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Foreword

Perhaps it is best to confess right away my personal perspective on Forewords: in
other words, what a Foreword is and isn’t. Tt definitely is not a “book review”;
instead it should be a welcoming invitation for the reader to the contents of the book
and its special character, avoiding as much as possible the opprobrium of being
dubbed an ‘“‘advertising copy,” a gushing and uncritical paean of praise. It is also
more fun to write a Foreword, especially in this case because I have had the good
fortune of knowing the two authors for over three decades. I met Ted Evans when he
came to his first meeting of the American Geophysical Union in the heady early days
of global plate tectonics. I remember having animated discussions about the reality of
the natural submicrometer-sized magnetite grains in basalts, whose presence he had
to infer from single domain-like magnetic properties. They were too small to be
studied by an optical microscope; however, in a couple of years he and M.L. Way-
man took transmission electron micrographs to prove the existence of natural single
domain magnetite, a much sought after but also much missed natural magnetic
carrier. In Friedrich Heller’s case, what caught my attention was his work on the
basalts used to construct Hadrian’s Wall near the boundary between Scotland and
England. Through a laboratory study of acquisition of viscous magnetization in a
known field, Heller and Markert could “date” the placement of the basalts in the wall
from their natural (viscous) magnetization. It thrilled me that in both cases purely
magnetic measurements could lead to applications in mineralogy and archaeology. It
is only natural then that, some thirty years later, these two authors and long-standing
friends of each other have joined forces to write the first authoritative “how to” book
on Environmental Magnetism.

As Evans and Heller recall in their preface, this interdisciplinary field of scholarly
inquiry was born only in 1986, with the publications of the eponymous monographs
by R. Thompson and F. Oldfield. And yet, while this latter book was a collection of
novel applications of magnetism to lake and fluvial sediments, the present volume is
more of a consolidated description, from basics to applied, of a mature discipline. In
some ways, another recent monograph, Quaternary Climates, Environments and
Magnetism, edited by B. Maher and R. Thompson, is the true descendant of Thomp-
son and Oldfield’s Environmental Magnetism. The present volume could be used as a
textbook for beginning graduate students with a background in college physics, as
well as for specialists in biology, archaeology, or atmospheric pollution, or for others
who are curious about the strengths and weaknesses of environmental magnetism as
a tool of choice. I cannot help mentioning, tongue in cheek, that while perusing this

ix



X Foreword

volume, the readers will also gather a great vocabulary, with the likes of cardiomag-
netism, pneumomagnetism, malacology, magnetoclimatology and phreatomagma-
tism. (I think I know which of my two friends is responsible for including these
terminologies, a “hazard” of interdisciplinary research.) One other related volume
comes to mind, D. Dunlop and O. Ozdemir’s Rock Magnetism: Fundamentals and
Frontiers. Readers with a background in physics, whose taste may be whetted by this
volume, would do well to consult Dunlop and Ozdemir for explanations with greater
depth and subtlety than the present volume, whose emphasis lies in clarifying the
interdisciplinary connection.

And, speaking of such connections, it is necessary once more to emphasize the
broad sweep of the topics covered in this book. From pedologists to geomorph-
ologists, isotope geochemists to microbiologists, all will have an opportunity to truly
appreciate what environmental magnetic techniques can or cannot do, and why. In
the future, when one more marine geologist asks me whether sediment magnetic
susceptibility is directly or inversely proportional to paleotemperature, I will enjoy
saying, “Neither; why don’t you look up Evans and Heller?”” Somehow the import-
ance of first constructing an intelligent model of the natural process before interpret-
ing environmental magnetic parameters has not been communicated well enough to
the geoscience community. Evans and Heller have done a wonderful job of providing
examples to do just that, and do it well.

Colleagues, raise your glasses with your fluid of choice to this timely, comprehen-
sive, and comprehensible work!

Subir K. Banerjee

Institute for Rock Magnetism
University of Minnesota—Twin Cities
US.A.



Preface

Environmental magnetism is a relatively new science. It essentially grew out of
numerous interdisciplinary studies involving sediments in British lakes, but soon
expanded to include sediments in other natural archives that also retain records of
past global changes. Prominent among these are marine sediments, windblown
deposits on land, and the thin layer of soil covering much of the continents. The
materials residing in these various settings are of two main types: one transported in
from elsewhere, the other created in situ. Material flux takes place in the hydrosphere,
the atmosphere, and the cryosphere, the most important agents being rivers, ocean
currents, ground water, wind, rain, snow, glaciers, ice sheets, and icebergs. We will be
looking at examples of all of these.

For the most part, the transported material itself exists in granular or particulate
form, typically in the size range 10~#~10~> m. Depending on the ambient conditions,
these mineral grains may suffer some chemical change (such as oxidation) during
transport and deposition, but by and large they are passive and inert. However, once
they are in place, many chemical changes may occur. Indeed, some grains may
entirely disappear while others may be created. This is particularly so in soils (the
pedosphere), which harbor a complex interplay of chemical, physical, and biological
activity. Whatever the particular history of a given geological repository, experience
shows that magnetic measurements can be of great value in our attempts to under-
stand the environmental conditions that prevailed in the past. This is because mag-
netic minerals—particularly iron oxides—occur more or less universally, iron being
one of the most common elements in the Earth’s crust. They may be present in minor
amounts (usually less than 1%), but they are easily, rapidly, and nondestructively
detected.

Early developments along these lines were brought together in the seminal 1986
textbook, Environmental Magnetism, by Roy Thompson and Frank Oldfield that
marked the real birth of the subject. From this promising beginning, the subject has
matured into a full-fledged scientific discipline practiced throughout the world. By
the mid-1990s, the level of activity was such that an updated review was provided by
Verosub and Roberts (1995). Furthermore, specialized laboratories were coming on
stream, entire conferences were being devoted to the latest advances, and the relevant
literature was growing exponentially. At the start of a new millennium, the time
seemed ripe for a new, state-of-the-art summary and analysis.

Anyone setting out to cover such a broad subject must endeavor to strike a
balance between the underlying principles (which embrace physics, chemistry, biol-
ogy, mineralogy, geography, geology, and geophysics) and the major applications
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xii Preface

(which range from archeology to zoology). Our goal has been to provide sufficient
groundwork to allow advanced undergraduates, graduate students, and interested
professionals (all of diverse backgrounds) to grasp the essential aspects of magnetism,
mineralogy, and the many processes by which the observed magnetic signals are
encoded in the various natural archives. The latter half of the book then introduces a
wide selection of real examples chosen to reflect the diversity of topics that lend
themselves to enviromagnetic analysis. In addition to various aspects of past global
change (e.g., ice ages, Milankovitch theory, paleoprecipitation), these cover the
assessment of material flux by various agents (e.g., wind, ground water, ocean
currents) in different environments, magnetism in the biosphere (e.g., magnetotactic
bacteria, cardiomagnetism, homing pigeons), pollution monitoring (e.g., soil contam-
ination, sewage outfall, pneumomagnetism), and archeology (e.g., magnetic map-
ping, speleomagnetism, hominid evolution). Finally, we close by stepping back, as it
were, and taking an overview of the Earth’s magnetic environment in order to place
the whole subject into its planetary perspective.

The exponential increase in publications that was occurring when we set out to
write this book has continued unabated, and we have been compelled to be selective.
Even so, the bibliography contains in excess of 600 entries, three quarters of which
were published in the years since Thompson and Oldfield’s book appeared.

We are grateful to Frank Cynar, who first invited us to embark on this project and
who has been a constant source of encouragement and guidance throughout. Like-
wise, we are indebted to the entire production team: Angela Dooley, Jennifer Helg,
Kelly Mabie, and Nancy Zachor—without their skill and dedication, our efforts
would never have come to fruition.

We thank the many friends and colleagues who have helped us by providing data,
photographs, figures, and other information: Geoff Bartington, Cathy Batt, Teresa
Bingham-Miiller, Ulrich Bleil, Jan Bloemendal, Mark Dekkers, Ramon Egli, Brooks
Ellwood, Jorg Fassbinder, Fabio Florindo, Maja Haag, Paul Hesse, Kalevi Kallio-
méki, Karen Kohfeld, Kurt Konhauser, Masuru Kono, Carlo Laj, Jean-Louis Le
Mouél, Neil Linford, Derek Lovley, Tadeusz Magiera, Jim Marvin, Adrian Mux-
worthy, Clare Peters, Nikolai Petersen, Chris Pike, Andrew Roberts, Joe Rosen-
baum, Robert Scholger, Simo Spassov, Joe Stoner, Gerhard Stroink, Matsuori Torii,
Piotr Tucholka, Hojatollah Vali, and Marianne Vincken.

We are grateful to Beat Geyer, Gerry Hoye, and Dean Rokosh for much help with
the art work, always willingly, efficiently, and cheerfully carried out.

We thank our families for their constant understanding and moral support,
particularly during the more difficult times. It is a special pleasure to record the joy
and inspiration that the presence of little Andreas has provided.

The whole undertaking would never have been successfully concluded without the
patience, encouragement, and unfailing support of Anita and Barbara, to whom we
express our heartfelt gratitude.

Michael E. Evans and Friedrich Heller
Edmonton and Ziirich, February 2003



INTRODUCTION

1.1 PROSPECTUS

Our environment — be it local or global —is in need of care and attention. This brute
fact has now forcefully registered itself in the minds of all people bent on survival —
that is, most of us. A clear demonstration is provided by unprecedented attempts to
reach international agreements — the Montreal Protocol, the Rio Summit, the Kyoto
Accord. It is also the driving force behind an enormous range of scientific inquiry
aimed at providing a better understanding of the complex interplay of factors which
constitute what is now referred to as earth systems science, involving atmosphere,
hydrosphere, biospheres, and lithosphere. Indeed, it is quite legitimate — perhaps
even necessary — to extend the field of inquiry even further. The lithosphere is no
more than a mosaic of slabs at the mercy of viscous upwelling and downwelling
currents deeper in the Earth, in a region called the asthenosphere. At even greater
depths is the liquid core, wherein complex motions generate the geomagnetic field,
which, in turn, is responsible — through its interaction with the solar wind — for the
magnetosphere. And so on...

This book is concerned with one tiny aspect of this vast interconnected web of
scientific effort, namely the occurrence and uses of magnetic materials in the natural
and cultural environment. At first sight, it is perhaps surprising that magnetism has
become a useful topic in environmental studies. There are several reasons, the two
most fundamental being that, first, a/l substances exhibit some form of magnetic
behavior and, second, iron is one of the commonest elements in the Earth’s crust. The
former follows from the basic nature of matter, the latter from a cosmic accident.
There are more practical considerations, however. With modern equipment, it is
experimentally easy to detect useful magnetic signals from environmental materials,
such as soils and various sediments, even if the magnetic component makes up less
than a thousandth of the whole sample. Magnetism thus provides a tracer of environ-
mental conditions. To make use of this tracer, however, knowledge of the magnetic
substances involved and of their relevant magnetic properties is required. Further-
more, some understanding of the techniques used is necessary if the possibilities —



2 1 Introduction

and limitations — of the subject are to be properly appreciated. All this groundwork
occupies Chapters 2, 3, and 4.

The rest of the book is devoted to a discussion of the many applications of
magnetic measurements in various environmental settings on land, in lakes, in the
ocean, and even in various biological organisms (including humans). Once seques-
tered in a suitable host, magnetic particles constitute a natural archive of conditions
existing in former times. If we can learn how to interpret such records, we have the
possibility of investigating not only the present but also the past. Chapter 5 is
concerned with the two central aspects of this goal, namely how the information
was captured in the environmental record and how we can succeed in decoding what
is there. An important aspect relates to the time dimension (Chapter 6). The next five
chapters then discuss specific topics in which environmental magnetism is involved:
paleoclimate (Chapter 7), mass transport (Chapter 8), biomagnetism (Chapter 9),
pollution (Chapter 10), and archeology (Chapter 11). Finally, Chapter 12 gives a
brief planetary perspective of our magnetic environment.

In order to explain the basic concepts, we often consider simplified situations, but
a number of case histories are also brought into the discussion to guard against
straying too far from harsh reality. These are chosen on pedagogic grounds, for the
force with which they illustrate the point in question and not for their overall
significance in the research spectrum. Hence they are not necessarily the first, nor
the fullest, nor even the best-known examples. To redress the balance, we provide an
extensive bibliography. There is now a vast corpus of published data from sites
representing all environmental settings in all parts of the globe, with the result that
even the bibliography is inevitably selective.

1.2 AN EXAMPLE

Before taking the plunge — wrestling with experimental details, digesting basic mag-
netic data, appreciating the significance of the case histories, and generally coming to
terms with the subject as a whole —let us pause to consider an instructive example.
We choose one with which we are personally familiar and which vividly illustrates
the interconnectedness of the many topics impinging on environmental magnetism
(Heller and Evans, 1995).

In parts of China, there exists a thick blanket of windblown dust that has
accumulated over the last few million years and now stands at thicknesses commonly
exceeding a hundred meters (Fig. 1.1). For millennia, this huangtu (yellow earth) has
been the substrate on which civilizations have prospered, providing both the means
of agricultural production and the raw material for domestic and artistic ceramics
(including the celebrated terracotta army of the emperor Qin Shi Huang). In recent
years, this material has attracted a great deal of scientific interest for another reason:
stratigraphic fluctuations in the magnetic minerals it contains provide evidence of the
waxing and waning of ice ages. Broadly speaking, sediments formed during cold, dry
(glacial) times are about half as magnetic as their warm, moist (interglacial) counter-
parts. The magnetic minerals are essentially behaving like a combined geological
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Figure 1.1 The famous sedimentary section at Luochuan, China. The alternating yellow and brown
strata provide a visible manifestation of past climatic changes. During cold, dry glacial periods, windblown
dust accumulates. When conditions become warmer and wetter, interglacial soils are formed, turning the
yellow pristine dust a rich brown color. This process is dramatically reflected in the magnetic susceptibility
variations shown in the depth profile at the lower right. Some of the prominent soils are indicated (strictly
speaking, they should be referred to as buried fossil soils or paleosols). See color plate.

thermometer and rain gauge. If we were to succeed in calibrating it, actual quantita-
tive estimates of ancient temperatures and precipitation would be forthcoming. In the
meantime, we speak of the magnetism as a paleoclimatic proxy.

The ice ages themselves are driven by very small changes in the Earth’s motion in
space caused by gravitational attraction between the planets of the solar system.
Detailed astronomical calculations show that the Earth’s orbital parameters vary
with certain specific periodicities (measured in tens to hundreds of thousands of
years), and spectral analysis has shown that these periodicities can be identified in
the magnetic profiles. Furthermore, the deposition of dust in China is strongly
influenced by the Asian monsoonal atmospheric circulation system, which is one of
two major systems controlling climate change in the northern hemisphere (the other
being the North Atlantic air-ocean system). Magnetic data help demonstrate that the
monsoon system itself has intensified over the last million years due to uplift of the
Tibetan Plateau, which itself is driven by forces in the asthenosphere. Another crucial
magnetic contribution concerns the thorny problem of how all these events can be
properly arranged in geological time. Until about 20 years ago, the actual time span
covered by these Chinese sediments was poorly known. Then it was discovered that,
as well as carrying a paleoclimatic signal, these thick sequences of dust carry a record
of the times when the Earth’s magnetic field as a whole flipped polarity, magnetic
north becoming magnetic south and vice versa. Because the times when these inver-
sions took place are accurately known, they provide a suitable clock. Thus, we see
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how the magnetism of the huangtu brings together such diverse topics as celestial
mechanics, climatic variability, atmospheric circulation, plate tectonics, and the
dynamics of the Earth’s core. Not bad for a pile of dust!

1.3 SCOPE OF THE SUBJECT

Because all matter consists of atoms with circulating charged particles, everything in
and around us is, strictly speaking, magnetic. However, for the moment, we need only
note that environmentally important minerals, for our purposes, fall in the broad
subset of materials exhibiting properties like those of iron— ferromagnetism. Pure
elemental iron is found in meteorites and on the moon’s surface, but it is extremely
rare in terrestrial samples: there is too much oxygen around. Consequently, we need
to consider certain compounds of iron, such as the iron oxide magnetite (Fe;O4).
How do such minerals get into environmental circulation in the first place? There
are many sources. (1) They can be formed naturally as a small part of many igneous
rocks, such as basalt. After erosional breakdown, these grains are released and
eventually find their way into river catchments, from which they may be delivered
to the sea or into lakes. In both cases, sediments are formed. (2) If geological
circumstances change, these sediments may in time be eroded and subsequently
redeposited. (3) Alternatively, mineral grains may find themselves in arid environ-
ments from which they may be entrained into the atmosphere and then deposited
downwind — perhaps repeatedly. (4) Volcanic eruptions may produce ash clouds that
deliver mineral particles directly to the atmosphere. (5) An entirely different source is
biological, particularly from the so-called magnetotactic bacteria. These fascinating
organisms create pure magnetite particles some tens of nanometers in diameter,
which they use for navigational purposes. After death, the organic parts decay but
the magnetic particles remain. (6) Complex chemical and biological processes in-
volved in soil development are another important source of magnetic minerals in the
environment. (7) Human activity also adds magnetic material to the environment as a
result of the burning of fossil fuels and industrial activities such as steel production.
This list is illustrative rather than exhaustive. It serves to indicate the wide variety of
pathways that characterize environmental magnetism, and it makes clear the con-
venience of dealing with the available data in terms of particular environmental
settings. Here is a quick preview of some of the topics covered in detail later:

o Lakes have long been appreciated as repositories of magnetic paleoenviron-
mental information (Thompson et al., 1975). They are, however, often limited to
relatively short times in the past — the last 10,000 years or so. On the other hand, this
can provide high time resolution so that even historical events such as deforestation
can be identified in the magnetic record. Some lake studies have managed to pene-
trate deeper into the past, as in the case of Lac du Bouchet in France (Thouveny
et al., 1994) and Lake Baikal in Siberia (Peck et al., 1994). Magnetic data from these
two investigations provide important proxies for climatic change over the past
140,000 years and 5 million years, respectively.
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e Marine sediments have become an extremely important archive of mineral
magnetism related to several diverse aspects of environmental variability. To illus-
trate the richness of this natural archive, consider the following examples. Bloemen-
dal and deMenocal (1989) describe how cyclic variations in the magnetic content of
sediments in the western Arabian Sea monitor the amount of dust blown from Africa
and Arabia by monsoon winds. Furthermore, these variations are strongly correlated
with fluctuations in the solar energy falling on the northern hemisphere calculated
from astronomical theory (Berger, 1988). A second example, from the southern
hemisphere, is reported by Lean and McCave (1998), who demonstrate a convincing
correlation between magnetic properties of samples from a Tasman Sea core and the
well-known climatically driven fluctuations in oxygen isotopes found in shells of
marine microorganisms. By means of electron microscopy, they go on to show that
the magnetic signal 1s due to bacterially formed magnetite, the abundance of
which —in the open ocean —is climatically controlled. In an exciting development,
Barthés et al. (1999) demonstrate how magnetic measurements made directly in
marine boreholes can provide detailed chronological control, one of the most irk-
some problems in the whole of the Earth sciences. In addition to this high-resolution
magnetic chronostratigraphy, their North Sea well (originally drilled for hydrocar-
bon exploration) yields a magnetic record of variations in northern hemisphere ice
cover.

o Loess is the correct scientific word for the windblown dust (huangtu) of China
discussed in the preceding example. In addition to the famous Chinese occurrences,
such deposits occur in many places around the globe. Indeed the word itself comes
from an old German word (LGB, essentially meaning “loose,” referring to the
unconsolidated nature of the material) first used to describe similar deposits in the
Rhine Valley. A discontinuous belt of loess stretches from western Europe through
central Asia to China. Significant amounts are also found in the Americas—in
Alaska, in the Mississippi Valley, and in the pampa of Argentina. In fact, it was
the Alaskan loess that provided the first land-based evidence of the long-period
cyclicity in climate variability caused by orbital forcing (Begét and Hawkins, 1989).

o Soils exhibit a wide variety of magnetic behavior and have been intensively, and
extensively, studied. Mullins (1977) and Maher (1998) provide comprehensive
reviews. Early work by Le Borgne (1955) indicated that topsoil often displays greatly
enhanced magnetism compared with the bedrock on which it formed. In some cases,
this results from fire, but other situations are found in which the normal soil-forming
processes (pedogenesis) produce new magnetic material. This topic has been of
immense importance in working out past climatic changes as recorded by buried
fossil soils (paleosols).

¢ Biomagnetism is a relatively new area that is being rapidly explored by envi-
ronmentalists. Magnetic minerals produced by various organisms, particularly bac-
teria (Bazylinski and Moskowitz, 1997), are widespread and can provide an
important source of magnetic information. Living populations of magnetotactic
bacteria have been found in soils, in lake sediments, and in the deep ocean. There
is even a suggestion that fossil bacterial magnetite has been found in a meteorite from
Mars.
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¢ Pollution of our environment produces widespread, and easily detected, mag-
netic signals (Flanders, 1994). In particular, the burning of ordinary bituminous coal
produces ash that sometimes contains more than 10% Fe;0,. The production of steel
is also a potent source of Fe;04, which can be carried by winds to distances of several
tens of kilometers from the source. The ubiquitous nature of magnetic particulates is
demonstrated by their documented presence on tree trunks, leaves, and buildings:
even the humble dust ball lurking under your furniture is a highly efficient collector,
with more than a million particles per gram having been reported.

o Archeology is yet another subject to which environmental magnetism has been
successfully applied. Enhanced magnetism of the soil on some archeological sites
allows the detection of buried structures (Becker and Fassbinder, 1999). In some
cases, it provides vital information concerning the evolution of long-occupied sites, as
at the Cahokia Mounds State Historic Site in southwestern Ilinois (Dalan and
Banerjee, 1998). Furthermore, magnetic fingerprinting of certain building materials
allows their source to be pinpointed; granite used for columns in the Roman Forum,
for example, has been traced to individual quarries in the Eastern Desert of Egypt
(Williams-Thorpe et al., 1996). Even the pigment in mural paintings at Pompeii
carries a record of the geomagnetic field that existed at the time they were executed
(Zanella et al., 2000).



BASIC MAGNETISM

2.1 DIAMAGNETISM, PARAMAGNETISM, FERROMAGNETISM

The classical theories of both diamagnetism and paramagnetism first appeared in
1905 in a paper by Paul Langevin (1872-1946). Diamagnetism is a property of all
materials. It arises from the interaction of an applied magnetic field and the motion
of electrons orbiting the nucleus. Because electrons carry charge, they experience a
sideways Lorentz force (Hendrik Lorentz, 1853-1928) when moving through a
magnetic field. The outcome can be appreciated from a simple case involving an
electron traveling clockwise in a circular orbit centered at the origin and lying in the
xy plane, with an external magnetic field applied in the +x direction. For half the
orbit (x > 0), the Lorentz force will parallel —z; for the other half, it will parallel +z.
A torque therefore arises parallel to the y axis, and this causes the orbit to precess —
like a gyroscope—around the field direction. This so-called Larmor precession
(Joseph Larmor, 1857-1942) gives rise to a magnetic moment in the opposite direc-
tion to the applied field. For our purpose, the effect is so small that it can almost
always be neglected. It is typically a hundred times smaller than paramagnetism and a
hundred thousand times smaller than ferromagnetism. Quartz (Si0O,) and many other
minerals that occur naturally in sediments, rocks, and soils are diamagnetic, as is
water. There are certain cases, then, where the diamagnetic signal from these sub-
stances may become appreciable. One example is the weakly magnetized water-
saturated sediment sometimes encountered in lake studies. Another occurs in the
laboratory when samples are heated for various experiments. For this purpose,
quartz sample holders are often used. Now diamagnetism is independent of tempera-
ture, whereas paramagnetism and ferromagnetism decrease markedly as the sample is
heated. At high temperatures, therefore, the diamagnetism of the sample holder itself
may complicate the experimental results.

In the context of environmental magnetism, paramagnetism is much more impor-
tant than diamagnetism. It arises by virtue of the fact that the electron behaves as
though it were spinning about its own axis as well as orbiting the nucleus. It therefore
possesses a spin magnetic moment in addition to its orbital magnetic moment. The
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total magnetic moment of an atom is given by the vector sum of all the electronic
moments. If the spin and orbital magnetic moments of an atom are oriented in such a
way as to cancel one another out, the atom has zero magnetic moment. This leads to
diamagnetic behavior. If, on the other hand, the cancellation is only partial, the atom
has a permanent magnetic moment. This leads to paramagnetism. For example,
sodium has one unpaired electron in its 3s subshell. Such atoms will tend to be
aligned by an external magnetic field, but thermal energy will always prevent perfect
alignment. Consequently, the resulting magnetization decreases as temperature in-
creases, the balance being a matter of statistics. Many minerals of interest to environ-
mental studies are paramagnetic, although they generally turn out to produce
“noise” rather than ‘‘signal.” Nevertheless, it is important to monitor possible
paramagnetic contributions to the net magnetization of a sample in order to isolate
properly the ferromagnetic component, which is usually where environmental infor-
mation is encoded.

Ferromagnetism is much stronger than diamagnetism and paramagnetism. It is
particularly associated with the elements iron (hence the name), nickel, and cobalt
but also occurs in many natural minerals such as certain very important iron oxides
described in Chapter 3. Because of its unfilled 34 subshell, the iron atom possesses a
fundamental magnetic moment of 4 Bohr magnetons (4pp, see Box 2.1) (Niels Bohr,
1885-1962). In the crystal lattice of ferromagnetic materials, adjacent atoms are
sufficiently close together that some of the electron orbitals overlap and a strong
interaction arises. This so-called exchange coupling means that, rather than being
directed at random, the magnetic moments of all the atoms in the lattice are aligned,

Box 2.1 Bohr Magneton

All electrons behave like microscopic magnets with a fundamental quantity of
magnetic moment called the Bohr magneton, upg. Its magnitude is given by
eh/4wm, e and m being the electron charge and mass and # being Planck’s
constant; substituting the appropriate values for these fundamental quantities
leads to pug = 9.27 x 10~2* Am?. Each electron subshell in an atom can accept
a maximum number of electrons arranged with their magnetic moments aligned in
either of two antiparallel directions. A filled subshell has an even number of
electrons and therefore has zero magnetic moment. We are particularly interested
in the element iron. Its 26 electrons are arranged like this: 1s>25s22p®3523p®3d%4s?.
All the subshells are full except for 3d, which is four electrons short of the full
d-subshell complement. The six electrons in the 3d subshell provide a net magnetic
moment of 4. because they are aligned five in one direction and only one in the
opposite direction, following a basic requirement of quantum mechanics known
as Hund’s rule.

™M A MY DY MV MR AN
ls  2s 2p 3s 3p 3d 4s
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giving rise to a strong magnetization. This arrangement is usually depicted as a
regular array of arrows, all the same length and all parallel. This is ferromagnetism
in its simplest form, but exchange coupling can give rise to other configurations.

In antiferromagnetism, the atomic magnets all have the same strength but neigh-
boring atoms have oppositely directed moments. Although possessing strong ex-
change coupling, such materials have zero net magnetization. In some cases,
however, a weak magnetization can arise from lattice defects and vacancies or from
situations in which the atomic moments are slightly tilted out of perfect antiparallel-
ism (spin canting).

There is yet another important way in which exchange coupling acts, giving rise to
the phenomenon of ferrimagnetism. Here, the crystal lattice contains two kinds of
sites with cations in two different coordination states. The outcome, in terms of our
mental picture, is that two types of arrow are required, one longer than the other. As
in antiferromagnetism, the two sets are opposed, but a strong magnetization can
obviously arise if the two types are sufficiently unequal. This point will be discussed
further in Chapter 3 in the context of specific minerals of interest.

2.2 MAGNETIC SUSCEPTIBILITY

Suppose a suitable piece of a material in which we are interested is placed in a
uniform magnetic field (H) and thereby acquires a magnetization per unit volume
of M (Fig. 2.1). Its magnetic susceptibility (x) is defined as the magnetization
acquired per unit field,

k=M/H 2.1

In SI units, both M and H are measured in A/m, so x is dimensionless. Strictly
speaking, k is called the volume susceptibility: to obtain what is called the mass
susceptibility, we divide by the density (p),

X =K/p (2.2)

Because « is dimensionless, x has units of reciprocal density, m?/kg.

In some situations, it is more convenient to introduce the magnetic moment of the
entire body. This is simply given by the product Mv, where v is the total volume, the
resulting units being Am?.

In diamagnetic materials, the precessing electrons give rise to values of x on the
order of 1078 m*/kg. Water is one of the strongest, with x = —0.90 x 10~ m?/kg,
many common rock-forming silicates, such as quartz and calcite, having values about
half as large.

Paramagnetic materials have strongly temperature-dependent susceptibilities de-
scribed by Curie’s law (Pierre Curie, 1859-1906),

k=C/T (2.3)
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MAGNETIC SUSCEPTIBILITY

H = magnetic field [A/m]

M = magnetization/volume [A/m]

v = volume [m3]

H = p = density [kg/m?3]
Volume susceptibility x = M/H [dimensionless]
Mass susceptibility X = x/p [m3/kg]

Magnetic moment = Mv [AmZ]

Figure 2.1 Definition of magnetic susceptibility and related parameters.

where T is absolute temperature and C is Curie’s constant (see Box 2.2). At room
temperature, the thermal energy tending to disrupt alignment is thousands of times
greater than the magnetic energy trying to align the atomic moments, m. For n atoms,
the result is that the net magnetization is a small fraction of the total maximum, nm.
This can be approached only at very low temperatures or by the application of
extremely high fields. At room temperature, one needs fields on the order of
10° A/m, whereas a typical laboratory electromagnet can reach only about
10® A/m. This means that, for all practical purposes, if we experimentally determine
a graph of M versus H for a paramagnet, it will be restricted to a region near the
origin where the relationship is linear, the slope being equal to the susceptibility.
The mass susceptibilities (x) of common rock-forming silicates, such as fayalite or
biotite and the iron sulfide pyrite, are typically about 5 x 10~7 m3/kg (within a factor
of 2).

In ferromagnetic materials, the relationship between M and H is more compli-
cated (and consequently more interesting) than those for diamagnets and paramag-
nets. One important difference is that it is relatively easy to achieve saturation, where
all the atomic moments are aligned. In some cases, this occurs in fields that are well
within the range of laboratory electromagnets. Normal practice, therefore, is to
measure at low fields (less than ~ 10> A/m) near the origin of the M-H graph. The
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Box 2.2 Curie’s Law

Paramagnetism arises from the tendency of atomic magnetic moments, m, to
be aligned by an external magnetic field, H, all the time opposed by the disrupting
effect of thermal energy. At any given temperature, the balance of thermal and
magnetic energies leads to a statistical alignment such that the probability of
finding an atomic moment at an angle 6 to the magnetic field depends exponen-
tially on the ratio of the two energies, that is, &/ ©s 9/kT (where k is Boltzmann’s
constant and T is absolute temperature). The weakness of the alignment can
readily be checked by substituting typical values. Considering atoms with a
magnetic moment of 1 Bohr magneton in typical laboratory fields at room
temperature leads to mH /kT(= «) in the range 1073 to 107, Thermal pertur-
bations vastly outweigh magnetic alignment. The actual magnetization is given by

M = nm(coth(a) — 1/a) = nmL{a)

where # is the total number of atoms and L(a) is called the Langevin function. For
small o, L(t) is approximately equal to o/3, and Curie’s law is obtained:

k=M/H =nm*/3kT = C/T

slope then gives the low-field susceptibility (alternatively called the initial suscepti-
bility—but note that the word “initial” is often omitted). A much more important
consideration, however, is the inevitable tendency of strongly magnetic objects to
demagnetize themselves (see Box 2.3). The result is that the measured susceptibility is
given by

K = ki/(1 + Nk;) 2.4

where k; is the actual intrinsic susceptibility that would be measured in the absence of
a demagnetizing field. Experimentally, this can be arranged by using a ring-shaped
sample, called a Rowland ring after its inventor Henry Rowland (1848-1901). The
demagnetizing factor, N, is simply determined by the shape of the sample. For a
sphere, it is 1/3. For such a sample, as k; increases by an order of magnitude from 10
to 100, k changes by only 26% (from 2.31 to 2.91, in fact). In the limit, k approaches
1/N, and the measured susceptibility is completely controlled by the shape of the
sample. This is clearly illustrated in Fig. 2.2: a material with an intrinsic susceptibility
of 100, for example, suffers a reduction of 97% as the sample shape varies from a long
rod to a sphere.

We have discussed the phenomenon of demagnetization in terms of bulk material,
but the same arguments hold for typical environmental samples. Now, however, the
control is exerted by the shape of the individual magnetic mineral grains inside the
sample, not the overall shape of the sample itself. Of course, the grains inside
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Box 2.3 Demagnetizing Factor

Consider an elongated sample situated in an external field, H, applied parallel
to the sample’s long axis. It becomes magnetized as shown in the inset diagram,
with magnetic poles at each end. These poles produce a field inside the sample,
Hy, which is opposed to H.
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This demagnetizing field depends on the shape of the sample and its magne-
tization (M), that is, Hy = NM, where N is the so-called demagnetizing factor.
Thus,

Hiernat = H - Hy=H - NM = H — N(KiHimernal)

where k; is the intrinsic susceptibility of the material. The susceptibility actually
observed is

K= M/H = [KiHinternal]/[Himemal(1 + NKi)] = Ki/(1 + Nk;).

If the sample is long and thin, the poles are far apart, N approaches zero, and the
effect is negligible. The simplest case to deal with mathematically is the ellipsoid of
revolution. For a prolate ellipsoid (wherein one axis is longer than the other two),
N is only about 0.02 for an axial ratio of 10:1. However, when the sample is more
equidimensional, the demagnetizing effect cannot be neglected. For example, in
the case of a sphere, N = % (see the accompanying graph).

the sample will not generally be aligned, so some form of spatial averaging will take
place. Specific minerals of interest will be discussed in detail in Chapter 3. For the
moment, we consider the useful example of a population of roughly equidimensional
grains of magnetite (Fe;04): it is found experimentally that the susceptibility of most
well-characterized samples falls in the range 3.1 & 0.4 SI (Heider ez al., 1996), which
corresponds to 5.2 x 1074 m?/kg < x < 6.7 x 107* m?/kg. Recall that this is ap-
proximately a thousand times greater than that of most relevant paramagnetic
materials and a hundred thousand times greater than most diamagnetic values.
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Figure 2.2 This plot shows the drastic effect of demagnetization on measured susceptibility (k) for
materials of high intrinsic susceptibility (k;). For an infinitely long rod there is no reduction, whereas for a
sphere (axial ratio 1:1) susceptibility is reduced by more than a factor of 30.

2.3 MAGNETIC HYSTERESIS

In the previous section, discussion centered on magnetic susceptibility, which mea-
sures the ability of a substance to acquire magnetization while the external magnetic
field (H) is being applied. This is referred to as the induced magnetization. For
diamagnets and paramagnets, when the external field is removed, the magnetization
disappears. But for ferromagnets, this is not so. This feature is usually investigated by
first applying a strong field so that the magnetization (M) is saturated (Fig. 2.3). As H
is then decreased to zero, M does not fall to the origin. This is the phenomenon of
magnetic hysteresis: it leaves the sample with a permanent magnetization, or magnetic
remanence. If the field is now increased in the negative direction, M gradually falls to
zero and then reverses and eventually saturates again. Repeated cycling of H traces
out a hysteresis loop.

It is useful to identify and name certain key points on such a loop, as indicated in
Figure 2.3. After application of a sufficiently high field, the sample acquires its
saturation magnetization (Ms). Removal of this field leaves the sample with its
saturation remanence (M), but if the original field was insufficient to achieve satur-
ation, we speak only of the sample’s remanence (M,). Application of a reversed field
to M, eventually leads to the point where the overall magnetization, M, equals zero.
The field necessary to achieve this is called the coercive force (H.). [This quantity is
not really a force (which would be measured in newtons), but the picturesque old-
fashioned term is still universally applied —it has the merit of conjuring up the
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Figure 2.3 Magnetic hysteresis. Several key points are labeled on the axes and explained in the text. The
initial susceptibility (k) is given by the slope of the M-H curve in low fields. H. is known as the coercive
force, whereas the field necessary to reduce My to zero is called the coercivity of remanence, H.

picture of an unwilling sample yielding under the action of an external agent.] To
arrive at the point where the sample has zero remanence after the removal of the field
(i.e., to get to the origin of the M—H graph), a somewhat stronger negative field is
required. This is called the coercivity of remanence (Hc,). These four key elements of
the hysteresis loop (M, My, H., and H,) turn out to be extremely useful diagnostic
tools. A few typical hysteresis loops are shown in Fig. 2.4. In Chapter 4, we will see
how they are applied to environmental problems. However, let us not overlook the
great technological importance of hysteresis. Two remanence points (+M; and —M,)
provide the two states necessary for a binary system (1 and 0), from which it is a short
step to magnetic recording, the basis of all modern computer hard drives.

2.4 GRAIN SIZE EFFECTS

If you were to look inside a magnetized ferromagnet, you would discover that it is
divided into small regions in which the magnetization is uniform but that the
magnetization vector within each region differs from that of its neighbors. This is
why M. < M (see Fig. 2.3). These regions are called magnetic domains (Fig. 2.5).
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Figure 2.4 (a and b) Examples of hysteresis curves from the central equatorial Atlantic (Frederichs et al.,
1999). The hysteresis loop of the sample in (a) is relatively wide open at low coercivity. Its “‘rectangular” shape
indicates the presence of single-domain particles of magnetite. In the sample in (b), the ferrimagnetic content is
greatly diminished. The “sigmoid”’-shaped loop hardly opens and implies the presence of a coarser grained
magnetite mineral fraction. (¢) Mixtures of minerals with different coercivities may produce constricted
hysteresis loops that are narrow in the middle section but wider above and below this region. Hence they are
called wasp-waisted. The sample in (c) is a Pleistocene lacustrine sediment from Butte valley in northern
California. On the basis of additional rock magnetic investigations, Roberts et al. (1995) ascribe its wasp-
waistedness to the simultaneous occurrence of superparamagnetic and single-domain magnetite. Because the
hysteresis loop is open at applied fields above 0.4 T, they even do not exclude a contribution from high-coercivity
minerals such as hematite or goethite. a and b,  Springer-Verlag, with permission of the publishers and the
authors. ¢, 1) American Geophysical Union. Reproduced by permission of American Geophysical Union.
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Figure 2.5 Schematic representation of magnetic domains. In the two-domain particle, the dashed lines
represent the domain wall, in which the individual atomic moments gradually rotate from the direction in
one domain to that in its neighbor.

They arise from the minimization of the overall energy budget of the sample, as
explained in Box 2.4.

Mineral grains containing many domains are called multidomain (MD) particles;
those containing only one are referred to as single-domain (SD) particles. The
boundary between the two types is not sharp—there is a significant middle ground
consisting of grains containing only a few domains. Strictly speaking, such grains are
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Box 2.4 Magnetic Energy Budget

Consider a spherical particle of the common magnetic mineral magnetite
(Fe304). If it is small enough, it will be uniformly magnetized — all its atomic
magnetic moments will be parallel. In this magnetically polarized state, the north
and south poles on the surface give rise to what is called magnetostatic energy, Em,
given by v(ugNM?2/2). Here, v is the particle’s volume, M; its saturation magne-
tization (= 480 kA /m), and N its demagnetization factor (= 1/3, see Box 2.3); p,
is the permeability constant [defined in (2.8)]. If the particle is now divided into
two equally sized, oppositely polarized, hemispheres (called domains), the magne-
tostatic energy is approximately halved. But to do this a price must be paid. The
boundary between the two regions —called a domain wall—costs ~1073 J/m?.
This is because the wall has finite thickness within which the atomic magnetic
vectors gradually rotate from the direction in one domain to that of its neighbor.
Extra energy is involved because the crystalline magnetite has “easy” and ““hard”
directions of magnetization —it is anisotropic. To minimize the overall energy,
the domains themselves are magnetized along crystallographic easy directions.
The magnetic vectors in the wall must therefore be forced out of such directions, a
process that requires energy. The critical size for single-domain (SD) behavior can
be found by comparing the total energies of the two configurations and substitut-
ing the appropriate numerical values. Give it a try; you will find that below
~ 50 nm, magnetite particles will be SD.

MD, but they possess many of the properties of assemblages of true SD grains.
Stacey (1963) first realized the importance of grains of this kind, for which he coined
the term pseudo-single-domain (PSD) particles. In nature, geological processes lead
to a wide distribution of grain sizes with the result that all three categories are found
in environmental investigations.

There is a fourth size-dependent property that is particularly important to us,
namely the property of superparamagnetism. It arises from the time stability of
remanence. This is best understood by considering the behavior of a hypothetical
assemblage of identical SD particles. Unless they are at a temperature of absolute
zero, thermal energy causes random fluctuations of the individual magnetic moments
associated with each and every particle. A finite chance exists that some of the
moments flip completely through 180°, leading to a progressive decrease in the net
magnetization of the whole sample. Superficially, it is rather like the spontaneous
decay of radioactive substances, but the underlying physics is entirely different, of
course. Both processes lead to an exponential decrease with time, with the decay rate
being described in terms of a characteristic time. In the case of radioactivity, it is
common practice to quote the half-life, but for thermodynamic phenomena such as
the decay of magnetism, the standard procedure is to define a relaxation time (1), such
that

M, = Mge " (2.5)
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where M, is the initial remanent magnetization at time zero and M, is its decreased
value at time ¢. As Louis Néel (1904-2000) pointed out, the relaxation time itself is
given by

7= febi/E2 (2.6)

where fis a frequency factor on the order of 10° s~!, E is the potential energy barrier
opposing each 180° magnetization flip, and E; is the thermal energy (Néel, 1955). The
behavior of the whole ensemble of grains thus represents a constant struggle between
alignment {due to F)) and its disruption (due to E>). The thermal energy equals k7,
where k is Boltzmann’s constant (Ludwig Boltzmann, 1844-1906) and T is the
absolute temperature. The potential energy barrier equals Kv, where K is a coefficient
arising from grain anisotropy (crystalline and/or shape) and v is the grain’s volume.
The end result is that T depends extremely strongly on the ratio v/T. If the grain size is
sufficiently small, 7 can diminish to a matter of seconds or even less. The material is
still ferromagnetic but the remanence is disappearing before your very eyes— the
assemblage is said to be superparamagnetic (SP, for short). Substitution of typical
numerical values for equidimensional magnetite shows that, at room temperature, the
relaxation time increases from less than a minute for 28-nm grains to more than a
billion years for 37-nm grains. This leads naturally to the notion of a critical diameter
above which remanence can be considered stable. Alternatively, in some situations
(e.g., fired archeological pottery; see Chapters 6 and 11) it is convenient to speak of a
blocking temperature below which the remanence is stable. A magnetization acquired
by cooling from an elevated temperature is called a thermoremanent magnetization
(universally abbreviated to TRM; see later).

The actual dimensions of grains falling in the various categories (MD, PSD, SD,
SP) are very much a function of the mineral in question. In magnetite, direct
microscopic observations indicate that two-domain patterns (definitely PSD) persist
up to ~ 10~ m, whereas to accommodate about 10 domains, a grain of some 10™%m
may be required (Dunlop and Ozdemir, 1997). These are all small sizes— bear in
mind that the distance between atoms in solid iron is ~3 x 10~ m and the wave-
length of visible light is ~5 x 107"m. One useful way of illustrating domain
behavior is to map out the various fields on a plot of grain size versus grain shape
(Evans and McElhinny, 1969; Butler and Banerjee, 1975). This is done for magne-
tite in Fig. 2.6, to which has been added the modifications suggested by three-
dimensional micromagnetic calculations (Fabian e al., 1996). These more recent
calculations indicate that equidimensional grains as large as 140 nm may act as single
domains.

