
Rock Magnetism is a comprehensive treatment of fine particle magnetism and the
magnetic properties of rocks. Starting from atomic magnetism and magnetostatic
principles, the authors explain why domains and micromagnetic structures form in
ferrimagnetic crystals and how these lead to magnetic memory in the form of thermal,
chemical and other remanent magnetizations.

The phenomenal stability of these magnetizations, recording millions of years of plate
tectonic motions, is explained using thermal activation theory, in which changes in
magnetic domains and domain walls are blocked below a critical temperature or above a
critical grain size. One chapter of the book is devoted to practical tests of domain state
and paleomagnetic stability; another deals with pseudo-single-domain magnetism, that is,
particles that contain domain walls but behave like a single domain. The final four
chapters place magnetism in the context of igneous, sedimentary, metamorphic, and
extraterrestrial rocks.

This book will be of value to graduate students and researchers in geophysics and
geology, particularly in paleomagnetism and rock magnetism, as well as physicists and
electrical engineers interested in fine-particle magnetism and magnetic recording.
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Preface

The magnetic compass was one of mankind's first high-technology devices. Pos-
session of the compass gave the Islamic world an early edge in navigation and
led to the rapid eastward spread, by sea, of their trade, religion and civilization.
But man was a comparative latecomer in magnetically aided navigation. Birds,
fish, insects, and even bacteria had evolved efficient compasses millions of years
earlier.

Magnetic memory, whether of a compass needle, a lava flow, or a computer
diskette, is a remarkable physical phenomenon. The magnetic moment is perma-
nent. It requires no expenditure of energy to sustain. Yet it can be partly or com-
pletely overprinted with a new signal. Nowhere is this more strikingly
demonstrated than in rocks. A single hand sample can record generations of
past magnetic events. This family tree can be decoded in the laboratory by strip-
ping away successive layers of the magnetic signal.

Paleomagnetism is the science of reading and interpreting the magnetic signal
of rocks. Rock magnetism is more concerned with the writing or recording pro-
cess. The principles are no different from those of fine-particle magnetism as
applied in permanent magnet and magnetic recording technology. But the physi-
cal parameters are rather different. Weak magnetic fields are involved, on the
order of the present geomagnetic field (0.3-0.6 G or 30-60 uT), much less than
the switching fields of the magnetic particles. Temperatures may be high: thermo-
remanent magnetization of igneous rocks is acquired during cooling from the
melt. Times are long, typically millions of years.

Rock magnetism and paleomagnetism trace their origins to the mid-
nineteenth century, but they really came into prominence in the 1950's and
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1960's because of two daring questions that shook and ultimately revolutionized
earth science: Does the earth's magnetic field reverse itself? And do the conti-
nents drift? Because rocks record in their magnetizations the polarity and direc-
tion of past geomagnetic fields, paleomagnetism was able to answer both
questions.

Rocks of the same age from around the globe always recorded the same geo-
magnetic polarity. Their ancient compasses pointed north (normal polarity) dur-
ing certain time intervals and south at other times. Most strikingly, strips of
seafloor on either side of mid-ocean ridges (the birthplace of new seafloor) were
unmistakably striped magnetically: either normal or reverse in response to the
prevailing geomagnetic polarity as they formed. The earth's field does indeed
reverse.

The same internal compasses showed that continents or subcontinents (now
recognized as sections of lithospheric plates, containing ocean floor as well as
continent) had rotated away from present-day north and had changed latitude
during geological history. But prior to 175 Ma ago, their compass bearings coin-
cided. They were originally assembled in a single supercontinent.

These findings shook earth science to its foundations and led to its rebuilding
around a new guiding principle, plate tectonics. The revolution was not quite as
straightforward as we have implied. The multiple generations of magnetization
in rocks clouded the issue until methods were developed to strip away all but the
most ancient. The stability of this ancestral magnetization came under scrutiny.
It seemed to many inconceivable that rocks could preserve an unchanging mag-
netic memory for 175 Ma when the best products of human technology could be
rather easily remagnetized by extraneous fields or stresses.

Such is the exciting history of rock magnetism. In this book, we will show how
rocks manage to achieve a fidelity of magnetic memory that is beyond human
experience. After developing the principles of ferromagnetism in Chapters 1-5,
we will see in Chapter 6 how ferromagnetic domains appear under the micro-
scope and in Chapter 7 what new micromagnetic structures are currently being
predicted in grains too small to observe optically. Chapters 8, 9 and 10 reveal
how the joint influences of temperature or time and magnetic fields permit the
writing of a magnetic signal that cannot be erased by subsequent geomagnetic
field changes. These are the fundamentals.

Chapters 11,12 and 13 deal with some of the frontiers in understanding rock
magnetic recording. As well as developing laboratory parameters and techniques
that can predict stability on geological time scales (Chapter 11), we will look at
how rather large particles can achieve stable memory that rivals that of submi-
croscopic particles (the pseudo-single-domain effect: Chapter 12) and how che-
mical changes in minerals degrade or enhance magnetic memory (Chapter 13).

Paleomagnetists sometimes complain that the 'rock' is frequently left out of
'rock magnetism'. Rock magnetic research looks too much like magnetic materi-
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als research. We have tried to answer that criticism in Chapters 14-17 by looking
at magnetic minerals and their magnetic signals in the real world of igneous, sedi-
mentary, metamorphic, and extraterrestrial rocks. This is a whole subject in itself
and no one person can claim to be expert in all aspects, the present authors
included. We have tried to convey the flavour of current thinking and research,
rather than serving up an overwhelming banquet.

What background do you need to appreciate this book? A grounding in elec-
tricity and magnetism at junior undergraduate level is a help. Those with more
geological background may wish to skip over the mathematical details. The key
results can stand without them, and we have tried to maintain the story line unin-
terrupted wherever possible. Similarly a knowledge of basic earth science is help-
ful, but those with a physical science or engineering background should not turn
away because they can't tell a hyperbyssal rock from a descending plate. This
knowledge too is usually peripheral to the main message of the book.

We enjoyed writing this book and hope you will enjoy reading it. It would cer-
tainly never have been completed without a lot of help from our friends. We
would especially like to mention those who taught us and passed on so much of
their knowledge: Subir Banerjee, Ken Creer, Zdenek Hauptmann, Ted Irving,
Takesi Nagata, Bill O'Reilly, Minoru and Mituko Ozima, Frank Stacey, David
Strangway, Emile Thellier and Gordon West. With our colleagues Susan
Halgedahl, Ron Merrill, Bruce Moskowitz, Michel Prevot, Valera Shcherbakov,
Wyn Williams and Song Xu, we have passed countless hours of pleasurable dis-
cussion. Among our former students, we want to mention in particular Ken
Buchan, Randy Enkin, Franz Heider and Andrew Newell; their work has had a
central influence on the ideas in the book. Sherman Gromme, Ted Irving, Ed Lar-
son, Michel Prevot and Naoji Sugiura kindly read and commented on early ver-
sions of some of the chapters.

We are grateful to Jennifer Wiszniewski, Carolyn Moon and Li Guo for
patiently shepherding the manuscript through its many incarnations. Thanks to
Khader Khan and Raul Cunha, different generations of figures were skillfully
drawn and transformed through successive changes in technology. The photo-
graphy was done with dedication and skill by Alison Dias, Steve Jaunzems and
Judith Kostilek. Unlike some authors' families, ours did not eagerly await the
appearance of each new chapter, but they did heave a collective sigh of relief
when the last page was written and life returned to normal.

Mississauga, Canada
April 1996





Chapter I

Magnetism in nature

Magnetism has fascinated mankind since the invention of compasses that could
track invisible magnetic field lines over the earth's surface. Much later came the
discovery that rocks can fossilize a record of ancient magnetic fields. Unravelling
this record - the 'archeology' of magnetism - is the science of paleomagnetism,
and understanding how the microscopic fossil 'compasses' in rocks behave has
come to be known as rock magnetism.

Rock magnetism is both a basic and an applied science. Its fundamentals con-
cern ferromagnetism and magnetic domains and were developed most authorita-
tively by Neel. Its applications continue to expand, giving impetus to new
research into the mechanisms and fidelity of rock magnetic recording. Some of
the history and applications are described in this chapter.

I.I A brief history

I.I.I Earth magnetism

Compasses were used in China and the Arab world for centuries before Petrus
Peregrinus in 1269 gave the first European description of a working compass.
The earliest compasses were lodestones, naturally occurring ores of magnetite
(Fe3O4). Particular areas, or poles, of one lodestone would attract or repel the
poles of another lodestone. This magnetic polarization is the key to their use as
compasses in navigation. A suspended lodestone will rotate until its axis of mag-
netization or polarization, joining north and south poles of the lodestone, lines
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up with imaginary field lines joining the north and south geomagnetic poles. In
modern terminology, the magnetization M aligns with the field H.

Although the analogy between the polarization of a magnet and the polariza-
tion of the earth's magnetic field had been known at least since the time of Petrus
Peregrinus (and probably much earlier), it was not until 1600 that William Gil-
bert in his celebrated treatise De Magnete documented the similarity between
the field lines around a lodestone cut in the form of a sphere (a terella) and the
field lines around the earth. He concluded: the earth is a great magnet. At the
'north' pole of the terella (actually a south magnetic pole by modern definition),
marked A in Fig. 1.1, a compass needle points down, and at the 'south' pole B,
it points up, just as for the earth's field. At the equator, the field is horizontal. At
intermediate latitudes on the terella, the field is shown as flat-lying, whereas on
the earth the field is inclined 60° or more to the horizontal. Nevertheless, Gilbert
correctly recognized the essential similarity between the field of a uniformly mag-
netized sphere and the earth's field. Both are dipole fields (Chapter 2).

In the early nineteenth century, geomagnetic observatories were established
around the world, although the coverage was rather uneven in both latitude
and longitude (the same remains true today). The accumulated data on the
inclination, declination (deviation from north) and intensity of the earth's field

Figure 1.1 Sketch of a
terella (a sphere of magne-
tite) as shown by Gilbert
(1600) in De Magnete. The
inclinations of a compass
needle around the terella
approximately match
those around the earth.
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were sufficient for Gauss (1839) to make a pioneering spherical harmonic ana-
lysis. He found that the bulk of the field originates within the earth, as Gilbert
had surmised, and that it is predominantly a dipole field, again confirming Gil-
bert's conjecture. Gauss was able to calculate several higher multipole terms
in the field with sufficient accuracy to show that the best-fitting dipole is
inclined 11.5° to the earth's rotation axis. That is, the magnetic north and
south poles do not coincide with the geographic poles.

Gauss and his contemporaries observed that the earth's field is not static. The
most striking change in the field between Gauss' time and our own is a >5%
decrease in the earth's dipole moment. Similar changes in the paleofield intensity
are well documented in rocks. Sometimes they presage a reversal of the field, in
which the magnetic north pole becomes the new south pole and vice versa. The
question of whether the entire field reverses or only the main dipole is still hotly
debated, but the reality of polarity reversals is not in question. Earlier this cen-
tury, however, it was not clear whether the field had actually reversed or whether
some rocks could become magnetized antiparallel to the field ('self-reversal').

Brunhes (1906) and David (1904) were the first to measure natural magnetiza-
tions that were antiparallel to the local geomagnetic field. They observed that
both lavas and the clays they had baked were reversely magnetized. Since the
two materials have very different mineralogies, it is unlikely that both would
exhibit self-reversal. Matuyama (1929) showed that younger Quaternary lavas,
now known to be <0.78 Ma in age, were all magnetized normally (parallel to
the present geomagnetic field) whereas older lavas were reversely magnetized.
The association of normal and reverse polarities with different geological times
leaves no doubt that the earth's field has reversed. It also forms the basis for the
geomagnetic polarity time scale. The most recent polarity epochs, covering the
past 4 Ma of earth history, are named in honour of Brunhes (and David),
Matuyama, Gauss and Gilbert (see Fig. 1.4).

1.1.2 Ferromagnetism and magnetic domains

Weiss (1907) was intrigued by the fact that iron and other 'soft' ferromagnetic
materials with small permanent magnetizations become strongly magnetized
when exposed to quite weak magnetic fields. Weiss proposed that external
fields play a minor role compared to a hypothesized internal 'molecular field'
which aligns the magnetic moments of individual atoms, producing a sponta-
neous magnetization, Ms. In the absence of any external field, the magnetic
moments of regions with different directions of Ms (now called domains) can-
cel almost perfectly, but even a small applied field will either rotate domains
or enlarge some at the expense of others. Weiss' theory is the starting point
for modern ideas about ferromagnetism (Chapter 2) and ferromagnetic
domains (Chapter 5).
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The origin of Weiss' molecular field was explained by Heisenberg (1928). Elec-
trostatic 'exchange coupling' of 3d orbitals in neighbouring atoms results in the
alignment of the magnetic moments of their electrons. Neel (1948) returned to
Weiss' molecular field description in his Nobel-prize-winning treatment of
exchange coupling between magnetic sublattices in antiferromagnetic and ferri-
magnetic substances.

It was not until the 1930's that F. Bitter developed a method of observing mag-
netic domains. In the Bitter technique, one observes a smooth (usually polished)
surface of a ferromagnetic grain or crystal under the microscope after it has
been coated with a thin colloidal suspension of ultrafine (<§; 1 um) magnetite par-
ticles. The magnetic colloid gathers at domain boundaries, where flux leaks out
of the crystal, and moves with the boundaries in response to applied fields. A
photograph of simple domain boundaries on a {110} crystal face of magnetite
appears in Fig. 1.2.

Without the benefit of any substantial data base, Landau and Lifschitz (1935)
correctly predicted the form and dimensions of magnetic domains and domain
walls (the boundaries between domains). Reasoning that domain boundaries
would be positioned so as to maximize internal flux closure and eliminate 'mag-
netic charges' on both internal boundaries and the crystal surface, they postu-
lated exactly the structure illustrated in Fig. 1.2. The plate-like main or body
domains (seen here edge on) are terminated by wedge-shaped surface or closure
domains which provide a continuous flux path between neighbouring body
domains.

60 ^m

Figure 1.2 Body and surface (closure) domains observed on a polished {110}
surface of a large natural magnetite crystal. The arrows are inferred directions of
Ms within each domain. The black lines are domain walls, made visible by means
of a magnetic colloid. [After Ozdemir and Dunlop (1993a) © American Geophy-
sical Union, with the permission of the authors and the publisher.]
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The final development of classic domain theory came with the work of Kittel
(1949), whose calculations of wall and domain widths extended and refined
Landau and Lifschitz's estimates, and Rhodes and Rowlands (1954) and Amar
(1958), who first calculated the magnetic self-energy of a rectangular block,
representing a domain wall. Although the self-energy (or demagnetizing energy)
had long been known to control the size and shape of domains, its importance
in determining domain wall energy and size had not been recognized. In small
(< 1 urn) magnetite crystals, walls become broad and their demagnetizing energy
increases accordingly. Rhodes and Rowlands' results are also the starting point
for most micromagnetic calculations of fine-scale magnetization structure
(Chapter 7).

1.1.3 Rock magnetism

Earth magnetism and ferromagnetism developed in mutual isolation until Koe-
nigsberger (1938), Thellier (1938) and Nagata (1943) brought earth magnetism
into the laboratory. They attempted to reproduce and understand the process
by which igneous rocks are magnetized in nature. The new science was given a
name with the publication in 1953 of Nagata's classic book, Rock Magnetism.

Koenigsberger, Thellier and Nagata gave new magnetizations to their rocks
(lavas and archeological materials like bricks and baked clays) by heating them
to high temperatures and cooling them in a weak field. This thermoremanent mag-
netization (TRM for short) was always parallel to the field in which it was
acquired and its intensity was proportional to the strength of the field. TRM was
therefore an accurate recorder of magnetic field directions, as geomagnetists had
assumed, and was also potentially a means of determining paleofield intensities.

TRM in the laboratory had a series of remarkable properties which were most
clearly described by Thellier. When a sample was given a partial TRM, by expos-
ing it to a field only in a narrow cooling interval (between Ty and T2 say), and
was subsequently reheated to high temperatures in zero field, the TRM remained
unchanged below T2, but completely disappeared between T2 and T\.

Neel (1949) explained this observation as a consequence of blocking of TRM
during cooling at a single blocking temperature TB determined by the size and
shape of a particular magnetic grain. The TRM is unblocked when reheated
through rB. The wide spectrum of grain sizes and shapes in a rock leads to a con-
tinuous distribution of blocking temperatures of partial TRM, but each indivi-
dual grain has one and only one value of TB.

This individuality of blocking temperatures illuminates other experimental
TRM 'laws'. Partial TRM's acquired in different temperature intervals are
mutually independent. For example, if two partial TRM's are added vectorially
in a single cooling run, by rotating the field by 90° after the first partial TRM is
produced, the two partial TRM's are observed to demagnetize independently of
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each other during zero-field reheating. Each partial TRM disappears over its
own blocking temperature interval and the total magnetization vector retraces
the exact pattern it followed during cooling.

The 'additivity law' is another consequence of the one grain/one blocking
temperature principle. In this case, we combine results of separate experiments
in which partial TRM's are produced over different temperature intervals. The
intervals, taken together, cover the entire temperature range from the Curie
point (the ferromagnetic ordering temperature, usually several hundred °C) to
room temperature. The sum of all partial TRM intensities is found to be equal
to the intensity of total TRM produced in a single cooling. Since each partial
TRM contains a unique part of the rB spectrum of the total TRM, this law is
easy to understand also. Figure 1.3 illustrates how total TRM is built up from a
spectrum of partial TRM's.
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Figure 1.3 Relationship between the unblocking temperature spectrum of total
TRM (solid curve, with steps indicating increments over 25-100 °C heating inter-
vals) and the blocking temperature spectrum of partial TRM's (hatched). The
partial TRM gained over a particular temperature interval equals the incremental
TRM lost over the same interval (the reciprocity law) and the sum of all partial
TRM's equals the intensity of total TRM (additivity law).



How rock magnetism is applied

Koenigsberger, Thellier and Nagata were fortunate in their choice of fine-
grained rocks containing an abundance of single-domain magnetite and hematite
(aFe2O3) grains. Single-domain grains are too small to accommodate a domain
wall and must change their magnetizations by rotation. Only single-domain
grains exhibit a unique TRM blocking temperature and obey the Thellier laws
(see Chapter 8). The TRM of larger multidomain grains (Chapter 9) is compli-
cated by the mobility of domain walls and is less obviously suitable for recording
the paleomagnetic field. Stacey (1962, 1963) proposed a new view: multidomain
grains that have aspects of single-domain behaviour. Pseudo-single-domain
(PSD) models have inspired and shaped rock magnetic research ever since, and
form the subject of Chapter 12.

1.2 How rock magnetism is applied

1.2.1 Magnetic lineations: the seafloor record of reversals

Lithospheric plate motions result in a smooth spreading of newly erupted sea-
floor lavas away from mid-ocean ridges. The lavas contain fine-grained titano-
magnetite (Fe2.4Ti0 6O4) which acquires an intense TRM on cooling below its
Curie temperature. The geomagnetic field which produces the TRM reverses at
irregular intervals. The overall result (Fig. 1.4) is a set of normally and reversely
magnetized bands of seafloor, symmetrical about mid-ocean ridges and increas-
ing in age with distance from the ridge.

The magnetized seafloor produces a magnetic field (the 'anomaly' field) which
is added to or subtracted from the local geomagnetic field. The polarized strips
of seafloor are typically 10 km (Atlantic) to 80 km (Pacific) wide. Usually the
field is measured at or just above the sea surface, 1—2 km above the seafloor.
Because of this fortunate source geometry, fine details of the seafloor field are fil-
tered out and the anomaly field is quite flat except over the boundaries between
magnetized bands of seafloor, where it reverses sign. When contoured over the
ocean, the anomaly field reproduces the lineated pattern of seafloor TRM that
underlies it. These lineated anomalies are often called magnetic stripes. The
boundaries between stripes mark times of field reversals.

Magnetic stripes are the most tangible evidence of seafloor spreading and
plate tectonics. Historically they were decisive in converting geologists to a mobi-
list view of the earth. They are the main means of determining plate velocities,
and they provide the most complete record of geomagnetic reversal history dur-
ing the last 175 Ma. In view of this importance, and the exhaustive research that
has been carried out since Vine and Matthews first proposed their model in
1963, it might be thought that very little remains to be learned. Surprisingly,
this is not so. Using a tape recorder as an analogy, the tape drive (the spreading
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Computed profile

Observed profile

Figure 1.4 The Vine and
Matthews' (1963) model of
seafloor spreading (bot-
tom) and linear magnetic
anomalies over the oceans.
The anomaly profile (cen-
tre) is a spatial replica of the
time sequence of geomag-
netic field reversals (top).
[After Takeuchi et al.
(1970) Fig. 8.4, with the
permission of the authors.]
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seafloor and the tectonic forces that drive it) and the time series of geomagnetic
reversals that are recorded have been thoroughly looked into, but the recording
medium itself - the seafloor and its magnetic minerals - have not.

The first surprise is that much of the seafloor carries no TRM at all. Before
new seafloor has spread more than 20 km from its parent ridge, seawater has
penetrated deep along fissures and oxidized the primary titanomagnetites, chan-
ging both their chemistry and their magnetization. A second major question is
how much of the magnetic stripe signal originates in the surface layer of seafloor
lavas and how much has a deeper source in rocks to which we have no direct
access. How these problems are being tackled is described in Chapters 13 and 14.

1.2.2 Other magnetic anomalies

Magnetic stripes are not the only interesting anomalies in the geomagnetic field.
Anomalies of local and regional extent are used by geologists as tools in mapping
lithologies, structures and deformational styles, and delineating metamorphic
terranes. They may also have direct economic interest if they pinpoint mineable
concentrations of magnetite or hematite or if they trace iron formations outlining
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the structure of greenstone belts in which gold and other precious metals are con-
centrated.

The exact connection between anomaly fields and the magnetic petrology of
the source body or region is not always clear, usually because the source cannot
be sampled directly. The interpretation of an anomaly also depends on whether
the magnetization is mainly induced by the present geomagnetic field and is there-
fore in the present field direction, or is mainly remanent (permanent) and parallel
to some ancient field, which because of plate movements and field reversals may
be at a large angle to the present field direction. The Koenigsberger Qn ratio of
remanent to induced magnetization is therefore an important parameter.

Some major questions have been raised by long-wavelength (regional to glo-
bal scale) anomalies of the earth and moon revealed by satellite and spacecraft
magnetometers. Lunar anomalies are often too large to be explained by typical
magnetizations of returned Apollo samples (Chapter 17). Closer to home and
just as vexing are broad anomalies over both continents and oceans whose ampli-
tudes demand a substantial source of magnetization in the lower crust or upper
mantle. Exotic magnetic minerals seen in crystal xenoliths have been favoured
by some (Wasilewski and Mayhew, 1982; Haggerty and Toft, 1985) and an
enhancement of magnetization by high temperatures at depth by others (see
§10.2.2). The question is far from settled (Toft and Haggerty, 1988).

1.2.3 Records of geomagnetic field variation

Reversals are only one (albeit the most spectacular one) of many geomagnetic
field variations. Magnetostratigraphy, the dating and correlation of geological
strata based on the magnetic reversals they record, has become a major science.
For example, the Cretaceous-Tertiary boundary at which the dinosaurs became
extinct has been dated very precisely at 66 Ma using magnetostratiography
(Lowrie and Alvarez, 1981). Reversal records are recovered both from sediments
cored in the oceans and from ancient sedimentary sections preserved on land.
For times before the mid-Jurassic (> 175 Ma) there are no surviving ocean sedi-
ments or seafloor and our only record of reversals comes from sedimentary
rocks. Most sections include times when sedimentation was slow or non-existent
and the quality of the magnetic recording may vary considerably down the sec-
tion. Deciphering the reversal record requires much time, labour, insight, com-
parison of sections - and rock magnetic tests (Chapter 11).

The behaviour of the geomagnetic field during a polarity transition and during
excursions (which may be aborted transitions) is of vital importance in under-
standing the core dynamo. A reversal lasts only a few thousand years. The best
magnetic records of reversals come from lavas which are closely spaced in time
and from rapidly deposited ocean sediments. Figure 1.5 is a high quality record
from Ocean Drilling Program cores in the equatorial Pacific. The gradual decline
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Figure 1.5 A high quality record of geomagnetic intensity variations recorded in
oceanic sediment cores. The Brunhes-Matuyama polarity transition (see Fig. 1.4)
and the Jaramillo and Cobb events (aborted reversals) are indicated. [After Mey-
nadier el al. (1995), with the permission of the authors and the publisher, The
Ocean Drilling Program, College Station, TX.]

in field intensity preceding a transition or excursion, the rapid recovery of inten-
sity after the event, and the correlation between the amount of intensity recovery
and the time until the next event are clear in the record.

The geomagnetic field changes direction and intensity even at times of con-
stant polarity. The decline in dipole moment in the past 150 years was mentioned
earlier. The field declination and inclination also vary. Lake sediments, soils,
and loess (windblown sediment) record similar behaviour of the earth's field in
the past, known as paleosecular variation (PSV). PSV records, if of high quality,
are a powerful tool for dating and correlating sediments and soils over the past
few thousand years. The correlation cannot be made over large distances because
secular variation records fairly local variations in the field.

The main problem in paleofield variation records is fidelity of the recording.
Both sediments and lavas may record a magnetization whose inclination is sys-
tematically shallower than the field inclination. Why inclination errors occur
and what can be done to recognize and overcome them will be considered in
Chapters 14 and 15. Random noise often obscures the details of the signal in sedi-
ments. Some of this noise is introduced in the coring process, but much is inherent
to the magnetic grains themselves. Effective ways of 'cleaning' the records to
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remove the effects of the noisier magnetic grains (generally the larger grains) are
still being developed (Chapters 11,12 and 15). Chemical alteration of magnetic
minerals is a problem with both lavas and sediments. This question is dealt with
in Chapter 13.

1.2.4 Paleointensity determination

Archeomagnetism, the dating of archeological materials by magnetic means,
also deals with geomagnetic field variations, but more emphasis is put on careful
determinations of paleofield intensity. In fact, Thellier's study of TRM and par-
tial TRM's was part of a lifelong program of determining reliable paleointensi-
ties from archeological pottery and bricks. Figure 1.6 illustrates how the
Thellier laws form the basis for a rigorous method of paleointensity determina-
tion, described in detail in Chapter 8. Since partial TRM acquired at TB during
cooling is erased at TB during heating, one can replace the natural remanent mag-
netization (NRM) of an igneous or baked rock in stepwise fashion with labora-
tory TRM in a series of double heatings (the first in zero field and the second in
a known laboratory field) to increasing temperatures. The Thellier method is
effective because the ratio between NRM and laboratory TRM intensities is the
same for each fraction of the blocking temperature spectrum. Since TRM is pro-
portional to the field strength, the same ratio gives replicate determinations of
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Figure 1.6 Illustration of the Thellier method of paleointensity determination,
using data for hematite (aFe2O3). Since NRM demagnetization and partial TRM
acquisition are reciprocal processes (left), a plot of NRM remaining versus partial
TRM acquired after heating to a particular temperature is linear (right). The slope
of the plot is proportional to paleofield intensity. [After Roquet and Thellier
(1946), with permission of the publisher, L'Institut de France, Paris, France.]
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paleofield/laboratory field intensity. Deviations from ideality may result from
decay of part of the NRM in nature (affecting the low-!TB fraction) or chemical
alteration in laboratory heatings (affecting the high-TB fraction).

The intensity of the earth's field has also been studied for very old rocks. The
earth's field existed at least 3500 Ma ago (Hale and Dunlop, 1984). We have
only a fragmentary knowledge of how its strength has varied with time, however.
Rocks which behave ideally in the Thellier experiment (single-domain size grains
which do not alter in repeated heatings) are unfortunately few and far between.
Recently there have been attempts to extend the range of suitable rocks; submar-
ine volcanic glasses are particularly promising (Pick and Tauxe, 1993).

The Thellier method determines an absolute paleofield intensity. Relative
paleointensities for a suite of related samples should be much easier to determine.
It would be naive to assume that even closely related samples, e.g., sediments of
similar mineralogy deposited under similar conditions, have an unvarying frac-
tion of fine-grained magnetite. Various rock magnetic techniques, such as partial
demagnetization of the NRM and normalization to synthetic magnetizations,
are used to correct for the presence of softer, less reliable magnetic grains. These
methods are described in Chapters 11 and 15. Ultimately one is still making
inter-sample comparisons of total remanences; the subtlety of replicate determi-
nations on various magnetization fractions of the same sample is lacking.

1.2.5 Paleomagnetism and plate motions

Plate motions during the past 175 Ma are most precisely tracked using magnetic
stripes recorded in the oceanic portions of the plates. There are limitations in
this approach, the most obvious being that one is restricted to the final 5% of
earth history. Another problem is the lack of a trustworthy absolute reference
frame. Paleomagnetism provides a reference axis - the earth's rotation axis - if
measured declination and inclination of NRM of a sample are compared to the
expected (long-term average) dipole field of the earth. Declinations deviating
from north record rotations of a plate, or of smaller blocks within a plate.
Anomalies in expected inclination record either changes in paleolatitude or tilt-
ing of blocks. Paleolongitude is not recorded because a dipole field is symmetric
about the axis.

The paleomagnetic evidence that continents have moved about the earth was
ignored for a long time by the geological community. Why did this happen, and
why was the magnetic evidence from the spreading seafloor felt to be so much
more compelling a decade later? At least part of the explanation is rock magnetic.
Young seafloor lavas seemed to be simple magnetic recorders (more recent evi-
dence to the contrary has been largely ignored) and their TRM record is binary:
normal or reverse polarity. Continental rocks comprise a wide range of litholo-
gies and ages. Once demagnetization techniques had developed, it became
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obvious that only part of the NRM was stable and by implication reliable.
Furthermore, the information recorded was a vector, and small errors in direc-
tions of the vector components could cause large differences in the inferred paleo-
positions of the continents.

Paleomagnetically based plate reconstructions are now generally accepted
without comment if they fit geological and paleoclimatological constraints, but
the problem of assessing the reliability of individual results remains. Paleomag-
netists increasingly have come to recognize that the older the rock, the more intri-
cate (and interesting) the mixture of different NRM's it is likely to contain.
Figure 1.7 is an example of two NRM's of very different ages carried by separate
minerals (magnetite and hematite) in an Appalachian rock. The older primary

Up.W

Sample CC-3

Figure 1.7 Separation of primary NRM carried by hematite with unblocking
temperatures up to 675 °C and a later overprint (secondary NRM) carried mainly
by magnetite (sample CC-3) or both magnetite and hematite (sample R-5). The
two NRM components have distinct linear trajectories on vector diagrams. The
stereonet shows that the primary NRM has opposite polarities in the two samples:
downwards (solid circles) in CC-3 and upwards (open circles) in R-5. [After Kent
and Opdyke (1985) © American Geophysical Union, with the permission of the
authors and the publisher.]
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NRM in this rock (and similar ones in other Appalachian rocks) escaped detec-
tion for many years, until careful thermal cleaning (Chapter 8) above the magne-
tite Curie point revealed its presence. The dominant lower unblocking
temperature NRM is a late Carboniferous ( « 300 Ma) chemical remagnetization
found on both sides of the Atlantic and associated with the Hercynian/Alleghe-
nian orogeny.

Not many remagnetizations have proven as elusive as this one. The message is
clear, however. The more searching the rock magnetic tests and techniques
applied to a rock, the more trustworthy the paleomagnetic result and any tec-
tonic interpretations based on that result.

1.2.6 Biomagnetism

Many organisms, man included, contain intracelluar magnetite. Some species of
neutral-density bacteria living in muddy water use their magnetite to sense geo-
magnetic field lines and thereby swim down to feed or to optimize their micro-
aerobic environment. South of the magnetic equator, where the inclination is
upward (Fig. I . I ) , these magnetotactic bacteria swim in a direction opposite to
the field. Honeybees, homing pigeons, migratory birds and dolphins all contain
magnetite sensors which may be (in some cases, definitely are) utilized as com-
passes. An account of this fascinating subject is given by Kirschvink et al. (1985).

Magnetotactic bacteria have evolved efficient compass 'needles' consisting of
chains of single-domain magnetite crystals polarized along the chain axis. Rock
magnetic tests for single-domain behaviour and for interactions between crystals
in each chain (Chapter 11) are widely used by biomagnetists to categorize bacter-
ial and other biogenic magnetites (Moskowitz et al., 1988a, 1993).

1.2.7 Environmental magnetism

One of many pressing environmental questions of our day is global warming. Soil
profiles are a rich record of past climatic changes, but the record is usually frag-
mentary. The most continuous record is preserved in the loess plateau of China.
Alternating horizons of loess and paleosol were laid down in dry and moist cli-
mates, respectively. Magnetism is used indirectly, in the dating and correlation
of horizons by their recorded PSV. It may also be possible to use magnetism
directly as a climate indicator. Loess is relatively barren, containing mainly
wind-transported magnetic particles from distant sources. Soils, on the other
hand, develop magnetic minerals in situ and the particular minerals that form
are a good guide to moisture, pH and redox conditions.

There is a wealth of environmental applications of magnetism and magnetic
particles: as tracers of pollutants, as indicators of the provenance and distance
of transport of soils during erosion, as an aid to determining sediment load and
velocity in streams, and so on. These and many other applications are outlined
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by Thompson and Oldfield (1986), who devote much space to the rock magnetic
tests used by environmental scientists.

1.3 Plan of the book

We have seen how rock magnetism originated and have reviewed some of its
practical applications, which nowadays extend well beyond rocks in the narrow
sense. In the rest of the book, we will first outline the fundamentals of ferromag-
netism (Chapter 2), magnetic mineralogy (Chapter 3), magnetostatic principles
(Chapter 4) and magnetic domain structure and hysteresis (Chapter 5). Then we
will turn to observations and calculations of micromagnetic structure in magne-
tite and other common magnetic minerals (Chapters 6 and 7). Next we will sum-
marize the basic experimental properties of various remanent magnetizations
that are important in nature: TRM in Chapters 8 and 9, viscous remanent mag-
netization (VRM) in Chapter 10, and crystallization or chemical remanent mag-
netization (CRM) in Chapter 13. In these chapters, we also review our present
understanding of the underlying mechanisms of TRM, VRM and CRM. Chap-
ters 11 and 12 deal with more specialized topics, isothermal rock magnetic tests
and techniques, and pseudo-single-domain effects. Finally, we examine rock
magnetism and magnetic mineralogy in specific geological environments:
igneous and baked rocks (Chapter 14), sediments and sedimentary rocks (Chap-
ter 15), altered and metamorphosed rocks (Chapter 16) and lunar rocks and
meteorites (Chapter 17).

There are many other books, old and new, to which the reader may turn for
additional information. For ferromagnetism, Bozorth (1951), Smit and Wijn
(1959), Kneller (1962, 1969), Chikazumi (1964), Morrish (1965), Cullity (1972),
Jiles (1991), and Craik (1995) are excellent sources. Among the older books,
Bozorth (1951) and Kneller (1962) are encyclopedic in their coverage and there-
fore indispensable. Magnetic domain observations and calculations are covered
in classic works by Kittel (1949), Brown (1962, 1963a) and Craik and Tebble
(1965). The mainstream texts in rock magnetism are Nagata (1961), Stacey and
Banerjee (1974), and O'Reilly (1984). Similar cornerstones of paleomagnetism,
geomagnetism and planetary magnetism are Irving (1964), McElhinny (1973),
Merrill and McElhinny (1983), and Butler (1992). Finally, we have found four
specialized books very useful: Collinson (1983) for magnetic techniques and
instrumentation; Kirschvink et al. (1985) for biomagnetism; Thompson and Old-
field (1986) for environmental magnetism; and Tarling and Hrouda (1993) for
magnetic anisotropy.



Chapter 2

Fundamentals of magnetism

2.1 Introduction

There are two views of how magnetism originates: microscopic current loops and
magnetic dipoles. The latter view is actually the older and is the basis of magneto-
statics, the analog of electrostatics. It was discredited when it was demonstrated
that magnetic dipoles cannot be separated into isolated + and — magnetic
charges ('monopoles'). Yet the criticism is hardly damning. The component
charges of electric dipoles (nuclei and electron clouds, respectively, expressing
the polarization of atoms by an electric field) cannot readily be isolated either.
Admittedly there is no analog of the free or conduction electron in magnetism,
but in many ways magnetically polarized or polarizable materials are close ana-
logs of electrically polarizable materials (dielectrics) and we shall make consider-
able use of this analogy. Ultimately neither current loops nor charge pairs can
explain ferromagnetism. Ferromagnetic moments arise from a non-classical
phenomenon, electron spin (§2.3).

A current loop or a dipole produces a magnetic field H or B. What is this
magnetic field? H and B are defined not by their cause but by their effect, the
forces they exert on physical objects. A magnetic field exerts a torque on a com-
pass needle or pivoted bar magnet (macroscopic dipoles) tending to align their
axes with H or B; this is the magnetostatic definition. A magnetic field also
exerts a Lorentz force on a moving charged particle, either in free space or
when channeled through a conductor as current /, at right angles to both the
field and the particle velocity or the current flow; this is the electrodynamic defi-
nition. Neither definition gives us a feeling for what the source of H or B is.
This comes from Coulomb's law or the Biot-Savart law (below) which tell us
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how to calculate H from a specified set of sources (either magnetic charges or
current elements).

B is an augmented field which includes not only H but also the macroscopic
magnetization M:

B = no(H + M) in SI, or B = H + AnM in cgs emu. (2.1)

Microscopic dipole moments ft are associated with individual atoms, but M, the
dipole moment per unit volume, is an average over a region containing many
atoms. For this reason, M, and therefore also B, can only be defined in a meso-
scopic or macroscopic region. H, on the other hand, can be defined and calcu-
lated at any scale, including the atomic.

B is sometimes claimed to be more 'fundamental' than H. In view of the dis-
cussion of the last paragraph, this is clearly not so. It is fair to say that B is of
greater practical and technological importance. Magnetic induction, for exam-
ple, depends on the rate of change of magnetic flux, which is the integrated
effect of lines of B cutting a particular area (B is in fact often called the mag-
netic induction or flux density). The sum of H and M is important in these phe-
nomena, with M greatly outweighing H inside ferromagnetic materials
(although not inside rocks, which are very dilute dispersions of ferromagnetic
grains).

Outside a magnetic material, where M = 0, B and H are parallel and their
strengths are in the ratio B/H = n0, the permeability of free space. In SI,
Ho = 4TC x 10~7 H/m so that numerical values of B (in tesla) and H (in A/m)
are very different for the same field. In cgs electromagnetic units (emu), ^0 — 1
and the values of B (in gauss) and H (in oersted) are numerically equal.

In rock magnetism, both Band H, and both systems of units, are widely used.
Conversion factors appear in Table 2.1, which also defines other quantities and
ratios of practical interest. Very often rock magnetists quote values of n0H in T
as though they were values of H. This situation has come about because the
numerical conversion of fields is particularly easy for B. For example, a field of
lOe or G (« the earth's field) equals 1(T4T or lOOuT (fi0H) but equals
79.6 kA/m (H). Note, however, that all formulas involving H require numerical
values in A/m.

2.2 Magnetic moments of dipoles and current loops

Figure 2. i(a) illustrates a magnetic dipole: charges ±Qm a distance d apart along
the z axis. The magnetic moment of the dipole is ft = Qmdk. At a point P, sepa-
rated from +Qm by *•], from —Qm by r2, and from the centre of the dipole by r,
where rx, r2 and r are all 3> d, the magnetic field is given by the magnetic equiva-
lent to Coulomb's law:
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Table 2.1 Definitions and units for magnetic quantities

Quantity

Magnetic moment, /J,

Magnetization, M

(= magnetic moment/volume)

Magnetic field, H

Flux density or magnetic induction, B

Magnetic susceptibility, x

Definition and units

SI

Am2

A/m

A/m

fl = /;„(//+ M)
tesla (T)

M = XH

dimensionless

N.B. xsi = <

Some useful conversions

Magneticfield

1 gamma (7) field

1 Oe or 1G field

(« earth's field)

Magnetizations

'Typical' NRM - sediment

'Typical' NRM - volcanic rock

Susceptibility of multidomain magnetite

l(T9T(lnT)

l<r4T(100MT)or

103/4TI = 79.6 A/m

l(T3A/m

lA/m

Xo ~ 2-5

cgs

emu

'emu/cm3'

oersted (Oe)

B = H + 4nM

gauss (G)

M = XH

dimensionless

*KXcgs

l(T5GorOe

1 G or 1 Oe

10~6emu/cm3

10~3 emu/cm3

Xo « 0.2

A« W4nVff r\ )
(2.2)

(In the cgs version of eqns. (2.2)-(2.5), the factor l/4rc is omitted.) Along the axis
of n (the z axis), r = z,r = k, and 6 — 0. Then

(2-3)

In the case of a circular current loop (Fig. 2.1b) of radius a carrying current /,
H is prescribed by the Biot-Savart law. For a point P on the axis of the loop, as
shown,
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Figure 2.1 (a) Sketch of a magnetic dipole: magnetic charges ±Qm separated by a
distance d have a dipole moment p = Qmdk and produce a field Hiipo\t at P. (b)
Side and top views of a circular current loop. The loop has an equivalent dipole
moment Ina2n and produces a field equivalent to Hiipole at distances S> a.
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which at large distances (z » a) reduces to

•"axial ~
4;tz3

(2-4)

(2-5)

Equation (2.5) is identical to (2.3) if dipole moment fi is Ina2n (current / x area
A x outward normal n, using the right-hand rule). Likewise (2.4) gives the same
result as (2.2) for other points P(r) if ft = lAh for the current loop.

In the Bohr model of the atom, an s electron has a circular orbit. Its orbital
magnetic moment, I Ah = [e/(2n/uj)]nr2h, is always parallel to its orbital angular
momentum vector, L = mer

2ujh, where e and mc are electronic charge and mass
and LJ is angular velocity. In a magnetic field H, the torque fi^fi x H causes L,
and with it fi, to precess like a gyroscope around H. The time-average L and /i
are the observed components Lz and fxz along H (redefining the z axis to lie
along H, not along ft as in Fig. 2.1). We next turn to a quantum picture of the
atom, in which L, L. and /zz are quantized and L and ft can only occupy certain
specified directions relative to H.
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2-3 Magnetic moments of atoms and ions

In quantum mechanics, the orbital energy equation for an electron transforms
into Schrodinger's wave equation. Solving the wave equation for specified
boundary conditions in a spherical region, such as an atom, we find a set of eigen-
functions "P/mn, which are analogs of standing waves or normal modes of a classi-
cal system. These wave functions describe the probability of finding the electron
at point (r, 8, (f>) and involve spherical harmonics:

r, 0, <t>) = AlmnP",'{cose) cos, sin(m<f>)fn(r). (2.6)

Here Ainm is a probability amplitude, Pf are Legendre polynomials and the fn(r)
are functions of distance r from the nucleus.

The eigenvalues /, m and n, as well as another number s, are quantum numbers.
Pauli's exclusion principle states that each electron has a different set of quantum
numbers, representing distinct values of energy, angular momentum, magnetic
moment, and spin:

n specifies the shell [n = 1 —> K shell, etc.)
/ specifies the orbital angular momentum L(l = 0 —> s, / = 1 —> p, 1 = 2—> d,

etc.). N.B. 0 < / < n - 1: n values
m (or itijor':) specifies the component of orbital angular momentum L, in the

direction of an applied magnetic field B or H (see Fig. 2.2). N.B. -I <m < +/:
2/ + 1 values

s (or ms or s:) specifies the spin angular momentum 5 in the direction of// (see
Fig. 2.2). N.B. 5 = ±±: 2 values.

B
3d shell

Figure 2.2 Quantized
orientations, relative to the
direction of a magnetic
field H or B, of the orbital
angular momentum vector
for a 3d electron (1 = 2),
and allowed values of the
time-average orbital and
spin angular momenta, /,
and s., due to precession
about H.
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The elementary unit or quantum of magnetic moment is the Bohr magneton.
A classical picture of an electron in a circular orbit of radius r around the nucleus
gives the correct answer. The orbital magnetic moment \i\ is the product of the
effective current / = eu/2n and the orbital area nr1. The angular momentum
L — mer

2w is quantized in multiples of Planck's constant h. Since most electron
orbits have their axes at an angle to the z axis (the direction of H), it is L, that
matters (see §2.2). Lz takes on values irih = 0, ±h,..., ±lh. Thus we have

er w e ett
L (2-7)

where ̂  = ett/2me is the Bohr magneton. Substituting numerical values, we find
MB = 9.274 x 1(T24 A m2 or 9.274 x 10"21 emu.

Like macroscopic orbiting bodies, electrons have spin as well as orbital angu-
lar momentum, and a corresponding spin magnetic moment

Ms = 2WB = MB- (2.8)

The difference of a factor 2 between eqns. (2.7) and (2.8) is conveniently incorpo-
rated in the Lande g factor:

fi, = g/m^B, ns = gss/j,B, (2.9)

with gi = \,gs = 2. When all the electrons in an atom or ion are considered, the
Lande factor is more complex.

The atoms of most elements have only one unpaired electron (odd atomic
numbers) or no unpaired electrons (even atomic numbers). Their permanent
magnetic moments are small or non-existent. Atoms of the transition metals Cr,
Mn, Fe, Co and Ni have larger moments which arise from unpaired 3d
(« = 3, / = 2) electrons. All these elements have filled 4s (n = 4, / = 0) valence
shells but only partly filled 3d shells. Compounds of these metals may also have
large moments because the 4s electrons are removed first in ionic bonding.

Let us take as an example iron, Fe°. The 26 electrons have the distribution
Is22s22p63s23p63d64s2. All shells except 3d are filled. A filled shell has zero net
moment, since it contains paired s = ± 5 electrons. In filling the 3d shell, the vec-
tor sum S — Es,- is maximized (Hund's first rule), so that the first five electrons
have unpaired spins (s = +5) and parallel spin magnetic moments. Thus
S — (5 x |) — ^ = 2. Next L = E/,- (or L = Em,) is maximized (Hund's second
rule), giving L = (2 + 1 + 0 - 1 - 2) + 2 = 2. Notice that there was no choice
in filling the half shell with spins parallel (numbers in parentheses); L is always
zero for such a half-shell. Finally the total angular momentum / is determined.
J =\L-S\ if the shell is less than half-filled, J = L + S if the shell is more than
half-filled, and J = S if the shell is half-filled (since L = 0). For Fe°,
J = 2 + 2 = 4.

Experimentally, the transition metals and their compounds behave as though
J = S, not \L ± 5|. The orbital contribution to the magnetic moment is said to
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be quenched, and to a first approximation the magnetic moment is due to elec-
tron spin only. The paramagnetic moments per atom for the important cations
Fe2+(3d64s°, S = 2, J = 4) and Fe3+(3d54s°, S = 5/2, J = 5/2) can then be cal-
culated from

1)]1/2A% =gs[S(S+ 1)]1/2
MB- (2-10)

They are about 5 (actually 5.4) and 6 Bohr magnetons, respectively.
Orbital angular momentum is quenched because the 3d electrons, which

occupy the outermost orbitals, experience an electrostatic 'crystal field' due to
neighbouring ions in the crystal which outweighs the electrostatic L-S coupling
within the atom. Kittel (1976, p. 444) gives an enlightening discussion. The crys-
tal field also establishes preferred directions for L in the crystal lattice and resi-
dual L—S coupling makes these preferred directions for p as well. This is the
origin of magnetocrystalline anisotropy (§2.8).

2.4 Diamagnetism and paramagnetism

Diamagnetism is a property of all materials. A moving charge, such as an elec-
tron in orbit, experiences a Lorentz force ev x B in a magnetic field B (v is elec-
tron velocity). The Lorentz force has a gyroscopic effect, causing all electron
orbits to precess about B. This Larmor precession of Z electrons (Z is atomic
number) is equivalent to an electric current and produces a negative induced
magnetic moment

In (2.11), {p2) — (x2 + y2) is the mean square distance of electrons from the z axis
(i.e., B) and is related to (r2) = (x2 + y2 + z2) by (p2) = (2/3)(r2). The diamag-
netic susceptibility is then

M_ /7/id _ n0nZe2(r2)

in which n is the number of atoms per unit volume. This is the classical Langevin
expression for diamagnetic susceptibility.

Most non-iron-bearing minerals like quartz, calcite and feldspars are purely
diamagnetic (see Table 2.2). Their susceptibilities are small but temperature
independent. Thus at high temperatures if the amount of paramagnetic and fer-
romagnetic minerals is small, the negative moment of a quartz sample holder or
the silicate matrix of a rock may become appreciable.

Paramagnetism is the partial alignment of permanent atomic magnetic
moments in the direction of an applied field B. Although the degree of alignment
is slight at ordinary temperatures, it is sufficient to outweigh diamagnetism. The
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Table 2.2 Susceptibilities of some diamagnetic and paramagnetic minerals

Magnetic susceptibility (per unit mass)

Mineral

Diamagnetic

Quartz (SiO2)

Orthoclase feldspar (KAlSi3O8)

Calcite (CaCO3)

Forsterite(Mg2SiO4)

Water (H2O)

Paramagnetic

Pyrite (FeS2)

Siderite (FeCO3)

Ilmenite (FeTiO3)

Orthopyroxenes ((Fe,Mg)SiO3)

Fayalite (Fe2Si04)

Intermediate olivine ((Fe,Mg)2Si04)

Serpentinite (Mg3Si205(0H)4)

Amphiboles

Biotites

Illite (clay)

Montmorillonite (clay)

(10"6emu/gOe)

-0.50

-0.46

-0.38

-0.31

-0.72

+24

+98

+80-90

+34-73

+ 100

+29

>95*

+13-75

+53-78
+ 12

+ 11

(10-8m3/kg)

-0.62

-0.58

-0.48

-0.39

-0.90

+30

+ 123

+100-113

+43-92

+ 126

+36

> 120*

+16-94

+67-98
+ 15
+ 14

•Higher values are due to precipitated magnetite (Fe3O4).

moments ftj (fi for short) of the atoms are assumed to be non-interacting (this is
not strictly true in a crystal lattice, where atoms interact both magnetically and
electrostatically). The torque of B on each atomic moment is expressed in the
magnetic field (or Zeeman) energy

Em = -ft' B — - (2.13)

Only thermal perturbations prevent perfect alignment of the moments with B.
Suppose there are only two possible states, fi parallel to Z? (</>[ = 0) or antipar-

allel to B (<f>2 — 180°). This is the situation for transition metals in which L is
quenched and J = S. The Boltzmann probabilities of the states are

(2.14)
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in which Z ' is the partition function or sum of exponential factors over all states
and k is Boltzmann's constant. We can now calculate the net moment and the
magnetization of the ensemble:

where we have used a to stand
In the classical Langevin calculation, all orientations (f> of ft relative to B are

permitted. The result is

M(B, T) = ny.L{a) = nJcoth(a) - - J. (2.16)

L(a) is called the Langevin function. The essential results predicted by (2.15) or
(2.16) are that M is positive (i.e., M is parallel to B) and decreases with increasing
temperature.

Because individual atomic moments /z are small, for most fields and tempera-
tures a <C 1. The alignment of moments is therefore slight and M is a small frac-
tion of its saturation value n\i. From a series expansion of tanh(a) in (2.15)
or L(a) in (2.16) for small a, it is easy to show that the paramagnetic susceptibil-
ity is

_ M _ 1 nfi2ii0 1 C
XP~H~3 k T~r (2A1)

This is Curie's law and C is the Curie constant. The factor 5 is included if (2.16)
holds and omitted if (2.15) holds. In either case, the suceptibility is inversely pro-
portional to T.

In the corresponding quantum mechanical calculation, there are 27 + 1 states
with energies Em = —mj(j,BB, where the quantum number mj takes on values
-J,..., J. The result is

, „. , [27+1 J (2 . /+ l )x l 1 ,fx\\
M = ngjJfiBB(x) = ngjJfj,B i 2J coth ^ — ^ - - — coth (̂ —J J.

(2.18)

B(x) is the Brillouin function and x stands for gjJfiBB/kT. For most B and T,
x <?C 1 and we find for the paramagnetic susceptibility

_
X P — 2fc TT

In the limits / = S = \ (a single spin) and / very large, (2.19) reduces to the two
alternatives of (2.17), since by (2.10), p,j = gj[J(J + l)]1//2/zB.

Most iron-bearing sulphides, carbonates and silicates are paramagnetic, with
susceptibilities usually 10-100 times larger than those of diamagnetic minerals.
Some typical values are listed in Table 2.2.
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2.5 Ferromagnetism

The magnetization of paramagnetic and diamagnetic substances is induced or
temporary: M disappears when B is removed. Furthermore at ordinary tempera-
tures extremely large fields, on the order of 106 G or 100 T, are required to align
the permanent moments of paramagnetic atoms or ions and yield a saturation
magnetization n^. Ferromagnetic materials like metallic iron and nickel behave
quite differently. Fields of 100 G or so are enough to saturate the magnetization
of a soft iron ring, and when the field is suppressed, a measurable permanent or
remanent magnetization Mr remains. Weiss (1907) explained these puzzling
observations by postulating the existence of an internal 'molecular field' so
strong that it brings atomic moments into nearly saturation alignment, produ-
cing a spontaneous magnetization Ms (Fig. 2.3). Different domains with different
directions of Ms have mutually compensating moments, but relatively small
fields could serve to enlarge domains in which Ms vectors happen to be close to
the direction of B.

In reality, the molecular field must depend on the local environment of a parti-
cular atom. As a first approximation, however, Weiss proposed that the local
field has the same magnitude throughout a domain and is proportional to the
mean magnetization of the domain:

Hm = AM. (2.20)

This mean-field approximation must break down at high temperatures, when
local thermal fluctuations in M become too large to ignore. However, because
the moment of each atom is exchange coupled to its neighbours (this is the real

Ferromagnetism

Antiferromagnetism

Net Ms Figure 2.3 Different pos-
sible exchange-coupled
spin structures and the net
spontaneous magnetiza-
tion Ms of each.

Ferrimognetism

Canted
ontiferromagnetism
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origin of the molecular field: see §2.6), local or short-range order is preserved up
to and even above the Curie point, the temperature at which Ms and long-range
ordering of moments disappear.

Equation (2.20) describes a cooperative phenomenon, in which any increase in
M causes Hm to increase, and vice versa. (The reverse is also true. Decreases in
M, due to thermal fluctuations at high temperature, cause Hm to decrease, thus
provoking further decreases in M. For this reason, Ms remains close to its satura-
tion value «/x at low temperatures, but drops rapidly to zero near the Curie
point (Fig. 2.4b)). If there is no externally applied field, Hm is the only field acting
on ft and the energy equation (2.13) becomes

Em = -to? • Hm = -fiOfj,XM cos 4>. (2.21)

1

Then (2.15) or (2.16) become

M = rtjitanh(a) or n[iL(a) (2.22)

with

. , , kTa . .
M ()

Since (2.22) and (2.23) must be simultaneously satisfied, M is easily found by
plotting M(a) for each separately and taking the intersection between the two
curves (Fig. 2.4a). It is clear from the diagram that at low temperatures, the two
curves intersect at a value of Ms close to the saturation magnetization «/i. As T
increases, the short-range and long-range alignment of moments is increasingly
perturbed and Ms decreases. At the Curie temperature Tc, (2.23) becomes tan-
gent to (2.22) and Ms —> 0. The ferromagnetic-paramagnetic phase transition is
of second order, since there is no discontinuity in M at Tc.

This simple adaptation of the Langevin theory of paramagnetism gives a first-
order description of measured MS(T) curves for iron and nickel (Fig. 2.4b).
Ms (T) curves for magnetite and other iron oxides require a more elaborate mole-
cular field theory (§2.7).

We can estimate the strength of the molecular field by equating the initial
slopes dM /da of (2.22) and (2.23) at T = Tc. The result is

A = ( 3 ) - ^ - = ^ , (2.24)

where C is the Curie constant from (2.17). Substituting numerical values for iron
( r c = 765 °C= 1038 K, n = 3.3 x 1023cm-\ k = 1.38 x 10"16erg/K and
/zB = 9.274 x 10~21 emu), we find A « 5000. Since Ms = 1715 emu/cm3 at room
temperature, Hm « 8.5 x 106 Oe. This is such a strong field that it cannot possi-
bly be due to magnetic interaction between neighbouring atoms. A magnetic ion
produces a dipole field (see §2.2) of order MB/^3 = "MB ~ 3000 Oe at neighbour-
ing lattice sites {a is lattice spacing).
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Figure 2.4 The Weiss
molecular field theory of
ferromagnetism. (a) The
intersection P between
L(a) (eqn. (2.16)) and one
of the solid lines (the Weiss
molecular field relation:
eqn (2.23)) gives the spon-
taneous magnetization Ms.
Intersections like P ' give M
produced by an external
field H, even above the
Curie temperature TQ. (b)
Predicted MS(T) curves for
different values of J com-
pared with measured
MS(T) for some ferromag-
netic metals and ferrimag-
netic oxides.

(b)

Above Tc, there is no spontaneous magnetization in the absence of an applied
field. However, adding an external field H to the molecular field will produce a
magnetization M (Fig. 2.4a). In this case, solving (2.22) with a =

+ \M)/kT for a small and using (2.24), we have

_M _
XP - -jj -

C
(2.25)

This is the Curie-Weiss law. The magnetization is paramagnetic in that ther-
mally disordered atomic moments are partly aligned by an external field, but
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the individual moments are now (exchange) coupled through the molecular field
rather than mutually independent.

It is often convenient for theoretical calculations to have an analytic expres-
sion for MS(T). Let us make a critical-point expansion of (2.22) in the region of
Tc, where a is small. Rewriting (2.22) and (2.23) in terms of reduced variables
M* = M/n/j,, T* = T/Tc and expanding tanh(a) in powers of a, we obtain
M* = aT* = tanh(M7T*) = t a n h ( a ) « a ( l - a 2 / 3 ) , or a2 « 3(1 - 7*).
From this it follows that a oc (1 - T/Tc)

i/2, or that

MS(T) ex (7c - T)\ (2.26)

with 7 = i in the molecular field approximation. Experimentally an expression
like (2.26) fits the MS(T) data of ferromagnetic and ferrimagnetic substances
quite well, not only near Tc but at ordinary temperatures as well. For magnetite,
7 = 0.43 gives the best fit (see Fig. 3.5), while for iron, 7 = 0.34.

2.6 Exchange coupling and exchange energy

We have seen that magnetic interactions between neighbouring atoms are inade-
quate by many orders of magnitude to explain the strength of the molecular
field //m(«107 Oe or wlO9 A/m). Electrostatic Coulomb interactions, which are
responsible for chemical bonding, are the other likely possibility. Within an
atom, there is considerable overlap of orbitals. It is reasonable that electrons
should interact electrostatically at such close quarters. This coupling is the
underlying reason why s and / vectors of different electrons couple in the way
described in §2.3 to give S, L and / for the whole atom. What is surprising is
that 3d electrons of neighbouring atoms can have a strong spin-dependent inter-
action. This must be the case because ferromagnetism (or ferrimagnetism: see
§2.7) is a property of electrically neutral atoms (e.g., Fe°) as well as ions (e.g.,
Fe2+ and Fe3+ in Fe3O4). The 3d rather than the 4s valence electrons must be
the key. (In the band theory of ferromagnetism, there is a mixing of states, with
electrons in overlapping 3d and 4s orbitals spending part of their time in either
state; good accounts are found in Kittel (1976), Cullity (1972) and Chikazumi
(1964).)

Heisenberg (1928) explained ferromagnetic exchange coupling as analogous
to spin-dependent hydrogen bonding. We shall give a simple outline, following
Stacey and Banerjee (1974). Consider 3d electrons 1 and 2 associated with
atoms a and b. Because the electrons are indistinguishable and we assume the 3d
orbitals of a and b overlap significantly, 1 will sometimes be associated with a
and sometimes with b: in effect, electrons 1 and 2 can be exchanged between
atoms a and b. Electrons 1 and 2 have the same quantum numbers /, m and n,
and the orbital wave functions (eqn. (2.6)) f a and fb have the same mathemati-
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cal form (except that they refer to different origins, the nuclei of a and b respec-
tively). Electrons 1 and 2 can have either the same values of s (in which their
spins are parallel) or different values (spins antiparallel). We want to show that
the Coulomb energy of interaction between them is lower in one case than in the
other.

Since the 3d orbitals overlap significantly, we can gauge the interaction from
the wave function *F of the pair of electrons, which is the product of their indivi-
dual wave functions. The product wave function f expresses the joint probabil-
ity of finding electron 1 at position rx and simultaneously electron 2 at position
r2. Consider first the spin parallel case. If both 1 and 2 have s = +j, their spin
wave functions will be named a and their combined spin wave function is

Vs(rur2) = a{rx)-a{r2). (2.27)

If 1 and 2 both have s — - \, with spin wave functions /3,

W.(»-i, r2) = j9(r,) - jff(r2). (2.28)

These wave functions are symmetric with respect to exchange of electrons 1 and
2. That is, if r\ —> r2 and r2 —> rlf Vs

 1S unchanged. However, electrons and
other fermions have the property that the overall wave function f, which is the
product of Vs and the orbital wave function f, of the pair of electrons, must be
antisymmetric. Thus f/ must be antisymmetric:

Notice that if r, = r2,
 x¥l = 0. There is zero probability of electrons with spins

parallel being in the same location at the same time. If they were, both could be
associated with the same atom and would have the same set of quantum numbers
n, I, m and s, in violation of Pauli's exclusion principle.

However, if f / is symmetric:

^ ( ' h ' 2 ) = ^ ( ' i ) • n f o ) + n t ' i ) • Va(r2), (2.30)

so that yPl ^ 0 when rx = r2 and electrons 1 and 2 can simultaneously be in the
same vicinity, then we require Ts to be antisymmetric:

a(r2). (2.31)

In this case electrons 1 and 2 always have opposite spins (s} = + \, s2 — - 5, or
vice versa when they exchange atoms), and there is no violation of Pauli's princi-
ple.

For «i parallel to s2, the overall wave function ffy is the product of fs from
either (2.27) or (2.28) and "P/ from (2.29). If S\ is antiparallel to s2, the overall
wave function is V_||, the product of fs from (2.31) and x¥l from (2.30). *fu is
quite a different spatial function from f_||. As a result, the Coulomb potential
energy of interaction between electrons 1 and 2,

e2>F2

d d ( )| r i - r 2 l
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has different values for spins parallel and antiparallel. The difference is called the
exchange integral Je.

Whether parallel or antiparallel coupling is favoured (i.e., whether the
exchange integral is positive or negative) depends crucially on the degree of over-
lap of 3d orbitals. For small values of a/r3d, where a is interatomic spacing and
r3d is mean 3d orbital radius, antiferromagnetic or negative exchange coupling
(§2.7) is favoured. For larger a/r3d, i.e., less overlap, there is ferromagnetic or
positive exchange coupling. At still larger a/r3d, exchange coupling is lost and
the neighbouring atoms behave paramagnetically. Among the transition metals,
in order of increasing a/r3d, Cr and Mn are antiferromagnetic (at least at low
temperatures - the strength of exchange coupling determines the ordering tem-
perature), Fe, Co and Ni are ferromagnetic, and Cu is paramagnetic.

In a solid, we are no longer concerned with isolated interactions between pairs
of neighbouring 3d electrons, but with simultaneous exchange coupling between
spins in all neighbouring atoms. The situation is analogous to the coupling by
which lattice vibrations transmit elastic waves through a crystal. Standing
waves in the lattice (phonons) have their counterpart in quantized spin waves
(magnons). These normal modes are the fundamental thermal excitations of a
ferromagnetic system. They also have particle properties, and can be excited dur-
ing neutron bombardment of a magnetic crystal.

Spin waves (Fig. 2.5) are a long-range manifestation of the short-range (basi-
cally nearest neighbour) exchange force. Instead of each spin having only two
choices, parallel or antiparallel to a field H (Fig. 2.2), neighbouring spins trace
out a cone, each with the same component sz along H. Because large numbers
of atoms participate collectively, quantization requires only that the value of sz

Side view

Top view

Figure 2.5 Sketch of a spin wave in a line of exchange-coupled spins, showing one
half wavelength. [Redrawn after Kittel (1976) Introduction to Solid State Physics,
5th edition. Copyright © Wiley 1976. Reprinted by permission of John Wiley &
Sons, Inc.]
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characterizing the entire spin wave change by fr/2 from one mode to another. In a
line of m coupled spins across a crystal, therefore, the angle between neighbour-
ing atomic magnetic moments can be as small as 180°//?J. The exchange energy
per pair of spins in a coupled lattice is then

£ex = -2JeS, • Sj = -2JeS,Sj cos 8y, (2.33)

where Sh Sj are the spins of neighbouring atoms / and j and dy is the angle
between them. Terms in the Coulomb energy which are independent of #,-, have
been ignored. Although quantum mechanical in origin, (2.33) can be interpreted
and used as a classical energy in the applications we shall discuss.

Why does the Weiss molecular field theory work so well? The basic reason is
that long-range coupling of atomic moments through spin waves ensures that
the local value of M approximates to M elsewhere in the crystal, at least for the
easily excited long wavelength modes. We can relate the Weiss and Heisenberg
models quantitatively as follows. Suppose all atomic moments fi are aligned, so
that M — nfx. Then using (2.21) and (2.24), Em = -fiOfi\M = -kTc for a parti-
cular atom. The molecular field is due to exchange coupling with the z nearest
neighbours of this atom and so the exchange energy from (2.33) is
Eex = -2zJeS

2. Equating these energies, we have

The Curie temperature is therefore a direct measure of the strength of the
exchange interaction.

2.7 Ferrimagnetism and antiferromagnetism

2.7.1 Magnetic sublattices

In terrestrial rocks, we are concerned with iron oxides, hydroxides and sulphides
(Chapter 3). In these compounds, iron atoms are never close enough for direct
exchange interaction. Instead, there is indirect exchange (or superexchange)
interaction of 3d electrons through overlap of their orbitals with 2p orbitals of
intervening oxygen ions or 3p orbitals of sulphur ions. O2~ (Is22s22p6) and S2~
(Is22s22p63s23p6) have filled 2p or 3p shells. A pair of 2p (or 3p) electrons with
opposite spins is involved in the exchange coupling. One 'exchanges' its electron
with a 3d electron of a neighbouring Fe2+ or Fe3+ ion and the other does the
same with a 3d electron from another neighbouring ion. The 3d—2p (or 3p) cou-
pling is negative in both cases, and so the effective coupling between the 3d elec-
trons is the same as that between the 2p electrons - negative.

This mechanism describes the dominant negative interaction which estab-
lishes two magnetic sublattices A and B of oppositely directed spins and magnetic
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moments. The coupling, described by a molecular field coefficient AAB, is stron-
gest if the Fe-0 bonds make an angle close to 180° and weak if the angle is close
to 90°. In the cubic spinel lattice of magnetite (Fig. 3.4), the Fe-0 bonds for
cations in A (tetrahedrally coordinated) sites make angles of 125.2° with bonds
for B or octahedral site cations. There are also weak negative AA and BB interac-
tions between cations in the same sublattice. The bond angles are 79.6° for A A
and 90° for BB.

Many years before the existence of magnetic sublattices was proven by neu-
tron diffraction, Neel (1948) postulated their existence and explained the proper-
ties of what he named antiferromagnetic and ferrimagnetic substances (Fig. 2.3)
with an adaptation of Weiss' molecular field model. In Neel's theory, sublattices
A and B have oppositely directed magnetizations MA and A/B, and each sublat-
tice experiences its own molecular field:

HA = - A A A ^ A - AAB^B, HB = -AABMA - ABBMB. (2.35)

Notice that the A are positive numbers; the negative interactions are indicated by
— signs. A full mathematical treatment is beyond the scope of this book. The fol-
lowing simplified treatment due to Kittel (1976) gives considerable insight.

2.7.2 Ferrimagnetism

Consider first a ferrimagnetic substance, in which the A and B sublattices contain
different numbers and kinds of cations. In magnetite the ionic distribution is
Fe3+[Fe2+Fe3+]C>4~, where octahedral or B-site cations are in brackets. The
numbers and moments of Fe3+ ions on the two sublattices balance; the net mag-
netization (MA + MB) is due to B-site Fe2+ ions. (However the exchange cou-
pling and magnetic properties depend on all the cations, not just Fe2+.) By
analogy with eqn. (2.21), we can write the magnetic field energy density em (the
energy Em per unit volume) as

em = -3MO(^A -HA + MB-HB)

)i M A + 2AABMA • MB + ABBMB). (2.36)

The factor \ appears because each interaction is being counted twice. Under what
conditions is the antiparallel arrangement of MA and A/B stable? Clearly if AAA

becomes too large compared to AAB, the moments of A site cations will become
disordered or mutually antiparallel and MA —> 0. Likewise if ABB is large,
MB —y 0. Thus we need to know when em is less than zero, which is its value if
^ A > MB —* 0. For A/A antiparallel to A/B, we have

3MO(AA A^A - 2AAB|MA||MB| + ABBMB) < 0

or (2.37)

AAAMA + ABBMB
AAB 2|MA||MB
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Since AAB is S> either AAA or ABB for all ferrimagnetic oxides and sulphides we
shall be concerned with, condition (2.37) is met. We can make a considerable sim-
plification in what follows by ignoring the AA and BB interactions and consider-
ing only the AB interaction.

First let us look at the paramagnetism above, and in the limit at, the ferrimag-
netic Curie point Tc. Atoms on the A and B sublattices have moments fiA, //B,
with numbers per unit volume nA, nB, respectively. Each sublattice follows a
separate Curie law with Curie constants CA = nA/iAn0/k, CB = WBMBMO/̂

MA=y-(H-\ABMB), M B = ^ ( / / - A A B M A ) . (2.38)

As we approach any magnetic ordering temperature from above, xp becomes
very large. In effect, as T —> Tc, we require finite sublattice magnetizations MA,
MB even though the applied field H -> 0. Putting H = 0 and T = Tc in (2.38)
gives the simultaneous equations

M A + ^ M B = 0, ^ M A + M B = 0 , (2.39)
yc Jc

which have non-zero solutions for MA and MB if and only if the determinant of
the coefficients equals 0. Thus

r c = AAB(CACB)1/2 (2.40)

is the ferrimagnetic Curie temperature. For non-zero H at T > Tc, we can solve
the simultaneous eqns. (2.38) to find

MA+MB (CA + CB)r-2CACBAAB
X = =

H
( 2 4 I )

Unlike the situation for true paramagnetism, ferromagnetism and antiferromag-
netism, inverse susceptibility x~' above the magnetic ordering temperature is
not linear in T for ferrimagnetism (see Fig. 2.6).

Below Tc, there is a spontaneous magnetization Ms given by the sum of the
sublattice magnetizations MA and MB. Because the A and B sites are not equiva-
lent, MA(T) is not a mirror image of MB(T). Different combinations of nA, nB,
MA> MB> -W ar>d ABB give r i s e t 0 M%{T) variations of several types (Fig. 2.7). Q-
type curves resemble those of true ferromagnets. The AB interaction is dominant
and MA(T) is similar to MB(T). Magnetite is of this type (Figs. 2.4b, 3.5). R-
type curves are found for many ferrites (e.g., NiFe2O4, Fig. 2.4b). P-type beha-
viour results from very different MA(T) and MB(T) variations. MS(T) has a
hump, often at low temperature. (Apparent P-type behaviour can result from
non-saturation of the magnetization by laboratory fields at low temperatures in
hard, i.e., high-coercive-force, materials.) N-type behaviour is an extreme situa-
tion in which MA(T) and MB(T) are so different that Ms is in the direction of
MA at low temperatures but in the direction of MB at high temperatures, or
vice versa. Thus Ms 'self-reverses' in the course of heating or cooling. Certain



34 Fundamentals of magnetism

Figure 2.6 The tempera-
ture dependence of sus-
ceptibility x and inverse
susceptibility 1/x for anti-
ferromagnetic (AFM),
paramagnetic (PM), ferri-
magnetic, and ferromag-
netic (FM) materials.
Positive and negative
values of the molecular

T(K) field Hm correspond to
positive and negative
exchange coupling.

TOO

Q-type R- type

Figure 2.7 Four types of Ms (T) variation resulting from different temperature
variations of the sublattice magnetizations MA, MB in ferrimagnetic materials.
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natural chromites behave in this way, but their reversal temperatures are much
below room temperature.

2.7.3 Antiferromagnetism

We conclude by considering antiferromagnetic substances. An antiferromagnet
is a ferrimagnet in which MA = —MB at all temperatures. Thus there is no obser-
vable Ms. Many natural magnetic minerals, among them hematite (aFe2O3),
ilmenite (FeTiO3), goethite (aFeOOH), and pyrrhotite (Fe7S8) are perfect or
imperfect (slightly ferrimagnetic) antiferromagnets. Although the sublattice
magnetizations balance perfectly in the absence of an applied field, antiferromag-
netic substances do have an induced magnetization in the presence of H.

The ordering temperature for antiferromagnets, called the Neel temperature
TN, is given by (2.40) with CA = CB = C/2:

TN = (C/2)AAB, (2.42)

again neglecting AA and BB interactions. Equation (2.41) then gives

C 1 ^

*p= TT& ( 2 4 3 )

with© = rNif AAA = ABB = 0. The difference between experimental values of©
and TN gives a measure of the importance of AA and BB interactions.

Below rN, applying a field H perpendicular to the sublattice magnetizations
deflects MA and MB so that each has a small component along H (Fig. 2.8). Mag-
netocrystalline anisotropy (§2.8) ensures that the deflection angle <f> is small for
all reasonable fields. Adapting (2.36), and again ignoring AAA and ABB, we have

em = -^0[-AABMA • MB + (MA + MB) • H)

= -/J-O(^ABM2 COS 2<j> + 2MH sin <j>)

ss -fi0M[XABM{l - 2(f>2) + 2H<f>] for small <p, (2.44)

with \MA\ = |MB| = M. At equilibrium, dem/d</> = 0, giving <f)eq = H/2\ABM.
The perpendicular susceptibility is therefore

2Msin<A 1 ,
XX = —H- = XT»- (245)

Notice that (2.42) and (2.43) give XP(TN) = C/2TN = 1/AAB, which is equal to
the (temperature-independent) value of x± below TN (see Fig. 2.6).

Applying H parallel to one of the sublattice magnetizations applies zero tor-
que to either MA or MB and should in principle induce no magnetization. This
is true at 0 K, but at higher temperatures, local thermal rotations of MA and
A/B result in some torque and a small susceptibility which increases as T
increases. In very strong fields, the two spin sublattices may rotate through 90°,
if permitted by the crystalline anistropy, to become perpendicular to H. This phe-
nomenon is called spin flopping.
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(a) (b)

Figure 2.8 (a) Perpendicular susceptibility in an antiferromagnet: the sublattice
magnetizations M A and A/B are deflected through an angle <f> by the field H. (b)
Canted antiferromagnetism: permanent deflections of the sublattice magnetiza-
tions when H = 0 (see also Fig. 2.3).

Spin flopping of a different sort may occur spontaneously even when H = 0
because different directions in the lattice ('easy axes') for MA, MB are favoured
by magnetocrystalline anisotropy at different temperatures (see §2.8). The
Morin transition just below room temperature in hematite is such a spin-flop
transition (see Figs. 3.20, 3.21). Above rMorin, hematite has a weak 'parasitic'
ferromagnetism, which arises from spin-canting (Dzyaloshinsky, 1958). The
sublattice magnetizations are permanently deflected through a small angle
0(« 0.2°) in the absence of any external field H, producing a small Ms vector
perpendicular to MA and MB. Although the ferromagnetism of hematite is
weak, it is extremely important in recording ancient geomagnetic fields.

2.8 Magnetocrystalline anisotropy and
magnetostriction

2.8.1 Macroscopic description of magnetocrystalline anisotropy

Certain directions in a crystal, called easy axes, are preferred by Ms (or by MA

and MB in ferrimagnetic and antiferromagnetic materials). Initial magnetiza-
tion curves (Fig. 2.9) show that it is considerably more difficult to saturate the
magnetization of a magnetite crystal along (100) than along (111). The mag-
netic potential energy required to set up a field H with magnetization M in an
initially unmagnetized sample is

ftf dl? = L o # d//+ \[i0HdM = {n0H
2 + n0 \H dM, (2.46)

assuming M is parallel to H (M is an average over all domains). The first term
exists in all space, but the second is specific to the magnetized material. It equals
the area between either of the magnetization curves in Fig. 2.9 and the M axis.
This energy is clearly larger for the hard (100) axis than for the easy (111) axis.
The difference between the two energies when the magnetization is taken to
saturation (the area between the curves) is a measure of the magnetocrystalline
anisotropy.
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Figure 2.9 Magnetization curves for magnetite (Fe3O4) along (111) (easy) and
(100) (hard) directions. The area between the two curves is the difference in mag-
netic potential energy between the hard- and easy-direction magnetization func-
tions (hatched regions). It equals the magnetocrystalline anisotropy energy. [After
Moskowitz (1992), with the permission of the author.]

Magnetocrystalline anisotropy energy E^ is usually much less than its maxi-
mum value because Ms is usually close to an easy axis. In a cubic crystal,

EK = 2 2 2 2
• K2 Va[a2a3, (^-47)

where K\ and K2 are anisotropy constants, V is sample volume, and the at are
direction cosines of Ms with respect to the (100) axes. Equation (2.47) applies
within any region of uniform magnetization, e.g., within individual domains
even when the sample magnetization M is far from saturation. There is no sec-
ond-order term in (2.47) because a.\ + a2 + a$ = 1, independent of orientation.
If Kx > 0, as for iron and high-Ti titanomagnetites, the minimum £K is 0, for
Ms along a (100) (easy) axis (e.g., a{ = 1, a2 = a3 = 0). The maximum isK is
K\ V/3 + K2V/21, for Ms along a (111) hard axis (|a,| = |a2| = |a3| = l/\/3).
The difference between them (cf. Fig. 2.9) is K\ V/3 + K2 V/21. If K{ < 0, as for
magnetite and low-Ti titanomagnetites, the easy axes are (111), with
EK = -\K{\ V/3 + K2V/21, and the hard axes are (100), with EK = 0. Kx and
K2 are usually determined by Fourier analysis of the angular dependence of the
torque exerted by a strong applied field ffona magnetized sample, or else from
ferromagnetic resonance.

Some substances have only one easy axis. Their uniaxial anisotropy is
described by
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', (2.48)

where 9 = 0 or 180° are equivalent directions along the easy axis. Non-magneto-
crystalline sources of uniaxial anisotropy include magnetoelastic anisotropy
(§2.8.4) a nd shape anisotropy of strongly magnetic minerals in elongated grains
(§4.2.4). For simplicity, (2.48) or its equivalent is sometimes used in micromag-
netic modelling (Chapter 7) of cubic minerals instead of (2.47).

Above rMorin, a strong anisotropy confines the magnetic sublattices of
hematite (aFe2O3) to the rhombohedral basal plane, perpendicular to the
(hard) c-axis. The parasitic ferromagnetism Ms, perpendicular to the sublat-
tices, is also confined to the basal plane. There is a weaker anisotropy with hex-
agonal symmetry within the basal plane, denning three easy axes for MA and
MB. The directions perpendicular to these axes are in effect the easy directions
for Ms. We have for £K (Dunlop, 1971)

(2.49)

6 = 0 being a reference easy direction of Ms.

2.8.2 Microscopic view of magnetocrystalline anisotropy

Thus far, we have taken a phenomenological view, based on macroscopic experi-
mental results. Microscopically crystalline anisotropy has two sources, often
referred to as single-ion anisotropy and dipolar anisotropy. In §2.3, we saw that
L = 0 for a half-filled 3d shell (such as Fe3+:3d5), while J = L + S (i.e., L is
coupled parallel to S) if the 3d shell is more than half-filled (e.g., Fe2+:3d6).
Although L is said to be quenched, there is some residual L—S coupling. L is
coupled to the crystal lattice through ionic bonding, the magnetic moments are
controlled mainly by S (actually it is individual electron spins and moments that
are exchange coupled), and the weak L—S coupling provides the link between
moments and preferred directions in the lattice. This effect is called single-ion
anisotropy because an ion like Fe2+ will experience an equivalent lattice coupling
even if its surroundings change (different neighbouring anions and cations, dif-
ferent lattices). The essential link is the L-S coupling within the single Fe2+ ion.
Fe3+ has little or no single-ion anisotropy because L = 0.

Dipolar anisotropy does not actually arise from magnetic interaction of
atomic dipoles (this coupling is too weak), but the anisotropic exchange interac-
tions that are responsible have an angular dependence that is pseudo-dipolar or
pseudo-quadrupolar. Consider the atomic dipoles shown in Fig. 2.10. A central
dipole is surrounded by three of its six nearest neighbours on a simple cubic lat-
tice. All moments fi are deflected within the y—z plane by an angle 6 from the z-
axis. The dipole-dipole interaction energy between the central dipole 0 and
dipole 1 at distance a along the x axis is
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H'3y

H,

Figure 2.10 Illustration
of dipolar anisotropy: a
magnetic dipole and three
of its six nearest neigh-
bours on a simple cubic
lattice.

47Cfl3 Ana,3 ' (2-50)

since dipoles 0 and 1 are parallel and separated by a line perpendicular to either of
them (cf. Fig. 2. i for the calculation of the field H x due to dipole 0 at the location
of dipole 1). To calculate interactions between dipole 0 and dipoles 2 and 3, it is
easiest to treat the central dipole as the vector sum of two dipoles p. — /i cos Qk,
fiy = /isinB/, producing fields Hlz,H2y at the site of dipole 2 and //3z, //3v at
dipole 3 (see Fig. 2.10). Using eqn. (2.2), we have

<2y + H2z) = - (2 sin2 6 - cos2 0) (2.50

Em = -

Summing,

Hiy) = ~

Ana

(2 cos2 6 - s i n 2 61).

- 1) = 0 .

(2-52)

(2-53)

The other three nearest neighbour interactions similarly sum to zero. This
expresses a general result: parallel dipoles within spherical shells in a cubic lattice
have interactions with a central dipole that sum to zero. Since there is no depen-
dence on angle 9, such interactions cannot be a source of anisotropy and there is
no second-order term in the macroscopic anisotropy energy (eqn. (2.47)), as we
concluded earlier.
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If the lattice is other than cubic, the interactions do not sum to zero and the
energy has a dependence on 6. The same is true if the dipoles are not perfectly par-
allel (sometimes called configurational anisotropy).

Notice that (2.50), (2.51) and (2.52) are all of the form
—(2/zo/i /4na3) j (3 cos2 (f> — 1) where cp is the angle between either dipole in a
pair and the line joining their centres (for the pair 0—1,0 = 90°; for pair 0 — 2,
(j) = 90° - 6; for pair 0 - 3, <f> - 9). We recognize \ (3 cos2 0 - 1) as the degree
1 = 2 Legendre polynomial F^. Thus interactions between parallel dipoles can
be described as a function of the local pair angle 0 by a quadrupolar Legendre
polynomial. Similarly magnetic quadrupole interactions give rise to an / = 4
polynomial, /^(cos </>).

Van Vleck (1937) developed a pair model of anisotropic exchange coupling in
which the pair interaction energy has exactly this form:

Ey = £ex + c2^(cos</>) + c4PS(cos0). (2.54)

Eex is the isotropic exchange energy of eqn. (2.33). As expected, when (2.54) is
summed over nearest neighbours in simple cubic, body-centred cubic or face-
centred cubic lattices, c2 = 0. The dominant anisotropy energy is the pseudo-
quadrupolar term C4P4, which accounts for the term in Kx in eqn. (2.47). In lat-
tices of lower symmetry, the pseudo-dipolar (/ = 2) term is much larger than
the 1 = 4 term. For this reason, non-cubic magnetic minerals generally have lar-
ger magnetocrystalline anisotropy than cubic minerals (Table 3.1).

2.8.3 Temperature dependence of magnetocrystalline anisotropy

Magnetocrystalline anisotropy constants usually change much more rapidly
with temperature than does Ms, particularly in cubic minerals (Fig. 2.11). There
is a good reason for this. Changes in Ms, at ordinary temperatures anyway, are
caused by small changes in dipole orientation from one atom to the next, speci-
fied by the local direction cosines ft, ft, ft. Crystalline anisotropy depends on
correlated changes in local angles (since two atoms are involved in anisotropic
exchange) and for cubic crystals the anisotropy energy, to lowest order, at tem-
perature T is

+ft2/?2+aia\)
os m*Wi + 4al + a\a]), (2.55)

in which 0 refers to T = 0 K, () indicates average, the a, are the long-range aver-
age values of the /3, over the crystal, and ip is the local angle between a moment
ft and the average Ms vector (i.e., the angle between the directions specified by
Pi and a,). Comparing (2.55) to (2.47), we see that KX(T) =
= #,(0)((35cos46>- 30cos26>



Magnetocrystalline anisotropy and magnetostriction

100 200 300 400 500 600

Temperature, T(°C)

Figure 2.11 Comparison of the temperature variations of spontaneous magneti-
zation Ms, magnetostriction constant As, and magnetocrystalline anisotropy con-
stant #1 for magnetite. [After Banerjee (1991), with the permission of the author
and the publisher, the Mineralogical Society of America, Washington, DC]

The local deviations ip from long-range parallelism of moments are due to
thermal excitations. A simple classical approach (Akulov, 1936) is to assume
that the ip are distributed like independent paramagnetic moments, so that the
probability that 4> falls between values ip and ip + dip is proportional to
exp(acosV>) sin i/jdip, with a = [iB/kT as in (2.15) and (2.16). (This is clearly
wrong since the atomic moments are not independent but exchange coupled
into spin waves, but fortunately the essential result does not depend on the distri-
bution used in the averaging.) The result for large values of a (low temperatures)
is

KX{T)IK\(G) = (/^(cosVO) = 1 - 10/a + 45/a2 + ... (2.56)

In the same approximation, MS(T) is prescribed by the Langevin function (cf.
(2.16)):

Ms(0) a a

Comparing (2.56) and (2.57), we see that to first order in I/a,

Kl(T)_ \MS(T)
Ms(0)

10

(2-57)

(2-58)
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This 'law' is approximately obeyed at high as well as low temperatures. For mag-
netite, the experimentally determined power is between 8 and 9 (Fletcher and
O'Reilly, 1974; Fletcher, 1975).

Callen and Callen (1966) review all the theories of the temperature depen-
dence of Kx and show that the general 'law' is

[MS(O)J • l2'59J

For cubic minerals, / = 4 is dominant in the anisotropy energy (eqn. (2.54)).
Then we have/(/+ l)/2 = 10, as in (2.58). For non-cubic minerals, / = 2isdom-
minant in (2.54) and /(/ + 1 )/2 = 3, a much less radical temperature dependence.
These 'laws' apply whether the source of Â  is single-ion anisotropy or two-ion
anisotropy (anisotropy exchange).

2.8.4 Magnetostriction and magnetoelastic anisotropy

Magnetostriction is a spontaneous change in the dimensions of a ferromagnetic
or ferrimagnetic crystal when it is magnetized. If the crystal expands in the direc-
tion of magnetization, the magnetostriction is positive. In magnetite at room
temperature, the magnetostriction depends crucially on direction, being positive
for magnetization along a (111) easy axis but negative for magnetization along
a (100) hard axis. Magnetocrystalline anisotropy is also very different for these
two directions. Since both single-ion and dipolar two-ion anisotropies depend
on interionic distance, the former by reason of the electrostatic crystal field due
to neighbouring bonded anions and the latter because of exchange interaction,
it is logical that a change in distances should cause a change in macroscopic mag-
netization (magnetoelastic effect) and vice versa.

Magnetoelasticity is fundamentally the strain dependence of crystalline aniso-
tropy. Macroscopically, the saturation magnetostriction A is the uniform and
spontaneous longitudinal strain AL/L in a direction specified by direction
cosines 7, when the magnetization M (direction cosines a,) changes from 0 to
Ms. In cubic crystal, the anisotropy of A is described by (e.g., Kittel, 1949, pp.
556-8)

A = f Aloo(a?7? + ahl + ahl - 3)
+ 3Ani(a1a27i72 + a2<*37273 + a3£*i737i), (2.60)

where Alo0(An!) is the saturation magnetostriction measured in the (100) ((111))
direction for M in the same direction. Averaged over randomly oriented crystals,
e.g., in a rock, the 'isotropic' magnetostriction As is

As = |Aioo + |A,,,. (2.61)

When a crystal deforms, whether spontaneously as a result of changing M or
because of stress a (either externally applied or internal), both the elastic strain
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energy Ee\ (described by elastic constants Cy) and the magnetoelastic strain
energy Eme (described by magnetoelastic coupling constants B\, B2) change. Kit-
tel (1949) and Ye et al. (1994) show that the magnetostriction constants are
related to these more fundamental constants by

7 R R

X ^ A ^ ( 6 )

and that, for zero stress a, the total magnetocrystalline plus magnetoelastic
energy is given by

E{, = EK + Ed + Emc = K( V{a]a\ + a\a\ + a\a]), (2.63)

where

K[ -KX=KX = |[(Cll - cn)\
2
m - 2C44A?,,]. (2.64)

Equation (2.63) has the same form as eqn. (2.47), but the crystalline aniso-
tropy ATj is augmented by a magnetoelastic or magnetostrictive anisotropy Kx.
Since torque curves are measured in a zero-stress (atmospheric pressure) rather
than a zero-strain condition, K( rather than K\ is the quantity determined (Ye
et al., 1994). On the other hand, ferromagnetic resonance (FMR) probably
responds to K\. The difference is about 20% for magnetite: K[ =
-1.35 x 104J/m3 according to torque curves (Table 3.1) but Kx = -1.12x
104 J/m3 from FMR (Bickford, 1950).

However, in the case of TM60, Sahu and Moskowitz (1995) find that Kx > Kx

at most temperatures. The strain-dependent part of crystalline anisotropy is
more important than the strain-free part in this mineral. This finding has impor-
tant consequences. Because the strained lattice is no longer perfectly cubic,
1 = 2 terms become significant. For this reason, magnetostriction constants in
all minerals, and K{ in minerals where Kx is large, change more gradually
between room temperature and the Curie point than K\ does. In the example of
Fig. 2.11, As of magnetite goes as MS(T) to the power 2.5 approximately (Klapel
and Shive, 1974; Moskowitz, 1993a), whereas K\ decreases with T as Ms to the
power 8-9.

In TM60, A1Oo, Am and As all decrease as M^(T) approximately and K{
decreases as M^(T) (Moskowitz, 1993a; Sahu and Moskowitz, 1995; see Fig.
3.13). Any additional strain, due to internal or external stress, will make magne-
toelastic anisotropy even more important compared to K\. For this reason,
domain patterns in TM60 are frequently stress-controlled rather than intrinsic,
i.e., controlled by Kj (see Chapter 6).

Both A"] and Kx are positive in TM60, but the sign of K\ becomes negative in
titanomagnetites with composition around x = 0.55. It is then quite possible
that the different temperature variations of Kx and Kx may result in a change in
sign of K( between To and Tc. That is, in some compositions of titanomagnetite,
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there may be an isotropic point, like that in magnetite (§3.2.2) but above room
temperature, with devastating consequences for TRM production.

Very often we are interested in the change of magnetization M that results
from an imposed strain, due to stress a, rather than vice versa. If the strain is uni-
form, due to a uniform applied stress or to magnetostrictive mismatch between
adjacent domains with different magnetization directions, e.g., between closure
and body domains (Fig. 1.2), and if we make the approximation of isotropic mag-
netostriction, eqn. (2.60) reduces to

A = \ As[(a,7l + a272 + a373)2 - § = \ As(cos2 6 - ±), (2.65)

where 6 is the angle between M and the direction in which AL/L is measured.
Then if a uniform tension a is applied in the same direction, the stress-dependent
part of £K is given by

Ea = \oV = \\oV sin2 6, (2.66)

apart from a constant term.
Equation (2.66) has the same form as eqn. (2.48). Ea is a uniaxial anisotropy,

with an equivalent anisotropy constant Kui — (3/2)ASCT, and an easy axis 0 = 0
corresponding to the axis of tension in materials with positive As. The assumption
of isotropic magnetostriction is not a good one, in magnetite or most other
minerals, but the problem is otherwise almost intractable.

Frequently we are interested in local strains and magnetization deflections due
to the non-uniform stress fields around dislocations or other crystal defects.
These cannot be treated by macroscopic equations like (2.66). In Chapters 9
and 11, we will consider how to address these problems.



Chapter 3

Terrestrial magnetic minerals

3.1 Introduction

The most important terrestrial magnetic minerals are oxides of iron and tita-
nium. Their compositions are conveniently represented on a Ti4+—Fe2+—Fe3+

ternary diagram (Fig. 3.1). The titanomagnetites (TM for short) are cubic miner-
als with inverse spinel structure (see §3.2). The mole per cent of Ti4+ is measured
by the composition parameter x. TMO (i.e., titanomagnetite with x = 0) is mag-
netite and TM100 is ulvospinel. The titanomaghemites are also spinel minerals.
They are cation-deficient oxidation products of titanomagnetites. The degree of
oxidation is measured by the oxidation parameter z. The titanohematites (often
called hemoilmenites after the end-member minerals hematite and ilmenite) are
also oxidized equivalents of the titanomagnetites, but their crystal structure is
rhombohedral. Notice that minerals of the same composition but different struc-
tures occupy the same point on the ternary diagram. For example, maghemite
(cubic or 7Fe2O3) and hematite (rhombohedral or aFe2O3) both plot in the
lower right corner.

The titanomagnetites form a complete solid-solution series for all values of x
at very high temperatures (see Lindsley (1976, 1991) for an equilibrium phase
diagram) but intermediate compositions can only be preserved as single-phase
minerals at ordinary temperatures if they cooled very rapidly. Submarine pillow
lavas, for example, have been quenched by extrusion into seawater. Their pri-
mary magnetic oxides are single-phase TM60 grains. If the same basaltic
magma cools more slowly in an oxygen-poor setting, the primary oxide will not
be a single-phase mineral but an exsolution intergrowth of low-x (near-magne-
tite) and high-x (near ulvospinel) cubic minerals. Similarly titanohematites of

45
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jFeJiO,
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FeO
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magnetite
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(i.e. Fe3t)
hematite
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Figure 3.1 (a) The TiO2-FeO-Fe2O3 ternary diagram, showing the titanomag-
netite and titanohematite solid-solution lines and the titanomaghemite field. Dur-
ing either low-temperature or high-temperature oxidation of titanomagnetites, the
bulk composition follows the horizontal dashed lines, although the oxidation pro-
duct in the latter case is not a single-phase spinel, (b) Curie temperature contours
for synthetic titanomaghemites. [After O'Reilly (1976) and Readman and O'Reilly
(1972), with the permission of the authors and the publishers, Institute of Physics
Publishing, Bristol, UK and Journal of Geomagnetism and Geoelectricity, Tokyo,
Japan.]

intermediate composition tend to exsolve into intergrown iron-rich (near-hema-
tite) and titanium-rich (near ilmenite) rhombohedral phases.

Magnetite-ulvospinel intergrowths are rather uncommon in nature because
there is usually enough oxygen in the melt to oxidize the titanomagnetites.
This process is high-temperature oxidation, also called deuteric oxidation if it
occurred during initial cooling of the rock rather than in later high-temperature
metamorphism. During both high-temperature oxidation and low-temperature
oxidation or maghemitization (the conversion of titanomagnetite to titanoma-
ghemite, usually as a result of secondary weathering at ordinary temperatures),
the bulk compositions of titanomagnetite grains follow the same oxidation
lines (Fig. 3.1), but the resulting phase assemblages are entirely different.
Low-temperature oxidation converts a single-phase spinel to another single-
phase spinel with a different lattice parameter. High-temperature oxidation
results in intergrown spinel (near-magnetite) and rhombohedral (near-ilmenite)
phases (Fig. 3.2). The intergrowths mimic the exsolution texture of intergrown
phases with the same crystal structure, and the process is often called oxyexso-
lution.
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Figure 3.2 Electron micrograph of trellis-like oxyexsolution intergrowth texture
in high-temperature oxidized titanomagnetite. Magnification is x 10400. [After
Gapeyev and Tsel'movich (1983) © American Geophysical Union, with the per-
mission of the authors and the publisher.]

Oxyexsolution of titanomagnetite is one of many topotactic transformations
of iron oxides and hydroxides. In a topotactic transformation, one phase con-
verts to another while preserving some of the original crystalline planes and
directions. The common iron oxides and hydroxides are all composed of different
stackings of close-packed oxygen/hydroxyl sheets, with various arrangements
of the iron (and titanium) ions in octahedral and tetrahedral (cf. §2.7, 3.2) inter-
stitial sites (Bernal et al., 1959). For example, orthorhombic goethite (aFeOOH)
transforms to rhombohedral aFe2O3 by removing the hydroxyl sheets and
some of the oxygen in strips parallel to the c-axis to form water. The [100], [010]
and [001] axes of goethite become the [111], [110] and [112] axes of hematite
(Bate, 1980). The low-temperature oxidation of Fe3O4 to 7Fe2O3 is topotactic,
as is the subsequent inversion of 7Fe2O3 to aFe2O3. Figure 3.3 illustrates the
crystallographic orientation of growing hematite platelets relative to the {111}
planes of a maghemite or magnetite octahedron. The hematite [0001] axis forms
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Figure 3.3 An example of
a topotactic transforma-
tion: hexagonal hematite
crystallites forming with
their c-planes in {111}
planes of maghemite.
[After Kachi et al. (1963),
with the permission of the
publisher, The Physical
Society of Japan, Tokyo,
Japan.]

parallel to the spinel [111] axis, and the rhombohedral [1100] and spinel [110] axes
coincide (Bate, 1980).

The remainder of this chapter discusses the properties of single-phase iron oxi-
des, hydroxides and sulphides. Table 3.1 provides a summary of their basic mate-
rial and magnetic properties (see also Hunt et al., 1995a). The reader should
remember, however, that multiphase assemblages and phase transformations
are common in nature. These have fascinating properties and consequences,
which we will focus on later (e.g., interactions, §11.7; self-reversal, §14.5; crystal-
lization remanent magnetization or CRM, Chapter 13).

3.2 Magnetite

3.2.1 Crystal structure and magnetic sublattices

Magnetite (Fe2+Fe2+O4), or an exsolved phase close to TMO in composition, is
the single most important magnetic mineral on earth. It occurs on the continents
and in the ocean crust as a primary or secondary mineral in igneous, sedimentary,
and low- and high-grade metamorphic rocks. For reviews of the crystal chemis-
try and magnetic properties of magnetite and related spinels, see Gorter (1954),
Blasse (1964) and Banerjee and Moskowitz (1985).

Magnetite is a cubic mineral with spinel structure (Fig. 3.4). Oxygen anions
form a face-centred cubic lattice, with Fe2+ and Fe3+ cations in interstitial sites.
A unit cell, with lattice constant a = 8.396 A, consists of four units like the one
illustrated. The unit cell contains 8 cations on A sites, each surrounded by 4 O2~
anions at the corners of a tetrahedron (e.g., site Al in Fig. 3.4), and 16 cations on
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B3

(f)

. Bl

A- \ (b) (d)

Figure 3.4 (a) Sketch of \ of a unit cell of magnetite. The lattice parameter is a.
Solid and hatched circles represent cations in tetrahedral (A-site) and octahedral
(B-site) coordination, respectively, with O2~ ions (large open circles), (b)-(f) Bond
angles for specific cation pairs in (a). Bond angles near 90° are unfavourable for
superexchange coupling. [After Gorter (1954), with the permission of the pub-
lisher, Philips Research, Eindhoven, The Netherlands.]

B sites, each surrounded by 6 O2 ions at the corners of an octahedron (e.g., site B1
in Fig. 3.4). Tetrahedral and octahedral bonds are in (111) and (100) directions,
respectively (Fig. 34b,d). Therefore the nearest-neighbour B — O2~— B and
A —O2~ — B bond angles should be 90° and 125.2°, respectively (Fig. 3.4c).

In the ideal cubic close-packed arrangement of Fig. 3.4, the tetrahedral inter-
stices between oxygen ions are smaller than the octahedral interstices, too small
in fact to accommodate Fe2+ or Fe3+ cations. By displacing the oxygen ions
slightly, the lattice can accommodate Fe3+ (ionic radius 0.67 A) in A sites, while
the larger Fe2+ (ionic radius 0.83 A) and the remaining Fe3+ enter B sites. This
cation distribution, in which divalent cations are confined to octahedral sites
while trivalent cations populate A and B sites equally, defines an inverse spinel.
At 0 K, the net magnetic moment per formula weight of Fe3O4 is 4. \fxB, close to
the moment of Fe2+ (S = This is as expected since Fe3+

(S = 5/2, /i = 5 t̂B) occurs in equal numbers on both sublattices.
The bond angles change only slightly when the oxygen lattice distorts. The

strongest exchange interaction is the negative AB coupling at 125.2° (e.g.,
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A2 — O2~ — Bl, Fig. 3.4c). This defines the A and B magnetic sublattices and
gives magnetite its ferrimagnetic character. The BB interaction (e.g., Bl —
02~— B2, Fig. 3.4c) is less effective because of the unfavourable 90° bond
angle. Interactions that include one next-nearest-neighbour anion-cation pair
are weak because the 3d-2p orbital overlap for the longer bonds is too small for
effective exchange coupling. These interactions (in order of decreasing exchange
coupling) and their bond angles are AA at 79.6° (e.g., Al—O2~ — A3, Fig.
3-4e), AB at 154.6° (e.g., A3 — O2~ — Bl, Fig. 3.4c) and BB at 125.0° (e.g.,
Bl—O2" — B3,Fig. 3.41).

Because BB90 is negative while AA79 6 is weakly positive, the B sublattice mag-
netization MB decreases somewhat more rapidly than MA as the temperature
rises (Fig. 3.5). AB125.2 is much larger than either, however. The net magnetiza-
tion MS(T) is of Q-type, similar to that of true ferromagnets (Fig. 2.4b). At
room temperature, Ms is 480kA/m or emu/cm3. The Curie temperature Tc is
580 °C (Table 3.1).

Below about 120 K, there is an ordered arrangement of Fe2+ and Fe3+ ions on
the octahedral sublattice and the unit cell is distorted very slightly from cubic to
monoclinic symmetry. Above «120K, electron hopping from Fe2+ to neigh-
bouring B-site Fe3+, converting the Fe2+ to Fe3+ and vice versa, destroys the
cation ordering. All (100) directions are then equivalent and the lattice is per-
fectly cubic. At the Verwey transition between these states, the increased electron
mobility converts magnetite from an electrical insulator to a semiconductor.

3.2.2 Magnetocrystalline anisotropy

The change in lattice at the Verwey transition temperature, Tv w 120 K, is too
small to significantly affect the AB interaction and there is little if any change in
Ms. However the Fe2+ single-ion anisotropy, which is the source of a relatively
large positive Kx below Tv, is greatly affected. Above r v , because of electron
hopping, there are no longer localized Fe2+ ions. The B sublattice can be thought
of as being populated by Fe2 5+ ions: each lattice site is occupied about half the
time by Fe2+ and about half the time by Fe3+. The crystalline anisotropy is
much reduced and has contributions from both octahedral and tetrahedral
cations. The net Kx is negative (the room-temperature value is
-1.35 x 104J/m3: see Table 3.1).

Magnetic properties which depend on crystalline anisotropy, such as rema-
nent magnetization, susceptibility and coercive force in multidomain or equidi-
mensional single-domain grains, change abruptly around 7y (Ozdemir et al.,
1993; Fig. 3.6a). This property is a useful means of detecting magnetite in rocks.
It is also the basis of selective low-temperature demagnetization of remanence
carried by such grains (§12.4) by cycling them through Tv in zero field. Elongated
single-domain particles in principle should not exhibit a transition in their



Table 3.1 Magnetic and X-ray properties of some common minerals

Mineral

Ms

(kA/m or Tc

Composition emu/cm3) (°C) (J/m3) xlO - 6
a

(A)

Density
(g/cm3)

Iron

Magnetite

Maghemite

Hematite

Goethite

Pyrrhotite

Greigite

aFe

Fe3O4

YFe2O3

aFe2O3

aFeOOH

Fe7S8

Fe3S4

1715

480

380

Titanomagnetite Fe2 4Ti0 6O4 125

i2.5

765

580

590-675

(Table 3.2)

150

4.8 x 104

±0.5 x 104 (K2)

-1.35 x 104

-0.28 x 104(£2)

-4.65 x 103

2.02 x 103

675

120

320

1.2 x 106

(c-axis)

: 125 330

(c-plane)

«-103

- 7

-21 (A,,,)

21 (AI0O)

35.8

72.6 (A,,,)

-19.5 (A100)
-8.9

114

142.5 (A100)

95.4 (A1U)

8

2.886

8.396

< 10

8.337

24.99 (c0)

8.482

5.034 (a0)

13.749 (c0)

4.596 (at,)

9.957 (b0)

3.021 (c0)

6.885 (a0)

28.679 (c0)

9.881

7.874

5.197

5.074

4.939

5.271

4.264

4.662

4.079
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Figure 3.6 Saturation remanence acquired at 10 K monitored during zero-field
heating to room temperature. The Verwey transition is expressed through the large
drop in remanence around 110 K in stoichiometric magnetites, but is largely sup-
pressed in non-stoichiometric (partially oxidized) magnetites. [After Ozdemir el al.
('993) © American Geophysical Union, with the permission of the authors and
the publisher.]
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remanence or susceptibility because their anisotropy is determined by particle
shape (§4.2.4) although the acicular magnetites used in magnetic recording,
which contain chains of equidimensional crystallites, do exhibit a remanence
transition. Some fraction of the initial remanence is always recovered after low-
temperature cycling, whatever the size and shape of the magnetite grains. This
fraction is called the low-temperature memory. Memory is largest for shape-con-
trolled SD grains and decreases as grain size increases, but even mm-size magne-
tite crystals have some memory (Heider et al., 1992).

The isotropic point Tx at which K{ momentarily becomes zero as it changes
from negative to positive during cooling (or vice versa during heating) is
«135 K (Fig. 3.7a; Syono, 1965), about 15 °C above Tv as determined by changes
in electrical conductivity or lattice structure. Furthermore K2 does not change
sign at the same temperature as K\. The latter observation is not surprising
since the anisotropies represented by K\ and K2 have different symmetries and
origins (§2.8). The former observation implies that the onset of electron hopping
is gradual rather than abrupt, and that a greater degree of electron mobility is
required to suppress Fe2+ anisotropy (7"]) than to amplify conductivity (7V).

There has been controversy about whether remanence transitions like those
shown in Fig. 3.6 pinpoint Tv or T\. Logically they should occur at or near T\,
since the pinning of remanence is much reduced when K\ and K2 —> 0 (the pin-
ning would virtually disappear if AT, and K2 vanished at the same temperature).
Most reported remanence transitions occur below 135 K, however. Some of the
confusion may result from the variability of transition temperatures. Substitu-
tion of Ti4+ and other cations in the lattice inhibits Fe2+-Fe3+ electron hopping
and lowers Tx (Fig. 3.7a). Non-stoichiometry has a similar effect, because of the
lattice vacancies introduced during low-temperature oxidation. Oxidation
depresses, broadens, and eventually (beyond z = 0.3) eliminates the remanence
transitions (Ozdemir et al., 1993; Fig. 3.6b), which are sharp in near-stoichio-
metric (z < 0.1) magnetites (Fig. 3.6a). This property may prove useful in detect-
ing maghemitization of magnetite, for example in soils where the small
quantities and fine particle sizes of the magnetic material make other methods
difficult to apply. Grain size itself does not appear to be a factor. Large crystals
of magnetite have remanence transitions very similar to those in Fig. 3.6 (except
that their memories are much lower).

3.2.3 Magnetostriction

Magnetostriction makes a minor contribution to coercive force in magnetite. At
room temperature, Am = +72.6 x 10~6, Ai00 = -19.5 x 10~6 and As =
(3AU1 + 2A100)/5 = +35.8 x 1(T6 (Bickford etal., 1955). The constant As is the
appropriate average for randomly oriented crystals (e.g., Fig. 2.11). Even a
uniaxial stress a = lOMPa (= 0.1 kb or 108 dyne/cm2), which is close to the
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Figure 3.7 Temperature dependence of the magnetocrystalhne anisotropy
constants K| and K2 in magnetite (.v = 0) and titanomagnetites near magnetite in
composition. Notice the isotropic point at which K^ = 0 at 7", = 135 K(.v = 0) to
90 K.(.v = 0.1). [After Syono and Ishikawa (1963a) and Fletcher and O'Reilly
(1974), with the permission of the authors and the publishers, The Physical Society
of Japan, Tokyo, Japan and Institute of Physics Publishing, Bristol, UK.]
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breaking strength, only produces a critical field for single-domain magnetization
rotation (§5.7.1) of fi0Hc = 3Xsa/Ms ^2mT or 20G. The corresponding
critical field due to magnetocrystalline anisotropy is approximately
0.5|tf,|/il/s« 15mTorl50G.

The magnetostriction constants decrease in magnitude with heating above
room temperature, less rapidly than K\ but more rapidly than Ms (Figs. 2.11,
3.7b, 3.8b). Thus stress-induced coercitivites will decrease with heating, although
not as rapidly as those due to crystalline anisotropy. Below room temperature,
A100 is almost temperature independent while Am begins to decrease sharply
below « 200 K (Fig. 3.8a). The sign of AU1 does not change at or near Tv, how-
ever. Any remanence pinned by stress, for example the local internal stresses
around dislocations and other crystal defects, will be insensitive to cycling
through Tv. Nuclei of original magnetization localized in highly stressed regions
may be the key to the partial recovery of remanence in low-temperature demag-
netization.

Hydrostatic or undirected stress has only a weak effect on the material con-
stants of magnetite. According to Nagata and Kinoshita (1967), \K{\ and \K2\
decrease at a rate of -5%/kb while Am and |A100| increase at a rate of+ 15%/
kb. The Curie temperature changes by only «2 °C/kb (Schult, 1970).

Euhedral magnetite crystals in the form of cubes, octahedra or dodecahedra
are often used in laboratory rock magnetic experiments and assumed in micro-
magnetic calculations (Chapter 7). In nature, less regular forms are common.
Magnetites in lavas quenched from the melt may have skeletal, dendritic or
other irregular shapes. Secondary magnetites in sedimentary and metamorphic
rocks conform to the space available for their growth. Magnetites forming as
oxyexsolution intergrowths (Fig. 3.2, §14.4.3) or within silicate host minerals
(§14.6.3) may have tabular or rod-like forms. Any such irregularity of form will
result in shape anisotropy that outweighs crystalline and magnetoelastic aniso-
tropies.

3.3 Maghemite

3.3.1 Structure and saturation magnetization

Maghemite (7Fe2O3) is the fully oxidized equivalent of magnetite. To emphasize
its inverse spinel structure, we can write its formula as F e ^ F e ^ C h ^ C ^ - ,
where octahedral sites are enclosed by the brackets and Q stands for a lattice
vacancy. The vacancies are ordered on a tetragonal superlattice with c — 3a.
Maghemite can be identified by the appearance of X-ray superlattice lines and
by its smaller unit cell edge a = 8.337 A. Its Mossbauer spectrum is also distinc-
tively different from that of magnetite.
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Figure 3.8 Temperature dependence of the magnetostriction constants (a) of
titanomagnetites near magnetite in composition below room temperature, and (b)
of magnetite above room temperature. In (b), As(7*) measurements were repeated
12 times on the same polycrystalline sample. The magnetostriction increased irre-
versibly between the first 8 runs (lower curve) and the final 4 runs (upper curve).
[After Syono and Ishikawa (1963b) and Moskowitz (1993a) © American Geo-
physical Union, with the permission of the authors and the publishers, the Physical
Society of Japan, Tokyo, Japan and The American Geophysical Union, Washing-
ton, DC]
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The ferrimagnetism of 7Fe2O3 is the result of an average excess per formula
weight Fe8/3O4 of \ of an Fe3+ ion on the B sublattice. Per formula weight
Fe2O3, this is equivalent to an average excess of j Fe3 + and a net moment of
\ x 5/xB = 2.5,uB. The measured moment at OK is (2.36-2.38)/zB (Weiss and For-
rer, 1929; Henry and Boehm, 1956). The OK saturation magnetization is
as = (5585/M)/iB = 82.5 Am2/kg or emu/g (the molecular weight M is 159.7
and the number of Bohr magnetons is nB = 2.37). Takei and Chiba (1966)
reported a OK moment of 2.9/iB from FMR measurements on epitaxial single-
crystal films (Table 3.2). This high value may reflect film-substrate mismatch or
a different vacancy distribution in films compared to particles.

At room temperature, the saturation magnetization of 7Fe2O3 is
crs = 74.3 Am2/kg or Ms = 380kA/m, compared to 480kA/m for Fe3O4. The
MS(T) curve of maghemite is similar in shape to that of magnetite. The Curie
temperature Tc is «645°C (Ozdemir and Banerjee, 1984), higher than that of
magnetite.

Maghemite is the ultimate low-temperature oxidation or weathering product
of magnetite and is common in both subaerial and submarine environments.
The presence of maghemite is particularly important in soil science because it
gives information about the soil formation process and the nature of subsoil (Le
Borgne, 1955). In paleomagnetism, the presence of 7Fe2O3 indicates an NRM
that is mainly a CRM in origin.

Table 3.2 Spontaneous moment at 0 K (as «B, the number of Bohr magnetons fi% per
formula weight) and Curie temperature TQ of maghemite

nB (Bohr magnetons

per molecule)

2.38

2.36

2.90

2.43

rc(°c)

675

675

591

590

470

675

695

645

Authors

Weiss and Forrer (1929)

Michel and Chaudron (1935)

Maxwell etal. (1949)

Michel etal. (1951)

Henry and Boehm (1956)

Ahzrometal. (1962)

Takei and Chiba (1966)

Frolich and Vollstadt (1967)

Readman and O'Reilly (1972)

Mollardeffl/. (1977)

Ozdemir and Banerjee (1984)
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3.3.2 Inversion and Curie temperatures

Cubic 7Fe2O3 is metastable and inverts to weakly magnetic rhombohedral
aFe2O3 (hematite) when heated in vacuum or in air. The transformation is topo-
tactic (}3-i), occurring by restacking of atomic planes rather than by wholesale
recrystallization. Maghemite inversion consists of restacking of close-packed
O2-layers accompanied by displacement of interstitial Fe3 + ions (Kachi et al.,
1963, 1971). The relationship between growing crystallites of hematite and the
maghemite host is shown in Fig. 3.3.

The inversion temperature Tinv has been variously reported as occurring at
250 °C to >750°C (Table 3.3). Naturally occurring maghemites have higher,
often much higher, Tim values than synthetic maghemites (e.g., Wilson, 1961;
Oades and Townsend, 1963; Ozdemir, 1990). Grain size, the degree of oxidation
(z), and incorporation of impurity ions into the lattice (Wilson, 1961) may influ-
ence the inversion temperature. It was once believed that H + or (OH)~ were
responsible for stabilizing maghemite. It is now known that neither ion is incor-
porated in the maghemite structure, although an aqueous environment does pro-
mote maghemitization rather than direct oxidation of magnetite to hematite
(Elder, 1965; Sakamoto etal., 1968).

The Curie temperature of 7Fe2O3 has generally been determined indirectly
because Tc often lies above rinv. For example, Michel and Chaudron (1935)
determined Tc values for Na-substituted maghemites and extrapolated to zero
Na concentration to obtain Tc = 675 °C. Maxwell etal. (1949) measured order-

Table 3.3 Inversion temperature Tmv (7Fe2O3 -+ aFe2O3)

rinv (°C) Authors

250 Verwey(1935)

250 Bernal etal. (1957)

700-850 Wilson (1961)

>568 Oades and Townsend (1963)

525-650 Gustard and Schuele (1966)

545 Frohlich and Vollstadt (1967)

350-900 Sato etal. (1967)

250,540 Imaoka(1968)

400 Kachi etal. (1971)

550 Ozdemir and Dunlop (1988)

750 Ozdemir (1990)
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ing temperatures for partially oxidized cation-deficient magnetites (see §3.4) and
extrapolated to z = 1 to obtain Tc = 675 °C. Aluminium and other impurities
in the lattice stabilize the maghemite structure and have allowed a few direct
determinations of Tc. When 7% Al was incorporated, Michel et al. (1951) mea-
sured Tc = 591 °C, while Ozdemir and Banerjee (1984) found Tc = 645 °C for
a maghemite with smaller amounts of impurities. The latter value is the best pre-
sent estimate of Tc for 7Fe2O3 (see Table 3.2 for a complete listing).

3.3.3 Magnetocrystalline anisotropy and magnetostriction

Takei and Chiba (1966) measured K\ = —4.6 x 103 J/m3 on epitaxially grown
single-crystal films of 7Fe2O3. This is one-third the value of Kt for magnetite.
The disagreement of saturation magnetization values measured on Takei and
Chiba's films with values determined for bulk material has been mentioned ear-
lier. However, their Kx value agrees closely with the value \KX | — 4.7 x 103 J/m3

calculated by Birks (1950) based on measurements of initial permeability (the
ratio of B to H) for polycrystalline 7Fe2O3.

Kaneoka (1980) measured saturation magnetostriction As throughout the
magnetite-maghemite solid-solution series (see next section). For 7Fe2O3, he
obtained As = -8.9 x 10~6, which is less than one-third the value for magnetite
and of opposite sign. The measured values of As increased with decreasing z.
For Fe3O4, he found 23 x 10~6, which is considerably lower than the accepted
value of 36 x 10"6 (§3.2.3).

3.4 Magnetite-maghemite solid-solution series

A partially oxidized or cation-deficient magnetite has the structural formula
Fe2^2z,3Fe^jnz/3O4~, where z is the oxidation parameter. Saturation moment
decreases steadily with increasing z, from 4^B for Fe3O4 to i=a3/u.B when z = 0.95
(Fig. 3.9). The X-ray cell edge a also decreases with oxidation, as a result of the
change in Goldschmidt radius from 0.83 to 0.67 A as Fe2+ is converted to Fe3+.
Cracking of maghemitized regions in the crystal may result (Fig. 3.10).

Maghemitization is a low-temperature (< 200 °C) process occurring mainly at
the crystal surface or in fissures (Fig. 3.10). The mechanism is diffusion of Fe2+

from the crystal interior to a free surface, where it is converted to Fe3+. Oxidation
is therefore slow, being controlled by Fe2+ diffusion rates and distance to the sur-
face. The interiors of large crystals may remain unoxidized indefinitely (Fig.
3.10; Cui et al., 1994). On the other hand, oxidation may be substantially com-
plete even at room temperature To in fine grains with a large surface/volume
ratio. For example, wlOO-A size particles were found to be 95% oxidized to
7Fe2O3 after 50 days at To (Haneda and Morrish, 1977). Factors promoting oxi-
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Figure 3.9 Unit cell edge
a and saturation moment
in number of Bohr magne-
tons nB per molecule at 0 K
as a function of oxidation
parameter z in partially
maghemitized magnetites.
[After Readman and
O'Reilly (1972), with the
permission of the authors
and the publisher, Journal
of Geomagnetism and
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Figure 3.10 Maghemiti-
zation and surface cracking
in a magnetite crystal
« 30 urn in size. The elec-
tron micrograph shows
that maghemitization is
not uniform throughout
the crystal. The oxidized
surface layer, with a smal-
ler lattice parameter than
the unoxidized magnetite
core, stretches and cracks.
[After Gapeyev and
Tsel'movich (1988), with
the permission of the
authors.1

dation are crystalline imperfection (Colombo et al., 1964), a large specific surface
area (Gallagher et al., 1968), and adsorbed water.

3.5 Titanomagnetites

Single-phase titanomagnetites, Fe3_vTivO4, are inverse spinels. Increasing sub-
stitution of Ti4+ weakens the AB exchange coupling and the Curie point falls
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almost linearly with increasing x (Fig. 3.11). A Curie point of «150-200 °C is
characteristic of stoichiometric Fe2.4Tio.gO4 or TM60, which is the primary tita-
nomagnetite in rapidly cooled basaltic lavas. An independent way of determining
composition is from the X-ray unit cell edge, which increases steadily from
8.396 A in Fe3O4 to about 8.54 A in ulvospinel (Fe2Ti04) (O'Reilly, 1984, Fig.
2.4). If x values deduced from Tc and from X-ray data disagree, the titanomag-
netite is probably oxidized or contains impurities such as Al and Mg.

The distribution of cations on A and B sublattices is uncertain for intermedi-
ate titanomagnetites. The predicted variations of magnetic moment with compo-
sition for several different models are shown in Fig. 3.11 and compared with
experimental observations. Part of the problem in testing cation distribution
models stems from the difficulty of preparing stoichiometric single-phase spinels.
The observations all support a regular decrease in magnetic moment from 4/uB

for Fe3O4 to 0 for Fe2Ti04. At room temperature, TM60 has an MS value of
«125 kA/m, about one-quarter that of magnetite. Natural intermediate titano-
magnetites may contain up to 10% Mg and Al, further lowering their Ms and
TQ values. Thermomagnetic or MS(T) curves for pure and Al-substituted TM60
are illustrated in Fig. 3.i2(a).

Electrical conductivity falls rapidly with Ti4+ substitution and the Verwey
transition is suppressed for x > 0.1. However, the isotropic point does not disap-
pear. To preserve charge balance, when Ti4+ is substituted for Fe3+, another
Fe3+ must be converted to Fe2+: 2Fe3+ —> Ti4+ + Fe2+. The additional aniso-
tropy of the Fe2+ ions causes Kx to increase to a peak value of -2.50 x 104 J/m3

0.2
Composition,x
0.4 0.6 0.8

0 0.2
(Fe304)

0.4 0.6
Composition, x

0.8 1.0
(Fs2Ti04)

Figure 3.11 Saturation
moment at 0 K and Curie
temperature of titanomag-
netite as a function of tita-
nium content .v. Saturation
moment data: solid circles,
Akimoto (1962); solid tri-
angles, O'Reilly and Bane-
rjee (1965); open circles,
Stephenson (1969); open
triangles, Bleil (1971). The
dashed lines are theoretical
predictions based on the
Akimoto and Neel-Che-
vallier models of sublattice
cation distributions. [After
O'Reilly (1976), with the
permission of the author
and the publisher, Institute
of Physics Publishing,
Bristol, UK.]
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Figure 3.12 Vacuum thermomagnetic curves of synthetic x = 0.6 titanomagne-
tites and titanomaghemite. (a) The MS(T) curves of the titanomagnetites are
reversible, (b) The titanomaghemite inverts during heating to a phase assemblage
that includes magnetite, giving rise to an irreversible MS(T) curve. [Reprinted
from Ozdemir and O'Reilly (1981,1982a) with kind permission of the authors and
Elsevier Science - NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The
Netherlands.]

around x = 0.1, at which point T\ is ss 90 K (Fig. 3.7a). With further Ti4+ substi-
tution, K\ begins to decrease in value, eventually becoming positive around
x — 0.55.InTM60, the (100) directions, not the (111) directions, are the crystal-
line easy axes at room temperature.

