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 6. Discussion

6.1. Background

Bacteria capable of reducing and oxidising iron and manganese have been known
for a long time (Jackson 1901 and Beijerinck 1913 in: Ehrlich and Salerno 1990)
already reported bacterial oxidation of Mn (II). Although bacterial metal-oxide
reduction was known, no research on the subordinate microbial ecology and
biogeochemistry was performed yet.
In the late seventies marine geochemists (Froelich et al. 1978), studied the early
oxidation of organic matter in pelagic sediment. Porewater profiles indicated that
oxidants are consumed in order of decreasing energy production per mole of
organic carbon oxidized (Table 1). These data suggested reduction of metal-oxide
phases and also indicated that these processes have a higher energy production
than sulfate reduction or methanogenesis. Therefore, metal-oxide reduction during
early organic carbon oxidation occurs before sulfate reduction or methanogenesis.
Despite these unequivocal porewater observations no dissimilatory iron- or
manganese-oxide reducing bacteria had been isolated at that time.

The oldest studies on iron-oxide reducing bacteria report cultures containing
bacteria capable of fermentative metal-reduction (e.g. reviewed by Lovley 1987). In
these cultures iron-oxide reduction is of limited importance for the overall process
of organic matter oxidation. Organic carbon components are fermented resulting
in an accumulation of fermentation products, but no complete organic carbon
oxidation by iron-oxide reducing bacteria was reported. Lovley and Phillips 1986
provided the first proof of complete organic carbon oxidation by iron-oxide

Table 1. Free energy gain from mineralization reactions from Froelich et al. 1978.
Energy gain is presented as kJ mol-1 glucose. Organic carbon is represented by CH2O.

Process Reaction Energy gain (kJ.mole-1)
Oxic degradation CH2O + O2 → CO2 + H2O -3190

Nitrification 5 CH2O + 4NO3- → CO2 + 2N2+ 4HCO3- + 3H2O -2750
Mn-reduction CH2O + 3CO2+ H2O + 2MnO2 → 2Mn2+ + 4HCO3- -3090

Fe-reduction CH2O + 7 CO2 + 2 Fe2O3 → 4 Fe2+ + 8 HCO3- -1410
Sulphate reduction 2CH2O + SO42- → H2S + 2HCO3- -380

