
Magnetic Minerals in Biological Systems	
from the birds and bees to life on Mars	



Magnetism in biological systems	
Organism Mineral Domain 

state 
Biological 
function 

References 

Bacteria magnetite, 
greigite 

SD, SPM navigation Blakemore 1975; Bazylinski and Frankel 2005 

Algae, Protists magnetite SD navigation (?) Lins de Barros et al. 1981; Torres de Araujo et 
al. 1986 

Worm magnetite SPM ? Cranfield et al. 2004 

Chiton magnetite SD hardening Lowenstam 1962 

Armored snail greigite SD protection Warén et al. 2003; Suzuki et al. 2006 

Honeybee, butterfly magnetite SD? navigation (?) Gould et al. 1978; Kirschvink et al. 1997 

Termites, ants magnetite SPM, SD navigation (?) Maher 1998; Acosta-Avalos et al. 1999 

Lobster magnetite (?) ? navigation (?) Lohmann 1984; Boles and Lohmann 2003 

Newt magnetite SD navigation (?) Phillips et al. 1986, Brassart et al. 1999 

Sharks, rays Kalmijn 1966; Kirschvink et al. 2001 

Trout, salmon, tuna magnetite SD navigation Quinn 1980; Walker et al. 1984; Mann et al. 
1988; Diebel et al. 2000 

Turtle magnetite (?) ? navigation (?) Lohmann and Lohmann 1996 

Homing pigeon (and 
other birds) 

magnetite SPM navigation Walcott et al. 1979; Winklhofer et al. 2001; 
Walker et al. 2002; Davila et al. 2003 

Dolphin, whale magnetite ? navigation (?) Bauer et al. 1986 

Humans magnetite SD, SPM ? Kirschvink et al. 1992; Dobson et al. 2007 



Deep-sea snail having a coating of greigite 
(Fe3S4) and pyrite (FeS2) on its foot.	

Suzuki et al. 2006 Earth Planet Sci Lett, 242, 39	

Magnetic crystals as abrasive materials or protective 
coatings	

These armored snails are found near deep-ocean 
hydrothermal vents (‘black smokers’), which spew 

out superheated water rich in iron sulphides.	



Magnetic sensing by organisms – possible 
mechanisms	

1. With the use of ferrimagnetic 
crystals	

2. With the use of photo-induced 
chemical reactions, the rates of which 
are influenced by magnetic fields	

Bacteria	
Fish	
Birds	
???	

Birds?	

Magnetoreception involves radical-pair processes that 
are governed by anisotropic hyperfine coupling 
between (unpaired) electron spins.	
 	
Theoretically, fields of geomagnetic field strength and 
weaker can produce significantly different reaction 
yields for different alignments of the radical pairs with 
the magnetic field.	

3. Electroreception by sharks 
and rays – can they 
distinguish electric and 
magnetic signals?	

Walker et al. (2002) Current Opinion in Neurobiology 12, 735.	
Johnsen and Lohmann (2004) Nature Reviews in Neuroscience 6, 703.	
Winklhofer (2007) in Magnetosomes and Magnetoreception in Bacteria, Springer.	



- The organism is aligned by the magnetic field 	
	

	 	 	Examples: magnetotactic bacteria and algae	
	
	
- True navigation – many animals, mostly vertebrates	

	
-  compass sense: the ability to determine the direction of the magnetic 
field	

- map sense: the ability of the animal to determine its geographic 
location	
	

	 	Examples: fish and birds	

Magnetic sensing with ferrimagnetic particles	



Magnetotactic bacteria	
Cells contain ferrimagnetic 
nanocrystals of magnetite 
(Fe3O4) or greigite (Fe3S4)	

	
Cells are magnetotactic: they are 

oriented by Earth’s magnetic 
field and actively swim along the 

geomagnetic field lines by 
rotating their ‘flagella’ either 
clockwise or anticlockwise.	



Magnetotactic bacteria	



Magnetotactic bacteria	



What’s in it for me? Magneto-aerotaxis	

In both hemispheres, cells on the oxic side of the oxic–anoxic transition zone (OATZ) swim 
down along the geomagnetic field lines by rotating their flagella counterclockwise (CCW), 

whereas those on the anoxic side swim up along B by rotating their flagella clockwise (CW). 
This requires polar magneto-aerotactic cells in the NH and SH to have opposite magnetic 
polarity (shown by arrows inside cells). This means they exhibit north-seeking and south-
seeking behaviour, respectively, when examined in oxic water droplets in a magnetic field.	