For TM61, K[ = 2.02 x 103 J/m3 (Sahu and Moskowitz, 1995). The critical
field for magnetization rotation in single-domain grains with no shape aniso-
tropy is then /JO//C « 0.5K(/Ms = 8mT or 80 G, about half the critical field for
equant grains of magnetite. At higher temperatures in TM60, K[(T) oc M$(T)
(Fig. 3.13), a less extreme decrease than in magnetite (see §2.8.4, Fig- 3-7b).

As x increases from 0 (i.e., Fe3O4), Am at first increases slightly, then remains
constant with a room-temperature value sslOO x 10~6 (Fig. 3.8a). However,
A100 changes sign by x — 0.1 and its value at TQ increases to +170 x 10~6 when
x = 0.56. Klerk et al. (1977) measured A100 and Am over very broad ranges of
both composition and temperature (Fig. 3.14). Both magnetostriction constants
increase steadily with increasing x (at fixed T/Tc) over the entire range
0 < x < 1.

For x — 0.61, Sahu and Moskowitz (1995) found Ai00 = 142.5 x 10~6 and
AU1 = 95.4 x 10 at To, giving As - 114 x 10 , more than three times As for
magnetite. A uniaxial stress of lOMPa or 0.1kb then produces n0Hc =
3Xsa/Ms « 30 mT or 300 G, 15 times larger than the corresponding critical field
for magnetite. Magnetoelastic anisotropy is thus a major contributor to coerciv-
ity in TM60. Hc due to crystalline anisotropy was estimated above to be only
«8mT, while critical fields due to shape anisotropy are proportional to Ms

(§4.2.4, 5.7.1), which is four times weaker in TM60 than in magnetite.
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Figure 3.13 Temperature dependences of Ms, crystalline anisotropy constant K[,
and magnetostriction constants A100, A | {{ measured for a single crystal of TM 61.
The magnetoelastic portion, Kx, of A",' was calculated from the data according to
eqn. (2.64). [After Sahu and Moskowitz (1995) © American Geophysical Union,
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Figure 3.14 Magnetostriction constants for titanomagnetites with Ti contents x
ranging from 0 to 1 as a function of reduced temperature T/ Tc. [After Klerk el al.
(1977), with the permission of the authors and the publisher, Les Editions de Phy-
sique, Les Ulis, France.]
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Sahu and Moskowitz (1995) found that X(T) oc Ml{T) approximately for
TM61, a weaker dependence than that of K( (Fig. 3.13). Thus magnetoelastic
anisotropy will increase in importance relative to crystalline anisotropy at high
temperatures, for example in the TRM blocking temperature range.

The magnetostriction is also strongly dependent on the presence of impurities,
for example Al3+ which is the most frequent impurity cation in natural TM60 in
submarine basalts (Chapter 14). As decreases linearly with increasing Al content
(Ozdemir and Moskowitz, 1992; Fig. 3.15).

Figure 3.16 compares predicted and measured coercive forces for titanomag-
netites of different x values. Finely ground synthetic titanomagnetites have such
high internal stresses that their coercive forces are stress-controlled for most
values of x. Larger and less stressed single-domain grains have crystalline-con-
trolled coercive forces for most compositions. Very large multidomain grains
have much lower coercive forces whose average values are probably also deter-
mined by crystalline anisotropy. However, local variations in stress become
important when large grains of TM60 are polished for domain observations
(§6.1, 6.4). As a result of the high magnetostriction of TM60, residual surface
stresses produce intricate 'maze' patterns which obscure the underlying funda-
mental domain structure. Even careful annealing often fails to remove the

, ATM60/5
Figure 3.15 Temperature
variation of the isotropic
magnetostriction constant
As of aluminium-substi-
tuted TM60. [After Ozde-
mir and Moskowitz (1992)
© American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]
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unwanted patterns. For this reason, domain observations on TM60 are more
challenging than on magnetite.

3.6 Titanomaghemites

A partially oxidized titanomagnetite is usually referred to as titanomaghemite.
This is a different usage than in the titanium-free mineral, where maghemite
(§3.3) is the fully oxidized end-member of magnetite oxidation. A titanomaghe-

•;4+r ^2-mite has the formula Fel+_2x+z{l+x)]RFel++x^l_z)]Jil+
Rn3(i-.R)Oi , where R =

8/[8 + z(l + x)] (O'Reilly, 1984, p. 14), provided oxidation proceeds by the addi-
tion of oxygen, building new unit cells at the surface (see Fig. 14.6). (In the alter-
native iron removal mechanism, which occurs under submarine conditions,
oxygen is not present at the surface and iron is leached by the seawater. In this
case, the Fe/Ti ratio falls as oxidation proceeds and the oxidation lines on the

,.4+ ,3+Ti -Fe -Fe + ternary diagram (Fig. 3.1) slope upward to the right.) During
the low-temperature oxidation of titanomagnetites, the face-centred cubic oxy-
gen lattice is preserved (§3.2) and Fe2+ cations migrate to the crystal surface.
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Cation diffusion is a slow process at ordinary temperatures. The crystal surface
oxidizes much more quickly than the interior. As a result, there is a strong gradi-
ent in cation deficiency (i.e., vacancy concentration) and oxidation parameter z
in partially oxidized spinels. In fine grains, the gradient region covers much of
the crystal and X-ray lines may be broadened and diffuse.

Because the lattice parameters of the stoichiometric and cation-deficient spi-
nels are so different, the oxidized surface is strained and frequently cracks (Fig.
3.10). Thus partially oxidized titanomagnetite grains, although they are single-
phase in the sense of preserving a spinel lattice, are not homogeneous in their
structure or magnetic properties. The smearing out of the Verwey transition
and the large drop in remanence between 5 and 20 K in partially oxidized magne-
tites (Fig. 3.6b) are manifestations of this inhomogeneity.

One difference between low-temperature oxidation of magnetite and of tita-
nomagnetite is that in the latter case, the removal of iron from the crystal leads
to a falling Fe/Ti ratio in the crystal interior as oxidation proceeds. If the
mechanism of oxidation were addition of oxygen diffusing to the crystal interior,
as originally proposed by Readman and O'Reilly (1972), the Fe/Ti ratio would
not change.

Ms and unit cell edge decrease and TQ rises with oxidation in titanomaghe-
mites of all compositions (Figs. 3.1b, 3.17, 3.18; Hauptmann, 1974; Nishitani
and Kono, 1983). The difficulty of synthesizing stoichiometric titanomagnetites
and variations in cation distribution depending on the method of preparation
probably account for differences between the results of different experimenters
(Moskowitz, 1987).

Coercive force Hc and initial susceptibility xo v a r v m approximately recipro-
cal fashion with z in synthetic single-domain titanomaghemites (Fig. 3.19). The
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Figure 3.17 Unit cell edge
a and Curie temperature
Tc as a function of oxida-
tion parameter z in titano-
maghemites of
composition x = 0.6.
[After Ozdemir and
O'Reilly (1982a) (solid and
open circles) and Brown
and O'Reilly (1988) (solid
triangles), with kind per-
mission of the authors and
Elsevier Science - NL,
Sara Burgerhartstraat 25,
1055 KV Amsterdam, The
Netherlands.]
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Figure 3.19 Variation of
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starting titanomagnetites were highly strained during their preparation; Hc and
Xo are therefore probably magnetoelastic in origin, and their variations with z
may give an indication of the corresponding variation in A. No direct measure-
ments of A have yet been reported.

Curie temperatures and other high-temperature properties of titanomaghe-
mites are difficult to measure because the spinel structure becomes unstable dur-
ing heating and changes to rhombohedral, or to intergrown spinel and
rhombohedral phases. This transformation, like the one in maghemite, is
known as inversion. Figure 3_i2(b) illustrates the typical irreversible behaviour
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of an oxidized titanomagnetite when it is heated in vacuum. Ms at first decreases,
but around 250 °C, before the titanomaghemite reaches its Curie temperature,
inversion begins. The phases which develop are a titanium-rich rhombohedral
phase (near ilmenite) and a titanium-poor spinel, with composition and Curie
temperature near magnetite. The compositions and textures of the intergrown
phases are very similar to those of the oxyexsolution products that result when a
titanomagnetite of the same x value undergoes high-temperature oxidation
(Ozdemir, 1987; Fig. 3.2). In subsequent heatings and coolings, the phase assem-
blage is stable and the MS(T) curve is reversible.

Maghemitization of primary titanomagnetites and inversion of the resulting
titanomaghemites occur in the upper oceanic crust (Chapter 14). Maghemitiza-
tion reduces the 'magnetic stripe' signal (§1.2.1) but pushes the Curie point iso-
therm deeper into the crust. Inversion produces magnetite and pushes the Curie
point isotherm much deeper, perhaps into the upper mantle.

The cation distribution in titanomaghemites with general x and z values is not
known with certainty. In some cation distribution models, with sufficient oxida-
tion the tetrahedral sublattice magnetization MA can outweigh the octahedral
sublattice magnetization MB, causing a self-reversal of Ms. Ozima and Saka-
moto (1971) produced experimental single and even double reversals of mag-
netization in extreme low-temperature oxidation of high-titanium
titanomagnetites. However, the oxidation products were multiphase inter-
growths (inverted titanomaghemites) and the reversals may have resulted from
exchange coupling of the phases (Chapter 13) rather than self-reversal of
MA + MB in a single phase.

3.7 Hematite

Rhombohedral hematite (aFe2O3) is an antiferromagnetic mineral with a Neel
temperature rN = 675 CC. Between the Morin transition just below room tem-
perature and rN, the sublattice magnetizations MA and MB are canted by a frac-
tion of a degree out of antiparallelism (§2.7.3 a nd Fig- 2-8)> giving rise to a weak
spontaneous magnetization Ms lying in the basal plane perpendicular to A/A

and MB (Fig. 2.3). The magnitude of Ms is about 2.5 kA/m, wO.5% that of mag-
netite.

The spin-canting phenomenon is often called parasitic ferromagnetism
because the ferromagnetism originates in, and is a small fraction of, the antifer-
romagnetism. Ms changes very slowly with temperature until just below Tc,
which coincides with TN. The 'blocky' MS(T) curve of hematite (Fig. 3.20) is dis-
tinctive and quite different from MA (T) and MB (T). It results in a concentration
of remanence blocking temperatures just below 675 °C. It is usually easy to
resolve hematite and magnetite remanences in a rock by thermal demagnetiza-
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Figure 3.20 The variation of high-field magnetization of hematite below and
above room temperature. Note the change of horizontal and vertical scales
between the two diagrams. The MS(T) variation in hematite is 'blocky', being
almost temperature independent except close to the Morin transition and the Curie
point. [After Muench et al. (1985) and Dunlop (1971), with the permission of the
authors and the publishers, Akademie Verlag GmbH, Berlin, Germany and Gau-
thier-Villars, Montrouge, France.]

tion because their blocking temperature spectra normally do not overlap.
Although hematite remanence is often weak compared to magnetite remanence,
it cannot be ignored. Being the highest blocking-temperature remanence in a
rock, it may survive heating during metamorphism that resets magnetite rema-
nences (§16.3). It also has higher coercivities than magnetite (see below) and is
the ultimate remanence isolated in alternating field (AF) as well as in thermal
demagnetization.

The Morin transition is a discontinuity in magnetic and other properties
around -15 °C (Liebermann and Banerjee, 1971; Figs. 3.20, 3.21). Small
amounts of titanium substitution lower 7MOrin and eventually suppress the tran-
sition. Decreasing particle size has the same effect. The transition vanishes in par-
ticles <0.1 um in size (Bando et al., 1965).

In hematite, dipolar and single-ion magnetocrystalline anisotropies are both
important but have opposite signs. Their relative magnitudes change with tem-
perature and become equal at TMoTin. With the change in sign of the net aniso-
tropy, the crystallographic easy axis changes and there is an antiferromagnetic
spin flop.When T < TMoTm, MA and MB are pinned along the c-axis and there
is no spin-canting. Above rMorin, MA, MB, and their canted resultant Ms are
pinned perpendicular to the c-axis (Fig. 3.22a) but have relative freedom of
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Figure 3.21 The temperature variation of strong-field remanence of hematite,
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Figure 3.22 The mag-
netic structures of hematite
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ordered cation distribu-
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ions on alternate basal
planes. [After Nagata
(1961) Fig. 3.25, with the
permission of the pub-
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rotation within the basal plane. There is an intrinsic six-fold anisotropy within
the basal plane (eqn. (2.49)), but more important in practice is a uniaxial mag-
netoelastic anisotropy governed by the stress due to crystal twinning.

In addition to the anisotropic spin-canted ferromagnetism that vanishes
below TMoria, hematite possesses an underlying isotropic ferromagnetism that is
unaffected by the Morin transition (Fig. 3.21b). Since its origin seems to lie in
chemical or lattice defects, it is often called the defect moment. Defect moments
may be a general feature of magnetic minerals but only in hematite is the intrinsic
ferromagnetism weak enough to reveal the underlying defect component.

As in the case of magnetite remanence cycled in zero field through the Verwey
transition (§3.2.2), hematite remanence cycled through the Morin transition
decreases to low values in the cooling half of the cycle but recovers a fraction of
the initial remanence, the remanence memory, during reheating to room tem-
perature (Fig. 3.21b). The original direction of remanence is also recovered. The
origin of memory in hematite is something of a mystery. Spin-canted remanence
should vanish in cooling through TMoTin, along with the anisotropy that pins it,
unlike the situation in magnetite. Cycling across the Morin transition is a chemi-
cally non-destructive alternative to thermomagnetic analysis for detecting hema-
tite (Fuller and Kobayashi, 1964).

Coercivity due to shape anisotropy is proportional to Ms and is negligible in
hematite. Coercive forces due to crystalline anistropy and magnetostriction
vary from «1 mT or 10 Oe in large multidomain grains to many hundreds of mT
in single-domain hematite. The triaxial crystalline anisotropy in the basal plane
is weak, certainly not more than 10-100 J/m3, compared to > 104 J/m3 in mag-
netite. Since Hc oc K/Ms, both minerals in single-domain grains have coercivities
of 10—20 mT due to magnetocrystalline anisotropy. The source of the observed
high coercivities in single-domain hematite must be magnetoelastic anisotropy
due to internal stress. The magnetostriction of hematite is As « 8 x 10~6, com-
parable to that of magnetite or maghemite, but the small value of Ms in hematite
means that Hc = 3\sa/2fi0Ms «500 mT or 5000 Oe for an internal stress of
lOOMPaorlkb.

Hematite can form by primary high-temperature oxidation of titanomagne-
tite during cooling from the melt or as a secondary inversion product of titano-
maghemite during later reheating of a rock. Its plate-like crystals or crystallites,
which are elongated in the basal {0001} plane, grow in spinel {100} planes (Fig.
3.3). Hematite also forms as the end product of prolonged oxidation of magnetite
at ordinary temperatures. In this form, pseudomorphing the original magnetite
crystals, it is called martite. Other important secondary processes that generate
hematite are inversion of maghemite (§3.3.2), dehydration of weathering pro-
ducts like goethite (aFeOOH), and precipitation of ultra-fine-grained hematite
cement from iron-rich solutions in the pore spaces of clastic sediments. This last
type of hematite gives red beds their distinctive colour.
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3.8 Titanohematites

The rhombohedral titanohematites or hemoilmenites (Fe^Fe^.Ti^O^") have
compositions on the tie-line between the endmembers hematite and ilmenite
(Fig. 3.1). As with the titanomagnetites, solid solution is complete only at high
temperatures. Approximately single-phase titanohematites of intermediate com-
position (y « 0.5-0.7) can be preserved by rapid chilling of dacitic pyroclastic
rocks, and have the fascinating property of acquiring a self-reversed thermore-
manent magnetization (Uyeda, 1958; Heller et al., 1986; Hoffman, 1992). This
self-reversing property will be discussed in detail later (§14.5.4). It does not result
from self-reversal of Ms of a single phase but from negative coupling between
Ms vectors in microscopically exsolved ferrimagnetic and parasitic ferromag-
netic phases. Some titanohematites of relatively low y value exhibit self-reversal
of partial thermoremanent magnetizations (§1.1.3) acquired in certain tempera-
ture ranges (Carmichael, 1961).

Titanohematites have a corundum structure, with oxygen anions in a hexago-
nal-close-packed lattice and Fe and Ti cations occupying two-thirds of the inter-
stices. The cations are arranged very nearly in basal {0001} planes (Fig. 3.22)
with O2~ in intervening layers. Neighbouring Fe2+ or Fe3+ ions in adjacent
cation planes are negatively exchange coupled, but exchange coupling within
each plane may be either positive or negative. Only for certain compositions do
alternate cation planes correspond to magnetic sublattices.

For 0 < y < 0.5, the cation distribution is disordered. Ti4+ and Fe2+ are
equally distributed among all c-planes. Titanohematite in this compositional
range is essentially antiferromagnetic with a weak parasitic ferromagnetism,
like hematite. In the range 0.5 < y < 1, titanohematite is ferrimagnetic as a result
of an ordered (in reality, partially ordered) cation distribution. In the fully
ordered distribution, Ti4+ is confined to alternate cation planes and Fe2+ to
the intervening planes. The peak magnetic moment occurs around y — 0.7
(Fig. 3.23). The theoretical spontaneous moment for this composition is
0.7 x 4fiB = 2.8/LfB per formula weight Fe! 3Ti07O3, corresponding to
<7S = (5585/M)«B = 101.5Am2/kg or emu/g (M = 154.1, nB = 2.8) at OK.
At ordinary temperatures, the spontaneous magnetizations are considerably
reduced, since for 0.5 < y < 0.7, Tc is between 20 and 200 °C (Fig. 3.23) and
for y > 0.7, Tc is below room temperature. An approximate value for y « 0.5
is Ms0 « lOOkA/m at To = 20 °C.

Since homogeneous titanohematite of intermediate composition is not an
equilibrium phase at ordinary temperatures, it will slowly exsolve on a microscale
towards an equilibrium intergrowth of Ti-rich (ferrimagnetic) and Ti-poor (para-
sitic ferromagnetic) phases. This microintergrowth of ordered and disordered
phases is at the root of most reported self-reversals of TRM (Hoffman, 1992).
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Figure 3.23 Curie tem-
perature Tc and saturation
moment at 0 K (in fiB) for
titanohematite,
Fe2_yTiJ,O3, as a function
of the composition para-
meter or Ti content y. For
0.5 < y < 1, titanohema-
tite is ferrimagnetic, but Tc

is below To ify > 0.7.
[After Nagata (1961) Figs.
3.29 and 3.30, with the per-
mission of the publisher,
Maruzen Co. Ltd., Tokyo,
Japan.]

(Fez03) Mole fraction Ti4* (FeTi03)

3.9 Iron oxyhydroxides

Hydrous iron oxides form as microcrystalline weathering products in nature and
are often collectively called limonite. The most important mineral among them
is orthorhombic goethite (aFeOOH), which is a common constituent of soils
and sediments. Goethite is antiferromagnetic with a Neel temperature of 120 °C
(Fig. 3.24), but small amounts of impurity ions lower TN considerably. Like
hematite, with which it is often intergrown, goethite has a superimposed ferro-
magnetism whose Curie temperature coincides with TN (Ozdemir and Dunlop,
1996a; Fig. 3.25). However, the ferromagnetism is weaker than that of hematite.
It seems to be a defect moment, perhaps due to unbalanced numbers of spins in
the very fine crystallites which are typical of goethite. Although the intrinsic ani-
sotropy is probably not unusually high, the extremely weak M% means that high
magnetic fields must be applied to deflect the moments. The resulting coercive
forces are often many hundreds of mT (thousands of G or Oe), higher even than
those of fine-particle hematite. As a result, goethite remanences cannot be erased
by AF demagnetization. They are efficiently removed by thermal demagnetiza-
tion (Fig. 3.25; §15.3.3).

During routine thermal cleaning to erase the remanences of minerals with
higher Tc's, goethite dehydrates in the range 250-400 °C to form hematite. The
needle-like form of the goethite crystals is preserved but each crystal contains
many hematite crystallites. The effective hematite grain size is therefore extre-
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Figure 3.24 AFM susceptibility measured during heating from 10 K to 300 K for
a natural goethite crystal. X||, XJ_ w e r e measured parallel and perpendicular to the
goethite c-axis, respectively. Xpowderwas measured for randomly oriented crystal-
lites in a powdered sample. Notice the similarity to the predicted AFM suscept-
ibilities in Fig. 2.6. The intersection of linear extrapolations of the x\\, Xi a n d
XpOWtier data pinpoints the Neel temperature, 7"N = 120 °C. [After Ozdemir and
Dunlop (1996a) © American Geophysical Union, with the permission of the
authors and the publisher.]

mely fine. Hematite that has formed by the dehydration of goethite is generally
superparamagnetic (§5.5.2, 5.7.2) and carries no remanence.

Since goethite at 20 °C is close to its Curie temperature, its remanence some-
times shows a striking increase during zero-field cooling to liquid nitrogen tem-
perature (77 K) and a corresponding decrease in reheating to To, arising from
the reversible change in MS(T). There is very little irreversible decrease in rema-
nence in such a cooling-heating cycle because most goethite remanence has
unblocking temperatures well above To (Fig. 3.25). Dekkers (1989a) suggests
using this property as a non-destructive method of detecting goethite.

Lepidocrocite (7FeOOH) is a minor constituent of soils and sediments. The
antiferromagnetic Neel point is far below To and so lepidocrocite at ordinary
temperatures has no remanence-carrying potential. Its importance stems from
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Figure 3.25 Stepwise
thermal demagnetization
of thermoremanent mag-
netizations (TRM's) pro-
duced parallel and
perpendicular to the c-axis
of the goethite crystal of
Fig. 3.24. Both TRM's are
unaffected by zero-field
heating to 90 °C but
demagnetize completely
when heated to the Curie
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permission of the authors
and the publisher.]

the fact that it dehydrates to strongly magnetic maghemite when heated above
250 °C. The chemical remanence acquired if dehydration takes place in a mag-
netic field has peculiar behaviour when the maghemite inverts to hematite
(around 400 °C). The hematite remanence may form at a large angle to the
maghemite remanence, in some cases 180° (§13.4.6). Although this process is
unlikely to be significant in nature because of the temperatures involved, the
mechanism is intriguing.

3.10 Iron sulphides

Greigite (Fe3S4), which was formerly thought to be a rare mineral, occurs quite
commonly in sediments formed under anoxic, e.g., sulphate reducing, conditions
(Roberts, 1995; §15.3.1). Magnetotactic bacteria (§3.13) can also biomineralize
Fe3S4 (Mann etal., 1990; Fassbinder and Stanjek, 1994). Greigite is the sulphide
counterpart of magnetite and has the same inverse spinel structure. It is ferrimag-
netic but Ms is only w^ that of magnetite (Hoffmann, 1992). Tc is around
330 °C, which is very similar to the Neel point of troilite (FeS) and the Neel and
Curie point of pyrrhotite (320 °C, Table 3.1). K{ is estimated to be ~103 J/m3,
about an order of magnitude less than that of magnetite. Nevertheless coerciv-
ities of single-domain greigite (Diaz Ricci and Kirschvink, 1992) are sufficient
to ensure a stable remanence.

Pyrrhotite (Fe^S) is a common accessory mineral in igneous, metamorphic
and sedimentary rocks, although it seldom dominates the remanence. Natural
pyrrhotite is actually a mixture of the monoclinic mineral Fe7S8, which is ferri-
magnetic, and antiferromagnetic hexagonal phases like Fe9Si0 and FenSi2. The
deficiency of Fe2+ is accounted for by vacancies in the lattice, and ordering of
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these vacancies on superlattices gives rise in Fe7S8 to different numbers of Fe +

ions on the two magnetic sublattices. Thus monoclinic pyrrhotite is like maghe-
mite in owing its ferrimagnetism to cation deficiency and vacancy ordering. The
stoichiometric mineral troilite (FeS) is common in meteorites and lunar rocks
(Chapter 17), but not on earth.

Pyrrhotite has a NiAs crystal structure, with a c-axis of hexagonal symmetry
and Fe and S confined to alternate c-planes (Fig. 3.26). Fe cations within a parti-
cular layer are ferromagnetically coupled, while Fe cations in adjacent layers
are negatively exchange coupled via intervening S2~ ions. Thus alternate Fe
planes form the two magnetic sublattices. In Fe7S8, the preferential arrangement
of vacancies on one of the sublattices (Fig. 3.26) distorts the hexagonal lattice to
a monoclinic one and also gives rise to a fairly strong ferrimagnetic moment.
Ms0 is approximately 80kA/m, although a range of values has been reported.
The Curie point is 320 °C (Fig. 3.27a). Grain-size dependent properties have
been studied in detail by Clark (1984) and Dekkers (1988, 1989b).

As with hematite, the c-axis is hard and A/s and the sublattice magnetizations
are confined to the oplane. However the triaxial anisotropy within the c-plane
is quite strong, much larger than that due to magnetostriction. As a result,
domain patterns are easily viewed on a {0001} surface of Fe7S8 without elabo-
rate precautions for removing the stressed layer resulting from polishing.

Figure 3.26 The mag-
netic structure and distri-
bution of vacancies (open
circles) and Fe2+ ions
(black and hatched circles,
with oppositely directed
moments) in pyrrhotite
(Fe7S8). The structure is
basically hexagonal, with
magnetic sublattices corre-
sponding to alternate basal
planes. Vacancies are
arranged on a monoclinic
superlattice (dashed lines)
and are located preferen-
tially on one of the two
magnetic sublattices, giv-
ing rise to ferrimagnetism.
[After Stacy and Banerjee
(1974), with the permission
of the authors.]
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Figure 3.27 (a) Reversible thermomagnetic curve of ferrimagnetic pyrrhotite
(Fe7S8). (b) Irreversible thermomagnetic curve of natural pyrrhotite containing a
mixture of Fe7Sg and Fe9Si0. FegSio is ferrimagnetic only between « 200 °C and its
Curie temperature of 265 °C; this is the cause of the 'lambda' transition in the
heating curve. Fe9Si0 breaks down to Fe7S8 in the example shown and only the
latter phase, with its 320 °C Curie point, is expressed in the cooling curve. [After
Schwarz (1975), courtesy of the Geological Survey of Canada, Ottawa, Canada.]

Hexagonal pyrrhotite (Fe9Si0) is also ferrimagnetic over a restricted tempera-
ture range between the so-called A transition around 200 °C, at which thermally
activated vacancy ordering occurs, and the Curie point of «265°C (Schwarz
and Vaughan, 1972; Fig. 3.27b). The A transition is distinctive and diagnostic of
hexagonal pyrrhotite, although in very rapid cooling, the ferrimagnetic phase
and its vacancy ordering can be preserved metastably well below 200 °C.

Monoclinic Fe7S8 has no A transition, but it does have a low-temperature
transition in remanence and coercive force at 30-35 K by which it may be
recognized (Dekkers et ai, 1989; Rochette et al., 1990; Fig. 3.28). This is prob-
ably not a spin-flop transition, at which the sublattice magnetizations rotate
from the c-plane to the c-axis, since Ms is almost continuous. It must be an iso-
tropic point for the magnetocrystalline anisotropy, however, because multido-
main grains lose more of their remanence in cooling through the transition
than do single-domain grains, and they also have much less memory of their
initial remanence when reheated through the transition (Fig. 3.28).

During thermal demagnetization of a rock above 500 °C, pyrrhotite trans-
forms irreversibly, usually to magnetite (Bina and Daly, 1994). If the ambient
field is not perfectly nulled, a chemical remanence can result. The breakdown of
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Figure 3.28 Low-tem-
perature remanence transi-
tion around 35 K. in natural
pyrrhotites. As in cycling
across the Verwey transi-
tion in magnetite, fine sin-
gle-domain grains (< 5 um)
lose less remanence in
cooling through the transi-
tion and recover more
remanence in reheating
(memory) than large mul-
tidomain grains. [After
Dekkerse/a/. (1989)©
American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]

pyrrhotite is evidenced in strong-field thermomagnetic analysis by a large irre-
versible increase in magnetization. At higher temperatures, pyrrhotite trans-
forms to hematite, either directly or by oxidation of magnetite (Dekkers, 1990).

3-n Other magnetic minerals

Fe-Cr spinels or chromites (FeCr2O4-Fe3O4, often containing also Mg2+,
Mn2+, Ni2+, Al3+ or Ti4+) are common in submarine gabbros and peridotites
(Dunlop and Prevot, 1982), in marine sediments derived from these rocks, and
in lunar igneous rocks. Depending on composition they may be ferrimagnetic,
antiferromagnetic or paramagnetic at ordinary temperatures (Robbins et al.,
1971; Schmidbauer, 1971). The Curie temperature Tc = -185 °C for FeCr2O4

and rises with decreasing Cr content. Some naturally occurring chromites can
carry remanence (Kumar and Bhalla, 1984), but they are seldom major contribu-
tors to the total NRM.

Siderite (FeCO3) is common in carbonate sediments and rocks (Ellwood et al.,
1986, 1988). It is paramagnetic at ordinary temperatures and therefore carries
no natural remanence. Even at room temperature, natural siderites oxidize by
measurable amounts when exposed to air for periods of weeks to months, acquir-
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ing chemical remanence (CRM) in the process (Hus, 1990). When heated, rapid
oxidation to magnetite or maghemite and ultimately to hematite occurs above
300 °C. In even a small stray field, the magnetite chemical remanence so pro-
duced tends to overshadow the generally weak NRM of the limestone or other
carbonate sample being studied, effectively terminating the thermal demagneti-
zation run (e.g., Ozdemir and Deutsch, 1984).

3.12 Magnetism in silicates

Many silicate minerals behave paramagnetically because of the Fe2+, Fe3+ or
Mn2+ they contain. Examples are olivines, pyroxenes, amphiboles like horn-
blende and actinolite, iron-rich micas like biotite, garnets and cordierites. Mea-
sured paramagnetic susceptibilities (Table 2.2; Hunt et al., 1995a) are in
excellent agreement with estimates based on the paramagnetic moments calcu-
lated from eqn. (2.10): 5Afj.B (theoretically 4.9/iB) for Fe2+ and 5.9/zB for Fe3+

and Mn2+.
In addition, some silicates exhibit ferromagnetic behaviour which is quite

variable from one sample or locality to another. An example is shown in Fig.
3.29. In some cases minerals which have no intrinsic paramagnetism, such as
plagioclase feldspar, exhibit magnetic hysteresis and can carry substantial
remanence. The ferromagnetism is clearly extrinsic and in a number of cases
has been traced to magnetite impurities (see §14.6.2, 14.6.3). In biotites, the
magnetite can be quite abundant, filling cracks and planar voids between the
mica sheets. In plagioclases and pyroxenes, the magnetite seems to have
exsolved from the host mineral and is crystallographically oriented, often
as parallel needles within the host (Murthy et al., 1971; Davis, 1981). If the
needles are of single-domain size, they are capable of carrying extremely
stable remanence due to their shape anisotropy (§4.2.5). We will return to this
important topic in Chapter 14.

3.13 Biogenic magnetic minerals

The new science of biomagnetism (Kirschvink et al., 1985) is concerned with how
living organisms produce magnetic fields or use the geomagnetic field as a navi-
gational aid. The presence of biochemically precipitated magnetite, greigite and
iron oxyhydroxides in bacteria, molluscs, insects and higher animals is well
established (see review by Lowenstam and Kirschvink, 1985), although it is not
clear that the magnetic crystals are useful in all cases as field sensors. Lowenstam
and Kirschvink distinguish between 'biologically induced' mineralization, in
which the organism exercises minimal control over the precipitates, and 'organic
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Figure 3.29 Hysteresis (M-H) curves of biotite single crystals, showing
behaviour ranging from purely paramagnetic to strongly ferrimagnetic. Inset:
expanded view of the middle curve between ± 100 mT. The ferrimagnetism is
due to variable amounts of magnetite in the biotites.

matrix-mediated' mineralization, in which the precipitates are monomineralic,
narrowly sized and crystallographically aligned. In addition, the crystals may
have unusual, magnetically advantageous forms. For example, in magnetotactic
bacteria (Blakemore, 1975; Mann, 1985) magnetite crystallites line up in chains
parallel to their (111) easy axes, thereby maximizing both magnetic moments
and shape anisotropy (Moskowitz etal., 1988a).

Biological organisms are capable of'product control', in terms of strict con-
finement of particle size and shape to the single-domain range (§5.5), that humans
cannot yet achieve. For this reason, biogenic minerals, magnetite in particular,
are of considerable interest as raw materials for experimentation. They are also
being used in improved magnetic colloids to reveal details of domain structures
(Futschik et al., 1989; Funaki et al., 1992) and are being proposed as ideal com-
ponents for probe tips in magnetic force microscopes (§6.9).

In a paleomagnetic context, judging by the wide variety of organisms that are
able to biomineralize magnetite or other minerals, it is reasonable to assume
that this capability evolved in geologically ancient times. If so, ancient biogenic
magnetites should be fossilized in sediments and the rocks that formed from
them. Kirschvink and Lowenstam (1979) suggest that biogenic magnetites
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could be the main NRM carriers in deep-sea sediments, which are largely isolated
from sources of detrital magnetite. Petersen et al. (1986) and Vali et al. (1987)
have reported striking scanning electron micrographs of what appear to be fossil
biomagnetic crystals and chains of crystals in Atlantic and Pacific deep-sea sedi-
ments 5—50 Ma in age and in 150-Ma-old marine limestones.



Chapter 4

Magnetostatic fields and energies

4.1 Introduction

Chapters 2 and 3 were concerned mainly with material properties like sponta-
neous magnetization, Curie temperature, magnetocrystalline anisotropy and
magnetostriction. If there were no other factors to consider, exchange coupling
would cause ferromagnets and ferrimagnets to be magnetized to saturation
along a magnetocrystalline or magnetoelastic easy axis throughout their
volumes, apart from thermal disordering at high temperatures. Such single-
domain (SD) grains do exist, but in most magnetic minerals they are quite small,
often < 1/rni in size. Larger multidomain (MD) grains spontaneously subdivide
themselves into two or more domains (Fig. 1.2). Ms is uniform within each
domain (at least on a macroscopic viewing scale) but Ms vectors are in different
directions in different domains.

Why do domains exist? Landau and Lifschitz (1935) recognized that the long-
range effect of dipole-dipole interactions between atomic moments is to generate
a magnetostatic or demagnetizing energy which eventually outweighs the ten-
dency of exchange forces and magnetocrystalline anisotropy to produce a uni-
form magnetization. Without the guidance of domain observations, Landau
and Lifschitz predicted the basic pattern of body and closure domains which
were later (in the 1950's) observed experimentally.

Because dipole-dipole interactions are a long-range effect, involving each pair
of dipoles in a crystal, magnetostatic calculations can be computationally gruel-
ling. Visualizing the fields involved is not easy, even for quite simple magnetiza-
tion distributions. Ultimately the goal is to generate magnetization structures
which resemble the domains actually observed in large grains by starting from
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first principles, without imposing initial constraints. This subject is called micro-
magnetism and will be described fully in Chapter 7. Luckily, we can make a sim-
ple beginning which gives considerable insight and leads to the structures
Landau and Lifschitz predicted. We do this by using our knowledge of electro-
statics, which has close analogies with magnetostatics.

4.2 Self-demagnetization and the internal
demagnetizing field

4.2.1 The parallel-plate capacitor: an electrostatic analog

Figure 4.1 illustrates the electric polarization of a rectangular slab of a dielectric
(a material containing electric dipoles or charge pairs - the analog of a paramag-
net). In (a), the parallel metal plates of a capacitor are given charge densities
±cTf by applying a difference of potential V between them. An electric field Eo

(the vector force on a unit test charge released between the plates) is created,
mainly between the plates but also fringing out at the top and bottom edges.
Each field line of Eo begins on a positive charge and follows the path a positive
test charge would trace out, ending on a negative charge.

In Fig. 4-i(b), Eo polarizes a sheet of dielectric which exactly fills the space
between the plates (the plates themselves are not shown). That is, positive
charges in atoms or molecules move in the direction of Eo while negative charges
move antiparallel to Eo. Since the positive and negative charges are bound
together within atoms or molecules, the actual amount of movement is minute,
but it creates atomic-scale dipole moments, all aligned (apart from thermal disor-
dering) with Eo. The electric dipole moment per unit volume is the electric polar-
ization P.

Imagine now taking a microscopic view in which we look first at the positive
charge distribution within the dielectric (represented by the hatching downward
to the right) and then at the negative volume charge distribution (hatching down-
ward to the left). The distributions are shifted with respect to each other by the
same amount that the nucleus and the centre of mass of the electron cloud within
an individual atom are offset to form a dipole moment. The bulk of the dielectric
is still electrically neutral, but there are two strips with atomic-scale thicknesses
at the left and right surfaces which are negatively and positively charged, respec-
tively.

The matching sheets of surface charges are called bound charges because they
are not free to move like the conduction electrons that are responsible for the
free charge density ±a{ on the capacitor plates. Instead they are bound to parti-
cular near-surface atoms and hence to the dielectric itself. Their surface density
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Figure 4.1 (a) Electric field lines in a parallel-plate capacitor, (b) Polarization of a
dielectric between the capacitor planes, producing surface bound charges with
density ab. (c) The depolarizing field E& caused by the surface charges. Notice the
fringing of the field lines out of the dielectric at the top and bottom.

±ab is equal to P • n (Fig. 4.1c), where h is the outward normal to the surface.
Thus there is positive charge on the right surface, where P is \\n, negative charge
on the left surface, and almost no charge on the top, bottom, front and back sur-
faces, where P is almost ±n.

The surface charges generate their own electric field Ed. Each line of Ed begins
on a positive surface charge and ends on the matching negative charge on the
left surface. Because Ed is opposite in direction to P (which creates it) and tends
to reduce P (since it partially cancels Eo, which creates P), Ed is called the depo-
larizing field. In the interior, Ed is exactly antiparallel to P. However near the
top and bottom edges (and the front and back edges as well), even if P is parallel
to the surface, Ed fringes out of the dielectric.

4.2.2 Rectangular prism of magnetic material

We next turn to a rectangular slab of magnetic material. Because of exchange
coupling, the magnetic polarization M and resulting magnetic depolarizing or
demagnetizing field Hd in a ferromagnetic or ferrimagnetic substance are much
more powerful than the corresponding dielectric polarization and depolarizing
field. Another difference is that in dielectrics, an applied field Eo is necessary to
induce a polarization P. (Permanently polarized dielectrics, called ferroelectrics,
do exist but they are rare.) The magnetization M, on the other hand, is a sum of
induced (temporary) and permanent parts:

Mr (4-0
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where x is magnetic susceptibility, Ho is the externally applied magnetic field,
and Mr is remanent magnetization, or remanence for short. There is no funda-
mental distinction between remanence and induced magnetization at the atomic
level. Both are due to the same atomic moments. But macroscopically (4.1) is
approximately true for very weak fields like the earth's field (« 40 A/m or
0.5 Oe) because the 'soft' moments that produce reversible induced magnetiza-
tion are localized in different grains, or different parts of grains, than the 'hard'
moments that result in irreversible magnetic behaviour or remanence.

Apart from these minor differences, demagnetizing fields are the exact analog
of depolarizing fields. In Fig. 4.2, an applied field Ho (usually produced by a set
of current-carrying coils) produces a net magnetization M. (The units of Mare
A/m, since M is the net dipole moment in A m2 per unit volume in m3. The pro-
cesses by which M is created and the resulting magnetization distribution or
domain structure will be considered in Chapter 5. The details need not concern
us at this stage, provided Mis reasonably uniform when viewed on a macroscopic
scale.) Alternatively M may be a remanence Mr, which requires no applied field
to maintain it. In either case, we can think of M as creating two sheets of match-
ing ± surface 'charges' on the left and right faces of the crystal. These are the
exact analog of dielectric bound charges. We will refer to them as magnetic
charges or magnetic poles.

Magnetic poles ('monopoles') cannot be separated or extracted from a mag-
netic material, any more than bound charges can be separated from a dielectric.
They always occur in dipole pairs. But like bound charges they are very useful in
calculating internal fields and the energy that results from these fields. We should

n

— +

Figure 4.2 The demagne-
tizing field Hd in a magne-
tically polarized material.
The polarization, the sur-
face charge densities, and
the fields are exact analogs
to the electrostatic case
(Fig. 4.1c).
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note that magnetic 'charge' (or pole strength) Qm and the magnetic 'charge den-
sity' or surface pole density,

om = M-h, (4.2)

have different units than electrical charge and charge density. The 'magnetic
Coulomb' or unit of Qm is A m (it is seldom used) and the unit of am is A m/m2

or A/m, as for M and H.
The internal demagnetizing field Hd has field lines that begin on positive mag-

netic charges and end on negative charges. It is antiparallel to M, or nearly so,
throughout the magnetized material. A positive 'test pole' would follow a line of
Hd from the right face to the left face of the model prism in Fig. 4.2, while a nega-
tive pole would move in the opposite direction. Since the two are bound together,
it is clear that a dipole, with moment fi, will rotate until its positive pole points
to the left and its negative pole to the right. That is, p will tend to align with Hd,
like a miniature compass needle. The torque on fi is

z = fixB, (4.3)

which leads to the expression for magnetostatic potential energy,

Em = -H-B, (4.4)

given previously in eqn. (2.13).
B includes both the external field Ho (or Bo = Mo^o) a nd t n e demagnetizing

field Hd. The total internal field inside the magnetized material is

Hi = H0 + Hd=H0-N M, (4.5)

where N is the demagnetizing tensor, defined by

Hd = -N • M. (4.6)

This is a logical definition. In the interior of the prism, the lines of Hd do not
spread out and so Hd is constant. Also the direction of Hd is exactly antiparallel
to M. In this region, Hd = —NM, where N is a scalar constant, the demagnetiz-
ing factor. Towards the edges of the crystal, where the lines of Hd fringe outward,
weakening \Hd\ and causing its direction to diverge from M, N is the analogous
tensor relating components of the non-parallel vectors Hd and M.

Working from the definition (4.5), we find from (4.4) that

^ if Hd\\-M. (4.7)

The factor \ occurs because calculating the magnetostatic energy due to the inter-
nal demagnetizing field is really a way of evaluating dipole-dipole interactions
throughout the whole prism, and in such an enumeration, each dipole pair ends
up being counted twice. The dipole moment ft has been replaced by VM, since
M has been assumed uniform throughout the crystal. Hd = —NM is not uni-
form, but the regions of fringing fields are often small enough that N can be
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replaced by N, giving the second alternative of (4.7). This is an approximation,
but a useful one.

The two terms in (4.7) are usually separated and given different names. The
magnetic field energy or Zeeman energy is

EH = -V0VM-H0. (4.8)

The magnetostatic self-energy or demagnetizing energy is

Ed =jH0VM -N-M-+\ii0VNM2 i f / / d | | -M. (4.9)

These are two of the basic energy terms needed to study domain structures.

4.2.3 Uniformly magnetized sphere

The sphere of radius R in Fig. 4.3 has a uniform magnetization M along the z axis
and a surface pole density am = M • h = M cos 6. Poles are concentrated at the
top and bottom surfaces where M cuts the surface at a large angle. There are no
poles along the 'equator' of the sphere where Mis tangential to the surface.

In order to calculate the magnitude of the internal demagnetizing field Hd, we
will make use of a result of elementary potential theory. Just as the external grav-

Magnetized
sphere

Figure 4.3 Internal and external fields (dashed lines) of a sphere with uniform
magnetization M along the z-axis. Surface poles or magnetic charges are indicated
by + and —.
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itational field of a sphere of uniform density is identical to that of a monopole of
the same mass at the centre of the sphere, the external magnetic field He of a uni-
formly polarized sphere is identical to that of a central point dipole with the
same dipole moment, \i = VM. We can match Hd and He at the boundary of
the sphere by using the conditions (from Maxwell's equations for electromag-
netic fields) that the tangential component H{ of H and the normal component
Bn of B are continuous across any interface. M can be regarded as a uniform
remanent magnetization Mr, or an applied field Ho can be added to induce M.
In the latter case, Ho forms a uniform background added to both Hd and He

and does not affect the result below.
At the equator of the sphere, Hd = -NM and He =-[(4n/3)RiM

/47LK3] k = -\M, substituting n = VM = (4n/3)RiM, r = R and 6 = 90° in
eqn. (2.2). Both fields are tangential to the sphere, and so

Hd = -\M, N = \ (in SI),
4TT 4TT (4-io)

Hd = - — M, N = Y (incgs).

Notice that in cgs emu, demagnetizing fields and factors are multiplied by An
compared to SI. At the top of the sphere on the z-axis (r = R, 9 = 0), the fields
are normal to the surface. B{ — fio(Hd +M) — fio(l — N)M and Bt =
+ / J O | M , using (2.2). Equating, we obtain the same results as in (4.10). Notice
that there is no source or sink of B at the surface poles. The continuity of B
shows that the surface poles are not isolated monopoles. However, the surface
poles are sources (positive poles) or sinks (negative poles) for both Hd and He.
For this reason, in what follows we will always calculate H as our primary field,
and derive B from it using B = (io(H + M). There are also fundamental reasons
for this approach (see }i. 1).

Equations (4.10) show that for two particular surface points on a magnetized
sphere, the internal field is antiparallel to M (this is dictated by symmetry for
these two special points) and has a magnitude | M. That is, for these points, the
demagnetizing factor N is 5 (or 4n/3 in cgs). In J4-3-2, we will show that this result
is perfectly general and that Hd = —\M everywhere on the surface and in the
interior of a single-domain sphere.

4.2.4 Uniformly magnetized spheroid and shape anisotropy

Figure 4.4 illustrates surface poles and demagnetizing fields for a uniformly mag-
netized prolate spheroid (an ellipsoid of revolution). In (a), the spheroid is mag-
netized parallel to its semi-major axis a. The ± pairs of surface poles are farther
apart than they would be in a sphere of the same volume. By analogy with electro-
statics, fields decrease with distance (they would decrease as 1 /r2 for an isolated
magnetic charge). Therefore the internal field Hd arising from these poles is less
than in the case of a sphere: Na <\. On the other hand, in (b) where the spheroid
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(a) (b) (c)

Figure 4.4 Surface poles and internal demagnetizing field H& for a prolate
spheroid with uniform magnetization M (a) along the major axis, (b) along the
minor axis, and (c) oblique to the major axis. HA is uniform in all cases, but in (c), it
is not antiparallel to M.

is magnetized parallel to its semi-minor axis b, the surface poles are brought clo-
ser together and Nb > 5.

In Fig. 44(c), Mis at a general angle 9 to the positive semi-major axis z. Hd is
still uniform, but it is no longer anti-parallel to M. Let us write M in component
form: M = M sin Oj + M cos Ok. Each component of M is in a principal direc-
tion and has an associated antiparallel demagnetizing field. Therefore we have
that Hd = —NhM sin Oj — NaM cos Ok. The same result is given directly by
eqn. (4.6), Hd = - N • M, since N is a diagonal tensor with principal values
(Nb, Nh, Ay.

Now we can calculate Ed = — j n0 VM • Hd for M at angle 0 to the 1 axis:

EM = i/i0 V(Na cos26> + Nh sm29)M2

2 2 (4.11)

Notice that Ed is in the form of the second alternative of (4.7) or (4.9), even
though Hd is not || — M. However, we cannot interpret Na cos2 0 + Nb sin2 0
as an angle-dependent demagnetizing factor N(9). Unless M is along a principal
axis, N is a tensor and Hd must be found from N • M.

Na and Nh are linked by a general relationship among the principal demagne-
tizing factors Nx, Ny, N. for Malong the principal axes A-, y, z, respectively:

iVv + Nv + N. = I (or 47i in cgs emu). (4-12)

For the prolate spheroid, we have Na + 2Nb = 1. Figure 4.5 plots Na for a prolate
spheroid and Nb for an oblate spheroid as a function of axial ratio b/a.

The difference Nb — Na is often more important than Na or Nb separately.
Equation (4.11) shows that Ed is anisotropic, not with respect to crystallographic
axes but with respect to the exterior form of the crystal, which determines the
separation of surface poles for different orientations of M. The anisotropy is uni-
axial for a prolate spheroid, with the easy axis of magnetization (0 = 0 or 180°)
parallel to the major axis. The effect is called shape anisotropy. It usually over-
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0.2 0.4 0.6

Axial ratio, b/a
0.8 1.0

Figure 4.5 Demagnetiz-
ing factors along the axis of
revolution of spheroids
(the long axis for prolate
spheroids or the short axis
for oblate spheroids) for
different elongations b/a.
[After Stacey and Banerjee
(1974), with the permission
oftheauthors.l

shadows magnetocrystalline and magnetoelastic anisotropies in single-domain
grains of strongly magnetic minerals like magnetite, maghemite and iron. Oblate
spheroids also have shape anisotropy, but in this case Mean rotate freely in the
plane of the major axis. A sphere has no shape anisotropy, since N — 5 for any
direction of M.

4.2.5 Other bodies with uniform or nearly uniform magnetization

The concept of shape anisotropy is quite wide-ranging. Single-domain grains
with shapes other than ellipsoids do not have uniform fields (nor is M uniform
in magnitude and direction on a microscale, so they are not strictly speaking sin-
gle domains - see §7.5.2). The components of Hd and Mare related by

(Hd)j = - N j k M k , j , k = l , 2 , 3 , (4.13)

which is equivalent to (4.6). Mand Hd now vary from point to point in the crystal
and are related by the demagnetizing tensor NJk, which also varies with position.
However, even in bodies with sharp corners (i.e., real crystals), M, Hd and N
tend to be quite uniform in much of the interior. Only at the corners are there
large changes in the magnitude and direction of Hd (cf. Figure 4.9), and these
tend to average out when the crystal is viewed as a whole.

Except for very irregular grain shapes, a demagnetizing tensor Nav can be
found that gives a good description of the average demagnetizing field. By diago-
nalizing this tensor, we reduce Njk to its principal values Nx, Ny, N,. The princi-
pal axes will coincide with crystallographic symmetry axes (and thus in some
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cases, although not typically, the easy axis of shape anisotropy may coincide with
a magnetocrystalline easy axis). A good approximation is to take for the princi-
pal demagnetizing factors the corresponding values for an ellipsoid with the
same dimensional ratios a:b:c.

Applying this principle, a cube has the same principal demagnetizing factors
as a sphere: Nx = Ny = Nz = ^ (or 4n/3 in cgs). In fact, TV = 5 for a uniformly
magnetized cube no matter what the direction of M. Like a sphere, it has no
shape anisotropy. In practice, this is not quite true because M is not uniform
inside a cube, and the non-uniformity is different if M is directed along a (111)
axis, say, than if M is along (100). The demagnetizing fields and factors also
vary depending on the orientation of M, giving rise to a small angular depen-
dence of N, called configurational anisotropy.

When a long cylinder or needle (the limiting case of a prolate spheroid) is mag-
netized along its length (Fig. 4.6a), the ± pairs of surface poles at either end are
separated by such a large distance that Hd —> 0. Thus Na « 0. Using (4.12), we
find that the transverse demagnetizing factor Nh, when M is transverse to the
long axis and the ± poles are brought close together (Fig. 4.6b), is Nb « i {In in
cgs). Single-domain magnetite grains in needle-like form, such as those that
occur in some silicate minerals (§3.12) or in oxidized titanomagnetite crystals
subdivided by lamellae of ilmenite (§3.1), have very large shape anisotropy. The
coercivity of such grains is determined by the field that must be supplied to rotate
M from one easy axis (9 = 0) to the other [9 = 180°) through the hard axis
[6 = 90°):

Hc = //d(90°) - Hd(0) = [Nb - Na)Ms, (4.14)

which gives \ x 480 x 103 = 240 kA/m or 3000 Oe.
The transverse demagnetizing field in a thin sheet (the limiting case of an

oblate spheroid; Fig. 4.6b) is even stronger. Since ± poles are separated by great
distances when Af lies in the plane of the sheet (Fig. 4.6a), Hd —» 0 and Na « 0.
Then from (4.12), Nb ~ 1 (4rc in cgs). Notice that in this case, we predict
B\ — Ho{-NM + M) = 0. B vanishes inside the sheet. Be outside the sheet is
also zero because fringing fields have an insignificant effect when the sheet is
very large compared to its thickness (cf. Fig. 4.2). The boundary condition Bn

continuous is obeyed at both transverse interfaces, as it should be. This agree-

crm=M
+ + +

\Hd»-M

(a) (b)

Figure 4.6 Surface poles and internal demagnetizing field Hd for a long rod or a
thin sheet magnetized (a) along the axis of the rod or in the plane of the sheet, and
(b) transversely.
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ment, plus the result N = j for a sphere, constitute a proof of the important gen-
eral principle Nx + Ny + N. = 1 in two special cases.

Demagnetizing factors for simple grain shapes are summarized in Table 4.1.
Detailed tabulations and graphs of demagnetizing factors for ellipsoids, cylin-
ders and prisms appear in Osborn (1945), Stoner (1945), Nagata (1961, pp. 70-
71) and Joseph (1976).

4.3 General methods for finding internal fields

4.3.1 The magnetostatic potential

From Maxwell's equations, in a current-free region with static electric and mag-
netic fields,

V x f f = 0, V • B — /iOV • (H + M) — 0. (4.15)

It is helpful to write H = — V $ ; this is permissible because V x V $ = 0. <?, the
magnetostatic potential, physically represents the potential energy Ed (cf. eqn.
(4.9)) per unit magnetic charge. Using the second equation of (4.15), <2> is speci-
fied by the differential equation

where pm = - V • M is the magnetic pole density inside a magnetized material

(the electrical analog is the volume bound charge density /9b). In uniformly mag-

Table 4.1 Demagnetizing factors for uniformly magnetized grains

TV N

Grain shape and direction of M (SI) (cgs)

Sphere (or cube), any direction

Prolate spheroid, long axis (A^)

Prolate spheroid, short axis (Nb)

(for exact values, see Fig. 4.5)

Cylinder, axial M

Needle, axial M

Needle, transverse M

Thin disc or sheet, in-plane M

Thin disc or sheet, transverse M w 1

1
3

see eqns. (4.28)

wO

~ 2

« 0

4TT

T
4TT

4TT

,(4.29)

wO

«2TT

« 0
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netized grains, such as we have been studying in §4.2, or within uniformly magne-
tized domains and some types of domain walls (Bloch walls; §5.3), there are no
volume poles. Then we use the second alternative of (4.16), which is Laplace's
equation. Notice that finding #, and hence Hd and He, by solving Laplace's equa-
tion is equivalent to assuming that the only sources of Hd and He are surface
poles.

The general solution to the first alternative of (4.16) (Poisson's equation) is

in which r specifies the location of the field point where $ (and ultimately Hd or
//e) are being evaluated and r is the location of a source point within the magne-
tized region V' bounded by the surface S'. In cgs, the l/47t is omitted. Evaluating
the integrals for a sufficient number of points to give a reasonable picture of the
spatial pattern of Hd or He is extremely laborious unless the distribution of Mis
simple. Equation (4.17) is therefore not recommended as an actual prescription
for calculating $.

However, we can transform (4.17) in a way that gives considerable insight.
Using Green's theorem for two general scalar potentials f 1, f 2:

f V«P,-V«P2 d F ' + f «P,V2!P2 dV'=\ ¥ » , ^ d S ' (4.18)
Jv iv Js' on

and putting f| = l/47t|r — r'\, Vf2 = M, the first term in (4.18) becomes the
r.h.s. of (4.17).

Rearranging we find

( 4 1 9 )

Equation (4.19) explicitly demonstrates that <? has two sources, volume poles
and surface poles. Furthermore, we recognize the integrands as Coulomb poten-
tials of magnetic charges in small regions in the interior and on the surface of
the magnetized source region. This is the underlying justification for the
approach taken in §4.2.

One simple case in which (4.17) can be evaluated directly is that of a magnetic
dipole (Fig. 2.1a) oriented along the positive z axis, so that fi — fxk. V' shrinks
to a single point, the origin (r = 0), so that (4.17) becomes

. , , . _ 1 d / 1 \ z cos 9 . .
4jt<£(r) = -u- V-p-r = -a— I - = +u^r = u —5—. (4-2o)

\r\ dz \rj r3 r

He = - V * then correctly gives the dipole field of eqn. (2.2).



General methods for finding internal fields 95

4.3.2 Internal and external fields of a uniformly magnetized sphere

Let us return to the uniformly magnetized sphere of radius R (Fig. 4.3). Since
M = Mk is uniform and V does not involve the source region coordinates r, we
can write (4.17) as

) y , 4n\r - r1 |
An 3 d ( 1 \

= -M — P?— [ — ) =
3 dz \4nrJ

= -M-V
J Vt 4n\r - r1 \

cos 8
if r> R

az \47iry 'Mir'-
A /f £1

= -——(3R2-r
2) =\Mz \ir<R. (4.21)

To arrive at the alternative solutions in (4.21), we have used results from elemen-
tary potential theory (e.g., the gravitational potential of a homogeneous sphere;
Serway, 1986, pp. 302-303). The first alternative shows that the external mag-
netic field He of a uniformly magnetized sphere is the same as that of a dipole of
moment /i = VM at the centre of the sphere, as we stated in §4.2.3. From the sec-
ond alternative, we find

//j = Hci = — V$ = ~~K~k = —^Mk = —^M. (4-22)

Thus a sphere has a uniform demagnetizing field — 5 M everywhere in its interior.
An alternative approach is to solve the differential equation for # as a bound-

ary value problem. Since M is uniform, there are no volume poles and the second
alternative of (4.16) is to be solved. The solutions of Laplace's equation for a
source region with a spherical boundary are spherical harmonics:

0), ^e = E j B ' r " '~ 1 / > ' ( c o s e ) - (4-23)

With M along the z axis, the symmetry dictates that there is no dependence on
azimuthal angle <f>. No / = 0 terms are possible because then <?; would be constant
and there would be no internal field. We can begin with the / = 1 harmonics
(and in fact these will prove to be sufficient). We have

, . . . , „ cos 6
$i = Axr cos 6 = A\Z, #e = Bx——. (4-24)

At the equator of the sphere (r = R, 6 = 90°), Hx = -Axk is tangential to the
surface and so is He = Bx (sin 6/R3)§ = -(Bx/R

3)k. By the continuity of Ht

we have that Bx — AXR3. Now on the z-axis at the surface of the sphere
(r = R, 9 = 0), both fields are normal. Applying continuity of Bn, we have that
-A, + M = 2BX/R3 = 2AX, and so A, = M/3. Thus we have

^ M „ „ 1 .
#,- = — z, //i = //d = - - M , (4.25)
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and

M R 3 cos e cos e , 26^

where jz = (4TI /3)^3 M is the dipole moment of the sphere. These are the same
results we found in (4.21) and (4.22).

4.3.3 Internal field of a uniformly magnetized cylinder

In Fig. 4.7, the field point P is on the axis of a circular cylinder of length 2L and
radius R at a distance z from the centre. The cylinder has uniform magnetization
M along its axis, resulting in positive magnetic poles on the right end of the cylin-
der and negative poles on the left end, with densities <rm = ±M. There are no
volume poles.

Working directly from (4.19), it is easy to show that

$(z) = M{z + \[R2 + {L-z)2\xl2-\[R2 + (L + z)2]"2}. (4.27)

Then

d$s .A. L-z L+z I

dz I 2[R2 + (L-z)T
(4.28)

At the centre of the cylinder (z = 0), this becomes

1 - R2
 L 1, (4-29)

The limiting cases are

Hd->0 as L/R -> 00 (needle, axial M) (4.30)

and

Hd = -M as L/R^O (thin disc, transverse M) (4.31)

These results confirm the conclusions of §4.2.5.
Macroscopic bodies as well as microscopic grains can have shape anisotropy.

Paleomagnetic samples, for example, are normally cylindrical cores with a fairly
uniform average magnetization. In order to avoid deflection of the NRM vector

Figure 4.7 Surface poles
crm = -Mf ~ \ M I + \am=M and internal demagnetizing

field HA for a cylinder with
Z^ Q p J + J uniform axial magnetiza-

tion M.
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by internal demagnetizing fields or to avoid introducing a non-intrinsic source of
anisotropy in magnetic susceptibility anisotropy measurements (§16.4.1), we
need to eliminate as nearly as possible the sample's shape anisotropy by making
the transverse and longitudinal demagnetizing factors of the cylinder the same.
This is approximately the case if the length to diameter ratio, L/2R, of the sample
is about 0.9 (see Stacey and Banerjee, 1974, p.45 for a discussion).

4.3.4 Internal fields in cubes with uniform and non-uniform M

In a single-domain cube (Fig. 4.8) with M = Ms, along +x as shown, positive
surface poles appear on the +x face of the cube and negative poles on the —x
face, with densities <rm = ±MS. The direct approach to finding Hd would be to
sum the vector dipole fields (from eqn. (2.2)) of all atoms at the location P(r).
This is too large a task for even a supercomputer! A reasonable approach is to
divide the model crystal into n x n x n cubic cells, approximate Ht of each cell
by a dipole field, and calculate the resultant vector field at P of the r? - 1 cells
other than the one containing P. To map out the field, this calculation has to be
repeated for the field point P at the centre of each of the other cells. In all,

Figure 4.8 Example of
subdivision of a model
grain into cells for a micro-
magnetic calculation of
internal fields. The grain in
this example is a single-
domain cube with M$

along the .Y-axis. Therefore
poles appear only on
matching faces of surface
cells (hatched) at opposite
ends of the grain.
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3«3(«3 - 1) vector components must be computed. For the cube in Fig. 4.8,
which has been subdivided into 9 cells on a side, just under 1.6 million individual
calculations are required.

There are two problems with this approach. First, it is not clear a priori how
fine a discretization or subdivision into cells is needed to obtain a close approxi-
mation to the true field of the (macroscopically) continuous magnetized medium.
Trial and error is the easiest way of testing the convergence of Hd (see Williams
et al., 1988). This adds considerably to the computation time. The second pro-
blem is that although the external field of a sphere is a dipole field at any distance
outside the sphere (even, in the limit, at the sphere's surface), this is not true for
a cube. Thus a special approach is needed to deal with the fields of near-neigh-
bour cells.

Another approach is to calculate numerically the resultant at P of all the vec-
tor Coulomb fields of the 9 x 9 positive surface charges of the +x face and the
matching 9 x 9 negative poles of the — x face. This is computationally more effi-
cient, since only 6n5 vector components are to be calculated (about
135 000, < 1/10 as many as in the dipole field calculation). There is also an order
of magnitude reduction in the number of calculations needed to test the
discretization for convergence. The near-neighbour problem is also less severe,
except for field points near the ±x faces.

An analytical solution is also possible, working directly from (4.19) to find
<£(x, y, z) at P and then differentiating the result with respect to x, y and z to
find the components of Hd. The equations are so cumbersome that there is not
much reduction in computation time (Dunlop et al., 1990a), but Hd is exact and
covers any possible point P inside the cube (or Ht at any point outside the cube).
The only discretization is in approximating a non-uniform M by cells with differ-
ent uniform M vectors. Figures 4.9 and 4.10 show the results of Dunlop et al.
for the single domain cube of Fig. 4.8 and for a non-uniform M, a two-domain
cube with a Bloch wall.

In much of the interior of a single-domain cube, the internal field due to Mis a
demagnetizing field (i.e., antiparallel to M). Its strength varies but the volume-
averaged field is exactly - jM. This is as it should be because the demagnetizing
energy Ed is ̂ 0 V\^l for a SD cube as for a SD sphere (this is the basis for the
statement in §4.2.5 that N = 5 for a uniformly magnetized cube). Hd is also
exactly — 5 M at the centre of the cube. Elsewhere, especially in the corners, Hd

is deflected from —x and has transverse (y and z) components. Note that the
field lines fringe out of the cube at the sides and edges, exactly as for a capacitor
(Figure 4.1). The minimum magnitudes of Hd are at the sides, where the field
lines are most widely spaced. Hd is maximum near the ±JC pole faces where the
field lines converge and end on surface poles.

Inside a two-domain grain, the fields within domains are considerably
reduced. This is because each domain has an axial ratio b: a of « | and Mis in an
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Figure 4.9 Calculated
internal demagnetizing
field Hd at the centres of
selected cells in the uni-
formly magnetized single-
domain cube of Fig. 4.8.
The size of each arrow is
proportional to the
strength of HA. The x, y, z
arrowheads at the lower
left each have magnitude
0.5A/s. Hd at the centre of
the grain has a value
(1/3)MS. Notice the fring-
ing of field lines out of the
corners and edges of the
grain. [After Dunlop et al.
(1990a) © American Geo-
physical Union, with the
permission of the authors
and the publisher.]

Figure 4.10 Calculated internal demagnetizing field Hd vectors on selected
planes and lines inside a model grain with two domains separated by a Bloch wall.
A profile of Afs parallel to z, crossing the wall and both domains, is shown at cen-
tre. The demagnetizing fields are much smaller than in the single-domain grain
(Fig. 4.9), except where the wall intersects the ±x faces. Here tight flux linkages
between adjacent + and — pole sheets lead to strong local fields (right-hand
diagram). [After Dunlop et al. (1990a) © American Geophysical Union, with the
permission of the authors and the publisher.]



100 Magnetostatic fields and energies

easy direction of shape anisotropy. The strongest fields are within the domain
wall, particularly where the wall meets the ±x faces. Here there are short flux
links between adjacent + and — poles on the same face, due to the two domains,
and a high flux density B. Note that similar tight flux links pass outside the crys-
tal. These will attract magnetic colloid particles, which make the flux lines visible
(Fig. 1.2), just as iron fillings spread over a bar magnet reveal its field lines.

Numerical computations of the demagnetizing tensor N are now very efficient
(Newell et al. 1993a). The general formulation of N was developed as a means
of calculating demagnetizing energies Ed = j/x0 VM • N • M required in micro-
magnetic calculations of the minimum-energy magnetization distribution M
(see next section and Chapter 7). Finding the internal field —N • M is one step in
these calculations.

4.4 The demagnetizing energy or magnetostatic
self-energy

In all the calculations we have considered so far, A/was prescribed and the result-
ing Hd and Ed were then found. In reality, the distribution of M is usually a
more interesting and difficult problem than the distribution of Hd. Finding the
magnetization structure requires minimizing the total energy, of which Ed is one
part, and by far the more laborious part to calculate.

If no initial constraints are being applied, one subdivides the model crystal
into cells, usually cubes, square rods or rectangular sheets. Within each cell,
M = Ms (taking account of short-range exchange coupling) but the direction of
Mis allowed to vary from cell to cell. Many iterations of possible mutual orienta-
tions of M vectors are required to converge on a minimum-energy structure.

The most direct approach to finding Ed would be to calculate the dipole-
dipole interaction energy between the moments of all pairs of cells. As in §4.3.4,
there is a problem with near-neighbour interactions, but this can be handled
using numerical results for a uniformly magnetized cube (e.g., Fig. 4.9). The
energy of interaction of two dipoles, whose moments px, fi2 make angles 6X, 62

with the line rl2 joining them, is

Icos (*i - °2) ~3 c o s *i c o s h]- (4-32)

The main problem with this approach is that it takes a large amount of comput-
ing time. With a n n x / i x n array of cells, there are \ w3 (n3 — 1) pair interactions
to be evaluated in each iteration of the model. If n = 9 as in Fig. 4.8, this is
about 38 000 interactions per iteration. Because M varies in direction for each
cell in each iteration, all the (9\, 62) change at each step and there is no easy
way of economizing on the computational labour.
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A much more efficient approach, developed by Rhodes and Rowlands (1954),
makes use of the transformation of the magnetostatic potential $ into a sum or
integral of Coulomb potentials (eqn. (4.19)). Since M is uniform within each
cell, V • M = 0 and volume poles are eliminated from all model structures.
Each cell has surface pole densities am = Ms • n on its six faces. We can think of
the poles on these faces as six discrete magnetic charges Qm. The demagnetizing
energy is then the sum of all Coulomb pair interaction energies:

(4-33)
r.k

where p = 3 for an array of n x n x n cells (3-dimensional micromagnetic calcu-
lation), p = 2 for a 2-dimensional calculation with n x n cells and/7 = 1 for a 1-
dimensional calculation. Rectangular model crystals with / x m x n cells would
require calculating \ x (6lmn)2 interactions.

An example of an array of n cells suitable for a 1-dimensional magnetization
minimization is shown in Fig. 4.11. This is a fairly crude discretization in which
domain walls are subdivided into only two cells or slabs. Since Ms is constrained
to lie in the plane of each slab (this is appropriate for lamellar domains separated
by 180° Bloch walls), only four (and in many cases only two) of the six faces of
each cell are 'charged'. The number of interactions is thereby much reduced.

As in internal field calculations, there is a near-neighbour problem if charged
rectangles are approximated by single charges. Self-energies (j = k) and mutual
energies of charges on faces shared by two cells cannot be approximated by inter-
actions of discrete charges. Rhodes and Rowlands dealt with this difficulty
by solving the general problem of interactions between uniformly charged

Figure 4.11 Coarse sub-
division of a model rectan-
gular grain into slabs of
uniform magnetization
(Ms in the domains;
(2/n)Ms in the walls,
representing an average of
Mw across each wall). Such
a discretization is suitable
for low-resolution one-
dimensional modelling of
magnetization structure
(see Chapter 7). [After
Argyle and Dunlop (1984)
© American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]
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rectangular sheets of identical size, with their planes either parallel or perpendi-
cular. Their analytic function (the Rhodes and Rowlands' or RR function) is
therefore exact for interactions at all spacings.

As a simple example, the per-unit-volume Coulomb interaction energy e,y of
domains / andy, bounded at their tops and bottoms by pole sheets of width pta
andpja, and with separation ry (Fig. 4.11) is (Dunlop, 1983a)

,^[£iF{pi+Pj + ru, q) + AF(r(,) q)

j + ry, q) - AF(pj + /•„, q)]. (4.34)

Here <rmi, amj are surface pole densities and AF(p, q) — F(p, 0) - F(p, q),
where the RR function F(p, q) is

F(p, q)=(p2-
1

W2

+Pil -q2) sinh" \jywF2\
+ pq2 sinh"1 ( - I — npq + q2 sinh"11 -

+ 2pq tan '

+ \{p2 - 2q2)(p2 + q2) +§<73- (4-35)

The great advantage of the RR approach is that all geometrical factors - the
spacings of the rectangular pole sheets and their angles of offset - remain fixed.
The geometrical part of each RR coefficient is calculated only once, and stored
for use in each successive iteration. Varying the magnetization, i.e., the set of
orientation angles of Ms for each cell, merely produces a different set of scalar
umh °m) values on the faces of the cells, which are quickly multiplied by the
stored geometrical coefficients to complete an iteration of energy. The saving in
computing time is substantial.

Still more efficient numerical methods of calculating Ed are actively under pur-
suit. For example, Fourier transform methods (Yuan and Bertram, 1992; Berkov
et ai, 1993; Fabian et ai, 1996) can reduce the number of computations in each
iteration significantly. The model crystal can then be more finely subdivided to
increase the resolution of its theoretical minimum-energy magnetization struc-
ture. We will return to micromagnetic model calculations in Chapter 7, after dis-
cussing simple domain structures based on elementary versions of the energy
terms.



Chapter 5

Elementary domain structures and hysteresis

5.1 Introduction

Landau and Lifschitz (1935) predicted the existence of ferromagnetic domains as
a means of reducing magnetostatic energy. As they put it, 'Elementary regions
of nearly saturation magnetization in a ferromagnetic crystal result from the
demagnetizing effect of the surface of the body'. Their predicted domain config-
urations (Fig. 5.1 a) agree quite closely with the patterns observed on a polished
{110} surface of magnetite (e.g., Figs. 1.2, 5.8b). Landau and Lifschitz proposed
a layered structure: lamellar body domains, with alternating directions of magne-
tization MS|, Ms2, in the interior of the crystal; wedge-shaped surface closure
domains, with A/sc parallel or nearly parallel to the surface, providing flux clo-
sure paths between adjacent domains; and narrow domain walls in which Ms

rotates through 90° or 180° between neighbouring domains. In magnetite, Ms

rotates through 70.5° or 109.5° (the angles between adjacent (111) easy direc-
tions) rather than 90° across walls between closure and body domains (Fig. 5. ib).

The Landau-Lifschitz (LL) structure is remarkably effective in reducing
demagnetizing energy. Ms is uniform within body and closure domains, and so
there are no volume poles. Ms is parallel to 180° walls, and so am — Ms • h = 0
for these walls. The 90° (or 70.5° and 109.5°) walls bisect the angle between Ms

vectors in neighbouring body and closure domains. Thus am due to the body
domain exactly cancels am due to the closure domain, and no surface poles
appear on any interior boundaries.

For an idealized rectangular prismatic crystal with (100) easy axes, e.g., iron
or TM60, there are no poles at the crystal surface because Ms vectors in both
body and closure domains are surface parallel (Fig. 5.1a). In a magnetite prism,
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Figure 5.1 (a) The Landau-Lifschitz structure, with body and closure domains
separated by 90° walls, appropriate for a material with positive AT, and (100) easy
axes, (b) A possible domain structure, with Ms vectors along (111) easy axes and
71 ° and 109° walls separating closure and body domains. This structure produces
poles (+ and — signs) where Msc cuts the crystal surface. [After Ozdemir et al.
('995) © American Geophysical Union, with the permission of the authors and
the publisher.]
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the (111) easy axes are oblique to the crystal faces, resulting in some surface poles
(Fig. 5.1b). However, the demagnetizing energy is so important compared to
the crystalline anisotropy energy that Ms vectors close to the crystal boundary
will be deflected away from (111) so as to be nearly surface-parallel, greatly redu-
cing (Tm. This is sometimes called the /J,* effect.

The only remaining sources of magnetostatic energy are domain walls them-
selves. In the interior of large crystals, the walls are narrow relative to their lateral
dimensions. On a perpendicular traverse across the wall, Ms rotates on a cone
about the wall normal (a Bloch wall; see Fig. 5.9). For a 180° wall, the 180° cone
is a circle in the plane of the wall. 70.5°, 90° and 109.5° cones have both a compo-
nent of Ms in the plane of the wall (MsX, perpendicular to the cone axis or wall
normal h\ Fig. 5.9) and a component M^ parallel to h. Ms^ is constant across
the wall; therefore V • Ms = 0 and no volume poles appear within the wall (cf.
eqn. (4.16)). The in-plane component Ms|| does produce surface poles where the
domain walls intersect the crystal surface but since N « 0 for a thin sheet with a
planar magnetization (§4.2.5, Table 4.1), the demagnetizing energy of Bloch
walls in large crystals is small.

Domains may be simple in form, like the ones in Fig. 5.1, or quite complex. It
is the domain walls, within which moments rotate in a wave-like fashion from
one atom to the next and Ms changes rapidly over short distances (typically
0.1-0.5 um), which are actually viewed in most methods of domain observation.
Because Ms in domains tends to be nearly parallel to the surface, there is little
or no leakage of magnetic flux (i.e., lines of J?) out of the crystal from the domains
themselves, unless closure domains are absent (as in materials with strong uni-
axial magnetocrystalline anisotropy). In Bloch walls, however, Ms is oblique to
the surface and a concentration of flux lines emerges from or reenters the crystal
along the surface intersection of the wall (Fig. 4.10). A colloidal suspension of
ultrafine magnetite particles will be attracted to these locations; this is the basis
of the Bitter (1931) technique of domain observation.

In domain observations by the Bitter method, Ms directions within domains
must be inferred from the response of their bounding walls to applied fields
(§5.6). Not all walls are equally visible. Visibility is greater if Ms has a large sur-
face-normal component where the wall cuts the polished viewing surface. This
is the case for 180° Bloch walls bounding body domains, but less so for the
70.5°, 90° or 109.5° walls bounding closure domains (because M s l is smaller for
these walls), and not at all for near-surface Neel walls, in which Ms rotates in
the plane of the surface (this amounts to a // effect for walls; see Fig. 7.8). Nar-
row walls may be easier to see than broad ones, because the colloid is more con-
centrated. Fine structures, in which Ms rotates gradually within a nearly
uniform domain, are not easy to detect.

A problem with almost all methods of domain observation, including the Bit-
ter technique, is that the sample must be polished to a smooth surface. One has
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then modified the shapes and structures of the magnetic grains being observed.
Even if the surface is unpolished (e.g., Moskowitz et ah, 1988b), only near-sur-
face structures can be viewed. These may not be representative of body domains
in the grain's interior.

5.2 Simple domain structures and their energies

5.2.1 Alternative domain states of a particle

Domains have simple and predictable forms if the grain geometry is simple.
Figure 5.2 shows four alternative minimum-energy states for the same particle.
In the single-domain (SD) state (Fig. 5.2a), there is a high density of surface

.'' \ l
(b)

JL

(c) (d)

Figure 5.2 Alternative domain structures for the same grain, (a) single-domain
structure with widely separated + and — poles, linked by large external flux loops,
(b) Two-domain structure, with less pole separation and more localized flux link-
ages, (c) Four-domain state, (d) Two-domain state with closure domains.
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poles and a large magnetostatic energy associated with both the internal field Hd

and the external (or stray) field He arising from these poles. In the two-domain
(2D) state (Fig. 5.2b), the surface pole densities have not changed, but the
domains are long and narrow compared to the SD state. Their demagnetizing
factors and demagnetizing energy (§5.2.2) are about one-half of SD values. On
the other hand, a wall has been created at the cost of some added exchange and
crystalline anisotropy energy (§5.3).

Notice that it is usually energetically favourable to subdivide the grain by a
wall parallel to the long axis (see Fig. 5.3). The reduction in EA compared to the
same grain with a shorter transverse wall outweighs the extra wall energy. Any
rotation of the domains away from the long axis results in shape anisotropy,
just as in SD particles.

In the four-domain (4D) state (Fig. 5.2c), the particle has long plate-like
domains with small N and Ed. Equivalently, the external flux loops of He or Be

linking + and - surface poles are now very short and tight, and generate little
stray-field energy. However, the wall energy has tripled.

Another way of reducing or eliminating Ed is by adding closure domains to the
two body domains (Fig. 5.2d). There are now no surface poles and no external
stray fields; the flux closure is all internal. The wall energy is also reduced com-
pared to the 4D state. However, the closure domains generate additional magne-
toelastic energy. Because Ai 11 is positive in magnetite while A1Oo is negative (Fig.
3.8a), domains magnetized in or near (111) easy directions will tend to sponta-
neously expand along the direction of Ms and contract in transverse directions.
Domains with parallel Ms vectors (e.g., Fig. 5.2a-c) can expand compatibly,
but domains with perpendicular Ms vectors cannot. The body and closure
domains in Fig. 5.2(d) are strained. Both are shorter than they would be in isola-
tion. The stress that results from incompatible magnetostrictive strains of body
and closure domains gives rise to magnetoelastic energy (§2.8.4).

All four structures shown in Fig. 5.2 are possible minimum-energy states of
the same particle. That is, it takes energy to transform one into another. Which
of the alternative structures is the equilibrium state, with the lowest absolute
energy? In order to answer this question, we shall develop expressions for demag-
netizing and wall energies in the next two sections.

5.2.2 Demagnetizing energy of lamellar domain structures

In Chapter 4, we determined demagnetizing energies of uniformly or almost uni-
formly magnetized grains of different shapes. Such single-domain grains respond
to an applied field / / 0 by a rotation of Ms. Now we are concerned with multido-
main grains which have strong and uniform magnetizations within individual
domains, but zero or near-zero net magnetization overall in the absence of an
applied field. Domain rotation is minor compared to the displacement of domain
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(b)

Figure 5.3 Elongated magnetite grain in a crack in a biotite crystal, with several
domains parallel to the long axis, (a) In approximately zero field, a small external
flux loop linking poles on two adjacent domains forms at one end of the grain,
(b) in an 8-mT (80-Oe) field applied subparallel to the grain axis (the series of dark
lines indicate the field direction), walls are driven to the edge of the grain and larger
external flux loops develop. [After Ozdemir and Dunlop (1992) © American Geo-
physical Union, with the permission of the authors and the publisher.]
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walls, enlarging domains whose Ms vectors are favourably oriented (parallel or
nearly parallel to H0).

During this process of wall displacement, the structure and energy of a wall
(§5.3) do not change unless crystal defects impede wall motion ('pinning'). Ignor-
ing both wall pinning and internal wall structure for the moment, the only source
of energy in lamellar domain structures (Fig. 5.2a-c) is magnetostatic. As an
approximation, we can write the demagnetizing energy as

Ei = Ed0 +1 Mo VNM2 = Ed0 + 2fi0nL WN (x) M2 x2 / d, (5.1)

in which n and d are the number and width of domains in the demagnetized state,
L and W are grain length and width (Fig. 5.2c), and x is the distance each wall is
displaced in response to //0- Equation (5.1) is modelled on the corresponding
SD expression (4.9), but the anology between the two expressions is superficial.
Even in the 'demagnetized' state (x = 0 and M = 0), the individual domains are
strongly magnetized and have a substantial demagnetizing energy Ed0. When
walls move, unfavourably oriented domains grow narrower and their individual
demagnetizing factors and energies decrease (§4.2.5). On the other hand, favour-
ably oriented domains widen and their N and EA values increase. The increases
outweigh the decreases, with the result that EA increases with increasing x.

Ed and the effective demagnetizing factor for the grain as a whole,

2{Ed - Ed0)

p^VM2 ' [5-2)

are plotted in Fig. 5.4 for MD cubes (L — W = D) as functions of normalized
wall displacement or magnetization r. To a first approximation, EA increases
quadratically with x or M and the MD demagnetizing factor N is a constant.
This fact justifies the form of eqn. (5.1). The calculations on which Fig. 5.4 is
based (Dunlop, 1983a) used the RR formulation of Ed (§4.4) and assumed walls
of negligible width and energy with equal displacements. Xu and Merrill (1987)
allowed the walls to have varying displacements and obtained very similar
results. A full micromagnetic calculation, with wall structure and closure
domains or other deviations from one-dimensional magnetization structure
included, has yet to be carried out.

Figure 5-5(a) shows how Ed0, the demagnetizing energy when Ho = 0,
decreases as the number n of domains increases. (If n is even, the grain has zero
net magnetization when Ho = 0, but if n is odd, e.g., the three-domain curve in
Fig. 5.4a, there is one unbalanced domain and a small net magnetization in zero
applied field.) A useful approximation,

£do ~-(£do)sD> (5-3)

is plotted in Fig. 5-5(a). Another widely used approxiation (Kittel, 1949, eqn.
(2.4.4); Rhodes and Rowlands, 1954, eqn. (3.18)) is
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Figure 5.4 Calculated demagnetizing energy EA and effective demagnetizing
factor N of an ^-domain particle as a function of domain-wall displacement.
[After Dunlop (1983a) © American Geophysical Union, with the permission of
the author and the publisher.]



50 20 10 8 6 5 4 3
(a) Number of domains, n

Number of domains, n

10050 20 15 10 8 6 5 4

0
(b)

01 0.2 0.3 0.4

l/n
0.5

Figure 5.5 Calculated demagnetizing energy Ed0 in the remanent state and effec-
tive demagnetizing factor N in low-field and high-field states as a function of the
number of domains, n. [Unpublished calculations by D. J. Dunlop.]
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. (5.4)

This expression considers only interactions between poles on the same face of the
cube and ignores interactions between opposite faces. It is exact in the limit
n —y 00, but seriously underestimates Ed0 when n is < 20. For example, for
n = 10 domains, Ed0/(Ed0)SD = 0.093 (Fig. 5.5a). The approximate estimates
are 0.100 from (5.3) and 0.081 from (5.4).

N is also an approximately linear function of \/n (Fig. 5.5b). When n is very
large, the grain is so finely subdivided into domains on a scale length Lor D that
it behaves magnetostatically as though it had a uniform magnetization equal to
its net magnetization M. N then approaches the value for a SD cube, 7VSD = 5
(4rc/3 in cgs). As n becomes smaller, the discreteness of the domain magnetiza-
tions becomes more and more important. A 'demagnetized' 2D cube has
^2D = 0.127 (1.6 in cgs), less than one-half of NSD.

For MD grains approaching saturation (M —> Afs), eqns. (4.9), (5.2) and (5.3)
yield

( ^ (5-5)

The demagnetizing factor No when walls are near their zero-field positions is sig-
nificantly less than Nsat for the same n. No depends linearly on 1 /«, but in different
ways for n even or odd (Fig. 5.5b). As a practical guideline, NMD is within 10%
of 7VSD for any magnetization state if n > 17.

The average internal field, (//d) = -NJQM, inside a 2D cube is greatly
reduced compared to that inside a SD cube. However, Hd can be large in local
regions (Fig. 4.10). The dispersion in directions of Hd results in a small vector
average. There is a similar dispersion on a fine scale inside MD grains with a
large number of domains, but for many purposes they can be regarded as a con-
tinuum with uniform magnetization M. Then the treatments of §4.2 and 4.3
will correctly predict the average internal field and the part of Ed, J/J,0VNM2,

that varies with wall displacement. Shape anisotropy due to domain rotation
requires some modification because Ed0 is shape dependent as well as N. In
other problems, for example the nucleation of new domains, local variations in
the magnitude and direction of Hd are of paramount importance.

Generally speaking, Ed0 is the part of Ed that must be considered in the total
energy budget of a grain when comparing alternative domain structures. This is
the point of view we shall take in determining the equilibrium number of lamellar
domains as a function of grain size in §5.4. When modelling changes in the mag-
netization state of a grain with a constant number of domains, the term
\ fi0 VNM2 is relevant and we must know N. Calculations of this type are the sub-
ject of §9.2.
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Width and energy of domain walls

Width and energy of domain walls

5.3.1 180° Bloch walls

Within the 180° Bloch wall separating two body domains, atomic magnetic
moments rotate in the plane of the wall through small angles across « 200-300
adjacent unit cells (Fig. 5.6a). This gradual transition between domain magneti-
zation directions greatly reduces the exchange energy compared to an abrupt
reversal of Ms. On the other hand, many of the moments in the wall are rotated
out of easy (111) directions. The wider the wall, the greater the magnetocrystal-
line anisotropy energy becomes. The competition between Eex, favouring broad
walls, and £K, favouring narrow walls, results in wall structures like those
shown in Fig. 5.6(b).

In the LL wall (Landau and Lifschitz, 1935), the angle between adjacent
moments is largest in the centre and decreases towards the edges of the wall.
This model is appropriate for materials with uniaxial anisotropy, in which
moments midway through the wall are in hard directions and have large £K, but
not for magnetite, in which moments in the mid-region of the wall are near
(111) easy axes.

One-dimensional micromagnetic calculations (Moon and Merrill, 1984;
Enkin and Dunlop, 1987) that assume uniaxial anisotropy give 9(x) profiles
that resemble the LL structure in the wall interior but overshoot 0 and 180° at
either edge (Fig. 5.6b). The 'skirts' of overrotated moments partially offset the
net magnetization of the main part of the wall, thus reducing the wall's demagne-
tizing energy Ed. EA is ignored in classical calculations of wall structure because
the walls are assumed to be thin sheets with negligible demagnetizing factors.
Amar (1958) first pointed out that in small particles with few domains, walls
have widths comparable to their lateral dimensions. Ed is then not negligible.
Indeed it may be the largest term in the total wall energy. Another effect that is
important in fine grains because of their large surface/volume ratios is the ten-
dency for near-surface moments in the wall to rotate subparallel to the surface,
rather than in the plane of the wall. This reduces pole densities on the crystal sur-
face at wall terminations at the expense of creating some additional volume

(a)

Figure 5.6 (a) Sketch of the rotation of neighbouring spins or atomic magnetic
moments across a 180° Bloch wall.
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Figure 5.6 (b) Profile of spin orientations, according to different calculations:
Landau and Liftschitz (1935) for an unbounded medium; Lilley (1950), for a wall
plane containing an intermediate (111) easy axis, so that the 180° wall subdivides
into a 70.5° wall and a 109.5° wall; Enkin and Dunlop (1987), showing overshoot
of orientations beyond 0 and 180°, forming wall skirts that reduce Ed. [Figure from
Enkin and Dunlop (1987) © American Geophysical Union reproduced with the
permission of the authors and the publisher.]
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poles within the wall. Neel-like walls near the crystal surface are predicted by
two- and three-dimensional micromagnetic models (§7.5.4).

We now turn to approximate calculations valid for large crystals containing
many domains and walls. We ignore both Ed and near-surface changes in the
structure of a wall, and further assume equal angles between adjacent moments
within the wall and no overrotations beyond 0 or 180°. The problem is reduced
to a one-dimensional minimization of the sum of Eex and EK for a line of m + 1
moments, each at an angle 9 = n/m with respect to its neighbours. The exchange
energy for the m pairs of neighbouring moments, from eqn. (2.33), is

Eex = -2mJeSt • Sj = -2mJeS
2cos9 « -2mJeS

2(l - \92)

=-2mJeS
2 + JeS

2n2 - .
m

(5-6)

The approximation for cos 9 is valid because m is large and so 9 is small. The first
term in (5.6) is the exchange energy of m pairs of parallel spins. The second term
is angle-dependent and is minimized by making m as large as possible.

The anisotropy energy EK is usually stated to be on the order of the anisotropy
constant K times the volume of the wall (e.g., Kittel, 1949, eqn. (3.23); Cullity,
1972, eqn. (9.6)). This is a gross overestimate because very few spins are in or
near hard directions (Fig. 5.7a). The spins will rotate from [111] to the opposite
direction, [111], in the easiest possible plane. (The spins are confined to a plane
(the plane of the wall) in order to avoid producing poles and increasing Ed.) A

Z[0Ol|

Y[010]

Figure 5.7 (a) Three-dimensional energy surface of EK for a cube of magnetite.
The (100) directions are hard axes with high energy. [After Williams and Dunlop
('995) © American Geophysical Union, with the permission of the authors and
the publisher.]
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relatively easy plane is (Ol 1), which contains an intermediate easy axis, [Til], but
also the [TOO] hard axis. This plane is sketched in Fig. 5-7(b), in which EK is con-
toured over the unit sphere, and in Fig. 5.7(0) relative to a cube of magnetite.

The easiest wall plane is the one shown passing through [TOl] in Fig. 5-7(b),
which is perpendicular to (TOl). It avoids the (100) hard axes entirely. Now, in
order to best view domain structures in magnetite, the crystal must be sectioned
and polished along a {110} plane, which contains four (111) easy directions.
Only then can a full set of body and closure domains form with Ms vectors in
the plane of view, so as not to produce surface poles. If the viewing plane is
(TOl), the plane of the Bloch wall is perpendicular to the polished surface.

To calculate wall thickness and energy, we need to determine the average
value (EK) of E^ for equal-angle rotations of spins in the easiest plane. Exact
solutions have been given by Neel (1944a) and Lilley (1950), but we will follow
the approach of Stacey and Banerjee (1974), which leads to a simple analytic cal-
culation of (EK). Returning to our earlier relatively easy wall plane, suppose
that the spins rotate from [111] to [ITT] via (Oil). (In this case, the plane of the
wall is inclined at 60°, rather than 90°, to a polished surface like (llO): see Fig.
5.7c.) During the first 70.5° of rotation, spins pass the [011] axis of intermediate
hardness and reach the [111] easy axis (Figs. 5-7b,c). In the final 109.5° of rota-
tion, the spins must pass the [TOO] hard axis before reaching [TIT]. The anisotropy
energy within the (Oil) plane at angle 9 to the [100] axis (see Fig. 5.7c) can
be found fromeqn. (2.47) by setting a{ = cos#, o% = a\ = ^(1 — a]) = jsin2 9,
giving

EK = Kx K(sin2 9 - 0.75 sin4 9) + 0.25K2 K(sin4 9 - sin6 9). (5.7)

Since K\ and K2 are both negative for magnetite above Tv (Fig. 3.7a), the
minimum energy is K\/3 + K2/21 for moments along (111), an intermediate
level of energy is K{/4 for moments along (110), and the maximum energy is 0
for moments along (100). The maximum energy difference, between (100) and
(111), amounts to |A^ |/3 + \K2\/21. The average energy difference of a spin in
the wall is only about \ of this, however. In our equal-angle model of spin rota-
tion, this average energy is well approximated by integrating (5.7) over the 180°
between [111] and [TIT], i.e., from 90 to n + 90 (Fig. 5.7c), dividing the result by
71, and subtracting the (11 Indirection minimum energy (Stacey and Banerjee,
1974, eqn. (3.28)). The result is

= KV = 0.1146|tf, IV + 0.0214|*2| V. (5.8)

Using the values A:, = -1.35 X 104J/m3,^2 = -0.28 x 104J/m3 for magnetite
(Table 3.1), we find K = 1.64 x 103 J/m3. By inspection of the £K contours in
Fig. 5-7(b), it is clear that K will be even smaller if the spins rotate in the easiest
plane.
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A line of m 4-1 spins occupies a volume V = ma3, where a is the spacing
between spins. Its energy is

Ew = Eex + AEK = JeS
2n2 — + Ka3m (5.9)

w ex K e ^ \D yj

(the angle-independent part of Eex has been omitted). At equilibrium,
d£w/dw = 0, giving a wall width

(5.10)

and a wall energy per unit wall area

lw = 2n(AK)l/2. (5.11)

The exchange constant A, defined as

A = JeS?/a, (5.12)

has a value A = 1.33 x 10~M J/m for magnetite at room temperature (Heider
and Williams, 1988). Equations (5.10) and (5. n ) are identical, apart from
minor numerical differences, to the results of Landau and Lifschitz (1935) and
Lilley(i950).

Substituting the values of A and K for magnetite, we find <5W = 0.28 um or
about 300 lattice spacings. An experimental determination of <5W for magnetite
is0.18um(Moskowitze?fl/., 1988b).

The specific wall energy for magnetite from (5.11) is 0.93 x 10~3J/m2 or
0.93 erg/cm2. Adapting the values in Lilley (1950, Table 6.1) for Ni (which has
(111) easy axes like Fe3O4), one obtains an alternative estimate of 0.85 erg/cm2.
Experimentally, from observations of domains like those in Fig. 1.2, Ozdemir
and Dunlop (1993a) found 7W = 0.91 erg/cm2. Thus the theoretical estimates
are reasonable.

5.3.2 70.5° and 109.5° Bloch walls

70.5° and 109.5° walls occur in the interior of magnetite crystals, separating body
domains with Ms vectors along different (111) axes (Fig. 5.8a). They also form
the boundaries of surface closure domains (Fig. 5.8b). The 70.5° and 109.5°
angles between Msc in the closure domain and Ms) or Ms2 in the body domains
are not directly measurable. It is the angles between the walls themselves which
are directly observable in Bitter patterns. For a {110} viewing plane, these angles
are 125° and 145° (Fig. 5.9a).

What is the structure of 70.5° and 109.5° walls? They differ from 180° Bloch
walls in that there is always a component of Ms normal to the wall. However,
the in-plane component of Ms behaves just like the spins in a 180° wall and fol-
lows the easiest plane described in the previous section. Therefore the planes of
70.5° and 109.5° walls, like the planes of 180° walls, are perpendicular to a
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Figure 5.8 (a) Body domains with 71°, 109° and 180° boundaries in the interior
of a large magnetite crystal ({110} viewing plane), (b) Body, closure and spike
domains at a deep crack in the same crystal. [After Ozdemir et al. (1995) © Amer-
ican Geophysical Union, with the permission of the authors and the publisher.]
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Figure 5.9 (a) Sketch of a single closure domain like the ones in Fig. 5-8(b) and
adjacent parts of the body domains, showing angles between Ms vectors and
between adjacent walls, and outward normals to the boundaries of the closure and
body domains. The viewing plane is {110}. (b) Left: half-cone rotation of spins
across a 4> = 71°, 90° or 109° Bloch wall. The angle A(f>' between adjacent spins is
larger than for a planar rotation. Right: the in-plane component of Ms rotates
through 180°, producing a net wall moment directed either up or down.
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{110} viewing plane, such as that in Fig. 5-9(a). This means that the outward nor-
mals ft, ft', ftc and ft[ to the boundaries of the body and closure domains in Fig.
5-9(a) lie in the plane of view. To eliminate surface poles on the 70.5° wall
between body domain 1 and the closure domain, we require

M s l • ft + M s c • ftQ = Msi • ft - M s c • ft = 0, (5.13)

so that ft must bisect the angle between A/sl and Msc. Similarly n'c for the 109.5°
wall bisects the angle between Msc and Ms2.

The structure within the wall is shown in Fig. 5-9(b). Spins rotate through a
half-cone of angle 70.5° across the 70.5° wall. By this means, the component of
Ms parallel to the wall normal, M^ = A/s • ft = Mscos.{\ x 70.5°) is kept con-
stant, so that V • M = dMs\\/dn = 0 and no poles appear within the wall. Simul-
taneously, the component of Ms in the plane of the wall (i.e., perpendicular to
ft), Ms x ft, with magnitude MsX = Mssin(^ x 70.5°), rotates through 180° in
equal increments (Fig. 5.9b, right).

Notice that there is a net moment ±(2/n)Msl_, either up or down (_L {110}), as
a result of the in-plane components Ms x ft of Ms. These moments, and their
counterparts in 180° walls, behave like single-domain moments, independent of
the surrounding domains. They will be the subject of §5.8. The poles due to
these moments appear on crystal boundaries a large distance above and below
the plane of view (labelled 'horizontal plane' in Fig. 5.9b) and, in large crystals,
do not generate a magnetostatic energy Ed for the wall large enough to affect
our calculations.

The main modification to our previous calculation of wall thickness and
energy is that the angle between neighbouring spins in a 70.5° wall containing
lines of m + 1 spins across the wall is not A0 = (1/w) x 70.5° as it would be for
a planar rotation of spins, but A0' = (\/m)nsin({ x 70.5°) = (\/m) x 103.9°
(cf. Fig. 5.9b, left). The corresponding result for a 109.5° wall is Acj)' =
(1/w) x 147.0°. This has the effect of increasing the exchange energy slightly.
Its effect on the crystalline anisotropy energy is hard to gauge because the half-
cone rotation generates a curved path on the unit sphere of Fig. 5-7(b). Since the
path is more constrained than the easiest plane for a 180° wall, (EK) and Â
almost certainly increase. These increases are made necessary to avoid an even
larger increase in magnetostatic energy. Magnetostrictive energy makes an
important contribution to the total energy of the closure domains (§5.4.2), but is
unimportant compared to magnetocrystalline energy in the walls.

The results for domain wall thickness and energy are

5w = 7isinf-V-J (5.14)

and
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2, (5.15)

where <p is the angle between Ms vectors on either side of the wall: either 70.5° or
109.5°. The same formulas apply for (100) easy axes, e.g., in TM60 or iron. In
this case, 4> = 90°. The thickness and energy per unit area of the walls bounding
closure domains will be comparable to the values calculated in §5.3.1 for 180°
walls. Without a precise calculation of K for each type of wall, we cannot be
more exact.

5.4 Width and energy of domains

5.4.1 Equilibrium number and width of lamellar domains

The number n and width d of lamellar domains (Fig. 5.2a-c) in a grain is deter-
mined by the balance between demagnetizing energy and the energy of the n — 1
domain walls. From eqns. (4.9), (5.3) and (5.11) or (5.15),

\ {n- 1). (5.16)

At equilibrium, setting d£tot/dn = 0,

(^^) (5,7)

and

( ^ S ' 2 ^ (5,8)

Both the number and average width of lamellar domains are expected to
increase with increasing grain size D, in proportion to \/D. Titanomagnetite fol-
lows this predicted relation quite well, pyrrhotite not so well (Fig. 5.10).

According to (5.17) and (5.18), if Ms is large, grains should be subdivided into
many narrow domains, while weakly magnetic minerals should have a few
broad domains. Generally speaking this is what is observed. A 200-um grain of
pyrrhotite (Ms « 80kA/m) or TM55 (Ms « 125 kA/m), might contain 20 or 30
domains (Fig. 5.10), whereas the same-sized grain of hematite (Ms « 2.5 kA/
m) contains about 2 domains (Halgedahl, 1995).

By the same reasoning, a 200-um grain of magnetite (Ms = 480 kA/m) might
be expected to have four or five times as many domains as a 200 urn pyrrhotite
or TM55 grain. In reality, an « 200-um subgrain of magnetite contains 7 domains
(Ozdemir and Dunlop, 1993a; Fig. 1.2). Similarly, a 3 mm magnetite crystal is pre-
dicted from (5.18) to have a domain width deq « 8 um but the widths observed
(Fig. 5.8a,b) are 25—65 um. The explanation lies in closure domains, which form
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Figure 5.10 Observed number of domains as a function of grain size in TM55 and
pyrrhotite. The straight lines have expected slopes of \ (eqns. (5.17), (5.23)). Their
intercepts give approximate values for the critical SD size d0. The dispersion of
points reflects, in part, alternative states available to a grain of given size. [After
Soffel (1971) and (1977a), with the permission of the author and the publisher,
Deutsche Geophysikalische Gesellschaft, Koln, Germany.]

readily in magnetite (Ozdemir et ai, 1995) but not in pyrrhotite or titanomagne-
tite. By reducing the demagnetizing energy, closure domains reduce neq and
increase deq, as we shall show in the next section.

It is interesting to calculate deq for a much smaller magnetite grain, 1 urn in
size. Equation (5.18) predicts 0.14 um, which is less than the observed domain
wall width (cf. §5.3.1). Even allowing for the inadequacies of (5.18), we anticipate
that the structure of 0.2 urn and smaller magnetite grains may resemble a wall
more than a classical domain. We shall return to the question of micromagnetic
structures in magnetite in Chapter 7.

5.4.2 The effect of closure domains

Closure domains greatly reduce Ed, as described in §5.1. In order to further
reduce £d by minimizing surface poles, Msc rotates into near parallelism with
the crystal surface. The evidence for this is shown in Fig. 5.11. Closure domains
observed at a {111} face of magnetite, which is perpendicular to the (111) easy
axes in the body domains, are bounded by «90° walls rather than 70.5° and
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75/i.m

Figure 5.11 Closure domains bounded by « 90° walls at a {111} crystal surface
in magnetite ({110} viewing plane). Msc directions in the closure domains are
believed to be almost parallel to the crystal surface. [After Ozdemir etal.{\995)
© American Geophysical Union, with the permission of the authors and the
publisher.]

109.5° walls, and take the form of Fig. 5.1 (a). Because Msc is rotated away from
(111), there is an increase in EK, but the main energies to be considered are the
magnetoelastic energy Ea due to magnetostrictive strain of the closure domains,
and the wall energy Ew, which in large crystals is due mainly to the 180° walls of
the body domains. Our calculation follows that of Ozdemir et al. (1995). For an
alternative approach, see Shcherbakov and Tarashchan (1990).

The total volume Vc of closure domains is easily shown to be
j WDd = \ V(d/L), where L, W, D are the crystal dimensions (see Fig. 5.2), crys-
tal volume V = LWD, and d is the width of either body or closure domains. Ea

arises from the incompatible magnetostrictions of the closure and body domains.
Assuming that the resulting elastic deformation is entirely accommodated by
the closure domains, we can show from eqns. (2.60) and (2.66) that

a22a\h,a —XoVc — hgQ 2 A100>

where E^ is the magnetoelastic energy when there are no closure domains. In
(5.19), the a, refer to Msc in the closure domains, while the stress tensor atj results
from the magnetostriction of the body domains. With the body domains magne-
tized along (111), an = a22 = ai3 and o\2 = cr23 = cr3i = C44A1H (Kittel, 1949;
cf. eqn. (2.62)). The A1Oo term in (5.19) contributes only a constant, since
a2 + a\ + a] = 1. Rewriting (5.19) without the constant terms and substituting
Vc={ V(d/L), we obtain

„ 3 .-> . . d ,.
-a3a,)

— , (5-20)
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setting a\ = a2 = l/\/6, a3 = -2/ \ /6(Ms c is along a (112) axis, _L (111)).
The energy of the 180° walls bounding body domains, each of area approxi-

mately L W (here we ignore the existence of the closure domains, which are a
fine structure in large grains), is

- - 1J = 7 w K--cons t . (5.21)

since a crystal with n = D/d body domains has n — 1 180° walls.
The total energy is Elol = Ea + Ew (both Ed and E^ are much smaller terms

after A/Sc deflects into near-parallelism with the crystal surface). Setting
dElot/dd = 0 for minimum energy, we find

and

_ / 9AlnC44 \ 1 1/2
e q ~ V 47 w ) q L ' (5'23)

where q — L/D is particle elongation. As in (5.17) and (5.18), the number and
width of body domains are predicted to increase with grain size as the square
root of particle dimension. However, the actual values of deq and «eq are rather
different from those given by (5.17) and (5.18).

For magnetite, C44 = 9.55 x 1010N/m2 (Doraiswami, 1947) and Am =
+72.6 x 10~6 (Table 3.1). Then (5.22) predicts for a crystal with L - 3 mm that
deq « 50 um. This is about the domain size observed in Figs. 5.8 and 5.11. For a
200 um sub-grain with q « 1, like that in Fig. 1.2, (5.23) gives «eq « 15 domains,
an order of magnitude less than the 80-120 estimated in §5.4.1 when closure
domains were not considered, and of the same order as the number observed,
n = l.

Equations (5.22) and (5.23) provide a means of calculating 7w provided C44 is
known (which is the case for magnetite, but not for other magnetic minerals). In
Fig. 1.2, the sub-grain tapers from bottom to top, so that the domain length L
varies. The domain width d can be seen to increase, on average, as L increases.
These and other similar observations are summarized in Fig. 5.12. Then using
eqn. (5.22), one finds 7w = 0.91 erg/cm2 or 0.91 x 10~3J/m2 for magnetite
(Ozdemir and Dunlop, 1993a; §5.3.1).

5.4.3 Wall energy in magnetite estimated from Neel spikes

Spike domains have Ms vectors reversed to the direction of Ms in the body
domains they penetrate. They are typical of materials with strong uniaxial crys-
talline anisotropy, e.g., TM60 with dominant magnetoelastic anisotropy due to
internal stress. Small spike domains, often associated with closure domains, are
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Figure 5.12 Observed domain width as a function of domain length in magnetite.
The data lead to an estimate of 0.91 erg/cm2 for the wall energy 7W. [After Ozdemir
and Dunlop (1993a) © American Geophysical Union, with the permission of the
authors and the publisher.]

common in magnetite as well (see Figs. 5_8a,b, 5.11). Spikes also form around
cavities or non-magnetic inclusions (Fig. 5.13a: Ozdemir and Dunlop, 1996b).

Neel (1944b) pointed out that a void or inclusion within a domain would have
quite a large demagnetizing energy Ed because of the + and - poles that would
form on its faces (Fig. 5.13b). He predicted that a pair of spike domains would
form in order to spread the poles over a larger surface area and increase the dis-
tance between + and - poles (Fig. 5.13c), thereby reducing Ed. (In addition,
two sets of small closure domains, not shown in Fig. 5.13c, are required to elimi-
nate poles on the cavity walls.)

Following Neel, the spikes flanking a cavity of diameter d can be approxi-
mated by an elongated ellipsoid of revolution with diameter (2/n)^2d (giving
the same cross-sectional area \d2 as the square cavity) and length kd (Fig.
5.13d). The spheroid has volume kdi/3 and surface area (TI3/8)

 l/2kd2. Its demag-
netizing factor is approximately Nc& = (8/A:2){rn[(2/ji)1/2fc] - 1} or
Nsi = Ncgs/4rc; this formula is valid for an axially magnetized cylinder or ellip-
soid of large k. The demagnetizing energy, following eqn. (4.9), is
EA = j Mo VN{2MS)

2, since the spikes are equivalent to an ellipsoid of magnetiza-
tion -2MS superimposed on a body domain of uniform magnetization Ms. Thus

(5.24)

the factor (/uo/47i) being omitted in cgs.
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(a)

(b) (c) (d)

Figure 5.13 (a) Neel spikes flanking a cavity in a magnetite crystal ({110} view-
ing plane), (b), (c) Sketches of a cavity of square cross-section and the resulting
distribution of poles, without and with Neel spikes, (d) Approximation of the pair
of Neel spikes by an ellipsoidal region of reverse magnetization. [After Ozdemir
and Dunlop (1996b) © American Geophysical Union, with the permission of the
authors and the publisher.]

The added wall energy due to the ellipsoidal spike region is

(5.25)

Minimizing the total energy Etot = Ed + Ew by setting d£tot/dA: = 0, one finds

32dM2

In

the (fio/4n) again being omitted in cgs.

(5.26)
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The pair of spike domains in Fig. 5.13(a) are not really suitable for Neel's cal-
culation because they are not axially magnetized (they are bounded by 71 ° rather
than 180° walls). Nevertheless, substituting their length to diameter ratio,
k = 21 um/1.7um = 12.35, and using Ms = 480 emu/cm3 for magnetite, one
obtains 7W w 1 erg/cm , which is of the correct order of magnitude.

5.4.4 Non-equilibrium domain structures

In calculating equilibrium values neq and deq as in §5.4.1 and 5.4.2, we are mak-
ing the assumption that enough energy is available for a grain to overcome
energy barriers between alternative states like those shown in Fig. 5.2 and
reach the equilibrium state. This is not always the case. Grains of similar size
and composition often have different numbers of domains. This is one reason
for the dispersion of n values for a particular grain size D (or of D values for a
fixed ri) in Fig. 5.10. Likewise, a single grain may have different numbers of
domains on different occasions, depending on its magnetic history. An example
is shown in Fig. 5.14.

Each alternative state of a magnetic grain represents a local energy minimum
(LEM). However only the state with the lowest energy - the global energy mini-
mum (GEM) state - is an equilibrium state. All other LEM states are meta-
stable, although they can be very long-lived. In Chapter 7, we will consider what
conditions of time, temperature and field can produce transdomain transitions
between LEM states.

10

1 2 3 4 5 6 7 8 9
# Domains (TRM state)

1 2 3 4 5 6 7 8 9
# Domains (AF demagnetized state)

Figure 5.14 Histograms of the number of domains observed in the same titano-
magnetite grain (a) after replicate TRM experiments, and (b) following AF
demagnetization. [After Halgedahl (1991) © American Geophysical Union, with
the permission of the author and the publisher.]
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5.5 The single-domain range

5.5.1 Critical single-domain size

The single-domain (SD) state has great practical interest because of its high
remanence and unparalleled stability (§5.7). The critical grain size d0 below
which the SD structure has a lower energy than a two-domain (2D) or other
structure is the single most important parameter in rock magnetism. Grains
with D > d0 may be trapped in metastable SD states because of the energy
required to nucleate a domain wall (§9.9, 12.8). However, grains smaller than d0

are unlikely to retain a distinct 2D structure because the wall will fill most of the
particle.

Neel (1947) used this latter idea to estimate d0: when <5W —» D, the grain is at or
near the critical SD size. In §5.3.1, <5W (for thin walls with negligible demagnetiz-
ing factors) was estimated to be w0.28 um in magnetite. In grains near critical
SD size, the wall is not thin compared to its lateral dimensions. It fills much of
the grain volume and has a substantial demagnetizing energy Ed. To offset this
effect, the wall must lower its demagnetizing factor N by becoming thinner than
it would be if only exchange and anisotropy energies were involved. For magne-
tite, 6W « 0.1-0.2 um as D —> d0 (Enkin and Dunlop, 1987).

Following Kittel (1949) and Butler and Banerjee (i975a,b), we can also esti-
mate d0 by finding the critical value of D at which the energies of SD and 2D
structures (Fig. 5.2a,b) are equal:

(5-27)

Using eqns. (4.9) for (£d)SD, (5.3) for (£d0)2D, and (5.11) for -yw, we arrive at

do = -Peri, = ^ 7 w . , 2 • (5-28)

Substituting 7W = 10~3 J/m2 and Ms = 480 kA/m for magnetite, d0 is estimated
to be about 0.04 um. This is only 50 lattice spacings. It is also considerably less
than the wall width. Thus the thin-wall model of Fig. 5.2(b) is inappropriate,
and the 2D energy must be revised upward to account for Ed of the wall, thereby
increasing d0.

Although (5.28) underestimates d0, it does give insight into the factors that
control the upper size limit for equilibrium SD behaviour. Elongated grains
with smaller NSD (§4.2.4) will support SD structure to much larger sizes than
equidimensional grains. Since d0 oc 1 /Ms

2, and Ms decreases with rising tempera-
ture, grains which are 2D at ordinary temperatures may transform to SD at
high temperature, particularly near the Curie point. These effects are illustrated
in Fig. 5.15.

The effect of Ms on d0 is also clear when comparing different minerals. Weakly
magnetic hematite and goethite have critical SD sizes orders of magnitude
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Figure 5.15 Calculated critical single-domain size d0 for magnetite as a function
of (a) grain elongation and (b) temperature. [After Butler and Banerjee (1975b)
© American Geophysical Union, Kirschvink (1983) © Plenum Publishing, New
York, and Dunlop et al. (1994) © American Geophysical Union, with the permis-
sion of the authors and the publishers.]
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greater than those of strongly magnetic magnetite or iron. Table 5.1 lists theore-
tical and experimental room-temperature values of d0 for a few of the commoner
magnetic minerals. Experimental determinations of d0 are not easy. They usually
involve extrapolating from observations of the number of domains in much
larger grains (e.g., Fig. 5.10) with the aid of equations like (5.17) or (5.23), or
interpreting remanence and coercive force data of samples whose (often broad)
grain size distributions span the SD threshold.

Micromagnetic calculations (Chapter 7) predict that SD structures can evolve
to a variety of LEM states in larger grains without undergoing a sharp
transformation. The meaning of d0 is then problematic. However, in all such

Table 5.1 Upper and lower size limits, d0 and ds, for single-domain behaviour in equidi-
mensional grains at 20 °C

Mineral
Superparamagnetic size,
ds (urn)

0.008'

0.0262

0.025-0.0303-5

0.0810

Critical single-domain size,
d0 (um)

0.0231

0.0172

0.05-0.064'6

0.079-0.0847'8

0.069

0.210

«0.6" ' 1 2

Iron

Magnetite

Maghemite

Titanomagnetite

(JC = 0.55-0.6)

Titanomaghemite

(x = 0.6,z = 0.7)

Hematite

Pyrrhotite

0.05u

0.0912

0.025-0.030

0.75 12

2.412

13,14 1514,15

1.616

'Kneller and Luborsky (1963) - experimental; 2Butler and Banerjee (1975a) - theo-
retical; 3McNab et al. (1968) - experimental; 4Dunlop (1973a) - experimental;
5Dunlop and Bina (1977) - experimental; 6Argyle and Dunlop (1984) - theoretical;
7 Enkin and Dunlop (1987) - theoretical; 8Enkin and Williams (1994) - theoretical;
9Morrish and Yu (1955) - theoretical; 10Butler and Banerjee (1975b) - theoretical;
"Soffel (1971) - experimental (see Fig. 5.10); l2Moskowitz (1980) - theoretical;
13Bando etal. (1965) - experimental; 14Banerjee (1971) - experimental; 15Chevallier
and Mathieu (1943) - experimental; 16Soffel (1977a) - experimental (see Fig. 5.10).
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evolutions, the remanence is predicted to drop catastrophically as grain size
increases, providing a practical definition of d0 for a particular family of evolved
SD states.

In magnetic recording, where the switching of SD states is of paramount
importance, the transition from coherent (whole-particle) parallel rotation of
atomic moments to incoherent modes, in which a non-uniform structure exists
during reversal (§7.9), is sometimes taken as marking the SD threshold. Many
incoherent modes resemble stable structures found in slightly larger particles.
They can be thought of as transitory LEM states.

5.5.2 Superparamagnetic threshold

Under ordinary conditions, spontaneous reversals of an SD grain are unlikely
because the energy barrier AE due to crystalline, magnetoelastic or shape aniso-
tropy is much larger than the available thermal energy. However EK, Ea and Ed

are all proportional to particle volume V. In small enough grains, the barrier
becomes comparable to 2SkT, where k is Boltzmann's constant and T is tem-
perature. The cumulative effect of thermal excitations once every 10~9s or so
then makes it probable that the SD moment will reverse once every few minutes.

This thermally activated condition is called superparamagnetism (Bean and
Livingston, 1959). Thermal activation theory will be developed fully in Chapters
8, 9 and 10. For the moment, we will simply remark that the superparamagnetic
(SP) threshold forms an effective lower limit to the stable SD range.

To estimate the SP threshold size d%, we equate the energy barrier VK to the
thermal energy 25kT available on a time scale of seconds to minutes. For a
cubic grain,

ds = (25kT/Kf\ (5.29)

K as used here refers to a rotation of spins during some interval of time. However,
we can estimate K from the magnetocrystalline value K = 1.64 x 103J/m3

(eqn. (5.8)), which refers to a spatial rotation of spins. (The two are not quite
equivalent because during thermal activation spins are not confined to a plane,
as they were in Bloch wall calculations, and may find an easier route in Fig.
5.7b.) The room-temperature SP size for magnetite is then calculated to be
0.04 um. Estimates based on shape anisotropy, which generally produces a large
barrier, are somewhat smaller and agree well with experimental values of
0.025-0.03 um (Table 5.1).

The room-temperature stable SD range is very narrow for magnetite and iron.
Grains of these minerals in equilibrium SD states must be quite rare in nature.
The SD range is broader for titanomagnetite and pyrrhotite. Equilibrium SD
states occur in grains as large as 1 um, and metastable SD states in even larger
grains. Hematite has an SP threshold size similar to magnetite's but an estimated
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critical SD size almost three orders of magnitude larger. Throughout much of its
naturally occurring grain-size range, hematite should be in a stable SD state.

The SP threshold size ds is only weakly dependent on mineral properties such
as anisotropy constant and grain shape. It is also time dependent, but again
only weakly. The coefficient 25 in (5.29) approximately doubles for a 1 Ga time
scale, leading to a mere 30% increase in ds (Fig. 5.15a). On the other hand, ds is
strongly dependent on temperature T. K due to crystalline, magnetoelastic, or
shape anisotropy (cf. eqns. (5.34), (5-35)) decreases rapidly to zero near the
Curie point (Figs. 2.11, 3.13). Even the largest grains then become SP. This abil-
ity to pass readily between stable and thermally unstable conditions at high tem-
peratures is at the heart of thermoremanent magnetization (Chapter 8).

5.6 Magnetic hysteresis of multidomain grains

5.6.1 Wall displacement, nucleation, and domain rotation

So far we have considered domain configurations mainly in the absence of an
external field. A multidomain (MD) grain responds to an applied field Ho in one
of three ways. The domains whose Ms vectors are closest to the direction of Ho

are energetically favoured (eqn. (4.8)) and will enlarge at the expense of other
domains, limited largely by the resulting increase in Ed (eqn. (5.1)). This process
amounts to domain wall displacement. The coupled spins that form the wall
rotate in a reversible fashion, thereby changing the wall's position. In a perfect
crystal, 7W would be the same for any location of the wall and very little energy
would be expended in wall displacement.

In real crystals in rocks, imperfections like impurity atoms, inclusions of a
second phase, voids, and lattice defects such as dislocations locally change 7W,
result in the appearance of magnetic poles as in Fig. 5.13 (thereby changing Ed),
or create stress fields. In all cases, the net effect is to create a potential well pinning
the wall at or near the defect. Energy must be supplied, by increasing HQ, before
the wall will move, and when Ho is subsequently decreased, the wall will not
return exactly to its former position. Wall pinning thus gives rise to magnetic
hysteresis and explains both remanence and coercivity (the fields necessary to
move walls and change remanence).

An applied field may also cause the nucleation of new domains. Nucleation
requires local rotation of spins against an anisotropy barrier like the one calcu-
lated in eqn. (5.8). The fields required are generally much higher than wall pin-
ning fields, but demagnetizing fields near sharp corners (e.g., Figs. 4.10, 5.3) or
local reductions in K around defects may aid in nucleation. Note that a high con-
centration of defects aids in nucleation but impedes wall displacement. Thus a
newly created domain nucleus and its bounding wall may remain pinned and
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only later, in higher fields, move away from the edge of the grain or propagate
transversely as a wedge or spike splitting an existing domain in two. This process
is referred to as secondary nucleation.

Eventually, in high enough fields, reverse domains will shrink and disappear
('denucleation'). The only further response possible is for domains that are unfa-
vourably oriented (perpendicular to Ho or nearly so) to rotate their Ms vectors
towards Ho. Domain rotation is usually a higher-energy process than wall dis-
placement or nucleation because it is opposed by both shape and crystalline ani-
sotropies. Domain rotation is the only possible response of an SD grain. For
this reason, a much higher field is generally needed to change the magnetization
of an SD grain than to change the magnetization of an MD grain. SD grains are
said to be magnetically 'hard' whereas MD grains tend to be magnetically 'soft'.

5.6.2 Susceptibility, remanence and coercivity of MD grains

An idealized hysteresis (M versus H) loop of an MD grain is depicted in Fig. 5.16.
Although the magnetization does not return exactly to its original state after a
cycle of increasing and decreasing Ho, the irreversibility is fairly small. The line-
arity of the loop results from the balance between the applied and demagnetizing
fields:

Ho - NM = 0 or M = Ho/N. (5-30)

The initial susceptibility x — dM/dH0 = \/N and the saturation field is NMS.
The hysteresis or width of the loop results from wall pinning or nucleation or

both. A direct measure of the strength of these effects is the coercive force Hc,
the reverse field necessary to reduce M to zero in the descending loop. Figure

Mulfidomain (MD)

domain wall I domain
displacement • rotation

Figure 5.16 Idealized hysteresis loop for a large multidomain grain of magnetite.
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5.17 is an example in which coercivity arises from pinning of a 71° wall in a mag-
netite crystal by an inclusion and its associated Neel spikes. In Fig. 5-i7(a) and
(b), the 71° wall truncates the tip of the right-hand spike. If Ho is applied parallel
to A/s in the body domain containing the inclusion, the wall will move to the
right and, at some critical value of Ho, will break loose and jump to the right
(Fig. 5. i7c,d). The field at which the wall snaps loose is called the (micro)coerciv-
ity, hc, and the irreversible wall motion is called a Barkhausen jump. Neel (1944b)
gives for the critical field

\

30/im

(a)
(b)

(c) (d)

Figure 5.17 (a), (b), (c) A 71 ° wall intersecting, and pinned by, a Neel spike
anchored on an inclusion (black) in a magnetite crystal ({110} viewing plane),
(d) In a sufficiently high applied field, the wall snaps loose from its pin and jumps to
the right. [After Ozdemir and Dunlop (1996b) © American Geophysical Union,
with the permission of the authors and the publisher.]
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where r is the radius of the inclusion. Substituting 7W = 1 erg/cm2 and approxi-
mating r by the length / = 7.5 urn, we find hc « 7Oe. The bulk coercive force
Hc, an average value of hc for all pinned walls, was measured to be about 5 Oe
for this crystal.

It is easy to see from the geometry of the hysteresis loop (Fig. 5.16) that the
saturation remanence Mr s is related to Hc by

Mrs = HJN. (5.32)

In the course of tracing out a saturation hysteresis loop, Ho drives walls past
many pinning sites in a sequence of Barkhausen jumps. If nucleation is the domi-
nant process, many domains nucleate and propagate in the course of approach-
ing saturation. The magnetization process is discontinuous, occurring by many
discrete steps, but the steps are so small that they are seldom detectable in macro-
scopic magnetization measurements. Similarly the overall remanence is the sum
of many individual domain-wall displacements, which are usually not resolvable
macroscopically.