Methanogenesis CH3COO- + H+ → CH4 + CO2 -350
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reducing bacteria. They studied organic carbon mineralization in slurries of
sediments from the River Potomac estuary.
Addition of amorphous iron oxides resulted in a complete oxidation of
fermentation products to carbon dioxide with concomitant release of dissolved
iron, whereas the addition of hematite resulted in modest iron-oxide reduction.
The increase in iron-oxide reduction was accompanied by a decrease in
methanogenesis. This pioneering study provided the first data on the potential of
bacteria for dissimilatory iron-oxide reduction. It also revealed the potential
importance of dissimilatory iron-oxide reduction, the importance of iron-oxide
crystalinity and interactions with other mineralization processes. Thereby, the
interest in bacterial metal-oxide reduction processes was raised.
Nowadays, a number of bacterial species is known to be capable of dissimilatory
iron and manganese-oxide reduction. For an extensive review of the development
of knowledge on iron and manganese reducing bacteria see Thamdrup 2000. Most
of them have a large metabolic versatility and are capable of using one or more of
the other electron acceptors for their respiration.
Lovley and Phillips 1986 identified a number of organic carbon sources for
bacterial iron-oxide reduction including glucose, acetate, hydrogen, propionate,
butyrate, ethanol, methanol and trimethylamine. Some of the more recent research
especially focussed on contaminants like toluene (Langenhoff et al. 1997) or
chlorinated carbon compounds and aromatic hydrocarbons (Lovley and Anderson
2000). Iron-oxide reducing bacteria are able to reduce a number of different iron
oxides. Experiments show that amorphous oxides are preferentially used (Lovley
and Phillips 1986) though ferric iron in clay minerals can be used as well(Kostka et
al. 1999a).
Until recently iron and manganese-oxide reduction rates have been sparsely
quantified in field studies on organic matter mineralization and biogeochemical
processes. The first report on organic carbon oxidation pathways in natural
sediment, including measurements on iron-oxide reduction, was presented by
Canfield et al. 1993b. Their rates of iron-oxide reduction were based on anaerobic
bag incubations. These contained sediments from various depth intervals in which
the increase of Fe (II) concentration in a time period was measured. In order to
discern rates of microbial reduction and chemical iron-oxide reduction molybdate
was added. Molybdate inhibits the bacterial sulfate reduction (Oremland and
Capone 1988) and thereby prevents chemical reduction of iron by sulfide. Canfield
et al. 1993b also added ferrozine that chelates Fe2+ and prevents re-oxidation of the
reduced iron (Stookey 1970). It can thus provide insight in the total iron-oxide
reduction rate and the rate of Fe (II) oxidation. The study of Canfield and co-
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workers showed large differences in iron and manganese-oxide reduction rates
within and between sites and variable contributions of these processes to total
mineralization. It was clear that the role of bacterial iron-oxide reduction in some
marine sediment could potentially be very important.
Although metal-oxide reduction gained more interest in biogeochemical studies,
direct measurements on iron-oxide reduction rates in sediments are still not
regularly performed. Traditionally, the metal-oxide reduction was estimated from
concentration profiles of the dissolved reduced metal and solid-phase
concentration of reactive iron oxides. Solid-phase gradients are often rather small
and combined with low particle transport rates, it resulted in the conclusion that
these processes are not important in most sediments. This changed after
recognition of active metal-oxide cycling which enables an important role for
metal-oxide reduction although concentrations are. Despite this recognition, there
are still only few studies that include direct measurement of sediment metal-oxide
reduction. More often rates are investigated via bacterial tests, sediment slurries,
and diagenetic models or by subtracting the importance of other respiration
processes from the total mineralization thereby leaving an amount for metal-oxide
reduction.
Nevertheless, the metal-oxide reduction pathways have been quantified for a
number of different sediments. The role of metal-oxides in total mineralization of
organic matter varies depending on a number of factors, like sediment type,
interactions with product of other pathways, availability of other electron
acceptors, organic carbon loading and availability and type of iron oxides.
For instance, the bag incubation study performed by Canfield et al. 1993b, showed
iron-oxide reduction rates accounting for 0-78 % of (anaerobic) organic carbon
reduction in marine Skagerrak sediments. Whereas metal-oxide reduction in Aarhus
Bay was less important, iron-oxide reduction accounting for 3.5 % of anaerobic
mineralization (Thamdrup et al. 1994a) and model results for North Sea sediments
(Slomp et al. 1997) resulted in metal-oxide reduction rates accounting for < 4% of
the mineralization. Thamdrup and Canfield 1996 described the pathways of organic
carbon oxidation in continental margin sediments of Chile. Their anaerobic bag
incubations revealed that at stations with high carbon oxidation rates, iron oxide
reduction was unimportant for the total mineralization, whereas iron-oxide
reduction accounted for 12-29 % of total mineralization at slope stations with
lower organic carbon mineralization rates. Rysgaard et al. 1998 found similar results
in an arctic coastal marine sediment of Young sound. On a yearly basis sulfate
reduction in whole core incubations accounted for 33% of the total mineralization
