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Abstract—A quantitative study was performed to understand how Fe(Ill) site occupancy controls Fe(IIl)
bioreduction in nontronite by Shewanella putrefaciens CN32. NAu-1 and NAu-2 were nontronites and
contained Fe(IIl) in different structural sites with 16 and 23% total iron (w/w), respectively, with almost all
iron as Fe(Ill). Mossbauer spectroscopy showed that Fe(III) was present in the octahedral site in NAu-1 (with
a small amount of goethite), but in both the tetrahedral and the octahedral sites in NAu-2. Mossbauer data
further showed that the octahedral Fe(IIl) in NAu-2 existed in at least two environments- trans (M1) and cis
(M2) sites. The microbial Fe(III) reduction in NAu-1 and NAu-2 was studied in batch cultures at a nontronite
concentration of 5 mg/mL in bicarbonate buffer with lactate as the electron donor. The unreduced and
bioreduced nontronites were characterized by X-ray diffraction (XRD), Mossbauer spectroscopy, and trans-
mission electron microscopy (TEM). In the presence of an electron shuttle, anthraquinone-2,6-disulfonate
(AQDS), the extent of bioreduction was 11%—-16% for NAu-1 but 28%-32% for NAu-2. The extent of
reduction in the absence of AQDS was only 5%—7% for NAu-1 but 14%-18% for NAu-2. The control
experiments with heat killed cells and without cells did not show any appreciable reduction (<2%). The extent
of reduction in experiments performed with a dialysis membrane to separate cells from clays (without AQDS)
was 2%-3% for NAu-1 but 5%—7% for NAu-2, suggesting that cells probably released an electron shuttling
compound and/or Fe(IIl) chelator. The reduction rate was also faster in NAu-2 than that in NAu-1. Mossbauer
data of the bioreduced nontronite materials indicated that the Fe(IIl) reduction in NAu-1 was mostly from the
presence of goethite, whereas the reduction in NAu-2 was due to the presence of the tetrahedral and
trans-octahedral Fe(Ill) in the structure. The measured aqueous Fe(II) was negligible. As a result of
bioreduction, the average nontronite particle thickness remained nearly the same (from 2.1 to 2.5 nm) for
NAu-1, but decreased significantly from 6 to 3.5 nm for NAu-2 with a concomitant change in crystal size
distribution. The decrease in crystal size suggests reductive dissolution of nontronite NAu-2, which was
supported by aqueous solution chemistry (i.e., aqueous Si). These data suggest that the more extensive Fe(III)
bioreduction in NAu-2 was due to the presence of the tetrahedral and the frans-octahedral Fe(IlI), which was
presumed to be more reducible. The biogenic Fe(II) was not associated with biogenic solids or in the aqueous
solution. We infer that it may be either adsorbed onto surfaces of nontronite particles/bacteria or in the
structure of nontronite. Furthermore, we have demonstrated that natural nontronite clays were capable of
supporting cell growth even in medium without added nutrients, possibly due to presence of naturally existing
nutrients in the nontronite clays. These results suggest that crystal chemical environment of Fe(Ill) is an
important determinant in controlling the rate and extent of microbial reduction of Fe(Ill) in
nontronite. Copyright © 2005 Elsevier Ltd

1. INTRODUCTION Iron is an abundant element in soils and clay minerals, and
hence iron cycling in different environmental processes has

Clay minerals are ubiquitous in natural sediments, soils, and
sedimentary rocks, and they play an important role in a number
of environmental processes, including nutrient cycling, plant
growth, contaminant migration, organic matter maturation, and
petroleum production (Stucki, 1988; Stucki, 2005). The large
surface area and high charge density control the degree of
binding of organic and inorganic molecules to clay mineral
surfaces (Stucki, 1988). Microbial metal reduction can influ-
ence the fate and transport of organic (Lovley et al. 1989b) and
inorganic contaminants (Lovley 1995; Lovley and Lloyd,
2000).

* Author to whom correspondence should be addressed (dongh@
muohio.edu).
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been an area of active research. The mobility and stability of
iron is in part controlled by its oxidation state. Previous studies
using chemical reductants such as sodium dithionite and hy-
drazine have shown the effects of the iron oxidation state in
clay mineral on swelling, cation exchange and fixation capac-
ity, specific surface area, color, and magnetic exchange inter-
actions of the clay mineral (Stucki, 2005). Since these inor-
ganic chemical reductants are minor components of soils, they
are not likely to play a significant role in affecting the iron
oxidation state in clay minerals in natural environments
(Stucki, 1988). Since microorganisms capable of Fe(Ill) reduc-
tion have been observed at up to 10° cells per gram dry weight
of agricultural soil (Achtnich et al., 1995), the role of microbes
in controlling the oxidation state and cycling of iron has be-
come increasingly recognized. There have been numerous ex-
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amples showing coexistence of microbes and clay minerals in
a number of geological environments such as deep soils and
rocks up to 2700 m below the land surface, and high temper-
atures up to 90 to 100 °C (Boone et al., 1995; Lovley et al.,
2000).

More recent research is focused on biologic reduction of
structural Fe(IIl) in clay minerals, especially in iron rich smec-
tite, and have shown that microbes can also change the physical
and chemical properties of clay minerals, but to a different
extent (Kostka et al., 1999a, 1999b, 2002; Dong et al., 2003a).
There are several mechanisms by which iron-reducing bacteria
deliver electrons to solid Fe(Ill) as reviewed by Lovley et al.
(2004). Geobacter species require direct contact with Fe(III)
oxides to reduce them. Shewanella species do not require direct
contact, because they can produce chelators to solubilize Fe(III)
in oxides and release electron-shuttling compounds (Lovley et
al., 2004).

There have been a few attempts to determine the roles of
crystal chemical environments of Fe(Ill) in controlling the rate
of reductive dissolution of tetrahedral and octahedral iron by
chemical methods (Osthaus, 1956; Komadel et al., 1990, 1998;
Madejova et al., 1998; Komadel, 1999) with contrasting results.
However, there has been no attempt to understand whether the
site occupancy of Fe(IIl) in the smectite structure has any effect
on the extent and rate of microbial reduction of iron. In this
investigation, we specifically focused on how Fe(Ill) distribu-
tion between the tetrahedral and octahedral sites affects the
bioreduction of Fe(IIl) in the nontronite structure.

