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Abstract

Transmission electron microscopy examination of bacterial cells, growing naturally in freshwater and marine environments,

reveals that they can precipitate a variety of iron minerals. The development of these authigenic mineral phases may be either

`biologically controlled', whereby the cell regulates mineral formation, or `biologically induced', with biominerals commonly

generated as secondary by-products of microbe-environment interactions. With the vast majority of bacteria biomineralisation

is a two-step process; initially metals are electrostatically bound to the anionic surfaces of the cell wall and surrounding organic

polymers, where they subsequently serve as nucleation sites for crystal growth. Because of its relatively high activity in aqueous

solutions, iron is preferentially bound to reactive organic sites. As the latter stages of mineralisation are inorganically driven,

the type of iron mineral formed is inevitably dependent on the available counter-ions, and hence, the chemical composition of

the waters in which the microorganisms are growing.
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1. Introduction

Bacterial biomineralisation is a diverse and wide-

spread phenomenon that results from cellularly

mediated physiological processes. There appear to

exist two di¡erent methods of mineral formation

[1]. `Biologically controlled mineralisation' is a com-

pletely regulated process whereby the organism pre-

cipitates essential mineral phases within a preformed

framework. Because the site at which a mineral

forms is isolated from the external environment by
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a barrier through which ions cannot freely di¡use,

mineralisation may proceed under thermodynami-

cally unfavourable conditions. In contrast, `biologi-

cally induced mineralisation' is not speci¢cally de-

signed for mineralisation, but one in which

minerals still form. Biologically induced mineralisa-

tion is the dominant process among bacteria, with

biominerals commonly generated as secondary

events from interactions between the activity of the

microorganisms and their surrounding environment

[2]. Minor perturbations such as the introduction of

biologically produced metabolic end-products (e.g.,

OH

3

, CO2, H

�
and NH3), the release of cations

by the cell, or the development of a charged surface

can all induce the nucleation of minerals with crystal

habits similar to those produced by precipitation

from inorganic solutions [3].

At the proper growth pH (between 5 and 8), struc-

tural polymers that reside in the cell wall and sur-

rounding fabric of bacteria are ionised and naturally

anionic (see Beveridge [4] for details about bacterial

structures). Bacteria also have the largest surface

area to volume ratio of cellular life forms [5], and,

therefore, exhibit a remarkable potential to sequester

and accumulate metals onto their surfaces (see Bev-

eridge [6] for review and references therein). Some

bacteria show extreme selectivity in binding one met-

al from a range of competing cations to ful¢l essen-

tial physiological functions [7], whereas other bacte-

ria react to dissolved ions as if they were an open ion

exchange resin [8], presumably a function of living in

a concentrated solution where salts abound [9]. In

this regard, it is not surprising that bio¢lms are con-

sidered ideal cation scavengers, often accumulating

quantities of metals comparable to those of cation

exchange resins [10].

Based on this inherent metal-binding capacity

Beveridge and Murray [11] proposed a two-step

mechanism for the development of authigenic miner-

al phases in association with bacterial cells. The ¢rst

step involves a stoichiometric interaction between

metals in solution with the cell's reactive chemical

groups. Transition metals show extremely high a¤n-

ities for the polymeric material [12] due to their va-

lence, hydrated radius, hydration energy and electro-

negativities. Iron in particular is commonly bound to

organic sites, a ¢nding that may in part be related to

its greater concentration in natural waters compared

to other trace metals [13]. Once bound, these metals

reduce the activation energy barriers to nucleation

by providing sites where strong surface chemical in-

teractions can take place and more soluble compo-

nents can be deposited [14]. Those sites within the

interstices of the wall develop only small-grained pre-

cipitates, since the space between wall polymers con-

strains mineral growth. Surface sites (e.g., capsules

and sheaths) have no such physical constraints, and

with time and a su¤cient supply of soluble compo-

nents, very large epicellular minerals can develop [6].

The end-result is a mineralised cellular matrix that

contains detectable concentrations of metal ions that

are not easily re-solubilised [15].

In recent years, high resolution studies on bacte-

rial communities, using transmission electron micro-

scopy (TEM), coupled with energy dispersive X-ray

spectroscopy (EDS) and selected area electron dif-

fraction (SAED), have shown the almost ubiquitous

presence of ¢ne-grained iron minerals associated

with bacterial cells. Because the second step in bio-

mineralisation is inorganically driven, the biomin-

erals formed will be largely dependent on the avail-

able counter-ions, and hence, the chemical

composition of the waters in which they are growing.

This paper reviews some of the environments where

iron mineralisation has been observed, and outlines

some common geochemical conditions associated

with bacterial biomineralisation.

2. Iron mineral formation

2.1. Hydroxides and oxides

The microbial precipitation of ferrihydrite is wide-

spread in nature. It has been shown associated with

bacteria growing in acid mine drainage environments

[16^18]; rivers [19^21]; deep groundwater [22]; gey-

ser out£ow channels [23]; marine sediments [24];

around deep sea vents [25]; and on exposed rock

surfaces [26,27]. TEM analyses commonly indicate

bacterial cells partially to completely enclosed within

iron-rich epicellular matrices (Fig. 1) or with intra-

cellular precipitates, where the cytoplasmic material

has been completely replaced once the cell had lysed.

Not only do the bacteria serve as templates for iron

deposition, but in the acid mine drainage sites, for

FEMSRE 556 28-10-97

K.O. Konhauser / FEMS Microbiology Reviews 20 (1997) 315^326316



example, their organic remains were also incorpo-

rated into the mineral precipitates [16].

The formation of epicellular iron hydroxides by

bacteria can occur either passively or actively. In

the ¢rst instance, the oxidation and hydrolysis of

cell-bound ferrous iron or the binding of cationic

colloidal species (e.g., Fe(H2O)5(OH)5(OH)

2�
) can

induce the transformation to insoluble hydroxide

forms [17]. Alternatively, ferrous iron transported

into an oxygenated environment spontaneously re-

acts with dissolved oxygen (at circumneutral pH)

to precipitate rapidly as ferrihydrite (abiotically) on

available nucleation sites. Bacteria merely represent

such sites, and over a short period of time the micro-

bial mats can become completely encrusted in amor-

phous iron. Indeed, ferrihydrite also develops on the

organic remains of dead cells, implying that iron

mineralisation can occur independent of cell mor-

phology, trophic classi¢cation or physiological state

[16].

