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ARTICLE INFO ABSTRACT

Sediment containing a mixture of iron (Fe)-phases, including Fe-oxides (mostly Al-goethite)
and Fe-silicates (illites and vermiculite) was bioreduced in a long-term flow through
column experiment followed by re-oxidation with dissolved oxygen. The objective of this
study was (a) to determine the nature of the re-oxidized Fe(Ill), and (b) to determine how
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redox cycling of Fe would affect subsequent Fe(Ill)-bioavailability. In addition, the effect of
Mn on Fe(lll) reduction was explored.>’Fe-Mdssbauer spectroscopy measurements showed

Keywords: that biostimulation resulted in partial reduction (20%) of silicate Fe(Ill) to silicate Fe(II)
Iron while the reduction of goethite was negligible. Furthermore, the reduction of Fe in the
Reduction sediment was uniform throughout the column. When, after biostimulation, 3900 pore
Oxidation volumes of a solution containing dissolved oxygen was pumped through the column over a

period of 81 days, approximately 46% of the reduced silicate Fe(II) was re-oxidized to silicate
Fe(ll). The M&ssbauer spectra of the re-oxidized sample were similar to that of pristine

Fe-silicates
Cycling
Manganese sediment implying that Fe-mineralogy of the re-oxidized sediment was mineralogically
similar to that of the pristine sediment. In accordance to this, batch experiments showed
that Fe(IIl) reduction occurred at a similar rate although time until Fe(Il) buildup started
was longer in the pristine sediment than re-oxidized sediment under identical seeding
conditions. This was attributed to oxidized Mn that acted as a temporary redox buffer in
the pristine sediment. The oxidized Mn was transformed to Mn(II) during bioreduction but,
unlike silicate Fe(II), was not re-oxidized when exposed to oxygen.

© 2007 Elsevier Ltd. All rights reserved.

et al,, 1999; Zachara et al., 2004). Re-oxidation of microbially
reduced Fe may occur in sediments that experience oxida-
tion-reduction cycling (e.g., seasonal groundwater fluctua-

1. Introduction

Microbial reduction of iron (Fe) has been shown to be

important in the transformation and remediation of contam-
inates in groundwater such as radionuclides (e.g., Anderson
et al.,, 2003; Fredrickson et al., 2004; Istok et al., 2004) and
petroleum hydrocarbons (e.g., Anderson et al., 1998; Tuccillo
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tions) and can thus impact the duration of contaminant
remediation. Multiple Fe phases can be present in sediments,
including amorphous/poorly  crystalline  Fe(lll)-oxides
(e.g., ferrihydrite), highly crystalline Fe(Ill) oxides and
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Fe(II)/(IlI)-silicates/clays. All of these Fe phases have been
shown to be bioreducible to various degrees under different
scenarios (e.g., Tuccillo et al., 1999; Larsen and Koch, 2000;
Kukkadapu et al., 2001, 2006; Fredrickson et al., 2004; Zachara
et al., 2004; Cooper et al., 2005; Roden and Zachara, 1996;
Peretyazhko and Sposito, 2005; Favre et al., 2006). Various
forms of biogenic Fe(Il) may exist—aqueous Fe(II), Fe(Il)
adsorption complexes on mineral surfaces (Larsen and Koch,
2000), mineral precipitates or sorbed Fe (Kukkadapu et al,,
2001; Peretyazhko and Sposito, 2005), and structural Fe(II)
(Gates et al., 1996; Jaisi et al., 2005) that may re-oxidize and
transform at different rates and extent in the presence of
oxygen. Little research, however, has been performed to
examine the extent and mineral changes involved during the
reduction and subsequent re-oxidation of biogenic Fe, and
how these changes will affect Fe bioavailability during
oxidation/reduction cycling. Introduction of oxygen (i) may
only re-oxidize adsorbed or sorbed Fe(II) on the outer surface
of the sediments, thus forming an Fe(lll) oxide shell that
protects Fe(ll) (and other reduced species) underneath the
Fe(Ill) from further oxidation, (ii) may simply re-oxidize the
reduced Fe(ll) in clays, and/or (iii) may not be effective in
oxidizing Fe(Il) immobilized in the oxide structure [e.g., Fe(Il)
in magnetite]. In scenarios (i) and (ii), re-oxidation of
bioreduced Fe(ll) may yield an Fe(lll) phase very different
than the initial one, thus potentially affecting the subsequent
rate and extent of Fe reduction.

