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Microbial iron reduction is an important biogeochemical
process that can affect metal geochemistry in sediments
through direct and indirect mechanisms. With respect to Fe(III)
(hydr)oxides bearing sorbed divalent metals, recent
reports have indicated that (1) microbial reduction of goethite/
ferrihydrite mixtures preferentially removes ferrihydrite,
(2) this process can incorporate previously sorbed Zn(II)
into an authigenic crystalline phase that is insoluble in 0.5
M HCl, (3) this new phase is probably goethite, and (4)
the presence of nonreducible minerals can inhibit this
transformation. This study demonstrates that a range of
sorbed transition metals can be selectively sequestered into
a 0.5 M HCl insoluble phase and that the process can
be stimulated through sequential steps of microbial iron
reduction and air oxidation. Microbial reduction experiments
with divalent Cd, Co, Mn, Ni, Pb, and Zn indicate that all
metals save Mn experienced some sequestration, with the
degree of metal incorporation into the 0.5 M HCl insoluble
phase correlating positively with crystalline ionic radius
at coordination number ) 6. Redox cycling experiments with
Zn adsorbed to synthetic goethite/ferrihydrite or iron-
bearing natural sediments indicate that redox cycling from
iron reducing to iron oxidizing conditions sequesters
more Zn within authigenic minerals than microbial iron
reduction alone. In addition, the process is more effective
in goethite/ferrihydrite mixtures than in iron-bearing
natural sediments. Microbial reduction alone resulted in a
∼3× increase in 0.5 M HCl insoluble Zn and increased
aqueous Zn (Zn-aq) in goethite/ferrihydrite, but did
not significantly affect Zn speciation in natural sediments.
Redox cycling enhanced the Zn sequestration by ∼12%
in both goethite/ferrihydrite and natural sediments
and reduced Zn-aq to levels equal to the uninoculated
control in goethite/ferrihydrite and less than the uninoculated
control in natural sediments. These data suggest that in
situ redox cycling may serve as an effective method for

mitigating divalent metal contamination in subsurface
environments.

Introduction
Dissimilatory reduction of iron oxide minerals has been
documented for a large number of microorganisms in a wide
range of environments (1-3), is an important constituent of
the global carbon and iron cycles (2, 4-7), and has a profound
effect on metal geochemistry in groundwater and sedimen-
tary environments. Since iron (hydr)oxides are important
sorbents of trace metals in many soils and sediments,
microbially mediated changes of the (hydr)oxide can have
an important impact on the mobility of contaminant metals.
The impact of microbial iron reduction on sediment mineral
composition and metal geochemistry has been extensively
researched (8-14), with most studies examining the ability
of dissimilatory metal reducing bacteria (DMRB) to directly
and indirectly alter the oxidation state of redox-reactive,
multivalent metals such as arsenic, chromium, and uranium.
With respect to the effect of DMRB activity on the cycling of
common transition metals, Zachara et al. (15) have dem-
onstrated that microbial Fe(II) production can alter the
sorption of Co(II) to goethite in the presence of EDTA. DMRB
activity produces Fe(II) that competes with Co(II) for EDTA
ligands, increasing the proportion of adsorbed Co(II) and
reducing cobalt mobility. Microbial reduction of Ni(II)- and
Co(II)-substituted goethite can release these metals into
solution (12, 14), and microbial iron reduction can also
mobilize previously adsorbed arsenic (16). Kamon et al. (17)
have indicated that Zn(II) mobility in a clay landfill liner
increases under iron reducing conditions, with sulfide
minerals controlling Zn(II) solubility under SO4

2- reducing
conditions. Using iron (hydr)oxides bearing sorbed Zn,
Cooper et al. (18, 19) have also reported that microbial iron
reduction can lead to slightly elevated levels of aqueous Zn(II),
while concomitantly increasing the amount of solid-associ-
ated Zn(II) that is insoluble in 0.5 M HCl. This change in
Zn(II) speciation is directly proportional to the amount of
ferrihydrite present, and likely results from Fe(II) reacting
with ferrihydrite to nucleate goethite (20, 21) and catalyze
Zn(II) incorporation into authigenic goethite. Taken together,
these studies indicate that (1) microbial iron reduction may
tend to increase the aqueous concentration(s) of divalent
metals in the absence of complexing agents; (2) that Fe(II)
production impacts divalent metal sorption properties; and
(3) that iron reduction in the presence of ferrihydrite can
alter the speciation of adsorbed metals by incorporating them
into a solid phase that is not soluble at low pH. This solid
phase is likely authigenic goethite (18), but the reports are
not conclusive in this regard.

