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Abstract—The possible role of bacteria in the formation and transformation of iron minerals is considered on
the basis of the Recent biogeochemical cycle of iron. Dissimilatory Fe(IIl)-reducing bacteria are the main
agents in the reductive part of the cycle. These bacteria are capable of reducing iron oxides and hydroxides to
magnetite and siderite. A high degree of crystallinity of the iron oxides is the most important factor preventing
bacterial transformation of minerals. The main component that links the oxidative and reductive parts of the
cycle is ferrihydrite (a weakly crystalline mineral). Because of its large surface area, it is the optimal acceptor

for bacterial iron reduction.
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INTRODUCTION

Interpretations of the events of the Early Proterozoic
should be supported by microbiological data, because
bacteria were the main (if not the only) active agents in
the Proterozoic biosphere. Such a study usually com-
pares the products of metabolism of recent microorgan-
1sms with Precambrian minerals and rocks in the frame-
work of a uniform approach (in this case, uniform bac-
terial paleoecology, which allows reconstruction of
processes that took place in the past). Carrying out a
purely paleontological study is an independent method
that reveals the presence of fossil microorganisms pre-
served in various ways in ancient rocks. The presence
of iron bacteria (participating in the iron cycle) in the
Proterozoic (2 Ga ago) was first established by Barg-
‘hoorn and Tyler (1965) in the iron formations of Lake
Superior. The accumulation of thick sedimentary series
of iron rocks that occurred in the Proterozoic and
ceased in the Phanerozoic was one of the most impor-
tant events in the geological history of the Earth. The
cessation of this accumulation in the Phanerozoic
restricts the use of the comparative method. The recon-
struction of the possible role of microorganisms in the
Proterozoic environment, which was different from the
Recent, can be based on microbiological data. The pos-
sible participation of microorganisms in the iron cycle,
either by direct precipitation of Fe(IlI) oxides by iron
bacteria or indirect production of O, by cyanobacteria
with subsequent chemogenic precipitation, has been
suggested for some time (Claud, 1980). However, the
formation of magnetite, which is the major ore mineral
of iron-rich quartzites, remains an unresolved problem.
At present, microbiologists have progressed consider-
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ably in their understanding of the processes of the for-
mation of magnetite by microorganisms. Because
hydrothermal processes are at present considered to be
the most likely source of iron in Precambrian beds, -
magnetite-forming thermophilic microorganisms are
particularly important in this respect.

THE BACTERIAL CYCLE OF IRON

Of all the metals involved in biological processes,
iron stands out because of the diversity of the physio-
logical and biochemical functions performed by organ-
isms using it. Supposedly, the extremely wide usage of
iron by organisms is not due only to its chemical char-
acteristics, but also largely to its wide distribution and
availability on Earth (Ehrenreich and Widdel, 1994).

The bacterial cycle of iron is connected to the cycles
of C, O, P, and S through minerals that are produced by
the metabolism of microorganisms (Fig. 1). A general
scheme of the bacterial processes involved in the cycle
of iron at neutral pH is shown in Fig. 2, where the stable

‘forms of iron minerals formed both in reactions with

bacteria and abiogenically are shown in frames. In nat-
ural systems in a neutral and weakly alkaline environ-
ment, such as marine sediments and redox zones of
chemocline in stratified basins, the iron cycle is com-
bined with the sulfur cycle through the formation of sta-
ble sulfides. It is also known that siderite (FeCO;) and
vivianite (Fe;(PO,), - 8H,0) are products of bacterial
reduction of iron oxides (Fredrikson et al., 1998). The
reductive and oxidative parts of the bacterial iron cycle
are closely related (Fig. 2). To understand the influence




232
Ferrihydrite
5Fe,05 - 9H,0
0,
FeZ+
Iron bacteria
Acrobic zone
5Fe;05 - 9H,0
bv Fe** At ,
magnetite
. Fe3O4L
Anoxygenic
1 phototrophs co;*>
Hydrotroilite 2~ siderite
FeS - nH;0 S P043' FeCOy
Bacteria of vivianite
sulfur cycle Fe3(PO,); - 8H,0
Anaerobic zone

Fig. 1. Relationships of the bacteriai cycle with the C, O, P,
and S cycles.

of biogeochemical factors on the transformation of iron
compounds in the reducing environment, it is necessary
to take into account the processes occurring in the oxi-
dizing zone.