Regardless of the precise locations of the boundaries separating the different size-
dependent behaviors, it is both practicable and useful to identify the distinct magnetic
properties of MD, PSD, SD, and SP assemblages. For this exercise, several diagnostic
tests —discussed in Sections 2.6 and 2.8 — are available. Because the dominant grain
size present is controlled by the original process of formation and the subsequent
history, such tests often provide useful environmental information concerning the
origin and evolution of a particular deposit.
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Figure 2.6 Size-shape regions for various domain states in magnetite. The lower three curves are from
Butler and Banerjee (1975) and the uppermost one is from Fabian et al. (1996). The lowermost curve
represents a relaxation time of 100 seconds. For axial ratios less than ~0.95, this curve is calculated on the
basis of shape anisotropy, but the small bend near the right-hand axis results from the importance of
magnetocrystalline anisotropy in near-equidimensional particles. The lower dashed curve (short dashes) is
similar to the curve below it but is calculated for a relaxation time of 4.5 billion years (the age of the Earth).
The upper dashed curve (long dashes) was calculated from a simple energy balance model, whereas the solid
line with the open circles results from a full three-dimensional micromagnetic calculation. The superpar-
amagnetic (SP), single-domain (SD), and pseudo-single-domain (PSD) fields are indicated.

2.5 SUMMARY OF MAGNETIC PARAMETERS AND TERMINOLOGY

For convenience, the most important magnetic quantities and the SI units in which
they are measured are gathered together in Table 2.1 (see also Appendix 1). For more
details on magnetic units in general, see Payne (1981). It is also useful to summarize
here (see Table 2.2) some unavoidable jargon that will arise in later chapters. As we
saw previously, while a sample is being held in a field, it will have an induced
magnetization. When the field is removed, the sample may retain a remanent magne-
tization (or remanence, for short). The remanence could arise in a number of ways,
each of which is given a name (not to confuse the student, but to provide useful
information, usually to indicate that the manner in which it became magnetized is
known).

When a natural sample is first collected and before any laboratory experiments
have been conducted on it, one speaks of its natural remanent magnetization (NRM).
This is a neutral term reflecting our ignorance concerning the sample’s history.
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Table 2.1 Common Magnetic Quantities

Volume susceptibility K dimensionless

Mass susceptibility X m’ kg!

Magnetizing field H Am~!

Magnetic induction B T

Magnetization M Am™!

Magnetic moment My Am?

Saturation magnetization M, Am’kg~! (mass normalized)
Saturation remanence My Am?kg~! (mass normalized)
Coercive force H, or B, Am~lor T

Coercivity of remanence H, or B Am~tor T

Table 2.2 Common Types of Remanent Magnetization

Natural remanent magnetization NRM
Thermoremanent magnetization TRM
Isothermal remanent magnetization IRM

Saturation IRM SIRM
Anhysteretic remanent magnetization ARM
Depositional remanent magnetization DRM
Chemical remanent magnetization CRM

A remanence acquired by cooling from an elevated temperature (in a volcanic lava
flow, for example) is a thermoremanent magnetization (TRM). A remanence acquired
by exposure to a field at ambient temperature is an isothermal remanent magnetization
(IRM). This can arise in nature (in a lightning strike, for example) but more often
refers to laboratory procedures where a sample has been exposed to a known field (it
is equivalent to the quantity M, described in Section 2.3). If the field used to impart
an IRM is sufficient to achieve saturation, we speak of saturation isothermal rema-
nence (SIRM), which is equivalent to M (see Fig. 2.3). Be warned, however, that the
acronym SIRM is often used to represent the remanence acquired by a sample after
exposure to what happens to be the highest field available to a particular investigator.
This is usually on the order of 1 T and may, or may not, actually reach true
saturation. The coercivity spectrum obtained by incremental IRM acquisition is a
powerful —and popular — laboratory technique.

For completeness, we also include here certain terms that will be discussed in
greater detail as they arise later in the book. A widely used experimental procedure
involves magnetizing a sample by means of a small bias field in the presence of an
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alternating magnetic field that is smoothly reduced to zero from a predetermined
maximum: this is anhysteretic remanent magnetization (ARM) (see Fig. 4.12). The
alternating field plays a role not unlike that provided by thermal agitations in TRM
but avoids the danger of unwanted chemical changes caused by heat.

In Chapter 5, the terms detrital (or depositional) remanent magnetization (DRM)
(see Box 5.1) and chemical remanent magnetization (CRM) (see Box 5.2) will be used
in connection with paleomagnetism. They provide two other mechanisms (in addition
to TRM) by which geological formations can acquire, and retain, a record of past
changes in the geomagnetic field.

2.6 ENVIROMAGNETIC PARAMETERS

The items listed in Table 2.1 are fundamental parameters that arise in any discussion
of the properties of magnetic materials — in physics, chemistry, and engineering, for
example. Those in Table 2.2 are rather more specialized, being restricted mostly to
geophysics and geology. There is yet a third group (see Table 2.3) that is absolutely
essential to us in our pursuit of environmental magnetism. The parameters in-
volved —and certain combinations of them —will crop up time and time again
throughout this book so it is worth gathering them together at the outset. They
have been introduced by various authors with specific purposes in mind, and their
use will become clear when actual examples arise throughout the book. Rather than

Table 2.3 Selected Enviromagnetic Parameters

Xir Low-field susceptibility

Xhifi High-field susceptibility

Xferri Ferrimagnetic susceptibility

Xtd Frequency-dependent susceptibility
XARM Anbhysteretic remanent susceptibility

Bivariate ratios:

S S-ratio (= “soft” IRM/“hard” IRM)
SIRM/k¢ Granulometry indicator
ARM/SIRM Granulometry indicator

M/ M Magnetization ratio

B/ B Coercivity ratio

Bivariate plots:

M./ M; vs B, /B,
KARM VS Kif
H, vs Hy

Day plot
King plot
FORC diagram
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make the list exhaustive (not to mention exhausting), we have chosen a representative
cross section to portray the current state of the art. This should allow the reader to
appreciate the rationale behind other combinations currently in use as well as those
yet to be devised.

2.6.1 Susceptibility

First, let us consider the various forms in which the all-important parameter suscepti-
bility is useful. As we saw previously, in its mass-normalized form this is usually given
the symbol x. In some instances, this will appear as x;; to stress that it has been
measured in a low magnetic field (typically < 1 mT) as opposed to x4, the suscepti-
bility given by the slope of the magnetization curve at high fields, beyond closure of
the hysteresis loop (i.e., above ~ 100 mT; see Fig. 2.4). Subtracting x,;; from x,; yields
the ferrimagnetic susceptibility, X This is because x,;; measures the contribution
of the paramagnetic and antiferromagnetic minerals present: when these are sub-
tracted, we are left with the ferrimagnetic component that saturates in relatively low
fields (typically < ~200mT). Another extremely important susceptibility parameter
is its frequency dependence, x;4. This is the difference in susceptibility observed when
the apparatus being used is driven at two different frequencies. It is particularly useful
for detecting the presence of very small, superparamagnetic particles (see Chapter 4).
[Note that some authors label the two frequencies as If (low frequency) and hf (high
frequency), which leads to x; and x,¢. To prevent confusion, we reserve If for low
field, not low frequency. We avoid hf altogether. Where necessary, we indicate —as a
subscript — the actual measuring frequency used.] On another point of nomenclat-
ure, it should be noted that all these susceptibility quantities have their corresponding
volumetric susceptibility counterparts, denoted « instead of .

2.6.2 ARM Susceptibility

The ARM susceptibility is the mass-normalized ARM (in Am?/kg) per unit bias field
(H, in A/m). It turns out to be a useful parameter in its own right and also as one
factor in certain widely used ratios. Moreover, division by H represents an essential
normalization if different experimenters use different bias fields. Its most useful
property is that it preferentially responds to SD particles because, gram for gram,
these acquire more remanence than particles containing domain walls that allow
lower magnetostatic energy configurations to be achieved. For example, Maher
(1988) compiles results for a series of essentially pure magnetite powders of known
grain size, giving xarm values of ~8 x 1073 m?kg™! for particles with a mean
diameter of 0.05 microns, but only 8 x 107*m?kg~! for 1-micron particles. (Recall
that 1 micron = 10~%m.)

2.6.3 S-Ratio

The main purpose of the so-called S-ratio is to provide a measure of the relative
amounts of high-coercivity (“hard”) remanence to low-coercivity (“soft”)
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remanence. In many cases, this provides a fair estimate of the relative importance of
antiferromagnetics (such as hard hematite) versus ferrimagnetics (such as soft mag-
netite). The procedure is to saturate a sample in the forward direction (SIRM) and
then expose it to a backfield (typically equal to 0.3 T). The S-ratio is obtained by
dividing the “backwards” remanence by the SIRM. Values close to unity indicate
that the remanence is dominated by soft ferrimagnets (e.g., see Fig. 4.18). (Note that
some authors retain the algebraic [negative] sign for the backward IRM.)

2.6.4 ARM/SIRM and SIRM/kj¢

These ratios are widely employed as grain size indicators for magnetite (e.g., see Fig.
4.21). Small particles yield higher values because they are more efficient at acquiring
remanence, particularly ARM (e.g., see Maher, 1988; Dunlop and Xu, 1993; Dunlop,
1995). Broadly speaking, it is found experimentally that SIRM as a function of grain
diameter follows a power law over a very wide range of grain sizes (from ~0.04 to
~400 pm). On the other hand, ARM follows two separate power laws above and
below ~1 wm. For smaller grains, the slope is steeper, so that samples containing a
higher fraction of SD-PSD particles will yield higher ARM/SIRM ratios. For the
SIRM/kjs ratio, the observed size dependence of the numerator, coupled with the size
independence of the denominator (Heider et al., 1996), again leads to higher values
where smaller particles are more abundant.

It has emerged that the SIRM /¢ ratio is also useful for indicating the presence of
the iron sulfide greigite (Roberts et al., 1996; see also Chapter 3).

2.6.5 M/M; and B /B, and the Day Plot

These two ratios are sometimes used separately (e.g., see Fig. 4.18) but are particu-
larly useful when used simultaneously on a graph of M5/ M versus B;/B.—some-
times referred to as a Day plot (Day et al., 1977). For the most part, this type of
analysis is valid only if other evidence points to magnetite as the dominant magnetic
mineral present. This is because most of the experimental data available refer to
this mineral. Nevertheless, this restriction is not too severe because magnetite is,
in fact, a commonly occurring mineral. Moreover, it is strongly magnetic and will
often dominate the magnetic properties of a sample even when present in relatively
small amounts. The ratio My/M; is > 0.5 for single-domain particles (Dunlop and
Ozdemir, 1997, p- 320) and decreases as particle size increases into the PSD and MD
fields. This is because the presence of domain walls allows each particle to take up a
remanence configuration that minimizes its magnetostatic energy (see Box 2.4),
which, for the whole assemblage of particles, leads to a much reduced value of M.
How far it will be reduced can be understood from the following argument. The slope
of the hysteresis loop near the origin is close to 1/N (where N is the demagnetizing
factor, =~ 1/3), which means that | M| ~ 3H.. The coercive force (H.) in MD grains
depends on the strength of domain wall pinning, which, in turn, depends on the level
of internal stress within the particle. According to Dunlop and Ozdemir (1997), it
is not likely to exceed 10mT (= 8kA/m) for MD magnetite. Finally, therefore,
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M/ M, <3 x (8 kA/m)/(480 kA/m) = 0.05 (see Table 3.1 for the M, value for
magnetite). In practice, therefore, SID behavior is classified as M,/M; > 0.5 and
MD behavior as M/ M; < 0.05. Between these two values, PSD behavior is indi-
cated. Whereas the remanence ratio M/M; can never exceed unity, the coercivity
ratio B../B. can never be less than unity (see Fig. 2.3). Calculating its exact value,
however, is not as straightforward as was the case for the remanence ratio. For
MD particles, theory predicts a value given by (1 + Nk;), where «; is the intrinsic
susceptibility of the material. Taking a typical value of k; = 10, Dunlop and Ozdemir
(1997, p. 318) obtain a lower limit of ~4 for MD coercivity ratios. The corre-
sponding upper limit for SD behavior is very poorly constrained. Empirically, it
seems that it cannot exceed ~ 2, so most practitioners have rather arbitrarily accepted
a value of 1.5. Values between 1.5 and 4 are taken to indicate the presence of PSD
particles.

The so-called Day plot therefore consists of rectangular zones with SD behavior
defined by M,s/M; > 0.5 and B.;/B; < 1.5, MD behavior defined by M,/ M, < 0.05
and B /B, > 4.0, with the PSD zone sandwiched in between. Figures 4.15 and 4.19a
are good examples of how the Day plot is commonly used. Dunlop (2002a,b) has
undertaken a thorough reassessment of the way in which these kinds of data can be
interpreted. His penetrating analysis provides a new road map allowing a more subtle
means of navigating the Day plot. In particular, he shows how various mixtures of
superparamagnetic (SP), single-domain (SD), pseudo-single-domain (PSD), and
multidomain (MD) particles can sometimes be unraveled. This is particularly useful
because it has been widely found that there is a strong tendency for enviromagnetic
materials to yield values falling in the PSD zone when, in fact, they actually contain
mixtures of grains in different domain states. The detail is averaged out— instead of a
nice black-and-white zebra, all we get is a fuzzy gray horse.

Dunlop’s approach is to use theoretical hysteresis curves combined with experi-
mental results obtained from samples of known composition and grain size to
redefine the standard rectangular zones and then to construct “mixing curves”
obtained by combining various proportions of pairs of end members (e.g.,
SD + MD, SD + SP). He suggests that the previously accepted boundaries be
adjusted so that the MD zone i1s now defined by Ms/M; < 0.02 and B, /B. > 5.0
(compared with the earlier values of 0.05 and 4.0, respectively). He retains the well-
established threshold of M. /M > 0.5 for SD behavior but favors B./B. < 2.0
(rather than 1.5). Finally, he points out that the addition of SP particles leads
to the identification of a new field with approximate limits 0.1 < M,;/M; < 0.5 and
B /B, ratios as high as 100. This is particularly important because SP particles
have often been completely misplaced on the Day plot or else omitted from it
altogether.

IFigure 2.7 presents a good example of a binary mixture interpretation applied to
lake sediment data. Most of the points fall in the PSD box, but there is a clear trend
that strongly suggests that each sample actually contains a mixture of SD and MD
particles (with the SD fraction ranging from ~ 10 to ~85%). The tendency for the
most SD-rich samples to plot to the right of the mixing curve suggests that a third,
SP, component may also be present.
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Figure 2.7 Day plot illustrating the effect of a binary mixture of single-domain (SD) and multi-
domain (MD) particles. The samples involved are lake sediments from Minnesota. (Modified from Dunlop,
2002b.)

2.6.6 karm /Ky and the King Plot

If a sample’s dominant magnetic mineral is magnetite, this dimensionless ratio
provides a means of assessing grain sizes (King et al., 1982). This is because both
parameters increase linearly with increasing magnetite concentration, but, as pointed
out before, smaller grains are relatively more efficient at acquiring remanence. Thus,
if the two parameters are plotted on a graph (with karMm as the ordinate), smaller
grains yield steeper slopes, as indicated in Fig. 2.8 (see also Figs. 4.16 and 9.10). Such
a graph is often referred to informally as a King plot. (It is able to use « rather than x
because both parameters are measured on the same samples, so that most investi-
gators omit the superfluous step of normalizing by mass or volume.) Notice that the
slope changes relatively slowly as a function of size for large grains and much more
rapidly for smaller grains. This means that what we might call the “resolving power”
of this procedure is much greater for SD and PSD distributions than for samples
dominated by MD assemblages.
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Figure 2.8 Relationship between ARM susceptibility (xarm) and low-field susceptibility (k) for mag-
netite particles of different size (given in microns). (Adapted from King er a/., 1982.) © Elsevier Science,
with permission of the publishers.

2.6.7 H. H, and FORC Diagrams

The analysis of hysteresis properties has been extended by measuring the M(H) curve
not only in one major hysteresis cycle between a large positive and a large negative
field. Saturating in a positive field and then reversing the field to a number of negative
field values and subsequently returning to positive saturation produces a number of
curves which have been named first-order reversal curves (FORCs) (Mayergoyz,
1986). They are generally transformed for better visualization into contour plots
known as FORC diagrams (Pike ef al., 1999; Roberts et al., 2000).

As Pike and Marvin (2001) explain, FORC measurements start out by saturating a
sample in a strong positive field. Then the field is changed to a negative field H; (Fig.
2.9a). A FORC is measured when reverting back from H; to full positive saturation.
The magnetization at the applied field H, on the FORC with reversal field H, is denoted
by M(H;, H,), where H, > H,. The difference between successive FORCs arises from
irreversible magnetization changes that occur between successive reversal fields
(Fig. 2.9b). The FORC distribution is defined as the mixed second derivative:

azM(H['a Ha)

p(H;, Hy) = _W’

2.7)
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(b) M (Am?) (c) M (Am?)

Figure 2.9 Illustration of how FORC diagrams are constructed. (a) After positive saturation the field is
reversed to H, and then increased again to saturation along the initial field direction. The magnetization at H, is
denoted by M(H,, H,). Thedashed line represents the major hysteresis loop. (b) A set of 33 consecutive FORCs
for a typical floppy disk sample. (c) A subset of seven consecutive FORCs of the floppy disk sample measured at
equal field increments. The data points (filled circles) therefore plot on an evenly spaced grid in the {H,, H,}
coordinate system. (d) Example of an { H;, H,} plot withthe {H., H,} plotsuperimposed. A local square grid
(in which each row of the grid points ranges from H; to H,) evaluates the data density p{ H;, H,}. The number
of grid points used around each data point determines the degree of smoothing of the FORC distribution. The
particular FORC distribution illustrated is based on a set of 99 FORCs. It characterizes an MD magnetite—
bearing deep sea sediment sample. (Adapted from Roberts er al., 2000, and Pike and Marvin, 2001.)
© American Geophysical Union. Modified by permission of American Geophysical Union and the authors.

which is well defined for H, > H;. When plotting a FORC distribution, it is convenient
to change coordinates from {H,, H,} to {H, = (H,+ H,)/2, Hy = (H, — H;)/2}
(Fig. 2.94).

FORC diagrams represent microcoercivity Hy along the horizontal axis, while
magnetic interactions cause vertical spread along H,. Thus, noninteracting SD
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Figure 2.10 Example of a FORC diagram of weakly interacting SD titanomagnetite from the Yucca
Mountain ash flow (southern Nevada). Note that contours center around a well-defined coercivity max-
imum of ~45mT and do not reach the ordinate. Vertical spread is minimal. (Adapted from Pike and
Marvin, 2001, with permission of the authors.)

particles produce horizontally elongated contour lines on a FORC diagram, peaking
at the appropriate Hy with little vertical spread (Fig. 2.10). They have no contours
close to the ordinate. Thermal relaxation of SP and (small) SD particles yields
maximum density of vertical contour lines near Hos = 0 (Pike et al., 2001a). MD
grains seem to have vertical contour lines centered on their Hy with a contour density
spread over a comparatively large H, interval because the domains within MD
particles interact with each other (Pike et a/., 2001b). Often they form contour line
patches that are shaped like acute triangles in various attitudes (Roberts et al., 2000).

Loess/paleosol samples from Moravia show distinctly different FORC distribu-
tions (van Qorschot et al., 2002). The paleosol sample (Fig. 2.11, upper panel) is
dominated by well-dispersed fine-grained SD magnetite grains that have a wide range
of coercivities (up to S0 mT) with very little vertical spread (within + 2 mT) indicating
virtually no interaction. Increased contour density close to the ordinate might indi-
cate the presence of SP material. A few triangular contours point to the subordinate
presence of MD grains. The loess sample (Fig. 2.11, lower panel) also contains SD
magnetite, which is centered more to the left, indicating slightly coarser grain size.
The vertical distribution is wider (most contours within + 4 mT), and more contours
of MD-like triangular shape are observed. Thus, MD contributions seem to be more
significant in the loess sample. SP grains cannot be discerned in the weakly magnetic
loess sample.

At present, FORC diagrams are able to recognize magnetic interactions qualita-
tively and to identify SP, SD, and MD particles of magnetic minerals that may
constitute a complex magnetic rock mineralogy. According to Pike ef al. (2001b),
quantitative tools for interpreting and modeling FORC diagrams can be expected to
improve these capabilities in the near future.

2.7 MAGNETIC UNITS

So far, so good. The required magnetic parameters have been successfully introduced.
But because we will need to discuss real data resulting from actual laboratory
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Figure 2.11 FORC diagram of a paleosol and a loess sample from Moravia (from van Oorschot ez al.,
2002). The maximum field for both diagrams was 500mT, and 106 FORCs were measured. Further
explanation is given in the text. (From van Oorschot et al., 2002.) © Blackwell Publishing, with permission
of the publishers and the authors.

investigations, we must now take a brief detour concerning the matter of units. Over
the last 200 years or so, several measurement systems have been devised leading to
different units being used to measure the same physical quantities: kilometers versus
miles, pounds versus kilograms, and joules versus calories are familiar examples.
Nowhere has the confusion been more troublesome than in the treatment of magnet-
ism. At least four systems have been in use at various times, and the modern reader
requires conversion tables to use the older literature (e.g., see Appendix 1). No purpose
would be served in dwelling here on the fundamental reasons behind this complexity
(for a particularly lucid discussion, see Feynman ez al., 1964). Our sole purpose is to
introduce the system universally employed by enviromagnetic practitioners.

In this book, we stick to the Systéme Internationale (SI, for short), which is now
taught in all high schools. Even so, a complication arises because there are two kinds
of magnetic field, H and B. The H field we have already seen in Fig. 2.1. It is
measured in A/m. In the absence of matter (i.e., in a vacuum), the two fields are
related by

B=pH (2.8)



2.8 Putting It All Together 29

where y, is the so-called permeability constant. In SI, it has the value
4 x 1077 Vs/Am, which means that B not only differs from H in size but also is
measured in different units, namely Vs/m?, or tesla (T) (Nikola Tesla, 1856-1943).
Human nature being what it is, even the experts often do not distinguish between B
and H. Indeed, for many purposes it is enough simply to refer to the “magnetic field”
(you will find many examples throughout this book!). (Perhaps this laziness can be
excused — after all, it is very common to give one’s weight in kilograms rather than
the correct SI unit of force, the newton.) Strictly speaking, of course, B and H should
not be mixed up: some authors therefore refer to H as the magnetizing field and B as
the magnetic induction or flux density. The Earth’s magnetic B field has a strength of
~5 x 1073 T, and a typical magnet for holding notes on your refrigerator door has a
field of ~ 1072 T. Because the tesla is a large unit, it is common to give laboratory
fields in millitesla (1 mT = 10~3T).

2.8 PUTTING IT ALL TOGETHER

The various enviromagnetic parameters (and their combinations) discussed here are
generally employed for the purpose of answering three broad questions:

e Composition (i.e., which magnetic minerals are present?)
e Concentration (i.e., how much of each one is present?)
e Granulometry (i.e., what are the dominant grain sizes present?)

Variations in each of these offer useful information concerning environmental
change, several examples of which are described in Chapter 4.

As far as composition is concerned, the most useful parameter mentioned so far is
the S-ratio. But there are other important diagnostic tests, such as the Curie point
and the so-called Verwey and Morin transitions. These are covered in Chapter 3,
where the main features of the important environmental magnetic minerals are
summarized. Several nonmagnetic techniques are also of great value in this context,
including X-ray diffraction, Méssbauer spectroscopy, and microscopy (both optical
and electron).

Concentration-dependent parameters include x, SIRM, and M;. These increase
monotonically with the amount of magnetic material present. They can therefore
signal increases and decreases of magnetic influx into an area, perhaps as a result of
changes in climate (see Chapter 7), subsurface fluid flow (see Chapter 8), biological
activity (see Chapter 9), or industrial pollution (see Chapter 10). However, most
parameters, other than M;, are also dependent on grain size. This difficulty provides
the motivation for the use of certain biparametric ratios that attempt to take account
of variations in the total amount of magnetic material present. Successful removal of
concentration dependence then emphasizes the role of grain size.

The ratio of ARM susceptibility to low-field susceptibility is one of the most
widely used concentration-independent parameters. As pointed out earlier, for mag-
netite, xary iS strongly size dependent whereas x;; lies close to 6 x 10~* m3/kg



30 2 Basic Magnetism

(= 3.1 SI) over a very wide range of sizes, from 0.01 pm all the way up to 6 mm
(Heider et al., 1996). Only as the superparamagnetic range is entered does systematic
change occur (when the driving frequency of the measuring instrument becomes
comparable to the relaxation times of the magnetic particles in the sample; see Eq.
(2.6) and the description of susceptibility instruments in Chapter 4). At this point the
susceptibility increases abruptly by an order of magnitude. For this reason, Maher
(1988) recommends an experimental sequence in which the frequency dependence of
the material under investigation is measured first, to check for the presence of grains
near the SD/SP threshold. Then x,py is determined and normalized to remove the
concentration effect. This is usually done using x;; as the denominator (corresponding
to the King plot), although Maher herself prefers to divide by SIRM.
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ENVIROMAGNETIC MINERALS

3.1 INTRODUCTION

Any data retrieval methodology involves three steps: input, storage, and output.
Storage requires some kind of physical material able to capture input variations
and retain them for later output—the arrangement of pigment on paper, for
example. No ink, no storage. In computer technology, data are encoded magnetically
on floppy disks and hard drives. No magnetic particles, no information highway.
Enviromagnetic studies depend on information stored in natural archives by virtue of
the magnetic grains they contain. If we are to decipher environmental changes
correctly, we must come to grips with the whole process. Thus, the purpose of this
chapter is to introduce the magnetic minerals responsible for the information “stor-
age”: later chapters will deal with “input” and “output.” Several comprehensive
textbooks are available that deal with the magnetic properties of naturally occurring
minerals, a subject that has, over the years, been variously referred to as rock
magnetism, mineral magnetism, and petromagnetism (Nagata, 1961; Stacey and Ban-
erjee, 1974; O’Reilly, 1984; Dunilop and Ozdemir, 1997). In a review article, Rancourt
(2001) has stressed the ubiquitous nature of ultrafine magnetic particles, or environ-
mental nanomaterials, as he calls them.

The list of minerals relevant to the geosciences runs into thousands, and to these
must be added numerous biominerals manufactured by organisms to make shells and
other body parts. Iron, the fourth most abundant element in the Earth’s crust [5 % by
weight, after oxygen (47%), silicon (28%), and aluminum (8%)], is a common
constituent of many of these. However, our task is greatly simplified by the fact
that very few naturally occurring minerals exhibit the magnetic properties we seek.
Conditions on Earth are such that iron is almost always combined with other
elements, particularly oxygen — witness the universal tendency of steel to rust. Con-
sequently, we can focus our attention on a handful of iron oxides, iron oxyhy-
droxides, and iron sulfides, for which some relevant data are given in Table 3.1
(see also www.geo.umn.edu/orgs/irm/bestiary).

31
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Table 3.1 Properties of Common Magnetic Minerals

Mineral Formula M, (kA/m) T. CO)
Magnetite Fe;04 480 580
Hematite a-Fe, O3 ~2.5 675
Maghemite v-Fe, O3 380 590-675
Goethite a-FeOOH ~2 120
Pyrrhotite Fe;Sg ~80 320
Greigite Fe3S4 ~125 ~330

This book is concerned with magnetism in various environmental settings here on
Earth, but we will have occasion to touch upon extraterrestrial magnetism in some
instances. It is therefore worth remembering that iron is a common element through-
out the universe and occurs in various forms in the solar system. For example, iron
oxides are prominent in the soil and surface dust of Mars, hence its sobriquet — the
red planet. Furthermore, at least some of the oxides present there are magnetic, as
was first demonstrated in 1976 by one of the early experiments employing simple
permanent magnets on the Viking landers (for a compilation of papers on all aspects
of the earlier exploration of Mars, see Kieffer ef al., 1992). Subsequently, in 1997, an
array of permanent magnets on the Pathfinder lander positively identified magnetic
iron oxide as an important component of the particulates suspended in the Martian
atmosphere (Gunnlaugsson, 2000; see also http://mars.sgi.com). Other known extra-
terrestrial occurrences of magnetic iron minerals are meteorites and the moon. In
both these cases, the most prominent contributors are iron—nickel alloys and/or pure
metallic iron. As carriers of magnetic remanence, these provide important infor-
mation concerning magnetic ficlds during the early evolution of the solar system, as
described in Chapter 12. Furthermore, it was the investigation of single-domain
(~5-10nm) iron particles in the Apollo 11 lunar dust that prompted Stephenson
(1971a,b) to emphasize the importance of measuring the frequency dependence of
magnetic susceptibility, a technique that is now routine in environmental magnetism
(see Chapter 4). Finally, an entirely different (and so far unique) occurrence of
extraterrestrial iron oxide is that in the famous meteorite ALH84001, which was
found in Antarctica but is known on chemical grounds to have come from Mars.
There has been much debate concerning the possibility that the tiny (10 to 100 nm)
iron oxide crystals it contains represent an early form of microbial life, a topic to
which we return in Chapter 9.

3.2 IRON OXIDES

Three minerals -— magnetite, hematite, and maghemite — dominate our discussion of
magnetism in, and on, the Earth’s crust.
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3.2.1 Magnetite

This is a good place to start. As Dunlop and Ozdemir (1997) point out in their
comprehensive monograph, magnetite is “the single most important magnetic min-
eral on earth.” It occurs in igneous, sedimentary, and metamorphic rocks; it is
common in the unconsolidated deposits typically involved in environmental studies;
and it is widely manufactured by certain bacteria that use it for navigational purposes
(see Chapter 9). It is also an important source of iron ore, exemplified by the great
deposits of northern Sweden.

Magnetite (FesQ4) is a dense, shiny black mineral that is totally opaque in
microscope thin sections. Crystallographically, it is cubic with spinel structure. Its
oxygen atoms thus form a face-centered cubic framework; that is, there is an 0>~ ion
at each corner and in the center of each face of the cube that constitutes the basic
building block of the crystal lattice. That is a total of 14 anions (8 corners plus 6
faces), but sharing with the neighboring cubes reduces this to 4. Those at the 6 face
centers are each shared 50:50 with an adjacent cube and are thus equivalent to 3
atoms; those at the 8 corners are each shared with seven neighboring cubes and are
thus collectively equivalent to a single atom. Such a framework possesses two kinds
of interstitial spaces [tetrahedral (known as A sites) and octahedral (known as B
sites)] in which the cations are lodged (see Fig. 3.1). These constitute two sublattices
having antiparallel, but unequal, magnetic moments. Magnetite is therefore ferri-
magnetic. All the cations in the A sublattice are Fe’*, but the B sublattice, which has
twice as many occupied sites, contains equal numbers of Fe>* and Fe?* (this overall
arrangement of the cations constitutes what is called an inverse spinel). The net result
is that the trivalent moments cancel out, leaving an overall moment of 4 uy arising
from the divalent ions (you can check this out very quickly by extending the infor-
mation given in Box 2.1).

Taking into account the volume of the unit cell, the spontaneous magnetization
works out to be 480 kA/m, which makes Fe;O,4 the most magnetic naturally occur-
ring mineral. It is for this reason that it was historically exploited — in the form of so-
called lodestones —to construct primitive compasses. Its directional properties were

Figure 3.1 Tetrahedral and octahedral cation sites in
the crystal structure of magnetite (Fe3;O4). The large circles
represent oxygen anions arranged in a face-centered cubic
framework. The iron cations reside in the interstitial
spaces, of which there are two kinds—at the center of
tetrahedra (A sites) and octahedra (B sites). The diagram
illustrates only one of each of these, but the complete
structure contains twice as many tetrahedra as octahedra.
However, only one eighth of the tetrahedral sites and one
half of the octahedral sites are occupied (the former en-
tirely with Fe’* ions, the latter with a 50:50 mix of Fe3*
and Fe?* ions). Because these two sublattices are ferrimag-
netically coupled, the magnetic moments of the trivalent
ions cancel out, leaving only the divalent ions to account
for the overall magnetization of magnetite.
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known in China some 2000 years ago. In Europe, an Italian scholar by the delightful
(and singularly appropriate) name of Peter the Wayfarer (Petrus Peregrinus) wrote a
detailed discourse in 1269 describing his extremely insightful experiments on spher-
ical pieces of lodestone. By 1600, William Gilbert — physician to Elizabeth I—had
extended and perfected this kind of work to the point where he was able to publish
what is often referred to as the first modern scientific treatise, De Magnete.

Two important temperatures characterize magnetite—the Curie point and the
Verwey transition. The first of these [named in honor of Pierre Curie (1859-1906),
see also Box 2.2] occurs at 580°C, the temperature at which thermal energy
overcomes the exchange coupling and the ferrimagnetism is lost (Fig. 3.2). The
second [named after its discoverer, E. J. W. Verwey (1905-1981)] occurs at about
—150°C and marks a change in the crystallographic distribution of the iron cations
such that the previously cubic framework is slightly distorted to monoclinic
symmetry. This is a subtle effect, but it alters the crystalline anisotropy (see Box
2.4) that, in many cases, can result in abrupt changes in magnetic (and other)
properties. Both the Curie point and the Verwey transition provide excellent diag-
nostic tests.

Although magnetite occurs widely, it is also common to find a whole range of
variants in which iron is replaced by titanium. This gives rise to a solid-solution series
known as the titanomagnetites. Magnetite (Fe;04) thus appears as one end member
of a whole spectrum, the other end being represented by the mineral ulvdspinel

Spontaneous magnetization (normalized)

0 1 | 1 | |
0 100 200 300 400 500 600

Temperature ( °C)

Figure 3.2 Variation of spontaneous magnetization of magnetite between room temperature (RT) and
the Curie point (Tc = 580°C). The curve shown [Mr/Mgy = ((Tc — T)/(Tc — RT))*#] is a best fit to
various experimental data (see Dunlop and Ozdemir, 1997).
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Box 3.1 Ternary Diagrams

In a three-component system, any particular composition can be plotted
graphically on a diagram wherein each vertex of an equilateral triangle represents
100% (and the entire side opposite that vertex represents 0%) of one of the
constituent elements, as shown in the diagram (left).

0 TiO,

/ -
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At points inside the triangle, the diagram works because the sum of the
perpendicular distances from any point to the three sides is equal to the height
of the triangle (i.e., 100%). (To get the idea, try plotting FeT103.) Horizontal lines
indicate constant ratios of (Fe+ Ti)/O: lines converging on the oxygen vertex
indicate constant Fe/Ti. The latter are very useful as they illustrate the effects of
oxidation, an extremely important process in environmental magnetic studies.
The drawback with the diagram is that the minerals of interest fall in the restricted
range shown by the shading. It is normal practice, therefore, to construct the
ternary diagram so as to emphasize this compositional field, with vertices at
TiO,, FeO, and Fe;0;. This is done in the diagram on the right, on which
the key minerals and solid solution series are labeled. The latter fall along
lines sloping down to the right, which are equivalent to horizontal lines in the
other diagram. On the other hand, oxidation is indicated by lines sloping up to
the right.

(Fe;TiO4). The general formula for the titanomagnetites is therefore written as
Fe;_ Ti,O4 (0 < x < 1). Because there are three chemical elements involved, it is
very useful to follow the normal practice of representing the composition on a
triangular — or ternary — diagram, as explained in Box 3.1.

The Ti** cations are located on the octahedral sites. For each titanium atom
inserted, one remaining trivalent Fe ion must become divalent in order to maintain
charge neutrality. At x = 1, there are no trivalent ions left: ulvéspinel thus has only
Fe2* ions on its occupied A sites and a 50:50 mix of Fe?* and Ti** on its occupied
B sites. The Ti*" cation has zero magnetic moment because it has no unpaired
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electrons. This leads to a steady decrease in the spontaneous magnetization as the
amount of titanium substituted into the lattice increases. As we saw before, for x = 0
(magnetite), the spontaneous magnetization is 4 ug per formula unit. For x =1
(ulvospinel), this falls to zero because the lattice now has equal numbers of divalent
iron ions on the two opposing sublattices. In other words, ulvdspinel is antiferro-
magnetic. Increasing titanium content also causes the crystal lattice to expand from
8.396 A for magnetite to 8.54 A for ulvospinel (Fig. 3.3). X-ray diffraction measure-
ments can therefore be used as a means of identifying the composition of the
titanomagnetite grains present in a sample, although this usually requires that the
grains first be extracted. A more popular diagnostic test is based on the almost linear
decrease in the Curie point that takes place as titanium is added to the lattice
(Fig. 3.4).

Magnetite itself and the titanomagnetites in general are formed initially in a
variety of igneous rocks. For example, the widespread basaltic lavas that carry the
marine magnetic anomalies so crucial to plate tectonics typically contain crystals of
Fe, 4TinsO4 (often referred to as TM60). On the continents, a whole range of iron
oxide compositions is found in various igneous products. As a result of weathering
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Figure 3.3 The unit cell parameter dependence on Ti content (x) for the titanomagnetite solid solution
series. The curve shown is based on experimental data from several authors (for a summary, see O’Reilly,
1984).
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Figure 3.4 Curie point dependence on Ti content (x) in the titanomagnetites.

and erosion, the mineral grains involved eventually find their way into a variety of
sedimentary environments, where they provide the magnetic records we seek. How-
ever, there are modes of occurrence other than as discrete, individual grains. The
most important of these are magnetite/ilmenite intergrowths. These arise by partial
oxidation of a general titanomagnetite that moves the composition off the magnetite/
ulvospinel line (see Box 3.1). If cooling is slow enough, exsolution may then take
place, leading to a separation into two distinct phases, usually close to pure magnetite
and pure ilmenite (Burton, 1991; Lindsley, 1991). The two phases are intergrown in
an intimate microstructure in which the ilmenite forms lamellae on the [111] crystal
planes with the magnetite taking up the space between. In this way, magnetite regions
with various morphologies can arise, the effective size of which is much smaller than
the overall grain size. Haggerty (1991) has assembled an impressive collection of
optical photomicrographs covering the whole range of textures found in the iron-
titanium minerals. Electron microscope images of magnetite/ilmenite intergrowths
can be found in Davis and Evans (1976). Another (but very rare) possibility involves
no oxidation, the exsolution leading to an orthogonal [100] framework of ulvospinel
interspersed with small cubes of magnetite (Nickel, 1958; Evans and Wayman, 1974).
Finally, several examples have been described in which tiny magnetite grains occur as
inclusions precipitated inside common silicates (Evans er al., 1968; Davis, 1981;
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Bogue et al., 1995). In terms of environmental magnetism, one important implication
is that this type of magnetite is protected from the various (bio)geochemical reactions
that its “naked” counterparts may suffer during such processes as soil formation and
burial diagenesis (Maher and Hounslow, 1999; see also Chapter 5).

3.2.2 Hematite

This mineral occurs widely in nature, being particularly common in soils and sedi-
ments of environmental significance. It is also responsible for the magnetization
carried by “red beds” —red sandstones and shales that provide a major source of
data in classic paleomagnetism. Many iron ores are hematitic, most notably the great
deposits mined in the Lake Superior region.

Hematite possesses hexagonal crystal structure in which alternate planes contain
trivalent iron ions magnetized in (almost) opposite directions (Fig. 3.5). The slight
departure from antiparallelism — called spin canting—is crucial. It turns hematite
from an antiferromagnetic mineral into a weakly ferromagnetic one with a spontan-
eous magnetization of about 2.5 kA/m and a Curie point of 675°C (Fig. 3.6). Thus,
although being about 200 times weaker than magnetite, hematite is thermally more
stable. The higher Curie point is useful for identification purposes, particularly in
cases where magnetite and hematite coexist. On cooling from the Curie point, the
magnetization of hematite rises sharply to a plateau that is maintained down to about
—15°C. Here, it passes through the Morin transition (Morin, 1950), where the spin
canting, and hence the weak ferromagnetism, is lost.

It is again found that iron can be replaced by titanium giving rise to a second solid
solution series, the titanohematites (see the ternary diagram in Box 3.1). At one
end is hematite (a-Fe»03), at the other FeTiO; (ilmenite). The general formula is
therefore written as Fe,_,Ti,03(0 <y < 1). For every Ti** cation added, one of
the remaining Fe’* ions must be converted to Fe**. Once again, the substitution
of titanium leads to an almost linear decrease in Curie temperature (Fig. 3.7). As
with the titanomagnetites, compositions rich in titanium (y > ~0.7 for the titanohe-
matites, x > ~0.8 for the titanomagnetites) lead to Curie points below room tem-

perature.

Figure 3.5 Simplified representation of the spatial arrange-
ment of the iron cations (all trivalent) in hematite. The arrows
indicate how basal [0001] planes of cations are ferromagnetically
coupled within planes and antiferromagnetically coupled be-
tween planes. The antiparallelism is not exact, however, and
this spin canting leads to a net magnetization in the basal
plane. Imagine the top layer of arrows rotated slightly clockwise
and the lower layer rotated slightly counterclockwise (viewed
from above). The result is a net magnetization pointing toward
you.
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Figure 3.6 Variation of spontaneous magnetization of hematite between room temperature (RT) and the
Curie point (T¢ = 675°C).

The spin canted arrangement and its weak (sometimes called parasitic) ferromag-
netism persist until y reaches ~0.45, beyond which the cations become partially
ordered and the titanohematites become ferrimagnetic. As a result, the spontaneous
magnetization rises rapidly to a maximum (at Fe;3Tig703) of 2.8 ug (0.7 x 4 up)
before falling off again to very low values at y = ~0.95. Although theoretically
very important, this ferrimagnetic behavior of the titanohematites is of limited sig-
nificance for environmental magnetists. One reason for this is that at compositions
beyond about y = 0.7, the observed Curie points are below room temperature. More
important, however, is the fact that most intermediate compositions are unstable at
ordinary temperatures and exsolve into Ti-rich and Ti-poor phases that form inter-
grown microstructures similar to those described earlier for the titanomagnetites. In
classical paleomagnetism, such microstructures are often responsible for the property
of self-reversal, wherein a geological formation containing such grains acquires a
remanence in the opposite direction to the prevailing ambient magnetic field. In the
early days, when the geomagnetic polarity timescale was emerging (see Chapter 6),
rocks of this type caused no end of difficulty. Fortunately, it turns out that they are
generally quite rare.
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Figure 3.7 Curie point dependence on Ti content (y) in the titanohematites.

3.2.3 Maghemite

Before the advent of the compact disc, maghemite was commercially significant as the
storage element used in tape recording. For our purposes, however, it is important in
environmental studies because it occurs widely in soils. Its chemical formula is
identical to that of hematite, and both minerals therefore occupy the same position
on the ternary diagram (see Box 3.1). However, they do not share the same crystal
structure or magnetic properties. To prevent confusion, a prefix is introduced,
hematite being designated as a-Fe;O3, maghemite as y-Fe;O3. Maghemite is simply
the fully oxidized form of magnetite: it has a cubic crystal structure with a unit cell
edge of 8.337 A, somewhat smaller than that of magnetite (see Fig. 3.3). The oxida-
tion process involves the divalent iron ions. Two thirds of them have their valence
state changed from Fe?* to Fe3*, and the remaining one third are removed from the
lattice entirely. The sites from which atoms are removed remain vacant, and such
structures are therefore said to be cation deficient. The valence change and the loss
of cations collectively result in a decrease of the room-temperature spontaneous
magnetization to 380kA/m (from 480 kA/m for magnetite). The Curie temperature
(~645°C) is difficult to determine experimentally because maghemite is metastable; at
elevated temperatures it suffers an irreversible crystallographic change to hematite
with a consequent dramatic loss of magnetization. Indeed, this characteristic
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behavior is often more useful for identification purposes than the Curie point itself.
Even here, great care is required in interpreting experimental data because the
temperature at which the conversion takes place (the so-called inversion temperature)
is very variable — values anywhere from 250 to 900°C have been reported! —and
seems to depend on grain size and the presence of impurities (see Dunlop and
Ozdemir, 1997).