The observed combination of increased metal release to
solution as surface sites are destroyed and increased metal
resistance to acid dissolution arising from microbial iron
reduction is intriguing and, at first perhaps, counterintuitive.
Increases in trace metal solubility could be explained partially
by a decrease in (hydr)oxide surface area and sorption sites
as a result of reductive dissolution of the sorbent, with
biogenic Fe2+ competing with metals for sorption sites in
sediments (15). Sequestration of previously adsorbed metals
into 0.5 N HCl-insoluble phases occurs concomitantly with
increases in aqueous solubility of these metals, and is thought
to occur via incorporation of metals into the matrix of
authigenic crystalline minerals that form as a result of
dissolution-precipitation reactions between Fe(II) and fer-
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rihydrite (18-22). This sequestration process can be mitigated
by nonreducible adsorbing minerals, such as 1:1 clays, that
provide alternate sites for metal sorption. This has been
demonstrated through studies that report microbial iron
reduction can shift previously adsorbed Zn(II) from surface
complexes with iron oxide minerals to outer-sphere ZnCl2

complexes that are likely associated with clay mineral surfaces
(18).

The combination of these previous studies suggests that
ferrihydrite is a key reactive mineral that can drive metal
sequestration into stable iron oxides, as long as nonreducible
minerals do not re-adsorb metals released from iron oxides
as a result of microbial iron reduction. These conclusions
with respect to Zn(II) raise two questions: (1) does this effect
extend to other metals?, and (2) can it be stimulated through
cycling between reducing and oxidizing conditions? This
study seeks to answer these questions by performing two
sets of experiments. First, we determine if microbial iron
reduction, in the presence of ferrihydrite, can sequester a
range of divalent metals into a 0.5 M HCl insoluble phase.
Second, we determine if sequential reduction, air-oxidation,
and reestablishment of anaerobic conditions can enhance
the proportion of “strongly bound” zinc (insoluble in 0.5 M
HCl) in both natural sediments and synthetic iron oxides.
This study is a follow-up to the previously reported work of
Cooper et al. (18), and we have adopted their methods and
choice of primary metal (Zn). We have also utilized the same
sediments used in their prior work, synthetic very high surface
area (VHSA) goethite and natural iron-kaolinite-quartz
sediment.

Materials and Methods
Sediment Characterization. The sediments used in these
experiments have been previously described (18, 19). Briefly,
the synthetic, VHSA goethite is a fine-grained mixture of
goethite (∼93%) and ferrihydrite (∼7%) with a high surface
area (95 m2 g-1) and all particles less than 150 µm in diameter.
Sediment Fe-K-Q is a clayey sand with moderate surface
area (38 m2 g-1), a cation exchange capacity (CEC) of ∼12 (
5 mmol charge 100 g-1, and ∼5% citrate dithionite (DCB)
extractable iron by mass. Most of the iron in sediment Fe-
K-Q is found in the smaller grain size fractions, with ∼75%
associated with hematite and the remainder associated with
fine-grain phyllosilicates that are predominantly kaolinite
with traces of illite. Chemical extraction data from these
studies (18) suggested that some ferrihydrite may be present
in sediment Fe-K-Q, but likely constitutes less than 1% of
total sedimentary iron. The main geochemical differences
between these two sediments arise from (1) surface area, (2)
the presence of nonreducible clay minerals in sediment Fe-
K-Q, and (3) the identity of the primary iron oxide mineral
(ferriydrite/goethite versus hematite).

Microorganism and Culture Conditions. Shewanella
putrefaciens is a Gram negative, motile rod with an obligate
respiratory metabolism (23). The strain used in these
experiments, S. putrefaciens 200, was originally isolated from
a Canadian oil pipeline by Obuekwe (24). The culture was
maintained on solid medium of nutrient agar containing 5
g L-1 yeast extract (Difco, Detroit, MI) as previously described
(25). Liquid cultures were grown in a 2.5-L Bioflow 3000
Fermentor (New Brunswick Scientific Company, Edison, NJ)
in a medium that consisted (per liter) of 2.0 g Na2SO4, 0.5 g
K2HPO4, 1.0 g NH4Cl, 0.198 g CaCl2‚2H2O, 0.1 g MgSO4‚7H2O,
19.35 mg FeCl3‚6H2O, 0.5 g yeast extract, and 3 mL of 60%
(w/v) sodium lactate. Following an initial period of aerobic
growth, anaerobic reductase activity was induced by reducing
the air-flow to approximately 100 mL min-1 and maintaining
the cells under suboxic ([O2](aq) < 2.5 µmol L-1) conditions
for a period of 12 h. S. putrefaciens cells were harvested by
centrifugation and re-suspended in a cell concentrate to a

target optical density (A600 ) ∼1.2) in artificial groundwater
(AGW) medium. Small aliquots of this cell concentrate were
subsequently used to inoculate the experimental slurries.