To achieve this goal, two nontronites (NAu-1 and NAu-2)
from the Clay Minerals Society with different Fe(III) structural
site occupancy were selected for study. Gates et al. (2002) have
shown that NAu-1 contains octahedral Fe(Ill) with only a
minor amount (2%) of tetrahedral Fe(IIl), whercas NAu-2
contains both octahedral (92%) and tetrahedral (8%) Fe(III).
Our characterization of these two clays revealed further differ-
ence in crystal chemical environment of octahedral Fe(Ill) (see
below). Shewanella putrefaciens strain CN32, a metal-reducing
bacterium, was used for all bioreduction experiments. The
effect of anthraquinone- 2,6-disulfonate (AQDS), a humic acid
analog and an electron shuttle for microbial Fe(IIl) reduction,
was investigated. Chemical extraction methods were used to
measure Fe(Il) production and Mossbauer spectroscopy to
characterize the distribution of Fe(Il) and Fe(III) in the nontro-
nite structure before and after bioreduction. The X-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM) were
used to study mineral transformations associated with the
bioreduction of Fe(III) in nontronite.

2. MATERIALS AND METHODS
2.1. Mineral and Bacterial Culture Preparation

The bulk samples of nontronites (NAu-1 and NAu-2) were pur-
chased from the Source Clays Repository of the Clay Minerals Society.
The nontronite samples were originally uncovered from veins in deeply
weathered granulite facies containing schist, gneiss and amphibolite
from Uley Graphite Mine near Port Lincoln in South Australia (Keeling
et al., 2000). The clay samples were first thoroughly ground, Na*-
saturated, and sonicated in an ultrasonic water bath. The clay suspen-
sion was centrifuged to obtain the size fraction of 0.02—0.5 wm. This
size fraction was repeatedly washed until no CI” was detected in silver
nitrate test.

The nontronite separates were characterized by chemical extractions

(Andradae et al., 2002) and direct current plasma (DCP) emission
spectroscopy (Katoh et al., 1999) to determine the total iron and the
total Fe(Il) content, by XRD to identify mineralogy, and by TEM to
observe specific morphology. The 0.02-0.5 um size fraction of both
NAu-1 and NAu-2 was relatively pure and contained 16.4 and 23.4%
total iron, respectively, in their structures with almost all iron as Fe(III).
The NAu-1 contained a small amount of iron oxide (goethite) (see
below) and traces of illite, quartz, and calcite as revealed by XRD and
Mossbauer spectroscopy, whereas NAu-2 was pure without any acces-
sory minerals. The 0.02-0.5 um fraction of clay was made into slurry
in sterile bicarbonate buffer (2 g/L of reagent grade NaHCO;, and
0.1 g/L of KCl) at clay concentration of 50 mg/mL. This slurry was
purged with 80:20 of N,:CO, and then autoclaved. It served as a stock
solution for subsequent experiments.

Shewanella putrefaciens CN32 (Subsurface Microbial Culture Col-
lection) was provided courtesy of Dr. David Boone (Portland State
Univ.). Strain CN32 was isolated from a subsurface core sample (250
m beneath the surface) obtained from the Morrison Formation., a
formation mined extensively for U, during drilling of a shale-sandstone
sequence in northwestern New Mexico (Fredrickson et al., 1998).
CN32 was routinely cultured aerobically in tryptic soy broth (30g/L)
from the stock culture, which was kept in 40% glycerol at —80°C.
After harvesting in TSB until mid to late log phase, CN32 cells were
washed three times in bicarbonate buffer. The initial cell density of all
cultures was measured by both acridine orange direct count (AODC)
and viable cell count.

2.2. Bacterial Reduction Experiments

To understand the ability of S. putrefaciens CN32 to reduce Fe(III)
in the nontronites, reduction experiments were performed with Fe (I1I)
in nontronite as the sole electron acceptor, lactate as the sole electron
donor, and CN32 cells as mediator. This experimental set-up allowed
direct contact between bacterial cells and nontronite particles. To
examine the possibility of alternative reduction pathways for S. putre-
factions CN32, i.e., Shewanella species may be able to reduce Fe(III)
in the nontronite structure without direct contact (Newman and Kolter,
2000; Rosso et al., 2003; Lovley et al., 2004), experiments were
performed by separating cells from clay by a dialysis membrane that
had pore size of 4.8 nm. All the experimental solutions were buffered
with bicarbonate at measured pH 6.8. Separate experiments were
conducted with increased KCI concentration to 13 mM and 54 mM,
which was 10 and 40 times higher than that of routine experiments, to
understand the role of potassium concentration in the clay mineral
reaction (especially the formation of illite) (Kim et al., 2004). In a
typical experiment with 20 mL final volume of culture-clay suspension,
the concentration of clay was 5 mg/mL (ca. 14.7 mM Fe in NAu-1 and
20.9 mM Fe in NAu-2) and the concentration of lactate was 20 mM. In
one experiment, concentration of Fe(III) was kept constant (20.9 mM)
for both NAu-1 and NAu-2 so that the comparison between NAu-1 and
NAu-2 was meaningful in terms of both clay and Fe(IIl) concentra-
tions. In selected treatments, 0.1 mM of AQDS was added. The
experimental tubes were purged with N,:CO, gas mix (80:20) and
sealed with thick butyl rubber stoppers. One mL of CN32 cell suspen-
sion was added from a freshly washed culture (2 X 107 cells/ml, final
concentration) in bicarbonate buffer by using a sterile needle and
syringe. To fully assess the effects of Fe(IIl) site occupancy on the rate
and extent of bioreduction in the two nontronites, all other parameters
were kept constant. Two types of controls were used: one consisted of
1 mL of sterile bicarbonate buffer in place of CN32 cells; the other
consisted of heat killed CN32 cells that were heated to 80°C for 1 h
before inoculation. All experiments were incubated at 30°C with shak-
ing at 60 rpm. All subsequent sampling and handling of culture media
and samples were carried out under sterile conditions and anaerobic
atmosphere in a Coy anaerobic chamber (95% N,, 5% H,) (Coy
Laboratory Products, Ann Arbor, MI).