In addition, manganese (Mn) (if any present and mixed with
the sediment) can also influence Fe-cycling. For example,
reducible Mn(IlI)/(IV)-oxides have been shown to act as a
temporary redox buffer and delay the onset of Fe reduction
(Fredrickson et al, 2004) though it is unclear how Mn
mineralogy will change during redox cycling and if Mn will
influence Fe(lll) reduction in the re-oxidized sediment.
Research performed regarding the effect of Mn on Fe cycling
(e.g., Canfield et al., 1993; Van Cappellen and Wang, 1996) has
mostly been done in marine environments and has not
focused on Mn/Fe cycling in saturated groundwater systems
where biological processes are employed for contaminant
remediation. The Mn(Il) produced during Mn reduction may
be soluble and be transported from the system. Alternatively,
the Mn(Il) may remain surface bound and re-oxidize when
oxygen is introduced to the system, thus continuing to affect
the onset of Fe-reducing conditions in the re-oxidized
sediment.

Therefore, reduction and subsequent re-oxidation of sedi-
ment could have a profound effect on Fe-reducing conditions.
A greater understanding of these interactions can have a
significant impact on bioremediation scenarios in these
environments where Fe reduction has been linked to con-
taminant degradation. The objective of the research described
here was to determine how the Fe mineralogy of sediment
containing Fe(Ill)-oxides, Fe(Il)/Fe(Ill)-silicates, and Mn-oxides
changes as it is cycled through biological reduction and
subsequent re-oxidation in field relevant conditions (flow-
through sediment columns). Key to this research is the
determination of which Fe fractions are actually reduced/
oxidized and how the Fe mineralogy of the re-oxidized
sediment compares to the initial sediment and hence how
the bioavailability of the Fe(lll) is affected by reduction/

oxidation cycling. In addition, this research explored how Mn
cycling influences microbial Fe(Ill) reduction.

2. Material and methods
2.1.  Sediment description

The sediment used was obtained from the uncontaminated
background area of the Office of Biological and Environmental
Research (OBER) Field Research Center (FRC) located within
the Y-12 Plant area on the Department of Energy’s (DOE’s) Oak
Ridge Reservation in Oak Ridge, Tennessee. The sediment was
collected at depths between 36” and 72" below ground surface
and stored at 4°C until its use. No additional preparation
(drying, sieving) was performed.

2.2. Sediment reduction via biostimulation

The sediment used in the re-oxidization column experiment
was biologically reduced in a column experiment previously
described in Komlos and Jaffé (2004). Briefly, a 30cm
long x 5cm diameter polycarbonate column was filled with
FRC sediment and supplied a phosphate buffered (PB; 10 mM)
solution (0.4 g KH,PO,, 1.23 g KoHPO,4, 10mL vitamin solution
(Lovley and Phillips, 1988a) and 10 mL trace minerals solution
(Lovley and Phillips, 1988a) per liter of distilled water) up-flow
through the column at a rate of 0.5 (+0.025)mL/min. The
column was equipped with sampling ports every 2cm along
the length of the column. Each sampling port had an SGE luer
lock stainless steel needle (50 mm, 23 ga., pt#2, Supelco) that
extended into the middle of the column. A syringe pump (KD
Scientific) supplied an acetate concentration of 3mM to the
column. The column was operated at 30°C until it was
destructively sampled in an anaerobic glove box (3:97 Hj:N,)
and Fe concentrations quantified along the length of the
column.

2.3. Fe re-oxidation column experiment

A 2.5cm diameter, 15cm long glass column (Kimble Kontes)
was filled inside an anaerobic glove box with 120g of the
bioreduced sediment from between 10cm and 20cm of the
column and transferred to a walk-in temperature controlled
chamber (30°C) where PB solution (constantly stirred to
maintain equilibrium with ambient atmosphere) was
pumped up-flow through the column at a rate of 0.35mL/
min. A Corning 317 dissolved oxygen (DO) meter was fitted to
an in-line sampling device attached to either the influent or
effluent of the column that allowed for DO to be measured
over time. A conservative tracer (bromide) breakthrough
curve was performed during the column experiment by
adding 40 mg/L bromide to the influent media and measuring
its concentration at the effluent. Bromide was detected using
a Dionex DX500 ion chromatograph with a CD25 conductivity
detector and a Dionex IonPac AS14-4mm column. At the
termination of the experiment, the column was destructively
sampled in an anaerobic glove box by removing the end cap
and incrementally removing sediment samples every 1-2cm
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with a long spatula and quantifying for Fe content as
described below.

