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In its ‘simplest form, biomagnetism is usually defined as the
study of the magnetic fields originating in living systems, while
the term magnetobiology refers to the effects of magnetic fields on
organisms. Most biomagnetic research currently in progress today
and discussed in other chapters deals with magnetic fields generat-
ed either by ionic currents flowing within an organism, those in-
duced para- or diamagnetically by the application of external
fields, or those produced by the transient high-field alignment of
the magnetic momenta of magnetic contaminants. However, there is
another proper branch of biomagnetism that warrants discussion
here: magnetic moments and fields produced by biochemically precip-
itated ferrimagnetic minerala. Unlike paramagnetic or diamagnetic
substances, a ferrimagnetic particle of the proper size and shape
will spontaneously produce a permanent magnetic moment which under
normal biological conditions cannot be demagnetized. On a micro-
scopic scale, the magnitude of the local magnetic field adjacent to
these particles may be quite large, and the particles will interact
strongly with the weak geomagnetic field.

Several topics are relevant in this chapter on biogenic ferri-
magnetism. These include the phyletic distribution of known bio-
chemically precipitated iron minerals and their biomineralization
Processes, the origin of ferro-~ and ferrimagnetism, and the ferri-
magnetic propertiea of magnetite (Fe30 y, which is as yet the only
known biogenic ferrimagnetic minerall 3f additional interest is the
biological function of these particles in nature. Laboratory tech-
nigques for the study of these particles are discussed at length in
the last section.
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14.1. BIOMINERALIZATION OF MAGNETITE

Living organisms are known to precipitate Dbiochemically over
40 different minerals, many of which have a wide distribution among
the phyla (Lowenstam 1981; Lowenstam and Weiner 1982). At present
there are ten known iron compounds (Table 14.1.1), of which only
one (magnetite) is ferrimagnetic. The general process of mineral
formation by organisms appears to span a spectrum between those
which are formed with a high level of biochemical control exerted
by an "organix-matrix” mediated process, and those which form with
lesa control through a "biologically~induced” process (Lowenstam
and Weiner 19B2).

Biologically—-induced minerals generally have crystal habits
that are similar to those seen in their inorganic counterparts, and
typically the crystallite size and orientation vary markedly from
grain to grain., Although the organisms clearly supply and locally
concentrate the chemical components for biomineralization, they
exert little control on the crystallization process itself.

In contrast, matrix-mediated minerals are usually grown in a
pre-formed organic framework (the matrix) which may exert control
over the size, shape, and even crystallographic orientation of the
precipitate. As noted by Lowenstam (1981), the precision of this
processs is such that many organisms are able to make minerals that
cannot otherwise form through inorganic processes elsewhere in the
biosphere.

The formation of magnetite is a clear example of a matrix-
mediated biochemical process, and this process has been best stud-
ied in the chitons, Polyplacophoran molluscs (Towe and Lowenstam
1967; Kirschvink and Lowenstam 1979), and in the magnetotactic bac~-
teria (Prankel et al. 1979; Balkwill et al. 1980; Blakemore et al.
1979; Towe and Moench 1981). Prior to its discovery in chiton teeth
(Lowenstam 1962), it was known to form as a high temperature and
pressure phase in igneous and metamorphic rock. It is not thermo~
dynamically stable in the oxidizing environment at the earth's sur—
face, and, if left unprotected, fine particles will slowly oxidize
to maghemite (yFe,0,), hemaetite (aFe,0,), or a variety of other
iron minerals. The degree of biochemical control in the process of
magnetite formation can be seen clearly in the electron micrographs
of Figs. 14.1.1 through 14.1.4. A fibrous network or organic matrix
material, which appears as the light meshwork in Figs. 14.1.1b and
C, surrounds 1individual magnetite crystals exposed at the chiton
tooth's surface. This meshwork is assembled early in the tooth for-
mation process, prior to any biomineralization event. During this
pre-mineralization stage, ferric iron accumulates in the superior
epithelial cells surrounding the tooth, and after a few days is
slowly transported into the organic meshwork and deposited as the
mineral ferrihydrite (Towe and Lowenstam 1967; Kirschvink and

BIOGENIC FERRIMAGNETISM: A NEW BIOMAGNETISM

Table 14.1.1.

genic minerals

PROTOCTISTA

PUNGAE

ANIMALIA

1982, and the Jarosite from Lazaroff et al. 1982)

¢ 3 o 3

' e '

2o 3 s wma 4 3 o
0“‘80 30370 m ] @ s
Fe] - W QP O M 5 [3) P Bl
- £ L P 9 AL LS o [+] bl it
o 68 0 P e H A o] F= Q
0O HD M - I - » ]
8 g2 % R EEES 8 °*§ g
8 ER F L AnEL 2 ¥ 2
* * * * * ? *

7
*

*

*

*

*

*

* * *
* * * * *
*

» »

* * » *

in

extant

organisms.

503

The diversity and distribution of iron-bearing bio-—

(From Lowenstam and Weiner

Bacteria

Chlorophyta

Foraminifera

Basidiomycota

Deuteromycota

Bryophyta

Tracheophyta

Porifera

Platyhelminthes

Annelida

Mollusca

Arthropoda

Echinodermata

Chordata



504 J. L. KIRSCHVINK

Lowenstam 1979). After the bulk of the iron is in place, the red-
dish ferrihydrite is rapidly reduced to magnetite, and can be seen
as a sharp reds/black change between sequential teeth on the radula
(tongue plate). Magnetite formation in chitons always proceeds
through the reduction of a ferrihydrite precursor, even in the late
stages of tooth maturation.

Magnetotactic bacteria also exhibit similar matrix-mediated

Fig. 14.1.1. (a) A mature magnetite-bearing tooth of the chiton,
Poneroplax pateliana, from New South Wales, Australia
(scale: 50 um). (b) The surface of a Chiton
tuberculatus tooth, showing the organic matrix super—
gtructure surrounding aggregates of fine-grained mag—
netite crystals. (c) Surface replica of a C. Stelleri
tooth viewed with transmission electron wicrosceopy.
The light bands are fibers of the organic matrix sur-
rounding the magnetite crystals. (SCM photo—-micro-—
graph (b) is courtesy of H.A. Lowenstam; (c) used
with permission of K.M. Towe)
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Fig. 14.1.2. Bacterial magnetite crystals (courtesy of K.M. Towe ).
Small inclusions of organic material may be seen in
(b) (Towe and Moench 1981).

control over the magnetite biomineralization process, Balkwill et
al. (1980) found that the crystals were formed within an intra-
cellular organelle termed a "magnetosome” which held them together
in a linear chain. Mature crystals produced by a bacterial strain
are of extremely uniform size and shape. The most common crys-
tal morphologies observed to date are hexagonal parallelipipeds
with flat ends shown in Figs. 14.1.2a and b (Towe and Moench 1981),
although Blakemore et al. (1980) found a New Zealand bacterium with
a novel "teardrop® shape. Evidence for the crystalline nature of
these particles is provided by the electron diffraction pattern
shown in Fig. 14.1.3. Crystals within the magnetosomes are aligned
in a common direction, along what appears to be the diagonal of the
cubic habit (the [111] crystalline axis). The [111] axis is also
the "easy” direction of magnetization, that is, the energetically
preferred direction for alignment of the magnetic moment. Therefore
this crystallographic orientation would yield a slightly higher
magnetic moment for a given particle volume. Magnetite crystals of
inorganic origin usually have an octahedral shape; the hexagonal
and teardrop forms are truly novel biogenic forms which are easily
distinguished from their inorganic counterparts. The bacteria may
algo form their magnetite through conversion of a ferrihydrite-like
compound (Frankel et al. 1979).
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Fig. 14.1.3. Electron diffraction pattern from bacterial magne-
tites like those of Fig. 14.1.2. The ring spacing anq‘
spot patterns are distinctive for magnetite. (Cour-—
tesy of K.M. Towe)