2.3. Analyses

2.3.1. Analysis of bacterial Fe(Ill) reduction

At selected time points, the culture tubes were removed from the
incubator and 0.5 mL of cell-mineral suspension was sampled with a
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sterile syringe and was added to a centrifuge tube that contained 0.5 mL
of 1 N Ultrex HCL. The reaction was allowed for 24 hours before
measurement of Fe(Il). This extraction was termed the 0.5 N HCI
extraction and has been shown to be effective to extract microbially
produced Fe(II) including adsorbed form and Fe(Il) in biogenic solids
except for highly crystalline magnetite (Fredrickson et al., 1998; Za-
chara et al., 1998) and presumably silicates as well. The Fe(Il) in a
given solution was determined by Ferrozine assay (Stookey, 1970). The
rate and extent of microbial reduction of nontronite with time was
continuously monitored by measuring Fe(IT) production. The amount of
Fe(II) production resulted from the bioreduction was also measured by
the titration method (Andradae et al., 2002) following total dissolution
of all solids to test if the 0.5 N HCI extraction is effective in extracting
all biogenic Fe(Il) (i.e., that associated with silicates). To measure the
aqueous concentration of Fe(I), the cell-mineral suspension was cen-
trifuged until all the clay particles were settled. The aqueous Fe(I)
concentration was measured from supernatant by Ferrozine assay. At
several time points concentrations of other cations such as Si, Ca, Fe,
Al released into the solution were also determined using the direct
current plasma (DCP) spectrometry (Katoh et al., 1999).

The change in the number of viable cells over the course of the
experiments was monitored by viable cell counts. When cell growth
was observed in the experimental medium without added nutrients
(lactate, nontronite and bicarbonate buffer only), separate experi-
ments were designed to more systematically investigate cell growth
over the course of bioreduction. To understand the role of AQDS to
support cell growth, separate experiments were performed where
AQDS was used as the sole electron acceptor without any clay.
Control experiments included tubes without CN32 cells and heat
killed CN32 cells. At selected time points, the 1.0 mL of cell-clay
suspension was removed from the experimental tube, diluted and
plated in agar plate. The number of colony forming units (CFU) was
visually counted.

To understand why nontronite clays were capable of supporting
cell growth without externally supplied growth-supporting nutrients
such as trace metals and vitamins, we determined concentrations of
both trace metals and growth supporting nutrients in the NAu-1 and
NAu-2 separates used for the bioreduction experiments. Both
NAu-1 and NAu-2 were dissolved into solution using a flux fusion
method in lithium metaborate flux. The mixture was fused in a
graphite crucible at 950°C for 15 min. The molten bead was poured
into a 50 mL 5% HNO; solution containing 3000 ppm Li used as a
matrix modifier, plus 50 ppm Ge and 10 ppm Cd which were used
as internal standards. Trace element analysis was performed on this
solution using standard addition. Concentrations of trace elements
were determined by direct current plasma spectrometry. Total car-
bon (TC), total organic carbon (TOC), total nitrogen, and bioavail-
able phosphorus contents were determined in the STAR lab at the
Ohio State University.

2.3.2. X-ray diffraction

Both unreduced and bioreduced nontronite samples were studied by
XRD. The powder XRD patterns were obtained using CuK« radiation
with a fixed slit and a scintillation detector. The clay samples were
initially Na* saturated for proper identification and to make them
monoionic, because the (001) spacing of the oriented clay depends on
the type of cations in the interlayer region. The Na* is also a common
interlayer cation in natural clays and soils. The samples were then
glycolated with ethylene glycol, an organic intercalating reagent used
to identify expandable clay minerals. The crystallite size distributions
(CSDs) of clay minerals were determined by evaluating XRD data,
which can be represented as a Fourier transform series. This yields
Fourier coefficients for the various crystallite thicknesses, which can
then be treated according to Bertaut-Warren-Averbach (BWA) theory
to yield crystallite-thickness distributions (Drits et al., 1998). In cases
where illite may be present as a result of nontronite bioreduction (Kim
etal., 2004), attempts were made to detect it. To preserve illite/smectite
XRD peaks of a stack of crystals (a MacEwan crystallite) not broad-
ened by swelling except by crystallite-thickness effects, the crystals
were allowed to swell to the extent that they no longer diffracted
coherently by interparticle diffraction. It was accomplished by attach-
ing a polymer polyvinyl-pyrrolidone (PVP-10) to the swelling illite/

smectite basal crystal surfaces. In this procedure, the BWA method
provides the thickness of the individual crystals. These data were later
used to infer crystal-growth mechanisms for the samples using the
GALOPER computer program (Eberl et al., 2000). The layer charge
measurement was made according to the procedure suggested by Chris-
tidis and Eberl (2003).

2.3.3. Transmission electron microscopy

Both unreduced and bioreduced NAu-2 at time point of 45 days were
examined by TEM. The samples were fixed in 2.5% glutaraldehyde for
at least 1 d and allowed to settle to increase the concentration of solid
particles. The procedure for fixation, dehydration, embedding, and
sectioning is described elsewhere (Dong et al., 2003a). The JEOL 100S
transmission electron microscope was used to analyze morphology at
an accelerating voltage of 80 kV.

2.3.4. Mossbauer spectroscopy

The structural environments of Fe(II) and Fe(IIl) in pristine, and
bioreduced nontronite samples were determined by *’Fe transmission
Mossbauer spectroscopy at room temperature (RT) and 12 K. Ran-
domly oriented absorbers were prepared by mixing ~100 mg of dried
sample with petroleum jelly. The prepared Mossbauer disks were
stored at —80°C in an anoxic chamber until the time of analysis. Details
of absorber preparation and instrumentation are identical to those
reported in Kukkadapu et al. (2004). A closed-cycle cryostat (ARS,
Allentown) was employed for the 12 K measurements. For measure-
ments at 12 K, only the absorber was at this temperature, and both the
source and drive assemblies were still at RT. Modeling of the data were
carried out by the Recoil software (University of Ottawa, Canada)
using Voigt based spectral fitting routine (Rancourt and Ping, 1991).