ZAVARZINA

BACTERIAL OXIDATION OF IRON

Bacterial oxidation of iron has been known since the
mid-19th century, and the formation of sedimentary
ores of ferric iron was one of the first problems studied
by geological microbiology (see Zavarzin, 1972). The
sedimentary environment of thin-layered deposits of
iron and manganese in lake sediments was described in
detail by Perfil’ev and Gabe (1964). The physiology
and ecology of iron bacteria are poorly studied com-
pared to other prokaryotic organisms. This is because
the majority of neutrophilic iron-oxidizing bacteria
cannot be presently cultivated in the laboratory, and
their classification is still based on morphological crite-
ria (Kholodnyi, 1953). These are mostly microaero-
phils, which develop at very low concentrations of O,,
although some species also grow at atmospheric con-
centrations of oxygen. Neutrophilic iron bacteria accu-
mulate iron hydroxides produced by two reactions:
(1) sorption of colloid iron hydroxides on acidic muco-
polysaccharides (Dubinina, 1977) and (2) oxidation of
iron by a non-specific peroxide mechanism (Balashova,
1990). Iron deposition of this type has been docu-
mented in the sediments of Lake Superior with a char-
acteristic representative of the genus Eoastrion. Well-
studied acidophilic iron bacteria (e.g., Leptospirillum
ferrooxidans and Acidithiobacillus ferrooxidans) and
thermophilic bacteria (e.g., Acidianus and Ferro-
plasma) develop in an environment of stable Fe?*
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Fig. 2. Scheme of biogeochemical iron cycle at neutral pH.
PALEONTOLOGICAL JOURNAL Vol. 33 No.3 2004




THE ROLE OF DISSIMILATORY Fe(IlI)-REDUCING BACTERIA

mainly by the leaching of sulfides (Karavaiko et al.,
1972) with subsequent precipitation of limonite in
areas of mixing of acidic and neutral waters. The bio-
genic oxidation of iron is almost entirely included in the
field of stability of hematite in the Eh—pH coordinates
(Fig. 3). In their geochemical activity, microorganisms
do not contradict the laws of thermodynamics. They
mainly affect the kinetics of the process (Zavarzin,
1972) and develop in the area of stability of the product
of the oxidative-reductive reaction they perform. Of all
the groups of iron-oxidizing microorganisms, only aci-
dophilic bacteria play an active role in the leaching of
rocks. The metabolism of other groups of iron-oxidiz-
ing bacteria leads to the deposition of iron hydroxides,
thus supporting the position of these bacteria in the dia-
gram (Fig. 3).

Although iron bacteria were known as early as the
mid-19th century, detailed study of the minerals they
produce has been made only relatively recently.
Chukhrov et al. (1973) studied sediments formed by
Leptothrix ochracea in the flooded plain of the
Yakhroma River and described a new weakly crystal-
line mineral—ferrihydrite. The crystalline structure of
ferrihydrite had been discovered earlier by Towe and
Bradley (1967). However, Chukhrov was the first to
. conduct a detailed study of its properties and structure
and described it as a new mineral. The ability of ferri-
hydrite to transform into hematite or goethite is its most
important feature. Chukhrov considered this mineral to
be the key form of iron in its transformation in the zone
of hypergenesis (Supergene..., [1975]). In nature, the
formation of ferrihydrite can occur abiogenically in the
presence of organic matter, phosphates, or silicates.
However, ferrihydrite most often has a biogenic origin
(Vodyanitskii and Dobrovol’skii, 1998). The activity of
iron bacteria excludes the formation of goethite, lepi-
docrocite, or delta oxides because the process of oxida-
tion occurs too quickly, which enables only the appear-
ance of the water oxide of iron with the least developed
structure (ferrihydrite). The ability of ferrihydrite to
transform into hematite leads to rapid solidification of
the sediments of iron bacteria, with a loss of the char-
acteristic bacterial structures. Therefore, even recently
formed bacterial sediments very quickly lose the fea-
tures that indicate their microbial origin. Their genesis
is, accordingly, difficult to identify.