Bacteria prefer to live at a certain 
position in the water/sediment column, 

determined by the concentration of 
oxygen or sulphide. Magnetotaxis 

increases the efficiency of aerotaxis (i.e. 
the use of oxygen concentration 

gradient to find optimum level) by 
reducing a three-dimensional random 

walk to a one-dimensional search.	



Different arrangements of magnetosomes	





Magnetization of chains of magnetosomes	

Electron holography is used to obtain quantitative images of magnetic flux 
within nanoscale magnetic particles, as well as the stray magnetic 

interaction fields between particles.	
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Magnetization of chains of magnetosomes

Electron holography is used to obtain quantitative images of magnetic flux 
within nanoscale magnetic particles, as well as the stray magnetic 

interaction fields between particles.
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Orientation efficiency	
For efficient magnetotaxis, the chains must be well aligned with the Earth’s field at room 
temperature. The alignment can be calculated from the Langevin function:	

The degree of alignment depends 
on the ratio of MB/kBT, where M 
is the total moment of the chain 

(which depends on the size, 
number, and the saturation 

magnetisation of the material), B 
is the field in tesla (=μ0H) and kBT 
is the thermal energy. Values of 
MB/kBT ≥ 10 are required for 

magnetotaxis.	

where L(�) is the Langevin function, and �=MB/kT.

Fig. 18. The Langevin function

(equation 26) plotted as a function

of MB/kT, showing how the align-

ment of the moment, M, along the

applied field, B, increases, asymp-

totically approaching one.

The Langevin function will asyptotically approach one as � increases, and so

after the moment has reached a certain value there is little or no benefit in

increasing it further, as this would not significantly improve the bacterial ori-

entation. This is seen in figure 18 where the function L(�) is plotted. In this

way the number and configuration of magnetosomes is optimised to produce

the most e⇥cient moment for orientation in the geomagnetic field (Frankel,

1984). From this model, the thresholds for magnetotaxis were able to be plot-

ted on figure 17, where each contour represents the proportion of the cells

forward speed that is in the direction of the applied field (in this case, B was

taken as the geomagnetic field, 50mT).

For the cells considered in this paper, figure 17 shows that only those that

are fully grown wild-type cells, or those �mamJ mutants with significant

numbers of crystals arranged in an elongated array (as seen in figures 13 and

14) have the necessary magnetic moment for appreciable magnetotaxis, where

more than 85% of their velocity is in the direction of the geomagnetic field.

Those cells which are immature have a much lower proportion of their forward

speed in the correct direction (even though they approach the dotted line

representing the maximum magnetic moment per unit volume for their given
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Orientation efficiency

M

Ms
= coth(x)� 1

x
= L(x)

x =
µ0vmsH

kBT

For efficient magnetotaxis, the chains must be well aligned with the Earth’s field at room 
temperature. The alignment can be calculated from the Langevin function:

The degree of alignment depends 
on the ratio of MB/kBT, where M 
is the total moment of the chain 

(which depends on the size, 
number, and the saturation 

magnetisation of the material), B 
is the field in tesla (=μ0H) and 
kBT is the thermal energy. Values 
of MB/kBT ≥ 10 are required for 

magnetotaxis.
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A dividing cell that contains greigite (Fe3S4) 
magnetosomes

2004
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A dividing cell that contains greigite (Fe3S4) 
magnetosomes	

2004 

Greigite has around 1/3 of the magnetic moment of magnetite and the crystals are 
not organised into nice chains. Hence bacteria containing greigite require large 

numbers of crystals to generate sufficient magnetic alignment. Nevertheless, each 
half of this dividing cell is magnetically ‘viable’. 



Kasama et al. 2006 Am Miner, 91, 1216	

A dividing cell that contains greigite (Fe3S4) 
magnetosomes	



Kasama et al. 2006 Am Miner, 91, 1216

A dividing cell that contains greigite (Fe3S4) 
magnetosomes
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How do the chains form?
A linear chain of single domain particles is in unstable equilibrium. Any slight deviation from 
linearity will make the chain collapse into a cluster, reducing the demagnetising energy by 

eliminating the stray field.