2.4.  Batch bioreduction experiments

Batch experiments were performed to compare the rate of Fe
reduction in the re-oxidized sediment to that measured in the
pristine (original) sediment. Two different experiments were
performed; one with anthraquinone 2,6 disulfonate (AQDS;
Sigma-Aldrich) and one without AQDS. For each experiment,
the pristine sediment was bioreduced in batch mode at the
same time (and with the same culture) as the re-oxidized
sediment. A description of the experimental set-up is as
follows. One gram of either pristine or re-oxidized sediment
was added to crimp-seal test tubes with 9mL of PB solution
and sealed with a butyl rubber stopper (Fisher Scientific). The
tubes were purged with CO,/N, gas (20:80) for 15min. One mL
of a Geobacter sulfurreducens growth culture was added to
each tube to ensure that both sediments contained a
significant quantity (7 x 10° cells/mL) of an active Fe-reducing
population. The growth culture was prepared by growing
G. sulfurreducens on acetate and ferric citrate for 5 days in a
bicarbonate buffered growth media prepared as previously
described (Komlos and Jaffé, 2004). After 5 days, the growth
culture was rinsed to remove aqueous Fe(ll) by centrifuging
(5900g) for 20min, anaerobically removing the supernatant
and replacing with PB solution purged with CO,/N, gas (20:80).
G. sulfurreducens was chosen because microorganisms with
16S rDNA sequences closely related to G. sulfurreducens have
been isolated from the FRC during biostimulation (Peacock
et al, 2004) and are important organisms in subsurface
environments experiencing bacterial Fe(IlI) reduction (Ander-
son et al, 2003). Sodium acetate was added to yield
concentrations of 10mM acetate. AQDS, an electron shuttle
that has been shown to enhance the rate and extent of Fe
reduction in this sediment (Komlos and Jaffé, 2004, Kukkada-
pu et al.,, 2006), was added in certain incubations to a final
concentration of 0.05mM. The tubes were placed on a slow
moving (7rpm) rotator in a 30°C incubator and Fe(Il)
concentrations were monitored over time as described below.

2.5. HCL-extractable Fe

HCl-extractable Fe concentrations were measured as de-
scribed below using different variations of the 0.5N HCl
extraction/ferrozine detection method (Lovley and Phillips,
1987; Komlos and Jaffé, 2004; Anderson et al., 1998). The Fe(Il)
concentration in the batch experiments was measured by
removing 0.1 mL of sample suspension and adding to 5mL of
0.5N HCL After 1h at room temperature, 0.1 mL of sample/
HCI suspension was transferred to 5mL ferrozine solution,
mixed for 15s, filtered using a 0.2pm nylon filter, and
analyzed using a Spectronic Genesys 2 spectrophotometer
(4 = 562nm).

In-situ measurement of biogenic Fe(ll) concentrations was
performed as described previously (Komlos and Jaffé, 2004).
Briefly, the sediment was locally disturbed at a sampling port
by extracting 0.5 mL pore water via syringe and re-injecting it
back into the column. A half mL of the now suspended
sediment/pore water solution was then extracted and added

to 2.0ml of 0.5N HCIL After 1h, 0.1mL of sample/HCl was
transferred to 5mL ferrozine and analyzed as described
above. To quantify the dry weight of this slurry, the sediment
resuspending procedure was performed with a separate
0.5mL suspended sediment/pore water sample added to a
pre-weighed aluminum dish that was dried at 103°C for 1h
and re-weighed. For each sampling point at each time point,
the Fe(ll) and dry weight analysis was performed in duplicate
when the Fe(Il) concentrations were low (before 100d) and in
triplicate later in the experiment when Fe(Il) concentrations
increased (after 100d). The standard deviation of the dry
weight and Fe(II) content was, on average, 20% and 34% of the
mean, respectively.

