Sr2+, Ba2+, Ra2+ 2, 3
Anion sorption 2
Present in natural Fe oxides Al, Cr, Mn, Tl, Cu, Ni 4

PO AsO VO H AsO H BO SeO CrO4
3

4
3

4
3

2 3 2 3 3
2

4
2− − − − − − −, , , , , , 
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washed three times in an aerobic minimal media and once in
anaerobic media of the same composition that had been
deoxygenated. The minimal media was comprised of (in m

 

M

 

):
KCl, 1.34; NH

 

4

 

Cl, 28; CaCl

 

2

 

, 0.68; NaClO

 

4

 

, 50; lactate, 24;
and PIPES (C

 

16

 

H

 

33

 

N

 

4

 

Na

 

3

 

O

 

12

 

S

 

4

 

), 30.

 

Batch incubations

 

Thirty-six subsamples with nominal masses of 45 mg (

 

∼

 

25 mmol
Fe) were allocated to 15 mL polycarbonate test tubes. These
batch reaction vessels were inoculated with 10 mL of anaerobic
microbial media suspension in an anaerobic chamber (Coy
Laboratories Inc., Grass Lake, MI, USA) containing a N

 

2

 

:CO

 

2

 

:H

 

2

 

(85 : 5 : 10) atmosphere. The reaction vessels were rotated end-
over-end at 3.5 

 

×

 

 10

 

–2

 

 and incubated at 30 

 

°

 

C in the absence
of sunlight. Batch sampling was conducted by sacrificing selected
vessels, in duplicate, periodically over a period of 16 days.
Solutions were filtered through a 0.2-

 

µ

 

m filter and Fe(II)/
Fe(III) (Viollier 

 

et al

 

., 2000), alkalinity (Sarazin 

 

et al

 

., 1999),
and pH were determined within the chamber immediately after
filtration. Spectrophotometric measurements were conducted
using a HACH DR2010 spectrophotometer (1 cm path length)
(USA HACH Company, Loveland, CO, USA) situated within
the anaerobic chamber. The Fe(II)/Fe(III) measurements
were conducted within the chamber to minimize the potential
oxidation of Fe(II) by O

 

2

 

 from the atmosphere. The ferrozine
reagent was added to filtered samples immediately (< 1 min) after
filtration. Following the addition of the ferrozine reagent the
sample was mixed and allowed to equilibrate for 5 min before
the absorbance was measured. The hydroxylamine reductant was
allowed to react with the sample for 30 min before addition of
the pH buffer to allow sufficient time for the reduction of soluble
reactive Fe(III) species. The absorbance for Fe(III) measurements
was measured immediately after the addition of the pH buffer.
Samples for trace element determination were acidified to 1%
HNO

 

3

 

 (using 50% subboiling distilled HNO

 

3

 

) and stored at 4 

 

°

 

C
until ICP-MS analysis. Trace element concentrations, including
P, in solution were determined by ICP-MS using a Thermo-
Elemental X7 (Thermoelectron Corp., Walthorn, MA, USA) with
a collision cell. Accuracy and precision of ICP-MS determinations
are better than 2% determined by replicate analyses of standard
reference water SLRS-4. Aliquots of incubated solids were
preserved for SEM using a chemical critical point drying method
(Bennett 

 

et al

 

., in press) to fix biological tissues and preserve
cell morphology. The remaining solid was reserved for XRD
analysis (as described above) and freeze-dried at 

 

−

 

50 

 

°

 

C and
100 mbars. Geochemical modelling was conducted using JChess
with the Chess thermodynamic database (van der Lee, 1993).

 

Voltammetry

 

Voltammetric measurements [AIS Instruments (Flemington,
NJ, USA) DLK potentiostat] were conducted with a 50 

 

µ

 

m
radius Au/Hg amalgam working electrode (Brendel & Luther,

1995), a Ag/AgCl reference and a 1-mm Pt wire counter.
Previous workers have shown that organo-Fe(III) complexes
generate a characteristic current vs. time peak in voltammograms
(Brendel & Luther, 1995; Taillefert 

 

et al

 

., 2000; Carey &
Taillefert, 2005). These organo-Fe(III) complexes were detected
using cathodic stripping voltammetry (CSV) (Taillefert 

 

et al

 

.,
2000). In this technique the organo-Fe(III) complex is deposited
on the Hg surface at a potential of 