Referring again to the ternary diagram shown in Box 3.1, we can now anticipate
the existence of a whole field of compositions lying between the two solid-solution
series represented by the ulvéspinel-magnetite and the ilmenite-hematite joins. Min-
erals represented by points in this field are called titanomaghemites. Any given
composition can be arrived at by oxidation from the appropriate position in the
titanomagnetite series, as indicated by the dashed lines.

3.3 IRON OXYHYDROXIDES

Weathering of bedrock produces a wide variety of products, among which are
numerous hydrous iron oxides. Of these, only goethite (a-FeOOH) is magnetically
significant in its own right. Some of the others, such as ferrihydrite (5Fe,O; - 9H,0,
also known as limonite) and lepidocrocite (y-FeOOH), are noteworthy in that they
may undergo chemical changes to produce hematite and magnetite (see Chapter 5),
which may be magnetically important in soils (Schwertmann, 1988a,b; Zergenyi et
al., 2000) and in the red cement of certain rock types of paleomagnetic significance
(Hedley, 1968).

Goethite is hexagonal and antiferromagnetic—but not perfectly so. It also
possesses a weak ferromagnetism whose origin is poorly understood. It is thought
to be a defect moment due to unbalanced numbers of atomic moments. The corre-
sponding Curie point is about 120°C and the spontaneous magnetization is
~2kA/m, slightly less than that of hematite. Although it has been the subject of a
great many laboratory investigations (often involving synthetically derived powders),
it is only recently that goethite has been systematically sought in natural environ-
ments. France and Oldfield (2000) studied a number of soils and recent sediments
with a view to assessing the significance of goethite for environmental magnetists.
They selected samples representing different settings from a variety of sites around
the world —soils from China and Portugal, lateritic weathering products from
Indonesia, river sediments from the United States, lake sediments from England,
and turbidite sediments from the deep Atlantic Ocean—and concluded that goethite
is much more widespread than has often been thought.

3.4 IRON SULFIDES

The elements iron and sulfur combine in various ratios to form a number of distinct
minerals. Troilite (FeS) is common in meteorites and lunar samples but does not
occur on Earth. Pyrite (FeS;), on the other hand, is very common but paramagnetic.
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Between these compositional bounds, there are two naturally occurring minerals that
are important for environmental magnetism: pyrrhotite and greigite. Pyrrhotite actu-
ally crystallizes in several forms, the most common being Fe;Sg, which is monoclinic
and ferrimagnetic, and FegSo, which is hexagonal and antiferromagnetic. In the
former, the ferrimagnetism arises from the fact that alternate planes (within which
atomic spins are ferromagnetically coupled) have oppositely directed magnetic
moments. This is rather similar to the magnetic structure of hematite except that
now there is no spin canting; the ferrimagnetism is due to the fact that magnetic
moments of the different planes are not all equal. The result is an overall magnetiza-
tion of ~80kA/m, with a Curie point of 320°C.

In practice, Fe;Sg and FegS) are often found in close association with each other,
so the magnetic properties of natural samples can be quite variable. Although
hexagonal pyrrhotite (FegSyg) is antiferromagnetic at room temperature, it undergoes
a crystallographic transition (called the \ transition by some authors, the vy transition
by others) at about 200°C, where it becomes ferrimagnetic, with a subsequent Curie
point at ~265°C. During heating, therefore, samples containing FegS; exhibit a
rapid increase in magnetization above 200°C. This provides an excellent means of
assessing the relative amount of FegS; present in natural samples (Schwarz, 1975).
Pyrrhotite is a common minor constituent of igneous, metamorphic, and sedimentary
rocks as well as sulfide ores. In the mining district of Sudbury, Canada, it occurs in
intimate association with (Fe, Ni)¢Sg (pentlandite), which constitutes the world’s
most important source of nickel.

Greigite (Fe;S4) is a cubic mineral with spontaneous magnetization and Curie
point similar to those of pyrrhotite (~125kA/m, ~330°C). Until recently, it was
thought to be rather rare in nature, but it is now known to occur widely in many
sedimentary environments. For example, Roberts (1995) found it in samples of Plio-
Pleistocene marine sediments from Taiwan, Miocene coal measures from the Czech
Republic, Cretaceous marine sediments from Alaska, and Mio-Pliocene lacustrine
sediments from California. Sagnotti and Winkler (1999) describe a variety of cases
from sites in Italy and also provide a summary of relevant work by others, including
an extensive bibliography. Greigite is particularly associated with the sulfate reduc-
ing, anoxic conditions under which many lacustrine and marine sediments form,
where it represents an intermediate step in the chemical pathway leading to pyrite.
Greigite also occurs as magnetosomes originating from magnetotactic bacteria living
in sulfur-rich habitats (see Chapter 9).

The enviromagnetic significance of the iron sulfides is discussed in detail by
Snowball and Torii (1999).

3.5 IRON CARBONATE

Siderite (FeCO;) is a paramagnetic iron mineral that is common in carbonate
sediments. It often forms by direct precipitation from water, either marine or lacus-
trine. In the latter, it sometimes provides small-scale commercial deposits known as
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bog iron ore. It also occurs in hydrothermal veins and as concretionary nodules in
clays. Ellwood et al. (1988) have described siderite in carbonate rocks from the
United States and the Czech Republic and also from anoxic deep-sea sediments
from the South Atlantic. They propose that it results from the metabolic activity of
certain bacteria (see Chapter 9 for more on this general topic). For our purposes, the
importance of siderite really arises from its oxidation products — magnetite, maghe-
mite, and hematite. These certainly affect paleomagnetic investigations because they
often carry a chemical remanent magnetization (CRM, see Box 5.2). Once created,
these magnetic minerals will play a significant role in environmental magnetism,
particularly in carbonate-rich environments. However, it may no longer be possible
to prove that they formed from preexisting siderite.

3.6 SOME EXAMPLES

In this section we illustrate the occurrence and means of identification of several
magnetic mineral species of importance in typical enviromagnetic investigations.
The examples chosen are selected to show a variety of natural settings and experi-
mental approaches. They certainly do not represent all the possibilities. The offer-
ing is more of a smorgasbord than a four-course meal. The menu is given in
Table 3.2.

In this selection, the diagnostic criteria of importance are the Curie point (T¢), the
Verwey and Morin crystallographic transitions (VT and MT, in magnetite and
hematite, respectively), the coercivity spectra obtained from room-temperature incre-
mental isothermal remanent magnetization (IRM) experiments [see Fig. 2.3, Section
2.5, and Chapter 4], and the occurrence of known chemical transformations (CTs)
that take place during laboratory heating experiments. Other procedures are avail-
able (see Chapter 4), but we emphasize these because they emerge naturally from
laboratory experiments carried out more or less routinely by environmental magne-
tists.

Table 3.2 Selected Examples of Magnetic Mineral Occurrences

Where What How Who Figure
(a) Siberia Magnetite IRM Chlachula ez al., 1998 38
(b) Germany Magnetite VT, T¢ Fassbinder and Stanjek, 1993  3.9a
(c) Portugal  Goethite IRM France and Oldfield, 2000 3.9b
(d) England Hematite IRM, MT  France and Oldfield, 2000 39¢cd
(e) China Maghemite CT Evans and Heller, 1994 3.10
(f) Taiwan Pyrrhotite Te Torii ef al., 1996 3.11a

(g) Italy Greigite CT Sagnotti and Winkler, 1999 3.11b
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Figure 3.8 Isothermal remanent magnetization (in the forward and backfield directions) for two samples
of loess from Siberia. B, is the remanent acquisition coercive force = the applied field at which 50% of the
eventual saturation IRM is achieved in the forward direction and B, is the remanent coercive force = the
field at which the IRM of a previously saturated sample is reduced to zero in the backfield direction. These
quantities are used in the text. (Modified from Chlachula et /., 1998.)

1. At Kurtak in southern Siberia, Chlachula et al. (1998) have studied a 34-m-
thick loess sequence spanning the last ~ 150,000 years (see further discussion in
Chapter 7). IRM acquisition experiments yielded low coercivities typical of a
“soft” magnetic material such as magnetite (Fig. 3.8): most of the coercive force
spectrum lies below 100-150mT. Dankers (1981) has determined reference curves
for samples of magnetite, titanomagnetite, and hematite. He uses the parameters B'Cr
(the remanent acquisition coercive force = the applied field at which 50% of the
eventual saturation IRM is achieved in the forward direction) and B.; (the remanent
coercive force = the field at which the IRM of a previously saturated sample
is reduced to zero in the backfield direction) to distinguish the three types of
material he investigated. For magnetite, titanomagnetite, and hematite, he obtains
B;r /B =1.6+0.2,1.2 +0.2, and unity, respectively. The results for the two Kurtak
samples shown in Figure 3.8 yield a mean ratio compatible with magnetite, namely
B'cr/Bcr = 1.61. The trouble with results of this kind, however, is the fact that
maghemite is also magnetically soft and exhibits coercivities similar to those of
magnetite. To secure a firm identification, therefore, it is advisable to carry out
thermal experiments also, as in the next example.
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Figure 3.9 (a) Heating and cooling experiments on a magnetic extract from the remains of a Neolithic
wooden post at an archeological site in Germany. The Curie point and Verwey transition of magnetite are
clearly shown. (Compiled from Fassbinder and Stanjek, 1993.) (b) Acquisition of isothermal remanent
magnetization (in fields of 10, 20, 30, 40, 60, 80, 100, 150, 200, 300, 400, 600, 800, 1000, 1500, 2000, 3000,
4000, 5000, 6000, and 7000 mT) for a Portuguese soil sample containing goethite. (Redrawn from France and
Oldfield, 2000.) (c and d) Magnetic data for hematite-rich sediments from a small lake in northern England.
(Redrawn from France and Oldfield, 2000.} (c) Acquisition of isothermal remanent magnetization (using the
same field values as Fig. 3.9b). (d) Change in IRM as a function of temperature showing a clear Morin
transition. The ordinate represents the magnetization normalized to the room-temperature magnitude of the
“hard” IRM (i.e., IRM7r — IRMg4r). a, & Polish Academy of Sciences, with permission of the publishers.
b, ¢, and d, C American Geophysical Union. Modified by permission of American Geophysical Union.

2. This example comes from the fascinating case described by Fassbinder and
Stanjek (1993), who investigated magnetic extracts from the remains of wood exca-
vated at a German archeological site (see further discussion in Chapter 11). Heating
and cooling experiments yielded clear evidence of both the Curie point and Verwey
transition so characteristic of magnetite (Fig. 3.9a). Another convincing example
involving these two diagnostic temperatures is described by Torii et al. (2001), who
studied sand samples from the Taklimakan Desert, a potential source region for the
thick loess deposits in China (see further discussion in Chapter 7). It is also worth
noting that very clear Verwey transitions and magnetite Curie points have been
reported by Matasova et al. (2001) on the Siberian material discussed in section 1.

3. France and Oldfield (2000) report magnetic results for several samples that
show strong evidence of the presence of goethite. A particularly good example is the
IRM acquisition curve for a Portuguese soil sample (Fig. 3.9b). This has a coercivity
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spectrum that extends beyond fields at which hematite typically saturates (4-5T) and
even beyond the highest field available experimentally (7 T). Such high coercivities are
particularly diagnostic of goethite.

4. Urswick Tarn is a small lake in northwest England that is known to have
received hematite inwash as a result of nearby mining activity during the 19th
century. Sediment samples from the lake bottom studied by France and Oldfield
(2000) exhibit IRM acquisition behavior typical of hematite (Fig. 3.9c¢), saturating in
fields of a few tesla. Furthermore, low-temperature experiments show a clear Morin
transition (Fig. 3.9d).

S. The identification of maghemite presents several difficulties to the environmen-
tal magnetist as it is easily confused with magnetite. Both minerals are magnetically
strong and soft. Methods relying on coercivities are generally ineffective. But when
heating is attempted (to seek the Curie point), maghemite very commonly converts to
hematite as described before. This chemical transformation offers diagnostic possibil-
ities, as shown in Fig. 3.10. This is an example taken from the Chinese loess (Evans
and Heller, 1994). On heating, it exhibits a clear magnetite Curie point, but there is
also an inflection between 300 and 400°C. This can be attributed to the presence of
maghemite that transforms to weakly magnetic hematite and thus leads to a decrease
in the overall magnetization when the sample is cooled (see Box 7.1 for a quantitative
analysis of these results).

6. The identification of the sulfide minerals pyrrhotite and greigite by purely
magnetic means is a tricky business. In most cases, other evidence such as X-ray
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Figure 3.10 Thermomagnetic heating and cooling cutves for a sample of Chinese loess. (Redrawn from
Evans and Heller, 1994.)
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diffraction analysis and optical microscopy already points to the presence of iron
sulfides. Indeed, one may anticipate them on general grounds if the depositional
setting is anoxic and pyrite is present. As far as magnetism is concerned, the problem
then boils down to discriminating between pyrrhotite- and greigite-bearing sedi-
ments. Torii et al. (1996) have addressed this problem. They point out that one
possibility relies on the fact that monoclinic pyrrhotite undergoes a crystallographic
transition at 34 K that affects its magnetic properties, rather like the Verwey transi-
tion in magnetite (see Dekkers et al., 1989). However, the examples that Torii and his
coauthors report indicate that this is a very subtle effect not likely to constitute a
routine test. More promise is offered by their modification of a technique due to van
Velzen and Zijderveld (1992) for detecting chemical alteration during heating experi-
ments in the laboratory. This is because monoclinic pyrrhotite is chemically stable up
to its Curie point, whereas greigite is very prone to significant alteration to pyrite and
marcasite (cubic and orthorhombic FeS,, respectively) (Roberts, 1995). To compare
the thermal behavior of pyrrhotite and greigite, this section should therefore be read
in unison with section 7 following.

During stepwise thermal demagnetization, a decrease in magnetism between one
temperature and the next could arise from progressive thermal unblocking [see Eq.
(2.6)] or from chemical conversion to a nonmagnetic (or less magnetic) mineral. To
find out which it is, van Velzen and Zijderveld (1992) suggest that the sample be
initially given a saturation IRM (SIRM) and then remagnetized in the same field after
each thermal step. If unblocking alone is taking place, each successive IRM will
restore the magnetization back to its original level. On the other hand, if “magnetiz-
able” material has been irreversibly lost, only partial restoration will be observed.

7. Following the argument set out in section 6, the results of the van Velzen and
Zijderveld (1992) technique applied to greigite- and pyrrhotite-bearing samples are
compared in Figure 3.11. Notice how the reintroduced SIRM essentially brings the
pyrrhotite curve back to the initial value after each heating step (Fig. 3.11a). This
implies that the lower curve is dominated by unblocking with little chemical alter-
ation. The rapid fall beyond 320°C can therefore be interpreted as the monoclinic
pyrrhotite Curie point. The greigite sample, on the other hand, shows the character-
istic behavior of chemical alteration: beyond ~200°C the successive SIRMs fall far
short of bringing the magnetization back to its starting value (Fig. 3.11b).

3.7 ROOM-TEMPERATURE BIPLOTS

For the introductory discussions in Section 3.6 concerning the identification of the
magnetic minerals present in a sample, we restricted attention to single parameters
(such as the Curie point) or simple ratios (such as the coercivity ratio B;r/Bc,).
However, reality is often more complicated and calls for more refined procedures.
One common response has been to combine various parameters (either singly or as
ratios) into two-dimensional graphs that (hopefully!) separate the various magnetic
components into distinct parameter spaces. This, of course, is the intent of the Day
plot (see Section 2.6). There, however, the aim is to specify the domain state of
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Figure 3.11 Stepwise thermal demagnetization of saturation isothermal remanent magnetization
(SIRM), using the van Velzen and Zijderveld (1992) method (see text for detailed description). (a) Pyrrho-
tite-bearing sediment from Taiwan. (Modified from Torii et al., 1996.) (b) Greigite-bearing sediment
from Italy. (Modified from Sagnotti and Winkler, 1999.) In both graphs, circles indicate measurements
after each thermal demagnetization step and triangles represent SIRM remagnetization prior to the next
heating step. a, © American Geophysical Union. Modified by permission of American Geophysical Union.
b, © Elsevier Science, with permission of the publishers.
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Figure 3.12 Biplot of saturation isothermal remanence/susceptibility (SIRM/x) versus anhysteretic
remanent magnetization after 40-mT alternating-field demagnetization/total anhysteretic remanent magne-
tization [ARM(40 mT)/SARM]. (Note that the acronym SARM is used for its conceptual similarity to
SIRM; there is no implication that it represents a saturation of any kind.) (Redrawn from Peters and
Thompson, 1998a.) © Elsevier Science, with permission of the publishers.
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Figure 3.13 Biplot of saturation isothermal remanence after 100-mT “‘backfield” demagnetization/
saturation isothermal remanence [IRM(—100mT)/SIRM] versus anhysteretic remanent magnetization
after 40-mT alternating-field demagnetization/total anhysteretic remanent magnetization [ARM(40 mT)/
SARM]. (Note that the acronym SARM is used for its conceptual similarity to SIRM; there is
no implication that it represents a saturation of any kind.) (Redrawn from Peters and Thompson, 1998a.)
© Elsevier Science, with permission of the publishers.

already identified (or presumed) magnetite. Peters and Thompson (1998a) have
extended earlier suggestions as to how such biplots can be employed to furnish
compositional information. Their goal is to distinguish the common magnetic min-
erals from one another using combinations of simple room-temperature measure-
ments without resorting to expensive, time-consuming, mineral separation techniques
or heating the sample and risking chemical alteration. Using data from 56 natural
samples representing “‘various sediment, soil and rock types,” they found that com-
binations of IRM, ARM, and susceptibility measurements were able to distinguish
magnetite (and/or titanomagnetite) from pyrrhotite (Fig. 3.12) and greigite (Fig.
3.13). Semiempirical graphs of this kind serve as useful first steps in the qualitative
identification of the main magnetic minerals present in the material under investi-
gation. However, they should be used with caution. Further work may extend the
parameter fields occupied by the various minerals, and, of course, real samples may
well contain mixtures. Nevertheless, the individual parameters involved (suscepti-
bility, IRM, ARM) are widely measured as a matter of routine in enviromagnetic
work, so it is always worthwhile to calculate and plot the results in several ways as a
guide to further analysis.



MEASUREMENT AND
TECHNIQUES

4.1 INTRODUCTION

Magnetic minerals with different mineral magnetic properties provide natural archives
of environmental processes that may be found in archeological surveys, in soil studies, in
suspended or deposited sediments of rivers, lakes, and seas, or in emission products of
urban pollution, to mention only a few settings of interest to us. This chapter aims first
at presenting some techniques for measuring the mineral magnetic parameters that
have been introduced in earlier chapters. Among these, the most relevant are low-field
susceptibility, natural remanent magnetization and laboratory remanences such as the
widely used ARM and IRM, saturation magnetization, coercive force and coercivity of
remanence, and their dependence on temperature and applied field.

We will then describe and illustrate how these measured parameters have been
recorded in the environment and what their mutual relations can tell us. How can
they be utilized — possibly in connection with nonmagnetic methods— to identify
type and quantity of enviromagnetic minerals? How can the grain size distributions,
which are so indicative of many environmental processes, be evaluated? How can
mixtures of different enviromineral types be separated?

Finally, we will turn to methods of interpretation that have been developed for the
investigation of environmental change in marine, lacustrine, or eolian sediment
sections and for modeling input source parameters and transport mechanisms. The
application of some useful statistical methods will be illustrated.

4.2 MEASUREMENT OF MAGNETIC PARAMETERS

4.2.1 Low-Field or Initial Susceptibility

Magnetic susceptibility may be taken as a measure of how “magnetizable” a sample
1s. It helps to identify the type of material and the amount of iron-bearing minerals

50
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present. In environmental studies, it is a very convenient parameter because virtually
all materials can be measured and the measurement is simple and fast (typically a few
seconds). The measurements are also nondestructive and can be made in the labora-
tory or in the field. Low-field susceptibility therefore is often ideal in reconnaissance
studies where a large sample set is needed in order to find representative samples for
other expensive or time-consuming analyses (Dearing, 1999).

Low-field susceptibility measurements usually rely on two main types of alternat-
ing current (AC) susceptibility instruments: bridge circuits or induction coils tuned
to resonance. Both instrument types are commonly used in rock magnetic laborator-
ies worldwide because they are commercially available, a bridge-type instrument
being produced, for instance, by AGICO Inc. (http:/www.agico.com) and inductor
coil instruments offered, for instance, by Bartington Instruments Ltd. (http:/www.
bartington.com).

The operating principle of susceptibility-measuring instruments follows the exten-
sion of Eq. (2.8) when material is present in addition to free space. The magnetic
induction field B is then described by the following equation:

B = uy(H + M) @.1)

where pi is the permeability of free space, H is the applied field strength, and M is the
induced magnetization of the sample. M is related to H by the sample’s susceptibility,
Kk = M/H [see (2.1)].

Dividing (4.1) through by H and solving for k, we get:

HoK = i — i “4.2)

where y, is the relative permeability of the sample (= B/H, which is dimensionless).
Thus « is related to y,, which is closely associated with the characteristics of AC
circuits containing inductive elements. Hence Eq. (4.2) forms a basis of measuring
low-field susceptibility. For a more extensive discussion refer to Collinson’s (1983)
informative textbook.

The AC bridges for magnetic susceptibility measurement follow the classic tech-
nique developed by Charles Wheatstone (1802-1875) in 1843 in order to determine
accurately an unknown resistance. Among the modern successors, transformer
bridges have been very successful because they can be designed for extremely high
sensitivity (Jelinek, 1973; Fuller, 1987; Jelinek and Pokorny, 1997). One arm of the
bridge network consists of an air-cored pickup coil L where a sample may be inserted,
which changes the inductance of the coil, and a second equalizing coil L’ with
electrical properties identical to those of the sample coil (Fig. 4.1). The other two
arms are formed by the secondary winding of the transformer, which is fed by a
generator through the primary winding. The out-of-balance voltage of the system,
which is tuned to resonance with the capacitance C), is measured at point P. Some
modern instruments are designed in such a way that only rough balancing of
inductance and resistivity of the circuit is required prior to measurement. Alterna-
tively, they may be fully compensated automatically when under computer control.
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Figure 4.1 Schematic circuit diagram for a modern transformer susceptibility bridge. (From Jelinek and
Pokorny, 1997.) © Elsevier Science, with permission of the publishers.

During a measurement session before sample insertion, any residual unbalanced
signal that may be caused by temperature drift of the coils is automatically compen-
sated by manual or computer-controlled triggering. After insertion of the sample, the
output signal at point P due to the inductance change of the sample coil is approxi-
mately proportional to the susceptibility of the sample.

Sample shape and size are determined by the physical size and the region of high
homogeneity of the measurement coil field. Cylindrical 1-inch samples of favorable
length to avoid shape anisotropy (Scriba and Heller, 1978) or cubic samples up to
some 10 cm® are commonly used for susceptibility measurement. The sensitivity
achieved in the best fully automatic instruments is about 1.2 x 10~® ST units (Jelinek
and Pokorny, 1997).

The other widely used susceptibility-measuring system employs wound inductor
coils built into a series resonant network. The probe consists of a very high thermal
stability oscillator for which a wound inductor is the principal frequency-determining
component. When the inductor loop contains only air, the value of y, determines the
frequency of oscillation. When the inductor is placed within the influence of the
sample to be measured, the value of p, modulates the frequency of oscillation. Thus,
it is this frequency modulation that depends on the relative permeability u, of
the specimen. The meter to which the sensor is connected digitizes the py- and
u.-dependent frequency values with a resolution of better than one part in a million.
They are a measure of the magnetic susceptibility.

The value of g, is constant, but the variable of interest, the specimen permeability,
may be relatively small. Therefore any thermally induced sensor drift needs to be
eliminated by occasionally obtaining a new “air” or y, value before measuring the
actual sample. By appropriate calibration, the oscillation frequencies can be con-
verted into magnetic susceptibility values, which may be calculated by an on-line
computer. Sample size and shape follow considerations similar to those valid for
susceptibility bridges. Sensitivity of the most sensitive commercially available sensors
is about 2 x 10~° SI units.
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One advantage of the loop sensors is their wide versatility for different indoor and
outdoor applications in environmental research because the coils can be built easily in
different shapes. Open sensors of variable internal diameter may be used for mea-
surement of environmental materials such as lake sediment cores placed in long tubes
and successively advanced through the loop. Similarly, coils of variable diameter (of
the order of 1-10cm) may be used to scan surface areas of interest, for instance, soil
profiles or archeological excavation sites, with high spatial resolution.

The oscillation frequency of loop sensors can be modified as well, for instance, by
a factor of 10 (as in the Bartington device, which normally operates at ~0.5kHz but
also provides the option of ~5kHz). This causes the magnetization of materials of
very fine grain size near the SD-SP boundary to be blocked as soon as the operation
frequency becomes comparable to the relaxation frequency of grains [see Eq. (2.6)].
Even more sophisticated instruments allow frequency-dependent susceptibility mea-
surements over a wide range of frequencies (e.g., from 10 to 10,000 Hz) so that the
spectrum of grain sizes below the SD-SP boundary can be evaluated fully, especially
in combination with low-temperature measurements (Worm and Jackson, 1999).

Because the temperature dependence of low-field susceptibility is very diagnostic
not only of grain size of ferromagnetic minerals but also of various magnetic transi-
tions that appear in the temperature curves as spikes or steps (such as the isotropy
point near the Verwey transition in magnetite, the Morin transition in hematite, or
the loss of ferromagnetic properties at the Curie temperature), nonmagnetic furnaces
and cryostats have been constructed for susceptibility meters that provide the
possibility of temperature-dependent measurement, usually at least between 77 and
1000 K. Some instruments are available with helium cryostats that allow suscepti-
bility measurement down to very close to absolute zero temperature.

Although bulk values of low-field susceptibility provide a wealth of useful infor-
mation about the concentration, composition, and grain size of magnetic materials
present in environmental materials, susceptibility should generally be regarded as a
tensor parameter; that is, susceptibility in general is anisotropic. Principal suscepti-
bilities and principal directions of this symmetric second-order tensor can be determined
by measuring a sample in different directions. Because the directional differences in a
sample are usually quite small, very sensitive measuring equipment is required such as
the instruments just described. A minimum of six independent directional susceptibility
data is required to determine the full tensor. Its orientation and magnitude are usually
given by the directions and magnitudes of the three principal axes of the susceptibility
ellipsoid. Evaluation of the degree and orientation of susceptibility anisotropy has been
described in great detail, for instance, by Granar (1958) and Jelinek (1977). A compre-
hensive summary can be found in the textbook of Tarling and Hrouda (1993).

4.2.2 Remanent Magnetization

If the external field is switched off, ferromagnetic substances usually still have a magnetic
moment, called remanence or remanent magnetization (see Chapter 2). Many instru-
ments measuring remanent magnetization at high sensitivity have been developed
because of the outstanding importance of the natural remanent magnetization (NRM)
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of rocks in the field of paleomagnetism (Collinson, 1983). Nowadays mainly two major
instrument types are in use: spinner magnetometers, in which either pickup coils or so-
called fluxgate probes sense the remanence as a rotating sample induces flux in these
detectors, and cryogenic magnetometers, which are based on SQUID technology.
Using spinner magnetometers, the B field of a rotating sample is measured
continuously by a stationary sensor. A pickup coil experiences an induced electro-
magnetic force due to Faraday’s law that results in an AC output voltage whose
amplitude and frequency depend on the rotation speed, the magnitude of the rema-
nence component perpendicular to the rotation axis, and the coil properties. The
fluxgate sensor measures the B field of the rotating sample directly. Hence, the
induced signal amplitude does not depend on rotation frequency but depends only
on the magnitude of the remanence component in the plane of measurement.
Figure 4.2 illustrates the operating principles of a fluxgate sensor. Physically, it
consists of a thin piece of highly permeable p-metal that may be shaped as a slab or a
ring depending on the final measurement configuration. The u-metal is packed into
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Figure 4.2  Principles of fluxgate operation. (a) B(H) in u-metal core of fluxgate sensor (see also Box 4.1);
(b) time dependence of applied fields (H(¢), A(1)); (c) flux versus time B(¢) in the core; (d) output dB/dt from
secondary coil; () simplified Fourier spectrum of (d). (Modified from Kertz, 1969.) © Spektrum Akade-
mischer Verlag, with permission of the publishers.
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Box 4.1 Mathematical Derivation of Fluxgate Operation Principles

The B(H) curve in Fig. 4.2a can be expressed by a third-order polynomial of:
B(H)=3H - H® if |H|<1=H,

that is, H = 1 corresponds to the saturation field H;.

.".Jl.‘[]l]i)Z.‘(]Sr‘

The fluxgate sensor consists of a y-metal die (gray) surrounded by two induc-
tion coils, the primary coil producing the AC drive field H and the secondary
measuring the output voltage Usccondary. Which is proportional to dB/dt. The h is
the external field to be measured. It may be simply static or may be caused by a
slowly rotating rock sample.

The fluxgate sensor is driven in the primary coil by an alternating field H with a
direct current field # superposed (Fig. 4.2b):

H(f)=h+p sin ot

with p the amplitude and w the frequency of the AC field, then the time depend-
ence of B can be determined using de Moivre’s formulas for trigonometric
functions:

3 1 . 1 .
B(t) = h(3 - - §p2> + 3p<l —h - Zp2> sin wt A%hpz cos 2wt + 4_11)3 sin 3wt

The derivative measured in the secondary coil then results in:

dB 1 3
= 3p<l - - Zp2>w cos wt + 3hpow sin 2wt + Zp3 w cos 3wt

Conclusion: The direct field is proportional to the amplitude of the second
harmonic, which exists only if a direct field is present.

two coils, a primary coil driven by AC (typical frequency ~ 10 kHz) and a secondary
coil that outputs the flux changes dB/dt induced by the primary current (see Box 4.1).
Without additional external DC field 4, the flux B in the y-metal follows the full line
in Figure 4.2¢c; the output is presented by its full line derivative in Figure 4.2d. If a DC
field A, caused, for instance, by a nearby sample, is present, the dashed flux lines are
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Figure 4.3 Schematic diagram of a computer-controlled fluxgate spinner magnetometer (Molyneux,
1971). The sample is located on top of a vertically rotating shaft in field-free space generated by a p-metal
shield. © Blackwell Publishing, with permission of the publishers.

observed, which are asymmetrical with respect to time. Thus, if the waveform of the
output signal dB/dt is analyzed by the Fast Fourier Transform technique, a second
harmonic is observed in this case only. Its amplitude is proportional to the magnitude
of the DC field 4 (Fig. 4.2¢).

Using a fluxgate spinner magnetometer (e.g., the commercially available Molspin
magnetometer; http://www.molspin.cony/), the sample may be placed on top of a
vertical rotating shaft in the center of a ring-shaped fluxgate sensor (Fig. 4.3). At the
bottom of the shaft a phase-determining disk with 128 slots is mounted which triggers
about every 3° a reading of the flux entering the fluxgate. If the instrument is
computer controlled, both signals— flux and slot position —are transmitted to the
computer, which — after appropriate calibration — determines the phase and ampli-
tude of the magnetization in the measuring plane by means of fast Fourier analysis.
In order to increase the signal-to-noise ratio, the number of revolutions may be set to
preselected values for stacking the readings and thus obtaining improved sensitivity.
The three-dimensional remanence vector is calculated after this procedure has been
repeated at least three times in three orthogonal measurement planes. The vector
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Box 4.2 Sample Orientation

Although enviromagnetic studies often do not require exact knowledge of the
orientation of samples in the field, it is often advisable to collect oriented samples.
The natural remanent magnetization (NRM) of samples in a lake core may give
useful information about paleosecular variation and hence provide age infor-
mation for the sediment column. Alternatively, susceptibility anisotropy of soils

X

into outcrop

may contain important information about soil-forming processes. The orienta-
tion of the samples should be known accurately for both these examples.
Depending on the mechanical properties of the substrate to be studied, oriented
samples may be extracted using a drilling machine or push-in sampling digging
tubes or just plastic boxes pressed into the sediment.

The azimuth with respect to geographic north is measured using a magnetic or
a sun compass, whereas the dip with respect to the horizontal or the hade with
respect to the vertical of a cylindrical or cubical sample may be determined simply
with the inclinometer mounted in most compasses. The orientation is marked on
the sample and defines a coordinate system that provides an orthogonal reference
frame for the directional magnetic properties of the samples (remanent magne-
tization, anisotropy of susceptibility).

direction is expressed by declination and inclination with respect to a predetermined
coordinate system marked on the specimen (Box 4.2).

If x, y, z are the remanence components measured in three orthogonal directions
of a sample, then:

Declination DEC = tan~! (y/x)
Inclination INC = tan~! (z/(x? + 32)/%)
Magnetization M = (x 4 32 + z2)!/2
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The measurement time depends on the strength of the remanent magnetization
so that integration times may vary. Typically, a sample will be fully measured within
2 to 20 minutes. The sensitivity limit of fluxgate magnetometers is in the range
of 107 to 1073 Am™! for l-inch cylindrical samples (2.5 cm diameter, 2.25 cm
height — 11.4 cm? volume).

Cryogenic magnetometers have become very popular for extremely sensitive and
also rapid measurement of remanent magnetization. Their basic measurement elem-
ent is the superconducting quantum interference device (SQUID). The SQUID is
basically a ring that, upon cooling through the transition temperature critical to
achieve superconductivity, excludes the external magnetic field by spontaneously
generating currents that inhibit further flux penetration by the field. This is called
the Meissner effect (Fritz Walther Meissner, 1882-1974) and makes the ring an ideal
diamagnet (Fig. 4.4a). When the external field B is large enough to cause the current
circulating in the SQUID to exceed a critical value I, the device becomes resistive
(Fig. 4.4b), magnetic flux momentarily enters the ring, and the current drops by
quantized values of Al = ndy,. Here nd, denotes multiples of the flux quantum ¢,.
Because the current has now dropped below the critical current (Fig. 4.4c), the
superconducting state is achieved again. With further increase of the external field,
the switching from superconductivity to resistivity and back again—sometimes
called resistivity switching—will occur as often as the external field strength B
requires flux quantum jumps. The number of jumps can then be used to measure
the field strength, a procedure called flux counting.

The sensitivity of the device may be greatly increased by reducing the cross section
of the ring at a certain point. This is the principle of the Josephson weak link (Fig.
4.4). A very small external flux change equivalent to one &, can now easily produce a
high current density at the weak link so that resistivity switching is initiated by
extremely small fields. The geometric dimensions may be chosen so that the switching
causes the circulating current to even change polarity (Fig. 4.4d).

Suppose now that a sinusoidal external AC field is applied to the sensor which is
large enough to exceed the critical current I;; the SQUID current will follow the
external field By as shown by full lines in Figure 4.5a. Each time a flux quantum
enters or exits the sensor, a voltage spike can be detected in a suitably placed pickup
coil (Fig. 4.5b). The frequency spectrum of these spikes produces voltage components
(EMF in Fig. 4.5b) at the resonance frequency of the circuit, which, depending on the
sense of the polarity change, are either positive or negative. The phase of the voltage
spikes induced in the pickup coil with respect to the drive phase is modulated in the
presence of additional DC fields as shown by dashed lines in Fig. 4.5a and b. This
modulation of the frequency spectrum of the voltage spikes caused by the radio-
frequency (RF) drive field can be utilized for measuring the magnitude of the applied
DC field. The effect is in a way similar to the frequency modulation that was seen
when discussing the operation of fluxgate magnetometers. Modern SQUID magne-
tometers run on drive frequencies of 20-30 MHz, and circulating currents of the
order of 1 uA correspond to a change of one flux quantum (Goree and Fuller, 1976;
Collinson, 1983). A more extensive treatment of SQUID operation may be found in
Fuller (1987).
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Figure 4.4 Schematic diagram and operation of a superconducting quantum interference device
(SQUID) (a) in superconducting state and (b) becoming resistive when an applied field causes the circulating
current to reach the critical current value /. (¢) Quantization of current-field relation with increasing field B.
(d) Critical current equivalent to 0.75d, causes the circulating current to change polarity. Flux quantum
&g = h/2e = 2.07 x 10" '° weber with & = Planck’s constant and e the charge of an electron. A Josephson
weak link has been indicated schematically. (Modified from Goree and Fuller, 1976.) © American Geo-
physical Union. Modified by permission of American Geophysical Union.

As Fuller (1987) points out, the flux of a sample can be measured by means of
three basic arrangements:

I. The sample may be inserted directly into the SQUID. This provides optimum
flux linking but requires measurement of small samples at liquid helium temperature.
It 1s not a very practical procedure for most environmental applications.

2. The sample may be kept at room temperature outside the magnetometer but
placed as near as possible to the SQUID sensor. As illustrated in Fig. 4.6, this can be
achieved by the use of thin-walled dewars, as in the so-called high-temperature
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Figure 4.5 Response of a weak link sensor to RF drive field. (a) Current as function of external field
without (full lines) and with (dashed lines) applied DC field. (b) Voltage spikes (EMF) caused by polarity
switching of the circulating SQUID current in response to the RF drive field. Switching times indicated by
numbers 1 to 4. The frequency spectrum of these switching times is modulated; that is, the switching times
are displaced (numbers 1 to 4 in circles), as soon as an additional DC field acts upon the sensor. (From
Goree and Fuller, 1976.) © American Geophysical Union. Reproduced by permission of American
Geophysical Union.

SQUID magnetometer running at liquid nitrogen temperature constructed by For-
schungsgesellschaft fiir Informationstechnik, F.I.T. (Germany; http://www.finoag.
com/). The SQUID sensor has a very small effective measuring area (64 um?) and is
placed at the very bottom of the dewar (Tinchev, 1992). Hence measurement reso-
lution is mainly determined by the dewar wall thickness of about 1 mm. The natural
remanent magnetization of individual discrete ferromagnetic grains in a
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Figure 4.6 Section view of the FIT scanning magnetometer used for remanence measurements on
material surfaces such as soils or rocks. (From Egli and Heller, 2000.) © American Geophysical Union.
Reproduced by permission of American Geophysical Union.
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granite and the fine texture of layered sandstones have been analyzed using this
instrument (Egli and Heller, 2000).

3. The flux of a sample may be coupled indirectly via a superconducting trans-
former coil circuit. Most modern SQUID magnetometers use this arrangement
because pickup coils can be constructed that fit the requirements of the particular
application. Helmholtz coil geometries (Hermann von Helmholtz, 1821-1894)
are especially valuable because they provide homogeneous measurement space
(Fig. 4.7a). The entire pickup-transformer circuit may be superconducting and
acting as a noiseless B-field amplifier for the flux emanating from a sample inserted
into the pickup coils. The current induced in the Helmholtz pickup coil may be
amplified in the transfer coil by a factor of up to 50. Finally, the transfer coil flux
will be measured by the SQUID. Instruments such as the 2G commercial magnetom-
eter (http://www.2genterprises.com/) contain up to three pairs of orthogonal Helm-
holtz coils that measure instantaneously and simultaneously the three orthogonal
vector components. Typical measurement times range between 10 seconds and
1 minute. They depend on the stacking procedure and measurement technique,
possibly involving measurements in different sample positions. Typical sensitivity of
a SQUID magnetometer is about (0.1-1) x 107Am~! for a 1-inch sample (11.4 cm?).

The physical construction of SQUID magnetometers may vary greatly. In Fig.
4.7b, a vertical instrument has been sketched. The sample is inserted into the mea-
suring region from the top via the room-temperature access. Its B field causes a
permanent flux change in the superconducting Helmholtz coils, which are connected
to the transfer-output circuit as shown in Fig. 4.7a. The whole signal pickup unit is
located in a magnetically shielded volume inside the helium-filled instrument. The
shield being also superconducting is essential for the remanence measurements
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Figure 4.7 (a) Cryogenic magnetometer 2 axes pickup coil configuration including Helmholtz coils
where samples are passed through, field transfer coil, SQUID, and output circuit. (b) Design of a vertical
cryogenic magnetometer that is housed in a superinsulated vacuum space. (From Goree and Fuller, 1976.)
© American Geophysical Union. Reproduced by permission of American Geophysical Union.

because it excludes the external field upon cooling through the critical temperature. It
provides field attenuation factors of more than 10® independent of frequency from
DC to gigahertz. Horizontal design of cryogenic magnetometers has become more
popular during recent years because with a helium reservoir open on both ends it is
possible to pass sediment cores—often in the shape of so-called u-channels —
through the magnetometer. Continuous measurement along the core will provide a
remanence record concerning environmental and/or geomagnetic field change for the
time span of deposition of the core material. The instruments are also often built
inline with an AC demagnetizer. This arrangement allows automatic progressive
demagnetization of the remanence whether it is natural and to be tested for long-
term stability or is laboratory produced to be analyzed for grain size spectra that may
preserve environmental information.

4.2.3 High-Field Techniques

High-field methods are most commonly used to identify magnetic mineral phases.
Mineral type and grain size are of fundamental importance when interpreting the
environmental significance of materials under investigation.

When experimenting with laboratory-produced remanent magnetization, DC
field—generating solenoids, impulse magnetizers, electromagnets, or superconducting
magnets are used for studying the field dependence of isothermal remanent (IRM) or
anhysteretic remanent {ARM) magnetization in progressively higher fields (see later).
Air-cored solenoids may produce fields up to 100 mT; conventional electromagnets
approach 2.5T. Impulse magnetizers produce magnetic fields up to 5T by rapid
discharge of energy from a capacitor bank through a coil surrounding the sample.



4.2 Measurement of Magnetic Parameters 63

Similar fields may be reached using superconducting solenoids. Fields of this order of
magnitude are sufficient to saturate most natural ferromagnetic minerals [except
certain goethites (Dekkers, 1988)].

The stability or coercivity distribution of laboratory-induced remanences may be
studied when samples are exposed to alternating fields that decrease from preset high
peak fields to zero. Alternating field demagnetization equipment consists basically of
an air coil within which the sample is placed, a capacitor to tune the coil, a power
supply whose current can be reduced electronically to zero, and some shielding (coils,
p-metal). Commercial equipment is available that generates AC peak fields of about
100 to 200mT. These fields are required in order to demagnetize low-coercivity
enviromagnetic minerals. Collinson (1983) has given all the technical details of
magnetizing and demagnetizing apparatus in his comprehensive textbook. Informa-
tion on commercial instruments may be found easily in the Internet home pages of
paleomagnetic laboratories worldwide.

The temperature dependence of high-field magnetization can be measured using
various instruments. The Curie balance has been used since the early susceptibility
measurements of Michael Faraday (1791-1867), Louis-Georges Gouy (1854-1926),
and Pierre Curie (1859-1906) (Collinson, 1983). Principally it measures the transla-
tional force exerted on a magnetized material by a nonuniform field. In a horizontal
suspension-type balance (Fig. 4.8)— where gravity may be neglected — the force
increment due to a horizontal gradient field in the translation direction x is:

dF; = kdvB,(0B, /0x)
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Figure 4.8 Schematic cross section of a horizontal translation Curie balance. PE = position encoder
including automatic feedback system (electric connection not shown). The sample is loaded on the right
end of the suspended glass bar and is located inside the gradient field of the electromagnet and the
furnace.
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where k denotes the susceptibility and v the volume of the sample. Thus, the balance
basically consists of a coil or electromagnet providing a variable field and field
gradient and a sensitive transducer. This position encoder acts exactly like a seis-
mometer. Through an automatic feedback system, it always keeps the sample in the
same position in the applied magnetic field and records the force exerted on the
sample. The corresponding output voltage is a measure of magnetization during
heating and cooling cycles where eventually Curie temperatures are observed.