Self-assembled clusters and rings of Co 
nanoparticles, viewed using electron holography. 

Note how the external stray field (and its 
associated energy) is reduced by the formation of 

clusters.

Figure 5.7 (a) Low-magnification bright-field image of self-assembled Co nanopar-
ticle rings and chains that were deposited directly onto an amorphous
carbon support film. Each Co particle has a diameter of between 20 and
30 nm. (b)–(e) Magnetic-induction maps showing remanent states in four
different nanoparticle rings, in the form of magnetic phase contours
(128! amplification; 0.049 rad spacing) formed from the magnetic con-
tribution to the measured phase shift. The mean inner potential contri-
bution to the phase shift has been subtracted from each image (see text
for details). The outlines of the nanoparticles are marked in white, while
the direction of the measured magnetic induction is indicated both using
arrows and according to the colour wheel shown in (f) (red¼ right,
yellow¼ down, green¼ left, blue¼ up). Reprinted from Ref. 63.

157Electron Holography of Nanostructured Materials

Figure 5.7 (a) Low-magnification bright-field image of self-assembled Co nanopar-
ticle rings and chains that were deposited directly onto an amorphous
carbon support film. Each Co particle has a diameter of between 20 and
30 nm. (b)–(e) Magnetic-induction maps showing remanent states in four
different nanoparticle rings, in the form of magnetic phase contours
(128! amplification; 0.049 rad spacing) formed from the magnetic con-
tribution to the measured phase shift. The mean inner potential contri-
bution to the phase shift has been subtracted from each image (see text
for details). The outlines of the nanoparticles are marked in white, while
the direction of the measured magnetic induction is indicated both using
arrows and according to the colour wheel shown in (f) (red¼ right,
yellow¼ down, green¼ left, blue¼ up). Reprinted from Ref. 63.

157Electron Holography of Nanostructured Materials
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How do the chains form?	
A linear chain of single domain particles is in unstable equilibrium. Any slight deviation from 
linearity will make the chain collapse into a cluster, reducing the demagnetising energy by 

eliminating the stray field.	

Self-assembled clusters and rings of Co 
nanoparticles, viewed using electron holography. 

Note how the external stray field (and its 
associated energy) is reduced by the formation of 

clusters.	



Komeili et al. (2006) Science 311, 242	

Magnetosome membrane vesicles form first, then magnetite crystals	

How do the chains form?	



Scheffel et al. (2006) Nature, 440, 110.	

A special protein (MamJ) attaches the 
empty magnetosome vesicles (yellow) to 

the cytoskeletal filaments (green), resulting 
in a loosely spaced ‘beads-on-a-string’-like 

alignment.	
	

Magnetosomes (red) grow within the 
vesicles.	

How do the chains form?	



Scheffel et al. (2006) Nature, 440, 110.	

Control over magnetosome chain formation in 
Magnetospirillum gryphiswaldense	

Wild type	 ΔmamJ mutant	

By deleting the gene responsible for the mamJ protein, the magnetosomes are prevented from 
attaching to the filament, leading to the formation of clusters.	



Magnetite in the cells of Magnetospirillum gryphiswaldense ΔmamJ mutant	

Scheffel et al. (2006) Nature, 440, 110.

Control over magnetosome chain formation in 
Magnetospirillum gryphiswaldense

Wild type ΔmamJ mutant

By deleting the gene responsible for the mamJ protein, the magnetosomes are prevented from 
attaching to the filament, leading to the formation of clusters.