 

−

 

0.05 V (vs. saturated Ag/
AgCl). The complex is then reduced at the Hg surface by applying
a cathodic scan. The current that results from this reaction is
monitored and plotted vs. applied potential (Fig. 3A inset).
The two scans (Fig. 3A inset) were conducted after 7 days of
incubation with (blue) and without (red) deposition of the
organo-Fe(III) complex at a potential of 

 

−

 

0.05 V vs. Ag/AgCl.
The difference in the peak current at 

 

−

 

1.43 V vs. Ag/AgCl [which
results from the reduction of Fe(II) to Fe(0)], with and without
deposition, confirms that the broad peak at 

 

∼−

 

0.40 V vs. Ag/Cl
is due to the electrochemical reduction of Fe(III) to Fe(II).

 

Synchrotron based micro-XRF

 

Micro-XRF data (Fig. 2) were acquired on beamline X26-A at
the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (Upton, New York). Beamline X26-A is
capable of micron-scale spatial resolution. The detector used
at X26-A was a Microspec Wavelength Dispersive Spectrometer
(Acton Research Corp., Acton, MA, USA) and a Bruker SMART
1500 CCD array system (Bruker Axs Inc., Madison, WI, USA).

 

RESULTS AND DISCUSSION

 

Characterization of LMS

 

XRD spectra reveal that the mineralogy of LMS is dominated
by goethite (Fig. 1A), and contains minor amounts of quartz.
Scanning electron microscopy (Fig. 1B) revealed that LMS is
comprised largely of acicular fibers of up to 1 µm in length and
less than 100 nm in width. This morphology is characteristic
of fine-grained goethite (Cornell & Schwertmann, 1996) and
is consistent with the XRD analysis. The bulk chemical
composition of the sample is presented in Table 2. Specific
surface areas of LMS and Gt were similar, with measured values
of 49.15 m2 g−1 and 52.3 m2 g−1, respectively. The surface area
of Gt is similar to the surface area of 55 m2 g−1 reported for
medium surface area goetite (Roden & Zachara, 1996). The
value of 49.15 m2 g−1 obtained for LMS surface area is relatively
high for goethite-rich sediments (Roden, 2004). Although the
mineralogy of the sediment is dominated by goethite (see below),
the surface area measurements for LMS represent the mean
contribution from all of the phases present. The surface area
of LMS is less than 10% lower than Gt and suggests that Gt
and LMS should exhibit broadly comparable sorption capacities.
However, as the phase composition of LMS is different than
Gt (see below), the specific chemical affinities of surface sites
for Fe(II) and other divalent cations may be different.



4  S. A. CROWE et al.

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

Extractions that have been previously optimized to opera-
tionally select for Mn oxyhydroxides demonstrate a Mn-rich
phase present in LMS (Table 3). Of the total Mn pool 15 and
36% were dissolved by the 0.1 M hydroxylamine HCl and
H2O2 extractions, respectively. The 0.1 M hydroxylamine HCl
and H2O2 extractions also dissolved Fe, however, the ratios of
Mn:Mn+Fe (Table 3) are high and consistent with the existence
of discrete Mn-rich phases in LMS. The larger fraction of Mn
dissolved by the H2O2 compared with the 0.1 M hydroxylamine
HCl extraction is consistent with the presence of a refractory
phase such as lithiophorite in LMS (Neaman et al., 2004). Maps
of Kα florescence intensity (Fig. 2) demonstrate that Mn in
LMS exists both as discrete phases (red regions) and incorporated
into Fe minerals (pink regions). The extractions optimized to
functionally characterize the LMS Fe pool suggest that 16.2%

of the Fe in LMS is ‘easily reducible’ Fe oxyhydroxides such as
ferrihydrite or lepidocrocite (Poulton & Canfield, 2005) and 39.2%
of the LMS Fe pool consists of ‘reducible’ minerals including
goethite, haematite and akaganeite (Poulton & Canfield, 2005).