If only small fields are applied, a Rayleigh loop is traced. The Rayleigh magne-
tization law is

M = AH0 + BH%, (5.33)

starting from a demagnetized state. In small fields, some walls move only short
distances, staying within the potential well of their pinning centre. These account
for the first Rayleigh coefficient A, which is equal to the reversible susceptibility
X- Other walls move past one or more pins. The second coefficient B describes
such irreversible processes, including wall jumps or transverse domain propaga-
tion. Figure 5.18 illustrates observations of wall pinning by defects and reversible
wall movements in an applied field.

( Q ) (b)

Figure 5.18 (a) Reversible bending of a 180° domain wall in TM55. (b) Bent
domain walls in TM55 pinned by dislocations (dots). [After Soffel (1971), with
the permission of the author and the publisher, Deutsche Geophysikalische
Gesellschaft, Koln, Germany.]
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5.7 Magnetic hysteresis of single-domain grains

5.7.1 Susceptibility, remanence and coercivity of SD grains

An idealized hysteresis curve for an assemblage of uniaxial SD grains with ran-
domly oriented easy axes is shown in Fig. 5.19. (The curve will be derived in
§8.3.) The magnetization process is domain rotation, opposed by crystalline,
magnetoelastic or shape anisotropy (§2.8.1,2.8.4,4-2-4)» shape anisotropy being
dominant for strongly magnetic minerals like magnetite and iron. We will first
consider uniaxial anisotropy, which is described by an energy EK — Ku Ksin2 9,
where 9 is the angle between Ms and the easy direction 6 = 0 (eqn. (2.48), to sec-
ond order). Âu may be magnetocrystalline in origin, but more commonly

Ku—j\sa (magnetoelastic) (5-34)

or

^ (shape-controlled) (5.35)

from eqns. (2.66) or (4.11).
The total energy Etot is the sum of EK and EH from eqn. (4.8). In the special

case where Ho is applied parallel to the easy axis, 9 = 0 or n, we have

Etot = KUVsin2 9 - fi0VMSHOcos9. (5.36)

When HQ reaches a critical value (^o)crit' called the SD microcoercivity or aniso-
tropy field //K, Ms will rotate irreversibly from one easy direction to the other.
We find this field by setting d£tot/d# = 0 (minimum energy for a given Ho) and
d Etol/d92 = 0 (condition for instability of the minimum-energy state), which
yields

3AS<7 . . .
(magnetoelastic)

= (Nb - Na)Ms. (shape) (5.37)

(A more detailed treatment appears in §8.3.) When Ho is applied at an angle to
the easy axis, HK is reduced. The bulk coercive force Hc in Fig. 5.19, which is
the average (HK) over randomly oriented grains, is about one-half the values
given by (5.37).

For multiaxial anisotropy, the calculation of critical fields is more intricate but
similar in principle. Suppose Ms is close to [111] and has direction cosines a,
with respect to (100) principal axes, while Ho is applied along [TIT], with direc-
tion cosines (-1/V3, - l / \ / 3 , - l / \ / 3 ) . Then, using (2.47) (4th-order terms
only) and (4.8), we have
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Single - domain (SD)

Figure 5.19 Idealized hysteresis loop for randomly oriented uniaxial single-
domain grains. Numerical values are for magnetite.

\a\Etot = Ki V{a\a\ •aWx) 0{ai +a2 + a3).

(5-38)

Setting <9£tot/cta, = 0 for each of the a, (minimum-energy condition) and
<92istot/da? = 0 (instability condition), one obtains

HK -
\K,

(5-39)

as the critical field at which Ms flips from [111] to [111]. This field is approxi-
mately half the critical field for uniaxial anisotropy. Considerably lower fields
result if Ho is applied at an angle to Ms rather than antiparallel to Ms. Notice
that the problem of a 'Barkhausen jump' in the orientation of Ms when Ho is
increased to a threshold of instability is a different problem from either rotation
of spins against K in a Bloch wall (§5.3.1) or thermal activation of Ms between
states of opposite orientation (§5.5.2). In each case, a different route will be
taken in Fig. 5_7(b), and the energy barrier and the effective anisotropy will be
different.

We can now calculate some typical coercivities for SD magnetite, using
\K\\ = 1.35 x 104J/m3 and Ms = 480kA/m. Cubic crystalline anisotropy,
according to (5.39), gives a microscopic coercive force /JL0HK of 37.5 mT
(//K = 375 Oe), but a more realistic figure for randomly oriented grains is about
half this, or 20 mT. This is a minimum or threshold field, below which //0 cannot
cause any irreversible rotation of Ms in an equidimensional grain of magnetite.
Such a threshold field is a hallmark of SD behaviour. The magnetocrystalline
value of HK is a substantial field, 1—2 orders of magnitude larger than typical
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MD coercivities in magnetite (cf. §5.6.2). It ensures complete stability of SD
remanence against changing geomagnetic fields (which are « 1 Oe or 0.1 mT) at
ordinary temperatures, making SD grains the ideal paleomagnetic recorder.

Even higher stability results if grains are elongated. A 10% difference between
the longest and shortest particle axes results in a coercivity HK —
(Nb — Na)Ms « 200 Oe (16kA/m or 20 mT). Magnetite grains in rocks tend to
be more elongated than this, on average about 1.5:1. Their shape-controlled
coercivities are typically 30-50 mT (300-500 Oe), considerably above the mag-
netocrystalline threshold value.

Induced magnetization results from reversible rotations of Ms vectors in
grains whose easy axes are oriented approximately perpendicular to Ho. The
rotations are complete when Ho = HK as given by (5.37) (the exact theory will
be developed in Chapter 8). Since grains with easy axes (i.e., long axes for shape
anisotropy) perpendicular to Ho are twice as frequent as those parallel to Ho in
a random assemblage,

2 Ms 2 1 .

or an equivalent equation for crystalline or magnetoelastic anisotropy. An exact
calculation gives the same result.

Although it is often stated that SD grains have lower susceptibility than MD
grains, this is not necessarily the case. From (5.30), x ~ ' /N « 3 (0.25 in cgs)
for MD magnetite or other strongly magnetic minerals. For SD magnetite, x
has a lower limit according to (5.40) of (§)0~' = 1 -33 (0.11 in cgs) for needle-
like grains (§4.2.5). However, an upper limit is set by the magnetocrystalline
barrier for equidimensional grains, and this gives x a s high as about 20 (1.6
in cgs). Although wall motion usually requires lower fields than domain
rotation, it does not necessarily lead to higher susceptibility because wall dis-
placements are effectively limited by the demagnetizing field.

In the remanent state (Ho — 0) following saturation, the Ms vectors of all
grains are in the easy direction nearest Ho. For uniaxial anisotropy, they are iso-
tropically distributed over a half-sphere and so

f
rs =

J
fs cos </> sin (/> d<̂> = 0.5Ms, (5-40

o

where <j> is the angle between M s and Ho as Ho —> 0. If magnetocrystalline aniso-
tropy is dominant,

Mrs = 0.832Ms ((100) easy axes) (5.42)

or

Mrs = 0.866Ms ((111) easy axes). (5.43)
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It is these very high remanence levels, together with substantial coercivities pre-
venting changes in the remanence, that make SD grains ideal for magnetic
recording, both in technology and in nature.

5.7.2 Superparamagnetic magnetization

In its thermally activated or SP condition, an SD grain preserves no remanence.
The minimum-energy states defined by shape or crystalline easy axes still exist
but energy barriers between them are low. Thermal energy rapidly establishes
an equilibrium partition among the states following any change in Ho or T. In
particular, if Ho = 0, M = 0.

Under these conditions, each SD particle acts like a Langevin paramagnetic
moment (§2.4), except that its moment fi = VMS is giant compared to that of a
single paramagnetic atom. Hence the term superparamagnetism.

The reversible magnetization can be calculated from eqns. (2.15) or (2.16).
Uniaxial grains aligned with Ho would have

" 0 (5.44)

but a more realistic approximation for a randomly oriented assemblage is the
Langevin function L(a) for a continuum of possible alignments,

M(H0, T) = MsL{a) = Ms fcoth(a) - i ] . (5.45)

Notice that according to either expression, magnetization curves measured at
different temperatures should superimpose if plotted as a function of Ho/T.
This property of//0/T superposition can be used as a test of SP behaviour.

The SP magnetization curve represented by (5.45) is plotted in Fig. 5.20. The
curve rises steeply and saturates at low fields compared to stable SD or MD mag-
netization curves. The initial susceptibility x — dM/dH0 — n0VM^/3kT for
0.03 um cubes of magnetite at room temperature is about 650 (52 in cgs), two
orders of magnitude higher than typical SD or MD susceptibilities. Even a
small fraction of SP material in a sample will tend to dominate the induced
magnetization.

The iron-rich mica biotite hosts magnetite inclusions with a wide range of
grain sizes. Magnetization curves for three biotite crystals from the same drill
core are compared in Fig. 5.21. They are very close to the ideal MD, SD and SP
curves depicted in Figs. 5.16,5.19 and 5.20. More complex magnetization curves,
if due wholly to magnetite, can be deconvolved with the aid of MD, SD and SP
type curves. This is a useful procedure for estimating the volume fraction of
each in a rock.
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Figure 5.20 Idealized magnetization curve for superparamagnetic
magnetite particles.
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Figure 5.21 Observed hysteresis curves for biotite crystals containing magnetite
inclusions. The inclusions range in size from superparamagnetic (SP) through sin-
gle-domain (SD) to pseudo-single-domain (PSD; Chapter 12) and multidomain
(MD).
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5.8 Domain wall magnetization

In crossing a 180° Bloch wall, the spins rotate in the plane of the wall through
180°. In §5.3.2 and Fig. 5.9O), we saw that the spins in a 70.5° or 109.5° wall
rotate on the surface of a cone, rather than in a plane. The same is true of 90°
walls. There are two possible senses of rotation, tracing out two half-cones (or
in the limit of a 180° wall, two half-circles). The components of Ms vectors paral-
lel to the wall normal, Ms||, are identical for either sense of rotation. However,
the components MsJ_ in the plane of the wall sum to oppositely directed moments,
each with a net magnetization

Mnet = \ M%L = 1 Ms sin f 0 , (5.46)

where <p is the angle (70.5°, 90°, 109.5° or 180°) between Ms vectors in adjacent
domains.

These domain-wall moments lie in the plane of the wall, midway between the
in-wall projections of Ms vectors of the neighbouring domains (Fig. 5.22).
When the wall displaces, the wall moments are unaffected. Similarly, the wall
moment can reverse without altering the position of the wall or the domain mag-
netizations. Wall moments thus behave like SD moments imbedded in, and inde-
pendent of, their MD host. They potentially could explain pseudo-single-
domain (PSD) behaviour (Chapter 12) and therefore have been dubbed 'psarks'
(Dunlop, 1977).

A domain wall may itself be subdivided into two wall domains with opposite
magnetizations Mnet. The situation is depicted in Fig. 5.22 for a 180° Bloch
wall. Across the Bloch line between the wall domains, spins rotate in half-cones
of varying angle. If a field H0 is applied parallel or nearly parallel to one of the
wall moments, the Bloch line will move to enlarge the favourably oriented wall
domain.

Bloch line displacement is analogous to wall displacement in MD magnetiza-
tion. It provides a low-energy alternative to reversal of wall moments. Walls
will only have SD-like properties if they contain no Bloch line, i.e., if they consist
of only a single wall domain. Calculations of the critical SD wall size (see §12.7)
indicate that walls should be 'SD' in magnetite grains up to a few um in size, but
subdivided or 'MD' in iron (Dunlop, 1977). Observations on magnetite (Chapter
6) support this view.

A grain containing psarks or undivided walls should in principle have a mag-
netization curve that is a combination of MD and SD types. However, in large
MD grains the walls are narrow and the moments of alternate walls should be
oppositely directed in order to reduce Ed overall. These two facts imply that
psarks are intrinsically small and mutually cancelling in large grains. It is only
in small grains, where the walls occupy a substantial fraction of the grain volume,
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Figure 5.22 (a) A cutaway view of a 180° Bloch wall in a two-domain particle.
Large open arrows indicate net magnetization directions in the main or body
domains, the wall domains and the Bloch line, (b) Half-cone rotation of spins 1-5
across the Bloch line. [Reprinted from Dunlop (1981), with kind permission of the
author and Elsevier Science - NL, Sara Burgerhartstraat 25,1055 KV Amster-
dam, The Netherlands.]

that psark moments are likely to be resolvable in hysteresis curves or significant
contributors to remanence processes. 2D grains are particularly important
hosts because there is only one wall and it likely occupies 30% or more of the par-
ticle volume (see Chapter 7).



Chapter 6

Domain observations

6.1 Introduction

In the last fifteen years, there has been a resurgence of interest in observing
domain patterns on naturally occurring minerals, as well as a revolution in
ideas about how the observed structures control magnetic properties. The
strained surface layer that results when sections are mechanically polished for
domain observations by the Bitter method can now be efficiently removed by
final polishing with a suspension of amorphous silica microspheres (Hoffmann
et cil., 1987). The previously used method, ionic polishing, required many hours'
exposure to an ion beam and still failed to remove the stressed layer completely.
Surface domains can also be observed using the scanning electron microscope
(SEM), whose greater depth of field eliminates the need for precision polishing.
The interior of domains and crystals can be imaged directly with the transmission
electron microscope (TEM) and the magneto-optical Kerr effect (MOKE). The
magnetic force microscope (MFM) provides the ultimate in spatial resolution,
allowing us to view fine structures, e.g., the structure of domain walls.

Traditional Bitter-pattern observations use a colloidal suspension of ultra-fine
magnetite particles to make visible the walls between domains, where flux leak-
age from the surface is maximum. These observations will be discussed in §6.2-
6.6. SEM, TEM, MOKE and MFM observations are described in §6.7-6.9.

The observation of domains in minerals of paleomagnetic interest, in the
« 1 um grain sizes that probably carry the strongest and most reliable NRM in
rocks, coupled with direct magnetization measurements on the same domains
(e.g., Metcalf and Fuller, 1987a), should soon establish a direct link between the
magnetic response of a rock sample and the nature of the domains responsible.

144
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Domain observations in magnetite and other minerals of rock magnetic concern
were scarcely mentioned in Nagata's (1961) classic, Rock Magnetism. At that
time, rock magnetists had to rely on observations made on materials of industrial
interest, mostly coarse polycrystalline grains at temperatures much below Tc.
We now know that magnetite and TM60, the minerals responsible for most of
the NRM of continental and oceanic rocks respectively, have quite different
domain structures and responses to field and temperature changes. Magnetite in
>30 urn grains has lamellar domains which reconfigure with mild heating
(§6.6.2), while <10 um magnetites have persistent simple structures that could
carry significant TRM. TM60, on the other hand, has both lamellar and irregu-
lar, stress-dominated domains, neither of which changes configuration greatly
with heating (§6.4, 6.6.3).

A few words of caution are in order. Domain patterns observed on polished
surfaces of crystals can never be truly representative of the remanence or hyster-
esis behaviour of the same crystals in a rock. Removing part of the crystal during
polishing changes the grain size and shape. Inevitably the domains must suffer
some rearrangement. The stress environment of the crystal is changed with
removal of part of the confining matrix and the magnetostatic environment
may change as well. Particularly important in stress-sensitive minerals like
TM60 are the surface stresses introduced during polishing, which can never be
entirely removed. Crystal defects aid in nucleating domains but impede subse-
quent wall motion (§5.6). Thus MD coercivities and susceptibilities may be
quite different after polishing compared to those of undisturbed material.

6.2 Bitter-pattern observations on pyrrhotite

Pyrrhotite has been the subject of many domain structure investigations. Its
magnetocrystalline anisotropy is high (11.8 x 104 J/m3 according to Hunt et
ah, 1995a), about ten times K\ for magnetite, but its magnetostriction is low
(A < 7 x 10~6, about five times less than As for magnetite), resulting in simple
lamellar domains, unobscured by maze patterns due to residual polishing stres-
ses. In massive polycrystalline pyrrhotite, Halgedahl and Fuller (1981) observed
classic Kittel structures in the NRM and saturation isothermal remanence
(SIRM; i.e. Mrs) states or after alternating field (AF) demagnetization in fields
decreasing slowly from an initial peak amplitude of 100 mT (80kA/m, 1 kOe).
Undulating walls that moved easily in small applied fields were seen after thermal
demagnetization (i.e., zero-field cooling) or production of TRM by cooling in a
50-uT field from above the Curie temperature of 320 CC. Straight walls could be
made wavy by heating to 315 °C, presumably because 7W decreases so much at
high temperatures that the decrease in Ed more than offsets the increase in £w.
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Halgedahl and Fuller (1983) described the nucleation and growth of domains
in < 30 um primary pyrrhotite grains from a diabase. Figure 6.1 illustrates
some of their results. The sslO-um 2D grain shown had a substantial domain-
wall displacement in its NRM state. Domain imbalance preserved by cooling
from high temperature in the weak geomagnetic field can therefore lead to a sur-
prisingly intense primary TRM - 20-30% of Ms - in individual grains. Field
cycling from 5 mT demagnetized some, but not all, of this initial TRM. Follow-
ing saturation in a 200 mT field, reverse domains nucleated but remained pinned
at the surface as Ho —> 0. The net magnetization was therefore close to saturation
in the SIRM state. In a back field of —9 mT, the nuclei expanded to form a large
reverse domain, which enlarged by three Barkhausen jumps of the domain wall
before negative saturation.

A positive domain nucleated as the field was reduced in strength, but at a dif-
ferent site than in the first field half-cycle. Indeed the site is exactly where the ori-
ginal positive domain disappeared from view in approaching negative
saturation. Thus true denucleation and renucleation of domains did not occur,
despite effective saturation of the grain's magnetic moment. In the second half-
cycle, the wall jumps occurred at similar fields and were similar in size to those
in the first half-cycle, but they occurred at different sites. This asymmetric hyster-
esis would scarcely be detectable in magnetic measurements, but it is a funda-
mental distinction between true nucleation of reverse domains and secondary
nucleation due to surface pinning of previously existing nuclei.

(a) NRM (b) AF CLEANED U)+2OOmT

10/tm

(d) IRMS (e) -9mT

(f) - 15mT {<j)-23.5mT ( i ) IRMS ( j ) +9mT

Figure 6.1 The nucleation, displacement, and denucleation of domain walls in a
10 um pyrrhotite grain with changing fields. The asymmetry between + and — field
cycles shows that the nucleation is secondary, i.e., domain nuclei are trapped at the
surface, not destroyed. [After Halgedahl and Fuller (1983) © American Geophy-
sical Union, with the permission of the authors and the publisher.]
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Halgedahl and Fuller (1983) also observed many grains which initially con-
tained two or more domains, but failed to nucleate any walls following satura-
tion. Usually these grains were <10 um in size, but in one case a 50 um grain,
initially containing seven domains, preserved a metastable SD state in saturation
remanence. The condition for nucleation of a reverse domain is

9 K
± (6.1)

(Brown, 1963a), Hd being the demagnetizing field, whose average value is
—NM (§4.3.4), and 2Ku/fi0Ms being the critical field for reversal of a uniaxial
SD grain (§5.7.1). If nucleation occurs while Ho is still positive (i.e., in the
same direction as A/), the grain will contain at least one wall in its SIRM state
and Mrs -C Ms. If, however, Hd < 2Ku/n0Ms, Brown's condition can only be
fulfilled in negative applied fields (backfield nucleation). The particle remains
in a metastable SD state at SIRM, i.e., Mrs = Ms. For an equant pyrrhotite
grain, N « ± in the saturated or SD state, so that Hd is about 80/3 = 27 kA/
m Guo//d = 34 mT). The anisotropy field 2Ku/n0Ms is comparable to the AF
coercivity, which is typically «100mT for SD pyrrhotite (e.g., Clark, 1984).
Thus //d alone will not be sufficient to nucleate a reverse domain in a saturated
perfect crystal of pyrrhotite. Additional reverse domains will be even more dif-
ficult to nucleate because M, and therefore //d, decrease with the appearance
of the first wall.

By this argument, all pyrrhotite grains, once saturated, should remain satu-
rated in their remanent state. Since even a weak field Ho is sufficient to saturate
a particle at temperatures near the Curie point, TRM as well as SIRM should
be carried entirely by metastable SD particles. This is not at all the case. Except
in the smallest grains, metastable SD remanence is the exception rather than the
rule. The resolution of this conundrum - Brown's paradox - lies in the imper-
fection of real grains. Crystal defects, particularly at the surface, may locally
lower Ku, while sharp edges or corners lead to a locally enhanced Hd (§4.3.4),
allowing Brown's condition to be satisfied at specific nucleation sites. The pro-
ability that a grain contains at least one such site decreases as the grain size
decreases (see §12.8.2).

Backfield nucleation may be followed by a wall jump to a temporarily stable
position in the grain, or the wall may sweep across the particle, reversing M. In
the latter case, the coercive force Hc equals the nucleation field Hn, while in the
former case, Hc > Hn and is governed by conventional wall pinning. Experimen-
tal nucleation fields in pyrrhotite range from about 50 mT for 7 um grains to
about 20 mT for 40 um grains (Halgedahl and Fuller, 1983), with a wide varia-
tion at any particular size. Coercive forces vary from 82.5 to 22 mT over the
same size range (Clark, 1984). Cycling a grain through positive and negative Ho

is an effective way of adding further walls.
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Both Soffel (1977a) and Halgedahl and Fuller (1983) measured the average
domain spacing d in pyrrhotite as a function of grain length L. The data in Fig.
6.2 are for grains in their NRM states, but the results are qualitatively similar
for the AF cleaned and SIRM states. The average trend of domain width values
has approximately the y/L dependence predicted by eqns. (5.18) and (5.22).
However, grains of a particular size do not all have the same number n of
domains. There may be as many as six different multiplicities for a single grain
size. It is true that grains of the same size but different shapes can have different
equilibrium domain structures, but many of the values in Fig. 6.2 undoubtedly
represent metastable LEM states. An extrapolation of the average trend to
D = L (i.e., n = 1) gives an estimate of «1.5 |j.m for the critical SD size d0 in pyr-
rhotite. Soffel (1977a) obtained a similar value, 1.6 um (Fig. 5.10, Table 5.1).

6.3 Bitter-pattern observations on magnetite

Magnetite is the most frequent NRM carrier in nature, but apart from a few early
studies (Hanss, 1964; Soffel, 1965, 1966; Bogdanov and Vlasov, 1965, i966a,b),
it has been comparatively neglected in domain observations. One reason is the
need for precise orientation of the viewing plane. Magnetite's magnetostriction
is moderate (As = 36 x 10~6), so that maze patterns due to polishing stress are
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Figure 6.2 Observed domain widths and lengths in pyrrhotite grains in their
NRM states. [After Halgedahl and Fuller (1983) © American Geophysical Union,
with the permission of the authors and the publisher.]
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not unduly difficult to remove. However, demagnetizing spikes and other extra-
neous patterns, generated by surface poles with density Ms • «, are a severe pro-
blem in magnetite compared to pyrrhotite or TM60 because of magnetite's high
Ms value. Kneller (1962, Fig. 324) shows that 'fir-tree' patterns obscure the
intrinsic domain structures in silicon-iron if the viewing surface deviates «1°
from a plane containing the magnetocrystalline easy axes. Similarly, in magne-
tite, clear domain images are only obtained on a plane carefully oriented during
polishing to within a few degrees of {110}.

Ozdemir and Dunlop (1993a) and Ozdemir et al. (1995) have studied domain
patterns on a well-oriented {110} surface of a natural single crystal of magnetite.
The large Ms and relatively high anisotropy (K{ = -1.35 x 104 J/m3) of magne-
tite ensure narrow walls which image sharply. Walls are generally straight (i.e.,
planar) because any curvature in a high-Ms material generates magnetic poles,
thus increasing Ed. Surface closure domains, which have seldom been observed
in previous studies, were common (e.g., Figs. 1.2, 5.8b, 5. n) . Domain structures
away from crystal boundaries are illustrated in Fig. 6.3. The lamellar body
domains are magnetized along two sets of (111) easy axes and are separated by
70.5°, 109.5° and 180° walls. Because {110} contains two sets of (111) axes, Ms

vectors can follow magnetocrystalline easy directions without intersecting the
viewing surface. Thus no poles or demagnetizing spikes are generated on the
plane of view, and the domain patterns observed are representative of those in
the crystal interior before sectioning.

[ m i
mi]

75

Figure 6.3 Interior domain structure observed on a {110} polished surface of a
natural 3-mm magnetite crystal. Closure domains form at the boundary of a che-
mically altered (oxidized) region at top. [After Ozdemir et al. (1995) © American
Geophysical Union, with the permission of the authors and the publisher.
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An interesting feature in Fig. 6.3 is the set of closure domains formed at the
margin of a chemically altered region (top), which acts as an internal magnetic
boundary. Such marginal closure structures may play a role in partial remagneti-
zation accompanying chemical alteration of magnetic minerals (§16.2).

Much more complex structures appear on viewing surfaces that do not con-
tain (111) easy axes, for example the {111} octahedral face viewed in Fig. 6.4.
The three sets of dark straight lines at 120° angles are replicas of underlying sim-
ple domain walls. They follow (112) axes, which are the surface projections of
interior (111) easy axes. The zig-zag and 'coathanger' patterns between the
main walls are demagnetizing effects, extraneous to the interior domain struc-
ture. They mark the boundaries of Neel spikes of reverse magnetization, which
offset the effect of surface poles and reduce Ed (cf. §5.4.3). They are a direct
demonstration that Ms cuts the {111} surface and generates magnetic poles.

Ozdemir et al. (1995) also observed that domain structures in magnetite are
very sensitive to crystal defects, such as voids (Fig. 5.13), inclusions (Fig. 5.17),
dislocations, cracks and other grain boundaries, and chemically altered regions
(Fig. 6.3). All of these can generate closure structures (e.g., Figs. 1.2, 5.8b, 6.3)
or reverse spikes (e.g., Figs. 5.8b, 5.13, 5.17), and thus can serve as nucleating
sites for reverse domains. Evidence of the effect of dislocations are 'colloid gaps'
in 180° walls in magnetite. These tend to line up, e.g., line abd in Fig. 5.8(b) and
lines abed, efgh in Fig. 5.11, and are probably due to deflection of spins in the
walls where they cross a dislocation line.

[121]

(b)

Figure 6.4 Complex
domain patterns observed
on a {111} surface of the
magnetite crystal of Fig.
6.3. Underlying domains
with Ms along (111) axes
produce the heavy black
wall images. Because the
(111) easy axes cut the
{111} surface, generating
magnetic poles, demagne-
tizing spikes appear
between the main walls to
dilute the poles and reduce
Ed. [After Ozdemir et al.
('995) © American Geo-
physical Union, with the
permission of the authors
and the publisher.]
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Sharp bends and corners can also be regarded as defects. They too serve as
nucleation sites for reverse domains. Figure 6.5 shows a reverse domain that has
formed in response to Hd at a bend in a deep crack dividing the crystal internally.
The reverse domain is on the opposite side of the crack from the domain that gen-
erates the large demagnetizing field.

Soffel and Appel (1982) synthesized hysteresis loops by measuring the differ-
ence in total area between positive and negative domains at different stages of
field cycling. Examples are given in Fig. 6.6. The hysteresis loops vary with parti-
cle size in the expected way. A moderately large grain (30 ^m) exhibits distinc-
tively MD hysteresis: a narrow loop with constant slope determined by self-
demagnetization, saturating around Ho - NMS. (No published example is avail-
able for a IOW-JC titanomagnetite, whose saturation field NMS is expected to be 3
or 4 times larger.) A small (5x10 ^m) grain, near magnetite in composition,
has a much broader (larger Mrs) and harder (larger Hc) loop; only a minor loop
was traced out in the fields available. The samples were sintered polycrystalline
aggregates. Small grains were comparatively isolated within pores and voids,
but they likely interact significantly with the surrounding crystallites. Neverthe-
less, the results demonstrate in a very direct way that classic wall displacements
do lead to individual particle hysteresis loops that are similar to macroscopic
loops measured on bulk material (e.g., Fig. 5.16).

The most reliable determinations of the number of domains, n, in magnetite,
determined by a number of different techniques, are plotted in Fig. 6.7(a)
(Ozdemir and Dunlop, 1996b). By extrapolation, the critical SD size d0 is

Figure 6.5 Closure domains observed along a crack in the magnetite crystal of
Figs. 6.3 and 6.4 ({110} viewing surface). At point P, where the crack bends, a
reverse domain forms on the opposite side of the crack in response to the demag-
netizing field at the bend. [After Ozdemir el al. (1995) © American Geophysical
Union, with the permission of the authors and the publisher.]
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Figure 6.6 (a) MD-type and (b) SD-type hysteresis loops synthesized by mea-
suring the areas of + and — domains viewed under the microscope at different field
strengths. [Reprinted from Soffel and Appel (1982), with kind permission of the
authors and Elsevier Science - NL, Sara Burgerhartstraat 25,1055 K.V Amster-
dam, The Netherlands.]

estimated to be «0.06 um, which is quite reasonable (cf. Table 5.1). However,
the slope of the graph is about 5, not the \ predicted by eqn. (5.23). Another data
set (Geiss et al., 1996; Fig. 6.7b) gives a wide variety of n for grains of a given
size (or equivalently, a wide range of grain size for a particular domain multipli-
city n). It extrapolates to a larger value of d0, about 0.2 um. We can draw three
conclusions.

1. The predicted yjL dependence of n does not seem to be followed in magne-
tite. In grains approaching SD size, this may perhaps indicate structures
more complex than those modelled in §5.4.

2. The critical single-domain size do predicted by extrapolation (Fig. 6.7a) is
reasonably consistent with direct measurements and calculations (Table
5.1). Notice that there are no observations of metastable SD magnetite
grains in Figs. 6.7(a) or (b).

3. However, magnetite grains in the 1-10 um size range do exhibit a variety of
domain states. Some of these must be metastable LEM states, in which a
wall or walls have failed to nucleate, rather than equilibrium structures.

Nucleation should be easy in magnetite. The average value of Hd at saturation
is about 480/3 = 160kA/m (^0#d = 200 mT), about four times the anisotropy
field 2K\/MS = 2.7 x 104/480 = 55 mT. No special nucleation sites should be
needed. On the other hand, Boyd et al. (1984) reported examples of natural 10-
20 um magnetite grains which remain metastably SD in the SIRM state. They
pointed out that since these grains are more than two orders of magnitude larger
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Figure 6.7 (a) Selected data on the number of domains in magnetite grains of
widely varying sizes, giving an extrapolated value d0 « 0.06 urn for the critical
single-domain size, (b) Similar observations on unoriented magnetite grains grown
in a glass matrix give a wide variation in the number of domains in a grain of fixed
size and an extrapolated value d0 « 0.2 um. [After Ozdemir and Dunlop (1996b)
© American Geophysical Union and Geiss el al. (1996), with the permission of the
authors and the publishers, The American Geophysical Union, Washington, DC
and Blackwell Science, Oxford, UK.]

than d0, they possess giant moments that overshadow those of equilibrium SD
structures. Indeed these individual moments equal those of typical one-inch
cores of weakly magnetized rocks used in paleomagnetism, and they should be
measurable with modern cryogenic magnetometers. Boyd et al., following
Becker (1973), suggested that these non-equilibrium SD structures may not
reflect nucleation failure as such, but rather very strong surface pinning of reverse
nuclei (presumably smaller than those of Fig. 6.1 and not resolvable optically).

Becker's model of secondary nucleation was proposed for high-anisotropy
cobalt-rare-earth magnets and does not seem a very natural one for a cubic
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mineral like magnetite with only moderate anisotropy. Nevertheless, there is no
question that at least some magnetite grains which initially possess domains fail
to renucleate them after the walls are driven out of the grain. Boyd et al. reported
no field cycling results, but they did discuss the effects of stress cycles to 30 MPa
(0.3 kb) and temperature cycles through the isotropic point T\ « 130K, at
which Kx changes sign and temporarily vanishes (Fig. 3.7a). Either type of
cycling was sufficient to nucleate walls, some of which disappeared when the
stress was released.

6.4 Bitter-pattern observations on titanomagnetite

Domains have been viewed throughout the range TM10-TM75 (Soffel et al.,
1982). However, most observations in recent years have been made on titano-
magnetites near TM60 in composition, in the form of synthetic polycrystalline
aggregates or natural grains in submarine basalts. Although TM60 has been
favoured for observations above room temperature (e.g., Soffel and Appel,
1982) because of its low Curie point (« 150°C), it has a number of drawbacks. It
is always surface oxidized to some degree to titanomaghemite, producing an
inhomogeneous variation in composition, Curie temperature, and internal stress
due to changing lattice parameter. Crystalline anisotropy is low;
K{ «0.2 x 104 J/m3 for TM61 and « 0 for TM55. The walls are therefore
broad and give more diffuse Bitter patterns than in magnetite. Magnetostriction
is high (As » 114 x 10~6), resulting in persistent stress-controlled patterns that
obscure lamellar structures even after prolonged ionic polishing.

For TM60, Appel and Soffel (1984, 1985) calculated that the magnetoelastic
contribution 1.5Xsa to E'K (per unit volume) equals the magnetocrystalline con-
tribution K{ /3 when a = 10 Mpa (0.1 kb), and that a mere 1% differential Az in
oxidation parameter within the particle generates an internal stress
a, = 30 MPa. Appel (1987) reported that average o\ rises sharply from about 40
to 60 MPa as the overall z value increases from 0.05 to 0.15, then drops in more
highly (and uniformly) oxidized titanomaghemites. o\ will tend to be strongest
and most inhomogeneous at the particle surface, where Bitter patterns are
observed. Lamellar domains, which reflect either low stress (Appel and Soffel,
1984) or higher but uniform stress (Appel, 1987; Halgedahl, 1987), are there-
fore a rarity in high-Ti titanomagnetites. Closure domains are lacking, evidence
that cubic crystalline anisotropy is outweighed by uniaxial magnetoelastic
anisotropy.

Focusing on grains with simple patterns, Soffel (1971) and Soffel and Appel
(1982) measured the domain spacing and found an average y/L dependence
over the broad size range L — 1-80 um (cf. Fig. 5.10). For TM55 and TM62, d0

values of 0.6 and 0.54 um respectively were predicted by extrapolation. Equili-
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brium domain calculations predict lower values of d0 (0.2 um, Table 5.1) and
narrower domains throughout this entire size range (Halgedahl, 1987, Fig. 10).
Metastable states with fewer than the equilibrium number of domains seem to
be the explanation. Nucleation is expected to be localized, based on the low aver-
age value of demagnetizing field, (Hd) — 125/3 « 42 kA/m or 52 mT, compared
to the anisotropy field, which must be comparable to typical SD coercivities
(100-200 mT for stoichiometric and slightly oxidized TM60: Ozdemir and
O'Reilly, 1978, 1982a).

Actual nucleation fields and coercivities resulting from wall pinning in MD
TM60 grains are much lower than SD coercivities, however. Figure 6.8 illustrates
forward-field nucleation at a surface site. The nucleation site continues to pin
the newly formed reverse domain well off centre in the SIRM state, producing a
strong remanence. Halgedahl and Fuller (1983) point out that even if the new
domain were centred, a large MTS would persist because the number of domains
is odd. Similar but smaller domain imbalance moments are predicted by theory
(§12.6.3).

The walls move readily in backfields as small as 3mT and an additional
domain nucleates after field cycling. Notice that nucleation and transverse pro-
pagation of a lamellar structure create two new walls. The 3-domain particle
becomes a 5-domain particle, and the domain imbalance moment remains con-
siderable.

Nucleation failure in a nominally 2-domain grain was first described by Hal-
gedahl and Fuller (1980) for the small TM60 particle shown in Fig. 6.9. Follow-
ing saturation in 150 mT, a reverse domain nucleated at the edge in a very small
backfield (— 1.2 mT) and made successive Barkhausen jumps at fields of—3, - 4
and —4.8 mT. During the succeeding half-cycle from negative saturation, a posi-
tive domain nucleated at the same site and the wall jumped to the same locations
in the identical sequence of positive backfields. The same symmetry was recorded
for the hysteresis cycle of Fig. 6.8, and is characteristic of true saturation fol-
lowed by primary nucleation.

The grain in Fig. 6.9 is of special interest because at and following nucleation,
the wall can be seen to extend down the side of the particle. The surface domain

lO/i m

(0) (c) IRMS (d) - 3mT CYCLING

Figure 6.8 True nucleation and wall propagation in a 10 |im TM60 grain and
alternative structures in the remanent state (c,e). [After Halgedahl and Fuller
(1983) © American Geophysical Union, with the permission of the authors and
the publisher.]
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Figure 6.9 (a) Nucleation failure in saturation remanence, (b) backfield nuclea-
tion of a wall in a — 1.2 mT field, and (c, d, e) successive Barkhausen jumps of the
wall in increasing negative fields for a 14 um TM60 grain. Notice that the wall
extends through the body of the grain. [After Halgedahl and Fuller (1983) ©
American Geophysical Union, with the permission of the authors and the pub-
lisher.]

structure penetrates the grain. It is also noteworthy that fields applied at an angle
to the domain magnetizations did not noticeably rotate the structure in any of
Halgedahl and Fuller's observations. In low fields at least, nucleation and wall
displacement are the key processes, not domain rotation.

The role of complex domain patterns in TM60 is controversial. Closely spaced
walls, undulating to tightly arcuate, sometimes chaotic, typically occupy
patches, separated by islands of simpler or no structure. Appel and Soffel (1984,
1985) and Appel (1987) believe these are characteristic structures that reflect the
rapid spatial variation of internal stress in TM60. Their model envisages hard
SD-like remanence in small islands of uniform stress, separated by regions of
very inhomogeneous stress. They concede that magnetostatic and especially
exchange coupling of the regions compromise their proposed SD-like behaviour.
Halgedahl (1987) argues that regions of wavy walls are surficial only and are
underlain by lamellar domains. Metcalf and Fuller (i987a,b) remark that super-
ficial complex patterns can sometimes be seen to be traversed by underlying sim-
ple body domains, rather in the manner of Fig. 6.4. They agree that the
contorted structures are unresponsive to fields, even at high temperatures, but
doubt that the amount of remanence they represent is significant compared to
that of simpler structures, especially non-equilibrium SD states.
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(a) (d)

(b)

Figure 6.10 The response of domain structures in polycrystalline Al-doped
TM62 to a horizontally directed compressive stress a of (a) 0, (b) 15.5 MPa, (c)
25.5 MPa, (d) 0. [After Appel and Soffel (1985), with the permission of the authors
and the publisher, Deutsche Geophysikalische Gesellschaft, Koln, Germany.]

External directed stress CT0 simplifies and eventually eliminates complex pat-
terns (Fig. 6.10). The patch of intricate branching walls at the lower right shrank
under 15.5 MPa compression and disappeared at 25.5 MPa. Lamellar domains
respond to stress in several ways. The unfavourably oriented domains (subpar-
allel to the compressive axis) on the left of the picture were driven out by
15.5 MPa and reformed almost normal to the stress by 25.5 MPa. The domains
on the right simply rotated, an uncommon response to applied fields. Nucleation
of new domains was not observed, although existing favourably oriented small
domains grew. The stress response seems fundamentally different from that
observed for magnetite over the same stress range by Boyd et al. (1984), in
which domain nucleation was dominant. The fact that TM60 is three times
more magnetostrictive than magnetite may explain some of the differences.

6.5 Bitter-pattern observations on hematite

Hematite has a low spontaneous magnetization (Ms « 2.5 kA/m), which should
result in low stray fields and negligible colloid concentrations above domain
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walls. In fact, however, walls in hematite are visible by both Bitter and electron-
beam techniques (Gustard, 1967; Gallon, 1968; Eaton and Morrish, 1969). The
critical SD size of hematite is large (d0 « 15 um, Table 5.1) and so even 100 urn
size grains contain only a few domains. Ms is confined to the basal plane and
coercivities are high (hundreds of mT) in the SD state at least. To measure hyster-
esis and observe the changes in domain structure that cause the magnetization
changes require strong and carefully oriented fields Ho.

Halgedahl (1995) measured hysteresis for about 50 oriented single-crystal pla-
telets of hematite and observed Bitter patterns during field cycling for many of
the platelets. Figure 6.11 (a) illustrates the first, abrupt appearance of a domain
wall, approximately bisecting the crystal, in a backfield of sa 3 mT (30 Oe). The
platelet was previously saturated, and this wall nucleation /propagation event
served to essentially demagnetize the remanence. The hysteresis loop (Fig.
6. nb) exhibits this same large Barkhausen jump around 3mT, together with a
large number of much smaller jumps. The hysteresis loop is symmetrical, indicat-
ing that nucleation is primary and occurs at the same location and in the same
field following positive or negative saturation. Direct domain observations dur-
ing field cycling bore this out.

The hysteresis loop has a very single-domain-like form (cf. Fig. 5.19), except
that following nucleation, the wall does not sweep across the entire grain, rever-
sing its moment, but jumps to a position that approximately demagnetizes the
grain and then must be driven in small steps away from the demagnetized state.
This latter behaviour is characteristic of multidomain hysteresis opposed by //d.

50 um
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Figure 6.11 (a) First appearance of a major wall in a previously saturated hema-
tite platelet after application of a backfield Ho = —3 mT. (b) Hysteresis loop for
the same platelet, showing symmetrical Barkhausen jumps at ±3 mT, correspond-
ing to the wall nucleation observed in (a). [After Halgedahl (1995) © American
Geophysical Union, with the permission of the author and the publisher.]
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These hematites have a combination of SD-like remanence (Mrs/Ms « 0.7) and
MD-like field response following nucleation, which occurs at fields much less
than typical SD coercivities.

Halgedahl's observations directly link domain-wall movements to measured
hysteresis in grains just above SD size. As the grain size increases, nucleation
becomes easier. Halgedahl found Hc = Hn ex d^M, where the effective grain
size de(( was determined from particle magnetic moment in the saturated state.
Similar grain-size dependences are known for other magnetic minerals and are
hallmarks of pseudo-single-domain (PSD) behaviour (Chapter 12).

6.6 High-temperature domain observations

6.6.1 Pyrrhotite

In polycrystalline pyrrhotite, Halgedahl and Fuller (1981) noted that undulating
walls that moved readily in small fields were preserved by cooling from the
Curie point, with or without a weak field present. They speculated that the
greater wall area permitted at high temperature to reduce Ed is preserved meta-
stably by cooling. Field cycling at room temperature eliminated the waviness
(which was also not seen in the initial NRM state), and the resulting straight
walls remained unchanged until after heating to within 10 °C of the Curie point.
Although no observations were made at high temperature, the results imply
that the highest-blocking-temperature partial TRM, which accounts for most
of the TRM intensity, has a metastable fraction that is soft to AF demagnetiza-
tion and could also decay viscously at room temperature.

6.6.2 Magnetite

Using nearly perfect euhedral crytals of magnetite, embedded in an epoxy
matrix, Heider et al. (1988) studied domain patterns at temperatures up to
350 °C. The walls faded to obscurity at higher temperatures, presumably because
of wall broadening and the decrease in Ms of both the section being observed
and the magnetite colloid marking the wall positions. An example of the results
appears in Fig. 6.12. This « 3 0 um grain was heated by absorption of energy
from the transmitted beam of the microscope, which was focused in the viewing
plane, while domain patterns were observed with the reflected beam. The trans-
parent matrix and magnetite crystals outside the field of view were negligibly
heated. Contact with the immersion oil of the microscope objective conducted
away some heat and was allowed for in calibrating the temperature, which
increased linearly with the light-source voltage up to 400 °C. Similar domain pat-
terns were observed at the lower temperatures using a conventional copper
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Figure 6.12 Variation of domain structure in a 30 um magnetite crystal (a)-(e)
during a heating-cooling cycle, and (f) after a second heating. [After Heider et al.
(1988) © American Geophysical Union, with the permission of the authors and
the publisher.]

block heating stage. The focused-beam method has the advantages of quick ther-
mal response and much higher temperature operating range.

The initial domain pattern after AF cleaning consisted of two block domains,
two large spikes and a small spike. By 77 °C, the minor spike had been driven
out, the neighbouring large spike had shrunk, and the main domain wall traver-
sing the grain jumped to a central position that greatly reduced the net moment.
By 87 °C, the wall had crosssed most of the grain. By 122 °C, the simple domain
structure was replaced by irregular faint walls meandering across the grain.
There were few changes in this complex pattern up to 200 °C.

The domain structure that appears on cooling resembles but does not dupli-
cate the original structure. It differs from one heating-colling cycle to another,
and may contain from two to five domains.

None of the changes observed can be dictated by magnetostatic energy since
Ms decreases by only about 10% over this temperature range. The initial patterns
up to 87 °C, are classic domain structures following magnetocrystalline easy
axes. However K\ decreases very rapidly with temperature in magnetite (Fig.
3.7b) and stress-controlled patterns take over at higher temperatures. The mag-
netostriction constants decrease approximately as Ml^(T) in magnetite (Fig.
3.8b), and at higher temperatures the stress-controlled patterns fade in their turn.

Almost all large (> 30 urn) synthetic grains behaved in this way. So also did
«70 um grains of natural magnetite (Heider, 1990). At room temperature, they
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contained a few simple domains, but this structure changed enormously with
mild heating. Such domains could not possibly carry stable TRM blocked near
the Curie point. Fields of 0.8 kA/m or 1 mT applied in various orientations had
little effect on the thermal pattern changes, which seem to be controlled by the
intrinsic anisotropies. Large MD grains of magnetite are thus dubious carriers
of primary NRM, in agreement with conventional wisdom.

Among rather small magnetite grains (< 10 um) Heider e/a/. (1988) observed
that 10-20% had simple body plus closure domain structures which did not
change appreciably up to 350 °C. The walls did respond to applied fields but at
higher threshold fields than in the temperature dependent structures. These
small grains are more promising candidates for carriers of stable, high-block-
ing-temperature NRM.

Ambatiello et al. (1995) have observed domains on a {110} polished surface of
a 6 mm magnetite single crystal using the magneto-optical Kerr effect (MOKE)
up to 550 °C. In contrast to Heider et al.'s results, they observed simple lamellar
body and closure domains with only minor and reversible thermal changes in
domain width up to 400 °C. At higher temperatures, domain width increased
upon heating and decreased on cooling, but there were no dramatic changes in
the style of the domain structure.

6.6.3 Titanomagnetite

Domain structures in Ti-rich titanomagnetites behave in an entirely different
way near the Curie temperature. Soffel (1977b) studied a natural TM75 grain in
which walls gradually faded in the interior and eventually also at the surface
between -40 and +70 °C, without moving appreciably. His interpretation was
that differential oxidation between the interior and surface produced a wide
range of Curie temperatures. Soffel and Appel (1982) produced 1.5 mT TRM's
in synthetic TM72 (Tc = 60 °C) and also noted that the domains did not change
much in number or pattern, although displaced walls led to a large TRM
(Mtr = 0.16Ms).

Halgedahl (1987) likewise noted gradual fading of the interior walls during
heating of natural TM60 grains with Tc = 150 °C, without significant shifts in
any of the walls. Wavy walls did not change their pattern with heating either.
Halgedahl showed that the number n of walls theoretically changes with T as
MsK~1/4A~i/4, where A is the exchange constant. In magnetite, A(T) oc Ms'

7

(Heider and Williams, 1988). Assuming a similar dependence in TM60, a magne-
toelastic rather than a crystalline origin of A" is the likely explanation of a tem-
perature-invariant number of walls. Although the walls had become faint by
105 °C, Halgedahl deduced that n had not changed because the addition of a
new wall would have changed Hd, thereby shifting the other walls.
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When similar natural TM60 grains were heated in Ho = 100 uT, the number
of domains decreased with rising temperature (Metcalf and Fuller, 1987b). The
grains were almost saturated by 100 °C and the last small wall vanished at
120 °C. Although surprising at first sight, these observations are reasonable.
The magnetostatic energy EH = —fx0 VM • Ho due to the external field decreases
less rapidly than £d, £ex or £K, and at high enough temperatures will dominate
the total energy. Under these conditions, even a weak field Ho will suffice to satu-
rate the particle. In confirmation of these ideas, the field required to drive out all
walls was observed to decrease as T increased. Even rather weak fields are effec-
tive in driving walls at high temperatures. Microscopes themselves are suffi-
ciently magnetic that it is practically impossible to eliminate all fields during
domain observations. It is possible that in experiments to date the intrinsic tem-
perature dependence of domain structure near the Curie point has not been iso-
lated from the field response of the domains.

Metcalf and Fuller (1987b, 1988) found that quite large TM60 grains were in a
metastable SD state after acquiring TRM by cooling in Ho = 3 mT and an
almost saturated state after acquiring TRM in a 0.1 mT field. From their obser-
vations of the fraction of metastable SD grains as a function of the field produ-
cing TRM, they were able to synthesize a Mtr(H0) curve that resembles
measured curves quite closely. We will return to this subject in §9.9.

Halgedahl (1991) observed a variety of LEM states, ranging from one to nine
domains, when synthetic 25-50 um TM60 grains containing 10 mole% Al and
Mg (Tc = 75 °C) acquired TRM in Ho = 42 uT in replicate experiments. Meta-
stable SD states were quite common and did not follow the same distribution as
the other LEM states (Fig. 5.14). A much smaller range of states (usually 4, 5
or 6 domains) was observed following AF demagnetization.

The mechanism for this variety of TRM states seemed to be denucleation of
one or more domains during cooling. An example is shown in Fig. 6.13. As in
the experiments of Heider et al. (1988) on magnetite and Metcalf and Fuller
(1987b) on TM60, denucleation consisted of the constriction of a lamellar
domain into a spike and its eventual collapse transversely across the grain. This
process of transverse nucleation or denucleation changes the number of domains
by two. The changes occurred over a temperature range of at most 4 °C, and
sometimes much less than this.

6.7 Electron microscope observations

6.7.1 SEM observations

To take advantage of the higher magnification and resolution available with the
scanning electron microscope (SEM), Goto and Sakurai (1977) introduced the
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Figure 6.13 Domain
denucleation observed in a
30-|im TM60 grain during
cooling from the Curie
temperature. [After Halge-
dahl(i99i)© American
Geophysical Union, with
the permission of the
author and the publisher.]
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dried-colloid technique of wall observation. Moskowitz et al. (1988b) have used
the method to reveal domain structures in synthetic polycrystaUine TM60 with
Al and Mg impurities, with a crystallite size «100 um and a Curie temperature
of 80 °C. A hydrocarbon-based magnetite colloid was evaporated on polished
or unpolished surfaces and the dried Bitter patterns were observed with the
SEM after coating the surface with carbon or gold-palladium. The large depth
of field of the SEM permits domains to be imaged on quite rough surfaces, elimi-
nating the need for mechanical and ionic polishing. Furthermore, with high mag-
nifications (20 000-30 000 x), fine (< 1 um) structures can be resolved and the
widths of walls measured with an uncertainty of ±0.05 um.

On unpolished surfaces, long straight walls, wavy walls, and nested arrays of
spikes and wavy walls were observed, as with the optical Bitter method on ioni-
cally polished surfaces. However, consistent patterns covered much broader
areas than in polished sections. Assuming that the uniaxial style of the domain
patterns is stress-controlled, a-, is now more uniform in direction but is still suffi-
cient that magnetoelastic anistropy outweighs crystalline anisotropy.

A major advance in Moskowitz et al.'s study was the first attempt to measure
the wall width <5W. The quantitative relationship between Bitter patterns and the
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widths of the underlying walls is contentious (Hartmann, 1987; Williams et al.,
1992a). Nevertheless, Moskowitz et al. estimated 8W to be 0.17 um for straight
walls bounding lamellar domains, 0.24 um for wavy walls, and 0.40 um for
nested spikes. In one case, straight walls on one crystal face were seen to connect
with wider wavy walls on another face. Since <5W oc K~^2 (eqns. (5.10), (5.14)),
the regular change in 6W suggests that increasingly complex surface patterns in
TM60 correspond to a decrease in Ko = 1.5ACT, i.e. to a decrease in overall stress
level.

From the amplitude and wavelength of wavy walls, the specific wall energy
7W = 2n{AK.y' (eqn. (5.11)) can be found by using the theory of Szymczak
(1968), reviewed by Halgedahl (1987). Equations (5.10) and (5.11) then yield A
and Ka. For their Al- and Mg-doped TM60, Moskowitz et al. found
A ss 0.55 x 10"" J/m, about one-half that of magnetite. Their calculated Ka

values implied average o\ levels of about 20, 10 and 4MPa (0.2, 0.1 and
0.04 kb) for crystallites displaying lamellar domains, wavy walls, and nested
structures respectively. These stresses are about an order of magnitude less than
those calculated by Appel (1987) for slightly oxidized natural TM60's with Al
and Mg impurities (see §6.4).

A recently introduced technique uses spin-polarized SEM observations to
directly measure surface magnetizations (Haag and Allenspach, 1993). Second-
ary scattered electrons have polarized spins which 'remember' the spin direction
of the surface atoms from which they were scattered. In principle, the surface
magnetization can be mapped out along three orthogonal axes, giving complete
vector information about Ms at the sample surface. The spin-polarization signal
is independent of the topography, so that no corrections need to be applied,
unlike the situation in magnetic force microscopy (§6.9).

6.7.2 TEM observations

The transmission electron microscope (TEM) offers high magnifications and the
possibility of viewing interior domain structure, rather than just surface patterns.
The major drawback is that specimens must be thinned by ion bombardment to
a <0.5 um foil. As a result, virgin crystal surfaces cannot be examined and,
more seriously, the domain structures observed are not necessarily those of bulk
three-dimensional material. Electron beams were used as long ago as the late
1950's to detect the surface leakage fields associated with domains in hematite
and pyrrhotite at various temperatures (Blackman et al. 1957, 1959; Gustard,
1967).

More recently, P. P. K. Smith has been the leader in TEM observations rele-
vant to rock magnetism (Smith, 1979, 1980; Morgan and Smith, 1981). He has
employed Lorentz microscopy, which makes use of the deflection of the electron
beam as it passes through magnetic material. Oppositely magnetized regions
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cause opposite deflections of the beam. The magnetic field of the objective lens is
so strong that it will saturate the specimen. To image domain structure in a rea-
sonably low-field state, the objective must be switched off and reduced magnifica-
tions result. The image is purposely defocused until the magnetically deflected
beam either converges or diverges at the domain walls, which then show up as
narrow intense bright lines or broader dark lines.

Smith (1980) and Morgan and Smith (1981) show Fresnel defocus images of
walls in « 50 um magnetite regions within natural magnetite-ilmenite high-tem-
perature oxyexsolution intergrowths (§3.1, 14.4). Energy dispersive analysis of
the characteristic X-ray emission confirmed that the spinel examined contained
< 1% Ti. The main walls are long, straight and parallel (Fig. 6.14). They image
as alternating bright and dark lines, indicating that the wall moments alternate
in polarity, as expected from minimum-energy considerations (see §5.8). Closure
domains form near the edge of the magnetite. The spacing of the main domains
is sa 1 um, in reasonable accord with theory (eqn. (5.22)).

Two- and three-domain structures have been imaged by Smith (1980) in 0.5-
1 um natural magnetite inclusions in a garnet matrix. Examples appear in Fig.
6.15. Since the grain dimensions are similar to the foil thickness, the structures
observed are probably representative of those in the original grains. The walls
were straight and parallel to the long axis of each grain, thus minimizing Ed.
The number of domains is again about the theoretically expected equilibrium
number. Furthermore, when the domain pattern was saturated with the objective
lens field and then allowed to reform, the same structure always reappeared.
There were no nucleation difficulties and no alternatives to the equilibrium
domain structure.

Figure 6.14 Fresnel TEM
image of body and closure
domains near the edge of a
« 50 um magnetite sub-
grain in an oxyexsolution
intergrowth. Walls of
opposite polarization
image as dark and light
lines. The domain width is
about 1 urn. [After Smith
(1980), with the permission
of the publisher, Institute
of Physics Publishing,
Bristol, UK.]
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Figure 6.15 Fresnel TEM
images of two-domain
structures, with and with-
out closure domains, in « 1
urn magnetite grains in
garnet. [After Smith
(1980), with the permission
of the publisher, Institute
of Physics Publishing,
Bristol, UK.]

6.8 MOKE observations

The magneto-optical Kerr effect (MOKE) is the rotation of the plane of polariza-
tion of light by a magnetic medium. By this technique, one can examine varia-
tions in the magnetization within domains and not simply the location of
'discontinuities', i.e., domain walls. Disadvantages are the extremely smooth sur-
face required and the small Kerr rotation in magnetite and TM60. By polishing
surfaces with a suspension of amorphous silica spheres and digitally processing
and enhancing the Kerr images, Hoffmann et al. (1987) produced the first Kerr-
effect domain pattern photographs for natural and synthetic TM60's. All the fea-
tures seen using Bitter patterns - patches of lamellar domains, separated by
regions of undulating walls and spikes, or featureless areas - were also seen in
the Kerr images.

Heider and Hoffmann (1992) observed simple lamellar domains in about 30%
of the synthetic magnetite crystals they examined. Since the crystals were not spe-
cially oriented for polishing, this fraction presumably represents those crystals
whose (111) easy axes happened to be sufficiently close to the plane of observa-
tion for simple patterns to form. A 70 urn crystal was observed in the course of
field cycling to saturation (Fig. 6.16a). At most six body domains formed, consid-
erably less than the equilibrium number predicted. All reverse domains vanished
by 100 mT and in the SIRM state there was apparently still only a single domain.
A reverse domain nucleated and grew to fill more than half the grain in a back-
field of — 30 mT. By — 40 mT, the normal domain had almost disappeared and
the crystal was nearing negative saturation.

The SD-like hysteresis implied by the domain observations is at odds with
measured hysteresis for similar crystals, however (Fig. 6.16b). A bulk sample
containing dispersed 80 urn crystals gives a classic MD linear ramp, saturating
around 200 mT or 160 kA/m (cf. Fig. 5.16). Heider and Hoffmann propose that
the domains are being viewed broadside on, rather than edge-on. Thus the
domains appear to be less numerous and much wider than they are in reality.



Figure 6.16
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Figure 6.16 (a) MOKE images of body domains in a « 70 urn magnetite grain for
different applied fields Ho. At most six domains are observed (i), and the grain is
metastably single-domain in the SIRM state (ii). Wall nucleation followed by two
large Barkhausen jumps bring the grain to a demagnetized and then a reversely
saturated state (iii,iv). (b) Simulated SD-like hysteresis loop, based on the domain
observations in (a), compared with the MD-like hysteresis curve measured for
grains of similar size. [Reprinted from Heider and Hoffmann (1992), with kind
permission of the authors and Elsevier Science - NL, Sara Burgerhartstraat 25,
1055 KV Amsterdam, The Netherlands.]

This is a potential problem for any method of domain observation and points up
the need for careful orientation of crystals before polishing. Only a {110} plane
contains two sets of (111) easy axes and is in addition perpendicular to the wall
plane (§5.3.1). Thus only if {110} is the plane of observation does one have
much chance of imaging interior domain structures in a favourable (i.e., edge-
on) orientation (cf. Figs. 1.2, 5.8, 6.3).
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6.9 Magnetic force microscopy

Magnetic force microscopy is a recently developed technique that allows the
magnetic stray field above the surface of a grain to be mapped in great detail
(Hartmann, 1994; Dahlberg and Zhu, 1995; Proksch et ah, 1995). The magnetic
force microscope (MFM) consists of a magnetized needle-like tip on the end of
a small cantilever which scans over the grain surface, ideally at constant height
(typically about 0.1 um). The principle is analogous to flying an aeromagnetic
survey with constant terrain clearance and flight-line spacing, but on a micro-
scale (in fact, a nanoscale, since a resolution of 10 nm or 0.01 um is achievable).
To remove the effects of surface topography, a similar image of Coulomb forces
measured with a non-magnetic tip (an atomic force microscope or AFM) is
subtracted from the magnetic image.

The first MFM images of domain walls in magnetite were reported by Wil-
liams et al. (1992b) on a polished {110} surface of a 5 mm natural single crystal.
A symmetrical profile with a single force maximum was obtained across the
wall between lamellar domains (Fig. 6.17). This is the expected profile for a 180°
Bloch wall (see §7.5.4). Asymmetric Bloch walls or Neel 'caps' (near-surface por-
tions of walls), if present, could not be resolved.

One striking observation was that the force peak reversed sign partway along
the domain wall in one 20 um-square section. The force reversal implies reversal
of the sense of rotation of spins in the Bloch wall and of the associated domain
wall moment (§5.8). Thus walls are not invariably of a single polarity in magne-
tite. Measurements of the typical length of a wall domain should soon give us an
experimental estimate of the critical size for SD walls or 'psarks'.

9 10 11
Scan distance (fim)

Figure 6.17 MFM force profiles across the same 180° Bloch wall, viewed on a
{110} surface of a natural magnetite crystal, in different parts of a 20 um-square
section. The wall has reversed polarization and magnetic moment between the two
profiles. [After Williams etal. (1992b), with the permission of the authors and the
publisher, Blackwell Science, Oxford, UK.
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Proksch et al. (1994a) also reported MFM images of domain-wall structures
in the {110} plane of a single crystal of magnetite. An image of a 180° wall, paral-
lel to the [111] easy axis, in a 5 um x 5 um region and the corresponding stray-
field profile over the wall are shown in Fig. 6.18. The half-width of the profile is
210±40nm, which is quite consistent with our rough calculation of <5W in
§5.3.1, but somewhat larger than more refined estimates of 95-160 nm for <5W. A
major problem in MFM studies is deconvolving the overall response to remove
the effect of the magnetized tip, whose width and direction of magnetization are
often only approximately known. The tip response may be responsible for broad-
ening the wall profile in Fig. 6.18(b).

Figure 6.18 (a) MFM
image of a 180° Bloch wall
in a single crystal of mag-
netite ({110} viewing
plane), (b) MFM response
profile across the wall
compared to a model of the
wall structure. The tip geo-
metry and the scan height
have been adjusted for best
fit.Thehalf-widthofthe
profile agrees reasonably
well with predictions of the
Bloch-wall width 8W in
magnetite. [After Proksch
etal. (1994a) ©1994
IEEE, with the permission
of the authors and the pub-
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Chapter 7

Micromagnetic calculations

7.1 Introduction

The theory of domain structures in magnetite and titanomagnetite has made
great strides in the last decade. Most earlier calculations used Kittel or Amar
models like those of §5.4. These were deterministic; no interesting and novel
structures could emerge. Block-like walls and domains without internal structure
were imposed in advance. Only their numbers and widths were adjustable. We
will review some of these calculations in §7.2.

About the mid-1980's, less constrained micromagnetic calculations (Brown,
1963a) were introduced in rock magnetism. In micromagnetism, model crystals
are divided into cells and the magnetization direction of each cell is varied inde-
pendently until an overall structure emerges that minimizes the total energy.
Most such structures are local energy minimum (LEM) states rather than the glo-
bal energy minimum (GEM) state. That is, the equilibrium number of domains
has usually not been found. However, at least domain structure can be expected
to emerge in a natural way instead of being imposed at the outset. Fine structures
within domains and domain walls also appear without forcing.

In model magnetite crystals larger than «0.5um, the calculations do con-
verge on structures resembling classic domains. Closure domains and finer struc-
tures such as vortices feature in the solutions. In smaller grains, the fine
structures fill much of the particle. Domains as such are barely recognizable
until the SD range (< 0.1 um) is reached. These structures are described in §7.3—
7.5. Changes in particular LEM states or families of states with changes in
applied field Ho, grain volume V, and temperature T are the subject of §7.6-7.8.

171
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Transformations between LEM states, particularly at high T, are considered in
§7.9 and 7.10.

The major limitation on micromagnetic calculations is computation time. For
reasonable resolution of structures, the shortest dimension of cells (which are
cubes, rods or sheets, respectively, for three-, two- or one-dimensional calcula-
tions) must be wlO—20 nm. The number of pair interactions among cubes
required to evaluate EA at each step in a three-dimensional variational calcula-
tion grows rapidly as the crystal size increases, making calculations prohibitively
long and expensive, even using supercomputers. The practical upper size limit
for such calculations is presently about 1 urn, and for two-dimensional calcula-
tions (which are no longer completely unconstrained) about 5 urn. Almost all
domain observations have been made on > 5 urn size grains. Direct comparison
of theory and experiment therefore remains difficult.

Recent theoretical results indicate some possible problems in observing
domains. The larger the number n of domains in a crystal of a given size, the
broader the walls are predicted to be (§7.3). Broad walls do not attract magnetic
colloid particles as effectively as narrow walls and may not image clearly. It is
conceivable that metastable SD states of grains that are theoretically much too
large to support such a structure are observational artefacts. Direct measure-
ments of magnetic moments of individual particles would conclusively distin-
guish between SD and large-/? LEM states.

Micromagnetic calculations have pointed out what in hindsight is obvious.
Near-surface spins deflect to minimize surface poles, with the result that interior
Bloch walls evolve into Neel-like walls at the crystal surface (§7.5.4). The flux
leakage from these domain-wall terminations (called Neel caps) is less than con-
ventional estimates based on constrained structures with Bloch structure
throughout, and they may image poorly.

Closure domains of major size are a feature of two-dimensional and some
three-dimensional solutions for magnetite (§7.5). They have been omitted from
most previous theorizing, although it is well known that they raise equilibrium
domain widths substantially (§5.4.2). Only for certain favourable orientations,
namely a {110} viewing plane perpendicular to the plane of 71 °, 109° and 180°
walls, are closure domains well imaged by the colloid method.

The major theoretical advance of the last decade has been the recognition that
domain structures other than the ground state - non-equilibrium LEM
states - not only occur frequently, but could conceivably dominate the rema-
nence and impart quite unexpected grain-size dependences (§7.4). Since meta-
stable SD states were observed as early as 1980, the theoretical advance may
seem rather belated. Nevertheless, the idea of transformation from one equili-
brium domain structure to another at a set of fixed particle sizes was so firmly
rooted that the notion of alternative states and 'transdomain' transitions
between them in a crystal of fixed size was revolutionary (§7.9.2). The implica-
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tions for theories of TRM acquisition (§7.10) have not been worked out fully and
will be a source of excitement in the years to come.

7.2 Constrained calculations

To find a stable magnetization structure, the sum of the exchange, anisotropy,
demagnetizing and field energies (Eex, £K, Ed and EH, respectively) must be
minimized. £ex, £K and EH are local energies which are readily evaluated for
any model structure. Ed, however, is a long-range pair-interaction energy whose
computation has been a major stumbling block. Simple formulations of Ed like
eqns. (5.1), (5.3) and (5.4) are exact only for large numbers of domains, and
moreover ignore the structure of the walls. Most modern formulations use
Rhodes and Rowlands' (1954) analytic result for the demagnetizing energy of
arrays of rectangular prisms, which can represent 180° body domains of variable
width in constrained calculations or small cells of fixed size in micromagnetic cal-
culations. The RR formulation of Ed and its implementation were described in

§4-4-
Amar (1958) extended constrained calculations to include Ed of the walls,

which he modelled as rectangular blocks uniformly magnetized at ±90° to the
domains. The Rhodes-Rowlands-Amar (RRA) expressions for Ed (e.g., eqns.
(4.34), (4.35)) are complicated, but have the great advantage that the RRA coef-
ficients need only be calculated once for a given domain and wall geometry.

Shcherbakov (1978) and Moskowitz and Banerjee (1979) used RRA formula-
tions to calculate energies and equilibrium size ranges for 2D, 3D and 4D struc-
tures in magnetite cubes and rectangular prisms. Argyle and Dunlop (1984)
improved the RRA formulation slightly by subdividing the domain walls into
two equal parts, each with an effective magnetization 2/n times that of the
domains (Fig. 4.11). They calculated sizes of 0.06 urn for the transition from SD
to 2D equilibrium structure (i.e., d0), 0.13 urn for the 2D-3D transition, and
0.30 um for the 3D-4D transition (Fig. 7.1). Moskowitz and Banerjee (1979)
reported 0.08, 0.15 and 0.31 um, respectively, for these critical sizes.

Argyle and Dunlop also pointed out that the internal structure of 2D and 3D
grains is quite variable. Near the lower limit of the 2D or 3D equilibrium size
range, structures with broad domain walls that fill much of the grain volume
have lower energy than conventional structures with narrow walls and broad
domains (Fig. 7.1). Near the upper limit of the equilibrium size range, walls nar-
row considerably.

The fractional volume occupied by domain walls, which for crystals of rectan-
gular form is simply 6^/D, determines the net moment of the walls relative to
the net moment of the domains. For 180° domains and Bloch walls, these
moments are orthogonal and independent (§5.8). If the wall fills most of a 2D
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Figure 7.1 Theoretical
estimates of the total mag-
netic energy of magnetite
cubes as a function of size
for different 1-dimensional
domain structures: SD, 2D
(curves 1,2,3: domain-wall
widths of 85%, 66% and
40%, respectively), 3D
(curves 4, 5,6: wall widths
Of30%,49%and37.5%,
respectively), and 4D (7:
wall width 31 %). In the size
range shown, all are per-
missible alternative LEM
states. [After Argyle and
Dunlop (1984) © Ameri-
can Geophysical Union,
with the permission of the
authors and the publisher.]

grain just above d0, its moment will be almost as intense and stable as that of an
SD grain. In 3D grains, however, it is energetically favourable for the spins to
rotate in opposite senses in the two walls (Argyle and Dunlop, 1984; Enkin and
Dunlop, 1987), so that the wall moments cancel. In 4D and larger grains, the
wall moments alternate in polarity (cf. Fig. 6.14). If the number of domains is
even, there is always one uncompensated wall, but Mnet due to wall moments
becomes relatively minor.

If the number of domains is odd, on the other hand, the wall moments balance
but the domains have a net moment, even in zero applied field (Craik and Mcln-
tyre, 1969; Shcherbakov, 1978; Dunlop, 1983a). The volume of the two end
domains and other domains of the same polarity is greater than the volume of
the central domain and its family of domains. This spontaneous remanence due
to domain imbalance cannot be demagnetized. Just as in the SD state, the grain
is in a minimum-energy condition. However the domain-imbalance remanence
Mv is much weaker than SD remanence. It amounts to about 12% of the SD mag-
netization Ms for 3D cubes and 2-4% of Ms for 5D and 7D cubes (Dunlop,
1983a).

7-3 One-dimensional micromagnetic calculations

An important advance was made by Moon and Merrill (1984), who used a one-
dimensional variational method to determine the micromagnetic structure of a
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model cube. The analogous problem for a sphere was solved much earlier by
Stapper (1969) but had little influence in rock magnetism. Moon and Merrill
divided their model crystal into lamellae within which Ms was confined to the
plane of the lamella, just as in 180° domains and Bloch walls. Within a particular
lamella Ms was at a specified angle 0\ to the easy axis of anisotropy, and all values
of 0j were permitted, not just 0, 90° and 180° as in conventional RRA calcula-
tions. The set of 6X were varied until the total energy converged on a minimum.
In this approach, magnetic charges appear on the four outer faces of each lamella
but not on the two interior faces. The calculation is micromagnetic, i.e., varia-
tional, but not completely unconstrained.

Most of the volume of a cube of equilibrium 2D size was found to be non-
uniformly magnetized. The 'wall' filled the particle, as had been concluded by
Veitch (1983) and Argyle and Dunlop (1984) on the basis of more restrictive
calculations. A new feature was 'overshoot' of the 9-t beyond 0 or 180° at either
edge of the wall, forming 'skirts' with moments opposed to the wall moment
(Figs. 5.6b, 7.2).

In agreement with Argyle and Dunlop's simple RRA calculation, Moon and
Merrill, and later Enkin and Dunlop (1987), found that the volume fraction
occupied by walls decreases in grains much larger than the critical minimum
size for a particular equilibrium domain state. Figure 7.2 illustrates this effect
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Figure 7.2 Minimum-
energy 1-dimensional
micromagnetic structures
(spin vector orientation as
a function of position z,
normalized to cube edge S)
in magnetite cubes of dif-
ferent sizes. The curves
have been offset by 45° for
clarity. Notice the evolu-
tion from broad to narrow
walls as particle size
increases, which was also
evident in Fig. 7.1. [After
Enkin and Dunlop (1987)
© American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]
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for 3D magnetite cubes ranging from 0.14 um to 0.50 um in size. As well as being
narrower, the walls in the larger particles develop larger skirts which effectively
compensate or 'screen' the wall moment. This effect imparts an extreme grain-
size dependence to wall-moment magnetization and effectively rules out the
'psark' model for SD-like remanence except in the smaller 2D grains.

7.4 Non-equilibrium or LEM states

Moon and Merrill (1984) noted that, in addition to observations of metastable
SD structures (§6.2-6.6), there were good reasons for believing that particles are
not always in their lowest energy states. Consider the 0.20 urn magnetite grain
of Fig. 7.2, whose theoretical equilibrium structure is 3D. Because the grain size
is not much above the critical 2D-3D size, the walls are broad and would image
poorly with the Bitter technique. On the other hand, 0.20 urn is well above the
SD-2D transition size d0 and if the grain is in a (metastable) 2D state, the wall
will be narrow and will image well. The Bitter method cannot in practice be
used with such small grains, but the same argument applies to optically visible
magnetites containing larger numbers of walls. The states that yield well-defined
narrow walls and are most readily observed under the microscope tend to be
LEM states containing fewer than the equilibrium number of walls.

The realization that higher-energy branches like the ones in Fig. 7.1 are not
merely mathematical constructs but represent frequently occupied, perhaps
even typical, physical states is a breakthrough in understanding ferromagnetic
particles. For example, although the number and total moment of domain walls
increases with increasing grain size if particles are in their equilibrium states, the
moment decreases sharply if grains of all sizes remain in a 2D state, because of
the narrowing of the walls.

There are limits to how large or how small a grain can support a given meta-
stable domain structure. Too large or too small a grain will spontaneously nucle-
ate or denucleate a domain wall. Moon and Merrill (1985) approached the
nucleation problem by stepping a 180° wall of prescribed structure into a particle,
starting from one edge. When such an edge perturbation spontaneously propa-
gated into the particle, the upper stability limit had been reached. This is a con-
strained rather than a micromagnetic calculation and surfers from the obvious
limitation that only stability to a particular form of perturbation is tested. How-
ever, the results (Fig. 7.3) agree quite well with micromagnetic calculations of
stability of metastable SD states by Shcherbakov and Lamash (1988) and of
SD, 2D and 3D LEM states by Enkin and Dunlop (1987). The latter calculations
are described next.

At each step of their energy minimization, Enkin and Dunlop calculated not
only the gradient of the total energy £tot with respect to each of the 6; but also
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the Hessian matrix of second derivatives of £tot. When all gradients approach
zero and all second derivatives are positive, a LEM state which is stable against
all possible perturbations of the Qx has been found. Enkin and Dunlop also com-
puted complete energy surfaces (Fig. 7.4). The 0\ values were fixed at opposite
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Figure 7.3 Theoretical
stable size range for var-
ious 1-dimensional LEM
states in magnetite. The
stability ranges greatly
exceed the equilibrium size
ranges (in black) for most
structures. [Reprinted
from Moon and Merrill
(1985) with kind permis-
sion of the authors and
Elsevier Science - NL,
Sara Burgerhartstraat 25,
1055 KV Amsterdam,
The Netherlands.]

Figure 7.4 Theoretical
total energy surface for
1-dimensional micromag-
netic structures (specified
by the spin orientations at
opposite edges of the parti-
cle) in a 0.08 urn magnetite
cube. Notice that there are
two SD LEM states, (0,0)
and (180°, 180°), with
opposite moments and two
2D LEM states, with
opposite wall polarities
and moments. A typical
energy barrier and transi-
tion path between states
are shown. [After Enkin
and Dunlop (1987)©
American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]
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edges of the grain and a minimum-energy structure subject to this constraint was
calculated. The total energy as a function of the constrained angles, which were
changed independently in 15° increments, maps out an energy surface on which
the locations of stable minimum-energy structures are clear.

In the example shown, a 0.08 um magnetite cube, there are two SD and two 2D
energy minima, each pair having oppositely directed moments (in the 2D case,
these are wall moments). In zero applied field, the two SD states have equal ener-
gies and are equivalent equilibrium structures. Of only slightly higher energy
than the SD ground states are the two degenerate 2D structures, which represent
excited states. However, a sizeable energy barrier separates the LEM and GEM
structures.

In grains smaller than 0.08 urn, the 2D energy increases until the energy bar-
rier vanishes and the domain wall denucleates. In larger grains, the SD energy
increases and a 3D state eventually appears at approximately the same location
on the energy surface. The calculated minimum and maximum sizes for stability
of SD, 2D and 3D LEM states agree quite well with Moon and Merrill's values.

It is evident from Fig. 7.3 that in >1 um magnetite grains, a variety of LEM
states are possible. A 1 um grain, for example, is predicted to have a 6D GEM
state but can host as many as 10 domains or as few as 3 domains. Excess domain
walls have not been observed experimentally; nucleation of walls seems to be
the problem in the real world, not denucleation. A serious discrepancy is that
metastable SD and 2D remanent states theoretically should not exist in >1 um
magnetites, whereas in fact they are well documented (Boyd et al., 1984). The
imperfection of real crystals should if anything aid in nucleating walls, and so
there is no immediate explanation to this paradox.

7.5 Two- and three-dimensional micromagnetic
calculations

7.5.1 Methodology

Two-dimensional and especially three-dimensional micromagnetic calculations
with reasonably large arrays of cells can only be implemented on a supercompu-
ter or a parallel-processor computer (see, however, Shcherbakov et al., 1990).
Wright et al. (1996), using a three-dimensional fast-Fourier-transform (FFT)
algorithm without restrictive boundary conditions to calculate EA, were able to
determine minimum-energy structures with a resolution of 64 x 64 x 64 cells in
about 16 hours of CPU time on a 16 000-processor parallel computer. With a
cell edge of 10-20nm, model grains as large as 1 um can be studied. By way of
comparison, earlier calculations (Williams and Dunlop, 1989) with
12 x 12 x 12 resolution (maximum grain size of 0.2 urn) required up to 24 hours
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on a supercomputer. Efficient coding is the key to calculating structures in larger
grains.

Apart from the recent introduction of F F T methods for transforming EA into
a form suitable for parallel processing (each processor calculating a small num-
ber of pair interactions), the formulation of the various energy terms is fairly
standard (Schabes and Aharoni, 1987; Newell et al., i993a,b; Fabian et al.,
1996; Wright et al., 1996). However, the algorithms used to find and test energy
minima vary in their efficiency and reliability. The conjugate-gradient technique
has been most widely used. At each step, it adjusts the direction of search to the
steepest gradient of descent. The modified Newton method calculates second
derivatives at each step, thereby avoiding false minima, but the memory required
to store the Hessian matrix of second derivatives may be prohibitive. Monte
Carlo and simulated-annealing methods are random walks and therefore very
time-consuming. They do allow the local environment of minima to be explored,
sometimes resulting in escape from a shallow minimum to a deeper nearby one,
with significant reductions in LEM energies (Fukuma and Dunlop, 1995). Simu-
lated annealing (e.g., Thomson et al., 1994) imitates thermal agitation and per-
mits uphill as well as downhill walks. It provides a means of exploring possible
transition paths between LEM states, but the low-resolution grids that can be
used and limitations on the number of trials at present limit its use to excitations
of SD or quasi-SD grains under nearly SP conditions.

7.5.2 Three-dimensional L E M states

Williams and Dunlop (1989, 1990) calculated unconstrained three-dimensional
micromagnetic states for magnetite cubes and elongated prisms ranging from
0.05 urn to 0.50 urn in size. Ed was calculated using modified R R A expressions.
Ms vectors were not constrained to lie in planes and 9; for each of the 123 or 223

cells was varied independently. In this case, magnetic charges or poles appear
on all six faces of each cell, and interactions between orthogonal as well as paral-
lel pole sheets must be computed.

LEM states of five different types were found for 0.20 urn cubes (Fig. 7.5).
Some are recognizable variants of conventional domain structures which incor-
porate features suppressed in one-dimensional modelling. For example, the 2D
structure incorporates large closure domains. In the quasi-SD structure, the
magnetization vectors curl into or out of the cube corners to form external flux
loops. These deflections could have been predicted from the Hd vectors at the
corners of the SD cube of Fig. 4.9. Schabes and Bertram (1988) call this the flower
state.

Other states are entirely non-lamellar. One such state is a 5D structure with a
large core domain and four oppositely magnetized domains along lateral edges
of the crystal. Another (not illustrated) is superficially similar but has internal
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Figure 7.5 Possible 3-dimensional micromagnetic states of a 0.2 urn magnetite
cube, (a) Modified SD (1 A, or flower) state, (b) A related (IB) state, in which cor-
ner spins reverse and form reverse domains along four edges, (c) 2D state with
closure domains, (d) Vortex state, with spins curling about a central axis. Vortex
and 2D structures are similar in providing complete internal flux closure. [After
Williams and Dunlop (1989), reprinted with permission from Nature. Copyright
© 1989 Macmillan Magazines Ltd.]
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spin curling instead of conventional domain walls. The third has no recognizable
domains but consists of a single vortex of spins curling about the particle axis
(Schabes and Bertram's vortex state).

Fabian et al. (1996), using an FFT method and grids up to 23 x 23 x 63,
found flower, vortex and double-vortex states in model magnetite grains simi-
lar in size to those in Fig. 7.5. (Double-vortex states will be illustrated in Fig.
7.10.) A variety of double-vortex configurations were possible in elongated
grains.

Because three-dimensional models allow spins to deflect so as to reduce or
eliminate surface poles, as they no doubt do in real crystals, there is less flux
leakage from the surface and complex structures might not be imaged as such
by colloid patterns. In other words, there is a possible problem with observa-
tions using the Bitter technique, and internal structures in real grains could
in some cases be more complicated, instead of simpler, than observed surface
patterns.

In larger magnetite grains, particularly elongated ones (maximum size:
0.5 um x 0.83 um), structures containing two or three approximately lamellar
domains form spontaneously (Williams and Dunlop, 1990). They are terminated
and magnetically linked by closure domains. (These states evolve from vortex
and double-vortex states in smaller grains, as we will show in §7.7.) If the initial
trial structure is an SD state parallel to the short axis, the domain magnetizations
are also parallel to the short axis (a so-called head-on state). The energy would
be lower for M% vectors parallel to the long axis, but the transformation is pre-
vented by configurational anisotropy, the barrier represented by the still higher
energy of a diagonally magnetized state. Luo and Zhu (1994) have confirmed
experimentally, using the MFM, that a head-on 2D state exists in elongated
iron particles, although it is unstable and will form only if a saturating field is
applied exactly along the short axis of the grain.

Wright (1995), with an FFT routine to compute EA and high-resolution grids
up to 643, has traced the development of lamellar multidomain structure as
grain size increases from the SD range through PSD sizes (Chapter 12). He also
modelled octahedral grains, resembling real magnetite crystals, and grains of
irregular shape like those frequently found in the confining mineral matrix of a
rock.

Three-dimensional models are at an early stage of development, but they offer
tantalizing glimpses of what transitional structures in real crystals may look
like. They have already demonstrated that there are distinct quasi-SD (i.e.,
flower) states and curled or vortex states, resembling a 2D structure with closure
domains (Fig. 5.2d), over some ranges of grain size, rather than a single blended
state that evolves from SD-like to 2D-like with increasing grain size (e.g., Veitch,
1983). The possibility that distinct LEM states are an artefact of the constraints
built into one-dimensional models can now be ruled out.
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7.5.3 Two-dimensional LEM states

Since two-dimensional lamellar structures develop spontaneously in three-
dimensional modelling of 0.5—1 (am magnetite grains, it is reasonable to use
two-dimensional modelling as a means of exploring structures in grains larger
than 1 urn. Rod-shaped cells become the modelling elements and the number of
pair interactions for a particular grain size is reduced enormously. For example,
a three-dimensional calculation with 503 cells requires j x 506 pair interactions
to be evaluated at each iteration. A two-dimensional calculation with 502 cells
requires j x 504 such evaluations, a factor 2500 less. The computational problem
is eased, so that more modest computers can be used. Alternatively, with the
same computing power, one can model, at the same spatial resolution, grains
« 7 times larger (i.e., 7 x 7 times larger arrays of two-dimensional cells).

At present, 5 um magnetite grains are the largest that have been modelled.
Figure 7.6 shows two of the many possible LEM states. The first is a checker-
board pattern that develops if the initial trial structure is an upwardly magne-
tized SD state. The SD state is not stable in grains this large. Instead pairs of clo-
sure domains form in the four corners, providing a set of closed flux paths for
the two diamond-shaped central domains, which retain the initial Ms orientation
and are responsible for the remanence.

The second state develops from an initial lamellar 3D structure. Four large
closure domains evolve, closing the flux internally. However, at the corners
there are small vortices of the opposite sense, which are reminiscent of the flower
state in very much smaller grains. Notice that this 3D state also has a remanence
because the outer body domains have a larger volume than the central domain.
This domain-imbalance moment is considerably less than the net moment of the
checkerboard state, however.

Among the lamellar LEM states for a 5 um grain, the 4D structure has a mini-
mum energy. Thus the equilibrium domain width is about 1 um, in agreement
with the observations in Fig. 6.14.

Figure 7.7 compares the total energies of the vortex or curled state and various
lamellar states as determined by one-dimensional and two-dimensional calcula-
tions in a 1 um magnetite cube. The vortex structure, which has no one-dimen-
sional equivalent, has the lowest energy. Closure domains greatly reduce the
energies of two-dimensional lamellar states compared to their one-dimensional
counterparts. The predicted equilibrium domain width is «0.5um (2D being
the GEM state), in agreement with experiment (Fig. 6.15).

The distribution of two-dimensional LEM states is narrower than the distribu-
tion of one-dimensional states, and it is shifted to lower numbers of domains.
The reason is again the saving in demagnetizing energy caused by the appearance
of closure domains. The one-dimensional GEM state is 6D but the two-dimen-
sional GEM state is 2D, which is not even a permitted one-dimensional LEM
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(a)

(b)

Figure 7.6 High-symme-
try 2-dimensional micro-
magnetic states of a 5 um
magnetite cube, (a) Check-
erboard pattern developed
from an initial SD state
with upward magnetiza-
tion. Only the two dia-
mond-shaped central
domains preserve this ori-
ginal Ms orientation. Four
flux-closure loops (each
like Fig. 7.5c) occupy the
four quadrants of the
grain, (b) 3D structure with
closure domains, devel-
oped from an initial lamel-
lar 3D state. The pattern
consists of two flux-closure

£}3V*A loops in the left and right
5tt£*5 halves of the grain. [After

Xu el al. (1994) © Ameri-
can Geophysical Union,
with the permission of the
authors and the publisher.]

state. Less-constrained calculations can thus achieve quite spectacular reductions
in energy and changes in structures, including the range of permitted LEM states.
Notice that in 1 urn magnetite grains metastable SD grains are prohibited as one-
dimensional LEM states but are permitted as two-dimensional states. In reality
they are only marginally stable and tend to degenerate into checkerboard states
according to recent Monte Carlo calculations (Fukuma and Dunlop, 1995).

7.5.4 Domain-wall structure

The usual cubes or rods used as elements in micromagnetic modelling are
10-20nm in their short dimension. Each side encompasses 12-25 unit cells of
magnetite. In order to examine the internal structure of domain walls, a higher-
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1-D Structure (Moon and Merrill, 1985)

2-D Structure (this study)

0.7

5

"8

04

0.1

0.0
3 4 5 * 7

Domain State

10

Figure 7.7 Comparison
of energies of I-dimen-
sional and 2-dimensional
micromagnetic states in a
I um model magnetite
cube. Both the LEM-state
energies and the number of
domains in the GEM state
are much lower when the I -
dimensional constraint is
removed. [After Xu et al.
(1994) © American Geo-
physical Union, with the
permission of the authors
and the publisher.]

resolution grid is needed in the wall region. The most common approach is to
impose uniform domains beyond a distance four or five times that of the expected
wall width (e.g., Scheinfein et al., 1991), so that micromagnetic calculations are
confined to the wall region and its immediate surroundings.

In the resulting structures (Fig. 7.8), the 70.5°, 109.5° or 180° Bloch wall (cf.
Fig. 5.9b) in the interior of a magnetite crystal gradually changes to a Neel wall
near the crystal surface. In this Neel cap, the spins rotate in the plane of the sur-
face and generate no surface poles. The Neel cap is offset with respect to the
underlying Bloch wall, which has a width <5W as 0.15 um (Fig. 7.8a,b), and is
wider than the Bloch wall. Predicted leakage-field profiles over these composite
walls are basically symmetrical, showing the predominant influence of the under-
lying Bloch wall (Fig. 7.8c). The offset Neel cap results in some minor asymme-
try. The predicted profiles reproduce most features of measured MFM profiles
(Xu and Dunlop, i996;Proksche?o/., 1994a; Figs. 6.17,6.18).

7.6 Modelling hysteresis

All the structures described thus far are remanent (Ho = 0) states. Williams and
Dunlop (1995) have simulated hysteresis in 0.1-0.7 um magnetite grains by car-
rying out successive three-dimensional micromagnetic minimizations when the
field is stepped in 10 mT increments from 0 to +150mT, and then, in 2 mT
steps, reduced to — 150 mT and increased back to +150 mT. The initial guess for
each structure was the final structure from the preceding step. This procedure
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Figure 7.8 Neel caps developed at the crystal surface (top) for (a) a 180° and (b) a
109.5° Bloch wall in magnetite. Both the Neel and Bloch wall structures were pre-
dicted by 2-dimensional mieromagnetic modelling. The area viewed is 0.6 um wide
and extends into the crystal a depth of 0.8 urn. Uniform domains were assumed at
large distances from the walls, but well beyond the area shown, (c) Profiles of
d2Hz/dz2, which determines MFM response, for scanning heights of 50 and
100 nm and various MFM tip widths. The profiles show only a sniall amount of
asymmetry due to the Neel cap. The profile half-width for small tip widths indi-
cates a Bloch-wall width <5W « 0.15 um. [After Xu and Dunlop (1996) © American
Geophysical Union, with the permission of the authors and the publisher.]
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generates a quasi-static succession of metastable states rather than the true
dynamic response (Schabes, 1991), but provided the damping of gyroscopic
effects resulting from field changes is rapid compared to the rate at which the
field changes, experimental hysteresis loops should be well simulated. Typical
energy barriers are several orders of magnitude larger than 25kT even for the
smallest grains modelled, so that thermal activation has a negligible effect com-
pared to field-driven changes in structure.

A 0.1 um magnetite grain initially in the quasi-SD flower state reverts irrever-
sibly to the curling or vortex state during the descent from positive saturation
(Fig. 7.9). In successive cycles between + and - saturation, Ms vectors of cells
in the outer part of the grain rotate reversibly. The core reverses discontinuously
at a higher field. The overall hysteresis cycle thus has both irreversible SD and
reversible MD features.

In larger grains, the vortex state remains the ultimate GEM state reached dur-
ing field cycling and the outer shell and core of the grain continue to react to Ho

almost independently of each other. However, irreversible jumps become smal-
ler, reversals occurring in a series of steps rather than in SD style as a single 180°
rotation. Halgedahl (1995) observed a similar change in measured hysteresis
loops of hematite grains just above SD size as the grain size increased (see §6.5).
Edge and core regions both undergo reversible and irreversible changes, core
changes occurring before edge changes as grain size increases. In 0.7 um grains,
a cylindrical domain wall separates the edge and core, and its motion, continuous
and discontinuous, produces magnetization reversal. The overall hysteresis
curve for this grain size is quite narrow and ramp-like, with the expected slope
l/7V(cf. Fig. 5.16).

The theoretical values of coercive force, Hc, and saturation remanence ratio,
MTS/MS, change continuously with grain size, not in step-like fashion as micro-
magnetic remanence models without field cycling predict. The match to experi-
mental measurements of Hc and Mrs/Ms is quite good (see Fig. 12.22). The key
to understanding the grain-size dependence of hysteresis parameters is therefore
in directly modelling spontaneous changes in LEM states due to changing Ho.
Conclusions based on comparing a single remanent LEM state in different sizes
of grains do not allow for field-induced transitions between states and may be
misleading.

7.7 Modelling grain size changes

In some situations, for example the acquisition of chemical or crystallization
remanent magnetization (CRM) (Chapter 13) by the growth of grains in a small
Ho like the geomagnetic field, changes in LEM state aided by the field are
unlikely. The growing grain remains in a single family of LEM states whose pro-
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Magnetization
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jump to curling mode
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Figure 7.9 (a) Simulated hysteresis curve of a 0.1 um cube of magnetite, based on
a succession of 3-dimensional micromagnetic states for different applied fields Ho.
(b) The initial flower state, and (c) the curling or vortex state to which the initial
state transforms during the second hysteresis cycle. [After Williams and Dunlop
(•995) © American Geophysical Union, with the permission of the authors and
the publisher.]

genitor was the LEM state when the particle nucleated and began to grow (New-
ell etai, 1993b). One such succession of states evolves from the diagonal quasi-
SD state in small magnetite grains (Fig. 7.10). The (111) magnetocrystalline
easy axis lies along a body diagonal but a (110) face-diagonal orientation of A/s

vectors reduces magnetostatic energy Ed (Fig. 7.10a). This simple structure in
0.1 um grains develops into a 2-vortex pattern in 0.2 um and 0.3 um grains
(Fig. 7.10b) and a 4-vortex state in 0.4 um grains (Fig. 7.10c). Notice that pairs



(a)

(b)

Figure 7.10 A family of related 2-dimensional diagonal micromagnetic states,
developed by 'growing' a very small magnetite cube with a (110) diagonal SD
state, using small steps in grain size. The initial structure for each grain size is the
final structure for the preceding smaller size; this procedure simulates grain-
growth CRM. The grain sizes illustrated are (a) 0.1 um, (b) 0.2 um, (c) 0.4 urn, (d)
1.0 urn. (e) A map of surface field H2 over the 1 um grain.The concentration of
colloid in the Bitter technique is proportional to H2; thus this map simulates the
Bitter patterns that would be observed. Only the two vortex lines image clearly;
most fine structure, including closure-domain boundaries, is lost. [After Newell el
al. (1993b) © American Geophysical Union, with the permission of the authors
and the publisher.]
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of vortices are linked by what amounts to a Bloch wall. The overall structure in
Fig. 7.io(c) resembles a classic 3D grain with closure domains, except that the
spins in the central body domain tend to be along (110) rather than (100) and
the moments of the two 'walls' are parallel, not antiparallel. In these calculations,
as in the hysteresis simulations, the initial guess for any step is the final mini-
mum-energy structure for the previous step, in this case for a smaller grain size.
By taking sufficiently small steps in grain size, continuity in the structures can be
shown.

Some families of LEM states, for example the axial or (100) state of Newell et
al. (1993b), destabilize and transform to another family above some critical
size. The diagonal family of states, however, is continuous up to 1 (im at least.
The lineal descendant of the simple diagonal structure of Fig. 7.io(a) in a 1 urn
grain is illustrated in Fig. 7.io(d). Although complex, it is recognizably kin to
the 4-vortex structure in a 0.4 urn grain. The vortex pairs are somewhat
decoupled, but the 'vortex line' linking them still has basically Bloch character.
The central body domain has separated into three domains, each along one of
the two (110) axes in the plane of observation.

A surface-field map of the 1 urn grain (Fig. 7. ioe) shows that only the four vor-
tices with their linking vortex lines would gather significant amounts of colloid
in the Bitter technique of observing domains. This structure would image as a
3D grain with two bent walls that fade toward the grain boundaries, without
recognizable closure domains. The real structure, on the other hand, contains
three central (110) body domains, two (100) body domains at the top and bot-
tom, and four large wedge-shaped closure domains along the left and right edges.

Bitter patterns may fail to image much of the detail in micromagnetic struc-
tures and could actually be misleading. On the other hand, the structure in Fig.
7.io(d) can probably only be generated as a CRM. Such a complex structure
never appears spontaneously in hysteresis simulations on only slightly smaller
grains. Experimentally, Lorentz microscopy detects simple 2D and 3D states,
with straight walls and sometimes closure domains, in K,\ \im magnetite grains
(Fig. 6.15). These grains have been exposed to strong fields in the electron micro-
scope and are therefore in field-driven states.

7.8 Modelling temperature changes

Theoretical study of high-temperature domain structures has been hampered by
uncertainties about the temperature variation of material properties like the
crystalline anisotropy constant K\, the magnetostriction A, and especially the
exchange constant A, which control domain-wall width and energy (§5.3). A(T)
is now reasonably well determined for magnetite (Heider and Williams, 1988),
but the major theoretical study of equilibrium numbers and sizes of domains by
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Moskowitz and Halgedahl (1987) is for TM60, whose material constants are less
well known. Because of the latitude in permissible temperature dependences of
the exchange and anisotropy constants, and uncertainty about whether magne-
tocrystalline or magnetostrictive effects are dominant at high temperatures.
Moskowitz and Halgedahl were obliged to consider six models in which
A(T) oc MS(T) or M3

S(T) and X(T) oc M2(T), MS
4(T) or Ms

6(r) respectively.
K\{T) <xMs(T), as for magnetite (Fig. 3.7b), was assumed in all models.
(Recent measurements favour X(T) oc M2(T) and K{(T) oc Mf(T) (Sahu and
Moskowitz, 1995; Fig. 3.13).) Both Kittel and RRA formulations were used
and gave quite similar results, except near the Curie temperature.

A typical result is shown in Fig. 7.11. Here a homogeneous internal stress of
lOOMPa (about twice the typical CTJ suggested in §6.4 for TM60 and about five
times <jj calculated in §6.7.1) in a 2 um grain leads to a general increase in the equi-
librium number of domains as the temperature rises, no matter what model is
assumed. Magnetocrystalline anisotropy (including magnetostriction, but with
CTJ = 0) resulted in quite similar patterns, as did reducing the grain size to 0.2 um
or increasing it to 25 um. Observations on Ti-rich titanomagnetites near the
Curie temperature (§6.6.3) revealed either no change in domain patterns (Soffel,
1977b; Soffel and Appel, 1982; Halgedahl, 1987) or a decrease in the number of
domains (Metcalf and Fuller, 1987b). As suggested earlier, the destabilization
of domains in 'large' fields (near the Curie point, even a small Ho may saturate a
grain) may be masking the intrinsic zero-field response of the domains to heating.

Since wall width <5W varies as (A/K)^2 (eqns. (5.10), (5.14)) and K of either
crystalline or magnetoelastic origin usually has a more rapid thermal decrease
than A, walls tend to enlarge with temperature. In some of Moskowitz and Hal-
gedahl's models, they expanded to fill a large fraction of the particle volume.

I

1
300

= 2.0fim
= 100MPa

-1.2,3,4,5,6-

TM60

Figure 7.11 Theoretical
equilibrium domain struc-
tures at high temperature
in 2 um TM60 cubes with
100 MPa homogeneous
stress (magnetoelastic ani-
sotropy dominant). Mod-
els 1-6 are explained in the
text. [After Moskowitz and
Halgedahl (1987)©
American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]
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The resulting increase in wall energy limits the number of walls and domains at
high temperature in RRA modelling.

One-dimensional micromagnetic modelling for magnetite at high tempera-
tures has been attempted only for small numbers of domains (Newell et al.,
1990; Dunlop et al., 1994). Xu and Merrill (1990a) have used an RRA model
with subdivided walls (Fig. 4.11) to extend calculations up to «30 domains.
With A(T) ocMlJ(T) (Heider and Williams, 1988), walls are expected to
expand when 0.2-0.5 um grains are heated, but 2D wall moments should
decrease in the larger grains because skirting becomes more effective at high tem-
perature. The stability ranges for SD, 2D and 3D LEM states all contract at
high temperature, with the result that only over rather restricted grain-size
ranges does a particle cooling from the Curie point have a choice of domain
structures as it passes through its blocking temperature.

7.9 Domain structure changes

With changing temperature T, stress a or field Ho, a particular domain structure
may become unstable and transform into another. One familiar example is the
transformation to SD structure by driving out domain walls in a saturating
field, either at ordinary temperatures or as a result of heating in a weak field to
near the Curie point. Another is spontaneous nucleation of a reverse domain
when a backfield is applied to a saturated particle (Figs. 6.1, 6.9). In theoretical
simulations, a transformation from the flower to the vortex state occurred in
Fig. 7.9. If the before and after states are not too different in energy, a sponta-
neous thermally excited transformation may occur. In each case, the questions
to be answered are:

1. What is the form of the transformation mode?

2. At what critical value of the field or energy barrier does the transformation
become overwhelmingly probable?

7.9.1 Single-domain reversals

Incoherent reversals of SD particles have been much studied in the permanent-
magnet and magnetic-recording industries. Classic incoherent modes like cur-
ling, buckling (Frei et al., 1957) and fanning (Jacobs and Bean, 1955) are domi-
nant in elongated particles of strongly magnetic materials (Fig. 7.12). They lead
to considerably reduced critical fields for reversal compared to coherent rotation,
particularly at small angles between Ms and Ho (see Fig. 8.7) and larger grain
sizes (Fig. 7.13a). Like coherent rotation, curling, buckling or fanning bring
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(a) (b) (c) (d)

Figure 7.12 Sketches of (a) coherent and (b)-(d) incoherent reversal modes in SD
ellipsoids and chains of spheres. Crystalline anisotropy is ignored compared to
shape anisotropy. The patterns shown occur during the transition between upward
and downward SD states caused by an applied field directed downward (not
shown). The modes are (a) coherent rotation (or rotation in unison), (b) buckling,
(c) curling, (d) fanning.

into play all spins simultaneously. They represent a dynamic instability: a com-
plete change of state is effected very rapidly at a critical value of Ho.

In the roughly equant crystals of magnetite and titanomagnetite that typify
most rocks, other modes may be important. Moon and Merrill (1988) calculated
that domain wall nucleation and propagation across the short dimension of a
grain should dominate in all SD magnetites except quite elongated particles, in
which longitudinal modes (somewhat analogous to buckling or fanning) would
be preferred. Coherent rotation would occur only in a restricted size range
below 0.05 urn.

The advent of micromagnetic calculations has allowed refinement of these
ideas. Enkin and Williams (1994) have made three-dimensional calculations of
transitional states triggered by coherent and anti-coherent (spins rotated in
opposite senses at opposite ends of a grain) perturbations. Reversal proceeds
by vortex nucleation and propagation in magnetite grains larger than
«0.06um in size (Fig. 7.13b), even though the SD state is energetically
favoured over the vortex state up to 0.08 urn. The vortex reversal pattern is
not unlike that of curling, except that spins have more freedom of orientation
(Fig. 7.14). Instead of being a simultaneous mode of all spins, the curled region
propagates transversely and longitudinally in the grain. In this respect, it
resembles wall nucleation and propagation, but the actual pattern of spin
deviations is unlike that in a domain wall.

In §5.8, we pointed out that domain walls have two possible polarities or
senses of spin rotation, with oppositely directed moments. If the wall is SD, its
moment may reverse at a critical value of Ho, whereas if the wall is subdivided
into wall domains of alternating polarity, magnetization can change gradually
by Bloch-line displacement (Fig. 5.22). Incoherent modes of SD wall reversal
are quite possible. One such mode would be Bloch-line nucleation and propaga-
tion, although experience with whole-particle reversals suggests that a less con-
strained mode would be energetically favoured.
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Figure 7.13 (a) The grain size dependence of the critical field for SD magnetiza-
tion reversal by coherent rotation, buckling and curling in an infinite cylinder and
fanning in a chain of spheres. Data on elongated SD iron and iron-cobalt particles
have the d~° 6 size dependence predicted for buckling, but their magnitudes of
coercivity are more consistent with curling reversals. [After Luborsky (1961), with
the permission of the publisher, The American Institute of Physics, Woodbury,
NY.] (b) Theoretical energy barrier to magnetization reversal in magnetite cubes
as a function of grain size for coherent rotation and vortex propagation modes.
The vortex state has a higher energy than the SD flower state up to 0.08 urn, but
between 0.06 and 0.08 urn, the SD state reverses by the transitory passage of a
vortex across the grain (see Fig. 7.14). [After Enkin and Williams (1994) © Amer-
ican Geophysical Union, with the permission of the authors and the publisher.]
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Figure 7.14 Three stages
in the reversal of a 0.07 um
magnetite cube: (a) vortex
nucleation; (b) propaga-
tion of the vortex transver-
sely and longitudinally; (c)
fully developed vortex
(maximum-energy state
during the reversal). [After
Enkin and Williams (1994)
© American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]

(c)

7.9.2 Transdomain transitions

In grains large enough to host both SD and other LEM states, SD reversals can
occur in two stages via an intermediate non-SD resting state. Such a transition
between one-dimensional micromagnetic states, was illustrated in Fig. 7.4. The
path between oppositely oriented SD structures was via a 2D state and involved
two separate transformations, SD —> 2D and 2D —> SD. Transformations of
this type, in which one LEM state is reconfigured into another LEM state of
entirely different structure, are called transdomain transitions. One-dimensional
models are appealing for transdomain calculations because each LEM structure
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can then be specified by only two parameters, the spin angles at either edge of the
grain, and the transition path can be followed on a two-dimensional energy sur-
face. The topography of the transition is easy to imagine and the energy barrier
between states is readily calculable.

If one follows the minimum-energy path over the saddlepoint between LEM
states (e.g., the SD —> 2D path in Fig. 7.4), the demagnetizing energy decreases
but the anisotropy and especially the exchange energies increase to peaks (Dun-
lop et al., 1994). In the example of Fig. 7.15, the total energy peaks when the

8 right fixed at 120 Figure 7.15 Changes in
anisotropy, exchange,
demagnetizing and total
energies accompanying
edge nucleation of a
domain wall in 1-dimen-
sional modelling of a
L = 0.255 um magnetite
grain with elongation
q = 1.5. A domain wall
nucleates and propagates
into the grain between edge
spin angles of 120° and
135°, the same range in
which the energy terms
change dramatically.
[After Dunlop et al. (1994)
© American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]

0 30 60 90 120 150 180
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spin angle at one edge of the grain has increased from 0 to 120°, but the most
rapid changes in the component energy terms occur between 120° and 135°. The
micromagnetic structures reveal that a domain wall nucleates at the right when
6 — 120° and propagates into the grain by 6 = 135°. Thus we have calculated
the energy required for edge nucleation of a domain wall, as well as the structure
of the wall that forms.

In an earlier model of edge nucleation, Moon and Merrill (1985) stepped a
wall of specified form inwards from the edge of a cube of magnetite until it pro-
pagated of its own accord. The energy barrier for the transdomain transforma-
tion is overestimated in such a calculation. First, the structure of the wall is
prescribed instead of resulting from a micromagnetic minimization as in Fig.
7.15. Secondly, other modes such as transverse nucleation, in which a spike nucle-
ates and propagates transversely, splitting an existing domain (Figs. 6.12, 6.13),
cannot be accommodated in one-dimensional models. Nevertheless, an order-
of-magnitude estimate does result. For the easiest transition, from 5D to the 6D
GEM state in a 1 urn magnetite grain, the energy barrier was in excess of several
thousand kT at room temperature. Since only « 25kT of thermal energy is avail-
able on laboratory timescales and &60kT on geological timescales (§55.2),
such transitions cannot be thermally excited at ordinary temperatures.

7.10 Transdomain TRM

At temperatures close to the Curie point, Tc, the exchange and demagnetizing
energies decrease to such an extent that energy barriers between LEM states
drop below 25kT (or 60kT). Thermal fluctuations can then excite changes in
domain state and transdomain thermoremanent magnetization (TRM) becomes
possible on laboratory (or geological) timescales. Dunlop et al. (1994) have
explored the size ranges over which SD, 2D and 3D states are stable in
0.1-0.5 um magnetite grains at high temperatures and energy barriers Eb

between these states. Calculated energy surfaces, with stable LEM states and
transition paths just below Tc = 580 °C, are shown in Fig. 7.16. A weak field,
Ho — lOOuT (similar to the earth's field), saturates the grain at Tc, but only
1-2 °C below Tc, Ed begins to outweigh EH and a 2D LEM state of lower M
develops.

A series of total-energy profiles along the least-energy transition path between
SD and 2D states, for a 0.21 um magnetite grain at temperatures of 574 °C,
560 °C and 500 °C, appears in Fig. 7.17. Above 560 °C, Eb for SD -> 2D transi-
tions, AEn = £max - £SD>

 a nd Eb for 2D —> SD transitions, A£2i =
£max — £*2D) a r e both < 60kT. Transitions in either direction are easy, on geolo-
gical timescales, and grains are in a thermally unblocked or superparamagnetic
condition. Around 560°C, AEi2 becomes > 60kT and SD —* 2D transitions
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Figure 7.16 Total-energy
surfaces (applied field
Ho = 100 uT) for the
L = 0.255 urn magnetite
grain of Fig. 7.15 at and just
below the Curie tempera-
ture. The grain is saturated
at Tc and has only an SD
state available. With only
2 °C of cooling, a 2D state
develops and becomes the
GEM state. [After Dunlop
etal. (1994) © American
Geophysical Union, with
the permission of the
authors and the publisher.]

become blocked. Even on a geological timescale, they will not occur with the aid
of thermal energy alone. Around 500 °C, E2o becomes lower than ESD. 2D rather
than SD is now the GEM state. However, the grains remain trapped in meta-
stable SD states because the barriers Eb for transitions between states are now
about \60kT. Transdomain TRM has been acquired.

Notice that the occupation probability of the favoured SD state at the block-
ing temperature, TB, of 560 °C was calculated using Boltzmann statistics to be
100%. There was no choice between SD and 2D LEM states at TB. This turns
out to be the case whenever the energies of two states differ by 4kT or more. The
GEM state at TB is overwhelmingly populated, and transdomain TRM occurs
only if the GEM state changes during cooling, as it does in Fig. 7.17.

In an attempt to counteract this determinancy, Ye and Merrill (1995) have
proposed that a great variety of 'predomain' states with only short-range order
exist within « 1 °C of Tc and give rise to different LEM states with cooling. How-
ever, just below the predomain range, probably within a few °C at most of Tc

and well above the range of typical TB's, long-range ordering occurs and LEM
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Figure 7.17 Total energy
profiled along transition
paths like the one in Fig.
7.16 (bottom) between SD
and 2D 1-dimensional
LEM states (Grigh, = 0 and
sal80°, respectively).
Energy barriers are low at
574 °C for transitions in
either direction. At
r B = 560 °C, the barrier
for SD —> 2D transitions
becomes larger than 60AT
and the grain is trapped in
the SD state, which has a
Boltzmann occupation
probability /?eq « 1 at this
temperature. At 500 °C,
2D becomes the GEM
state, but the grain remains
trapped in a metastable SD
state, acquiring transdo-
main TRM. [After Dunlop
et al. (1994) © American
Geophysical Union, with
the permission of the
authors and the publisher.]
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states form. Transitions between LEM states are easy at these temperatures, as
Fig. 7.16 shows, and LEM states of different predomain parentage will rapidly
drop down into the prevailing GEM or ground state. It seems impossible for
inherited predomain structures to survive unchanged until TB.

Another problem pointed out by Moon (1991) and Dunlop et al. (1994) is that
the size ranges over which various LEM states are stable become so narrow
near Tc that there is very little overlap of states. Only for particular grain sizes,
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such as the 0.21 um grains of Fig. 7.17, is there a choice of more than one type of
LEM state at TB. For larger grains which, at room temperature anyway, have a
wider choice of stable LEM states (Fig. 7.3), transdomain TRM is more likely.
Moskowitz and Halgedahl (1987) have pointed out yet another problem. In
their larger TM60 grains, they predict that substantial numbers of domains
should be added or lost (typically lost) during cooling (cf. Fig. 7.11). They specu-
late that blocking cannot occur until all such transdomain changes have ceased.
The energy barriers opposing these proposed transdomain changes have not
been calculated, however.

Moskowitz and Halgedahl's calculations show that the equilibrium number
«eq of domains in TM60 is typically larger near Tc than at To (Fig. 7.11). One
might then wonder how it is that grains, when they cool, come to be trapped in
states with fewer than neq domains. In particular, how do metastable SD states
of TRM (Halgedahl, 1991; Halgedahl and Fuller, 1983; Fig. 5.14a), come to
exist? The flaw in the reasoning is that Moskowitz and Halgedahl's calculations
are for zero applied field, and are therefore relevant to thermal demagnetization,
i.e., unblocking rather than blocking. Above TB, even a field as weak as the
earth's field may suffice to drive out most or all of the walls (Fig. 7.16, top). It is
presumably this SD state existing within a degree or so of Tc that is somehow
preserved during cooling.
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8.1 Introduction

When magnetic minerals cool in a weak field Ho from above their Curie tempera-
tures, they acquire thermoremanent magnetization (TRM) in the direction of
HQ (or rarely, in the opposite direction) with an intensity proportional to Ho.
The fidelity of TRM in recording directions and intensities of ancient geomag-
netic fields is the justification for paleomagnetism. TRM is the primary NRM
of igneous rocks and some high-grade metamorphic rocks. The NRM of indivi-
dual detrital grains in sediments and sedimentary rocks is frequently also a
TRM inherited from the eroded source rocks.

TRM is much more intense than isothermal remanence (IRM) acquired in the
same weak field Ho at room temperature. TRM is also very stable over long per-
iods of time against changes in field (e.g., polarity reversals) or reheating. The
reason for this high intensity and stability compared to room-temperature rema-
nence is that TRM is acquired at high temperatures, where energy barriers and
coercivities are low, and stabilized by cooling to ordinary temperatures, where
barriers and coercivities are high.

TRM is a frozen-in high-temperature equilibrium distribution achieved by
thermally excited transitions among different magnetic states (cf. §7.10). Transi-
tions cease below the blocking temperature, TB, because in the course of cooling,
the energy barriers Eh between different magnetization states grow larger than
the available thermal energy (&25kT for experimental times of a few minutes;
« 60kT for long geological times). In the last chapter, we discussed transdomain
TRM, a partition between different domain structures governed by nucleation
or denucleation of domains. In the present chapter and the one that follows, we

201
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will show how other changes in magnetic state, such as thermally activated rever-
sals of single-domain (SD) grains and thermally excited Barkhausen jumps of
domain walls, also provide the ingredients for stable TRM.

Neel (1949, 1955) established a theoretical basis for understanding TRM
which endures today. Neel's SD theory (§8.4-8.6) gives the following results. At
time t in an ensemble of identical non-interacting SD grains, coherent reversals
between states in which moments are either parallel or antiparallel to a weak
field HQ control the evolution of the net magnetization M of the ensemble
towards equilibrium:

M(t) = Moe-l/T + Meq(l - e~'lT) (8.1)

where Mo = M(0). The thermal equilibrium magnetization is

(^^) (8.2)

and the relaxation time r is

1 \ E IkT 1
- = — e~Eb/kT = — exp
T T0 r0

kT V Hv
(8-3)

in which T0 « 10 9 s is the atomic reorganization time or interval between succes-
sive thermal excitations. Notice that r changes extremely rapidly, exponentially
in fact, with changes in temperature T, grain volume V, or microscopic coercive
force HK, the critical field for rotations in the absence of thermal energy.
HK = 2K/n0Ms for uniaxial shape anisotropy (SD magnetite) or magnetoelastic
anisotropy (SD hematite) (see eqns. (5.34M5.37)).

According to (8.1), M will be close to its thermal-equilibrium value Meq if we
wait a time t « r. Small changes in T have an enormous effect on how long we
have to wait. Close to Tc, where Eb is small, equilibrium is attained almost
instantaneously (an unblocked or superparamagnetic condition). At ordinary
temperatures, where Eh is large, equilibrium is attained sluggishly or not at all
(a blocked or frozen condition). At the blocking temperature TB, equilibrium is
just achieved in a typical wait time t. Under laboratory conditions, this might be
« 60 s, whereas under geological conditions, / might be as long as 1 Ga (109

years). Solving (8.3), we obtain

Eb = \n(t/T0)kTB « 25kTB (laboratory)
(8-4)

w 60kTB (geological)

Equations (8.4) justify our earlier estimates (§5.5.2, 7.10) of the barriers that
can just be crossed with the aid of thermal energy. Notice that the available
thermal energy is ~^>kT; this is because the characteristic time r0 for a single
thermal excitation is 10 orders of magnitude less than ordinary experimental
times. The collective effect of >1010 thermal impulses helps the magnetic
system over the barrier between states.
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When a grain cools below TB, Meq is frozen-in as TRM. According to (8.2),
weak-field TRM should be proportional to Ho, since tanh(a) « a for small a.
TRM should be relatively intense because tanh(a) saturates rapidly as a
increases and Meq then approaches the SD saturation magnetization Ms. (Physi-
cally this means that all SD moments are parallel to Ho.) Two of the properties
of TRM are thus explained. The high thermal stability of TRM is also accounted
for, because Meq can only be unfrozen and reset to zero by reheating (in Ho — 0)
to the unblocking temperature, rUB. According to (8.3), if Ho is -C//K!

7\JB ~ 7B- TRM can only be demagnetized by reheating to its original high
blocking temperature.

Neel's theory has been criticized as simplistic, but more rigorous treatments
(e.g., Brown, 1959, 1963b) give essentially identical results, while experiments
on SD maghemite (7Fe2O3) particles in a frozen ferrofluid (Bacri et al., 1988)
confirm Neel's predicted T, V and Ho dependences. A more serious criticism
is that coherent rotation is the reversal mode over only part of the stable and
metastable SD range in magnetite (§7.9.1). Equation (8.3) can readily be
adapted for numerical calculations by using theoretical energy barriers for
incoherent reversals. One can go further and reformulate eqn. (8.2) for a gen-
eral Boltzmann partition among competing SD and non-SD LEM states.
Relaxation times must then be computed for all possible transitions between
transdomain or other states (e.g., states with a constant number of walls but
varying wall displacements). However, in view of its attractive simplicity and
the ease with which it can be generalized, we shall revert to Neel's analytic SD
formulation for the remainder of this chapter.

8.2 Some experimental properties of TRM

The intensity of a weak-field TRM, and the intensities of all the partial TRM's
(fractions with different TB; see §1.1.3) t n a t compose it, are proportional to
the applied field strength Ho. The TRM data of Fig. 8.1 (Ozdemir and O'Reilly,
1982b) are for oxidized synthetic SD grains of TM60 with Al replacing 20
mole % of the Fe (ATM60/20). The data are interesting for two reasons.
First, the TRM-carrying capacity falls by almost a factor 4 as z increases
from 0.16 to 0.59, much more than the corresponding decrease in Ms. The
same maghemitization process degrades primary titanomagnetites in lavas
erupted on the ocean floor, damping the TRM signal that is the principal direct
evidence for seafloor spreading and plate motions (Chapter 14). Secondly,
Ozdemir and O'Reilly (1982c) have compared similar data for unoxidized
TM60 grains with the predictions of eqn. (8.2). Their theoretically predicted
values of V are compatible with the as 0.04 urn sizes observed in electron
micrographs.
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Figure 8.1 The
acquisition of TRM in
weak fields for SD-size
titanomaghemites with
oxidation parameters z
ranging from 0.16 to 0.59.
[After Ozdemir and
O'Reilly (1982b), with
the permission of the
authors and the
publisher, Journal of
Geomagnetism and
Geoelectricity, Tokyo,
Japan.]

A second important property of single-domain TRM is the equality of the
blocking temperature TB during field cooling and the unblocking temperature
TUB during zero-field reheating. The data of Fig. 8.2 illustrate the thermal
demagnetization of partial TRM's acquired over a narrow range of blocking
temperatures by a natural sample containing SD maghemite. Upon reheating,

Sample 1
(Y-Fe2O3)

400 440
Temperature, T(°C)

Figure 8.2 Thermal demagnetization of partial TRM's acquired over a narrow
blocking-temperature range in fields of 2,10 and 50 Oe by a natural SD maghe-
mite. The dashed curves are predicted by Neel SD theory (eqn. (8.19)). For weak
fields, the pTRM unblocks over its original blocking range: TUB = TB. [After
Dunlop and West (1969) © American Geophysical Union, with the permission of
the authors and the publisher.]
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the partial TRM acquired in Ho = 2 Oe (0.2 mT) disappears over almost exactly
the original blocking range. Larger acquisition fields make TUB and TB increas-
ingly different, but the data are quite well described by Neel theory (dashed
curves). The equality of TB and Tm for weak fields and the proportionality of
TRM to field //Q form the basis for determining paleofield intensity by the Thel-
lier and Thellier (1959) method (§8.9).

Blocking and unblocking temperatures vary with grain volume V and micro-
coercivity HK according to (8.3). If they did not, partial TRM's would not exist.
The experimental dependence of rUB on V is demonstrated in Fig. 8.3. TUB is
indicated directly in Fig. 8.3(a) by TRM unblocking and indirectly in Fig. 8.3(b)
as the temperature at which the bulk coercive force Hc —> 0 in high-temperature
hysteresis measurements. As predicted, small SD grains have lower unblocking
(and blocking) temperatures than large SD grains.

TRM intensity varies strongly with grain size, as the data in Fig. 8.4 illustrate.
Equation (8.2) predicts an increase in Meq as V increases: larger SD grains should
align their moments more efficiently in the direction of Ho than small grains.
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Figure 8.4 The grain-size dependence of the intensity of weak-field TRM in
magnetite. [After Dunlop (1990), with the permission of the author and the pub-
lisher, Institute of Physics Publishing, Bristol, UK.]

This dependence is observed in the equilibrium SD range, i.e. for d < d0. (In this
and succeeding chapters, we shall use d for grain size, rather than D or L.)
Above the critical SD size, TRM decreases with increasing grain size, as strongly
as d~x for < 1 um magnetites grown from solution (Dunlop, 1973b; Dunlop
and Argyle, 1996) but less strongly for > 1 um magnetites (Fig. 8.4). The data
for titanomagnetites are contradictory. TRM intensities for sintered and ground
TM40 and TM60 grains have been reported to vary as weakly as d~°'2 over the
size range <0.1 um to 30 um (O'Donovan et al., 1986) and as strongly as d~°n

(Day, 1977).
Many other properties of TRM and partial TRM's are well established, but

these four-the dependences of TRM intensity on grain size and applied field,
the equivalence of blocking and unblocking temperatures in heating and cooling,
and the size dependence of the blocking/unblocking temperature - are the deci-
sive constraints on SD TRM theory.

8.3 Coherent rotation without thermal activation

Before embarking on TRM theory proper, we need to know the energy barrier
opposing reversal of SD magnetization. As a by-product we will also derive ele-
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Figure 8.5 Simple model of coherent rotation in a spheroidal SD grain, (a)
Orientation of Ms without and with a field Ho applied at angle <j> to the easy axis,
0 = 0, of shape anisotropy. (b) Contributions to the total energy.

mentary SD hysteresis loops in the absence of thermal fluctuations. Following
Stoner and Wohlfarth (1948), we restrict our attention to spheroidal SD grains
(which have uniform internal fields and simple demagnetizing tensors; §4.2.4)
whose reversals are coherent. Because all spins rotate in unison, we can deal
with them collectively via the grain moment VMS, which is pinned by uniaxial
shape anisotropy. For the moment we will ignore multiaxial magnetocrystalline
anisotropy, whose barrier to rotation is usually minor compared to shape aniso-
tropy in magnetite, maghemite or iron.

