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Influence of Microbial Iron and Nitrate Reduction on Subsurface Iron Biogeochemistry 
and Contaminant Metal Mobilization 

Although toxic metal and radionuclide contaminants can not be destroyed, their toxicity 
and mobility can be dramatically altered by microbial activity. In addition to toxic metals, many 
contaminated sites contain both iron-containing minerals and co-contaminants such as nitrate 
(NO3-). Successhl implementation of metal and radionuclide bioremediation strategies in such 
environments requires an understanding of the complex microbial and geochemical interactions 
that influence the redox speciation and mobility of toxic metals. Our specific objectives have 
been to (1) determine the effect of iron oxide mineral reduction on the mobility of sorbed, 
representative toxic metals (Zn”), (2) study the biogeochemical interactions that may occur 
during microbial reduction of N03- and iron oxide minerals, and (e>)C&e2a@@&&&j@?$&f$@f@&jed 
-dependent, microbial oxidation of ferrous iron (Fe”). 
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Long-term batch experiments in an artificial groundwater DU&&tPJ*d&&$ice 
microbial reduction of synthetic, high-surface-area goethite and lepidocrocite by Shewanella 
putrefuczens 200 can act to immobilize surface-associated zinc into a new mineral phase that is 
not soluble in 0.5 M HCI. While some of the Zn may have been incorporated in siderite grains in 
experiments with goethite, Zn-immobilization may also result from incorporation into as yet 
unidentified biogenic minerals or into a more crystalline goethite. Similar experiments with an 
oxide mixture primarily composed of lepidocrocite resulted in the production of magnetite, bi- 
phasic immobilization of Zn, and an enhanced overall degree of Zn immobilization. When N03- 
was present as an alternate electron acceptor, microbial production of Fe(I1) was inhibited and 
the degree of Zn immobilization was subsequently reduced. Although most of our studies have 
involved the use of Zn as a representative, divalent metal, subsequent work with Co2+, Ni”, 
Mn2’, and Pb” has indicated that these metals can also be immobilized, but the degree of 
immobilization decreases as the metal’s ionic radius in a crystal with CN=6 becomes more 
dissimilar fiom that of Fe(II1). These data indicate that (i) biologically induced mineralization 
can play a key role in the cycling of trace elements in natural systems, (ii) the nature of the oxide 
surface plays an important role in biologically induced mineralization, and (iii) that conditions 
associated with Fe(I1) production, i.e., absence of Nos-, are necessary for these processes to 
immobilize surface-bound Zn within these new mineral phases. These experiments may have 
implications for bioremediation of metals at sites containing sediments dominated by iron oxide 
minerals. 

In order to help assess the potential importance of this reductive metal immobilization in 
natural systems, subsequent Zn immobilization experiments were conducted with hydrous ferric 
oxide (HFO), sediment MNC-7 1 (iron rich clay), and sediment EHS (coarse-grained, hematite- 
coated sand). Data from these later experiments indicate that, while microbial goethite and HFO 
reduction results in the immobilization of previously sorbed Zn into a HCI insoluble mineral 
phase, reduction of EHS and MNC-71 under identical conditions did not result in extensive Zn 
immobilization. The difference in immobilization may be a result of differences in adsorption 
sites between the natural sediments and synthetic oxides, i.e., Zn may be primarily adsorbed to 
non-reducible clay silicates in the natural sediments. The concentration of Zqq, slowly 
decreased during HFO reduction, but remained relatively constant during goethite, EHS, and 
MNC-7 1 reduction. To determine the potential of sequential microbial reduction and subsequent 
chemical oxidation as a metal bioremediation strategy, microbially reduced sediments were 
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exposed to sterile air for 48 hrs and Zn speciation in these systems was compared to that in non- 
oxidized analogs. For all sediments except HFO, air oxidation reduced the Fe(I1) content by > 
85% (to < 250 pmol/L) and reduced the Zq.0 concentration by S O % .  The proportion of HCI- 
soluble Zn also decreased slightly. Subsequent re-reduction was minimal in extent and had no 
significant effect on Zn speciation. Simple air-exposure had a minimal effect on the Fe(I1) 
content of HFO, and more vigorous oxidative techniques are required. These results suggest that 
sequential microbial reduction and air-oxidation of sedimentary iron minerals may enable in situ 
metal bioremediation to a greater extent than microbial reduction alone. 