As will be discussed in the second half of this chapter, mag-
netite can also be found and extracted from a variety of higher an-
imals such as oceanic fish and gsea turtles. As shown by the scan-
ning electron micrograph in Fig. 14.1.4, this material has dis-
tinctly different morphology than magnetite of inorganic origin.
Although magnetite is a common industrial pollutant which can often
find its way into the food, gut, and intestinal track of higher an—
imals, there is as yet no evidence that particles of it can cross
the internal and external barrier of epithelial cells and move into
the blood stream to be carried arcund the body. If this were the
case, one would expect to find magnetic particles of external ori-
gin randomly scattered throughout the body, and this is not ob-
served in most organisms. The low pH environment of the vertebrate
gut will tend to destroy magnetite chemically. Occasional bits of
magnetic material are found associated with gills, eye Sockets, old
wounds, and very often with the skin, but most of this is clearly
contamination and not highly reproducible from individual to indi-
vidual. By comparison, internal tissue such as muscle, nerve, and
internal organs are usually quite low in magnetic material.

With the exception of chitons, very little is known about the
biomineralization process of magnetite in higher organisms. Al-
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though minute amounts of this material can be detected by using the
SQUID moment magnetometers described later, the material is small
in volume and difficult to locate uniquely using the transmission
electron microscope. However, it is clear that the magnetite formed
by honey bees and monarch butterflies is of biogenic origin because
the stable remanence first develops during metamorphosis (Gould et
al. 1978; Gould 1980; Jones and McFadden 1982, and pers. comm.
1982; Kirschvink unpubl.)}. During this time, nothing enters or
leaves the bee pupae or butterfly chrysalids, implying that the
magnetic material must form in gitu. Similarly, the narrow grain-
Size distribution measured for pigeon magnetite reported by wWalcott
et al. (1979) and the consistent localization of magnetite in or
near the ethmoid region in the head of many vertebrates (Kirschvink
1982a) and their unique crystal morphologies (Fig. 14.1.4) all
argue for a biogenic origin of this material. A further clue is the
high purity of this material as shown by electron microscope anal-
ysis. Geological magnetites usually have appreciable impurities
such as titantium and other trace metals.

Fig. 14.1.4. (a) SEM micrograph of magnetite extracted from the

ethmoid complex of Yellowfin tuna, The typical grain
gize is on the order of 0.1 um, although the crystals
have clumped together (Courtesy of M.M. Walker). (b)
In both the tuna ethmoid tissue and in dura from the
green sea turtle (this picture), anomalous spheres of
magnetite 5-50 Um in diameter have been found. Their
function (if any) is as yet unknown, but in surface
detail they do not resemble inorganic magnetites
(Courtesy of A. Perry).
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In summary, magnetite is one of a variety of iron minera}s
which are formed under strict biochemical c?ntrol. 'As shown'ln
Table 14.1.2, however, it is unique among them %n a varlety of 1?9
biochemical and physical characteristics. 'It %s the fgrrlmagnetlc
properties which are of principal interest in biomagnetism and of

concern next.

14.2. FERRO- AND FERRIMAGNETISM

any discussion of biogenic ferrimagne?ism mugt answe? ?he
question of why a mineral like magnetite is any dlff?rent 1n.1ts
magnetic properties than the other biochemically—?rec}pltated 1ro;
compounds listed in Table 14.1.1. The answer 11es‘1? the crysta
structure. At temperatures above the Verwgy tran81t19n (120 KX),
magnetite has an overall cubic symmetry in its crystalline array ?f
atoms and is classed as an inverg% sp1nel.+.0xygen atqms a;e 1:
close cubic packing, with Fe and Fe® = ions occupying adjacen

Table 14.1.2. Unique biochemical and physical properties of magne-
tite.

Physical Parameter Related Value Comment

4Bx105 A/m only known ferromagnetic

Ferrimagnetism X "
material of biochemical
origin

Curie 853 g

temperature (580 C)

Electrical 5x10"° 0'm Lowest electrical

resistivaty resistivity of any known
intracellular precipitate
(=~6,000 times legs than
cytoplasm).

Density 5,1x103 kg/m3 Most dense intracellular

(5.1 g/em™) precipitate

Hardness ~6 on Moh's scale One of the hardest known
bioinorganic minerals;
chitons use it in their
teeth

Color Dark blue, Due to photons absorbed

almost black by electroggvhoppin%‘
between Fe and Fe

ions
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sites within the lattice, having octahedral and tetrahedral Symme-—
try of the surrocunding atoms. As a consequence, the iron atoms in
magnetite are held very close together (~0.6 nm apart) and are sep-
arated from each other only by single oxygen atoms. Under thege
conditions, the unpaired electrons in the iron's partially filled
d-orbitals will interact strongly.

In ferromagnetic crystals, these unpaired electron spins are
forced into parallel alignments such that their small magnetic spin
vectors (each with a magnitude of one Bohr magneton, uB) add to~
gether 1linearly. This alignment results from a quantum-mechanical
“exchange” associated with overlapping electron states between ad-
jacent iron atoms in the closely-spaced crystal lattice. The total
magnetic dipole moment “M_" for a uniformly magnetized ferromagnet—
ic particle is then simply M_ = ni_, where "n" is the number of
aligned electron spins present in the Ekole crystal. A ferromagnet-
ic particle only a few tens of nanometers in size may have millions
of these magnetic vectors (several from each iron atom). This par-
allel alignment of small moments is what distinguishes ferromagnet-
ic material from other magnetic and paramagnetic compounds.

Magnetite has a slightly different variety of ferromagnetism,
however, which is called ferrimagnetism. The presence of regularly-
spaced oxygen atoms in the lattice and their participation in elec~
tron exchange between iron atoms on either side makes the electron
spins in alternate crystallographic layers antiparallel to each
other. Because the Fe‘' and half of the Fe’* ions are distributed
in alternate crystallographic layers, the net effect is that mo-—
ments from the Fe ions cancel, and a parallel array of Spins from
Fe?’ ions add to form a ferromagnetic-like moment. A ferrimagnet is
a material such as this in which atomic moments point in opposite
directions but there remains an imbalance and hence a net magnetic
moment. It 1is worth noting that two other biogenic iron minerals,
goethite and jaroite (Table 14.1.1), are antiferromagnetic, which
means that the antiparallel moments from opposite layers exactly
cancel. A weak remanent moment is Sometimes seen in goethite as a
result of ordered defects in the crystal lattice, but this effect
has not been observed in the goethite-bearing teeth of the archeo-
gastropod, Lottia gigantea (Kirschvink, unpubl.).