3. RESULTS

3.1. Characterization of Unreduced Nontronite

The DCP measurement for the total iron and the titration
measurement for ferrous iron concentration showed that the
starting material of NAu-1 contained 16.4% total iron by
weight and only 0.4% of that was present as Fe(I[). The XRD
results indicated that NAu-1 had a small amount of goethite and
traces of illite, quartz, and calcite. The starting material of
NAu-2 contained 23.4% total iron by weight and only 0.6% of
the total iron was present as Fe(I[). The XRD results indicated
that NAu-2 consisted of pure nontronite with no other Fe-
bearing minerals. These results are generally consistent with
those reported by Keeling et al. (2000).

3.1.1. Mdssbauer spectroscopy

3.1.1.1. NAu-1 Room temperature (RT) and 12-K Moss-
bauer spectra of NAu-1 are shown in Figure 1. The spectra
were dominated by a central doublet (RT spectrum: 6 = 0.38
mm/s and A = 0.44 mm/s; 12-K spectrum: 6 = 0.48 mm/s and
A = 0.45 mm/s), and a minor sextet (RT spectrum: 6 = 0.38
mm/s, ¢ = —0.17 mm/s, and B, = 34.4 Tesla; 12-K spectrum:
6 = 0.49 mm/s, ¢ = —0.12 mm/s, and B,; = 49.9 Tesla; 12%
area). The central doublet parameters were typical of octahedral
Fe(IIl) (Murad and Cashion, 2004), which was in agreement
with a previous study (Gates et al., 2002). The sextet parame-
ters, both at RT and 12-K, were characteristic of goethite
(Murad and Cashion, 2004). It was also evident from RT and
12-K spectra that the particle size of goethite was >15 nm;
small-particulate goethite (< 15 nm) displays doublet feature at
RT due to superparamagnetism (Janot et al., 1973).
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Fig. 1. Mossbauer spectra of the starting NAu-1 at room temperature
(RT) (A) and 12 K (B). The curve fitting at the 12K spectrum for
NAu-1 shows 12% of iron oxide forming sextet.

3.1.1.2. NAu-2. Room temperature Mossbauer spectrum
of NAu-2 is shown in Figure 2A. The spectrum was identical to
that of Riverside nontronite (Boslough et al., 1986 and refer-
ences therein) but was significantly different from other well-
studied nontronites, such as Garfield and SWa-1 nontronites
(Goodman et al., 1976; Luca and Cardille, 1989). Boslough et
al. (1986) assigned the spectral feature to two distinct octahe-
dral Fe(IIl) environments, Fe(IIT) in M1 site [§ = 0.42 mm/s
and A = 1.20 mm/s; outer doublet (13% area)] and Fe(IIl) in
M2 site [§ = 0.37 mm/s and A = 0.34 mm/s; inner doublet
(87% area)]. Contribution due to tetrahedral Fe(IIl) was not
included in their fit. The Boslough’s assignment of the two
octahedral doublets was consistent with that by Goodman et al.
(1976) who described the Mossbauer spectra of untreated non-
tronites from a variety of localities. Goodman et al. (1976)
fitted the spectra with three doublets corresponding to trans-
octahedral Fe(I1), cis-octahedral Fe(IIl) and tetrahedral Fe(III).
The two doublets from octahedral Fe(Ill) were assigned to the
two crystallographically distinct types of coordination site (M1
and M2), with the smaller A being assigned to the M2 site (cis
site) and the larger one being assigned to the M1 site (trans
site). However, the difference in the A value between the M1
and M2 sites observed by Goodman et al. (1976) was not as
large and well-resolved as those observed in the Boslough et al.
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Fig. 2. Mobauer spectra of the starting NAu-2 at RT (A) and 12-K
(B). The inset in Figure 2A shows comparison of RT spectra between
NAu-1 and NAu-2. The peak assignments (Fe(III)-Trans-Oct, Fe(III)-
Cis-Oct, and Fe(IIl)-Tet) are based on comparisons of MQOssbauer
parameters with published literature.

(1986) study and in our study. These comparisons between our
observed spectrum and those published in literature indicated
that the outer doublet with the larger A value was due to Fe(III)
in the more distorted site (trans, M1 site), and the inner doublet
with the smaller A value was due to Fe(IIl) in the less distorted
site (cis, M2 site) (Fig. 2A). The presence of cis-octahedral
Fe(III) in both NAu-1 and NAu-2 was further consistent with
published literature indicating that in most dioctahedral micas
the cis-occupied structure (centrosymmetric structure) is more
common than the trans structure (Bailey, 1984).

The reported presence of tetrahedral Fe(Il) in NAu-2 (up to
9%; Gates et al. 2002), and an apparent contribution from a
significantly distorted Fe(IIT) environment (with an unusual A
~1.20 mm/s; Fig. 2A) made it difficult to obtain an unambig-
uous fit of the spectrum. To our knowledge, there were only a
couple of reports, even though not explicitly noted, of Fe(IIl)
environments in nontronite with A ~ 1.2 mm/s (Daynyak and
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Fig. 3. A) Fe(Ill) reduction in NAu-1 as measured by 0.5 HCl
extraction, each with four different types of treatment [control (without
cells, and heat killed cells), with and without AQDS]. B) Fe(IIl)
reduction in NAu-2 in the four different types of treatment in exactly
same environment as that 3A. The Fe(III) concentration in NAu-2 was
also kept equal t o that of NAu-1 in Figure 3A. C) The extent of Fe(III)
reduction in 28 days in the experiments with and without dialysis
membrane (to remove cell-clay contact). The reduction in control
experiments is also shown for comparison.

Drits, 1987; Townsend et al. 1987). Daynyak and Drits (1987)
fitted a spectral component (indicated by x in Fig. 2 of Daynyak
and Dirits) of disoriented nontronite sample with such a species
(i.e., large A value of 1.18 mm/s), without providing details.
Stucki (2005) eluded that the published structural formulas
(Luca and Cardille, 1989; Luca 1991a, 1991b; Luca and
Maclachlan, 1992; Manceau et al., 2000a, 2000b; Gates et al.,
2002), based on placing excess A7 in the tetrahedral sheet,
then Fe(III) if required to satisfy the Si** deficit, may under-
estimate tetrahedral Fe(III) content. Given these uncertainties,
we tentatively and qualitatively identified the RT spectrum of
NAu-2 with three doublets: Fe(III)-Trans-Oct (relatively higher
A), Fe(II)-Cis-Oct, and Fe(IIT)-Tet, respectively (Fig. 2A).