Chemical and Biological Interactions During Nitrate and Goethite Reduction bv ShewaneZZu 
putrefaciens 200 

Recent work has established that microbial iron reduction can alter the speciation and 
mobility of trace metals in anaerobic groundwater. Because many sites that are affected by metal 
contamination also contain high levels of NO3- as a co-contaminant, interactions between 
microbial iron and NO3- reduction can alter the system's biogeochemistry Although previous 
research has shown that NO3- can inhibit microbial iron reduction, the mechanism of this 
inhibition has not been described in an environmentally relevant medium that utilizes iron oxide 
minerals as a Fe(II1) source. To explore the dynamics of Fe and N03- biogeochemistry with a 
crystalline source of Fe(III), we incubated a series of Shewanella putrefaciens 200 cultures (- 2.0 
x 1 O6 cells d " )  under anaerobic conditions in a low-ionic-strength, artificial groundwater 
medium with varying concentrations of NO3' and synthetic high surface area goethite. 

Experiments were conducted with lactate in excess, pH was buffered with 10 mM 
HEPES, and cultures were periodically sampled for pH, Fe(II), NO,', N20, NH3-N, and N2. 
Fe(I1) was produced approximately 20 times slower in the presence of N03- than in its absence. 
Interestingly, the data also indicate that presence of goethite resulted in a two-fold decrease in 
the rate of N03- reduction and a ten-fold decrease in the rate of NO2- reduction. Additionally, the 
cultures containing both NO3- and goethite produced 3-5 times less "3-N and approximately 20 
times more N2O than the cultures containing just NO3-. 

but also that Nos- reduction by S. putrefaciens can be inhibited by goethite. This mutual 
inhibition can be explained by a hypothetical mechanism where concomitant microbial Fe(I1) 
and N03- reduction produce NO; and small amounts of Fe(I1). The microbially reduced goethite 
can then abiotically reduce NO2- to N2O with the subsequent oxidation of Fe(I1) to produce an 
iron oxyhydroxide mineral. If this reaction occurs within close proximity to a cell surface, the 
resultant Fe-oxyhydroxide mineral can then nucleate on the cell surface and physically inhibit 
NO,' transport into the cell. Stable isotope experiments that utilized 6N1520 to distinguish 
between the chemical and biological reduction of NOi revealed that the d"N for chemically 
produced N2O was significantly different from the 615N for biologically produced N2O. The 6% 
for N20 produced during N03- reduction in the presence of goethite is statistically 
indistinguishable fiom N2O produced during chemical NO2- reduction. The combination of rate 
and stable isotopic data provide strong evidence that a portion of NO; is being reduced by 
chemical reaction with Fe(II), and that this mechanism can potentially explain the observed 
goethite inhibition of N03- reduction. 

These data indicate not only that goethite reduction is inhibited by the presence of NO3-, 



Bacterially-catalyzed nitrate-dependent oxidation of solid-phase Fe(I1) compounds 

The recently-discovered potential for microbial activity to promote oxidation of Fe(I1) by 
nitrate has broad implications for subsurface metal-radionuclide biogeochemisty, given that such 
reactions are likely to generate and maintain pools of reactive Fe(II1) oxides with substantial 
capacity to bind (immobilize) contaminant species. Although the ability of nitrate-reducing, 
Fe(II)-oxidizing bacterial to catalyze rapid oxidation of soluble Fe(I1) is established, it is at 
present unknown whether such organisms can catalyze oxidation of solid-phase Fe(I1) 
compounds. This is an important consideration because such compounds are typically dominant 
end-products of bacterial Fe(II1) oxide reduction in nonsulfidogenic sedimentary environments. 
We have examined the rate and extent to which solid-phase Fe(I1)-bearing minerals (many of 
which were generated experimentally through microbial reduction of synthetic and natural 
Fe(II1) oxides by dissimilatory Fe(II1)-reducing bacteria) are subject to nitrate-dependent 
enzymatic oxidation at circumneutral pH. This research was conducted with an autotrophic 
nitrate-reducing, Fe(I1)-oxidizing enrichment culture obtained fiom aquatic sediments by Straub 
et a]. (1 996). Virtually all of the solid-phase materials tested were subject to relatively rapid 
(half-lives of 1-20 d) biological nitrate-dependent oxidation. In all instances, abiotic controls 
indicated little or no chemical Fe(I1) oxidation by nitrate, which emphasizes the potential for 
microbial catalysis to vastly accelerated nitrate-iron interactions in anaerobic systems. A 
separate series of studies examined the kinetics of abiotic nitrite-dependent oxidation of various 
Fe(I1) phases, as well as the potential for enzymatic nitrite-dependent Fe(I1) oxidation. These 
studies indicate that nitrite reduction can in some cases be coupled to relatively rapid abiotic 
solid-phase Fe(I1) oxidation. However, the kinetics of the nitrite-dependent Fe(I1) oxidation 
reactions are not fast enough to account for the rapid rates of nitrate-dependent Fe(I1) oxidation 
by the autotrophic enrichment culture, if the mechanism for such oxidation were biological 
reduction of nitrate to nitrite followed by abiotic nitrite-dependent Fe(I1) oxidation. If this was 
the operative mechanism for nitrate-dependent Fe(I1) oxidation, then very much higher levels of 
nitrite would have accumulated than was observed in the experiments. These findings indicate 
that nitrate-dependent solid-phase Fe(I1) oxidation is coupled directly to biological reduction of 
nitrate to Nz. 