The second means by which iron hydroxides form

stems from the ability of Fe(II)-oxidising bacteria to

oxidise ferrous iron as an energy source. Most enzy-

matic oxidation of Fe(II) occurs at extremely low pH

(ranging from 1.5 to 3.5), and in acid mine drainage

environments, the activity of Thiobacillus ferroxidans

may promote iron hydroxide or iron hydroxysulfate

precipitation [28,29]. Because very little energy is

generated in the oxidation of ferrous to ferric iron,

these bacteria must oxidise large quantities of iron in

order to grow. Consequently, even a small number

of bacteria can be responsible for precipitating vast

amounts of iron [30]. At neutral pH, Fe(II) oxidation

by Leptothrix and Gallionella genera occurs under

partially reduced conditions (6 0.1% O2). These bac-

teria produce an extracellular stalk and sheath that

becomes heavily encrusted with amorphous iron hy-

droxide [31], as is commonly illustrated by the pres-

ence of iron precipitates in environments where they

are growing (e.g., springs, wells and water pipes).

In most natural systems, ferrihydrite serves as a

precursor to more stable iron oxides, such as goe-

thite and hematite [32]. In two Canadian studies on

sur¢cial sediments from an acid mine drainage repo-

sitory in northern Ontario [16] and subterranean bi-

o¢lms in an underground research laboratory, Man-

itoba [22], ferrihydrite and poorly ordered hematite

were found associated with individual bacterial cells.

In both environments hematite was speculated to

have formed through dehydration of the ferrihydrite

precursor. More recently, extracellular grains of acic-

ular goethite (Fig. 2) were identi¢ed on bacterial

surfaces collected from microbial mats lining a gey-

ser out£ow channel in Lyèsuhoèll, Iceland [23]. Goe-

thite reprecipitation is commonly favoured after fer-

rihydrite dissolution, particularly in the presence of

organic compounds capable of complexing Fe

3�
and

keeping its activity low in solution [33].

FEMSRE 556 28-10-97

Fig. 1. TEM image of two bacterial cells surrounded by a dense,

iron-rich capsule with ferrihydrite grains on outer surface. Scale

bar, 220 nm. Reprinted with permission from the Geological So-

ciety of America z21246 [23].

Fig. 2. Micrograph of a bacterial cell with crystalline, acicular

goethite precipitated on cell wall. Grains around cell may have

been shed (arrow). Scale bar = 50 nm. Reprinted with permission

from the Geological Society of America z21246 [23].

K.O. Konhauser / FEMS Microbiology Reviews 20 (1997) 315^326 317



Bacterial formation of magnetite is known to pro-

ceed under both `biologically controlled' and `biolog-

ically induced' conditions (see Blakemore and Blake-

more [34] for review). In the ¢rst instance,

magnetotactic bacteria produce intracellular chains

of pure, single magnetite crystals (Fig. 3), under pre-

cise biochemical, chemical and probably genetic con-

trol [35]. The magnetite particles appear enveloped

within an intracytoplasmic membrane comprised of a

lipid bilayer [36] that presumably is the locus of con-

trol over the speci¢city of their morphology and size

[37]. Three general morphologies of magnetite have

been observed, including cuboidal, parallelepipedal

and arrowhead- or tooth-shaped crystals, while the

minerals generally occur within a narrow size range,

from approximately 35 to 120 nm [38]. This estab-

lishes stable single magnetic domains, which ar-

ranged in a chain, provide the microorganisms with

the ability to orient and swim along geomagnetic

¢eld lines [39]. This is a particularly useful naviga-

tional tool in guiding them to their preferred loca-

tion in the water column or sediment, away from

high oxygen or sul¢de concentrations [35].

Magnetotactic bacteria are common in aquatic

habitats, their greatest abundance being at the

oxic-anoxic boundary [40]. Obligately microaero-

philic bacteria, such as Aquaspirillum magnetotacti-

cum strain MS-1, use oxygen, nitrate [41] and ferric

iron [34] as terminal electron acceptors, whereas the

marine bacterium strain MV-1 uses nitrous oxide

[42] and the freshwater bacterium strain RS-1 uses

sulfate [43] as terminal electron acceptors. The latter

¢ndings now extend the habitat of magnetotactic

bacteria down into anoxic sediments, precluding

the previously held belief that magnetogenesis occurs

only in surface aerobic sediments.

Non-magnetotactic bacteria (biologically induced

mineralisers) generate magnetite strictly under anae-

robic conditions. Dissimilatory Fe(III) reducers (e.g.,

the bacterium designated GS-15) have been shown to

produce magnetite as a by-product during the oxida-

tion of organic compounds coupled to the reduction

of poorly crystalline, synthetic Fe(III) oxide (see

Lovley [44] for review). Because magnetite formation

is an end-product of an energy-generating metabo-

lism, on a per-cell basis, GS-15 typically generates

5000 times more magnetite than a magnetotactic

bacterium [45], with the amount of magnetite pro-

duced primarily limited by the amount of available

Fe(III) oxide [44].

The morphology and size of the biologically in-

duced magnetite is quite di¡erent from those formed

under controlled conditions (Fig. 4). The magnetite

is extracellular, there is no evidence of cellular ma-

terial associated with it, and the crystals typically

consist of a mixture of round and oval particles

that range in size from 10 to 50 nm [46]. Although

the Fe(II) produced during iron reduction non-enzy-

matically reacts with some of the remaining solid

Fe(III) to precipitate magnetite, the metabolism of
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Fig. 3. Micrograph of a negatively stained cell of a magnetotactic

marine spirillum, designated strain MV-4, that produces a single

chain of parallelepipedal crystals of magnetite that longitudinally

traverse the cell. Scale bar = 400 nm. Reprinted from cover of

ASM News, Vol. 61(7) with permission of Dennis Bazylinski and

the American Society for Microbiology.

Fig. 4. A: Micrograph of extracellular magnetite precipitates.

B: Cells of GS-15 with extracellular magnetite particles. Scale

bars = 1 Wm. Reprinted with permission of the author and Nature

[46].
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the Fe(III)-reducing bacteria contributes more than

just Fe(II) to magnetogenesis [44]. Magnetite forma-

tion is also favoured by high pH; a condition met

during Fe(III) reduction:

CH3COO
3

� 8Fe�OH�
3
!8Fe

2�

�2HCO
3

3
� 15OH

3

� 5H2O

Therefore, the appropriate combination of a high

Fe(II) concentration and high pH at the contact of

the Fe(III) solid provides a unique interface for mag-

netite formation [44].