Iron Reduction Experiments with Zn2+ and Various
Solid-Phase Fe(III) Substrates. The anoxic artificial ground-
water medium (AGW) and VHSA goethite (∼95 m2/g) used
in these experiments have been described previously (18,
19). The AGW medium used in these experiments also
contained 10 mmol L-1 HEPES buffer and 10 mmol L-1 lactate
as a carbon source. An anoxic Zn2+ stock solution was
prepared by dissolving zinc chloride salt in Milli-Q water
and adjusting it to pH 6.0 with 10.0 M NaOH. This stock
solution was sterilized by autoclaving and an aliquot was
subsequently added to the AGW media so that the concen-
tration of total exogenous Zn2+ was 200 µmol L-1. The natural
iron-kaolinite-quartz sediment (Fe-K-Q) was not washed
or otherwise modified prior to experimentation. To prepare
the experimental slurry, enough sediment to account for 1
mmol of citrate dithionite extractable iron (c.a. 0.09 g VHSA
goethite, 1.3 g Fe-K-Q per tube) was added to a set of acid-
washed glass anaerobic culture (Balch) tubes (Bellco, 25 mL
nominal volume). The tubes were autoclaved and subse-
quently cooled in an anaerobic chamber (Coy Laboratory
Products) containing 95% N2 and 5% H2. Under anaerobic
conditions, 20 mL of lactate, HEPES, and Zn2+ amended sterile
AGW medium was added to the tubes. The tubes were then
crimp sealed with acid-washed, butyl rubber stoppers and
allowed to equilibrate on a shaker table (horizontal orienta-
tion) for a period of 7 days. Previous experiments have
indicated that pH and aqueous metal concentrations typically
reach an approximate steady-state condition within one
week, with subsequent changes being slow and of small
magnitude. The bottle headspace in all cases was 95%:5%
N2/H2, and the sediment in the tubes was manually re-
suspended once per day.

Prior to inoculation with S. putrefaciens, an initial set of
samples (t0) was taken to provide baseline characterization.
Because of the difficulty in obtaining repeatable aliquots of
coarse-grained sediments from suspended slurries, 4 sets of
5 Balch tubes (3 inoculated and 2 uninoculated) were
“sacrificed” at each sampling interval. Each set of 5 tubes
contained one sediment type (VHSA goethite, sediment Fe-
K-Q). Reported values reflect the average and standard
deviation of analyses conducted on tubes sampled at the
same time. For the purpose of comparison, all tubes are
assumed to be equivalent aliquots of one large set. Fe(III)
reduction experiments were initiated by inoculating slurries
with 0.5 mL of S. putrefaciens suspension under anaerobic
conditions. After dilution, this resulted in an estimated initial
culture optical density (A600) of 0.020, which corresponded
to approximately 2 × 106 cells mL-1. At each periodic sampling
point, a set of Balch tubes was removed from the shaker
table, manually inverted to resuspend any settled solids, and
then centrifuged (30 min, 4000g) to separate liquid from solid.
The centrifuged tubes were then transferred to the anaerobic
chamber, opened, and sampled for pH, aqueous Fe(II), and
aqueous Zn2+. Excess supernatant was decanted, the sedi-
ments were re-suspended in 20 mL of 0.5 M HCl, the tubes
were re-sealed inside the anaerobic chamber, and then the
tubes were transferred to a rotary mixer where they were
digested for 2 h at room temperature. After this digestion,
the tubes were centrifuged (30 min, 4000g) and the super-
natant was sampled for “bound” Fe(II) and Zn2+ (bound )
solid fraction that is soluble in 0.5 M HCl). The remaining
supernatant was decanted and the solid pellet was re-
suspended in 6.0 M HCl and digested for a period of 72 h.
After this final digestion, the tubes were centrifuged (30 min,
4000g) and the supernatant was sampled for “strongly bound”
Zn2+ (strongly bound ) solid fraction that is not soluble in
0.5 M HCl).
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With noted exceptions, experiments involving sequential
microbial reduction, Fe(II) oxidation, and microbial rer-
eduction were conducted according to the procedure de-
scribed above. For these experiments, two sets of 5 tubes (3
inoculated, 2 uninoculated) were sampled at each time point
prior to oxidation and two sets of 10 tubes (3 inoculated +
2 uninoculated exposed to oxidation and rereduction, 3
inoculated + 2 uninoculated not exposed to oxidation and
rereduction) were sampled at each time point thereafter.
Oxidation was accomplished by thoroughly flushing the
headspace of the “oxidized” tubes with sterile air twice within
a period of 12 h. Anaerobic conditions were reestablished by
thoroughly flushing the headspace of the “oxidized” tubes
with sterile, ultrahigh purity N2 at the end of the 12 h oxidation
period (10 min per tube, flow rate of 50 mL/min). Sets of
samples were taken at several time points prior to oxidation,
immediately prior to oxidation, immediately after oxidation,
and at two time points after the air removal.