The 12-K Mossbauer spectrum (Fig. 2B) was obtained to
check for contribution of small-particle Fe-oxides, if any, to the
spectrum. Small-particle Fe-oxides (e.g., ferrihydrite, etc.)
magnetically order (or at least partial order) at temperatures
around 20 K (Murad and Cashion, 2004). The absence of sextet
features at 12 K, therefore, indicated that the doublet features in
the RT spectrum of NAu-2 were due to nontronite Fe-sites
alone, without any contribution from Fe(Ill)-oxides. The dif-
ferences in the apparent isomer shift values between the RT and
12 K were due to the second-order Doppler shifts. Mossbauer
measurements below 12-K (liquid He range or below) and
applied magnetic field Mossbauer measurements are needed for
definite identification, which is the focus of our future work.
Nontronites have been reported to be magnetically ordered at
lower temperatures and in presence of magnetic field (Cardille
et al. 1986).

3.2. Characterization of Bioreduced Nontronite
3.2.1. Microbial reduction of nontronite

The extent and rate of bioreduction were very different
between the two nontronites. There was some variability, how-
ever, on the rate and extent of reduction in different experi-
ments. Accounting all experiments we performed with constant
clay concentration (5 mg/mL), for NAu-1, the extent of reduc-
tion by the end of 15 days in the presence of AQDS reached 11
to 16%; whereas it was 28 to 32% for NAu-2. When the
electron acceptor was kept constant (20.9 mM), the extent of
reduction (with AQDS) in first 30 days was 11 and 29% in
NAu-1 and NAu-2, respectively (Fig. 3A and 3B). In the
absence of AQDS, the reduction was limited to 5 and 14% in
NAu-1 and NAu-2, respectively. The initial rate of reaction was
significantly higher in NAu-2 than in NAu-1. For example, in
NAu-1 with AQDS, ~54% of the total reduction (that occurred
in 30 days) was attained in 3 days, but for NAu-2, it reached
86% of the total reduction in the same amount of time (Fig. 3A
and 3B). The reduction without AQDS reached only to 12 and
32% of the total extent in NAu-1 and NAu-2, respectively over
the same amount of time. The relative difference in the extent
of bioreduction between NAu-1 and NAu-2 for a given time
remained nearly constant, provided that other experimental
parameters were kept constant. The extent of reduction in
controls with heat-killed cells was always less than 2%, and
that of the controls without cells was less than 1%.

Experiments performed by separating cells from clay parti-
cles via dialysis membrane showed that an appreciable amount
of reduction occurred even without direct contact. The extent of
reduction was ~34%-38% of that obtained when direct contact
was allowed, e.g., when dialysis membrane was not used
(Fig. 3C). This percentage was similar in both nontronites.

Another set of experiments was run for more than six months
to assess the bioreduction behavior over an extended period of
time (Figs. 4 and 5). In the presence of AQDS, the bioreduction
was insignificant after 37 days in NAu-1 and 14 days in NAu-2.
For both nontronites, the reaction was still in progress even
after 6 months in the treatments without AQDS. The CN32
cells still remained viable in both treatments (see below). The
controls showed negligible reduction in both experiments.

The aqueous concentration of Fe(Il) in the bioreduced
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Fig. 4. Extended time reduction experiment in NAu-1 showing the
continued reduction in the treatment without AQDS. The bioreduction
ceased by the end of 40 days in the treatment with AQDS. Initial clay
and cell concentrations were 5 mg/mL and 1.9 X 108 cells/mL, respec-
tively, for both treatments (with and without AQDS).

NAu-2 for the long term experiment consisted of an insignifi-
cant fraction (~1-2.5%) of the total biogenic Fe(Il) as deter-
mined by the 0.5 N HCI extraction. The amount of Fe(II)
released into the solution increased with time in a similar trend
as that for the total Fe(II). The measurement of other ions in the
aqueous solution showed that there was a concurrent increase
of silica released into the solution (Fig. 6) with time. The Fe
and Si ions released into the aqueous solution, however, did not
maintain their stoichiometric ratio (~1:2) in the nontronite
structure (Keeling et al., 2000).

3.2.2. Cell growth

Since the sign of cell growth was observed in the first sets of
experiments, a new set of experiment was designed to system-
atically monitor cell growth with time. Cell growth in NAu-2
was observed especially during the early phase of bioreduction.
The rate of cell growth was initially high in the first 4 days
(Fig. 7A), after that growth was found to be insignificant. The
presence of AQDS promoted more cell growth than that with-
out AQDS. In the experiments where AQDS was used as the

NAu-2

0.5 N HCl extractable Fe(lll), mM

0 50 100 150 200
Time, in days

—s— + AQDS —o—- AQDS —<— Control

Fig. 5. Extended time reduction experiment in NAu-2 showing the
continued reduction in the treatment without AQDS. The bioreduction
ceased by the end of 10 days in the treatment with AQDS. Initial clay
and cell concentrations were 5 mg/mL and 1.5 X 10® cells/mL, respec-
tively.
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Fig. 6. Change in aqueous Si concentration with time during biore-
duction of NAu-2 for three treatments (control, with and without
AQDS).

sole electron acceptor without clay, cell growth was not ob-
served (Fig. 7B). Instead, cell viability decreased with time.
Cell viability lasted longer in the experiment with higher con-
centration of AQDS.

The Fe(IIl) reduction per cell showed that the capacity of a
cell to reduce Fe(IlI) was initially low. In the treatment without
AQDS, the reduction per cell increased steadily to a maximum
of 5.4 X 10> uM of Fe(Il) per cell in 7 days and then almost
remained constant or decreased slightly after that time (Fig. 8).
In the treatment with AQDS, the reduction per cell peaked at
9.5 X 10> uM/cell in 2 days. The control experiment did not
show any reduction.
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Fig. 7. A) Cell growth in a separate reduction experiment. The
growth is higher in early days with different rate in the treatment with
and without AQDS. Initial cell concentration was 1.17 X 107 cells/mL.
B) Cell growth in the experiment where AQDS was used as the sole
electron acceptor.
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Fig. 8. Reduction of Fe(III) per cell with time in a separate experi-
ment treated with and without AQDS. The control experiments did not
show any reduction (data not shown).