14.3. STABILITY AND COERCIVITY OF MAGNETIZATION

This large-scale alignment of electron spins across the volume
of a ferro- or ferrimagnetic particle gives rise to a variety of
macroscopic physical properties which are of interest to the study
of biogenic ferrimagnetism. Of particular importance is the influ-
ence of particle size and shape on the directional stability of the
spontaneous moment and its microscopic coercivity. “
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The magnetic stability properties of ferrimagnetic minerals
such as magnetite are extremely important to the magnetic tape in—
dustry as well as to the geophysicists studying rock and paleo—
magnetism. The term "stability” as used here simply means the ten-—
dency of the magnetic moment vector of a particle to remain fixed
relative to the particle's crystal axes. Two factors play a role in
this: the total number of aligned electron spins present (e.g. the
volume) and the particle's shape. The magnetic dipole moment of a
particle has an energy of orientation in an external magnetic flux
density B given by E = -M Bcos@, where 8 is the angle between the

and B vectors. This expresses the fact that the orientation of
lowest energy is for & = 0, when is parallel with B. Note that
the moment for a uniformly magnetized particle is simply the volume
times +the saturation magnetization, the latter being 4.8x10 A/m
for magnetite. For extremely small particles in the =50 UT geomag-
netic field, this implies that the "energy product* MDB per crystal
may be less than the average thermal energy (~k_.T or 4.2x10
joules at room temperature). Random reallgnmeng of the electron
spins becauge of thermal agitation will then cause the direction of
the moment vector to wander constantly relative to the crystal
axes. This type of magnetic instability is said to be
Superparamagnetic, because the application of even a relatively
weak magnetic field causes a substantial rotation of the particle's
moment toward the field direction, and hence the particle exhibits
an extraordinarily large paramagnetic susceptibility. Superpara-
magnetism is characteristic of particles with sizes and shapes that
fall in the lower region of Fig. 14.3.1.

On the other hand, the magnetic moment of much larger parti-
Ccles would set up a substantial magnetic field in the surrounding
:Space, which is energetically unfavorable, and the parallel align~-
ment of electron spins will collapse into two or more smaller re-
gions ("domains") with moments poeinting in different directions so
as to reduce the external field energy. The simplest configuration
has two oppositely directed domains whose moments cancel. Then the
net moment of the particle arises solely from the electron spins in
the "wall" between the two domains, where the magnetization rotates
in spiral fashion by 180° from one domain to the other. Such parti-
cles are said to be "pseudo-single domain® since only one region -~
the wall - contributes to the particle‘s moment. The net magnetic
moment of a two-domain particle, or for larger particles a multi-
domain configuration, is much reduced from that of the totally
aligned configuration. Such particles are represented in the upper
area of Fig. 14.3.1.

Particles that lie intermediate in size between the superpar-
amagnets and multi-domain configuration have a uniform magnetiza-
tion and are stably magnetized, and hence they are described as
having a single~domain. Highly elongated particles tend to favor
the single-domain state, an effect which is due to their shape an-
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Fig. 14.3.1., Size—shape relationships and magnetic properties of
magnetite crystals (after Butler and Banerjee 1975).
Each point on this diagram represents a rectangular
magnetite crystal of gpecified size and shape. The
two lines at the bottom show all particles with time
constants between 100 seconds and 4x10° Yyears. Numer-
ous bacterial and pigeon magnetite crystals that have
been measured by electron microscopy all plot in the
single—~domain field as shown. The dashed line corres-
ponds to those crystals which have the volume of mag-
netite estimated for the honey bee compass receptor
from their horizontal dance (Kirschvink 1981).

isotropy. Particles of this size and shape will always be magnet—
ized fully to the saturation value and cannot be demagnetized under
biological conditions. It is not necessary to magnetize these par-—
ticles as their moments form spontaneously. These are the parti-
cles that are clearly involved in bacterial magnetotaxis, the basis
for the magnetic tape industry, and most likely relied on for the
magnetic field sensitivity in higher organisms.

The boundary in Fig. 14.3.1 between the superparamagnetic and
single~domain particles is not sharply defined, but is based on the
time scale that describes the rotation of the moment vector rela-
tive to the particle. A change inh size of a few nanometers,
however, is enough to change this time from less than 100 seconds
to more than 4 billion years. Paleomagnetists have devised a varie-
ty of indirect magnetic experiments discussed at 1length in the
latter half of this chapter which can distinguish these various
forms of stability from each other without needing to isolate and
purify the magnetic minerals.
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One measure of the magnetic stability of a ferro- or ferrimag-
netic particle is termed its »coercive field.™ ;n an elongated
single-domain particle, the shape anisotr?py constrains the magvet—
jc moment to lie either parallel or anti-parallel to thg par?1c1e
length, unless forced out of alignment by.a strong_magnetlc f1e1§.
The coercive field is the field intensity at which the moment is
first flipped from one stable orientation to.the othe;. Several of
the techniques discussed in the latter portion of this chapter de-

pend upon this property.

14.4. EVOLUTION AND FUNCTION OF BIOGENIC MAGNETITE

Vvery little is known at present about the evolutio?ary history
of the biochemical pathway(s) for magnetite biosynthesis. Part ?f
the problem is the lack of a direct fogsil record. ‘The small grain
size of bacterial crystals gives them a large ratio of surface to
volume, which speeds their conversion to other minerals after tﬁe
bacteria die (Demitrack 1981), although there is some paleomagnetic
evidence for bacterial magnetite in Miocene marine clays from Crete
(Kirschvink 1982b). Chitons first appear and diversify in the fos—
sil record during late cCambrian and early Ordovician time (~§10x10
years ago), so it seems likely that the biochemical path?ay in Tolv
luscs evolved sometime prior to this during the Precambrian period.
The presence of intracellular chains of magnetite crystals %nym?d—
ern anaerobic or microaerophillic bacteria suggests the poSSlbllle
that it may originally have served as an iron storage maferial in
the chemically reducing environment of the early Precambrian. The
global switch from a reducing to oxidizing environment wogld then
have provided strong evolutionary pressure favoring bac?erla that
exploit any advantage of having internal magnetic particles. Two
such advantages might result from the orienting effect of the geo—
magnetic field: it could serve to guide bacteria away from oxygen-—
rich surface waters while they swim, and it could prevent them fr?m
moving in a “random walk," which would make progress less effi-
cient. An orienting effect due to magnetic torque is cal}ed
maghetotaxis, and this has been observed in several types of marine
and freshwater bacteria as well as in one green algae (Chlammy-
domonas sp.}) by ©Tins de Barros et al. (1981). Fossil crystéls of
bacterial magnetite ought to be easily recognized in tﬁe fossil re—
cord by their unique hexagonal shape, but the systematic gearch for
them is just beginning.

The function of biogenic magnetite is only clearly known f?r
the chitons, magnetotactic bacteria, and perhaps the magnetQtactlc
algae. Chitons harden their major lateral teeth with magnetlte. 80
they can be used for scaping algae off of rocks. Magnetosomes vlth—
in the bacteria contain enough single-domain magnetite to passively
align their cells in the geomagnetic field, even after they d%e
(Frankel and Blakemore 1980). When alive, they generally swim
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northwards (and downward) in the Nerthern hemisphere, southwards
(and downward) in the Southern hemisphere, and in both Northern and
Southern directions on the geomagnetic equator (Blakemore 1975;
Kirschvink 1980; Blakemore et al, 1980; Frankel et al. 1981). 1t
has been suggested that the downward orientation iB the most signi-
ficant one in that it directs the bacteria towards anoxic muds and
nutrients at the mud/water interface. That magnetotaxis is indeed
the function of bacterial magnetite is supported by the observation
that all known bacterial crystals measured to date with transmis-
sion electron microscopy are represented only within the single-
domain region shown in Fig. 14.3.1. This is not true for all crys-~
tals measured in chiton teeth which are not used for magnetic ori-
entation (Kirschvink and Lowenstam 1979; Towe and Lowenstam 1967).
The single-domain configuration represents the greatest economy in
terms of a particles net magnetic moment per volume of material. a
mutant bacterial strain which happened to form superparamagnetic or

multi-domain crystals would quickly be eliminated by natural selec~
tion,

In higher organisms the most probable use of biogenic magne-
tite is for magnetoreception, either as a "compass" to aid naviga-
tion or perhaps as a receiver of time or "map" information (Kirsch-
vink and Gould 1981; Kirschvink 1982a). However, the list of unique
biochemical and physical properties for magnetite in Table 14.1.2
suggests many other possibilities. Support for the magnhetoreception
hypothesis comes from several sources, including the discovery of
biogenic magnetite in virtually every known magnetically sensitive
organism, including elasmobranch fish (sharks and rays) which are
known to have both electric and magnetic senses. As will be dis—
cussed, additional support comes from the observation that the hor-
izontal magnetic dance of the honeybee can be explained by a mech-
anism based on a single-domain ferromagnetic compass (Kirschvink
1981), and that most suggested alternative strategies for magneto~
reception (such as electroreception) do not work well in small ter—~
regtrial or freshwater animals (Jungerman and Rosenblum 1980; Tesch
1980). Note that a magnetic compass is as viable an hypothesis to
account for the elasmobranch magnetic sense as is the use of their
ultra-sensitive electroreceptors. Behavioral experiments have not
yet resolved this gquestion.,