The characteristic properties of both intracellular

and extracellular magnetite are often clearly recog-

nisable in both recent and ancient sedimentary envi-

ronments. Extant magnetotactic bacteria have been

recovered from freshwater swamps [47], anoxic fresh-

water sediment [43]; soils [48], marine salt marshes

[42], marine sediments [49] and hypersaline stroma-

tolites [50], while fossil magnetotactic bacteria have

been found in deep sea sediment [51,52] and Precam-

brian stromatolites [53]. Magnetofossils extracted

from the 2000 Ma old Gun£int Iron Formation rep-

resent the oldest evidence of biomineralisation [53].

In modern anoxic marine and freshwater sediments,

much of the magnetite has morphologies similar to

that produced during Fe(III) reduction [54], while

13
C analyses by Perry [55] and Baur [56] suggested

that the extensive deposits of magnetite in some Pre-

cambrian Banded Iron Formations may be the result

of organic carbon oxidation and concomitant Fe(III)

reduction.

2.2. Silicates

Examination of acidic hot spring sediments from

Yellowstone National Park, USA [57] and from mats

growing in hot spring out£ow channels, Krisuvik,

Iceland [23] have revealed bacterial cells completely

encrusted with granular and spheroidal crystallites

(Fig. 5). These crystallites (6 500 nm) were com-

posed exclusively of iron and silica, and their forma-

tion is presumed to result from initial binding of iron

to anionic cellular sites, after which dissolved silica

was added to the growing mineral via hydrogen

bonding of hydroxyl groups.

The reaction of dissolved silica to bound iron has

important implications for the mineral's stability

over time. In freshwater sediments, amorphous iron

hydroxides are the most important source of Fe(III)

for Fe(III)-reducing bacteria; most other iron min-

erals are usually unavailable for microbial reduction

[58]. The complete encrustation of bacterial cells by

iron and silica may, therefore, present iron reducers

with an ine¤cient energy source, greatly enhancing

the mineral's preservation potential. The ability of

bacteria to bind metals (particularly iron) that dena-

ture their autolytic enzymes and prevent unrestricted

cell degradation also enhances their preservation

[59]. Penecontemporaneous mineralisation, usually

through silici¢cation, is essential to prevent hetero-

trophic microorganisms from completely degrading

the cells prior to their incorporation into the sedi-

mentary record and for maintaining intact organic

residues within a relatively impermeable matrix

[60]. Thus, it is conceivable that some of the hydro-

thermal mats from both Yellowstone and Iceland

today may become future microfossils.

In addition to the hydrothermal deposits, in the

past decade, a number of studies on bacterial com-

munities have shown the common presence of authi-

genic clays associated with freshwater bio¢lms. In

the neutral pH waters of the Rio Solimoìes, Brazil

[19], the alkaline, carbonate-saturated waters of the

Speed River, Ontario, Canada [20], the Mahanadi

FEMSRE 556 28-10-97

Fig. 5. TEM image of bacterial cell from Krisuvik, Iceland with

(1) siliceous spheres embedded within dense, iron-rich capsule

and (2) amorphous iron-silicate grain (arrow). Scale bar= 400 nm.

Reprinted with permission from the Geological Society of Ameri-

ca z21246 [23].
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River, Orissa, India [21], and metal-contaminated

lake sediment in northern Ontario [61], all bacterial

populations, regardless of physiology, substrate type

(i.e., sediment, plants, di¡erent rock types), and

aqueous composition, consistently formed complex

(Fe,Al)-silicates with variable composition (Fig. 6).

SAED patterns generated on the samples with

good crystallinity did not correspond to any identi-

¢able clay mineral. A ternary plot of Fe, Si, and Al

(on an atomic percent basis), with the position of

various major clay minerals labelled (Fig. 7), shows

that poorly ordered structures were similar in

composition to chamosite ((Fe5Al)(Si3Al)10(OH)8),

whereas crystalline phases were increasingly sili-

ceous, and more similar in composition to kaolinite

(Al4(Si4O10)(OH)4).

It is likely that the initial (Fe,Al)-silicate phases

were precipitated directly when dissolved iron, sili-

con and aluminum, reacted with cellularly bound

iron. Ferris et al. [61] found that an increasing in-

corporation of Fe (in a metal-contaminated lake

sediment) accompanied the conversion of the low-

order (Fe,Al)-silicates into a crystalline form of cha-

mosite. In the bio¢lms from the Rio Solimoìes and

the Speed River, the initial clay appeared especially

reactive to silicic acid (H4SiO4). Continued adsorp-

tion of these dissolved metallic ions, and dewatering

through hydrogen bonding of the hydroxyl groups in

the bound cations with the hydroxyl groups in the

soluble iron and silica, accompanied the solid-state

transformation from the amorphous to crystalline

phase. Eventually this process led to the complete

encrustation of the bacterial cells within a mineral-

ised matrix.

The ability of freshwater bacterial populations to

bind, immobilise and retain Fe, Al, Si and other

trace metals from solution has important implica-

tions for their transfer from the hydrosphere to the

sediment [19]. In the microenvironment overlying a

bio¢lm, the aqueous chemistry will invariably be de-

termined by the activity of the microorganisms

present. Although this water layer is very thin,

when one takes into consideration the large surface

area of solid substratum on a river's bed that is

colonised by bio¢lms, the volume of water that falls

directly under microbial contact is substantial. In

this regard, bio¢lms dominate the reactivity of the

water-substrate interface and through the adsorption

of dissolved constituents, in£uence river chemistry.

Furthermore, planktonic bacterial populations are

similarly capable of binding metals from solution,

and it is not di¤cult to imagine that these micro-

organisms could e¡ectively cleanse the water of di-

lute metals and further partition them into the sedi-
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Fig. 7. Distribution of Fe, Al and Si (on an atomic percent ba-

sis) in amorphous grains (solid circles) and crystalline grains

(open circles) collected from bacterial cells in the Speed River,

Canada. Fe, Al and Si contents are indicated for several `ideal'

clay minerals, including chamosite (slashed circle), kaolinite

(star), nontronite (plus sign), glauconite (square) and berthierine

(triangle).