Nitrate-dependent Fe(I1) oxidation by dissimilatory Fe(III)-reducing bacteria 

The ability of several different types of dissimilatory Fe(II1)-reducing bacteria to reduce 
both Fe(II1) and nitrate suggests the possibility that such organisms could catalyze nitrate- 
dependent Fe(I1) oxidation. These organisms are likely to be present at the interface between 
nitrate- and Fe(II1)-reducing zones in sedimentary environments, and thus one might expect it be 
of selective advantage for them to be able to gain energy for cell growth and/or maintenance 
from oxidation of Fe(1I) with nitrate if and when nitrate enters into a previously Fe(II1)-reducing 
environment. This metabolism, were it operative, could lead to a previously unrecognized 
potential for rapid coupling of nitrate and iron biogeochemistry in subsurface environments. 
Preliminary studies have been conducted with two representative nitrate/Fe(III>reducing 
bacterial species, S. putrefaciens and G. metallireducens. These studies indicate that both of 
these organisms can in fact catalyze rapid nitrate-dependent oxidation of soluble Fe(II), provided 
in the form of FeS04, under non-growth conditions in cell suspension experiments. In the case 
of S. putrefaciens, nitrite is the dominant end-product of Fe(1I) oxidation by nitrate, whereas a 
mixture of nitrite and ammonium is produced during nitrate-dependent Fe(I1) oxidation by G. 
metallireducens. For both organisms, prior exposure of cells to nitrate during growth on Fe(II1)- 



NTA led to a dramatic increase in their ability to oxidize Fe(I1) under nongrowth conditions, 
suggesting that specific set of oxido-reductase enzymes are required to mediate this metabolism. 
One experiment examining the potential for S. putrefaciens to gain energy for cell reproduction 
fiom nitrate-dependent Fe(I1) oxidation gave a positive result, suggesting that substantial energy 
for cell grown andor maintenance may be provided by this metabolism. Future studies will 
include a more detailed examination of cell growtWmaintenance coupled to nitrate-dependent 
Fe(I1) oxidation, and of the production of cellular ATP during this process. 

Impact of nitrate-dependent F d I )  oxidation and sequential microbially-catalyzed Fe redox 
cycling on the aqueoudsolid-phase speciation of a representative contaminant metal (Zn2+) 