Although the study of the magnetically influenced behavior of
animals is more properly called magnetobiology than biomagnetism,
it is worth briefly discussing it here. More extensive reviews of
this literature have been presented by Adey and Bawin (1974), Gould
(1980), Ossenkopp and Barbeito (1978), and Kirschvink (1982a). The
evidence suggests that animals have two basic types of magnetosen-—
Sory systems, one of which is wused for compass orientation and

‘another for deriving map or time information from the geomagnetic

field. For brevity, only the compass sense in homing pigeons and
honey bees will be considered here.
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Keeton (1971) and Walcott and Green (1974) were the first to
demonstrate reliably that homing pigeons possess a magnetic compass
gense, although Yeagley (1947) had claimed this much earlier.
prained birds are normally able to orient themselves quickly and
depart in the homeward direction when released at an unfamiliar
site on a sunny day (Fig. 14.4.1, top row). However, paired coils
wrapped around their heads or small magnets attached to their backs
predictably disorient their departure bearings on cloudy days (Fig.
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Fig. 14.4.1. Influence of a magnetic field on the bearings of
trained homing pigeons as they leave the sight of the
observer following release. On sunny days (top row of
circular diagrams), most birds are able to depart in
the general direction of home (dashed lines) with
reasonable accuracy (indicated by the length of the
mean departure arrows)., However, on Cloudy days when
the sun is not visible (bottom row of diagrams), a
small magnet attached to their backs disorients many
of the birds, whereas a brass bar of similar size and
weight has no effect. Also on cloudy days, paired
coils which reverse the dip direction of the field
around the bird's head (North up) causes them to fly
in the wrong direction, whereas identical coils pro-
ducing a downward field (like that in the Northern
Hemisphere) have little effect. Data are from Keeton
(1971) and Walcott and Green (1974).
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14.4.1, bottom row). These data imply that the magnetic compass is
only wused when the primary sun compass is not available. Similar
experiments with migratory European robins (Wiltschko and Wiltschko
1972) as well as pigeons imply that these animals sense the dip
angle of the field (i.e. the maximum angle of the field relative to
thethorizontal) and are not able to distinguish magnetic north from
south,

A variety of similar magnetic compass effects have been re-
ported in honey bees (Martin and Lindauer 1977; Gould 1980). The
Clearest response is found in their horizontal waggle dance - if a
beehive is tilted on its side such that the normally vertical
sheets of honey comb are placed horizontally, the bees can be de-
prived of their wusual gravity reference cue in their dance
language. After this is done, and in the ahbsence of other orienta—
tion cues such as polarized light, dances are initially disorient-
ed. Two or three weeks later, however, if a horizontal magnetic
f@eld up to 500 4T is applied the dance of the bees is preferen-
tially aligned along 8 points of the magnetic compass (Fig.
14.4.2). Stronger background fields enhance this orientation, while

8T s
N=i0,544 50 uT ¢
N=24,061 120 u¥
N+8,034
N N
\J/ |
T\ e )r £ ‘_3%&“ E
5 s s
250 uT 350 4T 450 uT
N=4,104 N=5,032 N*10324

Fig. 14.4.2. Horizontal magnetic dance of the honey bee (data from
Martin and Lindauer 1977). The four cardinal direc-
tions (N, E, 5 and W) shown on the rose diagram for
each dance are measured with respect to the local
magnetic field in the hive. The N value tells the
number of individual dances measured for each diag-
ram. In weak background fields the orientation is
poor, whereas it reaches an apparent maximum in
fields stronger than about 200 uT.
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weak fields reduce it. The quantitative agreement between this
alignment response and that expected statistically for a magnetic
dipole (the "Langevin function,"™ discussed by Kittel, 1976) sug~
gests the presence of a "maghetic compass" (Kirschvink 1981). Other
compass responses have been reported in salmon (Quinn 1980), elas-
mobranchs (Kalmijn 1974), cave salamanders (Phillips and Adler
1978), eels (Tesch 1980), and wood mice (Mather and Baker 1981).

In concluding this first section, it is worth noting some of
the results and predictions about magnetoreception which the mag-
netic compass hypothesis has to offer. Yorke (1979) has shown that
only a few hundred, freely-rotating, single-domain crystals would
be more than enough to provide an animal with an extremely accurate
magnetic compass sense. The moment of each crystal experiences a
torque that tends to rotate it into alignment with the field, but
thermal agitatation tends to disrupt any such alignment. The aver-
age alignment that results is given by the Langevin function men-
tioned above, whose value depends on the ratio of magnetic to ther-—
mal energies (M _B/k_T). Thus the organism needs to monitor the ori-
entation of on?y anew crystals to gain a reasonably accurate com-
pass sense, and the entire compass system might fit into a volume a
few micrometers in linear dimension.

A consequence of this is that the SQUID moment magnetometers
discussed in the next section are not yet sensitive enough to de-
tect this hypothetical structure. The situation is different,
however, for a magnetic system which extracts time or map informa-
tion from weak fluctuations in background geomagnetic intensity.
Two independent analyses (Yorke %981; %irschvink and Gould 1281)
both Suggest that large numbers (10 ~ 10 ) of discrete magnetite~
bearing sensory organelles are required for this system to func-
tion. As a consequence, this gstructure would be well within the re-
solution of presently available SQUID moment magnetometers. The
magnetic compass hypothesis also predicts, from the standpoint of
efficiency and natural selection, that magnetite crystals actually
involved in magnetoreception should be of single domain sSize, as
indeed are the bacterial crystals. This appears to be the cage as
well for the pigeon magnetite as reported by Walcott et al. (1979).
Extensive use of the comparative SQUID magnetometry techniques dis~
cugsed next on 10 species of pelagic fish, dolphins, sea turtles,
rodents, and primates has localized a candidate for the magnetic
senge organ in or near the region of the ethmoid bones in the ver-
tebrate skull (wWalker et al. 1981, and in prep.; Baker et al. 1982;
Mather et al. 1982). Whether or not this is indeed a vertebrate
sensory organ awaits the outcome of numerous magnetometric, behavi-
oral and neuroanatomical studies.
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14.5. LABORATORY ENVIRONMENT AND TECHNIQUES

Many of the instruments and techniques currently used in the
study of biogenic ferrimagnetism were originally developed for the
analysis of magnetism in rocks, and are discussed in depth by McEl~
hinny (1973). Although rocks and living organisms are clearly dif-
ferent materials, the presence of magnetite in animals implies that
similar laboratory techniques ought to be of use in biomagnetic
studies. This section is concerned with how these Paleomagnetig
techniques can be applied to biomagnetism and the variations to
them which are sometimes necessary.