HCl-extractable Fe(II) concentrations [HCl-Fe(II)] were mea-
sured at the termination of the column experiments in the
anaerobic glove box by adding a known weight of sediment
slurry (~0.1g) to 5mL 0.5N HCI, extracting for 21-22h and
detecting as described above. Moisture contents were ob-
tained by weighing a sediment sample before and after drying
at 103°C for 1h. Total 0.5N HCI extractable Fe [HCI-Fe] was
quantified similarly to the above method for HCI-Fe(ll)
analysis except hydroxylamine hydrochloride was added to
the 0.5N HCl at a final concentration of 0.25N prior to
sediment addition. All samples were stored in the dark during
extraction. 0.5N HCl extractable Fe(lll) [HCl-Fe(lll)] was
determined as the difference between HCI-Fe and HCI-Fe(II).

2.6.  Mn analysis

Mn(II) and total Mn were extracted from sediment samples in
0.5N HCl for 24 h. The total Mn samples also contained 0.25N
hydroxylamine hydrochloride to reduce any Mn-oxides to
Mn(II). Mn(Il) was detected using a Dionex DX500 ion
chromatograph with a Dionex IonPac CS5A-4mm column
and absorbance detection (530nm) after postcolumn mixing
with 0.12g 4-(2-pyridyiazo)resorcinol monosodium salt hy-
drate (Sigma-Aldrich) per liter of MetPac PAR Postcolumn
Reagent (Dionex). The eluent (20% MetPac PDCA Eluent
Concentrate [Dionex], 80% de-ionized water) and postcolumn
flow rates were 1.2 and 0.7 mL/min, respectively. The oxidized
Mn concentration was obtained from the difference between
the total Mn and the Mn(ll) concentrations. Statistical
analysis was performed where indicated using two-sample
t-tests (unequal variance). Data sets were considered sig-
nificantly different if the p-values were lower than 0.05.

2.7. Mossbauer spectroscopy

The structural and mineralogical environment of Fe(Il) and
Fe(lll) in pristine, bioreduced, and bioreduced/re-oxidized
sediments was monitored by *’Fe transmission Mé&ssbauer
spectroscopy at 12K. Randomly oriented absorbers were
prepared by mixing ~0.1g of dried sample with petroleum
jelly. The prepared Md&ssbauer disks were stored at —80°C in
an anoxic chamber until analysis. The sample preparation
procedure and instrumentation were reported by Kukkadapu
et al. (2006). A closed-cycle cryostat (ARS, Allentown) was
employed for 12K measurements. The Mdssbauer data were
modeled with the Recoil software (University of Ottawa,
Canada) using a Voigt-based spectral fitting routine (Rancourt
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and Ping, 1991). The coefficients of variation of the spectral
areas of the individual sites generally ranged between 1% and
2% of fitted values.

3. Results and discussion
3.1. Pristine sediment characterization

Characterization of the Fe phases in the pristine (also in the
reduced and the re-oxidized) sediment was primarily per-
formed using *’Fe transmission Mdssbauer spectroscopy at
12K (Fig. 1). At this temperature, Fe(Ill)-oxides (e.g., “crystal-
line” ferrihydrite, goethite) that display sextet features are

a
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Fig. 1 - Mossbauer spectra (12K) of the (a) pristine sediment,
(b) reduced sediment and (c) re-oxidized sediment.

well resolved from doublets resulting from silicate/clay Fe(II)
and Fe(lll) (Murad and Cashion, 2004). The Mossbauer
spectrum of the pristine sediment (Fig. 1a) indicated that
the majority (90%) of the Fe was in the form of Fe(1lI), either as
Fe(lll)-oxide (55%, Al-substituted goethite [major sextet fea-
ture] with minor hematite [minor sextet]) or Fe(lll)-silicate
(35%—inner doublet, mostly illite/vermiculite). The remaining
10% of the sediment Fe was in the form of silicate-Fe(II) (outer
doublet). The silicate Fe(II)/Fe(Ill) ratio of the sediment was
~0.3. The identification of goethite and illite/vermiculite as
primary Fe repository was based on selective chemical
analysis, X-ray diffraction, transmission electron microscopy,
and variable temperature Mossbauer measurements per-
formed during another study (Kukkadapu et al., 2006). HCI-
Fe(lll) (1h extraction) from the pristine sediment
(10.942.9 umol/g dry sediment (Komlos and Jaffé, 2004)) was
only a small amount (1.5%) of the total Fe (820pumol/g
sediment; Fredrickson et al., 2004), which indicated little or
no ferrihydrite in the sediment. Though the pristine sediment
contained a significant amount of Fe(Il) as Fe(ll)-silicate (10%,
Fig. 1a), very little of this was extractable (0.05%) in 0.5N HCl
(Table 1).