Fig. 6. Micrograph of a completely encrusted epilithic bacterial

cell from the Speed River, Canada with amorphous (a) and crys-

talline (c) clay minerals. Scale bar = 300 nm.
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ments [15]. Through diagenesis, the cellularly bound

metals may either be recycled to the overlying water

column or become immobilised as stable mineral

phases [62]. If the latter occurs, it is reasonable to

expect that microdeposits of (Fe,Al)-silicates would

develop. From a geological standpoint then, it is

clear that freshwater bacterial populations can be

viewed as important agents in metal deposition,

low temperature clay formation, and, invariably,

mudstone diagenesis.

2.3. Phosphates

The formation of phosphate minerals has fre-

quently been observed in both ancient and modern

sedimentary environments under high biological pro-

ductivity. The organic matter not only serves as a

source of phosphate to sediment pore waters through

bacterial degradation [63], but it also provides a sub-

strate upon which phosphate preferentially nucleates

[64]. In a study of Cambrian phoscrete pro¢les from

Australia, Southgate [64] observed phosphate ce-

ments (with goethite rims) occurring as irregular

coatings on chasmolithic and epilithic cyanobacterial

¢laments. Similarly, Riggs [65] noted the association

of bacteria in phosphate grains of Miocene deposits

in Florida, while O'Brien et al. [66] proposed that

Eastern Australian continental margin phosphorites

(some phosphatic nodules have up to 43.12% Fe2O3)

originated through the slow bacterial assimilation of

phosphorus from seawater. This is not surprising

since phosphorus is an essential nutrient for bacteria

[67], and organic phosphorus has been shown to be a

major source of phosphorus for the production of

phosphate minerals [62]. In other studies, Jensen et

al. [68] and Jensen and Thamdrup [69] described how

the availability of iron hydroxide surfaces signi¢-

cantly decrease the concentration of dissolved phos-

phate in oxidised lake and marine sediments, respec-

tively.

Direct evidence of bacterial iron phosphate forma-

tion comes from analysis of dark-coloured bio¢lms

that grow on exposed rock outcrops on Ellesmere

Island, in the Canadian Arctic [27]. TEM analysis

of these epilithic bio¢lms, consisting of cyanobacte-

ria and fungi symbiotically associated in a lichen,

together with a consortium of free-living bacteria

and algae indicated that the microbial community

was highly mineralised, with precipitates ranging

from relatively large polyphosphate granules (ap-

proximately 250 nm in diameter) within their cyto-

plasmic membranes to smaller iron phosphate grains

(generally less than 50 nm in diameter) associated

with the periplasmic space and encompassing capsule

(Fig. 8). Some cells were completely encrusted by the

mineral grains. In EDS spectra, these aggregates ex-

hibited Fe:P ratios compositionally similar to the

mineral strengite (FePO4c2H2O), the expected stable

solid phase predicted under the low pH conditions

created by the production of organic acids in the

bio¢lms [70]. The formation of the iron phosphate

involved a series of independent steps beginning with

the solubilisation of the underlying rock, including

apatite for phosphorus [67], transport of the ions

along the rock surface in a continuous liquid-phase

water ¢lm [71], the concentration and immobilisation

of metals (e.g., iron) within the bio¢lm, and subse-

quent reactions between dissolved phosphate with

the bound iron [72], as might be expected given the

large surface area and high adsorptive a¤nity of

ferrihydrite for phosphate [73]. As a result, nutrition-

al requirements by the microorganisms were actively

maintained through a relatively closed recycling

mechanisms which restricted the immediate loss of

phosphorus from the bio¢lm, and thereby allowed

a thriving microbial population to survive in an en-

vironment of low nutrient availability.
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Fig. 8. TEM image of two stained bacteria completely encrusted

by iron phosphate grains of chemical composition similar to that

of the mineral strengite. Scale bar= 300 nm. Reprinted with per-

mission from the Canadian Journal of Earth Sciences [27].
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2.4. Sulfates

In areas receiving acid mine drainage (AMD) ef-

£uent, ferrihydrite and ferric hydroxysulfates fre-

quently occur as surface precipitates, resulting from

the exposure and subsequent oxidation of iron sul-

¢des. The general processes have been described as

follows [74]:

FeS2 � 3:5O2 �H2O!Fe
2�
� 2H

�
� 2SO

23

4
�1�

Fe
2�
� 0:25O2 �H

�
!Fe

3�
� 0:5H2O �2�

FeS2 � 14Fe
3�
� 8H2O!15Fe

2�
� 2SO

23

4
� 16H

�

�3�

Fe
2�
� 2:5H2O� 0:25O2!Fe�OH�

3
� 2H

�
�4�

Most emphasis to date has been placed on describ-

ing the initial abiotic oxidation mechanisms (reaction

1), the subsequent microbial oxidation of Fe
2�

under

acidic conditions, which appears to be the rate-limit-

ing step (reaction 2), and the accelerated oxidation of

metal sul¢des by dissolved Fe
3�

(reaction 3). The

¢nal o¡-site oxidation and hydrolysis of Fe
2�

(reac-

tion 4) has only recently been addressed [28,29,75]. A

voluminous yellow precipitate forms almost immedi-

ately when AMD comes into contact with fresh

water. However, the characterisation of this precip-

itate is still uncertain, particularly since it has a var-

iable composition [29].

In West Glamorgan, Wales, analyses of sediment

samples from a mine drainage lagoon indicated an

abundance of mineralised bacterial cells (Fig. 9),

with surface bacterial samples predominantly en-

crusted in a ferrihydrite-like mineral, whereas sub-

surface bacteria exhibited a greater proportion of

¢ne-grained Fe-S precipitates, presumably a form

of ferric hydroxysulfate [18]. The presence of an

iron sul¢de phase is unlikely due to a lack of sulfate

reduction within the sediment pro¢le. Using atomic

weight ratios, the Fe:S ratio decreases from 3.5:1 at

15 cm to 1.9:1 at 30 cm, further suggesting the con-

tinued reactivity (with depth) of dissolved sulfate for

the growing mineral.