The model spheroidal SD grain shown in Fig. 8.5(a) has its easy (long) axis at
angle </> to an applied field Ho. Ho has the effect of rotating Ms through an angle
9 away from the easy axis. The total energy, ignoring £K, and also Eex which
does not change as a result of coherent rotation, is

E(6, <j>) = EH + Ed = -fi0 VMS • Ho + i^0 VN(9)M2

= -no VMSHO cos(0 -9)+ \fj,o V(Nb - Na)M
2 sin2 9, (8.5)

using (4.8), (4.9) and (4.11). Na and Nb are the demagnetizing factors when Ms is
directed parallel or perpendicular, respectively, to the long axis. In magnetite, if
Na and Nb differ by more than 10%, which requires < 10% elongation (Fig. 4.5),
shape anisotropy outweighs crystalline anisotropy.

A plot of Ed vs. 6 appears in Fig. 8.5(b). Ed provides an energy barrier separat-
ing the (zero-field) energy minima or easy directions 9 = 0 and TT. The demagne-
tizing field Hd is minimized for these two orientations. Unlike the situation in
multidomain grains, there is no demagnetized state with M = 0 towards which
Hd can drive the magnetization. (An ensemble of SD grains, on the other hand,
does have a demagnetized state, as we shall see in §8.4.)

For equilibrium, &E/&6 = 0 and

Ho sin((j) -9) = (Nb - Na)Ms sin 9 cos 9 = {{Nb- Na)Ms sin(20).

(8.6)
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Usually more than one value of 0 satisfies (8.6) for a particular value of Ho. These
8 values represent energy minima, inflection points or maxima according as

d2E
^ = fi0 VMS[HO cos(0 -6)

> 0
(Nb - Na)Ms cos(20)] = 0

< 0
(8.7)

Detailed numerical solutions of (8.6) and (8.7) are given by Stoner and Wohl-
farth (1948). Analytical solutions are possible if Ho is either parallel or perpendi-
cular to the easy axis (<f> = 0 and rc/2,respectively). When 0 = 0, 9 — 0 and n
(Ms parallel or antiparallel to //0) are both energy minima, provided
l-̂ ol < C b̂ - Na)Ms = HK-(HK may also be due to magnetoelastic or magneto-
crystalline anisotropy: see eqns. (5.37), (5.39)) H& is the microscopic coercive
force (also called the microcoercivity or the anisotropy field). It is a critical field
above which one of the energy minima becomes unstable and the grain moment
undergoes an irreversible rotation to the remaining stable orientation. The
resulting hysteresis loop is shown in Fig. 8.6(a). If Ho is applied perpendicular
to the easy axis (i.e., (j> — n/2), the magnetization rotates reversibly at all fields,
producing a constant susceptibility MS/HK (Fig. 8.6b).

If Ho is applied at some other angle 4>, the M vs. Ho curve exhibits a combina-
tion of reversible and irreversible behaviour. In each case, the magnetization
makes a single jump at a critical field HK that is less than HK for (p = 0 (Fig.
8.6c). Mathematically, the condition Ho = //K corresponds to an inflection
point in E{6). Setting d2£/d6>2 = 0 in (8.7) and combining with (8.6) leads to the
result tan3 6C = —tan 4> for the critical angle 6C, at which irreversible rotation
occurs. HK(4>) is obtained by substituting 6C in (8.6).

Figure 8.7 compares the very dissimilar dependences of microcoercivity on
field angle <j> for coherent and incoherent SD rotation and MD domain-wall dis-
placement. Incoherent modes like curling and fanning (§7.9.1) give lower critical
fields than coherent rotation if <j> < 45°. The MD function is sec (j> and follows

(0) (b) (c) (d)

Figure 8.6 Stoner-Wohlfarth theory: low-temperature isothermal magnetiza-
tion curves of spheroidal SD grains with easy axes at various angles <j> to Ho.
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from eqn. (4.8) (see discussion in Chapter 9). A field applied nearly perpendicular
to the domain magnetizations provides little driving force for 180° wall motion
(although 71° and 109° walls in magnetite or 90° walls in TM60 and iron will
move readily). Rock specimens are often 'tumbled' during alternating-field
(AF) demagnetization to present domains in their most favourable orientation
relative to the field.

The average hysteresis curve of a randomly oriented array of SD grains,
widely enough separated that their mutual magnetostatic interactions can be
neglected, is shown in Fig. 8.6(d). It bears an obvious resemblance to experimen-
tal curves (Figs. 5.19, 5.21). The average coercive force is approximately

1 IK
(8.8)

or the equivalent for magnetoelastic anisotropy (eqn. (5.37)).
Following saturation, all the Ms vectors are in the easy direction nearest

Ho, and so

tn/2
M r

rs = ^ s c o s 4> s in 4> d<t> — 0 . 5 M s .
Jo

(8-9)

70 1- -1 70

fanning (S = 1.63)

curling (S = 2 )

0 30 60

Angle between Ho and easy axis, <p (°)

Figure 8.7 Critical anisotropy field or microscopic coercive force for SD reversal
or multidomain wall displacement as a function of the angle (f> between the domain
magnetization(s) A/s and the applied field Ho.
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Saturation remanence is much stronger than in the MD case (eqn. (5.32)).
Mrs/Ms is even larger for multiaxial anisotropy (eqns. (5.42), (5.43), (11.16)).

The initial susceptibility, Xi» can be calculated approximately by replacing the
randomly oriented array by one having one-third of the grains parallel to Ho

with zero low-field susceptibility, and the other two-thirds perpendicular to Ho,
with susceptibility MJHK (Fig. 8.6b). Thus

2MS 2 1 ,o N

8.4 Magnetization relaxation due to thermal
fluctuations

8.4.1 A simple model of single-domain TRM

As T approaches Tc, Ms drops rapidly to zero (see Figs. 3.5, 3.12, 3.13, 3.20,
3.27 for magnetite, titanomagnetites, hematite and pyrrhotite). Since HK oc Ms

for shape anisotropy, ocA/Ms for magnetoelastic anisotropy, or ocK/Ms for
crystalline anisotropy, with K(T) or X(T) oc Ms

n(T) (e.g., Figs. 3.7b, 3.8b), hys-
teresis loops of individual SD grains will decrease in width as well as height as
the temperature rises (Fig. 8.8a, left). Eventually, very close to Tc, HK will
become less than a small applied field Ho, and the grain moment will flip to
align Ms with Ho. During cooling, the grain moments will remain aligned with
Ho, and when Ho —> 0 at room temperature To, the grain will be left with an
intense TRM. The TRM will moreover be very resistant to changes in field,
including the fields used in AF demagnetization, because HK(T0) is 3> //0.

This theory of TRM is simple and straightforward, but it has a number of
failings. First, it predicts a TRM intensity equal to the saturation remanence,
no matter how small the applied field, Ho. Second, the blocking temperature
TB is determined by the condition HK(TB) — Ho, independent of grain volume
V. Experimentally, however, blocking and unblocking temperatures are
grain-size dependent, small SD grains having lower TB and TUB than larger
grains (Fig. 8.3). Finally, the theory would not account for time-dependent
or viscous magnetization changes below the blocking temperature. Viscous
magnetic changes are a familiar phenomenon in rocks at room temperature
(see Chapter 10).

In reality, as we shall see, thermal excitations as well as decreasing anisotropy
help grain moments surmount energy barriers at high temperatures. Then Hc,
the effective coercive force, is <HK and near Tc may be < / / K - The blocking
temperature due to thermal relaxation is determined by the condition
^C(^B) = HQ, which gives much lower values of TB than the anisotropy blocking
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temperature. Because Hc is grain-size dependent (§8.7), so too are blocking tem-
peratures. High-temperature hysteresis loops when thermal excitation is taken
into account are shown in Fig. 8.8(a, right). Actual measured loops at various
temperatures (Fig. 8.8b; Ozdemir and O'Reilly, 1981) show clear indications of
thermal activation, for example in the rapid decrease in Hc with rising T and in
the superparamagnetic (SP) curves that appear well below Tc (cf. Fig. 5.20).

8.4.2 Thermal relaxation theory

In thermodynamic terms, although TRM may be very long-lived, it is never truly
stable because when //0 = 0, the ultimate equilibrium state is M = 0. An indivi-
dual SD grain has noM = 0 state available; it is always magnetized to satura-
tion. An ensemble of SD grains, however does possess a state of zero or near-
zero magnetization, in which the Ms vectors of various grains are oriented at ran-
dom. At any temperature, random thermal energy will aid the assembly in relax-
ing towards this equilibrium demagnetized state. Although an unusually large
thermal excitation at any temperature could activate a reversal in an individual
particle, the likelihood of all particles being activated only becomes significant
at temperatures where the available thermal energy (25kT-60kT, depending on
the time scale) is comparable to the energy barrier to be scaled.

Because thermal excitations have a statistical distribution of magnitudes, the
magnetization does not change abruptly (as in field-driven changes) by reversal
of all grains but relaxes gradually as individual grains reverse at random. The
crucial question for paleomagnetism is the kinetic one: How long does the relaxa-
tion take to reach equilibrium? We shall find that SD grains only slightly above
SP size have room-temperature relaxation times greater than the age of the
earth, but relaxation times of only a few minutes at blocking temperatures of a
few hundred °C. TRM can therefore be 'frozen-in' when a rock is cooled in an
applied field through the thermal relaxation blocking temperature TB (which is
always lower than the blocking temperature due to the vanishing of anisotropy,
as we argued above). The TRM will remain stable at room temperature in the
absence of the field, or in the presence of subsequently applied fields, for times
of geological length. This answer is at first sight surprising but, from our point
of view, fortunate. Were it not so, magnetic memory for most igneous rocks
would not exist.

Let us follow the classic theory of Neel (1949) and examine the behaviour of an
assembly of spheroidal SD grains aligned with Ho, i.e. with <f> = 0. It is, of course,
not necessary to restrict our attention in this way, but the behaviour of an aligned
assembly is representative of that of a random assembly while being much easier
to deal with mathematically. Each grain has minimum-energy states 4>x = 0
with M\ = +MS (grain moment aligned with Ho) and 62 = n with M2 = — Ms

(moment antiparallel to Ho). The thermal equilibrium magnetization Meq of the
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assembly, if the number N of grains is statistically large, is a Boltzmann partition
between the energy states:

J"eq = y £-EJkT = M* t a " h ^ \~f ) ' ^ '

The energies Ex, E2 are given by eqn. (8.5). Meq = 0 for Ho = 0 is a special case
of eqn. (8.11).

At any time, n grains are in state 1 (0, = 0) and N - n are in state 2 {62 = n).
To rotate from state 2 to state 1, a grain moment VMS must gain thermal energy
A£2i equal to the energy barrier £max - E2 (Fig. 8.9). Rotation from state 1 to
state 2 requires energy A£12 = £max - E\. From eqns. (8.6) and (8.7), it is easy
to show that E = Emax when 6 = cos~l{-H0/HK), where HK = {Nh - Na)Ms

for shape anisotropy, 2Ku/fj,0Ms for uniaxial anisotropy generally (eqn. (5.37)),
or (4/3)(|ATi|//i0Ms) for cubic magnetocrystalline anisotropy with (111) easy
axes (eqn. (5.39)). Hence, substituting from (8.5),

= £ m

A£21 =
- £(0) = \

- E(n) - i

+ H0/HK)2

- H0/HK)2 (8.12)

If Ho > 0, state 1 {6 = 0) is energetically favoured and the number n of grains in
this state will grow with time until equilibrium in the ensemble is reached.

From the kinetic point of view, because A£21 < A£12> rotations from n -> 0
are easier than those from 0 —> TC and the same conclusion holds. The kinetic
equation is

*' " - • (8.13)

Equation (8.13) is the precise analog of the radioactive decay equation for an
intermediate member in a multistage decay scheme. K\2, K2] are probabilities
or rate constants for the 0 —> 71 and TC —> 0 transitions, respectively, and r12, T2\
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are the corresponding relaxation times, analogous to mean lifetimes of radio-
active elements. Since M = [(2« - N)/N}MS for the ensemble, (8.13) can be
rewritten in terms of M and solved to give

M{t) = Meq + (Mo - Meq)e-'/T = Moe~l/T + Meq(l - e^T), (8.14)

Mo being M(0) and Meq, which is given by eqn. (8.11), being M(oo). Equations
(8.14) and (8.11) are equivalent to eqns. (8.1) and (8.2) of the Introduction. The
relaxation time r is related to the individual relaxation times r12, T2X by

8.5 Relaxation times for identical SD grains

How long does it take to achieve the thermal equilibrium magnetization Meq? It
takes a short time if A.E12, A£2i are comparable to the cumulative thermal
impulse energy, 25-60kT, but a very long time otherwise. In fact, rn and T21

obey an Arrhenius thermal activation equation with activation energies

r0
 CXP [ 2kT { l + H

(8.16)

r21 r0 r0 2kT

substituting A£,2, A£2i from eqn. (8.12). Ledermane?a/. (1994) have measured
the thermal switching of individual SD particles on 0.1-30 s time scales using an
MFM as a magnetometer. They propose that dynamic reversal occurs via a com-
plex path and not by thermal activation over a single barrier. However, the sin-
gle-barrier model of (8.16) leads to predictions about the time, temperature, and
grain-size dependence of magnetization which can be verified experimentally on
time scales from « 60 s to millions of years (see §8.6, 8.7, 8.12, 10.6, 16.3). It
seems a fairly sound basis for thermal activation theory.

Unlike the situation in radioactive decay, the relaxation times r12 and T2\ in
(8.16) (or the rate 'constants' K\2, K2\) are not constants. They depend very
strongly on temperature T and applied field Ho, as well as on the size (V) and
shape (HK) of the grains. The atomic reorganization time, r0 ss 10~9 s (McNab
et ai, 1968), is the typical time between thermal impulses. Strictly speaking, r0 is
not constant. It depends on T, Ho and HK, but the exponential factors have an
overwhelming influence on T12 and T2) .
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If |#ol > tkT/fiQ VMS (about 0.3 mT or 3 Oe for 500 A or 50 nm magnetite
cubes at room temperature), r12 is negligible compared to r21 for Ho > 0 and
6 = 0 (state 1, Ms parallel to HQ) is strongly favoured. If HQ < 0, T2\ <C T)2 and
0 = 71 (state 2, Ms again parallel to #0) is favoured. (In physical terms, one of
the energy barriers in Fig. 8.9 becomes so much lower than the other that transi-
tions towards the state favoured by Ho drain the less-favoured state and
Meq —> Ms.) In either case, using (8.15),

On the other hand, if Ho = 0, the two barriers are of equal height (Fig. 8.9,
dashed curve) and TJ2 = r21. Thus, from (8.15) and (8.16),

For intermediate fields, the expression for r is complicated and awkward to use.
Equations (8.11), (8.17) and (8.18) are the central results of the Neel (1949)
theory. Equation (8.17) is the counterpart of eqn. (8.3) of the Introduction.

Figure 8.10 illustrates the strong dependence of r on grain size and
temperature. SD magnetite grains about 280 A or 28 nm in size with moderate
shape anisotropy (HK0 = HK(T0) — 20 mT) behave superparamagnetically at
To, since r < 60 s, a typical experimental time. In §5.5.2 and Table 5.1, the esti-
mated and measured room-temperature SP-SD threshold size ds was 25-30 nm.
An assemblage of 320 A grains, on the other hand, has magnetic stability for
times of the order of 1 month, and an assemblage of 370 A grains is stable for
«1 Ga or, practically speaking, forever.

The dependence of r on temperature is equally spectacular. Notice in Fig.
8. io(b) that grains with T ss 1 Ga at 60 °C have r « 1 s (SP or unblocked condi-
tion) at 275 °C. Heating by « 200 °C has destabilized (or unblocked) the rema-
nence of these grains. Conversely if the same grains were cooled in a field Ho

from 275 °C to To, they would pass from a SP condition, with r = 1 s and
M = Meq as given by (8.11), to a stable or blocked condition, with r > 1 Ga. At
To, Ho can be changed or removed without affecting M, which remains frozen
at the value it had at the blocking temperature, TR, when r became ss t (an obser-
vational time controlled by the cooling rate dT/dt). For this grain ensemble, TB

would be about 250 °C for ( « 6 0 s (rapid cooling) or about 170°C for t ss 1
year (e.g., slowly cooling interior of a thick lava flow).
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8.6 Blocking temperature and TRM of identical
SD grains

We have just sketched the TRM blocking process in an ensemble of identical SD
grains. At high temperature, r is <C t, a typical time characteristic of the cooling
and the net magnetization M of the ensemble relaxes, effectively instantaneously,
to Meq. Just above rB) r remains < / and, according to eqn. (8.14), equilibrium
is still attained in time /. However, at TB, magnetization relaxation becomes slug-
gish, and just below TB, since r is now > t, M does not change appreciably in
time / from Mo (eqn. (8.14)). Mo in this case is the equilibrium magnetization
achieved just a few °C higher, namely Meq(rB). This same magnetization, apart
from the reversible increase in Ms between TB and To, remains frozen as TRM
when#0 -> Oat To.

What must be emphasized is the sharpness of the blocking temperature, that
is, the rapidity with which magnetization relaxation changes from a near-instan-
taneous to a sluggish to a frozen process when a rock is cooled. Most blocking
temperatures in a rock tend to be within 100 °C or so of Tc (580 °C for magne-
tite). In this region, the T-T contours in Fig. 8.io(b) are nearly vertical and the
5% and 95% blocking contours are closely spaced, T changes from a few seconds
to a few years over a temperature interval of one or two degrees. Small SD grains
just above SP threshold size, for example the ones we described in the last section
with TB « 250 °C, have TRM blocking ranges of 20-30 °C (Fig. 8.10b). The
statistical nature of thermal relaxation is more evident in these low-TB ensem-
bles, but TRM blocking still occurs comparatively rapidly during cooling.

Substituting r = nneqn. (8.17) gives an explicit formula for calculating 7"B:

V 2* ln(r/T0)
(8-19)

in which MsQ = MS(TO), HK0 = HK{T0) and 0(T) = Ms(T)/Ms0. TB is a strong
function of grain size (i.e., V) and shape (since HK0 = (Nb — Na)Ms0) but a
weak function of t.

TB depends quadratically on Ho, as confirmed experimentally (Fig. 8.11;
Sugiura, 1980; Clauter and Schmidt, 1981). The percentage change in TB for Ho

ranging from 0 to 1 mT is negligible. This is the justification for assuming TUB

in zero-field heating is identical to TB during in-field cooling, for example in
paleointensity determination (§8.9). The predicted dependence of TB on V is fol-
lowed quite closely by the experimental data in Fig. 8.3(a). A computer simula-
tion of the TRM blocking process, using three-dimensional micromagnetic
modelling (Thomson et ai, 1994), also confirmed (8.19) for magnetite grains
within the SD range, provided they reversed coherently (d < 0.06 urn; cf. Fig.
7.13b).



218 Single-domain thermoremanent magnetization

600 r

400

200

Magnetite
(0.04 x 0.04 x 0.3 fim)

100 200
HoorHc(Oe)

300

Figure 8.11 The
dependence of TB on Ho

(eqn. (8.19)) tested by
plotting HC(T) data
(equivalent eqn. (8.24)).
Single-domain theory
(solid line) gives a better
fit than multidomain
theory (dashed curves).
TB is almost independent
of Ho for weak Ho

(<10Oe). [After Dunlop
(1982) © American
Geophysical Union, with
the permission of the
author and the
publisher.]

The thermal-equilibrium partition between energy states, measurable as
M/Ms of the assembly, is frozen in at TB. Therefore, M/Ms at To, either before
or after Ho is removed, equals Meq/Ms at TB, as given by (8.11):

MU(TO) _ M(T0) Meq(TB)
— i)

'sO 'sO M,
= tanh

sB
(8.20)

in which MsB = MS(TB). Because we restricted our attention to grains aligned
with Ho, the TRM Mtr(T0) described by (8.20) approaches Ms0 in large applied
fields. For a randomly oriented ensemble of uniaxial grains, however, the satura-
tion value of TRM should be MTS(T0) = 0.5Ms0 (eqn. (8.9) or (5.41)). Thus we
should write

Mtr(T) = Mrs(T)tanh(- (8.21;

Equation (8.21) predicts the intensity of TRM at any temperature below TB,
including To. It is immaterial to the particular ensemble with blocking tempera-
ture rB whether Ho is applied during cooling from TB to To or removed immedi-
ately below rB, although ensembles with smaller (V, HK0), and hence lower
blocking temperatures, will be affected (see §8.8).

The TRM intensity predicted by (8.21) reaches saturation when
\H0\> 4kT/(i0 VMS, as explained in connection with eqn. (8.17). For 500 A mag-
netite cubes at TB = 500 °C, the saturation field is predicted to be « 1.5 mT or
15 Oe. Experimentally TRM usually saturates in much larger fields, on the
order of 10 mT (Fig. 8.12). As far as predicting TRM intensity is concerned,
Neel's (1949) theory is not much more successful than the simplistic model of
§8.4.1 that ignored thermal agitation and predicted saturation of the TRM in
arbitrarily small fields.
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Figure 8.12 Measured dependence of TRM intensity on field strength Ho for four
samples containing SD magnetite or maghemite grains, compared with predic-
tions of Neel theory, with and without grain interactions. Interaction field distri-
butions were estimated from experimental Preisach diagrams (Chapter 11). [After
Dunlop and West (1969) © American Geophysical Union, with the permission of
the authors and the publisher.]

In multidomain grains, TRM cannot saturate in small fields because /f0 is
opposed by the internal demagnetizing field Hd, which can be thought of as the
resultant interaction field of all the domains. In SD assemblies, magnetostatic
interactions among the grains in principle play an analogous role. Shcherbakov
et al. (1995) have carried out a Monte-Carlo simulation of TRM acquisition in
the presence of interactions. We will take a simpler approach, along the same
lines as Dunlop and West (1969), which gives a feeling for the magnitude of inter-
action fields required to explain TRM intensities.

Each grain has a TRM given by (8.21), with a local interaction field //inl, vary-
ing in direction and intensity from grain to grain, added to Ho. The TRM of the
assembly is reduced to observed levels if grain-to-grain interaction fields having
strengths up to 3-5 mT (30-50 Oe) are present (Fig. 8.12; Dunlop and West,
1969). These are not large fields compared to HA within an SD grain, but they do
require the magnetic grains to be clustered. A roughly equidimensional rock sam-
ple containing 1% by volume of uniformly spaced, randomly oriented SD grains
would have an average value {Hd} at any point in the non-magnetic matrix of
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tO v 103

(8.22)
(HA) < 0.017VSDMrs = 0.01 x i x 0.5 x 480 x 103

= 800 A/m (« 10 Oe or 1 mT).

A more potent source of//int is found in dipole-dipole interaction between non-
uniformly spaced quasi-spherical grains, which according to eqn. (2.2) and
§4.2.3 gives rise to

for grains of diameter d and centre-to-centre separation r. For magnetite, if
r « Id, Hml « 2.5 kA/m or « 3 mT (30 Oe).

There is indirect evidence from other magnetic measurements (Dunlop and
West, 1969) of interaction fields this large in single-domain clusters, but it is not
likely that the magnetic grains in rocks are normally so inhomogeneously distrib-
uted as to interact this strongly. In fact, if they did, the law of additivity of partial
TRM's, which is fundamental to determining paleomagnetic field intensity (see
§8.8), probably would not hold.

Fortunately, the Neel theory predicts directional stability of TRM much more
successfully than TRM intensity. The blocking temperature at which TRM is
frozen in upon cooling and the unblocking temperature for thermal demagneti-
zation upon zero-field heating predicted by eqn. (8.19) are quite close to
experimental vaues for magnetite grains of accurately determined sizes (Fig.
8.3; Dunlop, 1973b).

8.7 Effect of thermal fluctuations on observed
coercivity

Magnetic hardness or coercivity of a rock is usually determined by measuring
resistance to alternating-field (AF) demagnetization (§8.11). The unblocking or
destructive field, Hc, for a particular SD ensemble is the field Ho that makes
T = t, allowing the magnetization to relax. From eqn. (8.17),

(8.24)
= HK-Hq(V,HK,T).

The temperature dependence of Hc mimics the field dependence of TB, since both
are simply rearrangements of eqn. (8.17). We took advantage of this fact in plot-
ting the data of Fig. 8.11.

Equation (8.24) indicates that the destructive field or effective microcoercivity
Hc of SD grains is less than HK by an amount equal to Hq, the 'fluctuation field'
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(Neel, 1955). Hq is by no means negligible: for 500 A magnetite cubes, with
HK = 30 mT (300 Oe), it amounts to about 10 mT (100 Oe) at room temperature.

Hq(T), representing the effect of thermal excitations, increases with rising T,
whereas HK(T), representing the pinning effect of anisotropy, decreases with
heating. When the two become equal, the barrier opposing rotation vanishes
and unblocking occurs. Thus an alternative statement of the blocking/unblock-
ing condition is

MC(TB) = HK(TB) - Hq{TB) = 0. (8.25)

The thermal-fluctuation blocking temperature defined by (8.25) is always lower,
and sometimes much lower, than the anisotropy blocking temperature of the
simple TRM model of §8.4.1, which is defined by the condition HK(TB) = 0.

The predicted dependences of Hc and Hq on V, T and HK have been tested
experimentally (Kneller and Luborsky, 1963; Kneller and Wohlfarth, 1966;
Dunlop, 1976; Dunlop and Bina, 1977). To appreciate the tests better, it is useful
to first transform (8.24) to a simpler form. From (8.18), a grain passes from a
thermally stable to an SP condition, or vice versa, when its volume is just equal
to the critical blocking volume (in zero field).

HOMSHK

The critical SP threshold size for a cubic grain at a given temperature T is then

^ ^ , (8.27)

as in eqn. (5.29), using the fact that HK = 2K/fi0Ms for uniaxial anisotropy and
setting t = 60 s. Returning to eqn. (8.26), we can now substitute in (8.24) and
show that

and (8.28)

HC(V,HK,T) = HK[\ - (VB/vf2].

In Fig. 8.13(a), Hq(T0)/HK(T0) is plotted against V~l/2 for a series of SD and
quasi-SD magnetites (Dunlop and Bina, 1977). The plot is a straight line, as
(8.28) predicts, and its slope gives an experimental estimate of 250 A (25 nm) for
ds in magnetite at room temperature. This ds value is in excellent agreement
with other independent estimates (Table 5.1).

Figure 8.13(b) presents a test of the temperature dependence of Hc predicted
by (8.24). If we assume shape anisotropy to be dominant, so that
HK(T) oc MS(T) — Ms0/3(r), we can linearize (8.24):

HC(T)
(3(T)
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Figure 8.13 Tests of the
predicted dependences of
fluctuation field Hv

coercive force Hc and
remanent coercive force
Hct (§11.3.2) on (a) grain
size (eqns. (8.28)) and (b)
temperature (eqn. (8.29)).
The experimental
materials are the four SD
or nearly SD magnetites
of Fig. 8.3. The graph in
(a) verifies Neel theory
and yields ds = 25 nm for
the SP-SD threshold size.
The graphs in (b)
(thermal fluctuation
analysis or TFA) also
confirm Neel's
predictions and
furthermore predict
activation volumes
approximately equal to
the particle volume, as
appropriate for coherent
rotation. [After Dunlop
and Bina (1977), with the
permission of the authors
and the publisher,
Blackwell Science,
Oxford, UK.]

(b)

Plots ofHjp vs. y/T/P for the same four magnetites tested in Fig. 8.i3(a) are
indeed linear, verifying thermal relaxation theory. From their slopes, one can
derive an estimate of the thermally activated volume Kact. This method of granu-
lometry or size determination is called thermal fluctuation analysis (TFA)
(Dunlop, 1976). The three smallest magnetites in Fig. 8.i3(b) yielded Kact
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= V, the particle volume. These are truly SD grains, whose entire volumes are
thermally activated. In the largest magnetite, only a fraction of each grain was
activated, possibly the domain wall in a 2D structure (§5.8).

8.8 Grain distributions and laws governing
partial TRM's

In previous sections, we have dealt with idealized ensembles of identical single-
domain grains. A real rock contains many such ensembles, with a wide variety
of grain sizes and shapes, described by a grain distribution, f(V,HK0). Indeed
the notion of an isolated ensemble of identical grains is something of a mathema-
tical abstraction, since grains of a particular (V, HK0) are intermingled with
grains of other (V, HK0) and physically dispersed through the rock. Since TB

and Hc both depend on V and on HK (eqns. (8.19), (8.24), (8.28)), single-domain
TRM exhibits both a spectrum of blocking temperatures and a spectrum of
microcoercivities or destructive fields. For the moment, we shall focus attention
on the blocking-temperature spectrum.

The total TRM of a rock can be thought of as comprising a spectrum of partial
TRM's, each carried by grain assemblies with similar (V, HK0). Experimentally,
if a rock is cooled from Tc to T\ in zero applied field, from Tx to T2 in a weak
field Ho, and from T2 to To in zero field, only those SD ensembles with
Ti<T%< T\ acquire TRM. The remanent magnetization of this blocking-
temperature fraction is a partial TRM, MptT(Ti ,T2,H0).

Thellier (1938) demonstrated that partial TRM's obey three experimental
laws (cf. §1.1.3), which are readily explicable in the light of Neel's theory:

1. The law of reciprocity: Mplr(Tx, T2,H0), acquired between Tx and T2 dur-
ing cooling in Ho, is thermally demagnetized over precisely the interval
(T2, Tx) when heated in zero field. That is, the blocking and unblocking
temperatures are identical, a result of the fact that TB is almost independent
of Ho for weak fields (eqn. (8.19), Fig. 8.11).

2. The law of independence: Mptr(Tx, T2, Ho) is independent, in direction and
intensity, of any other partial TRM produced over a temperature interval
that does not overlap (T\, T2), since the grains carrying the two partial
TRM's represent different parts of the blocking-temperature spectrum.

3. The law of additivity: Partial TRM's produced by the same //0 have inten-
sities that are additive:

Mptr(Tc,TuH0) + Mptr(TuT2,H0)
+ ... + Mplr(Tn, T0,H0) = Mir(Tc, T0,H0), '3°}
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since the blocking-temperature spectrum can be decomposed into non-
overlapping fractions, each associated with one of the partial TRM's.

The sharpness of the blocking temperature is responsible for the simplicity of
these laws.

None of the Thellier laws can be expected to hold if grain-to-grain interaction
fields are » Ho. For one thing, TB(Ho + Hint) will not usually equal 3"B(0) for a
particular ensemble. Furthermore, since SD ensembles with different blocking
temperatures are physically intermingled in the rock, partial TRM's with non-
overlapping blocking temperature ranges will interact magnetostatically. They
will not be independent or additive. The apparent generality of the Thellier laws
implies that interaction fields do not play a central role in single-domain TRM.

8.9 Theoretical basis of paleofield intensity
determination

Experimentally, TRM intensity, Mtr, is proportional to the strength of the
laboratory field H\ab in which it was acquired, for fields < 0.1 mT or 1 Oe (Fig.
8. i). If the NRM of a rock was acquired as a TRM in an ancient geomagnetic
field Ha < 0.1 mT, NRM intensity Mnr should likewise be proportional to Ha.
The intensity of the paleofield is therefore determined by the formula

Ha=^Hlab. (8.31)
Mtr

The proportionality factors relating Mtr to H\ah and Mnr to //a are inadequately
predicted by the Neel theory, but luckily they are identical and so do not appear
in (8.31). This simple method of paleointensity determination has the drawback
that part of the NRM may have been viscously remagnetized (Chapter 10) or
the rock may alter chemically either in nature or during laboratory heating, pro-
ducing either too-high or too-low an estimate ofHa.

Chemical alteration in the laboratory occurs at high temperature, while vis-
cous remagnetization affects only the lowest blocking-temperature fraction
(§10.3). The Thellier and Thellier (1959) method of paleointensity determination
takes advantage of these facts. A partial TRM and a partial NRM with the
same range of blocking temperatures satisfy eqn. (8.31); otherwise partial
TRM's would not be independent and additive. A series of non-overlapping par-
tial TRM's and the corresponding partial NRM's therefore give independent
replicate determinations of H& (Thellier, 1941). Spurious values at the low-tem-
perature and high-temperature ends of the spectrum caused by viscous or chemi-
cal changes are readily recognized and rejected.
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In the Coe (1967) version of the Thellier method now in general use, the sam-
ple is twice heated to a temperature Ta (say 100 °C) and cooled to To, first in
zero field, then in a known field //lab. The decrease in Mnr after the first heating
gives MpnT(Ta, T0,Ha) and the change in Mr between the first and second heat-
ings gives Mptr(ra, To, //iab). The double heatings are repeated in steps (Tb, To),
etc. to higher and higher temperatures. The first heating (in zero field) to Tb

erases both Mptr(Ta, T0,HUb) and Mpnr{Tb, T0,Ha). The second heating and
cooling (in HVdh) adds in Mplr(Tb, To, Hlab). Of course, all the Mpnr must be in
the same direction or else Mnr is not a single component TRM.

The results are usually plotted as a graph of (scalar) NRM remaining after the
first of the two heating-cooling steps to temperature T{, namely Mm(7-) =
^nr(To) - Mpm(T{, To), versus partial TRM gained in the second step to
T\, MpiT(T-x, To). Ideally the graph, often called an Arai plot (Nagata, Arai and
Momose, 1963), is linear with a slope -Ha/H]ab. Non-linearity indicates non-
ideal behaviour. Some typical paleointensity plots are shown in Fig. 8.14, with
the causes of non-ideal behaviour diagnosed.

Submarine basalt sample 7D-2 Devonian lava sample SC09

viscous decoy
of NRM

i_- - / — .

/ 298
mognelic
material
destroyed

to

50

Partial TRM gained (Am )

(Q) (b)

Figure 8.14 Typical semi-ideal Thellier paleointensity plots for (a) a submarine
basalt containing TM60 with Tc w 250 °C and (b) a subaerial basalt containing
magnetite (Tc = 580 °C). Numbers along the curves are temperatures of double
heatings in °C. Non-ideal behaviour results from viscous remagnetization or decay
of low-rB NRM (see Chapter 10) and irreversible chemical changes in high-tem-
perature steps, e.g., the destruction of magnetic material in (a) evidenced by the
non-repeatability of the 248 °C and 261 °C pTRM's. [After Gromme et al. (1979)
© American Geophysical Union and Kono (1979), with the permission of the
authors and the publishers, The American Geophysical Union, Washington, DC
and Blackwell Science, Oxford, UK.]
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The original Thellier method does not require a zero-field environment. Both
coolings from Tx take place in a field //iab but the sample is rotated 180° with
respect to Hlab between heatings. Mpnr and Mptr are obtained vectorially. An
important requirement in either version of the Thellier method is that the
temperature T^ be precisely repeated in the second of each pair of heating-cool-
ing cycles. Nowadays reliable field-free spaces that use magnetic shielding or
feedback coil systems are widely available and most laboratories use the modified
Thellier method.

A complete Thellier-type paleointensity determination is time-consuming. Of
course, this disadvantage can be offset by treating a large number of samples
simultaneously, since measurement time is a fraction of the duration of a heat-
ing-cooling cycle. There have been many proposals of alternative methods that
eliminate repeated heatings and coolings. One widely used method compares
the AF demagnetization curves of NRM and a laboratory TRM (Van Zijl et al.,
1962; McElhinny and Evans, 1968; Shaw, 1974). This process amounts to mak-
ing replicate NRM/TRM determinations for different fractions of the coercivity
spectrum. In the Thellier technique, TRM acquisition and thermal demagnetiza-
tion are inverse processes, and the TRM can be added gradually, beginning with
low-temperature heatings, in the course of demagnetizing the NRM. In AF
methods, the TRM is induced in a single high-temperature heating. If the rock
alters in the process, all paleointensity information is lost, while low-temperature
steps in the Thellier method might have yielded a reliable paleointensity value.
Supplementary reliability criteria have been suggested to accompany AF and
other alternatives to the Thellier method (e.g., Shaw, 1974). None provides a
built-in check that operates during the paleointensity determination, as in the
Thellier method. They require separate experiments, on the basis of which one
may reject results or, at best, apply a correction factor, whose reliability is itself
difficult to assess. The reliability of AF paleointensity methods has been tested
byKono(i978).

8.10 Neel diagrams and the blocking-temperature
spectrum

Partial TRM's carried by different parts of the grain distribution, as well as other
remanent magnetizations of SD assemblies, can be modelled graphically in a
manner suggested by Neel (1949). Equations (8.17)—(8.19) show that all grains
with the same value of VHK0 have the same relaxation time r under given experi-
mental conditions (T,H0) or, equivalently, the same blocking temperature for
fixed (t,H0). Suppose we represent each SD grain ensemble in a sample by a
point (V, HKo) on a graph of V vs. HK0 (the Neel diagram). The density of points



Neel diagrams and the blocking-temperature spectrum 227

is/( V, HK0), the grain distribution. The curves VHK0 = const, represent relaxa-
tion-time contours T(T,H0) = const, or blocking-temperature contours
TB{t,H0)= const.

The contour of central importance is the blocking contour, defined by substi-
tuting r = t ineqns. (8.17) and (8.18) or TB = Tineqn. (8.19). Assuming shape
anisotropy as the source of //K, the equation of the blocking contour is

or

2kT ln(r/r0)

ln(2f/r0)

=C{T,t,H0)

= C(T,t,0).

(R „ ,(8.32)

(8-33)

Equations (8.32) and (8.33) describe the blocking curvejoining the representative
points of all grains whose magnetizations are in the process of relaxing (unblock-
ing) or being blocked under conditions (T, t, Ho) or (T, t, 0). Since the blocking
process is relatively sharp, the blocking curve marks a well-defined boundary
between unblocked or relaxed grains, with VHK0 < C(or r <C /) and M — Meq,
and blocked grains, with VHK0 > C (or r » t) and M = Mo. By changing T, t
or Ho, the blocking curve can be made to sweep through the entire grain distribu-
tion. Thermal, viscous (time-dependent), and field-induced magnetization
changes can be modelled in this fashion.

Figure 8.15 illustrates the modelling of TRM acquisition and thermal demag-
netization. Curve 1 is the room-temperature, zero-field blocking curve

'4-2

Room- temperature microscopic coercive force,HK0

(a) (b)

Figure 8.15 (a) Modelling thermal demagnetization of remanence carried by a
distribution of single-domain grains using blocking curves (TB = const) on the
Neel diagram, (b) Modelling partial TRM acquisition with the same set of con-
tours.
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VHK0 = C(TQ, t, 0), with t ss 60 s as a typical experimental time. T(T0, 0) = 60 s
or TB(t, 0) = 20°C are other ways of writing the equation of curve 1. Curves
2, 3, etc. are contours TB(t,0) = 100°C, 200°C, etc. Grains below and to the
left of curve 1 are unblocked or SP even at room temperature. Grains above and
to the right of curve 1 can carry a stable remanent magnetization at room tem-
perature.

Stepwise thermal demagnetization can be modelled in the following way. If
the sample is heated to 100 °C, the blocking curve is VHK0 = C(100°C,<,0),
coincident with contour 2. In the course of heating, the curve (here an unblocking
curve) has swept through all the representative points between contours 1 and 2,
thermally demagnetizing the pre-existing remanent magnetizations (whatever
their origin) of the corresponding grain ensembles. Stepwise thermal demagneti-
zation to 100 °C, 200 °C, 300 °C, etc. is represented by the sweeping out of the
areas between contours 1 and 2, 2 and 3, 3 and 4, etc. by the unblocking curve.

Equal increments of C (eqn. (8.33)) represent equal areas swept out by the
blocking curve, and if/(K, HK0) is uniform, equal increments of magnetization.
/3(T) is, however, a highly nonlinear function, especially near the Curie point
(e.g., Fig. 3.5), so that equal temperature increments produce increasing incre-
ments of C, or accelerated motion of the blocking/unblocking curve, near Tc.
The effect is clearly shown in Fig. 8.15(a). For this reason, the blocking-tempera-
ture spectrum is usually skewed toward high TB's. If only large grains (or elon-
gated grains) are present, falling above the 500 °C contour (curve 6 in Fig.
8.15a) for example, the TB spectrum will consist of a single peak just below Tc.
Such samples possess discrete blocking temperatures (Irving and Opdyke,
1965). If only small and/or near-equidimensional grains are present, falling
below the 500 °C contour in Fig. 8.i5(a) for example, the TB spectrum is broad
and fairly uniform. Such samples possess distributed blocking temperatures.

In practice, it is the spectrum of unblocking temperatures TVB of NRM that is
obtained experimentally, via stepwise thermal demagnetization. In the ideal
case where the NRM is a weak-field TRM, TUB = TB, but if HQ or t are very dif-
ferent in the laboratory setting from what they were in initial cooling or if the
grains have altered in size, shape or composition since they formed, the original
blocking temperature spectrum will be difficult or impossible to estimate. Thel-
lier paleointensity determination will be unsuccessful in these circumstances.

Because of skewing of the TB spectrum, much of the information in Thellier
plots comes from a comparatively narrow temperature range within 100 °C or
so below Tc (e.g., Fig. 8.14a). High-resolution paleointensity determination or
thermal demagnetization demands closely-spaced temperature steps near the
Curie point. This is particularly the case if the NRM is carried by hematite,
because the MS(T) curve for hematite (Fig. 3.20) is almost a step-function.

When a sample is cooled from Tc in a weak field Ho, acquisition of TRM can
be modelled as in Fig. 8.15(b). The blocking contours are nearly identical to the
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zero-field unblocking contours of Fig. 8.15(a), but TRM is now produced by the
applied field as the blocking curve sweeps through the representative point
(V, HK0) of a given grain ensemble. Since the blocking curve sweeps out the
entire diagram, except for the area below F//K0 = C(T0, t, Ho), i.e., curve I, all
grains (except ones that are SP at To), no matter how large their microscopic
coercive forces, acquire TRM in a weak field. It is easy to see why weak-field
TRM is so much more intense and resistant to demagnetization than weak-field
IRM.

If Ho is applied during part of the cooling only, from 500 to 400 °C say, only
grain ensembles in the area between contours 6 and 5 have a non-zero magnetiza-
tion at the instant they are blocked. The partial TRM is in effect confined to the
area between these contours. The laws of independence and additivity of partial
TRM's are easy to understand from this viewpoint of areas on the Neel diagram.

8.11 AF demagnetization and the coercivity spectrum

Figure 8.16 illustrates a series of blocking contours, for steady or alternating
fields. These contours are obtained by setting Hc = Ho or Ho -f H (where H is
AF) in eqns. (8.17) or (8.24). The contours shown are for Hc = 0, 10 mT, 20
mT, (0, 100, 200 Oe), etc. Note the important effect of Hq on the coercive force
of small grains. For example, the grain ensemble indicated by the dot has
HK « 27 mT, but its magnetization can be changed by Ho or H = 10 mT. The
difference, Hq « 17 mT, is supplied by thermal agitation.

If an AF of peak value 10 mT is applied to a sample and the amplitude of the
AF is smoothly decreased to zero, grain ensembles between the contours
Hc = 10 mT and Hc = 0 are activated and their magnetizations, of whatever ori-

H=O

s

!
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I

0 10 20 30 40
Microscopic coercive force,

Figure 8.16 The effect
of steady or alternating
fields on SD blocking
curves, e.g., during AF
demagnetization. Note
the strong effect of the
thermal fluctuation field
Hq on the coercive force
of small grains. The
grain(s) indicated by the
dot have HK0 = 27 mT,
but the particle
moment(s) switch in a
field of only 10 mT.
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gin, are randomized. Subsequently applied AF's of peak values 20 mT, 30 mT,
etc. erase the successive areas bounded by Hc = 20 mT, Hc — 30 mT, etc. in Fig.
8.16. This is the process of stepwise alternating-field (AF) demagnetization, univ-
erally used in paleomagnetic studies to erase NRM components of low coercivity
and consequent low reliability.

Just as incremental thermal demagnetization defines the blocking- or
unblocking-temperature spectrum (or, for a TRM, the spectrum of partial
TRM's), incremental AF demagnetization defines the (micro)coercivity spec-
trum or distribution of destructive fields of TRM and other remanences. The
median value, H\ji, of this spectrum (the value of Hc for which one-half the
initial remanence is randomized) is the median destructive field (MDF) fre-
quently cited as a measure of NRM hardness in paleomagnetic studies. TRM,
anhysteretic remanence (Chapter 11) and saturation IRM are carried by all
grain ensembles, whatever their coercive forces. These magnetizations, to a first
approximation at least, have the same normalized coercivity spectra and AF
demagnetization curves. This intrinsic spectrum is determined for single-domain
grains by the relative numbers of grain ensembles, f(V,HK0), in the areas
between various unblocking contours in Fig. 8.16.

Other remanences, e.g., partial TRM's, magnetize only part of the Neel dia-
gram. It is apparent that the contours bounding Mptr(500°C, 400°C, Ho) in
Fig. 8.i5(b) have a different shape than the room-temperature contours asso-
ciated with AF demagnetization in Fig. 8.16. Partial TRM's will be AF demagne-
tized gradually, not sharply as in thermal demagnetization. Furthermore,
higher-temperature partial TRM's, which lie farther to the right on the Neel dia-
gram, will require higher AF's to demagnetize. Experimental confirmation of
these predictions is seen in Fig. 8.17(a). Each partial TRM has a broad spectrum
of coercivities but the median destructive field of each partial TRM increases
(approximately linearly) with its mean blocking temperature.

The intrinsic or total TRM demagnetization curve, described in the previous
paragraph, resembles the AF curve of the TB = 580 °C partial TRM because
most of the total TRM (for weak fields) has blocking temperatures near Tc. The
shape of this AF curve is typical of SD remanence. There is an initial plateau of
no demagnetization, extending to 10 mT (100 Oe) or so, dictated by magneto-
crystalline anisotropy, which sets a lower limit for coercivity in equidimensional
grains. Most of the demagnetization occurs in a range of intermediate fields, con-
trolled by shape anisotropy, producing a sigmoid-shaped curve.
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8.12 Measuring and using the grain distribution,
f(V,HK0)

Sets of AF demagnetization curves like those of Fig. 8.17(a) are useful in working
out the experimental grain distribution/(F,//Ko) of a particular sample. A set
of partial TRM's acquired in narrow temperature intervals magnetizes a set of
narrow ribbons on the Neel diagram, and these are demagnetized in small incre-
ments by the AF. Thus we can determine the magnetization associated with
small areas AVAHK0

 o n the Neel diagram. The grain distribution/(K,//Ko)
for the natural SD maghemite sample of Fig. 8.17(a) is sketched in Fig. 8.17(b).

Once the grain distribution has been determined, we can use the predictive
power of Neel's theory to generate synthetic results for other experiments, quite
different from those used to determine/(F, H^o) in the first place. An example
early in this Chapter is Fig. 8.2, in which the thermal demagnetization curves of
partial TRM's produced by different field strengths Ho (for the same maghemite
sample of Fig. 8.17) were correctly predicted by theory.

Other successful predictions have been made of the spectrum of unblocking
temperatures 7\jB of total TRM's produced in fields of different strengths (Dun-
lop and West, 1969). An example of such thermal demagnetization data, for
TRM's acquired by SD titanomagnetite in fields of 1-700 Oe, appears in Fig.
8.18 (Ozdemir and O'Reilly, 1982c). The TUB spectrum, which is discrete and
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Figure 8.18 Stepwise thermal demagnetization of TRM's in unoxidized SD
TM40. Unblocking occurs at lower temperatures as the field in which TRM was
acquired increases from 1 Oe to saturation. [After Ozdemir and O'Reilly (1982c),
with the permission of the authors and the publisher, Blackwell Science, Oxford,
UK.]



Measuring and using the grain distribution, / (V, H^Q) 233

concentrated just below r c for weak-field TRM becomes broadly distributed for
strong-field TRM or saturation IRM. The AF spectrum of these remanences is
also dependent on inducing field Ho (the Lowrie-Fuller test; Chapter 11) but in
a less spectacular fashion.
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9.i Introduction

Multidomain (MD) grains have three likely sources of TRM:

(1) pinning of domain walls;

(2) domain nucleation or denucleation (transdomain TRM);

(3) nucleation failure (metastable SD grains).

Pinned domain walls have received the most attention and will be the subject of
§9.2-9.7. Transdomain TRM was described from a theoretical point of view in
§7.10; the experimental evidence and its interpretation will be dealt with in §9.8.
Metastable single-domain TRM is the subject of §9.9.

Pinned domain walls can be thermally activated just as SD moments can. Wall
displacements in response to a weak field applied at high temperatures, like rever-
sals of SD grains, can be frozen in by cooling to room temperature, resulting in
TRM. Analog theories of TRM due to pinned walls (Neel, 1955; Everitt, 1962a;
Schmidt, 1973) have therefore been constructed along the lines of the Neel
(1949) SD theory outlined in Chapter 8. In these theories, V becomes the volume
of one Barkhausen jump of a wall or wall segment and HK becomes the critical
field for such a Barkhausen jump.

We should recognize, however, certain fundamental differences between SD
and MD TRM. No individual wall can be treated independently of its neighbours
in an MD grain. The internal demagnetizing field Hd favours a set of wall displa-
cements yielding minimum net moment for the grain. In order to achieve this
minimum-internal-field condition, walls may undergo a series of jumps during

234
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heating or cooling, even if the field remains constant. Thus there is no single
blocking or unblocking temperature for a given domain wall, let alone for a
grain containing many walls in which a jump by one wall alters the internal field
at the location of every other wall. Self-demagnetization also leads to non-linear
dependence of TRM intensity on the applied field, but as with SD grains, TRM
is approximately proportional to field strength in the weak-field (< 0.1 mT)
region of interest in paleointensity determination.

9.2 Wall displacement and hysteresis in a
2-domain grain

9.2.1 Wall pinning and total energy

To avoid the complexities of wall interactions, much of our treatment will model
2-domain (2D) grains containing only a single wall. Any real crystal is imperfect.
It contains lattice defects such as inclusions, vacancies, and dislocations. All
such defects tend to anchor or pin domain walls, vacancies and inclusions
because they reduce the volume of a wall and create magnetic poles, affecting
both 7W and Ed (see discussion in §5.6 and Figs. 5.13, 5.17), and dislocations by
virtue of the magnetoelastic interaction between their stress fields and the spins
in the wall, which are rotated out of easy directions (see discussion in §6.3 and
Figs. 5.8b, 5.11, 5.18). Domain walls have minimum energy if they incorporate
as many pinning centres as possible. The pinning effect is sufficiently strong that
domain walls in titanomagnetite will bend rather than breaking free of their
pins, in spite of the resultant energy of the poles that appear on the bent wall.
Figure 5.18 illustrated reversible bending of a pinned wall when a 2 mT (20 Oe)
field was applied and removed.

We can represent pinning by a fluctuating wall energy Ew = ~/wA, A being
the area of the domain wall. Figure 9.1 (a) shows how Ew in a 2D grain might
depend on displacement x of the wall from the central (demagnetized) position.
Minima in Ew correspond to locations where the wall (here assumed not to
bend) is anchored by defects. To move the wall away from one of the minima
requires energy. For simplicity, we will assume that Ho is applied in the direc-
tion of one of the domain magnetizations Ms. The net magnetization of the
grain is M — (x/a)Ms = rMs (see Fig. 9.1b). Physically, the quantity r repre-
sents either the fractional wall displacement x/a or the fractional magnetiza-
tion M/Ms.

The total energy of the grain is

£tot(jc) = £„ + EH + Ed = Ew - 2(x0AMsH0x + ^NAMlx2/a. (9.1)
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Figure 9.1 Simple
model of domain-wall
displacement in a two-
domain grain, (a)
Contributions to the total
energy. A, B, C mark
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Union, with the permission
of the authors and the
publisher.]

(b)

Equivalent cgs formulas can be obtained by setting /i0 = 1. Equations (4.8) and
(4.9) have been used for EH and EA, and TV = /V2D (§5-2-2)- At equilibrium, Etot

is a minimum if dElot/dx = 0. Thus

d£w /dx = 2fj,0AMs(H0 - NM) = 2^AM%Hh (9.2)

H\ being the total internal field Ho - NM (eqn. (4.5)).

9.2.2 Susceptibility and microscopic coercive force

The initial reversible susceptibility, x,, intrinsic to the ferromagnetic material,
usually measured in a field Ho < 0.1 mT (1 Oe), is

Xi =
dM d£w

dx

— 1

(9-3)

X; is constant only if Ew is a quadratic function of x for small displacements from
equilibrium. As well as x\ due to wall displacements in domains parallel to Ho,
there is a contribution to intrinsic susceptibility from the rotation of domains
oriented perpendicular to / / 0 . Stacey and Banerjee (1974) call these susceptibil-
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ities X|| and x i , respectively. Xi due to both sources is about 12 (1 in cgs) for mag-
netite and several times this for iron. There is a difference of 4K between suscept-
ibilities in SI and cgs units, just as there was for demagnetizing factors (§4.2.3),
arising from the different definitions of B in SI and cgs (eqn. (2.1)).

In practice, Xi is difficult to determine precisely. What is normally measured is
the apparent susceptibility xo = 9M/dH0. Since M — x\Ht = x\(Ho - NM),
we see that

The limiting value \/N, reflecting the shape of grains and not Xi, was quoted in
§5.6.2. This limit is approached quite closely in the case of iron. For equidimen-
sional grains of magnetite, xo ~ 0.75/N.

Larger fields (Ho S> 0.1 mT (1 Oe)) may displace the domain wall past an
energy maximum, like B in Fig. 9. i(a), to the next energy minimum, C. The inter-
nal field required is the microscopic coercive force or microcoercivity, hc. An SD
grain has a single microscopic coercive force HK because the particle moment
VMS rotates against anisotropy K in a single critical jump. Each wall in a 2D or
MD grain, on the other hand, makes a series of jumps past many different energy
barriers. Multidomain grains thus have a spectrum of microcoercivities. The
average of the microcoercivity distribution/(Ac) is the bulk coercive force Hc of
§5-6.2.

From eqn. (9.2), the microcoercivity or critical value of \H; | due to a particular
barrier depends on the maximum slope |d£w/dx|max of the barrier:

(9-5)

However, hc, being an internal field, cannot easily be measured. Externally, when
a critical value of field Ho,

1
2HQAM%

d£w

(#0)cr i, = K + NM, i.e., (//i)crit = (#0)crit ~NM = hc, (9.6)

is applied to the grain, the wall is unpinned and will move spontaneously from D
to a point E of slightly steeper slope in the neighbouring Ew minimum, with no
increase in Ho. The critical external field (//0)crit is greater than hc by an amount
NM = \Hd\, M being the grain magnetization when the wall is at point D where
|d£w/d;t| is maximum.

Such a spontaneous movement of the wall is called a Barkhausen jump, and is
irreversible. The wall will not return to the first Ew minimum unless HQ is applied
in the opposite direction. The negative critical field required to move the wall
back from C to A is

(tfo')crit = ~K + NM, i.e., (ffOcnt = (//0)crit - NM = -hc, (9.7)
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in which hc and M at the point of steepest negative slope F are to be substituted.
Notice that |(//0')crit| is now numerically less than hc, since M is positive at F.
Thus Hd acts as a restoring field assisting the wall towards a state of lower mag-
netization, while Ho acts as a driving field and hc as a resistive field impeding dis-
placements in either direction.

9.3 A simple model of multidomain TRM

As T —> Tc, Ms —> 0 and the restoring force exerted on domain walls by
//d = —NM is reduced and eventually lost. At the same time, resistance to wall
motion disappears because hc —> 0, as Ms, A and K\ —> 0. A weak field Ho

applied near the Curie temperature consequently produces a large wall displace-
ment. During cooling, both the restoring force Hd and the resistive force hQ

increase, but at different rates. The high-temperature wall displacement, or a sub-
stantial fraction of it, is frozen in at a blocking temperature TB determined by
the balance between Hd and hc. Neel (1955) and Stacey (1958) based theories of
multidomain TRM on this picture of the blocking process. We consider Stacey's
theory first and Neel's theory in §9.4.

Equation (9.4) tells us that if Xi 3> 1 /N, which is certainly the case at high tem-
perature, xo * 1/-^ a nd so M = Ho/N. The same result follows from the prin-
ciple of minimum internal field: Hx = Ho — NM —> 0. At the blocking
temperature TB, the wall displacement x is described by

_ H0

a Ms(rB) NMS[TB)

During cooling below TB, the wall's displacement is frozen, so that M changes
only by virtue of the reversible increase in MS(T). Thus the TRM at room tem-
perature To is given by

where Ms0 = MS(TO), MsB = MS(TB), and (3(T) = Ms(T)/Ms0.
Equation (9.9) appears to predict the linear dependence of TRM on applied

field observed experimentally for weak fields. In reality, as Neel (1955) and
Schmidt (1976) have shown, TB is itself dependent on Ho. TRM as given by
(9.9) actually varies approximately as HXJ , a dependence observed experimen-
tally only when Ho > 1 mT (10 Oe).

However, we can make quite an accurate estimate of the Koenigsberger ratio,
Qi = MU/XOHQ, using (9.9). The companion ratio Qn = Mnr/xo#o> where Ho is
the present earth's field («50uT or 0.5 Oe) and Mnr is NRM, is frequently
quoted in paleomagnetic studies. The TRM predicted by eqn. (9.9) gives rise to
an internal demagnetizing field Hd that can move loosely pinned walls. The soft



The Neel theory of TRM in 2D grains 239

magnetization, Mm induced in this way partially shields or cancels MtT. Since
ATin = Xi#d = X\[—N(MtT + M-m)], the resultant magnetization or observed
TRM Mt'r is

M/r - Ma + Mm = Mtr - i V T - ^ M t r = Y ^ ^ ^ t r - (9-io)

For equidimensional magnetite grains, the screening or shielding factor
(1 + NxO"1 is about ± and (3{TB) = MS(TB)/MS(TO) is about \ (Stacey, 1963).
Therefore

&G#)/@)"
Experimental Qt values for MD magnetite are close to this figure (Parry, 1965;
Stacey, 1967). Values for SD magnetite are much higher, usually > 10.

9.4 The Neel theory of TRM in 2D grains

9.4.1 TRM in the absence of thermal fluctuations

The defining equation for TRM in Stacey's theory (§9.3) was Ho = NM or
Hi = Ho — NM — 0. Comparing this to eqns. (9.6) and (9.7), we see that ±hc

has been set to zero. But wall pinning, as manifested in hc, is responsible for
TRM blocking. Therefore the blocking temperature TB cannot be obtained
from Stacey's theory. TB can be obtained from the theories of Neel (1955), Ever-
itt (1962a) and Schmidt (1973), which are described next. We will consider only
2D grains in which the wall encounters a series of identical Ew barriers, each
with the same microcoercivity hc for positive or negative jumps. A more general
treatment incorporating distributions of hc (Xu and Dunlop, 1994) gives gener-
ally compatible results.

Figure 9.2 graphs the total energy, Ew + Ed + EH, in a 2D grain with many
identical Ew barriers. These energies were plotted separately in Fig. 9.1. The cyc-
lic variations due to Ew are minor compared to the broad parabolic shape
imparted by Ed, but the small potential wells can nevertheless trap walls in a vari-
ety of local energy minimum (LEM) states. As Ho increases, an increasing gradi-
ent tilts the energy function down to the right, until the energy barrier holding
the wall in its original well disappears and the wall jumps to a new LEM state.
The equivalent condition in terms of Ew alone is displacing the wall to a position
where dEw/dx is a maximum. Repeated jumps of the wall generate the ascending
branch of the hysteresis loop, which has slope 1 /N (apart from the sawtooth pat-
tern due to the discrete jumps). In decreasing fields, the wall undergoes a set of
jumps to the left and generates a descending loop offset from the ascending
loop, but also with slope 1/Af.



240 Multidomain thermoremanent magnetization
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Figure 9.2 £tot =
£w + Ed + EH as a
function of domain-wall
displacement x from the
demagnetized state.
Downward arrows mark
successive local energy
minima in which the wall is
trapped as Ho increases
from 0 to 50 Oe. Upward
arrows indicate minima
where the wall is pinned as
Ho subsequently decreases
from 50 Oe to 0. The wall
occupies different minima
in increasing and
decreasing fields of the
same strength, giving rise
to magnetic hysteresis and
remanence (inset).
Analogous wall jumps and
hysteresis occur when Ho is
constant but the
temperature changes (see
text). [Reprinted from
Schmidt (1973), with kind
permission of Elsevier
Science - NL, Sara
Burgerhartstraat 25, 1055
KV Amsterdam, The
Netherlands.]

= 50Oe

Quite strong fields were used to generate the curves of Fig. 9.2. However, the
same effect can be achieved with a weak field of fixed strength by increasing the
temperature, which has the effect of decreasing hc and making the potential
wells shallower and shallower. Near Tc, the wells are so shallow that even a
weak field will push the wall right to the boundary of the grain. The grain
becomes SD and M —> Ms. During cooling, the parabolic envelope due to Ed

deepens as Ms grows, tending to spill the wall to the left. On the other hand, the
LEM wells also deepen, resisting spillage, because hc is also growing. At high
temperatures, the restoring force to the left due to Ed is the stronger effect and
the wall is pushed back, but eventually the deepening of individual wells becomes
more important and the wall begins to be pushed to the right. However, the wall
cannot now escape from its local energy well (unless Ho increases) and is trapped
in this LEM state in further cooling. It has reached its blocking temperature.

The total energy equation can be used to find TB, following this scenario. This
was the approach taken by Everitt (1962a) and Schmidt (1973). We will follow
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instead the mathematically equivalent approach of Neel (1955), in which
£w + EH and Ed are treated separately. Equations (9.2) and (9.5) indicate that if
all Ew barriers are identical, with the same (dEw/dx)max and hc, the internal
field hysteresis loop, M(Hi), will be rectangular with height ±MS and width or
bulk coercive force ±HC = ±hc. A series of such loops at different temperatures
is sketched in Fig. 9.3(a). However to obtain the externally measured M(H0)
loops, we must remember that H\ — Ho — NM or

M = (\/N)(H0-Hi). (9-12)

Equation (9.12) generates a temperature-independent line of slope — l/N and
intercept Ho, the demagnetizing line, which is also plotted in Fig. 9-3(a). An inter-
section between the demagnetizing line and the rectangular loop for a particular
T gives M(H0,T).

It is clear graphically that at high enough temperatures (e.g., Tu T2 in Fig.
9.3a), M — Ms. However, at lower temperatures (r3, T4), the demagnetizing
line intersects the descending loop and M < Ms. The wall has been driven back
from the grain boundary. At temperature T5, the intersection point reascends
the descending loop. This is not permitted physically because when the wall
reverses its motion, it cannot surmount the right-hand barrier in its local well
and remains trapped, as explained above. We can determine TB, at which the
wall becomes trapped, by solving for dr/dT = 0, the point at which the wall
reverses its motion (r = x/a or M/Ms).

Mathematically, we first solve the equation for the vertical arms of the rectan-
gular loop, H\ = ±//c, with eqn. (9.12) to obtain the external-field hysteresis
loop,

M = (\/N)(HoTHc). (9.13)

The measured loop is said to be sheared: the ascending and descending branches
have slopes 1/N, like measured MD hysteresis curves (Fig. 5.16). Two such
sheared loops are shown in Fig. 9-3(b). For TRM blocking we choose the des-
cending branch of (9.13) and obtain

M(T) = (\/N)[HO + HC(T)}. (9.14)

Domain-wall pinning is temperature-dependent by virtue of the T dependences
of K\ and magnetostriction A. Both of these material properties vary approxi-
mately as a power of MS(T) (see §2.8 and Figs. 3.7b, 3.8b). Thus we can assume
HC(T) = HaFiT), where Hc0 = HC(TO) and 0(T) = Ms(T)/Ms0. Making this
substitution and solving for r(T) = M(T)/MS(T), we find

NMs0P(T)
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Figure 9.3 (a) Illustration of the process of field-blocking of TRM. The intersec-
tions (dots) of the demagnetizing line, of slope -\/N and intercept Ho, and rec-
tangular M-Hj hysteresis loops for various temperatures T\, T2 • • • give
M(H0, T). MjM% cannot reascend the descending loop because x/a cannot
increase during cooling in a constant field H. When the wall attempts to reverse its
motion, between T4 and Ts, it remains trapped in its local potential well, i.e.,
blocked, (b) M-Ho hysteresis loops, obtained from (a) by making demagnetizing
lines vertical, thereby 'shearing' the rectangular M-Hh loops. [After Dunlop and
Xu (1994) © American Geophysical Union and Day (1977), with the permission
of the authors and the publishers, The American Geophysical Union, Washington,
DC and Journal of Geomagnetism and Geoelectricity, Tokyo, Japan.]
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Finally, since blocking occurs when dr/dT = 0, the blocking temperature is
given by

or (9.16)

This situation, in which TRM is blocked by the growth of energy barriers to
wall motion and thermal fluctuations are ignored, is referred to as field-blocked
TRM (Dunlop and Xu, 1994). The blocking temperature predicted by eqn.
(9.16) for magnetite, with n = 2 and various assumed values of H^, is plotted as
a function of Ho in Fig. 9.4. It is generally similar to the field dependence of TB
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Figure 9.4 TB for field-blocked TRM as a function of TRM acquisition field Ho

for various microcoercivities H^ when n = 2. The 7"B(//0) curves are approxi-
mately quadratic, as for SD TRM (Fig. 8.11), but they are truncated at the
saturation limit, when TRM becomes equal to the room-temperature saturation
IRM. [After Dunlop and Xu (1994) © American Geophysical Union, with the
permission of the authors and the publisher.]
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in SD grains (Fig. 8.11), in that rB decreases approximately quadratically as //0

increases. However, there is an effective lower limit to TB (the saturation rema-
nence limit: 500 °C for the parameters chosen in Fig. 9.4), when Ho has pushed
the wall so far from equilibrium that 'blocking' during in-field cooling is only
temporary. When Ho —> 0 at To, Hd causes the wall to unpin and spring back to
a position corresponding to the saturation remanence Mrs(T0). This process is
called wall re-equilibration.

Provided T% is above the saturation remanence limit, walls remain blocked
even when Ho -> 0 at To. Then the TRM intensity is equal to M{TB)/(3(TB),
which from (9.14) and (9.16) gives

(9-17)
( H - 1 ) 1 " N

With the field dependence of TB taken into account, TRM intensity is no longer
proportional to field strength Ho. If n = 2, as Neel (1955) assumed, MtT oc HXJ2.

Some TRM acquisition data are given in Fig. 9.5. They lend general support to
the field dependence predicted by eqn. (9.17), but only in the range
1 mT < Ho < lOmT. For higher fields, the TRM saturates at a value equal to
Mrs(r0) (see eqn. (9.26)), through wall re-equilibration. For lower fields, thermal
activation governs TRM acquisition, as we shall show in the next section, and
TRM is proportional to Ho, as required for paleointensity determination.

Notice that theoretical TRM's for MD grains in Fig. 9.5 are much weaker
than TRM's for SD grains, even when the microscopic coercive forces are com-
parable. Experimentally, this is the pattern observed (Fig. 8.4). The internal
demagnetizing field is responsible for the contrast between MD and SD intensi-
ties of TRM. By opposing displacements of walls away from the demagnetized
state, Hd severely limits the intensity of magnetization M in an MD grain. In an
SD grain, however, M always has magnitude Ms and Hd can only influence the
orientation of M. The SD remanence-carrying potential is therefore much
greater. Note that eqn. (9.17) strictly applies only to 2D grains. Shielding by
soft walls in MD grains could be taken into account in the manner of §9.3 and
would reduce predicted TRM intensities by about another factor 5.

9.4.2 TRM in the presence of thermal fluctuations

Neel (1955) pointed out that field blocking of TRM occurs very close to Tc if Ho

is small. The blocking condition (9.16), for « = 2 as assumed by Neel, is
HC{TK) = Ho and only within «10 °C of Tc do microcoercivities fall to 1 Oe or
less (Fig. 9.4). At such high temperatures, thermal fluctuations can unpin a
domain wall below its nominal blocking temperature. A parallel situation in SD
grains was discussed in §8.7.



The Neel theory of TRM in 2D grains 245

O.I
I

10 100

0.5

0.2

UIO3

UIO

500
I

Sd0.l/*m
Hco- /

SO Oe 500 Oe Columbia
'plateau basalt
(contains Fe,04)

Multidomain theory
T/ d=l/tm '

~500e 20 Oe
/ /

'. /
/

I

«—•-

rSyntheticFeZ4Ti0604

2mm crystal

I

10',-3

Id"
O.I 0.2 0.5 I 2 5 10 20

Appliedfield, HjOeJ
50 100 200 500

Figure 9.5 The dependence of TRM intensity on applied field Ho. Data for mul-
tidomain samples are from Dunlop and Waddington (1975) (Columbia plateau
basalt) and Tucker and O'Reilly (1980a) (synthetic TM60, d = 1.9 urn and 2 mm,
respectively). Data for single-domain TM60 (d = 0.04 urn) are from Ozdemir and
O'Reilly (1982c). Single-domain and multidomain theoretical curves (dashed) fol-
low eqn. (8.21) and eqns. (9.23), (9.17) and (9.26), respectively. In the thermal
blocking (low-field) range, a grain size of 1 urn and Barkhausen jumps of 30 nm
were assumed. [After Dunlop and Xu (1994) © American Geophysical Union,
with the permission of the authors and the publisher.]

As a simple example of thermally activated wall motion, consider a single
Barkhausen jump of a domain wall over a barrier of height A£w =
(̂ w)max - (̂ w)min- If the jump occurs as a result of an applied field Ho, the wall
moves from D to E (Fig. 9.1). If the jump is thermally activated, the wall moves
from A to C without the assistance of a field. In either case, the wall jumps one
wave-length, A, of Ew and the magnetic moment of the grain changes by

Am = 2A\MS = 2KBarkMS! (9.18)

where VBaTk = AX is the 'Barkhausen volume' swept out by the moving domain
wall. We shall assume that Am is too small to appreciably affect Hd, although



246 Multidomain thermoremanent magnetization

this is seldom the case in practice. Then, for a field-induced jump,

from eqn. (9.5), c being a number of order unity relating the maximum slope of a
barrier to its height. For example, c = 1 if Ew(x) is a sawtooth function and
c = 2/n if Ev/(x) is sinusoidal. For a thermally activated jump,

exp = ]_f_c^VBkMsHc\
T T0 T0 \ kT J

T0 here is slightly different from T0 in eqns. (8. i6)-(8.18), since the mechanisms by
which thermal energy is imparted to domain walls and to SD moments are differ-
ent (Gaunt, 1977), but the distinction is not important for our purposes. The sig-
nificant point is that if we consider the thermal activation of a domain wall to be
confined to the volume KBark affected by the wall's displacement, eqn. (9.20) is
formally identical (except for minor numerical factors) to eqn. (8.18) for SD
grains under zero-field conditions. The microscopic coercive force Hc (or hc for
non-identical barriers) due to wall pinning corresponds to the microscopic coer-
cive force HK for domain rotation.

As a condition for blocking in the presence of thermal fluctuations (thermal
blocking), Neel suggested (by analogy with eqn. (8.25) for SD grains) replacing
the field blocking condition HC(TB) = Ho (for n = 2) by

HC(TB[) = H{(TB{), (9.21)

where TB{ is the thermal fluctuation blocking temperature, which is always lower
than the field blocking temperature TB. The fluctuation field /7f is given by

_ kT\n(t/r0)
"fVBfJ - — 7 7 — , , I T s, (,9-22;

C/iO^Bark^sl^Bf)

using eqn. (9.20) and setting r = t for blocking. Notice that H{ for 2D (or MD)
grains has a different dependence on T and V than //q for SD grains (eqn.
(8.24)). Then, following the same reasoning as in §9.4.1, we find for the TRM
intensity

Hi/n

(9-23)
NHl/"(TB()

Thermally blocked TRM should be proportional to Ho, as observed experimen-
tally for small fields (Fig. 9.5).

In practice, eqn. (9.23) is not very useful for predicting actual magnitudes of
TRM because H{ depends on the Barkhausen volume swept out by a domain
wall. KBark could be estimated by direct domain observations of jumping walls
or wall segments, but to date there are few published data. However, from Fig.
9.5, the change from linear to quadratic dependence of Mtr on Ho occurs between
1 and a few Oe. Hf(TB{) « 1 Oe (100 uT) is therefore an order-of-magnitude
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value, allowing TR{ and Mu to be estimated approximately. When Ho < 1 Oe,
Mtr in the presence of thermal fluctuations is even weaker than Mtr estimated
from (9.17) for field blocking.

9.5 Thermal demagnetization of total and partial TRM

The detailed theory of thermal demagnetization is given by Dunlop and Xu
(1994) and Xu and Dunlop (1994). We shall give only a brief synopsis. As a preli-
minary, consider a partial TRM acquired by cooling from Tc to TR (the field-
blocking temperature for total TRM) in field Ho and in zero field from TB to TQ.
Combining eqns. (9.14) and (9.16), we see that the magnetization M(TB) in the
presence of Ho is

7Z\% (9'24)

but when 7/0 —> 0 at rB, the same equations give for the remanence MT(TB)

Thus the partial TRM will be only 1 /« as intense as the total TRM.
The mechanism is pushing back, or re-equilibration, of the wall by the internal

demagnetizing field HA when Ho —> 0. The same process may occur even for a
total TRM, when Ho —* 0 at To, since TRM cannot exceed the saturation rema-
nence HCQ/N. This is the saturation limit referred to in Fig. 9.4. Saturation,
accompanied by room-temperature re-equilibration of wall positions, can occur
for surprisingly small fields: Ho > 5 Oe for Hc0 = 20 Oe and n = 2 (Figs. 9.4,
9.5). The wall re-equilibration process is illustrated in Fig. 9.2; here a much larger
HQ (initially 50 Oe) has been used to make the re-equilibration easy to see.

Let us now turn our attention to reheating a TRM, with Ho = 0, from To to
TB. When we reach TB, we know the TRM intensity must be reduced to a fraction
\/n of the intensity it had when cooled in HQ through T^. This does not occur
abruptly, but in a series of small Barkhausen jumps. In fact, the process is exactly
analogous to that illustrated in Fig. 9.2, except that Ho — 0 (the uppermost
curve) and the amplitude of the energy variations falls with heating. As the
energy barriers decrease, the wall can successively jump to the left, towards the
demagnetized state, one barrier at a time. Since Hc, which represents the wall pin-
ning, only vanishes at Tc, this process continues to very high temperatures,
essentially to Tc.

The thermal demagnetization process for 2D (and MD) grains is very different
from that of SD grains, in which each grain had a single TUB which was equal,
for weak Ho, to TB during cooling. Because of the active influence of Hd on mag-
netization intensity, i.e., wall position, a wall which is field-blocked during
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cooling at temperature 7B has a spectrum of 7\jB's extending from well below TB

to well above T$, in fact virtually to TC- This thermal demagnetization 'tail' is a
distinctive characteristic of MD grains. It is also of considerable practical impor-
tance, because it means that thermal 'overprints' (secondary partial TRM's
acquired in nature) cannot be easily removed by thermal demagnetization if
they are carried by MD grains.

Some theoretical thermal demagnetization curves for total TRM's acquired in
different fields and for partial TRM's acquired between T2 = 550 °C and various
T\ in a fixed field appear in Fig. 9.6. All the 'curves' actually decrease linearly
with respect to (5{T) = Ms(T)/Ms0, a dependence we shall explain momentarily.
Total TRM's at the saturation limit (for Ho > 5 Oe in this example) have been
re-equilibrated at To and undergo further re-equilibration as soon as they are
heated above To. TRM's acquired in weaker fields did not have their walls
pushed so far from equilibrium that they re-equilibrated when Ho —> 0 at To

during the original cooling. They can be heated substantially above To before
Hd exerts enough force to begin pushing the walls back toward the equilibrium
(demagnetized) state. For example, when Ho = 0.5 Oe (50 uT), a typical geomag-
netic field strength, thermal demagnetization does not begin until «540°C.
However, in all cases, thermal demagnetization is only complete at Tc.

Partial TRM's (Fig. 9.6b), even in a field of 5 Oe which would saturate a total
TRM, are relatively weak, and they demagnetize like weak-field total TRM's.
For the conditions chosen, re-equilibration occurs when //0 —> 0 at T\ during
original cooling if Tx < 482 °C. For the complete set of partial TRM's
thermal demagnetization begins at 470—545 °C and ends at Tc.

In order to explain the linear dependence of thermal demagnetization on
(3(T), we consider first a saturated total TRM. Its intensity at To is given by
eqn. (9.14), for Ho = 0, as

Mrs(r0) = ^ , (9.26)

which is the justification for eqn. (5.32). When heated to temperature T in zero
field, eqn. (9.14) predicts

M2) (9.27)

Thus Mrs must be reduced to this level, by wall re-equilibration, at T. If the mea-
surement of MT is made at T (continuous thermal demagnetization), then

Mt(T)/Mr(T0)=(?1(T). (9.28)

More commonly in paleomagnetic and paleointensity studies, Mr is mea-
sured after cooling in zero field to 7Q (stepwise thermal demagnetiz-
ation). Mr0 measured at To is larger than Mr measured at I by a factor
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MS(TO)/MS(T) = (TX{T), because Ms increases reversibly in cooling from T
to To. In this case, the thermal demagnetization is described by

Mr0(T)/Mr(T0)=fr-\T). (9.29)

For n = 2, as assumed in Fig. 9.6, the remanence decreases in proportion to

Equations (9.28) and (9.29) are quite general descriptions of continuous or
stepwise thermal demagnetization due to wall re-equilibration driven by Hd.
However, when the initial TRM or partial TRM is below its saturation limit
at To, the onset of re-equilibration during heating does not come immediately
above To, but at some higher temperature, as explained above. Once walls
begin to be driven back, subsequent demagnetization is described by (9.28) or

(9-29)-
All the above theory is predicated on field-blocking as the process by which

TRM or partial TRM is acquired. In §9.4, we concluded that thermal fluctua-
tions actually govern TRM acquisition for fields of geomagnetic strength. How-
ever, the re-equilibration model is actually independent of how the walls were
originally blocked, until we heat to TBf, at which point any remaining wall displa-
cements should disappear. Since TBf is itself a high temperature, thermal demag-
netization tails are still a prominent feature of MD remanence, although the tail
should be truncated somewhat below Tc. In practice, thermal demagnetization
data tend to become noisy at high temperatures and the truncation is not usually
obvious.

Some experimental data are shown in Fig. 9.7. Thermal demagnetization
curves for total TRM's of small MD TM60 grains (average grain size: 6.4 urn)
as a function of acquisition field HQ (Fig. 9.7a) resemble theoretical curves
(Fig. 9.6a), although n has to be increased to unrealistically high values to
explain the 1 Oe data. The likely explanation is that these grains are too small
to be 'truly' MD in behaviour. As well as wall pinning, SD or SD-like processes
likely play some role in weak-field remanence (see Chapter 12). (Notice the
resemblance between the weak-field curves in Fig. 9-7(a) and the corresponding
curves for SD TM40 in Fig. 8.18.) Strong-field remanence is predominantly
due to pinned displaced walls and follows MD theory quite well, assuming
n K, 3 (Fig. 9.7a).

Continuous thermal demagnetization of partial TRM's acquired by 3 um
magnetite grains over the range (400 °C, 350 °C) is independent of Ho, at
least for the field range examined here (Fig. 9.7b). This is another prediction
of the more detailed theory (Xu and Dunlop, 1994). A theoretical fit using
(9.28) with n = 4 (solid curve) is unconvincing, however. The data actually
show a combination of SD and MD character. About two-thirds of the partial
TRM demagnetizes in SD-fashion when heated to just above (7"B)max
= 400°C: 7\jB ss TB. The remaining one-third displays a MD-style thermal
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demagnetization tail extending to Tc = 580 °C. Thus in 3 urn magnetite grains,
which are much larger than the theoretical micromagnetic limit for metastable
SD behaviour (§7.5.3), SD-like carriers are responsible for more than half the
weak-field partial TRM. (The possible origin of these SD-like carriers will be
the subject of Chapter 12.) Less than half the pTRM resides in pinned domain
walls.

9.6. Acquisition of partial TRM and paleointensity
determination

The Thellier double-heating procedure for determining paleofield intensity was
described in §8.9. In the first heating to temperature T, which in the modified
Thellier experiment now in general use is in zero field, a fraction of the NRM
(which must be a TRM in order for the experiment to work) is thermally demag-
netized. In the second heating, the sample is cooled in a laboratory field Hlab

and acquires a partial TRM. In the case of SD grains, because TB = TVB for
grains of a particular size and shape, i.e., (V, HK0), the partial TRM gained
exactly replenishes the NRM lost if //lab matches the paleofield Ha in direction
and strength. If//)ab ^ Ha, which is the usual situation, the partial TRM gained
can be calculated as the vector difference between the total remanences after the
second and first steps, and the ratio AMm (the loss in NRM) to Mplr gives
Ha/Hlab, provided Mtr oc Ho. The results are usually presented as a graph of
NRM remaining versus partial TRM acquired, whose slope is -Ha/H]ab (e.g.,
Fig. 8.14).

The success of the Thellier procedure is a result of the experimental laws of
reciprocity, independence and additivity of partial TRM's acquired in non-over-
lapping temperature intervals by SD grains (§1.1.3, 8.8). MD grains do not obey
these laws and will respond differently in a Thellier experiment. Reciprocity is
not a feature of MD partial TRM: as we have seen, a partial (or total) TRM
with blocking temperature TB has not one but a spectrum of 7\jB's, spanning a
broad temperature interval from below TB to near the Curie point. Clearly differ-
ent partial TRM's cannot be independent, since their unblocking ranges overlap.
More fundamentally, the lack of independence is rooted in the fact that different
partial TRM's are carried by the same wall, or set of walls, displaced by different
amounts, whereas in SD grains, different partial TRM's are carried by physically
distinct grains. Finally, the law of additivity of partial TRM's, if it holds at all
(e.g., Levi, 1979; McClelland and Sugiura, 1987), must be obeyed only in a statis-
tical average sense, since the various partial TRM's are not independent of one
another. Theoretically (Dunlop and Xu, 1994, Table 2), the sum of intensities of
non-overlapping partial TRM's can vary from <S total TRM to » TRM.
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In the last section, we considered the simple case of a partial TRM acquired
between Tc and TB. In all other cases, the theory of partial TRM acquisition is
mathematically intricate (Dunlop and Xu, 1994; Xu and Dunlop, 1994). How-
ever, much insight can be gained from our previous analysis (§9.4, 9.5). Partial
TRM's acquired in high-temperature intervals are generally the most intense,
because the energy barriers grow more during cooling and walls remain firmly
pinned. Note that below TB, the increase in wall pinning or hc with cooling out-
weighs the increase in Hd, so that the walls, within their local wells, tend to be
pushed slightly away from the demagnetized state. Partial TRM's acquired in
lower-temperature intervals are less well stabilized by barrier growth and tend
to re-equilibrate when Ho —> 0 at To, with consequent loss of intensity. Thus
most partial TRM is acquired at high temperatures. On the other hand, thermal
demagnetization of a total TRM, which is the NRM in a Thellier experiment,
may begin soon above room temperature. Comparing Figs. 9.6(a) and (b), it is
clear that for the same field (here, 5 Oe), total TRM demagnetizes at lower aver-
age temperatures than the various partial TRM's.

Experimentally, NRM-pTRM graphs of MD magnetites vary from mildly to
strongly convex downwards (Fig. 9.8a). Similar results, but over a more limited
size range, were found by Levi (1977). Even 1 um grains fall distinctly below the
ideal single-domain line, indicating that more NRM is lost in low-temperature
heating intervals than is replenished by partial TRM gained in the same intervals.
The largest magnetites (135 um average size) give results falling quite close to
MD field-blocking theory. A plot of the NRM unblocking spectrum and the
pTRM acquisition spectrum on the same graph (Fig. 9.8b; cf. Fig. 1.6 for SD
grains) demonstrates that thermal demagnetization is biased toward lower
temperatures and partial TRM acquisition toward higher temperatures.

Since the final partial TRM, cooled from Tc, reproduces the total TRM, the
final point for all grain sizes in Fig. 9.8(a) returns to the ideal or SD line. Joining
the first and last points will therefore give the correct paleointensity. However,
irreversible chemical alteration of grains during high-temperature heatings also
commonly leads to a sagging or convex-down shape of the Thellier graph (e.g.,
Fig. 8.14b). The usual procedure is to fit a straight line to the low-temperature
points, below the assumed onset of alteration. Such a procedure would be disas-
trous with the data of Fig. 9.8(a). A best-fit line to the 11 lowest points for the
135 |xm sample gives a paleointensity that is more than twice the true value.

How can one diagnose reversible MD behaviour as opposed to irreversible
behaviour due to alteration of the grains? A widely used practical procedure is
partial TRM checks, illustrated in Fig. 9.9. Following a particular double heat-
ing, one performs a third, zero-field heating to the same temperature, with the
intent of erasing the partial TRM produced in the second heating. Then the par-
tial TRM intensity at a lower temperature is checked by reheating to that tem-
perature and cooling in field. If the partial TRM's check, no irreversible
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alteration has occurred up to the highest temperature reached. We might first
point out that there is no compelling reason to believe that partial TRM checks
should work for MD grains. The third heating will not completely erase the sec-
ond-step partial TRM: it must be heated close to Tc to be removed completely.
An indication of this is seen in Fig. 9.9 in the 558 °C-484 °C and 508 °C-409 °C
checks: following the third (zero-field) heatings to 558 °C or 508 °C, about 10%
of the pTRM remains undemagnetized. Nevertheless, the lower-temperature
pTRM's reproduce reasonably well in every case.

NRM demagnetization and pTRM acquisition tend to begin at higher tem-
peratures in MD grains than in SD grains. More than two-thirds of the demagne-
tization/acquisition in Fig. 9.9 occurs between 500 °C and 580 °C and more
than half occurs above 560 °C. However, this is no more than a qualitative indi-
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Figure 9.9 Successful pTRM checks in a simulated Thellier paleointensity deter-
mination on 135 um MD grains of magnetite. The dashed theoretical curves are the
same as in Fig. 9-8(a), but the data lie closer to the ideal SD line because pTRM's
were produced perpendicular to NRM, rather than parallel to NRM. [After Xu
and Dunlop (1995a) © American Geophysical Union, with the permission of the
authors and the publisher.]
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cator. Single-domain grains can also have concentrations of very high blocking/
unblocking temperatures. Furthermore, chemical alteration tends to occur at
the highest temperatures and often produces large amounts of new magnetic
material.

9.7 AF demagnetization and the microcoerdvity
spectrum

Alternating-field (AF) demagnetization and the microcoercivity spectrum of sin-
gle-domain TRM were described in §8.11. There is no satisfactory equivalent
theory for multidomain TRM, although an adequate theory does exist for
saturation remanence (§11.5). For MD grains, the microcoercivity spectrum
describes the distribution of barriers to wall motion. The MD spectrum is much
softer than the SD spectrum because domain walls are generally much less
strongly pinned than are single-domain moments. In addition, HA in MD grains
assists in the demagnetizing process.

The internal demagnetizing field is largely responsible for the characteristic
exponential form of the AF demagnetization curve of MD materials. Because
magnetocrystalline anisotropy provides a minimum rotational barrier, the
single-domain coercivity spectrum has a lower cut-off field (about 10 mT or
lOOOe for magnetite), resulting in an initial plateau in the AF demagnetization
curve. As a consequence, AF cleaning in quite modest fields eliminates much of
the NRM carried by multidomain grains while scarcely affecting single-domain
NRM. In view of the persistent thermal demagnetization tail in MD grains, AF
rather than thermal cleaning is the sensible procedure for randomizing MD
remanence.

9.8 Domain nucleation and TRM

Bol'shakov and Shcherbakova (1979) were among the first to measure thermal
demagnetization tails extending to Tc for MD magnetites. They interpreted
their observations as indicating a series of unblocking temperatures at which
trapped domain walls became unpinned and reorganized their configurations in
response to the internal field, as we have done in previous sections. However,
there is growing evidence that the reorganization of walls may be in part a
response to another process, the nucleation or denucleation of domains during
heating or cooling.

McClelland and Sugiura (1987) made continuous measurements, during cool-
ing and reheating, of intensity changes in high-temperature partial TRM's car-
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ried by MD magnetites ranging in size from 10-15 urn to 100-150 jxm. In zero-
field cooling below the lower pTRM acquisition temperature the pTRM inten-
sity increased less rapidly than MS(T) and, in the case of the 100-150 um magne-
tite, actually decreased. The normalized magnetization r(T) = M(T)/MS(T),
which measures the net relative displacement x/a of all the walls, decreased
with cooling, particularly in the larger grains, rather than remaining constant or
blocked (Fig. 9.10). The domain walls must be adjusting towards a demagnetized
state below the minimum 'blocking' temperature of the pTRM. The decrease is
not simple viscous decay (Chapter 10): no change was seen if the sample was
held at a constant temperature. Similar observations were reported by Sugiura
(1981) and Markov et al. (1983).

In reciprocal experiments, McClelland and Sugiura traced the growth of total
or partial TRM's during in-field cooling to To (Fig. 9.10). The increase in
moment, measuring the response of domains and walls to //0, continued down
to w400°C, showing that walls can still be driven in the face of an internal
demagnetizing field Hd 3> Ho that will force the same walls back if Ho is switched
off There is a remarkable symmetry between the in-field cooling curves and the
zero-field cooling curves (dashed) of pTRM's below their minimum rB's. For
example, the 580-560 °C and 560 °C—T0 cooling curves are nearly mirror images,
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as are the 580-540 °C, 540°C-r0 and 580-400 °C, 400°C-r0 pairs of curves.
This reciprocity would be very much in the spirit of the single-domain Thellier
laws, except that here remanence is being erased in zero-field cooling, not heat-
ing.

Domain observations made during heating and cooling by Metcalf and Fuller
(1987b), Heider et al. (1988), and Halgedahl (1991) (Figs. 6.12 and 6.13), give
some clues to the underlying mechanisms. In > 30 um magnetite crystals heated
in the small residual field of the microscope («20 uT or 0.2 Oe) to only 120 °C,
walls unpinned and moved substantially in response to the change in dominant
anisotropy from crystalline to magnetoelastic (Fig. 6.12) . In addition, walls
denucleated during heating and nucleated during cooling. A spike domain
nucleated at a corner on the surface of one of the body domains and spread across
the crystal through opposite displacements of its bounding walls until its tip
reached the other edge of the crystal. The bounding walls then separated and
straightened, splitting the existing domain in two and adding a central domain
of reverse polarity. This transverse nucleation process of domain splitting or
sandwiching increases the number of domains and walls by two not one. During
denucleation, a lamellar domain transformed into a large spike when its planar
bounding walls bent and joined at one edge of the crystal. Small wall displace-
ments drove this spike transversely across the crystal, destroying the domain.
Although a single lamellar domain could in principle nucleate or denucleate at
one side of the crystal (edge or longitudinal nucleation: a domain stacking
instead of a splitting), the addition or subtraction of a pair of walls by a spike
traversing the crystal seemed to be typical. Most of the observed domain
changes in TM60 followed the same pattern (Fig. 6.13), which can be likened to
a 'magnetic dislocation' spreading across the grain.

A further point to note is that when a new domain appeared, splitting an exist-
ing domain in two, all the walls moved so as to maintain roughly equal spacing.
The reason for this adjustment was made clear in Dunlop et al.'s (1990a) calcula-
tions of internal field distributions. Domains of unequal size had average
demagnetizing fields that were different by a factor of 2 or more.

The observations can be summarized as follows.

1. Walls move readily, even in weak fields at low temperatures.

2. Domain-wall nucleation/denucleation by transverse spike motion seems to
be easy in > 30 um grains of magnetite and TM60.

3. Wall nucleation/denucleation can occur far below Tc.

4. Following nucleation/denucleation, all the walls adjust their positions in
response to the altered internal demagnetizing field.

McClelland and Sugiura (1987) based the interpretation of their TRM and
pTRM data on two main observations. First, remanences seem to change in
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exactly the same way when cooled below a given temperature T, whether a field
H(, is switched on or off at T, except that the moment increases in the first
case and decreases in the second (Fig. 9.10). In the simplest approximation,
there are just two equilibrium states, magnetized and demagnetized. As a result
of the change in conditions at T (switching the field on or off), the system is
left in an out-of-equilibrum state from which it relaxes, given sufficient energy
to overcome the barrier between states. Second, a total TRM, which experi-
ences no change in Ho at any temperature, is almost constant in cooling from
«500°C to To. Partial TRM's, on the other hand, increase or decrease consid-
erably over this range, and the lower the T at which H0 is switched on or off,
the greater the percentage change (Fig. 9.10). Total TRM is interpreted to
maintain an equilibrium magnetized state, achieved very close to Tc, through-
out its cooling. Switching Ho on or off at lower and lower temperatures leaves
the system farther and farther from its equilibrium state, requiring greater
changes in moment.

It is clear in Fig. 9.10 that the bulk of the increase or decrease in moment
occurs at or just below the temperature at which field conditions changed. Pre-
sumably this reflects the movement of soft walls in response to the changed inter-
nal field. The real puzzle is why the system continues to evolve towards
equilibrium with further cooling, since barriers are growing and less and less
thermal energy is available to overcome them. The answer must be that domain
nucleation during cooling is responsible for altering the internal fields and allow-
ing the walls to re-equilibrate. The larger the grain, the more the equilibrium
number of domains is predicted to change during cooling (Moskowitz and Hal-
gedahl, 1987; see Fig. 7. n ) . Thus larger grains have more opportunities to
reach the equilibrium magnetic state (TRM or demagnetized) and their moments
change the most with cooling.

Although the concepts in this theory are not yet fully quantified, it does offer
hope of explaining the mechanism of TRM in a system where all the walls inter-
act and no wall can be blocked independently of the others. It provides an expla-
nation for the strongly skewed distribution of pTRM intensities towards high
blocking temperatures, since changes towards the fully magnetized TRM state
are thermally activated and occur most readily at high temperature.

9-9 Nucleation failure and TRM

A contrary view of nucleation during cooling is presented by Halgedahl and
Fuller (1983) and Halgedahl (1991). Halgedahl found that titanomagnetite
grains repeatedly given TRM's under identical conditions achieved a wide vari-
ety of domain multiplicities whereas the same grains had only a few possible
domain states after AF demagnetization. In the example shown in Fig. 5.14, the
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grain usually contained three to nine domains after being given TRM but had
four to six domains after AF demagnetization. Domain nucleation/denucleation
was easy in AF demagnetization, resulting in a narrow distribution of states
about the equilibrium or GEM state. But judging by the wide variety of LEM
states preserved in TRM acquisition, the same grain was often unable to nucleate
or denucleate enough walls during TRM acquisition to achieve the low-energy
AF state and frequently remained trapped far from the GEM state. Domain
nucleation must have been relatively difficult during cooling. That is, nucleation
failure, not easy nucleation, is implied, contrary to the ideas of McClelland and
Sugiura (1987) and Shcherbakov et al. (1993).

Sometimes a grain fails to nucleate any walls at all as it cools from its saturated
state near TC- Such metastable single-domain grains were described in Chapters
6 and 7 and will be discussed further in Chapter 12. Halgedahl's observations
imply that these states are special and not part of the overall LEM state distribu-
tion. Notice in Fig. 5.14 that no 2D states were observed. There is a gap in the dis-
tribution between SD and 3D or higher states. This gap is a general feature of
other grains as well.

Metcalf and Fuller (1988) synthesized the field dependence of TRM intensity
for 2-50 um TM60 grains in an oceanic basalt on the assumption that the
moments of metastable SD grains outweigh all other sources of remanence (Fig.
9.11). The numbers of metastable SD grains observed under the microscope
after successive field coolings increased as the field Ho increased. By estimating
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Figure 9.11 TRM acquisition by 2-50 um TM60 grains as a function of field
strength HQ (squares), synthesized by dividing the total volume of metastable SD
grains observed under the microscope at each Ho by the corresponding metastable
SD volume in the saturation IRM state. Dark points are TRM intensities for a
single-domain magnetite sample measured by Dunlop and West (1969). [After
Metcalf and Fuller (1988) © American Geophysical Union, with the permission of
the authors and the publisher.]
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the total volume of such grains relative to their total volume in the saturation
remanence state, they generated a reasonable fit to MtT(H0) data of Dunlop and
West (1969) (which were actually measured for SD magnetite). Thus even in
quite large grains, TRM may have an SD source.



Chapter 10

Viscous and thermoviscous magnetization

IO.I Introduction

Viscous magnetization, or magnetic viscosity, is the gradual change of magneti-
zation with time at constant temperature. Useful reviews are given by Dunlop
(1973c) and Moskowitz (1985). Viscous magnetization is a thermally activated
phenomenon and is governed by the equations derived in Chapters 8 and 9:

M{t) = Meq + (Mo - Meq)e-'/T = M^~"T + Meq(l - e"/T), (10.1)

where Mo = M(0) and Meq = M(oo). The relaxation time r for SD grains is

while

l-iexpf-^V^) (10.3)

for thermally activated wall jumps in MD grains. Following a change in Ho, a
TRM or any other remanent magnetization will, according to eqn. (10.1), spon-
taneously relax from its initial value Mo to its new equilibrium value Meq within
a time / comparable to r.

In most rocks, the bulk of the SD grains have K//K0 ^ C(TQ, t, Ho) (see eqns.
(8.32), (8.33)), so that r » t at ordinary temperatures even for times of geologi-
cal length. If this were not so, paleomagnetic remanences could not survive
changes in the geomagnetic field after their formation. However, there is always
a fraction of grains just above superparamagnetic size that have
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« C(T0, t, Ho) o r r s i f . The initial remanent magnetization of these grains is
gradually replaced by a viscous remanent magnetization (VRM) in the direction
of//0.

It is commonly observed that magnetization does not change exponentially
with time, as (10.1) predicts, but more or less logarithmically with time (e.g.,
Street and Woolley, 1949; Le Borgne, 1960a). The reason for this is the broad
range of grain sizes and shapes in any real sample, as described by the grain distri-
bution f(V, HKO) (§8.8, 8.10). At any instant t after a field change, the initial
magnetization of ensembles with T < t relaxes immediately, while Mo of ensem-
bles with r » t remains almost perfectly blocked. Only ensembles with r « t dis-
play a sluggish or viscous change in magnetization in the short interval of
observation centred on t. Now as t increases, the 'unblocking window' moves
gradually through the relaxation time spectrum determined by f(V, HK0).
Since linear changes in V or i/K0 result in logarithmic changes in r (eqn. (10.2)),
and V and HK0 are fairly uniformly distributed over small intervals, to a first
approximation magnetization changes are proportional to log t. Figure 10.1
illustrates how a distribution of grains, each with exponential viscosity, collec-
tively exhibit a log t time dependence. Experimentally, log t behaviour is so com-
mon that viscous changes in M are often described by a viscosity coefficient
5 = dM/d log t.

log (T2 I X,)

10 100 1000
Relaxation lime, x (s)

1 10 100 1000
Acquisition time, ta, or decay time, td (s)

Figure 10.1 Acquisition
and decay of viscous
magnetization for a
narrow but uniform
distribution/(log r).
I f ' a » W . t h e
superposition of
exponential relaxations of
grains with different r
produces log t acquisition
and decay curves, with
identical slopes or viscosity
coefficients S, for both the
exact theory (Richter,
1937; eqn. (10.4)) and the
blocking approximation of
eqn. (10.8), except at very
short and very long times.
I f ' a < W > t h e
underlying exponential
nature of decay is evident
even for intermediate
times. [After Dunlop
(1973c) © American
Geophysical Union, with
the permission of the
author and the publisher.]
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In nature, rocks are exposed to a field of fairly constant direction and variable
intensity, but the polarity of the field reverses a few times every million years
(Figs. 1.4, 1.5), resetting the magnetic system. Kok and Tauxe (1996) have
pointed out that following a field reversal, a fraction of the pre-reversal rema-
nence of opposite polarity will decay viscously, giving rise to a 'sawtooth' or
ramp-like pattern in field intensity records. Figure 1.5 does show such ramp-like
descents following the two reversals bounding the Jaramillo event (time t runs
from right to left). It is presently uncertain how much of this pattern is real geo-
magnetic field behaviour and how much is a viscous artefact.

The NRM of virtually all rocks contains a low-temperature VRM acquired
during the present Brunhes normal epoch, the product of viscous remagnetization
by the geomagnetic field over the last 0.78 Ma and carried by grain ensembles
with r less than « 1 Ma. Viscous decay of remanence under zero-field conditions,
although frequently investigated in the laboratory, is never found in nature.
Brunhes-epoch VRM obscures older NRM's. Its removal is usually the main
objective of laboratory cleaning methods like AF or thermal demagnetization.
Such VRM is easily recognized because it roughly parallels the present geomag-
netic field. It is usually 'softer' or more easily cleaned than older NRM's of TRM,
DRM (depositional remanence; Chapter 15) or CRM (crystallization or chemical
remanence; Chapter 13) origin. However, we shall find that VRM in magnetically
hard minerals like hematite, pyrrhotite and iron is not easily AF demagnetized.

Slowly cooled plutons and rocks reheated orogenically or by burial in sedimen-
tary or volcanic piles acquire viscous partial thermoremanent magnetization
(VpTRM) (see Chapter 16). VpTRM blurs the distinction between purely thermal
and purely viscous magnetization or remagnetization. Cooling times of millions
or tens of millions of years encompass several polarity reversals. VpTRM is thus
potentially a bipolar remanence of reduced net intensity. Through careful thermal
demagnetization of very slowly cooled rocks, it may be possible to recover, from
different blocking-temperature fractions of VpTRM, a geomagnetic polarity
record (e.g., Rochette et ah, 1992a), or even to detect apparent polar wander due
to plate motion. Unless acquired since the late Mesozoic, VpTRM does not
approximately parallel the present geomagnetic field, nor is it easily AF or ther-
mally cleaned. On the plus side, it constitutes a paleomagnetic signal rather than
noise, although dating the time of remagnetization is a difficult problem.

10.2 Experimental properties of viscous magnetization

10.2.1 Size effects in magnetic viscosity

Room-temperature viscosity coefficients Sa for the growth of viscous induced
magnetization (VIM) and Sd for the zero-field decay of VRM in magnetite are
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shown in fig. 10.2. The data cover four decades of grain diameter or 12 decades of
grain volume. There are only two size ranges in which magnetic viscosity rises
above background levels: in 20-40 nm SD grains just above room-temperature
SP size and perhaps in «5-10 \im grains, presumably as a result of thermally
excited displacements of small wall segments (see also Zhilyaeva and Minibaev,

1965)-
The narrowness of the windows in r or V that permit viscous relaxation at a

particular (T, t) poses a severe experimental problem. Only a minor fraction of
even the most carefully sized synthetic grains is viscous at To and AM is invari-
ably a small fraction of the TRM that can be blocked thermally by the same sam-
ple. An even smaller fraction of the broad size spectrum of a typical rock is
viscous on a laboratory time scale. Some of the scatter in Fig. 10.2 may result
from contamination of samples by viscous ultrafine grains, since the > 1 um
grains were obtained by crushing large crystals. Viscosity measurements are
needed on well-sized crystals grown by modern techniques, such as hydrothermal
recrystallization (Heider et al., 1987), precipitation in a glass-ceramic matrix
(Worm and Markert, 1987), and flux growth (Smith, 1988).

The viscous decay process is reciprocal to the acquisition process but the
initial state is more complicated. In an acquisition experiment starting from
MQ = 0 and lasting a time t.d, ensembles with T « /a will be only partially
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Figure 10.2 Viscosity coefficients for acquisition (5a) and decay (Sd) of viscous
magnetization in magnetite, in units of kA/m or emu/cm3, as a function of grain
size. S2, S3, S4 are data from Shimizu (i960); Z, LR, CC, MAG5 are from Tivey
and Johnson (1981,1984); all other data are from Dunlop (1983b). [After Dunlop
(1990), with the permission of the author and the publisher, Institute of Physics
Publishing, Bristol, UK.]
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activated. Their initial state for decay will be M(ta) — pMeq, where
p = 1 - exp(-?a/r) from eqn. (IO.I). A fraction/? of this initial M will decay in
time /d = ta, so that Sd = —pS& for such ensembles. Overall we expect Sd to be
slightly less than Sa, the exact difference depending onf(V, HK0), and this is
seen in the data (Fig. 10.2).

Magnetic viscosity measurements can be extended to very short times by mea-
suring the dependence of initial susceptibility x °n the frequency/ of an applied
alternating field. A comparison of susceptibilities at two fixed frequencies is
often used in studies of soils and sediments to detect superparamagnetic (in
reality, nearly superparamagnetic or viscous) grains. For soils containing SD
magnetite and maghemite, &x/d\ogf = const. (Mullins and Tite, 1973). No fre-
quency dependence was detectable for MD magnetite.

10.2.2 Temperature dependence of magnetic viscosity and susceptibility

Magnetic viscosity, like any thermal activation phenomenon, increases as the
temperature rises (Fig. 10.3). Viscous magnetization rises to a dramatic peak
50-100 °C below Tc (Pozzi and Dubuisson, 1992). The cause is rapid decreases
in Ms and //K or Hc, and for MD grains also in FBark (Bina and Prevot,
1994), which cause r to plummet (eqns. (10.2), (10.3)). For the same reason,
this is also the principal range of TRM blocking/unblocking temperatures
and of enhancement of susceptibility or short-term induced magnetization
(the Hopkinson effect; Fig. 10.4).

The expected increase in viscous acquisition and decay with rising tempera-
ture is observed for magnetite and TM60 (Fig. 10.3; Kelso and Banerjee, 1994)
and also for pyrrhotite (Dubuisson et al. 1991). In Fig. 10.3, viscous changes
level off above 500 °C (80 °C below Tc) in magnetite and decrease at 100 and
130 °C (just below Tc) in TM60. These decreases in viscosity indicate that most
values of r have dropped to such an extent that they are shorter than the times
used in the laboratory experiments, i.e., most grains are above their blocking
temperatures and behave superparamagnetically. These SP grains will have
high induced magnetization or susceptibility (Fig. 5.20).

As expected, experimental Hopkinson peaks in magnetic susceptibility x
occur just above the peaks in magnetic viscosity (Dubuisson et al., 1991) and in
the pTRM blocking-temperature spectrum (Fig. 10.4). The Hopkinson peak
can be large: the SP susceptibility of SD grains above their unblocking tempera-
tures is about two orders of magnitude higher than the susceptibilities of the
same grains when thermally blocked (§5.7.2).

The high-temperature enhancement of both 'non-viscous' and viscous magne-
tizations (which in reality are the short-time and long-time ends of a continuous
spectrum, rather than physically distinct phenomena) is potentially important
in explaining regional magnetic anomalies with deep crustal sources near the
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Figure 10.3 Acquisition and decay of viscous magnetization at various tempera-
tures for synthetic fine-grained (SD) magnetite and a submarine basalt containing
coarse-grained (MD) TM60. Both acquisition and decay accelerate compared to a
log / function. Viscosity coefficients increase with rising temperature until just
below Tc, when most grains become SP and viscosity drops. [After Dunlop
(1983b) and Bina and Prevot (1994), with the permission of the authors and the
publisher, Blackwell Science, Oxford, UK.]

Curie-point isotherm (see §1.2.2). However, MD grains generally have a much
more muted Hopkinson peak than SD grains (Clark and Schmidt, 1982; Soffel
et al., 1982, Shive and Fountain, 1988; Bina and Henry, 1990), because the inter-
nal demagnetizing field limits x t o values < 1/./V at all temperatures (§5.6.2,
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Temperature, T(°C)
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Figure 10.4 The Hopkinson effect or high-temperature peak in measured initial
susceptibility of a single-domain magnetite. The theoretical SD susceptibility,
X = 2M S /3/ /K (eQn- (810)), (shown as triangles, calculated from measured Ms

and remanent coercive force data), and the spectrum of partial TRM's both peak
at similar temperatures. All are manifestations of remanence unblocking. [After
Dunlop (1974), with the permission of the author and the publisher, Deutsche
Geophysikalische Gesellschaft, Koln, Germany.]

9.2.2). Since MD material is likely to dominate the induced magnetization of
most deep crustal rocks, Hopkinson-type enhancement is probably a partial
explanation at best of the large regional and Magsat anomalies observed
(Dubuissonef a/., i99i;PozziandDubuisson, 1992).

At intermediate temperatures, viscous changes accelerate compared to a log t
relationship, so that acquisition and decay curves take on a convex-down or con-
vex-up aspect when plotted on a logarithmic time scale (Fig. 10.3). The convexity
is more pronounced when many decades of / are covered in the experiment
(Smith, 1984; Tivey and Johnson, 1984; Moskowitz, 1985) or for inherently
more viscous materials (Ozdemir and Banerjee, 1981; Tivey and Johnson, 1981;
Dunlop, 1983b).

10.2.3 Magnetic viscosity of TM60 and oceanic basalts

There has been considerable debate about the source of strong VRM's in ocea-
nic basalts containing TM60 as their main magnetic constituent (e.g., Lowrie
and Kent, 1978). Both oxidized fine grains and unoxidized coarse grains have
unusually large viscosity. Dunlop and Hale (1977), Smith (1984) and Hall et
°l- (J995) showed that viscous growth and decay coefficients increase with
time on a time scale of a few seconds to a few hours. They increase even more
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with heating to « 100 °C, which is just below the TM60 Curie point and is simi-
lar to temperatures reached at shallow (a few km) depths in the oceanic crust.
The practical importance of these observations is that if the high viscosity coef-
ficients persisted, virtually all primary TRM in the upper oceanic crust would
be viscously overprinted within «1 Ma after any change in field, about the
typical duration of one polarity epoch. Lowrie and Kent, however, found in
much longer experiments that viscosity coefficients levelled off and began to
decline after a few days.

In fine (<0.1um) SD-size synthetic TM60 particles, oxidized to varying
degrees to titanomaghemites, Ozdemir and Banerjee (1981) showed that high
VRM is restricted to high oxidation states (Fig. 10.5a). When the oxidation
parameter z increased from 0.4 to 0.9, the VRM growth coefficient increased
tenfold (Fig. 10.5b), while coercive force decreased by a similar factor. The
explanation seems to be an increase in the superparamagnetic or critical block-
ing volume KB (eqn. (8.26)) and an accompanying decrease in effective coerciv-
ity Hc (eqn. (8.28)) as Ms decreases with oxidation. No grain cracking was
detected.
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Figure 10.5
(a) Acquisition of room-
temperature VRM by three
fine-grained
titanomaghemite samples.
(b) Viscous acquisition and
decay coefficients, Sa and
S,i, as a function of
oxidation parameter z for
titanomaghemites with
x = 0.6. [After Ozdemir
and Banerjee (1981) ©
American Geophysical
Union, with the permission
of the authors and the
publisher.]
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Somewhat contradictory results were obtained by Moskowitz and Banerjee
(1981) on tt 1 um size oxidized synthetic TM60 particles. Viscosity coefficients
increased as z increased from 0 to 0.4 but declined with further oxidation. The
difference in results between the two sets of experiments must be linked to the dif-
ferent grain sizes of the starting material. Coarser grains tend to crack during oxi-
dation, and Moskowitz and Banerjee noted that their natural TM60 samples
were moderately to highly cracked. Mrs/Ms remained constant at SD values
for all of Ozdemir and Banerjee's samples but decreased with oxidation for
Moskowitz and Banerjee's samples, implying a decrease in grain size or possi-
bly multiphase oxidation (phase-splitting to magnetite+ilmenite; §3.1).

10.2.4 Initial states and multidomain viscous magnetization

In multidomain magnetite, viscosity coefficients depend strongly on the sam-
ple's magnetic history. Tivey and Johnson (1981, 1984) found an order-of-mag-
nitude decrease in the ability of very coarse MD grains to acquire VRM after
their initial TRM was AF demagnetized. However, thermal demagnetization
increased the acquisition coefficient. The effect was absent for SD magnetites.
Halgedahl and Fuller's (1981) observations of Kittel-type lamellar domains in
pyrrhotite after AF demagnetization but undulating, easily moved domain
walls in the TRM or thermally demagnetized state are relevant here. Loosely-
pinned wall segments presumably account for the high VRM capacity after
thermal treatment. When these are eliminated by AF cleaning, the viscosity
will drop. Lowrie and Kent (1978) documented a substantial decrease in
VRM acquisition after the NRM's of submarine basalts containing coarse
TM60 grains were AF demagnetized.

Lowrie and Kent's results are surprising because MD grains in any initial
state, whether after TRM acquisition or thermal or AF cleaning, gradually lose
their ability to acquire VRM when stored for increasing times in zero or weak
fields (Plessard, 1971; Tivey and Johnson, 1981, 1984). It has been widely
assumed that this 'wait-time' or At effect on VRM has the same origin as disac-
commodation of short-term induced magnetization (decrease in susceptibility
with wait time), namely diffusion of lattice defects to positions where they anchor
walls. Moskowitz (1985) observed no correlation between measured disaccom-
modation and viscosity coefficients in natural and synthetic TM60 samples, and
concluded that the case for diffusion after-effect is not compelling, particularly
since SD grains also display a At effect (Tivey and Johnson, 1984).

Halgedahl (1993) discovered spectacular differences in the continuous ther-
mal demagnetization behaviour of 1-2 um magnetite grains, depending on the
initial state from which high-temperature VRM was acquired (Fig. 10.6a).
VRM acquired from an AF demagnetized state demagnetized to the 5% level
< 50 °C above the acquisition temperature of 225 °C. VRM acquired after ther-
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Figure 10.6
(a) Continuous thermal
demagnetization curves
of VRM's acquired by
1-2 um glass-ceramic
magnetites at 225 °C for
3hrintf0 =0.2mT
starting from three
different initial states, AF
(crosses), TH (solid points)
and TC (open circles) (see
text for explanation of the
states). VRM with an AF
or TH initial state
demagnetizes with
< 100 °C heating, but VRM
with a TC initial state
demagnetizes very slowly
and has a tail of > 500 CC
unblocking temperatures.
(The effect does not appear
with stepwise thermal
demagnetization: see Fig.
10.1 ib)(b) Stepwise AF
demagnetization at room
temperature of VRM's
similar to those of (a) with
AF (open triangles) and
TC (solid triangles) initial
states. [After Halgedahl
(1993) # American
Geophysical Union, with
the permission of the author
and the publisher.]

mal demagnetization to Tc followed by zero-field heating to 225 °C (thermally
heated or TH state) was slightly more resistant, requiring « 100 °C heating for a
similar VRM demagnetization level. But VRM acquired after zero-field heating
to Tc and cooling to 225 °C (thermally cooled or TC state) demagnetized very
slowly, with a demagnetization tail like that of MD pTRM (Fig. 9.7b) extending
up to and above 500 °C. AF demagnetization at room temperature (Fig. ro.6b)
revealed no obvious difference between the AF and TC states, however. Nor did
viscous acquisition and decay curves at 225 °C after various zero-field wait
times. And as we shall see later in this chapter, stepwise thermal demagnetization
of high-temperature VRM, where measurements are made after cooling to To,
reveal no great difference among AF, TH and TC initial states even in quite
large (135 um) magnetites (Fig. 10.11 b).
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10.3 Theory of single-domain VRM

10.3.1 Exact theory of viscous magnetization

The formal equation for acquisition of viscous magnetic moment m by N single-
domain grains from a demagnetized initial state is

m(t) = JjATFMeq(l -e-'?T)f(V,HK0)dV dHm. (10.4)

A similar equation describes viscous decay. lff(V, HK0) is known (which is sel-
dom the case), m(t) can be found by numerical integration. For special forms of
/(V, HK0), analytic solutions are possible.

Walton (1980) assumed that the range of grain shapes, and thus HK0, is much
less than the range of V. Approximating Meq (eqn. (8.2) or (8.11)) by
VM2H0/kT, since Ho is assumed to be small, (10.4) gives for the acquisition
coefficient Sa = dM / din t = t{dM/di)

The integrand is of the form x(l - e~v), with x itself exponential (eqns. (10.2),
(10.3)). It peaks sharply at x = 1 or t = r, which is the blocking condition. All
non-exponential factors can be assigned their blocking values and taken outside
the integral. For example, V -> VB = 2kT \n(2t/T0)/n0MsHK (eqn. (8.26)).
Then, assuming shape anisotropy, so that HK oc Ms

(,06)

if/( V) is uniform over the range of ensembles affected in time ta. If/( V) oc 1 / V,
as for the larger grains in a log-normal distribution,

(10.7)

Either equation predicts a log t dependence for VRM intensity for times such
that log t <S -log r0 « 21 (§8.5), i.e., for a few decades of?, as observed. Devia-
tions from log / dependence will become obvious even at short times for very vis-
cous samples and at longer times for all samples. Deviations will appear earlier
if eqn. (10.6) applies rather than eqn. (10.7).

These equations also predict that VRM intensity is proportional to field
strength Ho in the weak-field range and that VRM acquisition (and decay) coeffi-
cients increase non-linearly as T/Ms

 2(T) to some power at high temperatures.
Proportionality between VRM and field is well established experimentally. The
inherent temperature dependence of viscosity coefficients tends to be obscured
by the variability of the grain distributions, very different parts of which are
sampled by the VRM 'window' at different temperatures. However, a good
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theoretical match to high-temperature data for SD magnetite (Fig. 10.7) was
obtained by Walton (1983) using the known/(K) of the sample (Dunlop,
1973a) and numerically integrating eqn. (10.4).

10.3.2 Blocking theory of VRM

Such success gives us some confidence in modeling viscous remagnetization
beyond the range of laboratory experimentation. We would like to be able to pre-
dict how much VRM accumulates during the Brunhes epoch, for example,
based on the measured magnetic properties of a particular rock. Clearly no
laboratory zero-field storage test or VRM acquisition experiment can reproduce
conditions in nature over a 1 -Ma time scale. However, two factors work in our
favour. First, as we mentioned earlier, eqns. (10.2) and (10.3) tell us that linear
changes in variables like V, //K0, T or Ho are equivalent to logarithmic changes
in T and thus, under blocking conditions, in t. More than one-half the scale of
log t from TO(W 10~9 s) to 1 Ma is accessible in the laboratory. Secondly, even
the inaccessible part of the scale can be activated in mild heatings, well below
the Curie point, because r is such a strong function of T (cf. Fig. 8.1 ob).

Let us elaborate on the first point. Because we will be examining viscous
changes over many decades of t or r, the exact but rather cumbersome equations
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(IO.4)-(IO.7) are of no great benefit, and we shall return to Neel's blocking
approximation, used with such success in Chapter 8. That is, we shall replace
eqn. (10. i) by the step function

= M,eq>

t < T
t > T.

(10.8)

Clearly this is not as good an approximation as it was in modelling temperature
changes in magnetization. Blocking (viscous acquisition) and unblocking (vis-
cous decay) are fuzzy, drawn-out processes for small intervals of t, whereas they
were quite sharp for small intervals of T (Fig. 8.iob). However blocking/
unblocking over equivalent intervals of T and log t are equally sharp, and this
allows us to use Neel diagrams as an aid in visualizing changes over many
decades in time.

An appropriate Neel diagram is given in Fig. io.8, with blocking contours cal-
culated from eqn. (10.2) by setting T = t. Equal increments of t would give rise
to a set of contours identical to blocking temperature contours (Fig. 8.15). But
whereas the spacing of contours increased with increasing T, it decreases with
increasing /. In fact, equal areas swept out by the blocking curve, as sketched,
are produced by equal increments of log t. The intensity of VRM is therefore
indeed proportional to log / if/(K, HK0) is independent of V or HK0 or both
over the small area swept out by the blocking curve in several decades of log t.

Figure 10.8 demonstrates that about one-half the range of log t up to 1 Ma
time scales is accessible in laboratory experiments. Even the inaccessible part
can be activated by carrying out viscosity experiments at only mildly elevated
temperatures. Comparing the contours in Fig. 10.8 with those in Fig. 8.15, we
can estimate that for magnetite, heating to 200-250 °C should be sufficient to
activate all r up to 1 Ma. For minerals with lower Curie temperatures, like
TM60 and pyrrhotite, correspondingly less heating is needed.

Figure 10.8 The effect of
time t on single-domain
blocking curves on the
Neel diagram. VRM
acquisition and viscous
remagnetization can be
modelled by sweeping a
blocking curve across the
grain distribution, as

4 v x x x indicated by the arrow.

Microscopic coercive force, HK0
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Figure 10.8 also makes it clear that single-domain VRM is carried by the same
ensembles as, and is indistinguishable from, a partial TRM having the same
upper blocking curve as the VRM and produced by the same field. The partial
TRM in question occupies a small area on the Neel diagram, so that unless the
grain distribution is unusually biased towards small V and HK0, VRM over any
reasonable time scale - up to 1 Ma in fact - will be a small fraction of the total
TRM produced by a field of similar intensity. VRM is therefore normally a
small fraction of NRM, if the NRM is a TRM.

10.3.3 Thermal demagnetization of VRM

VRM is also the softest fraction of the NRM (TRM). The upper contour bound-
ing a weak-field VRM acquired in time / is approximately VHK0 = C(T0, t,0),
according to eqn. (8.33). The upper blocking-temperature contour of the equiva-
lent partial TRM is VHK0 = C(T, tc, 0) where tc is a characteristic time deter-
mined by the rate of heating or cooling. Therefore a room-temperature VRM is
thermally demagnetized by heating to

0>(T) ~ H2tc/r0)
 To> ( I ° ' 9 )

where 0(T) = Ms(T)/Ms0. If, for example, t= 1 Ma,(c = 100 s and r0 = 10~9s,
T « 2T0 « 593 K or 320°C, neglecting /3(T). Using P(T) for magnetite (Fig.
3.5a) reduces the required temperature to about 200 °C, as we estimated visually.

The analogy between T and log / is embodied in the relationship (Neel, 1955;
Stacey, 1963)

_ dM To 8M t

which follows directly from (10.9) if T is close enough to To that /3« 1.
The fact that single-domain VRM is 'soft' as far as thermal demagnetization is

concerned is of fundamental importance in paleomagnetism. It means that sec-
ondary NRM acquired viscously at or near To can be erased by a very mild heat-
ing, leaving the primary NRM intact. In a Thellier paleointensity determination
on SD material, VRM or viscous decay affect only the lowest-temperature steps
(e.g., Fig. 8.14).

10.3.4 AF demagnetization of VRM

VRM affects only ensembles in the lowest part of the Neel diagram (Fig. 10.8).
Therefore it is usually soft to AF as well as thermal cleaning. However, since the
blocking curve for AF demagnetization (Fig. 8.16) does not exactly match the
shape of the upper blocking contour bounding a VRM, there may be grains of
small V and large HK0 that carry VRM because of their small size and
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consequent large Hq(T0,t), but are not easily demagnetized because of their large

In more quantitative terms, the upper blocking contour bounding a VRM is
specified by

»gfc\ „„.„,
according to eqn. (8.33). These are the last grains to be magnetized and they are
also the most resistant to AF demagnetization (with a characteristic time
/af ss 1//). Their effective coercivity, from eqn. (8.24), is

(10.12)

The resistance of a VRM to AF cleaning is proportional to //K0, the factor inside
brackets being independent of mineral properties.

Hard VRM of this origin is prominent in hematite-bearing red sediments and
may occur also in some lunar rocks and soils. Although hard to AF demagnetize,
VRM of this type is easily cleaned thermally, because the VRM and thermal
demagnetization contours do match.