3.2. Sediment reduction via biostimulation

The sediment was reduced in a long-term column experiment
where Fe reduction was first detected after 32 days of acetate
addition and continued at a rate of 0.17 umol/g sediment/d
until leveling after 250 days of column operation (Fig. 2). Fe(II)
was not detected in the pore water at the effluent of the
column (Komlos and Jaffé, 2004). Column operation was
discontinued (day 497) after biogenic Fe(ll) accumulation
appeared to level off and the Fe was quantified along the
length of the column (Fig. 3). The biogenic HCI-Fe(II)
concentration throughout the column after bioreduction
(Fig. 3) was greater than the initial (pristine) HCI-Fe(IlI)
(Table 1). The Mossbauer spectrum of the bioreduced
sediment (Fig. 1b) displayed a significant (20%) decrease in
silicate-Fe(Ill) and a concurrent increase in silicate-Fe(II)
yielding a Fe(II)/Fe(Ill) ratio that was significantly higher than
the pristine sediment (~0.6 vs. 0.3). The amount of biogenic
silicate Fe(Il) produced during the bioreduction experiment
and measured by Mdssbauer spectroscopy (8%, Table 1)
corresponded to the 0.5N HCl extractable Fe(Il) produced
during bioreduction (73.7 pmol/g, or ~9% of the total Fe
concentration). Therefore, for this sediment, biogenic silicate
Fe(Il) can be extracted by 0.5N HCI extraction even though
little silicate Fe(Il) in the pristine (unreduced) sediment was
extracted in 0.5N HCI (Table 1). The extent of silicate-Fe(III)
reduction was similar to that noted in the FRC sediment after
incubation with S. putrefaciens (strain CN32), despite different
media composition and electron donor (Kukkadapu et al,,
2006). In addition, the silicate Fe(II)/Fe(III) ratio was similar to
that when the sediment was bioreduced with AQDS in the
medium (rate and extent of goethite reduction, on the other
hand, was enhanced in the presence of AQDS) and chemically
reduced with dithionite-citrate-bicarbonate (DCB) (Kukkada-
pu et al, 2006) indicating that maximum silicate-Fe(III)
reduction was obtained. The absence of soluble Si as a
reduction byproduct was consistent with this hypothesis. The
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Table 1 - Fe and Mn 0.5 N HCI extraction data and Méssbauer summary from the original (pristine) sediment, reduced

sediment and re-oxidized sediment. HCI extractions times were 21-22h (Fe) and 24h (Mn)

Sediment  0.5N HCI extraction data (umol/g dry sediment) Mossbauer summary
Fe(1I) Total Fe Mn(1I) Total Silicate Fe(II) Silicate Fe(III) Goethite Hematite
Mn (%) (%) (%) (%)

Pristine 0.440.1 (3) 30.4+0.8 29+0.2 33.4+7.8 10 35 53 2

(4) (3) ©)]
Reduced 74.1+15.2 75.6+18.1 — — 18 28 53 1

() (6)

Re- 40.3+12.8 56.2+7.1 221427 21.5+1.7 13 33 51 3
oxidized (12) (13) (6) (6)

Data is average + std. () denotes number of replicate samples.

60
50
g
£ 40+
he]
Q
7]
2 30
)
1S
2
= 20
kol —4A— 10cm
[
10 —O— 20cm
—X¥— 28cm
(0} v T T 1
0 100 200 300 400 500

Time (d)

Fig. 2 - Surface bound Fe(II) concentrations (1h extraction)
over time during bioreduction for different locations along
the 30 cm column (adapted from Komlos and Jaffé, 2004).
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Fig. 3 — HCI-Fe(Il) (22 h extraction) concentrations along the
length of the column after 497 days of bioreduction
(average +std, n = 3).