Iron Reduction Experiments with VHSA Goethite and
Cd2+, Co2+, Mn2+, Ni2+, Pb2+, or Zn2+. With noted exceptions,
the artificial groundwater medium (AGW) and synthetic VHSA
goethite was synthesized according to the procedures
described above. Sterile, anaerobic stock solutions of Cd2+,
Co2+, Mn2+, Ni2+, Pb2+, or Zn2+ were prepared from the
respective chloride salts dissolved in Milli-Q water and
adjusted to pH 6.0 with 10.0 M NaOH (pH 5.5 for Pb2+). As
required, aliquots of these stock solutions were added to the
AGW media so that the concentration of total exogenous
metal was 100 µmol L-1 (25 µmol L-1 for Pb2+). Individual
sets of AGW medium were synthesized for each metal
treatment. For these experiments, the use of fine-grained
VHSA goethite as an Fe(III) substrate allowed repeatable
sampling of aqueous slurries and sacrifice of replicate tubes
was not necessary. Although the technique used in these
experiments has been previously described (18, 19), a brief
summary is presented here. The experimental slurries were
prepared by adding 0.5 g of sieved goethite to acid-washed,
glass serum bottles (nominal 160-mL volume), autoclaving,
and cooling as previously described for Balch tubes. While
maintaining anaerobic conditions, 125 mL of sterile, metal-
amended AGW medium was added to the bottles and the
bottles were crimp-sealed with an acid-washed butyl rubber
stopper. The bottles were equilibrated on a shaker table for
a period of 7 days, an initial sample (t0) was taken prior to
inoculation, and the t0 samples were treated as previously
described. Experiments were initiated by inoculating slurries
with 2.0 mL of a S. putrefaciens suspension concentrated
enough to produce 2 × 106 cells mL-1 in the sediment slurry.
Except for the use of small aliquot volumes and ∼2.0 mL
Eppendorf centrifuge tubes for the separation steps, sediment
digestions and operations were carried out as previously
described. Also, total metal was measured in a separate
aliquot and “strongly bound” metal was defined as the
difference between total metal added and the sum of the
aqueous and “bound” fractions.

Analyses and Sediment Characterization. Aqueous Fe-
(II) and bound Fe(II) were analyzed immediately after
sampling via a modified version of the colorimetric ferrozine
technique (26, 27). Acidified aqueous, bound, and strongly
bound Zn were stored in acid-washed polyethylene bottles
until they could be analyzed via flame atomic absorption
spectrophotometry (AAS). Solution pH was measured inside
the anaerobic chamber with a Cole Parmer glass electrode
calibrated with pH 4 and pH 7 standard NBS buffers. The
concentration of Cd2+, Co2+, Mn2+, Ni2+, Pb2+, and Zn2+ in
acidified extracts was determined by flame AAS using a
Perkin-Elmer 4100 flame atomic absorption spectropho-
tometer. For colorimetric analysis of ferrozine-treated Fe(II)
samples, the absorbance at 562 nm was measured on a
Schimadzu UV-2101PC UV/VIS spectrophotometer. Metal

standards for AAS analysis were prepared by diluting aliquots
of certified commercial standards in 0.5 M HCl, and Fe(II)
standards were diluted from a concentrated stock solution
of ferrous sulfate in 0.5 M HCl. Unless otherwise noted, all
solutions were prepared in Milli-Q water (R ) 18 MΩ). All
experiments, extractions, and analyses were performed in
acid-washed glassware and plasticware, and procedural
blanks consisting of Milli-Q water were sampled regularly to
monitor for potential metal contamination.

Results
Effect of Microbial Iron Reduction on Previously Sorbed,
Divalent Metals. Data describing the effect(s) of microbial
iron reduction of VHSA goethite on the speciation of
previously adsorbed Cd(II), Co(II), Mn(II), Ni(II), Pb(II), and
Zn(II) are provided in Figure 1. These data are presented as
the fraction of total metal that is not soluble in 0.5 M HCl
(fraction immobilized) at the final time-point (500 h) versus
the ionic radius of the metal in an oxide crystal with
coordination number equal to six. For all metals, the degree
of immobilization at the initial time point (168 h) was within
the error bars given for the final time point (500 h). Greater
than 75% of total Fe(II) was produced within the first 168 h,
and Fe(II) was slowly produced throughout the experiment.
This time-trend is consistent across all metal slurries, and
agrees with previous reports for Fe(II) production in batch
studies of iron reduction with a solid substrate. All inoculated
slurries generated 6-7 mM Fe(II) over the course of the
experiment, except Cd (∼1 mM) and Pb (∼4.5 mM). For all
slurries, save Pb, pH was 7.0 ( 0.1 for both inoculated and
uninoculated systems. For Pb, pH was ∼6.5 ( 0.1 for both
inoculated and uninoculated systems. All metal speciation
data has been normalized to the uninoculated control sample.
For Zn(II), the fraction of Zn(II) immobilized into a 0.5 M
HCl insoluble phase is similar to what has been previously
reported (18, 19). The solid-phase speciation data (Figure 1)
indicate that the degree of divalent metal immobilization
generally correlates with the ionic radius of that metal in a
crystal where the basic structural unit is an octahedron (CN
) 6). With the exception of Mn(II), divalent metals with an
ionic radius under octahedral coordination (CN ) 6) more
similar to that of iron experience a greater degree of reductive
immobilization. Similar comparisons with charge function

FIGURE 1. Plot of fraction of metal immobilized versus the metal’s
ionic radius in octahedral coordination (CN ) 6) for experiments
conducted with VHSA goethite. Vertical lines represent ionic radius
of Fe(II) and Fe(III), and error bars represent the standard deviation
between triplicate samples. The fraction of metal immobilized )
([strongly bound metal]inoculated - [strongly bond metal]uninoculated) /[total
metal]. [Strongly bound metal] ) [total metal] - [0.5 N extractable
metal] - [aqueous metal]. Fraction immobilized is calculated from
the difference between the inoculated sample and uninoculated
control over the final three sampling periods.
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and first hydrolysis constant do not yield a similarly consistent
trend (data not shown).