Reductive dissolution and organo-Fe(III) production

In both Gt and LMS incubations, the initial pH was 6.56 with
an increase of < 0.1 units over the duration of the experiment.
Alkalinity in the LMS and Gt incubations increased
systematically from 4.5 mM at 44 h to a maximum of ∼8 mM

at day 10 and dropped sharply to 5.5 mM at 13 days. Aqueous
Fe(II) and Fe(III) concentrations increased during incubation
(Fig. 3). Surface area normalized rates of reductive dissolution
were obtained by calculating linear regressions using the aqueous
Fe(II) concentrations in the first 6 days of incubation (Roden,
2003). With a surface area normalized first order rate constant
of 1.4 × 10−3 ± 0.4 × 10−3 µmol m−2 s−1, LMS was dissolved at
a rate slower than Gt (2.6 × 10−3 ± 1.1 × 10−3 µmol m−2 s−1),
at the 95% confidence level, despite the existence of an ‘easily
reduced’ component defined by the selective extractions.

These rates of dissolution may be used to approximate rates
of reduction. However, these rates are based strictly on aqueous
Fe(II) and therefore underestimate rates of reduction as some
Fe(II) would have been sequestered by the solid phase and is
not accounted for. The rates of dissolution observed here for
LMS and Gt are broadly comparable to the rates of reduction
observed for minerals of similar specific surface areas (Roden,
2003).

It is well established that the substitution of trace divalent
and trivalent cations for Fe(III) in iron oxyhydroxides influences

Fig. 1 (A) X-ray diffraction patterns of Lake
Matano sediment (LMS) (Gt = goethite; Qz = quartz).
(B) SEM photomicrograph of LMS before
incubation with bacteria (scale bar is 2 µM).

Table 2 Lake Matano sediment composition determined by XRF after lithium
tetraborate fusion (accuracy < 5%, precision < 0.5%)

Element
Concentration 
(wt %) Element

Concentration 
(p.p.m.)

SiO2 26.60 Co 541
TiO2 0.400 Ni 9800
Al2O3 8.00 V 165
Fe2O3 43.40
MnO 0.200
MgO 4.00
CaO 0.70
Na2O 0.20
K2O 0.50
P2O5 0.400
Cr2O3 0.940

Extraction Extractable metal 
(mmol g−1)

Fraction of total 
(%)

Mn/(Mn+Fe)

Fe Mn Fe Mn

0.1 M hydroxylamine HCl 0.003 0.004 0.06 15 0.57
H2O2 0.021 0.01 0.39 36 0.32
1 M hydroxylamine HCl 0.88 0.015 16.2 52 0.017
Citrate dithionite 3.01 0.016 55.4 57 0.005

Table 3 Selective extractions [extractions are
expected to have a precision of < 5% (Poulton &
Canfield, 2005)]
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the reactivity of these minerals by altering the bulk crystal
chemistry (Trolard & Tardy, 1987; Gerth, 1990), surface
chemistry (Ainsworth et al., 1989), solubility (Trolard &
Tardy, 1987), and dissolution kinetics (Torrent et al., 1987;
Schwertmann, 1991). It has been shown that the substitution
of specific cations influences the rate and extent of microbially
induced reductive dissolution of Fe(III) oxyhydroxide minerals
(Zachara et al., 1998, 2001; Bousserrhine et al., 1999;
Fredrickson et al., 2001; Kukkadapu et al., 2001). It is possible
that the precipitation of Cr and Al species on Fe oxyhydroxide
surfaces may slow the rate of reduction in LMS compared to
Gt (Bousserrhine et al., 1999). In other studies (Kukkadapu
et al., 2001), it was found that natural Al substituted (15%)
goethite from Atlantic coastal plain sediments was reduced
at twice the rate of pure synthetic goethite by DIRB
(Shewanella putrefaciens CN32). It was postulated that the

surface passivation effect of Al was counterbalanced by other
factors such as increased structural disorder or Al adsorption
to other trace mineral constituents. The slower rate of reduction
for LMS compared to Gt suggests that the presence of trace
constituents impedes Fe reduction despite increasing
structural disorder.