If the field is strong enough to saturate the sample, the force is linearly related
to saturation magnetization. Using normal electromagnets, this can be achieved
without difficulty only for low-coercivity minerals. Paramagnetic and antiferromag-
netic minerals generally will not be saturated. This behavior has been utilized in
modern Curie balances to separate the contributions from saturable (e.g., magnetite)
and nonsaturable minerals (e.g., clay minerals or hematite). The samples are cycled
periodically beyond the saturation field of the saturable minerals, yielding a tempor-
ally stable signal for the saturable minerals and a time-varying signal for the non-
saturable minerals (Mullender et al., 1993; Exnar, 1997).

The magnetic properties of matter are fundamentally and most conveniently char-
acterized by measuring in applied fields of variable magnitude. The field-dependent
magnetization curves of ferromagnetic substances generally show nonlinear response
and irreversible changes (see Chapter 2). These hysteresis loops provide information
about coercive force, saturation magnetization, and saturation remanence. Structure-
dependent magnetic properties such as domain state, grain size distribution, and
internal stress may be derived from hysteresis observations.

For many years, the most versatile instrument for measuring hysteresis properties
has been the vibrating sample magnetometer (VSM), the workhorse of the rock
magnetist, as Fuller (1987) calls it. Basically, the VSM works by vibrating a sample
in the homogeneous region of a laboratory electromagnet. Any resulting magnetic
moment causes a proportional signal to be induced in adjacent pickup coils. Figure
4.9 schematically illustrates a vertical vibration system showing the position of the
sample with respect to the magnet pole pieces and four pickup coils. The four-coil
array provides an astatic arrangement that is only minimally affected by the homo-
geneous but variable field. It is, however, very sensitive to sample motion, which may
have amplitudes between one tenth and several millimeters depending on the mech-
anical drive mechanism of the VSM (loudspeaker, motor). The maximum magnetic
fields are of the order of 1T with strict requirements for ripple-free ramping to keep
the electronic noise level low.

Under computer control, variable and automatic measurement schemes and pro-
grams may be chosen. For example, different intregrating measurement time intervals
may be selected in order to improve sensitivity or, vice versa, to reduce measurement
time. Looping in different field ranges or backfield curves may be run (see later in this
chapter). Low-temperature cryostats, high-temperature ovens, and fully integrated
temperature control extend the VSM operational range over temperatures between
4.2 and 1000K (Fig. 4.10). Modern computer-controlled VSMs approach very high
sensitivity. The MicroMag VSM produced by Princeton Measurement Corporation
claims a sensitivity limit of 5 x 107 Am? at a l-second integration time at room
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Figure 4.9 Schematic view of a VSM setup. The sample is vibrated in the vertical direction in the
uniform magnetic field of an electromagnet. Four pickup coils record flux changes due to the motion of the
sample, which may be kept at room temperature or heated or cooled between 4.2 and 1000 K if required.
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Figure 4.10 Hysteresis curves of a loess sample from Xiagaoyuan (western Chinese loess plateau:
105.0°E, 36.5°N) as a function of temperature. Note that ferromagnetic properties (magnetic moment,
coercivity) become weaker with increasing temperature whereas diamagnetism remains steady and eventu-
ally dominates the magnetization completely.

temperature. All hysteresis parameters are measured that are necessary for analyzing
ferrimagnetic grain size using, for instance, the Day method (Day et al., 1977; see
Chapter 2) or, more recently, the FORC technique (e.g., Roberts er al, 2000;
see Chapter 2).
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The richness of the VSM data set is reduced but experimental simplicity is greatly
increased if field application and measurement of the VSM operation procedure are
separated. Measurement is then restricted naturally to field-dependent remanent
magnetization only. This technique has become very popular because a magnetom-
eter and magnetizing and demagnetizing equipment such as solenoids, pulse magne-
tizers, or electromagnets are universally available in paleomagnetic laboratories.

Isothermal remanent magnetization (IRM) acquired at room temperature in succes-
sively increasing direct fields contains a wealth of information about magnetic hardness
as expressed by the distribution of coercivity of remanence. The fields — sometimes
applied successively in three orthogonal directions— may be high enough to saturate
all ferromagnetic minerals contained in a sample. Analysis of the IRM acquisition curve
and subsequent demagnetization by reversed DC fields, by alternating fields, or by
heating to temperatures near the maximum Curie temperatures will then reveal spectra
of remanent coercivity and of unblocking temperatures. They can be utilized to char-
acterize and identify type and grain size of the ferromagnetic minerals present and even
magnetic interactions between grains (Dunlop, 1972; Heller, 1978; Cisowski, 1981;
Lowrie, 1990; Robertson and France, 1994; Kruiver et al., 2001; Egli, 2003).

Another instrument has become available that does, in fact, measure the field
dependence of both induced and remanent magnetization simultaneously in one
experiment (Burov et al., 1986; Jasonov et al., 1998). This so-called coercivity meter
is based on simple induction principles when a 1-cm® sample housed on a nonmag-
netic rotation disk is spun between the pole tips of an electromagnet (Fig. 4.11). The
magnetic field is continuously changed and monitored, and the sample is measured
both outside and inside the applied field by two induction coils. A large number (up to
10,000 readings) of remanent and induced magnetization values may be recorded in
one run up to the maximum field (Byax = 500 mT) and to the corresponding back-
field, and coercivity and coercivity of remanence can be measured easily, quickly, and
with high sensitivity. The remanence channel offers a sensitivity of 2 x 10> Am~" and
induced magnetization is measured down to 2 x 1072Am™!. IRM coercivity spectra
are extremely well documented, allowing spectral analysis and modeling (Robertson
and France, 1994; Eyre, 1996; Kruiver et al., 2001; Egli, 2003) as well as interpretation
according to the Preisach-Néel theory (Fabian and von Dobeneck, 1997).

Another remanence type is the anhysteretic remanent magnetization (ARM, see
Chapter 2). It is generated by placing a sample in a small steady field (of the order of
the Earth’s magnetic field) and superimposing an AC field whose amplitude is
steadily reduced from.a preset initial value to a zero end value (dashed curve in
Fig. 4.12). All particles with remanent coercivity equal to or less than the maximum
field will become magnetized along the direction of the biasing DC field. Again as in
the IRM case, the procedure may be repeated, the maximum AC field being increased
progressively and the ARM measured after each step. The resulting ARM acquisition
curve may be analyzed and the final ARM treated in the same manner as the IRM.
The ARM, however, is not equivalent to the IRM because its acquisition depends on
the response time of the remanence carriers due to the frequency of the alternating
field (Lowrie and Fuller, 1971; Dunlop and Ozdemir, 1997; Egli and Lowrie, 2002).
This will be illustrated later in this chapter.
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Figure 4.11  Schematic diagram of an induction coercivity meter (Jasonov ez al., 1998). The sample (gray
rectangle) sits on the circumference of a rotating disk. At each turn it is magnetized by the field of the
electromagnet. Induced magnetization is measured inside the pole tips (induction coil 1) and remanent
magnetization is measured outside the electromagnet in the p-metal-shielded induction coil 2. Measure-
ment, motor rotation, and field regulation are computer controlled.

Alternating magnetic field

Time --—-->

Figure 4.12  Application of decreasing AC fields. Solid curve indicates field behavior during demagne-
tization experiments in zero DC field. Dashed curve is displaced by applying the DC field A, which causes an
asymmetric AC field decrease from a preset initial value to zero. The resulting anhysteretic remanent
magnetization (ARM) is proportional to and directed along the biasing field 4.
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In order to achieve experimentally large alternating fields of the order of 100 mT,
the alternating field (AF) coil has to be tuned to resonance by a capacitance bank.
The tuned circuit minimizes the impedance of the coil and allows maximum current
throughput at a given voltage (for details see Collinson, 1983). The DC fields applied
for ARM production are usually of the order of the Earth’s magnetic field (~ 50 uT).

The solid curve in Figure 4.12 illustrates the principle of alternating field demag-
netization. It follows the same principles as the ARM acquisition process but ideally
in the absence of any DC field. Any DC fields are compensated using Helmholtz coils
or excluded by g-metal shields during the reduction of the AC field to zero. In many
experimental arrangements, the samples are rotated simultaneously around several
axes in order to avoid any influence of stray biasing DC fields. Progressive increase
of the initial AC field amplitude, always followed by field reduction to zero, will
randomize the existing remanence connected to coercivities less than or equal to this
field. This stepwise demagnetization procedure will reveal the coercivity distribution
of the remanence.

Demagnetization procedures are based principally on the time stability of rema-
nent magnetization, which varies with relaxation time T as introduced in Chapter 2.
Using the same nomenclature as before, Eq. (2.6) may be rewritten explicitly as

7 = fexp(Kv/kT)

that is, a mineral grain with given volume v will have a relaxation time that depends
on the ambient absolute temperature. The relaxation time T may be reduced to very
small values of the order of fractions of seconds simply by raising the temperature. At
that moment the unblocking temperature of remanence, Ty, 1s reached. Again this
experiment is usually done in steps to progressively higher temperatures, keeping the
sample in zero field and appropriate atmosphere in order to avoid possible thermal
alteration. The remaining remanence is measured after each step, and the spectrum of
unblocking temperatures is revealed, which provides information about the grain size
spectrum of the magnetic minerals in the sample. This procedure is what we call
thermal demagnetization of remanence. Numerous kinds of furnaces have been
constructed for this purpose. They have been designed to hold a reasonable number
of samples (10-50), to have noninductive winding of the heating wires in order to
reduce stray magnetic fields, and to provide uniform temperature distribution espe-
cially near the expected Curie temperatures. Cooling must be done in a field-free
environment to avoid remagnetization of the samples. This is mostly achieved by
multilayered u-metal shielding of the heating and cooling chamber of the furnace.

4.3 MAGNETIC PARAMETERS USED IN ENVIRONMENTAL
STUDIES

In order to illustrate the range and significance of the magnetic parameters that can
be measured and analyzed using the techniques introduced in preceding sections, we
present some typical data from the three main environmental settings, the terrestrial,
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lacustrine, and marine realms. We will not interpret these measurements here with
respect to their environmental significance but simply discuss their general physical
significance with respect to the underlying magnetic mineralogy. Our purpose is to
give the reader a rapid overview of how environmental magnetists go about their
business. More complete interpretations of numerous examples occupy much of the
remaining chapters.

4.3.1 Loess/Paleosol Sequences

The eastern European section at Roxolany (30.4°E, 45.8°N) has been recognized as
one of the most complete Quaternary records in the Black Sea area (Tsatskin ef al.,
1998). It is made up of the typical alternation of loess and paleosol layers through the
upper 30m of the profile (Fig. 4.13). This interval represents approximately the last
500,000 years of Quaternary history. Samples have been taken at intervals of 5 to
10cm throughout the profile for laboratory magnetic measurements. Low-field sus-
ceptibility, ARM, IRM, and hysteresis properties have been measured.

The magnetization intensity—related parameters x;c, Xarm»> SIRM, and M; display
very similar variations throughout the profile. Their highs in paleosols and lows in
the loess vary by one order of magnitude and simply indicate concentration changes
of the magnetic minerals. Thus, magnetic enhancement is recorded in these paleosols.
One should keep in mind, however, that only M is directly concentration related,
whereas the magnitude of the other three parameters depends on grain size as well.
Both xj; and M are induced magnetization parameters; that is, they contain contri-
butions from all minerals present whether they be dia-, para-, or ferromagnetic. The
M; presented here originates from the ferrimagnetic saturation magnetization only.
The ferrimagnetic hysteresis curve usually reaches saturation between 100 and
200mT (Fig. 4.14), which is typical for magnetite or maghemite. The high-field
magnetization, which still rises beyond the closure of the ferrimagnetic hysteresis, is
due to the presence of paramagnetic or antiferromagnetic minerals. The gradient of
the high-field magnetization curve above 200mT can be approximated as a linear
segment of the hysteresis curve. It represents the high-field susceptibility x;s. It can
be subtracted from the hysteresis curve in order to approximate the ferrimagnetic
saturation magnetization M and coercive force B..

The high-field susceptibility (x;) for the Roxolany profile varies much less
than the other intensity parameters. Some increase is observed in the soil horizons
{especially in pedocomplex PK,4). Hence, not only ferrimagnetic but also paramag-
netic or antiferromagnetic minerals are enriched here. Subtracting the high-
field susceptibility x;;; from the low-field susceptibility x;; yields the magnitude of
the ferrimagnetic susceptibility X.,.;- Ferrimagnetic minerals clearly dominate the
low-field susceptibility of loess (about 3 times x;;;) and paleosols (about 10 times
Xni)- This does not imply that the quantity of ferrimagnetic minerals is high com-
pared with paramagnetic and antiferromagnetic minerals because their intrinsic
susceptibility is much higher. The volcanic material of the thin tephra layer at
11.3m depth is also characterized by a sharp and strong increase of the magnetic
mineral content.
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Figure 4.13 Magnetic parameters measured throughout the upper 30 m of the loess section of Roxolany
(Black Sea, Ukraine). Lithological variations between loess (white) and paleosols or pedocomplexes (PK,
gray) are shown schematically. (Top) Concentration-dependent parameters: low-field susceptibility
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Figure 4.14 Hysteresis loops of a paleosol and a loess sample from Roxolany measured using the
coercivity meter constructed by Jasonov et al. (1998). Both remanent magnetization and induced magnetiza-
tion are measured simultaneously at 0.5-mT intervals. Above about 200 mT the curves of induced magnet-
ization M; are closed and change linearly with applied field. (a) The high-field susceptibility x;s can be derived
from the gradient by linear regression at fields > 200 mT. (b and ¢) M, is calculated after subtracting the
product Byy,s- This procedure also shifts the coercivity value B. to higher absolute values as seen most clearly
in the loess sample. The remanences M (B) approach saturation around 100 to 150 mT but do not reach full
saturation at 300 mT because high-coercivity minerals are present in addition to the ferrimagnetic fraction.

Coercive force B, and coercivity of remanence B vary by about a factor 2.
Compared with the intensity variations, an inverse relation is observed along the
profile: high coercivities in loess and lower coercivities in paleosols. Thus, not only is
enrichment of magnetic minerals occurring in the pedogenic horizons but also the
material accumulating there is magnetically softer than in the unaltered loess hori-
zons and hence is of a different quality. This can also be recognized from the behavior
of remanent magnetization in the hysteresis loops (Fig. 4.14). The paleosol sample is
very close to saturation at 150 mT, whereas the loess sample remanence increases less
quickly with field and still rises distinctly above 150 mT. The relative contribution
from high-coercivity minerals (e.g., antiferromagnetic hematite) is larger in the loess.

The concentration-independent parameters (Fig. 4.13, bottom) can be taken as
indicators of relative grain size variation. The frequency dependence of low-field
susceptibility xgy is always high in the paleosol layers and indicates enrichment of
SP particles near the SD-SP boundary. This parameter is also very “noisy” in the
loess layers (e.g., between 10 and 20m). Apparently the enhancement process is
partly active in the loess layers, too. The ratio x..;/Ms is also related to variations
in the content of SP particles of magnetite/maghemite. Low-field susceptibility in
ferrimagnetic minerals is rather constant from MD to SD particles but increases by

(xr, measured at 470 Hz using a Bartington MS2 meter), high-field susceptibility (x;;;, measured using the
induction coercivity meter described in Fig. 4.11), ferrimagnetic susceptibility xe.;» ARM susceptibility
XaRrM- Saturation magnetization M, and saturation isothermal remanent magnetization SIRM (acquired in
a field of 0.3 T). (Bottom) Concentration-independent coercive force B, and coercivity of remanence B, and
normalized magnetization ratios such as ferrimagnetic susceptibility over saturation magnetization
Xterri/ M, anhysteretic susceptibility over saturation magnetization xagpm/Ms, saturation isothermal rema-
nent magnetization over saturation magnetization SIRM/M, ferrimagnetic susceptibility over ARM sus-
ceptibility Xgerri/Xarm. and frequency-dependent low-field susceptibility xig = 100(X470 2-X4.7kHz)/ X470 Hz-
These ratios indicate variations in type and grain size of the carrier minerals.
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Figure 4.15 Hysteresis properties of the Roxolany loess/paleosol sequence. SD, PSD, and MD fields
according to Day et al. (1977). All samples regardless of lithology cluster tightly in the PSD field (see
discussion in Chapter 2).

about one order of magnitude in the SP range (Maher, 1988; Heider et al., 1996),
where high-magnetic-moment vector mobility in alternating fields occurs due to very
small relaxation times (see Chapter 2). The larger magnitudes of Xgi/Ms in the
paleosols confirm the evidence provided by xg.

The ratio xagm/Ms shows trends similar to but less distinct than those of
Xrersi/ Ms. Because ARM resides preferentially in SD particles, it can be concluded
that the enrichment of ferrimagnetic particles also occurs in the SD range. Thus, fine
particles of SP and SD size have been produced in the pedogenically altered layers in
addition to the existing magnetic loess material, the SP contribution being especially
pronounced in the paleosols as also evidenced by the increased values of the ratio
Xterri/ XaRM 10 the paleosols and in the lower part of the profile below 20 m. The fine
particle production in the loess here must be higher than in the upper loess layer
between 10 and 20 m.

The ratio SIRM/M; is rather constant over the whole profile. This indicates that
the grain size variations are not very strong in general. Therefore the Day plot of Fig.
4.15 has all samples regardless of lithology in a rather restricted area within the PSD
field of magnetite. The bivariate plot of x sy VErsus Xe; Shows most data along the
0.1-um magnetite size line in accordance with the hysteresis ratio result (Fig. 4.16).

The presence of magnetite is supported by Curie temperature measurements of a
paleosol sample from the nearby section in Novaya Etuliya (Moldavia; 28.4°E,
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Figure 4.16 Bivariate plot of xsgm VS Xgerri- The lines corresponding to a magnetite grain size of 0.5 um
and 0.1 pym follow those derived by King et al. (1982).

45.5°N) (Fig. 4.17). A Curie temperature of 600°C of the ferrimagnetic mineral phase
present indicates magnetite that is slightly oxidized, possibly due to low-temperature
oxidation on grain surfaces (van Velzen and Dekkers, 1999). The field-dependent
high-field magnetization follows Curie’s law for paramagnetics. Therefore the high-
field susceptibility observed in Fig. 4.14 is considered to be largely of paramagnetic
origin.

At this stage it is concluded that the magnetic mineralogy in the loess/paleosol
sequence at Roxolany varies quite distinctly and fine grain sizes of a ferrimagnetic
mineral —slightly oxidized magnetite—are found enhanced in the pedogenically
altered horizons (Fig. 4.13). This is confirmed by the grain size tests according to
the methods proposed by Day et al. (1977) and King et al. (1982). In the loess,
however, these tests give only a general picture of prevailing fine grain sizes but are
not able to resolve the subtle variations seen in some of the ratio plots of Fig. 4.13.
Paramagnetic and high-coercivity minerals (probably clay minerals and hematite) also
play a significant role in the magnetic properties of the loess/paleosol section at
Roxolany.
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Figure 4.17 High-field magnetization vs temperature of a paleosol sample from the loess/paleosol
section at Novaya Etuliya (Moldavia) using the separation technique of Mullender er al. (1993) and
Exnar (1997). The ferrimagnetic saturation magnetization vanishes at the Curie temperature of about
600°C, slightly above that expected for pure magnetite. The field-dependent high-field magnetization follows
the paramagnetic Curie law. Both magnetization components are not fully reversible upon heating and
cooling because of thermal alteration during measurement in air. Applied field varies between 0.2 and 0.4 T.

4.3.2 Lacustrine Deposits

The Late Pleistocene and Holocene paleoclimatic history of the Zunggar desert
(northwest China) has been deduced from sediment cores drilled in Lake Manas
(86°00'E, 45°45'N), which has been dry since the 1960s. The variegated lithology
(Fig. 4.18) points to rather abrupt changes between lacustrine (laminated muds) and
fluviatile (sand) deposition in oxygenating to stagnant and, in recent times, even
saline waters (Rhodes et al., 1996). The magnetic mineralogy of the sediments of
Lake Manas is quite variable and reflects these strong paleoenvironmental and
paleohydrological changes (Jelinowska et al., 1995).

Analyzing the variations of bulk magnetic parameters such as susceptibility
Kir, KarRM, and SIRM measured in 10-cm intervals in two cores from Lake Manas,
Jelinowska et al. (1995) suggested that the sediment column be divided magnetically
into three zones (Fig. 4.18). These zones are also recognized in the behavior of
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Figure 4.18 Magnetic parameters measured in two cores from Lake Manas (Jelinowska et al., 1995; original
data kindly provided by Alina Jelinowska and Piotr Tucholka). (Top) Concentration-dependent parameters
such as low-field susceptibility (kr, measured at 470 Hz using a Bartington MS2 meter), anhysteretic remanence
susceptibility (karm, measured in a 50-uT bias field in the presence of an alternating field decaying from 50 mT
to0mT), and saturation remanent magnetization (SIRM, in a field of 0.5 T, saturation generally being achieved
at 0.3 T). The S-ratio (IRMg 31/SIRM) has been plotted in addition to the SIRM data. (Bottom) Concen-
tration-independent coercive force B. and coercivity of remanence B,,, coercivity ratio B, /B, and magnetiza-
tion ratio M/ M. SIRM/kys, and xpi5/Ms. No data are available from the salt crust (0—160 cm). € American
Geophysical Union. Reproduced by permission of American Geophysical Union and the authors.
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Figure4.19 Magnetic mineral classification in Lake Manas sediments (Jelinowska et al., 1995). (a) Magnetic
grain size characteristics from hysteresis properties: squares, zone I; circles, zone II; triangles, zone IIT; MD,
multidomain; PSD, pseudo-single-domain; SD, single-domain; SP, superparamagnetic grains according to Day
et al. (1977). (b) X-ray diffractogram for magnetic extract from zone II; P, pyrite; G, greigite; Q, quartz; M?,
possibly magnetite. (¢c) Thermomagnetic curve of the same extract in argon atmosphere, applied field 0.25 T.
© American Geophysical Union. Reproduced by permission of American Geophysical Union and the authors.

hysteresis properties B, By, Ms, Mis; the high-field susceptibility xp5; and some
normalized parameters such as B /B., My/Ms, SIRM/ky, and xyq/Ms, derived
from these quantities. The parameter x;; /M, is expected to give information on the
relation between paramagnetic and ferrimagnetic mineral fractions.

The bottom of the sequence (zone I from 498 to 380 cm) is weakly magnetic with
low ki, karMm, and SIRM values, which suggest a low concentration of ferromag-
netic minerals. Low coercivity B, around 10 mT indicates the presence of magnetite
(Peters and Thompson, 1998a), and hysteresis properties (squares in Fig. 4.19a)
assign PSD to MD grain size to this mineral. Coercivity of remanence B, always
exceeds 40 mT, and the S-ratio drops sometimes to values distinctly below 1. Both of
these properties point to partial oxidation of magnetite or to the presence of minor
amounts of high-coercivity minerals such as goethite or hematite (note occasional red
sediment color). Higher values of xy,;5/ M, (note the reversed scale) indicate relatively
large quantities of paramagnetic minerals.

Zone I (380-285 cm) is characterized by generally higher magnetization intensities
(xir, karM, and SIRM) and hence increased concentration of ferromagnetic minerals,
which drop in a few horizons (note the sand layer in Fig. 4.18). Hysteresis parameters
indicate mostly fine grain size in and near the SD field (circles in Fig. 4.19a), and the
S-ratio is always very close to 1, suggesting the presence of a ferrimagnetic mineral
fraction, but coercivity values B, around 40 mT are too high for SD or PSD magnetite
(Dunlop and Ozdemir, 1997). X-ray diffractograms and the thermomagnetic behavior
where a magnetization drop is observed between 300 and 400°C and subsequent
transformation into a ferrimagnetic phase (probably maghemite) takes place give
independent evidence of the presence of greigite in this zone (Fig. 4.19b and c). The
observed thermal destruction behavior and the hysteresis properties and high SIRM/
kyr ratios are expected for natural greigite (Roberts, 1995; Snowball, 1991). Paramag-
netic minerals play a minor role as suggested by the low x;,;s/M; ratios.

In zone IIT (285170 cm), magnetization intensities (kir, Karm, and SIRM) return
mostly to low intensity and low concentration of ferromagnetics. Hysteresis proper-
ties (Fig. 4.18 and triangles in Fig. 4.19a) and the S-ratios are consistent with the
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presence of PSD magnetite. The contribution of paramagnetic minerals (x,;5/M;
ratio) is quite variable in this zone.

The magnetic measurements in the Lake Manas sediments show distinct horizons
with different magnetic mineral phases. They range from magnetite of varying grain
size to maghemite and even greigite. High-coercivity minerals may also be present, as
are paramagnetic minerals, which contribute to a variable extent. The identification
of this magnetic mineralogy is extremely useful when diagnosing the drastic environ-
mental changes in the region during the Holocene (Jelinowska et al., 1995; Rhodes
et al., 1996).

4.3.3 Marine Sediments

A 1098-cm-long marine core (P-094) extending into oxygen isotope stage 5 was
collected from a small deep channel on the Labrador rise (45°41.2’W, 50°12.5'N,
water depth 3448 m) in order to reconstruct Late Pleistocene geomagnetic field inten-
sity for regional and global correlation (Stoner ef al., 1995a). The hemipelagic mud
sedimentation at this locality is frequently interrupted by rapidly deposited detrital
carbonate layers, some of which are correlated with North Atlantic Heinrich events
(see Chapter 7). The magnetic signature of the sediments reflecting paleoclimatic
changes has been studied thoroughly and interpreted in terms of environmental change
by Stoner et al. (1995a, 1996). We present this marine data set as an excellent example
to demonstrate how rock magnetic properties document the presence of magnetite in
variable concentration and grain size.

Core P-094 has been sampled continuously in 7-cm® plastic boxes, and several
bulk magnetic properties have been measured at this high resolution along the
whole core length (Stoner et al., 1995a, 1996). These authors report S-parameters
(see Chapter 2) throughout the whole core that are predominantly very close to —1
and hence point to the presence of a low-coercivity mineral such as magnetite.
Figure 4.20a shows the warming of a high-field low-temperature remanent magne-
tization from 10 to 160K for four samples of the two main lithologies, hemipelagic
mud and detrital carbonate layers. Distinct kinks are observed in all curves at
temperatures between 100 and 120K that are due to vanishing of magnetocrystal-
line anisotropy near the Verwey transition of magnetite and hence provide convin-
cing evidence that the major low-coercivity mineral is indeed magnetite. The
transition is consistently more strongly pronounced in the detrital layers. It results
from coarser MD magnetite grain size here. The relatively small gradients above
and below the transition are taken as evidence that superparamagnetic magnetite
grains are virtually absent. Different grain size populations are also indicated in the
bivariate plot kagrm versus k in Fig. 4.20b. The hemipelagic material displays a
nearly linear relation with a steep gradient over a restricted susceptibility range,
which is compatible with magnetite PSD grain size behavior, whereas samples from
the detrital layers are much more scattered with no straightforward karm—« rela-
tionship. This is again due to larger grain size in these layers as confirmed in Fig.
4.20c, where the hysteresis parameters of these samples preferentially plot toward
the MD field of the Day plot.
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Figure 4.20 Magnetic mineral characterization in Labrador piston core P-094 (Stoner et al., 1995b; 1996).
(a) Normalized high-field remanence (500 mT DC field at 10 K) during warming from 10 to 160K for two
samples each of hemipelagic mud and detrital carbonate layers. Note apparent lithology dependence of
magnetite low-temperature (Verwey) transition. (b) Bivariate plot of anhysteretic susceptibility karm vs low-
field susceptibility k for hemipelagic (small dots) and detrital carbonate layers (circles). (c) Magnetic
hysteresis parameters for the two lithologies [symbols as in (b)] as bivariate plot of M/ M, (M, saturation
remanence; M; saturation magnetization) vs H,,/H.. Magnetic grain size fields according to Day et al. (1977).
© American Geophysical Union. Reproduced by permission of American Geophysical Union and the authors.

Low values of SIRM and ARM and also of the coercivities H. and H,, are observed
in the detrital carbonate layers (Fig. 4.21). This correlation is not so clear for the low-
field susceptibility, k, which in general tends to increase slightly in the carbonates.
Stoner et al. (1996) exclude paramagnetic susceptibility contributions because of the
small high-field gradients of the hysteresis curves measured. The reduced coercivities
indicate grain size coarsening in these layers, which leads to the conclusion that the
detrital layers are apparently often enriched in susceptibility-enhancing coarse MD
magnetite, which, however, because of the enlarged grain size, does not carry stable
remanence. Hence susceptibility may increase due to higher magnetite concentration
when at the same time SIRM and ARM decrease. The M data, which do not depend
on grain size at all, run downcore very much in parallel with the susceptibility data,
arguing for enrichment of magnetite in the detrital carbonate layers.

The parameter ratios (Fig. 4.21, bottom) finally prove that coarser magnetic
material is indeed prevailing in the detrital layers because SIRM/k and ARM/k are
always reduced compared with the hemipelagic mud. This also holds true for the
ARMY/SIRM ratio, which generally discriminates between SD-PSD and MD mag-
netite, becoming smailer with increased MD contribution (see Chapter 2). Finally,
the larger H../H, ratios in the detrital layers simply reiterate the points made when
discussing the grain size evidence of the Day plots (Fig. 4.20c).

Thus, overwhelming and consistent evidence of increased magnetic grain size in
the detrital layers has been obtained. An interpretation of the occurrence and sig-
nificance of the magnetic grain coarsening in these layers in terms of depositional
environment has been given by Stoner et al. (1996).

4.4 MAGNETIC PARAMETERS UNMIXED

In the foregoing sections we have seen that rock magnetic parameters are controlled
by a variety of magnetic minerals of different grain sizes and mineral-specific
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Figure 4.21 Magnetic parameters as a function of depth in Labrador Sea piston core P-094 (Stoner
et al., 1995a; original data kindly provided by Joe Stoner). Simplified lithology profile with gray-shaded
detrital carbonate layers plotted across the magnetic data set. (Top) Concentration-dependent parameters
such as volumetric low-field susceptibility k, saturation magnetization M, saturation remanent magnetiza-
tion SIRM (DC field: 1 T), and anhysteretic remanence ARM (99 mT AF peak field; 0.04 mT DC bias field)
and in addition coercivity H; and coercivity of remanence H;. (Bottom) Grain size-dependent parameter
ratios such as SIRM/k, ARM/k, ARM/SIRM, and H./H.. {C; Elsevier Science, with permission of the
authors and the publishers.
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magnetic properties of mineral species occurring in different concentrations. In order
to analyze the magnetic composition of these mixtures, some quantitative and semi-
quantitative unmixing techniques have been proposed and applied to lacustrine and
eolian sediments (Thompson, 1986; Robertson and France, 1994; Peters and Thomp-
son, 1998a; Kruiver et al., 2001; Carter-Stiglitz et al., 2001; Egli, 2003; Spassov et al.,
2002). Linear additivity of the various magnetic parameters (e.g., ARM, IRM,
susceptibility) is an important prerequisite for these studies because it permits simply
structured cumulative magnetization curves. Violation of the linearity condition by
magnetic interaction can be checked by the R-parameter of Cisowski (1981), which
tests the stability of IRM during acquisition and alternating field demagnetization,
respectively, or by FORC analysis (e.g., Roberts et al., 2000). Mixing experiments
attest linear additivity of magnetization parameters for artificial magnetite mixtures
of variable size (Carter-Stiglitz et al., 2001).

Robertson and France (1994) observed that IRM acquisition curves of individual
magnetic minerals conform, in general, to a cumulative log-Gaussian (CLG) distri-
bution. Hence, measured IRM acquisition or demagnetization curves can be approxi-
mated by a number of CLG curves that are characterized by their SIRM intensity
and its coercivity distribution (specified by its mean and associated dispersion). In
order to differentiate quantitatively magnetizations connected to different coerciv-
ities, Kruiver et al. (2001) present an elegant curve-fitting method that analyzes IRM
acquisition curves on a logarithmic field scale. The IRM data are then expressed in
gradient form and finally transferred onto a probability scale (see Box 4.3). Kruiver
and her coauthors statistically evaluate the number of magnetic components required
for an optimal fit to the measured IRM acquisition data by comparing the variance of
the squares of the residuals for different fits. Their analysis algorithm is available as
an Excel workbook for public use at: http://www.geo.uu.nl/~forth/.

As an example of the unmixing success, we select a soil sample from the study of
Kruiver et al. (2001). It originates from a hydromorphous soil layer in a continental
red bed sequence, samples of which were exposed to laboratory fields up to 2.5 T
(Fig. 4.22). Although saturation has not been achieved in the maximum applied field,
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Figure 4.22 Coercivity components of a hydromorphous soil sample. (a) IRM acquisition on a log-
linear scale (LAP). Squares and solid line represent measured and modeled data, respectively. Short-dashed
line represents saturated oxidized magnetite; long-dashed line is due to nonsaturated goethite. (b) Gradient
curve (GAP). (c) Standardized acquisition plot (SAP) with dashed straight lines for two unimodal distribu-
tions corresponding to magnetite and goethite (see Box 4.3). (From Kruiver ef al., 2001.) © Elsevier
Science, with permission of the publishers.
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Box 4.3 Principles of Magnetic Unmixing

The grain size distribution of magnetic minerals in rocks usually follows a
logarithmic law. Kruiver et al. (2001) show that the grain assemblage of a single
magnetic mineral can be characterized by an IRM acquisition curve that may be
plotted conveniently on a log-linear scale (LAP). Its gradient curve (GAP) is
centered at By, and has a width that may be described by the dispersion param-
eter DP representing one standard deviation. If the IRM acquisition curve follows
a cumulative log-Gaussian function, the field values may be converted to their
logarithmic values and the linear ordinate may be converted to a probability scale.
The standardized acquisition plot (SAP) has the probability scale on the right
ordinate and a corresponding z-score scale on the left. A unimodal distribution is
represented on the SAP by a straight line. If a SAP does not plot on a linear path,
the IRM acquisition curve needs to be fitted with more than one magnetic
component. As Kruiver et al. (2001) point out, the nonequidistant cumulative
percentage scale is replaced for convenience by the equivalent equidistant z-scores
(Swan and Sandilands, 1995). Fifty percent of the cumulative distribution corres-
ponds to a standardized value of z = 0 at field B, ,; 84.1% (one standard devi-
ation from the center) corresponds to z =1 at field B;,,+DP, etc. Values of
|z| > 3 represent only 2 x 0.13% of the distribution.
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In the actual analysis, curve fitting of the preceding curves may involve more
than one mineral component. It is performed by forward modeling using an Excel
workbook (http://www.geo.uu.nl/~forth/). Estimated initial values for SIRM,
log(B,,;), and DP are used for calculating theoretical IRM acquisition curves,
which are optimized interactively by minimizing the squared differences between
actual data and model curves. Figure © Elsevier Science, with permission.

the IRM gradient curve shows two clearly separated coercivity distributions, which
the authors assign to the presence of oxidized magnetite [SIRM = 0.062 A/m,
log(By/2) = 1.70mT, B,/ = 50mT, DP = 0.46] and goethite [SIRM = 0.124 A/m,
log(By2) = 3.25mT, By;; = 1800mT, DP = 0.28]. The presence of these minerals
has been independently confirmed by thermal demagnetization experiments.
According to their analysis, magnetite and goethite contribute 33 and 67 %, respec-
tively, to the SIRM.

Whereas Kruiver et al. (2001) unmix the magnetic mineralogy using preassessed
coercivity distributions, Egli (2003) proposes a method that makes no assumptions
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about the number and distribution characteristics of the coercivity components.
His resulting coercivity distributions therefore do not depend on specific model
distributions (e.g., logarithmic Gaussian distributions). The acquisition or demagne-
tization curves of ARM or IRM are linearized by rescaling the field and magnetiza-
tion axes. Appropriate filtering of the linearized curves removes measurement errors
prior to the evaluation of the coercivity distributions. Using Pearson’s x> goodness-
of-fit test, even components with strongly overlapping coercivity distributions can be
separated. They are unmixed and estimated precisely using generalized — skewed
Gaussian — distribution functions that are able to fit a large number of different
statistical distributions. Despite the careful data treatment and filtering, multiple
solutions are still possible.

Egli (2003) was able to unmix quantitatively detrital and biogenic coercivity
components in a short 1.2-m-long gravity core taken from Baldeggersee (a small
lake in Switzerland) representing the last 200 years of depositional history. The
unmixing of the two populations of particles required high-precision measurements
and good error estimation because the two coercivity distributions overlap consider-
ably (Fig. 4.23). The biogenic component (B), which formed in an oxic environment,
is predominant in the lake before anthropogenic eutrophication (see Box 5.5) pro-
duced an anoxic environment (preserved in the youngest sediments) where detrital
(D) ferromagnetic minerals survive almost exclusively. The detrital component is
identified by comparison with a sample representing the catchment area, taken from
the delta of a small river flowing into the lake. Typically, it has a lognormal shape
with a wide range of coercivities (< 3 to > 300mT). Population B accounts for up
to 85% of the total ARM in the older part of the core and progressively diminishes
with increasing eutrophication (Fig. 4.23a). Egli (2003) postulates an authigenic
origin and identifies the B population as magnetite particles of biogenic origin
because of the narrow coercivity range (30-80mT), high values of independently
measured ARM/SIRM that are characteristic for magnetosomes (Moskowitz et al.,
1988), and TEM observations of intact magnetosome chains.

Figure 4.23 (a) ARM coercivity distributions of six lake sediment samples from Baldeggersee (Switzer-
land) that formed in various degrees of anoxia over the last 200 years and one sample (U03F) taken from the
delta of a small river flowing into the lake (data kindly provided by Ramon Egli). The shape of the curves
changes with increasing eutrophication (G044 — G010). The thickness of the lines represents the estimated
error of the distributions as calculated from eight repeat measurements for each sample. (b and ¢) Unmixing
of the total spectrum (T) yields two major components D and B. D predominates in the most anoxic sample
G010, where component B is subordinate. The B component is very strong in the most oxic material G044.
The numbers in parentheses denote the contribution in (uAm2kg~!) to the ARM of each sample. (Modified
from Egli, 2003.)



PROCESSES AND PATHWAYS

5.1 INTRODUCTION

The environmental archives of interest to us are encoded in soils, eolian deposits, and
water-laid sediments as magnetic responses to complex physical, chemical, and
biological mechanisms. This chapter outlines the main processes and pathways that
give rise to these magnetic signals. Enviromagnetic minerals get into these natural
archives in two major ways. Either they already exist elsewhere and are transported
by wind, rivers, or ocean currents into the location in question or, because of the
extremely high biological and chemical reactivity of iron, they are created or trans-
formed in situ by chemical processes, which are often biologically mediated. The
transformations of the iron minerals influence the (bio-)chemistry and sedimentary
occurrence of other elements, such as phosphorus and sulfur, as well as the magnetic
properties of the sediments that record the environmental and geomagnetic history in
recent times and in the geological past. Thus, the record bears witness to (1) various
detrital processes caused by erosion in different climates and environments; (2) the
results of elemental solubility and subsequent precipitation in fluctuating redox
conditions, which again depend on local or regional environmental circumstances;
and (3) the history of the geomagnetic field —if ferromagnetic minerals in the
sediments carry stable natural remanent magnetization.

5.1.1 Depositional Processes

Detrital ferromagnetic minerals originate ultimately from igneous rocks, in which
they form a characteristic fraction depending on rock type, rock chemistry, and the
conditions of rock formation. Titanomagnetites, titanohematites, and pyrrhotites
in a wide range of chemical composition and grain size are common accessory
minerals in such rocks. Their occurrence is governed by magma composition, oxygen
partial pressure, and cooling rate. Because titanomagnetites are sensitive to changing
p-T conditions, they may oxidize at lower temperatures to titanomaghemites,
thereby keeping the original crystal structure, or they may oxidize and unmix at

84
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high temperatures, giving rise to very characteristic exsolution structures. All
these alteration products may survive even long transportation from the original
emplacement area to the point where they are finally fixed in a sedimentary environ-
ment.

During deposition and eventual lithification, the detrital magnetic minerals
may become aligned parallel to the Earth’s magnetic field and acquire a detrital
remanent magnetization (DRM). Physical alignment of the magnetic particles starts
when they sink through the water column to the sediment surface and ends at a late
diagenetic stage when the motion of the embedded particles is restrained during
dewatering and consolidation of the sediment (see Box 5.1). The DRM process is
subject to many physical forces resulting from the magnetic field, gravity, viscous
drag, and Brownian motion but also from environmental factors such as current
directions, bioturbation, porosity, and pore water circulation. Because of differing
grain sizes and shapes and different specific magnetic properties, the interplay of
the mechanical forces controls the final lock-in of the particles in a very complex
manner.

Notwithstanding this complexity, DRM-bearing sediments are among the most
useful recorders of geomagnetic field behavior in the past because often one can
demonstrate that they have been deposited continuously over long time intervals,
thus providing complete records of the direction and intensity of the geomagnetic
field. These may be essential for dating the sediments by comparison with the
geomagnetic polarity timescale or with well-known features of paleosecular direc-
tional and intensity variations throughout the Quaternary, an important prerequisite
when studying the environmental history of a sediment.

The particulate magnetic influx also gives evidence of environmental change that
may be related to paleoclimatic variability. Depending on fluvial, glacial, or eolian
transport activity, the quantity and composition of the detrital fraction may fluctu-
ate. The magnetic mineral fraction may be diluted or concentrated in the sediments,
resulting in variations of susceptibility, remanence, and other magnetic parameters.
For instance, erosional processes may be facilitated in cold and arid climate periods
when vegetation is reduced, making more material available to removal by rivers,
whereas in warmer times, the land surface is protected by vegetation (e.g., Thouveny
et al., 1994). Alternatively, the magnetic mineral grain size in eolian sediments may
change when, for example, in cold times stronger winds carry not only more material
but also generally coarser grain size fractions into the sedimentation basins (Chen
et al., 1997). This will also change the magnetic signature of the deposits in a
characteristic manner that may be utilized for reconstruction of the environmental
change n detail.

Sedimentation processes may also find expression in the development of a mag-
netic fabric that results from anisotropy of susceptibility or remanent magnetization.
A commonly observed fabric is that due to compaction, wherein the triaxial anisot-
ropy ellipsoid is flattened and the minimum axes are aligned vertically (e.g., Tarling
and Hrouda, 1993). On the other hand, well-grouped — usually horizontally
oriented — maximum axes give evidence of paleocurrent directions in fluviatile and
marine environments.
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Box 5.1 DRM and pDRM

Detrital remanent magnetization is due to the alignment of particles with
magnetic moment, m, during sedimentation and lithification in the presence of
the Earth’s magnetic field, B. The magnetic particles sink through the water
column, reach the sediment/water interface, and come finally to a rest in the
pore space of the sediment. Only a few centimeters of water depth are generally
required for optimum alignment of a depositional remanent magnetization
(DRM). Elongated particles have a tendency to be orientated horizontally due
to gravitation and hence produce too shallow inclination (inclination error).
Water currents may also distort the long grain axes with respect to the field B
(azimuthal error).

Water column

Sediment/water
interface

Bioturbation
Consolidation
Lock-in depth

Compaction

The magnetic particles may still be mobile after deposition in the water-filled
substrate due to Brownian motion of the water molecules. A postdepositional
remanent magnetization (pDRM) will eventually be locked in when the water
content falls below a critical value so that physical contact of the particles hinders
further motion.

The lock-in depth position is controlled by factors such as grain size distribu-
tion of the magnetic minerals and the sediment matrix, sedimentation rate, or
bioturbation (Guinasso and Schink, 1975; Hyodo, 1983; Bleil and von Dobeneck,
1999). In fine-grained terrigenous clays the pDRM may be locked in nearly
simultaneously during ongoing sedimentation (Clement et al., 1996); in coarser
grained silts such as loess sediments the pDRM may be delayed by up to several
meters (Spassov et al., 2001, 2002).