Effect of Redox Cycling on Fe(II) Concentrations in VHSA
Goethite and Fe-K-Q. Data describing the effect(s) of
sequential iron reduction, air-oxidation, and reestablishment
of anaerobic conditions on Fe(II) speciation in these two
sediments are provided in Figure 2. Data for pH and aqueous
Fe(II) are similar to what has been previously reported (18,
19), and data are shown only for the sum of aqueous and 0.5
M HCl-extractable Fe(II). For reference, pH ranges from 6.8
to 7.2 in reduced samples, and aqueous Fe(II) contributes
25-50% of total Fe(II). In oxidized samples, pH ranges from
6.4 to 6.8 with no discernible time trend. The iron reduction
portion of these data indicate that ∼10% of total dithionite-
reducible iron is reduced in these experiments. These results
are in good agreement with previous studies conducted under
analogous conditions (18, 19, 28), indicating that the bio-
geochemical conditions within these experiments are com-
parable to those in previous reports. Microbial reduction of
VHSA goethite produced Fe(II) at a fast initial rate, which
then decreased and Fe(II) concentrations asymptotically
approached a final concentration of ∼4800 µmol Fe(II)-tot
L-1 (sum of aqueous and 0.5 M HCl-extractable). Microbial
Fe-K-Q reduction produced similar trends, with Fe-K-Q
Fe(II) concentrations asymptotically approaching final con-
centrations of ∼4000 µmol Fe(II)-tot L-1. Fe(II) production
was not observed in the uninoculated controls (data not
shown).

Upon air-oxidation, total 0.5 M HCl soluble Fe(II) in all
oxidized slurries decreased to less than 0.25 mM in both
slurries while aqueous Fe(II) decreased to below detection
limits (aqueous Fe(II) data not shown). Fe(II)-tot in VHSA
goethite decreased to less than 0.1 mM while Fe(II)-tot in
sediment Fe-K-Q only decreased to ∼0.25 mM, indicating
that surface-associated Fe(II) in sediment Fe-K-Q may be
more resistant to air-oxidation than is Fe(II) in synthetic VHSA
goethite. After air-oxidation, the headspace was flushed with
N2 to eliminate headspace O2 and speed reestablishment of
iron-reducing conditions. During this putative rereduction
step, both aqueous and 0.5 M HCl soluble Fe(II) slowly
increased in VHSA goethite but did not change in sediment

Fe-K-Q during ∼2 weeks of subsequent incubation under
anaerobic conditions.

Effect of Redox Cycling on Zn(II) Speciation in VHSA-G
Goethite and Fe-K-Q. The effect of redox cycling, as
demonstrated by changes in Fe(II), on Zn(II) concentrations
is different for aqueous and 0.5 M HCl soluble Zn in the two
different sediment systems. These data are presented in terms
of the difference between an inoculated sample and unin-
oculated control, rather than the measured concentrations
in inoculated and control experiments. This was done to
simplify data presentation while accounting for slow abiotic
changes in Zn speciation that can occur in long-term
experiments as a result of sorption processes and diffusion
into micropores. Within experimental precision, the sum of
individual species matched the total Zn added, indicating
that all Zn was recovered (data not shown).

For aqueous Zn, data describing the effect(s) of sequential
iron reduction, air-oxidation, and reestablishment of anaer-
obic conditions in these two sediments are provided in Figure
3. In VHSA goethite, Zn-aq in uninoculated controls decreased
from 1.4 ( 0.2 at t0 to an average 0.3 ( 0.2 µmol L-1 over the
last three time points (4-6 weeks). In the inoculated,
unoxidized VHSA goethite samples, Zn-aq increased from
1.4 ( 0.2 at t0 to 2.3 ( 0.2 µmol L-1 over the same time period.
This yields a net increase of ∼2 µmol L-1 Zn-aq as a result
of microbial iron reduction in VHSA goethite. In sediment
Fe-K-Q, Zn-aq in uninoculated controls decreased from
8.6 ( 0.8 at t0 to 6.3 ( 0.4 µmol L-1 over the last three time
points (4-6 weeks). In the inoculated, unoxidized Fe-K-Q
samples, Zn-aq decreased from 8.6 ( 0.8 at t0 to 7.3 ( 0.7
µmol L-1 over the same time period. This yields a net increase

FIGURE 2. Trends in the sum of aqueous and 0.5 M HCl soluble
Fe(II) as a function of time for VHSA goethite (circles) and Fe-K-Q
(squares). Closed symbols represent microbially reduced systems
that were never air-oxidized. Open symbols represent similar
systems that were oxidized (∼700 h) and then purged with UHP N2

to re-establish anoxic conditions as described in the text. The data
point at ∼700 h was determined immediately after oxidation and
prior to purging with N2. Error bars represent the standard deviation
between triplicate samples, and trend lines are for illustrative
purposes only. Note the break in the y-axis. Fe(II) production was
not observed in uninoculated controls.