The high aqueous Fe (III) (∼300 µM) concentrations
(Fig. 3C,D) provide evidence for Fe(III) complexation. These
concentrations are well above those expected based on the
solubility of the aqueous free ion Fe3+ (9.6 × 10−20 M) or those
for the aqueous ferric hydroxide species Fe(OH)3 1.1 × 10−12

M. Voltammetric scans (Fig. 3A inset) conducted in parallel
reaction vessels reveal peaks consistent with the production of
Fe(III) binding ligands during DIR of LMS by S. putrefaciens
200R. Organic-Fe(III) peaks could not be detected in control
vessels that were not inoculated with S. putrefaciens. Current

Fig. 3 Fe speciation vs. time. (A) concentration of
aqueous Fe2+ (µM) in Lake Matano sediment (LMS)
incubations (inset) average of 3 square wave
voltammetric scans demonstrating the coexistence
of aqueous Fe2+ and organo-Fe(III) complexes,
blue = with deposition at −0.1 V, red = no
deposition at −0.1 V (B) concentration of aqueous
Fe2+ (µM) in Gt incubations (C) concentration of
aqueous Fe3+ (µM) in LMS incubations (D)
concentration of aqueous Fe3+ (µM) in Gt
incubations. Closed circles are inoculated LMS and
Gt and open circles are ‘uninoculated’ controls.

Fig. 2 X-ray fluorescence maps. (A) Lake Matano
sediment (LMS) before incubation. (B) LMS after
16 days incubation. Increases in the intensity of the
colours blue and red represent an increase in the
relative abundance of Fe and Mn, respectively (i.e.
pink zones represent Mn associated with Fe,
whereas red areas are discrete Mn phases).
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conceptual models for the mechanisms through which DIRB
gain access to insoluble Fe oxides include direct transfer of
electrons from outer membrane cytochromes to mineral
surfaces, the use of chelating agents to dissolve Fe(III), and
electron shuttling via natural organic matter or bacterial
exudates (Nevin & Lovley, 2002). Recently, it has been
demonstrated that electron transfer to extracellular substances
can be facilitated through electrically conductive pilli or ‘nanowires’
(Reguera et al., 2005; Gorby et al., 2006). Consistent with
the hypothesis of Carey and Taillefert (Carey & Taillefert,
2005) we suggest that the production of an organo-Fe(III)
species during the respiration of LMS is the result of a strategy
by some DIR bacteria to access Fe(III) from minerals. We
propose that the production of ligands, perhaps a soluble
component of EPS, during DIR would stabilize aqueous
species and enhance trace metal mobility in aquatic sediments.
At this point it is not feasible to completely rule out the
possibility that these ligands may be generated due to cell
lysis after death. However, the fact that most of the trace metal
release occurred during or before the accumulation of significant
aqueous Fe(II) suggests that metal release was largely the

result of microbial activity and not a passive response to an
increase in cellular debris.

Secondary mineralization and EPS production

Characterization of incubated LMS and Gt samples using
SEM showed evidence of secondary mineral precipitation
(Fig. 4A). These precipitates are small euhedral crystallites
(∼0.2 um), which occur clustered near cells but were too small to
compositionally characterize using EDS. Thermodynamic
equilibrium calculations have been used to predict potential
secondary minerals. The results of these calculations are reported
as saturation indices (SI) (Table 4). In this work SI is defined as:

where IAP is the ion activity product and KSP is the solubility
product for a given ion pair. Based on these calculations
it appears that siderite (FeCO3) may have precipitated
throughout the duration of the experiment and therefore
likely constitutes the major solid-phase sink for reduced Fe.

Fig. 4 (A) Secondary mineralization in Gt after 10 days, note the fine-grained equi-dimensional mineral precipitate that occupies most of the field of view and the
larger acicular goethite crystals (scale bar = 2 µM). (B) Gt after 16 days, note the absence of polymeric substances and the occurrence of grouped cells (scale
bar = 3 µM). (C) Lake Matano sediment (LMS) incubations after 10 days, note the abundance of extracellular polymeric substances (EPS) that connect groups of
cells (scale bar = 2 µM). (D) A higher magnification of LMS after 10 days incubation (scale bar = 1 µM).