The ability of these bacteria to precipitate iron

hydroxysulfates has important implications for acid

mine drainage remediation. Arti¢cially reducing wet-

lands have been constructed with a view to increas-

ing the pH and removal of dissolved metals from the

e¥uent as stable sul¢de phases. Unfortunately, wet-

land e¤ciency is limited to a few years before sulfate

reduction rates drastically decrease [76]. However,

the ability of Fe(III)-reducing bacteria to reduce fer-

ric hydroxysulfates has not yet been addressed, and

it may be possible that creating arti¢cially reducing

conditions are unnecessary if the indigenous micro-

organisms cannot e¡ectively degrade these authigenic

biominerals.

2.5. Sul¢des

In natural, anoxic environments, dissimilatory sul-

fate reduction is the major process by which dis-

solved sul¢de is formed. This process is carried out

by several anaerobic bacteria that generate the en-

ergy required for growth by coupling the oxidation

of simple organic molecules to the reduction of sul-
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Fig. 9. Micrograph of bacterial cell (collected from 15 cm depth

in a mine drainage lagoon, Wales) with ferric hydroxysulfate pre-

cipitates on outer cell. Magni¢cation 50 000U.
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fate [77]. The sul¢de generated subsequently reacts

with solid-phase iron oxides or hydroxides within

the sediment, locally precipitating iron monosul¢de

phases (mackinawite and amorphous FeS) and ele-

mental sulfur at the iron source [78]. The elemental

sulfur then becomes the oxidant required to eventu-

ally convert FeS to pyrite [79]. Although most ferric

iron is reduced by the preceding reaction with dis-

solved sul¢de, in some microenvironments, soluble

ferrous iron is produced by Fe(III)-reducing bacte-

ria, where it freely migrates into the zone of sulfate

reduction to further react with porewater sul¢de at

the site of organic decay [80].

In a metal-contaminated lake sediment in Sud-

bury, Ontario, Ferris et al. [61] observed the forma-

tion of iron sul¢des (mackinawite) directly on the

outer surfaces of bacterial cells and their membra-

nous debris. Most of the metal sul¢des appeared as

dense aggregates which ranged from 10 to 50 nm in

diameter. Experimental evidence suggests that metals

chemically complexed to bacteria are more reactive

towards dissolved sul¢de [81], and it is likely that the

mackinawite in the Sudbury study formed due to

dissolved sul¢de reacting with cellularly bound

iron. Because there was less than 0.75 wt.% organic

carbon associated with the lake sediment, the inten-

sity of sulfate reduction was limited, and thereby

allowed for the persistence of the poorly crystalline,

sul¢de phase [61]. In other studies, the preservation

of very degradable soft, organic parts occurred as a

pyritised layer of bacteria which pseudomorphed the

original structure [78]. More recently, sediment col-

lected from the Humber Estuary, England [24]

showed extracellular iron monosul¢de and pyrite as-

sociated with bacterial cell surfaces at depths greater

than 5 cm. The interesting feature in this ongoing

study is that bacterial cells themselves may provide

much of the reactive iron essential for sul¢de forma-

tion, since the surface marine bacteria commonly

had ferrihydrite deposits associated with them.

The formation of greigite (Fe3S4) is also known to

proceed through controlled intracellular mineralisa-

tion by magnetotactic bacteria [82]. Individual grei-

gite particles appear to be membrane-bound, organ-

ised into chains (Fig. 10), and ferromagnetically

ordered [38], providing the bacteria with properties

similar to magnetite-producing bacteria, with the ex-

ception that greigite is one-third as magnetic [83].

Morphologies of greigite include cuboidal and rec-

tangular prismatic crystals in the size range of 35^

120 nm [35]. In one magnetotactic bacterium pyrite

crystals were observed along with greigite [83].

Although pyrite may simply represent the slow trans-

formation of greigite into a more stable phase under

strongly reducing conditions at neutral pH, the

lengthy conversion time seems to preclude this proc-

ess during the cell's lifetime [35]. Instead, greigite and

pyrite may be biomineralised separately, indicating

that the stoichiometry of the metal (Fe) and non-

metal (S) can change in some magnetotactic bacteria

resulting in di¡erent mineral assemblages [35].

While magnetite-producing bacteria prefer grow-

ing above the oxic-anoxic boundary, the greigite pro-

ducers seem to prefer to be below the point where

oxygen concentrations are zero and hydrogen sul¢de

is present, thus behaving as anaerobes [35]. Interest-

ingly, one bacterium as described by Bazylinski et al.

[84] produced magnetite in the oxic zone and greigite

in the anoxic zone, implying that local oxygen and/or

hydrogen sul¢de concentrations regulated biominer-

alisation in this microorganism.

3. Conclusions

Bacteria are found throughout nature, inhabiting
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Fig. 10. TEM image of a chain of cubo-octahedral greigite crys-

tals within an unidenti¢ed, uncultured, rod-shaped bacterium col-

lected from a sul¢dic salt marsh pool. Scale bar = 200 nm. Re-

printed with permission of the author and the American Society

for Microbiology [35].
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every conceivable environment where liquid water is

freely available. They are found in enormous num-

bers and form a major proportion of the Earth's

global biomass. Because of their ubiquity and their

inherent ability to concentrate trace metals, it be-

comes apparent that these microorganisms must sig-

ni¢cantly a¡ect biogeochemical cycling in both mod-

ern and ancient sedimentary environments. Certainly

in terms of iron biomineralisation, the variety and

quantity (if Precambrian BIFs are, in part, of micro-

bial origin) of minerals suggests that they must be

playing a major role in shaping their immediate sur-

roundings.

One of the most important issues that remain un-

answered is what bene¢t, if any, microorganisms de-

rive from the predominantly passive biomineralisa-

tion processes. It has been established that bacteria

have the ability to partially control their surface

charge, and therefore should be able to inhibit bio-

minerals from forming on their cellular surfaces, par-

ticularly in dilute environmental solutions. The mere

presence, therefore, of biominerals implies that bio-

mineralisation must be advantageous. While some

Fe-hydroxides and iron phosphates may concentrate

needed trace metals and anions, respectively, what is

the possible explanation, for example, of the (Fe,

Al)-silicates? Is it the increased surface area for met-

al adsorption or possibly a mechanism to protect

themselves from predation by other bacteria or small

deposit feeders? Finding the answer to these ques-

tions will undoubtedly provide an invaluable insight

into the way bacteria in£uence low-temperature geo-

chemistry.

Acknowledgments

Funding for parts of this project was provided by

a NERC grant (GR9/01923) and an Academic De-

velopment Fund (No. 329060) from the University of

Leeds. I further thank Ben Kneller and Paul Wignall

for their critical review of the manuscript.