To understand why nontronite clays were capable of sup-
porting cell growth without externally supplied growth support-
ing nutrients such as trace metals and vitamins, trace metal and
other nutrient concentrations in the NAu-1 and NAu-2 sepa-
rates used for the bioreduction experiments were analyzed
(Table 1A and 1B). The result showed the existence of C, N,
and P sources as well as trace metals in the nontronite materials
to support growth of CN32 cells.

3.2.3. X-Ray diffraction

XRD results of the bioreduced NAu-1 and NAu-2 did not
show any presence of biogenic solids such as siderite. Nontro-
nite was the only solid remaining at the end of the bioreduction
experiments, besides any other coexisting minerals that were
native with NAu-1. The crystallite thickness remained nearly
the same after the bioreduction in NAu-1 (Table 2) without
change in crystal size distribution (CSD). In contrast, microbial
reduction decreased nontronite crystallite thickness from 6 nm
to 3.5 nm in NAu-2. The reduction process also changed crystal
size distribution from lognormal to asymptotic shape. The
experiments performed with higher K concentration (54 mM)
of NAu-2 showed an increase in layer charge (from 0.47 to
0.61).

3.2.4. Transmission electron microscopy

Similar to XRD, TEM observations revealed no biogenic
solids other than residual nontronite. However, TEM data of

Table 1A. Trace metal concentration in NAu-1 and NAu-2.

Concentration
Concentration (uM/g) (uM/g)
Trace metal in NAu-1 in NAu-2
Cobalt (Co) 0.0 0.1
Molybdenum (Mo) 0.1 0.1
Nickel (Ni) 0.9 1.2
Zinc (Zn) 0.7 1.8
Manganese (Mn) 0.5 0.3
Cupper (Cu) 0.7 0.4
Boron (B) 7.0 19.5

Concentrations are expressed as wmol per gram of clay.

the bioreduced, AQDS-treated NAu-2 revealed that the clay
particles showed more flocculated morphology than the unre-
duced NAu-2 (Figs. 9A and 9B). The flocs were non homoge-
neous and distributed unevenly in the sample. The close asso-
ciation of nontronite and bacterial cells was common (Fig. 9B).
Many cells showed accumulation of electron dense material
that produced a halo-like feature around them. The halo, how-
ever, did not appear uniform around each cell. The cell surface
bound materials were suggested as a result of the accumulation
of smectite particles (Dong et al., 2003a), cell metabolic prod-
ucts (Li et al., 2004) and/or Fe(II) ions (Rancourt et al., 2005).
From the results of adsorption experiment (not included here),
we suggest that the accumulation of biogenic Fe(II) onto cell
surfaces might have contributed to the formation of the halo-
like features. There was no independent evidence, however,
that these features were the results of accumulation of biogenic
solids, metabolic products, or Fe(Il) ions. The internal structure
of the cell was not clear and appeared different among one
another, which was probably due to poor staining through the
thick halo-like layer.

3.2.5. Mdssbauer spectroscopy

The 12 K Mossbauer spectra of the bioreduced materials
were quite different between NAu-1 and NAu-2 (Figs. 10 and
11) and from those of their respective starting materials (Figs.
1 and 2). In NAu-1, the sextet that consisted of 12% of Fe(III)
was completely removed after bioreduction (Fig. 10), suggest-
ing that Fe(III) in goethite was completely reduced. There was
an emergence of a side doublet with Mossbauer parameters
characteristic of Fe(Il). The central doublet [cis-octahedral
Fe(IIl)] remained in the same peak position but the peak area
slightly decreased, suggesting that the octahedral Fe(III) was only
slightly bioreduced. The increase in the amount of Fe(II) approx-
imately corresponded to the sum of the amount of Fe(Ill) in
goethite and a small amount of decrease of Fe(IIl) in nontronite.

A fit of the room temperature spectrum of the bioreduced
NAu-2 indicated that the Fe(II) contribution to the spectrum
was ~25% (Fig. 11A). The amount of Fe(Il) as determined
from this spectrum was probably not due to weak adsorption
onto cell or in the interlayer sites of the nontronite structure
because adsorbed Fe(II) onto cell walls (Rancourt et al., 2005)
or in the interlayer (Diamant et al., 1982) would display weak
or zero Mossbauer signal at room temperature. Furthermore,
the Fe(II) Mossbauer parameters at 77 K (data not shown) were
different from those Fe(II) adsorbed onto bacterial cell surfaces
(6 = 1.3 to 1.4 mm/s, and A = 3.3 to 3.4 mm/s). The difference
in the amount of Fe(II) between RT and 12 K (~14%) was due
to the presence of surface adsorbed Fe(Il), since surface ad-
sorbed Fe(II) becomes visible at low temperature because of
increase in the recoil-free fraction. Thus, we concluded that the
biogenic Fe(Il) was partitioned between surface adsorption and
structural association with nontronite.

The 12 K spectrum of the bioreduced NAu-2 showed that the
increase in the Fe(II) doublet content appeared predominantly
at the expense of the disappearance of the trans-octahedral
Fe(III). The modeling for the Fe(Il) doublet with isomer shift of
+ 1.2 mm/s and quadrupole splitting of 2.8 mm/s showed the
total Fe(Il) of 37% in the bioreduced solids. The absence of
magnetic order at 12 K indicated the absence of siderite (Wade
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Table 1B. Major nutrients available for cell growth in NAu-1 and NAu-2

Available Inorganic Organic
Nontronite Total Nitrogen, % Total Carbon, % Phosphorous, mg/g Carbon, % Carbon, %
NAu-1 0.021 0.03 0.003 0.002 0.032
NAu-2 0.012 0.019 0.001 0.004 0.015

et al., 1999) and green rust (Ona-Nguema et al., 2002), com-
monly observed biogenic minerals in bicarbonate buffer
(Fredrickson et al., 1998; Dong et al., 2003b).