SI
SP

  log
[ ]
[ ]

=
IAP
K
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Magnetite (Fe3O4) became saturated towards the end of the
experiment and may become a more important sink for Fe
over long periods of time. Vivianite (Fe3(PO4)2·(H2O)8)
remained undersaturated throughout the period of incubation,
suggesting it is neither an important sink for reduced Fe or P
under our experimental conditions. Instead, MnHPO4 was
supersaturated throughout the experiment, although it should
be noted that shifting the pH of the system above pH 7 would
provide thermodynamically favourable conditions for the
formation of vivianite. This suggests that MnHPO4 may be an
important sink for P and Mn in reducing environments like
lacustrine sediments, where the pH can be below 7, despite
the much greater abundance of Fe. Amorphous Si remained
undersaturated throughout the incubations, suggesting that
diatoms present in the sediment could dissolve during Fe
reduction. This may be the origin of some of the Si that
accumulated in the aqueous phase over the course of the
incubations. Recently, a link has been drawn between rapid
clay mineral formation and Fe, Al oxide-rich sediments
(Michalopoulos & Aller, 2004). Presumably, the enhanced
clay-mineral formation rates in metal oxide-rich sediments
result from the ample flux of cations induced by the reductive
dissolution of Fe oxides. In our experiments the clay mineral
minnesotaite was supersaturated throughout the experiment,
suggesting that the simultaneous dissolution of amorphous Si
and dissimilatory Fe reduction in Fe-rich sediments could lead
to rapid, low-temperature, clay mineral formation. Considering
that minnesotaite is a principal component in unaltered
banded iron formations (Walker et al., 1983), and the potential
importance of DIR in the formation of the reduced constituents
in BIFs, the possible relationship between DIR and minnesotaite
formation should be further investigated. For example, if
minnesotaite were to precipitate during the early stages of
diagenesis, it could form an important nonreactive sink for Fe2+,
enhancing the potential release of P from sediments and/or
decoupling reduced Fe from C. The silicon released during
DIR could also play an important role in regulating trace
element release via sorption and interlayer capture in secondary
clay minerals formed as iron reduction progresses.

Micro-organisms attach to both the original Fe oxyhydroxides

and the secondary precipitates in small groups as well as in
multicellular assemblages associated with extracellular polymeric
substances (EPS). Micro-organisms on LMS, particularly at
the end of the incubation, occur as large surface-adherent
groups of cells coated in EPS (Fig. 4C). These putative biofilms
can cover extensive areas of the LMS surface. Cells on the Gt
surface also occur in groups but EPS is scarce (Fig. 4B). Cell
assemblages are smaller and are more discretely distributed on
the Gt surface. The production of EPS in the presence of LMS
but not Gt is consistent with previous observations that the
production of EPS by S. putrefaciens depends on the composition
of the electron acceptor substrate (Little et al., 1997; Larsen
et al., 1998) and may be related to the presence of Mn oxyhy-
droxides. The extensive EPS-cell assemblages observed on LMS
may impede Fe reduction by forming a barrier between the
mineral/bacterial surfaces and the bulk solution. Thus, mass
transfer of reduction products out of these microenvironments
may impose both kinetic and thermodynamic barriers to Fe
reduction (Roden & Zachara, 1996; Urrutia et al., 1999;
Welch et al., 1999).

Trace element liberation

The aqueous concentrations of several trace elements of
interest, Mn, Ni, Co, As, P, and Si, were found to increase with
progressive Fe reduction. In contrast Cr and Ca decreased
with progressive Fe reduction (Table 5, Fig. 5).

To a first approximation the release of Mn, Co and Ni can
be attributed to the reductive dissolution of Fe oxyhydroxides.
However, the release of these elements in advance of significant
DIR (< 44 h) is likely due to the reductive dissolution of a
phase more readily reduced than the Fe oxyhydroxide (e.g.
MnO2). This is consistent with the 0.1 M hydroxylamine HCl
and H2O2 extractions which identified a Mn-rich phase in
LMS (Table 3) and with previous work (Quantin et al., 2001,
2002) that documented a Co- and Ni-bearing MnO2 phase in
lateritic soils. Quantin et al. (2001, 2002) found that this
MnO2 phase was reduced prior to Fe during fermentation-
induced weathering. Comparison of Kα XRF maps of the
LMS starting material with that of material after 16 days of
incubation shows a decrease in the abundance of discrete Mn
phases (Fig. 3). The approximately equivalent dissolution of Mn

Table 4 Saturation indices calculated for various solid species of interest at
three times over the course of incubations

Mineral name Chemical formula Day 2 Day 10 Day 16

Co2SiO4 3.23 3.86 3.71
MnHPO4 2.31 3.02 3.01

Siderite FeCO3 0.23 0.93 0.77
Minnesotaite (Fe,Mg)3Si4O10(OH)2 −0.59 1.26 1.34
Rhodochrosite MnCO3 −0.76 −0.30 −0.58