Formation of ferrihydrite has been recently shown
to occur in anaerobic conditions due to oxidation of fer-
rous iron by anoxygenic phototrophs (Widdel et al.,
1993; Ehrenreich and Widdel, 1994) and nitrate reduc-
ers (Straub er al., 1996). This discovery suggests the
existence of a closed anaerobic cycle of iron, which
may have been very important in the Precambrian,
given that reducing environments were dominant on
Earth at that time.
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Fig. 3. Areas of stability of iron compounds in the area of
development of major groups of iron-oxidizing and iron-
reducing bacteria in Eh—pH coordinates.

BACTERIAL REDUCTION OF IRON

The reduction of iron by bacteria began to attract the
attention of scientists much later than the process of
biotic oxidation. The ability of microorganisms (mainly
bacteria and, to a lesser degree, fungi) to reduce certain
metals was established quite early.

The possibility of bacterial reduction of ferric iron
in organic-rich conditions (sugars and peptides) was
shown as early as 1927 by Halvorson and Starki (see
Gabe et al., 1964). Reduction of metals is often neces-
sary to remove the toxic products of metabolism, e.g.,
hydrogen or hydrogen sulfide. The formation of poorly
soluble sulfides by bacteria in the sulfur cycle is a typi-
cal example of such reactions.

Up to the end of the 1970s, the problem of the anaer-
obic cycle of iron had been addressed by soil microbi-
ology and was concerned primarily with reduction of
iron in soil and mud by heterotrophic organisms (Duda
and Kalakutskii, 1961).

Blakemore (1975) discovered magnetotactic bacte-
ria, which could be orientated in the same direction. It
was convincingly shown that these bacteria are oriented
in accordance with the Earth’s magnetic field. This dis-
covery induced further studies of this group of organ-
isms by not only microbiologists, but also physicists,
geologists, chemists, and engineers (Spring and Schle-
ifer, 1995). The presence of magnetite crystals (Fe;O,)
or greigite (Fe;S,) arranged in chains and enclosed in
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membranes (Frankel and Blakemore, 1980), which
were named magnetosomes, produced an unusual spa-
tial orientation for these microorganisms. The morphol:
ogy of the crystals proved to be very diverse (from cubi-
cal and octahedral to variously shaped hexagonal
prisms).

Magnetotactic bacteria have been discovered in
marine sediments, soils, and stratified basins and have
never been found in the oxygen-saturated, acidic, or
thermal habitats (Spring and Schleifer, 1995). These
are microaerophilic bacteria requiring a very low level
of oxygen (and some bacteria are known to survive in
completely anaerobic environments). Supposedly,
these organisms need magnetosomes for correct spatial
orientation in the narrow zone of the appropriate phys-
icochemical environment (Bazylinsky and Moskowitz,
1998). Their narrow ecological specialization and the
possibility of identifying magnetite and greigite of
magnetotactic origin due to the high specificity of mag-
netosomes allow reconstructions of physical, chemical,
paleoclimatic, and paleomagnetic conditions for vari-
ous sedimentary environments.

Magnetotactic bacteria do not use iron in catabolic
(exergonic) reactions. However, they affect the primary
magnetism of sediments by intracellular formation of
magnetite and greigite. Blakemore er al. (1985) and
Frankel (1986) have suggested that magnetotactic bac-
~ teria could play a significant part in the accumulation of
magnetite in Precambrian banded iron formations
(BIFs). This hypothesis is problematic in various ways.
First, despite the recognized role of magnetotactic bac-
teria in the primary magnetism of sediments, the
amount of magnetotactic magnetite accumulated in the
deposits is tiny. Second, magnetotactic bacteria are gra-
dient organisms occupying a narrow ecological niche
with specific physicochemical conditions that hardly
agree with the scale of deposition of BIFs. Finally, the
magnetotactic bacteria that are known at present have a
relatively narrow phylogenetic affinity. Supposedly,
they evolved from several ancestors, which may have
included phototrophic, sulfate-reducing, or chem-
olithotrophic bacteria (Spring and Schleifer, 1995). At
the same time, the most ancient representatives of the
Bacteria and Archea domains are thermophilic prokary-
otes, while no magnetotactic bacteria have been found
in thermal environments.