Sediment compaction will probably cause inclination errors, too (Jackson
et al., 1991).
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5.1.2 (Bio-)Chemical Processes

Chemical production of magnetic minerals is the other major source of magnetism in
sediments. The ferromagnetic minerals either form from preexisting iron-bearing
minerals by alteration or oxidation or precipitate directly from iron solutions. In
the latter case, biogenic mediation through bacterial activity is often important, but
authigenic inorganic mineral formation must also be considered. The growth of new
magnetic mineral phases will obviously influence the sediment magnetic properties:
for instance, paramagnetic substances may be converted into strongly magnetic
ferrimagnetic minerals; alternatively, strongly magnetic ferrimagnetic minerals may
be transformed into weakly magnetic antiferromagnetic or even diamagnetic min-
erals. The growth of magnetite from green rust under reducing conditions (Pick and
Tauxe, 1991); the precipitation of goethite, hematite, and lepidocrocite from ferrous
bicarbonate solutions (Hedley, 1968); the oxidation of magnetite to maghemite by
oxygen addition or iron removal; the dehydration of iron oxyhydroxides; and the
oxidation of Fe?*-bearing oxides to minerals containing only Fe’* are some natural
examples that have also been simulated in the laboratory at room temperature
(Froelich et al., 1979). Biogenic magnetite production has been demonstrated to
occur in marine and lacustrine sediments (e.g., Petersen et al., 1986; Hawthorne
and McKenzie, 1993).

The iron transformation processes can indeed be explained by (1) inorganic chem-
ical processes and (2) biologically mediated chemical processes (e.g., Bingham Miiller,
1996), which may finally fix the ferromagnetic minerals firmly in the sediments.

5.1.2.1 Inorganic chemical processes At pH > 5, ferrous iron oxidizes in air or
water to the highly insoluble ferric form, which may be reduced in turn to the ferrous
state under anoxic conditions. This oxidation/reduction cycle at the oxic/anoxic
boundary is important in sedimentary environments and especially in lacustrine
and marine water columns with seasonal or permanent anoxic bottom-water condi-
tions. The reaction may be described by:

Fe?™ + 3H,0 — Fe(OH)4(s) + 3H + ¢~

Ferric iron may also dissolve without a change in oxidation state under acidic (pH < 4)
conditions or form soluble Fe3* ligand complexes in highly productive systems that
are characterized by extensive microbial activity. In the photic zone of lakes and
oceans, ferric iron may be reduced under oxic conditions by organic solvents in the
presence of light (Sigg et al., 1991). The rate of ferric iron dissolution is controlled
either by mineral surface reaction rates or by transport processes, depending upon
the dissolving or reducing agent.

5.1.2.2 Biologically mediated chemical processes Because of its high reactivity,
iron is involved in many biological processes. The mobile ferrous form is easily
transported across cell membranes and is used directly for nutritional needs. As
Bingham Miiller (1996) explains, cells use iron in the enzymatic transfer of electrons
to catalyze reactions, and some bacteria use iron proteins in the reduction of nitro-
gen. Many bacteria couple the degradation of organic matter with the reduction of
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ferric iron. Some bacteria are direct iron reducers, magnetotactic bacteria utilize
chelators, and others reduce ferric iron indirectly (e.g., sulfate reducers). The trans-
formation of iron generally depends on the environment. Direct microbial iron
reduction may occur preferentially in suboxic marine or in methanogenic lacustrine
environments where previously produced sulfides have been removed and hence
sulfate reduction does not take place. Sulfate reduction, on the other hand, regulates
the reductive ferric iron dissolution in most anoxic marine systems and within acid
lakes, saline and brackish wetlands in which organic matter and sulfates are amply
available.

If the size of chemically or biologically grown ferromagnetic minerals exceeds the
threshold volume necessary for SD behavior, a crystallization remanent magnetiza-
tion (CRM) will be acquired (see Box 5.2). In natural sediments, however, the time of
origin of such a CRM is always a matter of debate. Because diagenetic alteration or
authigenetic formation of magnetic minerals may take place long after deposition,
the information about environmental conditions and the geomagnetic field during
deposition may be masked or even completely lost (e.g., Tarduno, 1994). Such a
secondary CRM may overprint the remanence acquired at the time of deposition. Its
value for sediment dating is much diminished compared with DRM, which can often
be assumed to lock in at shallow depth in the sediment column shortly after depo-
sition. Nevertheless, the CRM may give significant clues about the timing and
diagenetic conditions of the alteration processes (as discussed in Chapter 8).

5.2 SOILS AND PALEOSOLS

Soils originate from the interaction of physical, chemical, and biological processes of
weathering. When sediments and rocks are exposed at the land surface, their outer-
most structures begin to loosen due to skin-deep penetration of gas and water. Physical
weathering is due to expansion of rocks and sediments starting at joints and cracks that
facilitate fluid flow in the changing pore space. Soils also undergo similar physical
changes: clay minerals swell when wetted and strong temperature variations caused by
fires or resulting from freezing water also affect the physical soil structure.

Soil-forming chemical reactions occur in four major processes: hydrolysis, oxida-
tion, hydration, and dissolution (Table 5.1). The corresponding backward reactions
are alkalization, reduction, dehydration, and precipitation.

e Hydrolysis usually describes reaction of carbonic acid with cation-rich minerals
to form clay and free cations. It is the main way in which silicate minerals are
chemically destroyed.

e Oxidation can be visualized as converting ferrous ions (Fe>*) to ferric ions
(Fe**) whereby the lost electron becomes available to other compounds. Minerals
containing ferrous iron, such as olivine or pyroxene, usually display green colors,
whereas ferric iron as found in goethite or hematite gives rise to yellowish, brown,
and even red soil coloration. Because ferric cations are relatively insoluble in aqueous
solutions, their oxides and hydroxides may remain stable in soils.



5.2 Soils and Paleosols 89

Box 5.2 CRM

Changing environments may cause neoformation or alteration of ferromag-
netic minerals. Weathering can cause mineralic Fe** ions to be dissolved and
oxidized by abiotic or biogenically mediated processes. They may end up in purely
trivalent iron-bearing minerals such as maghemite or hematite.

Dehydration of goethite is a simple example of these processes:

2a-FeOOH — a-Fe;0; + H,O
which may result in a typical color change from yellow (limonite) to red (hema-

tite) being observed macroscopically.
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The new minerals grow from a microscopic germinal state into larger grain
sizes, thereby crossing the boundary region from superparamagnetic (SP) to
stable single-domain (SD) magnetic state. When this growth occurs in the pres-
ence of the Earth’s magnetic field well below the Curie temperature (e.g., at room
temperature), a chemical or crystallization remanent magnetization (CRM) arises
when the new particles exceed a critical blocking volume. The persistence of the
CRM has been described by Néel (1955) using a relaxation time formalism:

1 MH.v
Te e""( kT )
where T denotes the relaxation time of the magnetization, C is a frequency factor
of the order of 10'9 s~!_ A, the saturation magnetization, H, the coercivity, v the
grain volume, k Boltzmann’s constant, and T the absolute temperature. Crystalliz-
ing grain populations wander from the bottom to the top of the diagram crossing
the isolines of 7 which are proportional to v - H,, thereby acquiringa CRM that may

be stable over millions of years. (Figure adapted from Butler, 1992.) Figure ©
Blackwell Publishing, with permission of the publishers.
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Table 5.1 Examples of Common Chemical Reactions during Weathering

I. Hydrolysis
2NaAlSizOg + 2CO; + 11H,0 — Al;Si,05(0OHy) + 2Na* + 2HCO; + 4H;Si04

albite carbon water kaolinite  sodium bicarbonate silicic
dioxide tons ions acid

II. Oxidation
Fe?t — Fe** + ¢~ (partial reaction)

ferrous ferric electron
ion ion to other element

2Fe* + 4HCO; + 1/20, + 4H,0 — Fe;05 + 4CO, + 6H,0

ferrous Dbicarbonate oxygen  water  hematite carbon  water
ions ions dioxide

III. Hydration and dehydration
2FeOOH < Fe,0O3 + H;O

goethite hematite water
CaS0, - 2H,0 < CaSO4 + 2H,0
gypsum anhydrite  water

IV. Dissolution
CaCO; + CO, + H,0 & Ca** + 2HCOy;

calcite  carbon water calcium bicarbonate
dioxide ion ions

From Garrels and Mackenzie, 1971; compiled by Retallack, 1990 (€© Kluwer Academic Publishers, with kind
permission of Kluwer Academic Publishers and the author).

e Hydration involves addition of water bound in the crystal lattice, as exemplified
by the goethite/hematite reaction.

e Dissolution most commonly involves the removal of calcite by a weak solution
of carbonic acid derived from atmospheric carbon dioxide and water. Bicarbonate
and Ca’" ions may easily precipitate again under alkaline conditions to form, for
instance, calcium carbonate nodules at the bottom of a paleosol (or to block your
kitchen faucet when a temperature change reduces the solubility of CaCO3).

As Retallack (1990) points out, the influence of organisms (plants, burrowing
organisms, bacteria) is so overwhelming that biological processes can hardly be
differentiated from other soil-forming processes. Three of the most important bio-
logical factors are humification, nutrient availability, and bioturbation.

e Humification in modern soils can be characterized by the extent to which
identifiable plant fragments are destroyed and by the amount of humic and fulvic
acids or amorphous organic carbon present.
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e Nutrient availability determines the biological productivity of soils because
plants and animals need a number of nutrient elements that are provided from
cations in solution.

e Bioturbation describes the degree of physical reworking of a soil by organisms.
It depends on the amount of biomass available and on the biological activity (e.g.,
depth and frequency of root penetration or animal burrowing).

Given the wide variety of starting bedrock materials, pedogenic processes, and
environmental factors (rainfall, temperature, topography, drainage), there is great
variability in the soil finally produced. Nevertheless, there are some broad features
displayed by all soils, in particular, the ubiquitous development of more or less
horizontal layers, or horizons (see Box 5.3). A specific sequence of horizons constitutes

Box 5.3 Soil Horizons

It is often observed that soils— and paleosols— present a pattern that basic-
ally consists of three horizons. Starting at the top, these are conventionally labeled
A, B, and C according to the material they consist of. They are illustrated for the
schematic Chernozem profile here. Other horizons are sometimes differentiated,
particularly the organic (O) layer found at the top of modern soils.

A - mixture of organic and mineral matter
By - mineral horizon enriched in carbonates

C - relatively unaltered parent material

Chernozem profile

In addition to these main horizons (always indicated by uppercase letters), it is
common practice to specify certain attributes by means of one or more lowercase
letters. For example, t indicates an accumulation of clay, ¢ the presence of concre-
tions or nodules, k the enrichment of carbonates, and so on. The whole system
provides a powerful shorthand which —with the addition of the appropriate
thicknesses — provides the reader with a clear mental picture of any given situation.
Full details can be found in any soil science textbook (for paleosols, see Retallack,
1990). Figure © Kluwer Academic Publishers with permission of the publishers.
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a soil profile, and different profiles are indicative of different soil-forming regimes.
This leads to the recognition of certain major soil types found on the land surface
of the earth (e.g., Chernozem = dark-colored soil of the Russian steppe and parts of
the North American prairie grassland; Ferralsol = red, brown, and yellow soil of the
humid tropics, notably in Brazil and west-central Africa). For an excellent introduc-
tion to this complex subject, see Fitzpatrick (1986). These major soil types have been
classified by different authorities into different systems of taxonomic nomenclature,
four of the most important being as follows:

1. The Handbook of Australian Soils (Stace et al., 1968)

2. The soil map of the Food and Agriculture Organization 1:5,000,000 (FAO,
1971-1981)

3. The soil taxonomy of the U.S. Soil Conservation Service (Soil Survey Staff,
1975)

4. The soil classification of the former USSR (Egorov et al., 1977)

Both field and laboratory data are necessary to arrive at the correct identification
within a specific classification scheme. This is not always a simple matter, even for an
expert. For example, the U.S. system (which is hierarchical, like zoological and
botanical classification schemes) consists of 10 orders divided into 47 suborders.
These, in turn, are divided into 230 great groups, which are themselves further divided
into subgroups and then families.

Ferromagnetic mineral formation in soils and paleosols often leads to enhanced
soil magnetism, a good example of which is illustrated in Box 5.4. This enhancement
is always connected to an increasing content of ferrimagnetic minerals such as
magnetite, maghemite, or greigite. However, it should be kept in mind that these
strongly magnetic minerals carry only a fraction of the iron available in soils and
paleosols (e.g., Evans and Heller, 1994; Virina ez al., 2000). With respect to magnetic
enhancement, several pathways and connections with iron supply from soil substrates
and climate have been discussed for many years, but an exhaustive general theory
cannot yet be given because of the diversity, complexity, and interaction of the
processes involved. Five major processes are discussed at present (see Dearing et
al., 1996):

1. Detrital input is provided from the atmospheric fallout of fossil fuel-burning
power plants, metallurgical industries, and cement factories (e.g., Hulett er al., 1980;
Flanders, 1994; Strzyszcz et al., 1996). Relatively coarse-grained (1-20 pm) spherules
of magnetite (and partly hematite) are generated by these various industrial sources
and are transported as dusts and aerosols over variable distances to settle eventually
on the soil surface. After landing there, the particles penetrate into the soil profile and
accumulate mostly in the uppermost fermentation and humic subhorizons. In this
case, magnetic low-field susceptibility will show very little frequency dependence
because of the large particle size.

2. Natural fires or crop burning may cause thermal transformation of weakly
magnetic iron oxides, hydroxides, and carbonates to ferrimagnetic magnetite or
maghemite in the presence of organic matter (Schwertmann and Heinemann, 1959;
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Box 5.4 Magnetic Enhancement

The accompanying figure illustrates the increase in magnetic susceptibility
caused by the formation of a soil from a preexisting substrate. In this particular
case, the starting material is windblown silt (loess, white fields in lithology
column) in China. The entire package of sediments is constituted by an alterna-
tion of loess and soil layers; the soils are covered by younger loess and hence
are called paleosols (hatched areas in lithology column). Also plotted is the
stratigraphic variation in sediment grain size, which is also diagnostic, loess
being systematically coarser than paleosol. The grain size gives information
about the wind regime during deposition, whereas susceptibility reflects detrital
magnetic input and influence of alteration processes after deposition of the eolian
material.

Susceptibility (10-8 m3g-1) Grain size > 30 ym (%)

0 100 200 50 30 10
SO 0 1 [ 1

50

Loess/paleosol section at Luochuan (from Lu et al., 1999b).
© John Wiley & Sons Limited. Reproduced with permission.

Le Borgne, 1960; Kletetschka and Banerjee, 1995). Iron hydroxides dehydrate to, or
fine-grained hematite may be reduced to, magnetite, which can subsequently oxidize
to maghemite. Fires affect the topmost soil layers, and the degree of magnetic
enhancement is highly variable depending on organic matter content, temperature
of burn, availability of preexisting iron minerals (especially iron hydroxides), and soil
porosity.

3. Inorganic in situ formation of ultrafine-grained magnetite has been postulated
by Maher and Taylor (1988) for some English soils. Laboratory experiments (Taylor
et al., 1987) show that magnetite can indeed be synthesized through controlled oxida-
tion of Fe' solutions at room temperature and near-neutral pH. The synthetic
material was similar in chemical composition, morphology, and grain size to the
soil analogues that are thought to be related to soil erosional inputs. Brennan and
Lindsay (1998) confirm that transfer of electrons from decomposing organic matter
to Fe** in soils increases the activity of Fe?*. They find experimentally that exposure
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of soils to atmospheric oxygen causes them to become sufficiently oxidized that
amorphous ferrihydrite forms, which appears to control Fe solubility. Crystalline
Fe3* oxides including hematite and goethite can control Fe solubility under highly
stable oxidizing conditions. However, with prolonged soil submergence and adequate
organic substrate, the formation of magnetite may control Fe solubility in reducing
environments when oxygen is greatly restricted. Such cycles of highly variable redox
conditions may be met by changing soil moisture and aeration in variable climate
sequences.

4, Bacterial microorganisms influence the precipitation of Fe3* oxides, cause Fe?*
oxidation, and utilize organic ligands of Fe?* and Fe** compounds or dissolve iron
compounds by reducing Fe3*, by forming iron complexes, by releasing complex
organics, or by utilizing iron for metabolism (Fischer, 1988). This activity may lead
to another source of in situ enhancement of magnetic soil signals. If anaerobic
conditions prevail, dissimilatory bacteria may produce extracellular ultrafine SP
and SD magnetite grains (Lovley ez al., 1987) or greigite may form due to microbial
reduction (Stanjek et al., 1994). Such conditions may be met in periodically water-
logged gleys and strongly podzolized humic-iron podzols (Dearing et al., 1996).
Those soils may not contain high concentrations of magnetite, but the ultrafine SP
grains are expected to be uncontrolled in size because of the locally varying anoxic
microenvironment (Maher and Taylor, 1988). Magnetotactic assimilatory bacteria
that produce intracellular chains of SD magnetite magnetosomes can exist under
more oxygenated conditions in topsoils (Fassbinder e? al., 1990). However, their low
population densities in modern topsoils do not seem to provide a substantial contri-
bution to the magnetic enhancement of soils.

5. The most prominent process of magnetic mineral formation in soils has been
formulated by Schwertmann (1988a,b) and discussed in detail by Dearing et al.
(1996). Weathering of iron-bearing minerals during soil wetting and drying cycles,
that is, change in pedoenvironmental factors such as temperature, soil water activity,
pH, organic matter content, and release rate of iron, may produce Fe?* solutions that
are oxidized and —favored by the presence of organic matter — form ferrihydrite
(5Fe;03-9H,0) when critical concentrations are achieved. Ferrihydrite is the most
easily reduced iron oxide and occurs at relatively high Eh values under short-lived
periods of anaerobicity in well-drained soils (Fischer, 1988). Iron-reducing bacteria
utilizing ferrihydrite and other iron oxides/hydroxides as terminal electron acceptors
will liberate the Fe?™ ions (see Chapter 9). This microbial iron reduction during
metabolic respiration is considered to be the essential process to produce soluble
Fe?* ions in soils (Schwertmann, 1988a):

4FeOOH + CH,0 + H,0 — 4Fe** + CO, + 8OH™

It represents the so-called fermentation mechanism, which was postulated many years
ago by Le Borgne (1955) and Mullins (1977). Partial dehydration and reduction of
ferrihydrite to magnetite will finally take place in the presence of excess Fe**, giving
rise to enhancement of soil magnetic properties as summarized in the model by
Dearing et al. (1996). Figure 5.1 illustrates a schematic sequence in which ferrihydrite
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Figure 5.1 Sequence for secondary ferrimagnetic mineral formation in temperate soils as proposed by
Dearing et al. (1996). Main iron phases (uppercase lettering), important processes (lowercase lettering), and
factors (italic lettering) at different stages are indicated. The possible weathering of metastable secondary
ferromagnetic minerals is shown as a dashed line. © Blackwell Publishing, with permission of the publishers.

forms under weathering conditions after iron becomes available from the parent
material by hydrolysis and dissolution and through bacterially mediated iron reduc-
tion and then reacts with excess Fe’* to form magnetite, which may be partially
oxidized to maghemite.

Hydrolysis and dissolution in soils are often connected to precipitation. Hence, in
soils or paleosols developing on substrates with uniform iron mineral content and
rock texture such as many loess sequences, the iron supply and the production of new
magnetite/maghemite during pedogenesis may semiquantitatively reflect precipita-
tion in variable (paleo-)climates (Dearing ez al., 1996). Magnetic sediment properties
may be used successfully as proxies for paleoclimate reconstruction if the paleosols
reach comparable maturation. Appropriate magnetic climofunctions have been
established (Singer et al., 1992; Heller et al., 1993; Maher and Thompson, 1995;
Han et al., 1996; Evans et al., 2002).

Not only enhancement but also magnetic depletion is observed in soils. Leaching
is often encountered in waterlogged soils and natural or artificial (e.g., in rice fields)
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gleization leads to reduced magnetic signals (Babanin et al., 1995). Oxidation may
provoke the formation of weakly magnetic minerals from strongly ferrimagnetic
minerals. These weakly magnetic phases, together with paramagnetic minerals,
mask clear correlation between magnetic susceptibility and the total iron content of
the soil. There is a weak correlation between total iron and magnetic susceptibility in
Chinese loess/paleosol samples, but the correlation increases significantly if one
considers only dithionite-soluble iron or oxalate-soluble iron (Fig. 5.2). The latter
quantities are determined by means of standard soil science procedures involving
certain reagents able to remove iron bound in specific target minerals. In the case of
dithionite, the main target is maghemite. For oxalate, the targets are ferrihydrite,
lepidocrocite, and (according to Canfield, 1989) magnetite. This complex behavior
underlines the great need for caution when using sediment magnetic properties as
quantitative climate proxies.

5.3 MARINE SEDIMENTS

Magnetic minerals in marine sediments are of terrigenous, chemical, and biogenic
origin (Henshaw and Merrill, 1980). Terrigenous material consists largely of granular
(clastic) material eroded off the continents by water, ice, and wind. Much of this
continental debris is introduced by rivers and is eventually distributed widely by the
general ocean circulation. Near the mouths of rivers, sedimentation is relatively high
(e.g., for the Mississippi it exceeds 1 cm/year). On the other hand, in the deep oceans,
pelagic clay accumulates very slowly, typically at a rate of less than 1 mm/year.
Volcanic ashes and eolian dusts may also contribute to sedimentation rates of the
order of several mg/cm?/year, as noted in the Yellow Sea, for example (Hovan
et al., 1989).

In addition to the imported terrigenous detritus, magnetic minerals are created
and transformed in the marine realm during diagenetic alteration of iron-bearing
minerals and authigenesis. In hemipelagic regions, organic matter dominates the
geochemical system. Oxidation and fermentation of organic constituents control Eh
and pH and become the driving mechanism for chemical reactions. Elemental supply
may come from seawater or from volcanic and hydrothermal vents at seamounts and
midoceanic ridges where marked increases of heavy metals such as iron, copper,
nickel, and manganese are found. Thus, hydrogenous or authigenic iron-manganese
oxides, oxyhydroxides, and iron-rich clays may form that are very sensitive to
changes in the geochemical environment.

Precipitation and dissolution under variable redox conditions influence the chem-
istry and physical properties of new magnetic mineral phases. Change of grain volume
and magnetic domain structure will give rise to stable, unstable, or completely viscous
remanent magnetization; to variable susceptibility behavior; or to hysteresis proper-
ties that are indicative of environmental change (e.g., Tarduno, 1994).

In order to understand the sediment geochemistry and to reconstruct the paleoen-
vironment, the chemical stability of the authigenically formed minerals must be
known. The stability diagram of Fig. 5.3 shows that a variety of magnetic minerals
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Figure 5.3 pE versus pH equilibrium diagram of the Fe-S-H,O system, using the hydroxide-oxide
mineral change of goethite to magnetite. Assumed concentrations of dissolved Fe and S in seawater
3.5 x 10~% mole/l and 2.8 x 10~2 mole/], respectively. pO, = 0.20atm, 7 = 25°C. pH < 7 indicates acidic,
pH > 7 basic, pE > 0 oxidizing, and pE < 0 reducing conditions; stability fields for precipitation of goethite,
magnetite, pyrite, and pyrrhotite are shown. (From Henshaw and Merrill, 1980.) © American Geophysical
Union. Reproduced by permission of American Geophysical Union.

can form authigenically in seawater (pH ~ 8.1). Because the oxidation state in marine
sediments can vary considerably, it is possible that magnetite and/or goethite (the
iron oxy-hydroxide polymorph to which other iron oxy-hydroxides convert upon
aging) form in this environment. Hence ferromanganese oxides and oxyhydroxides
are the most important minerals in the marine environment except in anoxic regions,
where, among other iron sulfides, magnetic pyrrhotite may prevail. The oxidation
potential may also be strong enough to cause maghemitization of titanomagnetites
derived from oceanic basalt.

The organic matter content and type play a central role in determining the oxidation
state of the marine sediments. On a large scale this is expressed in the Pacific Ocean by
two major types of sedimentary environment (Henshaw and Merrill, 1980). In the
hemipelagic zone near the continents, a two-layer sediment column exists where the
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uppermost sediments are oxidized due to contact with oxygenated bottom waters. The
sediments below are rich in organic matter and become anoxic because of rapid burial
due to high sedimentation rates that prevent their oxidation. Seaward into the ocean
basin, the oxidized layer thickens until in the deep sea the anoxic zone virtually
disappears because of low organic input and very slow sedimentation rates.

A relatively simple and idealized model of the geochemistry and the ionic mobility
and remobilization reactions in the sediment column due to organic matter decom-
position has been introduced by Froelich et al. (1979). It takes as starting organic
matter a standard reference compound representative of the average oceanic plank-
ton (Redfield, 1958; Fleming, 1940). This so-called Redfield composition has atomic
ratios carbon/nitrogen/phosphorus = 106:16:1 [i.e., (CH20),06(NH3),¢(H3PO4)].
During diagenesis, this 1s first oxidized by the oxidant yielding the greatest free energy
change per mole of organic carbon oxidized. When this oxidant is depleted, oxidation
proceeds utilizing the next most efficient (i.e., energy-producing) oxidant until all
oxidants are consumed or oxidizable matter is depleted. The reactions, which are
bacterially mediated, use available electron acceptors in the following order:
0;, NO3, MnO;, Fe,03, FeOOH, and SO}(. The sequence of these chemical reac-
tions, which proceed from aerobic respiration to sulfate reduction and methane
production, is outlined in Table 5.2. The chemistry of a schematic pore water profile
overlain by oxygenated waters results in a zonation as shown in Fig. 5.4,

Table 5.2 Decomposition Reactions of Sedimentary Organic Matter in Marine
Sediments

Process

Reaction

Aerobic respiration
(zone 1)

Nitrate reduction
(zone 2)

or

Manganese reduction
(zones 3 and 4)

Iron reduction
(zones 6 and 7)

Sulfate reduction

Methane production

(CH,0),06(NH3),,(H3POy) + 1380, =

106CO; + 16HNO; + H3PO, + 122H,0
(CH,0),06(NH3),s(H3PO,) + 94 4HNO; =

106CO; + 55.2N; + H3PO, + 177.2H,0
(CH,0),45(NH3),s(H3PO,) + 84.8HNO; =

106CO, + 42.4N; + 16NH; + H3PO, + 148.4H,0
(CH,0),06(NH3),5(H3POy4) + 236MnO, + 472H* =

236Mn?* + 106CO; + 8N; + H3PO, + 366H,0
(CH>0),96(NH3)4(H3PO4) + 212Fe,;05

(or 424FeOOH) + 848H+ = 424Fe** + 106CO; + 16NH;+

H;PO, + 530H,0 (or 742H,0)

(CH;0),44(NH3),5(H3PO4) + 53805~ =
106CO; 4+ 16NH; + 852~ + HsPO, + 106H,0
(CH20),44(NH3),4(H3POy4) =
53CO, + 53CH4 + 16NH;3 + 882~ + H;PO,

From Leslie er al., 1990, following the zonation of Froelich er al., 1979. © American Geophysical Union.
Reproduced by permission of American Geophysical Union and the authors.
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Concentration Reaction
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Figure 5.4 Schematic representation of chemical composition trends in pore water profiles of pelagic
sediments according to Froelich ef al. (1979). Depth and concentration axes in arbitrary units. The reaction
zones and the characteristic curvature of the reaction gradients are discussed in the text. Typical reactions
are listed in Table 5.2. © Elsevier Science, with permission of the publishers.

The sequence starts with oxidation of organic carbon in the topmost oxic environ-
ment, followed by consumption of nitrate and labile MnO,. Then iron reduction
takes place in suboxic environments, and further reactions in deeper zones of anoxic
environment may follow. As we are interested primarily in the iron cycle, we note the
following iron reduction reaction according to Froelich et al. (1979):

(CH,0),05(NH3),4(H3POy) + 212Fe,03(or 424FeOOH) + 848H* =
424Fe** + 106CO;, + 16NH; -+ H3PO4 + 530H,0 (or 742H,0)
with

AGY = —~1410kJ /mole (hematite, Fe,O3)
—1330kJ/mole (limonitic goethite, FeOOH)

where AG® denotes Gibbs free energy changes.
In more detail (see Fig. 5.4): In zone 1, oxygen is utilized for the oxidation of
organic matter and is used up toward the bottom of this zone. In zone 2, nitrate
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reduction commences and oxic diagenesis ceases. In zones 3 and 4, deposited MnOs,
which has been buried down to zone 4, is reduced to Mn?* and diffuses up to zone 3,
again to be oxidized and redeposited. This process is repeated and hence acts as a
sedimentary manganese trap that eventually creates a highly enriched manganese
layer. By analogy with the MnO, reduction (which may be missing if manganese ions
are absent), zone 7 represents the production of dissolved Fe** by reduction of ferric
oxides during carbonate oxidation (see preceding reaction). Dissolved iron diffuses
upward to be consumed near the top of zone 7. Because only a small portion of total
iron is mobile (e.g., surface coatings of iron oxyhydroxides), iron trapping is small.
Deposition of dissolved iron in zone 6 may result from oxidation by still-existing O,
or more likely by nitrate moving down from zone 5. Hence, an electron acceptor must
be involved. Alternatively, Fe?* consumption may occur by incorporation of reduced
iron into solid phases such as mixed carbonates (siderite), iron-rich smectites, and/or
glauconites. In the absence of strongly anoxic conditions, slight SO2~ reduction may
produce S?~, which binds with excess Fe’* to form FeS. Alternatively, if Mn is
available with excess Mn?*, formation of MnS takes place.

Thus, as we go down this idealized sediment column, we expect (1) an increase in
the NOj concentration to a maximum, (2) an increase in dissolved Mn** and a
decrease in NOj to zero, (3) an increase in dissolved Fe’*, and a fairly monotonic
increase in total CO; and PO}~ (Froelich et al., 1979).

The characteristic times for these processes vary between 1 and 700 years, and the
extent of these microbially mediated reactions is determined by the organic supply,
sedimentation rate, and availability of reactants.

The effects of iron-sulfur diagenesis throughout the sediment column largely
control the magnetic mineralogy. In the oxic zone, authigenic Fe-Mn-oxyhydroxides
may precipitate inorganically from ferrihydrite precursors. As the reaction sequence
progresses into the suboxic zone through Mn and Fe reduction, authigenic magnetite
forms on top of the iron reduction zone at the Fe’* /Fe?* redox boundary (Karlin
et al., 1987). Macroscopically, these reduction changes are reflected in corresponding
color changes from brown to tan and then from tan to green (Lyle, 1983; Sahota
et al., 1995). The position of the Mn and Fe redox boundaries depends largely on the
organic carbon flux. If this flux decreases, reductants are depleted less rapidly and
redox boundaries are shifted to greater depths. Organic carbon flux variations have
been observed on glacial-interglacial timescales in the deep sea when the nature and
depth of redox boundaries have changed, leading to non-steady-state magnetic
mineral reduction (Tarduno and Wilkison, 1996). Authigenic magnetite formation,
however, is considered to be an integral part of the organic matter decomposition as
it is produced between the nitrate and iron reduction zone (Karlin, 1990). This milieu
is optimal for the activity of iron-digesting bacteria to produce magnetite biogenically
as observed by Petersen ef al. (1986).

In the suboxic zone, microaerophilic magnetotactic bacteria form intracellular
chains of magnetite by iron assimilation while using oxygen or nitrate as the terminal
electron acceptor for metabolism (Blakemore et al., 1985). According to Karlin ef al.
(1987), a sharp increase in authigenic magnetite formation can be observed just below
the zone of nitrate reduction and continuing into the zone of iron reduction. In the
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anoxic zone, both anaerobic, NO,-using, magnetotactic bacteria and dissimilatory
bacteria that reduce amorphic ferric oxide to extracellular magnetite during meta-
bolic organic matter oxidation have been proposed as primary producers of authi-
genic magnetite (Lovley e? al., 1987; Stolz et al., 1990).

Magnetite production by aerophilic magnetotactic bacteria in the oxic and sub-
oxic zones is extremely sensitive to environmental change. Different species of mag-
netotactic bacteria have different tolerances to oxygen concentration and prefer
different habitats, thereby producing different magnetosome morphologies. Hesse
(1994) demonstrated that during the Brunhes period the concentration and shape
of bacterial magnetosomes in Tasman Sea sediments changed following Pleistocene
climate variations. Cold periods were marked by lower pore water oxygen concen-
tration so that elongate magnetosomes were produced in a less oxygenated environ-
ment whereas equant magnetosomes were found in more oxygenated conditions
during warmer intervals (Fig. 5.5). Figure 5.5 also shows the habitats preferred
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Figure 5.5 Schematic diagram of the chemical environments (a) and bacterial habitats (b) in the upper
marine sediment column after Hesse (1994). Sediment chemistry from Froelich et al. (1979) extended into
the anoxic sector. Equant and elongate magnetosome-producing bacteria apparently prefer high- and low-
oxygen conditions, respectively (Hesse, 1994); a, laboratory culture of freshwater strain AMB-1 (Matsunaga
et al., 1991); b, laboratory culture of freshwater Aquaspirillum magnetotacticum (Blakemore et al., 1985); c,
laboratory culture of MV-1 strain from estuarine environment (Bazylinski, 1991); d, living magnetotactic
bacteria in South Atlantic deep-sea sediments (Petermann and Bleil, 1993); e, inferred bacterial concen-
tration in marine sediment (Karlin ez al., 1987); f, laboratory culture of sulfate-reducing freshwater strain
RS-1 (Sakaguchi et al., 1993). © Elsevier Science, with permission of the publishers.
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with respect to redox zones of a number of aerophilic and anaerobic as well as
dissimilatory bacteria as observed in the laboratory and in marine sediments when
oxygen availability is reduced down the sediment pile in the anoxic zone.

Sulfate is thermodynamically the least preferred acceptor but is widely available,
and hydrogen sulfide produced by bacterial sulfate reduction is common in organic-
rich marine sediments (Leslie et al., 1990). During active sulfate reduction, increased
amounts of reduced sulfur are created so that H,S in the pore water increases with
depth. As soon as the boundary from an iron-rich (Fe’* > H,S) to a sulfur-rich
(H,S > Fe?*) system in the anoxic zone is crossed, dissolution of magnetite begins.

The rate of magnetite dissolution is proportional to dissolved pore water sulfide
concentration, which is related to the sulfide production rate, sedimentation rate, and
intensity of bioturbation and depends on pH conditions and the surface area of
magnetite grains so that the “half-life” of magnetite in anoxic sediments ranges
between 50 and 1000 years (Canfield and Berner, 1987). Hydrogen sulfide easily
reacts with Fe* to form mackinawite and greigite (Leslie et al., 1990). Persistently
high dissolved sulfide concentration will accomplish dissolution, sulfidization, and
finally pyritization of magnetite. On the other hand, magnetite may be preserved if
H,S production is absent or is at a maximum when sediment burial is rapid. In the
latter case, magnetite may move quickly through the dissolution zone when dissolved
H,S has not enough time to build up but is constantly taken up by detrital ferric iron
minerals that are more reactive than magnetite (Canfield and Berner, 1987).

5.4 RIVERS AND LAKES

Integrated study of the magnetic aspects of substrates, soils, and sediments of lakes
and their catchment areas may provide useful insight into the processes affecting the
origin, transport, transformation, and accumulation of lake sediments as well as tools
for elucidating their paleoecological significance (Oldfield, 1977). The framework of
studies of this type is provided by the concept of ecosystems. An ecosystem is a
regional unit of nature in which the biotic community of all organisms living in the
area and their nonliving environment function together in order to maintain and
develop this ecological system (Odum, 1997). Here biogeocoenosis, the coupled
functioning of life and earth, takes place. Bormann and Likens (1969) describe the
ecosystem ‘“‘as a series of components, such as species populations, organic debris,
available nutrients, primary and secondary minerals, and atmospheric gases, linked
together by food webs, nutrient flow, and energy flow.” Following these authors, the
catchment area of a lake may be assigned a number of individual watershed ecosys-
tems that interact with the lake ecosystem itself. This group of ecosystems results in
an interacting catchment-lake ecosystem that may be called a lake-watershed eco-
system as proposed by Oldfield (1977).

The input-output processes of a single ecosystem have to be recognized if we are
to understand its energy and nutrient relationships; the dynamic effect of geological
processes such as erosion and deposition, mass wasting and weathering; the effects of
meteorological changes on its behavior; and the interrelation with other ecosystems.



104 5 Processes and Pathways

For the lake-watershed ecosystem — a system consisting already of several subecosys-
tems but still being much simpler than the extremely complex and open oceanic
ecosystems-—input may be of meteorological (precipitation and dry fallout), bio-
logical (moved by animals or humans), and geological (dissolved or particulate stream
load, alluvial and colluvial matter) origins. Biological output in an undisturbed natural
system would generally balance the biological input. Geological output would consist
of dissolved and particulate matter and could be estimated from hydrological and
chemical measurements. Of course, the mass transfer from the higher energy catchment
subecosystems into the lower energy lake subecosystem is of prominent importance for
the nutrient budget of the lake. Figure 5.6 illustrates some of the input—output relations
between the lake sedimentary record and the contributory processes and materials.
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Figure 5.6 Simplified model for nutrient and energy output/input in a watershed-lake ecosystem. Major
sites of accumulation and exchange pathways within the ecosystem are shown. [Following Likens and
Bormann (1975) and Oldfield (1977).] © Springer-Verlag and Arnold Publishers, with permission of the
publishers.
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The origin of the ferromagnetic minerals in lake sediments depends largely on
three major input sources:

1. Geological material produced by erosion of the catchment substrate or soils
provides minerogenic material input to the lake ecosystem. A maar lake such
as Lac du Bouchet situated in the southeast of the volcanic province of the
Auvergne region of France receives large amounts of titanomagnetite derived
from the surrounding strongly magnetic basaltic rocks, which are heavily eroded
during cold climate periods when the surface vegetation cover is reduced (Thou-
veny et al., 1994). Indeed, the Hubbard Brook (White Mountains of New
Hampshire) watershed ecosystem experiment of Bormann and Likens (1969)
showed that nearly all the iron— being a tiny fraction of the drained dissolved
matter — was brought in as inorganic particulate matter.

2. Air-transported particulates form a substantial part of direct precipitation input.
Atmospheric fallout of industrial man-made particles may contribute an ad-
ditional ferromagnetic mineral fraction in lake sediments deposited during the
last 150 years (Oldfield and Richardson, 1990). In low-sedimentation areas such
as lake ridges, eolian dust influx may become important. This factor has been
positively identified from increased concentration of high-coercivity minerals
(goethite, hematite) on the Academician Ridge of Lake Baikal during cold
climate episodes (Peck et al., 1994).

3. Some iron may also reach the lake sediments in dissolved form when anaerobic
conditions develop in the soils of the catchment area, for instance, as a result of
podsolization or peat formation. Particulate iron, however, may also dissolve
and precipitate, depending on pH and redox conditions and biogenic activity
before or after deposition and burial in the sediment column (Karlin, 1990).
Thus, ferromagnetic minerals may grow authigenically at or near the mud-
water interface in a manner similar to that already discussed for the marine
environment.

The first two sources are controlled directly by external forcing by climate,
weathering, and wind activity. They will be mirrored by increasing or decreasing
concentration or dilution of detrital ferromagnetic minerals of characteristic type and
grain size as seen, for instance, in Lough Neagh, Northern Ireland, where the
magnitude of susceptibility correlates with yearly rainfall (Dearing and Flower,
1982) or Lake Baikal (see carlier).

The third magnetic mineral source — the authigenic mineral formation in lake
sediments — depends on the aquatic productivity, which is directly related to nutrient
availability. Primary and secondary minerals may chemically decompose to form
available nutrients, or secondary minerals may be formed from available nutrients
with or without mediation through the activity of organisms (Likens and Bormann,
1975). Anaerobic and acid conditions keep ferrous iron and phosphate compounds
soluble, but with oxygenation under more alkaline conditions the solubility product
of ferrous phosphate (vivianite) may be reached (Anderson and Rippey, 1988). This
process may cycle reversibly with seasonal changes in oxygen content of the hypo-
limnion of certain lakes (see Box 5.5). Hilton (1990) argues that greigite forms in
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Box 5.5 Anatomy of a Lake

Many of the biological and chemical processes that take place in lakes are
controlled by the depth to which light penetrates into the water and hence the
depth to which photosynthesis occurs. Thus, the epilimnion is dominated by
phototrophic algae that fix inorganic carbon to manufacture organic compounds.
Deeper down, the hypolimnion is where organic compounds are broken down
rather than synthesized: respiration and decomposition dominate. As a result, an
oxygen profile is established as shown in the diagram. The epilimnion/hypolim-
nion boundary migrates up and down according to the season. The situation
depicted here refers to typical summer stratification. As winter approaches,
surface waters are cooled and sink through the epilimnion, eventually eliminating
the hypolimnion by progressive erosion from above. Oxic conditions then reach
to the bottom of the lake and may even penetrate into the sediments.

02%

Epilimnion

Hypolimnion

Lakes can be classified in terms of their biological activity or trophic state.
Typically, a lake with a chlorophyll content of ~20 ug per liter is said to be
eutrophic, whereas values about 10 times smaller indicate oligotrophy. For com-
prehensive discussions, see Wetzel (2001) and Dodds (2002).

eutrophic lakes with enough labile carbon to lower the redox and enable SO}~
reduction to occur and with labile iron and sulfur and an oscillating oxycline within
the sediments. Alternating oxidizing and reducing conditions in connection with a
steep diffusion gradient to get high H,S seem to be necessary to produce first acid-
volatile sulfide in reducing conditions and then elemental sulfur from the sulfide
under oxidizing conditions, especially when iron oxide or manganese oxide is present,
before forming greigite under reducing conditions again. This oscillation occurs in
the millimeter- to centimeter-thick surface layers of productive sediments when the
oxycline moves seasonally into and out of the sediment. Greigite may be produced
inorganically or may be mediated biologically by sulfate-reducing microorganisms
(Mann et al., 1990a), most likely in eutrophic lakes.

Ultrafine magnetite grains extracted from lake sediments deposited under oligo-
trophic and oxic water conditions (marl lake) and near the sediment-water interface
are biogenically precipitated magnetite produced by microaerophilic bacteria such
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as Aquaspirillum magnetotacticum (Bingham Miiller, 1996). This type of magnetite
will be preserved, thereby being able to record paleomagnetic signals. Eutrophi-
cation of a marly lake, however, will lead to dysaerobic conditions with increased
productivity and deposition and preservation of organic matter (Hollander er al.,
1992). Anaerobic respiration becomes the dominant metabolic pathway for organic
matter oxidation within the uppermost sediments (Froelich et al., 1979), leading to
reducing sulfidic diagenetic conditions that force coarsening of ferromagnetic grain
size [e.g., in Lough Augher as discussed by Anderson and Rippey (1988)] and favor
destruction of biogenic but at a later stage also of detrital magnetite. Sulfur may
be released from the breakdown of organosulfur complexes during organic matter
mineralization and may become available for the formation of mackinawite
(Fig. 5.7).