and iron oxide reduction accounted for 25 %. In microbial mats biologically
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mediated iron-oxide reduction may accounts for > 50% of the reduction (Joye et
al. 1996). In the salt marshes of Delaware Kostka et al. 2002 found that iron-oxide
reduction was the dominant mineralization pathway in vegetated sediments. In
unvegetated sediments no significant iron-oxide reduction could be detected.
Bacterial manganese-oxide reduction has been observed in a number of sediments
as well. Compared to iron oxide reduction rates this process usually is of smaller
significance in the organic carbon mineralization, because of the relatively small
concentrations of manganese-oxides in most sediments. Increases in Mn (II) do
not necessarily imply dissimilatory oxide reduction coupled to carbon oxidation
because manganese-oxides can also be chemically reduced by Fe (II) and sulfide
(Postma 1985, Aller and Rude 1988). In many studies Mn-oxide reduction is
assumed to be completely chemical.
In the Arctic marine sediment studied by Rysgaard et al. 1998, manganese-oxide
reduction below the 1 cm of surface sediment could be coupled to iron re-
oxidation and was therefore not included in the organic matter mineralization
budget
In Black Sea shelf sediments Thamdrup et al. 2000 found that microbial manganese
reduction accounted for all non-sulfate based carbon oxidation. However, the
relative importance under in situ conditions could not be established due to the
competition with aerobic respiration and varied in response to varying bottom
water oxygen concentrations. Data of two surface sediments from the Gulf of
Maine indicated that iron-oxide and probably manganese-oxide reduction are
significant processes in organic matter mineralization in these sediments as well
(Hines et al. 1991). Likewise, the manganese efflux from microbial mats appears to
be for a large part (> 50%) generated by microbial reduced Mn (II) (Joye et al.
1996). Whereas, in the sediments of Aarhus bay, manganese reduction appeared to
be coupled to re-oxidation of iron and sulphur (Canfield et al. 1993b, Thamdrup et
al. 1994a). Consequently dissimilatory manganese reduction plays no role in Aarhus
sediments. In the hemi-pelagic sediments studied by Aller 1990, manganese
reduction is capable of oxidising the entire estimated annual delivery of labile
organic carbon. Likewise manganese reduction is an important electron acceptor in
sediments of Long Island Sound during warm periods with intensive bioturbation,
well-oxygenated bottom waters and a moderate organic carbon flux (Aller 1994b).
As indicated in the preceding paragraphs the importance of iron oxide and
manganese-oxide reduction in organic carbon mineralization is variable among
different environments. Microbial metal-oxide reduction may account for 0 - 100
% of the total carbon oxidation. A number of factors exist which interact with
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microbial metal-oxide reduction, and thus govern the significance and rates of
these processes in different sediments.
The availability of degradable organic carbon determines whether anaerobic
mineralization occurs. At low organic carbon inputs the aerobic pathway can
oxidize all organic matter. At increasing carbon concentrations most degradation is
diverted into the anaerobic pathways. If anoxic degradation occurs, availability of
microbial reducible metal-oxides should be such to support an active metal-oxide
reducing community. This can be via high concentrations of reactive iron oxides or
by a sufficiently fast metal-oxide cycle resupplying metal-oxides. Sediment
disturbances like bioturbation and irrigation are important processes to enable an
efficient cycling. Therefore, faunal activity is an important factor in relation to the
role of metal-oxide reduction in organic carbon mineralization.
Interactions with other processes may be important as well. For example, sulfidic
components can re-oxidise with iron- and manganese-oxides (Aller and Rude 1988,
King 1990, Kostka and Luther 1995), thereby decreasing availability of the metal-
oxides for the microbial reduction. Besides, products from sulphate reduction can
react with Fe (II) and form iron sulfides and pyrite, consequently removing iron
out of the short term biogeochemical cycle (Pyzik and Sommer 1981, Canfield et
al. 1993b, Thamdrup et al. 1993).
Thus, in marine sediments the interactions between iron oxide and products of
sulphate reduction are important factors determining iron-oxide reduction rates. In
freshwater sediments, sulfate is (almost) absent, therefore sulfate reduction is of
limited importance and the iron-oxide reduction may account for a large part of the
anaerobic mineralization. Roden and Wetzel 1996 found that iron-oxide reduction
accounts for 31 and 65 % of the total mineralization in an unvegetated and a
vegetated freshwater sediment, respectively. Van der Nat and Middelburg 1998
report a considerable role for iron-oxide reduction in the freshwater sediment. The
iron-oxide reduction seemed to decrease the importance of methanogenesis in total
organic carbon mineralization. The study reported that this effect was probably
caused by substrate competition between iron-oxide reducing bacteria and
methanogens. In rice fields bacterial iron-oxide reduction has been shown to
decrease the methane emission rates as well (Kruger et al. 2001). Achtnich et al.
1995 reported iron-oxide reduction rates accounting for ~ 91 % of total
mineralization in anoxic fresh rice field paddy soil slurries. In landfills microbial
iron-oxide reduction has also been observed in the horizontally occurring
degradation sequence (Albrechtsen et al. 1995, Kennedy and Everett 2001).
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6.2. This thesis