The problem of whether microorganisms can
receive energy through iron reduction remained
unsolved for a long time. Balashova and Zavarzin
(1980) showed the possibility of catabolic reduction of
iron by lithotrophs using molecular hydrogen as elec-
tron donor. Soon after, a physiological group of dissim-
ilatory iron reducers was discovered. Lovley and Phil-
lips (1986) showed the ability of microorganisms to
reduce iron accompanied by oxidation of acetate,
butyrate, propionate, ethanol, and methanol, which are
the typical metabolic products of heterotrophic micro-
organisms, i.e., they proved the possibility of complete
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oxidation of organic matter to carbon dioxide during
iron reduction. The credit for the discovery of magne-
tite-forming pathways in the biogenic cycle of iron
goes to Lovley. In the anaerobic community, hydrogen
and acetate are major products of primary anaerobes.
The complete decomposition of organic matter depends
on the removal of these products by secondary anaer-
obes using external electron acceptors. While hydrogen
is used by many secondary anaerobes, acetate is avail-
able to fewer of them, and accumulation of acetate is
quite possible. Lovley’s studies showed that iron reduc-
tion is an energetically favorable reaction for acetate
oxidation. Shewanella putrefaciens is the first bacte-
rium for which the ability of dissimilatory manganese-
and iron reduction was shown (Myers and Nealson,
1988). Lovley et al. (1993) isolated and described
strains of a new microorganism, Geobacter metallire-
ducens, capable of catabolic reduction of iron oxides.
At present, more than 20 species capable of this are
known. Most of them are Proteobacteria (Slobodkin
et al., 1999).

The majority of currently known iron reducers are
neutrophils with optimum growth at pH = 6.5-7.5.
They include strict anaerobes and microaerophils (Slo-
bodkin er al., 1999). It is essential that the range of sta-
bility of magnetite (the final reduced product in Eh—pH
coordinates) occur at high pH and low Eh values (see
Fig. 3), i.e., iron reducers develop in the range of stabil-
ity of the products of oxidizing-reducing reactions.
Apart from iron, most iron reducers are able to reduce
manganese, and many iron bacteria are capable of oxi-
dizing it. The geochemistries of iron and manganese in
the sedimentary process are closely connected. The iso-
lation of these two elements occurs in the environment
of a dominating sulfur cycle: iron is bound in sulfides,
while manganese does not form insoluble sulfides.

To understand the biogeochemical function of iron
reducers, it is important to show which iron oxides and
hydroxides are most intensely involved in processes of
anaerobic iron reduction. The most widespread miner-
als in the zone of hypergenesis include hematite
(Fe,05), goethite (a-FeOOH), akagenite (B-FeOOH),
lepidocrocite (y-FeOOH), ferrihydrite (5Fe,O; - 9H,0),
maghemite (y-Fe,05), and magnetite (Fe;0,). Of these,
hematite and goethite are the most thermodynamically
stable in aerobic conditions and, therefore, the most
widespread in soils and sediments as final products of
transformations. It is currently known that goethite can
precipitate directly from solution, whereas hematite .
requires the presence of ferrihydrite as a predecessor. In
fact, hematite is formed by the dehydration of ferrihy-
drite. Lepidocrocite is less widespread in nature than
goethite, but its formation is possible by the oxidation
of ferrous iron. Thus, the presence of this mineral in soil
indicates oxygen deficiency. The presence of carbon-
ates in the medium precludes the formation of lepi-
docrocite. In this case, the oxidation of the ferrous iron
leads to the formation of goethite. The formation of fer-
rihydrite, as mentioned above, occurs by rapid oxida-
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tion or in the presence of compounds prohibiting crys-
tallization processes (organic matter, phosphate, or sil-
ica). Apart from spontaneous transformation intQ
hematite, slow transformation by dehydration of ferri-
hydrite into goethite is possible. This transformation
can be considerably accelerated in the presence of
organic reducing compounds, €.g., cysteine. In fact, fer-
rihydrite is a protoxide of iron, which is why it is so
widespread. The formation of maghemite is possible
either by the oxidation of magnetite or, more likely, by
transformation of other oxides, e.g., goethite. In this
process, the presence of organic matter is a necessary
condition. Hence, maghemite is most widespread in
tropical soils (Schwertmann and Cornell, 1991; Vodya-
nitskii and Dobrovol’skii, 1998).