14.5.1. SQUID Magnetometry

The key to finding small concentrations of permanently magnet-
ic material in animal tissue is to use the SQUID moment magnetome-—
ters which were commercially developed for the study of fossil
magnetism in rocks ("paleomagnetics"). These instruments are de-
signed to measure the direction and magnitude of the remanent mag-
netic moment possessed by samples at room temperature, and their
applications to paleomagnetics have been reviewed by Goree and
Fuller (1976). Moment magnetometers differ substantially from the
other S5QUID systems discussed elsewhere in this volume which are
designed to measure external magnetic fields or field gradients.
The superconducting components include the rf- or dc-SQUIDS dis-
cussed in Chapter 4 and flux transformers discussed in Chapter 5.
The difference in a moment magnetometer is that the detection coil
that serves as the primary of the flux transformer is wound as a
Helmholtz pair, inside of which is a room-temperature chamber for
the sample. An access port allows the insertion of samples from
above or below, while maintaining them at room temperature (Fig.
14.5.1). The insertion of a sample which possesses a weak remanent
magnetic moment causes a persistent current to flow around the flux
transformer, and as this current flows through the input coil serv-
ing as the secondary of the transformer a magnetic field is imposed
on the SQUID. The magnitude of this current is proportional to the
component of the sample's moment vector lying parallel to the axis
of the Helmholtz coils.

This coil geometry minimizes the effect of an inhomogeneous
distribution of magnetic material within a sample and makes the in-
strument less sensitive to its position. Typical instruments use
two or three mutually-orthogonal Helmholtz coils, each connected to
a separate SQUID system to measure simultaneously two or three com—
ponents of the moment of a sample. Walton (1977), however, des—
cribes a less expensive system using only one SQUID with the verti-
cal and horizontal Helmholtz coils connected together in series.
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Four measurements separated by sample rotations of 90° around the
vertical provide averaged estimates for all three components of the

moment. In all systems, a superconducting lead shield surrounds the

(a) (b)
ROOM TEMPERATURE
3@&%&5& SAMPLE ACCESS =] "‘4 #

VACUUM AND 1
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p //’
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HEAT EXCHANGE GAS
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Fig. 14.5.1, SQUID moment magnetometers. (a) Typical geometry
commercially produced by United Scientific, Inc.,
which has a removable cold probe and a vertical sam-
ple access port (Goree and Fuller 1976). There ére
two separate high~vacuum regions as well as a region
for helium gas, which cools the superconducting mag-
netic shield. (b) A newer design made by 2G Enter-
prises, Inc., (Goree and Goodman, pers. comm. ) elim-
inates the gas region, has only one high-vacuum re-
gion, and has the sample access port passing com-
pletely through the instrument. The 1liquid helium
dewar is all aluminum, which unlike fiberglass pre-
vents helium from diffusing through walls maintained
at room temperature, (c) Arrangement of the orthogo—
nal Belmholtz-—style pickup coils (adapted from Goree
and Fuller 1976).
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superconducting components and attenuates external field fluctua-—
tions by factors greater than 10°%. If the system is initially
cooled to liquid helium temperature in a low-field environment, the
shield will preserve and stably maintain the this field within the
measurement axea. Fields less than 1 nT are easily trapped in the
commercially available systems; this level is low enough to allow
the ferromagnetic remanence to dominate over paramagnetic or di-
amagnetic moments in most biological samples during the measurement
procedure.

The sensitivity of commercially-available SQUID moment mag-
netometers largely depends on the size of the room temperature sam-—
ple chamber. A large volume reduces the effectiveness of coupling
between the moment and detection coil, and the correspondingly
larger Helmholtz coils detect more Nyquist noise from conducting
components of the dewar, such as the superinsulation in the vacuum
space. Goree and Fuller (1976) describe an access system of 3 mm
diameter having a peak-to-peak noise level, expressed as the equi-
valent magnetic moment of the sample, of 0.2 pA'm Instruments
with the more typical 3.8 and 6 cm sample access ports have noise
levels in the range of 1 to 10 pA-m By comparison a typical 0.1
um crystal of single—domain magnetite has a moment of about 0.5
fa'm~, so only about 107 to 10 such crystals need to be aligned
in a sample before their net moment can be measured. A 9 mm° verte—
brate tissue sample has about 3x107 cells, so this resolution im—
plies that the presence of about one 0.1 um crystal for every
30,000 cells can be detected. Instruments with larger sample-—access
ports can, of course, accommodate greater numbers of cells, but
their slightly lower sensitivity yields a roughly comparable reso—
lution per cell.

The last item of concern with regard to the routine laboratory
operation of SQUID moment magnetometers is the rate at which they
consume 1liquid helium and the frequency with which their helium
dewars need to be refilled. Spot-shortages in the supply of helium
have already been felt in the United States and will most 1likely
continue, so it is desirable to have instruments which are as effi—
cient as possible. Goree and Fuller (1976) note that the commer—
cially available 3.6 cm vertical access instruments will boil off
about 4 liters per day, which means that the typical 30 liter dewar
needs to be filled once a week. A Stirling cycle cryocooler can cut
the helium loss to less than one liter per day, which would allow
one month of continuous operation. A recent design (Fig. 14.5.1b)
which uses a 100 liter cryo-cooled dewar is expected to extend this
maintainance-free operating time to longer than 6 months. Both in-
stuments are described in Fig. 14.5.1.

14.5.2. Soft-Iron Magnetic Shielding

Many methods are employed at present for producing the low
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background fields necessary to operate SQUID moment magnetometers
(gee Chapter 16). Large Helmholtz coils with feedback 1loops or
nested high-permeability shields like Mu-metal and molypermalloy
can reduce the ~50 UT geomagnetic field to less than 1 nT in the
region of the superconducting lead shield. Once the lead is super-—
conducting it traps the low field and allows the SQUID magnetometer
to operate even if the whole instrument is moved out of the low
field environment. Unfortunately, many of the techniques used to
analyze the magnetic properties of a sample also require low fields
(<100 nT) and will not work well if a sample is repeatedly exposed
to the geomagnetic field between magnetic measurements. An ideal
laboratory environment would therefore have the magnetometer and
work area in one large low-field space. Shielded areas of this size
are not easily or inexpensively built with either Mu-metal or
electrical coil systems.

A comparatively cheap, easily constructed solution to this
problem has recently been reported by Scott and Frohlich (1980}.
They use 0.5 mm thick rectangular sheets of magnetically-soft
transformer steel which are anhysteretically magnetized parallel to
their long dimension. Although these sheetg are multi-domain aggre-—
gates, some of the domain walls move easily in response to ambiant
field variations, while others remain strongly pinned after they
are magnetized. Scott and Frohlich place these sheets in two layers
separated by about 30 cm to cover the floor, walls, and ceiling of
the laboratory area, taking care that each sheet is aligned with
its magnetization in the northward direction. When arranged in this
fashion, the moments from all of the sheets add together and pro—
duce a uniform field within the enclosure that is antiparallel to
that of the earth. By adjusting the number and position of the
steel sheets within each layer the residual field within the enclo—
sure can be reduced to a few tens to hundreds of nanotesla. Domains
which are strongly pinned will maintain the low field environment
almost indefinitely, while the rest will slowly counteract diurnal
and other laboratory-induced variations. Relatively cheap thin-
walled Mu-metal cans or foil can then be used to reduce the field
further wherever required.