Bingham Miiller (1996) discusses four phases of iron transformation that may take
place seasonally or in the course of progressive eutrophication of a lake, which may
possibly be induced by human activity. Her evidence is developed from studies of
modern Lake Greifen (Switzerland) and applied to the Holocene Lake Greifen and
ancient marine systems such as the Mississippi delta. These phases model the re-
sponse of the lake waters and the diagenesis of the lake sediments to processes that
occur during
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Figure 5.7 (a) Photograph of the split section of a short gravity core from Lake Greifen (Switzerland)
showing the lithologic changes associated with the changing redox state of the water column from oxic
(bottom) to dysaerobic (middle) and anoxic (top) sediments. The increase in organic carbon is related to
increasing productivity due to progressive eutrophication since 1887. (b) Solid iron species plotted as
percentage of total iron. Iron bound to acid-volatile sulfide (AVS) and pyrite increases and iron bound to
silicates decreases at 30 cm depth or near the boundary between bioturbated marls and transition sediments
of the dysaerobic zone. (c) Magnetite and mackinawite content versus depth. The up-core decrease in
magnetite concentration from laminated marls (below 22cm) to organic carbon-rich varved sediments
correlates to an increase in acid-volatile sulfide. (All data from Bingham Miiller, 1996.)
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1. Periods of low to moderate rates of productivity and permanently oxic waters

2. Transitional periods characterized by moderate rates of productivity and season-
ally anoxic waters

3. Periods of high productivity and degree of anoxia

4. Periods of extreme water-column anoxia, due either to extremely productive
conditions or to stagnant waters in which sulfate becomes limiting to iron sulfide
formation

In phase 1 (low productivity), the iron and phosphorus cycles are coupled, and
ferric (oxyhydr)oxide phosphate and organic colloid complexes are formed. The iron
cycle is not coupled with the sulfur cycle, and an iron—-phosphate barrier is built. As
far as ferromagnetic minerals are concerned, biogenic magnetite is formed by iron-
chelating bacteria in the topmost aerophilic sediments and under suboxic conditions
and remains preserved together with detrital (titano)magnetite. Geomagnetic field
variations (secular variations, polarity changes) during sediment formation may be
recorded with high fidelity. Reactive ferric iron species, such as ferrihydrite or
lepidocrocite, are common and are associated with phosphorus. Metabolism of
organic matter is oxic, and hence the pH in the sediments is neutral. Sulfide is
produced minimally yet as a result of sulfate reduction and is oxidized and lost to
the water column.

The following microbial and chemical processes are some of the pathways by
which ferromagnetic minerals are formed or destroyed in phase 1 (and in oligotrophic
lake ecosystems):

Sedimentation of (titano)magnetite
Authigenesis of magnetite via iron chelation by 4. magnetotacticum

FeOOH = Fe304
Bacterial iron reduction

FeOOH + 2H* + le” = Fe(OH)* + H,0

In phase 2 (moderate productivity), the iron and sulfur cycles are coupled rapidly
so that phosphorus is released from the sediments. As far as ferromagnetic minerals
are concerned, biogenic magnetite, formed in the topmost sediments, is rapidly
sulfidized and destroyed, and detrital magnetite undergoes dissolution and sulfidiza-
tion even in systems with low sulfate availability, low sulfate reduction rates, and
high sedimentation rates as a result of internal sulfur cycling. Ferric or ferrous iron
competes with phosphate for ferric iron adsorption sites, and sulfur binds with
ferrous iron to form either acid-volatile sulfide or sulfide minerals such as mackina-
wite or pyrite. The geomagnetic record in the sediments deteriorates, depending on
the availability of reactive iron. Organic matter is enriched in sulfur, pH conditions
are basic, the anaerobic metabolism of organic matter is controlled mainly by
bacterial sulfate reducers, and sulfur is internally cycled at moderate rates and
retained.
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In phase 3 (high productivity), the iron and sulfur cycles are coupled and the
sediments become a source of nutrients for further water column productivity. As far
as ferromagnetic minerals are concerned, magnetite destruction takes place due to
reducing diagenetic conditions as long as sulfate reduction rates are faster than ferric
iron reduction; detrital magnetite is completely dissolved by reduction. High concen-
trations of reduced inorganic iron sulfides, such as mackinawite and pyrite, and
extremely low concentrations of reactive iron, associated with sulfate, are present.
Reliable geomagnetic signals have disappeared in the sediment magnetization. Or-
ganic matter is enriched in sulfur and mineralized anaerobically by microbial sulfate
reducers, pH is basic, and sedimentary sulfur is cycled rapidly, resulting in an
annually renewable source of sulfur for sulphate reduction.

The following microbial and chemical processes are some of the pathways by
which ferromagnetic minerals are formed or destroyed in phases 2 and 3:

Sedimentation of (titano)magnetite

Precipitation and deposition of iron oxyhydroxides (ferrihydrite and lepidocro-
cite)

Mackinawite formation via sulfidization of reactive iron phases (e.g., ferrihydrite)
Authigenesis of magnetite via iron chelation by A. magnetotacticum

FeOOH = Fe;04

Magnetite sulfidization and subsequent formation of mackinawite

(i) FesO4+8H" +2¢™ = 3Fe}} +4H,0
(ii) Fe** + HS™ = FeS+ H"

Bacterial iron reduction
FeOOH + 2H' + e~ = Fe(OH)' + H,0

Abiotic oxidation of mackinawite or other reduced sulfide species by reactive
ferric iron phases:

16H™ + 8FeOOH + FeS + FeO = 9Fe?* + SO;™ + 12H,0

In phase 4 (extreme lake stagnation), the iron cycle is coupled with both the sulfur
and phosphorus cycles. In extreme water anoxia, hydrogen sulfide production may
become limited. If reactive iron is available, iron and nitrate reducers produce ferrous
iron in concentrations higher than hydrogen sulfide, thereby enabling iron sulfide and
even excess ferrous iron formation. The availability of both ferrous iron and phos-
phorus results in the formation of ferrous complex species such as vivianite
(FesP,04-8H,0), in addition to iron sulfides. As far as ferromagnetic minerals are
concerned, magnetite is sulfidized and destroyed. Alternatively, detrital magnetite
may remain intact if it moves quickly across the reduction zone (compare with the
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marine situation as discussed by Canfield and Berner, 1987), but the geomagnetic
sediment record is distorted in any case. Inorganic reduced sulfides and ferrous iron
phosphate minerals are present; pH is basic; organic matter is sulfur enriched and
mineralized anaerobically by sulfate reducers, iron- and nitrate-reducing bacteria,
and methanogenic bacteria. Internal sulfur cycling is restricted due to the stagnation
of the waters.

Thus, the Bingham Miiller (1996) four-phase model is able to set up close con-
straints between nutrient availability and ferromagnetic mineral formation and de-
struction. Hence sediment magnetic properties not only report geomagnetic field
variations but also record unforeseen details of environmental change in terrestrial
and water-laid sediments.



TIME

6.1 INTRODUCTION

In geological problems, one of the most universal difficulties is that of attaching a
reliable chronology to the sequence of events under scrutiny. This problem is not
new. In the 19th century, the eminent British physicist Lord Kelvin (1824-1907)
calculated —on the very soundest scientific principles — that the Earth could not
be older than about 20 million years, similar to his own estimate of the sun’s age.
With the advent of radiometric dating following the discovery of radioactivity in 1896
by Henri Becquerel (1852-1908), it eventually emerged that the Earth is at least 200
times older than Kelvin had estimated. As Stacey (2000) points out, however, the new
developments did not invalidate Kelvin’s arguments, they merely created a paradox.
The source of the sun’s energy was not properly understood until the discovery of
thermonuclear fusion in the 1930s. The paradox immediately evaporated and a vastly
greater age became possible. This whole episode serves as a sobering reminder that
many aspects of the earth sciences are historical and that history without a suitable
timescale is doomed. Great efforts have therefore been made to develop suitable
chronometric techniques.

Many procedures are now well established, and excellent sources of detailed infor-
mation are available (e.g., Geyh and Schleicher, 1990; Noller et al., 2000). Three areas
are of particular importance to us, not only as techniques offering some degree of
chronological control but also as subjects whose contents are intimately intercon-
nected and now form an integral part of environmental magnetism — especially the
aspects related to paleoclimatology. These are the geomagnetic polarity timescale,
oxygen isotope stratigraphy, and Milankovitch cycles. Each of these is dealt with in
detail in the sections that follow. Before considering them, however, it is instructive to
summarize briefly some of the other methods that provide chronological control in
enviromagnetic studies. Of these, the most important are those directly exploiting
radioactive decay, particularly '“C and K/Ar but also including uranium-series tech-
niques. In addition, the luminescence methods (TL, OSL, and IRSL = thermolumi-
nescence and optical and infrared stimulated luminescence, respectively) rely
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indirectly on radioactivity by measuring the integrated dose of ionizing radiation
(from the surrounding sediments) to which a sample has been exposed. To these
may be added dendrochronology (tree rings), varve chronology (annually laminated
lake sediments), and — for very recent events — the historical record itself.

Each technique has its own range of effectiveness. The geomagnetic, oxygen
isotopic, and orbital schemes are applicable over the entire range of interest to
us—the last 5 to 10 million years. This is also the case for the K/Ar technique
(Dalrymple and Lanphere, 1969). Uranium-series dating (using the 2°Th/?*U
ratio) has a useful range up to ~350,000 years (Broecker and Bender, 1972), on the
same order as luminescence dating (Wintle, 1990). Berger et al. (1992) claim reliable
TL ages up to 800,000 years, but this has been challenged by Wintle et al. (1993).
Radiocarbon dating is limited by the relatively short half-life of !4C
(5730 £ 40yr)—it becomes very difficult to determine the decay with sufficient
accuracy in samples that are 10 or more half-lives old, although special experimental
procedures have succeeded in pushing the limit to ~75,000 years (13 half-lives)
(Stuiver et al., 1978). Finally, dendrochronology and varve sediments are generally
limited to the Holocene [0-10,000 yr before present (BP)] except in rare cases, such as
the varves of the Cariaco Basin in Venezuela, which apparently reach back some
15,000 years (Hughen et al., 1998).

In summary, it is useful to list the age range(s) over which the various techniques
are applicable (although such a list is only a rough guide, there being considerable
overlap between the various techniques):

107-10° years: geomagnetic, oxygen, astronomical, K/Ar

105-10* years: U series, TL

10°-10? years: 4C, palynology

10*-10° years: 4C, varves, tree rings, archeology, historical records

This is only part of the story, however. As well as the range of applicability of a
given method, it is essential to consider its resolving power. For some climatic events,
the historical record may provide vital information on an annual, or even a seasonal,
basis. The most comprehensive summary is given by Lamb (1995), but Bradley (1999)
and Cronin (1999) also provide excellent discussions. As one would expect, the
sources are very diverse and are poorly distributed in space and time. The longest
record known refers to the flood level of the Nile, for which stone inscriptions
reaching back some 5000 years indicate that the East African summer monsoons
produced higher rainfall then than now. Early records are available from the Shang
dynasty in China (~3700-3100 yr BP; Chu, 1973). For Europe, Lamb has produced
“winter severity” and “‘summer wetness” indices for the last 1000 years. Two of the
best known events described from such sources are the so-called Maunder minimum
and the Little Ice Age. The former was an interval from about 1650 to 1715 when the
sun had virtually no sunspots and during which modern calculations suggest that the
solar irradiance was about a quarter of a percent lower than the current value of
1367 W/m2 (Lean et al., 1995). For the same period, there is a plethora of records
indicating a prolonged cold interval. For example, people in London skated on the
frozen river Thames, and in the decade 1685-1695, Ziirich had snow cover for about
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70 days per year compared with about half that nowadays (Pfister, 1978). It is
precisely natural variations of this kind that make it tricky to establish the validity
of supposed anthropogenic forcing of global warming but, at the same time, provide
a strong incentive for further study (see, for example, http://www.pages.unibe.ch and
http://ngdc.noaa.gov/paleo/paleo).

Annual resolution can, in principle, be obtained from tree ring and varve
counting. Luckman (1994), for example, shows how trees that were overrun during
an important advance of the Athabasca Glacier in the Canadian Rockies can be used
to date the event to AD 1714. On a wider geographic scale, the many investigations of
the so-called Younger Dryas are illuminating. Dryas octopetala is a flower that grows
in the Arctic but appears in the pollen record at lower latitudes in Europe and North
America during certain cold periods. In paleoclimatic research, two particular cold
intervals have been especially important — the more recent of them being universally
referred to as the Younger Dryas. Annually layered sediments in the Soppensee (a
small lake located in the central Swiss plateau at 8.3°E, 47.1°N) imply that the
Younger Dryas cold episode started 12,125 years ago and lasted 1139 years (Hajdas
et al., 1993). This astonishing precision is, however, slightly misleading — similar
studies on other lakes in Europe do not give exactly the same results. For example,
the data from Lake Gosciaz, Poland, imply that the Younger Dryas started 12,520
years BP and lasted 1080 years (Goslar et al., 1995). One should always remember
that precision and accuracy are not the same thing! On the other hand, we should
not lose sight of the fact that these particular discrepancies amount to only a few
percent.

Radiocarbon dating depends on the production of '*C in the upper atmosphere by
neutron bombardment of nitrogen ('*N; + 'ng — *Cg + 'Hj). The carbon so pro-
duced rapidly combines with atmospheric oxygen to form CO,, which mixes with all
the other (nonradiogenic) carbon dioxide and enters the biosphere by many different
pathways (Mangerud, 1972). The '4C decays back to nitrogen by the emission of an
electron ("*C¢ — '"“N7 + B + neutrino). Over geological time, an equilibrium has
been achieved between creation and decay of '*C. When an organism dies, its *C
content (which, during life, had been in equilibrium with the atmosphere) starts to
decay. The carbon clock has been started. In the so-called conventional methods, the
age of a sample is determined by directly measuring the rate of B decay (i.e., the
number of electrons emitted per unit time). To offset low count rates, large samples
are required (enough to yield 100 g of carbon for analysis). With the development of
the accelerator mass spectrometer (AMS) (Stuiver, 1978), it became possible to date
much smaller samples on the order of 1 mg.

As mentioned before, the half-life of '*C limits the method to 75,000 years at
most, but it is rare that much confidence can be placed in ages exceeding ~45ka. In
fact, with the advent of large numbers of radiocarbon dates, a much more serious
difficulty has emerged. We now know that the cosmogenic production of '*C is not
constant. Among other things, it depends on the activity of the sun and the strength of
the geomagnetic field (Laj et al., 1996; see also Chapter 12). The net result of the many
complications that arise is that radiocarbon years must now be independently cali-
brated into calendar years. Back to ~15,000 years BP, such a calibration curve has been
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deduced by comparison with tree rings, corals, and varves (Stuiver and Braziunas,
1993). For the last 2500 years, differences are not too severe, but for early Holocene
times (~10,000 years BP) the discrepancies amount to ~1000 years. Clearly, a calibra-
tion curve is an essential tool. Even with it, life is not always simple. This is because it is
not monotonic— it has maxima, minima, and plateaux, which mean that a sample
with a given “C age may correspond to several calendar ages, all equally probable.

Uranium-series dating relies on the fact that the natural equilibrium arrived at in
an undisturbed system can be upset by differences in the properties of the various
decay products. The most significant of these are the virtual insolubility in water of
B0Th and 2!'Pa (the first is produced after two successive a-particle emissions,
B8y — 24y — BOTh; the second by a single a-particle emission, U — 23!Pa).
These insoluble intermediate decay products are quickly precipitated in sediments.
Two particularly important applications of U-series dating are in corals and caves.
Trace amounts of uranium are coprecipitated with calcite but with a daughter
deficiency because the 2°Th has already been removed. After calcite formation, the
daughter starts to build up again, and because the rate of buildup is known, a
chronometer is provided. The development of thermal ionization mass spectrometry
(TIMS) in the mid-1980s permitted the use of small samples and led to great
improvements in precision (Edwards et al., 1987).

U-series dating of corals has, among other things, helped to establish sea level
fluctuation curves. This is a very important topic for paleoclimatology because of the
reciprocal link between the total amount of water in the oceans and the total amount
of ice locked up in ice sheets and glaciers. For a late Glacial/early Holocene series of
raised coral terraces on the Huon Peninsula (New Guinea), Edwards et al. (1993)
obtained 2o errors of only 30 to 80 years. Deposits in caves (stalagmites, stalactites,
and flowstones, collectively known as speleothems) have also been extremely impor-
tant. From a cave at Mo I Rana (Norway), Lauritzen and Lundberg (1998) describe
an excellent example in which dating errors average 10 to 50 years for a record
spanning the entire Holocene (0-10,000 years BP).

Luminescence simply refers to the light emitted by certain crystals (mostly quartz
and feldspars) when subjected to heat or exposed to light. The emitted light comes
from the release of electrons trapped at crystal defects. Dating by this method derives
from the fact that the population of trapped electrons is a function of time because
they are raised into the traps by ionizing radiation from radioactive materials in
the immediate environment. The longer the sample has been receiving the radiation,
the greater will be the luminescence observed when the electrons are released by the
laboratory treatment. It is like putting money in your savings account: if you put
away a fixed sum every month, then by checking the balance you can figure out when
you first opened the account (but, remember, no interest is given). Thermolumi-
nescence dating has found wide application in archeology, where it is used to date
fired ceramics (Wintle and Aitken, 1977; Garrison, 2001). In geological settings, its
main use has been in the dating of loess and other eolian sediments (Wintle, 1990;
Singhvi et al., 2001). There are many complicating factors that lead to generally
accepted error estimates approaching +10%. Furthermore, there is a tendency for
older materials to appear systematically too young (by up to 15%), a problem which
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arises from the fact that they have suffered ionizing radiation for so long that all the
available electron traps have been filled — the bank has ceased to accept deposits.

6.1.1 An Example

In their enviromagnetic study of Lough Catherine, Northern Ireland (7.5°W,
54.7°N), Snowball and Thompson (1990) investigated a suite of cores spanning the
length and breadth of the lake (~1200 x 250m). The mineral magnetic records of
these (susceptibility and IRM) were correlated by sequence slotting (Thompson
and Clark, 1989; discussed further in Chapter 7), and a combined master core
was established for the purposes of interpretation. Broad chronological control was
provided by the knowledge that the top and bottom of the sediments studied
represent the present day and the beginning of the Postglacial, respectively (i.e.,
0 and 10,100 years BP). For the core they illustrate in detail, this interval spans
508 cm, implying an average accumulation rate of 0.50 mm/yr. However, the chrono-
logical control provided by radiocarbon, pollen, and historical records (Thompson and
Edwards, 1982; Pilcher and Larmour, 1982; McClintock, 1973) indicates that depo-
sition was far from constant (Fig. 6.1). In the first 4900 years, only 66 cm of sediment
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Figure 6.1 Chronometry of Lough Catherine sediments based on written historical records (triangle),
radiocarbon dates (circles), and pollen events (squares). In order of increasing age these are the documented
afforestation of the Marquis of Abercorn’s estate, four C dates, and six palynological events based on the
appearance (= rise) and disappearance (= fall) of the corresponding pollen [the Ulmus (etm) fall, the Alnus
(alder) rise, the Quercus (oak) rise, the Corylus (hazel) rise, the Betula/Salix (birch/willow) rise, and the
Juniperus (juniper) rise]. (Data from Figure 2 of Snowball and Thompson, 1990.) © Arnold Publishers, with
permission of the publishers.
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accumulated (0.14 mm/yr), whereas the next 5000 years provided 341 cm of sediment
(0.68 mm/yr). Finally, the uppermost 101 cm took only 200 years to accumulate
(5mm/yr). Age assignments based solely on linear interpolation between the end
points could be in error by more than 3500 years—a very misleading situation for
an environmental record spanning only 10,000 years.

6.1.2 Another Example

Holzmaar is a maar lake (i.e., a body of water occupying the crater of an old volcano)
in the Eifel district of Germany (6.9°E, 50.1°N). Several aspects of the sediments it
contains have been studied for a number of years. Zolitschka et al. (2000) have
reported a very thorough study of the chronology of these sediments using varves,
accelerator mass spectrometer (AMS) '“C dating, volcanic ash (tephra) “fingerprint-
ing,” luminescence dating (both TL and OSL), and paleomagnetic measurements.
Back to 13,000 years BP, the sedimentation is well constrained by 41 AMS “C dates
(Fig. 6.2), but deeper sediments could not be dated due to the paucity of organic
remains. This upper part of the age—depth curve is consistent with two OSL dates and
two tephras identified by geochemical and mineralogical matching to be the Ulmener
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Figure 6.2 Chronology of Holzmaar sediments based on dates from varve counting (solid line),

AMS !#C (diamonds), OSL (inverted triangles), TL (triangle), tephras (squares), and paleomagnetism
(circles). (Modified from Zolitschka et al., 2000.)
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Maar Tephra and the Laacher See Tephra (the ages of which are known from
elsewhere). Between the two tephras 1560 varves were counted, but in nearby Meer-
felder Maar, the same interval contains 1880 varves. It was concluded that a 320-year
hiatus exists in Holzmaar. For the older part of the record, a further OSL date and a
single TL date are available, but the majority of the material below ~12m is
calibrated by the observed paleosecular variation pattern (see later), which can be
matched to corresponding data from Lac du Bouchet in France (Thouveny et al.,
1990; see also Chapter 7). As with the Irish example previously, the control provided
by the several methods demonstrates that the rate of deposition varies significantly,
ranging from less than 1 to almost 10 mm/yr. Zolitschka et al. (2000) go on to show
how important these variations in sedimentation rate are for interpreting the Holz-
maar climate record based on their measurements of carbon content (both organic
and inorganic), organic pigments, and magnetic susceptibility.

6.2 TEMPORAL CHARACTERISTICS OF THE GEOMAGNETIC FIELD

To a reasonable approximation, the geomagnetic field is dipolar, with the magnetic
axis aligned slightly more than 11° off the spin axis. There are other complications,
but they are not important for our present purposes (a fuller discussion is given in
Chapter 12). What are important here are the ways in which the field changes with
time because it is these that provide chronological control. Figure 6.3 illustrates the
main points as far as changes in the direction of the field are concerned. The local
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Figure 6.3 Schematic representation of temporal changes in geomagnetic declination due to secular
variation, excursions, and polarity reversals. Polarity reversals involve a jump of 180° in no more than a few
thousand years. Excursions are probably of even shorter duration and may or may not lead to a complete
sign inversion. Secular variation consists of smaller fluctuations (typically of amplitude +£10-20°, but
sometimes larger) generally associated with a timescale of a few centuries. For compilations of real data,
see www.ndgc.noaa.gov/seg/potfid/paleo.shtml.
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field vector also varies in magnitude, but the paleomagnetic determination of such
changes requires a somewhat more complicated (palevintensity) procedure than that
needed for the simple determination of paleodirection. (This is also true, of course,
for direct measurements; magnetic north can be obtained immediately from a com-
pass, but the strength of the field is not quite so easy to measure.) For the moment,
therefore, we restrict our attention to directional changes, returning later to a
consideration of magnitude fluctuations.

Three main directional features are involved (Fig. 6.3). The most prominent of
these consist of occasional 180° flips involving a complete change of sign of the
planetary dipole. These are the well-known geomagnetic polarity reversals. Superim-
posed on the abrupt changes at times of reversal is a relatively steady background of
lower amplitude (10-20°) fluctuations collectively called the secular variation. A third
phenomenon, resulting in what are usually called geomagnetic excursions, is poorly
understood [see Jacobs (1994) for a useful discussion]. Regardless of the underlying
physics, all three types of behavior offer chronometric possibilities.

6.2.1 Geomagnetic Polarity Reversals

When the geomagnetic field is oriented like that of the present day, it is said to be
normal, while an oppositely directed field is called reversed. In some ways this
nomenclature is misleading because one can easily fall into the trap of regarding
the opposite of “normal” as being “abnormal,” whereas, in fact, the Earth does not
prefer one polarity over the other. All the available evidence indicates that the ficld
spends exactly 50 % of the time in either polarity. Nevertheless, the nomenclature is
now firmly entrenched in the literature and there is no prospect that it will be changed
in the foreseeable future.

A more important question than nomenclature concerns the actual length of time
the field requires to execute a transition from one polarity to the other. Various lines
of evidence indicate that this is geologically short, probably no more than about 5000
years (McElhinny and McFadden, 2000; Coe et al., 2000). Once established, however,
a polarity interval may typically last 40 times longer than this, so that, broadly
speaking, one can picture a sequence of polarity intervals as a square wave.

For chronological purposes, reversals are by far the most important feature of the
Earth’s magnetic field. They have been discussed since the 19th century, but it was
only with the advent of accurate —and sufficiently widespread — radiometric dating
that real progress was made. This took place largely in the 1960s. Since then, there
have been occasional adjustments to the temporal pattern of reversals; but broadly
speaking, there has been for several decades a workable global geological clock based
on what is usually referred to as the geomagnetic polarity timescale, or GPTS for
short (Cox et al., 1963; Cande and Kent, 1995).

In the early days the GPTS was based mostly on continental basalt lava flows
(which generally carry a strong and stable remanent magnetization and which were
found to yield reliable K-Ar ages). However, for rocks older than a few million years
the experimental error associated with the ages becomes uncomfortably commensu-
rate with the length of the polarity intervals themselves and it is impossible to identify
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specific intervals. For example, Merrill er al. (1996) show that over the last few
million years polarity intervals have typically lasted about 200,000 years each, which
would require a dating accuracy better than 2% for the correct identification of a
specific polarity interval recorded in rocks 10 million years old. With conventional
K-Ar dating, this can rarely be achieved. As a result, the extension of the GPTS relied
on marine magnetic anomalies (the ocean stripes, as they are often called). These also
depend on magnetized basalt, in this case formed at oceanic ridges as a result of sea
floor spreading. Direct radiometric dates are not generally available, but chronolo-
gies can be worked out in terms of sea floor spreading.

The very nature of plate tectonics ensures that oceanic crust has a limited
career — once created at a spreading center it is inexorably drawn toward a subduc-
tion zone, where it is subsumed back into the Earth’s mantle. The outcome is that the
oceanic stripes do not provide a complete record of the Earth’s polarity changes
throughout the whole of geological time. Indeed, the age of the oldest oceanic crust is
less than 5% of the age of the Earth (<2 x 108 years compared with about 4.5 x 10°
years). Nevertheless, the oceanic data do permit the GPTS to be extended back to 160
million years, which represents an extremely significant 30-fold increase over what is
possible solely on the basis of lava flows extruded on the continents. The complete
sequence of reversals constituting the GPTS as currently understood is summarized
by Cande and Kent (1995). An example illustrating the most recent 6 million years of
the sequence is illustrated in Box 6.1.

Originally, during the initial establishment of what was to become the GPTS,
polarity intervals seemed to fall into two groups, one about 10° years long, the other
about 10 times shorter; the former were called epochs, the latter events. Epochs were
named after important geomagnetists (Bernard Brunhes, 1867-1910; Motonori
Matuyama, 1884-1958; Carl Friedrich Gauss, 1777-1855; William Gilbert, 1544
1603); events were named after the geographic location of their discovery. Officially,
this naming system has been superseded by the terms chron (10°~107 years long) and
subchron (10°-10° years long), but many of the old names are still current (see Box 6.1).

The whole subject of the accurate dating of the GPTS is currently undergoing an
upgrade deriving from developments in radiometric dating. Using modern ultrasensi-
tive mass spectrometers and incremental heating, the new technique of “°Ar/* Ar has
dramatically reduced the experimental error to the point where it is now possible to
obtain 1o precisions of 0.5%. In this way, Singer et al. (1999) have made significant
progress in dating lava flows associated with the GPTS, a vivid example being their
investigation of a sequence in the Punaruu Valley in Tahiti. Four flows spanning the
transition from normal to reversed polarity at the termination of the Jaramillo sub-
chron yield “Ar/*Ar ages of 0.989 + 0.005, 0.991 + 0.006, 0.977 + 0.010, and
0.980 & 0.011 million years (Ma) (in stratigraphic order starting at the bottom).
These are all indistinguishable from one another at the 95% confidence level, leading
Singer and his coauthors to conclude that the weighted mean (0.986 + 0.005Ma)
accurately pinpoints this particular polarity switch. One can therefore anticipate that
the GPTS will be gradually refined to a new level of precision (e.g., see Sarna-Wojcicki
et al., 2000) and also that new, short-lived features may be discovered — especially for
the youngest part of the GPTS, which is most relevant to enviromagnetic research.
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Box 6.1 GPTS —Names and Numbers

Historically, two systems of nomenclature arose for labeling specific features of
the GPTS, largely as a result of two different applications. Those working on
continental volcanic sequences developed a scheme of longer epochs and shorter
events, using names of appropriate scientists for the former and of relevant
geographic locations for the latter. Only four epochs were ever named — Brunhes,
Matuyama, Gauss, and Gilbert — but about twice as many events were identified
[Jaramillo (J), Olduvai (O), Reunion (R), Kaena (K), Mammoth (M), Cochiti (C),
Nunivak (N), Sidufjall (S), and Thvera (T)]. This rather cumbersome scheme has
stood the test of time and is here to stay.
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The other camp, working on sea floor spreading, had to contend with a much
longer period of time containing many more polarity intervals. They opted for a
numbering system based on the scheme used for labeling the marine magnetic
anomalies. This starts with anomaly 1 at the active spreading ridge (=Brunhes
epoch). It has become standard practice to use the terms chron and subchron,
which refer to actual intervals of time. As more and more detail has been
established, this scheme has been modified. For example, the normal interval
associated with anomaly 12 is called C12n, with C12r being the reversed interval
preceding it. On the other hand, C11n actually consists of two normally magne-
tized parts (Clln.In and Clln.2n) separated by a short reversed interval
(Clin.1r).
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Indeed, as we will see in the following discussion concerning geomagnetic excursions,
Singer et al. (1999) have already started this process in their interpretation of data
from other parts of the sections they investigated.

6.2.2 Secular Variation

In 1634, Henry Gellibrand (1597-1636) observed in London that the compass
pointed only 4.I°E of true north, whereas a measurement by William Borough
(1513-1599) in 1580 had given 11.3°E. Such changes on a scale of decades to centuries
came to be known as the secular variation. They are of great importance to geomag-
netists because they reflect the workings of the dynamo that produces the Earth’s
magnetic field. If they could be suitably calibrated, such angular changes could
obviously furnish a geophysical clock. There has, indeed, been some progress in
this direction (e.g., the German lake sediments discussed earlier), but it must be
said at the outset that chronological control by this means is far less common than
in the case of polarity reversals.

Since Gellibrand’s day, the deviation of the compass from true north has been
carefully monitored, initially by individual pioneers of geomagnetism such as
Edmund Halley (1656-1742) in England and Carl Friedrich Gauss (1777-1855) in
Germany, but subsequently at national observatories set up for the purpose (http://
nssdc.gsfc.nasa.gov/space/model/models/igrf.html). In earlier times, the angular devi-
ation in question was called the variation, but this terminology has now been replaced
by the term declination. In 1544, the German cleric Georg Hartmann (1489-1564)
discovered that a magnetized needle arranged to swing about a horizontal axis (rather
than a vertical axis, as in a compass) takes up a nonhorizontal orientation. The
angular deviation from the horizontal is now called the inclination. At any point on
the Earth’s surface, the secular variation causes these two angles to vary smoothly as
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Figure 6.4 Historically recorded secular variation in declination and inclination at London, England.
(Redrawn from Malin and Bullard, 1981.)
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a function of time, as illustrated in Fig. 6.4. However, unlike reversals — which are
global in extent— patterns of secular variation are coherent only on scales on the
order of a thousand kilometers. The reason for this is not important here; a fuller
discussion is given in Chapter 12.

The direct historical observations (Fig. 6.4) imply that the geomagnetic field at any
location varies quasi-periodically on a timescale of a few centuries, so there is a strong
incentive to try extending this to earlier times. This can, in fact, be done. Two types of
archive have been particularly useful —archeological materials and lake sediments.
Lava flows, which were so crucial in setting up the GPTS, have been much less
effective in the study of the secular variation because they are extruded at highly
irregular rates, depending on the vagaries of volcanic activity: they would make a
good tape recorder if only the motor were not so erratic! Even so, there are notable
exceptions such as the combined record from three Italian volcanoes (Arso, Vesuvius,
and Etna) that spans the last millennium (for a summary, see Incoronato et al., 2002).

An example of an individual archeological result having exceptionally good time
control is provided by a pottery kiln in Pompeii (Fig. 6.5) buried by the celebrated
eruption of Vesuvius which, according to Pliny the Younger, started during the
afternoon of August 25, AD 79. The declination and inclination recorded by the
kiln are 358.0° and 59.1°, respectively (Evans and Mareschal, 1989). [The error
associated with such a result is usually given as the semi-angle (o) of a circular
cone around the mean remanence vector following Fisherian statistics (the three-
dimensional analogue of traditional one-dimensional Gaussian statistics). Com-
monly, the so-called circle of 95% confidence (ags) is given: in the case of the Pompeii
kiln ags = 1.7°.] By comparing the strength of the magnetization carried by the kiln
samples with that which was gained in a known field in the laboratory, Evans (1991)

Figure 6.5 The kiln at Pompeii studied archeomag-
netically by Evans and Mareschal (1989) and Evans
(1991). See color plate.
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obtained a value of 61 = 1 4T for the magnitude of the ancient field at the time of the
eruption [for a description of how such paleointensities are worked out, see, ¢.g.,
Butler (1992) or Merrill et al. (1996)]. Thus the AD 79 total geomagnetic vector in the
Naples area is known. As it happens, its direction diverged by less than 4° from the
present-day field, but its magnitude was 34 % greater. Evidently, the geomagnetic
field varies in magnitude as well as in direction. As with the directional changes, such
temporal fluctuations in the strength of the geomagnetic field are of great interest to
those engaged in studying the Earth’s core and the geodynamo, but they also provide
a further means of chronological control. Some examples are described in a separate
section later — for the moment we continue discussion of directional changes.
Hundreds of archeomagnetic results have now been determined from sites of known
age, so that the secular variation pattern is quite well determined for the last two
millennia for many parts of the world, two of which are illustrated in Fig. 6.6 (Daly and
Le Goft, 1996). For earlier times, significant amounts of data are available but spatial
and temporal coverage is more sporadic. The data summarized in Fig. 6.6 indicate
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Figure 6.6 Archeomagnetically determined secular variation in declination (East = positive) and inclin-
ation for the United States (upper panels) and for France (lower panels). The American data (N = 155)
come mostly from hearths in Arizona, New Mexico, and Colorado, reduced to a reference point in Arizona
(110.0°E, 35.0°N). The French data (N = 120) come mostly from pottery kilns, with Paris being the
reference point (2.3°E, 48.9°N). The shaded bands represent the 95% confidence limits. Dates are in years
AD. Notice how the historical observations at London (Fig. 6.4) follow on smoothly from the French data
shown here. (Compiled from Daly and Le Goft, 1996.)
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Figure 6.7 Archeomagnetic dating of an ancient quicklime kiln in Belgium (Hus and Geeraerts, 1998).
The continuous curve represents the master reference data from Paris (Daly and Le Goff, 1996): it is the
same as Fig. 6.6, but with declination and inclination plotted together on a single diagram. Notice, for
example, the two inclination minima at Ap 200 and 1400. The archeomagnetic direction obtained from the
kiln (shown by the 95 % confidence circle, shaded) indicates that it was in use about ADp 1000.

that, as with the historical observations, the pattern of declination and inclination
variations observed at any given site is not representative of the entire Earth. This
means that any potential chronological control requires a calibrated reference secular
variation curve for the area of interest. An example is given in Fig. 6.7. This concerns
a study by Hus and Geeraerts (1998) of a quicklime kiln in a rural Gallo-Roman
settlement near Nivelles in Belgium (4.30°E, 50.63°N). The direction of the rema-
nence imparted at the time the kiln was last used (the effects of all prior heatings are
eliminated upon reheating) implies an age close to AD 1000, whereas all the archeo-
logical evidence indicates that the site was occupied seven to nine centuries earlier. It
is a clear case of systematic vandalism —the kiln was used to produce lime from
“recuperated limestone building materials” as Hus and Geeraerts delicately put it.
Lake sediments have been exploited as recorders of the secular variation at least
since the 1940s (Ising, 1943; Johnson ef al., 1948) and an enormous corpus of data
has now been amassed. Some representative examples from around the world are
mentioned in a different context in Chapter 7 (see Table 7.1). One of the best-
constrained results was obtained from lakes in Britain and is illustrated in Fig. 6.8
(Turner and Thompson, 1982). Points of particular note on the declination curve are
the westerly (negative) extremum near the top of the record and the easterly ex-
tremum about a millennium earlier. These correspond to the historically observed
peak in about AD 1820 and to the archeomagnetically determined swing at about AD
1000 (see Figs. 6.4, 6.6, and 6.7). This sort of agreement lends support to the validity
of the rest of the lacustrine record, which thus extends knowledge of the secular
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Figure 6.8 Secular variation in declination and inclination determined from sediments in three British
lakes (Loch Lomond in Scotland, Liyn Geirionydd in Wales, and Lake Windermere in England). Age is in
years before present (BP). Positive declination is east. (Modified from Turner and Thompson, 1982.)

variation through the entire Holocene (0-10,000 years BP). Once again, data of this
kind are of considerable value to geomagnetists, but their potential for chronological
control has been very little used. Two important exceptions are described by William-
son et al. (1991) and Rolph ez al. (1996).

In the first case, Williamson ez al. (1991) studied two piston cores from Lake
Tanganyika and successfully exploited oscillations in declination and inclination,
particularly the latter, to correlate between the two cores and, more important, to
tie their record to that from Lake Barombi Mbo (Cameroon) and also to the
European record. This enabled them to show that the sediments in question spanned
the interval 5000-25,000 years BP. In the second case, Rolph et al. (1996) used the
secular variation patterns determined from British and French lakes to establish a
chronology reaching back some 30,000 years for their otherwise poorly constrained
records from Lake Albano (Italy). In both cases, the magnetically derived chronolo-
gies were instrumental in allowing paleoclimatic and paleoenvironmental events to be
placed in their proper time frame.

6.2.3 Geomagnetic Excursions

As pointed out earlier, the exact nature of geomagnetic excursions is not presently
understood; they may represent short intervals of anomalously high secular variation
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(possibly related to times of anomalously low field strength), they may be “failed”
reversals, or they may be an entirely different type of phenomenon. Nevertheless, if
they were convincingly found throughout the world — or even significant portions of
it—they could serve as useful time markers. Dating techniques are usually not
precise enough to offer much control over the actual duration of each excursion.
There is universal agreement, however, that they are “short” —which is generally
taken to mean less than 10,000 years. Champion e al. (1988) argued for the existence
of 10 such features within slightly more than the last million years, but subsequent
investigations have cast doubt on some of these. Champion and his coauthors
originally claimed that the features they identified were genuine reversals and
classified them as subchrons, but the current consensus is that this is misleading.
Accordingly, most workers prefer to call them excursions. Like the “events” of an
earlier era, these excursions have been given geographic names related to the discov-
ery locations. A critical assessment of global data for the Brunhes chron is given by
Langereis et al. (1997). The excursions that are most observationally secure are
indicated in Fig. 6.9. Several other excursions have been suggested (and named),
some — or all— of which may eventually be permanently added to the list. This is
very much a developing field.

Progress in this area is again exemplified by the ““Ar/3°Ar ages reported by
Singer et al. (1999) for basaltic lavas in Tahiti and Hawaii. They argue that two new
excursions can now be resolved in the late Matuyama chron, the Punaruu excursion
at 1.105+0.005Ma (between the Cobb Mountain excursion and the onset of the
Jaramillo subchron) and the Santa Rosa excursion at 0.922 +0.012 Ma (between
the termination of the Jaramillo subchron and the Kamikatsura excursion). It should
be noted that Singer et al. (1999) do not use the term “‘excursion,” preferring instead
to use the term “event” in the neutral sense intended by Jacobs (1994, p. 87). In view
of its earlier usage (see Box 6.1), this is potentially confusing.

The identification of a particular excursion in a sequence of basaltic lava flows
might be possible because thermoremanence is generally very stable. A good example
is the Laschamp excursion, originally discovered in the volcanic rocks of the
Chaine des Puys in France (Bonhommet and Babkine, 1967). However, in sediments
(which, for enviromagnetic studies, are much more useful than lava flows) there
are several perturbing factors. Compaction, bioturbation, and —in cold regions —
cryoturbation can all degrade the original signal, but the overriding universal diffi-
culty arises from the so-called lock-in mechanism by which the remanence is fixed
in the sediment (see Chapter 5). The point is that locking does not happen immedi-
ately upon deposition; it requires a certain amount of overburden to accumulate
for the sediment to become sufficiently compacted that grain rotation ceases. This
may lead to short-lived features being attenuated, or entirely suppressed, as a result
of the smoothing accompanying finite lock-in. This is the explanation favored by
Vlag et al. (1996) for the fact that the Laschamp excursion itself is found in Lac
St. Front (Massif Central, France) but not in Lac du Bouchet, which is only 40 km
away. They argue that the effect of pPDRM smoothing is stronger at Lac du Bouchet
than at Lac St. Front because of differences in sedimentation rates (~25cm/kyr for
Lac du Bouchet compared with ~40cm/kyr for Lac St. Front).
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Figure 6.9 Geomagnetic excursions. Above
the boundary between the Matuyama and
Brunhes chrons, the pattern shown is based on
that proposed by Langereis ez al. (1997), whereas
that below follows Singer ef al. (1999), including
their dates for the onset and termination of the
Jaramillo subchron. The evidence for each pro-
posed excursion is not always compelling, and it
is possible that some of them will not stand the
test of time. Several other excursions have been
proposed by various authors but have not gained
widespread acceptance. Note also that, even for
the more robust cases, there are sometimes alter-
native names.

Even for slower changes, lock-in has a systematic effect. It causes a delay in the
magnetic recording leading to a downward displacement of the feature in question,
be it an excursion, a secular variation signal, or a polarity reversal. If the lithology is
constant, this problem would not be too serious, but where the lithology varies very
complex patterns can result (Bleil and von Dobeneck, 1999). This seems to have
happened in the important magnetoclimatological sections of China, for example.
The Blake excursion (still called by many workers the Blake event) is identified at
some sites but not at others; and where it is seen, it sometimes gives a signature
involving four polarity jumps, sometimes six (Evans and Heller, 2001). Such
complexity may provide sedimentological information but is not a reliable
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means of investigating genuine geomagnetic behavior. At present, it is best to adopt
a cautious attitude toward the use of chronologies based solely on geomagnetic
excursions.

6.2.4 Geomagnetic Intensity Fluctuations

An observer at any point on the Earth’s surface would, over a period of several
centuries, record smooth changes in all three elements of the local geomagnetic field.
That is to say, not only would the declination and inclination change but so also
would the strength of the field. Together, the changes in these three elements consti-
tute the secular variation. An example was given earlier from a pottery kiln in Pompeii
which indicated that the field in Italy had significantly decreased over the last two
millennia. Many results (both archeological and geological) from around the world
indicate that such fluctuations are both real and widespread. As with the Pompeii
kiln, these invariably involve material that carry a thermoremanent magnetization
(TRM). This is important because it allows the experimenter to mimic in the labora-
tory the mechanism by which the material under investigation originally acquired its
magnetization. Several problems arise, but to a first approximation it merely requires
the comparison of the sample’s natural intensity of magnetization with that which it
acquires in a known laboratory field. However, for the environmental applications
dealt with in this book, TRM-carrying material is of little use. Kilns and lava flows
give only instantaneous “‘snapshots,” whereas what is needed are long, continuous
sedimentary sequences carrying depositional remanence (DRM, see Box 5.1). These,
of course, offer the possibility of good time coverage. But, unlike the situation with
TRM, the experimentalist is plagued by the virtual impossibility of mimicking the
precise conditions under which the material in question was originally magnetized
(e.g., What was the water depth? Was the water turbulent? Did bottom-dwelling
organisms stir up the sediment?).