10.4 Theory of multidomain VRM

So far, VRM has been modelled solely in terms of SD grains so small as to be
practically SP. It is a matter of common observation in paleomagnetic studies
that coarse-grained rocks, which presumably contain much MD material, are
more viscous than most fine-grained rocks. Multidomain VRM can be analysed
using eqn. (10.3). Let us assume r0 = 10~10 s (Gaunt, 1977), which is similar to
the value for domain rotation, c = 1, and Hc = 5 mT (50 Oe), a typical value for
« 1 um magnetite grains. A Barkhausen jump cannot be less than about 10 A or
1 nm, so that VBark for a 1 um cube is at least 10~2lm3. By substitution in eqn.
(10.3), T at room temperature turns out to be » 1 Ga. VRM is even more
strongly prohibited in larger grains, because the increase in KBark more than
offsets any decrease in Hc

On the face of it, MD grains should be entirely non-viscous. The flaw in the
argument must be in the assumption that the wall is rigid and is activated as a
unit, because no other parameter can be changed sufficiently to reduce r to realis-
tic values. Figure 5.18 shows that experimentally, domain walls in titanomag-
netite will bend in spite of substantial magnetostatic opposition. There is
every reason to expect that segments of a wall can undergo Barkhausen jumps,
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involving FBark <C 10~21m3, past individual pinning centres (e.g., Gaunt and
Mylvaganam, 1979).

It is possible to view VRM as resulting from the action of a 'viscosity field'
(Neel, 1950, 1955) added to the applied field Ho, in much the same way we
sketched earlier the blocking of single-domain TRM in the presence of a fluctua-
tion field Hq (§8.7) and multidomain TRM in the presence of an analogous fluc-
tuation field H( (§9.4.2). In fact, the viscosity field is nothing more than
H((T0,t). VRM is acquired if Ho > Hc - H((T0,t). If the entire domain wall is
activated, H( < 0.1 mT (1 Oe), whereas H{ for small Barkhausen jumps of wall
segments is substantial and allows VRM to be acquired. This point of view was
developed in some detail by Neel (1950) and has been reviewed from the point
of view of rock magnetism by Dunlop (1973c) and Bina and Prevot (1994).

Thermally activated transitions in domain structure have been proposed
(Moon and Merrill, 1986a) as a possible cause of VRM's acquired over geologi-
cally long times, for example during «100 Ma superchrons of a single geomag-
netic field polarity. Experimentally, superchron VRM's are more difficult to
erase than simple Neel (1949) theory predicts, although it is now believed that
much of the pervasive late Paleozoic remagnetization of Appalachian and Her-
cynian rocks on either side of the Atlantic, which coincided in time with the
Permo-Carboniferous Kiaman reversed superchron, is of chemical origin, rather
than thermoviscous. There is clear observational support for transdomain
TRM, in which domains nucleate or denucleate during heating or cooling
(§9.8). The corresponding process of transdomain VRM at constant temperature
has yet to be observed. At ordinary temperatures, even the lowest energy barriers
between LEM states with different numbers of domains are several thousand
kT (Dunlop et al., 1994), much in excess of the (25-6Q)kT barriers that can be
crossed with the aid of thermal energy on time scales varying from days to the
age of the earth (cf. eqn. (8.4)).

ro.5 Viscous noise problems

Viscous remagnetization or 'overprinting' of primary NRM through exposure to
the present earth's field during the Brunhes epoch is a persistent contaminant of
paleomagnetic information in rocks both young and old (Schmidt, 1993). Prevot
(1981) estimates that an average of 25% of the NRM of mafic volcanic rocks is
viscous noise. We noted in §10.3.4tnat 'hard' VRM (Biquand and Prevot, 1971)
is well known, particularly in hematite-bearing rocks. Any component of NRM
directed near the present geomagnetic field direction at the sampling site is sus-
pect, even if it is moderately resistant to AF demagnetization.

More insidious is VRM acquired in the laboratory during the course of mea-
surements. It has been known for a long time that the viscosity coefficient S is
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dependent on initial state of a rock (§10.2.4, Fig. 10.6). Lowrie and Kent (1978)
found very different rates of VRM acquisition before and after AF demagnetiza-
tion of the NRM. It is also common experience that VRM acquisition is greatly
enhanced when the NRM has been thermally demagnetized to low levels. Of
course the very reduction of the signal (the primary NRM) tends to bring the vis-
cous noise into prominence, but this is only part of the story. Plessard (1971)
and Tivey and Johnson (1984) have observed that the viscosity coefficient
changes markedly if a rock is allowed to relax for a time in zero field following
thermal or AF demagnetization. The origin of this transitory effect seems to lie
with domain walls that are loosely pinned (in shallow Ew minima) following
demagnetization relaxing into deeper potential wells.

The cure for transitory VRM's is to make all measurements in a null-field
environment. If specimens must be removed from null field between demagneti-
zer and magnetometer, they should be allowed time to relax before being mea-
sured. Superconducting quantum interference device (SQUID) magnetometers
have sufficiently fast and continuous response that the relaxation can be moni-
tored.

10.6 Thermoviscous remagnetization

10.6.1 Thermal demagnetization of thermoviscous overprints

The relationship between the time and temperature responses of magnetization is
of considerable interest to paleomagnetists. If a remanence Mr has been pro-
duced by long exposure to a field or by very slow cooling in nature, what tempera-
ture in short-term laboratory thermal demagnetization will serve to destroy Mr?
In §10.3.3, w e dealt with viscous overprints acquired during the last 0.78 Ma at
ordinary temperatures. In this section, we will turn our attention to thermovis-
cous overprints such as high-temperature VRM's and VpTRM's in ancient
rocks. Thermoviscous magnetization is also important in the modern oceanic
lithosphere (Arkani-Hamed, 1989; §14.2.9).

Neel SD theory provides a straightforward answer to the remagnetization
question. The last grains to acquire remanence are also the last to be demagne-
tized. Assuming Ho -C HK, eqn. (10.2) predicts that

TL HtJrp) = TA ln(fA/T0)
MS(TL)HK(TL) MS(TA)HK(TA) ( ' 3>

(Pullaiah et al., 1975), TL, tL and TA, tA being laboratory and ancient tempera-
ture and time, respectively. Dodson and McClelland Brown (1980) found an
equivalent result for the demagnetization of a VpTRM acquired during slow
cooling. Walton (1980), on the basis of the theory embodied in eqns. (10.5)-
(10.7), has proposed the relation
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TA[\n(tA/r0))
2

MS(TL)HK(TL) MS(TA)HK(TA) " ' ""

for equal intensities of VRM to be produced under conditions (7\, ;L) and
(TA,tA).

Enkin and Dunlop (1988) have argued that since VRM reactivates and
replaces previous remanence rather than being superimposed on it, eqn.
(10.13) is the correct answer to the paleomagnetists' question. Consider, for
example, a VRM added at right angles to a prior remanence of equal intensity.
In the Walton picture, the total remanence is a vector sum that exceeds the ori-
ginal remanence. If, however, the original remanence is gradually replaced by
a new magnetization - not necessarily of the same magnitude - in a perpendicu-
lar direction, the final erasure temperature Th of the original remanence is
automatically detected by the vector analytical methods commonly used in
paleomagnetism.

Williams and Walton (1988) and Worm and Jackson (1988) numerically cal-
culated time-temperature relations based on Neel theory (eqn. (10.4)) for many
different assumed grain-size distributions,/(V). Both studies agree that the t-T
contours are almost independent of the volume distribution chosen and that the
curves agree in slope with eqn. (10.13), not eqn. (10.14). The theoretical contours
in Fig. io.9(a), for a log-normal distribution, agree very well with the Pullaiah
et al. contours if samples are taken to be 'demagnetized' when only 5% of their
original moments remain. For 1% and 0.1% demagnetization, higher-tempera-
ture, but parallel, contours are found.

Experimental data by Williams and Walton (1988) are in perfect accord with
the Pullaiah et al. predictions (Fig. 10.9b). VRM's acquired by well-dispersed
SD magnetite grains in a glass matrix in tA — 10 hr at TA = 95 °C and 233 °C
were reduced to «10%, 1% and 0.1% of their initial intensities in heatings for
tL = 103 s at exactly the temperatures TL predicted by eqn. (10.13).

Turning to field studies, eqn. (10.13) accurately predicts the temperature
necessary to erase thermoviscous overprints in SD hematite (Kent and Miller,
1987) but it predicts cleaning temperatures that are too low in the case of magne-
tite. Figure 10.10 shows results of work by Kent (1985). Two thermoviscous
overprints were studied. Overprint A is a room-temperature VRM acquired by
glacial boulders whose orientations were randomized at the end of the last ice
age. Thus TA ss 20 °C and tA « 10 ka. The predicted erasure temperature 7\
for this overprint in tL = 30 min heatings, according to eqn. (10.13) (assuming
HK(T) oc MS(T), i.e., shape anisotropy) is < 150cC. The observed TL required
is 270 °C, and agrees more closely with Walton's relation (eqn. (10.14)), shown
graphically by dashed contours, after Middleton and Schmidt (1982). Overprint
B is an ancient secondary magnetization acquired on a time scale of tA ss 100
Ma at TA « 250 °C, as estimated from the alteration of conodont microfossils
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Figure 10.9
(a) Theoretical time-
temperature contours for
SD magnetites (V~x size
distribution assumed) that
acquired VRM at 20 °C
(left) or 300 °C (right) for
times of 10 min, 10 days,
100 yr, or 105 yr. Times
and temperatures for
demagnetization to 1%
(light curves) or 0.1%
(heavy curves) of initial
moment agree well with
the Pullaiah etal. (1975)
contours (eqn. (10.13);
dotted curves), (b) Data
on SD magnetites that
acquired VRM during 10
hrat95oC(left)and233°C
(right) and were
demagnetized, first for
times of 10-103 s at a single
higher temperature and
then for a fixed time of
103sat two further
temperatures. The data
agree perfectly with
demagnetization curves
predicted using Neel
theory for heating times of
10, 102 and 103s (heavy,
light and dotted curves,
respectively). [After
Williams and Walton
(1988)© American
Geophysical Union, with
the permission of the
authors and the publisher.]

in the rocks. According to (10.13), TL < 400 °C, but TL « 480 °C is observed,
again in reasonable accord with (10.14).

To sum up, exact numerical calculations of single-domain VRM result in
time-temperature relations that are scarcely distinguishable from the simple
Pullaiah et al. (1975) relations and are furthermore borne out by well-controlled
laboratory experiments. The paleomagnetic 'experiments' over geological time
scales are also relatively well-controlled in that (rA, TA) are known within fairly
narrow limits, but in this case (Middleton and Schmidt, 1982; Kent, 1985; Jack-
son and Van der Voo, 1986) TL disagrees significantly with eqn. (10.13). T n e
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Figure 10.10 Single-domain blocking/unblocking time-temperature contours
according to Pullaiah et al. (1975) (solid curves) and Walton (1980) (dashed
curves). Each contour joins (/, 7") values for which a particular SD ensemble
(V, HK0) is just blocked (remagnetized) or unblocked (thermally demagnetized).
Data for SD magnetites (Dunlop and Ozdemir, 1993) follow the Pullaiah et al.
contours but the time range is relatively narrow. Among geological examples over
greater time ranges, remagnetized limestones (solid circles and triangles; low-tem-
perature and high-temperature viscous overprints: A and B, respectively; data
from Kent, 1985) follow the Walton relation, but the remagnetized Milton mon-
zonite (open circle and triangles; Middleton and Schmidt, 1982; Dunlop et al.,
1995a) agrees with the Pullaiah contours for SD samples (1), with the Walton
contours for mixed SD and MD samples (2), and with neither for MD samples (3).
[Contour plots after Pullaiah et al. (1975), reprinted with kind permission of the
authors and Elsevier Science - NL, Sara Burgerhartstraat 25,1055 K.V Amster-
dam, The Netherlands, and Middleton and Schmidt (1982) © American Geophy-
sical Union, with the permission of the authors and the publisher.]

answer to this riddle lies in the very different thermal demagnetization responses
of SD and MD grains.

Figure 10.11 contrasts experimental data on the stepwise thermal demagneti-
zation of high-temperature VRM's acquired by SD and MD magnetites. The
acquisition time tA was 3.5 hr and the time tL the sample was held at each demag-
netization temperature was « 100 s. VRM's in the SD magnetite sample demag-
netized very sharply, mostly within ±15°C of TA (Fig. 10.ua). TL for
demagnetization to the 10% level was in excellent agreement with eqn. (10.13)
for both runs (Fig. 10.10). Results on a 135 umMD magnetite sample were com-
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Temperature, T(°C)

Figure io .n Stepwise thermal demagnetization of VRM's produced during
3.5 hr at the temperatures shown by Ho = 0.1 mT (a) or 1 mT (b) in SD and large
MD grains of magnetite, respectively. Most single-domain VRM demagnetizes
within ±15 °C of the VRM acquisition temperature, whereas demagnetization of
multidomain VRM extends over the entire range from To to Tc. The high-tem-
perature demagnetization tail agrees with pTRM theory (Chapter 9, eqn. (9.29)).
There is no strong dependence on initial state in either case (the order AF, TH, TC
of curves is actually opposite for stepwise demagnetization in (b) to the order TC,
TH, AF in Fig. io.6(a) for continuous demagnetization). [After Dunlop and
Ozdemir (1995) © American Geophysical Union, with the permission of the
authors and the publisher.]

pletely different (Fig. 10.11b). Whether the initial state was AF, TH or TC,
demagnetization continued over a broad temperature interval extending up to
Tc. The thermal demagnetization tail was well described by the theory of demag-
netization of MD partial TRM (§9.5, eqn. (9.29) with n = 4) and doubtless has
the same cause: continuous re-equilibration of domain walls during heating due
to self-demagnetization. The ultimate TL in the MD case is close to Tc, much
higher than predicted by either (10.13) or (10.14).
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A restudy of the Milton monzonite, whose burial overprint first led Middleton
and Schmidt (1982) to propose alternative t-T contours, has confirmed that the
'anomalously' high demagnetization temperatures originally reported are the
result of mixed SD and MD carriers (Dunlop et ah, 1995a). In the restudy, sam-
ples from a single site contained almost exclusively SD magnetite; their TL values
agreed with the Pullaiah et al. contours (Fig. 10.10). Samples from two sites con-
tained exclusively coarse MD magnetite; their TL values were extremely high,
much above the predictions of either set of contours. All other sites contained
mixtures of SD and MD magnetite and approximately reproduced Middleton
and Schmidt's TL values.

We conclude that eqn. (10.13) gives the correct t-T relationship for SD grains.
Thermoviscous overprints can be removed cleanly from SD samples at a pre-
scribed maximum heating temperature TL, leaving the surviving primary NRM
untouched. However, in the case of MD grains, VRM's and VpTRM's, like
multidomain pTRM's (§9.5), have a thermal demagnetization tail that
continues to obscure the primary NRM virtually up to the Curie point. Thermal
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demagnetization is not the optimal method of cleaning thermoviscous overprints
from MD material.

10.6.2 AF and low-temperature demagnetization of thermoviscous
overprints

AF demagnetization efficiently removes low-temperature thermoviscous over-
prints in SD magnetite but becomes less and less effective as TA increases (Fig.
10.12). VRM produced in 2.5 hr at 100 °C was completely erased by a peak AF
of 20 mT (200 Oe) but VRM's produced at 500 °C and above were almost as resis-
tant to AF cleaning as the total TRM. They required AF's of 50 mT (500 Oe)
for removal; much of the primary TRM would be erased at the same time. This
is hardly astonishing, since higher-temperature VRM's magnetize areas of the
Neel diagram corresponding to higher-temperature pTRM's. The only way to
erase overprints in SD material without at the same time affecting the surviving
primary TRM is by thermal demagnetization.

10 20 30 40

Peak alternating field,H(mT)

50 60

Figure 10.12 Room-temperature AF demagnetization curves of VRM's pro-
duced in 2.5-hr runs (50 \iT field) at the temperatures shown for the same single-
domain magnetite sample used in Fig. 10.7. The AF demagnetization curve of total
TRM is similar to the curves for VRM's produced at 527 °C and 552 °C. [Re-
printed from Dunlop and Ozdemir (1990), with kind permission of the authors and
Elsevier Science - NL, Sara Burgerhartstraat 25,1055 KV Amsterdam, The
Netherlands.l
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For MD material, thermal demagnetization of high-temperature VRM's
and VpTRM's is clearly not the best strategy. Figure 10.13 shows that low-tem-
perature demagnetization (LTD), which consists of zero-field cooling and
reheating through the isotropic point of magnetite (§3.2.2) to unpin domain
walls, or AF demagnetization to 10 mT (100 Oe) both make subsequent ther-
mal demagnetization more effective. Either treatment has the effect of enhan-
cing SD remanence. After LTD or partial AF demagnetization, the high-
temperature VRM responded thermally in a more SD-like fashion. In particu-
lar, the high-temperature tail was reduced. In a paleomagnetic situation, this
would allow more of the desired primary remanence to show through the blan-
keting overprint. Both LTD and partial AF demagnetization are quick proce-
dures. They are recommended as standard pre-treatments prior to thermal
demagnetization.
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Figure 10.13 Stepwise thermal demagnetization of VRM's produced during 3.5
hr at 357 °C in a 20 um magnetite sample, when the VRM's were pre-treated by
low-temperature demagnetization (LTD) to 77 K or AF demagnetization (AFD)
to 10 mT before thermal cleaning, and without pre-treatment. Both LTD and
AFD render the thermal demagnetization more SD-like (cf. Fig. 10.1 ia) and
reduce the high-temperature demagnetization tail. [After Dunlop and Ozdemir
('995) © American Geophysical Union, with the permission of the authors and
the publisher.]
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IO.7 Cooling rate dependence of TRM

We turn now to another practical question involving time-temperature relation-
ships: how much is the intensity Mtr of TRM affected by the cooling rate? This
question arises in determinations of the paleofield intensity recorded by primary
TRM's. Dodson and McClelland Brown (1980) and Halgedahl etal. (1980) inde-
pendently predicted that the intensity of TRM in SD grains should increase for
longer times, possibly by as much as 40% between laboratory and geological set-
tings. Fox and Aitken (1980) verified that there was about a 7% decrease in the
intensity of TRM acquired by SD magnetite in a baked clay sample when the
cooling time changed from 2.5 hr to 3 min, in excellent agreement with predic-
tions (Fig. 10.14).

McClelland Brown (1984) theorized that for multidomain TRM due to pinned
domain walls, slowly cooled TRM's should be less intense than rapidly cooled
ones. This effect was confirmed in experiments on synthetic TM30 grains, but
the magnitude of the intensity change greatly exceeded predictions. The titano-
magnetites seemed to be two-phase mixtures, the lower Tc matrix apparently
amplifying the TRM of higher- Tc inclusions.

Retired Mycenaean pottery sample

5

I 12.8

i . 12.6-

kr

^ 12.4-

i l 12.0

o "^H

^ A A A r

-

i t . i i

Cooling time
BvP =2.5hr.

Cooling lime
- 2-3min

6. CL A A
A

1 i 1 i 1

A

a

I

100 200 300 400 500

Temperature,T CO

600

Figure 10.14 Dependence of TRM intensity on rate of cooling, illustrated for a
pottery sample given TRM's by fast (2-3 min) and slow (2.5 hr) coolings, and
partially remagnetized by fast coolings in the same field from a series of increasing
temperatures, so as to replace part of each original TRM with a series of partial
TRM's. [After Fox and Aitken (1980), with the permission of the authors. Re-
printed with permission from Nature. Copyright © 1980 Macmillan Magazines
Ltd.]
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10.8 VRM as a dating method

Viscous remagnetization can be used as a means of determining the time at which
the original magnetization of some geological material was demagnetized or ran-
domized. Heller and Markert (1973) sampled dolerite blocks that had been reor-
iented in Roman times in building Hadrian's Wall in northern England. The
VRM formed since that time was resolved from the surviving primary NRM by
AF demagnetization, and the maximum coercivity Hc of the VRM was used to
deduce ln(//r0), using an equation analogous to (10.12). Two of three blocks
tested gave reasonable estimates of elapsed time: /a = 1.6-1.8 ka.

The resolution of this method is determined by dM/dt = {\/t) (dM/dlog t)
= Sa/ta. There are two problems. First, Sa must be constant for time periods of
geological length, contrary to usual laboratory observations (e.g., Fig. 10.3).
The rock used must contain only a single magnetic phase, i.e., one mineral with
constant domain structure, and the grain distribution f(V, HK0) must be unu-
sually uniform. The second problem is inherent in the method: the resolution is
inversely proportional to the length of time to be measured. Thus, only geologi-
cally recent events are datable.

An interesting new approach is thermal demagnetization of viscous over-
prints. Borradaile (1996) has compared historical dates of limestone and chalk
blocks from buildings ranging in age from Roman (AD300) to modern to ages
predicted from (7\iB)max of their VRM overprints, using both the Pullaiah et al.
(1975) and Walton (i98o)/Middleton and Schmidt (1982) contours (Fig. 10.10).
Neither set of contours proved adequate. The Pullaiah et al. contours accounted
for the low 7"UB values of the younger VRM's, but older VRM's had higher
TUB's than any SD theory would predict. MD magnetite grains may be responsi-
ble, although this remains speculative in the absence of hysteresis measurements.
Borradaile established empirical (7\jB)max vs. t curves suitable for dating these
particular building stones, but the chalk curve was very different from that for
the limestones.

10.9 Granulometry using magnetic viscosity

Viscous magnetization is a sensitive probe of narrow (V, H^o) bands of the grain
distribution. If HK0 has a narrow spread compared with V, inversion of eqn.
(10.4) or its analog for viscous decay yields/(r), i.e,/(K). A cruder estimate,
which is adequate in most applications, is to use a blocking approximation in
eqn. (10.5) to obtain/(KB). Small VB can be accessed by using the frequency
dependence of susceptibility. Large VB can be activated in viscous acquisition
or decay experiments conducted above room temperature.



ter II

Isothermal magnetization and demagnetization

n.i Introduction

All magnetizations are produced by an applied magnetic field, but certain mag-
netization processes, for example isothermal remanent magnetization (IRM)
and alternating-field (AF) demagnetization, are field-driven in a more restricted
sense. They are produced isothermally, usually at or near To, over a time scale
of at most a few minutes. They result, in other words, from the sole influence of
an applied field. Even this definition is not entirely accurate: r0 is so much less
than ordinary measurement times that thermal fluctuations play some role in
practically all field-induced processes. For weak applied fields and small V, Hq

or H{ are > Ho, and thermal excitation plays a major role (§8.7, 9.4.2).

Isothermal remanences do not carry useful paleomagnetic information. An
IRM produced by the geomagnetic field is easily reset by later weak fields of simi-
lar magnitude: it lacks paleomagnetic stability. Only isothermal remanences
due to strong fields, for instance saturation isothermal remanence (SIRM) and
anhysteretic remanence (ARM) produced by the combination of a steady field
and a strong but decaying AF, have the requisite stability, and these occur in nat-
ure only when outcrops have been struck by lightning and remagnetized. How-
ever, the stepwise acquisition or removal of magnetizations in the laboratory is
used as a means of erasing NRM's of low stability (AF demagnetization) and of
determining the composition and domain structure of mineral magnetic carriers
(hysteresis, IRM acquisition, 'DC demagnetization', Preisach analysis).

In this chapter, we shall first review fundamental understanding of isothermal
magnetization processes in SD and MD grains (§11.2-11.5). Then we shall deal
with specialized methods and tests that use isothermal magnetic parameters,
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such as the Lowrie-Fuller test (§11.6), the Wohlfarth relations and Henkel plots
(§11.7), the Preisach diagram (§11.8), and hysteresis parameters (§11.9).

11.2 Single-domain coercivity spectrum and
AF demagnetization

The effect of AF demagnetization on remanence carried by SD grains is most
easily appreciated by using the Neel diagram (Fig. n.1). As discussed in §8.11,
the blocking contours for steady fields Ho or alternating fields H are obtained
by setting Hc = HK - Hq (eqn. (8.24)) equal to Ho or H. If thermal energy were
of no significance in surmounting barriers, the magnetization would reverse at a
field H or Ho = HK (dashed lines in Fig. 11.1a). This is approximately the case
for large SD grains, but reversals in grains with small volumes V are in part ther-
mally excited and have fluctuation fields Hq comparable to HK. Small grains
will therefore respond to steady or alternating fields Ho or H which are substan-
tially less than their microcoercivities i/K. For this reason, the blocking contours
are not vertical but hyperbolic.

AF demagnetization 'demagnetizes' ensembles of SD grains by leaving as
many moments pointing in one direction along the easy axis (or axes) of aniso-
tropy as in the opposite direction. The response of an SD grain depends on the
angle between the AF and the easy axis along which its moment points (Fig.
8.7). Moments parallel to the AF, unless they reverse incoherently, have large

H=O 10 20 30 40 mT Ho+H=0 10 20 30 40 mT

Microscopic coercive force,HK0(mT) (b)

Figure 11.1 The effect of steady or alternating fields on single-domain blocking
curves on the Neel diagram, (a) Modelling AF demagnetization. Note the strong
effect of the thermal fluctuation field Hq on the effective microcoercivity of small
grains. In the example (marked with a dot), HK0 = 27 mT, but the grain reverses its
magnetization in an AF of only 10 mT. (b) Modelling acquisition of IRM and total
or partial ARM, or DC 'demagnetization' (remagnetization of remanence by
stepwise application of back fields).
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critical fields compared to moments at intermediate angles. Randomly oriented
grains within a particular ensemble (V, //Ko) will reverse over a range of fields,
the Hc values we calculate and show in Fig. 11.1 (for coherently reversing grains
aligned with Ho) being upper limits. When samples are 'tumbled' in space at the
same time the AF is slowly decaying, demagnetization is more homogeneous
for individual ensembles, although the distribution f{V,Hy^) of ensembles
should ensure overall random demagnetization even without tumbling. (The
same is not true of MD grains. 180° domain walls perpendicular to the AF will
not move (Fig. 8.7) and tumbling or multi-axis demagnetization is essential.)

Returning to Fig. 11.1, AF demagnetization to increasingly higher fields:
10 mT, 20 mT, etc., can be viewed as randomizing the moments of SD ensembles
lying in the areas between the zero-field contour and the contours labelled
10 mT, 20 mT, etc. The (micro)coercivity spectrum or distribution of destructive
fields of a particular remanence is determined by the distribution of magnetiza-
tion in these different areas. Experimentally, the coercivity spectrum is deter-
mined by taking the point-by-point slope of the measured AF demagnetization
curve. Conversely, the AF decay curve is the cumulative or integrated coercivity
distribution. The median value of the spectrum, the field that reduces the rema-
nence to one-half its initial value, is the median destructive field (MDF), // i /2 , of
that remanence.

Because TRM, anhysteretic remanence (§11.4) and SIRM are carried by all
grain ensembles, whatever their coercive forces, these remanences have approxi-
mately the same normalized coercivity spectrum and AF demagnetization
curve. This intrinsic AF decay curve is labelled 'single-domain' in Fig. 11.2. It
has an initial plateau, for magnetite extending to 10 mT (100 Oe) or so (cf. Figs.
8.17a, 10.12). Little or no demagnetization occurs in this range because magneto-
crystalline anisotropy provides a minimum threshold field that must be over-
come even in equidimensional grains with no shape anisotropy. For MD grains,
the intrinsic spectrum and associated AF decay curve are dictated by barriers to
wall motion. The characteristic exponential form of the curve (Fig. 11.2), which
is much softer than the SD curve, will be discussed in §11.5 (see Fig. 11.13). Qua-
litiatively, the MD spectrum is softer than the SD spectrum because domain
walls are less strongly pinned than most SD moments. In addition, Hd in MD
grains assists in the demagnetizing process, as we observed in Chapter 9.

Remanences that affect only part of the Neel diagram, such as VRM's and
partial TRM's, exhibit only part of the complete coercivity spectrum. Room-
temperature VRM or low-temperature pTRM activate only the lowest part of
the spectrum and are soft to AF demagnetization. High-temperature VRM's or
pTRM's affect higher parts of the coercivity spectrum and may have larger aver-
age coercivities than total TRM (Figs. 8.17, 10.12).

The rationale behind AF demagnetization as a 'cleaning' procedure in paleo-
magnetic studies is evident in Fig. 11.2. A rather low AF will serve to randomize
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Alternating field, H

Figure n .2 AF
demagnetization curves
for various types of
remanence. TRM, ARM
and SIRM, which affect the
entire grain distribution,
have similar
demagnetization curves,
which are much harder
than those of weak-field
IRM or VRM. Single-
domain grains and large
multidomain grains have
sigmoid and quasi-
exponential curves,
respectively.

weak-field IRM or VRM acquired at ordinary temperatures (at least for magne-
tite), while scarcely affecting single-domain TRM. AF demagnetization to inter-
mediate fields will begin to attack single-domain TRM, but much less than
multidomain TRM, which is rapidly reduced to low levels. Highly anisotropic
minerals like pyrrhotite, hematite and goethite require considerably higher
cleaning fields than magnetite, but VRM and multidomain TRM will still be pre-
ferentially cleaned. In practice, commercial demagnetizers are often limited to
AF's < 100 mT (1 kOe). Complete AF cleaning of unwanted remanences in mag-
netically hard minerals is then not feasible, and thermal demagnetization must
be used.

One way of combining the advantages of AF and thermal demagnetization is
'hot' AF demagnetization, illustrated in Fig. 11.3. This has never become a rou-
tine paleomagnetic method because the remanence must be remeasured at high
temperature after each AF step, and no suitable equipment is available commer-
cially. However, the technique does illustrate very graphically the contraction
of the coercivity spectrum at high temperatures, due in part to Hq(T) in the
finer grains but mainly to HK(T), as shape and crystalline anisotropies both
decrease with heating. Notice that the hardest fraction of SIRM (the 5% level in
Fig. 11.3), which had coercivities >50mT at To, was cleaned by an AF of
<20mTat499°C.

11.3 Acquisition and 'DC demagnetization' of IRM

Application and immediate removal of a steady field Ho produces isothermal
remanent magnetization (IRM). On the Neel diagram (Fig. 11. ib), IRM
acquired in Ho = lOmT affects SD ensembles in the hatched area between the
zero-field and 10 mT blocking contours. Since weak-field IRM affects only the
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Figure 11.3 'Hot' AF demagnetization of SIRM carried by 0.076 urn SD mag-
netite grains. Both demagnetization and remanence measurements were carried
out at high temperature. The coercivity spectrum contracts dramatically as T rises.
Horizontal lines compare demagnetization fields necessary to reduce initial rema-
nence Mo to fixed levels (from 90% to 5%) at different temperatures. [After Dunlop
and Bina (1977), with the permission of the authors and the publisher, Blackwell
Science, Oxford, UK.]

lowest-//c part of the coercivity spectrum, it is much softer and less intense than
TRM produced by the same field. Strong-field IRM approaches strong-field
TRM in intensity and hardness.

11.3.1 Lightning and drilling-induced IRM's

Lightning strikes cause IRM in nature. Within a few metres of a strike, the sur-
face rocks experience a DC field of short duration and varying intensity that
remagnetizes all or part of the NRM (Rimbert, 1959: Graham, 1961). A light-
ning overprint is usually recognizable by its extreme intensity compared to the
NRM it replaces (Dunlop et ai, 1984). Directional stability during demagnetiza-
tion is generally excellent, but lightning currents vary sufficiently on a centimetre
scale that directions of remanence for different specimens of the same paleomag-
netic sample or core may diverge 20° or more. Lightly overprinted samples
some distance from a strike can be successfully AF cleaned, since weaker IRM's
affect only the low-coercivity grains.

Drilling-induced remanent magnetization (DIRM) is an IRM produced by the
magnetic field Ho of a magnetized steel core barrel during drilling. DIRM was
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noticed during early Deep-Sea Drilling Project (DSDP) coring (Ade-Hall and
Johnson, 1976) and is a persistent contaminant of samples from continental and
oceanic boreholes. The intensity of DIRM generally increases by about a factor
10 from the centre of the drillcore to the core-barrel wall (Ozdemir et al., 1988;
Audunsson and Levi, 1989; Pinto and McWilliams, 1990). DIRM tends to be a
near-vertical remanence, probably because the horizontal component of the
earth's field averages to zero while the rotating core barrel is acquiring its magne-
tization and also because the long axis of the cylindrical drillstring is the easy
axis of shape anisotropy (§4.2.5,4.3.3). Pinto and McWilliams found reasonable
agreement between the theoretical profile of field Ho across a 6-inch core due to
a long, axially magnetized core barrel, the measured field profile, and the inten-
sity of DIRM (Fig. 11.4).

DIRM carried by magnetite is largely demagnetized by AF cleaning to 20 mT
or heating to «400 °C (Ozdemir et al., 1988). The unblocking temperatures are
higher than those expected for weak-field IRM or VRM produced at ordinary
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Figure 11.4 Comparison of theoretical and measured fields Ho over a 6-inch
diameter steel core barrel and the intensity of drilling-induced isothermal rema-
nent magnetization (DIRM) measured in an edge-to-edge traverse across a deep
continental drillcore. [After Pinto and McWilliams (1990), with the permission of
the authors and the publisher, The Society of Exploration Geophysicists, Tulsa,
OK.]



294 Isothermal magnetization and demagnetization

temperatures (§10.3, 10.6). The induced magnetization of the steel core barrel
acts as an amplifier, producing a field substantially greater than the earth's field.
Audunsson and Levi (1989) found that MD samples acquired DIRM more read-
ily than SD samples. Fields of 5-15 mT produced IRM's with intensities and sta-
bilities similar to those of the DIRM's.

Burmester (1977) reported that DIRM had a log t decay in the manner of
VRM, but only a small part of the DIRM intensity could be accounted for by
VRM in the « 0.2 mT axial core-barrel field. However, the drillbit-rock interface
could reach «200 °C, at which temperature submicron magnetites are about
four times more viscous than at To (Dunlop, 1983b; Fig. 10.3). The combination
of field amplification by the core barrel and above-ambient temperatures seems
to be responsible for producing IRM/VRM with the coercivities and unblocking
temperatures characteristic of DIRM.

Drillcores are usually unoriented azimuthally. One method of orienting
them is to use Brunhes-epoch VRM in the core as a north marker (Kodama,
1984). If DIRM is substantial, this method fails because the VRM is AF or
thermally cleaned before the DIRM is completely removed. Jackson and Van
der Voo (1985) found that a remanence analogous to DIRM is acquired even
during laboratory drilling and sawing of paleomagnetic specimens. This
DIRM was parallel to the ambient field Ho during cutting and was preferen-
tially carried by large MD grains. A fraction of this DIRM could not be
removed by AF cleaning to 60 mT or thermal cleaning to 400 °C. High-coerciv-
ity or high-7\jB demagnetization 'tails' of this sort are characteristic of MD
remanence (see §9.5, 11.5).

11.3.2 Laboratory acquisition and demagnetization of IRM

IRM acquired in stepwise fashion in the laboratory, after demagnetization of the
NRM of a rock, is often used to measure the intrinsic coercivity spectrum (Fig.
11.5). Such an IRM acquisition curve successively magnetizes ensembles between
the 0 and 10-mT, 10- and 20-mT, etc. blocking curves of Fig. n.i(b). Since
these contours are identical to those for AF demagnetization, the same coercivity
spectrum should be found whether the IRM is built up in steps to the SIRM or
the SIRM is demagnetized in steps to zero. In practice, this equivalence holds
only for non-interacting SD grains (see §11.7). The IRM acquisition method of
determining the coercivity spectrum has become popular in recent years because
of the advent of automated hysteresis-loop plotters (alternating-gradient force
magnetometer or AGFM; Flanders, 1988) that can also be programmed to mea-
sure IRM buildup. For highly anisotropic minerals like hematite and goethite,
where AF demagnetization is inadequate to delineate the coercivity spectrum,
IRM acquisition is the only viable approach (see Chapter 15). Lowrie (1990)
has proposed a method in which the sample is twice rotated through 90° during
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Figure 11.5 Partial remanent hysteresis curves for four SD or nearly SD magne-
tite samples (mean sizes: 1,0.22 urn; 2,0.10 um; 3,0.076 urn; 4,0.037 um). M
(Mapico magnetite) is similar in size and properties to 1. DC demagnetization
curves (left) cross the field axis at — HCT, the coercivity of remanence. [Reprinted
from Dunlop (1986a), with kind permission of the author and Elsevier Science -
NL, Sara Burgerhartstraat 25,1055 KV Amsterdam, The Netherlands.]

IRM acquisition, at field values marking the approximate limits of the coercivity
spectra of goethite, hematite, and softer minerals like magnetite, titanomagnetite
and maghemite. Thermal demagnetization of the three orthogonal components
of the composite SIRM then yields the relative quantities and unblocking tem-
perature spectra of the phases.

Automated AGFM's also make easy the formerly laborious determination of
the DC demagnetization curve (Fig. 11.5). In reality, this is not a demagnetiza-
tion curve but an IRM remagnetization curve. The sample, usually carrying a
saturation IRM, is exposed to reverse fields of increasing strengths. Its rema-
nence decreases to zero at a field called the coercivity of remanence Hcr and then
grows to increasing negative values, culminating in -Mrs, the negative SIRM.
When a mixture of hard and soft phases is DC demagnetized, the ratio
S = —M-ir (-300 mT)/Mrs is often used as a rough estimate of the relative quanti-
ties of the phases (Thompson and Oldfield, 1986), since 300 mT is sufficient to
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reverse the remanence of even elongated SD magnetite or maghemite grains, but
scarcely affects hematite or goethite remanence.

The DC demagnetization process consists of reversing the remanence of suc-
cessive bands on the Neel diagram (Fig. 11.1b). Each incremental remanence is
twice that in the IRM acquisition curve and is negative. Thus the DC demagneti-
zation curve should be the mirror image of the IRM acquisition curve, scaled up
by a factor 2. Hcr should be identical to //c'r, the coercivity of remanence acquisi-
tion or median IRM acquisition field. The DC demagnetization curve should
also be identical to the AF demagnetization curve (in shape - no actual demagne-
tization or randomizing of moments takes place) but scaled up by a factor 2.
Thus Hcr should also be identical to the MDF, H\ji- These relationships prove
to be true for non-interacting SD grains, but not otherwise (§11.7).

11.4 Anhysteretic remanence and other AF-related
remanences

11.4.1 Anhysteretic remanent magnetization (ARM)

If the field applied during AF demagnetization is not perfectly symmetrical, the
net effect is to superimpose a steady or directed field Ho on a symmetric field H.
Both fields decrease smoothly in intensity. As a result of this process (which is
the writing process in audio or video magnetic recording), anhysteretic remanent
magnetization (ARM) is acquired by the sample in the direction of Ho. Such an
ARM may be an unwanted contaminant accompanying AF 'cleaning' if the
demagnetizer waveform is distorted by higher harmonics. ARM is also acquired
when the AF is perfectly symmetrical if the earth's magnetic field is not perfectly
cancelled in the demagnetizing apparatus. ARM's of either type are serious in
paleomagnetic work because they obscure the primary NRM rather than reveal-
ing it. ARM is magnetically hard: its coercive force is « H + Ho (see Fig.
11.1b), notH0.

The intensity of an ARM, Mar, depends on the relative directions of//0 and
H. If HQ is parallel to the axis of the AF, H, one polarity of H is biased compared
to the other. More than 50% of the moments block in the favoured direction,
resulting in a net remanence parallel to Ho. If Ho is perpendicular to H, there is
no polarity bias, but the resultant field is no longer perfectly axial. Moments
blocked in opposite orientations are not precisely antiparallel but have a net
resultant, MaT, in the direction of //0. Experimentally, parallel ARM is about
twice as intense as perpendicular ARM (Rimbert, 1959; Denham, 1979).

The 'anhysteretic susceptibility', xa = dMar/d//0, is poorly predicted by SD
theory: theoretically it should be infinite, i.e., even a vanishingly small biasing
field should cause all moments to block parallel to Ho. Grain interaction fields
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in the SD case and internal demagnetizing fields in the MD case provide a distri-
bution of biasing fields and make the anhysteretic susceptibility finite (Jaep,
1969; Shcherbakov and Shcherbakova, 1977; Veitch, 1984). In Fig. n.6(a), the
highest value of xa is that of plagioclase grains from the Lambertville diabase,

Lambertville
plagioclase
(11 = 0.47)

W.P. Dike (unheated)
(R = 0.49)

370AFesO4

(R = 0.30)

W.P. Dike (heated)
(R = 0.40)

Chiton Fe3 O4 (R = 0.26)

0.5 1.0 1.5
Applied DC field, Ho (Oe)

2.0

(a)

(b)

Applied field, Ho( Oe)

Figure 11.6 (a) Normalized ARM acquisition curves for various natural
and synthetic samples. Grain interactions are smallest in the Lambertville
plagioclase (well-separated needle-like inclusions of magnetite) and greatest in the
chiton teeth (biogenic magnetite in chains of crystals). The 370-A magnetite is
sample 4 of Fig. 11.5. (b) ARM acquisition curves for samples containing dis-
persed magnetite grains in different concentrations. [Reprinted from Cisowski
(1981) and Sugiura (1979), with kind permission of the authors and Elsevier
Science - NL, Sara Burgerhartstraat 25,1055 KV Amsterdam, The Netherlands.]
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which contain well-separated SD magnetite crystals, and the lowest \a is f°r

chiton teeth, containing chains of strongly interacting magnetite crystals. The
effect of interactions on %a is shown directly in Fig. i i.6(b).

Experimentally, parallel ARM is less intense, usually by a factor 2 to 5, than
TRM produced by the same steady field. However, in magnetite grains just
around the critical size d0, where SD, 2D and vortex states are all possible (§7.4,
7.5.2, 7.6), Mlr/MaT rises to high values (Fig. 11.7). The cause is unknown but it
is a useful 'fingerprint' of critical-SD-size magnetite grains.

ARM is not always an unwanted contaminant. Since ARM affects the entire
grain distribution, it has often been argued that Mar is analogous to M,r pro-
duced by the same //0, AF playing the role of a randomizing agent in the ARM
case that is played by thermal excitations for TRM. The coercivity spectra of
the two remanences are certainly similar (so is that of SIRM), and partial
ARM's produced when Ho is applied over only part of the range of H are addi-
tive in the style of partial TRM's, but the argument is otherwise less than compel-
ling. Be that as it may, ARM analog methods of estimating paleofield intensity
use laboratory-induced ARM as a substitute for laboratory TRM (e.g., Banerjee
and Mellema, 1974), thereby eliminating the need for heating and the risk of
altering the rock chemically. This is a method of last resort (Bailey and Dunlop,
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Figure 11.7 Observed peak of the TRM / ARM ratio around the critical SD
threshold size d0 in magnetite. [After Dunlop and Xu (1993) © American Geo-
physical Union, with the permission of the authors and the publisher.]
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1977; Kono, 1978), when heating must be avoided at all costs: for example, with
lunar rocks (Chapter 17), which equilibrated under very low oxygen fugacity
conditions.

On safer ground is the use of ARM intensity as a normalizing factor in deter-
mining relative paleointensities in sediment cores (see Chapter 15). In this appli-
cation, ARM intensity is used merely as a scaling factor to allow for differing
magnetic mineral contents in different cores. However, the assumption that
ARM intensity is simply proportional to the quantity of magnetite present in a
core ignores the dependence of Mar on grain size. In Chapter 12, we will see that
Mar is about an order of magnitude greater in 0.1 um magnetite grains than in
lum magnetites. Other magnetic monitors must be used to ensure that grain
size does not vary down-core, or to allow for size variations if they do occur.

Banerjee et al. (1981) and King et al. (1982) have suggested a comparison of
anhysteretic susceptibility xa

 t 0 DC initial susceptibility xo as a suitable means
of detecting grain-size variations (Fig. 11.8). The ratio Xa/xo c a n also De written
as Qa = Mar/xo#o> m which form it is immediately recognizable as the analog
of the Koenigsberger ratio, Qt = MtT/xo^o for TRM (§9.3). Qa is most sensitive
as a grain-size indicator for magnetites < 1 um in size, since this is the range in
which Xa is strongly size dependent (although to judge by Fig. 11.7, not as
strongly size dependent as MlT or Qt over the same range). This is the size range
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Figure 11.8 The field of
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of greatest interest in deep-sea sediments, wind-transported loess, and many
soils, silty sediments and muds.

Initial susceptibility Xo is probably the least size-dependent magnetic para-
meter over broad size ranges, being roughly similar for SD and MD magnetite
alike (§5.7.1; Hunt et ah, 1995a,, Fig. 1). It is this size independence that makes
Qa useful as a size indicator. Why not then simply use xo a s a normalizing factor
to allow for differing magnetite contents in relative paleointensity determina-
tion? The objection usually raised is that xo is determined by all magnetic mate-
rial present, with the MD contribution if anything highlighted. Only the most
stable part of NRM, resisting AF demagnetization in fields of «20mT
(200 Oe), is used for paleointensity determination. ARM, demagnetized to a
similar level, is the best analog to this stable NRM. While this is true, it invali-
dates the use of Xa/Xoas a grain-size proxy on the same sediments.

A final application of ARM is the use of partial ARM spectra to determine the
coercivity spectrum (Jackson et ah, 1988a). The reasoning is analogous to using
partial TRM spectra as a measure of the blocking-temperature spectrum (Fig.
1.3, §8.8). The partial ARM spectrum agrees closely with the point-by-point
slope of the AF demagnetization curve of total ARM and can be determined
with less noise, since no numerical differentiation is required.

11.4.2 Gyromagnetic remanent magnetization (GRM)

Another laboratory remanence, acquired by fixed samples in alternating (or
rotating) fields or by rotating samples in either steady or alternating fields, is
called gyromagnetic remanent magnetization (GRM) (Stephenson, 1981). It ori-
ginates in the gyroscopic response of SD moments to the torque of an applied
field HQ. The moments precess about the direction of Ho and only gradually
relax into the direction of Ho. The net effect, especially pronounced for anisotro-
pic rocks, is a spurious remanence Mgr in the plane perpendicular to / / 0 or to
the axis of the AF, H, not in the direction of Ho or H. Because only SD moments
have a gyroscopic response, domains and walls in MD grains should in principle
be immune to GRM (Stephenson and Potter, 1995). It is a matter of common
observation, however, that spurious remanences, probably GRM's, plague the
highest steps when coarse-grained rocks are being AF demagnetized. It may be
that the generally weak NRM of these rocks tends to highlight GRM moments
carried by the fine grains.

Since the component of magnetization along the axis of AF demagnetization
is unaffected by GRM, Dankers and Zijderveld (1981) proposed three separate
measurements of remanence at each AF level, the sample being re-demagnetized
in three orthogonal orientations with respect to the field axis. The cyclical permu-
tation of the axis of demagnetization results in a cyclical displacement of the
magnetization vector about the true NRM vector (Fig. 11.9), but the along-axis
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Figure 11.9 An example
of gyromagnetic remanent
magnetization (GRM)
during static 3-axis AF
demagnetization of a
diabase sample. The equal-
area stereographic
projection illustrates the
cyclic displacement of the
measured NRM vector
when the axis of
demagnetization is
cyclically permuted
(x, y, z). Numbers are peak
AF's in mT. The average
vector at each level (stars)
is stationary and estimates
the true NRM direction,
uncontaminated by GRM.
[Unpublished data
courtesy of L. D. Schutts.]

components from the three steps give a good estimate of the uncontaminated
NRM.

Another manifestation of GRM is a spurious remanence acquired parallel to
the inner axis of rotation when a rock specimen is tumbled about two or three
mutually orthogonal axes during AF demagnetization (Wilson and Lomax,
1972). This remanence is often called a rotational remanent magnetization
(RRM), although it is not physically different from GRM (Stephenson, 1980).
RRM reverses its direction when the sense of rotation is reversed or the fre-
quency of rotation approaches that of the AF (Stephenson, 1976), and the
RRM intensity has an unmistakable resonance peak (Fig. 11.10). The simplest
cure for RRM is to select tumbling frequencies that are well off-resonance. A
method of correcting for RRM is given by Hillhouse (1977).

11.5 AF demagnetization of SIRM of
multidomain grains

The acquisition and demagnetization of remanence in MD grains involves two
competing effects (§9.2-9.4): pinning of domain walls away from a demagnetized
condition, leading to the idea of the microcoercivity distribution, f(hc), deter-
mined by Ew(x); and the restoring force exerted by the internal demagnetizing
field Hd. Except in 2D grains, self-demagnetization is not usually accomplished
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of rotational remanent
magnetization (RRM)
as a function of rotation
frequency for synthetic
coarse-grained magnetite.
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by equal responses of all walls to HA. It is often useful to imagine, as we did in
§9.3, two populations of walls, hard and soft. The hard walls remain pinned in
displaced positions, while the soft walls move freely in response to Hd so as to
reduce the overall magnetization (magnetic screening).

11.5.1 A simple theory

A simple approach to AF demagnetization in the presence of screening is to write
separate equations for the demagnetizing fields Hd( and HAp acting on the free
and pinned walls, respectively (Xu and Dunlop, 1993; see also Shcherbakov and
Markov, 1982):

Hd{ = - = -NmM{ - NPM,
p.

1.1)

In (11.1), M{, Mp are the magnetizations due to free and pinned walls, respec-
tively, and N{, Np and Nm are interaction coefficients, analogous to demagnetiz-
ing factors, describing the self and mutual interactions between soft and hard
walls. In the SIRM state, H0 = 0 but the walls remain pinned at their maximum
displacements by the microcoercivities hc of their local energy wells. Making the
simplifying assumption that all hard walls have the same microcoercivity
hc = Hc, while the soft walls have hc — 0, we have by analogy with eqn. (9.14)
for the descending branch of the hysteresis loop

N(M{ + NmMp = 0, NmM( + NpMp = Hc.

Solving and rearranging, we find

NmHc „ _ N(HC
Aff = -

N{Np-N
2

m'

(II .2)

("•3)

The screening factor a (§9.3) is then
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Keeping in mind that the intrinsic susceptibility is overwhelmingly due to the soft
or free walls, it is easily shown that a « 1 — Nmx\- In §9.3, we found that the
screening factor is (1 +Nx^)~~ , which is more readily evaluated than a and
moreover gives us a way of estimating the mutual interaction coefficient Nm

Finally, combining (11.3) and (11.4), we have for the SIRM intensity

In AF demagnetization to a peak field -H, again by analogy with eqn. (9.14)
but with Ho — —H rather than 0, we have that

N(M{ + NmMp = -H, NmMr + NpMp = -H + Hc. (11.6)

Solving for Mp, we obtain

At the negative peak field —H, the pinned walls are pushed closest to the demag-
netized state. As the AF decays in amplitude, these walls merely oscillate within
their local energy wells, and Mp scarcely changes. Thus after AF demagnetiza-
tion, the SIRM is given by aMp(H), and by combining (11.5) and (11.7), we
have for the normalized AF demagnetization curve of SIRM

MTS(H) _aMp(H) a -
Mrs(0) aMp(0) Hc • { '-S;

Equation (11.8) predicts that SIRM is only completely demagnetized when
the AF peak field reaches a value Hc/a, which is >HC since a < 1. Stacey and
Banerjee (1974, p. 139) obtained an analogous result for ultimate demagnetizing
field, namely (1 + Nxi)Hc. By setting Mrs(H)/Mrs(0) = 0.5, we see that the
median destructive field H\/2 of SIRM is

Hl/2 = Hc/2a. (11.9)

Thus the MDF is proportional to the average coercivity or bulk coercive force
Hc, but is magnified by a factor l/(2a). In other words, a large apparent AF sta-
bility in MD grains can result either from large intrinsic microcoercivities hc

(firmly pinned walls) or from a large screening effect (i.e., a small value of a). In
the latter case, the soft walls oscillate with large-amplitude displacements, pro-
ducing a demagnetizing field H^ which to a great extent nullifies the effect of if
on the hard walls. It is the field H that is in effect being screened.
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11.5.2 Exponential AF demagnetization curves

The linear decrease of Mrs with increasing H predicted by (11.8) is not in agree-
ment with observed AF demagnetization curves for MD grains, which decrease
exponentially. Contrary to our assumptions in deriving (11.9), neither Hc nor a
remains constant during AF demagnetization. As H increases in successive AF
steps, a will decrease (more effective screening) because more and more walls
are unpinned, while Hc will increase because the walls that remain pinned are
those with microcoercivities higher than the average. Both effects cause tailing
of the AF demagnetization curve to high coercivities.

To predict a realistic AF demagnetization curve, we must use numerical model-
ling with a full spectrum/(/jc) of microcoercivities. In Figs. 9.1 and 9.2, we ima-
gined a series of regular variations in Ev/(x) producing a set of energy barriers of
similar height and spacing. Such a picture is too simplistic for modelling real AF
demagnetization curves because identical barriers lead to a square hysteresis
loop with only a single microcoercivity, hc = Hc (§9.4), as in the analytic model
developed above. A more realistic microcoercivity distribution, one example of
many hundreds of numerical simulations, appears in Fig. 11.11. It represents the
variation of wall pinning force with position in a 10 um magnetite grain resulting
from an array of 1000 randomly distributed screw dislocations (Xu and Dunlop,
1993). Both the heights and wavelengths of barriers vary in an irregular fashion.

In the absence of magnetic screening, the pinning force vs. position graph can
be transformed directly into a cumulative coercivity distribution or AF demag-
netization curve. This is the case with 2D grains: each grain contains only a single

0.2 0.4 0.6 0.8

Distance /grain size
1.0

Figure 11.11 A
representative example of
the theoretical variation of
the pinning force, i.e.,
K « |d£w/dx| (eqn. (9.5)),
associated with an array of
1000 randomly distributed
dislocations in a 10 urn
magnetite cube. The
variation is much more
irregular than that given by
the idealized periodic
Ey,(x) functions of Figs.
9.1 and 9.2. [After Xu and
Dunlop (1993)©
American Geophysical
Union, with the permission
of the authors and the
publisher.]
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wall, and without additional walls, there can be no screening. As more and more
walls are added, screening increases and the remanence becomes harder to
demagnetize. Numerical modelling results, with screening included, are shown
in Fig. 11.12 for an assumed dislocation density of 1013 m~2.

The theoretical AF demagnetization curves of SIRM in Fig. 11.12 match quite
well experimental curves of similar size magnetites if the grains contain on aver-
age between four and six domains in the 5—10 um size range. This is a reasonable
number according to Figs. 6.7(a), (b). All the curves have the exponential form
characteristic of MD grains. As predicted, average coercivities increase as the
number of domains increases and screening becomes more effective. At first
sight, this result is counterintuitive. One must remember, however, that if
unnormalized curves were plotted, the demagnetization tails would be similar in
all cases, but the initial remanences would be weaker (because more effectively
screened) for the larger numbers of domains.

Xu and Dunlop (1993) predicted that the screening effect can also result in
higher MDF's when the dislocation density decreases. Weaker wall pinning
results in lower microcoercivities, but microcoercivity becomes less important
than screening when the level of internal stress drops. That is, a rather than Hc

dominates in eqns. (11.8) and (11.9). The predicted effect is observed experimen-
tally. In low-stress hydrothermal magnetites, Heider et al. (1992) measured AF
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Figure 11.12 Model AF demagnetization curves (points) of SIRM for different
numbers of domains in (a) 5 um and (b) 10 um magnetite cubes compared with
measured curves (solid lines) from Bailey and Dunlop (1983). A moderately high
dislocation density of 1013 m~2 was used in the modelling. The dashed curve is
determined directly from the microcoercivity distribution and is appropriate for
2D grains. 4D and 6D grains have increasingly efficient screening by soft walls; the
coercivities increase accordingly. [After Xu and Dunlop (1993) © American Geo-
physical Union, with the permission of the authors and the publisher.]
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demagnetization curves that are almost size-independent and, for sizes > 20 urn,
have higher MDF's than corresponding AF curves for high-stress crushed mag-
netite grains.

Figure 11.13 illustrates the range of experimental shapes of AF demagnetiza-
tion curves (in this case of TRM) over a very broad range of sizes, stretching
from the SD range in magnetite to large MD sizes. The MD endmembers are dis-
tinctly exponential in form, while the SD endmembers are strongly sigmoid (cf.
Fig. 11.2).

11.6 The Lowrie-Fuller test

Lowrie and Fuller (1971) proposed a test based on AF demagnetization which
could be applied to NRM (of TRM origin) directly and would permit a rapid

0.6

0.4

0.2

\ 1 1 1 1

10

0.1 mTTRM

20 30 __ 40
Peak alternating field, H (mT)

Figure 11.13 Comparison of AF demagnetization curves of a 0.1 mT TRM in
magnetites with widely varying grain sizes. The shape of the demagnetization
curve changes from sigmoid (S-shaped, with an initial plateau of no demagnetiza-
tion and an inflection point at intermediate fields) to exponential as grain size
increases from SD to large MD. [After Argyle et al. (1994) © American Geophy-
sical Union, with the permission of the authors and the publisher.]
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selection of igneous rocks with desirable SD carriers of NRM. The test is appeal-
ing because of its simplicity. It is based on the experimental observation that nor-
malized AF demagnetization curves of weak-field TRM (i.e., NRM) and
strong-field TRM (or SIRM, for experimental simplicity) have different relation-
ships for SD and for large MD grains of magnetite. In large MD grains, SIRM
requires larger destructive fields than weak-field TRM to reach the same normal-
ized remanence level. In particular, the MDF of SIRM is larger than the MDF
of weak-field TRM. In SD grains, the opposite is true. Laboratory investigations
of the test often use weak-field ARM instead of weak-field TRM.

It was soon noticed that grains much larger than SD size d0 gave an SD-type
Lowrie-Fuller test result (Dunlop et al., 1973a; Johnson et al., 1975a; Bailey
and Dunlop, 1983). This was not too disturbing because the changeover in the
test result seemed to occur around 10—15 urn in magnetite, a size below which
pseudo-single-domain (PSD) effects were believed to become important (see
Chapter 12). However, a crisis arose when Heider et al. (1992) observed 'SD-
type' behaviour for hydrothermal magnetites up to 100 urn in size (Fig. 11.14).
Both the practical utility of the test and our understanding of why the observed
responses occur came into question.

10 100
Grain size, d Gum)

1000

Figure 11.14 The result of the Lowrie-Fuller test expressed as the ratio between
median destructive fields of weak-field ARM and SIRM, for low-stress hydro-
thermal magnetites (circles: data from Heider et al., 1992) and crushed natural
magnetites (triangles: Hartstra, 1982a; squares: Bailey and Dunlop, 1983). Points
above and below the dotted line represent SD-type and MD-type test results,
respectively. Hydrothermal magnetites have SD-type tests even in grains «100 um
in size. [After Xu and Dunlop (1995b) © American Geophysical Union, with the
permission of the authors and the publisher.]
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Based on the most recent theoretical work, the Heider et al. (1992) result is
interpreted to be due to the increased importance of screening by soft walls in
low-stress hydro thermal magnetites (cf. §11.5.2). The theory (Xu and Dunlop,
1995b) leads to the conclusion that the interplay between microcoercivity and
screening can lead to opposite results of the Lowrie-Fuller test in high-stress
and low-stress magnetites having the same size and number of domains. Thus
the test result is not a simple indicator of grain size or domain state, as originally
hoped.

In simple terms, the microcoercivity effect on AF demagnetization can be
understood in the following terms (Lowrie and Fuller, 1971). A strong field /70

pushes walls farther from a demagnetized state, and leaves them pinned by
higher £w barriers, than a weak Ho. If there were no self-demagnetization to con-
tend with, this would certainly make strong-field remanence harder to AF clean
than weak-field remanence. Bailey and Dunlop (1983), on the other hand,
assumed that self-demagnetization is the more important effect. In a 2D grain,
there is a very direct connection between the displacement of a wall and the
resulting internal demagnetizing field: HA = —NM. The larger the wall displace-
ment, the larger M and HA. In fact, as HQ increases, pushing the wall farther
from its demagnetized position, more and more of the remanence will be sponta-
neously demagnetized by Hd when Ho —» 0. An exponential coercivity spectrum
has the property that its form, after renormalization, is unaffected by truncation
at the lower end: it gives a null Lowrie-Fuller result. A sub-exponential spec-
trum, which Bailey and Dunlop assumed to be typical of large MD grains, gives
the MD-type result, while a superexponential spectrum (which is certainly char-
acteristic of PSD and SD grains) gives the SD-type result.

The most recent theory (Xu and Dunlop, 1995b) embodies both the coercivity
and self-demagnetization aspects. It yields much the same result Bailey and Dun-
lop argued for, except that exponential and Gaussian microcoercivity distribu-
tions, which are typical of large MD grains, yield an MD-type, not a null, test
result (Fig. 11.15a). The predicted curves agree well with measurements for a
sample containing crushed 110 um magnetite grains (Fig. 11.15b).

In natural settings, internal stress levels as low as those in Heider et a/.'s mag-
netites are not likely. The Lowrie-Fuller test may therefore still be useful as a
grain-size discriminator for magnetite carrying NRM of TRM origin in igneous
rocks. It should be kept in mind that the actual response is to the change in
shape of the coercivity spectrum from exponential to more sigmoid shapes, not
to domain state or grain size per se. In fact, the same information can be derived
from the shapes of the AF curves directly (Fig. 11.13).
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Figure i r. 15 (a)
Theoretical Lowrie-Fuller
tests (comparison of AF
demagnetization curves of
weak-field ARM and
SIRM) for MD grains with
Gaussian (dot-dash) and
exponential (solid curves)
microcoercivity
distributions. The test
result is MD-type in both
cases, (b) Experimental
Lowrie-Fuller test for 110
urn magnetite grains,
showing good agreement
with the predictions of (a).
[After Xu and Dunlop
(1995b) and Argyle etal.
(1994), both © American

6 Geophysical Union, with
the permission of the
authors and the publisher.]
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11.7 Grain interactions and the Wohlfarth relations

The interaction field //int due to near neighbours of a single-domain grain plays
in some respects an analogous role to the demagnetizing field Hd in multidomain
grains (cf. §8.6). Hinl increases in strength as the remanence level of the sample
increases and is responsible, in the SD case, for the truncation effect described in
the previous section. Isolated SD grains with no mutual interactions would
yield a null Lowrie-Fuller result, i.e., weak-field and strong-field remanences
would demagnetize in exactly the same way. The fact that these remanences are
always observed to demagnetize differently is indirect evidence that SD grain
interactions are not negligible.

Wohlfarth (1958) proposed formal relations among the IRM acquisition
curve, Mir(H0), the 'DC demagnetization' curve, MT(—H0) (see Fig. 11.5), and
the AF demagnetization curve, Mr(H). On the asumption that the three curves
give identical measures of the coercivity spectrum for non-interacting SD grains,

Mr{-H0) = Mrs-2Mk(H0) and Mt(H) = Mrs - Mir(H0).

(11.10)

Deviation from these relations indicates particle interaction. When normalized
to SIRM, Mrs, and related to Mr(H), which is most frequently determined in
paleomagnetism, (11.10) becomes (Dunlop, 1986a)

MT(H) = 1 r | Mr(-//0)l = 1 Mir(//0)

Mrs 2L Mrs j Mrs ^ '

The meaning of ( I I . IO) and ( I I . I I ) is readily appreciated graphically (Fig.
11.16). The AF demagnetization curve has (approximately) the same shape as
the DC demagnetization curve, reflected about the H = 0 axis and scaled down
by a factor 2, and both are similar to the inverted IRM acquisition curve.

The fact that the rescaled and reflected or inverted curves in Fig. 11.16 are not
identical indicates that the magnetite grains in this synthetic sample interact sig-
nificantly, probably because they are clumped. If we compare median fields for
the various curves, which are also median values of the corresponding coercivity
spectra, dMT/dH0 or dMjdH, we find that H{/2 < Hcr < //c'r. AF demagnetiza-
tion always gives the lowest coercivities and IRM acquisition the largest coerciv-
ities, basically because the mean interaction field in a sample is a demagnetizing
field which aids in AF demagnetization but opposes IRM acquisition. Dankers
(1981) proposed the relation

^cr + ^1/2 ~ 2//cr, i.e.,Hcr — 2(Hct + Hii2). (n-1 2)

Dankers' relation is obeyed quite well by the sample of Fig. 11.16. The AF
demagnetization and inverted IRM acquisition curves flank the scaled-down
DC demagnetization curve at about equal distances.
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Sample 1
(0.22 fim)

" DC demagnetization"
(X1/2 and reflected)

IRM induction, M!r(H)
(inverted)

AF demagnetization of
1-Oe TRM, M,r (H)

AF demagnetization of
sal'n IRM, Mr, (H)

200 400 600 __ 800

Direct or alternating field, HB or H (Oe)

Figure 11.16
Comparison of DC
'demagnetization', IRM
acquisition, and AF
demagnetization curves,
suitably reflected, rescaled
or inverted for the
purposes of testing the
Wohlfarth relations (eqns.
(11.10), (11.11)). The
curves are all of
approximately the same
form, but the offsets
between them are evidence
of grain interactions. The
sample contains magnetite
grains somewhat above
critical SD size. [Reprinted
from Dunlop (1986a), with
kind permission of the
author and Elsevier
Science - NL, Sara
Burgerhartstraat 25, 1055
KV Amsterdam, The
Netherlands.]

A popular way of comparing the AF and IRM acquisition coercivity spectra is
by plotting Mr(H)/Mrs and Mir(/70)/Mrs curves on the same graph (without
inversion of the IRM curve) and examining the value R of Mr/Mrs at which the
two curves cross (Cisowski, 1981). In the examples shown in Fig. 11.17,/? = 0.5
for the non-interacting magnetites in the Lambertville plagioclase (cf. Fig.
11.6a), showing that the AF and IRM acquisition curves are mirror images of
each other. For the interacting chiton magnetites, R is well below 0.5. This
method is not well suited to an actual point-to-point comparison of the two
curves and their coercivity spectra, and so rather under-utilizes the data. How-
ever, the curves are observed to cross at a field equal to Hcr, in agreement with
(11.12), which shows that the average of//|/2 and //c'r is HCT.

The internal demagnetizing field Hd in MD grains will have the same effect on
the Wohlfarth relations as the average HmX in SD grains, and will result in graphs
very much like Figs. 11.16 and 11.17(b). In fact, Dankers' (1981) investigation,
on which (11.12) is based, was of MD magnetites. Neither type of plot is a defini-
tive test for SD grain interactions, unless the grain size is known independently.

Another method of comparing IRM acquisition and DC demagnetization,
utilized in magnetic recording research, is to plot remanence 'lost',
Mr(-H0)/Mrs, versus remanence gained, MiT(H0)/Mrs, with Ho as a parameter.
This graph, the Henkel (1964) plot, is the analog of the Arai plot in Thellier
paleointensity determination (Figs. 8.14, 9.8, 9.9), with remanence gained/lost
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Lambertville plagioclase

Chiton magnetite
10,000 Oe
2,000 Oe --

10,000

Figure 11.17
Comparison of IRM
acquisition and AF
demagnetization of SIRM
in (a) weakly interacting
magnetites (crossover or R
value 0.5) and (b) strongly
interacting magnetites
(R < 0.5). In both cases,
the curves cross at a field
equal to Hcr, as predicted
byeqn. (11.12). The
samples are the same as in
Fig. n.6(a). [Reprinted
from Cisowski (1981), with
kind permission of the
author and Elsevier
Science - NL, Sara
Burgerhartstraat 25,1055
KV Amsterdam, The
Netherlands.]
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at temperature T replaced by remanence acquired/demagnetized at field Ho.
Like the Thellier graph, a Henkel plot will sag below the ideal SD line (in this
case of slope -2) in the case of MD grains (cf. Fig. 9.8), and also in the SD case
if the mean grain interaction field is negative (Proksch and Moskowitz, 1994).

11.8 The Preisach diagram

A method of storing information about IRM acquisition, DC demagnetization,
ARM acquisition and SD grain interactions is the Preisach (1935) diagram.
Neel (1954) proposed the following interpretation. Suppose a local interaction
field //j acts on an SD grain, due to nearby grains and independent of changes
in the overall magnetization of the sample. (This constant local field, which fluc-
tuates spatially - Neel's fluctuating field - but not temporally as M changes,
represents the fine structure of the interaction field Hml in an MD grain, whose
mean is the demagnetizing field Hd.) The effect of the local field Hh if it acts par-
allel to HQ, i s t 0 offset the grain's hysteresis loop, producing unequal coercivities
a = Hc- H, and b = -Hc - H{ (Fig. 11.18a). The Preisach diagram is a plot of
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Figure 11.18 (a)
Elementary hysteresis
loops of an SD grain with
and without a (constant)
local interaction field H\
acting parallel to Ho and
the easy axis (cf. Fig. 8.6).
//; shifts the loop, making
the critical fields a and b
unequal, (b) Elementary
reversible and irreversible
magnetization cycles with
(a, b) in different sectors of
the Preisach diagram.
[Reprinted from Dunlop
et al. (1990b), with kind
permission of the authors
and Elsevier Science - NL,
Sara Burgerhartstraat 25,
1055 KV Amsterdam, The
Netherlands.]

(b)

b vs. a, with an associated grain distribution function F(a, b). Only grains with
(a, b) in the fourth quadrant carry a stable remanence (Fig. 11.18b).

F(a, b) is the product of two independent distributions, g(Hc) measured along
the diagonal a = -b and f(H{) measured perpendicular to a - -b (Fig.
11.19a). Thus if we can determine F(a, b), we can determine both the coercivity
spectrum in the absence of interactions (by profiling along the diagonal) and the
distribution of grain interactions H{ (by profiling perpendicular to the diagonal).
AF demagnetization leaves the diagram polarized about the diagonal (Fig.
11.19b). IRM acquisition in field Ho reverses the remanence in a triangular
region above the diagonal (Fig. 11.19b), whereas DC demagnetization (not
shown) reactivates a region bounded by a horizontal line, and changes part of
the previously acquired IRM. By successive application of positive and negative
fields, increasing in steps to eventual saturation, F(a, b) can be worked out in
squares on a grid (Hejda and Zelinka, 1990; Hejda et al., 1990, 1994). The auto-
mated alternating-gradient force magnetometer (AGFM) is well suited to such
measurements (e.g., Proksch and Moskowitz, 1994).

F(a, b) is widely used in magnetic technology as a kernel which efficiently
stores information about the irreversible (and also reversible, if other quadrants
are worked out) DC response of a sample. But, more excitingly, it can be used
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(a) Preisach distribution function F(a,b)

Number of
particles g(Hc)

Ib) Magnetization processes on the Preisach diagram

-b H -b -b

AF demagnetization IRM acquisition ARM acquisition

Figure 11.19 (a) The
Preisach function F(a, b)
as a product of two
independent distribution
functions, g(Hc) parallel to
the diagonal a = -b and
/(//j) perpendicular to
the diagonal, (b) Areas
of positive and negative
magnetization following
AF demagnetization to
peak field//, IRM
acquisition in field +H,
and ARM acquisition
in a bias field H. The
magnetization in blank
areas depends on the
previous magnetic history
of the sample. [Reprinted
from Dunlop et al. (1990b),
with kind permission of the
authors and Elsevier
Science - NL, Sara
Burgerhartstraat 25, 1055
KV Amsterdam, The
Netherlands.]

to predict and interpret the results of quite different types of magnetic measure-
ments. For example, ARM, since it results from a small bias field Ho superim-
posed during AF demagnetization, polarizes the Preisach diagram in a strip of
width y/2 x Ho parallel to the diagonal (Fig. 11.19b). Thus ARM acquisition
amounts to overcoming interaction fields with a maximum strength \/2 x Ho,
and one can estimate/(//j) from the measured Mar(//0) curve. Conversely, one
can use the experimental Preisach function F(a, b) to predict ARM acquisition
and interaction fields (Petrovsky et al., 1993).

Predicted and measured curves, based on Preisach diagrams and ARM acqui-
sition measured independently at a variety of temperatures (Dunlop et al.,
1990b), are compared in Fig. 11.20. The sample contains interacting SD grains
of magnetite. The agreement between the Preisach prediction and measured
ARM acquisition is excellent at all temperatures. Notice that the ARM increases
more rapidly with Ho, i.e., %a is higher, at high temperatures. This is because
dipole interaction fields decrease in proportion to MS(T) (since (i = VMS) at
high temperature (compare Figs. 11.6b and 11.20).

In Fig. 11.20, the TRM acquisition curve, MtT(H0), is very similar to Mar(H0)
measured at 460 °C. In fact, there is a close analogy between ARM and TRM
acquisition by interacting SD grains. Both can be regarded as resulting from the
switching of grain moments as 7/0 overcomes the effect of oppositely directed
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Figure 11.20 Experimental ARM acquisition curves measured at a series of high
temperatures and the TRM acquisition curve, for an SD magnetite sample (sam-
ple 4 of Figs. 11.5 and 11.6a). Dashed curves are predictions based on the off-
diagonal distribution/(//;) from experimental Preisach diagrams, determined by
DC measurements (cf. Fig. 11.19). The TRM acquisition curve matches closely
the acquisition of ARM at a temperature of 460 °C, suggesting a fundamental
analogy between single-domain ARM and TRM. However, 460 °C is lower than
typical TRM blocking temperatures (500-560 °C; Fig. 8.3a) for this sample.
[Reprinted from Dunlop et al. (1990b), with kind permission of the authors and
Elsevier Science - NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The
Netherlands.]

interaction fields, H, (cf. §8.6). Theoretically, MtT(H0) is the integrated interac-
tion field spectrum at the blocking temperature TB, just as the room-temperature
ARM acquisition curve Mat(H0) is J /(#i) AH\ at ordinary temperatures (Dun-
lop and West, 1969; Jaep, 1971). Since average interaction strength increases
with increasing concentration of magnetic grains, both ARM and TRM 'sus-
ceptibilities' have a concentration dependence (Sugiura, 1979; Shcherbakov and
Shcherbakova, 1979).
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11.9 Hysteresis and magnetic granulometry

11.9.1 Information from hysteresis loops

With the introduction of automated AGFM's and vibrating-sample magnet-
ometers (VSM's), the measurement of hysteresis curves for even quite weakly
magnetic rocks and sediments has become quick and reliable. Software packages
automatically correct for the diamagnetic or paramagnetic signal of the rock
matrix, which is isolated above ferromagnetic saturation. A hysteresis loop, if
minor loops at intermediate fields are included, contains all the information
about the coercivity spectrum that is usually obtained by AF demagnetization
or IRM acquisition and in addition an equal wealth of information about reversi-
ble processes, e.g., the motion of unpinned domain walls. Most of this informa-
tion at present goes unused in rock magnetic studies.

Some attempts have been made to characterize the entire hysteresis loop.
Jackson et al. (1990) took an engineering approach, unfolding the loop into a
pseudo-waveform and finding its frequency content by Fourier analysis. The
Fourier coefficients are rather remote from the physical parameters controlling
the magnetization process, but the loop can be fitted with arbitrary precision.
Hejda (1985), on the other hand, used a smaller number of physically more mean-
ingful parameters and obtained acceptable fits to symmetrical loops with one
inflection point in each branch. The vast majority of measured loops falls in this
category. With sufficiently precise fits, and by measuring minor loops as well as
the major loop, the fourth quadrant of the Preisach diagram can be mapped out
in detail (Zelinka etal., 1987).

Usually only the parameters Ms, Mrs, Hc and Hcr, or ratios between them, are
utilized from the hysteresis loop measurement. It is difficult to measure xo in
low fields because the AGFM and VSM both use electromagnets. Instead xo is
measured on a larger rock sample, e.g., a standard 2.5 cm cylindrical paleomag-
netic sample, using a susceptibility bridge whose sensitivity is not cross-cali-
brated to that of the AGFM or VSM. Thus the ratio Xo/^s is usually not
determined. This is unfortunate, because high values of this ratio are diagnostic
of SP material (§5.7.2), which is otherwise hard to detect, since it has no rema-
nence. The standard, rather cumbersome method of detecting SP grains is to
compare hysteresis loops measured at different temperatures below To, looking
for unblocking of remanence as evidenced by a drop in Mrs/Ms. More recently,
with the introduction of automated instruments combining a superconducting
quantum interference device (SQUID) detector and a superconducting solenoid,
remanence unblocking can be tracked continuously by producing SIRM at very
low temperature (5—1 OK) and warming the sample to To. An example of such
data, with a strong drop in remanence at low temperatures as grains become SP,
appears in Fig. 3-6(b). Few rock magnetic laboratories are equipped with low-
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temperature SQUID magnetometers, and so room-temperature hysteresis para-
meters form the bulk of the published data.

11.9.2 Mrs/Ms and Hcr/Hc for ideal MD grains

Fortunately the remanence ratio Mts/Ms and the coercivity ratio Hcr/Hc have
diagnostic values for SD and for large MD grains. 'Large' or 'ideal' MD denotes
a magnetization response to Ho that is limited or offset by Hd to the greatest pos-
sible extent. A 2D or 3D grain cannot respond as effectively to self-demagnetiza-
tion as an MD grain containing many walls, in which Barkhausen jumps of
strongly pinned or hard walls (producing remanence) are largely screened or
compensated for by negative displacements of loosely pinned or soft walls (with
intrinsic susceptibility Xi) in response to Hd — —NM. In ideal MD behaviour,
the net magnetization is reduced to a fraction a or (1 + Nxi)~l > which is the
screening factor (see §9.3, 11.5.1).

There is no definite size above which grains are 'large' and behave in 'ideal
MD' fashion. High internal stress reduces Xi, because walls tend to be more
strongly pinned. Ideal MD behaviour then occurs at larger grain sizes when
more walls are present to respond to Hd. The nucleation of an entire domain
and its bounding wall is a much larger event than small Barkhausen jumps of
existing domain boundaries, and may be difficult to compensate by self-demag-
netization. Failure of nucleation following saturation can leave a grain in a meta-
stable few-domain state (e.g., SD or 2D), farther from ideal MD behaviour than
it would be if it contained an equilibrium number (i.e., more) walls.

An ideal MD hysteresis loop was illustrated in Fig. 5.16. It has a slope \/N,
which is the limit of xo = XiU + NXi)~l when Xi is large (i.e., » 1/./V). Since
the loop is essentially linear over the small section between Mrs and -Hc, we
have that Mrs « Hc/N (eqns. (5.32), (9.26)). Hc is the average of the microcoer-
civity distribution/^) (see §9.2, 11.5). The value of Hc depends on the strength
of wall pinning by dislocations and other lattice defects and thus in turn on the
level of internal stress, but it is not likely to exceed lOmT (8kA/m or lOOOe)
for MD magnetite. For equidimensional grains, NMD = 5 in SI or 4n/3 in cgs
emu (Fig. 5.4b), giving for magnetite (Ms = 480 kA/m)

- & ' M ( 1 1 I 3 )

To derive Hcr, we shall appeal to a comparison between the internal-field and
external-field hysteresis loops, M{HX) and M(H0) as suggested by Neel. In
§9.4.1, we saw that the intersection of M{H\) and a demagnetizing line of slope
— 1 /N yields the remanence Mr for Ho — 0 (Fig. 9.3a). We can generate the entire
externally observed loop M(H0) by considering intersections between M(H,)
and a set of demagnetizing lines M = (\/N)(H0 - 7/j) (eqn. (9.12)) for different
values of Ho. The upright internal-field loops and the 'sheared' external-field
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loops were compared in Figs. 9-3(a) and (b). The inverse operation, in which
M(Hi) is obtained from the measured M(H0), is illustrated in Fig. 11.21. The
hysteresis loop shown is actually intermediate between SD and true MD shapes
and is typical of pseudo-single-domain (PSD) behaviour, to be discussed in
Chapter 12. Most of the 0.22 um magnetite grains are probably 2D, and there-
fore not fully responsive to self-demagnetization, but we have followed Neel's
procedure nonetheless.

The dashed internal-field loop (Fig. 11.2 ia) is more upright than the measured
loop and has been obtained by 'unshearing' the measured loop. The values of
Hc are the same in the sheared and unsheared loops, but MTS/MS is much larger
when measured with respect to the net field H, = Ho- Hd acting inside the grain.

A back field — HCT produces a magnetization — MD. If instead of continuing to
trace the major loop, — Ho were reduced from —HCI to 0, zero remanence would
result. Such a minor loop, with slope Xi, from MD to 0 is shown relative to the
internal major loop in Fig. 1 i.2i(b). In this plot, it is evident that the descending
major loop is very steep between Hc and HD (the internal field whose removal
results in zero remanence - the 'true' coercivity of remanence). Approximating
HD by Hc, and noting that the line joining MD and HCT has slope —\/N while
the line joining MD and the origin has slope Xi> we have

MD^^jJk^XlHc. (11.14)

Thus

Ha « (1 + NXi)Hc or HcjHc*\+NXi*a-\ (11.15)

where a is the screening factor (§9.3,11.5.1).
Equations (11.14) and (11.15) have a number of important implications. First,

(11.14) predicts that Xi and Hc are closely related, which is hardly surprising
since both are determined by the slopes dEw/dx within potential wells (x\ near
the bottoms of wells and Hc at the point of escape or steepest slope). (A similar
inverse relationship between Xi and Hc holds for SD grains, e.g., Fig. 3.19.) Equa-
tion (11.14) provides a formula for estimating Xi, which is otherwise inaccessible
to direct measurements.

Equation (11.15) demonstrates that Hcr is related to Hc by the inverse of the
screening factor a. / /C(«//D) is the truest measure of average microcoercivity
in a sample because it is measured when M = 0 and Hd, on average, is also zero.
To measure Hcr, the walls must be driven away from the demagnetized state to
magnetization MD (Fig. 11.21) in the face of considerable opposition from Hd.
Thus even though the walls spring back to a state of zero remanent magnetization
when Ho —> 0, HCT is an inflated measure of average microcoercivity. Just how
inflated can be judged by substituting a typical value Xi = 10 («0.8 in cgs), giv-
ing Hcx « 4//c or Hcr/Hc « 4. This is often taken as the lower limit of HCT/HC

for true MD grains.
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Hcr/Hc can become very large as internal stress is reduced and walls become
so loosely pinned that Xi increases to values > 10. For example, the mm-size nat-
ural single crystal of magnetite illustrated in Fig. 11.22 has ideal MD hysteresis:
a ramp-shaped M(H0) curve with slope 1/iV and MTS/MS = 0.003. Its average
microcoercivity is # c = 0.52mT (5.2 Oe), but //cr = 12mT (120 Oe) and
HCtlHc = 22.6. Thus reduction of stress and wall pinning, resulting in increased
magnetic screening, actually leads to an increase in remanence coercivity Hcr,
and for similar reasons (as discussed in §11.5), in AF coercivities. This is the
explanation of the quasi-exponential AF demagnetization tails measured for
MD grains, and of the increase in AF coercivities with decreasing internal stress
or increasing numbers of domains (Figs. 11.12, n.14).

11.9.3 Mrs/Ms and Hcr/Hc for SD grains

An idealized SD hysteresis curve appeared in Fig. 5.19 and a theoretical curve for
randomly oriented, uniaxial SD grains in Fig. 8.6. Following saturation by Ho,
the magnetization Ms of each SD grain rotates back to the nearest easy direction
as Ho —> 0. The calculation of MTS/MS is thus purely geometrical: it is the average
of cos (f> over a half-sphere (for uniaxial anisotropy) or over smaller-angle cones
for (111), (100) or hexagonal easy axes. The results are (Dunlop, 1971; Joffe
and Heuberger, 1974)

Ms =85.7 Am2/kg
Mrs/Ms= 0.003
Hc=0.52mT
Her/Hc= 22.6

M(Am2/kg)

100

80

60

40

20

100 200 300 400 500

H(mT)

Figure 11.22 Measured ramp-like hysteresis curve of an ideal MD sample, a mm-
size natural single crystal of magnetite. [After Ozdemir el al. (1995) © American
Geophysical Union, with the permission of the authors and the publisher.]
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Mrs/Ms = 0.500 uniaxial
0.866 cubic, (111) easy axes (magnetite)
0.832 cubic, (100) easy axes (TM60) (11.16)
0.500-0.637 uniaxial, easy plane (hematite)
0.750-0.955 triaxial, easy plane (hematite)

For hematite, the lower Mrs/Ms values are appropriate if true saturation is
achieved (Ms pulled out of the easy basal plane into parallelism with Ho) and
the higher values are to be used if Ms remains pinned in the easy plane at the high-
est Ho used. The distinction is not academic because saturation fields for hema-
tite approach 3 T (30 kOe).

The estimation of HCT/HC is more problematic. For coherent rotation in ran-
domly oriented grains of a single microscopic coercive force HK, Hcr/HK is
0.524 for uniaxial anisotropy (Wohlfarth, 1958), 0.204 and 0.333 for cubic aniso-
tropy with (111) and (100) easy axes, respectively (Joffe and Heuberger, 1974),
and 0.642 for uniaxial anisotropy within an easy plane (Dunlop, 1971). Hc has
been calculated by averaging hysteresis loops at different angles (Stoner and
Wohlfarth, 1948; Fig. 8.6), giving Ha/Hc = 1.04-1.09 (Wohlfarth, 1958; Joffe
and Heuberger, 1974). However, there are complications. A distribution of
microcoercivities H^ can produce ratios as high as 2 (Gaunt, i960). On the
other hand, incoherent reversals reduce critical fields for grains at small angles
to Ho (Fig. 8.7), thereby reducing Hcr/Hc. However, Hcr can never be less than
Hc, and so

1 < Hcr/Hc < 2 uniaxial SD (11.17)

must be true. A value Hcr/Hc = 1.5 has sometimes been used as an SD limit (Day
et ai, 1977) but this figure is purely arbitrary.

11.9.4 Correlation plot of Mr s /Ms versus Hcr/Hc

HCT/HC has less discriminating power than Mrs/Ms. Nevertheless it is common
practice to use both parameters simultaneously in a plot of Mrs/Ms versus
Hcr/Hc (Day et ah, 1977). When data for both hydrothermally grown and
crushed magnetites are plotted in this way (Fig. 11.23), they follow quite a nar-
row inverse relationship. Different levels of internal stress move points along
the correlation line, but not off it. There are few data in the SD region
(Mrs/Ms > 0.5, Hcr/Hc fa 1) but rather more in the ideal MD region
(MTJMS < 0.05, Hcr/Hc > 4). Most points fall between SD and ideal MD, in
what is generally referred to as the PSD region (see Chapter 12).

The correlation line of Fig. 11.23 is n°t universally obeyed. Dunlop (1981)
found that oceanic gabbros and peridotites of different provenances each fol-
lowed a different inverse relationship between Mrs/Ms and Hcr/Hc. Figure
11.24 demonstrates that different limestones obey different correlation 'laws'
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Figure 11.24 Different Mrs/Ms — Hcr/Hc correlation lines for the unremagne-
tized Maiolica limestone and for remagnetized North American and European
limestones. The SD & MD mixture line corresponds to the average trend in Fig.
11.23. [After Channell and McCabe (1994) © American Geophysical Union, with
the permission of the authors and the publisher.]



Hysteresis and magnetic granulometry 323

(Channell and McCabe, 1994). The Maiolica limestone, which escaped late
Paleozoic remagnetization (§1.2.5), follows the trend of Fig. 11.23, but remagne-
tized limestones from both sides of the Atlantic follow an unusual trend, with
relatively high (SD to PSD) MjM% values but PSD to MD Hcr/Hc values of
3-10.

The precise carriers of NRM in the remagnetized limestones have proven dif-
ficult to identify but they are probably secondary magnetites finer in grain size
than the primary NRM carriers in unremagnetized carbonate rocks. Jackson
(1990) argued that unusually high Ha/Hc values could result from a mixture of
SP and stable SD grains. The high induced magnetization of SP grains in even a
small negative field could cancel Mrs of the stably magnetized SD or larger
grains, leading to an anomalously low value of Hc. HCT would be unaffected
because it depends only on remanence (in SD grains at least). Thus high values
o(Hcr/Hc are a hallmark of SP as well as MD grains.

Of course, MTS/MS should also be reduced by an admixture of SP material.
The intercept of the remagnetization trend in Fig. 11.24 is > 0.87, implying that
the grains are nearly equidimensional and governed by cubic crystalline aniso-
tropy (eqn. (11.16), line 2). If so, the measured MTS/MS values have been reduced
substantially by SP admixture. Gee and Kent (1995) find similar evidence in
their MTS/MS vs. Hcr/Hc plots for mid-ocean ridge basalts of dominant cubic ani-
sotropy in nearly equidimensional SD grains.

11.9.5 Hysteresis of mixtures

We have just seen that rocks do not always, or even typically, contain grains in
just one domain state. Nor do they necessarily contain only a single magnetic
mineral. One striking manifestation of magnetic mixtures is a constricted, or
'wasp-waisted', hysteresis loop (Roberts et al., 1995; Tauxe et al, 1996; Fig.
11.25). The example shown was measured for a submarine basaltic glass but con-
stricted loops are typical of remagnetized carbonate rocks as well. A negative
induced magnetization of a sufficient quantity of SP magnetite will cancel the
remanence of stable SD magnetite in very small reversed fields, as explained
above, producing a constriction in the loop. At higher fields, the SD magnetiza-
tion is less affected because the SP magnetization saturates rapidly (eqn. (5.44),
Fig. 5.20) and the loop opens. Rather large quantities of SP material just below
the SP-SD threshold size ds are required.

A mixture of two minerals, one magnetically soft, like magnetite, and the
other hard, like hematite, can produce constricted hysteresis if the two phases
contribute comparable amounts of magnetization. Natural examples are not
too common, because hematite must be about 100 times as abundant in a rock
as magnetite to rival the latter's contribution to magnetization, especially in low
fields.
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Figure 11.25 Constricted or wasp-waisted hysteresis loops, observed for sub-
marine basaltic glasses, and modelled as a superposition of SD and SP magnetiza-
tion curves (cf. Figs. 5.19, 5.20). [After Tauxe et al. (1996) © American
Geophysical Union, with the permission of the authors and the publisher.]

Less extreme mixtures of mineral phases or domain states lead to less striking
hysteresis loops, which nevertheless contain much useful information about the
magnetic properties and relative quantities of the different phases. Soils and sedi-
ments are often magnetically heterogeneous. They contain detrital, diagenetic,
authigenic and biogenic iron oxides and sulphides, such as magnetite, maghe-
mite, hematite, goethite, pyrrhotite and greigite. Quite sophisticated methods
have been developed to analyse bulk hysteresis data and extract the separate con-
tributions of two or more mineral/grain-size fractions (e.g., Thompson and
Peters, 1995). Similar methods have been developed to analyse IRM acquisition
curves (e.g., Robertson and France, 1994). The great problem is to establish
type curves for the various minerals in different domain states or combinations
of domain states. There is such a variety of possible type curves that the 'decon-
volution' problem seems insoluble without other independent information
about the phases present.

11.9.6 Hysteresis as a function of temperature

SQUID magnetometers and AGFM's fitted with liquid-He dewars and VSM's
equipped with either a dewar or a furnace are now commerically available for
the measurement of hysteresis at both low and high temperatures. Hysteresis
parameters at temperatures other than To have not been widely used in rock mag-
netism and paleomagnetism, but they offer much information not accessible in
other ways.

For example, one can detect changes in domain state at high or low tempera-
ture from measurements of Mrs/Ms, HCT/HC or Hc/Mrs. In magnetites and tita-
nomagnetites of SD or nearly SD size, MTS/MS and Hcr/Hc are practically
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temperature invariant, except in the blocking range just below Tc, where MTS/MS

falls and Hcr/Hc rises steeply as SP grains depress both MTS and Hc (Ozdemir
and O'Reilly, 1981, 1982a; Dunlop, 1987). Another way of detecting changes in
domain state at high temperatures is via the demagnetizing factor N, which
depends on the number of domains (Fig. 5.4b). A reliable method of determining
N has been much debated (Smith and Merrill, 1982; Dunlop, 1984; Hodych,
1986; Dunlop etal, 1987). The best method is that of Hodych (1986). Combining
the MD relations Xo(T) = Xi(T)/[l + NXi(T)} (eqn. (9.4)) and Xi(T)Hc(T) «
k'(3(T) (from eqn. (11.14)) so as to eliminate Xi, which is not directly measurable,
we obtain

^ 1 ( T ) = N + I J ^ , (11.18)

where @{T) = Ms(T)/Ms0. Thus a plot of xo ' (T) versus HC(T)/(3(T) for a sin-
gle sample should be linear, with an intercept equal to N. Furthermore, SD
grains should follow a similar linear relation but with zero intercept and a slope
about 5 as large (Dunlop et al., 1987, 1990c), providing a definitive test for MD
versus SD structure.

The main problem in using (11.18) is that only rarely are Xo{T) a n d HQ{T)
data available for the same sample (Hodych, 1986; Dunlop et al., 1987). A cruder
method is to plot HC(T)/MTS(T) versus temperature, since according to eqns.
(5.32) or (9.26)

N(T)*Hc(T)/Mrs(T). (11.19)

Figure 11.26 is an example of such a plot. Because these 0.39 um and 0.54 urn
magnetites are small enough that Hc is significantly reduced by thermal fluctua-
tions at high temperatures, N determined from HK(T)/Mrs(T) is more reliable
in the blocking range (HK was calculated by thermal fluctuation analysis, as
described in §8.7). Both samples seem to contain a mixture of 2D and 3D grains
at all temperatures from Tv « -150 °C (the Verwey transition: §3.2) to around
500 °C, above which the average number of domains per grain may increase
slightly. Gross changes in domain structure of submicron magnetites during
heating or cooling are not suggested by these results. A similar analysis could be
carried out for pyrrhotite using the HC{T) data of Menyeh and O'Reilly (1995).

Another interesting application is the use of HC(T) data to infer the mechan-
ism of domain-wall pinning in magnetite (Fig. 11.27). Hodych (1982, 1990)
showed that below To, HC(T) oc \{T)/MS{T) for MD magnetite, where A is
magnetostriction constant (Fig. 3.8). The same dependence is found at high tem-
peratures also (Dunlop and Bina, 1977; Heider et al., 1987). The explanation
would seem to be pinning of domain walls by the stress fields of dislocations (Sta-
cey and Wise, 1967), but a careful analysis shows that the pinning depends on a
close match between stress wavelength and domain-wall width <5W (Xu and Mer-
rill, 1992). Since walls are expected to expand in width as T increases, the
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Figure 11.27 Comparison of experimental and theoretical temperature depen-
dences of bulk coercive force Hc. Data for 12 urn and 1 -5 um magnetite crystals are
from Heider et al. (1987) and Dunlop and Bina (1977), respectively. Theoretical
curves: (i)-(4), positive and negative dislocation dipoles with various spacings; (5),
(6), planar defects with exchange or anisotropy pinning, in a model 10 um grain.
[After Moskowitz (1993b) © American Geophysical Union, with the permission
of the author and the publisher.]
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\(T)/MS(T) dependence is not so obvious after all. Moskowitz (1993b), follow-
ing Xu and Merrill (1990b), modelled wall pinning by many types of linear and
planar crystal defects, including stacking faults, planar defects with exchange
and/or anisotropy pinning, single dislocations, and pairs of dislocations (dislo-
cation dipoles) with various spacings. Only an assemblage of dislocation dipoles
with variable spacings can explain the HC(T) data (Fig. 11.27).



Chapter 12

Pseudo-single-domain remanence

12.1 Introduction

Most magnetite grains in rocks are much larger than the critical SD size d0 of
«0.1 um. Yet these rocks possess a TRM that is both harder and more intense
than MD theory predicts. In magnetite there is no abrupt change from SD to
MD TRM intensity at any grain size (Fig. 8.4). Instead TRM intensity decreases
continuously above d0, reaching MD levels around 10-20 um. In high-titanium
titanomagnetites, the corresponding range is «0.5-35|xm (Day, 1977, Fig. 9).
This pseudo-single-domain (PSD) (Stacey, 1963) size range incorporates most of
the magnetite or titanomagnetite carrying stable TRM in igneous rocks. There-
fore it is important that we understand the mechanism of PSD remanence.

The size dependence of TRM is not well documented except in titanomagne-
tites. However, strong-field remanence parameters like Mrs and Hc vary gradu-
ally over broad size ranges in a great many minerals, rather than changing
sharply around d0 (Fig. 12.1). In §11.9.4, w e s a w t n a t most measured values of
Mrs/Ms and Hct/Hc are intermediate between SD and ideal MD values.
Pseudo-single-domain behaviour seems to be an intrinsic feature of small MD
grains rather than a special property of certain minerals.

The mechanism of PSD behaviour is still far from certain (for reviews of
experimental data and theories, see Day, 1977; Dunlop, 1977, 1981, 1986b,
1990; Halgedahl and Fuller, 1983; Fuller, 1984; Halgedahl, 1987). Verhoogen
(1959) proposed regions of deflected spins surrounding dislocations, while Stacey
(1963) preferred 'Barkhausen discreteness' of domain-wall positions. In these
models, the PSD moments are not independent of MD processes. For example,
the moments can only reverse when domain walls are displaced. More recent

328
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Figure 12. i Grain-size dependence of bulk coercive force Hc for various miner-
als. (For a more complete data set for magnetite, see Fig. 12.4.) Hc peaks at the
critical SD size d0. The decrease in Hc below d0 is due to thermal fluctuations (eqn.
(8.28)). The decrease in Hc above d0 is a PSD effect, with a similar size dependence
in different minerals. [Reprinted from Dunlop (1981), with kind permission of the
author and Elsevier Science - NL, Sara Burgerhartstraat 25,1055 K.V Amster-
dam, The Netherlands.]

models emphasize truly SD moments, which can reverse independently of sur-
rounding domains, e.g., the moments of domain walls (Dunlop, 1973b, 1977)
and metastable SD grains in which walls have failed to renucleate following
saturation (Halgedahl and Fuller, 1980, 1983). These models, however, are
viable only over the lower part of the observed PSD range.

The mechanism is uncertain but the existence of some SD-like component in
the magnetization of small MD grains, over and above their ideal MD rema-
nence due to displaced walls, is widely accepted. In §12.2-12.5, w e shall review
the experimental evidence, while §12.6-12.9 will deal with theoretical models of
PSD moments and diagnostic tests for their existence.

12.2 Lines of evidence for pseudo-single-domain
behaviour

The earliest, and still the most important, evidence of a PSD effect is the high
intensity of weak-field TRM in magnetite grains > 0.1-0.2 um in size (Figs. 8.4,
12.2a). There is no sudden drop in TRM intensity marking an SD threshold but
a continuous decrease over many decades of particle diameter. Above w 5 um,
the TRM data diverge. Many data on crushed and sieved magnetites (Rahman
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ARM intensities in magnetite. The size dependence below 1 urn is stronger than the
size dependence above 1 urn, particularly for TRM. [After Dunlop and Xu (1993)
© American Geophysical Union, with the permission of the authors and the
publisher.]

et al., 1973; Dunlop and Xu, 1993; Dunlop 1995b) continue to decrease with
increasing grain size and connect smoothly with the Mtr values for mm-size crys-
tals (Levi, 1974; Ozdemir and Dunlop, 1995). The data of Parry (1965) and Hart-
stra (1983), on the other hand, are almost size independent above 5 (xm. They
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support Stacey's original idea of a PSD threshold above which SD-like moments
are unimportant. One of the most pressing problems in rock magnetism is to
measure the intrinsic size dependence of TRM intensity in the 5-300 um range
using strain-free magnetites grown by modern techniques.

The variation of TRM intensity Mtr with applied field Ho, for most rocks and
titanomagnetites, is intermediate between theoretically predicted SD and MD
dependences (Fig. 9.5). In §12.9.2, we shall show that superimposed SD and
MD dependences account for at least some of the data. The unblocking of
TRM in the PSD range has mixed MD and SD-like aspects. We saw in Fig.
9.7(b) that more than half of an intermediate-temperature partial TRM in 3 um
magnetite grains thermally demagnetized in SD fashion, i.e., TUB « rB, while
the remainder had an MD demagnetization tail extending to TQ-

The coercivity spectrum of weak-field TRM also evolves from SD-like to MD-
like over a broad size range (Fig. 11.13). High AF coercivities were considered
by Verhoogen (1959) and Larson et al. (1969) to be important evidence for SD-
like moments. But screening by soft walls in large MD grains can produce AF
demagnetization tails, as well as high values of HCT (see §i 1.5, 11.9.2). A more
reliable indicator of SD-like behaviour is the shape of the AF demagnetization
curve, which changes gradually from sigmoid, with an initial plateau, to quasi-
exponential over the PSD range (Fig. 11.13).

Many other magnetic properties have grain-size dependences broadly similar
to that of TRM. Examples are weak-field ARM, SIRM, and bulk coercive force
Hc. These data will be reviewed in §12.3. As with TRM, the reality of a PSD
threshold in the > 1 um range remains uncertain (Heider et al. 1987; Worm and
Markert 1987). Internal stress has a strong effect on the value of Mrs or HQ for
grains of a particular size, although the overall size dependence of either para-
meter is about the same for low-stress or high-stress magnetites.

The Lowrie-Fuller test, which compares AF demagnetization of weak-field
and strong-field remanences, changes from an SD-type result to an MD-type
result in moderately stressed magnetite grains larger than 10-20 um (Fig.
11.14). This changeover was long believed to mark a PSD threshold until Heider
et al. (1992) showed that the changeover in low-stress magnetites occurs around
100 um.

Low-temperature demagnetization (LTD), in which a sample is cycled in zero-
field through the isotropic (K\ = 0) temperature, T{ — 120-135 K, of magnetite
and back to room temperature, serves to unpin domain walls in MD grains and
destroy their remanence (§3.2.2; Merrill, 1970; Hodych, 1991). Single-domain
remanence, if controlled by shape anisotropy, should survive as low-temperature
(LT) memory. LTD experiments by Dunlop and Argyle (1991) showed unmis-
takably that separate SD-like and truly MD sources of remanence coexist in
« 0.5 um magnetites. The LT memory was about 50% of the initial remanence
for weak-field TRM and about 25% for SIRM. The shape of the AF decay
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curve after LTD was distinctively SD-like, whereas it was uninflected and MD-
like before LTD. LTD data will be reviewed in §12.4.

Magnetites and titanomagnetites larger than any of the proposed PSD thresh-
old sizes exhibit spontaneous increases in TRM and other remanence intensities
in continuous thermal demagnetization to just below Tc (e.g., Rahman and
Parry, 1975; Bol'shakovefa/., 1978; Hartstra, 1982c; Sugiura, 1988). In contrast
to other manifestations of PSD moments, the percentage change in magnetiza-
tion is greatest in the largest grains. A fuller discussion of the thermal demagneti-
zation data will come in § 12.5.

12.3 Grain-size dependence of magnetic properties

12.3.1 TRM and ARM

Weak-field (50-100 uT or 0.5-1 Oe) T R M and A R M have broadly similar grain-
size dependences in magnetite (Fig. i2.2a,b). The T R M and A R M data of Hart-
stra (1983) are almost independent of grain size above « l O u m . Other data sets
disagree, with T R M and A R M decreasing in similar fashion over the entire
1-200 um range. The reality of a threshold size for PSD moments is not clear
from these data.

Around 1 um, there is a marked change in size dependences which may indi-
cate a change in micromagnetic structure. Between 0.1 um and 1 um,
M t r oc d~XA, while Mar oc d~015 approximately, where d is grain diameter. The
strong size dependence of T R M compared to A R M is responsible for the peak
in MtT/Mar around 0.1 um (Fig. 11.7). Below « 0 . 0 5 u m or 50 nm, increasing
admixtures of smaller SP grains cause a decrease in intensity, particularly in the
A R M data.

Initial susceptibility xo IS o n e of the least size dependent of magnetic para-
meters for magnetite (Dunlop, 1986b, Fig. 3; Huntef a/., 1995a, Fig. 1). There-
fore the Koenigsberger ratio Qt = Mt r /xo^o> with ^ 0 ~ 0-5 Oe or 40 A / m , and
the related ratio Qa = M a r / x o # o (§1 i-4-i) have grain-size dependences similar
to those of M t r or M a r . The Q ratios normalize M t r or Mar for the quantity of
magnetite in a rock or sediment core, which is generally undetermined.

12.3.2 Hysteresis parameters

Like A R M and T R M , SIRM is size dependent (Fig. 12.3). In this case, the rema-
nent intensity A/rs (here normalized to Ms ) varies more slowly with grain size, as
d~0'5 to d~°'65, but continuously over a very broad size range, from 0.04 um to
at least 350 urn in synthetic hydrothermal magnetites and from 0.5 um to 3 mm
in natural magnetites (single crystals and sieve fractions of crushed grains pre-
pared from them). This continuous size dependence is very different from the
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observed are at odds with the abrupt decrease above d0 predicted by micromag-
netic and domain theories. [After Dunlop (1995a) © American Geophysical
Union, with the permission of the author and the publisher.]

threshold behaviour predicted by simple domain theory or two-dimensional
micromagnetic theory (Fig. 12.3). There is no indication of any change in size
dependence around 1 um. In this respect, SIRM behaves rather differently from
TRM.

Quite apart from its implications for the origin of remanence, the regular and
continuous variation of Mrs/Ms with grain size provides us with a reliable
method of granulometry in magnetite. Unfortunately, some knowledge of the
internal stress state in a sample is necessary before one can decide which line to
use, the low-stress line denned by data for hydrothermally grown crystals (dislo-

-2cation density p « 10 m ), the high-stress line defined by data for glass-cera-
mic and crushed magnetites (p w 1013 m~2), or some intermediate line.

The bulk coercive force Hc varies as d~°A to d~06 in magnetite above critical
SD size (Fig. 12.4). This variation is similar to that of Mrs, not surprisingly in
view of the MD relation Mrs « HQ/N (eqns. (5.32), (9.26)). A size variation of
Hc as zzd~05 can be accounted for if walls are pinned by ordered arrays of
defects, such as dislocations (Stacey and Wise, 1967). The real puzzle is what
causes coercive forces > 100 Oe or 10 mT, values much higher than expected for
wall-pinning in magnetite, in grains up to several um in size. As with the
Mrs/Ms data, there are separate Hc(d) trends for hydrothermal, glass-ceramic,
and crushed natural grains.

Coercive force and SIRM data have been reported for crushed synthetic tita-
nomagnetites with x — 0.2, 0.4 and 0.6 by Day et al. (1977) and for TM60 only
by O'Donovan et al. (1986). The grain-size dependences were rather different in
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(1990) © American Geophysical Union, with the permission of the authors and
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the two studies. Day et al.'s data over the 1-30 um range, in which Hc is expected
to be controlled by domain nucleation, follow a d~x dependence approximately
(see Fig. 12.1). Over the same range, O'Donovan et al.'s Hc data vary more as
d~ 5, and their MTS/MS data are less size dependent still. In both studies, grains
around 1 um in size have SD levels of Mrs/Ms («0.5) and coercive force
(«1000 Oe or 100 mT, presumably magnetoelastically controlled). (A single-
domain threshold size d0 w 0.5 um is expected from the domain observations of
Fig. 5.10.) Only when d > 100 um do Mrs/Ms and Hc reach low values typical
of ideal MD behaviour (§11.9.2).

Crushed synthetic pyrrhotites about 1.5 um in size have SD values of Mrs/Ms

and Hc similar to those of 1 um titanomagnetites (Menyeh and O'Reilly, 1991).
Above the SD threshold and up to 30 um, Hc decreases by only a factor of 3 and
Mrs/Ms remains essentially at SD levels, dropping from 0.48 to 0.40. Judging
by these results, either d0 is much larger than the 1.5 um indicated by domain
observations (Figs. 5.10, 6.2) or else PSD moments completely overshadow nor-
mal MD remanence in this size range.

Halgedahl and Fuller (1983) observed domain nucleation in a large number of
polished natural pyrrhotite grains in the size range 5-40 um. They found that
Hn = 120cT0'5, where Hn is in mT and d is in um (Fig. 12.5). The size variations
of Hc reported by Menyeh and O'Reilly (1991), and by Clark (1984) for crushed
natural pyrrhotites in the 7-80 um size range (Hc — 430 GH0'8), both give fairly
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Figure 12.5 Grain-size dependence of the observed field Hn for primary nuclea-
tion of domain structure in pyrrhotite grains (dots) compared with measured bulk
coercive force (Nc) data (inverted triangles, Clark, 1984; upright triangles,
Menyeh and O'Reilly, 1991). Coercive force in pyrrhotite seems to be controlled
by nucleation up to « 50 urn. At larger sizes, Hn falls well below Hc. [After Halge-
dahl and Fuller (1983) © American Geophysical Union, with the permission of the
authors and the publisher.]

similar numerical values to Halgedahl and Fuller's Hn data (Fig. 12.5). Coerciv-
ity seems to be nucleation controlled in pyrrhotite, at least up to « 50 um, where
nucleation fields plummet. It is not clear why Menyeh and O'Reilly's Hc data
are so much less size dependent, and Clark's Hc data so much more size depen-
dent, than Halgedahl and Fuller's Hn data over similar size ranges.

Because of the effect of magnetic screening (§11.5,11.9.2), Hcr and other mea-
sures of remanent coercivity do not give a true picture of the intrinsic size depen-
dence of microcoercivity in MD grains. For this reason, the size variation of Ha

is much weaker than that of Hc (Dunlop, 1986b, Fig. 6; Hunt et al., 1995a, Fig.
5). The size dependence of Hcr/Hc is mainly determined by the variation of Hc.
Since Mrs/Ms and Hc have similar size dependences, at least for titanomagne-
tites, one expects an inverse correlation between MTS/MS and HCT/HC. Such an
inverse relation is the fundamental basis for correlation plots like Figs. 11.23
and 11.24.

12.4 Low-temperature demagnetization and memory

12.4.1 Low-temperature transition in magnetite

Low-temperature demagnetization (LTD) is the process of cooling a sample
through the isotropic temperature, Tx = 120-135 K, of magnetite (§3.2, Fig.
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3.7a), usually to liquid nitrogen temperature (77 K), and heating back to room
temperature, all in zero field. Domain-wall width <5W and energy per unit area 7W

depend directly on anisotropy K (eqns. (5.10), (5.11)). When Kx -> 0 at Tu the
walls become very broad. Walls are most effectively pinned when their widths
approximately match the wavelength of the stress fields created by lattice defects
(Xu and Merrill, 1989, 1992). Thus walls tend to become unpinned and lose
their remanence at Tx. Large, irregular Barkhausen jumps in magnetization dur-
ing a cooling-heating cycle across 7, are illustrated in Fig. 12.6.

The amount of remanence demagnetized in crossing the transition is different
for different grain sizes. The data shown in Fig. 12.7 are for SIRM produced at
10 K and taken in a zero-field heating-cooling cycle through T{. About 75% of
the initial remanence is lost by 135 um unannealed magnetites but only 50% by
unannealed 1 um grains. These figures rise to 80% and 60%, respectively, when
the same grains are annealed to reduce internal stress and weaken domain-wall
pinning.

More germane to PSD behaviour is the remanence that survives LTD, called
the low-temperature (LT) memory. LT memory is due in part to SD grains con-

120 160 200
Temperature, T (K)

240

Figure 12.6 Large Barkhausen jumps in the magnetization of a natural octahe-
dral crystal of magnetite during cooling (solid curve) and heating (dashed curve)
through the isotropic temperature Th measured with a SQUID magnetometer.
The inset is a magnified view of the jumps measured around T\ during cooling.
[Reprinted from Halgedahl and Jarrard (1995), with kind permission of the
authors and Elsevier Science - NL, Sara Burgerhartstraat 25,1055 K.V Amster-
dam, The Netherlands.]
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trolled by shape anisotropy, or analogous SD moments in larger grains, and in
part to walls that remain pinned because of unusually large local stresses. In
Fig. i2.7(a), the LT memory at 293 K varies between 8% of the initial SIRM at
10 K for 135 um grains and 37% of initial SIRM for the 1 |̂ m grains. A second
passage through Ti changes the memory rather little, as the final points at 10 K
attest.

When the magnetites are annealed, the LT memory at To decreases to about
half its previous value (Fig. 12.7b), showing that roughly 50% of the previous
memory was remanence pinned by stress. In addition, a certain amount of rema-
nence that was lost in heating through 7̂  is now recovered in the second passage
through T\. The mechanism of this recovery is not clear (see Heider et al., 1992)
but a similar recovery often occurs in conventional LTD, i.e., in cooling-heating
cycles through Tx (Ozima et al., 1964; Kobayashi and Fuller, 1968; Halgedahl
and Jarrard, 1995).

The memory ratio, Rx or RT, is the fraction of initial SIRM or TRM that sur-
vives a complete cooling-heating cycle. Although many factors affect memory,
for instance grain elongation and non-stoichiometry or surface oxidation in fine
grains (Fig. 3.6), there is a clear grain-size variation in Fig. 12.8. i?j and RT follow
parallel trends, the TRM memory always being noticeably larger than SIRM
memory. Among low-stress hydrothermal magnetites, i?j and especially R^ are
very size dependent below 1 um, less size dependent between 1 and 10 um, and
lack any clear size dependence at larger sizes. These breaks in the size variations
are reminiscent of the breaks at similar sizes in TRM and ARM data (Figs. 8.4,
12.2).

Memory ratios for crushed magnetites are higher than ratios for low-stress
magnetites of the same size. Similarly ratios for unannealed magnetites are
higher than those for annealed magnetites of similar size. Stress as well as grain
size plays a key role in LT memory.

12.4.2 AF demagnetization of low-temperature memory

LTD is an effective means of removing a large part of the remanence due to
domain-wall pinning,thereby highlighting PSD remanence. Just how SD-like
the residual remanence really is can be judged by stepwise AF demagnetization
of the LT memory (Fig. 12.9; Dunlop et al., 1995b). In annealed 1 \vcn grains,
the softest part of TRM, ARM or SIRM has been erased. This fraction, with
AF coercivities < 30 mT, presumably resided in pinned walls. The memory after
LTD not only has higher average coercivities but also has the sigmoid shape
characteristic of SD remanence (Fig. 11.13). Thus the memory possesses one of
the hallmarks of PSD remanence.

More surprising is the fact that 135 um magnetites, which by any criterion are
much larger than PSD size, behave in exactly the same way as smaller grains
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Figure 12.8 Low-temperature memory ratios of 0.1-mT TRM and SIRM in
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(1992) © American Geophysical Union, with the permission of the authors and
the publisher.]

(Fig. 12.9b). The TRM and SIRM memories are smaller than in 1 um grains, but
the range of coercivities and the shapes of their AF demagnetization curves are
distinctively SD-like. A 135 um grain has a volume 1010 times that of an SD
grain of critical size (w0.1 um) and should contain at least 10 domain walls (Fig.
6.7a,b). It is almost inconceivable that grains of this size could fail to nucleate
any domain walls in both the TRM and SIRM states.

Yet the nature of the SD-like moments that comprise LT memory seems to be
similar in grains of widely differing sizes. Certainly AF demagnetization curves
of SIRM memory are very similar in shape for 1-135 um crushed annealed mag-
netites and for 0.8-356 um hydrothermal magnetites (Fig. I2.ioa,b). What is
more, the envelope of all these curves falls in the range of AF demagnetization
curves measured for 0.04 um and 0.1 um SD magnetites (Fig. 12.10b). As far as
AF demagnetization is concerned, SIRM memory is truly SD-like. The corre-
sponding data for weak-field TRM are somewhat more grain-size dependent
(they are also noisier, because the TRM's are much weaker than the SIRM's),
but still less size dependent than almost any other magnetic property of magnetite.
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The fraction of SIRM that is erased by LTD also has an essentially grain-size
independent AF demagnetization curve (Fig. 12.10a). Its shape is quasi-
exponential, resembling the curves predicted for wall-pinning in 2D to 4D grains
(Fig. 11.12). The overall AF demagnetization curve for various grain sizes is
thus a mixture, in varying proportions, of distinct MD and SD curves which are
themselves size independent. The grain-size dependence of AF demagnetization
characteristics (e.g., Fig. 11.13) is not fundamental but a consequence of a higher
proportion of SD-like moments in finer grains.

This conclusion has wide implications. TRM and other magnetic properties
are not smoothly transitional between SD-like and MD-like when examined
at the particle (or perhaps sub-particle) level. Instead the bulk properties are
weighted averages of distinct SD and MD contributions, even in narrowly
sized samples. As the grain size decreases, the SD-like moments become more
prominent.

12.5 Thermal demagnetization of TRM and partial TRM

In §9.5 and Fig. 9.7(a),(b), we found that both total and partial TRM's of MD
grains of magnetite must be heated almost to the Curie point before they are com-
pletely demagnetized. Just below Tc, a spontaneous increase in TRM intensity
is sometimes observed (Fig. 12.11), presumably indicating a small, reversely
magnetized fraction of TRM. Although the peaks appear large in Fig. 12.11,
the high-temperature reversed moments are a small fraction of the total TRM.
They are most easily seen in large (100-150 um) grains because the background
of multidomain TRM due to pinned walls is smaller, but the absolute intensities
of the remanence peaks are similar in large and small (5-10 um) grains alike.

If the peaks are the manifestation of SD inclusions oppositely magnetized to
the MD regions in which they are embedded, then the total volume occupied by
such PSD moments must be almost independent of overall grain size. This does
not of itself imply that individual moments have similar volumes in large and
small grains, but the AF demagnetization of LT memory (Fig. I2.ioa,b) seems
to require this. However, there are two points of apparent disagreement. First,
the remanence peaks form a larger fraction of the total remanence as grain size
increases, whereas the opposite is true of LT memory (Fig. 12.8). Second, the
remanence peaks are reversely magnetized relative to the bulk of the remanence
(otherwise they would not be detectable), while LT memory is in the same direc-
tion as the total remanence.

The issue is somewhat illuminated by stepwise thermal demagnetization of
total and partial TRM's and their memories after LTD (Fig. 12.12). The magne-
tite sample has an average grain size of 135 um and a similar size range
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(100-150 urn) to the sample with the most prominent remanence peak in Fig.
12.11. A number of salient points emerge.

1. The absolute intensity of the LT memory is almost the same for
pTRM(rc, 565°C),pTRM(rc, 400°C) and TRM(Tc, To). Thus LT
memory has mainly blocking temperatures 7B > 565 °C.

2. In all three cases, the main drop in the intensity of LT memory occurs above
550 °C. The LT memory has high unblocking temperatures rUB > 550 °C,
as well as high rB's.

3. To a good approximation, rUB = TB for the LT memory. This behaviour is
SD-like.

4. In all three cases, there was a small increase in remanence intensity,
amounting to « 10% of the memory, during heating to 300 °C. The block-
ing temperature of this reversed component must be > 565 °C, since it is
present in pTRM(71

c, 565 °C), but its unblocking temperatures are much
lower. There was no sign of any reverse component unblocking around
570 °C, like that seen in the continuous demagnetization of total TRM in
Fig. 12.11.

These results indicate that LT memory, as well as having SD-like AF demag-
netization, also has SD-like thermal demagnetization: 7\jB w TB. Only about
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Figure 12.12 Stepwise thermal demagnetization of (a) total TRM and its LT
memory, (b) pTRM(rc , 401 °C) and its LT memory, and (c) pTRM(r c , 564 °C)
and its LT memory, all acquired in Ho = 0.1 mT by 135 um magnetite grains. In
every case, the memory increases slightly with zero-field heating to 250-350 °C,
but demagnetizes sharply above « 550 °C. [After Dunlop and Ozdemir (1995) ©
American Geophysical Union, with the permission of the authors and the pub-
lisher.]

10% of the memory is reversed to the total remanence, and this fraction has low
rather than high unblocking temperatures.

The reversed fraction seems to be quite variable. In samples similar to the one
illustrated in Fig .12.12 but of larger or smaller grain size, there was no detectable
reversed fraction. On the other hand, McClelland and Shcherbakov (1995) docu-
mented reversed fractions of pTRM(7'c, 565 °C), total TRM, and TRM mem-
ory in various fractions of crushed magnetites with grain sizes > 20 um. The
reversed fraction was revealed by both AF and thermal demagnetization, and in
some cases was so large as to cause the TRM memory to be self-reversed (i.e.,
opposite in direction to Ho producing Mtr). A large self-reversed memory could
account for the recovery of remanence described in §12.4.1 if the reversed frac-
tion is preferentially erased in the second passage through Tl. Although interest-
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ing, self-reversed fractions of TRM or pTRM probably have little to do with the
main issue of PSD remanence. Their 7\jB's are mainly low, even when their TB

is high, and their contribution to the total remanence is extremely variable.

12.6 Pseudo-single-domain models

12.6. i Moments related to dislocations

Models of 'embedded' regions of unusually high magnetic moment and coerciv-
ity within otherwise soft MD grains have been popular over the years. Verhoo-
gen (1959) proposed that subdomains of spins deflected from an easy axis of
magnetization by the stress fields of dislocations could act as SD moments (Fig.
12.13). Favourably oriented dislocations produce subdomains whose moments
are parallel to the dislocation line. The stress-controlled region is separated
from surrounding body domain by a cylindrical domain wall.

There are three main objections to Verhoogen's model. First, Shive (1969) has
shown that individual dislocations pin such small regions that the subdomain
moments make a negligible contribution to total remanence. Second, such
moments, like remanence of pinned walls, would be substantially screened by
induced magnetization of the surrounding domains. The component of sub-
domain remanence parallel to the domain magnetizations creates a self-demag-
netizing field that displaces loosely pinned walls (§9.3, 11.5, 11.9.2). The
component of subdomain remanence perpendicular to the domains causes

STRESS CONTROLLED
REGION

Figure 12.13 Verhoogen's (1959) model of a region of hard, SD-like magnetiza-
tion pinned by the stress field surrounding a screw dislocation. [After Shive (1969),
with the permission of the author and the publisher, Journal of Geomagnetism and
Geoelectricity, Tokyo, Japan.]
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rotation of the domain magnetizations, but this source of screening is less effec-
tive than parallel screening due to soft walls. The parallel screening factor,
(1 + Nxi)~\ is about 0.2 for magnetite and about 0.4 for TM60. Detailed ana-
lyses of screening (Stephenson, 1975; Moon and Merrill, 1986b; Xu and Merrill,
1990c) lead to similar values.

The third and most serious objection is that each dislocation moment is
exchange coupled to its host domain. Its moment can reverse only when it is tra-
versed by a domain wall, in low fields anyway. Such moments possess only MD-
type reversal modes and cannot be the source of the SD-like AF demagnetization
curves observed in Figs. 12.9 and 12.10.

Kobayashi and Fuller (1968) were guided in their theorizing by the observed
important effect of internal stress on remanence loss and memory during LTD
(Figs. 12.7,12.8). The effect of a dislocation or a dislocation pileup on magnetiza-
tion depends on the relative orientation of the magnetoelastic and magnetocrys-
talline easy axes. If the magnetoelastic easy axis is parallel to a (111) crystalline
easy axis (an 'in-phase' stress centre), the anisotropy energies add and wall
energy increases (eqn. (5.11)). Walls will be repelled from such regions, which
can thus only change their magnetization by SD-type rotation in high fields.
Because the moments of such regions are parallel to the host domains, they are
screened quite effectively. Nevertheless, a fraction of the remanence will show
through the opposing magnetization of the soft matrix.

If, on the other hand, the magnetoelastic easy axis is parallel to a (100) hard
direction ('out-of-phase' stress centres), the magnetization will be deflected
away from the host domain direction. Verhoogen's dislocation moments are of
this type. Screening is somewhat less effective, although only for very large stres-
ses would a subdomain moment be deflected perpendicular to the main domains.
Out-of-phase stress centres attract and pin walls. They are therefore likely to
reverse in MD fashion.