We recently used about 2,000 kg of steel (about $6,000 warth)
in the construction of a shielded lab with inside dimensions
{length, width, and height) of 4.1x2.,9x2.B meters respectively. The
outer layer of shielding is a rectangular box measuring 4.8x3.6x3.5
meters, aligned in the North/South direction with a northeasterly
»gnail-shell” entrance. Each layer of steel is sandwiched between
sheets of plywood and epoxy-coated plaster board to prevent the
steel from warping, and the assembly is held together with aluminum
nails and brass screws. Immediately after construction we demagnet-—
ized the steel with a strong 60 Hz alternating field produced by an
elongated coil, and the field inside the room dropped to less than
50 nT over most of the volume. After 3 months of heavy uge this

e
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rose irregularly to an average of 200 nT, but the initial low field
was recovered by another demagnetizing. The particle-free environ-

ment described next is housed within this low-field enclosure.

14.5.3. Laboratory Environment

The extreme sensitivity of the SQUID moment magnetometer de—
mands that great care be taken to prevent accidental contamination
of biological samples during the measurement procedures. A wide
variety of ferromagnetic materials are found in the normal labora-
tory environment, and small dust-sized particles from them can eas~
ily be blown around in the air and may lie in wait on exposed sur-
faces after they settle. Cast-iron pipes in particular have a ten-
dency to rust, and biological samples washed in water from a build-
ing with old plumbing can suddenly gain spurious moments. A 10 MLm
dust-sized magnetite particle, for example, has a saturation mag-
netization of about 500 pA~m2, well within the sensitivity range of
SQUID moment-magnetometers. Great care must be taken for these rea-
sons to prevent sample contamination during the dissection and
measuring process., Two simple methods for reducing the contamina-
tion problem need to be discussed next: a clean—lab environment and
non—contaminating methods for dissection and sample preparation,

Several problems immediately surface when one attempts to work
with a biological sample in a paleomagnetic laboratory. Rock sam-
Ples tend to leave fine particles behind them and are therefore a
major source of ferromagnetic contamination, along with airborne
industrial pollution. This problem was temporarily solved by plac~
ing thin-walled polyethylene sheets around the SQUID magnetometers
a?d dissecting area, followed by thorough cleaning with glass-
distilled water. After a few days, however, the gradual dust accu-
mulation from the air would reach unacceptable levels and the en-
tire work area would need to be cleaned again. The basic problem is
that paleomagngtic laboratories are not designed for clean-lab
work; the full sensitivity range of SQUID magnetometers is rarely
needed for geological studies (measurement speed is more impor-—
tant).

One approach to solving this problem of airborne contamination
that we have taken in Pasadena is to constantly inject clean air
into the low-field laboratory described above, thereby keeping dust
out with positive pressure. The air is passed through a serieg of
paper, fiberglass, and carbon filters which remove 99.9% of all
particles above 1 gm size, and 95% in the range from 0.1 to 1 4m.
This removes most of the pseudo-single domain and multidomain con-—
tamination problem. To further trap ferromagnetic particles of
smaller size, the air is also passed through a magnetic “filter™
composed of several CoSm magnets surrounded by stainless steelwocol
ribbon. The high permeability of the steel in a strong magnetic
field produces very high gradients along the ribbon edges, which in
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turn trap the remaining magnetic particles as they pass. A final
fiberglass filter prevents stray bits of steel wool from entering
the 1lab area. At present the main source of contamination appears
to be the dust and lint brought in on the clothing and in the hair
of people using the lab. Hopefully, this source will be eliminated
by wearing lint-free garments and by uging a deionized water

shower.

14.5.4. Non-Magnetic Digsection Tools

The first problem faced in any attempt to search for magnetic
particles in animal tissue is to remove the gsamples of interest
without contaminating them. Several non-magnetic dissection and
sample manipulation procedures have proven to be extremely useful
for this and are worth briefly describing here. It was noted ear—
lier that typical metal dissection tools such as scalpels, steel
pins, scissors, and tweezers can leave trails of highly magnetic
particles behind them. More subtle is the observation that even
non-ferrous metals like copper and aluminum often contain signifi-
cant numbers of small ferromagnetic inclusions which make them un—
suitable for use as dissection tools or sample holders. Wood, plas-—
tic and glass seem to be the three non-magnetic materials best
suited for this work, although all can gain measureable moments
when exposed to a strong magnetic field. Disposable wooden chop~
sticks are by far the best tools for handling samples during the
cleaning, freezing and measuring procedures. Plastic picnic knives
are good for removing large blocks of tissue but not for precisely
excising small structures. More precision can be gained by using
knives made from freshly-broken glass sheets, similar to those com—
monly used in the preparation of ultra-thin sections for electron
microscopy. Glass knives are fragile, however, and do not work well
when cutting through thick pieces of bone such as tuna fish, mon-
key, or dolphin skulls. For this job, wedges made of oak or a simi~
lar hardwood are needed and can be driven in with a rubber mallet.
The ideal tool for cutting through thick skull bone, however, would
be a diamond-impregnated plastic or ceramic saw blade. This might
eliminate many of the metal blade-induced@ contamination problems
noticed in primates and cetaceans. Ultrasonic cleaning either in
glass—-distilled water or &N HCl of everything which comes in con-
tact with a sample greatly helps to reduce the contamination prob-
lem.

In summary, it is still difficult to conduct precise dissec—
tions on small organisms using non-magnetic techniques (see Walcott
1980). However, the methods described here work well on a variety
of larger organisms.

14.5.5. Sample Preparation

After a tissue sample of interest has been removed with non-
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magnetic tools and cleaned in a glass-distilled water, the magnetic
particles within it must be immobilized and remagnetized prior to
measurement on the SQUID system. This is not normally done for rock
samples because the fossil magnetization is usually of greater in-
terest. If small magnetic particles in a tisgue sample are suspend-
ed in a viscous medium, Brownian motion will tend to quickly dis-
rupt any alignment between moments of the particles. This wil)
cause a decay in the net remanent moment in a room-temperature sam—
ple, an effect which is quite commonly observed. Freezing the tis-
sug with liquid nitrogen quickly solidifies a sample and preventg
this decrease. Because the thermal energy is reduced, this pProce~
dgre has the added advantage of reducing the particle size deter-
mln?ng the boundary between single—domain and Superparamagnetic be-
havior. For magnetite particles this becomes about 20 nm. Monitor—
ing the net remanent moment as the sample is allowed to warm to
room temperature can then supply information about the superpar-
amagnetic particle size distribution (discussed below). Extremely
§ma11 samples or cell suspensions can likewise be frozen into an
ice~cube made of water (distilled in a glass gystem!) in a flexible
plastic tray. Ice—cubes made of distilled water also serve as good
control samples for monitoring the level of laboratory air and sur-—
face contamination.

Simply freezing a sample, however, is not sufficient prepara-—
tion for the SQUID magnetometry. At this stage the moments from the
individual magnetic particles are still randomly aligned and their
vector sSum is near zero. 1In the low field of the SQUID magnetome—
ter, the moment of a single-domain magnetite particle will lie par-
allel to the long axis, but the direction of its North-South orien-
tation relative to this axis is arbitrary. It is necessary to real—
ign the moments such that their north-seeking ends all have a posi-—
tive component along the direction of measurement. This can be done
by application of a strong magnetic field before the sample is
lowered into the moment magnetometer. In this manner the moments
from all the particles will add vectorally together and produce a
stable, measureable moment, termed by paleomagnetists a saturation
"isothermal remanent magnetization" (SIRM). If the orientations of
the particle moments are randomly distributed within the hemisphere
centered on the direction of the applied field, and if the parti-
cles are all single-domain, the observed net remanent moment will
equal exactly half of the maximum value obtained when the particles
are perfectly aligned (Wohlfarth 1958). The sIRM therefore provides
an estimate of the total amount of magnetic material present, a
quantity which is of biomagnetic interest.