The inner doublet feature, which was a mix of the tetrahedral
and the cis-octahedral Fe(IIl), decreased to a smaller extent
(Fig. 11B). This extent of bioreduction was comparable to the
total Fe(Il) measured by the titration method which extracts
both of the loosely adsorbed and Fe(Il) in the nontronite, but
slightly higher than the 0.5 N HCI extractable Fe(Il) (28%—
32%). The Mossbauer parameters for the central Fe(IIT) doublet
(6 = 0.48 mm/s and A = 0.41 mm/s) were characteristic of the
octahedral Fe(Ill), not tetrahedral Fe(IIl). Tetrahedral Fe(III)
display & and A values lower than octahedral Fe(III) (Good-
man, 1978). A comparison between the unreduced and biore-
duced NAu-2 spectra clearly showed absence of a feature in the
bioreduced sample that could be assigned to the tetrahedral
Fe(III). This evidence suggests the tetrahedral Fe(IIl), in addi-
tion to the trans-octahedral Fe(III), was also removed after the
bioreduction, but the cis-octahedral Fe(IlI) (the central doublet
in Fig. 11B) remained.

4. DISCUSSION

4.1. Control of Fe(III) Site Occupancy on the Rate and
Extent of Fe(III) Reduction in Nontronites

Our reduction experiments performed with the same exper-
imental parameters (same initial cell concentration, electron
donor, electron acceptor) showed the different rate and extent
of bioreduction in NAu-1 and NAu-2. In NAu-1, the measured
amount of bioreduction occurred primarily from reduction of
goethite, and the cis-octahedral Fe(Ill) was only reduced to a
small extent. In NAu-2, the measured amount of bioreduction
came from a combination of the tetrahedral Fe(Ill) and the
trans-octahedral Fe(Ill), again the cis-octahedral Fe(Ill) was
only slightly reduced.

Our data alone could not be used to determine the relative
reducibility of Fe(Ill) in the tetrahedral and trans-octahedral
sites. However, some inferences may be made by comparisons
of our results with published data. Li et al. (2004) reported that

when Fe(IIl) in NAu-2 was used as the sole electron acceptor,
the extent of reduction was 10%. This extent of reduction was
similar to the fraction of total Fe(IlI) in the tetrahedral site (9%)
as determined by Gates et al. (2002) using X-ray absorption
fine-structure spectroscopy methods. This extent was also sim-
ilar to our measured extent for NAu-2 in the absence of AQDS
(11% at 15 days). When AQDS (in our study) or sulfate (in the
Li et al. study) was present, the extent of reduction increased to
28 and 29%, respectively. These data appear to imply that the
tetrahedral Fe(IlI) was the only Fe(IIl) that was reduced in the
absence of an electron transfer facilitator. When electron shut-
tle (AQDS) or alternative electron acceptor (sulfate) was
present to either facilitate electron transfer or to promote met-
abolic activity of bacteria, the Fe(Ill) in the octahedral site
became bioreducible. All these observations were consistent
with an early study on reduction of nontronite by chemical
reductants such as dithionite and hydrazine (Russell et al.,
1979). The authors of that study reported that the nontronites
that contained tetrahedral iron were much more extensively
reduced by dithionite than were those that did not contain
tetrahedral iron, and that this iron was preferentially dissolved
after reduction.

The preferential reduction and dissolution of Fe(IIl) in the
tetrahedral site may be accounted for based on the crystal
chemical viewpoints. Since the ionic radius of Fe(Il) is too
large to fit into the tetrahedral site, the reduction of Fe(IlI) to
Fe(Il) would result in instability of the tetrahedral site and
possible structural breakdown. The bioreduction of the trans-
octahedral Fe(IIl) would further induce structural instability.
Indeed, the microbial reduction of Fe(Ill) in the NAu-2 caused
decrease in crystallite size of nontronite, change in crystal size
distribution, and release of Si into aqueous solution. These data
were all consistent with a reductive dissolution mechanism for
NAu-2 by bacteria. In contrast, the bioreduction of Fe(Ill) in
NAu-1 did not significantly change the crystal thickness or
crystal size distribution, suggesting that the nontronite structure
remained intact after the bioreduction. Indeed, goethite in
NAu-1 was the predominant phase that was bioreduced.

Additional factors responsible for the observed difference in

Table 2. Crystal size and distribution before and after bioreduction in NAu-1 and NAu-2.

Nontronite Crystallite

Sample Treatment Thickness, nm Shape distribution Mineralogy

NAu-1 Control 2.1 Asymptotic Smectite, kaoline, traces of illite, quartz, calcite
w/o AQDS 2.4 Asymptotic Smectite, kaoline, traces of illite, quartz
AQDS 241025 Asymptotic Smectite, kaoline, traces of illite, quartz

NAu-2 Control 6.0 Lognormal Smectite
AQDS 3.5 Asymptotic Smectite

NA = not analyzed.
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Fig. 9. A) Bright field TEM image of the unreduced NAu-2 in the
control experiment. B) The NAu-2 particles in the bioreduced sample
showing flocculated morphology. The cell in inset shows the accumu-
lation of electron dense materials around cell surface.

the bioreduction behaviors between NAu-1 and NAu-2 may
have come from layer charge. The layer charge of NAu-1
(1.05) was higher than that of NAu-2 (0.72) (Gates et al., 2002).
The higher charge of NAu-1 would suggest less bioreduction.
In the extreme case when the layer charge is close to 2 per 22
oxygens (i.e., illite), the extent of bioreduction was small and
the rate was low (Dong et al., 2003a).