Tauxe (1993) summarizes the theoretical and experimental work germane to
paleointensity determination from sediments, starting from the classic work of John-
son et al. (1948). Despite the many complicating factors, she concludes that “under
certain conditions likely to occur in nature, there is a linear relationship between field
and magnetization in sediments.” The overriding difficulty arises from compositional
variability of the sediments themselves. If, for example, a sedimentary layer contains
twice as much magnetic material as the layer below, it will be twice as strongly
magnetized (all other things being equal). To have any hope of recovering the actual
strength of the geomagnetic field in which these sediments formed, it is necessary to
allow for the variations in magnetic content. The problem, therefore, is one of
normalization. Even if the search for one, or more, normalizers is successful, it is
hardly ever possible to obtain an absolute value for the field. Most workers have
therefore settled for determining relative paleointensities. The idea, then, is to divide
the natural remanent magnetization (NRM) by such normalizers as susceptibility (x),
anhysteretic remanent magnetization (ARM), and isothermal remanent magnetiza-
tion (IRM). As Tauxe (1993) remarks, “‘where agreeement is found, investigators can
take heart.”
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Agreement was, indeed, found by Meynadier et al. (1994), who applied these three
normalizers to sediments from the equatorial Indian Ocean spanning the last 4
million years (a broad temporal framework established, incidentally, on the basis of
polarity reversals). The correlation between the various normalized records is always
strong (r > 0.87). Stoner et al. (1995a) obtained similar results from cores in the
Labrador Sea spanning the last 110,000 years. Encouraged by their results, Meyna-
dier et al. (1994) proposed what they referred to as “a first paleointensity timescale
for future stratigraphic studies.”” This marks an important milestone — if we do not
forget to qualify the paleointensities as being “relative.” The task of bringing to-
gether a global comparison of many data sets has been started by Guyodo and Valet
(1996), who compile 17 relative paleointensity records spanning the last 200,000
years. From these, they construct a synthesized pattern of geomagnetic fluctuations
which they label Sint-200 (Fig. 6.10). As part of the argument for the validity of their
curve, they point out that the low relative field values at 40, 100-110, and 190ka
correspond to the Laschamp, Blake, and Jamaica excursions (see Fig. 6.9). As far as
dating control over the last 200,000 years is concerned, their overall conclusion is that
Sint-200 provides a reliable correlation/dating tool for geomagnetic features longer
than 10,000 years. Once again, however, caution is in order — look, for example, at
the difference in the apparent timing of the Jamaica/Pringle Falls excursion in Figures
6.9 (~210kyr) and 6.10 (~ 190 kyr).

More recently, the so-called NAPIS-75 record (North Atlantic paleointensity stack
for the last 75ka) leads Laj et al. (2000) to argue that “millennial-scale variability
of paleointensity records can be used as a global-scale correlation tool,” although
they warn that this will be “restricted to cores with high sedimentation rate and
uniform magnetic mineralogy.” On the latter point it is perhaps advisable to err
on the side of caution, but it is nevertheless worth pointing out that Haag (2000)
argues that “‘reliable relative paleointensity trends” can sometimes be obtained from
sediments that are strongly inhomogeneous. Her data come from a deep-sea
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Figure 6.10 Relative paleointensity changes of the geomagnetic field for the last 200,000 years. This
curve is the result of stacking 17 individual records from several ocean basins. Guyodo and Valet (1999)
have now extended their analysis to cover 33 records spanning the last 800,000 years. (Redrawn from
Guyodo and Valet, 1996.) © Elsevier Science, with permission of the publishers.
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core collected in the central Atlantic off the coast of Mauritania (17°06.45'W,
25°16.8'N) as part of the SEDORQUA (SEDimentation ORganique marine et
changements globeaux au cours du QUAternaire) project. The sediments studied
span the interval 0-220 kyr and exhibit variations of a factor of 10 and 25 in natural
remanent magnetization (NRM) and anhysteretic remanent magnetization (ARM),
respectively.

In summary, it is clear that relative paleointensity investigations (both completed
and ongoing) are contributing significantly to our knowledge of the temporal behav-
ior of the geomagnetic field, but their status as a geological clock is still uncertain.
The situation, then, is rather like that which existed for the GPTS itself in the 1960s.

6.3 OXYGEN ISOTOPE STRATIGRAPHY

Subtle variations in the measured isotopic composition of certain organic remains
in marine sediments have become extremely important in the earth sciences. They do
not directly yield a geological age in the same way that radioactive decay schemes
do because the isotopes of oxygen are stable. However, coherent patterns of isotopic
variations observed in sediments throughout the world’s oceans are now so well
established that they effectively constitute an independent dating method. The story
begins with a suggestion made in 1947 by Harold Urey (1893-1981, Nobel Prize
in Chemistry, 1934), that the isotopic ratio of oxygen (‘*0/!60) in the calcium
carbonate (CaCQs;) of fossil shells could be used as a kind of paleothermometer.
This fascinating idea derives from the fact that the two types of atoms are deposited
from aqueous solution at different rates because one weighs more than the other.
Furthermore, the entire process depends on the temperature of the surroundings.
Urey’s proposed technique thus relies on temperature-dependent isotopic fraction-
ation. Obviously, the ability to determine temperatures in the remote geological
past promised to be a great boon to paleoclimatologists. Within a few years, the
basic validity of the technique was verified and the most useful marine organisms
identified (Epstein et al., 1953; Emiliani, 1955). These turn out not to be the typical
seashells reminiscent of a vacation at the beach but rather the skeletons (or tests)
of simple protozoans of the order Foraminifera, informally referred to as forams
(Fig. 6.11). The disadvantage of the small size of these organisms (typically a few
hundred pm) is offset by their great abundance in many parts of the world’s oceans,
where they constitute a large part of the so-called biogenic ooze. Indeed, as Haynes
(1981) points out in his comprehensive textbook, “no other group of fossils is more
important to the geologist, and the majority of paleontologists employed in industry
and oil exploration are specialists in Foraminifera.”

As is so often the case, an elegant initial concept is found to be complicated
in practice by many factors (for example, the salinity and depth of the water
in which the organisms lived) that threaten to sink the whole enterprise. The quest
to overcome these difficulties ultimately delivered an even bigger payback — one that
Bradley (1999, p.199) refers to as “the single most important record of past climatic
variations for the entire Cenozoic.” It was discovered that the 130/'%0 ratio reflects
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Figure 6.11 A typical foram (Globigerina bulloides); its diameter is about a third of a millimeter.
A modern database is available at http:/www.nmnh.si.edu/paleo/foram/. Nowadays, such images are
usually obtained with a scanning electron microscope (SEM). Historically, however, a great deal was
achieved with hand-drawn images obtained from ordinary light microscopes. In this regard, it is still
worth consulting the report of the foraminifera collected during the H.M.S. Challenger expedition (1873-
1876) by the English zoologist Henry Bowman Brady (1835-1891) (Brady, 1884).

the total amount of water locked up in ice sheets and thus provides an ice volume and
sea level indicator. During glacial periods, the polar ice sheets expand and sea level
consequently falls—by as much as 130m at the time of the last glacial maximum
some 18,000 years ago. The “‘extra” water necessary for the ice sheets to grow is
provided by a net transport of atmospheric water vapor from lower to higher
latitudes. Any precipitation produced en route is preferentially enriched in '*0O
(which condenses more readily because of its lower vapor pressure). As the air masses
involved move poleward, they therefore become isotopically lighter and lighter. The
overall result is that the ice sheets are enriched in '°0 and the ocean water is enriched
in 0. Every meter of sea level drop leads to a relative 'O enrichment of the
remaining water by approximately 1 part in 10°. Such values are usually expressed
in parts per mil and written in the form 8'%0 (e.g., if during a glacial period sea level
falls ~ 100 m, the oceans become ~ 1%o heavier). Subsequent melting in the ensuing
interglacial period restores the ocean to its original state. The composition of the
carbonate in the marine fauna is determined by the composition of the surrounding
seawater and therefore provides a history of the waxing and waning of the ice ages.
Unlike temperature — which is subject to local variations — the isotopic ratio of the
oceans is a truly global yardstick.

This much was already understood in the late 1960s. What was urgently needed
was a reliable timescale to which the accumulated data could be referred. This
1s where the magnetism comes in. In addition to measuring the isotopic values of
foram tests in deep-sea sediments, Shackleton and Opdyke (1973) determined the
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corresponding magnetic stratigraphy. For the first time in sediments for which both
parameters had been studied, they identified the Matuyama/Brunhes boundary
(MBB). In other words, the youngest part of the GPTS had been found in the
sediments at the bottom of the ocean, giving further proof of the validity of the
whole scheme, which had been independently established on the basis of basaltic
igneous products in the underlying oceanic crust and on the continents. Because it
was known when the Matuyama/Brunhes transition took place, the ice ages could
finally be placed in a reliable chronology. Once deciphered, this ‘“Rosetta stone”
provided a sound basis for assessing past climatic fluctuations in terms of well-dated
maxima and minima in the isotopic composition of seawater. These so-called marine
oxygen isotope (MOI) stages are now the canonical framework with which all other
paleoclimatic proxy results are routinely compared. Even-numbered stages corre-
spond to glacial intervals. The interglacial in which we now live is labeled stage 1,
with the previous interglacial corresponding to stage 5 (Fig. 6.12). Stage 3 represents
warmer (but not fully interglacial) conditions sandwiched between two colder inter-
vals: it ranks as an interstadial. Originally, the sequence of MOI stages numbered no
more than a dozen or so, but Shackleton and Opdyke (1973) extended this to 22.
Currently, the sequence can be traced back more than 2.5 million years to beyond
stage 100. This represents the collective work of a very large number of individuals
and research groups, but vital steps along the way were played by two particular
projects: CLIMAP (Climate: Long-range Investigation, Mapping And Prediction,
see, e.g., Mclntyre et al., 1976; CLIMAP Project Members, 1984) and SPECMAP
(SPECtral MApping Project, see, e.g., Imbrie et al., 1984; Martinson et al., 1987).
The establishment of the MOI stages revolutionized the whole subject of paleocli-
matology. The success of the magnetostratigraphic clock brought two quite separate
disciplines together. In the first instance, the magnetists restricted their investigations
to remanent magnetization (see Chapter 2) because this is what carries the magneto-
stratigraphic signal. Having made the plunge, however, they soon began to look at
other properties. In particular, it often appeared that magnetic susceptibility (see
Chapter 2 again) was related to climatic variations. Since the 1980s, a variety of
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Figure 6.12 Marine oxygen isotope (MOI) stages for the last 300 ka simplified from Martinson e al.
(1987) (see also http://www.ngdc.noaa.gov/mgg/geology/specmap.html). Odd-numbered (warm) stages are
labeled, even-numbered (cold) stages are shaded. The (normalized) curve shown results from the stacking of
several records from different ocean basins around the world. © Elsevier Science, with permission of the
publishers.
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natural geological archives— not only marine sediments — have been investigated by
magnetoclimatological techniques. Several examples are dealt with in Chapter 7.

6.4 MILANKOVITCH CYCLES

The discussion concerning past ice ages has a long and checkered history in the
scientific literature. Indeed, it was a topic that already interested the Scottish geolo-
gist James Hutton (1726-1797) — often regarded as the “father of geology” —in the
latter part of the 18th century. The outstanding proponent was the Swiss geologist
Louis Agassiz (1807-1873). Starting in 1837, he was for many years indefatigable in
his efforts to persuade the leading earth scientists of the reality of an extensive
Pleistocene ice sheet covering much of Europe and North America. And yet it has
only been during the last few decades that any single theory of what actually causes
ice ages has been widely accepted. In its modern form, this theory is due to the
Serbian mathematician Milutin Milankovitch (1879-1958). It derives from the idea
that slight changes in the Earth’s orbital motion cause subtle variations in the
distribution of solar energy (insolation) arriving at the top of the atmosphere. The
orbital changes themselves are caused by the gravitational effects on the Earth of all
the objects in the solar system, in particular, the sun and Jupiter. The whole theory —
from gravitational forcing to climatic response —is referred to in several ways:
Milankovitch theory, astronomical theory, and orbital theory among them. There is
now a very extensive literature on this topic. Milankovitch (1941) summarizes his
own work on the problem, starting in 1911. An excellent historical review is given by
Berger (1988). The central prediction is that the pattern of insolation changes is
driven by variations in three distinct orbital parameters. These are the eccentricity
of the Earth’s orbit, the obliguity of the Earth’s axis, and the precession of the
equinoxes (see Box 6.2). Gravitational calculations have succeeded in working out
the changes in insolation caused by these astronomical elements for the last few
million years (Berger and Loutre, 1991) and for the future (Berger et al., 1991). For
our purposes, the important result is that each of the three parameters is associated
with a characteristic periodicity. In round figures, these are 100,000 years for the
eccentricity, 40,000 years for the obliquity, and 20,000 years for the precession;
collectively, these are generally referred to as Milankovitch cyclicities.

The topics discussed in this chapter are very diverse, ranging from astronomy to
zoology, but always with an emphasis on geological time. In this regard, the interplay
between polarity reversals, oxygen isotopes, and Milankovitch theory has been richly
rewarding. This is nowhere better illustrated than in the outstanding contribution of
Shackleton et al. (1990) wherein a convincing case for revising the GPTS itself is
established on the basis of the synergy between the three methods. Ocean Drilling
Program (ODP) site 677 (83°44'W, 1°12'N) provided them with excellent material
for high-resolution isotope analysis, the results of which they matched to the pattern
of insolation variations deduced from astronomical calculations. Knowledge of
where the GPTS boundaries occur in marine sediments prompted them to suggest
that the “currently adopted radiometric dates for the Matuyama/Brunhes boundary,
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Box 6.2 Milankovitch Theory

Gravitational interactions with the other bodies in the solar system cause
small, recurring changes in the geometry of the Earth in space, which lead to
fluctuations in insolation (the amount and distribution of solar radiation reaching
the Earth). It is possible to work out the details— at least for the last few million
years— and it is now firmly established that there are three main ingredients, each
related to a different orbital parameter. The slowest one (with a quasi-period
of ~100,000 years) involves changes in the shape of the Earth’s orbit (the
eccentricity e), which varies between ~0 (almost circular) and ~0.05. Currently,
the eccentricity is such that at perihelion (closest approach to the sun, on January
3), the top of the Earth’s atmosphere receives ~3.5% more solar radiation than
the annual average (and vice versa at aphelion, July 5). The seasons are controlled
by the tilt (obliquity t) of the Earth’s spin axis. Currently, this is ~23.5°, but it
fluctuates between 21.8° and 24.4°, with a quasi-period of ~41,000 years. When
the tilt increases, more radiation is received in polar regions during summer and
less in winter. Finally, the spin axis undergoes a wobbling motion (precession p)
like that of a spinning top, with a quasi-period of ~20,000 years (actually, the
precession is characterized by two very similar quasi-periods of ~19,000 and
~23,000 years). This leads to a gradual change in the exact position in the Earth’s
orbit where the equinoxes and solstices occur. Right now, the northern (boreal)
winter solstice occurs close to perihelion, but 11,500 years ago the northern
summer solstice received the extra perihelion boost.

! / e = eccentricity
t =tilt
p = precession

the Jaramillo and Olduvai subchrons, and the Gauss/Matuyama boundary underesti-
mate their true astronomical ages by between 5 and 7%.” This radical suggestion,
which was dubbed the astronomical polarity timescale (APTS), was rapidly confirmed
by a renewed effort to obtain high-quality radiometric dates on appropriate continen-
tal volcanic products (McDougall ez al., 1992; Spell and McDougall, 1992). What used
to be the tail had succeeded in wagging the dog! As a result, using astronomical
calculations in refining geological chronologies is now a widely adopted procedure.
The work of Hilgen (1991a,b) on the remarkable marl sequences in southern Italy
represents an oustanding application of astrochronology to outcrops on land. He
found that prominent cyclic sedimentation—mostly controlled by variations in
carbonate content — could be convincingly tied to the pattern of insolation variations
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obtained by Laskar (1990). Individual strata could then be counted like tree rings and
matched bed by bed to the astronomical fluctuations. This breakthrough has now
provided timescales back to 12 million years that are more accurate and have a much
higher resolution than previous geological timescales (Hilgen ef al., 1997). Sediments
recovered in oceanic cores have also been found to provide excellent astrochronolo-
gical archives. For example, the shipboard magnetic susceptibility profiles obtained
at ODP site 926 correlate very well with the calculated insolation curves (Shackleton
and Crowhurst, 1997) and provide a timescale accurate to the level of the individual
precession cycle back to 13 million years (albeit with the occasional gap). This
approach has now been extended to the Chinese Loess Plateau by Heslop er al.
(2000), who have analyzed a number of data sets and carefully correlated them
with the astronomical calculations of Laskar (1990). The data used are (1) the
geomagnetic polarity stratigraphy at Baoji (Rutter ef al., 1991), (2) the detailed
grain size profile at Baoji (Ding et al., 1994), (3) the detailed magnetic susceptibility
profile at Luochuan (Lu et al., 1999a), and (4) the benthonic oxygen isotope profile
from core ODP677 (Shackleton et al., 1990). They succeed in linking together the
fluctuations in global ice volume [reflected by (4)] and the variations in the strength of
the summer and winter monsoons [reflected by (2) and (3)] with the whole scheme
then tied to some 2.6 million years of geomagnetic polarity reversals. Thus are events
in the solar system, the atmosphere, the hydrosphere, and the Earth’s core brought
neatly into a single chronology.



7

MAGNETOCLIMATOLOGY AND
PAST GLOBAL CHANGE

7.1 INTRODUCTION

At first sight, it would seem that magnetism and climate are strange bedfellows. But
the two were dramatically linked 30 years ago in a classic paper by Shackleton and
Opdyke (1973), as we saw in Chapter 6. This early success of the magnetostrati-
graphic clock brought together two quite separate disciplines. At the beginning, the
paleomagnetists involved restricted their attention to remanent magnetization be-
cause this is what carries the magnetostratigraphic signal. But, once involved, it was
not long before they began to investigate other magnetic properties. In particular,
magnetic susceptibility was often found to correlate with climatically controlled
features (Kent, 1982). Subsequent work has expanded the magnetic parameters that
can be used to decipher past global change; these now include laboratory-induced
remanences (IRM and ARM), coercivity spectra, and the frequency dependence of
susceptibility (Walden et al., 1999). Furthermore, since the 1980s, a wide variety of
geological archives have been found to render important magnetoclimatological
information. These consist of sedimentary deposits preserved in several different
settings — on the continents, in lakes, and in the oceans. In this chapter, we describe
examples from each of these environments, paying particular attention to the geo-
logical record of the last few million years, for which the record is richest.

7.2 LOESS

7.2.1 Magnetic Enhancement

In the 1830s, the great British geologist Charles Lyell (1797-1875) traveled widely in
Europe and America. Among his many other achievements, he can be credited with
bringing the old German word “L6B” into the English language, for which purpose
he wrote it as “loess.” Basically, it means “loose” and was used locally in the Rhine
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valley to describe the unconsolidated nature of certain geologically young unstratified
“dirty yellowish-grey” deposits found there (Smalley et al., 2001; Zoller and Semmel,
2001). Lyell himself described similar deposits in the Mississippi Valley, and we now
know that Quaternary loess occurs throughout the globe (Pye, 1987). Particularly
important are a discontinuous belt stretching from central Europe to China and the
occurrences in Alaska and Argentina (Fig. 7.1). Loess is windblown dust winnowed
off former periglacial areas and semiarid desert margins. It is produced by various
processes in two types of source region: (1) glacial grinding, frost action, and
fluvioglacial abrasion in glacial areas (Smalley, 1966) and (2) frost action and salt
weathering in cold, dry deserts (Derbyshire, 1983). The resulting material consists of
up to 90% quartz and feldspars with small amounts of clay and carbonate minerals.
Grain size distributions are dominated by the silt fraction and generally peak in the
vicinity of 30 um (Fig. 7.2). During weathering, the feldspars are often replaced by
clay minerals, particularly smectite and illite (Bronger and Heinkele, 1989). Loess
invariably also contains minor amounts (on the order of 1% or less) of magnetic
minerals (magnetite, maghemite, hematite, and goethite); because of the ease, speed,
and nondestructive nature of most magnetic measurements, these have assumed a
significance out of all proportion to the amounts actually present.

In north-central China, the blanket of loess commonly exceeds 100 meters (see
Fig. 1.1) and in some places reaches 300 meters in thickness. During cold, arid glacial
periods, the loess builds up steadily, but as interglacial conditions develop, increased
precipitation and warmer temperatures promote pedogenesis (soil formation). This
involves a complex cocktail of physical, chemical, and biological processes each of
which is fascinating in its own right, as indicated in Chapter 5. Given the need to feed
the world’s ever-increasing population, the importance of understanding soil can
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Figure 7.1 Global distribution of the major loess deposits.
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hardly be overstated. Fitzpatrick (1986), for example, draws attention to this by
speaking of the pedosphere—a thin, discontinuous global skin composed of air,
water, minerals, and organisms that together constitute the multiple interface of
atmosphere, hydrosphere, lithosphere, and biosphere.

The interglacial soils develop on preexisting loess and are, in turn, buried by loess
brought in during subsequent glacial periods. Once buried, they become fossil soils,
or paleosols (Fig. 1.1). An excellent example from Roxolany (30.4°E, 45.8°N) in the
Black Sea area of Ukraine is given in Fig. 7.3; it has been thoroughly investigated by
Tsatskin et al. (1998), who provide a highly informative paleopedological description
and paleoenvironmental interpretation. Comparable studies have been carried out by
several groups working on the magnificent outcrops so typical of the so-called
Chinese Loess Plateau. These glacial/interglacial oscillations are clearly visible as
alternating “yellow” and “red” strata. Indeed, the Chinese expression for loess is
huangtu (yellow earth), and the Yellow River (Huang He) owes its color, and hence
its name, to the great burden of eroded loess that it carries in suspension.

Impressive as they are, the loess/paleosol sequences of China stubbornly refused to
yield up adequate evidence for their chronology to be worked out. All this changed
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Modern chernosem: A - grey loam, crumbly, soft,

abundant grass roots, sharp lower boundary due to
ploughing; AB - light pale grey sandy loam, bioreworked,
graded boundary; BC (ca) - heterogeneous grey-yellow
silty sand, bioreworked, infilled animal burrows (krotovinas).
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Figure 7.3 The uppermost 10m of the loess/paleoso! sequence at Roxolany (Ukraine). (Modified from
Tsatskin et al. 1998.) © Elsevier Science, with permission of the publishers. See color plate.

about 20 years ago, when Heller and Liu (1982) succeeded in finding several major
geomagnetic polarity reversals in a loess/paleosol sequence at the now famous site of
Luochuan (109.2°E, 35.8°N). In addition to the Matuyama/Brunhes boundary
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(MBB), their data revealed the Gauss/Matuyama boundary (GMB) and the Jara-
millo and Olduvai subchrons (Fig. 7.4). Loess deposition in China was thus estab-
lished as having been initiated more than 2.5 million years ago, with some 5 to 10cm
accumulating every thousand years. Subsequent investigations extended the record
back to 7 million years (Ding et al., 1999), and more recent work has pushed this back
to 22 million years (Guo et al., 2002).

Having set up the proper timescale by comparison with the geomagnetic polarity
timescale (GPTS), Heller and Liu (1986) went on to measure the magnetic suscepti-
bility. They found a close match with the marine oxygen isotope (MOI) stages and
thus established the vital teleconnection between continental and oceanic proxy
records of past global change. An excellent example is given in Fig. 7.5, which
compares susceptibility data from another well-known site in China (Xifeng,
107.6°E, 35.7°N) with oxygen isotope results from samples cored from the equatorial
Pacific Ocean [site 677 of the Ocean Drilling Program (ODP), 83°44'W, 1°12/N].
Also shown are the alternating loess and paleosol strata at Xifeng. The loess layers
(labeled L, L,..., starting from the top) exhibit a “background” susceptibility
value (Forster et al., 1994) as low as 25x10~% m3/kg, whereas the paleosols (labeled
So, Si...) are much more magnetic, with values exceeding 250x 10~ m3/kg in the
case of S;. The correspondence between these two records, one related to the
magnetism of dust in a continental setting, the other to the oxygen composition of
microorganism skeletons in the deep ocean, is quite remarkable. It demonstrates that
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Figure 7.5 Magnetic susceptibility profile at Xifeng, China, compared with the oxygen isotope profile at
ODP677. (PDB represents a standard reference material to which oxygen isotope measurements are
compared.) The sequence of soils (S) and loess layers (L) at Xifeng is indicated on the right.

magnetoclimatology is a promising exercise, even though visual matching of “wiggly
lines” is a tricky business.

As Edward Bullard (1907-1980) points out in his discussion of an earlier set of
extremely important geophysical wiggly lines, the oceanic magnetic stripes, “‘similar-
ity is not a simple idea, and is only partly metrical” (Bullard, 1968). He rejects a more
objective approach using cross-correlation because slight variations in the spreading
velocity of the ocean floor introduce enough mismatches to defeat the purpose. In
sedimentary sequences, the same argument holds for the accumulation rate, with the
added complication of possible stratigraphic breaks representing times of no depo-
sition or even of erosion. Such problems can sometimes be overcome by a procedure
known as sequence slotting (Thompson and Clark, 1989), which combines profiles
together in an optimum way by minimizing the total path length obtained by
summing all the (parameterized) distances between successive pairs in the combined
sequence. Nevertheless, for the celebrated marine magnetic anomalies, Bullard him-
self opted for qualitative assessment, concluding that the agreement between the
curves he was interested in was “so good that it seems impossible to ascribe it to
chance.” The same can be said of the curves illustrated in Fig. 7.5.

Regardless of the particular approach taken for the comparison of curves like
those shown in Fig. 7.5, it is clear that pedogenesis in the Chinese loess has given rise
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to magnetic enhancement. Many sections throughout the Loess Plateau have now
been studied in great detail, and the entire sequence of alternating loess and paleosols
exhibits the same pattern (Fig. 7.6). It will be noted, however, that the degree of
enhancement is by no means uniform. Some paleosols are represented by very strong
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Figure 7.6 Magnetic susceptibility and lithological profiles at Lingtai, China. The susceptibility profile is
based on more than 4000 samples representing continuous stratigraphic coverage. (Data kindly provided by
Simo Spassov.)
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susceptibility peaks, but others are quite subtie. Nevertheless, the overall pattern of
magnetic enhancement in soils — albeit of variable intensity — is universally present
over the whole plateau, an area in excess of 400,000 km?. Taken completely in
isolation, this already suggests that magnetic susceptibility is a useful climate
proxy. But combined with the already established sequence of isotope stages, the
notion becomes entirely convincing.

During glacial periods, the polar ice caps grow, sea level drops, and the oceans
become isotopically heavier. In various continental areas, dust is blown off sparsely
vegetated arid regions and deposited hundreds of kilometers downwind as loess.
Some material may stay aloft much longer and travel farther afield. A well-
documented example is reported by Begét ez al. (1993), who identify mineral particles
on the island of Hawaii that were evidently transported more than 10,000 km from
Asia by late Quaternary wind storms. Similar material is deposited even farther afield
in the oceans (Rea, 1994) or falls on—and is eventually incorporated into—ice
sheets, as documented in the well-known ice cores from Vostok, Antarctica (Petit et
al., 1990), and GISP2, Greenland (Biscaye et al., 1997). In the ensuing interglacial,
the ice caps retreat, the ocean is restored to its original level and isotopic compos-
ition, and soils begin to form on the recently formed loess blanket. Soil formation is
partly aided by increased atmospheric temperatures during interglacials, but, in
China, the main driving force seems to be the behavior of the summer monsoon.
Currently, the bulk of the mean annual precipitation over the Loess Plateau falls
during July, August, and September when the summer monsoon brings its moisture-
laden air masses from the Pacific Ocean, whereas the winter monsoon blows out of
Siberia and is cold and dry. By contrast, when glacial conditions take over, the winter
monsoon dominates for much of the year and the Loess Plateau becomes more arid,
slowing down, or completely arresting, pedogenesis (Liu and Ding, 1998; Rutter and
Ding, 1993; Fang et al., 1999; Porter, 2001). The idea is illustrated diagramatically in
Fig. 7.7.

Enhanced magnetism resulting from interglacial pedogenesis is now an indisputed
observational fact, and because the Loess Plateau is the most striking example, it
is now customary to speak of it in terms of a so-called Chinese model. As we shall
see later, it is by no means the only model, but it does seem to operate in many parts
of the globe. Figure 7.8 summarizes several important examples from Asia and
Europe.

The preceding discussion focuses entirely on the last few million years of geo-
logical history, particularly the Quaternary. It is here that the record is best preserved
and most easily interpreted, and for these reasons it is here that the vast majority of
the relevant work has been carried out. Nevertheless, there are occasional reports of
similar findings from geologically much older sequences. A case in point is a magnetic
investigation of an upper Paleozoic loessite sequence (so called because the material
involved is lithified and is therefore no longer a true unconsolidated loess) in the
Eagle Basin, Colorado (Soreghan et al., 1997). The section studied is 23 m thick
and is characterized by fairly uniform susceptibility values between 2x10~% and
4 x107® m?/kg interrupted by a few paleosol horizons yielding values of up to
17x107% m?/kg. Petromagnetic analysis indicates that the observed enhancement
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Figure 7.7 Schematic representation of summer and winter monsoon behavior over China during glacial
and interglacial periods. The extent of the Chinese Loess Plateau is indicated by the dots.

parallels that found in the classic Chinese sites, and the authors therefore conclude
that “highly resolved records of terrestrial paleoclimate™ are potentially available
from “very ancient rocks.”

7.2.2 Minerals and Mechanisms

Given the striking correlation between magnetism and climate, the question of the
underlying mechanism naturally arises. What is it about soil production on an
existing ground surface consisting of loess that leads to enhanced magnetic suscepti-
bility? The general aspects of this problem are discussed in Chapter 5 and a specific
example, taken from the Chinese Loess Plateau, is illustrated in Box 5.4. Because the
loess in China represents one of the most fully studied cases, it merits a closer look.
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Figure 7.8 Representative magnetic susceptibility profiles at important sites in Europe, central Asia, and
China. Paks (18.8°E, 46.6°N) (Sartori ez al., 1999), Roxolany (30.4°E, 45.8°N) (Tsatskin er al., 1998),
Karamaidan (69.4°E, 38.4°N) (Forster and Heller, 1994), Xifeng (107.6°E, 35.7°N) (Liu et al., 1992).

The first important point to note is that the enhancement is not simply an increase
in the amount of magnetic material. There is indeed a substantial increase due to the
formation of new material; at Luochuan, for example, Heller and Liu (1984) find that
the 159 soil samples they measured had an average susceptibility 2.4 times greater
than the average obtained from 225 loess samples. But the increase is due to an
ingredient which differs from that already present in the original loess. This can be
deduced from a number of magnetic parameters but is particularly well demonstrated
by the coercivity spectra obtained from isothermal remanence (IRM) experiments.
Figure 7.9 shows the results obtained from the S;/L4 couplet at two sites in the
Chinese Loess Plateau, one (Baicaoyuan) in the relatively cool, arid western area,
the other (Luochuan) in the warmer, wetter central area where stronger pedogenesis
has taken place. The original loess is the same at both sites, but the change due to
soil formation is much greater at Luochuan. Notice also that at fields greater than
100 mT all four curves are essentially identical. This suggests that the magnetic
properties can be explained by a two-component model. Component A comprises
the magnetic material brought in as part of the original airfall loess; it is ubiquitous
and is not modified by pedogenesis. Component B is the magnetic material created
during soil formation; it is magnetically softer than component A, having no coercive
forces beyond 100 mT.

This AB model provides a convenient framework for the discussion of magnetic
enhancement (Evans and Heller, 1994; Mishima er a/., 2001), but we still have not
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Figure 7.9 Coercivity spectra of IRM at two sites in the Chinese Loess Plateau. The upper and middle
curves represent the S paleosol at Luochuan and Baicaoyuan, respectively. The lower curve represents the
parent L4 loess at both sites. Note that all the curves coalesce at 100mT with a common value of
~2x1073 Am?kg~!. Present-day mean annual temperature and precipitation are 9°C and 620mm for
Luochuan and 6°C and 350mm for Baicaoyuan. The IRM plotted is the difference between the IRM
after exposure to a 900-mT field (the highest field available) and the IRM at the field in question. See also
Boxes 7.1 and 7.2.

determined the actual minerals involved or their amounts. The way to do this is
indicated in Boxes 7.1 and 7.2. The outcome is that the original airfall loess contains
about 1% of ferromagnetic minerals, heavily dominated by hematite (a-Fe,O3) but
with significant magnetic contributions from magnetite (Fe;0;) and maghemite
(y-Fe>03). Pedogenesis leads to the production of ultrafine magnetite particles
(< 100 nm; about a thousand times smaller than the detrital windborne grains making
up the pristine loess). This latter ingredient increases as the degree of soil develop-
ment advances. At Baicaoyuan (present-day mean annual precipitation and tempera-
ture ~350mm and ~6°C), the ferromagnetic content is enhanced by only 0.04%
(by mass), but at Luochuan (~630 mm, ~9°C) four to five times as much is created.
At a third site farther along the climatic gradient (Baoji: ~700 mm, ~13°C), a further
doubling of the pedogenic addition takes place (Evans and Heller, 1994). These
B-component estimates are based on measured susceptibilities, but essentially
the same pattern emerges from the corresponding IRM curves, as indicated in
Fig. 7.10.
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Box 7.1 The AB Model (Component A)

Consider first the IRM of “pure” A material, IRMA = 5x10-> Am?kg™! (see
Fig. 7.9). Data from standard reference samples indicate that hematite is the
only likely contributor to the IRM curve beyond 100 mT, which amounts to
2x1073 Am?kg~!. But hematite always has some “‘softer” coercivities, typically
about 10%, below 100mT. Thus we deduce a total hematite contribution of
2.2x1073 Am?kg~', which leaves 2.8x1073 Am?kg~! to be accounted for. For
this, the most realistic candidates are magnetite and maghemite. Thermal demag-
netization of the samples in question indicated the presence of both —in the ratio
70:30 (Evans and Heller, 1994). The saturation IRMs (= M, in Chapter 2) for
hematite, magnetite, and maghemite can be estimated from corresponding typical
values of M,/ M; of 0.5, 0.1, and 0.5 and the intrinsic M values of 0.48, 92, and
70 Am’kg~', respectively. Thus the A-component mass fractions (m”*) of the three
minerals are given by

Mpematiie = 2.2x107° Am’kg™'/0.24 Am’kg ™' = 0.92%
Miyagnetiie = (0.7%2.8x 107 Am’kg™")/9.2 Am’kg ™' = 0.021%
Mipaghemite = (0-3%x2.8x107° Am’kg™)/35 Am’kg ™! = 0.0024%

Considerable approximations are involved in these estimates, but they indicate
that the magnetic fraction of the pristine loess is a mixture dominated by hematite
and amounting to ~ 1% of the total mass. Although more hematite is present, do
not forget that the other two minerals are much more magnetic per unit mass: of
the total IRM* (5x1073 Am’kg™'), hematite accounts for 44%, magnetite for
39%, and maghemite for 17%.

7.2.3 Milankovitch Cycles

As we saw in Chapter 6, the influence of Milutin Milankovitch on current ideas about
global climatic changes is enormous. Even though he erred on many of the details, his
contributions to the so-called astronomical, or orbital, theory remain at the very
center of modern studies. For present purposes, the important result is that each of
the three orbital parameters (eccentricity, obliquity, and precession) is associated
with a characteristic periodicity. Strictly speaking, one should speak of these as quasi-
periodicities because the gravitational interplay of the bodies in the solar system is
sufficiently complicated that the resulting cyclicities are not exactly periodic in the
true mathematical sense. Nevertheless, it has become common practice (at least in the
initial stages of any study) to search for signals at ~100,000 years for eccentricity, at
~40,000 years for obliquity, and at ~20,000 years for precession.
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Box 7.2 The AB Model (Component B)

Now let us look at component B— the magnetic material created by soil
formation. The most important observations are that (1) thermal demagnetiza-
tion curves are dominated by magnetite (Curie point near 580°C) and (2) the
frequency dependence of susceptibility (~11%) indicates that very small grains
near the SP/SSD threshold (~30nm) are common. The latter point emphasizes
the difference between components B and A (for which the measured frequency-
dependent susceptibility is <2%). Points (1) and (2) allow us to use the reference
data for magnetite grains of known size (Maher, 1988), in particular a suscepti-
bility value of ~ 1073 m?/kg for the mass-specific susceptibility. The samples from
Baicaoyuan and Luochuan have measured susceptibilities of 0.65x10~¢ and
1.97x107%m?/kg, respectively, but from these we must first subtract the mea-
sured susceptibility of the prepedogenic component A (= 0.29x107%m?/kg).
Thus, we obtain B-component mass fractions (m®) for the two sites,

MY icaoyuan = 0-36x10°°m’kg ! /10 m*kg ™ = 0.036%

mEuochuan = 1.68x 10_6 m3kg_1/10_3 m3kg_] =0.17%
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Figure 7.10 Differential IRM spectra at three sites in the Chinese Loess Plateau. These curves are the
first derivative of standard IRM acquisition curves. All three curves have essentially the same shape but
increase in magnitude along the climatic gradient from dry and cold (Baicaoyuan) to moist and warm
(Baoji).
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Using standard methods of spectral analysis, periodicities close to the expected
Milankovitch predictions were reported by Begét and Hawkins (1989) from a loess/
paleosol sequence near Fairbanks, Alaska (Fig. 7.11). The observed peaks in the
power spectrum (125, 41.6, and 23 kyr) do not coincide exactly with the predictions of
orbital theory. This is most likely due to the fact that the timescale associated with
any geological sequence is rarely known very accurately; the approximate age is
usually known from only a few “fixed” points (e.g., a handful of radiometric dates,
a few geomagnetic polarity reversals, a key fossil horizon, or a distinctive volcanic ash
layer —such as the Old Crow Tephra in this Alaskan case). Between these points, one
is almost always forced to assume a constant rate of sedimentation. These geological
timing problems must always be borne in mind. Nevertheless, the observations from
Alaska were of great significance because they provided the first evidence that
Milankovitch cycles are encoded in—and can be retrieved from — land-based
sections. This important result was confirmed by Wang et al. (1990), who recognized
the eccentricity and obliquity signals in a loess/paleosol section at Baoji (107°01'E,
34°20/N) in the Chinese Loess Plateau. Their sampling scheme was not dense enough
to extract any possible precession forcing, but more detailed work by Florindo et al.
(1999) at the nearby Duanjiapo section (109.2°E, 34.2°N) did reveal a strong peak in
the frequency spectrum corresponding to a period of ~21,000 years.

7.2.4 Paleoprecipitation

In China, the correlation of high magnetic susceptibilities with warmer, wetter
interglacials i1s now a well-established fact, and its interpretation in terms of the
intensification of the summer monsoon is generally accepted as the most satisfactory
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explanation. Useful as this magnetoclimatological signal is, it is only a qualitative
indicator. How much more useful it would be if reliable quantitative estimates of
paleoprecipitation could be obtained. Some authors have suggested that this may, in
fact, be possible. Unfortunately, they do not all agree!

The first attempt was by Heller et al. (1993) using the radioisotope '°Be as a means
of tracking the rate at which loess accumulates. The method relies on the fact that
10Be provides a convenient tracer of mineral grains and aerosols in the atmosphere. It
is produced by the interaction of cosmic radiation with atmospheric nitrogen and
oxygen and is therefore referred to as cosmogenic '"Be. Because the atmosphere is
being constantly bombarded by incoming radiation, '°Be is being created continu-
ously (see Box 7.3). Many other isotopes are also produced, but '°Be is the one with
the longest half-life (1.5x10° yr), which makes it useful in geological applications.
Once they have been created, '®Be atoms are scavenged by aerosols, which are,
in turn, removed from the atmosphere when it rains or snows. On average, a 0B,
atom may remain in the atmosphere for a year or two. The atoms that are precipi-
tated onto the continents may become attached to mineral grains in the ground.
Some of these may be reintroduced into the atmosphere as dust particles, which will
eventually be returned to the surface and incorporated into sediments, such as the
loess in China.

At Luochuan, in the central part of the Chinese Loess Plateau, it is found that
the '°Be content of the sediments closely parallels the observed variations in magnetic
susceptibility (Fig. 7.12). Furthermore, a timescale can be obtained by matching
individual features on the 'Be curve to corresponding points on the 880 curve,
which is itself tied to the absolute time frame obtained from the astronomical calcula-
tions behind Milankovitch theory (Imbrie et al., 1984). Given this chronological

Box 7.3 Cosmic Beryllium

Cosmic rays consist of protons, alpha-particles, and heavier nuclei arriving
at the top of the Earth’s atmosphere from outer space. Collisions with the
atmosphere may produce secondary particles, many of which have sufficient
energy to cause further reactions leading to a particle cascade. If energies exceed
~10MeV, “Be can be produced by collisions with oxygen and nitrogen. Many
other isotopes are produced (from target nuclei of argon and krypton as
well as oxygen and nitrogen), but only a few have half-lives of more than a
year [they are *He, which is stable, 2°Al (7.4x10°yr), *Cl (3.1x10°yr),
81K (2.1x10° yr), “C (5730yr), *28i (500yr), *Ar (270yr), *H (12.3yr), and
32Na (2.6 yr)]. Once they are produced, °Be atoms are easily scavenged by
aerosols, particularly sulfates, and precipitated in rain and snow. They may
then circulate with water or become attached to sediment particles (generally
silicates with diameters of ~0.1 to 10 um), which, in turn, may reenter the
atmosphere as dust. Because of its long half-life (1.5x10°yr), '°Be has found
wide application as a natural tracer in the earth sciences. An excellent review is
given by McHargue and Damon (1991).
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Figure 7.12 Lithology, '"Be, magnetic susceptibility, and paleoprecipitation at Luochuan, China. As
desrcibed in the text, the pedogenic and detrital components can be separated. It is found that the pedogenic
component is essentially zero in MOI stages 2 and 4 (~18 and ~70kyr, respectively = uppermost and
lowermost parts of L, repectively) and much higher in stages 1 and 5 (Sy and Sy, respectively). A somewhat
elevated contribution is seen in stage 3 (middle part of L;). (Redrawn from Heller et al., 1993.) C Elsevier
Science, with permission of the publishers.

control (Beer et al., 1993), one can calculate the rate at which the sediments accumu-
lated. It is found that the '°Be flux (Fs, in atoms/unit area/unit time) has a strong
linear correlation (R = 0.94) with the sediment accumulation rate. However, the
regression line does not pass through the origin. This is because the total beryllium
flux consists of two components, a detrital flux (Fp) consisting of beryllium attached
to dust particles (as described previously) and a so-called atmospheric flux (Fa) due
to local precipitation. Thus, we have

Fg=Fa+Fp

The intercept of the regression line yields Fa = 1.29x10° 19Be atoms/cm?/year,
which is within the range found for modern rain in India (Somayajulu et al., 1984).
The susceptibility signal can be treated similarly by writing

Fs = Fp + Fx

where Fy is the total susceptibility, Fpy represents the susceptibility of detrital origin,
and Fx is the susceptibility enhancement due to pedogenesis. Beer et al. (1993) make
the reasonable assumption that Fi and Fp are proportional to one another, that is,
Fp = oFp. The relative contribution of pedogenic susceptibility is therefore given by

Fx/Fs = 100x(1 — a(Fg — Fa)/Fs)%
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By comparing the profile obtained at Luochuan with the susceptibility of the
Holocene soil (Sp) and the present-day precipitation (630 mm/year), Heller et al.
(1993) conclude that the mean annual precipitations during the formation of L,
and S; were ~310 and ~540 mm, respectively.

A rather different approach was taken by Maher et al. (1994). They collected
together susceptibility data on the modern soil at nine sites widely spread across the
Loess Plateau and compared them with the current annual precipitation at those
localities. There is a reasonable correlation, as indicated by the regression line in Fig.
7.13. The suggested procedure, therefore, is simply to determine the maximum
susceptibility in a given paleosol after subtracting the detrital component due to the
original eolian dust input. The paleoprecipitation is then estimated from the equation
of the regression line, on the assumption that the enhancement of susceptibility is
entirely due to the pedogenesis resulting from the increased moisture. During inter-
glacial periods and in the early Holocene, Maher and her coauthors infer increased
rainfall throughout central China but particularly pronounced in the western plateau.
During glacial periods, rainfall was reduced across the whole loess plateau, especially
in the southeast (Fig. 7.14).