References

[1] Lowenstam, H.A. (1981) Minerals formed by organisms. Sci-

ence 211, 1126^1131.

[2] Mann, S. (1986) Biomineralization in lower plants and ani-

mals-chemical perspectives. In: Biomineralization in Lower

Plants and Animals (Leadbeater, B.S.C. and Riding, R.,

Eds.), pp. 39^54. The Systematics Association, Special Vol-

ume No. 30. Clarendon Press, Oxford.

[3] Lowenstam, H.A. and Weiner, S. (1989) On Mineralization.

Oxford University Press, New York, NY.

[4] Beveridge, T.J. (1989) The structure of bacteria. In: Bacteria

in Nature, Vol. 3 (Poindexter, J.S. and Leadbetter, E.R.,

Eds.), pp. 1^65. Plenum, New York, NY.

[5] Beveridge, T.J. (1988) The bacterial cell surface: General con-

siderations towards design and function. Can. J. Microbiol.

34, 363^372.

[6] Beveridge, T.J. (1989) Role of cellular design in bacterial met-

al accumulation and mineralization. Annu. Rev. Microbiol.

43, 147^171.

[7] Hughes, M.N. and Poole, R.K. (1989) Metal mimicry and

metal limitation in studies of metal-microbe interactions. In:

Metal-Microbe Interactions (Poole, R.K. and Gadd, G.M.,

Eds.), pp. 1^17. IRL, Oxford.

[8] Marquis, R.E., Mayzel, K. and Carstensen, E.L. (1976) Cat-

ion exchange in cell walls of gram-positive bacteria. Can. J.

Microbiol. 22, 975^982.

[9] Beveridge, T.J. (1989) Interactions of metal ions with compo-

nents of bacterial cell walls and their biomineralization. In:

Metal-Microbe Interactions (Poole, R.K. and Gadd, G.M.,

Eds.), pp. 65^83. IRL, Oxford.

[10] Geesey, G.G., Jang, L., Jolley, J.G., Hankins, M.R., Iawoka,

T. and Gri¤ths, P.R. (1988) Binding of metal ions by extra-

cellular polymers of bio¢lm bacteria. Water Sci. Technol. 20,

161^165.

[11] Beveridge, T.J. and Murray, R.G.E. (1976) Uptake and reten-

tion of metals by cell walls of Bacillus subtilis. J. Bacteriol.

127, 1502^1518.

[12] Beveridge, T.J. (1978) The response of cell walls of Bacillus

subtilis to metals and to electron-microscopic stains. Can. J.

Microbiol. 24, 89^104.

[13] Bowen, H.J.M. (1979) Environmental Chemistry of the Ele-

ments. Academic Press, London.

[14] Mann, S. (1988) Molecular recognition in biomineralization.

Nature 332, 119^124.

[15] Beveridge, T.J. and Fyfe, W.S. (1985) Metal ¢xation by bac-

terial cell walls. Can. J. Earth Sci. 22, 1893^1898.

[16] Ferris, F.G., Tazaki, K. and Fyfe, W.S. (1989) Iron oxides in

acid mine drainage environments and their association with

bacteria. Chem. Geol. 74, 321^330.

[17] Ferris, F.G., Schultze, S., Witten, T.C., Fyfe, W.S. and

Beveridge, T.J. (1989) Metal interactions with microbial bio-

¢lms in acidic and neutral pH environments. Appl. Environ.

Microbiol. 55, 1249^1257.

[18] Clarke, W., Konhauser, K.O., and Thomas, J. (1996) Iron(III)

hydroxide precipitation by bacteria in acid mine drainage sedi-

ments. 1996 International Symposium on Subsurface Micro-

biology, Program and Abstracts, p. 218. Davos.

[19] Konhauser, K.O., Fyfe, W.S., Ferris, F.G. and Beveridge, T.J.

(1993) Metal sorption and mineral precipitation by bacteria in

FEMSRE 556 28-10-97

K.O. Konhauser / FEMS Microbiology Reviews 20 (1997) 315^326324



two Amazonian river systems: Rio Solimoìes and Rio Negro,

Brazil. Geology 21, 1103^1106.

[20] Konhauser, K.O., Schultze-Lam, S., Ferris, F.G., Fyfe, W.S.,

Longsta¡e, F.J. and Beveridge, T.J. (1994) Mineral precipita-

tion by epilithic bio¢lms in the Speed River, Ontario, Canada.

Appl. Environ. Microbiol. 60, 549^553.

[21] Konhauser, K.O., Fisher, Q., Powell, M.A., Fyfe, W.S. and

Tripathy, S. (1997) Authigenic mineralization and particle en-

trapment by freshwater bio¢lms: the Mahanadi River, India.

Geomicrobiol. J. (in preparation).

[22] Sawicki, J.A., Brown, D.A. and Beveridge, T.J. (1995) Micro-

bial precipitation of siderite and protoferrihydrite in a bio¢lm.

Can. Mineral. 33, 1^6.

[23] Konhauser, K.O. and Ferris, F.G. (1996) Diversity of iron

and silica precipitation by microbial mats in hydrothermal

waters, Iceland: Implications for Precambrian iron forma-

tions. Geology 24, 323^326.

[24] Konhauser, K.O. (1996) Bacterial pyritization in marine sedi-

ments. 1996 International Symposium on Subsurface Micro-

biology, Program and Abstracts, 99. Davos.

[25] Juniper, S.K. and Fouquet, Y. (1988) Filamentous iron-silica

deposits from modern and ancient hydrothermal sites. Can.

Mineral. 26, 859^869.

[26] Adams, J.B., Palmer, F. and Staley, J.T. (1992) Rock weath-

ering in deserts: Mobilization and concentration of ferric iron

by microorganisms. Geomicrobiol. J. 10, 99^114.

[27] Konhauser, K.O., Fyfe, W.S., Schultze-Lam, S., Ferris, F.G.,

and Beveridge, T.J. (1994) Iron phosphate precipitation by

epilithic microbial bio¢lms in Arctic Canada. Can. J. Earth

Sci. 31, 1320^1324.

[28] Lazaro¡, N., Sigal, W. and Wasserman, A. (1982) Iron oxi-

dation and precipitation of ferric hydroxysulfates by resting

Thiobacillus ferrooxidans cells. Appl. Environ. Microbiol. 43,

924^938.