19

Magnetite in the cells of Magnetospirillum gryphiswaldense ΔmamJ mutant

Fig. 12. Magnetic induction maps of the cluster shown in figure 10. a) The upper

chain section has a magnetic moment of (3.6±0.3)�10�23Am2 or 0.14±0.02 T, whilst

the lower cluster, being a single vortex with almost complete flux closure has a

very low magnetic moment of (8.3±0.6)�10�23Am2 or 0.01±0.002 T. b) The same

cluster as in figure 12a as examined approximately 45 minutes later. This induction

map shows that the single vortex in figure 12a has broken up into three interlinked

vortices, that still show nearly complete flux closure. Small variations in crystal

orientation may have cause this change in the magnetic state.

they are magnetised along the chain length in both directions. In figure 12a

however, a single magnetic vortex state is observed, which then breaks up into

three interlinked vortices after approximately 45 minutes of being in the TEM

column, as seen in figure 12b. The flux closure seen here, is reminiscent of

the sort seen in other arrays of nanoscale magnetic particles, where the lowest

energy state doesn’t necessarily give rise to a magnetic moment (Tripp et al.,

2003). The fact that it was possible to image these magnetic interactions in

the two separate cases implies successful reversal, switching polarity perfectly

at the two separate times. Changes in the sample itself between these time

however, may have led to the drastically di�erent behaviour. These crystals

are held within a biological matrix that is sensitive to distortion from electron

irradiation. When any magnetosome chain is initially brought into the elec-

20
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Navigating animals – the compass and the map sense	

- compass sense: the ability to determine the direction of the magnetic 
field	
	
- map sense: the ability of the animal to determine its geographic 
location	

When released at unfamiliar sites (where they have never been before)	
	

•  Pigeons wearing frosted contact lenses returned to within 2 km of their loft	

•  Pigeons transported to release sites under general anaesthesia also returned	

•  Magnets attached to the heads of pigeons disoriented them	

	 	 	(Walker et al. (2002) Current Opinion in Neurobiology 12,735)	
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True navigation by animals – the need for a bi-coordinate system

Contours of equal 
intensity
(1 μT spacing)

Contours of equal inclination (1° spacing)

What components of the magnetic field are perceived by the animal?

• Inclination
• Intensity
• Intensity Gradient

Possible components:

Lohmann et al. (1999) Ethol Ecol Evol 11, 1
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True navigation by animals – the need for a bi-coordinate system	

What components of the magnetic field are perceived by the animal?	

•  Inclination	
•  Intensity	
•  Intensity Gradient	

Possible components:	

Lohmann et al. (1999) Ethol Ecol Evol 11, 1	



Magnetic sensing by fish – with single domain magnetite	

Trout	

Diebel et al. 2000 Nature 406, 299	

Salmon	

Mann et al. (1988) J Exp Biol 140, 35	



Possible mechanisms of magnetoreception in trout – with chains 
of SD magnetite 	

chain of magnetite crystals	

chain of magnetite crystals	mechanically gated ion channels	

For sensing 
magnetic field 
direction:	

For sensing 
magnetic field 
intensity:	

Walker et al. (2002) Current Opinion in Neurobiology 12, 735	



Tests for biogenic magnetite 	
Based on our knowledge of magnetotactic bacteria on Earth, Thomas-Keprta et 

al. (2000) proposed 6 tests for identifying biogenic magnetite:	

1. 	Size and aspect ratio yielding SD behaviour	
	

2. Chemical purity	
	

3. Crystallographic perfection	
	

4. Formation of chains	
	

5. Unusual crystal morphology	
	

6. Crystallographic elongation along the chain length in the [111] direction	



intermagnetosome magnetostatic interaction fields, they will
not be subjected to the strong linear or ‘‘positive’’ inter-
actions experienced by the Séd magnetosomes. So, although
not truly ‘‘noninteracting’’ because of the random nature of
the interaction field, it is highly unlikely that in some way
the bacteria has evolved to maximize the grain size with the
use of this dispersed interaction field.
[26] It might initially appear that the Séd magnetosomes

are evolutionary more developed than the Malom-tó mag-
netosomes from the point of view of magnetosome size.
However, as magnetotactic bacteria are thought to have
evolved in the early Proterozoic [Chang and Kirschvink,
1989], the reasons why magnetotactic bacteria like Malom-tó
do not display magnetosomes in chains, must be due to
minimal evolutionary advantage in some environments.
[27] Two further data sets were considered. These were