Ottow (1969) showed that the rate of bacterial iron
reduction by organotrophs decreases with the growth of
crystallinity of the mineral phase in the line Fe(OH); >
lepidocrocite > goethite > hematite. These results were
completely supported for dissimilatory iron reducers
(Lovley, 1987). The large rate of reduction of the least
ordered iron minerals is explained by their greater sol-
ubility, developed surface, and thermodynamic insta-
bility. Arnold et al. (1988) have shown that complexing
agents, such as chelates or citrates of Fe (III), consider-
ably increase the rate of iron reduction. Another factor
that affects the ability of iron reducers to reduce various
- oxides and hydroxides of iron is the availability of elec-
tron donors (Lovley and Phillips, 1986).

Despite the fact that iron reducers, in contrast to sul-
fate reducers and methanogens, have to reduce iron
from poorly soluble oxides and hydroxides, they suc-
cessfully compete for organic substrates. The level of
the partial pressure of hydrogen in the sediment suffi-
cient to develop iron reducers is 3 x 10-7 atm, whereas,
for sulfate reducers and methanogens, this value should
be at least 2 x 1076 and 8 x 1076 atm, respectively. The
minimum concentration of acetate required for the
development of iron-reducers, sulfate-reducers, and
methanogens is 0.5, 2, and 5 mM, respectively (Lovley,
1987), i.e., iron reducers are capable of iron reduction
under conditions where sulfido- and methanogenesis
would be completely inhibited even if the necessary
electron acceptors were present (Lovley and Phillips,
1986). Iron reduction is one of the most beneficial
exchange processes for anaerobic microorganisms.
Supposedly, it is the availability of iron in various
forms rather than the competition with other anaerobic
groups for substrates that has constituted a major factor
regulating iron reduction in Recent sediments. At the
same time, oxidation of iron leading to the formation of
the most beneficial electron acceptor (ferrihydrite) is
performed by iron bacteria in environments of minimal
available oxygen and neutral pH. Hence, ferryhidrite is
the key compound through which the connection
between the aerobic and anaerobic parts of the bacterial
cycle of iron is performed (see Fig. 2).
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The most typical reduced iron compounds occurring
in the zone of hypergenesis are various iron sulfides,
siderite, magnetite, and vivianite. The formation of sul-
fides is possible through indirect biogenic reduction
during the metabolic activity of microorganisms of the
sulfur cycle. The rest of the above minerals are formed
through the metabolism of iron reducers. Formation of
magnetite as a final reduction phase was discovered for
the first time by Lovley (1987). Magnetite formed by
iron reducers through the reduction of amorphous iron
hydroxide had oval or rounded crystals from 10 to
50 nm in diameter, with 90% corresponding to the
superparamagnetic (<30 nm) state and the remaining
10% to the monodomain (>30 nm) state (Lovley, 1990).
Despite the large amount of monodomain magnetite,
the microorganisms were able to produce far more of it
than the magnetotactic bacteria. It was shown that
G. metallireducens produces 5000 times more magnetite
than the equivalent biomass of magnetotactic bacteria
(Lovley, 1990). This cast doubts on the genesis of mon-
odomain magnetite that occurs in freshwater and
marine sediments and in soils and has previously been
identified as magnetotactic. In most sediments, magne-
tite of a typical size occurs in the anaerobic zone, i.e.,
under conditions that are unfavorable for the ecology of
magnetotactic bacteria, which require oxygen for their
metabolism. The sediments of Lake Geneva were found
to contain superparamagnetic magnetite typical of dis-
similatory iron reducers (Gibbs-Eggar et al., 1999).
Mossbauer studies of biogenic magnetite formed by
thermophilic iron reducers showed that it fargely repre-
sents thinly dispersed, incompletely formed magnetite.
Further aging of the sediment was accompanied by pro-
cesses of biogenic recrystallization of magnetite lead-
ing to the regulation of its structure and increased size
of its crystals (Zavarzina, 2001; Chistyakova et al.,
2001). Thus, it is very difficult to recognize the bio-
genic origin of magnetite in ancient sedimentary beds
and metamorphic rocks morphologically.