[29] Bigham, J.M., Schwertmann, U., Carlson, L. and Murad, E.

(1990) A poorly crystallized oxyhydroxysulfate of iron formed

by bacterial oxidation of Fe(II) in acid mine waters. Geochim.

Cosmochim. Acta 54, 2743^2758.

[30] Brock, T.D., Smith, D.W. and Madigan, M.T. (1984) Biology

of Microorganism. Prentice-Hall, Englewood Cli¡s, NJ.

[31] Ghiorse, W.C. and Ehrlich, H.L. (1992) Microbial biominer-

alization of iron and manganese. In: Biomineralization. Proc-

esses of Iron and Manganese (Skinner, H.C.W. and Fitzpa-

trick, R.W., Eds.), pp. 75^99. Catena, Cremlingen.

[32] Cornell, R.M., Giovanoli, R. and Schindler, P.W. (1987) Ef-

fect of silicate species on the transformation of ferrihydrite

into goethite and hematite in alkaline media. Clays Clay Min-

erals 35, 21^28.

[33] Schwertmann, U. and Fitzpatrick, R.W. (1992) Iron minerals

in surface environments. In: Biomineralization. Processes of

Iron and Manganese (Skinner, H.C.W. and Fitzpatrick, R.W.,

Eds.), pp. 7^30. Catena, Cremlingen.

[34] Blakemore, R.P. and Blakemore, N.A. (1991) Magnetotactic

magnetogens. In: Iron Biominerals (Frankel, R.B. and Blake-

more, R.P., Eds.), pp. 51^67. Plenum, New York, NY.

[35] Bazylinski, D.A. (1995) Structure and function of the bacterial

magnetosome. ASM News 61, 337^343.

[36] Gorby, Y.A., Beveridge, T.J. and Blakemore, R.P. (1988)

Characterization of the bacterial magnetosome membrane.

J. Bacteriol. 170, 834^841.

[37] Frankel, R.B. and Bazylinski, D.A. (1994) Magnetotaxis and

magnetic particles in bacteria. Hyper¢ne Interact. 90, 135^

142.

[38] Bazylinski, D.A., Garratt-Reed, A.J. and Frankel, R.B. (1994)

Electron microscopic studies of magnetosomes in magnetotac-

tic bacteria. Microsc. Res. Techn. 27, 389^401.

[39] Frankel, R.B. and Blakemore, R.P. (1989) Magnetite and

magnetotaxis in microorganisms. Bioelectromagnetics 10,

223^237.

[40] Blakemore, R.P. and Frankel, R.B. (1989) Biomineralization

by magnetogenic bacteria. In: Metal-Microbe Interactions

(Poole, R.K. and Gadd, G.M., Eds.), pp. 85^98. IRL, Oxford.

[41] Bazylinski, D.A. and Blakemore, R.P. (1983) Denitri¢cation

and assimilatory nitrate reduction in Aquaspirillum magneto-

tacticum. Appl. Environ. Microbiol. 46, 1118^1124.

[42] Bazylinski, D.A., Frankel, R.B. and Jannasch, H.W. (1988)

Anaerobic magnetite production by a marine, magnetotactic

bacterium. Nature 334, 518^519.

[43] Sakaguchi, T., Burgess, J.G. and Matsunaga, T. (1993) Mag-

netite formation by a sulfate-reducing bacterium. Nature 365,

47^49.

[44] Lovley, D.R. (1991) Magnetite formation during microbial

dissimilatory iron reduction. In: Iron Biominerals (Frankel,

R.B. and Blakemore, R.P., Eds.), pp. 151^166. Plenum, New

York, NY.

[45] Frankel, R.B. (1987) Anaerobes pumping iron. Nature 330,

208.

[46] Lovley, D.R., Stoltz, J.F., Nord, G.L. Jr. and Phillips, E.J.P.

(1987) Anaerobic production of magnetite by a dissimilatory

iron-reducing microorganism. Nature 330, 252^254.

[47] Frankel, R.B., Blakemore, R.P. and Wolfe, R.S. (1979) Mag-

netite in freshwater magnetotactic bacteria. Science 203, 1355^

1356.

[48] Fassbinder, J.W.E., Stanjek, H. and Vali, H. (1990) Occur-

rence of magnetic bacteria in soils. Nature 343, 161^163.

[49] Stoltz, J.F., Chang, S.B.R. and Kirschvink, J.L. (1986) Mag-

netotactic bacteria and single-domain magnetite in hemipela-

gic sediments. Nature 321, 849^851.

[50] Stoltz, J.F., Chang, S.B.R. and Kirschvink, J.L. (1987) Bio-

genic magnetite in stromatolites. 1. Occurrence in modern

sedimentary environments. Precambrian Res. 43, 295^304.

[51] Kirschvink, J.L. and Chang, S.B.R. (1984) Ultra¢ne-grained

magnetite in deep-sea sediments: Possible bacterial magneto-

fossils. Geology 12, 559^562.

[52] Petersen, N., von Dobeneck, T. and Vali, H. (1986) Fossil

bacterial magnetite in deep-sea sediments from the south At-

lantic Ocean. Nature 320, 611^615.

[53] Chang, S.B.R., Stoltz, J.F., Kirschvink, J.L. and Awramik,

S.M. (1989) Biogenic magnetite in stromatolites. 11. Occur-

rence in ancient sedimentary environments. Precambrian

Res. 43, 305^315.

[54] Chang, S.B.R. and Kirschvink, J. (1985) Possible biogenic

magnetite fossils from the Late Miocene Potamida clays of

Crete. In: Magnetite Biomineralization and Magnetoreception

FEMSRE 556 28-10-97

K.O. Konhauser / FEMS Microbiology Reviews 20 (1997) 315^326 325



in Organisms (Kirschvink, J.L., Jones, D.S. and Macfadden,

B.J., Eds.), pp. 647^669. Plenum, New York, NY.

[55] Perry, E.C. Jr., Tan, F.C. and Morey, G.B. (1973) Geology

and stable isotope geochemistry of the Biwabik iron forma-

tion, northern Minnesota. Econ. Geol. 68, 1110^1125.

[56] Baur, M.E., Hayes, J.M., Studley, S.A. and Walter, M.R.