The aim of this thesis was to address some of the questions concerning
sedimentary metal-oxide reduction rates and the governing factors. In the
preceding chapters four subjects have been tackled. First we addressed the problem
of determining iron-oxide reactivity and quantifying the availability of iron oxides
for dissimilatory iron-oxide reduction. We found that the reactive continuum
method of Postma 1993 is a useful method to describe iron-oxide reactivity as long
as the investigated sediments have a minimal amount of reactive iron oxides. The
interaction of iron oxide and organic carbon availability was subsequently tackled.
Depending on the type of sediment either iron oxide or organic carbon was the
main factor limiting iron-oxide reduction rates. The third problem addressed was
the effect of bioturbation and its two components (i.e. particle mixing and
irrigation) on sedimentary iron and manganese cycling. Due to the differences in
aquatic chemistry of Fe and Mn, the two components of bioturbation have a
different effect on Fe and Mn. Iron is more affected by increased particle mixing
whereas irrigation affects manganese most. Besides, results seemed to indicate the
presence of a micro cycle thereby diminishing the importance of a particle mixing
component to complete cycling. The last problem we tried to handle was the
importance of iron and manganese reduction along an organic carbon gradient. We
aimed to verify the findings of the first three questions in natural sediments and
investigating the effect of the different interactions on metal-oxide reduction rates.
The sediments we used were a fine grained freshwater tidal sediment with high
organic carbon and iron-oxide concentrations, a coarse grained intertidal estuarine
sediment with intermediate organic carbon and reactive iron concentration and a
hemipelagic deep sea sediment containing hardly any organic carbon or reactive
iron-oxides.
The reactive continuum approach resulted in similar reactivity characteristics (initial
reactivity and heterogeneity) for the freshwater and the estuarine sediment, whereas
the deep-sea sediments had extremely low reactivities, below the analytical window
of the approach. Reactivity data were not correlated to the concentrations of
amorphous iron oxides in the sediments, which were much higher in freshwater
than in the estuarine and deep-sea sediments. The bag incubation results revealed
much higher depth integrated iron-oxide reduction rates in freshwater sediments
than in the estuarine sediments and hardly any reduction in the deep-sea sediments.
If iron-oxide reactivity would be the sole rate determining factor governing iron-
oxide reduction rates in estuarine and freshwater sediment then both rates should
have been equal. The amount of reducible iron oxides determines the possible total
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iron-oxide reduction. In sediments with a highly reactive but small iron-oxide pool,
the increase in iron-oxide concentration over time will be limited (which when
measured in anaerobic bag incubations imply low reduction rates).
The availability of degradable organic carbon ultimately determines degradation
processes and the kinetic properties of the iron oxide pool are important for the
role of iron oxide reduction in organic matter mineralization. This may imply that
the iron oxide reduction rates increase with higher iron oxide initial reactivity, if the
available organic matter and the quantity of iron oxides are not limiting. The
experiments reveal that iron oxide reduction rates may perhaps depend on initial
reactivity at in the freshwater sediment, but are independent of initial reactivity in
the estuarine sediment (Fig. 1). At the freshwater site the iron oxide reduction rate
is not related to the pools of ascorbate or dithionite extractable iron oxides (Fig.
1b), there by indicating the limited information on iron oxide availability provided
by these extractions. On the basis of carbon and iron oxide additions to slurries of
the same sediments (Chapter 3) we have shown that the concentration of easily
reactive adsorption sites is limiting iron oxide reduction in the freshwater sediment
and the availability of degradable carbon limits iron oxide reduction in the estuarine
sediment. The combined results on initial reactivity, bag incubations and slurry
incubations, indicate that although iron-oxide reactivity in freshwater sediments
does matter, the importance of iron-oxide reduction depends on other factors,