Highly elongated magnetite crystals have a maximum theoretical
coercive field of about 0.3 T, with typical values for biogenic
magnetite lying in the range below 0.1 T (Kirschvink and Lowenstam
1979; Kalmijn and Blakemore 1978; Denham et al. 1960; Cisowski
1981). When producing the SIRM in a sample it is desirable to ex~—
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pose it to a strong uniform field well in excess of this lgvel. We
originally tried to align these moments by briefly expos;ng ogr
samples to a small CoSm magnet which had strong surface fle%ds %n
excess of 0.3 T. This is not satisfactory, however, because it %s
difficult to magnetize a large sample uniformly due to the‘rapld
decreage in field strength with distance from the magnet varylng as
the inverse cube of the distance. An inhomogeneously mégnetlzed
sample will yield an underestimate of the amount of magnet%c mate;—
ial present and makes it possible to miss important‘ferrlmagnetlc
structures present in large samples. For similar studies, pa%eomag—
netists normally use large electromagnets to remagnetize their sam-
ples in a uniform, controlled fashion. Neither CoSm nor.electromag~
nets are desirable things to have in a magnetically-shielded clean
lab, however. Accidentally touching a biological sample to the mag-
net surface can cause highly magnetic particles to stick and may
suddenly produce sample moments from contaminants which are too
large to measure on the SQUID system.

A simple solution to this problem is to magnetize the sa@ples
with an impulse produced by discharging a bank ofhcapac1tors
through an aircore solenoid, as shown schematically in Fig. 14.5.2.
The circuit is an LC oscillator which is modified to produce on%y
one high-current discharge through the coil. A bank of elect;olytlc
storage capacitors is first charged to a specified voltage with the
trigger of the silicon-controlled rectifier (SCR) hgld off.‘The S?R
is fired by a 5 V trigger while the frozen sample is held in posi-
tion within the coil, and the circuit temporarily acts like an LC
oscillator. Energy stored within the capacitors is transfered to
the magnetic field of the solenoid in one-quarter of the. resonance
periocd, after which it is dissipated through the large dlodg. A§ a
result the field within the solenoid remains in the same direction
as it builds up to a maximum and then decreases, and will not dam-—
age the electrolytic capacitors by trying to charge them backwards.
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Fig. 14.5.2. Schematic circuit diagram for an impulgse magnetizer.
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The peak current I in the solenoid, ignoring resistive losg, ig
given by V‘O(C/L)1 z’ where V_ is the voltage at discharge, C is the
total capacitance, and L 1s the inductance of the solenoid. The
solenoid in use at Caltech consists of 150 turns of 1.6 mm diameter
copper wire wrapped in 4 layers on a 13 cm diameter plastic tube,
giving an inductance of about 1 mH. With a 6,000 UF capacitance, a
350 Vv discharge yields a theoretical peak current of 845 A, and a
corresponding theoretical peak field of 1.76 T (B = 47 x
10-7NI . Wwhere N is the number of turns per meter).IWHg unit was
calibrafed by integrating the voltage induced in a small coil dup—
ing a discharge, showing that about 50% is lost through coil resis-
tance. The overall system is quite linear, with about 2.4 T per
volt of discharge and a measured digscharge time of 4 ms. At least
10 volts must be present, however, to switch the SCR properly. Note
that a relay should disconnect the charging circuit from the capa-
citors before the SCR is triggered. Furth and Waniek (1956) des-
cribe similar circuits using ignitron tubes rather than SCRs. A
system of this sort can generate homogeneous peak fields of several
tesla within the coil for discharge times on the order of a few
milliseconds; whereas only a few nanoseconds are necessary to mag-
netize a sample.

14.5.6. Sample Meagurements

SQUID moment magnetometers have a room temperature access port
into which the samples are inserted; this means that something must
hold them in position. In view of the widespread presence of fine—
grained ferromagnetic particles in many otherwise "non-magnetic”
materials noted above, it is clear that great care must be taken in
the construction and use of sample holders. Paleomagnetists gener—
ally use mylar, glass, or polyethylene plastic tubes for this,
along with small bits of clear plastic tape for holding rock sam—
pPles in place. These devices also work well for biomagnetic sam~
Ples, although they may require extensive ultrasonic cleaning with
6N HCl to dissolve surface ferromagnetic particles., A major draw-
back, however, is that they will pick up a measurable magnetic re-—
manence if exposed to a strong field from either a magnet or an im-
pusle magnetizer. Samples must therefore be magnetized separately
from these holders and then loaded for measurement. Frequent checks
also need to be made on the empty holders to ensure that they do
not become contaminated during use.

It is worth noting here that white cotton thread can sometimes
be wused as a sample holder in biomagnetic studies without many of
the noise problems which plague the more massive holders. A cold
sample can be frozen onto one end of the thread and lowered wverti-
cally into the sense region of the magnetometer for measurement. If
thoroughly cleaned, some cotton and polyester threads do not show
any measureable magnetic remanence by themselves and may remain
safely attached to the sample. Because the string is free to spin
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about the vertical direction, only this component of +the moment
vector can be measured. This is not a problem, however, because the
sample can be magnetized precisely along this axis by suspending it
in the vertically-aligned solenoid of the impulse magnetizer. The
vertical axis of the SQUID magnetometer will then register the
total moment of the sample. Use of this thread greatly simplifies
the iterative techniques for finding the spectrum of coercive
fields of the particles as described next.

14.5.7. Indirect Methods for Characterizing Magnetic Particles

Any non-destructive technique which might yield information
about the size, shape, or composition of the magnetic particles
present in a tissue sample is of value in the study of biogenic
ferrimagnetism. During the last 25 years, paleomagnetists have de-
veloped an impressive array of such techniques for characterizing
the magnetic minerals in rocks. The most important and least des-
tructive of these involve the microscopic coercivities, or coercive
fields, of the magnetite crystals. The coercive field of a magne-
tite particle is only a function of its size, shape, and domain
state, and is therefore a characteristic property of it. Although
individual single—domain crystals cannot as of yet be measured on
the SQUID moment magnetometers, the combined moment from large
numbers of them can be. The distribution of coercive fields, or
"coercivity spectrum," is therefore characteristic of the magnetic
particle population and should not change unless drastic chemical
effects dissolve or alter the crystals. For single-domain parti-
cles, the coercive field increases with particle size and elonga-
tion as shown in Fig. 14.5.3 (after McElhinny 1973). Large, multi-
domain crystals in general have low coercive fields (<10 mT) due to
the easy realignment of domain walls. Two techniques exist for
measuring the coercivity spectrum: prograssive alternating field
(Af) demagnetization and IRM acquisition.

The determination of a coercivity spectra by progressive de-
magnetization begins by giving the sample a saturation IRM with an
impulse magnetizer or magnet as described earlier. After this, all
of the particle moments are aligned with the N-seeking directions
in the hemisphere centered around the direction of the applied
field., The sample is then placed in a solenoid which is in a mag-
netically shielded area and exposed to a sinusoidally oscillating
magnetic field which slowly decreases in amplitude. If the peak
value of the oscillating field is B_, then the moment vector of all
particles with coercive fields gess than B cos@®, where & is the
angle between the field and the elongated axis, will follow the
field as it oscillates, As B_ decreases towards zero, these oscil-
lating particles will gradualgy be left in one of their two stable
states with equal probability, and as a group they will contribute
no net moment to the sample. The moment in a sample after this pro-
cedure will arise only from unscrambled particles with coercive
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Fig. 14.5.3. Unblocking field for single~domain magnetite grains
at 300 K. The horizontal and vertical axes are as on
Fig. 14.4.1, with the contours of equal unblocking
fields (values in mT) superimposed on the single~
domain area. The maximum unblocking field for an
elongated magnetite particle is about 300 mT, but
most biogenic magnetite crystals fall below 100 mT.
(Modified from McElhinny 1973, superimposed on the
boundaries of Butler and Banerjee 1975).

fields greater than B cosf. The cosf term is commonly eliminated
from consideration by either tumbling the sample in the coil as the
field decreases, or by repeating the procedure separately along
three or more axes. The coercivity spectrum can be determined by
repeating this procedure and measuring the moment remaining after
application of progressively higher peak alternating fields.
Examples of this for two mouse tumors are shown in Fig. 14.5.4,
and for tissue from the ethmoid area of salmon in Fig. 14.5.5.