In crossing the isotropic point, K\ changes sign and (100) become the magne-
tocrystalline easy axes. Then in-phase stress centres change to out-of-phase stress
centres, and vice versa. Unpinning of walls is accounted for but the reason for
memory is not so obvious. Kobayashi and Fuller suggest that the polarization
of individual walls (Figs. 5.9b, 5.22) may be the key to renucleating a memory
of the high-temperature state during heating back through T\.

The Kobayashi and Fuller model improves on the Verhoogen model in a num-
ber of ways: by recognizing the existence of different types of dislocation
moments, by showing that some have SD-like reversal modes while others attract
walls, and by explaining remanence unpinning during LTD as a result of the
two types of stress centres interchanging their roles. The survival of remanence
in an LTD cycle is not obviously explained. Nor does their theory account for
the part of memory that is independent of stress - the memory in annealed and
in hydrothermally grown magnetites (Figs. 12.7b, 12.9, 12.10).
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12.6.2 Surface and volume moments

The grain surface/volume ratio goes as d~x and so, approximately, does the
intensity of TRM of magnetite in the 0.1-1 urn range. PSD moments more or
less uniformly distributed over grain surfaces would offer a natural explanation
of the size dependence of TRM in the lower PSD range, and possibly of other
magnetic properties as well (Banerjee, 1977).

Reverse spike domains, parts of closure domains, and near-surface domain-
wall edges may be pinned by surface defects in a manner analogous to dislocation
pinning of interior sub-domains. Because exchange and crystalline coupling are
weakened by the lack of neighbouring atoms where the lattice terminates, near-
surface spins are more easily deflected by a stress field than interior spins. The
pinning can be quite strong. Primary nucleation of domains occurs preferentially
at surface defects, but the reverse domain nucleus often remains pinned at its sur-
face site before spreading into the grain interior at higher fields (secondary
nucleation). Evidence for secondary nucleation includes asymmetric hysteresis
and nucleation fields that depend on the orientation and strength of the 'saturat-
ing' field. Secondary nucleation following saturation was implied by the asym-
metric succession of states illustrated in Fig. 6.1 for pyrrhotite. Surface domain
trapping in magnetite is shown in Fig. 12.14.

The magnetization of a reverse nucleus like the one in Fig. 12.14 is small com-
pared to the overall grain magnetization. In fact, the failure of nucleation,

Small Reverse
Domain

Pits

(a)

Figure 12.14 Secondary nucleation in magnetite: a small reverse domain pinned
at its surface nucleating site in a 20 urn natural magnetite grain in the SIRM state
(b). Two body domains form in the same grain after AF demagnetization to
100 mT (a) and after weak-field cycling about the SIRM state (c). [After Halge-
dahl and Fuller (1983) © American Geophysical Union, with the permission of
the authors and the publisher.]
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which leaves the grain in an almost SD state of anomalously high magnetization
(see §12.8), is more significant than the moment of the trapped nucleus itself.
However, in the case of closure domains, the pinned domains are part of an equi-
librium domain structure, not a metastable phenomenon. Their moments,
although small, persist even with field or temperature cycling that generally
destroys metastable LEM states. Small closure domains abound in surface
regions (Figs. 1.2, 5.8b, 5.11, 6.5), especially if altered, e.g., oxidized (Fig. 6.3).
The closure domains have little freedom of adjustment and the orientation of
their moments is largely unaffected by the mutual magnetostatic interaction
that is important in the TRM and ARM of interacting SD grains (§8.6, 11.8).
Furthermore, since their magnetization is oriented more or less perpendicular
to Ms, in the interior body domains, they are poorly shielded.

However, it is difficult to imagine how surface moments of this sort could
reverse independently of MD processes in the interior domains. Closure domains
reverse only when an interior 180° wall passes their location, and domain-wall
edges, if firmly pinned, do not change at all in small displacements of the main
body of the wall (see Fig. 5.18 for an illustration of edge pinning and bending of
walls). They do not possess SD-like reversal modes.

A different type of surface moment arises when low-temperature oxidation
('maghemitization') causes shrinkage and cracking of the surface of a magnetite
or titanomagnetite grain (Fig. 3.10). Many of the individual crack-bound crystal-
lites of maghemite or titanomaghemite are so small as to be SD or even SP at
room temperature To. Evidence of this fact is the marked decrease during heating
of SIRM acquired below To (e.g., Fig. 3.6b, 10-50 K data) due to unblocking
(SD—>SP). These SD moments will interact magnetostatically, and they prob-
ably remain exchange coupled to the unoxidized grain below (see §13.3, Fig.
14.6), which will also have a magnetostatic shielding effect. Nevertheless surface
crystallites remain a potent source of hard SD-like moments because surface oxi-
dation is practically universal in natural titanomagnetites.

Interior regions, exchange decoupled from the rest of the grain by submicro-
scopic grain boundaries, were proposed by Ozima and Ozima (1965). The nature
of such boundaries is difficult to imagine in single-phase material, since cracking
due to oxidation occurs principally at the grain surface (Fig. 3.10). To explain
high-temperature remanence peaks (Fig. 12.11), Sugiura (1988) proposed that
magnetite can differentiate into two phases with slightly different Curie points.
McClelland and Shcherbakov (1995) also favour this view, but there is no firm
evidence for two chemically distinct phases in magnetite. All measured thermo-
magnetic curves show a single Curie temperature. Shcherbakov et al. (1993) pro-
posed a different model in which inhomogeneous internal stress would
effectively subdivide the grain into a large number of regions, each with a differ-
ent easy axis of magnetization. This idea is akin to Kobayashi and Fuller's
(1968) model, except that the stress-affected regions fill the entire grain volume
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and somehow act independently of one another. The existence and independence
of such regions in magnetite is highly conjectural, although stress-dominated
patterns in TM60 have led Appel and Soffel (1984) to a somewhat similar model
for titanomagnetites.

On safer ground is partial exsolution of titanomagnetites into chemically
distinct phases, invoked by Rahman and Parry (1975) and Hartstra (1982c)
to explain remanence peaks. Oxyexsolution of titanomagnetites (§3.1, 14.4)
produces a sandwich- or trellis-like pattern of magnetite regions separated by
ilmenite lamellae in {111} planes (Figs. 3.2,14.14). Oriented arrays of equant or
elongated magnetite subgrains of possibly SD size can be produced in this way
(Strangway et al. 1968) and could be the source of high AF stability in oxidized
basalts (Larson et al., 1969). Although individual SD-size regions could in princi-
ple reverse their moments in response to a field, the magnetostatic interaction in
an oriented array will not allow this to occur independently of the other SD
moments. A cascading reversal of many moments in unison or in rapid succes-
sion would likely occur.

12.6.3 Moments due to residual wall displacements

Stacey (1962, 1963) introduced the idea of Barkhausen discreteness (Fig. 12.15).
In small grains at zero field, minimum total energy may not correspond to zero
magnetization because variations in the wall energy have a wavelength that is

wall position for
zero net moment

self-demagnetizing
energy

wall
energy

Figure 12.15 Stacey's
(1963) model of sponta-
neous PSD moments aris-
ing from residual
displacements ('Barkhau-
sen discreteness') of
domain walls in a mini-
mum-total-energy or LEM
state. A and B are two such
LEM states. Note that they
do not correspond to
minima in wall energy Ew.
The Barkhausen moment
reverses if the wall is dis-
placed from A to B. [After
Dunlop (1977), with the
permission of the author
and the publisher, Journal
of Geomagnetism and
Geoelectricity, Tokyo,
Japan.]

Wall displacement
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an appreciable fraction of the particle dimensions. The residual wall displace-
ment is spontaneous and permanent because it corresponds to minimum total
energy (a LEM state). The effect is not confined to 2D grains. In larger grains
with more domains, the average residual Barkhausen moment of any wall
increases with wall area as d2 while the saturation moment of the grain increases
as rf3. The intrinsic size dependence of individual moments is therefore as d~x.
However, larger grains contain more walls and therefore more moments.

On the other hand, these moments interact in such a way as to minimize their
net magnetization. This screening or self-demagnetization is particularly effec-
tive because the Barkhausen discreteness moments are parallel to one another
and to the domain magnetizations. Even in 2D grains, the residual Barkhausen
moment is in effect self-shielded. The domain wall will not equilibrate at a posi-
tion of minimum Ew. Rather, the internal demagnetizing field will drive the wall
up the central barrier in the wall energy almost to the zero magnetization state
(Fig. 12.15).

A related type of residual moment is due to domain imbalance in grains with
odd numbers of domains (Craik and Mclntyre, 1969; Dunlop, 1983a). In a 2D,
4D, etc. grain, apart from fluctuations in Ew, minimum energy is achieved when
the positive and negative domains have equal sizes, yielding zero net moment.
In a 3D, 5D, etc. grain, the two end domains are somewhat larger than half the
size of the interior domains and they impart a net domain-imbalance moment to
the grain. This effect can be seen in Fig. 54(a), where minimum energy for a 3D
grain corresponds to a spontaneous remanence Mr about 12% of Ms. Even larger
wall displacements and net moments are observed in practice, for example in
Fig. 6.8(c). PSD moments of this type are intrinsic to MD materials and are no
harder than ordinary remanences due to field-induced wall displacements. How-
ever, domain-imbalance moments are permanent. They cannot be removed,
only reversed, by AF or thermal demagnetization, and they are not shielded by
displacements of soft walls because the entire population of walls has an equili-
brium net displacement. The domain-imbalance magnetization in a defect-free
crystal decreases as the number of domains increases, but remains substantial.
In 5D grains, for example, it is about 4% of Ms.

One problem with both Barkhausen discreteness and domain imbalance
mechanisms is that the moments involve large regions, whose volumes increase
as d2. When one models TRM or ARM acquisition, either remanence is pre-
dicted to reach saturation in fields of a few Oe, contrary to observation (Fig.
9.5), except in grains approaching SD size (e.g., Stacey, 1963, Fig. 10). Another
problem is that both types of moments reverse only by domain-wall displace-
ment. To reverse the Barkhausen moment in Fig. 12.15, the waU n e ed merely
move from A to B over a local energy barrier. To reverse the domain-imbalance
moment, all the domains must reverse. In neither case is the magnetization pro-
cess decoupled from that of the main domains.
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12.7 Domain-wall moments

The types of PSD moments considered in §12.6 suffer from various drawbacks.
Most cannot be decoupled from their surroundings and can reverse only if tra-
versed by a domain wall. They should have exponential AF demagnetization
curves with mainly low coercivities. The source of their coercivity is not SD-
type rotation and exactly how they could produce inflected SD-like AF demagne-
tization curves with initial plateaus (Figs. 12.9,12.10) is enigmatic. Other major
objections to most models are magnetostatic interaction among neighbouring
regions in the same grain, coupling of the magnetization response of such regions
to that of the main domains, and screening of the hard moments by the soft
matrix. The models are also to a large extent untestable. In this section and the
one that follows, we discuss two models of PSD moments with truly SD proper-
ties which are amenable to experimental testing.

A domain wall has a net moment perpendicular to the domain magnetization
Ms, with a magnitude for a 180° wall of ±(2/n)Ms times the wall volume
Fw = d^A (Fig. 12.16; see also §5.8, Fig. 5.22). For 71°, 90° or 109° walls, the
moment is ±(2/7i)Ms±Fw, according to Fig. 5.9b. Domain-wall moments have
a choice of two orientations or polarities, depending on the sense of spin rotation
(called polarization or chirality) across the wall. Wall moments have truly SD
behaviour, in that they are perpendicular to, and can reverse independently of,

positive
polarity

clockwise
polarization

negative
polarity

counterclockwise
polarization

Figure 12.16 Opposite
polarizations or chiralities
of spin rotation in a 180°
domain wall, giving rise to
opposite polarities of the
wall moment m. Wall
moments are independent
of displacements of the
wall. Conversely, m can
reverse without affecting
the domain magnetiza-
tions. Thus wall moments
(or the equivalent vortex-
line moments of single-
vortex micromagnetic
structures) have truly
SD properties; they are
'psarks'. [After Dunlop
(1977), with the permission
of the author and the pub-
lisher, Journal of Geomag-
netism and Geoelectricity,
Tokyo, Japan.]
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the domain magnetizations (Dunlop, 1977, 1981). When a wall is unpinned and
moves, the wall moment is unchanged and is independent of any magnetization
the wall may acquire (including Barkhausen or imbalance moments) because
the wall and domain magnetizations are orthogonal. Similarly when the wall
moment reverses (Fig. 5.22), the domains and domain-wall displacements are
unaffected. Wall moments are only affected by surrounding domains through
the torque they exert on the domain magnetizations, but as we noted earlier, per-
pendicular screening of this sort is relatively ineffective.

In grains containing more than one wall, demagnetizing energy is reduced if
neighbouring walls have oppositely directed moments (Fig. 6.14). Grains with
an even number n of domains will always have one uncompensated domain-
wall moment, but the fraction it contributes to the total remanence decreases
rapidly as n increases. In addition, wall width relative to particle diameter d
decreases as d increases, for both equilibrium and non-equilibrium domain struc-
tures (e.g., Fig. 7.2), causing a further decrease in fractional remanence. Finally,
self-demagnetization of wall moments by skirt formation (Figs. 5.6b, 7.2) also
increases with increasing d. 2D grains just above equilibrium SD size have the
most significant wall moments.

The mechanism by which a wall reverses its polarization, and thus its moment,
can be deduced from the observations of DeBlois and Graham (1958) on iron
(see also Hartmann and Mende, 1985; Proksch et al., 1994b). 180° Bloch walls
are subdivided into a periodic structure of clockwise and counterclockwise wall
segments, separated by Bloch lines with moments perpendicular to both wall
and domain moments (Figs. 5.22, 6.17). The wall can change its magnetization
gradually by Bloch-line displacement (an MD-like mode analogous to wall dis-
placement) or abruptly at a critical field by reversal of unfavourably oriented seg-
ments. If the wall contains only one segment, i.e., has uniform polarization or
chirality throughout its length (a 'single-domain wall'), rotation is the only possi-
ble response to a field. The rotation of spins may occur coherently or incoher-
ently, e.g., by 'wall curling', resembling propagation of a vortex or a Bloch line
along the wall (cf. Figs. 7.12, 7.14). Critical fields are comparable to those for
reversal of an SD grain. Thus SD-like AF demagnetization curves (Figs. 12.9,
12.10) can be accounted for.

Pokhil and Moskowitz (1995), using the magnetic force microscope or MFM
(§6.9), have observed subdivided walls in 10-20 urn magnetite grains. Williams
et al. (1992b), also using an MFM, observed a single change of chirality in a
20 um length of domain wall in a 5 mm polished magnetite crystal (Fig. 6.17).
Judging from these observations, the upper size limit for a 'single-domain wall'
seems to be a few um in magnetite. Lorentz microscopy supports this figure
(Fig. 6.14).

A theoretical calculation was given by Shtrikman and Treves (i960), who
likened wall domains and Bloch lines to domains and walls in a thin film. Bloch
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lines occur because the alternation of wall-domain polarities reduces the mag-
netostatic energy of the wall, just as the alternating polarities of ordinary
domains reduce the magnetostatic energy of the entire grain. However, Bloch
lines themselves have energy, composed of exchange, crystalline anisotropy
and demagnetizing energies. From a calculation like that of §5.3 for equili-
brium wall width, Shtrikman and Treves found that the Bloch line has an equi-
librium width

x =
->

A«rJ c\ P\ i ri TS\ II ' V J

Minimizing the sum of the Bloch line and wall energies (a calculation analogous
to that of §5.4.1 for equilibrium domain width), they predicted the equilibrium
wall-domain length / to be

assuming the walls extend across the full width d of the particle. In eqns. (12.1)
and (12.2), the factor no/4n is omitted in cgs.

Substituting for magnetite A = 1.33 x KT11 J/m, |A:,| = 1.35 x 104 J/m3,
and Ms = 480 kA/m, we obtain x = 0.025 um or 250 A and / = 0.82d. The first
figure suggests that Bloch lines will have difficulty in forming in grains just
above critical SD size because the Bloch line and the wall have comparable
dimensions. The second result implies that Bloch line formation will be inhibited
in magnetite grains of any size, since the favoured number of wall domains is
only 1-2. In the case of iron, where magnetostatic energy is more important
because of the larger value of Ms, the predicted number of domains per wall is
3-4 (Shtrikman and Treves, i960). In either case, the predictions are in reason-
able accord with observations up to the 'PSD threshold' of 10-20 um in magne-
tite. We can expect single-domain walls, or 'psarks' (Dunlop, 1977), to
contribute significantly to remanence in magnetite grains up to perhaps 1 um in
size but not above.

12.8 Metastable SD grains

12.8.1 The observational evidence

A potent source of truly SD remanence is metastable SD structure in grains lar-
ger than equilibrium SD size. Metastable 2D, 3D,... states are of course also pos-
sible, but metastable SD grains have by far the largest moments. Theoretically,
perfect crystals of magnetite will spontaneously nucleate a domain wall if they
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are larger than »0.3 um (Fig. 7.3). A vortex structure will form at even smaller
sizes according to three-dimensional micromagnetic calculations (Enkin and
Williams, 1994; Fabian et al., 1996). Real magnetite grains with surface defects
should nucleate walls more readily still (§6.3).

Experimentally, however, > 1 um grains of magnetite, pyrrhotite and TM60
in zero or small fields frequently lack visible walls (see Chapter 6). The frequency
with which metastable SD states are observed depends on how the remanent
state was achieved and decreases overall with increasing grain size. A metastable
SD condition is most commonly observed following saturation, either in large
fields at ordinary temperatures (SIRM) or in small fields near Tc (TRM). Clearly
the controlling factor is nucleation or rather the failure of nucleation. The exam-
ple shown in Fig. 12.14 suggests that secondary rather than primary nucleation
is important in magnetite. A reverse domain has nucleated but remains pinned
at its nucleation site.

Grains in metastable SD states can have giant moments, orders of magnitude
greater than the moments of small grains in equilibrium SD states. However,
the metastable state is typically rather unstable and a full domain structure
tends to develop during cycling in small fields (Fig. 12.14). These grains therefore
do not necessarily possess high AF stabilities. They lose virtually all their rema-
nence quite abruptly when the nucleation field Hn is exceeded and domain struc-
ture develops. An initial SD-like plateau, as observed in the AF
demagnetization of LT memory (Figs. 12.9, 12.10), can only be explained if
most Hn values exceed 5 mT (50 Oe) and at least some exceed 20 mT (200 Oe).
The plateau cannot be a result of SD-style rotation because metastable SD struc-
tures transform rather than rotating in reverse fields. The reverse metastable SD
state is only generated following reverse saturation.

Some have argued that some metastable SD states may be an observational
artefact: walls or other non-uniform micromagnetic structures may be present
but not clearly imaged by Bitter patterns (Ye and Merrill, 1991; Williams et al.,
1992a; see also §7.7). Others have argued that nucleation failure is the norm,
and that grains of all sizes typically contain fewer than the equilibrium number
of domains (Fig. 12.17). However, the one-dimensional modeling used to gener-
ate the theoretical curve in Fig 12.17 ignores closure domains, which greatly
reduce the demagnetizing energy in magnetite and result in fewer, wider body
domains (§5.4.2; Fig. 7.7). The theoretical curve should be moved to the right by
almost an order of magnitude in grain size. It was long believed (e.g., Worm et
al., 1991) that closure domains do not form in magnetite. This has been shown
decisively to be untrue (Ozdemir and Dunlop, 1993a; Ozdemir et al., 1995).
When crystals are polished so that {110} is the viewing plane, surface closure
domains are invariably observed (Figs. 1.2, 5.8b, 5.11, 6.5). 180°, 109° and 71°
walls are all sharply resolved, and the numbers and widths of domains agree
quite well with theoretical predictions (Figs. 5.12, 6.7a,b). Magnetic colloid
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Figure 12.17 Discrepancy between the number of domains in a magnetite grain
of given size predicted by 1-dimensional micromagnetic theory and domain
observations (mainly by the Bitter method on unoriented surfaces). The disagree-
ment largely disappears when 2-dimensional or 3-dimensional theories, which
permit closure domains, are compared with Bitter patterns on {110} oriented sur-
faces, which display plentiful closure domains. [Reprinted from Worm et al.
(1991), with kind permission of the authors and Elsevier Science - NL,
Sara Burgerhartstraat 25,1055 KV Amsterdam, The Netherlands.]

observations on unoriented surfaces (Fig. 12.17) disagree with the newer data
and seem to be untrustworthy. It is interesting that extrapolation of the data in
Fig. 6.7(a),(b) implies d0 = 0.06-0.2 um, which is consistent with observed and
predicted values (Table 5.1).

We can conclude that nucleation failure is not the norm, but a relatively rare
occurence. At the same time, there is little doubt that most observations of meta-
stable SD states are reliable, since walls are clearly resolved in the same grains
after field cycling. A third consideration is that the same grain, when repeatedly
given a TRM under identical conditions, sometimes nucleates a domain struc-
ture and sometimes does not (Halgedahl, 1991; Fig. 5.14). Nucleation is a statis-
tical event, even in individual grains. Furthermore, metastable SD states and
states with pronounced domain imbalance seem to be divorced from the main
distribution of LEM states (Fig. 5.14). Some sporadic inhibition factor prevent-
ing nucleation seems to be implied.
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12.8.2 The Halgedahl and Fuller theory

Taking the observations as a guide, Halgedahl and Fuller (1980,1983) developed
a theory of PSD magnetization based on the idea that nucleation sites are ran-
domly distributed and failure of a grain to nucleate at least one wall is a rare
event. The probability that a grain whose equilibrium number of walls is A actu-
ally contains only w{< A) walls was assumed to follow the Poisson distribution

?(w) = \w
e-

x/w\ (12.3)

Figure I2.i8(a) shows that (12.3) is a good predictor of the observed number of
domains in 73 pyrrhotite grains 6-11 um in size if the equilibrium state is taken
to be 2D over this size range.

Metstable SD grains (w = 0) account for most of the remanence. Their prob-
ability is P(0) = e~A. According to eqn. (5.17), the equilibrium number n of
domains (= A + 1) in a grain of size d{= D as used in Chapter 5) is

(12.4)
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Figure 12.18 (a) Histogram of the fraction/^) of 73 pyrrhotite grains
between 6 and 11 (im in diameter which contain n domains in their SIRM state.
The equilibrium number is neq = 2 domains for this size range. The observed
f(n) is explained almost perfectly by a Poisson distribution (vertical bars) with
A = «eq — 1 = 1. (b) Observed fraction of metastable SD states (w = 0 or n = 1) as
a function of grain size in pyrrhotite grains carrying SIRM. [After Halgedahl and
Fuller (1983) © American Geophysical Union, with the permission of the authors
and the publisher.]
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noting that n = 1 at the critical SD size d0. Thus the probability of a metastable
SD state (w = 0) in a grain of size d, whose equilibrium number of walls is
\ — n— 1, is

P(0) = e-*"-1) = exp[-(d/db)1/2 + 1] = 2.72 exp[-(<//4,)1/2]. (12.5)

Experimentally, when 297 pyrrhotite grains in the 5-50 um size range were
classified into groups of similar d, the fraction/(n = 1) of metastable SD grains
in each group was well described by f(n = 1) = 1.16 exp[—(rf/4.8)1'2], with rf in
um (Halgedahl and Fuller, 1983; Fig. 12.18b). The functional dependence on d
is as expected from (12.5), but the observed numbers of SD grains at any size
are about half those predicted, and the implied critical SD size of 4.8 um is
about three times that observed for pyrrhotite (Fig. 5.10, Table 5.1).

The reduced remanence following saturation due to metastable SD particles
should be (Mrs/MS)SD, which is 0.5 for uniaxial anisotropy (magnetite with
shape anisotropy, pyrrhotite) or 0.832 (TM60, magnetocrystalline controlled),
times P(0):

= 0.500 e x p [ ( /
= 1.36 exp[—rf/do) ] (uniaxial)
= 0.832 exp[-(d/do)

/

= 2.26 exp[-{d/do)
l/2]. (cubic)

The theory does not predict the size dependence of the nucleation field Hn, but
experimentally, for a large number of pyrrhotite grains in which primary nuclea-
tion was observed, Hn in mT was given by

Ha = 120<T'/2, (12.7)

as illustrated in Fig. 12.5.

12.9 Testing the models

12.9.1 Testing AF demagnetization behaviour

Models invoking magnetically hard regions embedded in softer MD surround-
ings have been criticized on many grounds but the only quantitative test is by
Metcalf and Fuller (1987a). Using a SQUID magnetometer, they were able to
measure IRM acquisition and backfield and AF demagnetization of SIRM for
individual large (« 50-100 um) grains of natural TM60 and synthetic TM70.
Grains with mainly straight parallel walls and grains of comparable size with
mainly complex, stress-controlled patterns (Fig. 6.10) had very similar IRM
growth and decay curves. In all cases, the AF decay curve was of characteristic
MD exponential form (Fig. 12.19). There was no indication of any SD-like
inflected demagnetization curve.



Testing the models 359
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Figure 12.19 AF demagnetization curves of SIRM of individual « 100 um TM60
or TM70 grains with simple lamellar (solid curves) or complex stress-controlled
(dashed curves) surface Bitter patterns, measured with a SQUID magnetometer.
In both cases, the AF curves are of exponential MD shape (cf. Fig. 1 r. 13), implying
that the interior domain structure is simple even in grains with complex surface
patterns. Such surface structures are not likely sources of PSD behaviour. [After
Metcalf and Fuller (1987a) © American Geophysical Union, with the permission
of the authors and the publisher.]

Metcalf and Fuller remarked that stress-controlled regions appeared to be a
surface phenomenon. They were unresponsive to fields, but planar walls could
sometimes be seen moving beneath them. Metcalf and Fuller concluded that dis-
placements of simple planar walls are the source of most remanence in large tita-
nomagnetite grains. The chaotic regions of intricate walls proposed by Appel
and Soffel (1984) as sources of PSD remanence are indeed hard, but they seem
to carry little coherent remanence, perhaps because directions of internal stress
and magnetization vary rapidly over short distances. This source at least of sur-
face moments cannot explain initial plateaus in AF demagnetization curves of
LT memory.

12.9.2 Tests of TRM acquisition

Stacey (1963) proposed that the TRM of PSD moments with possible orienta-
tions at angles <j> or n — </> to a field Ho is given by

f/j,om(TB)Ho cos
Mtr = y cos tanh

. kTR
(12.8)
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m and V being the PSD moment and volume. This function, labelled PSD in Fig.
I2.2o(a), saturates rapidly with increasing Ho. Equation (12.8) is a strictly SD
formulation, written down directly from Neel SD theory (eqn. (8.21)). It allows
for no intermediate states with moments between ±m, such as the 'collapsed'
state of a metstable SD particle on those occasions when it does nucleate domain
structure, or for alternative states with a quasi-continuum of m due to pinning
of displaced walls (Barkhausen and domain imbalance moments). Nor are sub-
domain moments that cannot be decoupled from the main domains permitted.
The PSD moment must reverse freely above TB between its two equilibrium
states. Otherwise a potential energy of coupling to the host domains would
enter the Boltzmann factors which are the source of the tanh function in eqn.
(12.8). Only wall moments satisfy all these requirements and can be considered
canonical PSD moments, or 'psarks'.

Added to the TRM of PSD origin is the TRM due to pinned walls, labelled
MD in Fig. 12.20(a). It is approximately linear in Ho up to 1 mT (10 Oe) and satu-
rates only when //0 > 10 mT (Fig. 9.5). The sum of these contributions, with
two adjustable parameters (the PSD/MD ratio and the value of m), gives a
close fit to measured TRM acquisition curves for submicroscopic magnetites
(Fig. 12.20b). It is in this size range just above d0 where SD, 2D and vortex struc-
tures are the likely LEM states, that 'psarks' should be most important. We
noted in Chapter 7 that the single-vortex state resembles a 2D structure with
two closure domains; the vortex-line moment is analogous to the wall moment
and, like the wall moment, has two possible polarities.

For the two intermediate-size magnetites, m from the curve fits of Fig.
I2.2o(b) corresponds to the saturation moment of the entire grain. That is,
some grains are SD, while others are 2D: the PSD and MD contributions come
from different grains. However, in the largest magnetites (average size 0.22 um),
m corresponds to the volume of a 0.1 um grain, much smaller than any of the
grains in the sample. In this case, each individual grain makes both PSD and
MD contributions, associated with the intrinsic moment and the displacement,
respectively, of the domain wall. Independent estimates of the PSD volume
from measured TRM unblocking temperatures (Fig. 8.3, eqn. (8.19)) and ther-
mal fluctuation analysis (TFA) of HC(T) data (Fig. 8.13b, eqn. (8.29)) lead to
the same conclusions (Dunlop, 1977, Fig. 9). Furthermore, TFA of HC(T) data
for larger magnetites (up to 0.54 um) gave PSD volumes that are almost indepen-
dent of grain size (Argyle and Dunlop, 1990) and considerably less than the
grain volume. A grain-size independent PSD volume is incompatible with meta-
stable SD behaviour.

The TRM of metastable SD grains cannot be considered a partition between
±m(= ±VMS) states in the manner of eqn. (12.8) because the grain cannot switch
directly between the + and - states. The dependence of TRM on Ho has a differ-
ent cause in this case. Metcalf and Fuller (1988) observed that the proportion of
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Figure 12.20 (a) Superposition of a rapidly saturating TRM acquisition curve for
PSD moments and a slowly saturating MD curve for pinned walls to give observed
total TRM curves, (b) TRM acquisition curves synthesized as in (a) compared with
TRM data for four submicron magnetites. [Reprinted from Dunlop et al. (1974),
with kind permission of the authors and Elsevier Science - NL, Sara Burgerhart-
straat 25, 1055 KV Amsterdam, The Netherlands.]
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metastable SD grains (i.e., P(0)) in 2-50 um TM60 grains increased with an
increase in the field Ho used to impart TRM. On the simple assumption that the
moments of the metastable SD grains overshadow all other sources of TRM,
they synthesized a reasonable Mtr(//0) function by plotting P(0) observed for
the state TRM(//0) normalized to P(0) for the SIRM state (Fig. 9.11).

12.9.3 Testing predicted grain size dependences

Domain-wall moments and metastable SD grains are compared as probable
sources of SIRM in <0.5 um magnetites in Fig. 12.21. The log(Mrs/Ms) vs. y/d
plot is convenient because eqn. (12.6) is then linear. The moments of 2D grains
with wall overshoot or skirting (Fig. 7.2) decrease too rapidly with increasing d
to explain the data for any but the finest grains. Predicted metastable SD
moments, using d0 = 0.07 um, are higher than observed moments, but do give
about the observed size dependence. The best fit results from an equipartition of
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Figure 12.21 Experimental MTS/MS data for submicron magnetites compared
with theoretical grain-size dependences. Metastable SD grains have the correct
size variation but predict too high values. An ad-hoc combination of 3-dimen-
sional micromagnetic states explains the data but is physically unsatisfying. [After
Argyle and Dunlop (1990) © American Geophysical Union, with the permission
of the authors and the publisher.]
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various LEM states predicted by Williams and Dunlop's (1989) three-dimen-
sional micromagnetic modelling, but since the states have quite different ener-
gies, it is not obvious that they should occur with equal probabilities.

A better fit to MTS/MS data in the 0.1-0.7 um size range for magnetite results
from three-dimensional micromagnetic simulations of hysteresis (Williams and
Dunlop, 1995; §7-6). Although not all field orientations were tested, the extremes
of HQ parallel and perpendicular to the easy axis probably bracket the hysteresis
behaviour. The same simulations produce a very encouraging fit to Hc(d) data,
although the predicted Hc values tend to be on the low side (Fig. 12.22). The suc-
cess of this type of modelling, in which the grain selects its own preferred LEM
state during the hysteresis cycle (in general it is a vortex state: Fig. 7.9), suggests
that both metastable SD structures and domain-wall moments (indeed, domain
walls as recognizable entities) may be something of an abstraction in the size
range from d0 to 0.7 um in magnetite.

Mrs/Ms data for synthetic TM60, 40, 20 and 0 (i.e., magnetite) grains in the
1-15 um size range (Day et ah, 1977) have, as predicted by eqn. (12.6), a y/d
dependence on grain size (Fig. 12.23a). The coefficients for TM60, TM40 and
TM20 (1.12,0.823 and 0.707) are lower than the 1.36-2.26 predicted. The prob-
ability of metastable SD states is thus somewhat lower than expected, as was
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Figure 12.22 Coercive force data for the same samples as in Fig. 12.21
explained by theoretical Hc values from 3-dimensional micromagnetic simulations
of hysteresis. [After Williams and Dunlop (1995) © American Geophysical
Union, with the permission of the authors and the publisher.]



0.50

S 0.10

0.05

1.12 exp (-0.674 -Q)

0.823 exp (-0.676 Jd)

0.707exp (-0.768 <d)

0.200 exp (-0.489 -id) x

o.O2 r

o.oi

0.001

y/d( fim
1/2,

-2
2.25x10 exp (-0.557-U)

-2
1.48x10 exp (-0.492-ld)

)

(b)

Figure 12.23 (a) Measured grain size dependences of MTS/MS for synthetic
crushed titanomagnetites Fe3_xTiJ.O4 with x = 0 (crosses), 0.2 (triangles), 0.4
(squares) and0.6 (circles) fitted in the manner of metastable SD theory (eqn. (12.6),
solid lines). Data after Day (1973), Day et al. (1977), Ozdemir (1979) and Ozdemir
and O'Reilly (1981). (b) Similar semilogarithmic plot, with line fits, of TRM data
for crushed synthetic TM40 (squares) and TM60 (dots). Data after Day (1977),
Ozdemir (1979) and Ozdemir and O'Reilly (1982c). [After Halgedahl and Fuller
(1983) © American Geophysical Union, with the permission of the authors and
the publisher.]



Testing the models 365

the case also for direct measurements of the metastable SD fraction in pyrrhotite
grains of similar size (§12.8.2). The implied d0 values are 1.7-2.2 um, 3-4 times
higher than experimental values (Table 5.1). This discrepancy is similar to that
in the pyrrhotite data. The size dependence of Mtr data for TM60 and TM40 in
the same size range gives fits of similar quality (Fig. 12.23b), with even higher
implied d0 values (3.2-4.1 um).

Above «15 um, the data can no longer be fitted by a y/d function. Fuller
(1984) invokes a separate size-dependent MD contribution to remanence in
these larger grains to produce a match to MTS and Mtr data. O'Donovan et al.
(1986) take a similar phenomenological approach. Although the theoretical fits
are improved by adding more parameters, one loses the great virtue of the origi-
nal formulation - its simplicity.

The Mts/Ms data for magnetite follow a y/d relation (Fig. 12.23a) but the
metastable SD probability is unreasonably low (the coefficient is only 0.2) and
the implied value of d0, 4.2 um, is much too high. Nevertheless metastable SD
states are observed for magnetite in this size range (Fig. 12.14; Boyd et al.,
1984). An even more problematic value of do, 450 um, results from a fit of
MTS/MS data for 1.5-30 um pyrrhotites by Menyeh and O'Reilly (1991, Fig. 8).
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12.9.4 Testing the temperature dependence of do

A final test involves MTS/MS data measured at a variety of temperatures. The
samples are the four magnetites of Fig. I2.2o(b). The 0.037 um sample contains
mainly SD grains and its size distribution is known from transmission electron
microscopy. One can crudely divide the size spectrum into an SD fraction, with
MTS/MS = 0-5, and an MD fraction with negligible remanence, in order to esti-
mate the critical SD size d0 separating the two fractions. Using this method, d0

is estimated to be about 0.05 um from To up to 350 °C and then to increase at
higher temperatures (Fig. 12.24). A strong increase in d0 at high temperatures
was predicted in §5.5.1 and Fig. 5.15O)).

Mrs/Ms data for the large magnetites were fitted in the manner of Fig.
12.23(a). The implied d0 values have a similar, somewhat more extreme tempera-
ture dependence (Fig. 12.24), aU the values being somewhat higher than those
determined experimentally for the 0.037 um grains. A test of this type is impor-
tant because it shows that the metastable SD model behaves in a reasonable man-
ner (insofar as size dependence of hysteresis parameters is concerned) at high
temperatures, where TRM is produced, as well as at room temperature.



Chapter 13

Crystallization remanent magnetization

13.1 Introduction

Crystallization remanent magnetization (CRM) results from the formation of a
new magnetic mineral in the presence of a magnetic field, either by nucleation
and growth to a stable blocking volume VB (single-phase or growth CRM) or
through alteration of an existing magnetic phase (two-phase or parent-daughter
CRM). The commonly used term chemical remanent magnetization is not
always strictly accurate, e.g., in the YFe2O3 —> aFe2O3 (spinel —> rhombohe-
dral) transformation, where no chemical change occurs, only a restacking of the
lattice.

CRM is usually thought of as being blocked when grains grow from superpar-
amagnetic (SP) to thermally stable SD size at V = FB. This simple picture breaks
down in the case of two-phase CRM because the growing daughter phase is influ-
enced not only by an external field Ho but also by its magnetic parent phase, to
which it may be magnetostatically or exchange coupled with varying degrees of
efficiency. Exchange coupling can occasionally result in self-reversed CRM
(§13.4.6, 14.5.3).

CRM is usually regarded as a contaminant by paleomagnetists because the
time of secondary mineral formation is difficult to date. Unfortunately CRM is
not always easy to recognize because its unblocking temperatures and coerciv-
ities overlap those of primary TRM and DRM.

Many processes generate growth CRM in low-temperature sedimentary
environments: precipitation of hematite cement from iron-rich solutions in red
beds (Larson et al., 1982); microbially mediated production of authigenic mag-
netite in the iron-reducing zone of recent marine sediments (Karlin etal., 1987);

367
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biogenic magnetite production in calcareous sediments that eventually form
limestones (Chang et al., 1987); and inorganic authigenesis of magnetite in soils
(Maher, 1986; Maher and Taylor, 1988). These processes will be discussed in
Chapter 15.

In igneous rocks (Chapter 14), subsolidus recrystallization of titanomagne-
tites (Tucker and O'Reilly, 1980b) or precipitation of magnetite in olivine and
other iron-rich silicates (Brewster and O'Reilly, 1988) may continue below the
Curie temperature during initial cooling (deuteric alteration). Secondary magne-
tite may form at lower temperatures through hydro thermal alteration of the tita-
nomagnetites and silicates in continental and oceanic lavas, dikes and plutons
(Hall, 1985; Hagstrum and Johnson, 1986; Smith and Banerjee, 1986; Hall and
Fisher, 1987). Subsolidus reactions often go to completion during laboratory
heatings of rock samples (e.g., Kono, 1987; Ozdemir, 1987; Holm and Verosub,
1988), generating unwanted CRM's.

Finally, during deep burial alteration and metamorphism, CRM processes
abound (Chapters 15 and 16). Widespread remagnetization of Appalachian
rocks in eastern North America (§1.2.5) has been traced to secondary magnetite,
some as spherules replacing pyrite, in carbonate rocks (McCabe et al, 1983;
Jackson etal, 1988b; Suketal., 1990,1992; Sun and Jackson, 1994) and hematite
formed during deep burial diagenesis of red beds (Hodych et al., 1985). CRM
formed in natural environments has been reviewed by Merrill (1975), Henshaw
and Merrill (1980) and Levi (1989).

In all these natural examples, direct evidence of the nature of the CRM is lack-
ing. We shall focus attention in the present chapter on a relatively few laboratory
studies under controlled time-temperature conditions in which CRM response
to field direction and strength, and to prior remanence in the parent phase, was
carefully monitored.

13.2 Single-phase or grain-growth CRM

13.2.1 Superparamagnetism

We have seen in Chapters 8, 9 and 11 that small changes in temperature or
applied field can change the relaxation time r for domain rotation or wall displa-
cement from very small to very large values. A remanent magnetization (TRM,
ARM or IRM) is blocked as a consequence. A small increase in grain size has
the same effect on r (Fig. 8.10a) and in the presence of a field Ho, results in
grain-growth CRM.

A crystal so small that r < t at room temperature is superparamagnetic (SP)
or thermally unblocked. It has zero remanent magnetization (Fig. 5.20) and,
since Hq > HK in eqn. (8.24), zero coercive force. The critical blocking volume
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KB at which such a crystal, growing in a weak field, passes from an SP to a ther-
mally stable SD condition follows from eqn. (8.18):

„ _2kTH2tMi ( I 3 , )

(13-2)

giving for the room-temperature SP threshold size

"s — KB ~ I r I

if t = 60 s, since //K = 2K/noMs for uniaxial anisotropy. This is the justification
for eqn. (5.29). Values of ds for common minerals are given in Table 5.1.

Substituting (13.1) in eqn. (8.24), the coercive force measured in hysteresis or
the destructive field in AF demagnetization of a single-domain ensemble will be
(Kneller and Luborsky, 1963):

Hc(V,HK) = HK[l-(VB/vf2}. (13.3)

Equation (13.3) describes a slow increase from zero coercive force when V < KB

to Hc = HK at large V. The SP-SD transition size ds can be determined from
the grain-size dependence of Hc in the single-domain range using (13.3), a useful
method when data for very small grains are lacking (Fig. 8.13a). Figure 13.1 illus-
trates the step-like increase in MTS of iron-cobalt particles at ds compared to the
gradual increase in Hc throughout the SD range, which follows eqn. (13.3) quite
closely.
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Figure 13.1 Saturation remanence MTS and bulk coercive force Hc at 76 K and
207 K as a function of grain size d (normalized to the critical SP size, ds) for elec-
trodeposited spherical grains of iron-cobalt. Superparamagnetic, single-domain,
and multidomain size ranges are well expressed, especially in the Mrs data. The
sharpness of the subdivision is limited by size dispersion in the experimental sam-
ples. [After Kneller and Luborsky (1963), with the permission of the publisher, The
American Institute of Physics, Woodbury, NY.]
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The null remanent magnetization of an SP grain does not imply that exchange
coupling of spins has broken down. SP grains retain a spontaneous magnetiza-
tion Ms, as evidenced by their very large induced magnetization (Fig. 5.20). The
most clearcut indication of SP grains in a rock is, in fact, an anomalously high
susceptibility.

What does in effect vanish is anisotropy. Thermal fluctuations overcome the
energy barriers to domain rotation (Figs. 8.5, 8.9) or wall displacement (Fig.
9.1). The smaller the number of coupled spins, the more likely it is that they can
be excited coherently by a thermal impulse of energy wkT. The same situation
prevails above the blocking temperature of a ferromagnetic grain of any size:
exchange coupling remains essentially unaffected until the Curie temperature.
The blocking temperature is nothing more than the temperature at which a
grain becomes SP.

13.2.2 CRM acquisition by grain growth

Figure 13.2 traces the development of CRM in a ferromagnetic crystal growing
in an applied field. Immediately after nucleation, the crystal is so small as to be
SP. During its growth, it reaches the critical volume FB at which r « t. Growing
above FB, T becomes » t . There is an abrupt onset of CRM (Fig. 13.2, stage II)

$
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Figure 13.2 Induced and remanent crystallization magnetizations and their dif-
ference (the reversible magnetization) for spherical cobalt grains growing in a non-
magnetic matrix in an applied field Ho = 5 mT. The reversible magnetization
peaks at the end of stage I when most of the grains are SP. The CRM intensity
peaks at the end of stage II when most grains are SD, and decreases with growth
into the MD range (stage III). Notice the similarity of the CRM growth curve in
this figure and the size dependence of SIRM in Fig. 13.1. [After Kobayashi
(1962a), with the permission of the author and the publisher, The Physical Society
of Japan, Tokyo, Japan.]
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and a gradual increase in HQ (Fig. 13.1). Later in the grain's growth (Fig. 13.2,
stage III), Mcr and Hc fall off to PSD and then MD levels.

Figure 13.3 models on the Neel diagram the acquisition of single-domain
CRM by crystal growth. CRM is frozen in when the representative points of
growing grains cross the fixed blocking curve VHK0 = C{T$, t, Ho). When grain
growth is complete, the representative points of grains carrying CRM cover a
large part of the Neel diagram. Like TRM and SIRM, grain-growth CRM has
a broad spectrum of unblocking temperatures and coercive forces.

CRM intensity was first considered by Kobayashi (1962b), who proposed, by
analogy with eqn. (8.21),

Mcr = Mrs tanh
kT

(13-4)

Here T and Ms refer to the temperature at which CRM is acquired and KB is
given by eqn. (13.1). For the weak fields of interest in paleomagnetism, tanh can
be replaced by its argument and eqn. (8.19) for 7B simplifies. Substituting (8.19)
and (13.1) in (8.21) and (13.4) and rearranging, one obtains

MSL = HK(TB)_KBfM,,
(13-5)

.. HK(T) K
as found by Stacey and Banerjee (1974, eqn. (9.17)).

Equation (13.5) is more of an idealization than (13.4). Whereas all grains
growing at a constant T acquire CRM at the same volume FB, it is unlikely that
they will all eventually attain an identical terminal volume V and have a single
JB. Equation (13.5) does not explicitly depend on V, but it does so implicitly
through rB. It is clear from (13.5) that theoretically Mcr < Mtr, in agreement
with the results of most experiments (see next section). A precise value for the
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CRM /TRM ratio is not easy to predict, since Ms, K and HK change rapidly over
the typical range of rB's just below Tc.

Grain-growth CRM, as sketched here, is the simplest possible CRM process.
If a ferromagnetic phase crystallizes at the expense of an existing magnetized
phase, the situation may be more complex, particularly if the old and new phases
are exchange coupled across crystallization boundaries. The exchange forces
outweigh any externally applied field and the CRM direction may be controlled
by a pre-existing remanent magnetization. These complexities will be considered
in §13.3 and 13.4.

13.2.3 Examples of grain-growth or single-phase CRM

Pure growth CRM uninfluenced by a magnetic parent is comparatively rare.
Two classic examples are CRM resulting from high-temperature precipitation
and growth of cobalt in a Co-Cu alloy (Kobayashi, 1961; Fig. 13.2) and CRM
of magnetite crystallized from solution at high pressure and temperature
(Pucher, 1969). Both reactions are fairly distant analogs of processes occurring
in nature, but they serve to illustrate the physics involved.

Kobayashi (1961) measured the magnetizations of Co crystals growing at
750 °C after times of 20 s to several hr. He showed clearly the existence of
three grain-size ranges in the growing crystals: SP with high induced magneti-
zation but zero remanence, SD with a comparatively sharp onset of strong
CRM as particles grew through ds, and MD in which both reversible and irre-
versible magnetizations decreased rapidly (Fig. 13.2, stages I, II, III). The
onset of remanence occurred at exactly the same stage of growth whether
weak or strong fields Ho were applied. CRM blocking is basically volume,
rather than field, controlled.

Partial TRM spectra measured by cooling from 750 °C after various stages of
growth, confirmed that blocking temperatures increase steadily as growth pro-
ceeds. The changeover from mainly low to mainly high TB's coincided with the
onset of CRM blocking. The intensity of CRM increased more or less linearly
with Ho up to about 4 mT.

Pucher (1969) crystallized SD-size magnetites in sealed gold capsules in 1-4 hr
runs at T = 300 °C and P — 200 MPa, using HC1 as a mineralizer. A similar tech-
nique is used to grow large magnetite crystals by hydrothermal recrystallization
(Heider and Bryndzia, 1987). After demagnetization of each CRM, Pucher pro-
duced TRM's by cooling from above Tc. With one exception, CRM's and
TRM's produced in the same magnetites by the same field Ho had very similar
intensities and AF and thermal responses. One would anticipate similar stabili-
ties, since TRM and CRM after terminal grain growth are carried by exactly
the same distribution of magnetite grains. The similarity in intensities is unex-
pected, since the ultimate TRM blocking temperature TR when grains have
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grown well past KB is considerably greater than T at which CRM was frozen in.
Equation (13.5) then predicts Mcr < Mtr.

Hoye and Evans (1975) produced magnetite by oxidizing synthetic olivines at
500 °C for times up to several days. The onset of CRM and its eventual decrease
in intensity when magnetite crystals grew beyond SD size were similar to Kobaya-
shi's observations, although the kinetics were slower. In contrast to Pucher's find-
ings, at any stage of grain growth, CRM had an intensity about one-half that of
TRM but was significantly harder to AF demagnetize than TRM.

A third method of growing magnetite is by the decomposition of green rust (a
ferrous ferric hydroxide) under reducing conditions. The process can be carried
out at ordinary temperatures and bears some relationship to magnetite forma-
tion in soils. Using this procedure, Pick and Tauxe (1991) measured a magnetite
growth CRM whose direction was parallel to H0 with an intensity proportional
to Ho up to about 1 mT. The approach to saturation at higher fields was much
slower than predicted by (13.4), however.

Stokking and Tauxe (1987) grew SD (0.1—1 urn) hematite (aFe2O3) and
goethite (ocFeOOH) crystals for 6 hr at 95 °C from a ferric nitrate solution on to
porous alumina wafers, which were oriented in an applied field. The experiments
were very similar to those of Hedley (1968), who precipitated goethite, hematite
and lepidocrocite (yFeOOH) over a period of almost one year from ferrous bicar-
bonate solution a t « 50 °C on to oriented glass discs. The two sets of experiments
lead to similar conclusions. MCT was in all cases parallel to Ho acting during crys-
tallization. Stokking and Tauxe (1990) reported that MCT was proportional to
Ho for fields ranging from 10 uT to 0.8 mT and approached saturation intensity
by 1.5 mT. An interesting observation is that the samples have an overall mag-
netic anisotropy of «20%. Thus Ho can influence the orientation of growing
crystals as well as the orientations of their domains.

13.3 CRM during low-temperature oxidation

Even in Stokking and Tauxe's and Hedley's experiments, it is not certain that
pure single-phase CRM has been isolated, since hematite and goethite are often
finely intergrown and goethite can carry an appreciable remanence below
100°C (Dekkers, 1989a; Ozdemir and Dunlop, 1996a). In the two-phase trans-
formations to be described in this section, there is no doubt that the magnetic par-
ent phase influences the CRM of the crystallizing daughter phase, and a simple
blocking theory of CRM no longer holds. Because of the paleomagnetic implica-
tions, the direction of CRM is of more concern than CRM intensity. In modern
experiments, the parent remanence and the applied field are non-collinear,
usually perpendicular, so that the influence of each on CRM can be measured
separately.
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13.3.1 Low-temperature oxidation by oxygen addition

The low-temperature oxidation reaction Fe3O4 —> YFe2O3 and the correspond-
ing oxidation of titanomagnetite to titanomaghemite are ubiquitous in surface-
weathered continental rocks and altered seafloor rocks (§14.2), respectively. An
inverse spinel lattice is preserved during oxidation, except at very high z values
(Fig. 14.6). The lattice parameter changes by < 1%, e.g., from 8.396 A for Fe3O4

to 8.337 A for YFe2O3 (§3.3). Thus one anticipates that exchange coupling will be
unbroken across the magnetite-maghemite phase boundary. For SD-size crys-
tals, oxidation should be no different in its effect on initial remanence than adding
further layers of magnetite of TM60 to the original crystal. Even after a high
degree of oxidation, the CRM should be indistinguishable from the initial rema-
nence, apart from a decrease in intensity due to the change in Ms.

This predicted preservation or inheritance of remanence direction is found
when SD magnetite (Johnson and Merrill, 1974; Heider and Dunlop, 1987;
Ozdemir and Dunlop, 1989) or titanomagnetite (Ozdemir and Dunlop, 1985;
Brown and O'Reilly, 1988; Nishitani and Kono, 1989) oxidizes in air to a
cation-deficient spinel. An exception , in which Mcr was parallel to /70, was
reported by Nguyen and Pechersky (i98ya,b), but here the reaction took place
in solution and the grains were not immobilized. Oxidation of MD-size magne-
tite or titanomagnetite results in a field-controlled CRM (Johnson and Merrill,
1972, 1973). This result is logical since only the domains immediately adjacent
to the phase boundary are directly exchange coupled. Other more distant
domains can, and obviously do, adjust their sizes and orientations in response
to the applied field.

Figure 13.4 gives some results of experiments by Ozdemir and Dunlop (1985).
Since TM60 has a Curie point of 150 °C, while oxidation proceeds at a reasonable
rate only around 200 °C, they used Al-doped TM40 with Tc = 270 °C. The unox-
idized parent material (grain size < 0.05 urn) was given an initial TRM Mtr in 50
or 100 uT while in sealed evacuated capsules. The capsules were then opened to
permit oxidation under varying time and temperature conditions in a field Ho

perpendicular to Mtr. For z < 0.65, the oxidation product was a cation-deficient
spinel and Mcr remained parallel to Mlr even when AF demagnetized to
100 mT. When z > 0.7, increasing amounts of rhombohedral hematite were
detected by X-ray analysis among the oxidation products and Mcr consisted of
two superimposed vectors. The softer of these (i.e., the one first AF demagne-
tized) was deflected 30-40° towards Ho, while the harder vector remained close
to the direction of Aftr. In very similar experiments on w0.1 um TM60, 90% of
the CRM remained in the initial TRM direction even when z was as high as 0.8
(Brown and O'Reilly, 1988). Only when a change of lattice structure effectively
breaks exchange coupling between parent and daughter phases can the external
field begin to play a role in CRM acquisition.
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Figure 13.4 The direction of the CRM vector Mcr at different stages of in-air
oxidation of SD titanomagnetite relative to the direction of the original TRM Mt r.
For z < 0.65, the oxidized phase is exchange coupled to the parent mineral and
Mcr inherits the direction of A/tr. For z > 0.65, there are multiphase oxidation
products, exchange coupling is broken, and Mcr is increasingly deflected towards
the field Ho, which was applied perpendicular to Mtr. [After Ozdemir and Dunlop
(1985) © American Geophysical Union, with the permission of the authors and
the publisher.]

Ozdemir and Dunlop (1985) concluded that when SD titanomagnetite under-
goes single-phase oxidation, its original TRM is inherited by the resulting
titanomaghemite. The external field acting during oxidation has no influence
on the CRM direction unless z > 0.7. This was the first experimental demonstra-
tion that the original TRM direction could survive low-temperature oxidation
of TM60 in submarine basalts, explaining the preservation of patterns of mag-
netic stripes over the oceans.

13.3.2 Low-temperature oxidation by iron removal

Kelso et al. (1991) used a similar configuration of Mtr and Ho but their samples
consisted of larger PSD-size TM45 and TM60 grains, immobilized in a silicate
glass matrix through which warm (90 °C) acidic water was percolated to simulate
oxidation under oceanic hydrothermal conditions. In this process, iron diffusing
out of the crystal during maghemitization is leached by the solution rather than
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nucleating new spinel unit cells at the crystal surface (O'Reilly, 1983,1984, p. 15;
Worm and Banerjee, 1984; Brown and O'Reilly, 1987).

In contrast to the results of Fig. 13.4, a CRM component appeared in the
direction of Ho from the earliest stages of oxidation, gradually shifting the total
remanence towards the field direction as oxidation proceeded . It is not clear
whether the partial field control of CRM is attributable to the larger grain size
and more complicated domain structure of the titanomagnetites or to the oxida-
tion mechanism (iron loss rather than oxygen addition).

13.3.3 Low-temperature oxidation on the seafloor and magnetic stripes

It is crucial to resolve this question. Oxidation of titanomagnetites is the norm in
seafloor older than 1 Ma, but its precise effect on the initial TRM is still unclear,
despite more than two decades of study (e.g., Marshall and Cox, 1972; Beske-
Diehl and Soroka, 1984; Smith, 1987). If CRM 'remembers' its parent TRM
direction, magnetic stripe anomalies (§1.2.1, 14.1), which are the main record of
seafloor spreading and lithospheric plate motions, will be unaffected except in
intensity. If CRM tracks the periodically reversing geomagnetic field at the time
oxidation occurs, the stripe pattern will be shifted in proportion to the time lag
and may be blurred beyond recognition if oxidation is inhomogeneous in space
and time.

Raymond and LaBrecque (1987) have estimated that as much as 80% of sea-
floor magnetism is 'CRM' (by which they mean remanence that does not remem-
ber the primary field direction) and only 20% is 'TRM' (i.e., CRM that has
inherited a memory of the primary field). This is about the ratio required to
explain the decrease in magnetic anomaly amplitudes between spreading ridges
where fresh, TRM-bearing lavas are erupted and old, cold seafloor that is fully
oxidized. However, their calculations are suspect because they fly in the face of
evidence (like that of Fig. 13.4) that CRM due to maghemitization of fine-
grained titanomagnetite preserves the original TRM direction. This evidence
includes observations of NRM directions in variably oxidized pillow lavas from
the seafloor (Soroka and Beske-Diehl, 1984) as well as laboratory experiments.

13.4 CRM with a change of lattice

13.4.1 Change of crystal structure and phase coupling

Many naturally occurring oxidation and alteration processes transform the crys-
tal structure of the magnetic phase. Important examples in which the accompa-
nying CRM has been studied are the dehydration of various isomers of FeOOH
to either aFe2O3 or yFe2O3 (Hedley, 1968; Ozdemir and Dunlop, 1993b), oxida-
tion of Fe3O4 to 0cFe2O3 (Heider and Dunlop, 1987; Gie and Biquand, 1988;
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Walderhaug, 1992), reduction of aFe2O3 to Fe3O4 (Haigh, 1958; Kobayashi,
1959; Gie and Biquand, 1988), inversion of yFe2O3 to aFe2O3 (Porath, 1968a;
Ozdemir and Dunlop, 1988; Walderhaug, 1992), the corresponding inversion of
titanomaghemite to a multiphase spinel-rhombohedral intergrowth (Marshall
and Cox, 1971, 1972; Bailey and Hale, 1981; Nguyen and Pechersky, 19873,0),
high-temperature oxidation of TM60, which also involves phase-splitting
(Creer et al., 1970; Petherbridge, 1977; Nguyen and Pechersky, 1987a), and par-
tial oxidation of pyrrhotite to magnetite (Bina and Daly, 1994).

In many cases, the nature of the crystallization process, whether homoge-
neous, inhomogeneous with many nuclei, or surface-dominated (as in the case
of maghemitization), is not well documented except by inference from textures
following alteration. A knowledge of the configuration of the phase boundary
or boundaries during alteration is vital to understanding phase-coupling, but
this knowledge is largely lacking.

Two-phase (or multiphase in the case of intergrown daughter minerals) CRM
is often referred to as phase-coupled CRM, implying that coupling of the phases
during CRM production is a demonstrated fact. Phases in intimate contact
must at least interact magnetostatically, but this does not guarantee a coupling
that is effective in preserving memory of the parent remanence. The evidence for
effective phase coupling when the crystal lattice transforms is contradictory, ran-
ging from assertions that Mcr is always parallel to Ho (Nguyen and Pechersky,
1987a) to observations of partially deflected CRM's (Bailey and Hale, 1981; Hei-
der and Dunlop, 1987; Walderhaug et al., 1991; Walderhaug, 1992) to demon-
strations of self-reversal of CRM (Hedley, 1968; McClelland and Goss, 1993)
or of subsequently acquired TRM (Creer et al., 1970; Bina and Daly, 1994).

13.4.2 Oxidation of magnetite to hematite

CRM's with stable directions intermediate between the direction of the applied
field Ho and the (perpendicular) direction of the parent remanence, which was
an ARM, Mar, were found by Heider and Dunlop (1987) following oxidation of
w0.2 urn (small PSD) cubic and octahedral magnetites in 2.5-hr runs at 500 °C.
The strengths of both Ho and Mar were varied systematically. Some typical
results are shown in Fig. 13.5. For initial ARM intensities ranging from 0.2% of
Mrs (KA1) to 5% of Mrs (KA5), A/cr vectors were progressively deflected away
from Ho (0.1 mT in the runs illustrated) towards Mar.

Upon AF demagnetization, the CRM's remained relatively stable in direction
(Fig. 13.6). The CRM's in some cases (e.g., KA3, KA5) consisted of two vectors
of slightly different intermediate orientations, but neither vector was close to
either Mar or Ho. The CRM vectors also remained in stable intermediate direc-
tions when thermally demagnetized to above 600 °C to erase any residual magne-
tite remanence.
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Figure 13.5 A stereographic projection of vectors MCT of CRM acquired by
w 0.2 |xm magnetite after oxidizing for 2.5 hr at 500 °C under the simultaneous
influence of HQ = 0.1 mT (applied horizontally) and vertical initial ARM's Mar

ranging in strength from 0.2% (KAl) to 5% (KA5) of SIRM. Triangles and circles
are the same CRM before and after thermal cleaning to temperatures above the
Curie temperature Tc — 580 °C of magnetite. In each case, Mc r is a stable univec-
torial or nearly univectorial remanence (see Fig. 13.6) in a direction intermediate
between Ho and MaT. [Reprinted from Heider and Dunlop (1987), with kind per-
mission of the authors and Elsevier Science - NL, Sara Burgerhartstraat 25, 1055
KV Amsterdam, The Netherlands.]
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Figure 13.6 Orthogonal vector projections of AF demagnetization data for three
of the CRM's of Fig. 13.5. The horizontal-plane (JV vs E) data are similar for all
three CRM's (circles). The vertical-plane (Up vs AO data (triangles and squares)
are increasingly displaced away from Ho (horizontal) toward A/ar (vertical) as the
strength of Ma r increases (from KAl to KA5). [Reprinted from Heider and Dun-
lop (1987), with kind permission of the authors and Elsevier Science - NL, Sara
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands.]
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The deflected directions must have resulted from magnetostatic rather than
exchange coupling; otherwise the coupling could not have been overcome by the
rather small fields used. Heider and Dunlop postulated that the average internal
field generated by Mar is proportional to, and in the same direction as, Mar.
Then the resultant field acting during CRM production is

HTes = H0 = Hoi (13.6)

for the orientations of HQ and A/ar in Fig. 13.5. MCT is produced in the direction
ofHTes. Thus its inclination / should be given by

tan/ = 0MaJHo. (13.7)

The experimental data follow this relation quite well, except for one sample with
a very high value of Mar/H0 (Fig. 13.7). The effective interaction field /3Mar

deduced from the slope of the graph is somewhat greater than Hd for uniformly
dispersed grains, implying some clustering of grains.

Walderhaug et al. (1991) and Walderhaug (1992) also obtained stable inter-
mediate directions of CRM when magnetite regions of SD to PSD size in natural
magnetite-ilmenite oxyexsolution intergrowths from a basalt were oxidized to
hematite at 525 °C. There was some systematic deflection of Mcr away from the
initial NRM direction towards Ho as the field strength was increased from 0 to
60 uT. However, in similar experiments on coarser-grained magnetite from a
dolerite dike, Mcr was parallel to Ho for field strengths ranging from 12.5 to
75 uT and was uninfluenced by the pre-existing NRM. The dolerite magnetite
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Figure 13.7 A test of eqn. (13.7), which models the effect of parent remanence
Ma r on CRM in terms of an internal field whose strength is proportional to Mar.
The linearity of the graph of tan / , where the inclination / is the angle between A/cr

and the horizontal field Ho, versus M a r / / / 0 verifies the theory and gives a value for
the internal field coefficient /?. [Reprinted from Heider and Dunlop (1987), with
kind permission of the authors and Elsevier Science - NL, Sara Burgerhartstraat
25, 1055 KV Amsterdam, The Netherlands.]
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was profoundly maghemitized, exhibiting shrinkage cracks and granulation
(§3.4, 3.6, 14.2.4), so that the CRM process is probably more analogous to the
inversion of maghemite (§13.4.4) than to the direct oxidation of magnetite to
hematite.

13.4.3 Reduction of hematite to magnetite

The earliest experiments in which the influences of both a parent remanence and
of the applied field were monitored were those of Haigh (1958). He reduced
hematite powders of unspecified grain size to magnetite in 45-min heatings at
« 300 °C in a weak field (50 uT). H0 was applied either parallel or antiparallel to
the initial hematite remanence. CRM was of comparable intensity to the original
remanence, which considering the great contrast in Ms values between the two
minerals, implies a rather inefficient CRM process. Mc r was always parallel to
Ho, leading Haigh to dismiss phase coupling. However, CRM acquired in the
antiparallel configuration was only half as strong as that in the parallel config-
uration, suggesting some control by the parent remanence.

Kobayashi (1959) also studied the reduction of hematite (grain size < 1 um)
around 300 °C. Although he was not able to measure CRM while it was being
acquired, as Haigh had done, he noted that CRM was relatively weak, about
10% of the TRM subsequently acquired by the daughter magnetite in the same
field. CRM and TRM had similar resistances to AF demagnetization. Haigh
had shown that their thermal unblocking is also similar. Gie and Biquand
(1988) in recent detailed experiments found comparable results, except that
CRM of the newly formed magnetite was about 25 times weaker than TRM.

13.4.4 Inversion of maghemite to hematite

Not since the early days of Haigh (1958) and Kobayashi (1961) had there been
serious attempts to follow the development of CRM during a phase transforma-
tion until the work of Ozdemir and Dunlop (1988). Intrigued by the results of
Porath (1968a), who reported anomalously high CRM intensities in maghe-
mite-hematite intergrowths when the hematite content was about 90—95%, they
investigated intermediate stages of the YFe2O3 —> aFe2O3 inversion in runs at
temperatures from 300 °C to 600 °C. Each run was 3 hr long in a field Ho of
50 uT. Conversion to hematite ranged from « 4 % at 300°C to «70-75% by
550-560 °C. In a first series of runs, 'pure' CRM's were generated in AF demag-
netized samples by heating in / / 0 with no initial remanence. In the second series
of runs, pure ARM's Mar were heated at the same temperatures in zero field,
thereby progressively thermally demagnetizing them.

In the final runs, M a r and Ho acted perpendicular to each other, generating
remanences in intermediate directions. However, since these remanences were
produced at intermediate stages of the transformation, with both parent and
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daughter phase still present, the total remanence MT is the vector sum of MCT and
surviving A/ar. The vector diagrams determined during AF demagnetization are
continuously curving, showing that Mcr is not a stable, intermediate-direction
CRM (Fig. 13.8a). In higher temperature runs, where Mar is weaker, MT is
deflected closer to Ho.

In all but the highest temperature run, it was possible to synthesize the AF
behaviour of A/T in the third set of runs almost perfectly by adding, at right
angles, the AF demagnetization trajectories of pure CRM's and pure ARM's as
determined in the first and second set of runs (Fig. 13.8b). In other words, the
CRM, Mcr, produced in the presence of both Ho and Mar is identical (in its AF
demagnetization characteristics) to pure CRM produced in the presence of Ho

alone. There is no phase coupling between initial ARM in the maghemite phase
and CRM in the hematite phase.

Stable intermediate-direction CRM's did not occur in this yFe2O3 —» aFe2O3

transformation. Rather Mcr formed parallel to //0, adding vectorially to any sur-
viving initial remanence A/ar.Thus maghemite and hematite are not exchange or
magnetostatically coupled during inversion. This conclusion is diametrically
opposed to Porath's (1968a) conclusion that exchange coupling of maghemite
and hematite accounted for the remanence peak in his 540 °C runs. Ozdemir
and Dunlop pointed out that since the ferromagnetic moment in hematite is per-
pendicular to the magnetic sublattices, exchange coupling should not in any
case lead to a CRM parallel to the initial remanence. They interpreted the rema-
nence peak to be a thermal activation effect, dictated by temperature, not
phase-coupling (see §13.5).

13.4.5 Oxyexsolution of titanomagnetite

CRM's resulting from high-temperature oxyexsolution of titanomagnetite and
from low-temperature oxidation plus inversion of titanomaghemite were first
studied in detail by Creer et al. (1970) and by Marshall and Cox (1971), respec-
tively. For compositions around TM60, the final daughter products of the two
subsolidus reactions are a Ti-poor spinel (near-magnetite) with lamellae of para-
magnetic ilmenite exsolved in {111} planes of its host (§3.1, 14.4).

During transformation, the parent spinel evolves towards magnetite and its
Curie point rises (cf. Fig. 3.11), as Ti is partitioned to the rhombohedral phase.
Although the overall structure of the grain will be disrupted by lamella develop-
ment, exchange coupling should remain unbroken as far as individual daughter
spinel regions are concerned. Indeed, as first reported by Wilson and Smith
(1968), the original remanence direction in basalts and basaltic dikes is com-
monly preserved during heating well above Tc of the starting titanomagnetites.
On the other hand, magnetostatic interaction favours alternating magnetic pola-
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rities of the finely interleaved spinel regions (Stacey and Banerjee, 1974, pp. 63-
65), greatly reducing the potential CRM intensity.

Experimentally, phase coupling exists but is rather weak. After 1—40 urn nat-
ural TM46 grains were oxidized at 400 CC for long times in a 45-uT field and
cooled in zero field to To, the remanence during subsequent thermal demagneti-
zation showed a reversible hump centred on the Curie point of the mother phase
(Creer et ai, 1970). CRM of the higher-Tc daughter phase was negatively
coupled to, and partially screened by, spontaneous TRM of the residual mother
phase (Petherbridge, 1977). The equivalent interaction field was only 15 \iJ and
must be of magnetostatic origin.

Bailey and Hale (1981) inverted natural seafloor titanomagnetites in 24-hr
heatings at 515 °C. NRM's, Mnr, were at various orientations relative to the
applied field Ho, whose strength was varied systematically from 10 to 50 uT. A
complete set of control experiments was also performed on demagnetized sister
samples. In demagnetized samples, MCT was always parallel to //0. In samples
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Figure 13.8 (a) Orthogonal vector projections of experimental AF demagnetiza-
tion trajectories for CRM's produced at intermediate stages during the inversion
of maghemite to hematite at temperatures from 300 °C to 556 °C. The projections
in a vertical plane containing the parent remanence Ma r , and the field Ho applied
during CRM production (circles) are continuously curving trajectories, rather
than univectorial (straight) trajectories. Therefore the measured remanence MT is
not a single vector of intermediate direction, but a sum of A/ar and Afcr vectors
with different resistances to AF demagnetization, (b) A demonstration that the
measured data M T (circles) can be synthesized by adding orthogonally the AF
trajectories of pure CRM's and pure ARM's measured in separate experiments
(triangles). Thus Mcr is produced parallel to Ho and not in an intermediate direc-
tion. [After Ozdemir and Dunlop (1988) © American Geophysical Union, with
the permission of the authors and the publisher.]
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with an initial remanence, Mcr was in a direction intermediate between Mnr and
HQ if Ho was 20 uT or less. Furthermore Mcr remained in a stable intermediate
direction when AF demagnetized to 100 mT. It was not a vector resultant of initial
remanence that somehow survived inversion and a CRM along the applied field.

In Marshall and Cox's (1971) original experiments, in which Ho was applied
perpendicular to Mnr, intermediate direction CRM's may have been present but
unrecognized as such. In their analysis of results, the component of magnetiza-
tion along the direction of Mnr was assumed to be surviving original TRM and
the component along Ho was assumed to be the newly created CRM. Until
Bailey and Hale's work, it was not realized that preconceived ideas had been
built into the interpretation of the data.

13.4.6 Lepidocrocite dehydration and maghemite inversion

Phase-coupling of some type also occurs when YFe2O3 is produced by dehydrat-
ing lepidocrocite (yFeOOH) and this maghemite then inverts to <xFe2O3. Ozde-
mir and Dunlop (1993b) studied CRM produced by a 50 uT field during these
successive phase transformations in runs at temperatures from 200 °C to
>600°C. The thermomagnetic curve exhibits a sharp increase in Ms around
250 °C during heating, as the orthorhombic lattice of paramagnetic lepidocrocite
(rN = 70 K) dehydrates and converts to the spinel lattice of ferrimagnetic
maghemite (Fig. 13.9a). Beginning around 450 °C, the maghemite inverts to
hematite and Ms drops. The cooling curve shows that inversion is complete
after heating to 600 °C.

The intensity of CRM shows an interesting correlation with the thermomag-
netic behaviour. CRM first peaked at 250 °C, during the yFeOOH -> YFe2O3

transformation, then decreased, and finally reached a second peak around
400 °C during the earliest stages of the YFe2O3 —» ocFe203 inversion (Fig.
13.9b). The interpretation was that antiphase domains with their Ms vectors
coupled antiparallel formed in the maghemite in the 275, 300 and 350 °C runs;
growth of hematite on the antiphase boundaries, starting around 400 °C, broke
the negative exchange coupling, allowing maghemite antiphase domains to
align individually with Ho.

In the range sa 500-560 °C, the CRM is weak but has the interesting property
of being either self-reversed to Ho (Hedley, 1968; McClelland and Goss, 1993)
or approximately perpendicular to Ho, with an internal self-reversal (Ozdemir
and Dunlop, 1993b; Fig. 13.10). During the inversion of maghemite, hexagonal
platelets of <xFe2O3 grow in {111} planes of YFe2O3 octahedra (Fig. 3.3). The
Ms vector of hematite is confined to the basal plane of the platelets, perpendicu-
lar to one set of (111) easy axes containing the Ms vector of maghemite. Of
course, there are eight different {111} faces and a corresponding number of
(111) directions, so that many different geometrical relationships between the
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maghemite and hematite Ms vectors are possible. Why one should be favoured
over another is unclear, but there is certainly the potential for different relative
orientations of CRM and initial remanence in experiments under slightly differ-
ent conditions or with different starting samples of lepidocrocite.

Because of the variety of directions of phase coupling possible in this system,
including internal self-reversals of CRM at a large angle to Ho (Fig. 13.10), one
must be cautious about inferring self-reversals of hematite CRM (Mcr anti-
parallel to //0) in nature (e.g., Wilson, 1961; McClelland, 1987). The NRM
components may be reversed to each other without either one necessarily record-
ing the paleomagnetic field direction.

13.4.7 Partial oxidation of pyrrhotite to magnetite

Self-reversal of a different sort can occur when natural pyrrhotite is partially oxi-
dized to magnetite at 500 °C (Bina and Daly, 1994). The CRM of the magnetite

555°C
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A Horizontal projection
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Figure 13.10 Orthogonal vector projections of AF demagnetization data for the
CRM produced in the yFe2O3 -» aFe2O3 transformation at 555 CC, for the same
material as in Fig. 13.9. The CRM Mct is approximately horizontal, i.e., perpen-
dicular to the vertical field HQ which produced Mcr. The low-coercivity fraction of
the CRM, up to 8 mT, is self-reversed to the high-temperature fraction, which
forms the bulk of the CRM. This is an internal self-reversal: neither CRM vector is
representative of the external field direction. [After Ozdemir and Dunlop (1993b)
© American Geophysical Union, with the permission of the authors and the pub-
lisher.!
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is normal, i.e., parallel to Ho, but upon cooling in zero field, the residual pyrrho-
tite acquires a self-reversed TRM below its Curie temperature of 320 °C. This
spontaneous TRM is sufficiently strong to reverse the total remanence. Although
the microstructure of the partially oxidized grains is not known, Bina and Daly
postulate that each grain has a magnetite rim and a largely unaltered pyrrhotite
core and that negative magnetostatic coupling between the two is responsible
for self-reversal. An exchange-coupling mechanism is unlikely because synthetic
pyrrhotites treated in the same way do not self-reverse.

13.5 Chemicoviscous remanent magnetization (CVRM)

The theory of growth CRM (§13.2) makes it clear that the blocking of CRM due
to growth through a critical blocking volume FB is no different in principle from
thermoviscous processes like the freezing in of TRM at a blocking temperature
TB or the acquisition of VRM in times t « T. In fact, if the terminal sizes V of
growing particles are not much larger than VB, or equivalently if their ultimate
blocking temperatures TB are not much larger than the temperature T at which
growth occurs, the CRM will evolve viscously during and after grain growth.

It was recognized by early experimenters that VRM (called by them time-
dependent IRM) would enhance the CRM due to volume-blocking. Haigh
(1958) corrected for this viscous effect by allowing his samples to decay in zero
field for times > the CRM acquisition time before cooling to To. 30-50% of the
remanence was lost as a result. Kobayashi (1959) corrected remanences pro-
duced during the reduction of hematite to magnetite at 340 °C by subsequently
sealing the magnetites in capsules under vacuum, reheating them to 340 °C, and
allowing them to acquire VRM for 20 hr in the same field used to produce
CRM. This VRM, which amounted to about 20% of the original remanence,
was subtracted to obtain the corrected CRM. Later workers have been less con-
cerned with the effect, although some (e.g., Pucher, 1969) have noted the neces-
sity of short runs to minimize viscous effects. Creer et al. (1970) found that
certain degrees of high-temperature oxidation produced daughter-phase regions
which were potently viscous, although no attempt was made to separate the
effects of CRM, spontaneous (i.e., zero-external-field) TRM, and VRM. Beske-
Diehl (1990) observed a VRM acquired by fine-grained titanomaghemites in oxi-
dized seafloor basalts which was difficult to remove by AF demagnetization.

Ozdemir and Dunlop (1985, 1988) pointed out that in some cases, what has
conventionally been thought of as CRM may be largely, rather than just partly,
VRM. In experiments that generated rhombohedral hematite from a spinel par-
ent (§13.4.4), t n e magnetic moment of hematite was inadequate to explain the
CRM intensity. Much of the remanence had to be a property of spinel regions
which were shrinking, not growing, and VRM was the obvious mechanism.
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Ozdemir and Dunlop (1989) carried out parallel experiments on CRM pro-
duction in the oxidation of SD-size magnetite to maghemite and VRM produc-
tion in the same magnetite when sealed in evacuated capsules. Heatings were in
a 50 uT field to 13 different temperatures. CRM and VRM rose to nearly identi-
cal peaks just below the respective magnetite and maghemite Curie points, and
CRM fell sharply above 600 °C, even though much of the maghemite was still
inverting to hematite (Fig. 13.11). Remanence peaks of this type are thus due to
thermal activation of a single mineral species and not to phase coupling of two
minerals as proposed by Porath (1968a).

In low-temperature runs, VRM comprised about one-half of CRM and was
only slightly softer than CRM. At high temperatures, CRM and VRM intensities
were virtually identical, as were their AF demagnetization characteristics (Fig.
13.12). The CRM was therefore called chemicoviscous remanent magnetization
(CVRM). High-temperature VRM and CVRM were both slightly harder than
total TRM. Viscous and chemicoviscous overprints in rocks of paleomagnetic
interest, if produced at high temperatures, cannot necessarily be separated from
primary TRM by AF cleaning. This is a matter of serious practical concern.

Similar experiments by Gapeev et al. (1991) used slightly larger magnetites
(0.1-0.2 um) and compared the AF demagnetization and time decay of CRM
(or CVRM), acquired during oxidation of the parent magnetite in a field Ho,
with AF demagnetization and time decay of pure VRM acquired by the maghe-
mite daughter phase in the same Ho. Times and temperatures, as well as fields,
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Figure 13.11 A compari-
son of the intensities of
CVRM of oxidized or par-
tially oxidized SD-size
magnetite with intensities
of VRM of unoxidized
magnetite after 2.5-hr
heatings in Ho = 50 uT at
the same temperatures.
[Reprinted with permission
from 6 . Ozdemir and D. J.
Dunlop, Science, 243,
1043-1047(1989). Copy-
right© 1989 American
Association for the
Advancement of Science.]
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were identical in the CRM and VRM experiments. As Fig. 13.13 shows, CRM
was 2-3 times larger than pure VRM in the daughter phase, but both CRM and
VRM decayed in zero field in proportion to log t over 4 decades of time, and at

1.0

0.8

0.6

0.4

0.2

°CVRM)a,552°C
A VRM I
a TRM at 575''C
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Peak alternating field, H ( Oe )
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Figure 13.12 Compari-
son of AF demagnetization
curves of VRM in unoxi-
dized magnetite and
CVRM in oxidized magne-
tite, both produced in 2.5-
hr heatings at 552 °C and of
total TRM in the unoxi-
dized magnetite. A field of
50 uT was applied in all
cases. High-temperature
VRM and CVRM are just
as resistant to AF demag-
netization as total TRM.
[Reprinted with permission
from 6. Ozdemir and D. J.
Dunlop, Science, 243,
1043-1047 (1989). Copy-
right © 1989 American
Association for the
Advancement of Science.]
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Figure 13.13 Zero-field decay of CVRM produced by oxidizing 0.1-0.2 um
magnetite at 220 °C in Bo = 100 uT for 30 hr, compared with the decay of VRM
produced under the same conditions of field, time and temperature in the oxidized
daughter product (maghemite). Both remanences decay in proportion to log t over
4 decades of time, and at almost the same rate. CVRM seems to consist of CRM
(time-independent) + VRM (time-dependent) fractions, each forming about one-
half of the total remanence. [After Gapeev et al. (1991), with the permission of the
authors and the publisher, Blackwell Science, Oxford, UK.]
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almost the same rates. About half of what is nominally CRM in these samples
seems to be indistinguishable from VRM.

The AF demagnetization curves of CRM and pure VRM, either before or
after zero-field viscous decay, were very similar to each other (Fig. 13.14). They
were also very hard and SD-like, comparable to the demagnetization curves of
total TRM's in SD or nearly SD magnetites (cf. Fig. 11.13). Considering the
low temperature of the CRM and VRM runs (220 °C), the high stability is aston-
ishing.

100 - 200 nm Fe5 04 ,
oxidized at 220'C
(sample Bl. 3% by w/J

VRM
CRM + VRM

(acquisition + zero-field decay)

10 20 30 40

Peak alternating field H (mT)
50 60

Figure 13.14 Comparison of AF demagnetization curves of CVRM and VRM,
both immediately after acquisition (30-hr runs) and after a further 11.5 days of
zero-field decay. In either case, CVRM and VRM have very similar AF demagne-
tization behaviour, which is remarkably SD-like. [After Gapeev etal. (1991), with
the permission of the authors and the publisher, Blackwell Science, Oxford, UK.]



Chapter 14

Magnetism of igneous rocks and baked materials

In spite of the generality of the physical principles outlined in previous chapters,
the natural remanent magnetization (NRM) of rocks is enormously variable in
its intensity, its time stability and its resistance to thermal and AF demagnetiza-
tion. This chapter and the two that follow will study magnetism in the context
of the formation and subsequent alteration of igneous, sedimentary, and meta-
morphic rocks. In each case, the environment determines which magnetic miner-
als form, their composition and grain size, and microstructure such as
exsolution intergrowths and internal stress.

14.1 The oceanic lithosphere and linear magnetic
anomalies

Our treatment of igneous rocks begins with the oceanic lithosphere, the largest
continuous igneous body available for paleomagnetic study. Linear anomalies
in the geomagnetic field over the oceans ('magnetic stripes') are replicas of the
regular pattern of NRM in the seafloor and provide tangible evidence of seafloor
spreading (§1.2.1). In turn, it was the obvious fidelity of the seafloor paleomag-
netic record that, in the minds of most earth scientists, proved the validity of the
paleomagnetic method as applied to much older continental, and even extrater-
restrial, rocks.

14.1.1 The Vine and Matthews' model

Figure 1.4 summarizes the Vine and Matthews' (1963) model. A similar interpre-
tation of magnetic stripes was put forward about the same time by L.J. Morley

391
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(see Cox, 1973, p. 224). At a mid-ocean ridge, basaltic magma rising from shal-
low depths in the upper mantle is extruded as pillow lavas (seismic layer 2A,
0.5-1 km thick), intruded at shallow depths as sheeted dikes and sills (layer 2B,
1-2 km) or cools at depth as massive gabbroic plutons (layer 3, 2-5 km). This
crustal structure, illustrated in Fig. 14.1, was first inferred from ophiolite suites,
slices of ancient seafloor obducted on to the continents, and only later confirmed
by direct sampling in the Deep Sea Drilling Project (DSDP) and the Ocean Dril-
ling Program (ODP). As the rocks cool, TRM is acquired parallel to the geomag-
netic field (Johnson and Tivey, 1995). As we shall see later, the TRM is largely
replaced within at most a million years of formation by CRM of reduced inten-
sity, but the overall picture is unchanged.

The newly created seafloor, carrying its record of the geomagnetic field,
spreads away from the ridge. Each reversal of the geomagnetic field gives rise to
a reversal of the NRM acquired by strips of seafloor paralleling the ridge and
symmetrical about it. For a uniform spreading rate, the strips and their magnetic
images, the linear magnetic-field anomalies ('magnetic stripes') at the ocean sur-
face, have widths proportional to the durations of geomagnetic polarity epochs.
Profiled in the direction of seafloor spreading, the anomalies give a precise spatial
replica of the geomagnetic polarity time scale.

Magnetic stripes endure until the seafloor is subducted at a trench. The oldest
seafloor in the present oceans, and the oldest magnetic stripes, date back to
s=s 17 5 Ma. The record of the geomagnetic field during the earlier 90% of earth his-
tory is to be found only in the paleomagnetism of continental rocks. The sole
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Figure 14.1 The petrologic, seismic and magnetic structure of typical oceanic
crust. The solid and dashed lines indicate alternative possible NRM variations.
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exception occurs when young oceanic crust is obducted on to the continental
crust at a convergent plate margin, forming ophiolite complexes. Only young,
relatively buoyant oceanic crust can be obducted, and so typically ophiolites are
derived from marginal basins rather than from deep oceanic crust.

14.1.2 The nature of the magnetic anomaly source

Seafloor spreading is so far-reaching in its implications that a careful test of Vine
and Matthews' model is in order. The principal unknown is the nature of the
sub-oceanic magnetic source. (Sub-continental magnetic structure is just as
uncertain: see Shive and Fountain, 1988.) How deep in the crust does it extend?
What rock types constitute the source and what are their typical NRM intensi-
ties? Why is the crust beneath the ridge axis more strongly magnetized than the
oceanic crust elsewhere? Are NRM inclinations consistent with the paleolatitude
predicted by seafloor spreading?

Agreement between measured and predicted NRM inclinations is not particu-
larly impressive (Fig. 14.2). The sampling is, of course, hardly representative of
the ocean crust. DSDP and ODP cores for the most part have sampled only the
top few metres of the basalt layer at a few widely separated locations. The mag-
netic stripes give a more representative picture of the NRM of the ocean crust at
all depths. Unfortunately, inverting the anomalies to determine the magnetic
moment of the source yields the product of NRM intensity and thickness of the
magnetized layer, not either parameter separately (Harrison, 1976).

One constraint on the thickness of the source layer is the depth of the Curie
point isotherm (Fig. 14.3). The geothermal gradient beneath mid-ocean rifts
may be as high as 100°C/km and the primary titanomagnetites in submarine
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Figure 14.2 Paleolati-
tudes determined from the
inclination of NRM at 40
DSDP sites compared with
the paleolatitudes expected
from plate reconstructions.
[After Lowrie (1977), with
permission of the author
and the publisher, The
Geological Society, Lon-
don, UK.]
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basalts have Curie points of 150-200 °C. The Curie point isotherm for titano-
magnetite is therefore only a few km deep. However, other magnetic minerals
with higher Curie points occur at greater depths (§14.3).

Early dredged samples of layer 2 A basalts (Irving et al., 1970; Talwani et al.,
1971) from the North Atlantic were so strongly magnetized (10-100 A/m or
10~2-10~' emu/cm3) that a thin veneer, only 200-500 m thick, seemed sufficient
to produce the observed anomalies. However, the first deep (>0.5 km) drilling
of layer 2A during DSDP Leg 37 revealed weak (10~'-l A/m or 10~4-10~3

emu/cm3) NRM's with highly non-uniform directions over the entire depth of
the hole (Hall, 1976). A deeper source seemed inescapable. Subsequently,
DSDP Hole 504B, which has been re-entered and drilled to greater depths in a
number of ODP legs, has encountered higher NRM intensities in layer 2A and
the upper part of layer 2B (Smith and Banerjee, 1985, 1986). Useful discussions
of early DSDP and manned submersible results are to be found in Johnson and
Atwater (1977) and Prevot et al. (1979).

The depth extent of the source of magnetic stripes is still uncertain. The
sheeted dikes of layer 2B are rather weakly magnetized but mafic and ultramafic
rocks of layer 3 and the uppermost mantle often carry strong and stable magneti-
zations residing in magnetite (§14.3), sufficient to contribute significantly to mag-
netic stripes. As the newly-formed lithosphere spreads away from the ridge,
deeper rocks cool more slowly than near-surface rocks. Thus cooling fronts and
magnetic polarity boundaries in the anomaly source are not vertical, as Vine
and Matthews imagined them, but curve away from the ridge at depth (Fig.
14.3). Arkani-Hamed (1988) has shown that deeper sources with curved bound-
aries are indeed required to explain the skewness of the magnetic anomalies.

14.2 Submarine basalts

Layer 2A basalts drilled or dredged from the seafloor are tholeiites of rather uni-
form composition. They are very rich in iron and titanium and may contain as
much as 5% titanomagnetite, although 1-2% is more typical. Their magnetic
properties are dictated by the composition of the magma, particularly its Fe/Ti
ratio and high sulphur content, the rapid chilling and consequent fine grain size
of the extruded lava pillows, and the pervasive presence of circulating seawater
at depth in the hot and highly fissured axial rift zone.

14.2.1 Primary homogeneous titanomagnetite

The most abundant primary magnetic mineral in submarine basalts is titano-
magnetite, Fe3_vTivO4, with x « 0.6 (TM60), often containing Al and Mg as
impurities. TM60 is a metastable mineral, preserved by quenching from high
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peridotite

Figure 14.3 Sketch of vertical structure and the 500 °C isotherm in oceanic crust
near a spreading centre. The normal (N) and reverse (R) bands of magnetized sea-
floor, which are the sources of magnetic stripe anomalies, are sickle-shaped in
cross-section because cooling fronts are curved in vertical cross-section.

temperatures where magnetite, Fe3O4, and ulvospinel, Fe2Ti04, form a com-
plete solid-solution series (Fig. 3.1). The grains may be skeletal or preserve
other quench textures, but they are homogeneous. They do not unmix into two
phases during the lifetime of an ocean basin nor during laboratory heatings in
vacuum to temperatures well above the Curie point of 150-200 °C (Figs. 3.12a,
14.4a). For a detailed description of the formation, structure and properties of
titanomagnetite and other iron-titanium oxides, the reader is referred to Hagg-
erty (1976), Lindsley (1976,1991) and O'Reilly (1984, Chapters 2 and 7).

Oxidation of titanomagnetite during initial cooling is prevented by rapid
quenching and by the excess of sulphur over oxygen once the oxides and silicates
have crystallized. Rapid cooling is also responsible for the fine grain size which
makes oceanic basalts excellent recorders of the paleomagnetic field. In the sul-
phur-rich environment, iron sulphides are also common. Antiferromagnetic pyr-
ite is abundant, but ferrimagnetic pyrrhotite is rare. Titanomagnetite therefore
dominates the NRM.

14.2.2 Structure and cation distribution of titanomagnetite

Titanomagnetite is cubic with inverse spinel structure (Fig. 3.4). Cations on octa-
hedral or B sites are surrounded by six O ions at the corners of an octahedron.

,2-Cations on tetrahedral or A sites have four nearest neighbour O ions in
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Figure 14.4 Vacuum thermomagnetic curves of DSDP basalts, (a) Unoxidized
basalts have reversible MS(T) curves due to titanomagnetite. (b) Oxidized basalts
have irreversible curves due to the inversion of titanomaghemite. [After Dunlop
and Hale (1977), with the permission of the authors and the publisher, The
National Research Council of Canada, Ottawa, Canada.]

tetrahedral coordination. Negative exchange coupling of the magnetic
moments of A and B site cations, via intermediate O2~ ions, gives rise to A
and B magnetic sublattices. Sixteen B sites and eight A sites comprise one unit
cell.

Distribution of the cations between the sublattices determines the net ferri-
magnetic moment. In magnetite, the net moment is that of the Fe2+ ion (4/zB)
because the Fe3+ ions are equally distributed between the sublattices. The cation
distribution for intermediate titanomagnetites (Fe2+

1+YFe3+
2_2.vTi.vO4) is less

certain. The variation of magnetic moment with composition for different mod-
els and the experimental observations were compared in Fig. 3.11. There is a
steady decrease in moment from 4/iB for Fe3O4 to 0 for Fe2TiO4. TM60 has
about 5 the spontaneous moment of magnetite. Its value of Ms0 is «125 kA/m.

14.2.3 Identification and magnetic properties of titanomagnetite

Composition is usually determined by measuring Curie temperature or unit cell
edge, which vary in a regular way with x (Fig. 3.11), or by direct measurement
of the Fe/Ti ratio by electron microprobe. A Curie point of« 150 °C is character-
istic of pure Fe2.4Ti06O4. Al and Mg impurities lower Tc, while oxidation (or
maghemitization; §14.2.4) raises Tc.

Synthetic SD titanomagnetites with large x may have coercive forces of 100
mT (1 kOe) or more due to crystalline or magnetoelastic anisotropies (Fig.
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3.16), which increase sharply as x increases. Such high coercivities are not
observed in submarine basalts, however. One reason is that, except in recently
erupted pillows, TM60 grains small enough to be SD (<0.6 um; Table 5.1) tend
to be oxidized (§14.2.4). Coarse MD grains resist oxidation but typically have
coercivities < 20 mT (200 Oe) (Figs. 3.16,14.5).

14.2.4 Low-temperature oxidation of titanomagnetite

The thermomagnetic signature of an oxidized titanomagnetite with x « 0.6 is a
Curie point of 200-400 °C during in-vacuum heating and irreversible increases
in Ms and TQ upon cooling (Figs. 3.12b, 14.4b). The (pre-heating) mineral is
titanomaghemite, a titanium-bearing analog of maghemite, 7Fe2C>3, and the
low-temperature oxidation of titanomagnetite is often called maghemitization.
Titanomaghemite is metastable at ordinary temperatures but inverts to other
minerals when it is heated in vacuum or in air. Titanomaghemite with x « 0.6
inverts to a multiphase mixture including ilmenite (FeTiO3) and magnetite. It
is the creation of strongly magnetic magnetite that causes the 'hump' in the
heating curves in Figs. 3-i2(b) and I44(b) and the irreversible increase in Ms

upon cooling.
The oxidation of magnetite to maghemite has been thoroughly studied. The

process is limited to temperatures below 250 °C and is accelerated by fine grain
size (Nishitani and Kono, 1982). The oxidation mechanism is diffusion of Fe2+

Submarine
basalts

Figure 14.5 Typical AF
decay curves of NRM in
DSDP basalts, showing
that oxidized pillows have
the high coercivities
expected of SD titanoma-
ghemite, whereas unoxi-
dized massive flows
contain mainly low-coer-
civity coarse MD titano-
magnetites. [After Dunlop
and Hale (1976) © Ameri-
can Geophysical Union,
with the permission of the
authors and the publisher.]
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ions to the surface of the crystal, leaving the inverse spinel structure unchanged
but 5 of the octahedral sites vacant. For this reason, titanomaghemites are called
cation-deficient spinels. The remaining Fe2 + ions are converted to Fe3 + by elec-
tron hopping. Maghemite thus has the formula Fe8/3ni/3O4, where • indicates
a lattice vacancy. The net moment per formula weight Fe2O3 is w2.4^4B (Table
3.2) and Ms0 ~ 380 kA/m, compared to 480 kA/m for magnetite.

Because it requires diffusion of cations, maghemitization is above all a surface
phenomenon (Fig. 3.10). The interiors of large grains may remain unoxidized
indefinitely. The fine grains in quenched pillows, in contact with seawater and
warmed through burial beneath later eruptions, oxidize rapidly, certainly within
0.5 Ma (Irving, 1970; Ozima, 1971; Johnson and Atwater, 1977; Johnson and
Pariso, 1993) and perhaps within 20 ka (Gee and Kent, 1994). Because of the
range of grain sizes in any real sample, hysteresis properties like Ms and MTS are
often controlled by the less oxidized larger grains with low Curie points, while
the NRM is carried by the more oxidized fine grains with Curie points as high as
550 °C (Kent and Gee, 1994).

Because the lattice parameters of magnetite and maghemite are slightly differ-
ent (Fig. 3.9, Table 3.1), maghemitization creates strain. Accumulated lattice
strain is eventually accommodated by microfracturing (Johnson and Hall,
1978; Petersen and Vali, 1987; Fig. 3.10), thereby reducing the effective grain
size and promoting further oxidation.

14.2.5 Properties of titanomaghemite

On the ternary diagram of Fig. 3.1, the degree of maghemitization is measured by
the oxidation parameter z. Unoxidized titanomagnetites on the magnetite-
ulvospinel join have z = 0. Fully oxidized titanomaghemites with z = 1 lie on
the 7Fe2O3-Fe2TiO5 join. Curie temperature Tc (where this lies below the inver-
sion temperature) increases with oxidation (Figs 3.1b, 3.17), whereas sponta-
neous magnetization decreases with increasing z (Fig. 3.18). Ms0 is in the range
75-105 kA/m for x « 0.6 and 0.3 <z< 0.7.

Natural titanomaghemites from oceanic pillows have SD-like AF demagneti-
zation curves (cf. Fig. 11.13), with initial plateaus and relatively high coercivities
(Fig. 14.5). Unoxidized coarse grains from massive flows have much lower coer-
civities. Their curves are quasi-exponential in shape, as expected for MD grains.

14.2.6 Inversion of titanomaghemite

Maghemite and Ti-poor titanomaghemites invert to weakly magnetic hematite,
aFe2O3, usually above 250°C (Table 3.3). Titanomaghemites with x « 0.6
invert to a multiphase intergrowth of magnetite, ilmenite and other minerals
(Readman and O'Reilly, 1972; Ozdemir, 1987), at temperatures as low as
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200 °C if the heating is prolonged. The endproduct may be up to ten times as mag-
netic as the original titanomaghemite (Fig! 14.4b).

Over geological times, a similar inversion may take place at the temperatures
of 100-200 °C prevailing in layer 2B and the upper part of layer 3 (Banerjee,
1980). Magnetite is the principal magnetic mineral in the sheeted dikes of
DSDP Hole 504B (Smith and Banerjee, 1985, 1986). It originates both as a pro-
duct of oxyexsolution or inversion and as a result of secondary recrystallization
by convecting fluids (Shau et ai, 1993).

14.2.7 CRM of titanomaghemite

Oxidation of titanomagnetite and inversion of titanomaghemite do not merely
change the magnetic mineral that carries NRM. They cause the primary TRM
to evolve into one or more generations of CRM. The crucial question is whether
the CRM is randomly oriented, acquired parallel to the ambient geomagnetic
field during oxidation or inversion (which may have reversed), or is phase-
coupled parallel to the primary TRM. The first two possibilities would invalidate
the Vine and Matthews' model. Magnetic stripes would become weak and
blurred or would lag changes in the field by a variable amount.

It is fortunate that CRM due to maghemitization of SD-size titanomagnetites
appears to parallel the original TRM (Johnson and Merrill, 1974; Ozdemir and
Dunlop, 1985; see §13.3.1). Figure 14.6 is a schematic model of the CRM process
occurring during the oxidation of magnetite to maghemite. First an Fe2+ ion is
freed from a near-surface B site and diffuses to the surface. Exchange coupling
is broken between the vacant site and its O2~ neighbours, but all other Fe2+ and
Fe3+ ions remain exchange coupled. Two B-site Fe2+ ions are converted to Fe3+

by electron hopping. Their moments increase from 4 to 5 ^iB but exchange cou-
pling is unbroken. The surface layer of Fe3O4 has now been converted to
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Figure 14.6 A schematic representation of phase-coupled CRM accompanying
the oxidation of magnetite to maghemite. A and B lattice sites are depicted as
alternate layers (for the true structure, see Fig. 3.4).
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7Fe2O3, whose net moment remains parallel to the B-site ions. Across the
7Fe2O3-Fe3O4 interface, lattice mismatch is accommodated and exchange cou-
pling is little, if at all, affected. Finally, the surface Fe2+ ion, now converted to
Fe3+, is exchange coupled antiparallel to a surface A-site Fe3+ ion. It can form
the nucleus for a new surface layer of 7Fe2O3, whose eventual moment will
again parallel the B-site ions.

This picture of the development of phase-coupled CRM during the
Fe3O4 —> 7Fe2O3 transformation is very different from the grain growth CRM
model of §13.2.2, in which a nucleating phase grows through its critical blocking
volume FB and passes from SP to SD. During maghemitization, because of the
nearly compatible lattices, old and new phases are exchange coupled. The
'exchange field' outweighs the geomagnetic field as the daughter phase grows
through its critical SP size, ds.

The model will fail if the grain, or crack-bounded regions at its surface (Fig.
3.10), are so near SP size that one of the coupled phases becomes thermally
unpinned at some stage. The model will also fail for a large MD grain, whose
NRM is due to relatively small displacements of walls, some of them loosely
pinned. Internal stress may be relieved, or at any rate pinning centres relocated,
as a result of cation diffusion. Momentarily unpinned wall segments can respond
to an applied field even though the bulk of each domain is firmly exchange
coupled across the phase boundary. The net result is a CRM in the direction of
the geomagnetic field (Johnson and Merrill, 1973; Kelsoe^a/., 1991).

14.2.8 Intensity and stability of CRM due to maghemitization

The titanomagnetite—>titanomaghemite transformation in submarine basalts in
the main affects SD and small PSD grains whose CRM, according to the model
of Fig. 14.6, should pseudomorph the parent TRM, except for a decrease in
intensity due to the change in Ms. In reality, because some domain walls unpin
or lattice mismatch leaves an occasional cation without a neighbour, CRM is
much less than 100% efficient. Decreases in anomaly amplitude and NRM inten-
sity away from spreading ridges probably result from maghemitization (Figs.
14.7, 14.8) (Irving, 1970; Johnson and Atwater, 1977). On a smaller scale, Mar-
shall and Cox (1972), Ryall and Ade-Hall (1975) and Beske-Diehl and Soroka
(1984) have traced a similar decrease in intensity (but an increase in coercivity)
of NRM from the fresher core to the altered rim of large pillows.

The increase in coercivity of x = 0.6 titanomagnetites with maghemitization
observed in individual pillows seems to be true generally of submarine basalts
(Fig. 14.5). The magnetocrystalline anisotropy of TM60 is due to Fe2+ single-
ion anisotropy (§2.8.2) and should decrease with the decrease in Fe2+ ions with
oxidation. An increase in Hc measured at To is actually observed in moderately
oxidized (z = 0.1-0.4) SD-size TM60 (Ozdemir and O'Reilly, 1982a), but this
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Figure 14.7 Mean oxida-
tion parameter, z, at var-
ious DSDP and manned-
submersible sites as a func-
tion of the age of the site.
Maghemitization of pri-
mary titanomagnetites
occurs rapidly, within at
most 1 Ma after extrusion.
[After Bleil and Petersen
(1983), with the permission
of the authors. Reprinted
with permission from Nat-
ure. Copyright © 1983
Macmillan Magazines
Ltd.]

Figure 14.8 Average
NRM intensity (stars and
solid line) with upper and
lower bounds at various
DSDP and manned-sub-
mersible sites as a function
of the age of the site. The
decrease in NRM intensity
in the first 5—10 Ma is a
result of both the reduction
in Ms during oxidation and
the replacement of TRM
by CRM. Subsequent oxi-
dation is minor; the recov-
ery of NRM intensity with
increasing age must have
an independent cause.
[After Bleil and Petersen
(1983), with the permission
of the authors. Reprinted
with permission from Nat-
ure. Copyright © 1983
Macmillan Magazines
Ltd.]
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does not indicate that K\ has increased. The Curie temperature rises rapidly with
oxidation (Fig. 3.17), with the result that To is no longer close to Tc, and the fluc-
tuation field Hq at To drops sharply. HK also decreases, as confirmed by measure-
ments at 77 K (Ozdemir and Banerjee, 1981), where Hq is negligible. At room
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temperature, however, the percentage decrease in Hq with oxidation outweighs
the decrease in i / K , producing an increase in Hc (cf. eqn. (8.24)).

In nature, the coercivity of titanomaghemites is higher than that of unoxidized
titanomagnetites even for high z values. This has a simple explanation. It is fine
SD or nearly SD grains with high coercivities that tend to oxidize, and fracturing
makes them finer and harder still. The coarser MD titanomagnetite grains
which resist oxidation are magnetically soft (Fig. 3.16). The contrast in coercivity
between oxidized fine-grained pillows and coarse-grained massive flows is strik-
ing (Fig. 14.5).

14.2.9 Viscous remagnetization of submarine basalts

Partial viscous remagnetization by the present earth's field of basalts originally
magnetized in an earlier, reversed field will also decrease NRM intensity away
from a ridge. Zones of normal magnetization are unaffected. Figure 10.3 illus-
trates the strong viscous magnetization changes that characterize some basalts
containing largely unoxidized titanomagnetite grains (Prevot and Bina, 1993;
Bina and Prevot, 1994). The changes will be larger at depth where the tempera-
ture is higher (Fig. 10.3). Unoxidized basalts sampled at the ridge axis are rela-
tively non-viscous (Plessard and Prevot, 1977), as are some moderately
maghemitized basalts. SD-size titanomaghemites become much more viscous at
high values of z, however (Fig. 10.5).

Whatever the mechanism, the viscous magnetization of some submarine rocks
is exceptionally large, even over periods of a few hours. Occasionally (e.g. Lowrie
and Kent, 1978), the projected VRM that would be acquired during a geomag-
netic polarity epoch would completely replace primary TRM or any subsequent
CRM. However, Hall et al. (1995), in a systematic study of viscous magnetiza-
tion in basalts, metabasalts, dikes and mafic and ultramafic intrusives from the
Troodos (Cyprus) ophiolite (representing a complete cross-section of oceanic
crust), estimate that long-term VRM forms at most one-third of the NRM and
typically much less than this.

14.2.10 Summary

Submarine basalts are not the simple TRM carriers envisaged in Vine and Mat-
thews' original model. The primary titanomagnetites carry a soft TRM that is
sometimes readily remagnetized viscously in later reversed fields. Moreover all
but the coarser grains have been oxidized to titanomaghemite and the TRM has
been replaced by relatively hard CRM of reduced intensity.

Because the NRM is no longer a TRM, most submarine basalts are unsuitable
for paleointensity determination (see, however, Gromme et al,, 1979). However,
for moderate oxidation of SD-size grains, the CRM direction is the same as that



Oceanic intrusive and plutonic rocks 4^3

of the TRM (Ozdemir and Dunlop, 1985; Fig. 13.4), so that magnetic stripe
anomalies should be unchanged, except in amplitude.

Deeper in the crust, titanomaghemite may invert to magnetite and other oxi-
des. Oxyexsolution of titanomagnetite and serpentinization of olivine (§14.3)
are other possible sources of magnetite (Wooldridge et al., 1990; Shau et al.,
1993). In each case, the resulting CRM is a potent source of magnetic anomalies.

14.3 Oceanic intrusive and plutonic rocks

We have limited knowledge of the magnetic properties of rocks from the deeper
oceanic crust - sheeted diabase dikes (seismic layer 2B), gabbro (layer 3), and
peridotite (layer 4). The sampling bias is enormous. Measurements are largely
confined to tectonically emplaced ophiolite suites (e.g., Banerjee, 1980; Swift
and Johnson, 1984; Halloa/., 1991; Horen and Dubuisson, 1996), altered dred-
gehaul or manned submersible samples from mid-ocean rift valleys and fracture
zones (Wooldridge et al., 1990), and limited sections of DSDP and ODP drill
holes in which the layer 2B, 3 and 4 rocks have been brought near the surface by
block faulting. We have very few samples of fresh, young, tectonically unaffected
oceanic intrusives (Smith and Banerjee, 1985; Pariso and Johnson, 1989, 1991,
i993a,b; Kikawa and Ozawa, 1992).

Figure 14.9 shows that in the Macquarie Island ophiolite, the sheeted dikes
have NRM intensities at least an order of magnitude below those of overlying pil-
low lavas. The same is true of the Troodos ophiolite, but fresh sheeted dikes
from DSDP Hole 504B have NRM's almost as strong as those of the overlying
basalts (Smith and Banerjee, 1985). The sheeted-dike NRM is not necessarily
soft to AF cleaning, nor is it significantly more viscous than the NRM of the vol-
canics (Hall et al., 1995). A reversible in-vacuum thermomagnetic (Ms-T) curve
with a single 580 °C magnetite Curie point characterizes all the Macquarie and
Hole 504B dikes. In Hole 504B, both primary magnetite preserving deuteric oxy-
exsolution textures and secondary magnetite resulting from hydrothermal
recrystallization are observed (Shauetal., 1993).

The Macquarie dikes are metamorphosed to at least greenschist facies (see
§16.2.2). Some degree of metamorphism is inevitable at depth in the oceanic
crust because of the high geothermal gradient beneath mid-ocean rifts (Cann,
1979; Wooldridge et al., 1990). The freshness of the 504B dikes suggests, how-
ever, that the grade of metamorphism in ophiolites is not typical of oceanic
crust in situ. For example, although gabbros from ODP Hole 735B are metamor-
phosed to amphibolite facies in the upper part of the section, gabbros in the
lower section are fresh and unaltered (Kikawa and Ozawa, 1992; Fig. 14.1).

Oceanic gabbros and peridotites in ophiolite suites or from dredgehauls and
deep drill holes have reversible thermomagnetic curves, with Curie points of
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520-580 °C (Kent et ai, 1978; Fig. 14.10). The intensity of NRM, however, var-
ies enormously depending on whether or not the rocks are serpentinized (Bina
and Henry, 1990). Serpentinization of olivine occurs in the presence of seawater
at low temperatures and shallow depths very soon after initial cooling of the
rock. Abundant magnetite is a by-product of serpentinization: serpentinized
gabbros and peridotites possess NRM intensities approaching those of fresh
layer-2A basalts (Fig. 14.n). The magnetite inclusions may remain of SD or
pseudo-SD size (Horen and Dubuisson, 1996), in which case the NRM they
carry is hard and stable, or the inclusions may grow to MD size, imparting soft
magnetic properties (Fig. 14.12).

The extent to which serpentinization takes place in deep oceanic crust is
unknown. If layer-3 or layer-4 rocks, in situ, are serpentinized to a significant
extent and are coherently magnetized (magnetite inclusions of SD or pseudo-
SD size), the deep crust may be an important source of magnetic stripe anomalies
(Harrison, 1976; Banerjee, 1984).

14.4 Subaerial basalts and andesites

Oceanic magnetic anomalies are an integrated signal, observed several km from
the source. Geomagnetic field reversals are detected, but the details of the NRM
of submarine rocks and the information they record about short-period varia-
tions of the field are lost. Subaerial lavas, on the other hand, can be sampled
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Figure 14.12 Typical AF demagnetization curves of NRM in DSDP intrusive
and plutonic rocks. [After Dunlop and Prevot (1982), with the permission of the
authors and the publisher, Blackwell Science, Oxford, UK.]

flow by flow. Since each flow cools in a few years at most, the field is fossilized at,
geologically speaking, an instant in time. By studying a sequence of flows, a
detailed picture of the geomagnetic field can sometimes be obtained (e.g., Prevot
et ai, 1985), limited mainly by the uncertainty in ages of the flows and the vari-
able frequency of eruption.

The conditions under which subaerial lavas form and subsequently alter differ
in several significant ways from the submarine environment:

1. Instead of quenched pillows, massive flows with slowly cooling interiors are
common.

2. Oxygen fugacity is frequently high, leading to deuteric oxidation of the lava
at high temperature during initial cooling.

3. There is less external water; consequently maghemitization of those flows
that escaped deuteric oxidation is slow.
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Magnetic properties, as a result, are distinctively different from those of submar-
ine basalts. We shall consider first the magnetic properties of subaerial basalts
and andesites. Basalts are the typical products of volcanic activity at rifted conti-
nental margins, of rift valleys and grabens in continental interiors, and of oceanic
islands like Iceland and Hawaii. Andesites and associated volcanoclastic rocks
are typical of volcanoes at convergent plate boundaries above subducting ocea-
nic crust. The magnetization of dacites and other felsic volcanics will be
described in §14.5.

14.4.1 High-temperature oxidation of titanomagnetite

Fresh subaerial basalts, heated in vacuum, may exhibit a low Curie point (100-
200 °C) due to homogeneous titanomagnetite with x « 0.6-0.7, a high Curie
point (500-580 °C) due to oxyexsolved low-Ti titanomagnetite near magnetite
in composition, or, rarely, both Curie points (Fig. 14.13). The thermomagnetic
curves are practically reversible. High-temperature oxidation occurring deuteri-
cally as the lava cools from about 900 to 500 °C (Gromme et ah, 1969; Tucker
and O'Reilly, 1980b) is responsible for the appearance of the high-Curie-point
phase. It is this process, especially when carried to completion with the produc-
tion of fine-grained hematite, that causes subaerial basalts and andesites to be
such good recorders of the field.

Titanomagnetite heated in air above «300°C does not oxidize to titanoma-
ghemite, but instead forms an intergrowth of cubic magnetite with rhombohe-
dral ilmenite exsolved in {111} planes of its host (Fig. 14.14). The reaction
products are similar to the inversion products of titanomaghemite of the same x
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of the authors and the pub-
lishers, The American
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Elsevier Science - NL,
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1055 KV Amsterdam, The
Netherlands.!
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value (Ozdemir, 1987). As oxidation proceeds, the bulk composition moves
along the oxidation lines in Fig. 3.i(a).

With continued oxidation, the magnetite-ilmenite intergrowth evolves to mix-
tures of hematite (aFe2O3), pseudobrookite (Fe2Ti05) and rutile (TiO2) (Bud-
dington and Lindsley, 1964), and certain silicates, notably olivine, generate
magnetite and hematite (Haggerty and Baker, 1967). Highly oxidized basalts
have thermomagnetic curves with both magnetite and hematite (675 °C) Curie
points.

The oxide mineral assemblage varies from point to point within a single lava
because of differences in oxygen fugacity, temperature and cooling rate. The
interiors of flows, as well as their margins, may become oxidized by their con-
tained fluids. In fact, Watkins and Haggerty (1967) found that the highest oxida-
tion states are achieved only in very thick flows. Here the cooling rate is
sufficiently slow that the various subsolidus reactions go to completion. On the
other hand, among samples taken from cooling Hawaiian lava lakes (Gromme
etal.,i969), only those quenched from very high temperatures escaped oxidation
entirely and had single low Curie points (Fig. 14.13). Intermediate deuteric oxi-
dation states are the norm.

Wilson and Watkins (1967) and Watkins and Haggerty (1967) proposed the
convenient classification of oxidation states reproduced in Table 14.1. Colour
photomicrographs of grains in these classes are given by Wilson and Haggerty
(1966). The oxidation index of a sample is the weighted average of the observed
oxidation states of several hundred opaque mineral grains.

Not considered in the Wilson-Watkins-Haggerty classification but of impor-
tance paleomagnetically are iron oxides produced by deuteric oxidation of sili-

Table 14.1 Oxidation classes of deuterically oxidized titanomagnetites

Class Characteristics

I Homogeneous (single-phase) titanomagnetites

II Titanomagnetites contain a few 'exsolved' ilmenite lamellae in

{111} planes

III Abundant ilmenite lamellae: equilibrium two-phase intergrowths

IV Ilmenite lamellae oxidized to rutile+hematite

V Residual titanomagnetite, as well as ilmenite, oxidized to

rutile+hematite

VI Total oxidation, to pseudobrookite as well as hematite and/or

rutile
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cate minerals such as olivine (Hoye and Evans, 1975) and micas (Borradaile,
1994a). Because of the fine particle size of the oxides produced, the magnetization
may be very hard and stable. Also of significance in porphyritic lavas of basic
and intermediate composition are fine exsolution blades or needles of magnetite
(and less frequently hematite) in porphyroblasts of calcic plagioclase and pyrox-
ene. Oxide inclusions in silicates are of paramount importance in plutonic rocks
and will be discussed in detail in §14.6.

14.4.2 Thermochemical remanent magnetization (TCRM)

The NRM of subaerial basalts has long been taken to be TRM par excellence.
But is this really true? Carmichael and Nicholls (1967) pointed out that, given
the oxygen fugacities characteristic of basaltic lavas, many oxidized mineral
assemblages could form at equilibrium temperatures as low as 600 °C. Precipita-
tion of magnetite in olivine could occur at still lower temperatures. Only the pre-
sence of pseudobrookite, which cannot form below 585 °C, guarantees that any
magnetite present carries a true TRM.

In practice, equilibrium conditions are seldom achieved. The subsolidus oxi-
dation reactions are slow and lag behind falling temperatures in the lava. In cool-
ing lava lakes, oxyexsolution of titanomagnetite to magnetite and ilmenite was
observed to continue 100-400 °C below equilibrium temperatures for the coexist-
ing compositions observed (Gromme et al., 1969). In one case, magnetite was
still forming below 500 °C.

Under these circumstances of simultaneous slow cooling and volume growth
of magnetite (or another magnetic phase) below its Curie temperature, the
NRM produced is termed a thermochemical remanent magnetization (TCRM).
Upon reheating during thermal demagnetization, unblocking temperatures of
TCRM will be higher than the temperatures at which magnetization was blocked
during initial cooling because the magnetic phases continued to grow after the
TCRM was frozen in. In rapidly chilled lavas, on the other hand, reactions tend
to be quenched above the Curie points of magnetite or hematite and true TRM
is acquired.

For successful paleointensity determination, magnetic properties, including
blocking temperatures, must not change irreversibly during laboratory heating.
An equilibrium oxidized mineral assemblage carrying TCRM fulfills this
requirement very well. The laboratory blocking and unblocking temperatures
will be identical, although both will be somewhat higher than the blocking tem-
peratures in initial cooling. Since the intensity of TRM or TCRM is not acutely
sensitive to small variations in blocking temperature (eqns. (8.2), (8.21)), equili-
brium TCRM may serve as a reasonable analog of TRM in paleointensity dete-
mination (Kellogg et al., 1970). The TRM of a quenched, non-equilibrium
assemblage may actually be less suitable, because the initially incomplete oxida-
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tion reactions may be driven toward completion by laboratory heatings (Kono,
1985), even in the relatively low oxygen fugacity of a vacuum furnace.

Since TCRM is acquired during initial cooling, there is no doubt about direc-
tional fidelity. Even when TCRM is produced long after initial cooling, for exam-
ple in the course of laboratory thermal demagnetization of unoxidized
titanomagnetite, the newly formed magnetite seems to 'remember' the TRM
direction (Wilson and Smith, 1968; see §13.4.5). However, the same cannot be
said for the inversion of titanomaghemite (Bailey and Hale, 1981; Ozdemir and
Dunlop, 1985; Fig. 13.4, z > 0.65), although the reaction products are similar.

14.4.3 Effective grain size of oxidized titanomagnetite grains

We saw earlier that fracturing reduces the effective grain size and hence increases
the coercivity of titanomaghemite grains. The exsolution texture of deuterically
oxidized titanomagnetites has a similar effect (Larson et al., 1969; Evans and
Wayman, 1974; Manson and O'Reilly, 1976; O'Donovan and O'Reilly, 1977).
During oxidation, the growth of ilmenite lamellae on two or more sets of spinel
{111} planes subdivides the crystal into sheet-like or rod-like subgrains of mag-
netite (Strangway et al., 1968). The elongated subgrains, if small enough, will be
interacting SD particles with high shape anisotropy and hence high coercivity.
Electron micrographs of magnetite-ilmenite intergrowths of this sort appear in
Figs. 3.2 and 14.14.

(a) (b)

Figure 14.14 Electron micrographs of etched polished surfaces, showing mag-
netite-ilmenite intergrowths produced by high-temperature (600 °C) oxidation of
homogeneous titanomagnetite. Lamellae of ilmenite form on {111} planes of
magnetite. The magnification is x4200 (scale bar: 2 nm) in (a) and x7000 in (b).
[After Davis and Evans (1976) © American Geophysical Union, with the permis-
sion of the authors and the publisher.]
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Stacey and Banerjee (1974, pp. 63-65) have questioned the SD-like behaviour
of such strongly interacting arrays. Davis and Evans (1976) confirmed experi-
mentally that the magnetostatic interactions are strong: measured hysteresis
loops of oxide grains like those in Fig. 14.14 were 'sheared' in the same way the
hysteresis curve of an MD ferromagnet is sheared by the internal demagnetizing
field (Fig. 11.21 a). However, after 'unshearing' the loops, Davis and Evans
found Mrs/Ms = 0.5, which is an SD value (eqns. (5.41), (11.16)). The coerciv-
ities were also SD-like, predominantly 10-60 mT (100-600 Oe). Thus oxyex-
solved grains of TM60 have PSD behaviour, including the high stability
necessary to preserve a primary NRM and with it a faithful record of the paleo-
magnetic field.

Figure 14.15 illustrates how AF coercivity increases with high-temperature
oxidation in the laboratory or in nature. Index I basalts (similar to Davis and
Evans' laboratory starting material) contain MD grains of unoxidized

(a) Progressively oxidized

basalt
(b) Icelandic

basalt

increasing
M \ \ oxidation

Peak alternating field, H (mT)

Figure 14.15 Increasing AF coercivity of remanence (here weak-field ARM)
with increasing degree of high-temperature oxidation of titanomagnetite. (a)
Basalt containing initially homogeneous titanomagnetite after oxidation at 600 °C
for times up to 200 hr. (b) Icelandic basalts with oxidation indices from I to V.
[After Davis and Evans (1976) © American Geophysical Union and Dunlop
(1983c), reprinted with kind permission of the authors and the publishers, The
American Geophysical Union and Elsevier Science - NL, Sara Burgerhartstraat
25, 1055 KV Amsterdam, The Netherlands.]
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titanomagnetite and are soft to AF cleaning. Index III basalts in which lamella
growth is complete (Davis and Evans' final state) are relatively hard. Further oxi-
dation (indices IV through VI) is accompanied by further hardening, probably
due to hematite (Beske-Diehl, 1988; Li and Beske-Diehl, 1991).

In field sampling, unaltered chilled margins with their fine grain size are at first
sight appealing candidates for high-stability NRM. However, they commonly
contain unoxidized titanomagnetites with low unblocking temperatures and
low coercivities. It is the slowly cooled centres of lava flows or sills, containing
exsolved titanomagnetites, and fully oxidized flow tops, containing hematite,
which have the smallest effective grain sizes and the highest NRM unblocking
temperatures and coercivities.

14.5 Subaerial felsic volcanics and pyroclastics

14.5.1 Titanomagnetite in felsic volcanic rocks

The magnetic mineralogy and properties of felsic volcanic and pyroclastic rocks
have not been studied in as great detail as those of basaltic lavas. Like basalts
and andesites, felsic lavas contain primary titanomagnetites. The initial compo-
sition of the titanomagnetite before deuteric oxidation tends to be less titanium-
rich than in basalts: 0.3 < x < 0.6. Consequently the unoxidized primary titano-
magnetites tend to have Curie temperatures of 200-400 °C, higher than in basic
volcanics. However, iron-titanium oxides are less abundant, generally constitut-
ing less than 1 % of the rock. Pale-coloured dacites and rhyolites often have low
N R M intensities (10~3-10~2 A/m) and relatively low coercivities, making them
unpromising candidates for paleomagnetic work. However, felsic volcanics that
contain deuterically oxidized titanomagnetites may be excellent field recorders.
These rocks are often visibly reddened because of the presence of hematite. Felsic
lavas also commonly contain phenocrysts of pyroxene, micas and feldspar
which can be partially or entirely altered under hydrothermal conditions follow-
ing eruption. Magnetite and hematite are common secondary alteration pro-
ducts, imparting high unblocking temperatures and coercivities.