The results of this study also point out the importance of
growth medium in affecting the extent and rate of bioreduc-
tion. Kim et al. (2004) conducted bioreduction experiment of
NAu-1 and the extent of reduction was higher than that of
this study. The important differences are probably the me-
dium composition and cell type. In the Kim et al. (2004)
study, a growth medium was used, including basal salts,
trace elements, vitamins, amino acids, phosphates, and car-
bon sources. However, pure bicarbonate buffer was used in
our experiments with no nutrients other than carbon source
lactate. Indeed, more than one order of magnitude increase
in cell number was observed over 3 days of experimental
period using the M1 medium with Fe(III) in smectite as the

5437

A
100 -
S 98
2]
]
IS
2
© 96 1
'_
R
94 -
NAu-1
92 1 RT
T T T T T T T
4 -3 -2 -1 0 1 2 3 4
Velocity (mm/s)
B
100 A v
98 1
c
o
2]
i)
g
2 96 1
o
'_
N3
94 -
NAu-1
921 12K
T T T T T
-12 -8 -4 0 4 8

Velocity (mm/s)

Fig. 10. Mossbauer spectra of the bioreduced material of NAu-1 at
RT (A) and 12K (B). The spectra show the development of a prominent
Fe(Il) doublet as a result of bioreduction, and removal of sextet
ascribed to goethite.

sole electron acceptor (Kim et al., 2004) and the cell growth
would be expected to continue if the experiments were run
longer (Kostka et al., 2002). Although relatively slow cell
growth was observed in our medium without added nutri-
ents, it was limited within an order. Different bacteria used
in the studies may have been partially responsible for the
observed differences: Shewanella putrefaciens strain CN32
was used in our study, S. oneidensis strain MR1 was used in
the Kim et al. study. Different bacteria may have different
abilities to reduce Fe(Ill) to support their growth. Other
variables affecting bioreduction include bacteria/clay con-
centration ratio, presence or absence of electron shuttle,
surface area, etc.

4.2. Cell Growth in the Medium without Added Nutrients

The sterility in the controls (without initial addition of CN32
cells at the beginning of the experiments) and single morphol-
ogy type characteristic of CN32 strongly indicated that cell
growth observed in our study was not due to contamination.
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Fig. 11. Mossbauer spectra of the bioreduced NAu-2 nontronite at
RT (A) and 12K (B) with a modeled curve superimposed. Relative to
the unreduced NAu-2, the spectra show emergence of Fe(Il) doublet,
removal of trans-octahedral and tetrahedral Fe(III) after bioreduction.
The cis-octahedral Fe(III) is not reduced.

The increase in the cell number by a factor of ~5 and 7 in the
treatment without and with AQDS, respectively, suggests that a
minimal medium with sufficient electron donor (lactate) and
electron acceptor [Fe(IIl) in nontronite] may be able to support
cell growth in the presence of nontronite. The cell growth was
not observed when AQDS was used the sole electron acceptor.
Since we used only 0.1 and 0.3 mM of AQDS, it should be
quickly consumed thereby resulting in loss of viable cells.
When AQDS was used in conjunction with clay, it should
constantly be regenerated from its reduced form (AHDS), thus
facilitating electron transfer.

The nontronite samples contained abundant elements such as
Na, K, Mg, Ca, P, Zn (Table 3, Keeling et al., 2000; Table 1
Gates et al., 2002), which are major and minor nutrient for
cells. Measurement of trace metals and nutrient elements re-
quired for cell growth (Table 1A and B) showed that both
NAu-1 and NAu-2 contained organic nutrients such as C, N and
P, and trace metals to support cell growth. Li et al. (2004)
observed that native NAu-2 was able to support growth of
Desulfovibrio spp. strain G-11. When trace elements and vita-
mins were removed by NaCl/HCI treatment, bacterial growth
was significantly slowed. These data were consistent with the

findings by Krumholz and his colleagues in that clay-rich
shales are able to provide nutrients to adjacent sandstones to
support microbial growth (Krumholz, 1997; Krumholz, 2000).

4.3. Microbial Reduction of Nontronite and Formation
of Illite

The extended reduction experiment for three and six months
suggests that AQDS only enhanced the rate of bioreduction of
Fe(Ill) in nontronites. The continued reduction over an ex-
tended time period in the absence of AQDS suggests that the
extent of bioreduction may reach that in the AQDS system
within a few more months of bioreduction. This suggests that
microbial reduction of Fe(IIl) in nontronite is a favorable
reaction, and AQDS only catalyzes the reaction.

Several experiments performed with a minimum amount of
potassium content (1.3 mM) did not produce any illite during
bioreduction of NAu-2. Using a chemically defined growth
medium (M1) and K concentration of 10 mM, Kim et al. (2004)
observed formation of illite when nontronite was microbially
reduced. The M1 medium contained amino acids, trace metals,
vitamins, basal salts, phosphates, and various carbon sources.
In contrast, the medium used in the present study was closer to
natural conditions and only contained lactate, nontronite, bicar-
bonate buffer, and AQDS (in selected experiments). When the
concentration of potassium, often a limiting factor in the smec-
tite to illite reaction, was increased to 54 mM, an increase in
layer charge from 0.47 to 0.61 was observed by XRD. Increase
in the total layer charge has been observed in reduced smectite
(Stucki et al., 1984c). Although such a layer charge was not
high enough to form illite, it could be considered as an inter-
mediate step toward illite formation. However, formation of
illite requires carefully controlled solution chemistry, such as
external supply of Al and K. Further experiments are currently
underway to specifically address these questions.

5. CONCLUSIONS

The extent and rate of microbial reduction of Fe(IIl) in
NAu-1 and NAu-2 was controlled by distribution of Fe(III) in
different structural sites and layer charge. Mossbauer data
indicated that in NAu-1, Fe(Ill) was present in the cis-octahe-
dral site (M2) only, whereas in NAu-2, Fe(Ill) was distributed
in the tetrahedral, the cis-octahedral and the trans-octahedral
sites. As a result of bioreduction, the Fe(Ill) in the tetrahedral
and the trans-octahedral sites was bioreduced, but the cis-
octahedral Fe(IIl) remained relatively unchanged. This differ-
ential bioreduction of Fe(Ill) in different structural sites was
magnified by addition of an electron shuttle, AQDS. In the
absence of AQDS, the extent of bioreduction for NAu-1 and
NAu-2 was 5%-7 and 14%—-18%, respectively. In the presence
of AQDS, the resulting extent of bioreduction for NAu-1 was
11%-16%, whereas that for NAu-2 was 28%-32%. No bio-
genic solids were observed. Shewanella putrefaceins CN32 was
able to reduce Fe(Ill) in clay structure without direct contact.
Cell growth was observed in the medium without added nutri-
ents that contained nontronite, bicarbonate buffer and lactate
only. The nontronites contained carbon and trace elements that
would be released as a result of reductive dissolution and would
support bacterial cell growth.
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