Fig. 1 a. Iron oxide reduction rate (µmol l-1 d-1) vs. initial reactivity ′k  (s-1) for a
freshwater sediment (Appels, Belgium) - triangles and an estuarine sediment (Vliegertje,
Lake Grevelingen, the Netherlands) – circles. b. Iron oxide reduction rate(µmol l-1 d-1) vs.
concentration of iron oxides (µmol gr-1) in a freshwater sediment (Appels), Feasc -
triangles, Fedith – circles.

Fig. 1a Fig. 1b
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such as concentrations of reactive iron oxides. Due to the large pool size of
reactive iron oxides dissimilatory iron-oxide reduction accounted for ~ 74 % of the
mineralization in freshwater sediments.
Apart form iron-oxide concentrations; an efficient and rapid iron cycle can also
result in a large contribution of this pathway. Therefore in (estuarine) sediments
bioturbation can stimulate and maintain metal-oxide reduction rates. The
bioturbation experiment revealed that ventilation is most important for manganese
reduction and particle mixing is the rate-limiting step for iron-oxide reduction.
Thus the character of the bioturbation events, which is determined by composition
and density of the benthic faunal community, may determine which metal is
affected most. Efficient and fast bioturbation may leave a very minor role for
sulfate reduction in the estuarine sediments. Besides the importance of sulphate
reduction may be limited due to the existence of a micro-cycle mechanism.
However, sediment observations in (i.e. the black colour of the sediment indicating
sulphate reduction) did not support such an effective cycle.
In the freshwater sediments of Appels reactive iron oxides are in abundance and
recycling is not necessary to maintain high reduction rates. Whereas in the deep-sea
Mediterranean sediments all mineralization is aerobically, consequently no active
cycling exists.

6.3. Implications and scope for further research

The bioturbation data indicate that, due to intensive reworking, hardly any
dissolved iron or manganese diffuses out of the sediment into the overlying
bottom water. As long as the bottom waters are aerobic, bioturbation allows a
more extensive aerobic sediment area and therefore a smaller metal efflux relative
to the more anaerobic sediment. Moreover, bioturbation can increase the impact of
metal-oxide reduction on organic matter degradation. In order to support sediment
iron release, bioturbation should be such that the dissolved Fe2+ is not re-oxidized
before it escapes the sediment, and the adsorption of the reduced iron on sediment
articles should be limited.
The flux of organic carbon to the sediments is of important with respect to
efficient recycling of iron, considering that once sulphate reduction is an important
pathway, the sulphide liberates iron or manganese-oxides (Canfield et al. 1992,
King 1990, Burdige 1993). The consumption of reactive iron- and manganese
oxides decreases the sediment buffering capacity towards sulfide (King and Klug
1982, Heijs et al. 1999). Ultimately the sediments become sulfidic and toxic for
fauna. Re-establishing conditions such that the sediment can be re-colonised by
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infauna may require a long period. Some kind of ecosystem stability may be
expected with respect to reactions in response to an increase of the organic carbon
input. Higher carbon inputs can sustain a large faunal community with a larger
bioturbation potential, thereby enhancing metal-oxide recycling and repressing
sulphate reduction. Existence of such a mechanism still has to be investigated.
Besides, the direct effect of bioturbation on metal-oxide reduction, some indirect
effects on sediment and water column processes can occur parallel with increased
iron-oxide reduction. Research in freshwater sediments revealed a parallel release
of phosphorous with iron-oxide reduction. In freshwater and some marine systems
P is believed to be the limiting nutrient for primary productivity (Ryther and
Dunstan 1971). Because a release of sedimentary phosphorous can stimulate
primary productivity the organic carbon in put increases, consequently sustaining
the anaerobic conditions.
The rate and importance of metal-oxide reduction in organic matter mineralization
can be affected by a large number of factors that, in some cases, also affect each
other by positive or negative feedback. To further our understanding of these
complex interactions we have to refer to biogeochemical models. These models
require data such as Vmax (maximum rate of the process) and Km (affinity of the
bacteria for a substance) to incorporate these complex interactions. The slurry
experiments (Chapter 3 ) do provide information on maximum reduction rates
(Vmax values) in different sediments and what limits these. The experiments should
be extended to other sediments and biogeochemical conditions. Km (the affinity of
the bacteria for the substrates) should be estimated as well. Both Km and Vmax