A second method for determining the coercivity spectrum is to
progressively remagnetize the sample. One starts with a sample that
has been completely demagnetized in a strong alternating field as
outlined above, It is then Progressively remagnetized by exposing
it to stronger and stronger fields from an impulse magnetizer or
electromagnet, and the remanent moment is measured after each gtep.
An example of this IRM acquisition curve for the ethmoid boneg of
salmon 1is shown in Fig. 14.5.5. Although it is extremely easy to
make these repetitive acquisition measurements by combining the
cotton thread and impulse magnetization techniques discussed ear-
lier, it is not yet possible to correct for the cosf® factor as can
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Fig. 14.5.4. Progressive three-—axis alternating field demagnetiza-
tion of two mouse tumors: (a) lewis lung and (b) lym-—
phoma.

be done for Af demagnetization. The net effect, however, is to skew
the coercivity distribution towards slightly higher values in ex-
actly the same manner as will Af demagnetization done along only
one axis. Because magnetite should not continue to gain additional
remanent moment above 0.3 tesla, these IRM acquisition experiments
can also be used to identify magnetic contaminants in a sample.
Many Fe-Ni alloys used in stainless steel will continue to gain IRM
in fields above 1 tesla, and in this way at least one sample of
human ethmoid has been found contaminated.

In the ideal case where all of the particles are single domain
and dispersed throughout a sample, the one-axis Af demagnetization
and IRM acquisition curves should be mirror images of each other.
For both, the coercivity spectrum is the absolute value of the der-
ivative of each curve. Cisowski (1981), however, has shown that
this is not the case when the single-domain particles are in close
proximity to one another, as they are in the chiton teeth (Fig.
14.1.1). Apparently, the strong field of the neighbors of a given
particle acting upon it tends to aid the Af demagnetization pro-
cess, while on the other hand inhibiting the IRM acquisition. Thus,
the asymmetry between these techniques can be used to monitor the
degree of interparticle interaction, and hence can give some indi-
rect evidence as to the relative grouping of magnetite crystals
within a sample.

The example of this shown in Fig. 14.5.5 for salmon is of par-—
ticular interest. Cisowski found that the shift towards higher co-
ercive fields in the IRM curve was almost exactly matched by the
decrease in the Af demagnetization curve. As a result, the ordinate
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Fig. 14.5.5. Progressive acquisition and Af demagnetization of IRM
for salmon ethmoid tissue extracted from four fish.
The tissue has greater stability towards Af demagnet-
ization than do most multi-domain magnetite crystals,
suggesting that the particles present are single-
domain. The flat IRM curve above about 200 mT rules
out the presence of the most common laboratory con-
taminants like hemaetite and metallic iron alloys.

of the intersection point is independent of the interaction effect,
and yields the best estimate of the average unblocking field for
the particles present. This intersection point for the salmon eth-
moid tissue occurs at 46 mT, which corresponds to single-domain
magnetite particles which plot just below the 50 mT curve on Fig.
14.5.3. On the other hand, the abscissa of this point is at 32%,
well below the 50% level expected for isolated single domains. Ci-
sowski (1981) found that the strongly interacting magnetite crys-
tals in chiton teeth had values of 27%, while a semi—dispersed
single-domain powder had a value of 30%. Salmon magnetite crystals
are therefore in small isolated clumps or perhaps chains, as are
the crystals in the magnetosomes of magnetotactic bacteria. If
these are indeed chains, the most probable neuroreceptors involved
in magnetoreception would be hair cells, as suggested earlier by
Kirschvink and Gould (1981).

It would not be fitting to close this section without at least
briefly mentioning three of the other non-destructive weapons de-
veloped for the arsenal of rock magnetism, particularly those which
have already been or ought to be of eventual use in biomagnetic
studies. These include the Lowrie-Fuller test (1971), and its modi-
fied anhysteretic version (Dunlop et al. 1973) which are powerful
tools for distinguishing multi-domain from single-domain behavior.
Similarly, warming a multi~domain magnetite crystal with an un-
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Fig. 134.5.6. Superparamagnetic grains in a worker bee. The tempef—
ature at which the remanent moment (remanence) is
lost indicates the grain size responsible for that
portion of the total moment. The corresponding sizes
are shown by the double scale along the bottom. The
specimen was first cooled to 77 K in the presence of
a strong field (0.3 T). Curve 1 shows the remanent
moment of the bee as it warmed in the magnetometer.
curves 2 and 3 show subsequent warming cycles without
exposure to the strong magnet.

stable IRM up through magnetite's isotropic point (130 K) can some-—
times cause a drop in remanent moment as domain walls realign to a
lower energy State; this decrease is also uniquely distinctive for
pure magnetite (Ozima et al. 1964) and has already been used to
identify magnetite in dolphins (Zoeger et al. 1981). Lastly, de-
tailed information concerning the size distribution of superparam-—
agnetic crystals can be gained by cooling a specimen to 77 K (1li-
quid nitrogen temperature) in the presence of a strong field (0.3
T), forcing all of the moments into alignment, and then continuous-
ly monitoring a sample's remanent moment versus temperature as it
warms back to room temperature (=300 K). As the individual crystals
warm through their single-domain/superparamagnetic transition, they
will lose their stable remanent moment and the total moment will
drop accordingly. This experiment for the honey bee (Fig. 14.5.6)
shows that most of the moment is lost as the superparamagnetic
transition goes from 30 to 35 nm. A ma?netlte sphere 32,5 nm in di-
ameter has a moment of about 8.6x10 A-m°, s8so about 2x10 of
them are necessary to account for the lost signal. This suggesats
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that they have at least this number of such particles, most of
which fall in the size region between 30-35 nm. The biological

function of these particles, if any, is as yet unknown.

14.5.8. Extraction and Characterization of Biogenic Magnetite

Although the indirect magnetic techniques discussed above are
good for characterizing the bulk ferromagnetic properties of a sam-
Ple, it is eventually necessary to extract the magnetic particles
from the host tissue, purify and identify them, and examine the re-
sulting material with the scanning or transmission electron micro-
scope. Initial attempts to extract the particles using purified 5%
Na-hypochlorite digestion were not very successful (Kirschvink
19681b), probably because the fine particles were sticking to some—-
thing. A simple solution to this problem which has recently been
found (M.M. Walker, pers., comm.) is to first extract the soluble
lipids by using ether, and then digest the remaining tissue with
hypochlorite. Magnetic particles can then be separated from the so-
lution by holding a small hand magnet adjacent to the glass digest-
ing tube. A variety of techniques can in principal be used at this
stage for identifying the purified material, including x-ray dif-
fraction (Lowenstam 1962), M8ssbauer absorption (Frankel et al.
1979), Curie temperature analysis (Gould et al. 1978), or electron
diffraction on the transmission electron microscope (Towe and
Moench 1981). Electron diffraction requires the least amount of ma-
terial, and under favorable circumstances can identify single sub-
micron crystals. If tens or hundreds of such particles are present,
the more easily obtained spot patterns like that shown in Fig.
14.1.3 are equally distinctive.
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