FIGURE 3. Time trends denoting the effect of microbial iron reduction
on aqueous zinc for VHSA goethite (A) and Fe-K-Q (B). Closed
symbols represent systems that were never air-oxidized. Open
symbols represent systems that were oxidized (∼700 h) and then
purged with UHP N2 to reestablish iron-reducing conditions as
described in the text. The data point at ∼700 h was determined
immediately after oxidation and prior to purging with N2. Error bars
represent the standard deviation between triplicate samples.
Negative values denote samples where the inoculated system had
less Zn-aq than the uninoculated control.
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of ∼1 µmol L-1 Zn-aq for 3 of 4 sampling points as a result
of microbial iron reduction in sediment Fe-K-Q, a change
that is approximately equal to the standard deviation between
three replicate samples. Upon air-oxidation of reduced
samples, Zn(II)-aq decreased to levels lower than the
uninoculated control in both VHSA goethite and sediment
Fe-K-Q. The effect is most easily observed in VHSA goethite,
but may have resulted in a greater net decrease of Zn(II)-aq
in Fe-K-Q, where Zn(II)-aq concentrations are generally
much lower in the reduced/air-oxidized system than in the
uninoculated control (note the large error bars at the t )
∼800 h time point for Fe-K-Q). Reestablishment of anaero-
bic conditions in these slurries did not significantly alter
Zn(II)-aq concentrations during ∼2 weeks of subsequent
incubation under anaerobic conditions.

Data describing the effect(s) of sequential iron reduction,
air-oxidation, and reestablishment of anaerobic conditions
on strongly bound Zn in these two sediments are provided
in Figure 4. Note that an increase in strongly bound zinc
reflects a decrease in Zn(II) that is either aqueous or
extractable in 0.5 M HCl. Previous studies have indicated
that this strongly bound Zn(II) fraction is likely coprecipitated
with authigenic goethite that forms as a result of chemical
reactions between Fe(II) and ferrihydrite present in the
original samples (18). In VHSA goethite, strongly bound Zn
in uninoculated control samples increased from 72.1 ( 1.3
at t0 to an average 107.8 ( 6.5 µmol L-1 over the last three
time points (4-6 weeks). In the inoculated, unoxidized VHSA
goethite samples, strongly bound Zn increased from 72.1 (
1.3 at t0 to 178.0 ( 4.0 µmol L-1 over the same time period.
This yields a net increase of ∼70.2 µmol L-1 strongly bound

Zn as a result of microbial iron reduction in VHSA goethite.
In sediment Fe-K-Q, strongly bound Zn in uninoculated
controls increased from 108.1 ( 1.3 at t0 to 113.8 ( 14.4 µmol
L-1 over the last three time points (4-6 weeks). In the
inoculated, unoxidized Fe-K-Q samples, strongly bound
increased from 108.1 ( 1.3 at t0 to 114.6 ( 3.5 µmol L-1 over
the same time period. This yields no significant net change
in strongly bound Zn as a result of microbial iron reduction
in sediment Fe-K-Q. Upon air-oxidation of reduced VHSA
goethite samples, strongly bound Zn further increased to an
average of 199.6 ( 6.4 µmol L-1 over the last three time points.
In reduced Fe-K-Q samples, air oxidation increased strongly
bound Zn to an average of 127.6 ( 4.2 µmol L-1 over the last
three time points. This oxidation operation enhanced Zn
sequestration into a 0.5 M HCl insoluble phase (likely
goethite) by ∼12% in both Fe-K-Q and VHSA goethite.
Although subsequent reestablishment of anaerobic condi-
tions stimulated a minor amount of iron reduction in VHSA
goethite (Figure 2), further changes in Zn speciation after
this reestablishment of anaerobic conditions cannot be
resolved in either sediment (Figure 4).

Discussion
Previous studies have reported that microbial reduction of
ferrihydrite-bearing sediments can result in immobilization
of previously adsorbed Zn(II) into an 0.5 M HCl insoluble
phase that is likely authigenic goethite (18). These experi-
ments build upon this earlier work, and demonstrate that
this process (1) selectively immobilizes metals according to
atomic radius in an octahedral crystal, and (2) can be
enhanced by redox cycling. These experiments do not directly
investigate the role of ferrihydrite, as this issue was addressed
in previously reported studies conducted concomitantly with
these experiments (18). However, the role of ferrihydrite in
mediating changes in sediment iron and metal speciation in
response to redox shifts must be considered when interpret-
ing the results reported herein.