the largest magnetosomes that we were able to identify in
the literature [Spring et al., 1998; McCartney et al., 2001;
Taylor and Barry, 2004; Lins et al., 2005], and they are both
marine in origin and are depicted in Figure 5. The cocco-
bacillus HCM12 sample [Taylor and Barry, 2004] contains
‘‘pseudohexagonal’’ prismatic magnetosomes of length of
200 nm and AR = 0.8. The magnetosomes have a spacing/
length !0.05. This sample plots just below the upper d0 limit
for chains with an interaction spacing/length of 0.05 (Figure 5).
The coccoid Itaipu-1 magnetosomes are up to 250 nm in
length, with a maximum width of 210 nm (AR = 0.84) and a
spacing/length !0.01 [Spring et al., 1998;McCartney et al.,
2001; Lins et al., 2005]. These magnetosomes plot on the

very upper limit of d0 between the curve for spacing/length
!0.05 and the touching model (Figure 5), suggesting the
Itaipu-1 magnetosomes have the maximum possible stable
SD grain size for their AR.
[28] The calculations demonstrated that even the largest

magnetosomes such as HCM12 and Itaipu-1 are likely to
exhibit SD rather than MD behavior in the presence of
interactions. In the absence of such magnetostatic interac-
tions, these large magnetosomes would be MD. This con-
clusion is supported by electron holography images of
Itaipu-1 magnetosomes [McCartney et al., 2001], which
found that when the chains are intact the magnetosomes
display SD magnetic structures, but vortex states when
broken. This suggests that through evolution, magnetosome
size in strains like HCM12 and Itaipu-1 is maximized with
the utilization of magnetostatic interactions.

6. Conclusions

[29] There are two main findings in this paper. First, the
micromagnetic estimate for d0 for individual elongated
grains is considerably reduced compared to the analytical
calculations made by Butler and Banerjee [1975] and the
upper numerical estimates for d0, i.e., dmax, made by Witt et
al. [2005]. Second, and more importantly, the role of
interactions has been introduced into the model, and it is
demonstrated they significantly increase d0.
[30] For magnetotatic bacteria studies, as the model out-

lined in the paper accommodates the influence of magne-

Figure 5. The d0 for length versus AR for the minimum noninteracting dmin, the maximum
noninteracting dmax, and the maximum d0 for the interacting systems shown in Figure 4 (spacing/length
equal to 0 (touching) and 0.05). The models are shown previously in Figures 3 and 4. Power law fits have
been made to the data. Power law fits (solid lines) and extrapolations (dashed lines) have been made to
the data. Observational data for various magnetosome data are plotted; Séd and Malom-tó data are from
Arató et al. [2005], HCM12 [from Taylor and Barry, 2004] and Itaipu-1 [Spring et al., 1998; McCartney
et al., 2001; Lins et al., 2005] are the largest magnetosomes that we have found in the literature. The
highlighted ‘‘interacting’’ region is an upper bound. It is possible for magnetosomes to be smaller,
interacting and stable SD, i.e., to plot below this region. The ‘‘interacting’’ region is the region where the
grains must be interacting to be stable SD. The exact upper limit is dependent on spacing and elongation.
AR = 1 is a cube, and AR = 0 is an infinitely long parallelepiped.

B12S12 MUXWORTHY AND WILLIAMS: CRITICAL SD SIZE OF INTERACTING GRAINS
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B12S12
Size and aspect ratio yielding SD behaviour

Bacterial magnetites fall exclusively within the equilibrium SD 
field (after interactions between particles within the chain are 

taken into account).
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The ALH84001 Martian 
meteorite is composed 

mainly of orthopyroxene, 
with other minor phases. 

Secondary carbonate 
globules ranging in size 
from 1 to 500 μm are 

found within small cracks 
and fissures.

Magnetite crystals are 
found in the rims of the 

carbonate globules. 
Around 25% of crystals 

extracted from the 
globules meet the 

criteria for a biological 
origin (Thomas-Keprta 

et al. 2000). 

Life on Mars...?
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Size and aspect ratio yielding SD behaviour	

Bacterial magnetites fall exclusively within the equilibrium SD 
field (after interactions between particles within the chain are 

taken into account).	
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Life on Mars...?	

i) Uniform crystal size and shape within chains	
ii) Gaps between the crystals within the chain.	
iii) Orientation of the long axis of the crystals 

parallel to the length of the chain.	
iv) Traces of a membrane around the chain, 

detectable as thin halos. 	
v) Bending of chains on death of the ‘organism’ as a 

linear chain is the high-energy arrangement.	