depend on the reactivity of the iron oxides and the availability of iron oxides and
organic carbon in the sediment. Consequently processes, such as re-oxidation of Fe
(II) resulting in the formation of fresh highly reactive iron-oxides, are likely to
affect Km and Vmax and should be included in the modelling efforts as well. Some
of the sediment features, like bioturbation or sediment patchiness, are rather
complex to model, because of the different mechanisms playing a role at different
scales. Recently, Meysman 2001, described a modelling theory to introduce the
bioturbation process in diagenetic models.
With respect to understanding biogeochemistry of iron- and manganese oxides the
next step should be the incorporation of reactivity, limiting factors and
bioturbational aspects in diagenetic models. Meanwhile the set of directly measured
iron and manganese-oxide reduction rates should be enlarged with a broader range
of environments in which faunal and metal-oxide reactivity should be investigated
parallel with organic degradation pathways.
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6.3.1. Metal-oxides and the pelagic system

If the sediments of High-Nutrient-Low chlorophyll (HNLC) regions would have
an efflux of iron to the overlying water as large as the efflux we measured in the
non-bioturbated sediments this could have a positive effect on the pelagic
productivity in these regions, as whole ecosystem additions have shown (Martin et
al. 1994; Coale et al. 1996 and Boyd et al. 2000). Besides, the effects of global
warming on the water circulation of the ocean's is such that the HNLC regions will
receive water from more coastal area's or nutrient rich upwelling regions. This can
enhance the iron availability and stimulate primary production, thereby CO2 uptake
from the atmosphere will be enhanced and the system forms its own feed back
system. However, as argued by Chisholm et al. 2001, the total surface of the
HNLC area's is not sufficient to have any global scale effect if CO2 fixation would
be enhanced. Sarmiento and Orr 1991 predicted that at most 15% of the
anthropogenic production of CO2 can potentially be sequestered. Moreover,
increased primary productivity can result in anoxia in the deeper water layers due to
the subsequent changes in biogeochemistry (Chisholm, 2001 ). This may results in
enlarged N2O or CH4 emission which both are more effective greenhouse gases
than CO2. Besides, as stated by Johnson and Karl 2002, our knowledge of impact
of higher iron availability on carbon cycling in the ocean is not enough to predict
the effects