results obtained here differ from those presented by Dong
et al. (2003), where AQDS was required to reduce silicate Fe(III)
(illite). Fe content and layer charge have been shown to play a
significant role in illite reduction (Seabaugh et al., 2006) and
could explain this discrepancy. The absence of discernable
change to the relative spectral area of goethite after bior-
eduction (Figs. 1la and b) implied that goethite was not
significantly reduced. The lack of goethite reduction corre-
sponds to batch experiments using FRC sediment (Kukkadapu
et al., 2006) but contradicts other biostimulation research
using FRC sediment (Stucki et al., 2007). The reasons for the
discrepancies are not clear but appear not to be due to
variation in sediment mineralogy (Stucki et al., 2007) and may
be due to changes in electron donor supplied, microbial
communities (North et al., 2004), redox conditions, water
chemistry, or subtle changes in mineralogy (crystallinity and
Al-content of oxides, and Fe content and layer charge of
illites, etc.). The reduced sediment analyzed in Fig. 1b was
from the influent end of the column. Another sample
analyzed by Mdssbauer spectroscopy from the effluent end
of the column revealed no significant difference in Fe valence
ratios or phase distribution (data not shown) agreeing with
the conclusion of a uniform Fe(Il) concentration throughout
the column after bioreduction as measured by chemical
analysis (Fig. 3). The uniform spatial profile resulting from
Fe(lll)-silicate reduction was different than the banding of
multiple Fe phases (magnetite, green-rust, vivianite) observed
during ferrihydrite reduction under advective flow (Hansel
et al., 2003).

There was no significant difference between the HCl-Fe(II)
and HCI-Fe concentration after 22 h extraction (74.1+15.2 and
75.6+18.1pmol/g dry sediment, respectively [n = 6]), indicat-
ing that no measurable Fe(Ill) was extracted. The lack of 0.5N
extractable Fe(Ill) present in the reduced sediment indicated
that only those Fe-silicate domains that were fully reduced
were soluble in 0.5N HCI (also observed in Kukkadapu et al.,
2006). Weak acid (0.5 N HCl) extraction for at least 1h has been
shown to solubilize siderite, vivianite, and green rust
(Fredrickson et al., 1998; Kukkadapu et al., 2005), possible
biogenic products of Fe(lll)-oxide transformation (Zachara
et al.,, 2002). The absence of Fe(Ill) in the HCl/hydroxylamine
extractions of the reduced sediment indicated that the
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biogenic Fe(II) was not in the form of green rust or magnetite,
Fe(II)/Fe(lll) phases. In addition, Mdssbauer analyses did not
show the presence of vivianite [Fe;(PO,),] or siderite [FeCOj]
which display significantly different Mdssbauer spectra than
silicate-Fe(Il) and goethite (Wade et al., 1999; Jorand et al,,
2000). Vivianite was an expected biogenic phase because a
phosphate buffered medium was used to stabilize pH for the
duration of the bioreduction. Vivianite forms as a product of
the bacterial reduction of ferrihydrite, goethite and hematite
when phosphate is present (Zachara et al., 1998; Fredrickson
et al., 1998; Kukkadapu et al., 2004).

3.3. Sediment re-oxidation with aerated PB solution

3.3.1. Dissolved oxygen profiles

The reduced sediment was re-oxidized by continuously
pumping aerated PB solution (without acetate) through the
column. The measured DO of the influent solution was
7.1+0.1mg/L. A bromide breakthrough curve that was
performed during the column experiment measured the pore
volume (PV) and average hydraulic retention time of the
column to be 11mL and 30min, respectively. The break-
through of the majority of the bromide (C/Co = 0.89) occurred
within two PV with complete breakthrough (C/Cy>0.99)
occurring within 6 PV (Fig. 4).

Initially, effluent DO concentrations were significantly low-
er than influent DO concentrations (effluent DO was less than
0.2mg/L for the first 26 PV). A sharp increase in effluent DO
was measured between 26 and 75 PV (Fig. 4), after which the
majority of the DO (6.2mg/L, or 92% of the influent DO) exited
the column. The effluent DO reached a pseudo steady-state
concentration of 6.74+0.1mg/L (n=15) (equivalent to
92.9+1.8% of the influent DO) after 1700 PV. Therefore, re-
oxidation of the bioreduced sediment displayed an initial fast
oxidation step followed by a much slower one (long DO
trailing, which was not observed in the bromide breakthrough
curve) (Fig. 4). Though the bromide breakthrough curve did
indicate the presence of a diffusion-limiting process given its
non-symmetry (Fig. 4, insert), the bromide outflow concen-

tration reached the value of the inflow concentration within
seven PV, which was not achieved for DO over the entire
duration of the experiment. This indicates that the shape of
the DO breakthrough curve is a combined effect of diffusion
and reaction limitations.