Magnetite is unstable in oxygenated conditions and
can transform into hematite or maghemite, although
this process is relatively slow. The pseudomorphs of
hematite after magnetite (so-called martite structures)
are typical of the zone of hypergenesis. The possibility
of biogenic oxidation of magnetite into hematite was
shown by Brown et al. (1997). A community of micro-
organisms transformed 11% of iron from magnetite
into hematite in three weeks. Because two-thirds of iron
atoms in magnetite are in a three-valence state, another
possible process occurring in Recent sediments and
leading to the loss of biogenic material is its further
reduction by iron reducers. The possibility of microbial
reduction of magnetite was first demonstrated by the
example of S. putrefaciens (Kostka and Nelson, 1995).
Magpnetite in direct contact with a bacterium was rap-
idly reduced. The formation of mineral phases in the
process of magnetite reduction was determined by
physicochemical conditions, i.e., the concentration of
bicarbonate and the presence of phosphorus or organic




236

compounds (Dong et al., 2000). Thus, both the reduc-
tion of magnetite by iron reducers resulting in the for-
mation of siderite or vivianite, depending on the condi-
tions, and relatively rapid bacterial oxidation of magne-
tite to hematite are possible in natural sediments. When
the medium for G. metallireducens contained the
increased concentration of bicarbonate, siderite was
formed in addition to magnetite (Lovley, 1990). A num-
ber of subsequent studies have shown the decisive influ-
ence of physicochemical conditions on the rate and
degree of reduction of various oxides and hydroxides of
iron and accompanying mineral phases (Roden and
Edmonds, 1997; Fredrikson et al., 1998).

CONCLUSIONS

The biogenic cycle of iron performed by microor-
ganisms of various physiological and phylogenetic
groups has been described microbiologically. This
cycle is most clearly defined in the conditions of nearly
neutral pH and normal temperatures that dominate on
the Earth’s surface. Iron bacteria, which use iron in cat-
abolic reactions and release weakly crystalline ferrihy-
drite, are the main agents in the oxidative part of the
cycle. Dissimilatory iron reducers, which reduce vari-
ous oxides and hydroxides of iron to magnetite, sider-
ite, vivianite, or oxides of iron, depending on the phys-
icochemical conditions, are the main agents in the
reductive part of the cycle. Ferrihydrite is not only the
key compound of the biogenic cycle, because it is the
most readily available acceptor for bacterial reduction,
it also plays the main part in the formation of the most
important iron oxides in the zone of hypergenesis—
hematite and goethite. In the course of iron reduction,
which is one of the most energetically favorable pro-
cesses, bacteria are able to carry out complete destruc-
tion of organic matter, including acetate, the major
compound accumulating in the majority of anaerobic
microbial processes. Despite the fact that iron reducers
have to reduce poorly soluble minerals of iron, they

- successfully compete for substrate with two major
groups of secondary anaerobes (methanogens and sul-
fate reducers) because of their high affinity to the sub-
strates. Formation of magnetite as a major reduced
product of iron reduction depends on many factors,
including the concentration of bicarbonates, humic
acids, phosphorous, and the pH of solution. The pres-
ence of monodomain biogenic magnetite in soil and
sediment strongly affects their total and remaining
magnetism. At present, many studies are appearing that
point out the decisive role of dissimilatory iron reducers
tather than magnetotactic bacteria in the formation of
this mineral in the zone of hypergenesis. It is notewor-
thy that, at present, the anaerobic cycle of iron and pro-
cesses of iron reduction are among the topics that are
most intensely studied by microbiologists and
geochemists. There are, however, many problems
requiring more detailed examination, including the bio-
chemistry of iron reduction, the kinetics of the forma-
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tions of major reduced minerals, and the participation
of bacteria in the formation of iron ore. Our studies
have shown that one of the key problems is the stabili-
zation of primary products of bacterial reduction in the
process of postbiogenic crystallization in diagenesis.
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