6.3.2. Iron-oxide cycling and methane emission

A number of studies deal with the microbial processes governing methane
emission from freshwater sediments and soils (Frenzel et al. 1999, Kruger et al.
2001, Achtnich et al. 1995, :Van Bodegom 2000). Especially the contribution of
rice fields to global methane emission received a lot of interest, because methane is
one of the principal greenhouse gases. Rice paddies are a significant source of
atmospheric methane and account for 9-30 % of the global methane emission
(Cicerone and Oremland 1988; Houghton et al. 1996, Matthews et al. 1991 in:Van
Bodegom 2000). Recent calculations indicate that from 1950 to 1990 the harvested
area of rice increased from 104 to 146 million ha (International Rice Research
Institute (IRRI) 1991 in: :Van Bodegom 2000). Because of this increasing area and
the greenhouse gas potential of methane, prevention methods for methane
emission have been investigated in detail.
Two approaches have been proposed to mitigate methane emissions: (1) reducing
methanogenesis and (2) preventing emission of methane by e.g. methane oxidation.
Methane production can be suppressed by stimulating other mineralization
pathways like iron-oxide reduction. In submerged rice paddies this can be achieved
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by fertilisation with easily reducible iron oxides, which will stimulate iron-oxide
reduction. Recently the capability of methanogens to reduce Fe (III) oxide has
been discovered (Bond and Lovley 2002). Thus the microbial community in the
rice paddy is capable of iron-oxide reduction from the start without any change in
conditions. In a rice microcosm addition of 15 and 30 g ferrihydrite per kg of soil
resulted in a reduction of methane emission by 43 and 84 % (Jackel and Schnell
2000). Our slurry-experiments indicate that at high organic inputs a three times
increase in iron-oxide load decreases methanogenesis ~ 5 times. The stimulation of
methane oxidation in the soils, thereby reducing methane concentration might be
another approach. In rice paddies and wetland sediments methanotrophs compete
for oxygen with heterotrophic bacteria and oxygen consuming processes like iron
oxidation (Van der Nat and Middelburg 1998, Van Bodegom et al. 2001).
Future research on the decrease of methane emission from freshwater sediments
should investigate whether iron-oxide concentrations are actually limiting iron-
oxide reduction rates. If so, experiments with iron-oxide fertilisation in field
situation are necessary to test the decrease in methane emission. Besides, applicable
methods to ensure an efficient iron-oxide cycle will have to be investigated.

6.3.3. Metal-oxide cycling and trace metals

Trace metal cycling can be affected by the iron biogeochemistry in two ways. First
the trace metals can be incorporated in iron-oxides or pyrite and released upon
oxide dissolution or pyrite oxidation (Santschi et al. 2001, Zachara et al. 2001,
Huerta-Diaz and Morse 1992, Morse 1994). Second trace metal solubility can be
affected by redox changes induced by iron geochemistry.
Either way the changes in sediment biogeochemistry affect trace metal availability.
Sediments that have been functioning as a sink for trace metals can have high
concentrations. A change in the prevailing biogeochemical processes may lead to
release of the metals into the pore- and overlying water and accumulation toxic
concentration levels (e.g. see Muller 2002 for an example). Our study revealed that
organic carbon may be a rate limiting for the metal-oxide reduction in some
sediments. Trace metal loaded oxides in organic carbon poor sediments are likely
not released. However, an occasional input of organic matter to organic poor
aerobic sediments may stimulate anaerobic processes and results in a dramatic
increase of trace metal concentrations.
If trace metals are not incorporated in iron oxides, their release can nevertheless be
affected by changes in redox conditions and pH. Dissimilatory iron-oxide
reduction and oxidation of reduced iron and manganese may change pH values and
so affect trace metals solubility and availability in the sediment because of
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desorption. Iron and manganese-oxides are sometimes regarded as means to
dispose of trace metals and nuclear waste (Mott et al. 1993, inNealson and Little
1997, Means et al. 1978). However, a number of studies have shown the release of
trace metals into the interstitial waters, the anoxic bottom water, or groundwater as
a result of iron or manganese reduction (Lovley 1991, Nealson and Little 1997).
Therefore the rate of reduction and factors affecting this rate are important in
estimating the potential danger of using iron and manganese oxides as a means of
disposal. Besides, knowing the exact process of scavenging and co-precipitation is
of interest to gain more insight in the co-precipitation.