3.3.2. HCI-Fe analysis

The column was destructively sampled after 3900 pore
volumes (81 days) of aerated PB solution were pumped
through it when it appeared that pseudo steady-state
conditions persisted and the effluent DO concentrations
remained constant. The HCIl-Fe(ll) and HCl-Fe data (Fig. 5)
indicate that more Fe(Il) oxidation occurred in the middle and
end of the column than in the beginning of the column. These
non-uniform Fe(II) concentrations were due to the diffusion
and reaction limitations described above. Using the average
HCI-Fe(Il) concentrations from the reduced and re-oxidized
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Fig. 5 - HCI-Fe(II) and HCI-Fe (21 h extraction) concentrations
along the length of the column after re-oxidation.
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sediment (Table 1), the total amount of Fe(ll) oxidized during
the re-oxidation column experiment was calculated to be
33.8 umol Fe(lI)/g dry sediment [or 46% of the biogenic Fe(II)].

The remaining sediment from the re-oxidation column
experiment was stored at 4°C in a flask open to the
atmosphere for 21d followed by purging with air for three
hours in an attempt to oxidize any remaining biogenic Fe(II)
in the sediment. The HCI-Fe(ll) present after this additional
oxidation step was 18.3 (+0.5, n=5) pmol Fe(ll)/g dry
sediment. Periodic sampling of the re-oxidized sediment over
the next 14 d indicated that the Fe(Il) concentration remained
constant.

Comparison of the HCl-extractable Fe(Il) before and after
oxidation indicate that 46% of the biogenic Fe(ll) was re-
oxidized in the column, 30% of the biogenic Fe(Il) was not
oxidized in the column but was oxidized under completely
mixed conditions, and 24% was kinetically unreactive with
molecular oxygen, or reacted at an extremely slow rate.

3.3.3. Mdssbauer spectroscopy

The Mossbauer spectrum for the re-oxidized sediment
(Fig. 1c) was collected from a sample that underwent the
additional aeration step after being removed from the
column. This sample was chosen to represent fully re-
oxidized, bioreduced sediment. Re-oxidation of the sediment
increased the central Mossbauer doublet attributable to
silicate-Fe(IIl) (Figs. 1b and c). This coincided with a loss of
Fe(ll) as measured by both a decrease in the silicate/
bioreduced Fe(ll) fraction of the Mdssbauer spectrum (Fig. 1b
and c¢) and a decrease in the Fe(ll) measured using HCl
extraction (Table 1). The HCI-Fe(lI) and HCI-Fe concentration
throughout the column after oxidation (40.3+12.8 and
56.2+7.1umol/g sediment, respectively) was lower (p-va-
lue <0.02) than the HCIl-Fe(Il) concentration at the beginning
of the re-oxidation experiment (74.1+15.2 umol/g sediment),
indicating that the biogenic Fe(Il) was partially oxidized to a
form of Fe(IlIl) not readily extractable in 0.5N HCL. The absence
of Fe(Ill) in acid-extracts and the lack of Mdssbauer features at
12K that are characteristic of ferrihydrite (Murad et al., 1988)
suggested that ferrihydrite, a phase expected to form upon
oxidation of adsorbed Fe(ll), green rust, etc.; was not
produced. All combined, the results indicate that, even
though the sediment contained Fe(lll)-oxides and Fe(II)-
silicates, the majority of the Fe(Ill) that was bioreduced was
structural silicate-Fe(Ill). The silicate-Fe(Ill) was reduced to
silicate-Fe(Il) during bioreduction and the biogenic silicate-
Fe(Il) was oxidized back to silicate-Fe(Ill) upon exposure to
oxygen.

3.4.  Fe reduction in pristine and re-oxidized sediments

Batch experiments with AQDS were performed to compare Fe
reduction in the pristine sediment with the re-oxidized
sediment (e.g., Fig. 1c). An increase in weak-acid extractable
Fe(II) was measured within 5 days of incubation in the batch
cultures containing re-oxidized sediment (Fig. 6). After 12
days of incubation, significantly more biogenic Fe(Il) was
produced in the re-oxidized sediment compared to the
pristine one. Therefore, over the duration of this experiment,
the re-oxidized Fe(Ill) was reduced more readily than the
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Fig. 6 - Batch iron reduction experiments with AQDS using
the original (pristine) sediment (0) and the re-oxidized
sediment (¢). Fe(II) values are an average of samples taken
from three separate test tubes (+ SD) and extracted for 1h in
0.5N HCI.