(1985) Millimeter-scale variations of stable isotope abundan-

ces in carbonates from banded iron-formations in the Ha-

mersly Group of Western Australia. Econ. Geol. 80, 270^282.

[57] Ferris, F.G., Beveridge, T.J. and Fyfe, W.S. (1986) Iron-silica

crystallite nucleation by bacteria in a geothermal sediment.

Nature 320, 609^611.

[58] Lovley, D.R. (1992) Microbial oxidation of organic matter

coupled to the reduction of Fe(III) and Mn(IV) oxides. In:

Biomineralization. Processes of Iron and Manganese (Skinner,

H.C.W. and Fitzpatrick, R.W., Eds.), pp. 101^114. Catena,

Cremlingen.

[59] Ferris, F.G., Fyfe, W.S. and Beveridge, T.J. (1988) Metallic

ion binding by Bacillus subtilis : Implications for the fossiliza-

tion of microorganisms. Geology 16, 149^152.

[60] Oehler, J.H. (1976) Experimental studies in Precambrian pale-

ontology: Structural and chemical changes in blue-green algae

during simulated fossilization in synthetic chert. Geol. Soc.

Am. Bull. 87, 117^129.

[61] Ferris, F.G., Fyfe, W.S. and Beveridge, T.J. (1987) Bacteria as

nucleation sites for authigenic minerals in a metal-contami-

nated lake sediment. Chem. Geol. 63, 225^232.

[62] Beveridge, T.J., Meloche, J.D., Fyfe, W.S. and Murray, R.J.E.

(1983) Diagenesis of metals chemically complexed to bacteria:

Laboratory formation of metal phosphates, sul¢des, and or-

ganic condensates in arti¢cial sediments. Appl. Environ. Mi-

crobiol. 45, 1094^1108.

[63] Gulbrandsen, R.A. (1969) Physical and chemical factors in the

formation of marine apatite. Econ. Geol. 64, 365^382.

[64] Southgate, P.N. (1986) Cambrian phoscrete pro¢les, coated

grains, and microbial processes in phosphogenesis: Georgina

Basin, Australia. J. Sediment. Petrol. 56, 429^441.

[65] Riggs, S.R. (1979) Petrology of the Tertiary phosphorite sys-

tem of Florida. Econ. Geol. 74, 195^220.

[66] O'Brien, G.W., Harris, J.R., Milnes, A.R. and Veeh, H.H.

(1981) Bacterial origin of East Australian continental margin

phosphorites. Nature 294, 442^444.

[67] Fenchel, T. and Blackburn, T.H. (1979) Bacteria and Mineral

Cycling. Academic Press, London.

[68] Jensen, H.S., Kristensen, P., Jeppesen, E. and Skytthe, A.

(1992) Iron:phosphorous ratio in surface sediment as an in-

dicator of phosphate release from aerobic sediments in shal-

low lakes. Hydrobiologia 235, 731^743.

[69] Jensen, H.S. and Thamdrup, B. (1993) Iron-bound phospho-

rus in marine sediments as measured by bicarbonate-dithionite

extraction. Hydrobiologia 253, 47^59.

[70] Stumm, W. and Morgan, J.J. (1981) Aquatic Chemistry. John

Wiley, New York, NY.

[71] Ugolini, F.C. and Grier, C.C. (1969) Biological weathering in

Antarctica. Antarct. J. USA 4, 110^111.

[72] Jacobsen, O.S. (1978) Sorption, adsorption and chemosorp-

tion of phosphates by Danish lake sediments. Vatten 4, 230^

243.

[73] Par¢tt, R.L., Atkinson, R.J. and Smart, R. St. C. (1975) The

mechanism of phosphate ¢xation by iron oxides. Soil Sci. Soc.

Am. Proc. 39, 837^840.

[74] Kleinmann, R.L.P., Crerar, D.A. and Pacelli, R.R. (1981)

Biogeochemistry of acid mine drainage and a method to con-

trol acid formation. Min. Eng. 33, 300^306.

[75] Brady, K.S., Bigham, J.M., Jaynes, W.F. and Logan, T.J.

(1986) In£uence of sulfate on Fe-oxide formation: Compar-

isons with a stream receiving acid mine drainage. Clays Clay

Minerals 34, 266^274.

[76] Wieder, R.K. (1992) The Kentucky Wetlands Project: A Field

Study to Evaluate Man-Made Wetlands for Acid Mine Drain-

age Treatment. Report to the U.S. O¤ce of Surface Mining,

Reclamation and Enforcement.

[77] Berner, R.A. (1978) Sulfate reduction and the rate of deposi-

tion of marine sediments. Earth Planet. Sci. Lett. 37, 492^498.

[78] Can¢eld, D.E. and Raiswell, R. (1991) Pyrite formation and

fossil preservation. In: Taphonomy: Releasing the Data

Locked in the Fossil Record (Allison, P.A. and Briggs,

D.E.G., Eds.), pp. 337^387. Plenum, New York, NY.

[79] Berner, R.A. (1970) Sedimentary pyrite formation. Am. J. Sci.

268, 1^23.

[80] Can¢eld, D.E. (1989) Reactive iron in marine sediments. Geo-

chim. Cosmochim. Acta 53, 619^632.

[81] Mohagheghi, A., Updegra¡, D.M. and Goldhaber, M.B.

(1984) The role of sulfate-reducing bacteria in the deposition

of sedimentary uranium ores. Geomicrobiol. J. 4, 153^173.

[82] Bazylinski, D.A., Heywood, B.R., Mann, S. and Frankel,

R.B. (1993) Fe3O4 and Fe3S4 in a bacterium. Nature 366,

218.

[83] Mann, S., Sparks, N.H.C., Frankel, R.B., Bazylinski, D.A.

and Jannasch, H.W. (1990) Biomineralization of ferrimagnetic

greigite (Fe3S4) and iron pyrite (FeS2) in a magnetotactic

bacterium. Nature 343, 258^261.

[84] Bazylinski, D.A., Frankel, R.B., Heywood, B.R., Mann, S.,

King, J.W., Donaghay, P.L. and Hanson, A.K. (1995) Con-

trolled biomineralization of magnetite (Fe3O4) and greigite

(Fe3S4) in a magnetotactic bacterium. Appl. Environ. Micro-

biol. 61, 3232^3239.

FEMSRE 556 28-10-97

K.O. Konhauser / FEMS Microbiology Reviews 20 (1997) 315^326326