14.5.2 Titanohematite

Although felsic volcanics are usually dominated, magnetically speaking, by tita-
nomagnetites and their oxidation products, they differ from rocks of more basic
composition in having ferrimagnetic titanohematite (or hemoilmenite),
Fe2_(,Ti>;C>3 with 0.5 < y < 0.7 (Fig. 3.23), as a common primary mineral. Ferri-
magnetic titanohematites have the remarkable property of self-reversal. When
exchange coupled to an intergrown titanohematite with y < 0.5, they can acquire
a T R M that is reversed in direction to the field in which they cooled. Because of
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its great physical interest, we will describe the self-reversing property of titanohe-
matites and the phenomenon of self-reversal generally in some detail, although
documented self-reversals of TRM are relatively rare.

Titanohematite, Fe3+2_2rFe2+
rTi4+

rO3, is a rhombohedral mineral with cor-
undum structure (Fig. 3.22). Cations are arranged very nearly in basal planes
perpendicular to the ternary or c-axis, with O2~ ions in intervening layers. Neigh-
bouring Fe2+ or Fe3+ ions in adjacent cation planes are negatively exchange
coupled, but exchange coupling within each plane may be positive or negative.

For 0 < y < 0.5, the cation distribution is 'disordered': Ti4+ and Fe2+ ions are
equally distributed among all c-planes. Titanohematite in this compositional
range is antiferromagnetic with a superimposed weak 'parasitic' ferromagnet-
ism. In the range 0.5 < y < 1, the structure, in principle, is 'ordered' and ferri-
magnetic: Ti4+ is confined to alternate cation planes and Fe2+ to the intervening
planes. This ordered structure is approximately achieved around y = 0.7, giving
a spontaneous moment close to the theoretical 2.8 ̂ B Per formula weight (Fig.
3.23). However, the Curie temperature is barely above room temperature To for
y — 0.7 and rises only to «200°C whenj = 0.5 (Fig. 3.23). For this latter com-
position, Ms0 w 100 kA/m.

As with titanomagnetite, homogeneous titanohematite of intermediate com-
position is not an equilibrium phase at ordinary temperatures. If cooling is slow
enough, the homogeneous mineral exsolves towards an equilibrium intergrowth
of Ti-rich and Ti-poor titanohematites. This process is analogous to the sluggish
titanomagnetite—>magnetite+ulvospinel exsolution, rather than the oxidation
reaction titanomagnetite—•magnetite+ilmenite. When the bulk composition of
titanohematite is near y — 0.5, exchange coupling between the exsolved ferri-
magnetic (y > 0.5) and antiferromagnetic (y < 0.5) phases can give rise to self-
reversal of TRM.

14.5.3 Self-reversal mechanisms

There are at least four distinct self-reversal mechanisms. The first two apply to
homogeneous grains, while the other two require two-phase intergrowths.

In N-type ferrimagnetism (Neel, 1948), the moments MA, MB of the mag-
netic sublattices have sufficiently different temperature dependences that the
resultant spontaneous magnetization, Ms = MA - MB, changes sign during
heating (Fig. 2.7). Only two natural examples are known (Schult, 1968, 1976;
Kropacek, 1968).

Self-reversal by ionic re-ordering occurs during extreme low-temperature oxi-
dation of high-Ti (large x) titanomagnetites (O'Reilly and Banerjee, 1966; Read-
man and O'Reilly, 1972). As explained in §14.2.7 and Fig. 14.6, the
maghemitization of SD magnetite should preserve the original TRM direction.
The same is not true of single-phase titanomaghemites with very large x and z
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values, however. Furthermore Ozima and Sakamoto (1971) have produced sin-
gle and double self-reversals in multiphase oxidation products of low-tempera-
ture oxidation. Such phenomena are really reversed CRM's rather than self-
reversed TRM's. They cannot be reproduced by giving the rock a TRM in the
laboratory. Reversals of this sort may possibly occur in highly maghemitized
submarine basalts, although this remains to be demonstrated.

Magnetostatic interaction (Neel, 1951) is the only mechanism for self-reversal
in physically decoupled magnetic phases, e.g., magnetite regions in oxyexsolu-
tion intergrowths. Interaction fields in such intergrowths are strong enough to
outweigh the earth's field (Davis and Evans, 1976) and certainly influence TRM
but positive and negative coupling are equally probable. There are no undisputed
natural examples of magnetostatic self-reversal. In the laboratory Tucker and
O'Reilly (1980c) reported self-reversed weak-field TRM after high-temperature
oxidation of synthetic single-crystal TM60 (Fig. 14.16a), and Bina and Daly
(1994) discovered what appears to be spontaneous (i.e., zero-field) self-reversed
TRM in pyrrhotites which had been partially oxidized to magnetite (§13.4.7).

Negative exchange coupling (Neel, 1951) does not necessarily lead to reversal.
In Fig. 14.6, negative exchange coupling across a phase boundary reproduced,
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in the maghemite, the magnetic sublattices of the original magnetite, albeit with a
modified arrangement of cations. The net moments of the phases were always
coupled parallel. A magnetite-maghemite intergrowth (if it were thermally
stable) could not produce self-reversed TRM. However, in partly unmixed tita-
nohematites, the situation is quite different.

14.5.4 Self-reversal of TRM in titanohematite

In titanohematite exsolution intergrowths, the cation distribution and net
moment of the ferrimagnetic (ordered or partially ordered) phase are reasonably
well understood, but the direction of the weak 'parasitic' moment of the nearly
antiferromagnetic disordered phase is uncertain. Cation directions throughout
one phase are certainly linked to cation directions throughout the other phase
through negative exchange coupling of cation planes of either phase at their
interface. Fields of 2T (20 kOe) cannot suppress self-reversal in some synthetic
titanohematites (Fig. 14.16a). Only exchange forces could possibly resist so
large a field. 'Exchange anisotropy' in the hysteresis of self-reversing samples
(Haag et al., 1990) is also evidence of this strong phase coupling.

In hematite, canting of cation moments (Fig. 2.8) to give a weak ferromag-
netic moment perpendicular to the sublattices is relatively easy because the
cation moments lie in the basal plane (Fig. 3.22a), whose anisotropy is much
weaker than that along the c-axis. In two-phase titanohematite intergrowths,
cation moments in the disordered phase should be exchange coupled parallel or
antiparallel to cation moments in the ordered phase, which lie along the c-axis
(Fig. 3.22b). The origin of the weak ferromagnetic moment of the Fe-rich phase
is then difficult to explain (e.g., Hoffman, 1992).

Whatever the mechanism by which it arises, the experimental evidence implies
that the antiferromagnetic phase does possess a ferromagnetic moment and
favours the view that this moment is antiparallel to the much stronger moment
of the ferrimagnetic phase. At normal temperatures, the weak ferromagnetic
moment is completely masked by the ferrimagnetic moment, and the question
of how, or even if, it exists is academic. But above the Curie temperature of the
ordered phase, the disordered phase remains magnetic (Fig. 3.23). It is to this cir-
cumstance that self-reversed TRM owes its existence.

Let us take as a specific example the celebrated dacite tuff of Mt. Haruna,
Japan (Nagata et al., 1952; Uyeda, 1958). Other dacitic and andesitic pyroclas-
tics have the same self-reversing property (Kennedy, 1981; Heller et al., 1986;
Lawson et al., 1987; Ozima et al., 1992). Figure 14. i6(b) shows the partial TRM
spectrum of the titanohematite separate from one of these dacites. Titanomagne-
tite was also present but was found to be irrelevant to the self-reversal phenom-
enon. The blocking temperatures have two peaks below inferred Curie points of
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450-500 °C (antiferromagnetic FeuTio.203) and 250-300 °C (ferrimagnetic
Fe1.5Tio.5O3).

When cooled from above 500 CC, the rock first acquires a normal TRM of low
intensity carried by the disordered phase. Around 300 °C, the ordered phase
becomes ferrimagnetic. At interfaces between the phases, the cation moments in
the ordered phase are fixed, not in response to the applied field, but by exchange
coupling with the adjacent cations in the disordered phase.

If the ordered regions are of MD size, only their boundary domains are pinned
antiparallel to the high-temperature TRM. The interior domains respond to the
applied field and the TRM is normal. But if the ordered and disordered regions
are both of SD size, the strong moments of ordered domains are coupled antipar-
allel to, and greatly outweigh, the weak (but hard) moments of the disordered
domains, resulting in self-reversed TRM.

Since exchange coupling provides the main aligning force, a small external
field is sufficient to saturate self-reversed TRM (Fig. 14.16a). Quite high fields
may be required to produce normal TRM, particularly in synthetic titanohema-
tites, since the coupled antiferromagnetic phase must be switched below its
blocking temperature. However, self-reversing rocks usually acquire a normal
TRM in fields > 1-2 mT (Fig. 14.16a; Haagefa/., 1988).

Because of the requirement that the coupled regions be of SD size, microinter-
growths of ordered and disordered phases promote self-reversal. Haag et al.
(1993) and Hoffmann and Fehr (1996) have observed regions a few urn wide at
the boundary of self-reversing titanohematite grains which electron microprobe
analysis showed to be Ti-poor, and therefore of higher Tc than the body of the
grain. These observations confirm the existence of Ishikawa and Syono's (1963)
'X-phase' (the antiferromagnetic disordered phase).

It is interesting that quenchedtitanohematites withy « 0.6 have the strongest
reversed TRM of all (Fig. 14.17) and also the strongest phase-coupling (Ishikawa
and Syono, 1963). The suggestion is that exsolution into compositionally distinct
phases is almost incidental to self-reversal. The quenched grains are only par-
tially, and inhomogeneously, ordered. There need be only a slight compositional
difference between ferrimagnetic regions of high order and antiferromagnetic
regions of low order to produce the non-overlapping blocking temperature spec-
tra required for self-reversal (Hoffman, 1975). What does seem to be important
is large numbers of antiphase domains in the ordered phase (Lawson et al.,
1981; Nord and Lawson, 1989, 1992). If the ordered phase were homogeneous,
iron and titanium layers would alternate throughout each grain, as in Fig.
3.22b. In reality, in cooling from high temperatures, ordering begins in numerous
separate regions. When these regions meet, they can only coalesce into a single
phase if an iron layer in one region is adjacent to a titanium layer in another.
Where this is not the case, the neighbouring regions are chemically antiphase.
Hoffman (1992) proposes that the antiphase boundaries between these domains
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Figure 14.17 Self-
reversed and normal TRM
of quenched and annealed
synthetic titanohematites
as a function of composi-
tion. [AfterNagata(i96i)
Fig. 5-36, with the permis-
sion of the publisher, Mar-
uzen Co. Ltd., Tokyo,
Japan.]

act as the disordered X-phase, whose weak moment serves to magnetically cou-
ple the ferrimagnetic antiphase domains.

In view of this discussion, it is possible that the y « 0.2 phase in the Haruna
dacite is not essential for self-reversal. On the other hand, titanohematites with
y K, 0.1-0.2 in the Allard Lake anorthosite (Carmichael, 1961) and the Bucks
diorite (Merrill and Gromme, 1969) themselves have self-reversed partial
TRM's over some temperature intervals.

Annealing non-self-reversing titanohematites with 0.4 < y < 0.6 may induce
self-reversal (Fig. 14.17). Ordering, exsolution, and growth of grains or anti-
phase domains within grains to SD size are all promoted. Over-annealing or too
fine a grain size suppresses self-reversal (Westcott-Lewis and Parry, 1971; West-
cott-Lewis, 1971). The phases must be neither above nor below SD size.

Self-reversing titanohematites have a decided fascination. They are rare in
nature, however, because natural titanohematites usually have>> > 0.7 or < 0.1,
outside the self-reversing range. In addition, the contribution of titanohematites
to NRM is usually secondary to that of accompanying titanomagnetites.

14.6. Continental intrusive and plutonic rocks

14.6.1 Introduction

Hyperbyssal and plutonic rocks contain primary opaque minerals similar to
those found in their extrusive equivalents, but cooling is slower and the grains
tend to be larger. Magmatic fluids are retained within the cooling body and the



418 Magnetism of igneous rocks and baked materials

magnetic oxides are often deuterically oxidized. However, the extreme oxidation,
accompanied by wholesale production of hematite, that sometimes occurs in
lavas is absent in intrusive rocks. Low-Ti titanomagnetite, approaching pure
magnetite in composition, is the principal magnetic mineral, but pyrrhotite
(§3.10) occurs frequently. Exsolved titanohematite, occasionally exhibiting par-
tial self-reversal of TRM (e.g., Carmichael, 1961), is common in anorthosites
and diorites.

The grain size of the opaque minerals varies from a few urn to a few tens of (im
in thin dikes and sills to hundreds of |im in large plutons. It is surprising, there-
fore, that stable magnetizations should occur at all in intrusive rocks. It is true
that there is usually a prominent soft and viscous MD fraction of NRM, but
against this background of soft, unstable remanence, more stable SD or PSD
components of NRM can often be isolated by AF or thermal cleaning. Fine-
grained magnetite or hematite, a product of unmixing, oxidation or alteration
(e.g., Hagstrum and Johnson, 1986), is one source of hard NRM. Another, very
important, source of stable NRM is what are sometimes referred to as 'magnetic
silicates'. These contain magnetite and, less frequently, hematite, either as crys-
tallographically oriented, exsolved inclusions or as products of alteration filling
cracks and voids in the crystal.

Magnetic silicates are not particularly conspicuous in extrusive rocks. In
mafic and intermediate intrusive rocks, on the other hand, they appear to be
ubiquitous. The inclusions are products of either high-temperature (> 800 °C)
deuteric oxidation of calcic plagioclase (especially labradorite), pyroxene and
hornblende or of secondary alteration of micas and olivine. Specific examples
will be considered in §14.6.2 and 14.6.3.

As a result of these magnetic inclusions in silicates, many mafic and intermedi-
ate intrusive rocks possess unexpectedly intense and hard NRM's. The discrete
opaque minerals in these rocks are for the most part paleomagnetically irrele-
vant, since they contribute only a soft viscous magnetization. Felsic intrusives
like granites, which owe their NRM's entirely to large opaque grains (since the
potassic or sodic feldspars they contain do not possess magnetic inclusions), are
generally poor paleomagnetic recorders.

14.6.2 Continental mafic dikes and sills

Diabase dikes have been widely and successfully used in paleomagnetism, parti-
cularly in establishing apparent polar wander paths in Precambrian time
(Buchan and Halls, 1990). Their grain size is comparable to that of slowly cooled
lavas and although oxidation tends to be less extreme, subdivision of titanomag-
netite grains by ilmenite lamellae (class III oxidation) is common. Hence, at
least part of the NRM possesses SD-like stability.
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Another source of stable remanence is cloudy feldspars (Zhang and Halls,
1995). The clouding is due to submicroscopic magnetite with SD/PSD properties
exsolved during slow cooling at relatively deep crustal levels (see next section).
Dikes that cooled more rapidly at shallow depths are more deuterically altered
but have clear feldspars that lack magnetic inclusions.

Strangway (1961) pointed out that the internal field (and with it the NRM)
within a strongly magnetized thin sheet, such as a dike or sill, will be deflected
away from the external field Ho into the plane of the sheet. The in-plane compo-
nent of NRM produces no self-demagnetizing field Ha, but the transverse com-
ponent, (Afnr)±, produces a field Hd = -(MnT)x (or -4n(Mnr)± in cgs) that
reduces the transverse component of Ho within the sheet. (The demagnetizing
factors 0 and 1 (4n in cgs) for a thin sheet were given in §4.2.5 and Table 4.1.)
For an NRM intensity of 1 A/m (10~3 emu/cm3), (Mm)x is only a few percent
of //Ox, but the deflection is important if Mm is > 10 A/m (10~2 emu/cm3)
(Coe, 1979; Dunlop and Zinn, 1980).

Macroscopic shape anisotropy of this sort does not seem to be important in
diabase dikes (Evans, 1968), which rarely have Mm > 1 A/m, but it must be sig-
nificant in many lavas flows. Anomalously shallow NRM inclinations in submar-
ine basalts (e.g., Hall, 1976) may originate in this way. A related effect is
deflection of the magnetic field outside a strongly magnetized lava flow, which
will produce spurious directions of TRM in subsequently erupted lavas (Baag et
al-, 1995)-

14.6.3 Continental plutonic rocks

A wide variety of rocks, from gabbros and anorthosites through diorites and
granodiorites to tonalites and syenites, come under this heading. These rocks,
particularly the more felsic ones, have been avoided in paleomagnetic work
because the large oxide grains they contain should have truly MD behaviour,
implying an NRM that is weak, soft, and apt to be contaminated by viscous
noise.

There are surprising features to the NRM of certain plutonic rocks, however.
A case in point is the Michikamau anorthosite (Murthy et al., 1971, 1981), a
rock containing practically no discrete opaque minerals. Nevertheless, the
NRM is as strong as that of most diabases and some volcanics. Moreover the
NRM is exceptionally hard and SD-like. The source of the NRM is needles of
magnetite, of SD or near-SD size, crystallographically oriented in pyroxene.
Similar magnetite needles in plagioclase generate a very hard but rather weak
NRM in unserpentinized oceanic gabbros (Davis, 1981; Fig. 14.12). On the
other hand, SD-like behaviour of the Jimberlana norite (McClay, 1974) has
been traced to fine magnetite-ilmenite intergrowths, magnetite in pyroxene or
plagioclase playing only a minor role.
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The Michikamau anorthosite is particularly striking because it entirely lacks
the soft NRM typical of plutonic rocks. But there are many cases in which a
stable and hard NRM due to magnetic silicates underlies MD-type TRM and
VRM. For example, the Michael gabbro has an unusual Lowrie-Fuller test
(§i i .6), characteristic of bimodal mixtures of soft and hard phases (Fig. 14.18).
The SIRM is due mainly to the coarse opaques and AF demagnetizes exponen-
tially, in MD fashion (cf. Fig. 11.13), whereas the weak-field ARM is carried in
large part by the SD-like inclusions and has a much harder AF decay curve.

The best-documented example of a bimodal plutonic rock is the Modipe gab-
bro. Evans and McElhinny (1969) showed that the most stable fraction of
NRM, with AF coercivities as high as 150 mT (1.5 kOe), was associated with pyr-
oxene. Subsequently, Evans and Wayman (1970) examined replicas of the etched
polished surfaces of pyroxene grains under the electron microscope. They discov-
ered that the size distribution of opaque inclusions that had been etched out of
the pyroxene extended well into the < 1 um range, perhaps to truly SD sizes
(Fig. 14.19; Evans, 1977). These microcrystals were sufficiently elongated to
have high coercive forces due to shape anisotropy, and they responded to etching
in the same manner as micron-size crystals that could be positively identified as
magnetite.

Michael gabbro

a IOe ARM
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Figure 14.18 AF demagnetization of weak-field and strong-field remanences
(Lowrie-Fuller test) for the Michael gabbro, which contains a bimodal size distri-
bution of magnetite grains. Large MD magnetites carry most of the SIRM and
demagnetize at low fields. Small SD or PSD magnetite inclusions in plagioclase
and pyroxene carry much of the 1-Oe ARM and produce much harder AF beha-
viour. [After Dunlop (1983c), with kind permission of the author and Elsevier
Science - NL, Sara Burgerhartstraat 25,1055 K.V Amsterdam, The Netherlands.]
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Figure 14.20 illustrates the AF demagnetization of'reconstituted NRM's' of
several silicate mineral fractions in the Lambertville diabase (Hargraves and
Young, 1969). IRM acquisition and AF demagnetization for the plagioclase
fraction of this rock were shown in Fig. 11.17. The 'reconstituted NRM's' were

0.1

I
0.01

MD

SPM

0 0.2 0.4 0.6 0.8
Axial ratb, q -b/a

1.0

Figure 14.19 Measured
sizes and shapes of 115
etched magnetite inclu-
sions in pyroxene crystals
from the Modipe gabbro.
At least some of the inclu-
sions are of SD size. [After
Evans and Wayman
(1970), with kind permis-
sion of the authors and
Elsevier Science - NL,
Sara Burgerhartstraat 25,
1055 KV Amsterdam, The
Netherlands.]
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Figure 14.20 AF demag-
netization of reconstituted
NRM's of separated
oxide, plagioclase and
pyroxene fractions
(laboratory depositional
remanences, 3-mT field)
and of the original whole-
rock NRM for the Lam-
bertville diabase. [After
Hargraves and Young
(1969), with permission of
the authors. Reprinted by
permission of American
Journal of Science.]
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laboratory depositional remanent magnetizations (see Chapter 15) produced by
sedimenting crushed separated mineral fractions in a weak field. Plagioclase car-
ies the strongest and hardest 'NRM', but all the silicates are appreciably mag-
netic. The weighted sum of the individual mineral curves is a reasonable replica
of the whole-rock AF demagnetization curve.

Wu et al. (1974) measured the NRM's of individual oriented crystals cut out
of the Tatoosh granodiorite. This magnetic microanalysis technique revealed,
with a high degree of certainty, that stable NRM resides in plagioclase, while
unstable MD remanence characterizes biotite and hornblende grains (Fig.
14.21). In the Stillwater and Laramie intrusions of Wyoming, Geissman et al.
(1988) have characterized the silicate inclusions responsible for stable NRM
using both electron microscopy and magnetic microanalysis.

Opaque inclusions have been identified or inferred in virtually all silicate
minerals except quartz and potassic and sodic feldspars. They are particularly
abundant in calcic plagioclase and pyroxene, where they are a product of phase
disequilibrium during initial cooling or of deuteric oxidation. Their fine size, fre-
quently elongated form, and crystallographic orientation in the host mineral
make them ideal SD or PSD NRM carriers, although it is often uncertain
whether the NRM is TRM or CRM.

14.6.4 Pyrrhotite

Pyrrhotite ( F e ^ S , 0 < x < 0.125) is a common magnetic mineral in syenites
and gabbros (Fig. 14.22), where it occasionally carries a larger fraction of the
NRM than magnetite. It occurs not uncommonly in other intrusive rocks,
including ultramafics and submarine plutonic rocks, in lavas, and as an altera-
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Figure 14.21 Microana-
lysis of NRM of the
Tatoosh granodiorite: AF
demagnetization of the
NRM's of individual
oriented mineral crystals
cut from the rock. Plagio-
clase has a directionally
stable primary NRM (see
stereoplot). Biotite carries
mainly viscous noise.
[After Wu et al. (1974),
with kind permission of the
authors and Elsevier
Science - NL, Sara Bur-
gerhartstraat 25,1055 KV
Amsterdam, The Nether-
lands.]
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Figure 14.22 Thermal
and AF demagnetization
of NRM carried by fine-
grained pyrrhotite in a
nepheline syenite sample.
[After Dunlop (1985), with
the permission of the
author and the publisher,
The National Research
Council of Canada,
Ottawa, Canada.]

tion product in sediments. In these cases, its role in NRM is usually secondary to
that of magnetite.

Pyrrhotite seems to be a mixture of phases like Fe7S8 and Fe9Si0, some of
which are ferrimagnetic, rather than a member of a solid-solution series with
antiferromagnetic troilite (FeS) (Schwarz and Vaughan, 1972). The ferrimag-
netic Curie point of 320 °C for Fe7S8 (Fig. 3.27) is, however, very close to the
Neel point of troilite. With a spontaneous magnetization Ms0 « 80 kA/m, pyr-
rhotite is a potent source of NRM. The ferrimagnetism arises, as in 7Fe2O3,
from the preferential location of lattice vacancies on one of the magnetic sublat-
tices (Fig. 3.26).

SD pyrrhotite is magnetically hard. The critical SD size d0 is about 1.6 um
(Table 5.1). The pyrrhotite in rocks is therefore quite likely to be SD or SD-like.
The relatively high magnetocrystalline anisotropy of pyrrhotite accounts for its
high SD coercivities (Fig. 14.22). Pyrrhotite's only drawback is that it decom-
poses to magnetite around 500 °C in routine thermal cleaning runs. If the field in
the furnace is not perfectly zeroed, the resulting laboratory TCRM can obscure
the NRM of the primary magnetite over its main unblocking temperature range.

14-7 Bricks, pottery and other baked materials

The archeomagnetic record of the earth's field in the historical past is based on
the study of man-made materials that acquire TRM in the same manner as
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igneous rocks: pottery, bricks, and the walls and floors of the kilns in which they
were fired. The clays from which bricks and pottery are made contain detrital
grains of magnetite, maghemite and hematite (Le Borgne, 1955), many of them
< 10 urn in size. After firing at high temperatures, the grains are converted to
either hematite or magnetite, depending on whether the supply of air to the kiln
produces oxidizing or effectively reducing conditions. Country rocks, sediments
or soils baked by igneous intrusions, which are of importance in the baked con-
tact test (§16.1.1), share many of the attributes of artificially baked materials.

Bricks and pottery should be ideal materials for paleointensity determination
because they are strongly magnetized and the minerals have been stabilized, phy-
sically and chemically, well above their Curie temperatures before initial cooling.
The NRM is a pure TRM residing principally in SD or PSD grains, and no che-
mical changes should occur during laboratory heating under appropriate oxidiz-
ing or reducing conditions (see, however, Walton, 1984). This is not always so
for Indian and aboriginal hearths or other baked earths, which may have been
inadequately heated or have suffered later chemical or textural alteration during
weathering (Barbettie? al., 1977).

Other problems of which experimenters should be aware are fabric anisotropy
in pottery (Rogers et al., 1979) and 'magnetic refraction', the change in the direc-
tion, and also the intensity of TRM due to the shape anisotropy (§14.6.2) of kiln
floors and walls (Aitken and Hawley, 1971; Dunlop and Zinn, 1980; Lanos,
1987). The basic theory, methodology and results of paleointensity studies using
baked archeological materials have been reviewed by Creer et al. (1983).



Chapter 15

Magnetism of sediments and sedimentary rocks

15.1 Introduction

The erosion products of igneous, sedimentary or metamorphic rocks are sources
of detrital particles that go to make new sedimentary rocks. The detrital and
post-depositional remanent magnetizations (DRM and PDRM) acquired when
sediments are deposited and consolidated are no more than a reconstitution of
the NRM's of detrital magnetic grains from the source rock (or rocks). Depend-
ing on the size and remanence mechanisms of grains in the source rocks, DRM
may inherit the temperature and time stability and AF hardness of TRM,
CRM, TCRM or VRM of SD, PSD, or MD grains.

DRM and PDRM are inherently weak, often < 10~3 A/m (1(T6 emu/cm3).
There are two reasons for this low intensity. First, dense oxide grains are less
readily transported than silicate grains of similar size. Secondly, DRM repre-
sents only a partial realignment of original NRM vectors. With the advent of
cryogenic magnetometers (Collinson, 1983), measuring the weak magnetizations
of sediments and sedimentary rocks is no longer a major problem.

Red sedimentary rocks - so-called red beds - possess, in addition to deposi-
tional remanence, a CRM (10~3—10"' A/m) carried principally by hematite pig-
ment and cement. The CRM is useful paleomagnetically if the time at which the
hematite formed is known.

The great attraction of sedimentary rocks is the comparative continuity of
their magnetic record. Major igneous activity and metamorphism occur inter-
mittently, sometimes at long intervals. Although a long (several Ma) sedimen-
tary sequence is unlikely to be continuous and uniform over its entire length, it
is usually easier to find a sedimentary sequence covering a given time span than
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an igneous one. It is from sediments and sedimentary rocks that our detailed
knowledge of fine-scale variation of the geomagnetic field, e.g., paleosecular var-
iation or PSV (§1.2.3), has come.

Depending on sedimentation rate and post-depositional reworking, the time
resolution possible with a given sequence may be quite fine. In oceanic sediments,
standard 2.5 cm cores, representing about 1000 yr of sedimentation, have readily
measurable NRM's. With lake sediments, 100 yr and sometimes even 10 yr reso-
lution is possible. In undisturbed glacial varves, annual layers can be distin-
guished and sometimes measured individually.

In the last decade, measurements on sedimentary sequences have been used to
infer extensive and detailed records of polarity epochs and events and PSV of
the geomagnetic field. The reliability of such records turns on the fidelity of sedi-
ments as magnetic recorders, a subject that will occupy us throughout this
chapter.

15.2 Detrital and post-depositional remanent
magnetizations

15.2.1 Theory of detrital remanent magnetization (DRM)

A spherical or near-spherical grain of diameter d with remanence MT, as it
rotates in response to the earth's field Ho during settling in calm water, is subject
to balanced inertial, viscous and magnetic aligning torques:

j . ' s r^u" -"-*r"u " x " f ^" V 5"^/
U(" dt 6

Here <p is the angle between MT and Ho, I the moment of inertia of the grain, and
r] the viscosity of water at ordinary temperatures («10~3 Pa s or 10~2 poise). In
addition, when the grain reaches the bottom, we must consider the mechanical
torque exerted on the grain by the surface on which it settles. This torque tends
to misalign Mr with Ho.

Figure 15.1 compares typical values of the various torques. The calculations
of inertial and viscous torques presuppose the time constants for alignment to
be calculated below (eqn. (15.2)). The mechanical torque plotted is the maximum
torque experienced by a spheroid of dimensional ratio 1.5:1 settling on a flat sur-
face. Viscous and magnetic torques have identical d3 dependences except in the
PSD range where they go approximately as d2, since Mr, if it is a TRM carried
by magnetite, goes approximately as d~x (Figs. 8.4, 12.2a) and dcfr/dt <x Mr

(eqn. (15.2)). Similarly d2cj>/dt2 a M2, so that inertial torques have an approxi-
mately d3 dependence in the PSD range and a d5 dependence elsewhere. Except
in mm-size grains, inertial torques are negligible.
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Figure 15.1 Torques exerted on a near-spherical magnetite grain settling
in still water.

For grains larger than 1 mm, misaligning mechanical torques are overwhel-
mingly influential (Fig. 15.1) and magnetic alignment achieved by grains during
settling is destroyed. The magnetic aligning torque is also weakened by the fact
that 'magnetic' grains this large are composites, containing non-magnetic sili-
cates as well as magnetic oxides and sulphides. The paleomagnetic conglomerate
test is based on the expectation of randomized DRM in extremely coarse-grained
sediments. Lack of any systematic direction of NRM in a conglomerate is a posi-
tive result of the test, indicating no post-depositional CRM in the conglomerate
and a stable, non-viscous NRM in the source rock. Conglomerate pebbles are
rarely transported any great distance, and the source rock and conglomerate
may be found close together.

Sediments containing micron-size and submicron magnetic grains do acquire
DRM. According to Fig. 15.1, we may drop the inertial term in eqn. (15.1).
Then, replacing sin <f> by </> and solving, we have

(15-2)
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provided the initial value 4>o is small. Even if 4>0 is not small, <f> decreases monoto-
nically and eqn. (15.2) describes the approach to perfect alignment.

Alignment occurs quite rapidly during settling. Assuming that Mr varies
between 102 and 104 A/m (0.1-10 emu/cm3) over the PSD range (0.1-15 um in
magnetite), r = 6r]/mMTH0 is 10~2-l s when Ho = 50 uT (0.5 Oe). Magneto-
static coagulation of the particles (Fukuma, 1992) will tend to reduce Mr and
should cause T to increase. Yoshida and Katsura (1985) have verified that the
magnetization relaxes exponentially with about the predicted time constants
after suppressing the aligning field applied to dilute suspensions of clays and
limey muds.

Stacey (1972) has shown that, according to Stokes' law, the distance a grain
settles before achieving essentially perfect alignment with Ho is

h=zd
2(p-p0)g

where p — p0 is the density contrast between the grain and the water and g is grav-
itational acceleration. Even grains as large as 100 um should exhibit saturation
DRM if they settle for «1 s through several cm of still water in a weak field of
the order of 0.1 mT (1 Oe). Times and distances are much less for smaller grains.

Shive (1985) has demonstrated that perfect alignment of the moments of syn-
thetic magnetic particles in suspension is achieved in fields of 30—lOOuT
(0.3—1.0 Oe), as the theory above would lead one to expect. However, in many
laboratory redeposition experiments using natural sediments, fields « 1 mT
(lOOe) are necessary to saturate the DRM (Fig. 15.2) and DRM produced by a
field of the order of the earth's field is relatively weak.

The intensity of DRM is grain-size as well as field dependent. Relatively
strong (i.e., well-aligned) DRM is confined to a range of sizes between approxi-
mately 0.5 and 15 um in magnetite and maghemite dispersions (Fig. 15.3; Shive,
1985). DRM intensity decreases steadily for sizes smaller or larger than the opti-
mum range.

15.2.2 Inclination and other errors in DRM

We shall consider first > 1 um size grains, whose remanence vectors achieve near-
perfect alignment while settling but are misoriented by mechanical torques
when the grains touch bottom. In fact, mechanical torques so far outweigh mag-
netic torques in > 10 urn magnetic grains (Fig. 15.1) that the initial degree of
alignment is almost incidental. Two models of mechanical misalignment have
been proposed. The first model (King, 1955) considers elongated particles
which, mechanically, prefer to settle with the long axis horizontal, and magneti-
cally, by virtue of shape anisotropy (§4.2.4), prefer to have their remanence Mx

along the long axis. A model of this sort led to the mechanical torque curve in
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Figure 15.2 DRM and
PDRM as a function of
applied field for redepos-
ited varved clays and a
synthetic sediment. The
theoretical field depen-
dence of DRM follows
eqn. (15.4). [After Johnson
etal. (1948) © American
Geophysical Union and
Tucker (1980), with the
permission of the publish-
ers, The American Geo-
physical Union and
Blackwell Science, Oxford,
UK.]
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Figure 15.3 Particle size dependence of DRM intensity for artificially sedimen-
ted magnetites. [Data of C. Amerigian, cited by Dunlop (1981) Fig. 13 and rep-
rinted with kind permission of Elsevier Science - NL, Sara Burgerhartstraat 25,
1055 KV Amsterdam, The Netherlands.]

Fig. 15.1. The effect is certainly real. Susceptibility in the bedding plane of a sedi-
ment does exceed susceptibility transverse to the plane (Fig. 15.4), but the aniso-
tropy is normally only a few percent. The second model (Griffiths et al., i960),
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in which spherical grains roll when they settle on an irregular surface, reduces the
overall DRM without introducing a systematic anisotropy of susceptibility.

Although grain rotations resulting from either cause are essentially random
and have a random effect on the declination D of Mr vectors, they result in a sys-
tematic decrease in the inclination /. This inclination error as it is called can
amount to 10-20°. It has been documented in artificial sediments deposited in
the laboratory and in some fresh-water sediments (Fig. 15.5; see also Fig. 15.11).

If deposition occurs on a sloping plane, there may be systematic changes in D
as well as /. Since spheres roll farther downhill than up, this bedding error should

Foyaux sandstone

0

270

Figure 15.4 Anisotropy
of susceptibility in 38 sam-
ples of the Fayaux sand-
stone. Directions of
maximum susceptibility
(mean indicated by the
large star) tend to lie in the
bedding plane, reflecting
the tendency for elongated
magnetite grains to settle
with their long axes hori-
zontal. [After Channell et
al. (1979), with the permis-
sion of the authors and the
publisher, Eclogae Geolo-
gicae Helvetiae, Zurich,
Switzerland.]
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Figure 15.5 Inclinations
of DRM in laboratory and
natural riverbed deposition
of detrital hematite. The
DRM vector is shallower
than the applied field. This
inclination error is most
pronounced in middle
magnetic latitudes. [After
Tauxe and Kent (1984),
with the permission of the
authors and the publisher,
Blackwell Science, Oxford,
UK.]
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exceed the slope of the plane, as is observed in redeposition experiments (Griffiths
etal, i960).

Deposition in flowing or turbulent water brings into play systematic viscous
torques due to the velocity gradient in the boundary layer of laminar fluid flow
at the water-sediment interface (Granar, 1958). Both D and / may be changed
systematically by as much as several tens of degrees due to this current rotation
effect (Rees, 1961). DRM intensity is also significantly weakened.

15.2.3 Effect of thermal fluctuations on DRM

Submicron grains are subject to all the mechanical effects discussed above, but
the magnetic torque is sufficiently powerful by comparison (Fig. 15.1) that align-
ment of grain moments achieved during settling should be preserved. Non-
saturation of DRM intensity in < 1 um grains presumably reflects non-achieve-
ment of alignment during settling.

Very small grains suspended in water experience thermal fluctuations in their
orientations. These fluctuations are not readily represented by an average torque
that can be plotted in the manner of Fig. 15.1., but the average alignment of Mr

vectors can easily be calculated. The ensemble of grain moments acts like a classi-
cal paramagnetic 'gas', obeying Boltzmann statistics, albeit the response time
for rotations is 10~2-10~' s (eqn. (15.2)) rather than «10~9 s (e.g., eqns. (8.16)).
The predicted intensity of DRM is (Collinson, 1965a; Stacey, 1972)

Here L(a) is the Langevin function coth(a) — I/a and V is the volume of each
moment. (Mdr)sat is the saturation DRM observed when all Mr vectors are per-
fectly aligned. Implicit here is the assumption that the field Ho is never large
enough to change the magnitude Mr of NRM of any grain. DRM that is 'satu-
rated' in the sense that all moments are aligned remains much weaker than the
saturation remanence, Mrs.

King and Rees (1966) noted that the saturation predicted by eqn. (15.4) is very
sensitive to changes in grain moment VMT. Grains > 1 um in size (large V) and
most SD grains (large Mr) have such large moments that, in theory, saturation
is achieved in the earth's field. Only PSD moments in submicron grains are suffi-
ciently small to be significantly misaligned by thermal fluctuations during weak-
field sedimentation. The decrease in DRM intensity below 0.5 um (Fig. 15.3) is
presumably due to thermal fluctuations.

By integrating eqn. (15.4) over a uniform distribution of PSD moments, Sta-
cey (1972) obtained a reasonable fit (Fig. 15.2) to Johnson et a/.'s (1948) data
for redeposited varves. Stacey's average PSD moment, corresponding to
Mr = 5-10 kA/m or emu/cm3 in 0.1-0.2 um magnetite grains, is at first sight
reasonable (cf. Fig. 8.4). However, Mr in Fig. 8.4 represents the vector sum of
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misaligned individual grain moments, which for weak fields is much less than
their arithmetic sum. When Mr for individual PSD moments is used in eqn.
(15.4), saturation of DRM is predicted to occur in much smaller fields than are
observed experimentally. The thermal-fluctuation theory of DRM is thus inade-
quate in exactly the same way as the thermal-fluctuation theory of single-domain
TRM (eqn. (8.21), §8.6).

15.2.4 Post-depositional remanent magnetization (PDRM)

Detrital remanence is not finally fixed in intensity and orientation until the sedi-
ment has been compacted by the overburden of later deposits, dewatered , and
lithified. After deposition, wet unconsolidated sediments are often disturbed by
mechanical slumping or through bioturbation by burrowing organisms. In either
case, DRM should lose most of its directional coherence if it is not entirely
destroyed. In practice, however, slumped beds frequently exhibit a uniform mag-
netization (Irving, 1957). They must have been remagnetized since deposition
and slumping occurred.

To account for this observation, Irving proposed that in a water-saturated
sediment, magnetic particles would remain free to rotate in response to the
earth's field until compaction and reduction in water content eventually
restricted their movement (Fig. 15.6b; Blow and Hamilton, 1978). This mechan-
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Figure 15.6 (a) Time-dependent realignment of PDRM following reorientation
of the field applied to an artificial magnetite slurry. [After Tucker (1980), with the
permission of Blackwell Science, Oxford, UK.] (b) Theoretical time constants for
realignment of PDRM in sediments with various void ratios and axial ratios of the
magnetic particles. The time constant r0 for a very dilute suspension is used as a
normalizing factor. Compaction of the sediment below a critical void ratio blocks
particle rotations. [Reprinted from Hamano (1980), with kind permission of the
author and Elsevier Science - NL, Sara Burgerhartstraat 25,1055 KV Amster-
dam, The Netherlands.]



Detrital and post-depositional remanent magnetizations 433

ism of post-depositional remanent magnetization (PDRM) was shown to be phy-
sically plausible by Irving and Major (1964). It is illustrated in Fig. I5.6(a).
PDRM in a reworked deep-sea sediment is documented in Fig. i5.7(a).

PDRM reestablishes the remanence of a deformed or reworked sediment and
reduces or eliminates inclination error in an undeformed, unreworked sediment.
Indeed the best evidence for the widespread occurrence of PDRM is the absence
of inclination error in many classes of sediments, especially deep-sea sediments
(Fig. 15.7b). Using a large data set from 185 deep-sea sediment cores, Schneider
and Kent (1990) have confirmed that average NRM inclinations do approx-
mately match expected dipole field inclinations. However, there is significant
inclination shallowing at equatorial and southern latitudes (see also Gordon,
1990; Tarduno, 1990).

Since PDRM may continue evolving until a sediment is thoroughly com-
pacted and its grains cemented in place, the theory of DRM developed in pre-
vious sections may be irrelevant in many natural settings. PDRM is most
efficient if the magnetic grains are significantly finer than the silicate grains and
can rotate readily in pore spaces (Fig. 15.6b). The density differential during sedi-
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Figure 15.7 Evidence that deep-sea sediments record the field direction without
major inclination error, (a) PDRM of a deep-sea sediment redeposited in the
laboratory. Vertical bars indicate the spread of replicate measurements. PDRM
inclination equals field inclination within experimental error. [After Kent (1973),
with permission of the author. Reprinted with permission from Nature. Copyright
© 1973 Macmillan Magazines Ltd.] (b) Average NRM inclinations for deep-sea
sediment cores, each spanning the 0.78-Ma Brunhes epoch, compared to the
dependence on latitude A, tan 7 = 2 tan A, expected for a geocentric axial dipole
field (solid curve; this relation is easily derived from eqn. (2.2)). [Reprinted from
Opdyke and Henry (1969), with kind permission of the authors and Elsevier
Science - NL, Sara Burgerhartstraat 25,1055 KV Amsterdam, The Netherlands.]
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ment transport seems to ensure that this situation generally holds, at least in
deep-sea sediments (e.g., Opdyke and Henry, 1969). The ultimate determining
factor in the acquisition or non-acquisition of PDRM is water content. When
water content drops below a critical value, remagnetization ceases (Verosub et
al., 1979). Slow deposition (e.g., in the deep oceans) and fine sediment particle
size favour PDRM, because they promote high water content and delay compac-
tion. A review of this and many other topics in sedimentary magnetism is given
by Verosub (1977).

Compaction rotates grains into the bedding plane and is itself a source of incli-
nation error (Anson and Kodama, 1987; Celaya and Clement, 1988; Arason
and Levi, I99oa,b; Deamer and Kodama, 1990). Anisotropy of susceptibility
(Fig. 15.4) and of remanence (§16.4.1), for example ARM, can be used to mea-
sure the resulting planar magnetic fabric. It may perhaps also be possible to cor-
rect for the inclination error by using anisotropy of ARM (Jackson et al., 1991;
Kodama and Sun, 1992; Hodych and Bijaksana, 1993; Collombat et al., 1993).

PDRM to some extent restores the time resolution (e.g., in recording polarity
reversals) that is lost when a sediment is reworked. A time lag remains, however,
between the time of deposition and the time PDRM is acquired. Lovlie (1976)
simulated a polarity reversal by reversing the applied field Ho applied during
laboratory redeposition of marine sediments. He found that PDRM was
acquired at depths 2—7 cm below the sediment-water interface at the time of
field reversal (Fig. 15.8). The grains carrying PDRM were locked in place
while the sediment was only partially compacted. Extrapolating from Lovlie's
laboratory results, for a deposition rate of « 1 cm/ka, the time lag would be
«2—7ka. By way of comparison, a few tens of ka of delay in the fixing of
PDRM in deep-sea sediments were inferred by deMenocal et al. (1990). A pos-
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Figure 15.8 PDRM in
sediments continuously
deposited over a period of
many days in a 42 uT
laboratory field. Reversal
of the field was recorded by
sediments deposited 2-7
days earlier. Fixing of
PDRM required 1-5 days,
blurring the magnetic
record of the sharp field
reversal. [Reprinted from
Levlie (1976), with kind
permission of the author
and Elsevier Science - NL,
Sara Burgerhartstraat 25,
1055 KV Amsterdam, The
Netherlands.]
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sible explanation of the discrepancy between laboratory and natural lock-in
depths/times is Quidelleur et al.'s (1995) observation, in redeposition experi-
ments similar to Lovlie's, that major changes in inclination (marking final com-
paction and associated inclination error) occurred 13 cm below the position of
the field reversal.

In Levlie's and Quidelleur et al.'s experiments, the laboratory field reversal
was not recorded as a sharp event. PDRM changed gradually over a 1-5 cm
interval. Reversal events of « 1—5 ka duration in the original sediments would
thus be obscured (Tauxe and Badgley, 1984) and the record of paleosecular var-
iation (PSV) between reversals smoothed out (Lund and Keigwin, 1994). In addi-
tion, the coexistence of grains with opposite NRM polarities at the same depth
could create spurious intermediate directions of total remanence, which might
be wrongly interpreted as recording transitional geomagnetic field directions
(Quidelleur and Valet, 1994; Quidelleur et al., 1995; see also Langereis et al.,
1992).

Hyodo (1984) and Hyodo and Yaskawa (1986) have proposed two methods of
overcoming the smoothing problem. The first and more general method is decon-
volution of the magnetization-depth record using a moment fixing function r(t)
which describes the time (or in a continuously deposited sediment, the depth)
dependence of PDRM and an assumed half fixing depth z\j2, which will depend
on such factors as grain size and shape, void ratio and rate of compaction. An
exponential r{t) is indicated by data like those of Fig. 15.6. A priori knowledge
of z\j2 is usually lacking, but Hyodo et al. (1993) found that assumed values of
10-50 cm in different parts of their marine and lacustrine cores gave an optimal
match between deconvolved PSV records and a detailed master curve. The sec-
ond method is AF demagnetization. It makes the assumption that the fraction
of PDRM with the highest AF coercivities is acquired over a small depth interval
and therefore provides a sharp record of field variations. A good match between
the AF demagnetized magnetization-depth record of a shallow marine core and
the deconvolved record of the same core seems to justify the method (Hyodo
and Yaskawa, 1986).

15.2.5 Paleointensity determination using sediments

The earliest DRM experiments were aimed at determining paleofield intensity.
The principle is simple and analogous to that of paleointensity determination
using the TRM of igneous rocks (§1.2.4, 8.9). Assuming that the sediment is rela-
tively unconsolidated and can be restored to liquid suspension, comparison of
the intensity of DRM produced in known fields when the sediment is redeposited
in the laboratory to the measured NRM intensity determines the paleofield in
which the NRM was acquired.
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Although the experiments of Tucker (1981) provide some guidelines, such
paleointensity estimates must be regarded with caution. We do not understand
which factors govern the intensity of weak-field DRM and PDRM in nature
nearly well enough to have confidence that we can reproduce either process in
the laboratory. Johnson et al. (1948) noted that natural DRM's in their varved
clays approximately matched the laboratory DRM due to redeposition in the
earth's field (Fig. 15.2), but only within a factor 2—4. As a means of absolute
paleointensity determination, laboratory simulation of DRM gives order-of-
magnitude estimates only.

Relative values of paleofield intensity can be determined with considerably
more certainty (Levi and Banerjee, 1976), but only if one compares the NRM
intensities of sediments of similar mineralogy, grain size and provenance (for a
review, see Tauxe, 1993). DRM/PDRM presumably formed in the same manner
in these related sediments, so that a single DRM or PDRM intensity versus
applied field curve should apply to all, although this type curve is itself unknown.
Figure 1.5 is an example of a high-quality relative paleointensity record over a
0.6 Ma time span, determined from deep-sea sediments cored at three different
ODP sites. Field intensity variations at and between reversals are clearly resolved.
Other high-quality records have been published by Tauxe and Wu (1990), Trie et
al. (1992), Meynadier etal.(i992,1994) and Valet and Meynadier (1993). Thibal
et al. (1995) report a continuous record of field intensity between 4.7 and 2.7 Ma
deduced entirely from downhole magnetic measurements.

Variations in magnetic mineral content cause a proportional change in NRM
intensity. To correct for these variations, NRM intensity must be normalized to
some independent parameter which is also proportional to the quantity of mag-
netic minerals, for example susceptibility xo> ARM or 'anhysteretic susceptibil-
ity' Xa (§11.4.1), or SIRM measured for the same sample. This method has been
used in Fig. 1.5. Improved long-core measurement techniques, such as continu-
ous measurement of U-channel samples with cryogenic magnetometers (Weeks
et al., 1993), facilitate the process. Unfortunately, all these parameters (and the
DRM intensity as well) are also sensitive to variations in grain size, so that
grain-size differences down a sediment core will lead to spurious apparent varia-
tions in relative paleointensity.

Since the different parameters vary with grain size in different ways, it is possi-
ble to use two of the parameters jointly, e.g., Xo ar>d X& (K-ing et al., 1982, 1983),
to detect grain-size changes (see discussion in §11.4.1). However, correcting the
relative paleointensity values to a common datum (i.e., a fixed grain size) is a
much riskier business. The common assumption that ARM can be used as a
renormalization factor that will allow for variations in grain size and domain
structure, as well as variations in magnetic mineral concentration, is unjustifi-
able. There is little resemblance between the grain-size dependences of ARM
and DRM intensities (Figs. 12.2 and 15.3).
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15.3 Oceanic and continental sediments and
sedimentary rocks

15.3.1 Deep-sea sediments

Layer 1 of the oceanic crust consists of up to 0.5 km of clastic and chemical sedi-
ments, the thickness increasing with age of the underlying igneous rocks, i.e.,
with distance from the spreading centre. Haggerty (1970), Opdyke (1972), Low-
rie and Heller (1982), Freeman (1986) and Vali etal.{\989) report that the princi-
pal lithogenic magnetic minerals are titanomagnetites in a variety of oxidation
states and detrital hematite. If the titanomagnetites were eroded from submarine
basalts, they would be expected to have x = 0.6-0.7 (cf. §14.2.1). Instead, they
are near magnetite in composition and, in the North Pacific at least, are thought
to be wind-transported volcanic ash and continental erosion products (Johnson
et al., 1975b). The grains tend to be fine; submicron particles are abundant
(Yamazaki and Katsura, 1990).

In addition to detrital magnetic minerals, authigenic and diagenetic iron oxi-
des, hydroxides and sulphides commonly form in pelagic and hemipelagic envir-
onments (Verosub and Roberts, 1995). In slowly deposited oxic sediments with
little organic input, Fe-Mn oxides and hydroxides form and may obscure any
primary DRM or PDRM (Henshaw and Merrill, 1980). In more rapidly depos-
ited sediments, for example continental slope or mid-ocean ridge deposits, fine-
grained magnetite is formed just above the iron reduction zone (Karlin et al.,
1987; Karlin, 1990), perhaps by the metabolic activity of dissimilatory iron-redu-
cing bacteria (e.g., GS15: Lovley et al., 1987). This authigenic magnetite is
responsible for the strong and stable NRM of suboxic sediments.

Deeper in the sediment column in the iron reduction zone, fine-grained mag-
netite and other oxides of detrital or biogenic origin dissolve and reform as iron
sulphides, particularly pyrite (FeS2) (Karlin and Levi, 1985; Leslie et al., 1990;
Bloemendal et al., 1992). Magnetic monitoring of cycles of magnetite dissolution
is of environmental importance because the fluctuating redox conditions that
produce the cycles are climatically driven and correlate with glacial cycles (Tar-
duno, 1994,1995). As a result of sulphide diagenesis, anoxic sediments are often
magnetically barren. However, under sulphate-reducing conditions, e.g., in
muds and some rapidly deposited marine sediments, pyrrhotite and greigite
(Fe3S4) may be preserved (Trie et al., 1991; Roberts and Turner, 1993; van
Velzen et al., 1993; Reynolds et al., 1994). Magnetite can also be produced by
sulphate-reducing bacteria (Sakaguchi et al., 1993).

'Magnetofossils', the remains of chains of magnetosomes produced by mag-
netotactic bacteria and other organisms (§1.2.6, 3.13), are major, perhaps domi-
nant, sources of detrital fine-grained magnetite and occasionally greigite in
many deep-sea sediments (Kirschvink and Lowenstam, 1979; Petersen et al.,
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1986; Stolz et ah, 1986, 1990). For reviews of magnetofossils and magnetite bio-
mineralization, see Chang and Kirschvink (1989) and Moskowitz (1995). Perfect
crystals of SD size with distinctive cubic, octahedral and bullet-like shapes,
often in intact chains, are abundant in both siliceous and calcareous pelagic sedi-
ments (Vali etah, 1987,1989; Yamazaki etah, 1991). They are absent from pela-
gic clays, which generally carry only weak and unstable NRM's. Moskowitz et
°l- 0993) a°d Oldfield (1994) propose rock magnetic criteria for assessing the
relative roles of biogenic and lithogenic magnetic minerals in sediments.

Not all deep-sea cores preserve a faithful record of the geomagnetic field. Fig-
ure 15.9 compares the variations of inclination (after AF cleaning to 15mT)
with depth in two cores of similar lithology and length from the North Pacific.
One core preserves a clean reversal record covering the Brunhes and part of the
Matuyama polarity epochs (see Fig. 1.4). The other core has a chaotic record
containing numerous spurious reversals. Directional stability of remanence dur-
ing AF demagnetization is also poorer for the second core than for the first.
CRM produced during in situ maghemitization of magnetite probably caused
the confused magnetic record of the second core.

Maghemitization of titanomagnetites in deep-sea sediments is frequent (Vali
et ai, 1989) and tends to render the NRM soft and viscous (Kent and Lowrie,
1974). By way of contrast, maghemitization of submarine basalts tends to gener-
ate a hard and directionally stable CRM (§14.2.8). The difference in behaviour
must result from the very fine initial size of magnetite grains in the sediments
(Yamazaki and Katsura, 1990). As a result of cracking during oxidation (Fig.
3.10), a large proportion of the maghemite grains behave superparamagnetically.

CRM acquired during diagenesis, bioturbation of the sediment by organisms,
and viscous remagnetization (Yamazaki and Katsura, 1990) are the major in
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situ sources of magnetic noise in deep-sea cores. Much of the secondary rema-
nence can be AF cleaned, but sometimes thermal cleaning is necessary (Yama-
zaki, 1986). Post-coring errors arise from disturbance of the sediment by the
piston coring process and partial remagnetization by the present field during dry-
ing of the core. 'Drying remanence' (a problem also with lake sediment cores) is
in part a PDRM due to mechanical rotation of grains and in part a VRM. The
'drying remanence' is softer than the pre-drying NRM but nevertheless has
some coercivities in excess of the AF's of 10-15 mT (100-150 Oe) commonly
used to clean deep-sea sediments (Johnson et al., 1975b).

15.3.2 Fresh-water and marginal-sea sediments

A variety of coarse-grained to fine-grained late Tertiary, Quaternary and Recent
sediments from continental and continental margin depositional environments
have been used in paleomagnetism. It is clear from studies of lake sediments
that lithofacies and environment of deposition correlate with the strength and
fidelity of the recorded DRM and with rock magnetic properties (e.g., see review
by Verosub and Roberts, 1995). Conditions during deposition may range from
oxidizing (shallow-water flood-plains), producing red beds (§15.5), to reducing
(deep still lakes with abundant organic matter), producing black shales.

Biogenic magnetite and greigite produced by magnetotactic bacteria are com-
mon in anaerobic shallow-water environments (Kirschvink, 1983; Petersen et
al., 1989; Snowball and Thompson, 1990; Snowball, 1994). The magnetosomes
in these bacteria are a potent source of CRM or DRM because their sizes and
shapes fall in the SD range (Fig. 15.10). Vali et al. (1987) observed a variety of
sizes, shapes and numbers of magnetosomes in freshwater bacteria but compara-
tive uniformity in marine bacteria. Fossil magnetosomes as old as Jurassic were
morphologically similar to those in living bacteria, apart from some surface cor-
rosion of the crystals.

The high rate of sedimentation in continental and continental margin environ-
ments, and consequent rapid dewatering compared to deep-ocean sediments,
appear in some cases to inhibit PDRM or else arrest it early in its development.
Verosub (1975) showed that certain deformed glacial varves had not been remag-
netized since folding, which occurred soon (within three years) after deposition.
On the other hand, Irving (1957) and McElhinny and Opdyke (1973) demon-
strated post-slumping remagnetization of sandstones, and Graham (1974), Bar-
ton and McElhinny (1979) and Barton et al. (1980) produced laboratory
PDRM in redeposited slurries of organic muds.

DRM with attendant inclination error appears to be the norm in glacial
deposits. An inclination error averaging 10—15° is seen in Swedish glacial
varves (Fig. 15.11a). The standard for comparison is geomagnetic inclination
from observatory records. Mean site inclination (average inclination for all
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Figure 15.10 Sizes and shapes of biogenic magnetite crystals produced by mag-
netotactic bacteria. The bacterial magnetites fall in the stable single-domain field
between d0 and ds and are potentially important carriers of remanence in some
sediments. [After Butler and Banerjee (1975b) © American Geophysical Union
and Kirschvink (1983), with the permission of the authors and the publishers, The
American Geophysical Union, Washington, DC and Plenum Publishing, New
York, NY.]

samples from a single site) for lake sediments also tends to be «10° lower than
the expected dipole-field inclination, although in some cases non-dipole fea-
tures that persisted longer than the averaging time at the site may be recorded.

Direct comparisons of the fidelity of volcanic rocks and contemporaneous
lake deposits in recording the paleofield (Biquand and Prevot, 1972; Reynolds,
1979) show that the primary NRM's of the sedimentary beds, isolated by AF
and thermal cleaning, are in some cases faithful field recorders but in other cases
have an inclination error of 10-20° (Fig. 15.1 ib). In many lake sediment studies,
it is standard practice to blanket clean cores at an AF level determined by the
response of a few pilot specimens. Under these conditions, it is doubtful if the pri-
mary NRM is isolated at all. Apart from other sources of magnetic noise, lake
sediments readily acquire VRM, and this VRM typically is erased only by ther-
mal demagnetization to « 200 °C or AF demagnetization to several tens of mT
(Biquand, 1971).

Paleomagnetic inclination records are compared in Fig. 15.12 for cores from
the Aegean and Black Seas. Dispersion in the data, a reflection of noise in the
magnetic recording process, is considerable, particularly near the bottom of
either core. In conventional paleomagnetic studies, averaging of data at the sam-
ple and site levels pinpoints mean directions and allows a statistical estimate of
significance to be made. In continuous sediment core studies, in the effort to
resolve the details of PSV, each measurement is treated as a significant datum.
The danger in this approach is that systematic errors in the magnetic recording
may be mistaken for real trends in the geomagnetic field.
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Figure 15.11 Inclination errors in some Quaternary and late Tertiary lake sedi-
ments, (a) NRM inclinations of Recent glacial varves from Sweden compared to
geomagnetic observatory records. [After Granar (1958), with the permission of the
author and the Royal Swedish Academy of Sciences.] (b) Average cleaned rema-
nence directions with circles of 95% confidence for contemporaneous Pliocene
volcanic and sedimentary rocks from France. The basalts accurately record the
geomagnetic field, while the sediments have NRM vectors that are 10-20° shallow.
[After Biquand and Prevot (1972), with the permission of the authors and the
publisher, Editions BRGM, Orleans, France.]

It is clear that some smoothing of the data is needed, by the use of running
means for example, to enhance the periodicities in the record, but whether all
the periodicities are significant, i.e., record real geomagnetic variations, remains
unclear. Lack of correlation between the inclination variations in geographically
nearby cores (e.g., Fig. 15.12) is unfortunately typical of marginal-sea and lake-
sediment studies. On the other hand, Verosub and Banerjee (1977) found that
two geomagnetic excursions, at 10 and 15ka, were common to many North
American lake sediment records. Correlation of cyclic changes in declination in
cores from three English lakes has been reported by Thompson (1975). However,



442 Magnetism of sediments and sedimentary rocks

1

Depth in core (m )

2 3 4
90

60

30

' •••* •»« •

30

Aegean
Core VIO-58

2 3 4 6 8 10
//? core (m) (scale change at 3.6m)

Figure 15.12 NRM inclinations after 10-mT AF cleaning for individual sub-
samples of piston-cored sediments from the Aegean and Black Seas. Paleosecular
variation about the dipole field inclination (solid lines) is evident in the upper half
of each core but is obscured by between-sample scatter of NRM directions in the
lower half of the cores. [Reprinted from Creer (1974) and Opdyke et al. (1972),
with kind permission of the authors and Elsevier Science - NL, Sara Burgerhart-
straat 25, 1055 KV Amsterdam, The Netherlands.]

the same recorded feature in different cores from a single lake can have ampli-
tudes that vary from 30° to 90° (Fig. 15.13).

Such behaviour clearly stems from the shortcomings of sediments as magnetic
recorders. Van Hoof and Langereis (1992) concluded that most of the 'fine struc-
ture' recorded by Pliocene marls in southern Sicily, including a 60° excursion,
was determined by the remanence acquisition process, which is complicated by
authigenic formation of magnetic minerals at varying times in response to cyclic
paleoredox conditions. Until we thoroughly understand these problems and
how to deal with them, our knowledge of geomagnetic field behaviour based on
sediment records will remain tentative and uncertain. Recent reviews of sediment
magnetism and remanence acquisition processes are given by Lund and Karlin
(1990) and King and Channell (1991).

15.3.3 Soils and loess

The main magnetic minerals in soils and loess are maghemite, goethite and hema-
tite (Mullins, i977;Maher, i986;Schwertmann, 1988; Liu et al., 1993) and occa-
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Figure 15.13 A comparison of paleosecular variation in geomagnetic declination
according to (a) observatory records, and (b) NRM measurements on sediment
cores from Lake Geneva. The fidelity of the magnetic recordings is quite variable.
[Reprinted from Creer et al. (1975), with kind permission of the authors and Else-
vier Science - NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Nether-
lands.]

sionally magnetite (Longworth et al., 1979). They may be water- or wind-trans-
ported erosion products or they may form in situ biogenically (Fassbinder el al.,
1990; Evans and Heller, 1994) or by organic or inorganic pedogenesis (Schwert-
mann, 1971; Taylor et al., 1987; Fine et al., 1995). The oxidation and reduction
of magnetic minerals in soils reflect climatic conditions and are therefore of
great interest in global paleoclimate studies. In addition to changes in chemical
composition, the evolution from rock through subsoil to soil involves changes
in grain size of the iron oxides, which are reflected in magnetic properties (Ozde-
mir and Banerjee, 1982).

The A (upper) horizon in soils has enhanced magnetic susceptibility. Le
Borgne (1955, 1960b) proposed that the high susceptibility results from reduc-
tion of goethite or hematite to magnetite followed by oxidation to maghemite,
and suggested two mechanisms: fires and organic fermentation. The burning of
organic material produces both increased temperature and a reducing atmo-
sphere (Longworth et al., 1979). Fermentation, the decay of organic matter
under anaerobic conditions achieved during wet periods, can also reduce hema-
tite. Oxidation occurs during subsequent dry aerobic conditions. Cyles of oxida-
tion and reduction may thus record variations in rainfall (Mullins, 1977). This is
particularly evident in Mediterranean soils formed on a permeable limestone
substratum (Tite and Linington, 1975).

Other suggested mechanisms for high susceptibility in surface soils are prefer-
ential accumulation of lithogenic minerals (Fine etal., 1989) and in-situ produc-
tion of magnetic oxides by soil-forming processes (Maher and Taylor, 1988).
Fine pedogenic grains can be dissolved by citrate-bicarbonate-dithionite
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(CBD) treatment (Mehra and Jackson, i960), leaving the coarser lithogenic oxi-
des intact (e.g., Hunted/., 1995b; Sun et al., 1995).

Magnetic susceptibility variations in loess/paleosol sequences correlate well
with oceanic oxygen isotope stages and are of considerable interest as indicators
of past climate changes. A typical loess stratigraphy, e.g., in the loess plateau of
China, consists of alternating loess and paleosol layers. The loess was deposited
during cold and dry (glacial) periods and, being wind-blown, was initially rela-
tively barren in magnetic constituents. Paleosols developed in warm and humid
(interglacial) periods and are magnetically much richer. Pedogenesis is the main
cause of the high susceptibility of the paleosols (Liu et al., 1993; Evans and Hel-
ler, 1994) and the magnetic enhancement is a proxy for rainfall. Past rainfall
rates can be estimated (Heller et al., 1993), and the local climate signal can even
be separated from the regional monsoon record (Banerjee et al., 1993). For a
recent review, see Heller and Evans (1995).

15.3.4 Sedimentary rocks

Secular variation, excursions and reversals of the geomagnetic field are recorded
by continental and oceanic sediments for the last few million years. Fully lithified
sedimentary sequences offer the same advantages of comparative continuity,
resolution and datability (by fossil or radiometric methods) in establishing the
polarity record of the earth's field throughout the Phanerozoic (e.g., Lowrie and
Alvarez, 1977; Lowrie et al., 1980). The inverse process, the use of distinctive
magnetic events to date and correlate sedimentary horizons, is the science of
magnetostratigraphy.

Sedimentary rocks are prey to the same ills as the sediments from which they
originated: inclination and other errors in primary DRM; partial destruction of
DRM by bioturbation and slumping; and remagnetization by CRM or VRM.
Burial by later deposits and eventual uplift add further possibilities of overprint-
ing by CRM and VRM. We shall elaborate on some of these problems in §15.5
and 16.3.

Thermal demagnetization is difficult for wet, unconsolidated lake and marine
sediments, but it is the standard method of magnetically cleaning sedimentary
rocks. The unblocking temperature spectrum so obtained, supplemented by
Curie point data from thermomagnetic analysis, is the principal means of identi-
fying the magnetic minerals that carry NRM. AF demagnetization is relatively
ineffectual in cleaning sedimentary NRM because the frequently occurring
minerals goethite (aFeOOH) and hematite (ocFe203) have coercivities that in
large part exceed 300 mT (3 Oe), the practical maximum field of AF demagnetiz-
ing equipment.

However, the coercivity spectrum can still be estimated, from the incremental
IRM vs applied field curve (Fig. 15.14; cf. §11.3). Applied fields up to 2 T
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Figure 15.14 Coercivity spectra determined from the rate of acquisition of IRM
Mir with applied field Ho. (a) The dominant magnetic minerals in the limestone and
red sandstone samples are detrital and pigmentary hematites. Magnetite with
coercivities < 100 mT is important in the argillite. (b) IRM acquisition curve and
corresponding differential spectrum for a Jurassic limestone containing magnetite,
hematite, and goethite with roughly equal magnetic expressions. [After Dunlop
(1972) and Heller (1978), with the permission of the authors and the publishers,
Blackwell Science, Oxford, UK and Deutsche Geophysikalische Gesellschaft,
Koln, Germany.]

(20 kOe) are routinely produced by means of electromagnets and fields of 5 or 6 T
are obtainable with superconducting solenoids. In the examples of Fig. 15.14,
coercivities <100mT (lkOe) are mostly due to magnetite and maghemite,
those between 100 and 300 mT are due to coarse detrital hematite, and those
> 300 mT to authigenic hematite and goethite. There is, however, considerable
overlap in the coercivity ranges of these phases. Rotational hysteresis (Brooks
and O'Reilly, 1970) is an alternative method that distinguishes minerals by their
differing anisotropy constants, but few laboratories are equipped for these mea-
surements.

Identifications by either coercivity spectra or rotational hysteresis are nor-
mally checked by determining unblocking temperatures and Curie points of the
various phases. Lowrie (1990) has devised a method in which three separate
IRM's are produced along orthogonal axes, with coercivity limits corresponding
to magnetite, hematite and goethite, respectively. Thermal demagnetization
then yields the TVB spectra of the three constituents separately. A practical diffi-
culty is ensuring that the three IRM's are acquired at exactly 90° to one another,
and that the measurement axes correspond exactly to the IRM axes. If this is
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not the case, the smaller signal of one constituent IRM may be contaminated or
even masked by a component of the largest IRM.

Experimenters should be forewarned that irreversible chemical changes fre-
quently occur during thermomagnetic analysis or thermal demagnetization
(van Velzen and Zijderveld, 1992). The irreversible dehydration of goethite to
hematite around 300 °C is distinctive (Hedley, 1968; Fig. 15.15). Clay minerals
tend to partially break down between 600 and 700 °C, producing magnetite. In
argillites, the new mineral may be produced in sufficient quantities to swamp the
NRM (Dunlop, 1972). Reduction of hematite to magnetite can occur during
vacuum heatings, although not usually at such low temperatures as in the exam-
ple of Fig. 15.15.

15.3.5 Chemical remagnetization

A useful review of remagnetization of North American sedimentary rocks is
given by Elmore and McCabe (1991). As well as chemical remagnetization, it
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Figure 15.15 IRM coercivity spectra (dashed lines are fine-scale spectra for 100
mT intervals below 500 mT) for a limestone sample originally containing mainly
goethite. Heating to 310 °C generated fine-grained hematite, by dehydration of the
goethite, and some magnetite. Heating to 555 °C (in air) converted hematite to
magnetite. [After Heller (1978), with the permission of the author and the pub-
lisher, Deutsche Geophysikalische Gesellschaft, Koln, Germany.]
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covers thermoviscous overprinting (Chapters io and 16) and remagnetization
related to stress and deformation (Chapter 16).

Remagnetization of carbonate rocks and red beds during the late Carbonifer-
ous (w 300 Ma ago) is widespread on both sides of the Atlantic, not only in the
Appalachian and Hercynian orogenic belts but also inland in stable platform
areas. Remagnetization may have been caused by basinal fluids driven onshore
during the plate convergence (McCabe and Elmore, 1989). NRM overprints in
undeformed, mildly heated platform carbonates were at first believed to be ther-
moviscous overprints (§10.6, 16.3) but were subsequently found to be low-tem-
perature CRM's carried by authigenic or diagenetically altered magnetites
(McCabe etal., 1989; Jackson, 1990). A direct connection between CRM acqui-
sition and alteration by basinal fluids in and around mineralized veins has been
established for the Viola limestone of Oklahoma by Elmore et al. (1993a).

Not all limestones are remagnetized. Magnetic properties are distinctively dif-
ferent for remagnetized and unremagnetized limestones (Fig. 11.24; Jackson et
al., 1992, 1993a). The probable controlling factors are original magnetite grain
size, governed by depositional environment (pelagic, shelf, reef, lagoonal: see
Borradaile etal., 1993) and paleotemperature during uplift and diagenesis (Jack-
son et al., 1988b). Some of the authigenic magnetites observed in these rocks
have exotic and beautiful forms, for example botryoidal or spheroidal polycrys-
talline aggregates 10-100 um in size composed of 0.5-2 urn crystallites (McCabe
et al., 1983). In some cases, the spherules formed by magnetite replacement
of pyrite framboids (Suk et al., 1990). Some of the spherules have SD to PSD
hysteresis properties but these are more similar to those of unremagnetized than
remagnetized whole rocks (Suk and Halgedahl, 1996; cf. Fig. 11.24). Alterna-
tive candidates for the carriers of CRM are ultrafine nearly superparamagnetic
magnetite grains (Jackson et al., 1993a; Channell and McCabe, 1994).

On a more local scale, an exciting possibility, with exploration potential, is
concentration of authigenic magnetite (Elmore et al., 1987; Kilgore and Elmore,
1989; Elmore and Leach, 1990) or pyrrhotite (Reynolds et al., 1990) in clastic
and carbonate rocks above or near hydrocarbon reservoirs. These rocks have
been altered by migrating hydrocarbons and their associated fluids. The exact
mechanism of magnetite or pyrrhotite authigenesis is often not clear, but the
association of ferrimagnetic minerals (with accompanying aeromagnetic anoma-
lies) and hydrocarbon diagenesis is well documented, and could be the basis of a
relatively inexpensive exploration technique. For summary reviews, see Elmore
and McCabe (1991) and Elmore etal. (1993b).

Ore genesis may also result in chemical remagnetization of adjacent host
rocks. Prime examples are Mississippi Valley-type Pb-Zn deposits in largely
undeformed platform carbonates (Pan and Symons, 1993; Symons et al., 1993).
Magnetite inclusions in sphalerite and galena account for the remanence of the
ores, while authigenic magnetic minerals, probably magnetite, in spheroidal or
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other morphologies carry CRM in the altered host rocks. As in late Carbonifer-
ous (Alleghenian) remagnetization, the mechanism seems to be migration of
basinal brines from adjacent orogens, but the orogenies concerned range from
Acadian (Devonian, « 370 Ma) to Laramide (late Cretaceous, « 70 Ma). Paleo-
magnetic dating using CRM directions agrees with these inferred ages of ore
genesis.

154 Magnetic properties of hematite

Before discussing red sedimentary rocks, we shall review the properties of the
mineral hematite, to which these rocks owe their distinctive magnetic behaviour.
Antiferromagnetic titanohematite (Fe2_>,Ti>,03, y < 0.5) is a frequent constitu-
ent of rocks of all types, but only in oxidized sedimentary rocks does its weak
parasitic ferromagnetism dominate the NRM. The titanohematites in red beds
are close in composition to pure hematite (aFe2O3), whose distinctive magnetic
properties have been exhaustively studied (e.g., Flanders and Remeika, 1965;
Fuller, 1970; Dunlop, 1971; Jacobs et ah, 1971; Bucur, 1978; Hejdaefa/., 1992).

15.4.1 Antiferromagnetism of hematite

The susceptibility and saturation magnetization of single crystals of hematite
(Fig. 15.16) indicate a Curie temperature of 675 °C (identical to the antiferro-
magnetic Neel point) and a pronounced discontinuity, the Morin transition, at
^Morin ~ ~ 15°C (Liebermann and Banerjee, 1971). The same transition tem-
peratures are observed in fine (0.2-0.7 um) grains as well (Fig. 3.20; Nininger
and Schroeer, 1978), although grains smaller than « 0.1 (xm have no Morin tran-
sition (Bando et ai, 1965). Small amounts of titanium likewise depress rMorin

and eventually suppress the transition. Red beds usually exhibit a Morin transi-
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tion just below room temperature, indicating that they contain nearly pure
aFe2C>3 in > 0.1 urn grains.

When T < TMorin, cation moments parallel the crystallographic c-axis, as in
ilmenite (Fig. 3.22b). Antiferromagnetic balance of the Fe3+ moments is, in prin-
ciple, exact. Above the Morin transition, all spins lie in basal cation planes per-
pendicular to the c-axis (Fig. 3.22a). Compared to the strong c-axis coupling
below rMorin, anisotropy in the basal plane above TMorin is weak, although still
sufficient to impart coercivities «100 mT (1 kOe) to SD grains (§15.3.4).

15.4.2 Parasitic ferromagnetism of hematite

Above rM o rjn, even in the absence of an external field, there remains what
amounts to a «1.5 T (15 kOe) field, in the basal plane, perpendicular to the sub-
lattice moments (§2.7). The moments are deflected a fraction of 1° from perfect
antiparallelism, giving rise to weak ferromagnetism with Msw2.5kA/m
coupled perpendicular to the antiferromagnetism (Fig. 2.8). This phenomenon
of spin-canting was first proposed and accounted for by Dzyaloshinsky (1958).

This 'parasitic' ferromagnetism of hematite is 200 times weaker than the ferro-
magnetism of magnetite. If the remanences of SD hematite and MD magnetite
are compared, the contrast is reduced to about a factor of 10. Hematite therefore
does not usually dominate the uncleaned NRM. However, its NRM is eventually
isolated by either AF or thermal cleaning, since hematite has higher coercivities
than magnetite and most of its unblocking temperatures are above 580 °C, the
Curie point of magnetite.

Hematite also assumes importance as an NRM carrier because its SD range is
broad and encompasses many of the grain sizes typical of hematite in red beds.
Figure 15.17 illustrates the transition from soft MD behaviour to SD hysteresis
with Hc > 0.1 T (lOOOOe) that occurs between 240 and 15 urn. Although 'hard'
ferromagnetism seems to disappear below about 1 um in the samples illustrated,
this is not typical. Submicron grains are usually very hard (e.g., Dunlop, 1971),
and the superparamagnetic size is not reached until about 0.03 um (Banerjee,
1971; Table 5.1).

In addition to the anisotropic (i.e., basal plane only) spin-canted ferromagnet-
ism that vanishes below rMorin, hematite possesses an underlying isotropic ferro-
magnetism that is unaffected by the Morin transition (Figs. 3.20, 3.21b, 15.16).
The isotropic ferromagnetism is largest in large crystals (compare Figs. 3.20
and 15.16). It is for this reason that M increases steadily with grain size in Fig.
15.17. The isotropic component can be increased by neutron irradiation or
reduced by annealing (Gallon, 1968). Since its origin seems to lie in chemical
impurities (local magnetite-like regions) or in lattice defects, it is called the defect
moment. Being stress and temperature sensitive, its remanence may be untrust-
worthy if the rock has been even mildly metamorphosed (see Chapter 16).
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Figure 15.17 Magnetic hysteresis of synthetic hematites of various grain sizes.
[After Chevallier and Mathieu (1943), with the permission of the publisher, Les
Editions de Physique, Les Ulis, France.]

15.4.3 Low-temperature memory

The spin-canted moment itself behaves in an unexpected manner in cooling-
heating cycles across the Morin transition. Below rMorin, spin-canted remanence
vanishes and only the isotropic defect remanence remains. But on reheating in
zero field, a fraction or memory of the spin-canted remanence is recovered, its
direction unchanged (Haigh, 1957; Fig. 3.21b). (The analogous phemonenon
during low-temperature cycling of magnetite across the isotropic point or Ver-
wey transition was described in §12.4.1.) It is not clear to what extent the defect
moment is necessary to renucleate the spin-canted moment during reheating,
but the memory of the spin-canted moment decreases when the defect moment
is partially annealed out (Gallon, 1968). The two types of moment are therefore
not entirely independent.

Cycling across the Morin transition is a chemically non-destructive alterna-
tive to thermomagnetic analysis for the detection of hematite (Fuller and
Kobayashi, 1964). It is not recommended as a method of low-temperature
cleaning because it enhances the defect moment at the expense of the probably
more reliable intrinsic ferromagnetism. In any case, surface rocks at latitudes
> 40° or so, or at high elevation, have been repeatedly cycled through the tran-
sition in nature.
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15.4.4 Coercivity of hematite

Coercivity due to shape anisotropy is proportional to Ms (eqns. (5.37), (8.8)) and
is negligible in hematite. Coercive forces due to crystalline anisotropy and mag-
netostriction vary from sa 1 mT (10 Oe) in large MD grains to many hundreds of
mT in SD hematite. The triaxial crystalline anisotropy in the basal plane is
weak, certainly not more than 10—100 J/m3 (102—103 erg/cm3), torque curves
on large crystals indicating values more like 1 J/m3 (Flanders and Schuele,
1964). The main source of the observed high coercivities in SD hematite must be
magnetoelastic anisotropy arising from internal stress (Porath, 1968b). The mag-
netostriction constant of aFe2O3 is 8 x 10~6 (Table 3.1), so that an internal stress
cr=100MPa (109 dyne/cm2 or lkb) produces a coercive force /J,0HC—
3Xa/2Ms ss 500mT(5kOe).

Figure 15.18 illustrates how sensitive the properties of SD (in this case
0.5—2um) hematite are to annealing. There are two effects of annealing. First,
the defect moment is annealed out and so Ms decreases. Second, internal stress
is reduced and Mrs/Ms increases from near 0.5 (reflecting the predominance of
uniaxial magnetoelastic anisotropy due to internal stress) to >0.7 (residual
triaxial anisotropy, perhaps due to crystal twinning (Porath and Raleigh,
1967)). The residual spin-canted moment, pinned by a triaxial anisotropy, is
extremely hard in these SD grains. It would be isolated by AF demagnetization,
as well as by annealing. In large MD crystals, on the other hand, where the spin-
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Figure 15.18 Effect of
annealing on the hysteresis
of 0.5-2 um synthetic
hematite grains. [After
Dunlop (1971), with the
permission of the author
and the publisher, Gau-
thier-Villars, Montrouge,
France.]
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canted moment has coercivities < 10 mT (100 Oe), it is the defect moment that is
revealed by AF demagnetization (Smith and Fuller, 1967).

15.5 Red sedimentary rocks

In the early 1950's, when instruments capable of measuring the weak magnetiza-
tions of sedimentary rocks had just been developed, the first paleomagnetic stu-
dies of these rocks focused on fossil-bearing strata that were well-dated
geologically. Their NRM's, however, usually proved to be incoherent or else
directed close to the present field.

A systematic study of different sedimentary rock types showed coherent direc-
tions of NRM only in fine-grained red sedimentary rocks. This discovery led to
a concentration of effort on red beds. A disadvantage of red beds is that they con-
tain few or no fossils, being predominantly continental deposits laid down in
high-energy depositional environments. They can be dated accurately only if
interbedded with fossiliferous sediments.

Red beds owe their distinctive colour to fine-grained, chemically produced
hematite pigment. Larger black crystalline hematite grains of detrital origin are
found in both red and non-red sediments. Such detrital hematite grains, often
referred to as specularite (Irving, 1957; Van Houten, 1968), are either derived
from erosion of earlier red beds or volcanic terrains or form by oxidation (marti-
zation) of magnetite during erosion and transport (Steiner, 1983). Red beds typi-
cally have NRMs of 10~3-10~' A/m (10~6-10~4 emu/cm3), stronger than the
typical DRM or PDRM of non-red sediments. As well as being relatively intense,
the NRM of many red beds is extremely hard and stable.

15.5.1 CRM of hematite pigment

Hematite pigment in red beds may form by the oxidation of magnetite, the inver-
sion of maghemite, or the dehydration of goethite (Fig. 15.15):

2Fe3O4 + O2 -> 3aFe2O3
yFe2O3 -> aFe2O3
2aFeOOH -> aFe2O3 + H 2O

The source of the goethite in the third reaction is the breakdown of hydrous clay
minerals and ferromagnesian silicates (Van Houten, 1968; Ozdemir and
Deutsch, 1984). All the reactions are slow at room temperature but accelerate
with mild heating, e.g., during burial in a sedimentary pile.

The lattices of parent and daughter phases are incompatible in all cases. We
would therefore expect a growth CRM controlled by the ambient field to accom-
pany each reaction. This seems to be so in the second and third reactions (Hedley,
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1968; Ozdemir and Dunlop, 1988), but is not always the case in the first reaction.
When synthetic magnetites were oxidized to hematite, the CRM often appeared
in a spurious direction intermediate between the applied field Ho (= 50-200 uT)
and a pre-existing ARM, A/ar (Heider and Dunlop, 1987; see §13.4.2 and Fig.
13.5). The CRM could be made parallel to either Ho or Mar by increasing one
of these factors at the expense of the other.

Chevallier (1951) was the first to note that dehydration of goethite generally
produces a hematite that lacks hysteresis. The dehydrated grains are polycrystal-
line and the crystallite size is apparently <0.03 um. This phenomenon is prob-
ably the cause of superparamagnetic (Creer, 1961) or incoherently magnetized
(Collinson, 1969) hematite in red beds, even in grains as large as 0.25 um (Strang-
way etal., 1967).

Since all traces of goethite disappear before hematite crystallites grow to
stable SD size, all memory of the NRM of goethite (which is even weaker than
that of hematite (Banerjee, 1970; Hedley, 1971)) is lost. With continued growth
of the crystallites, part at least of the pigment eventually acquires a true growth
CRM (Hodych et al., 1985). The burning questions in red bed paleomagnetism
are 'How much of the NRM is CRM carried by pigmentary hematite?' and
'How long after the rock formed did the pigment develop?' (see Purucker et al.,
1980; Larson etal., 1982; Channelled al, 1982).

15.5.2 Grain growth CRM

Non-exchange-coupled or growth CRM was modelled in §13.2.2. In the case of
hematite, it is reasonable to assume that the daughter phase does not grow
beyond SD size. Then, by analogy with Neel's (1949) expression for single-
domain TRM, the CRM intensity should be (Kobayashi^ 1962b)

(,5.5)

Here VB is the critical blocking (or superparamagnetic) volume at which CRM is
frozen in. Growth is assumed to take place at room temperature To. If Ho is
small enough that the hyperbolic tangent can be replaced by its argument, the
ratio of CRM/TRM intensities (cf. eqn. (8.21) for TRM) is

HKB
{ 5' >Mtr VMsBT0 HK0'

substituting from eqn. (8.19) for 7B and from eqn. (13.1) for VB.
Equation (15.6) should not be taken too literally, since eqn. (8.21) did not pre-

dict TRM intensity particularly well. It does seem clear that growth CRM in a
given applied field will be of comparable intensity to the TRM the grains would
acquire if cooled in the same field from high temperature after having grown to
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their terminal sizes. Coercivities will be identical: growth CRM, like TRM, tends
to be hard. In fact, where SD hematite is the carrier, it is ultra-hard.

15.5.3 Hard VRM in red beds

VRM is normally a soft remanence, removed by AF cleaning in at most a few
tens of mT. Avchyan and Faustov (1966) and Biquand and Prevot (1970) inde-
pendently discovered that in some red beds, hematite's high coercivities may be
imparted to VRM. Hardness of the VRM increases with longer exposure to the
field (Fig. 15.19) and with decreasing grain size (Dunlop and Stirling, 1977). In
fact, hard VRM is carried by grains that because of their small volumes, V, are
affected by thermal fluctuations and acquire VRM but which resist AF demagne-
tization because their intrinsic microcoercivities, //K, are high (Figs. 10.8, 11.1).

In more quantitative terms, when exposed to a weak field for a long time t, the
last grains to acquire VRM are those whose product F//K0 just satisfies the
blocking condition (8.33)

(15-7)

These are also the grains whose VRM is most resistant to AF demagnetization.
Their effective AF coercivity, from eqn. (8.24), is

(15-8)

Red limestone
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Rms alternating field, H (mT)
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Figure 15.19 AF demag-
netization of'hard' VRM
acquired by a hematite-
bearing limestone after
various exposures to a 500
uT field. [After Biquand
and Prevot (1971), with the
permission of the authors
and the publisher,
Deutsche Geophysika-
lische Gesellschaft, Koln,
Germany.]
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substituting from eqn. (15.7). Here /af = 1// is a short time characteristic of AF
demagnetization at a frequency/.

Equation (15.8) shows that HK0 is the sole material property that determines
the hardness of a VRM. The AF coercivities of VRM's acquired under identical
conditions of time and field by SD hematite and magnetite will be in the ratio of
their respective microscopic coercivities: HK0 « 500 mT (5 kOe) for SD hematite
compared to « 50 mT (500 Oe) for SD magnetite, or about 10:1.

The increased hardness for longer exposure times evident in Fig. 15.19 follows
directly from eqn. (15.8). The grain-size dependence is less obvious, but follows
from eqn. (15.7). If H^o is large enough to render VRM hard, V must be very
small to satisfy eqn. (15.7). Figure 15.20 shows that for a nominal microscopic
coercivity HK0 of 1 T (lOkOe), only 0.06-0.075 um grains can acquire VRM
over the entire time span 1 hr to 1 Ma. The AF coercivities of these VRM's
range from Hc = 100-350 mT (1.0-3.5 kOe).

The important point to remember is that the hardness of VRM is proportional
to the intrinsic coercivity of the mineral concerned. Any NRM component direc-
ted near the present earth's field, no matter how hard, should be suspected of
being a VRM if hematite is an important constituent of the rock.

100-
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Figure 15.20 Theoretical
time dependence of AF
coercivity for SD hematite
of various grain sizes. If
/ /K o = 1000 mT, grains
with short-term coerciv-
ities as high as 300 mT have
Hc < 0 on a 1-Ma time
scale and can acquire
'hard'VRM. [After Dun-
lop and Stirling (1977) ©
American Geophysical
Union, with the permission
of the authors and the pub-
lisher.]
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15.5.4 The best method for cleaning red beds

Since AF demagnetization is standard practice in paleomagnetism, it is worth
considering what this method can and cannot achieve with hematite-bearing
rocks. If the equipment is available, AF cleaning to «300mT (3 kOe) will
demagnetize all NRM carried by magnetite and maghemite, much of the NRM
of detrital hematite, and practically all VRM, hard VRM included, carried by
fine pigment grains (cf. Fig. 15.20). It has the disadvantage that it enhances
CRM at the expense of the primary, usually more interesting, DRM or PDRM.

Thermal demagnetization is the usual method of cleaning sedimentary rocks
(Irving et al., 1961; Chamalaun and Creer, 1964; Irving and Opdyke, 1965). It
efficiently removes hard VRM (Fig. 15.21). It cannot resolve NRM's of specular-
ite and pigment on the basis of their Curie temperatures, which are identical,
but pigment, being finer-grained, has the lower unblocking temperatures (eqn.
(8.19)). However, since the Ms—T curve of hematite is very 'blocky' (Fig. 3.20),
most of the decrease in Ms occurring in a 50 °C range below Tc, there is a strong
grouping of unblocking temperatures in this range for grains of all sizes (Fig.
15.22b). Very small temperature steps (5-10 °C) may be required to resolve
hematites of detrital and chemical origins.

Some red beds alter when heated. Goethite and maghemite that have not
changed to hematite in nature do so in laboratory heating around 300 °C, acquir-
ing a spurious CRM if any stray field is present. The primary hematite is, of
course, chemically stable during in-air heating, but may alter physically, e.g., by
further growth of SP pigment crystallites to SD size. More serious than either of
these changes is the spontaneous generation of magnetite described in §15.3.4.

270

180

Figure 15.21 AF and thermally cleaned remanence directions in folded red marls
from southern France. Tilt-corrected results show that thermal cleaning has suc-
cessfully isolated a bipolar pre-folding remanence. AF cleaning fails to remove a
secondary VRM, which before tilt correction is steep and positive like the present-
day field in the area. [Reprinted from Ouliac (1976), with kind permission of Else-
vier Science - NL, Sara Burgerhartstraat 25,1055 KV Amsterdam, The Nether-
lands.]
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Mognetawon para-amphibolite

magnetiteScaglia rosso limestone
(site II)
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Figure 15.22 (a) Thermomagnetic curve of a late Cretaceous-early Tertiary red
limestone showing major magnetic contributions from hematite, magnetite and a
phase with a critical temperature around 150 °C (goethite dehydration?), (b) In a
late Proterozoic metasedimentary rock from Ontario, thermal demagnetization in
10 °C steps was required to resolve the blocking temperatures of hematite, which
are concentrated in an ss 50 °C interval below the Curie point. [After Lowrie and
Alvarez (1975) © American Geophysical Union and Buchan et al. (1977), with the
permission of the authors and the publishers, The American Geophysical Union,
Washington, DC and Journal of Geomagnetism and Geoelectricity, Tokyo,
Japan.]

Gose and Helsley (1972) found that CRM and/or partial TRM of this magnetite
obscured the NRM unless residual fields during heating and cooling were
< 10 nT. Field cancellation to this level requires a carefully shielded environ-
ment.

Roy and Park (1972) showed that if suitably porous rocks are chemically lea-
ched with HCl, NRM components not seen after thermal demagnetization were
revealed by the leaching. A comparison of results of the two methods is given in
Fig. 15.23.

Collinson (1965b) originally developed the leaching technique as a means of
estimating the relative importance of pigment and specularite, and by inference,
of CRM and DRM, in the NRM of red sandstones. Leaching first attacks the fin-
est pigment particles. Only after most of the pigmentation has disappeared are
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Maringouin red sandstone

270-
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Figure 15.23 Comparison of thermal cleaning (left) and chemical leaching (right)
of the NRM of a fine-grained Carboniferous red sandstone. Leaching revealed an
underlying DRM that was undetected in thermal cleaning. [After Roy and Park
(1974), with the permission of the authors and the publisher, The National
Research Council of Canada, Ottawa, Canada.]

detrital grains affected to any great extent. Collinson (1966) concluded that
rather unstable pigment CRM is predominant in the NRM, but that DRM of
detrital hematite particles is also present and is the most stable part of the NRM
(Fig. 15.24). This conclusion would have to be modified in the event that authi-
genic grains carrying CRM have grown to sizes approaching those of detrital
grains, or if the detrital grains were in part oxidized after deposition and do not
carry pure DRM (Steiner, 1983).

The disadvantages of leaching are the long times required and the uncertainty
as to what range of grain sizes is attacked by the acid at any stage. Different
rocks leach at different rates, depending on their porosity and grain size, and
apart from colour, there are no quantitative guidelines like coercive force and
blocking temperature to monitor the process. Given these limitations, thermal
demagnetization is the recommended standard method for cleaning red beds.

15.5.5 The reliability of red bed results

There are good reasons for anticipating dispersion of the primary DRM, over-
printing by secondary CRM, and prominent viscous or other noise components
in the NRM of red beds. Hematite is notably stress-sensitive. The defect moment
is directly affected through mobility of dislocations in the lattice, and the spin-
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Supai red sandstone
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Figure 15.24 Chemical demagnetization of two Permian red sandstones, reveal-
ing primary DRM underlying later CRM. [After Collinson (1965b), with the per-
mission of the author and the publisher, Blackwell Science, Oxford, UK.]

canted moment is indirectly affected, since much of the basal plane anisotropy
that pins its remanence is magnetoelastic. Temperature has an equally important
effect on both lattice and chemical defect moments, as well as increasing the
intensity and coercivity of hard VRM (§16.3.4).

Is defect ferromagnetism more common in the pigment or the detrital frac-
tions? Residual Fe3O4 and YFe2O3 are more likely to persist in large grains gener-
ally and in detrital hematite in particular. But lattice defect moments probably
are more important in small grains. All theories relating coercivity of MD grains
to wall-pinning by lattice defects predict larger effects when the grains are small.
The defect moment seems an inescapable component of the remanence in hema-
tites of all grain sizes.

Whatever the relative importance of spin-canted and defect moments, pig-
mentary hematite with its ultrafine crystallite size is a potential source of incoher-
ent magnetization if the crystallites remain essentially superparamagnetic in
size («0.03 urn); of hard VRM if the crystallites grow to 0.05-0.1 urn; and of
stable CRM if larger crystallites are produced. The timing of grain growth is cru-
cial. Growth is promoted by mild heating and by circulation of oxidizing ground
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water solutions. Should the grain growth occur long after deposition, a strong
and stable secondary NRM is inescapable. If the thermal or chemical event(s)
that led to growth can be dated (Channell et al., 1982), the CRM overprint is
perfectly usable, although it is unlikely to retain the fine time resolution of the
primary DRM (Channell, 1978; Larson etal, 1982).

There is some experimental support for these speculations. Red beds from tec-
tonically disturbed locales where beds have been buried to considerable depths
do generally possess a prominent secondary NRM (e.g., Chamalaun, 1964;
Irving and Opdyke, 1965; Kent, 1985; Kent and Opdyke, 1985). On the other
hand, red bed sequences from stable continental areas, the Colorado plateau
being the classic example, sometimes yield apparently faithful records of polarity
transitions (Helsley and Steiner, 1969) and even of paleosecular variation (Baag
and Helsley, 1974). In these formations, hematite must have formed very rapidly,
probably soon after deposition. Indeed Elston and Purucker (1979) present evi-
dence for DRM dating from initial deposition of specularite.

In apparently contradictory results from the same general area, Larson and
Walker (1982) report NRM variations and reversals (presumably due to chemi-
cal remagnetization) on a fine scale, even within single specimens. Obviously gen-
eralizations about red beds are not possible. The magnetization history of each
individual red bed sequence must be studied as exhaustively as possible, and the
paleomagnetic results judged accordingly.



Chapter 16

Magnetism of metamorphic rocks

In Chapters 14 and 15, we considered several ways in which rocks are altered.
Basalts in the upper 1-2 km of the oceanic crust were penetrated by sea water
and underwent low-temperature oxidation. Gabbros and peridotites intruded at
depth were subject to autometamorphism at moderate hydrostatic pressures.
Subaerial lavas were deuterically oxidized, and sediments could be altered during
or after diagenesis. All these processes occurred, geologically speaking, soon
after the rocks formed.

In the present chapter, we will consider the effect on magnetism of meta-
morphic processes occuring tens, hundreds or even thousands of millions of
years after formation. Metamorphic changes in the NRM and in the magnetic
minerals themselves are dictated by four factors: temperature, determined by
depth, geothermal gradient and tectonic setting; stress, both hydrostatic and
directed, and the deformational response of the rock to stress; the presence of
hydrothermal fluids; and time. We shall examine how primary NRM is partially
or completely 'overprinted' by metamorphic processes in which these factors
operate separately or in combination.

16.1 Metamorphic regimes

16.1.1 Contact metamorphism

Chemical and/or thermal remagnetization of the country rock is usually total at
the contact with an intrusion but inappreciable at distances comparable to the
dimensions of the intrusion. Figure 16.1 illustrates progressive resetting of

461
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Matachewan diabase baked
by Abitibi dike

270

Figure 16.1 Thermal
overprinting of NRM in
Matachewan diabase
country rock within and
beyond the baked contact
zone with an intruding
Abitibi diabase dike.
[Unpublished data cour-
tesy of L. D. Schutts.]

primary NRM of 2450-Ma-old Matachewan diabase in the zone reheated by an
intruding 2l50-Ma-old Abitibi dike. At and near the dike contact, the Matache-
wan NRM direction has been reset parallel to the NRM of the dike. At large dis-
tances, the primary NRM is unaffected. At intermediate distances, in the so-
called 'hybrid zone' (Schwarz, 1977; Schwarz and Buchan, 1989), overprinting
is partial and the younger NRM is superimposed on the older. The two NRM's
can be resolved by thermal cleaning because the blocking temperatures of the
domains that have been remagnetized are lower than those of domains whose
magnetizations have remained pinned. As a further illustration, subtracted
vectors at each step of thermal cleaning of a Siluro-Devonian lava reheated by
a Tertiary dike (Fig. 16.2) cluster around the dike NRM direction at low
temperatures but approach the primary NRM direction of the lava at high
temperatures.

A baked-contact test compares the direction of NRM in an intrusion with
NRM directions in the country rock both near and far from the contact. The
result is positive if the intrusion and contact rock have a common NRM direc-
tion, which is significantly different from that of the distant country rock. The
examples shown in Figs. 16.1 and 16.2 are positive contact tests, demonstrating
in each case a significant difference between the ages of magnetization of the
country rocks and the intruding dikes. The NRM's of dike and country rock
have not been mutually overprinted by a subsequent metamorphic event, as fre-
quently occurs in regionally metamorphosed terrains.
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Lome Plateau lavas baked by a 6.2m Tertiary dike

0 0

• o observed vectors • A down
A A subtracted vectors o A up

Figure 16.2 Thermal demagnetization of Lome Plateau lavas of Siluro-Devo-
nian age sampled at two different distances away from an intruding Tertiary dike.
C, D are country rock and dike directions, respectively. [After McClelland Brown
(1981), with the permission of the author and the publisher, The Geological
Society of America, Boulder, CO.]

The baked contact test can be used even with quite young rocks where the time
between formation and intrusion is too brief for significant apparent polar wan-
der to have taken place, provided the earth's field has reversed polarity in the
interval. A positive contact test of this kind - intrusion and contact rock having
opposite NRM polarity to that of the distant country rock - demonstrates the
reality of field reversal. The intruding rock could possess self-reversed TRM,
but it is very improbable that the contact rock does too, particularly since the
country rock (if it is igneous) did not exhibit self-reversing behaviour in its
original cooling.

16.1.2 Hydrothermal alteration during low-grade metamorphism

An abundance of water (groundwater or sea water), pressures below 500 Mpa (5
kb) and temperatures below 250-300 °C, characterize the environment of low-
grade hydrothermal metamorphism, e.g., in thick submarine or subaerial lava
piles or deep sedimentary basins. The alteration may be local, e.g., surrounding
a single volcanic source or in the circulation system above a single intrusion, or
regional. The main secondary mineral zones that delineate increasing hydrother-
mal metamorphism are given by Ade-Hall et al. (1971).
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The temperatures achieved in low-grade metamorphism are sufficient to
unblock low-Curie-point titanomagnetites, but as we saw in §14.2.4 and will
expand upon in the present chapter, the titanomagnetites themselves tend to oxi-
dize under these conditions. The N R M then may become a pseudomorph of the
primary N R M .

16.1.3 Medium-grade and high-grade regional metamorphism

Typical of hydrothermal alteration are zeolite, prehnite and pumpellyite (low
temperature, low pressure) grades of metamorphism (Fig. 16.3). At tempera-
tures of more than 250-300 °C, implying burial (generally of regional extent) to
> 5-10 km, hydrothermal solutions are no longer an important agent of altera-
tion. This is not to say that magnetic minerals undergo no further changes, but
under high greenschist-grade or low amphibolite-grade conditions, purely ther-
mal overprinting of the N R M of equilibrium high-Curie-point minerals like
magnetite and hematite begins to predominate. In high amphibolite and granu-
lite facies metamorphism, thermal overprinting is paramount.

16.1.4 Stress and deformation

The response of rocks and their N R M ' s to stress is extremely varied. At this
point, we shall single out folding because of its importance in the paleomagnetic
fold test. Folding requires either brittle fracture or plastic flow at moderate tem-
peratures and relieves compressive tectonic stress. The fold test depends for its
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Figure 16.3 Approximate pressure-temperature limits for medium- and
high-grade metamorphism.
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success on the rather surprising ability of pre-folding NRM to survive (in direc-
tion anyway) the temperatures, stresses and strains experienced before and dur-
ing folding.

The fold test as usually applied is positive if the initially scattered NRM vec-
tors of a folded stratum tend to converge when each vector is 'unfolded', i.e., cor-
rected for the local angle of bedding (Fig. 16.4). A positive fold test
demonstrates that the NRM predated folding, and has not been overprinted by
stress and heating during folding nor by subsequent CRM or VRM. Partial AF
or thermal cleaning may reveal coexisting pre-folding and post-folding compo-
nents of NRM.

A practical difficulty in applying the test (apart from finding good exposures
of both limbs of a fold) is the lack of a three-dimensional view of the fold and con-
sequent uncertainty as to the plunge and fold correction angles (MacDonald,
1980). There is frequently similar uncertainty in correcting for the regional tilt
of non-folded formations. In fact, since it is difficult to test whether NRM pre-
dates or postdates tilting, it is often unclear whether a tilt correction should be
applied at all to any but the most lightly metamophosed strata.

A serious objection to the usual version of the fold test is the naive assumption
of rigid-body rotation during folding. The development of folds involves large
internal strains. Successful 'unstraining' of NRM vectors in penetratively
deformed rocks (whether in folds or not) requires detailed knowledge of both
the mechanism of strain and the response of magnetic grains and their individual
remanence vectors to the strain (for reviews, see Cogne and Perroud, 1987 and

Positive fold test:

M has constant inclination
to pabeohorizontal, and
predates folding.

Figure 16.4 Sketch of the
paleomagnetic fold test.

M has constant inclination
to present horizontal, and
postdates folding.
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Borradaile, 1993a). For example, flexural shear produces rotations of pre-fold-
ing NRM vectors which are less than the apparent bed rotations (Kodama,
1988). The fold test would misidentify these NRM vectors as synkinematic (i.e.,
acquired when the beds were partly folded), a common interpretation of fold
tests in Appalachian rocks. Stamatakos and Kodama (i99ia,b) have reported
examples in which the primary NRM appears synkinematic because of flexural
slip or flow, while the secondary NRM is truly synfolding. Folds can also form
without any flexure, by simple lateral shortening of beds. In this regime, all grains
rotate by the same amount. NRM vectors remain parallel (although rotated),
leading to a false negative fold test.

If the strain can be measured quantitatively, for example from the strain of
reduction spots in red beds (Kligfield et ah, 1983; Cogne and Perroud, 1985;
Cogne, 1988a), and is not the product of successive non-coaxial strains and
rotations (Borradaile, 1993a), the rock matrix can be 'destrained'. However
oxide and sulphide minerals are expected to deform very little at low tempera-
tures compared to the matrix. Thus the usual model of rotation of remanence
vectors as passive lines in the rock (Kligfield et ah, 1983; Cogne and Perroud,
1985; Hirt et ah, 1986; Lowrie et ah, 1986) is less realistic than active rotation
of the long axes (to which NRM vectors are assumed to be pinned by shape
anisotropy) of rigid grains in a passive matrix (Kodama, 1988; Kodama and
Goldstein, 1991; Stamatakos and Kodama, 1991b). However, theoretically
(Cogne and Gapais, 1986; Cogne et ah, 1986; Borradaile, 1993b) and experi-
mentally (Cogne, 1987a; Borradaile and Mothersill, 1991; Borradaile, 1991,
1992a, Jackson et ah, 1993b), passive line and rigid marker models are almost
equally good predictors of NRM rotations for homogeneous strains up to
40% (see Borradaile, 1993a).

Not considered in any of the 'destraining' models are rotations of NRM vec-
tors relative to the magnetic grains themselves (i.e., remagnetization) as a result
of stress. Piezomagnetization, the reversible and irreversible responses of SD
moments and of domain walls in MD grains to stress, will be treated in §16.4.

16.2 Chemical remagnetization during metamorphism

16.2.1 Low-grade metamorphism of basaltic rocks

One conspicuous magnetic mineralogical change in low-temperature hydrother-
mal environments is the formation and eventual inversion of titanomaghemite.
In §14.2.4, we studied maghemitization of homogeneous titanomagnetites in sub-
marine basalts of low deuteric oxidation state. Figure 16.5 shows that the low-
temperature alteration of deuterically oxidized subaerial basalts gives rise to
some familiar and some novel features.
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Figure 16.5 Vacuum thermomagnetic curves of basalts that ha ve been both deu-
terically and hydrothermally altered. [After Ade-Hall et al. (1971), with the per-
mission of the authors and the publisher, Blackwell Science, Oxford, UK.]

The top three curves for unmaghemitized lavas merely reproduce the low-,
double- and high-Curie point vacuum thermomagnetic curves of class-I, -II and
-III basalts (cf. Fig. 14.13). The three left-hand curves are also familiar. They
characterize, respectively, homogeneous titanomagnetite with x sa 0.6, titano-
maghemite with the same x value (cf. Fig. 14.4), and magnetite, the principal
magnetic inversion product of titanomaghemite of this composition. CRM
accompanying both these changes tends to reproduce the original NRM in direc-
tion, although not in intensity (§13.3.1 and 14.2.7).

A class-II titanomagnetite is little affected magnetically by middle-zeolite-
grade metamorphism, except that the lower of the two Curie points rises, but
under prehnite or epidote grade conditions, the thermomagnetic curve changes
markedly and becomes irreversible (Fig. 16.5, middle three curves, vertical).
The heating curve develops a cusp that is suppressed by sufficiently high fields,
reflecting increased coercivity in an existing mineral rather than a new mineral
of low Curie point. The cooling curve indicates a single magnetic phase less mag-
netic than the starting material. Class-Ill and higher basalts develop similar
characteristics (Fig. 16.5, lower right).
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In an accompanying study of opaque minerals, Ade-Hall et al. (1971) were
unable to identify the phase or phases responsible for this characteristic beha-
viour of highly altered, deuterically oxidized basalts. The irreversible decrease
in saturation magnetization after heating suggests that maghemite was generated
during hydrothermal alteration and then partly inverted to hematite during heat-
ing in vacuum. If this is so, we can expect a CRM that remembers the NRM
direction if the maghemite is produced from SD or pseudo-SD magnetite or a
field-controlled CRM if the grains are outside this size range (Johnson and Mer-
rill, 1972,1974). However, the principal Curie point indicated (Fig. 16.5, bottom
middle and bottom right) is that of magnetite (580 °C), not maghemite

(«645°C:§3.3).
Independent of deuteric oxidation state, Ade-Hall et al. (1971) describe three

diagnostic effects of hydrothermal alteration on magnetic minerals. At and
above 150 °C, finely-divided ferri-rutile produces a granulation texture in titano-
magnetite. When temperatures approach 250 °C, sphene begins to replace ilme-
nite lamellae in titanomagnetite. Finally, around 300 °C, titanomagnetite is
completely pseudomorphed by hematite. The likely magnetic consequences of
these alterations are increased coercivity, as a result of granulation, and CRM
accompanying hematite production.

Hall (1985) and Beske-Diehl and Li (1993) examined the effect of hydrother-
mal metamorphism at temperatures up to «300°C on both deuteric hematite
and titanomagnetite in subaerial basalts from the Iceland Research Drilling Pro-
ject core. Titanium is lost by titanohematite between 1.8 and 2.4 km crustal
depth, with an accompanying rise in unblocking temperatures from 610-650 °C
to 650-690 °C. Neither magnetite nor hematite acquired a field-controlled
CRM during Ti migration out of the lattice but in the epidote zone (> 250 °C
approximately), magnetite began to acquire thermoviscous remanence (see
§10.6, 16.3). Over most of the depth of the core, magnetite and hematite NRM
directions were very similar and appeared to be inherited from primary TRM.

It is remarkable that metamorphism to almost greenschist facies, despite its
profound mineralogical consequences, apparently has so little effect on the fide-
lity or resolution of the paleomagnetic record in Icelandic and Keweenawan
(« 1100 Ma old) lavas (Ade-Hall et al, 1971; Beske-Diehl and Li, 1993). If this
conclusion is valid, it is intriguing to speculate at what level of metamorphism
chemical changes are so profound that CRM loses all ability to track the original
NRM.

Of course, the various mineralogical changes just described relate to specific
subaerially erupted volcanic suites characterized by high oxidation state
throughout. Submarine basaltic extrusive and intrusive rocks form under less
oxidizing conditions, but because of the deep fissuring, high geothermal gradient
and resulting large-scale convection cells near mid-ocean rifts, hydrothermal
alteration may occur at great depths. Alteration of the opaque minerals and mag-
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netic properties of basalts, diabases, gabbros and peridotites from hydrothermal
fields in mid-ocean rift valleys have been studied by Wooldridge et al. (1990).
They concluded that the degree of hydrothermal alteration increases with depth
in the oceanic crust and upper mantle, although their samples were dredged and
lacked stratigraphic control. Kikawa and Ozawa (1992), examining a strati-
graphic succession of drilled gabbros from ODP hole 73 5B, found an inversion
of the alteration gradient with depth: the upper gabbros were hydrothermally
altered but the lower gabbros were fresh. Thus there appears to be a limiting
depth for hydrothermal alteration of in-situ oceanic crust.

16.2.2 Moderate- and high-grade metamorphism

Magnetic mineralogical changes in rocks other than basalts, and under high tem-
perature conditions generally, are poorly known. Rochette (1987) has demon-
strated metamorphic control of the magnetic minerals in Alpine black shales.
As the metamorphism increases from zeolite to amphibolite facies, susceptibility
first decreases as magnetite breaks down, then recovers as pyrite transforms to
pyrrhotite. Metamorphic isograds can be mapped, quickly and precisely, by
magnetic measurements.

Volcanic rocks metamorphosed to greenschist facies ('greenstones') may be
virtually non-magnetic (e.g., Fig. 14.11). Magnetite and hematite, the end pro-
ducts of deuteric and hydrothermal alteration, seem to be largely replaced by
chlorite and sphene. On the other hand, diabases and gabbros metamorphosed
under similar conditions may remain quite magnetic. There are several possible
explanations. The coarser opaques in these rocks may resist chloritization, a
new generation of magnetic minerals may have appeared, or the NRM may
reside mainly in magnetic inclusions which are encased in silicate host minerals
(§14.6.3; Geissman et al., 1988) and therefore protected against later alteration.

In amphibolite-grade diorites, Buchan (1979) has shown that two distinct
ancient NRM's are localized in different mineral fractions (Fig. 16.6). The
younger NRM is carried by coarse hornblende-biotite aggregates containing
infrequent titanomagnetite grains. The older NRM resides in the groundmass
of feldspars and finer-grained (genetically distinct?) dark minerals, where both
magnetite and hematite are also seen as discrete phases in thin section. Over-
printing of NRM definitely has occurred in this rock, but we cannot say whether
it is chemical overprinting or thermal overprinting of magnetic mineral fractions
that differ in grain size and blocking temperature. If the NRM's are CRM over-
prints, it is tempting to associate them with magnetic inclusions in two genera-
tions of dark minerals, but there are many other potential NRM carriers.

Even at the highest grades of metamorphism, it is quite possible that primary
magnetite and hematite inclusions in plagioclase and pyroxene (§14.4.1, 14.6.3)
survive intact. The high temperatures (>800°C) at which these phases
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Figure 16.6 Microanalysis of NRM in a Precambrian diorite, using oriented
microsamples. A and B are NRM components with approximate ages of 1000 and
800 Ma respectively. [After Buchan etal. (1977), with the permission of the authors
and the publisher, Journal of Geomagnetism and Geoelectricity, Tokyo, Japan.]

equilibrate during initial cooling, combined with their chemical isolation within
the host mineral, must serve to protect them from subsequent alteration at
lower temperatures. If this is so, the primary NRM's of the magnetic silicates
will be replaced by secondary TRM's rather than CRM's, and their high mag-
netic intensities will be preserved. Purely thermal remagnetization of this kind is
the subject of the next section.

16.3 Thermoviscous remagnetization during
metamorphism

Reheating during contact or burial metamorphism unpins the NRM of mineral
grains at the lower end of the spectrum of unblocking temperatures, replacing it
with a partial TRM or a viscous pTRM dating from the time of cooling of the
intrusion or the region. If mineralogical changes continue throughout the heat-
ing, the unblocking temperatures themselves will change with changing Curie
temperature, coercivity and effective grain size. But if the temperature is either
low enough that the minerals do not alter appreciably (in addition oxygen and
water must be lacking) or high enough that all reactions reach equilibrium, the
extent of thermoviscous overprinting is readily predicted using Neel's (1949) SD
theory (Chapters 8 and 10).
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16.3.1 Metamorphic blocking temperature

At first glance, it seems self-evident that SD grains with blocking temperatures
TB less than the peak reheating temperature Tr will be overprinted by a new par-
tial TRM, while those having TB > TT will retain their preheating NRM. The dif-
ficulty is that the blocking temperature in a natural setting is lower than the
blocking temperature we are able to measure in brief laboratory experiments,
since TB is time-dependent (eqn. (8.19), Fig. 8.10b). As we saw in Chapter 8,
only order-of-magnitude differences in time t produce significant changes in TB.
Blocking temperatures in a cooling lava flow, for example, do not differ markedly
from those measured on a time scale of hours in laboratory heating. But large
bodies intruded at shallow depths may remain warm for hundreds or thousands
of years, and deeply buried terrains may take millions or tens of millions
of years to cool if erosion and isostatic uplift are very slow. In these situations,
natural blocking temperatures may be as much as 200 °C lower than lab-
oratory blocking temperatures.

The simplest calculation follows directly from eqns. (8.18) or (10.2) (see
§10.6.1 for a discussion). Consider an SD grain whose remanence is just
unblocked when the grain is held at temperature Tr for a time tT of geological
length. It satisfies the blocking condition T(TT) « tT. This same grain, heated for
a short time t in the laboratory has a different blocking temperature TB (usually
referred to as the blocking temperature), determined by the condition
T(TB) « t. Since t < tT, T{TB) < T(TT) and so TB > Tt. In fact, TB, t, Tt and
tx are related, for weak fields by

TB In (2//r0)
f3Bf3>B frfi - 2k ' [WA)

which is equivalent to eqn. (10.13). In eqn. (16.1), /? = Ms(T)/Ms0,
0 = HK(T)/HK0, and subscripts B and r denote values of (3 or 0 at TB and Tr,

respectively. All grains with TB's less than the value given by (16.1) are thermally
overprinted by the ambient field in time tr at reheating temperature TT.

That part of the partial TRM with (short-term) blocking temperatures
between TT and TB can be viewed as a VRM produced at Tr in time tT and added
to the partial TRM that would be acquired in rapid cooling from Tr. The over-
printing is therefore thermoviscous and the total remanence is often referred to
as a viscous partial TRM or VpTRM (Chamalaun, 1964; Briden, 1965).

16.3.2 Thermoviscous overprinting viewed graphically

The only difficulty in applying eqn. (16.1) is that 0{T), i.e., HK(T), is poorly
known except for SD magnetite and hematite. Fortunately, these are the high-
temperature equilibrium minerals commonly encountered in metamorphosed
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rocks, and the most stable fraction of NRM resides in SD (or PSD) grains of
these minerals.

Figure 16.7 reproduces the graphical results of Pullaiah et al. (1975), based on
eqn. (16.1). In the calculations, the MS(T) curves of Fig. 3-5(a) and 3.20 were

4.5Ga
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20 50 100 150 200 250 300 350 400 450 500 550

50 100 150 200 250 300 350 400 450 500 550 600 650

- IGa
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Blocking temperature TB or reheating temperature Tr CO

Figure 16.7 Blocking temperature as a function of time, for SD magnetite and
hematite, contoured from eqn. (16.1) of the text. [Reprinted from Pullaiah etal.
(1975), with kind permission of the authors and Elsevier Science - NL, Sara Bur-
gerhartstraat 25, 1055 KV Amsterdam, The Netherlands.]
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used for magnetite and hematite, respectively. For magnetite, 0 = ft (i.e.,
HK(T) oc MS(T): shape anisotropy) was assumed, and for hematite, 0 = /?3

(i.e., HK(T) oc Mg(T); Flanders and Schuele, 1964) was assumed. The quantity
contoured is TB \n(2t/TO)(3B0B, which according to eqn. (16.1) is invariant for
a particular grain ensemble (V, //KO)> indeed for all grain ensembles with the
same value of VHK0. Each contour traces the possible combinations of block-
ing temperature TB and time t (or of TT, and tr, the temperature and duration
of reheating for which overprinting is just possible) for grains lying on a com-
mon blocking curve VHK0 = C (eqn. (8.33)) in a Neel diagram like Figs. 8.15
or 10.8.

It is immediately obvious that there are two general regions in the overprinting
diagrams of Fig. 16.7. Within 50 °C or so of the Curie point of either hematite
or magnetite, the contours are near-vertical and blocking temperature is insensi-
tive to time. In this region, small changes in T result in large changes in f3 and 0
(Figs. 3.5a, 3.20) that offset order-of-magnitude changes of t or tt in eqn. (16.1).
At lower temperatures, /? and 0 change more slowly and any change in In t (or
In tx) must be balanced by a similar percentage change in T (or Tr). In this second
region, the blocking temperature is ill-defined unless the time interval over
which relaxation of the magnetization occurs is specified.

There is, of course, an intrinsic fuzziness in the contours in Fig. 16.7 at both
low and high temperatures, since magnetization relaxes exponentially over a
span of time that includes the relaxation time r (eqns. (8.1) or (8.14)), not
abruptly at r (eqn. (10.8)). This fuzziness was illustrated in Fig. 8.io(b), where
contours for 5% and 95% blocking and unblocking were plotted. Blocking is
nevertheless relatively sharp, the blocking interval being typically 10-20 °C.

Overprinting diagrams like Fig. 16.7 answer two questions.

1. What fraction, if any, of the primary NRM can survive the thermal
effect of a given metamorphic event?

2. Is a given secondary NRM likely to be a thermal overprint (as opposed
to a chemical or other overprint) and as such amenable, for example, to
paleointensity determination?

The blocking temperatures observed in a Thellier or other double-heating
paleointensity determination do not need to be corrected for the effect of slow
cooling, since NRM is demagnetized and laboratory partial TRM acquired
under identical (T, t) conditions. However the equivalence does not extend to
the intensities of NRM lost and partial TRM gained over the same temperature
interval. Theoretically (Dodson and McClelland-Brown, 1980; Halgedahl etal.,
1980) and experimentally (Fox and Aitken, 1980; Fig. 10.14), the intensity of
TRM increases with increased cooling time. Paleofield intensity estimates must
be corrected accordingly.
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16.3.3 Survival of primary NRM in thermal metamorphism

Table 16.1 gives an approximate scale of the 'survival potential' of primary
NRM during thermal metamorphism, according to Fig. 16.7. For a nominal
reheating time tT = 1 Ma and a reheating temperature Tr corresponding to var-
ious grades of metamorphism (Fig. 16.3), only NRM with short-term blocking
temperatures > those tabulated can be primary. Laboratory blocking tempera-
tures taken at face value may grossly overestimate resistance to thermal over-
printing. Magnetite with TB « 400 °C (for / = 100 s) is actually overprinted by
prolonged heating at 250-300 °C. Hematite with rB « 450 °C is remagnetized
at only 150-200 °C. In fact, blocking temperatures below 350 °C in hematite are
due entirely to VRM produced at To by the present geomagnetic field over the
past 0.78 Ma.

Blocking temperatures near the Curie point, in either magnetite or hematite,
are time insensitive and approximate to the temperature the NRM could
have survived in nature. Hematite grains with TB > 650 °C or magnetite grains
with rB > 565 °C can, in the absence of chemical changes, preserve their
remanence in the face of 550 °C (amphibolite-grade) metamorphism. Rocks
metamorphosed above middle-amphibolite facies lose any primary NRM
carried by magnetite but may preserve a fraction of the primary NRM carried
by hematite. For this reason, hematite takes on a special importance in
metamorphic rocks.

Table 16.1 An approximate scale of the survival potential of primary NRM during regio-
nal thermal metamorphism. [After Fig. 16.7 and Dunlop and Buchan (1977), with kind per-
mission of the authors and Elsevier Science-NL, Sara Burgerhartstraat 25,1055 KV
Amsterdam, The Netherlands.]

Minimum blocking temperature

of primary NRM, TB (°C)a

Approximate reheating

Metamorphic facies temperature Tr (°C)a Magnetite Hematite

Zeolite 150-200

Prehnite/pumpellyite 250-300

Greenschist 400-450

Amphibolite 550

Granulite 700 No surviving primary NRM

aDuration of Tx: 1 Ma; duration of TB: 100 s

340
415

500

565

455
510

560

605



Thermoviscous remagnetization during metamorphism 475

Although we argued earlier that high-temperature metamorphism inevitably
transforms the primary magnetic minerals, except perhaps inclusions in 'mag-
netic silicates', the discussion of the last paragraph, confined as it is to purely
thermal considerations, is not academic. A rock may experience two meta-
morphic events (this appears to have happened frequently in the Precambrian),
the second more severe than the first and perhaps occuring much later. If the
first metamorphism succeeds in producing an equilibrium mineral assemblage
on which a CRM is imposed, Table 16.1 gives the survival potential of this
CRM to the second, purely thermal, metamorphism.

Another possibility is that the CRM is not field-controlled, but a directional
pseudomorph of the primary NRM. We will then observe two directionally dis-
tinct NRM components even if the two metamorphic episodes are not signifi-
cantly separated in time, provided mineralogical changes are complete well
below the eventual annealing temperature. Table 16.1 then estimates the survival
potential of the pseudomorph primary NRM to thermal overprinting.

The minimum possible blocking temperatures of primary NRM in Table 16.1
are the maximum possible blocking temperatures of a secondary partial TRM
for a given regional temperature Tr (or for a rock of given metamorphic grade,
if Tr is imprecisely known). Observed Ts's significantly higher than those tabu-
lated imply chemical or other non-thermal overprinting.