Friedmann et al. 2001 presented SEM observations in 
support of a biogenic origin of magnetite in ALH84001:	



Life on Mars...?	
Golden et al. 2000 were able to 
grow carbonate globules similar 
to those observed in ALH84001. 
Brief heating of these synthetic 

globules resulted in the 
breakdown of the carbonate and 

the formation of magnetite 
crystals in the rims. 	

Life on Mars...?
A

200 nm C 200 nm D

Figure 14. Montage showing BSE SEM images of t he
ALH84001 magnetite chain in support of these chains
satisfying the criteria of biologically produced magnetite
chains. The chains are arrowed. Using the numericals
assigned in the text, i) is seen particularly in (C) (blue arrow)
and (A), (E) and (F) show the two extremes of sizes (note the
scales) although the crystals within the chains are equisized;
ii) best seen in (B), although evident in most chains; iii) seen
in (A) and (F); iv) seen in (C) and (D), particularly the blue
arrows; v) seen in most chains, particularly evident in (C) and
(D) (orange arrows). Edited from Friedmann et al. 2001.

Figure 13. Chains of magnetite crystals in ALH84001
imaged in situ by BSE SEM. (a) shows the micrograph, (b)
shows the same micrograph with the chains highlighted.
Friedmann et al. 2001.

a b

i) Uniform crystal size and shape within chains
ii) Gaps between the crystals within the chain.
iii) Orientation of the long axis of the crystals 

parallel to the length of the chain.
iv) Traces of a membrane around the chain, 

detectable as thin halos. 
v) Bending of chains on death of the ‘organism’ as a 

linear chain is the high-energy arrangement.

Friedmann et al. 2001 presented SEM observations in 
support of a biogenic origin of magnetite in ALH84001:
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Life on Mars...?

Figure 16. (a) synthetic carbonate globules, (b) ALH84001
carbonate globules. Grey images are BSE images; coloured
images are EDS element maps as labelled. Golden et al.
2001.

Golden et al. 2000 were able to 
grow carbonate globules similar 
to those observed in ALH84001. 
Brief heating of these synthetic 

globules resulted in the 
breakdown of the carbonate and 

the formation of magnetite 
crystals in the rims. 

GOLDEN ET AL.: INORGANIC PROCESSES IN MARTIAN METEORITE ALH84001374

producing globules with ankeritic cores and concentric zones
of Fe-rich carbonate (siderite) plus Fe sulfide (pyrite), magne-
site, and another Fe-rich carbonate plus Fe sulfide. In terres-
trial environments, hydrothermal precipitation of zoned siderite
and ankerite from CO2-rich fluids of fluctuating compositions
(e.g., Fe, Ca, and Mg) has been reported in basaltic rocks from
the Galapagos spreading center (Laverne 1993). Zoned carbon-

FIGURE 3. Transmission electron micrographs (TEM) of experimentally produced globules: (a) overall view of the rim region showing an

outermost 200 nm thin rim of magnetite-sulfide, a magnesite (Mag) zone, an inner magnetite+sulfide zone, and an innermost ankerite (Ank)
core (see Fig. 4 in McKay et al. (1996) for comparison with ALH84001); (b) high resolution TEM image of a defect-free magnetite crystal
produced by thermal decomposition of siderite (magnetite (111) lattice fringes = 4.8 Å); (c) TEM image (reverse contrast) of magnetite produced

by thermal decomposition of siderite; parallelepipeds (pp), cubes (cb), and octahedra (oh); (d) TEM image (reverse contrast) of magnetite
produced by heat decomposition of siderite; tooth shaped (th) and bullet shaped (bt); and (e) TEM image (reverse contrast) of a chain of
magnetite grains produced by thermal deposition of siderite and illustrating tear-drop (td) shaped magnetite.

ates of similar composition have also been reported in
greenschist facies metamorphic rocks of the Esplanade Range
and Northern Dogtooth Mountains, British Columbia (Jones
and Ghent 1971) and in mantle xenoliths and basalts from
Spitsbergen, Norway (Treiman et al. 1998). During a subse-
quent thermal event initiated by impact (e.g., Brearley 1998)
or volcanic events, the ALH84001 globules were sufficiently
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