oxidized Fe(Ill) present in the pristine sediment. Two ex-
planations for these results are: (i) the Fe(Ill) phase formed
during oxidation of the reduced sediment was more bioavail-
able then the original form and/or (ii) a more energetically
favorable electron acceptor (i.e. reducible Mn(IIIl/IV) oxides)
was present at higher levels in the pristine sediment and
functioned as a temporary redox buffer. The Mdssbauer and
chemical analysis show no discernable mineralogic differ-
ences between regenerated Fe(IIl) in the re-oxidized sediment
and mineral Fe(lll) in the pristine sediment. Hence the
bioavailability of the Fe(IIl) phases should have been compar-
able in the pristine and re-oxidized sediment.

To explore the influence of Mn on Fe reduction, pristine and
re-oxidized sediment samples were analyzed for the presence
of Mn(Il) and total Mn. There was less total Mn (p-value <0.05)
in the re-oxidized sediment than the pristine sediment (Table
1), indicating that some soluble Mn was flushed out of the
column. In addition, the Mn(Il) present in the pristine
sediment was only a small percentage (8.7%) of the total Mn
concentration, while virtually all of the extractable Mn in the
re-oxidized sediment was in the form of Mn(ll) (Table 1).
Therefore, the pristine sediment contained significant
amounts of oxidized Mn that was reduced to Mn(II) during
the bioreduction column experiment. Unlike Fe(Il), however,
the Mn(Il) present in the bioreduced sediment did not re-
oxidize when exposed to oxygenated water. The oxidation of
Mn(II) by molecular oxygen is well-known to be kinetically
limited (Davies and Morgan, 1989) and under certain
conditions Mn(II) can be stable in the presence of dissolved
oxygen for periods in excess of 7 years (Diem and Stumm,
1984). In addition, oxidized Mn has been shown to inhibit net
Fe(ll) production (Lovley and Phillips, 1988b; Myers and
Nealson, 1988). Therefore, the apparent delay of Fe(Il)
production in the pristine sediment relative to the re-
oxidized, bioreduced sediment appears to result from the
presence of oxidized Mn (which was not detected in the re-
oxidized sediment).
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Alonger duration batch experiment was performed without
AQDS to determine how the rate of Fe(ll) production would
compare in the two sediments. Though the onset of Fe(Il)
production in the re-oxidized sediment (16.7+4.0d, n=3)
occurred before the pristine sediment (29.5+9.2d, n = 2), the
rate of Fe reduction was comparable between the two
sediments (0.54+0.09 umol/g/d and 0.57+0.03pmol/g/d for
the pristine and re-oxidized sediment, respectively). Compar-
able Fe reduction rates were expected given that the
Mossbauer analysis indicated that the Fe(lll) in the two
sediments were not mineralogically discernable from each
other.

4, Conclusions

1. This study has shown that even though there were
multiple Fe(IIl) phases [goethite, Fe(Ill)-silicates, hematite]
present in this sediment, Fe(lll)-silicates were preferen-
tially reduced.

2. The Fe phases after bioreduction were uniform throughout
the column indicating that Fe(ll) was not significantly
transported.

3. The extent of silicate-Fe(lll) reduction in the column
experiment was similar to that observed in batch experi-
ments (which are easier to perform) as well as chemical
(DCB) reduction indicating that the less time-consuming
DCB extraction would be a good indicator of silicate-Fe(IlI)
reduction potential in this sediment.

4. The biogenic silicate-Fe(ll) was re-oxidized to silicate-
Fe(Ill) that was mineralogically similar to the original
(pristine) sediment.

5. Bioreduction of the cycled Fe(lll) resulted in faster Fe(II)
accumulation than in the pristine sediment. This was
attributed to the absence of oxidized Mn (which was
reduced during the initial bioreduction and was not re-
oxidized when exposed to dissolved oxygen).

6. For these sediments in which the silicate-Fe(lll) is the
dominant form of reducible Fe(Ill), biogenic Fe(Il) will be
surface bound and not significantly exported from the
system. This, coupled with the results that biogenic Fe(II)
will re-oxidize back to silicate Fe(Ill), indicates that Fe can
be cycled many times before the reducible Fe(Ill) in the
system is exhausted.
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