16.3.4 Prediction of thermoviscous effects

Figure 16.7 and Table 16.1 are useful for rocks from high-grade terrains, but not
helpful with intermediate-grade (greenschist facies) rocks, where thermal and
chemical effects have occurred concurrently. In low-grade rocks that have not
altered appreciably, Fig. 16.7 again becomes useful as a predictor of the extent
of thermoviscous overprinting. The contours of TB as a function of t can just as
well be viewed as contours of r as a function of T (as was done in Fig. 8.10b). Fig-
ure 16.7 illustrates graphically the enhancement of VRM at higher-than-ambient
temperatures discussed in §10.3. The enhancement is pronounced. In a single
day's experiment at 150-200 °C, relaxation times up to 1 Ma are activated in
both magnetite and hematite. The application to testing for viscous effects over
the duration of a geomagnetic polarity epoch is obvious (see Dunlop and Hale
(1977) for an example, including a set of t-T contours for TM60).

By the same token, Fig. 16.7 at once predicts the temperature to which any
VRM must be heated to thermally demagnetize it. VRM's produced at higher
temperatures are of course correspondingly more resistant to thermal cleaning.
'Hard' VRM acquired by hematite at room temperature (§15.5.3) is seen to be
erased, whatever the coercivity of the grains, by heating to at most 360 °C, this
figure corresponding to an exposure time of 1 Ma. The efficiency of thermal
cleaning in erasing 'hard' VRM is obvious.
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'Hard' VRM produced at above-ambient temperatures is undoubtedly a fre-
quent contaminant of metamorphic rocks. It is more resistant to thermal clean-
ing than room-temperature VRM by an amount that is readily calculated from
Fig. 16.7. It is likewise harder to AF demagnetize. Figure 16.8 illustrates the
manner in which the blocking curve for AF demagnetization sweeps through
the regions of the Neel diagram occupied by ordinary and higher-temperature
'hard' VRM's.

It is a straightforward matter to modify eqns. (10.12) or (15.8) for T > To. The
values of Hc predicted for VRM acquired by hematite 100-200 °C above To for
the most part exceed the 100 mT (1 kOe) limit of the most commonly used com-
mercial AF demagnetizers. For this reason, hematite-bearing rocks that have
been mildly metamorphosed, e.g., red beds buried in a sedimentary pile, must be
thermally demagnetized, a fact that has long been recognized in practice.

16.3.5 Experimental findings

Equations (8.18) and (8.19), from which eqn. (16.1) derives, have quite firm
experimental backing (Everitt, 1961, 1962b; Dunlop and West, 1969; Dunlop,
1973b; see also Figs. 8.2, 8.3, 8.13b). Nonetheless, before drawing wide-ranging
conclusions from Fig. 16.7 and Table 16.1, direct laboratory and field tests are
highly desirable.

Field and laboratory tests involving the thermal demagnetization of low- and
high-temperature VRM's were described in §10.6.1. In all cases where the VRM
was carried by SD magnetite and hematite, the measured 7\jB's confirmed eqn.
(16.1) (Fig. 10.10; Kent and Miller, 1987; Williams and Walton, 1988; Dunlop
and Ozdemir, 1993; Tyson Smith and Verosub, 1994). In some field studies of
VRM and pTRM overprinting, even though it was not demonstrated that the
rocks contained only SD grains, the theory was also verified. For example,
unblocking temperatures of thermally overprinted secondary NRM in a deep
drill core from the Michigan Basin (Fig. 16.9a) were related to temperatures mea-
sured in the borehole in the general way Fig. 16.7 predicts. Minimum blocking
temperatures of surviving primary NRM at different distances from a Tertiary
dike, when corrected for time according to Neel's SD theory, matched the
expected profile of peak temperatures due to reheating by the dike (Fig. 16.9b).

Other experiments and field tests have given results that disagree with eqn.
(16.1). The Matachewan diabase sample of Fig. 16.10 was exposed 10 days to
the earth's field at 400 °C. According to Fig. 16.7, assuming magnetite as the car-
rier, the resulting VRM should have had laboratory unblocking temperatures
no higher than 450 °C. In reality, more than 50% of the VRM remained at
450 °C and unblocking temperatures as high as 550 °C were observed. There are
three possible explanations that would reconcile this result with SD theory:

(1) the rock may have altered during heating;
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Figure 16.9 (a) Comparison of measured or inferred temperatures Tt of thermal
remagnetization of red beds of Keweenawan («1100 Ma) and Beltian (m 1300 Ma)
ages compared with laboratory blocking temperatures TB of the thermal over-
prints predicted using the hematite curves of Fig. 16.7. [Reprinted from Van der
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Sara Burgerhartstraat 25,1055 KV Amsterdam, The Netherlands.] (b) Maximum
reheating temperature required to demagnetize thermal overprints in the baked
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the expected profile of peak temperatures reached after dike intrusion if the coun-
try rock was a t«150 °C when the dike was intruded. [After McClelland Brown
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(2) hematite may be a carrier of VRM, originally or after alteration;

(3) the VRM may be carried in whole or part by MD magnetite.

MD grains carrying VRM or partial TRM give rise to pronounced 'tails' of
high unblocking temperatures (Figs. 9.7b, 10.11b). These are suspected to be
the cause of the 'anomalously' high unblocking temperatures observed by Kent
(1985) for low- and high-temperature thermoviscous overprints of Appalachian
limestones (Fig. 10.10, solid circles and triangles). In the case of similar over-
prints of the Milton monzonite (Middleton and Schmidt, 1982; Dunlop et al.,
1995a), MD carriers of remanence were demonstrably the cause of very high
7\jB's at two sites, while one site with only SD magnetite had lower TVB's that
agreed with eqn. (16.1) (Fig. 10.10, open circle and triangles).

The fact that, when MD grains are the remanence carriers, 7\jB during ther-
mal cleaning can be » TB at which pTRM or VRM was acquired has more
serious repercussions than the inability to determine Tr with certainty. A labora-
tory simulation of the overprinting of primary TRM by pTRM(400 °C, To) in
large (135 um) MD magnetite grains is illustrated in Fig. 16.11. The two rema-
nences were produced along perpendicular directions so that the thermal demag-
netization behaviour of each could be monitored separately. About 80% of the
pTRM overprint demagnetizes below its maximum T# of 400 °C, but the other
20% must be heated to Tc before it is completely erased (Fig. 16.1 ia). The simu-
lated surviving 'primary TRM' behaves in a reciprocal manner: 85% is erased
over its original TB range above 400 °C, but 15% of its rUB's are low and overlap
the rB range of the overprint (see also Fig. 12.12).

A Zijderveld (1967) vector plot of the thermal demagnetization data (Fig.
16.1 ib) consists of two fairly linear sections, mimicking the ideal SD plot (dashed
lines), but the break between the linear sections is at 450 °C, not 400 °C. Tr is
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overestimated. More seriously, the slopes of the linear segments give incorrect
directions for the pTRM overprint and for the primary TRM. The pTRM direc-
tion is 8 ° in error and the primary TRM direction is almost 20 ° in error. If MD
grains are a major remanence carrier, paleomagnetists should be aware that ther-
mal overprinting of primary TRM can produce such an overlap of 7\jB's that
neither the overprint direction, nor the primary TRM direction, is trustworthy.

16.3.6 Blocking temperatures in continuous cooling

The calculation leading to eqn. (16.1) assumed constant temperature over
extremely long times. In nature, a more frequent situation is very slow cooling
at a rate dT/dt. Stacey and Banerjee (1974, p.97) and York (1978a) show that
under these conditions, the blocking temperature is

akTl
= X l n

T0AE(TB)(-dT/dt)B

(16.2)

in which a is a number between 1 and about 4. AE is the principal energy barrier
opposing magnetization relaxation. For SD grains, AE = ±/i0F//KMs = VKU

(eqns. (8.12), (8.18)). For MD grains, AE = c/j,0VBarkHcMs (eqn. (9.20)). The
temperature dependence of AE has been ignored in deriving eqn. (16.2) but
it can be included in numerical calculations (York, 1978b; Dodson and
McClelland-Brown, 1980).

Blocking temperatures from eqn. (16.2) or from numerical calculations,
plotted as a function of cooling rate dT/dt, constitute an overprinting diagram.
Alternatively one can utilize Fig. 16.7, using the following procedure. For a
given constant cooling rate dT/dt and a chosen laboratory blocking temperature
TB (defined for a nominal time t of 60 s to 1 hr, say) calculate AE(TB) (see the
preceding paragraph) and substitute in

t \ —

The 'characteristic cooling time' corresponding to dT/dt is {tr)e{{, which can be
used to locate, on the contour passing through (TB, t) in Fig. 16.7, the blocking
temperature TT during slow cooling at a rate dT/dt.

16.3.7 Relative ages of thermally overprinted NRM components

If one magnetization is thermally overprinted by another, the magnetization
possessing the higher blocking temperature is clearly the older. The difficulty
comes in proving that the overprint is purely thermal, i.e., that it is a partial TRM
rather than CRM or TCRM. A hematite CRM of recent origin, for example,
will possess higher blocking temperatures than a Precambrian NRM carried by
magnetite.
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One criterion for a thermal overprint is a maximum TB compatible with Table
16. i. Two other criteria are helpful if two NRM components coexist.

1. The (un)blocking-temperature spectra of the two components must be
mutually exclusive (McClelland Brown, 1982). Non-overlapping spectra
cannot be demonstrated from directional plots alone (e.g., Fig. 16.1).
It is necessary to show that the vector plot or Zijderveld diagram
(Zijderveld, 1967, i975;Dunlop, 1979) of the thermal demagnetization
data consists of two straight-line segments (cf. Fig. 16.1 ib) or,
equivalently, that the vector erased in successive temperature steps
remains constant in direction, then changes abruptly as the high-
temperature component is isolated (e.g., Fig. 16.2).

2. The unblocking temperature at which one component is eliminated and
the other begins to be attacked must be the same for all samples from
any site and must vary in a regular fashion (e.g., Fig. 16.9b), if at all,
from site to site in a formation.

Figure 16.12(a) is an example of thermal overprinting in a Precambrian intru-
sive rock. The younger 'B' NRM direction is mainly associated with partial
TRM carried by magnetite having blocking temperatures below 450 °C. In
some samples, a small 'B' NRM is carried also by hematite with much higher
blocking temperatures: this part of the 'B' NRM must be a chemical overprint.

In Fig. i6.i2(b), another formation, the Thanet gabbro, from the same area
exhibits the same 'A' and 'B' NRM components, but here the 'B' NRM has no
low blocking temperatures. Instead the 'B' blocking-temperature spectrum lies
above and slightly overlaps the 'A' spectrum. The 'B' component in this rock
must be a CRM, and no inference about the relative age of 'A' and 'B' NRMs
can be drawn from the thermal results.

None of the criteria above serve to demonstrate that the NRM component
with the higher blocking temperatures is of thermal origin. The only reliable cri-
terion is a linear Thellier paleointensity plot over the appropriate blocking tem-
perature range.

16.3.8 Thermal overprinting of radiometric dates and absolute ages of
NRM components

Any component or components of NRM in a metamorphic rock that are demon-
strably thermal overprints can ultimately be assigned absolute ages in the follow-
ing manner. Radiometric clocks, like magnetizations, are reset by sufficiently
severe heating because daughter (and parent) isotopes diffuse from one mineral
to another. 40Ar, the daughter product of 40K, diffuses out of various minerals
at different, but relatively low, temperatures. It is for this reason that K/Ar
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Figure 16.12 (a) Thermal demagnetization of rocks with multicomponent
NRM's and a block model of the blocking temperature spectrum. B\ and B2 are
thermal and chemical overprints respectively, (b) Thermal and AF demagnetiza-
tion of multicomponent NRM in which a younger chemical overprint (B) has
higher unblocking temperatures than component A. Note that A is reversed com-
pared to Fig. 16.12 (a). [After Buchan and Dunlop (1976) © American Geophysi-
cal Union and Buchan (1978), with the permission of the publishers, The American
Geophysical Union, Washington, DC and The National Research Council of
Canada, Ottawa, Canada.]

mineral ages, taken at face value, are notoriously poor age estimators for meta-
morphic rocks.

However, York (1978a) has demonstrated that the thermal activation equa-
tion for Ar diffusion is formally identical to the equations for SD and MD mag-
netization relaxation. It follows that there are well-defined 'blocking
temperatures' for the diffusion of 40Ar out of various minerals, i.e., for the reset-
ting of K/Ar ages in these minerals. Field studies (Berger, 1975; Schutts et al.,
1976; Buchan et al., 1977) confirm this expectation. Since argon diffusion
depends on pressure (i.e., depth of burial), crystal size and shape, and the assem-
blage of neighbouring minerals, as well as on temperature, blocking tempera-
tures for particular minerals are not hard and fast numbers, but must be
determined for each rock (see McDougall and Harrison (1988) for details).

Isotope diffusion in the Rb/Sr and U/Pb systems is less well studied but it is
clear that Rb/Sr whole-rock ages are reset at considerably higher temperatures
than K/Ar ages. U/Pb ages of zircons and baddeleyites seem to be practically
immune to metamorphism. They can be used to date any identifiable surviving
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primary NRM. U/Pb sphene or monazite ages, on the other hand, can be reset by
metamorphism, again at higher temperatures than K/Ar ages.

Rb/Sr and K/Ar mineral ages, if the associated blocking temperatures are
well determined, can be used to reconstruct the cooling curve for a metamor-
phosed region. The 40Ar/39Ar variant of K/Ar dating is particularly useful
because it yields both an age and a blocking temperature for each mineral (Berger
et al, 1979). The blocking temperature ranges of overprinted partial TRM's
(corrected for slow cooling using Fig. 16.7) can then be translated into corre-
sponding absolute ages for these NRM components (thermochronometry). The
application of these principles is illustrated in Fig. 16.13.

A more direct method is to date K-bearing inclusions in magnetite crystals.
This approach has been shown to be feasible using a high-sensitivity laser
40Ar/39Ar system by Ozdemir and York (1990, 1992). In both studies, dates for
the magnetite crystals («1150 Ma and 323 ± 5 Ma, respectively) were in reason-
able agreement with independently determined metamorphic ages from micas.

Rochette et al. (1992a) have described an independent, non-radiometric
method of paleomagnetic thermochronometry using pyrrhotite-bearing meta-
morphic rocks from the French Alps. These rocks cooled slowly enough during
Alpine uplift that individual samples preserved a record of successive polarity
reversals in their TRM. When the TRM was thermally demagnetized, the times
of reversal (from the geomagnetic polarity time scale) versus (corrected) blocking
temperature yielded an average cooling rate of «50°C/Ma. It is of course this
very slow cooling that makes the method successful; more rapid cooling would
not have permitted enough reversals to be recorded.

700
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Figure 16.13 Hypothetical regional cooling curve, with blocking temperatures
and ages determined by various radiometric systems and for thermally overprinted
NRM's compared with an experimental cooling curve (for part of the Grenville
orogen in Ontario) determined from 40Ar/39Ar mineral ages. [Experimental curve
after Berger et al. (1979), with the permission of the authors. Reprinted with per-
mission from Nature. Copyright © 1979 Macmillan Magazines Ltd.]
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16.4 Stress, deformation and anisotropy effects

Deeply buried rocks experience, in addition to elevated temperatures, stresses up
to 1 GPa (10 kb or 1010 dyne/cm2). In the main these stresses are hydrostatic,
but in tectonically active areas, the stress will have compressive and shear com-
ponents as well.

16.4.1 Anisotropy of petrofabric and its effect on TRM

We discussed in §15.2.2 and 15.2.4 the magnetic anisotropy introduced by the
tendency for magnetite, titanomagnetite or hematite grains to settle with their
long axes in the bedding plane of sediments and the additional anisotropy pro-
duced by compaction of the sediment. As a result of post-depositional reorienta-
tion, the anisotropic alignment of magnetic grains may be less than that of non-
magnetic crystals. In this case, distinct fabrics of the matrix and oxides may be
measurable using the anisotropies of paramagnetic susceptibility and of ferri-
magnetic susceptibility or remanence, respectively (Borradaile, 1988; Jackson et
al., 1989). Composite magnetic fabrics may be due to distinct sedimentary and
tectonic fabrics (Housen et al., 1993a) or to different magnetic minerals in differ-
ent domain states (Rochette etal., 1992b).

In metamorphic rocks, anisotropy may be pronounced. Lineation, foliation,
schistosity and gneissicity are the aftermath of plastic deformation or of recrys-
tallization of minerals under directed stresses. The quantitative relation between
strain and degree of anisotropy is not necessarily simple (Rochette et al.,
1992b). For example, Cambrian slates with large finite strains (shortening ratio
X/Z of «4) were found to have weak (ferrimagnetic) susceptibility anisotropies
(Xmax/Xmin = 1.1-1.2) (Jackson and Borradaile, 1991). Leaching experiments
(cf. §15.5.4) a nd measurement of IRM anisotropy showed that coarse detrital
hematite grains had weak magnetic fabric while fine authigenic or metamorphic
hematite grains gave rise to a stronger fabric. Most of the strain was accommo-
dated by quartz grains (X/Z « 3); fine hematite grains behaved more rigidly
(X/Z = 1.7). In less deformed rocks (the Flamanville granite), on the other
hand, Cogne and Perroud (1988) reported good correlation between the strain
and susceptibility ellipsoids, in both directions and lengths of principal axes.

Remanence anisotropy is a more sensitive and reliable measure of magnetic
fabric for paleomagnetic purposes than susceptibility anisotropy (Jackson,
1991; see also discussion below). Anhysteretic remanence (ARM) anisotropy is
generally used. Fabrics due to different parts of the coercivity spectrum (e.g.,
SD and MD grains) can be examined by using partial ARM's (Jackson et al.,
1988a) or different fractions of IRM (§11.3.2; Jackson and Borradaile, 1991), or
by AF demagnetizing the remanence to different levels. A final advantage is that
ARM anisotropy is more directly correlated with strain and strain gradients
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than is susceptibility anisotropy. Housen and van der Pluijm (1991) studied the
transition from undeformed shale to slate in the Martinsburg formation, and
found that susceptibility anisotropy was controlled by chlorite fabric and was
unrelated to strain. The ARM anisotropy, on the other hand, progressively chan-
ged from bedding-normal to cleavage-normal, and correlated closely with the
strain gradient.

A direct relation between tectonic stress and remagnetization of apparently
stable Paleozoic carbonate rocks (§15.3.4) n a s been demonstrated by Sun et al.
(1993). Remagnetized and unremagnetized sites have much different degrees of
ARM anisotropy, and the magnetic anisotropy ellipsoid has the same orienta-
tion as layer-parallel shortening during Appalachian orogenesis (indicated by
calcite twinning). The diagenetic/authigenic magnetite responsible for remagne-
tization formed under at least the partial control of a technically produced fab-
ric. In the Martinsburg formation, within the Appalachian orogen itself, shale
and slate anisotropies (see above) were used to determine the timing of magnetite
dissolution and neocrystallization (Housen et al., 1993b). This source of remag-
netization is in addition to, and independent of, strain-induced grain rotations
(§16.1.4).

Despite the advantages of remanence anisotropy, susceptibility is the most
frequently used measure of magnetic anisotropy. For reviews, see Borradaile
(1988), Jackson and Tauxe (1991), Rochette etal.{\992b) or Tarling and Hrouda
(1993). Anisotropy of magnetic susceptibility (AMS) is defined either as
A = Xmax/Xmin or as percentage anisotropy, Ax/Xav = (Xmax - Xmin)/Xav In
'isotropic' rocks, the grains are almost randomly oriented and Ax/Xav is gener-
ally only a few per cent. In lineated or foliated rocks, AMS may be much more
pronounced.

For strongly magnetic minerals like magnetite, titanomagnetite or titanoma-
ghemite, AMS usually reflects preferential linear or planar alignment of the
long axes of grains. (Planar or other non-isotropic clusters of grains without pre-
ferred orientations will also produce AMS ('distribution anisotropy': Hargraves
et al., 1991; Stephenson, 1994)). Average grain elongation is about 1.5 : 1
(Nagata, 1961, p. 131), strongly favouring magnetization parallel to the long
axis (§4.2.4). Susceptibility will be maximum in this direction for MD grains,
which have xo ^ 1 /A^ (Fig. 5.16, eqns. (5.30), (9.4)), but m/mmi/m for SD grains,
whose maximum susceptibility is perpendicular to the long axis (Fig. 8.6). This
effect results in an inverse AMS fabric (i.e., xmax perpendicular instead of parallel
to the lineation or foliation) if SD grains of a strongly magnetic mineral are
responsible, although the ARM or other remanence anisotropy will be normal
(Stephenson et al., 1986; Rochette ef al., 1992b).

Hematite tends to occur as plate-like crystals that are short along the c-axis
and elongated in the basal plane, which above the Morin transition is the plane
of easy magnetization. Alignment of these platelets in the plane of foliation by
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either rotation (Cogne and Canot-Laurent, 1992) or (re)crystallization during
deformation results in a pronounced planar anisotropy. Susceptibility and rema-
nence are greatly reduced perpendicular to the foliation. Figure 16.14 is an exam-
ple of AMS data from which petrofabric and paleostrain of a metamorphic rock
can be estimated.

Anisotropy of remanence and AMS due to the same grains are related tensors.
McElhinny (1973, pp. 66-67) a°d Stacey and Banerjee (1974, pp. 118-120) give
equivalent approximate theories for multidomain TRM. All grains are taken to
have the same shape, and attention is restricted to grains so oriented that the
TRM deviates a maximum amount from the applied field Ho. Following eqns.
(9.9) and (9.10), the TRM components Afy, M±, parallel and perpendicular to
the long axis, considered to be independently induced by the field components
HQ COS 0 and //0 sin <f>, are

j>, s i n <pcos (16.4)

where 0 is the angle between Ho and the long axis, and N^, N± are counterparts
to Na, Nb used previously for demagnetizing factors parallel to the major and
minor axes, respectively, of spheroidal grains (§4.2.4).

The angle 6 between the TRM Mtr and the long axis is then

Vattis fold,Swiss Alps

Magnetic onisotropy
0

Structure 9 meon onisotropy
0

axis of lineotion
9 extensionol
strain

180

Figure 16.14 Anisotropy of magnetic susceptibility (AMS) for folded and
strained Alpine rocks. Maximum susceptibility is in the direction of petrofabric
lineation, while minimum susceptibility is measured perpendicular to the plane of
foliation. [After Kligfield et al. (1982), with the permission of the authors and
Eclogae Geologicae Helvetiae, Zurich, Switzerland.]
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a n , 1 tan*. (16.5)
|| Atr

The 'anisotropy of TRM', Au, is defined by analogy with the anisotropy of sus-
ceptibility, as the ratio of maximum and minimum TRM's, induced parallel and
perpendicular, respectively, to the long axis. For maximum deflection 9 — <j>,

i % ! (16.6)

Since for magnetite and other strongly magnetic minerals Xo =
Xi/(1 + NxO -» 1/iV (eqn. (9.4)), Atr and A are related by

^ M w /wy = ^ w l + 2Ax
M\\ X0± VXmin/ Xav

The final approximation assumes small anisotropy, in which case multidomain
TRM has twice the percentage anisotropy of susceptibility.

Table 16.2 gives a few values of maximum 6 - <f> with the corresponding aniso-
tropies, AiT and A, of remanence and susceptibility. Quoting corresponding
values ofd-<j) and Atr but not A (McElhinny, 1973, p. 67) is a little misleading.
A maximum deflection of « 3° (comparable to the error in orienting a paleomag-
netic sample and determining its NRM direction) requires «10% anisotropy of
TRM but only ss 5% anisotropy of susceptibility. The latter criterion is more
meaningful, since A, not Atr, is normally measured.

The experimental evidence is sparse. Cogne (1987b) found that Atr w A2

within experimental error for two highly anisotropic rocks (a gabbro and a gran-
ite, the latter with 15-35% AMS). Irving and Park (1973) found the deflection of
saturation IRM carried by high-coercivity grains in a number of metamorphic
rocks to be only a few degrees and not systematic, although the remanence of
low-coercivity MD grains was more anisotropic. Vetter et al. (1989), on the
other hand, documented systematic deflections of remanence from the expected

Table 16.2 Maximum deflection of TRM from //o in an anisotropic rock according to MD
theory (eqn. (16.6))

Maximum deflection of

Susceptibility anisotropy, A Anisotropy of TRM, Au TRM (°)

1.05 1.10 2.7

1.095 1.20 5.2

1.225 1.50 11.6
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Cambrian field direction as a result of tectonic fabric in Appalachian rocks.
NRM deviations correlated well with strain and AMS magnitudes.

It is sometimes possible to correct TRM directions of igneous and high-grade
metamorphic rocks using either the AMS or TRM anisotropy tensor. It is
assumed that TRM was acquired after deformation and fabric development
were complete. In addition, if the AMS tensor is used as a proxy for the TRM ten-
sor, it must be assumed that the eigenvalues of the two tensors are quadratically
related (Cogne, 1987b), in the manner of eqn (16.7). Cogne (1988b) was success-
ful in using the measured AMS tensor of the Flamanville granite to restore dis-
persed NRM vectors to the orientations they would have had in an isotropic
rock. The restored NRM vectors clustered well and agreed with the expected
Carboniferous field direction. Hyodo and Dunlop (1993) used the directly mea-
sured TRM anisotropy tensor to correct deflected NRM directions in a Grenvil-
lian (w 1000 Ma old) tonalitic gneiss and obtain a more reasonable paleofield
direction.

A general theory relating AMS and anisotropy of magnetic remanence
(AMR) has been advanced by Stephenson et al. (1986). They point out that even
when (ferrimagnetic) susceptibilities are too weak to measure accurately, aniso-
tropy can still be determined using remanence. They recommend weak-field
IRM, which is 'magnetically non-destructive' in the sense that it has a negligible
effect on NRM (cf. §11.2, 11.3.2, Fig. 11.1). (By the same token, of course, a
weak-field IRM samples the part of the coercivity spectrum which is least rele-
vant to stable NRM.) Their theory is too intricate to reproduce here, but it pre-
dicts relationships between AMS and AMR which are distinctively different for
MD grains, for SD grains with a prolate AMR ellipsoid (i.e., an easy remanence
axis, like magnetite), and for SD grains with an oblate AMR ellipsoid (an easy
plane of magnetization, like hematite). The expected inverse (oblate) AMS fabric
for SD grains with a prolate AMR ellipsoid is correctly predicted: susceptibility
is maximum in a plane perpendicular to the easy axis. Experiments on rocks, dis-
persed PSD-MD magnetites, and SD magnetic tape particles gave results compa-
tible with the theory.

16.4.2 Reversible piezomagnetic effects

We now turn to a consideration of piezomagnetization: reversible and irrever-
sible changes in the magnetization of individual grains, e.g., rotations of SD
moments, in response to stress. These changes may occur even in rocks with no
permanent strain. In strained rocks, piezomagnetic effects are largely indepen-
dent of strain-induced changes like rotations of the grains themselves. Partial
remagnetization by permanent piezomagnetic changes, such as pressure demag-
netization (§16.4.3) a nd piezoremanent magnetization (PRM) (§16.4.4, 16.4.5),
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causes deflections of the NRM vector which add to any strain-induced deflec-
tions due to (re)crystallization or rotation of grains.

A compressive stress a with its axis at angle ip to the magnetization M of a
domain in a cubic ferromagnet gives rise to a magnetostrictive strain energy of

Ea = l\saV cos2 ip, (16.8)

as in eqn. (2.66). The isotropic magnetostriction As is appropriate for the ran-
domly oriented crystals in a rock. In individual crystals, the energy depends on
the angle between the stress axis and (100) and (111) axes. In magnetite, for
instance, A|00 = -19.5 x 10~6 but AU1 = +72.6 x 10~6 (§3.2.3), so that com-
pressive stress deflects magnetization away from (111) easy axes and toward
(100) hard axes. Since As = +35.8 x 10~6, the net effect overall is deflection of
M away from the axis of compression in magnetite.

From thermodynamic considerations (for a detailed theory, see Hodych,
1976, 1977), small reversible magnetization changes parallel and perpendicular
to a directed stress a are related by

Since in magnetite and other spinels with positive As, dM^/da is negative (for
compression), the component of magnetization measured normal to the stress
axis in these minerals should increase with compression. Kean et al. (1976) and
Kapicka (1992) have found results generally compatible with these predictions
in studies of reversible piezomagnetic changes in susceptibility for magnetite
and titanomagnetites of different compositions and grain sizes.

Domain structure of MD magnetite compressed along a (111) axis was
observed by Bogdanov and Vlasov (1966b). Below 0.5 kb, 180° walls of domains
aligned with the stress were displaced, but around 0.85 kb, the entire domain
structure was reconstituted along another (111) axis, at 71° to the stress. In prin-
ciple, 180° walls should not be mobilized by stress since Ea is identical in either
domain, (a defines an axis, not a vector direction.) 71° and 109° walls are moved
by stress. Such motions, or direct rotations of the domains, explain the domain
structure observations above 0.85 kb. Similar observations on polycrystalline
high-Ti titanomagnetite were shown in Fig. 6.10.

Soffel (1966) also studied the effect of compressive stress on domain structure
in magnetite. Observations were made on a {111} plane with (112) as the axis of
compression. The domains reformed with their Ms directions perpendicular to
the stress axis when Ea> £K. In addition, a PRM was acquired perpendicular
to the axis of compression.

It is worth emphasizing that only a field Ho can create new magnetization.
Stress alone cannot do so. Displacement of any 71 ° or 109 ° wall, in the absence
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of Ho, is balanced by an equal displacement of a wall bounding a domain of
opposite magnetization.

Figure 16.15 shows large, purely reversible changes in the TRM of a gabbro
compressed far beyond the elastic range. (The fifth compression cycle is illu-
strated. In the first cycle, where most of the plastic strain occurred, about 20%
of the initial TRM was permanently demagnetized.) The axial component of
TRM decreased > 20%, the perpendicular component increased about 5% (less
than expected from eqn. (16.9)), the remanent intensity decreased 10% and the
Mt vector rotated about 10° away from the compression axis. Initial values
were recovered in all cases when the stress was released.

16.4.3 Effects of hydrostatic pressure

Hydrostatic pressures of 5 kb or more accompany deep (> 20 km) burial. The
Curie point increases 2.3 °C/kb in magnetite, and to a lesser extent in titanomag-
netite with x = 0.5-0.6 (Schult, 1970). Blocking temperatures at depth are

Figure 16.15 Reversible
directional and intensity
changes in the TRM of a
gabbro during the fifth
cycle of uniaxial compres-
sion. [After Martin el al.
(1978) © American Geo-
physical Union, with the
permission of the authors
and the publisher.]
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increased at most 10-20 °C. Magnetostriction and anisotropy constants change
5—15%/kb (Nagata and Kinoshita, 1967) but changes resulting from the
increased temperature at depth are more important. VRM acquisition by
MD magnetite is scarcely affected by hydrostatic pressure up to 1 kb (Kelso
and Banerjee, 1995). Again, the effect of increased temperature is potentially
more important (Fig. 10.3).

One would anticipate minor changes in magnetization due to hydrostatic pres-
sure. Experimentally the changes are less for hydrostatic than for non-hydro-
static loading (Martin and Noel, 1988), but they can be substantial. 20 kb
pressures have been found to permanently demagnetize 50% of the saturation
IRM of dispersions of fine magnetite grains, much of the demagnetization occur-
ring below 2 kb (Pearce and Karson, 1981). Magnetite-bearing rocks were
affected less and hematite-bearing rocks hardly at all. On the other hand, Borra-
daile (1993a) reported 65% demagnetization of SIRM by 1-2 kb pressure for
both magnetite and hematite-bearing rocks and for artificial dispersions of
hematite. The reduction was greatest for the lowest coercivity fraction, and
ARM was reduced less than IRM (Jackson et al., 1993b). Girdler (1963), Avch-
yan (1967) and Nagata (1970) found only small (10-20%) permanent changes in
the TRM of magnetite- and hematite-bearing rocks stressed to 5-10 kb, although
weak-field IRM was largely demagnetized (Fig. 16.16).

These results suggest that hydrostatic stress merely aids internal stresses in
effecting changes towards an equilibrium (lower magnetization) configuration.
These changes are confined mainly to low-coercivity remanence, of which weak-
field IRM is largely composed. Borradaile and Jackson (1993) demonstrated
this association very directly in hydrostatic compaction up to 220 MPa (2.2 kb)
of two-component IRM's carried by fine SD-PSD (0.02-2 um) and MD (40 urn
mean size) magnetites. The IRM with coercivities < 30 mT was preferentially
demagnetized in both cases. Pressure demagnetization is thus akin in its effect to
AF demagnetization in low-to-moderate fields of a few tens of mT.

Figure 16.16 Demagneti-
zation of weak-field IRM
and TRM by hydrostatic
pressure. [After Avchyan
(1967) © American Geo-
physical Union, with the
permission of the author
and the publisher.]
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16.4.4 Uniaxial stress and piezoremanent effects: single-domain theory

Small fields applied during hydrostatic pressurization produce insignificant
remanence (Borradaile and Mothersill, 1991). A field applied during non-hydro-
static compression, however, creates a piezoremanent magnetization (PRM).
Directed stress is effective in reducing the anisotropy of an SD grain or the bar-
riers to wall motion in MD grains. The applied field can then rotate domains or
displace walls that were previously pinned.

There have been numerous demonstrations of the acquisition of PRM in the
laboratory. Of particular interest are experiments by Borradaile (1994b), in
which PRM was added to, and partly replaced, a pre-existing remanence, simu-
lating tectonic overprinting of NRM in nature. Remagnetization of synthetic
dispersions of PSD size magnetites by differential stresses up to 30 MPa (0.3 kb)
was evidenced by remanence directions intermediate between those of the pre-
existing ARM and of the 35 uT field applied during stressing. The newly acquired
PRM's were mainly of lower coercivity (< 35 mT), but their effect completely
masked that of strain-induced changes in remanence due to grain rotation (the
shortening was up to 25%). Stress-induced remagnetization may thus be the
main cause of syntectonic remagnetization in naturally deformed rocks.

Theoretically, the SD piezoremanent effect is easily demonstrated (Dunlop et
ai, 1969). Taking the simplest possible case, in which a field Ho and a uniaxial
compression a are applied parallel to the axis of a spheroidal SD grain, eqn.
(8.5) for the total angle-dependent energy becomes:

E(9,4>) = -MO VM% • Ho + iMo VMs[(Nb - Na)Ms - 3X

(16.10)

The analysis from this point is identical to that of eqns. (8.6) and (8.7) except that
microscopic coercive force //K is everywhere replaced by

^ ^ ( 1 6 . 1 1 )

As far as its effect on the shape anisotropy barrier is concerned, u is equivalent to
a reduction in coercivity of 3AS/^OMS « 25 mT/kb (250 Oe/kb) for magnetite.
In reality, the reduction in coercivity is extremely variable because of the many
possible relative orientations of Ho, a, and the shape and crystalline easy axes.
The coercivity may even be raised if a grain is elongated along a (100) axis, since
A100 is negative in Fe3O4. The experimentally observed average reduction in coer-
civity turns out to be much less than 25 mT/kb for magnetite.

Despite the numerical uncertainty of eqn. (16.11), the principles on which it is
based are sound and lead to a simple picture for irreversible stress effects. The
magnetization relaxation of an SD grain ensemble (V, H^o) under compressive
stress in a weak field, following eqn. (8.18), is
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r-ro
eXP[ 2kT

(16.12)

m being a number that, experimentally, is < 3. Compression of an assembly of SD
grains with distributed (V, H^o) is then described, at room temperature, by the
following blocking curve on a Neel diagram:

The blocking curves (Fig. 16.17) are identical to those for field-induced magneti-
zation changes (IRM, ARM and AF demagnetization) and in marked contrast
to those for thermally activated changes (TRM, VRM and thermal demagnet-
ization).

In theory, PRM for a given stress a affects the same grains as IRM produced in
a field Ho — m\sa/'n$M's0. An even closer analogy is between partial ARM and
PRM, H in the former playing the role of a in PRM. In the same manner, zero-
field compression of SD grains should have an effect equivalent to AF demagne-
tization to H = m\sa/n0Ms0, for any type of initial remanence.

Demagnetization by compression is well-documented. The curves resemble,
in aspect and quantitatively, those for hydrostatic stress (Fig. 16.16). This resem-
blance implies that the hydrostatic effect is actually due to differential stresses at
the grain scale, as the externally applied load is transmitted through grain con-
tacts (Borradaile and Jackson, 1993). According to Ohnaka and Kinoshita
(1969), about 70% of an initial TRM survives uniaxial compression to 5 kb. If m
were equal to 3 in eqn. (16.13), 70% of the TRM would have coercivities in excess
of 125 mT (1250 Oe). The actual coercivities are more like 25 mT (250 Oe), indi-

T=20°C

0 2 4 6mT

0°C HC=O

0 100 200 300 MPo

(a)

Microscopic coercive force, HK0

(b) (c)

Figure 16.17 Displacement of SD blocking curves due to (a) temperature, (b)
applied field, and (c) uniaxial compression, for a material with positive magneto-
striction. [After Dunlop et al. (1969), with the permission of the authors and the
publisher, Journal of Geomagnetism and Geoelectricity, Tokyo, Japan.]
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eating an average reduction in coercivity of « 5 mT/kb, five times less than the
25 mT/kb predicted by (16.11).

Hamano (1983) made detailed comparisons of AF and uniaxial stress demag-
netization curves for magnetite-bearing volcanic and pyroclastic rocks. The two
types of demagnetization curves were strikingly similar and gave equivalent
fields ranging from 2.3 mT/kb to 37.5 mT/kb. The lower figures were shown to
be compatible with Brown's (1949) theory of domain wall motion in response to
uniaxial stress. The higher figures, which are actually in good agreement with
the SD theory embodied in (16.11), were considered by Hamano to result from
the focusing of stress on MD magnetite grains in porous rocks. In the next
section, we shall analyse companion stress and AF demagnetization data for
hematite, which certainly has SD behaviour.

Figure 16.18 models the acquisition of remanence when a is removed before
Ho and when field is removed before stress. The former remanence is the one
usually referred to as PRM. It is considerably more intense than the latter (Fig.
16.19).

16.4.5 Piezoremanent effects: experimental results

Contrary to theoretical prediction, PRM does not increase with a (Fig. 16.19) in
a manner reminiscent of the increase of IRM with Ho (Fig. 11.5). Instead there
are two distinct regions of approximately linear trend below and above 200
bars. The initial slope is probably controlled by internal stresses, the slope
above 200 bars being intrinsic.

VA
(0,0)(0,Ho)

1

V Y/,

Microscopic coercive force, HK0

(a) (b)

Figure 16.18 Neel diagrams illustrating (a) IRM (Ho) and PRM (a, H0,H0->0
before a -> 0) and (b) PRM (a,H0,a->0 before HO -> 0). [After Dunlop et al.
(1969), with the permission of the authors and the publisher, Journal of Geomag-
netism and Geoelectricity, Tokyo, Japan.]
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Figure 16.19 Dependence of PRM on (a) Ho and a, and (b) the order in which Ho

and a are removed, for a Quaternary basalt. In (b), the open triangles denote
results when a was applied before Ho; these measurements are approximately
equal to the difference between the other two curves. [After Pozzi (1973), with the
permission of the author.]

Figure 16.19 shows that PRM intensity is proportional to HQ in the weak field
region. The intensity is low, only 1.5-4 times that of IRM produced in the same
weak field, over the pressure range 0.5-4 kb (Nagata, 1966). The resistance to
AF demagnetization is low. PRM is a relatively weak and soft remanence, in
marked contrast to TRM.

PRM, unlike most other remanences, does not exactly parallel Ho. The deflec-
tion produced by a does not entirely disappear when stress is released. The deflec-
tion is maximum when Ho is at 45° to the stress axis (Fig. 16.20) and, for the
basalt tested, was at most 4° for stresses of 0.3-0.6 kb.

Despite the shortcomings of the SD theory, PRM does appear to be above all a
property of SD grains. Magnetically hard rocks acquire PRM more readily
than soft rocks (Nagata and Carleton, 1969) and PRM is about 10 times as
intense in very fine magnetite grains as it is in coarse MD grains (Kinoshita,
1968).

TM60 has a positive As 3-4 times larger than that of magnetite and Ms about 4
times smaller. The reduction of SD microcoercivity by uniaxial stress (eqn.
(16.11)) should therefore be an order of magnitude larger than in magnetite, but
on the other hand, the microcoercivities are themselves much higher. Nagata
and Carleton (1969) noted that among their samples, the largest PRM was exhib-
ited by a basalt containing homogeneous titanomagnetite.

A direct calibration of the coercivity equivalence of stress is possible using
Pozzi's (1973) data for hematite (Fig. 16.21). Despite the high coercivities of
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Figure 16.20 Deflection of PRM from the direction of H0 during uniaxial com-
pression of a basalt. [After Pozzi (1973), with the permission of the author.]
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Figure 16.21 Demagneti-
zation, by alternating fields
and by compression, of
PRM (<r = 0.68 kb,
Ho = 320 nT). [After Pozzi
(1973), with the permission
of the author.]
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hematite, the PRM illustrated is relatively soft. The H and a axes have been
appropriately scaled so as to show the equivalence of AF and pressure demagne-
tization. A coercivity of «150 mT (1.5 kOe) would be equivalent to a 1 kb com-
pression. Although the theory of eqns. (16.8) and (16.11) is not appropriate for
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a rhombohedral mineral, A/^0Ms0 for hematite is « 300 mT/kb (3 kOe/kb), in
order-of-magnitude accord with the experimental figure.

16.4.6 Overprinting by combined stress and temperature

At ordinary temperatures, overprinting due to directed stress is of minor impor-
tance. PRM produced by many kb of compression is weak and soft compared
to the TRM that would be produced in thermal overprinting (or the CRM in
chemical overprinting). But deep burial subjects minerals to simultaneous high
temperature and high pressure. Although there are few experimental data to
guide us, we can anticipate a number of effects peculiar to high (7", a) conditions.

Both the defect moment and the intrinsic (spin-canted) moment of hematite
are stress-sensitive, the latter because its remanence is pinned by magnetoelastic
basal-plane anisotropy. Annealing substantially modifies both internal stress
concentrations and basal-plane anisotropy (Fig. 15.18). Overprinting of NRM
by external stress may therefore be important at metamorphic temperatures,
the overprinting being stabilized after cooling and stress release by the lower
mobility of dislocations at ordinary temperatures.

The blocking temperatures for thermal overprinting are lowered by a net
directed stress. For weak fields, eqn. (8.19) becomes

m\sBa\

J (l6I4)

Numerical values can be calculated for magnetite or TM60 using the \S(T) data
of Figs. 3-8(b) and 3.13. TB decreases in proportion to the decrease in HKB, e.g.,
by « 80 °C for a (zero-compression) TB of 500 °C (« 800 K), if stress lowers the
coercivity by 10%. Overprinting in deep orogens may thus be rather easier than
Fig. 16.7 predicts.

Uniaxial stress has another potentially serious effect in thermal overprinting:
deflection of TRM or partial TRM in a cooling orogen from the direction of
Ho. Figure 16.22 is a qualitative model of this syntectonic effect in SD grains.
For simplicity, the shape axes are taken to be randomly oriented in a plane and
the field is assumed to saturate the TRM, i.e., each moment is aligned with the
stress and shape-defined easy direction nearest Ho, then relaxes into the corre-
sponding shape-controlled easy direction when compression is released. Under
stress, the deflection is, of course, substantial. When a is removed, most of the
deflection disappears, but not all. The residual deflection is due to moments
trapped in orientations at >90° to Ho. These moments cannot cross the
shape-anisotropy barrier to reach the field-favoured orientation when T < TB.
The same reasoning can be applied to the permanent deflection of PRM or
any other remanence by stress.

Experimentally, Hall and Neale (i960) reported TRM deflections of several
degrees in the expected direction (away from both Ho and a), but Kern (1961)
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and Stott and Stacey (i960) found no systematic deflections except in anisotropic
rocks that would show deflections even in the absence of stress. TCRM produced
by oxidizing a stressed class-I basalt, initially containing homogeneous titano-
magnetite, in the course of cooling also exhibited no significant deflection. Some
of Stott and Stacey's data are reproduced in Table 16.3.

(HJ

(a) (b)

Figure 16.22 Magnetization of a uniform angular distribution of uniaxial SD
grains (a) before and (b) after the release of compressive stress a and field Ho.
Shape-defined easy axes are dashed lines. Ho is assumed large enough to turn all
moments into the nearest easy axis defined by stress and shape.

Table 16.3 Experimental directions of TRM in rocks cooled under uniaxial compression a.
[After Stacey and Banerjee (1974) Table 11.2, with the permission of the authors.]

No. of specimens Angle Angle
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A systematic study of the deflection of TRM by uniaxial stress as a function of
mineral composition and grain size remains to be done, but gross deflections
from the applied field direction, such as were feared in the early days of paleo-
magnetism (e.g., Graham, 1956), seem unlikely in reasonably isotropic rocks.

16.4.7 Shock metamorphism and shock remanence

Large meteorite impacts, on earth and other planetary bodies (see Chapter 17),
are accompanied by high pressures (tens of kb) of brief duration. Hargraves and
Perkins (1969), Pohl et al. (1975) and Cisowski and Fuller (1978) have shown
that laboratory shock remanent magnetization (SRM) in lunar and terrestrial
rocks and synthetic analogs is of only moderate intensity and that like PRM, it
affects only the lower part of the coercivity spectrum. The nature of the experi-
ments did not permit a check on the collinearity of SRM and Ho. Experiments
by Wasilewski (1977) suggest that SRM can be produced even in zero field, the
SRM direction being dictated by the shock front vector. Although seemingly a
negation of thermodynamic principles, zero-field SRM deserves investigation.

Shock textures in rocks from impact craters testify to complex physico-chemi-
cal changes that distinguish the SRM environment from the environment of elas-
tic or even plastic deformation in which PRM forms. In natural situations,
however, the strain energy of a large impact is partly dissipated as heat, and
although the stresses are transitory, the heating is not. Its effect is to moderate
the magnetic (and other) effects of shock. Textural and chemical changes can
reach a thermal equilibrium. At the same time, annealing reduces internal stress
buildups to near-normal levels. Finally, the long annealing and relatively slow
cooling probably result in thermal overprinting of much of the SRM. It is quite
possible that thermal overprinting of NRM in highly shocked but subsequently
annealed minerals is the principal outcome of meteorite impact.

Figure 16.23 illustrates overprinting of the primary NRM of Keweenawan
volcanic rocks from the Slate Islands crater by a later remanence dating from
the time of a major meteorite impact (Halls, 1975,1979). The overprint is not as
hard as the primary NRM (presumed to be a TRM or TCRM) but it is harder
than a typical PRM. Other paleomagnetic studies of impact structures include
Pohl and Soffel (1971), Hargraves and Roy (1974), Cisowski (1977) and Robert-
son and Roy (1979).

16.4.8 Summary of stress effects

Both hydrostatic and directed stresses erase a fraction of pre-metamorphic
NRM. This fraction has low coercivities and would be erased in the low-field
steps of laboratory AF cleaning. Pressure demagnetization is considerable
below 2 kb, even in the elastic range, where pressure may have a triggering effect
on changes favoured by internal stresses. Stresses of many kb, accompanied by
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B
Figure 16.23 An example
of shock overprinting in
volcanic rocks from the
Slate Islands (Lake Super-
ior) meteorite crater. A is
the approximate direction
of primary NRM for
Keweenawan (sa 1100 Ma)
rocks. B is believed to be a
shock overprint
(« 1000 Ma). The shock
overprint is softer than the
primary TRM but has
some coercivities as high as
100 mT. [After Halls
O975)> with the permission
of the author. Reprinted
with permission from Nat-
ure. Copyright © Macmil-
lan Magazines Ltd.]

plastic deformation, have a proportionately smaller effect. A large fraction (70%
or more) of TRM survives repeated stressing in the plastic range, although there
are large reversible changes in its intensity and direction during stressing (Fig.
16.15). The success of the paleomagnetic fold test (§16.1.4) depends on the ability
of NRM to survive the stresses - and the strains - that accompany folding. In tec-
tonically deformed terrains, 'unstraining' paleomagnetic vectors in order to
recover pre-tectonic NRM directions (e.g., Kligfield et al, 1983; Cogne and Per-
roud, 1985; Hirt et al, 1986; Lowrie et al, 1986; Vetter et al, 1989), using AMS
or AMR as a guide, is probably only successful because tectonic stresses consis-
tently demagnetize the lowest-coercivity remanence (Borradaile, 1992b). (How-
ever, Borradaile (1992a) presents evidence that strain-induced rotations of
hematite grains, unlike those of magnetite grains, preferentially affect the high-
coercivity grains. If this effect outweighs stress demagnetization, tectonic defor-
mation of hematite-bearing rocks may selectively preserve low-coercivity NRM
components.)

In the case of syntectonic magnetization, both strain-induced remagnetiza-
tion, by rotation of existing grains and crystallization of new ones, and acquisi-
tion of PRM are important processes. In the presence of an applied field Ho,
PRM overprints and replaces the low-coercivity fraction of NRM erased by uni-
axial compression. The PRM is approximately parallel to Ho, but it is weak com-
pared to TRM or CRM produced by the same field, even for stresses of several
kb. PRM has maximum coercivities of 10-20 mT (100-200 Oe) in magnetite
and « 100 mT (1 kOe) in hematite. Fine-grained rocks containing SD (or nearly
SD) grains acquire the largest PRM overprints. The main difficulties in using
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syntectonic PRM's or CRM's paleomagnetically are in distinguishing them
from strain-rotated pre-tectonic NRM's and in dating the time of remanence
acquisition.

Where the effects of stress and temperature are combined, as in deep burial,
tectonism, or meteorite impact, temperature is the controlling factor. Stress can
be regarded as simply lowering the blocking temperature for thermal overprint-
ing. Permanent deflection of TRM or partial TRM in rocks cooled under (subse-
quently released) stress seems not to exceed a few degrees, unless the rock is
highly anisotropic, in which case deflection occurs whether the rock is stressed
or unstressed. Post-tectonic TRM's of anisotropic rocks, acquired in the uplift
of deeply buried orogens for example, can be corrected by using AMS or AMR
data (Cogne, 1988b; Hyodo and Dunlop, 1993).

16.5 The reliability of paleomagnetic results from
metamorphic rocks

Most paleomagnetists regard metamorphic rocks, unless very mildly metamor-
phosed, as dubious recorders of primary NRM. Only very detailed study, often
at the grain level, can separate grain rotation and crystallization effects (e.g.,
Housen et ah, 1993b). Although there have been successes in 'unstraining'
NRM vectors (see previous section) in even quite strongly deformed rocks,
improved grouping of initially scattered directions does not by itself prove that
the corrected direction is primary. Only in cases where the age of pre-tectonic
magnetization and the corresponding geomagnetic field direction are known in
advance can the case be proven.

On the other hand, metamorphic rocks may be excellent recorders of one or
more generations of secondary NRM, overprinted via physico-chemical
changes, temperature, stress, or a combination of these agents. Directionally dis-
tinct NRM components may have been imprinted during different orogenic
events or at different times in a single prolonged metamorphism.

The major difficulty comes in dating these NRM overprints. Much more
detailed investigation of the nature of the NRM components is needed than in
paleomagnetic work on 'fresh' igneous and sedimentary rocks (with the excep-
tion of red beds). Careful thermal demagnetization is indispensable to resolve
remanences carried by magnetite and hematite and to establish, if possible, the
thermal (i.e., partial TRM) origin of one or more components.

One is not limited in this quest to a single formation. Regional metamorphism
produces pervasive overprints of regional extent, and if relative ages cannot be
established in one study, they may in another (Figs. 16.12, 16.13). A regional
cooling curve established by radiometric mineral ages and blocking temperatures
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in principle allows secondary NRM's of demonstrated thermal origin to be dated
absolutely (Fig. 16.13). We are only beginning to reach this level of sophistication
in studying metamorphosed terrains (e.g., Dallmeyer and Sutter, 1980; Dunlop
etal., 1980).

Fears that stress would destroy the directional fidelity of NRM in virtually
any metamorphic rock have proven to be unfounded. Systematic deflection of
remanence, either reflected in or produced by the anisotropic fabric of meta-
morphic rocks, remains a serious problem, however. A test of remanence aniso-
tropy, e.g., the anisotropy of ARM (Jackson, 1991), is highly desirable in all
studies.



Chapter 17

Magnetism of extraterrestrial rocks

17.1 Introduction

Extraterrestrial rocks formed in quite different environments from those on
earth. In practically all cases, oxygen fugacity was very low during crystallization
and later shock or thermal metamorphism. Iron-nickel alloys, rather than iron-
titanium oxides, are the principal magnetic minerals.

Erosion and sedimentation occur to a very limited extent on the other terres-
trial planets and their satellites. Lack of a shielding atmosphere has favoured
another secondary process, bombardment of surface rocks by meteorites, princi-
pally 4000 to 3300 Ma ago.

The global fields of Mercury, Venus and the moon are orders of magnitude
less than the present earth's field. The moon does have magnetic anomalies of
regional extent, bearing witness to underlying magnetized crust, but none have
a lineated or other regular pattern that would suggest plate tectonic processes.
Except on Venus (Solomon et al., 1992), there is no surface evidence for vertical
or horizontal tectonic movements except those related to volcanism or meteorite
impacts.

Of course, crustal spreading from centres of igneous activity on the moon
might not leave the distinctive magnetic signature it does on earth. There is no
compelling evidence that the moon ever possessed a substantial global field,
although comparatively strong fields must have existed locally to produce the
observed anomalies, and no evidence at all for reversal of either global or local
fields. If a global field existed, it may not have been dipolar. For these reasons, it
is doubtful whether paleodirectional and linear magnetic anomaly studies of the
terrestrial variety would be successful on the moon, even if conditions permitted
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such studies. As it is, we are of necessity limited to attempting to determine paleo-
field intensity.

The sampling problems in extraterrestrial paleomagnetic studies are enor-
mous. Lunar samples, for example, are scarce and selected more or less at ran-
dom. The few sites sampled are unlikely to provide a representative picture of
the lunar surface. Bedrock on the moon is largely buried under a regolith of
rock fragments, and even where bedrock is accessible rocks that originated at
depth are not exposed by erosion or tectonic uplift. Very few lunar samples are
oriented, even relative to other samples from the same site.

Weak sample moments and soft magnetic behaviour pose additional pro-
blems. Lunar samples are small, many contain only 0.1% iron, and the NRM
seems to have been imprinted by fields <10% of the present earth's field
(§17.3.2). With the measurement of chips and subsamples, one is in the realm of
magnetic microanalysis (§14.6.3, 16.2.2). Unfortunately, lunar rocks are very
susceptible to overprinting by IRM or VRM acquired in the spacecraft or on
earth. These secondary remanences are amplified relative to the primary NRM
because they were acquired in fields > 50 uT (0.5 Oe).

Paleointensity determination is accompanied by serious physical and chemi-
cal alteration of the samples. Samples must be heated to 765 °C, the Curie tem-
perature of iron. Above 700 °C, iron (especially the extremely fine-grained iron
in some lunar breccias) oxidizes, sinters and even evaporates. Even high-vacuum
systems cannot prevent oxidation above 700 °C. Only heating in a regulated
H2—N2 mixture will do so. Unfortunately methods of reducing alteration of
lunar samples during heating have developed slowly, being based on experience
gained in previous paleointensity runs. The reliability of earlier results must be
continually reassessed.

Because of the unparalleled experimental problems and the sparse and hetero-
geneous sample collections, which largely preclude intersample comparisons
and statistical tests, lunar and meteorite results cannot be judged by the same
standards as terrestrial studies. Nevertheless the existence of primary TRM or
partial TRM overprints in many samples is now beyond doubt and we have
approximate estimates of the magnetic fields that existed in the early solar system.

17.2 Magnetic properties of iron and of lunar rocks

17.2.1 Lunar rock types

Lunar rocks include primary igneous rocks, soils (igneous rocks fragmented by
repeated meteorite impacts), and breccias (shock-welded fragments that have
been metamorphosed to varying degrees). The oldest rocks («4000 Ma in age)
are gabbros, norites, anorthosites and basalts. These are exposed in the highlands
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and were sampled during the Apollo 14, 16 and 17 missions. Some are perhaps
not truly primary but derived from local impact melts. Among the youngest
rocks (> 3300 Ma) are the mare basalts sampled during the Apollo 11, 12, 15
and 17 missions. They fill giant impact craters. The highlands rocks have all
been metamorphosed to some extent through long exposure to meteorite bom-
bardment.

Breccias, sampled by all missions but especially by Apollo 14, vary from
loosely welded soil fragments to rocks with a recrystallized matrix that resemble
primary igneous rocks. A complete range of metamorphic grade is seen in ejecta
blankets surrounding giant impact craters. Even in quite high-grade breccias,
metamorphic overprinting of NRM may be incomplete in large clasts that were
only slightly heated. Large clasts from an Apollo 16 anorthosite (samples
68415, 68416) preserve an 40Ar/39Ar plagioclase age of 4100 Ma, while whole-
rock Rb/Sr and 40Ar/39Ar ages have been reset to 3850 Ma (Huneke etal., 1973).

17.2.2 Magnetic properties of iron and iron-nickel

The thermomagnetic curve of igneous sample 14053 (Fig. 17.1a) exhibits a single
Curie point of 765 °C due to body-centred cubic kamacite (aFe). The heating
and cooling curves for high-grade breccia 14303 (Fig. 17. ib) have a thermal hys-
teresis that is not related to irreversible chemical changes. It reflects the sluggish
transformation, during cooling, from face-centred cubic taenite (yFe), which is

600 800

Temperature CO
(a) (b)

Figure 17. r Vacuum thermomagnetic curves (HQ = 550 mT) characteristic of (a)
iron (kamacite or aFe), and (b) iron-nickel containing 5—10% Ni, showing the
sluggish kamacite —• taenite (a —* y) transformation. [After Nagata et al. {1972).
Reprinted by permission of ICluwer Academic Publishers.]
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stable at high temperatures, to kamacite (Fig. 17.2). The y -> oc transformation
occurs below the a-phase Curie point if the iron is alloyed with > 5% Ni. A sam-
ple like 14303 acquires phase-transformation CRM rather than true TRM if it
cools in a field (assuming the transformation occurs below the lowest TRM
blocking temperature of the a-phase).

For > 10% Ni, both a -> y (heating) and y -> a (cooling) transformations
occur below the kamacite Curie temperature. For > 30% Ni, kamacite is not
stable but taenite becomes ferromagnetic (Fig. 17.2). Ni-rich phases are more
common in meteorites than in lunar rocks. The range of magnetic properties as
a function of Ni content in different classes of meteorites and in synthetic analogs
of meteoritic Fe-Ni particles are described by Nagata (1979a) and Wasilewski
(1981a).

Neel et al. (1964) discovered that the iron and nickel atoms, which have a
random or disordered arrangement in taenite, can be ordered by neutron irra-
diation in the presence of a strong magnetic field applied parallel to a (100)
axis if the composition is 50-55% Ni (NiFe or close to it). Ordering occurs in
nature below a critical temperature of 320 °C over long periods of time. The
ordered phase, called tetrataenite (Nagata, 1983; Wasilewski, i988a,b), has dis-
tinctly different magnetic properties from disordered taenite. Its coercivities
are high (30-600mT) and the MS(T) curve is 'blocky' like that of hematite
(Fig. 3.20), dropping steeply around the Curie temperature of w55O°C. This
is also the Curie point for taenite of this composition, to which the tetrataenite
transforms during cooling. The thermal hysteresis in measured thermomag-
netic curves is similar to that seen in plessite (a + y intergrowths) of lower Ni
content (Fig. 17.1b, 17.2). However, the heating and cooling curves generally
cross: MS(T) increases more gradually with cooling below Tc in taenite than
in tetrataenite, but Ms0 at room temperature is somewhat higher for taenite
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Figure 17.2 Part of the phase diagram of Fe-Ni. The kamacite region (0-30%
Ni) is enlarged to illustrate the sluggish a -> y and y -> a transformations at
typical thermomagnetic heating rates.
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(see Nagata, 1983; Wasilewski, 1988a). Tetrataenite is common in chondritic
meteorites (Nagata and Funaki, 1982), from which it was first described as a
mineral phase by Clarke and Scott (1980).

In both tetrataenite and plessite, the NRM acquired during cooling is not a
simple TRM but at least partly a phase-transformation CRM (§13.4). It is cur-
rently not known whether the CRM can 'remember' the original taenite TRM
direction or is completely reset during transformation, which in the case of the
ordering of tetrataenite occurs very slowly and only below 320 °C. Because of
these uncertainties, meteorites containing mainly kamacite (E-chondrites and
some classes of achondrites) or magnetite (carbonaceous or C-chondrites) are
preferred for paleointensity determinations (Nagata, 1983).

In the case of lunar rocks, iron originated in at least four different ways.

1. Primary igneous iron, usually Ni-poor, often as kamacite-taenite
(i.e., plessite) or kamacite-troilite (FeS) intergrowths.

2. Meteoritic iron, often nickel-rich and coarse-grained.

3. Secondary iron from the breakdown of troilite, a result of
impact melting.

4. Ultra-fine-grained, nickel-free iron spheres in impact-melted glass. In
higher-grade breccias, either shock causes larger particles to precipitate
or the fine particles grow by subsolidus reduction of the glass during
thermal annealing.

Mare basalts contain wO.1% igneous iron. Excess iron (>0.5%) in soils and
breccias is partly meteoritic but most is due to impact melting. Repeatedly
shocked highlands rocks are sometimes very iron rich (up to 4% Fe: e.g., basalt
60315).

17.2.3 Domain structure, hysteresis, and magnetic viscosity of lunar rocks

Domain structure and magnetic hysteresis in iron change very rapidly with grain
size. Spherical grains 200-350 A (0.02-0.035 um) in size have hysteresis that
combines SD and superparamagnetic (SP) features (Fig. 17.3a; cf. Figs. 5.19,
5.20). Saturation remanence, coercivity and initial susceptibility are all high.
Lunar soils and low-grade breccias have just such properties (Fig. 17.3b). Jud-
ging by their hysteresis and magnetic viscosity, the predominant size range of
the iron they contain is 100-200 A. SP grains are volumetrically about ten times
as abundant as SD grains.

Slightly larger synthetic grains, 800-1100 A in diameter, have the low coerciv-
ity and saturation remanence and ramp-like hysteresis of true MD grains
(Fig. 17.3). The saturation field, //sa, = NMS (cf. Fig. 5.16), is about equal to
the predicted |MS = 570kA/m = 710mT ((4n/3)Ms = 7kOe) for iron



508 Magnetism of extraterrestrial rocks

200-350 A Fe

i i i i i

800-1100 A Fe

i i i i i i i i

0.8 -0.6 -0.4 -0.2/

/

\

1V
0.2

y
I 1

0.4
Ho

r

I I I i

06 0.8
IT)

(a)

Theoretical MD
saturation field

0.2 0.4 0.6 0.8 1.0 1.2 1.4

Applied field, Ho (T)

(b)

Figure 17.3 Isothermal magnetization curves for (a) synthetic iron spheres pre-
cipitated in copper, and (b) lunar soils, and igneous rock 14310. (a) After Wasi-
lewski (1977), with the permission of the author and the publisher, Journal of
Geomagnetism and Geoelectricity, Tokyo, Japan, (b) Reprinted from Gose el al.
(1972) and Pearce et al. (1973), with kind permission from the authors and Elsevier
Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 iGB, UK.

(Ms = 1715 kA/m or emu/cm3 for iron; Table 3.1). Lunar igneous rocks and
high-grade breccias have this behaviour (Fig. 17.3b).

A slight contrast in initial grain size, or a small amount of grain growth, make
the difference between a hard, strongly magnetized lunar rock (e.g., a low-grade
breccia) and a soft, weakly magnetized one (e.g., a high-grade breccia). The tran-
sition from SD to MD hysteresis is quite sharp. There is no indication in lunar
samples of an appreciable PSD size range, like that seen for magnetite and titano-
magnetite (Chapter 12), although there is other evidence that a PSD range does
exist in iron and iron-cobalt (e.g., Figs. 12.1,13.1). The situation is quite different
from that in terrestrial rocks, where truly MD behaviour is a property of
> 10 um grains, never of submicron grains.

Assuming coercivities < 10 mT (100 Oe) for domain-wall pinning in MD iron,
eqn. (5.32) predicts Mrs/Ms = HC/NMS < 0.015. SD iron has Mrs/Ms > 0.5
(eqns. (5.41), (11.16)) and 25mT < Hc < 1 T. The minimum figure for Hc is
determined by crystalline anisotropy in equant grains, the maximum value by
shape anisotropy in long needles. Igneous and recrystallized rocks have the
expected low values of Mrs/Ms, while soils and low-grade breccias have distinctly
higher values that remain well below 0.5 because of the large SP fraction.

An experimentally determined grain distribution for SD iron in low-grade
breccia 14313 (Fig. 17.4) illustrates the predicted maximum size for SD grains
around d0 = 200 A (Table 5.1). The 25 mT (250 Oe) cutoff coercivity is also
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Figure 17.4 Experimen-
tally determined grain dis-
tribution/( V, HK0) for SD
iron in low-grade breccia
14313. Contour values are
in arbitrary units. [Rep-
rinted from Dunlop et al.
(1973b), with kind permis-
sion from the authors and
Elsevier Science Ltd., The
Boulevard, Langford
Lane, Kidlington OX5
iGB, UK.]

obvious, as is the presence of elongated (perhaps shock-deformed) grains with
very high coercivities.

The unusual concentration of SD grains just above SP size in lunar soils and
soil breccias leads to pronounced short-term VRM, sometimes comparable to
the stable NRM (e.g., Nagata and Carleton, 1970). Rocks containing mostly
MD iron exhibit weaker but very long-lasting viscous effects due to domain-
wall activation (Goseet al., 1972).

Table 17.1 traces the simple progression of grain size and magnetic properties
in Apollo 14 breccias as the metamorphic grade increases. The Warner (1972)
grades of metamorphism given in the table, although they have been nominally
temperature calibrated by Williams (1972), are a doubtful basis for calibrating
thermal overprinting of NRM (in the manner of Table 16.1, for instance). As
noted earlier for samples 68415 and 68416, shock heating is inhomogeneous and
may scarcely penetrate large clasts. Furthermore, magnetic overprinting in brec-
cias is not necessarily purely thermal. Subsolidus growth of iron in simulated
lunar glasses occurs at temperatures as low as 700 °C (Usselman and Pearce,
1974) and will impart CRM to the highest blocking-temperature fraction of the
NRM. Overprinting of slightly heated clasts as a result of shock alone is also a
possibility (Cisowski etal., 1973).

17.3 Lunar paleomagnetism

17.3.1 The NRM of lunar rocks

Fuller (1974, 1987) has reviewed NRM measurements for lunar samples. We
shall consider only a few representative examples (Fig. 17.5). Sample 12063 has



Table 17.1 Variation of predominant grain size of Fe and of magnetic properties with metamorphic grade of lunar breccias

Metamorphic

grade

1

2

3

4

5

6

7

Sample

14313

14049

14047

14301

14063

14321

14311

14303

14312

Mean Fe grain size

<500A

< 1 um

> 1 um

VRM behaviour

Short-term, strong

Long-term, weak

Hysteresis loop

shape

Rounded

Ramp-like

Remanence ratio,

MJMS

0.066

0.058

0.152

0.009

0.019

0.006

0.016

0.010

Remanent coercive

force, Hcr (mT)a

47

51

35

45

14

18

a//cr is the reverse field required to reduce the remanence to zero after saturation.
[Data from Gose etal. (1972) and Fuller (1974) Table 2, with the permission of the authors and the publishers, Elsevier Science Ltd., The Boule-

vard, Langford Lane, Kidlington OX5 1GB, UK and the American Geophysical Union, Washington, DC]
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Figure 17.5 Examples of AF demagnetization of NRM in lunar rocks. Only
15595 is oriented in lunar co-ordinates. Open, closed symbols are up, down direc-
tions, respectively. [Reprinted from Pearce et al. (1973), with kind permission from
the authors and Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington
OX5 iGB, UK, and from Fuller (1974) © American Geophysical Union, with the
permission of the author and the publisher.]
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the typical features of a mare basalt. The NRM is weak: 1—5 x 10~2A/m
(1-5 x 10~5emu/cm3), decreasing to 2-10 x l(T3A/m after lOmT (lOOOe)
AF cleaning. There is a prominent soft remanence, largely eliminated by 10 mT
AF cleaning, and considerable dispersion of stable NRM directions between spe-
cimens of the same sample. The directional scatter is not all intrinsic to the
NRM. Relative orientations of small subsamples cut from a single sample may
be uncertain by as much as 30°.

Highlands anorthosite 68415 has stronger and more stable NRM. Directions
from two chips agree well after AF cleaning. The possibility of partial overprint-
ing in this rock was suggested earlier, but directions of hard and soft components
in chip 17 are not greatly different.

Low-grade breccia 15498 has a very stable and unusually intense NRM. Soils
and soil breccias usually have NRM's of 0.5-5 x 10~' A/m, decreasing to
0.2-1 x 10"1 A/m after 10 mT AF cleaning. 15498 lacks any soft NRM compo-
nent, as do also some Apollo 17 breccias.

Rille-edge basalt 15595 is of special interest because it is oriented with respect
to bedrock. The AF-cleaned magnetization of chip io is toward lunar north and
is horizontal. Since the latitude of the Apollo 15 site is 25°N, the inclination
should have been about 45° if 15595 acquired its primary remanence in a dipolar
lunar field. NRM directions of two other chips from this sample and neighbour-
ing sample 15596 diverge considerably from the results for chip 10.

The NRM of most lunar rocks consists of a relatively hard component of vari-
able directional stability and a soft component as much as ten times more intense.
Sometimes the soft remanence can be shown or inferred to be IRM or VRM
acquired in the spacecraft or on earth, but sometimes it has a similar direction
to the hard remanence, attesting to a lunar origin. In nearly all cases, the soft
remanence is carried by MD iron and the hard remanence by SD iron, the latter
evidently present even in igneous rocks.

TRM (or phase transformation CRM) and SRM are the likely mechanisms
of 'primary' (i.e., pre-thermal-overprinting) NRM. SRM has hardness
approaching that of medium-temperature partial TRM, although less than
that of total TRM (§16.4.7; Cisowski et ah, 1974). Similarity between the AF
or thermal demagnetization characteristics of NRM and TRM has been
demonstrated for about 20 lunar rocks (Fuller, 1974, Fig. 25), but only four
of these have been used for Thellier-type paleointensity determinations (see
next section).

Figure i7.6(a) represents a 'conglomerate test' (§15.2.1) for semi-oriented
lunar samples, whose top surfaces could be determined by cosmic ray exposure.
The inclinations /, after AF cleaning, follow a cos / distribution, showing that
the NRM has remained randomly oriented since the fragments tumbled into
their present positions. The stable NRM is thus 'primary' in the sense that it pre-
dates the shattering of the rock.
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Figure 17.6 (a) Histogram of NRM inclinations for lunar surface oriented sam-
ples. The dashed curve is the expected random distribution, (b) AF-cleaned stable
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tively. [Reprinted from Pearce el al. (1973) and Gose et al. (1978), with kind per-
mission from the authors, Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 iGB, UK, and Elsevier Science - NL, Sara Burgerhartstraat 25,
1055 KV Amsterdam, The Netherlands.]

A similar argument implies survivial of pre-brecciation remanence in subsam-
ples from unit C of an Apollo 17 boulder (Fig. 17.6b). Unit C contains large clasts
that escaped total overprinting when the matrix was impact melted. Unit B, con-
taining small clasts, seems to have been entirely overprinted. Stable magnetiza-
tions of seven subsamples of 76015 and 76215 are reasonably well grouped (the
two samples are not oriented relative to each other). The pre-impact and over-
printed remanences are tentatively dated at 4100 Ma and 4000 Ma respectively
(Turner and Cadogan, 1975).

17.3.2 Lunar paleofield intensity

Examples of Thellier-type paleointensity studies on lunar rocks appear in Fig.
17.7. The stable NRM of low-grade breccia 15498 (cf. Fig. 17.5) is probably a
partial TRM acquired below 650 °C. Linearity is reasonable between 650 and
500 °C, the range of most blocking temperatures. A paleofield of 2.1 uT
(0.021 Oe) is indicated.

Recrystallized anorthosite breccia 62235 yields a very high paleofield value of
1.2Oe (Collinson et al., 1973) and the Thellier plot is linear over the entire
500-20 °C range. A replicate determination using another subsample of 62235
gives essentially the same results (Sugiura and Strangway, 1983). These results
are astonishing, since the sample has been reheated each lunar day (i.e., monthly)
to 100-150 °C in the present tiny lunar field. Possibly, despite the convincing
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Figure 17.7 Thellier-type paleointensity determinations for lunar rocks. Labels
on points are temperatures in °C. Open, closed symbols on stereonets are up, down
directions, respectively. [Reprinted from Pearce et al. (1976), with kind permission
from the authors and Elsevier Science Ltd., The Boulevard, Langford Lane,
Kidlington OX5 iGB, UK.]

linearity of the Thellier plot, all or part of the NRM is a non-thermal spacecraft
or terrestrial overprint.

Anorthosite or recrystallized breccia 68415 (cf. Fig. 17.5) has a soft remanence
component with low blocking temperatures. The magnetization direction stabi-
lizes and the Thellier plot is linear between 350 and 760 °C, giving a paleofield of
5uT(0.05Oe).

Many approximate paleointensity estimates have been published (see, e.g.,
Fuller, 1974, Fig. 28), most falling between 1 and 10 uT (0.01 and 0.1 Oe). How-
ever, Banerjee and Mellema (1976) obtained lunar paleofield intensities (based
on the comparison of NRM and TRM AF demagnetization curves) ranging
from 20 to 70 uT (0.2-0.7 Oe) for three subsamples of recrystallized breccia
72215.

Although estimated paleofields tend to be larger for the older rocks, there are
exceptions. The NRM of 68415 is certainly as old as the NRM's of 62235 or
72215, but the paleointensity recorded is only 5uT (0.05 Oe). Sugiura and
Strangway (1980) applied the Thellier and several other techniques intended to
minimize or eliminate heating to breccia sample 60225. High apparent paleoin-
tensities resulted from spurious but stable viscous overprints, which were only
recognizable as such in the Thellier method.

It is disturbing that chips of the same sample give incompatible or widely dis-
persed results. 62235,53 and 68415,17 gave apparently reliable results but
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62235,17 and 68415,41 failed the Thellier test (Collinson et ai, 1973; Pearce et ah,
1976). The dispersion in replicate determinations on 72215 has already been
noted. Perhaps the lunar paleofield, far from being global, was extremely local
and variable over geologically brief times. The other possibility is that lunar
rocks are misleading recorders of paleofield intensity.

A problem in lunar paleointensity determination is self-reversal of partial
TRM's acquired in certain temperature ranges. Figure i7.8(a) shows that partial
TRM in 15498,36 decreases between the 250 °C and 350 °C in-field cooling steps
and again, more strikingly, between the 550 °C and 600 °C cooling steps. Since
no partial self-reversal is manifested in heating of the NRM (Fig. 17.7a) or of a
laboratory TRM (Fig. 17.8a), the Thellier plot takes on a jagged aspect.

A synthetic lunar glass containing Fe-FeS eutectic intergrowths also shows
jagged behaviour, with self-reversed partial TRM being acquired between the
250 °C and 325 °C cooling steps, although not between the 550 °C and 600 °C
steps (Fig. 17.8b). The 325-250 °C partial self-reversal occurs just below the
320 °C Neel point of troilite and is probably caused by exchange interaction in
the Fe-FeS intergrowths (Pearce et ai, 1976). The 600-550 °C self-reversal of
Fig. i7.8(a) was tentatively attributed by the same authors to intergrown,
exchange-coupled kamacite and nickel-rich, ferromagnetic taenite with
Tc < 600 °C (see Fig. 17.2).

2 r

5
I

Apollo 15 low-grade

20

\
30C

350*hoo
600.

650*

art

^00

Tcaa iot

—. t550

i 800^,

b-5quf

•V-750

I -

Partial TRM gained (A/m)

(a)

Simulated lunar
glass

0.02 0.04 0.06 0.08
Partial TRM gained (A/m)

(b)

Figure 17.8 Thellier heating experiments on TRM produced (a) in a 50 (/T
(0.5Oe) laboratory field in breccia 15498, and (b) during synthesis of a simulated
lunar glass. Self-reversal of partial TRM is seen in cooling from 350-250 °C in both
samples, and also between 600 and 550 °C in the breccia. [Reprinted from Pearce et
al. (1976), with kind permission from the authors and Elsevier Science Ltd., The
Boulevard, Langford Lane, Kidlington OX5 iGB, UK.]
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Chowdhary et al. (1987) produced similar partial self-reversals of pTRM
using synthetic intergrowths in which iron was surrounded by troilite. Mechani-
cal mixtures of Fe and FeS behaved normally. The partial self-reversal was
attributed to reduction of the magnetizing field seen by the iron by the troilite
demagnetizing field, which reaches its maximum value around the FeS Neel
point (magnetic screening: §11.5), rather than to exchange coupling of the phases.

The underlying phenomena are complex and need further study, but they seem
to be widespread. Samples 62235,17 and 68415,41 (see above) behaved in the
same fashion as shown for 15498,36 in Fig. i7.8(a). So also did samples
10072,153 and 10020,209 (Apollo 11 basalts), 12018,224 and 12022,237 (Apollo
12basalts)and 15 597,68 (Apollo 15 porphyritic basalt) (Chowdhary et al., 1987).

It is interesting that a line joining the points at 20 CC and at the highest tem-
perature for which no chemical changes occurred (750 °C in Fig. 17.8a) gave a
good estimate of the known field in which TRM was produced for 15498,36,
and also for 62235,17 and 68415,41. Lines fitted to various quasi-linear segments
of the plots gave very poor estimates. Non-ideal behaviour in the Thellier experi-
ment may, after all, be the source of disagreement among various apparently reli-
able lunar paleointensity estimates.

17.4 Paleomagnetism of meteorites

17.4.1 Origin and types of meteorites

Meteorites as paleofield records possess the unique advantages of being the old-
est available rocks, predating even the lunar samples, and of sampling all parts
of their parent planet or planets.

The following is a tentative history of the formation of meteorites.

1. Primitive condensates from the undifferentiated solar nebula froze into
chondrules, preserved today as inclusions in chondritic meteorites.

2. About 4550 Ma ago, an asteroidal planet or planets accreted,
incorporating chondrules and also dust grains that crystallized later from
the outer nebula.

3. The planetary interior melted and differentiated into an iron-nickel core,
the source of iron meteorites, and an iron-rich silicate mantle, the source
ofachondrites.

4. The outer part of the planet, to a depth of a few hundred km, heated up
and was thermally metamorphosed but did not totally melt (Wood,
1967). Differentiation was partial at depth (ordinary chondites),
inappreciable at the surface (carbonaceous chondrites).
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5. Breakup of the planet(s) occurred about 4000 Ma ago and meteorite
bombardment of the moon and earth began.

6. Collision and welding of planetary fragments produced multiply
brecciated rocks. Shock features dating from breakup or subsequent
collisions are prominent in some achondrites.

Ordinary chondrites and achondrites have compositional and textural simila-
rities to the lunar rocks, but iron meteorites and carbonaceous chondrites are
unique. They are also our sole samples of planetary cores and of the primitive
solar nebula.

17.4.2 The NRM of meteorites

Meteorites are usually strongly magnetized and even small subsamples are read-
ily measurable. Most contain > 1 % magnetic material, the extreme case being
hexahedrites, iron meteorites composed of 100% kamacite. NRM intensities are
extremely variable, even within a single sample, but average 10~'-10~2 A/m
(10~4—10~5 emu/cm3) for carbonaceous chondrites, 1—100 A/m for stony mete-
orites generally and 50 to > 1000 A/m for iron meteorites. Iron-nickel alloys
exsolved into coarse a—y (plessite) intergrowths (bulk composition 5—20% Ni)
are the norm but magnetite predominates in many carbonaceous chondrites.
For reviews of meteorite magnetic properties and paleointensity results, see
Stacey (1976), Sugiura (1977) and Nagata (1979a, 1983).

NRM originating as TRM during initial cooling in the planet's own field
(Gus'kova and Pochtarev, 1967) seems unlikely (see however Collinson and
Morden, 1994). All meteorites except carbonaceous chondrites formed at suffi-
cient depths that they could not have been cooled below 765 °C while a core
large enough to support a self-sustaining dynamo remained molten (Stacey,
1976). Carbonaceous chondrites, on the other hand, were never heated above
200 °C after accretion and could not have acquired a total TRM in a planetary
or any other field.

Individual chondrules may preserve TRM acquired in the field of the early
solar nebula. 'Detrital' remanence due to partial alignment of TRM vectors of
chondrules during cold accretion forms part of the chondrite's primary NRM.
Low-temperature partial TRM, imprinted in post-accretion heating to
< 200 CC, is a more recent component of'primary' NRM.

The mechanism of primary NRM in meteorites of other types and in the
matrix of chondrites is more problematic (Funaki et al., 1981; Sugiura and
Strangway, 1982; Collinson, 1987; Collinson and Morden, 1994). It is probably
not either simple TRM or phase-transformation CRM. Grain growth almost
certainly continued below 765 CC in the slowly cooling planetary interior, gener-
ating some form of TCRM. Shock or thermal overprinting erased most primary
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NRM in brecciated achondrites, during planetary breakup or shortly thereafter.
The extent of overprinting in other meteorite types is unclear.

The surface layer of a meteorite must be avoided in measurements because it
bears a recent thermal overprint resulting from frictional heating by the earth's
atmosphere. Only the outer 1 mm or so of a stony meteorite is reheated signifi-
cantly (Nagata, 1979a). In iron meteorites, the outer 1 cm is heated. The surface
overprint is softer than TRM in the meteorite's interior because, except in the
surface fusion skin, the overprint is a partial, not a total, TRM.

17.4.3 Anisotropic and spontaneous remanence in iron meteorites

Iron meteorites are giant crystals of Fe-Ni that exsolved during extremely slow
(1—100°C/Ma) cooling into an octahedral or Widmanstatten structure. Ni-
poor kamacite plates grew to mm size, with their {110} planes in {111} planes
of a Ni-rich taenite host. Since exsolution occurred mainly between 760 °C and
600 °C (Scott and Wasson, 1975), any primary NRM is principally CRM or
TCRM.

The NRM is surprisingly resistant to AF demagnetization (Fig. 17.9). AF
coercivity correlates with kamacite bandwidth, being lowest in coarse octahe-
drites and mono-mineralic hexahedrites. Potential sites for high-coercivity
NRM are micro-kamacite grains in fine-grained plessite (a + y) intergrowths
(Brecher and Cutrera, 1976).

Figure 17.9 AF demag-
netization of NRM in iron
meteorites. Open, closed
symbols in stereonet are
up, down directions,
respectively. Octahedrites,
with kamacite band
widths, are Odessa (Ogg,
1.7 mm), Cosby's Creek
(Og, 2.5 mm), Smith's
Mountain (Omf, 630 um),
and Butler (Off, 150 urn).
Ataxite: Babb's Mill (A,
30 um). Hexahedrite: Coa-
huila (H, Kamacite only).
[After Brecher and Alb-
right (1977), with the per-
mission of the authors and
the publisher, Journal of
Geomagnetism and Geo-
electricity, Tokyo, Japan.]
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Laboratory-induced TRM is softer than NRM in all iron meteorites exam-
ined by Brecher and Albright (1977) and TRM intensity is not proportional to
field strength. In fact, cooling in zero field imparts a remanence of similar inten-
sity to 50 uT (0.5 Oe) TRM! This 'spontaneous remanence' behaves erratically
during AF cleaning but is not soft.

Iron meteorites, being single crystals, understandably have pronounced sus-
ceptibility anisotropy. Figure 17.10 shows that NRM, spontaneous remanence,
and parts of the TRM are just as anisotropic. NRM and zero-field 'TRM's' are
pinned near the intersection of taenite {111} exsolution planes (i.e., kamacite
{110} planes), revealed by etching. TRM's are acquired approximately parallel
to Ho but upon AF cleaning migrate to and remain near exsolution planes.

Weak-field TRM thus contains two components, one parallel to Ho and per-
haps residing in micro-kamacite grains, the other a harder spontaneous rema-
nence crystallographically pinned to, and presumably residing in, the coarse
single-crystal plates of kamacite. Shape anisotropy strongly favours magnetiza-
tion in the plane of a kamacite plate (§4.2.5). (Magnetic refraction or deflection
of magnetization towards the plane of a dike, sill, lava flow, or kiln floor
(§14.6.2, 14.7) is a similar but weaker effect.) The (100) crystalline easy axis
within the {110} plane provides additional pinning. Shape or crystalline pinning

Butler
(Off)

270 -

x applied field
(50/xT, down)

• NRM (down)

D« TRM (up,down)

a Spontaneous
remanence (up)

Figure 17.10 Pinning of remanence in kamacite {110} planes (solid, dashed lines:
lower, upper hemispheres, respectively) during AF demagnetization. [After Bre-
cher and Albright (1977), with the permission of the authors and the publisher,
Journal of Geomagnetism and Geoelectricity, Tokyo, Japan.]
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of remanence occurs in all rocks but it is usually undetectable macroscopically
because of the large numbers and random orientations of the crystals.

The spontaneous remanence is only apparently hard. It is analogous to the
intrinsically soft random moments, due for example to loosely pinned domain
walls, that align with stray fields when any rock is AF or thermally demagnetized
and that ultimately determine the magnetic noise level. The giant random
moments of iron meteorites simply reflect the tremendous amount of soft kama-
cite these rocks contain. The spontaneous remanence imposes a noise level so
high that stable weak-field TRM cannot be resolved with confidence. The relia-
bility of published paleointensities from iron meteorites is therefore doubtful.

17.4.4 Overprinting of NRM in achondrites

The three main classes of achondrites, diogenite, eucrite and howardite, and urei-
lite have distinctive proportions of a and 7 phases and are therefore recognizable
by their magnetic properties (Nagata, 1983). Kamacite is dominant in diogenites,
eucrites and howardites, whose magnetic properties resemble those of lunar
basalts (Nagata, 1979b). However, whereas the lunar rocks have rather unstable
NRM's, these achondrites typically have NRM's which are directionally consis-
tent at the subsample level. The NRM's are multicomponent, consisting of a het-
erogeneous NRM which varies in direction from one subsample to another and
has somewhat erratic AF and thermal demagnetization behaviour, plus some
secondary post-accretionary NRM (Collinson and Morden, 1994). The pre-
accretionary remanence surviving in individual breccia fragments may be in
part primary TRM acquired during cooling of the parent planet (see Fig. 17.6b
for a breccia test on a lunar rock).

A stable, single-component overprint characterizes the heavily shocked urei-
lites (Fig. 17.11). The strong coherent NRM may be due to impact-generated
iron, carrying TRM, TCRM or SRM, as in lunar soils.

17.4.5 NRM of ordinary chondrites

Kamacite containing > 5% Ni is the dominant magnetic mineral in ordinary
chondrites (Stacey et al., 1961). The directional stability and hardness of NRM
improve with increasing Ni content (probably because of the microstructure of
plessite a + 7 intergrowths) and decreasing grain size, measured directly or indir-
ectly through MIS/MS (Sugiura, 1977).

At least some ordinary chondrites of all classes have given apparently reliable
paleointensities (see tabulations in Stacey and Banerjee, 1974, p. 173 and Brecher
and Ranganayaki, 1975; values summarized in Fig. 17.14). In some low-grade
chondrites, Sugiura (1977) has shown that pTRM with blocking temperatures
below 200-300 °C behaves almost identically to NRM. In others, particularly
those containing plessite, the NRM must be at least partly phase-transformation
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Figure 17.11 AF demagnetization of NRM of ureilites. Relative orientation of
Kenna 1 and 2 is unknown. [After Brecher and Fuhrman (1979), with the permis-
sion of the authors. Reprinted by permission of Kluwer Academic Publishers.]

CRM and paleointensities can only be inferred from heatings below ss550°C
(Sugiura and Strangway, 1982).

Many low-grade chondrites have randomly distributed subsample NRM
directions, suggesting a pre-accretionary NRM (Sugiura and Strangway, 1982).
Funaki et al. (1981) have shown that large metal grains in several chondrites are
unstably magnetized, the matrix NRM is directionally stable up to «15 mT AF
demagnetization and clusters within a hemisphere, while individual chondrules
have quite stable NRM's which are randomly oriented from one chondrule to
the next. Thus the chondrules may preserve pre-accretionary TRM recording
an early magnetic field in the solar nebula (see next section).

Because of the variety of magnetic phases in chondrites, Funaki (1993) recom-
mends using the temperature dependence of coercive force (Hc,Hcr) or satura-
tion remanence (Mrs), rather than standard thermomagnetic curves (MS(T) or
Xo(T); e.g., Larson et al., 1974), to identify the major contributors to NRM. In
at least two cases, tetrataenite was found to be the phase responsible for reliable
NRM (Collinson, 1987; Funaki, 1993), although as explained earlier kamacite
is normally preferred for paleointensity determination.

High-grade breccias are less useful as magnetic field recorders. Most shock-
reheated and brecciated chondrites are chaotic field recorders (e.g., Larson et
al., 1973).
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17.4.6 Paleomagnetism of carbonaceous chondrites and their chondrules

Table 17.2 illustrates the varied magnetic mineralogy of carbonaceous chon-
drites. Curie points, memory of remanence after cycling through the magnetite
Verwey transition (§3.2.2, 12.4.1), and values of Mrs/Ms have been used in con-
junction to infer the relative amounts of Fe-Ni and of SD and MD Fe3O4.
Class-I (undifferentiated) carbonaceous chondrites contain abundant Fe3O4.
The importance of Fe-Ni (usually kamacite) increases with differentiation and,
within class III, with increasing thermal metamorphism (C2 to C4).

The NRM of most carbonaceous chondrites is quite directionally stable dur-
ing AF demagnetization (Fig. 17.12), whether carried by SD or MD grains of
Fe3O4 or Fe-Ni. This stability is all the more unexpected since low-temperature
partial TRM is a substantial component of the NRM (Fig. 17.13).

Individual chondrules separated from the Allende chondrite show confused
behaviour when heated in the range of thermal overprinting (< 200 °C) but
behave ideally in the Thellier sense at higher temperatures (Fig. 17.13b). They
seem to have preserved a primordial TRM acquired in a field of 0.2-0.3 mT
(2-3 Oe) (Sugiura et al, 1979). Wasilewski (1981b) has reported that the chon-
drules yielding these high paleofield values are anomalous in their magnetic prop-
erties compared to other chondrules from Allende, and probably contain
interacting magnetic phases. Nagata and Funaki (1983) detected three magnetic
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Figure 17.12 AF demagnetization of some carbonaceous chondrites (class given
in parentheses). [Reprinted from Banerjee and Hargraves (1971) and Brecher and
Arrhenius (1974) © American Geophysical Union, with kind permission from the
authors, Elsevier Science - NL, Sara Burgerhartstraat 25,1055 KV Amsterdam,
The Netherlands, and The American Geophysical Union, Washington, DC]



Table 17.2 Magnetic properties and paleointensity estimates for some carbonaceous chondrites

Meteorite Type Curie point, Tc (°C)

Memory of initial

remanence

Remanence ratio,

Magnetic minerals Paleofield(s), Ha (uT)

Orgueil
Ivuna

Haripura
Murray

Cold Bokkeveld
Mighei
Murchison
Renazzo

Mokoia
Vigarano
Coolidge
Allende

I.C1

II,C2
II,C2
II,C2
II,C2
II.C2
II,C2

III-V,C2
III-V,C3
III-V,C4
III-V,C4

590

590, 765

320, 600

1.0
0.63

0.55
0.94

0.79
0.82
0.98
0.98

0.23
0.60

1.0
0.98

0.08

0.31-0.65

0.07-0.13

0.06

0.17

0.03-0.12

Fe3O4(«10%)

Fe3O4

Fe3O4

Fe3O4, Fe-Ni
Fe-Ni, Fe3O4

Fe-Ni

Fe3O4(w8%)

Fe3O4 (Fe-Ni?)

yFe-Ni, Fe,_^S

67
«50

33-135

18,40
230

95-130,200-300

(chondrules)

[Data from Brecher and Arrhenius (1974) © American Geophysical Union, and from Brecher (1977), reprinted with permission from Nature,

copyright © 1977 Macmillan Magazines Ltd.]
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Figure 17.13 (a) AF and (b) thermal demagnetization of whole-rock samples and
(unoriented) chondrules from the Allende (III) carbonaceous chondrite. Partial
TRM's in (b) acquired in 50 nT (0.5 Oe). [Reprinted from Banerjee and Hargraves
(1972), Lanoixef al. (1977), and Lanoix etal. (1978) © American Geophysical
Union, with kind permission from the authors, Elsevier Science - NL, Sara
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands, and The American
Geophysical Union, Washington, DC]

phases in Allende: Ni-rich taenite, pyrrhotite, and magnetite, taenite being domi-
nant. They found only weak unstable NRM's in individual chondrules, but bulk
specimens, matrix material, and one stable chondrule all yielded high Thellier
paleointensities of 0.1-0.3 mT.

17-5 Paleofields in the early solar system

Figure 17.14 sums up the scanty data from lunar and meteorite paleointensity
studies. Only Thellier-Thellier or similar lunar determinations are shown (for a
summary of other lunar paleointensity data, see Cisowski et al., 1983). There
are fewer meteorite determinations of comparable reliability, and in many
cases, the thermal nature of the NRM was not adequately tested. Ages have
very large uncertainties in most cases. The age (and nature) of overprinted
NRM is particularly ill-defined.

There may be a real trend from relatively intense paleofields before and during
planetary accretion to rather weak fields 4.0-3.0 Ga ago. The Alfven (1954)
model of solar-system formation postulates transfer of angular momentum
from the sun to the protoplanets via a strong magnetic field (~ 10 mT or 100 Oe
at the sun's surface). It is hard to believe that this early T-Tauri phase of mass
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and magnetic field transfer via a strong solar wind endured 400 Ma or more and
was instrumental also in magnetizing igneous rocks on the moon. Another objec-
tion (Brecher, 1977) is that the moon condensed and accreted much closer to the
sun than did the asteroids. It should have experienced a much larger T-Tauri
field in consequence.

Models of global-scale lunar fields are of two sorts: dynamo and fossil-field
models. Dynamo models (e.g., Runcorn etal., 1971; Runcorn, 1994) face the dif-
ficulty that the moon's core must have been small and marginally able to support
dynamo action even immediately after accretion and differentiation, let alone
500 Ma later when the highlands rocks formed.

The fossil-field model (Strangway et al., 1974) postulates an intense early
solar-wind field to produce uniform IRM in the still cold moon, just after accre-
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tion. Most of this IRM has today been lost through internal heating, but at the
time the igneous surface rocks cooled, they did so in the surface dipole field of
whatever uniformly magnetized spherical shell still remained below 765 °C.
(The dipole field of a uniformly magnetized sphere was described in §4.3.2.)
Since lunar igneous rocks contain only « 0.1 % iron, a solar-wind field of « 5 mT
(50 Oe) at 1 AU from the sun is required to give enough IRM for a 2 \iT lunar
field. An implausibly large solar-wind field is needed to give a 0.1 mT (1 Oe)
surface field.

A general difficulty faced by all models that require an external field, whether
solar, terrestrial, or interplanetary, is that the moon rotates with respect to the
sun and, although it does not do so today, must have rotated with respect to the
earth as well 4 Ga ago. No TRM or thermal overprint is acquired rapidly enough
to be coherent under these conditions.

Local fields acting during meteorite impacts are a possible source of NRM's of
soils and breccias (Cisowski et ah, 1973). Indeed impacts may possibly generate
their own fields, or SRM may be acquired even in the absence of a field (Wasi-
lewski, 1977; cf. §16.4.7). The relative merits of local shock-generated magnetiza-
tions and TRM's due to planetary-scale fields as sources of lunar magnetism are
reviewed by Collinson (1993).

Although planetary field models are uncertain and planetary magnetic studies
are still in their infancy, other solar system bodies probably possessed magnetic
fields of their own or were exposed to fairly strong interplanetary fields before
any record exists of a terrestrial magnetic field. The earth is not the sole arena of
paleomagnetism.
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alternating field (AF) demagnetization 229-30,
310-2

of ARM 229-30, 290-1,296-300, 309, 340
ofCRMorCVRM 372-4,379-81,387-90
ofhardVRM 275-6,454-5,476-7
of multidomain grains 256, 290-1, 301-6,

358-9

of pseudo-single-domain grains 305-6, 340-1
of saturation remanence(SIRM) 229-30,

290-2, 301-6, 309,340-1, 358-9
of single-domain grains 229-30, 289-92, 306
of TRM 229-30, 256, 290-1,306, 340, 389
of weak-field and strong-field remanences

(Lowrie-Fuller test) 233, 306-9,420
theory of 229-30, 289-91, 301—6

anhysteretic remanent magnetization

(ARM) 296-300,484-5
AF demagnetization of 296-300,309, 340
grain size dependence 298-300, 330-2,436
in multidomain grains 298,330
in single-domain grains 298, 315,330
theory of 312-5

anhysteretic susceptibility 296, 299

as a normalizing factor 299, 332,436
anisotropy

configurational 39-40,92
magnetocrystalline 36-42, 115-7,519-20
magnetoelastic or magnetostrictive 42-4,

137.45'
ofremanence 484-8

of susceptibility 429-30,484-8
shape 80,89-92,137,519-20

uniaxial 37-8,42-4, 137,451
anorthosite 419-20,511-14
antiferromagnetism 25,35-6
Arai plot (see also paleointensity determination,

Thellier method) 225
archeomagnetism 423-4
authigenic minerals 367-8,442,447-8

Barkhausen

discreteness 350-1
jump 135, 146,155-8,234,237,240,245,262,

265, 276-7, 336
volume 234, 245-6, 262, 276-7

basalt

lunar 511-4
subaerial 404-12,466-9
submarine 268-70,392-403

biogenic minerals 80-2, 368,439,443
biomagnetism 14,80-2
biotite 23,80-1, 140-1,422,483
Bloch line 142-3, 193, 353-4
Bloch wall - see domain walls, Bloch
blocking

of CRM 186-90,367-73,453-4

of TRM and pTRM 5-6, 197-200,210-8,
226-9,238-47

ofVpTRM 471-3
ofVRM 272-81

565
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blocking curve 227-8,289

blocking temperature 5-6, 198-205,228,471-5,

480
distribution or spectrum 5-6,223,226-9,259.

266-8
in slow cooling 278-83,471-80
of multidomain TRM 238, 244-7
of single-domain TRM 210-2,215-20,

226-9

Bohr magneton 21
Bohr model 19
Brillouin function 24
buckling - see single-domain reversals

canting - see spin-canting
cation deficiency 56-8,60,66, 76-7

chemical demagnetization 457-8
chemical remanent magnetization (CRM) - see

crystallization remanent magnetization
chemicoviscous remanent magnetization

(CVRM) 387-90
chrome spinel (chromite) 79
coercive force

angular dependence 209, 289-90
bulk 136, 186,329, 333-4, 363, 368-9
microscopic 135, 137-9, 202, 208, 237, 246,

290,492
of multidomain grains 134-5, 209, 334
of single-domain grains 137-8,209, 220-3,

329
remanent 295-6,310-2
spectrum or distribution 223, 229-30, 237,

256, 290-1, 298, 301, 304-5, 308,310-2
temperature dependence 206, 218, 220-3,

325-7
coercivity

ratio (Ha/Hc) 317-323
spectrum or distribution 223, 229-30,237,

256,290-1,298,301, 304-5, 308, 310-2
coherent rotation -see single-domain reversals
conglomerate test 427, 512-3
contact test 461-3
cooling curves 480,483
cooling rate

effect on blocking temperature 278-83,

471-80
effect on TRM intensity 228,473

cracking due to oxidation - see maghemite,
titanomaghemite

critical size
at high temperature 129-30

equilibrium single-domain (d^) 129-32, 152,
329, 365-6, 369, 507-8

for incoherent reversal 132
forsuperparamagnetism(rfs) 131-3,221,323,

369-71,507-8
crystalline anisotropy - see magnetocrystalline

anisotropy
crystallization remanent magnetization

(CRM) 367-90

AF demagnetization 372-4, 379-81,389-90
blocking by grain growth 186-90, 367-73,

453-4
hematite reduction to magnetite 380
in red beds 373,452-3
lepidocrocite dehydration 384-6
maghemite inversion 380-6
magnetite oxidation to hematite 377-80
magnetite oxidation to maghemite 388-90,

399-400
micromagnetic modelling 186-90

pyrrhotite oxidation 386-7
theory of 186-90,368-73,453-4

titanomagnetite inversion 381-4, 398-9
titanomagnetite oxidation to

titanomaghemite 374-6,399-402
two-phase or multiphase 376-87, 399-402,

506-7,512,517-8
Curie law 24
Curie point 26-8
Curie-Weiss law 27
curling - see single-domain reversals

Day et al. plot 321-3
demagnetization

alternating field (AF) - see alternating field
(AF) demagnetization

by unixial stress 493-7
chemical 457-8

low-temperature (LTD) 50, 54, 285, 337-42
pressure 491
self- 175-6,234-5,238-9,301-5, 308,

317-20,335,346-7,419,486-7
thermal 75-6, 204-6, 227-8,232, 247-252,

256-8,270-1,342-6,475,478-80
demagnetizing energy 83,87-8,90, 100-2,126,

206-7
of lamellar domains 107-112,235-6

demagnetizing factor 93, 325
of a cube 92-3,95
of an ellipsoid 89-91,206-1 o, 486-7
of a needle 92-3,96,410,419-20
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demagnetizing factor (cont.)
of a sphere 88-9,93
of a thin sheet 92-3,96,410,419,424
of lamellar domains 109-12

demagnetizing field 84-102, 207,236-7,
241-2,256-8,290,301-5, 308, 311,419

demagnetizing tensor 87,91,100
depositional remanent magnetization - see

detrital remanent magnetization, post-
depositional remanent magnetization

detrital remanentmagnetization(DRM) 425-32
experimental properties 429-30
inclination errors 428-30,440-1
single-domain theory 426-8,431-2

deuteric oxidation - see oxidation, high-
temperature

diabase or dolerite 392,403-5,419,421-2
diagenesis 437-8
diamagnetism 22-3
dielectric polarization 84-5
dike 392,399,403-5,418-9
diorite 419,422,469-70,482
dipole 17-9

field 18-9,220,314
domains 3-4, 103-28

body 4,103-6,119-20
closure 4,103-6, 119-20,123-5,15°, '72>

179-80, 182-3,355-6
imbalance 109, 155,174, 351,356
number 122-5,151—3, 161-2,165-6,200
spike 119,125-8,135,150
width 122-6,148, 154-5,165-6

domain nucleation 133-4, J5O-3, '6o, 166-7,
197,256-9, 334-5,348-9

edge 176,195-7
failure 147, 155-6, 234,259-61
primary 155-9, 334-5.358
secondary 146,152-4,348
transverse 160-3,197,258

domain observations 4, 105-6, 144-70
at high temperature 159-62
by colloid technique 4,108, 119, 145-63
by magnetic force microscopy (MFM)

169-70
by magneto-optical Kerr effect

(MOKE) 166-8
by scanning electron

microscopy (SEM) 162-4
by transmission electron microscopy

(TEM) 164-6
on hematite 154-9

on magnetite 4,119, 124, 127,135, 148-54,
159-61, 166-8

onpyrrhotite 145-8,159
on titanomagnetite 154-7,161-2

domain rotation 134, 157,489
domain structure 3, 7,106-7

effect of stress 154-7,163-4, 191,489-90
equilibrium 107,171-2,197-200
high-temperature 159-62,190-2,195-200
metastable 106-7, 128, 131-2, 147, 152,

155-6, 160-2, 171-2, 176-8, 195-200, 203,
240,259-61,356

multidomain 106-7, 133—7, 183-4
single-domain 106-7,129—33, '37-4°
transformation 160,172,191,195-7,200,203

domain theory (see also micromagnetic
calculations) 4-5,103-28, 171

domain walls 5,103-28
at high temperature 191-2,325
Bloch 105, 184-5
displacement 108-9, !33> 158,186,209,

235-7- 359
energy 113-8,122,125-8, 235-7
internal structure 113-4, 118-22,142-3,

'73-5
moments 120-1,142-3,165,169-70,173-4,

i93.352-4>36o-2
Neel 105, 184
Neel caps 169,172,184-5
pinning 133, 135-6, 234-7, 304, 325-6
re-equilibration 239-40,243-4, 247-5°.

257-9,282
width 118,121,163-4,170,184
71 ° and 109° 103-4,118-22,184-5
900 103-4
180° 103-4, 113-8, 184-5

drilling-induced remanent magnetization
(DIRM) 292-4

environmental magnetism 14-15,437,443-4,
447

exchange coupling 28-32,414-7
exchange energy 31,115
exsolution intergrowths 73,413-6

fanning - see single-domain reversals
feldspars (see also plagioclase) 419,483
felsic volcanic and pyroclastic rocks 412-7
ferrimagnetism 25,32-5

N-type 33-4-413
ferromagnetism 3-4,25-8
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fluctuation field 221, 229,246,277, 289-9!>368

fold test 464-6

foliation 484-8

gabbro 392,403-6,419-22,469,482

geomagnetic field 2-3

polarity transition (see also reversal, field)

9-10

variation (see also paleosecular variation)

9-11

global energy minimum (GEM) state 107,

171-2,197-200

goethite 34-6, 51, 74-6,373,442-6,452-3

grain distribution 223-7,231-3,287,290, 508-9

granulometry 287,316-26

greigite 51,76,437

gyromagnetic remanent magnetization

(GRM) 300-1

Heisenberg theory of exchange coupling 28-31
hematite 36,69-72, 373,408,412,444-52,

474-6

antiferromagnetism 69,448-9
basal-plane anisotropy 72,451

c-axis anisotropy 51, 70,415
coercivity 72,451-2
Curie and Neel temperatures 51,69
defect moment 72, 449-52,458-9

domain structure 157-9

hysteresis 158,450-1
low-temperature memory 71-2,450
magnetostriction 72,451
Morin transition 70-2,448-9
parasitic ferromagnetism 69,415,449
pigment 72, 367,425,452-3,456,459-60

spin-canting 36,69-70,415,449-51
spontaneous magnetization 69-70
structure 35-6, 69-72, 449

summary of properties 51
hemoilmenite - see titanohematite
Henkelplot 311-2
hornblende 80,418,422,483
hysteresis 133-40, 184-7,240-1,316-27

inclination error 428-30, 440-1
interaction field 219-20, 224,310-9,350, 379,

411,414
internal demagnetizing field 84-102,207,236-7,

241-2,256-8,290, 301-5, 308, 311,419
in single-domain cube 97-8
in two-domain cube 98-100

ofcylinder 96-7

of ellipsoid 89-91

ofsphere 88-9,95-6
of thin sheet 419-424

internal field 236-42,317-20
inverse spinel - see spinel structure
inversion - see maghemite, titanomaghemite
iron and iron-nickel 505-9

coercivity 507-10

Curie temperature 51, 505-6

domain structure transitions 131,507-8

kamacite (a) 51, 505-9,515-23

multidomain 507-10

occurrence in lunar rocks 503-9

occurrence in meteorites 507, 517-24
phase diagram 506

plessite (a - 7) intergrowths 506, 517-8

single-domain 507-10

spontaneous magnetization 51, 505-6

summary of properties 51

taenite (7) 505-6,515,518-24
tetrataenite 506-7,521

viscous magnetization 509-10
iron oxyhydroxides 74-6
iron sulphides 76-79
isothermal remanent magnetization

(IRM) 288-327

acquisition 291-6,310-2

AF demagnetization 289-91
DC demagnetization 291-2, 310-2

multidomain 301-6
single-domain 289-91

kamacite - see iron
Koenigsberger ratio Q

for ARM (2a) 299-300,332

forNRM(e n ) 9
for TRM (&) 238-9,299,332

Langevin function 24,140,431
Langevin theory

ofdiamagnetism 22
ofparamagnetism 23-4

lepidocrocite 75-6,384-6
lightning induced remanence 292
lineation 484-8

local energy minimum (LEM) state (see also

domain structure, metastable; single-
domain, metastable) 106-7, 128,131-2,
147,152, 155-6,160-2,171-2, 176-8,
195-200, 203,240, 259-61,356
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lodestone 1-2

loess 14,442-4
Lowrie-Fuller test 233,306-9,420

low-temperature cycling

of hematite 71,448,450
of magnetite 53,154, 338
of oxidized magnetite 53-4

low-temperature demagnetization (LTD) 50,

54, 285, 337-42
low-temperature memory 335-42

AF demagnetization of 337-42

of hematite 71-2,450
of magnetite 54, 335-42, 347
thermal demagnetization of 342-6

lunar
breccias 504-16

magnetic field 503, 524-6
magnetic properties 507-16

paleointensities 513-6
rocks 504-16

soils 504-16

maghemite 56-60,442-3

cracking due to oxidation 61,67,349,398,
400,438

Curie temperature 58-60

inversion 47-8,59,380-1,384-6
lattice constant 56,61
magnetocrystalline anisotropy 60
magnetostriction 60
spontaneous magnetization 58,61
structure 31-3,56-8,399-400

summary of properties 51

vacancy ordering 56, 58, 399-400
maghemitization - see oxidation, low-

temperature
magnetic anomalies 8-9

linear 7-8,376,391-3
magnetic field 16-18

dipole 18-19,94
magnetic field energy 23,26,32,35, 87-8,

206-7, 235-6
magnetic granulometry - see granulometry
magnetic moment 17

atomic and ionic 19-22
dipole 18-19

magnetic pole or charge 86,149
density 87, 103-5, 121

magnetic silicates 80-1,404,408-9,418-22,469
magnetic stripes - see magnetic anomalies, linear
magneticsublattices 31-6,48-50, 71, 77

magnetic viscosity (see also viscous remanent
magnetization) 262-87

coefficient 263-6,269-70,272, 275
magnetite 48-56,403,420-1,437,483

coercivity 138-9
Curie temperature 50-1,403

domain structure 4, 107-8, 119, 124, 126-7,
135, 148-54,159-61, 166-8

exchange constant 118,190-2
exchange coupling 49-50
hysteresis 151-2,166-8

isotropic temperature 53-4, 335-7, 347

low-temperature behaviour 50-4, 154,

337-42

magnetocrystalline anisotropy 41, 50-5
magnetostriction 41,54-7,325
spontaneous magnetization 41,49-52
structure 48-50,52
summary of properties 51
Verwey transition 50, 53-4,325, 335-8

magnetite-maghemite solid-solution series 46,
60-1

magnetization M 17,85-6, 235-41
induced 9,85-6
remanent 9,85-6

magnetocrystalline anisotropy 36-42,115-7
cubic 37
energy 36-8,115-7
(pseudo-) dipolar 38-40, 70
single-ion 38, 50,70,400

temperature dependence 40-2, 55, 241
triaxial 38,451

magnetoelastic energy 42-4, 124,489
magnetostatic energy - see demagnetizing energy,

magnetic field energy
magnetostatic potential 93-7
magnetostriction 42-4

isotropic 42,44

temperature dependence 41,43-4, 57,64-5,

241,325-6
magnetotactic bacteria 14,81,437-40
median destructive field 230,290, 303-7, 310-1
memory - see low-temperature memory
metamorphism 403-4,509-10

contact 461-3
effect on magnetic minerals 463-4, 466-9
effect on remanent magnetization 464-6,

469-70,509-10
regimes or grades of 461 -6,509-10

meteorites 516-26
achondrites 520-1
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meteorites (cont.)
carbonaceous chondrites 522-4
chondrites 520-1
classes and origin 516-7
iron 518-20
magnetic properties 517-24
ureilites 520-1

micromagnetic calculations 171 -200
constrained 173-4
one-dimensional 174-8, 192, 195-200
two-dimensional 182-5,187-90
three-dimensional 179-81,186-7
with varying field 184-6
with varying grain size 186-90
with varying temperature 190-2

molecular field 25-8, 32-6
multidomain (MD) grains 7,83, 133-6

AF demagnetization 256,290-1,301-6
coercivity 134-5, 237-8,256
hysteresis 134-6,235-42, 317-20, 507-8
saturation remanence 134-6, 243-4, 248,

301-6
self-demagnetization or screening 175-6,

234-5. 238-9, 301-5, 308,317-20, 335,
346-7,486-7

susceptibility 134,236-7,299-300,317-8,325
thermal activation 244-7,276-7
TRM 234-61
VRM 270-1,176-7

natural remanent magnetization (NRM) 11,
392-4,401-6, 509-13, 517-8

primary 13,509-13
secondary 13-14,401,509-13

Neel diagrams
forCRM 371
for IRM, AF demagnetization 229-30,

289-90,493
for PRM 493-4
for TRM, pTRM, thermal

demagnetization 226-9,493
for VRM 274

Neel temperature 34-5
Neel theory

ofantiferromagnetism 35-6
offerrimagnetism 32-5
of multidomain TRM 239-47
of self-reversing TRM 413-5
of single-domain TRM 202, 212-20

oceanic lithosphere 391-3

magnetism of 391-404
octahedral (B) site-see spinel structure
olivine 23, 80, 368, 373,403,408-9,418
ophiolite 392-3
orthogonal vector projection - see Zijderveld

diagram
overprinting {see also remagnetization)

by burial and uplift 264, 278-83,471-5
chemical 13-14,367-8, 372-90,446-8
drilling-induced (DIRM) 292-4
due to stress 492,497-9
ofK/Arages 481-3
shock 499-500, 512, 520, 526
thermoviscous 264,278-85,462-3,470-83
viscous 264,278-85,402,438

oxidation
classes 408
high-temperature (deuteric) 46, 398-9,

407-12
low-temperature 46, 53-4,60-1,66-7, 203,

373-6,388-90, 397-400,438
of magnetite 377-80, 388-90
ofpyrrhotite 386-7,414
oftitanomagnetite 397-8,407-12

oxyexsolution 46-7, 381-4,403,407-8
intergrowths 47,350,410-2

paleofield intensity (see also paleointensity
determination) 10

paleointensity determination 11-12, 224-6,
252-5,409-10,424, 513-6

absolute for sediments 429,435
relative for sediments 12, 299,436
Thellier method 11-12,224-6, 252-5, 513-6,

524
using TRM 11-12,226,473

paleomagnetism 12-14, 501-2, 509-16,
520-24

paleosecular variation (PSV) 10,440-2,460
paleosol 14,442-4
paramagnetism 22-4
partial TRM (pTRM) 5-6, 223-9, 252-5,475,

478-81
additivity 6,223-4,229, 252
AF demagnetization 230-1
independence 5-6,223, 229, 252
spectrum 223-4,259,266-8,414-5
Thellier laws 5-6, 223-4, 229>252
thermal demagnetization 204-5, 247-54,

256-8, 342-6,475,478-80
peridotite 392,403-6
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piezoremanent magnetization (PRM) 489,
492-7

experimental properties 494-7
single-domain theory 492-4

plagioclase 409,420-2,469,483
plate tectonics 7,12
plessite - see iron

• post-depositional remanent magnetization

(PDRM) 425,432-5

deconvolution 435
effect of bioturbation 432
effect of compaction 432-4
time lags 434-5

Preisach diagram 312-5
pressure

demagnetization 491
effect on material constants 490-1

psark - see domain walls, moments
pseudo-single-domain (PSD) behaviour 7,

328-66
domain wall moments 352-4
experimental evidence 329-46, 358-66
grain size dependence 332-5
testing models 358-66
theoretical models 346-52

pyroxene 23, 80,409,420-2,469
pyrrhotite 76-9,386-7,422-3,437

coercivity 423

Curie temperature 77-8,423
domain structure 77,145-8,159
low-temperature behaviour 78-9
magnetocrystalline anisotropy 77,423
spontaneous magnetization 77,423

structure 76-8,423
summary of properties 51

quantum numbers 20

Rayleighlaw 136

red beds - see sedimentary rocks, red
relaxation time 202, 213-6,246, 262-3,272-4,

280
remagnetization (see also overprinting)

by burial and uplift 264,278-83,471-5
by lightning 292
chemical 13-14,367-8, 372-90,446-8
due to stress 492,497-9
hydrothermal 368,403,464
shock 499-500, 512, 520,526
thermoviscous 264,278-85,462-3,470-83

viscous 264, 278-85,402,438

reversal, field 3, 7-10,438,460,483
reversal, self- 3, 342-6, 384-7,412-7, 515-6
Rhodes-Rowlands-Amar (RRA)model 102,

173,191-2
rhombohedral structure 71
rotational remanent magnetization

(RRM) 301-2

saturation magnetization - see spontaneous mag-
netization

saturation remanence (SIRM)
of multidomain grains 134-6, 301-6,317,

333.369
of single-domain grains 139-40,210,333,369
ratio (Mrs/Ms) 186, 311, 316-23,332-3, 358,

362-6, 369
screening-see demagnetization, self-
seafloor

magnetism 391-404
spreading 7-8, 376, 392-3

sedimentary rocks 444-8
coercivity spectrum 444-5
red ('red beds') 425,439,452-60
remagnetization 13-14,322-3,367-8,

446-8
thermal demagnetization 444-6,456-7

sediments
deep-sea 437-9
lake and continental shelf 439-42

self-reversing TRM 3, 342-6,412-7,515-6
serpentinization 392,403-6
shape anisotropy - see anisotropy, shape
shielding - see demagnetization, self
shock

metamorphism 499,505,517
remagnetization 499-500, 512, 520, 526

siderite (FeCO3) 79-80
single-domain (SD) grains 7,83,129-33,

137-41,416-7,421
AF demagnetization 229-30,289-9' > 3°6,

389
ARM 290-1,298
coercivity 137-8,320-1
critical size (d0) 129-32, 152-3, 329,365-6,

369, 507-8
hysteresis 137-40,151-2, 205-12,320-1,

323-4, 507-8
metastable 147,152,162, 176-8, 197-200,

234,259-61,348,354-8
saturation remanence 139-40,289-9'
susceptibility 139,210,266-8
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single-domain (SD) grains (cont.)
thermal activation 201-3,210-7, 220-3,

272-6
thermal demagnetization 232
TRM 201-33,389
VRM 272-6

single-domain reversals 192-4,205-10
coherent 193-4,205-10
incoherent (buckling, curling, fanning)

192-4,209
vortex 186-7,193-5

soils 442-4,504-16
solar system magnetic field 523-6
spin-canting 25, 36,69-70
spin waves 30-1
spinel structure 31-2,45-50
spontaneous magnetization 25

temperature dependence 27-8, 33-4,41,52,
63-4,70, 77

Stoner-Wohlfarth theory 205-10
strain

effect on NRM 464-6
effect on petrofabric and anisotropy 466,

484-5
stress

compressive 157,490-7
demagnetization 491-7
effect on susceptibility 489
effect on remanence 464-6,490,497-9
summary of effects 499-501

superexchange - see exchange coupling
superparamagnetism 131-3,140-1,368-70

above the blocking temperature 211-2,
215-7,266, 370

critical size (ds) 131-3,221, 323,369-71,
507-8

susceptibility 140-1,266,323-4,507-8
susceptibility 85-6,332

antiferromagnetic 34-5,74-6
diamagnetic 22-3
ferromagnetic or ferrimagnetic 134,139
intrinsic or internal 134,236-7,303, 317-8
multidomain 134, 236-7, 299-300, 317-8,

325
observed or apparent 237, 299-300,325
paramagnetic 22-4, 27, 33-5
single-domain 139,210,266-8
superparamagnetic 140-1,266,323-4,

507-8
temperature dependence 266-8,325

switching - see single-domain reversals

tetrahedral (A) site - see spinel structure
Thellier laws of partial TRM 5-6,223-4, 2 52

Thellier method - see paleointensity
determination

thermal activation
in multidomain grains 244-7, 276-7
of single-domain grains 201-3, 210-7, 220-3,

272-7
theory (CRM) 370-2
theory (DRM) 431-2
theory (TRM) 201-3,212-8,244-7
theory (VRM) 272-7

thermal fluctuation analysis (TFA) 221-3,325,
360

thermochemical remanent magnetization
(TCRM) 409-10,506-7,517-8,520

thermoremanent magnetization (TRM) 5-7,
201-261,486-8

AF demagnetization 229, 256, 306, 340, 389
blocking temperatures 201, 204-6,217-20,

226-9,238
experimental properties 203-5
field dependence 202-4, 218-9, 235, 244-6,

260,314-5,359-62
grain size dependence 204-5, 207, 329-32
multidomain 234-61
partial (pTRM) 5-6,223-6,252-6,478-81
pseudo-single-domain 359-62
single-domain 201-32
Thellier laws 5-6, 223-4,229,252
thermal demagnetization 75-6, 206, 227-8,

232, 247-52,256-8, 342-6
transdomain 197-200,234
unblocking temperatures 204-6,228,471-80

thermoviscous magnetization 278-85, 471-80
AF demagnetization 284-6
thermal demagnetization 278-85,471-80

titanohematite 45,73-4,412-3,415-7
Curie temperature 73-4
order-disorder transformation 73,415-7
self-reversing TRM 73,412-7
spontaneous magnetization 73-4
structure 71,73,413
ternary diagram 46

titanomaghemite 63,66-9, 397-402
coercivity 67-8,397-402
cracking due to oxidation 61,67,349,398,

400,438
Curie temperature 67, 396-8
inversion 63,68-9, 381-4, 397-9
lattice constant 67
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titanomaghemite (com.) vortex 186-90,195,360
spontaneous magnetization 67-8,396-8 reversal 186-7,193-5
structure 66-9,398-400 structure 180-7,355
ternary diagram 46

titanomagnetite 45,61-6,394-8,407-12 wall -see domain walls
coercivity 63,65-6, 396-7 wave functions 20,28-30
Curie temperature 62,395-6 Weiss theory of ferromagnetism 25-8
domain structure 65-6,154-7,161-2 Wohlfarth relations 310-2
exchange constant 191
lattice constant 51,62 Zeeman energy -see magnetic field energy
magnetocrystalline anisotropy 43,62-4,191 Zijderveld diagram 13,378,382-3,386,478-81
magnetostriction 43,63-5,154,191
spontaneous magnetization 62-3,396,407
structure 61-2,395-6
summary of properties 51
ternary diagram 46

topotactic transformation 47-8
transdomain

transformation of domain structure 172, 191,
195-7,200,203

TRM 197-200,234
troilite (FeS) 76,507, 515-6

unblocking temperature 203-6, 232-3, 247-52,
278-87, 343-6, 360,471-80

anomalous 278-83,476-9
metamorphic 471-80

vector diagram - see Zijderveld diagram
Verwey transition 50, 53-4, 325, 335-8
Vine and Matthews model 391-3
viscous partial TRM (VpTRM) 264, 278-81,

471-80
viscous remanent magnetization (VRM)

262-87,402

AF demagnetization 271,275-6,290-1,
389-90,454,476

as a dating method 287
chemico-viscous remanent magnetization

(CVRM) 387-90
experimental properties 264-72,388-90,

476-80
grain size effect 264
hard 276-7,454-5,475-7
multidomain theory 276-7
single-domain theory 272-6,278-81,471-6
temperature dependence 266-8
thermal demagnetization 270-1,275, 278-87,

472-5, 478
thermoviscous magnetization 278-85,

471-80