Figure 5 presents a summary of proposed reaction
mechanisms that are thought to affect divalent metal
speciation in ferrihydrite-bearing systems. In Step 1, a mixture
of iron-oxide minerals and ferrihydrite with previously
adsorbed divalent metals (Me) is exposed to a dissimilatory
iron-reducing microorganism. Microbially generated Fe(II)
can enter the aqueous phase, adsorb to surfaces, or displace
previously adsorbed metals (Step 2). Reactions between
ferrihydrite and Fe(II) are known to induce goethite nucle-
ation (20, 21), and can incorporate previously adsorbed metals
into the crystal matrix (18) (Step 3). Exposure to O2 (Step 4),
oxidizes microbially generated Fe(II) and nucleates new iron
oxide mineralssgenerally mixtures of goethite and ferrihy-
drite (29). If operative in a natural system, this process can
act to sequester metals into iron oxide minerals via either
reduction of iron oxides in the presence of ferrihydrite, or
through oxidation of Fe(II) generated via microbial iron
reduction. Since Fe(II) oxidation can generate new ferrihydrite
in addition to goethite (29), both the reduction and oxidation
processes can be operative in any sediment-water system
that is exposed to redox shifts.

Effect of Microbial Iron Reduction on Divalent Metal
Speciation in VHSA-G Goethite. Iron reduction experiments
conducted under both continuous-flow and batch conditions
have indicated that Fe(II) addition to ferrihydrite can induce
a ferrihydrite-to-goethite mineral transition that is partially
dependent on the rate of Fe(II) production (20-22). Other
reports have indicated that this transformation can act to
incorporate previously adsorbed Zn(II) into an authigenic
phase that is insoluble in 0.5 M HCl, likely goethite (18). The
presence of nonreducible clay minerals can negate the effect
of ferrihydrite transformations on Zn(II) sorption chemistry,
and reduce the extent of immobilization. To maximize the

FIGURE 4. Time trends showing the effects of microbial iron
reduction on strongly bound Zn (0.5 M HCl insoluble) for VHSA
goethite (A) and Fe-K-Q (B). Closed symbols represent systems
that were never air-oxidized. Open symbols represent systems that
were first oxidized (∼700 h) and then purged with UHP N2 as
described in the text. The data point at ∼700 h was determined
immediately after oxidation and prior to purging with N2. Error bars
represent the standard deviation between triplicate samples.
Negative values denote samples where the inoculated system had
less Zn-str-bnd than the uninoculated control. Higher values
represent a greater degree of Zn immobilization.
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extent of metal immobilization and more directly examine
how the Fe(II)-ferrihydrite reactions affect the chemistry of
different metals, the metal comparison experiments reported
here were conducted in a ferrihydrite-bearing synthetic VHSA
goethite in the absence of clay minerals.

The experiments reported here were performed with the
same synthetic VHSA goethite used in these previous
experiments (containing ∼7% ferrihydrite), and were gener-
ally conducted concomitantly with these previously reported
experiments (18). Microbial cultures, experimental condi-
tions, and iron oxide materials were identical to this previous
work; and the changes in iron and metal speciation during
the reduction experiments with Zn were also analogous. Thus,
we infer that the mineralogical changes observed in samples
from parallel experiments also occur in the experiments
reported here. The sole exception may be the Cd slurry, where
we observed ∼5× less Fe(II) production than in the other
experiments. However, this slurry resulted in more metal
immobilization than the Pb slurry that generated more Fe(II).
No data are available on the relationship(s) between Fe(II)
production rate and divalent metal immobilization that
occurs as a result of the Fe(II)-driven ferrihydrite-to-goethite
mineral transformation, and the relationship between Fe(II)
production rate and the extent of metal immobilization
cannot yet be resolved. However, results from this study
suggests that there may not be a strong relationship between
the processes that mediate metal immobilization in ferri-
hydrite bearing systems and the rate and extent of iron
reduction.

These results indicate that microbial iron reduction in
the presence of ferrihydrite selectively sequesters previously
adsorbed divalent metals according to their atomic radius in
an octahedral crystal. Cobalt, nickel, and zinc experienced
the highest degree of immobilization, with cadmium and
lead exhibiting much less immobilization. Lack et al. (30)
observed a similar relationship in studies of metal seques-
tration during nitrate-dependent oxidation of Fe(II). U, Cd,
and Co were removed from aqueous solution via coprecipi-
tation into iron (hydr)oxides formed during Fe(II) oxidation,
with the extent of removal from the aqueous phase likewise
related to how similar the ionic radius of the metal was to
that of iron. The basic structural unit of goethite is an
octahedron (CN ) 6) where a single Fe(III) atom is coor-

dinated to six O(-II) or OH- ions (29). The direct correlation
between the degree of metal immobilization and the divalent
metal’s ionic radius in octahedral coordination (CN ) 6) is
consistent with the hypothesis that Fe(II) production in the
presence of ferrihydrite transforms that ferrihydrite into
goethite via a dissolution/precipitation mechanism (20-22),
allowing the incorporation of previously adsorbed metals
into the crystal structure of the authigenic goethite (18).
Divalent metals with an ionic radius more dissimilar to that
of Fe(III) cause more deformities in the crystal structure,
resulting in greater free energy barriers to nucleation and
crystal growth. Divalent metals with an ionic radius more
similar to that of Fe(III) have a lesser impact on crystal
nucleation and growth, and are more likely to be incorporated
within goethite. Manganese, which exhibited no immobi-
lization, stands out as an exception to the observed trend
between metal immobilization and ionic radius. This dif-
ference possibly arises from the tendency for Mn oxidation/
reduction reactions to proceed much more quickly than those
for iron and other transition metals (31). This unique behavior
merits additional study, but does not detract from the general
trend observed here.