SiO2(am) −0.88 −0.82 −0.79
Calcite CaCO3 −1.29 −0.99 −1.19

Ni2SiO4 −1.37 −0.81 −0.82
Magnetite Fe3O4 < −3 < −3 0.370
Vivianite Fe3(PO4)2(H2O)8 < −3 < −3 − 2.68

Table 5 Mass balance for trace element release (at maximum aqueous
concentrations)

Element Aqueous total (%)

Fe 5.86
Mn 33
Ni 5.4
Co 3.0
P 44
As NA*
Cr 0.1

*Arsenic was not determined in LMS.
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in uninoculated LMS (Fig. 5G) can be attributed to either abiotic
reduction by organic matter or reduction by persistent indig-
enous cultures not rendered sterile by evaporation under ethanol.

Over the duration of the 16-day experiment, nearly 50% of
the total P was liberated from LMS. Arsenic followed a similar
release trend. Equilibrium speciation calculations predict that
the dominant aqueous As species were  and ,
suggesting that As released from LMS would not have been
reduced. Incubations with Gt showed a rapid decrease (1 day;
data not shown) of aqueous P concentrations to below our
detection limit (∼2 µM). As P was not added to the minimal
media, the aqueous P observed in Gt samples must have
originated from the bacterial inoculums.

Silicon was released up to 1.5% of its total abundance.
Presumably, this represents a reactive fraction of silica,
potentially diatoms, and Si incorporated into Fe oxyhydroxides.
The concentration of aqueous Cr increased rapidly within the
first 44 h, consistent with desorption of soluble, surface-bound
chromate or the release of Cr(VI) from dissolution of the Mn-
rich phase. Reduction of Cr(VI) to the much less soluble Cr(III)
by Fe(II) would explain the decrease in aqueous Cr with DIR
(Hansel et al., 2003). Equilibrium speciation calculations
predict that the stable Cr species is the mineral eskolaite (Cr2O3)
(although an amorphous Cr(OH)3(s) would likely be kinetically
favoured) and therefore support this hypothesis. Aqueous

calcium concentrations also decreased with progressive DIR.
This was likely due to the precipitation of carbonate phases as
a result of increased alkalinity from lactate oxidation. As the
solution is undersaturated with respect to calcite based on
equilibrium calculations, it is possible that Ca may be co-
precipitated with Fe/Mn carbonates such as siderite. Al
substitution in goethite is likely significant, however, aqueous
Al concentrations remained below our detection limits (∼1 µM)
and there appears to be no release of Al during DIR. As a result,
Al redistribution must occur largely within the solid phase.

A 1 : 1 relationship between the release of a given trace
element and dissolution of Fe is analogous to congruent
dissolution in pure mineral systems. When the fraction of a given
trace element is plotted as a function of the total Fe dissolved
(Fig. 6) it is apparent that the initial release of trace metals is
more extensive than Fe as noted above. With the progressive
Fe reduction, Mn and Ni release rates approach the rate of Fe
dissolution. In contrast, Co release is proportionally lower. The
difference in release rates between Co and Ni demonstrates
that these metals are fractionated during DIR.

CONCLUSIONS

Lake Matano sediment (LMS) is reductively dissolved at
rates slower than synthetic goethite despite the presence

Fig. 5 Aqueous concentrations of trace elements (µM) in Lake Matano sediment (LMS) incubations vs. time. Closed circles are inoculated LMS and open circles are
uninoculated controls.

H AsO2 4
− HAsO4

2−
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of oxyhydroxide phases that are more readily reduced by
chemical reagents. In LMS, mixed Fe/Mn oxyhydroxides
provide a reactive reservoir of mobile trace metals. Natural
oxyhydroxide minerals elicit different biological responses
than pure synthetic counterparts, for example the production
of EPS during DIR. This implies that the impact of DIR on
sediment and soil geochemistry and mineralogy is highly
dependent on the specific composition of the Fe substrate.
This complicates both the use of sediment trace element
chemistry for interpretation of palaeoenvironmental conditions
and the prediction of contaminant mobility in aquatic
environments. The ability of DIR bacteria to generate metal
complexation capacity during respiration suggests that biogenic

ligand production should be considered a potential mechanism
to induce trace metal mobility and potentially alter metal
bioavailability in sediments and aquifers under suboxic
conditions.
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