6.3.4. Potential of metal-oxides in bio-remediation and waste water treatment

The two most relevant aspects related to bio-remediation of soils and wastewaters
are: (1) removal of Fe2+ and Mn2+ and trace metals from the solution by oxidation
and co-precipitation and (2) degradation of organic carbon contaminants by
dissimilatory metal reduction pathways.
Fe2+ and Mn2 + can be removed from solution by precipitation due to either
physico-chemical treatment or microbial oxidation. As described in the preceding
paragraph, toxic trace metals can precipitate simultaneously with iron or
manganese oxides The aspect of degradation of organic contaminants recently
received a lot of interest because until recently known degradation pathways for
organic contaminants were all aerobic, and therefore problematic to apply in poorly
aerobic environments such as landfills. The degradation with dissimilatory metal
oxide reduction offers perspectives for anaerobic bio-remediation methods,
offering a solution to the problem of limited oxygen availability that is associated
with aerobic remediation. Lovley and Anderson 2000 described the potential of
iron reducing bacteria to degrade organic contaminants by degrading them
anaerobically to carbon dioxide. Some iron-oxide reducing bacteria were found to
be able to dechlorinate chlorinated carbon compounds or to oxidise aromatic
hydrocarbons. Stimulation of the iron-oxide reducing community promoted the
occurrence of this process in contaminated sediment. For continuous, steady
anaerobic degradation of contaminants the supply of degradable iron oxides should
be sufficient. We showed that this might be reached by the addition of reactive iron
oxides. However this is not feasible in a simple way, because the oxides also have
to be transported into the reduction layer, and a mode of on place re-oxidation
would allow more perspective.
Means of remediation via "on place re-oxidation" are electrochemical regeneration,
microbial re-oxidation including the micro-cycling performed by some bacteria
(Straub et al. 1996, Sobolev and Roden 2001). Ohmura et al. 2002 reported the
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increased growth of Thiobacillus ferrooxidans through exogenous electrolysis resulting
in the electrochemical regeneration of iron. Re-oxidation also promotes iron-oxide
reduction because it removes the Fe (II) from the adsorption sites (Roden and
Urrutia 1999). The use of an anode is not feasible for large-scale in situ
remediation, stimulation of bacterial processes offers better perspectives. Our
results indicate that the iron-oxide reactivity is a factor determining the iron-oxide
reduction rate if both organic carbon and microbial reducible iron-oxide availability
are not limiting. The re-oxidation of reduced iron is therefore a factor that
potentially will have a positive effect on degradation rates.
A number of iron reducing bacteria are able to reduce other metals, including
uranium (Lovley et al. 1991, Lovley 1997, Lovley and Anderson 2000). This
dissimilatory reduction could also provide a way of bio-remediation because some
metals are solid in the reduced form (Kashefi et al. 2001, Lovley et al. 1991, Lovley
and Anderson 2000). Recently the formation of intracellular iron-oxide minerals in
a dissimilatory iron oxide reducing bacterium was reported (Glasauer et al. 2002).
Stimulating this process could be another possibility of re-oxidising iron oxides.
Methods to stimulate the metal-oxide reducing bacteria will be very valuable for
bio-remediation techniques. Re-use of metals from industrial waste materials may
be possible by using metal reducing bacteria to recover metals from solids (Krebs
et al. 1997). The main problems to be solved with respect to all methods of bio-
remediation are how to promote the reduction and prevent the limiting conditions
to arise. Depending on the type of remediation required the limiting factors can be
either organic carbon concentration or metal-oxide availability. Especially the
aspect of metal-oxide availability is complex, e.g. see the paragraph dealing with
reduction of methane emission. Future research should focus on creation of
favourable conditions without large material or laborious input. Some suggestions
are the introduction of adapted fauna species thereby introducing bioturbation,
resulting in metal cycling (Aller 1994a, Kristensen 2000) or stimulation of
reduction-oxidation cycles like the ones existing around plant roots (King and
Garey 1999) or bacterial micro-scale cycling (Sobolev and Roden 2001).