The mobility of metal-radionuclide contaminants is strongly influence by adsorption to 
reactive Fe(II1) oxide surfaces. Formation of biogenic Fe(II1) oxides in suboxic environments 
through nitrate-dependent Fe(II) oxidation reactions may therefore exert a major influence on the 
migration of such contaminants in anaerobic subsurface systems. In addition to promoting 
contaminant metal-radionuclide sorption onto Fe(II1) oxide surfaces, the potential exists for 
incorporation of contaminants into rapidly precipitating Fe(II1) oxide phases. If this process 
leads to formation of crystalline Fe(II1) oxides, then contaminant metals trapped within the 
oxides may not be readily released whedif the oxides are later exposed to dissimilatory Fe(II1) 
reduction activity. We are examining such interactions experimentally, utilizing the autotrophic 
nitrate-reducing Fe(I1)-oxidizing enrichment of Straub et al. (1 996) together with representative 
dissimilatory Fe(II1)-reducing bacterial such as G. metullireducens. Preliminary experiments 
have demonstrated that Fe(I1I) oxide phases produced during nitrate-dependent oxidation of 
soluble Fe(I1) by the autotrophic enrichment culture possess substantial Zn2+ sorption capacity - 
comparable to that of a synthetic high surface area goethite phase produced via rapid air 
oxidation of FeC12. These studies revealed an interesting effect related to the concentration of 
inorganic phosphate (PO:-) in the culture medium: increasing levels of PO:- (from 0.05 to 1.5 
mM) lead to decreasing crystallinity of the Fe(II1) oxide end-products of Fe(I1) oxidation 
(presumably through the well-known poisoning effect of sorbed species on metal oxide 
crystallization), which in turn resulted in a increased affinity and capacity for Zn2+ sorption. 
These results emphasize the importance of considering the nature (surface area, crystallinity, 
reactivity) of the Fe(II1) oxide phases produced during biological nitrate-dependent Fe(I1) 
oxidation. Future studies will examine the Zn2+ sorption capacity of Fe(II1) oxide phases 
produced during nitrate-dependent oxidation of solid-phase Fe(I1) compounds - the same 
compounds studied in other aspects of this research. In addition, we will examine the potential 
for capture of Zn2+ via coprecipitation with Fe(II1) oxides produced during nitrate-dependent 
Fe(I1) oxidation. Finally, we will examine the potential for remobilization of sorbed or 
coprecipitated Zn2' during bacterial reduction of the Zn-exposed Fe(II1) oxide end-products of 
nitrate-dependent Fe(I1) oxidation. The overall goal of this research is to draw relationships 
between the reactivity of Fe(II1) oxides produced via nitrate-dependent Fe(I1) oxidation and their 
reactivity with respect to solid-phase capture of Zn2+ and potential subsequent reductive 
mobilization of the sorbed or coprecipitated contaminant metal. 

Coupled microbial N and Fe cycling and its relationship to the development of microbial 
communities in natural mixed cultures of anaerobic microorganisms 

A major challenge in microbial ecology and biogeochemistry is to connect observed 
biogeochemical processes to the bacterial populations responsible for carrying them out. 



Preliminary studies have documented competitive interactions between nitrate- and Fe(II1)- 
reducing bacterial populations in mixed cultures inoculated with surface sediment from a 
freshwater wetland in Alabama. Such experiments have also demonstrated the potential for 
microbial nitrate-dependent Fe(I1) oxidation activity by organisms in the wetland sediment. 
While the bacterial communities present in these sediments are not likely to be identical to those 
present in anaerobic subsurface environments, they probably include the same major groups of 
organisms that would potentially become active in such environments. Therefore, the 
biogeochemical processes and their interactions observed in mixed cultures of wetland sediment 
bacteria should provide a reasonable insights into the behavior of anaerobic subsurface microbial 
communities with respect to iron-nitrate interactions. The advantage of working with the 
wetland sediment communities is the relatively high abundance and diversity of organisms 
present from the start of an experiment, which makes it easy to conduct a reliable examination of 
biogeochemical interactions over a relatively short-term (i.e. a few weeks) investigation. In a 
recent series of experiments, we examined changes in microbial community structure associated 
with sequential bacterial reduction of nitrate and Fe(I1I) and subsequent nitrate-dependent Fe(II) 
oxidation in mixed cultures containing Fe(II1) oxide in the form of a high surface area (ca. 200 
m2 g-') synthetic goethite. This high surface area goethite phase was chosen to provide a model 
of a relatively reactive Fe(II1) oxide in subsurface sedimentary environments. Consumption and 
production of oxidized or reduced N and Fe species was monitored and bacterial community 
structure was analyzed at selected time points by Density Gradient Gel Electrophoresis (DGGE) 
analysis of 16s rRNA gene fragments (ca. 500 bp) generated by PCR amplification with 
universal bacterial primers. Several common fragments (bands) on the DGGE gels were 
obtained from samples throughout the N-Fe redox transitions, suggesting that a common suite of 
organisms may have been involved all three major metabolic reactions. Major bands appearing 
on DGGE gels from analyses during different redox conditions in the mixed cultures are being 
excised, reamplified, and sequenced in order to obtain phylogenetic information on the dominant 
bacterial populations operative under a given set of redox conditions. The ultimate goal of these 
experiments is to draw a direct relationship between shifts in microbially-driven N-Fe redox 
processes and dominant bacterial groups in the mixed cultures. 