Effect of Redox Cycling on Zn(II) Speciation in VHSA
Goethite and Fe-K-Q. The combination of this study and
previous work clearly indicate that microbial iron reduction
in ferrihydrite-bearing systems can selectively incorporate a
range of divalent metals into an authigenic mineral insoluble
in 0.5 M HCl, likely goethite. The presence of nonreducible
clay minerals can inhibit the extent of metal incorporation
into this phase. The existence of this process, coupled to the
clay mineral effect, raises the question of whether iron
reduction, followed by Fe(II) reoxidation and oxidative iron
oxide precipitation, can enhance metal sequestration into
iron oxides. If operative, this process would enable a
mechanism for redox cycling to drive natural attenuation of
metal contamination. This study investigated this potential
by following changes in Zn(II) speciation through a series of
redox transformations in a goethite-ferrihydrite system
(VHSA-G) and a hematite-quartz-clay system (sediment
Fe-K-Q).

The results of this study suggest that sequential iron
reduction, followed by Fe(II) oxidation, can act to immobilize
divalent transition metals into an 0.5 M HCl insoluble phase

FIGURE 5. Schematic of proposed mechanism for the effects of redox cycling on divalent metal speciation in iron-bearing sediments.
Numbers 1 to 4 refer to the proposed mechanistic steps as described in the text. Me ) divalent metal. Octagons represent crystalline
Fe (hydr)oxides (e.g., goethite, hematite).
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while also minimizing increases in aqueous metal concen-
tration associated with iron reduction. The sequential
reduction-oxidation process enhanced the extent of Zn
immobilization in VHSA goethite and stimulated Zn im-
mobilization in natural sediment where bio-reduction alone
did not cause Zn immobilization. Reduction data are
consistent with previous work (18, 19), and the reoxidation
data indicate that Fe(II) oxidation can immobilize additional
sorbed metals into a phase not soluble in weak acid. The
identity of the phase formed via reoxidation was not
determined but it likely included a crystalline phase, e.g.,
goethite, with limited solubility in 0.5 N HCl. This observation
on the effect of reoxidation on metal speciation is also
consistent with previous work by others (30, 32, 33).

The sequential batch methodology used in this study only
stimulated a minimal amount of microbial iron rereduction
after the intermediate oxidation step. Although additional
lactate was added during the rereduction stage, fresh cells
were not, and the limited amount of rereduction may have
reflected a decrease in cell viability or cell surface passivation
via coatings of mixed Fe(II)-Fe(III) oxides formed during
oxidation. Reactions between Fe(II) and oxidized nitrogen
species (e.g., NO3

-, NO2
-) have been observed to form iron

oxide coatings that can reduce the net rate of Fe(II)
production, NO3

- reduction, O2 reduction, and fumarate
reduction by S. putrefaciens (34, 35). Thus, formation of iron
oxide coatings by other means (e.g., chemical oxidation of
Fe(II) by O2) could also result in a reduction in cell activity.
The response of a diverse microbial community that is
adapted to unstable redox conditions in the environment as
compared to the pure cultures used in our studies is unknown.
This unresolved issue, in combination with the observation
that the low extent of rereduction in these experiments had
little effect on Zn speciation, highlights the need for future
studies to investigate rates of iron redox cycling in natural
systems, and how those rates affect metal speciation in diverse
environments with varying amounts of ferrihydrite and clay
minerals.

This study emphasizes the importance of iron redox
cycling on driving changes in metal speciation in iron-bearing
sediments, and highlights the relative importance of ferri-
hydrite and clay minerals in mediating these transformations.
The new advance provided by this work is the observation
that the overall cycle of reduction and oxidation can act in
concert to reduce metal mobility to a greater extent than
either oxidation or reduction alone. For divalent metals, the
ability of this cycle to affect metal speciation is directly related
to the metal’s ionic radius in an octahedral crystal (CN ) 6).
This work suggests that bioremediation strategies involving
sequential reduction and oxidation might have utility in
reducing aqueous concentrations of divalent metals. In
addition, biological processes regularly mediate the iron cycle
in near-surface and subsurface systems (3, 36, 37), and thus
cycling between Fe(III)-reducing and Fe(II)-oxidizing condi-
tions may provide a mechanism for long-term, natural
attenuation of divalent metal contamination. Further re-
search is needed to establish the rates at which this process
may occur under field conditions, and the effect of sediment
mineral composition and fluid flow on this linkage between
iron redox cycling and transition metal mobility.
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