Despite its promise, it must be admitted that quantitative paleoclimatology using
magnetic susceptibility is not yet able to provide robust estimates of paleoprecipita-
tion. General trends are agreed on by all authors, but actual rainfall values differ
markedly from author to author. This is illustrated graphically in Fig. 7.15; in isotope
stage 5, for example, estimates range from 540 to 740 mm/yr.
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Figure 7.13 Present-day rainfall and magnetic susceptibility of the modern soil at nine sites in the
Chinese Loess Plateau. Rainfall values (R, in mm/yr) represent 30-year averages (1951-1980). Magnetic
values (x, in 10-8 m?kg 1) represent pedogenic susceptibility (i.e., the susceptibility of the B horizon minus
that of the C horizon, see Box 5.3). The regression line is given by R = 222 + 199 log,, (x). Correlation
coefficient = 0.95. (Redrawn from Mabher er al., 1994.) © Elsevier Science, with permission of the publishers.
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In China, the overall picture is one of alternating periods of dominance by either
the winter monsoon or the summer monsoon: in glacial intervals, the dry northerly
winter monsoon is stronger, whereas interglacials are characterized by the dominance
of the moist southerly summer monsoon. Rainfall estimates of this kind represent an
important step toward completing the overall paleoenviromental picture. It now
appears that precipitation changes are just as important as temperature variations
when assessing global change scenarios. Stine (1994), for example, has investigated
relict tree stumps in California and Patagonia and reports that they indicate severe
intervals of wetland desiccation during medieval times. He suggests that the cause
was a reorientation of the midlatitude storm tracks due to a general contraction of
the circumpolar vortices. Whatever the cause, however, he stresses that aberrant
atmospheric circulation can produce far greater departures in precipitation than in
temperature. He therefore makes the plea that such well-known terms as medieval
warm period be replaced by neutral terms such as medieval climatic anomaly. This will
help to avoid prejudice in future analyses.

Finally, it is important to note that even if a suitable procedure can be developed,
magnetic data are by no means the only avenue being explored in the quest for
quantitative paleoclimatic information. Oxygen isotopes in the polar ice sheets are
perhaps the most successful case (Dansgaard ef al., 1993), but evidence from past
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Figure 7.15 Paleoprecipitation at Luochuan (Chinese Loess Plateau) according to different authors.
The bold numbers refer to the corresponding oxygen isotope stages. (From Evans and Heller, 2001.)
© Elsevier Science, with permission of the publishers.

biota (pollen and tree rings, in particular) is also of prime importance. Another
promising methodology for loess deposits, which is being developed in conjunction
with magnetic measurements, involves statistical analysis of snail assemblages (Rous-
seau, 1991). This provides an objective assessment of biological diversity that can be
related (qualitatively) to environmental factors such as mean annual precipitation
and mean annual temperature. Joint susceptibility/snail (malacological) studies have
been carried out at Eustis, Nebraska (Rousseau and Kukla, 1994), at Achenheim,
France (Rousseau et al., 1998), and at Luochuan, China (Rousseau and Wu, 1997).
The data from the Peoria Loess at Eustis on the Great Plains of North America show
a particularly convincing correspondence between magnetic susceptibility and bio-
diversity, as measured by the so-called Shannon index of diversity (Box 7.4; see also
Rousseau and Kukla, 1994, Fig. 6). Over the lower part of the section (spanning the
depth interval 18 to 9m), the susceptibility falls steadily from 8.4x107% to
5.5%107 m3kg~! while the Shannon index rises from 1.0 to 2.5. Throughout the
upper part of the section (from 9 to 1 m depth), susceptibility and diversity remain
approximately constant (at about 5.0x10~8 m*kg™! and 2.5, respectively). The avail-
able chronological control suggests that these two intervals correspond to the ad-
vance and retreat of the Laurentide ice sheet.
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Box 7.4 Biodiversity

In their combined study of magnetic susceptibility and snail assemblages in the
loess section at Eustis, Nebraska, Rousseau and Kukla (1994) quantify biodiver-
sity by means of the Shannon index. This is given by H' = — > px log, px (Where
Pr 1s the frequency of the kth species in a given assemblage). Suppose, for example,
that only two species are present in an entire section. Diversity is maximum if each
species represents 50 % of the assemblage, in which case H' = 1.0. As the propor-
tions become more and more one sided, the index decreases until finally, when only
one of the species is present, H' = 0, that is, there is no diversity at all. At Eustis, 16
species were identified, so the theoretical maximum diversity is 4.0. In practice, the
highest observed diversity was 2.8. As a concrete example, consider the assemblage
at 14.2 m depth where only four species are found (Pupilla muscorum, 205 individ-
uals; Vollonia gracilicosta, 160; Succinea grosvenori, 69; and Columella avara, 11)
with a resulting diversity index of 1.59. The stratigraphic variation of diversity is
shown in the diagram along with the corresponding susceptibility profile (in units
of 10~ m*kg~!). A strong negative correlation clearly exists, suggesting that both
parameters are responding to a common driving force. Rousseau and Kukla
(1994) interpret this to be the climatic and ecological changes associated with the
advance and retreat of the Laurentide ice sheet, which, at its greatest extent, came
within about 100 km of the site.

Susceptibility Diversity

© Elsevier Science, with permission of the publishers.

7.2.5 The Wind-Vigor Model

Mention has already been made of the important loess investigations in Alaska,
particularly at the famous Halfway House site near Fairbanks. Apart from its sig-
nificance as the first land-based record of Milankovitch cyclicities, this section also
deserves our attention as a magnetoclimatological archive resulting from an entirely
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different model from that responsible for the Chinese records. There, the climate is
encoded as magnetic susceptibility highs during interglacials, whereas at Halfway
House, susceptibility lows correspond to interglacials when soils were formed. Begét
et al. (1990) argued that this is due to the stormier nature of glacial periods. The
essential point is that stronger winds are more able to pick up and transport denser
mineral grains, and it so happens that the magnetic oxides of interest to us are about
twice as dense as most common silicates (5190 compared with 2650kg/m?). It is like
winnowing as employed in traditional agriculture; normally, the wind blows away the
chaff as the denser kernels fall to the threshing floor. But if the wind gets up,
everything is blown away.

A good example of the wind-vigor model is provided by data from a 34-m
section at Kurtak in southern Siberia (Fig. 7.16). Susceptibility peaks in the
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Figure 7.16 Magnetic susceptibility and lithology at Kurtak, Siberia (91.4°E, 55.1°N). The bold
numbers indicate the corresponding oxygen isotope stages. (Redrawn from Chlachula ez al., 1998.)
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loess layers exceed 4x10® m?/kg (median = 2.7x107% m?/kg), whereas paleosol
values fall below 1x107% m3/kg (median = 1.4x107® m®/kg). These values are
almost the mirror image of the corresponding observations in the Chinese Loess
Plateau; at Baoji, for example, the most prominent soil (S3) has a susceptibility
of 3.6x107® m3/kg while the most primitive loess (L;s) has values as low as
0.2x107% m®/kg.

Stronger and more frequent winds are the basic cause of the susceptibility profiles
seen in Siberia and Alaska, but it is also possible that changes in atmospheric
circulation under different climatic conditions could lead to different source regions
being abraded. The prevailing winds might deliver particles derived from a granitic
bedrock, say, at one time, but these might be replaced later by material derived from
a more magnetic volcanic province. Even if the bedrock remains constant, proximity
to the source will influence the magnetic signal because of preferential fallout of the
denser iron oxides, similar to that observed in the ash plume generated by the 1980
eruption of Mount St. Helens (Evans, 1999). Of course, this is not an eolian deposit in
the same sense as the loess occurrences discussed before, but it does provide a useful
natural experiment concerning the dispersal of atmospheric particulates. It was found
that there is a strong exponential decrease of magnetic content in the ash as a
function of distance from the vent. Such a gradient can also explain the magnetocli-
matological patterns observed in Alaska and Siberia, as illustrated in Fig. 7.17.
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Figure 7.17 Schematic representation of the magnetic susceptibility signature of the wind-vigor model.
Magnetic susceptibility is assumed to decrease exponentially downwind (note that the ordinate is logarith-
mic). During glacial intervals, the curve moves upward (because stronger winds entrain more dense
magnetic oxide particles) and downwind (because the source region expands). The net result is that, at
any given site (at a downwind distance x, say), the magnetic susceptibility (M) fluctuates between an upper
bound (MgraciaL) and a lower bound (MinterGLaciaL). Evans (1999, 2001) gives further details.
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The wind-vigor model thus gives rise to a magnetoclimatological signal opposite
in sign to that produced by soil formation in China, but it is important to recall
that under some circumstances pedogenesis can also lead to susceptibility minima
in interglacial periods due to magnetic depletion caused by the pedological process
of gleization. We now turn to a brief description of some specific examples.

7.2.6 Examples of Gleization

In Chapter 5, we saw that pedogenesis is a highly complex physical, chemical,
and biological process that does not always lead to magnetic enhancement. In
particular, if conditions lead to waterlogging, gleization or gleying takes place.
Stagnant water becomes exhausted of oxygen, and minerals containing iron in the
reduced state (Fe?*) are formed. Magnetic susceptibility decreases, as illustrated by
the example from the Orzechowce brickyard (22°46’E, 49°51'N) near Przemysl in
southern Poland shown in Fig. 7.18. Similar results are also reported by Nawrocki
et al. (1996) from a loess profile at Bojanice in the Ukraine: They observe an
almost threefold susceptibility decrease between the glacial (stage 2) loess
(381107 SI) and the underlying interstadial (stage 3) gleyed paleosol (137x107°
SI). At the Late Pleistocene periglacial site on the North American Great Plains
discussed earlier (Eustis, Nebraska), Rousseau and Kukla (1994) also find that
gleying causes significant susceptibility decreases (by about a factor of 2) that are
superimposed on the broader regional effects of ice sheet dynamics. The possibility
of such gleying requires careful scrutiny when undertaking paleoclimatic inter-
pretations of magnetic data. Particular attention must be paid to site specificity: as
Retallack (1990, p. 87) emphasizes, gleying “reflects local waterlogging rather
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than wider effects of climate and vegetation evident from other soil-forming
processes.”

7.3 LAKE SEDIMENTS

7.3.1 Early Work

The importance of lake sediment magnetism for paleoenvironmental studies was first
recognized during the 1970s in Holocene sequences cored from British lakes. Much of
the early lacustrine work was carried out on material collected with a pneumatic
coring device (Mackereth, 1958), which was unable to penetrate more than a few
meters below the water/sediment interface. In Britain, this typically represents a time
interval on the order of about 10,000 years rather than the millions of years recorded
in the Chinese loess sequences, for example. Nevertheless, investigations of this kind
provided important data for the study of the secular variation of the geomagnetic
field (Mackereth, 1971; Creer et al., 1972), greatly extending the historical observa-
tory record and improving on the geographical distribution of the archeomagnetic
record. Similar studies were subsequently undertaken throughout Europe, in Africa,
in North and South America, and in Australia, a useful representative selection being
summarized in Table 7.1. In some cases, specific details of the secular variation
patterns observed have been sufficiently well defined to provide chronological con-
trol, as described in Chapter 6.

It appears that the addition of magnetic susceptibility to the limnologist’s arsenal
grew out of the desire to correlate, rapidly and nondestructively, between cores

Table 7.1 Selected Lacustrine Paleosecular Variation Archives

Barombi Mbo  Cameroon 25,000yr  Maley et al., 1990

Fish US.A 13,000yr  Verosub et al., 1986
Keilambete Australia 10,000yr  Barton and McElhinny, 1981
Lac de Joux Switzerland  13,400yr  Creer et al., 1980

Mara Canada 5,000yr  Turner, 1987

Morenito Argentina 14,000yr  Creer et al., 1983

Sea of Galilee  Israel 5,000yr Thompson et al., 1985

St. Croix US.A. 10,000yr  Banerjee et al., 1979
Superior Canada 14,000yr  Mothersill, 1979
Tanganyika Zambia 25,000yr  Williamson et al., 1991
Trikhonis Greece 6,000yr  Creer et al., 1981
Vatnsdalsvatn  Iceland 9,000yr Thompson and Turner, 1985
Vuokonjarvi Finland 5,000yr  Stober and Thompson, 1977

Windermere England 10,000yr  Turner and Thompson, 1981
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collected at different parts of a given lake (Thompson, 1973; Thompson et al., 1975).
But, as so often happens, it was discovered that a procedure adopted for one reason
yields useful information for an entirely different topic. In the lake sediment case,
significant correlations were soon found between susceptibility and established indi-
cators of sedimentary environment, such as grain size, organic carbon, and pollen
content. The need for longer lacustrine sequences to extend the geomagnetic secular
variation record further into the past led to the use of more powerful coring equip-
ment, which, in turn, provided longer sequences for comparison with paleoenviron-
mental reconstructions inferred from loess and oceanic data. The sediments of Lac du
Bouchet in France, for example, have now been penetrated to a depth of almost 50 m
(Thouveny et al., 1990). In what follows, we explore some of the main magnetic
observations bearing on paleoclimate and paleoenvironmental reconstructions de-
rived from representative studies of small lakes in Europe and from the world’s
largest and oldest body of freshwater, Lake Baikal in Siberia.

7.3.2 Italian and French Crater Lakes

Crater lakes form when water collects in the caldera of an extinct, or dormant,
volcano. The drainage into such lakes is often limited to, or at least dominated by,
runoff from the inner walls of the caldera, and the sediments they collect therefore
consist mostly of detrital material derived from the volcanic products of the sur-
rounding catchment area. Several such sequences have been studied under the
auspices of two major international projects, PALICLAS (Palacoenvironmental
Analysis of Italian Crater Lake and Adriatic Sediments) (http://www.iii.to.cnr.it)
(Oldfield, 1996) and EUROMAARS (European Maars) (Creer and Thouveny,
1996) —a maar being a volcanic crater that formed explosively (phreatomagmati-
cally). Both projects involved a wide range of topics including magnetism, geochem-
istry, palynology, and lithostratigraphy and yielded very large databases. Here, we
describe results germane to magnetoclimatology collected from Lago Albano in Italy
(12.6°E, 41.8°N) and Lac du Bouchet in France (3.8°E, 45.0°N). The Albano cores
yield a maximum of 14m of sediment spanning the last 30,000 years, whereas the
46-m Bouchet record reaches back an order of magnitude further, to about 300,000
years.

The oldest Lago Albano sediments are from the base of core PALB 94-1E. The
lowest 300cm, representing 4 to Skyr, reveal three strong oscillations in magnetic
susceptibility with minima suggesting an almost complete absence of magnetic min-
erals, well below the range expected from material derived from the catchment area
(Fig. 7.19). These minima correlate well with indicators of biological productivity
such as diatom and pollen concentration and are interpreted as zones wherein
organically driven reductive (dissolution) diagenesis has strongly depleted the ferri-
magnetic minerals (Rolph er al., 1996). They bear witness to climatic amelioration
during interglacials or interstadials. When these results are combined with those from
other Albano cores (PALB 94-6A and B), there are proxy data for at least seven
oscillations in climatically forced ecosystem responses during the period ~30 to
~15kyr BP. They are regarded by Oldfield (1996) as lacustrine counterparts to the
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rapid (millennial-scale) changes indicated by the Greenland ice core (GRIP) oxygen
isotope data (Dansgaard et al., 1984; Bond et al., 1993) sometimes referred to as
Dansgaard-Oeschger cycles.

Between ~15 and ~10 kyr, the shift from an ice age earth to the interglacial we are
currently enjoying is witnessed by a major increase in the amount of tree pollen as
natural reforestation took place. This important paleoecological event is captured
magnetically as a marked decrease in susceptibility, albeit with a superimposed short-
lived peak corresponding to the so-called Younger Dryas (YD) cooling interval
(~12,000 kyr BP) (Fig. 7.20). Concomitant PALICLAS oxygen isotope data obtained
on foram shells from the Adriatic marine cores quantify this cooling as a drop of 5 to
6°C in sea surface temperature (SST) between the peak of the preceding Bélling/
Allerdd interstadial and the YD minimum. Unlike the millennial-scale signals ob-
served between 30 and 15kyr, which begin and end abruptly, this rather leisurely
glacial-to-interglacial susceptibility decrease is partly attributed to the lake being
gradually starved of erosional influx as vegetation was progressively established.
Magnetic remanences (ARM, SIRM) given to samples in the laboratory suggest
that this is not the whole story, however. Were it just a matter of gradually cutting
off the erosive supply, these parameters would decrease in parallel with the suscepti-
bility, whereas a strong increase in the ARM/SIRM ratio is observed, well beyond the
catchment envelope (Fig. 7.20). Rolph et al. (1996) attribute this to the increasing
importance of bacterial magnetosomes as the lake becomes richer in nutrients,
evolving from glacial oligotrophy to interglacial eutrophy (but not yet becoming so
rich in organics as to suffer marked dissolution of the iron oxides).
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Figure 7.20 Magnetic susceptibility profile of the central part of core PALB 94-1E from Lago Albano
near Rome, Italy. The shaded zone indicates the envelope of ARM/SIRM ratios obtained from parent
materials in the catchment. (Redrawn from Oldfield, 1996.)

The sediments of the maar lake, Lac du Bouchet, in the Velay region of France
contain a detrital magnetic fraction composed mainly of titanomagnetite grains close
to magnetite in chemical composition (Williams ez al., 1996). The measured magnetic
susceptibility of the sediments reflects the relative importance of various climate-
sensitive processes. In glacial conditions, aridity and low temperatures restrict vege-
tation and soil development, while cryoclastic erosion produces rapid terrigenous
sedimentation. The lake was oligotrophic, diagenetic change was restricted, and the
sediments produced have high magnetic susceptibilities. During interglacial times,
vegetation growth and soil formation — both favored by medium to high tempera-
tures and increased moisture — restricted erosion, whereas organic productivity was
enhanced. In the resulting diagenesis, the composition of the water-sediment mixture
determines the degree of alteration of iron-bearing minerals, advanced eutrophic
conditions favoring reduction leading to partial or complete dissolution of titano-
magnetites and authigenesis of weakly ferromagnetic and paramagnetic minerals
(sulfides, phosphates, and carbonates) as described in Chapter 5. The sediments
produced have low magnetic susceptibilities. The important controlling processes
are therefore essentially the same as those in Lago Albano and the sign of the
magnetoclimatological signal in both lakes is therefore the same: glacials produce
high magnetic susceptibility, interglacials low. This mimics the situation in soil
profiles in which gleying has occurred but is opposite to the signal found at other
sites (such as the Chinese Loess Plateau) where soils are magnetically enhanced.

Thouveny er al. (1994) report results from a 20-m-long susceptibility record at
Lac du Bouchet representing some 140,000 years, which they successfully correlate
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with the oxygen isotope record obtained from the Greenland ice cap and with the
North Atlantic microfossil and lithological records. Later work at Lac du Bouchet
extended the coring to a depth of 50m, corresponding to ~300kyr according to
Ar/3Ar laser dating of a volcanic ash layer at 42m depth (Williams ez al., 1996).
Furthermore, the same ash layer occurs in the upper part of a sequence sampled
in nearby Praclaux Maar. Another tephra, at the base of the Praclaux sequence,
has yielded an “°Ar/*° Ar age of 606 + 6 kyr (Roger et al., 1999), offering the prospect
that lacustrine records of this kind may (at least in some cases) eventually yield
paleoclimatic records in excess of half a million years. But this remains as a future
exercise.

The data currently available provide a striking example of the linkages it is
possible to establish between continental and oceanic paleoclimatic records. The
wide geographic distribution of these teleconnections can be appreciated from Fig.
7.21, where the 0- to 150-kyr part of the Lac du Bouchet record is compared with
oxygen isotope profiles from the Pacific and Indian Oceans (Sowers et al., 1993;
Bassinot er al., 1994) and with the temperatures deduced from oxygen isotope
measurements on the Greenland ice cap (Dansgaard et al., 1993). As Williams er al.
(1996) point out, linkages of this kind demonstrate the wider significance of the Lac

PACIFIC OCEAN  INDIAN OCEAN GREENLAND LAC DU BOUCHET
3180 (%) 3180 (%) 3180 (%) Susceptibility (10-5mkg ™)
0 -1 -2 -3 -45 -40 -35 1 0.5 0

50

Age (kyr BP)

100

150

Figure 7.21 Lac du Bouchet (France) magnetic susceptibility profile (note reversed scale) compared with
oxygen isotope records from the Pacific Ocean, the Indian Ocean, and the Greenland ice cap. (After Heller
et al., 1998a, compiled from data by Thouveny er al., 1994, Sowers et al., 1993, Bassinot et al., 1994, and
GRIP members, 1993.) © Elsevier Science and Macmillan Magazines Limited. Reproduced with permission.
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du Bouchet record —it is one of the better continental records offering both high
resolution and long time coverage. The short-wavelength features are consistent with
the climatic variability associated with Dansgaard-Oeschger and Heinrich events,
whereas the longer wavelength features can be correlated with the classic isotope
stages and substages.

7.3.3 Lake Baikal

Lake Baikal is situated in Siberia about 1000 km east-southeast of the Kurtak site
discussed in Section 7.2; it is the world’s oldest (5 million years), largest (23,000 km®),
and deepest (1620 m) freshwater lake. As part of a joint Russian—American project,
several cores were recovered from the Academician Ridge region of the lake. The
longest of these penetrated more than 10 m of sediment that have been demonstrated
to provide a quasi-continuous climatic record of the last quarter of a million years
(Peck et al., 1994). The magnetic properties reveal the influence of two distinct sources
of sedimentation, (1) an eolian detrital influx blown in from near and far and (2) a
biogenic input— consisting largely of diatom opal—created by organic activity
within the lake itself. These two processes respond in opposite directions to climate
forcing— when one goes up, the other goes down. During interglacials, the biogenic
input increases due to enhanced organic activity but the eolian input decreases because
of lower average wind vigor. Exactly the reverse takes place during glacial intervals.
The net result is that the overall sedimentation rate remains approximately constant.
Magnetically, however, the two processes reinforce each other. This is because the
diatom opal is essentially nonmagnetic whereas the eolian influx is magnetic (Fig.
7.22). This means that during interglacials, decreased eolian input reduces the mag-
netism and increased biogenic content further dilutes the overall signal.

Peck et al. (1994) also show that the Lake Baikal magnetoclimate record can be
successfully correlated with the SPECMAP oxygen isotope time series (Imbrie et al.,
1984) obtained from oceanic sediments and thereby demonstrate that their record
reaches back more than 200kyr. Spectral analysis of the magnetic susceptibility
profile shows all three Milankovitch orbital periodicities. More recently, the Lake
Baikal coring has been extended to much greater depths and the biogenic silica
content used to continue the climate history back to 5 million years, the crucial
chronological control being provided by an excellent magnetostratigraphic record
(Williams et al., 1997).

7.4 MARINE SEDIMENTS

7.4.1 Early Work

The advantages of magnetic measurements previously pointed out (speed, nonde-
structiveness) have proved particularly effective in oceanographic work. As Manley
et al. (1993) indicate, the appropriate measurements can be made on board ship and
the data can often be available within 24 hours of core retrieval. This is a great
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Figure 7.22 Basis of the Lake Baikal enviromagnetic signal. The terrigenous (eolian) influx (open circles:
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10~2 gem~2yr~!. Susceptibility is in 10 * SI units. (Compiled from Peck er al., 1994.)

advantage to the shipboard scientists, even if no consideration is given to the origin of
the susceptibility variations, and it was soon realized that the down-core profiles
obtained in this way contained paleoclimatic information. Robinson (1986) convin-
cingly demonstrated such a link. In cores of late Quaternary sediments from the
North Atlantic, he found that glacial horizons had high magnetic susceptibility
whereas interglacials were magnetically much weaker. Subsequently, it has emerged
that other magnetic parameters, such as coercivity and laboratory-induced magne-
tizations (ARM and IRM), also provide climatic signatures caused by (1) variations
in terrigenous influx, (2) variations in the productivity of magnetotactic bacteria, and
(3) variations in postdepositional diagenesis. These three factors are the topics of the
following three sections (7.4.2-7.4.4).

7.4.2 Terrigenous Magnetic Influx

Trace amounts of strongly magnetic Fe;O; (magnetite) and related minerals
(titanium-bearing iron oxides and iron sulfides) are delivered to the ocean basins
as part of the continent-derived fraction of deep-sea sediments. They will be relatively
diluted or concentrated depending on the other ingredients in the sediments, particu-
larly biogenic carbonate and (to a lesser extent) silica. Many processes that are
climatically controlled can therefore be monitored magnetically. In mid- to high
latitudes, ice rafting is one such process; in lower latitudes, eolian dust flux is another.
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Results from ODP Leg 117 provide a striking example from low latitudes (Bloe-
mendal and deMenocal, 1989). The Owen Ridge, in the western Arabian Sea (~20°N),
lies directly beneath the path of eolian dust carried from Africa and Arabia by south-
west winds of the Asian summer monsoon. Plio-Pleistocene sediments deposited on
tne Owen Ridge consist predominantly of carbonate oozes diluted by varying amounts
of terrigenous eolian material. Extraction of the continent-derived material from 94
representative samples indicates that there is a strong correlation between the total
amount of this terrigenous material present and the measured susceptibility of each
sample (R=0.98), thus permitting the whole-core magnetic susceptibility logs—
which contain vastly more susceptibility data— to be used to construct a proxy record
of eolian deposition. The nature of the actual minerals responsible for the magnetic
signal, however, is complicated; Hounslow and Maher (1999) argue that different
ingredients dominate at different depths, depending on the relative significance of
carbonate production and source area aridity (reflecting fluctuations in global ice
volume and reduction diagenesis leading to postdepositional loss of ferrimagnetic
minerals, as discussed in Chapter 5). Despite these complexities, the Owen Ridge
sediments provide an excellent magnetoclimatological archive. A particularly convin-
cing interval, spanning some 8x 10° years, is illustrated in Fig. 7.23. Spectral analysis
indicates that the record is dominated by ~22kyr cyclicity that can be attributed
to the precession of the Earth’s spin axis. This is consistent with the results of
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atmospheric general circulation models (GCMs), which demonstrate that precession
causes strong variations in low-latitude summer insolation to which the monsoons
are “extremely responsive” (Bloemendal and deMenocal, 1989). When the summer
solstice coincides with perihelion, summer insolation is maximized, the monsoons are
intensified, and more windborne material from the African continent is delivered to
the Arabian Sea.

An extremely important demonstration of magnetic monitoring of ice-rafted
detritus (IRD) is provided by the work of Robinson et al. (1995) on a set of North
Atlantic cores. Here, a major source of IRD is material derived from North Ameri-
can igneous rocks containing significant amounts of ferromagnetic particles. Figure
7.24 indicates that magnetic susceptibility correlates strongly with the coarse-grained
(>150 um) IRD fraction and thereby reveals individual ice-rafting episodes, the so-
called Heinrich events (Heinrich, 1988; Broecker et al., 1992). Robinson et al. (1995)
argue that the magnitude of individual Heinrich events, as well as that of the last
glacial maximum (LGM) itself, can be deduced directly from the magnetic suscepti-
bility data by taking the ratio of the peak (“‘glacial”’) magnetic susceptibility value to
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Figure 7.24 Magnetic susceptibility and ice-rafted detrital (IRD) influx maxima resulting from the so-
called Heinrich events identified in a North Atlantic core studied by Robinson et al. (1995). Susceptibility is in
10~% SI units; %IRD denotes abundance of lithogenic grains >150x 10~% m. Heinrich events 1, 2, 3, and 4
occurred at ~14.3, 21.0, 27.0, and 35.5 ka, respectively. © American Geophysical Union. Reproduced by
permission of American Geophysical Union.
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Figure 7.25 Magnetic susceptibility map of North Atlantic deep-sea sediments during the last glacial
maximum (LGM: 18,000-19,000 years ago). The shaded region indicates where the ratio of the magnetic
susceptibility of LGM sediments to that of the present-day sediments at the same site exceeds unity.
The cyclonic pattern of the so-called Central North Atlantic Gyre is evident. (Redrawn from Robinson
et al., 1995.) © American Geophysical Union. Modified by permission of American Geophysical Union.

the present-day value from the same core. This is necessary in order to allow for
geographic variations due to other influences, such as nearby volcanic sources. In this
way, they were able to map the distribution of deep-sea sediments in the North
Atlantic during the LGM (18,000-19,000 years ago) and thus to reveal the cyclonic
pattern of paleoceanographic surface currents, particularly the so-called central
North Atlantic gyre (Fig. 7.25).

Whole-core magnetic susceptibility scans have also been used convincingly to map
the geographic spread of specific Heinrich events emanating from the Laurentide ice
sheet (Fig. 7.26) (Dowdeswell et al., 1995). Thouveny ez al. (2000) have succeeded in
magnetically identifying many of the Heinrich layers as far east as the Portuguese
margin. Furthermore, climatic fluctuations that correlate with the Heinrich events
have now been recognized magnetically in marine sediments off the coast of the
Antarctic peninsula (Sagnotti ez al., 2001). In this case, however, the enviromagnetic
signal does not immediately stem from changes in detrital magnetic input but rather
from changes in detrital organic input. Cooling leads to extension of the ice cover,
which reduces organic input. This, in turn, inhibits the authigenesis of iron sulfides.
The final outcome is that these cooling events are represented by a magnetic mineral-
ogy consisting solely of detrital magnetite, whereas sediments from other time inter-
vals contain a mixture of magnetite and pyrrhotite. This means that the cold intervals
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Figure 7.26 Heinrich layer 1 (~14,300 years BP). The contours show the thickness of this layer (in cm)
deduced from whole-core scans of magnetic susceptibility. The Hudson Strait (HSt) is thought to have been
the major ice stream through which detrital material from the Laurentide ice sheet was supplied to the
North Atlantic. Light gray represents the main ice sheets, darker gray represents exposed land, and dots
indicate the core locations. (Redrawn from Dowdeswell er al. 1995.)

are characterized by coercivity minima, the recognition of which enables Sagnotti and
his coauthors to make the important step of putting forward an interhemispheric
correlation of climatic changes.

A similar investigation by Kissel er al. (1999) involving seven deep-sea cores
ranging over a wide span of latitude, from the Nordic seas (67°N) as far south
as Bermuda (33°N), provides evidence of changes in North Atlantic Deep Water
(NADW) circulation paralleling the Dansgaard-Oeschger cycles during MOI stage 3.
The data from one of the cores (MD95-2010, from the Norwegian Sea) are used to
great effect in a report that compares the magnetic results with several other climate
proxy records, including (among others) oxygen isotope measurements on Greenland
ice, forams in the Santa Barbara basin, organic content in cores from the Pakistani
Margin, and pollen abundances in lake sediments in Italy (Trins workshop partici-
pants, 2000).

Stoner et al. (1995b) studied sediments cored in the Labrador Basin off southwest
Greenland. They use petromagnetic measurements (particularly susceptibility and
ARM susceptibility) to investigate the last two glacial-interglacial transitions. In
both cases, the magnetic signals mark the arrival of continental detritus carried by
meltwater from Greenland. The older deglaciation (Termination II) is found to
coincide with the 6/5 oxygen isotope stage boundary, but the younger one (Termi-
nation I) was delayed until several thousand years after the 2/1 boundary. The
different magnetic signatures of the two deglaciations are in keeping with earlier
interpretations of oxygen isotope data (Duplessy et al., 1986; Fairbanks, 1989),
which suggest that Termination II was a rapid, single process, whereas Termination
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I took place in two stages. Only the second stage (Ib) is observed by Stoner et al.
(1995b), implying that the source of the so-called meltwater pulse Ia was not Green-
land. The geography of deglaciation events is therefore starting to be revealed,
although many more cores will need to be investigated if the overall picture is to be
brought into focus.

An investigation of an Eocene/Oligocene sequence of glaciomarine sediments from
the Ross Sea has yielded important information concerning the onset of continent-
wide glaciation in Antarctica, ‘““one of the most important paleoclimatic events in the
Cenozoic” (Sagnotti et al., 1998). The lower half of a 700-m core (the CIROS-1 core,
drilled at 164.6°E, 77.1°S from a sea-ice platform 12 km offshore in 197 m of water)
was studied in detail and revealed an alternating series of five stratigraphic zones
of high and low magnetic susceptibility (Fig. 7.27). Petromagnetic measurements
indicate that magnetite is the dominant magnetic mineral in both high- and low-
susceptibility zones, although the former also contain significant amounts of maghe-
mite. Observed variations in clay mineralogy demonstrate that smectite content
covaries with magnetite. The interpretation is that subaerial chemical weathering of
the dolerites of the Ferrar Group delivered increased magnetite and smectite fluxes
into this part of the Victoria Land Basin. At such times, Antarctica was relatively
warm and humid and even had sufficient soil cover to provide the observed maghemite.
(The word “‘relatively” is important — the actual climate was probably similar to that
of Tierra del Fuego today.) Sagnotti and his co-authors conclude that a persistent
continent-wide ice sheet was not established over Antarctica until after the termination
of the younger high-susceptibility zone. This requires a significant delay in glacial
onset (~3 million years—from the middle/late Eocene boundary to the Eocene/
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Oligocene boundary) compared with previous interpretations based on paleonto-
logical evidence (Berggren and Prothero, 1992). A fascinating discussion of this
problem is given by Wilson ez al. (1998), who provide a synthesis of paleogeography,
tectonics, faunal changes, oxygen isotope data, sea level fluctuations, and oceanic
currents leading to the development of what they refer to as the Antarctic cryosphere.

7.4.3 Biogenic Magnetite

Bacterial biomineralization is an important source of fine-grained magnetite in
marine sediments (Petersen et al., 1986; Chang and Kirschvink, 1989; McNeill,
1990). The magnetite grains, which are used by magnetotactic bacteria to orient
themselves (see Chapter 9), are grown within an organic matrix. They generally
consist of pure magnetite of ultrafine size (~100nm) resolvable only by means of
high-resolution transmission electron microscopy (HRTEM).

A possible bacterial magnetite component in cores from the eastern equatorial
Atlantic was detected by Bloemendal er al. (1992), who showed that peaks in
its concentration occurred during warm oxygen isotopic stages exhibiting a distinct
23-kyr periodicity. However, identification of the magnetic component was not
confirmed by HRTEM. On the other hand, Hesse (1994) used HRTEM to determine
the morphology of bacterial magnetosomes in sediments from the eastern Tasman
Sea (between Australia and New Zealand), which showed fluctuations of magnetic
properties throughout the Brunhes chron. Three main types of magnetosome were
recognized — equant, prismatic, and elongate —and their down-core relative abun-
dances were determined. The different shapes are thought to represent different
species, and changes in the overall bacterial assemblage were therefore attributed to
paleoecological fluctuations (see discussion in Chapter 5). Hesse (1994) was also able
to show that increases in stable single-domain bacterial magnetite were associated
with warm oxygen isotope stages. He concluded that changing oxygenation of the
sediments was the most likely control of the productivity and species composition of
the magnetotactic bacterial populations and that these records thus reflect the
influences of factors such as bottom-water oxygen concentration and sedimentation
rate, both of which are climatically modulated.

In a study of a core taken from the Chatham Rise east of New Zealand, Lean and
McCave (1998) give further evidence of the importance of bacterial magnetite. They
observe susceptibility peaks >20x107®m’/kg in isotope stages 1 and 5, with low
values (~10x10~% m3/kg) in stages 2, 3, 4, and 6. Furthermore, they obtained
excellent electron microscope images of distinctive chains of 20- to 200-nm magnetite
grains of bacterial origin. Measurements of the size and axial ratios of such grains
indicate that they fall in the single-domain (SD) field (Fig. 7.28), which is essential for
magnetotaxis to be effective (see Chapters 2 and 9).

7.4.4 Postdepositional Diagenesis

The loss or transformation of magnetic mineral grains through geochemical pro-
cesses poses a very real threat to the ultimate survival of geomagnetic polarity records
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Figure 7.28 Domain state of magnetosomes identified in deep-sea sediments near New Zealand. Three
fields predicted by theoretical calculations are indicated (SP = superparamagnetic, SD = single domained,
and 2D = two-domained particles) (Butler and Banerjee, 1975). See also Chapters 2 and 9. (Redrawn from
Lean and McCave, 1998.) © Elsevier Science, with permission of the publishers.

in a sedimentary sequence (see Chapter 5). Because such records have played a major
role in working out suitable chronologies for many important marine records, it is
only natural that considerable attention has been devoted to this problem. Tarduno
(1994) draws attention to the fact that in cores from the equatorial western Pacific
(Leg 130 of the Ocean Drilling Program) there is a broad correspondence between the
water depth at the drilling site and the maximum subbottom depth to which an
interpretable polarity zonation is preserved. As the water depth goes from 2521 to
3862 m, the depth to which a measurable polarity signal can be retrieved goes from 11
to 48 mbsf (meters below sea floor). At these depths in each core, the strength of the
magnetic remanence drops by several orders of magnitude, leading to the loss of
meaningful magnetostratigraphy due to dissolution of magnetite. Small grains should
be preferentially removed by chemical dissolution, leading to a net coarsening that
might be detectable by magnetic hysteresis measurements because of the known
inverse relationship between grain size and coercive force (Stacey and Banerjee,
1974; Heider et al., 1987). This is, in fact, what Tarduno (1994) finds. At site 806A,
between depths of 1 and 8 m, he observes three sharp coercivity minima that imply a
doubling of the average grain size. Furthermore, when matched to the timescale,
these are found to occur at 100-kyr intervals, prompting the obvious correlation with
orbitally forced glacial/interglacial fluctuations. When plotted together with the
corresponding oxygen isotope data, the expected correlation is found, but with a
30- to 40-cm offset (Fig. 7.29). This is because the dissolution-controlled coercivity
data reflect redox boundary processes at depth, not at the water/sediment interface.
Increased organic carbon supply during glacials promotes this enhanced dissolution
of magnetite—it not only leads to a reduction in the measured coercive force (due
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Figure 7.29 Magnetic signal of oceanic paleoproductivity. The three magnetic coercivity minima indi-
cated are correlated by Tarduno (1994) to marine oxygen isotope stages 6, 8, and 10, reflecting increased
dissolution of small magnetite particles (mbsf = meters below sea floor). © Elsevier Science, with permis-
sion of the publishers.

to preferential removal of small grains) but also raises the redox boundary from
~80cm, as found in the present-day interglacial, to 30-40cm. Tarduno (1994) thus
draws the important conclusion that magnetic hysteresis profiling has potential as a
means of gauging paleoproductivity of the oceans.



MASS TRANSPORT

8.1 INTRODUCTION

Environmental phenomena cannot be understood in isolation: by their very nature
they are always part of a broader network of interacting processes. It is therefore a
rather arbitrary undertaking to devote a separate chapter to the discussion of mass
transport and its study by magnetic methods. After all, most topics discussed in this
book involve movement of material. Without it, no enviromagnetic archives would
be assembled in the first place! Nevertheless, it is sometimes useful to focus on the flux
of material itself and its immediate outcome. For example, meteorologists may wish
to monitor the amount of dust in the atmosphere, geomorphologists may wish to
assess erosion in a river’s catchment, stratigraphers may wish to discover the rate of
accumulation of a particular set of strata, economic geologists may wish to identify
the effects of fluids flowing through a sediment package, or paleoceanographers may
wish to know more about oceanic currents in the past. It turns out that magnetic data
have yielded useful information concerning aspects of each of these. In this chapter,
we describe a few examples chosen to illustrate the kinds of problems that can be
addressed by means of magnetic measurements. These involve transport of material
in the atmosphere, in the hydrosphere, and in the lithosphere. Most of them follow
the central theme of this book by focusing on the relatively recent past, but in order
to demonstrate the wide diversity of problems that can be attacked magnetically, a
few cases from more remote geological times are included.

8.2 DUST FLUX AND CLIMATE

Atmospheric dust plays many important roles, such as neutralizing acid rain, deliver-
ing nutrients to marine and terrestrial ecosystems, and acting in complex feedbacks
with incoming and outgoing radiation. It may even be on the threshold of becoming
an exportable, money-making, commodity (Saydam and Senyuva, 2002). Nor is its
influence purely local: long-distance transport of dust was recognized at least as early
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as 1833 by Charles Darwin (1809-1882) during the famous voyage of the Beagle. He
concluded, correctly, that the dust that fell on the ship as it traversed the central
Atlantic came from the Sahara Desert. In fact, we now know that this area is one of
two major dust sources operating today, the other being the Gobi Desert. Modern
estimates indicate that ~0.6 and ~0.3 Pg (Pg = petagram = 10" grams) of mineral
dust are transported annually from northern Africa and central Asia, respectively
(Bergametti, 1992; Prospero et al., 1989). These, and other smaller sources, provide
much of the input into marine sediments remote from continental margins. For
example, more than 75% of the sediments in the central North Pacific is eolian
material derived mostly from Asian sources: it is the marine counterpart of the
loess in China — which is how magnetism enters the picture.

With the first geomagnetic polarity dating of the Chinese Loess (Heller and Liu,
1982), it immediately became clear that not only had deposition started much earlier
than previously thought but also the accumulation rate had not been constant. In the
lower part of their now classic section at Luochuan the rate was found to be 4.6 cm/
kyr, whereas in the upper part (above the Jaramillo subchron), it increases to 7.3 crm/
kyr. These broad outlines of depositional history, established by means of polarity
stratigraphy based on magnetic remanence, can be refined by appealing to another
magnetic parameter — susceptibility. A good example of the procedure is provided
by data from loess in the Tadjik depression (central Asia) covering the last million
years (Forster and Heller, 1994; Shackleton e al., 1995; Ding et al., 2002). By
establishing tie lines between the susceptibility profile at Karamaidan (see Fig. 7.8)
and the MOI timescale (which is itself well dated by astronomical tuning, see Fig.
6.12), Forster and Heller were able to show that the sediment accumulation rate
(SAR) fluctuates up and down between an average value of 19 cm/kyr for loess layers
and 7.4 cm/kyr for paleosols (Fig. 8.1). In the same way, at Luochuan itself, Porter
(2001) concludes that the SAR was >30cm/kyr during the last glacial interval but
<10cm/kyr during the preceding interglacial. All of this is in keeping with reduced
atmospheric dust loading during interglacials due to weaker and less frequent winds
and reduced ablation in the source areas as a result of more extensive vegetation
cover.
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Figure 8.1 Scdiment accumulation rates in the loess/paleosol section at Karamaidan, Tadjikistan. The
anomalously low value for L, is attributed to an erosional boundary observed in the field. (Modified from
Forster and Heller, 1994.) © Elsevier Science, with permission of the publishers.



176 8 Mass Transport

Sediment accumulation rate (SAR) can be converted to mass accumulation rate
(MAR) by multiplying by the bulk density [(mass/unit surface area/unit time) =
(stratigraphic thickness/unit time) x (mass/volume)]. Ding et al. (1994) have reported
SAR values for the Chinese loess site at Baoji, which Kohfeld and Harrison (2001)
convert to MAR values assuming an average density: they obtain values of up to
100 g/m? /yr in warm MOI stages 3, 5, 7, 9, and 11, and 400 to 800 g/m?/yr for the
intervening even-numbered cold stages. Sun et al. (2000) have produced MAR maps
of the loess in China. During MOI stage 5 (the last interglacial), MARs were between
20 and 200 g/m? /yr at most sites but were significantly higher (50 to >1000 g/m?/yr)
during stage 2 (the last glacial maximum, LGM). Even if the entire modern output of
dust from the Gobi plume (~3x10"g/yr, see earlier) were to be delivered to the
Chinese Loess Plateau, it would provide no more than ~ 500 g/m?/yr. Because much
of the dust must actually travel farther downwind and out over the Pacific, it is clear
that the supply must have been considerably greater at various times in the past.
Combined with dust flux estimates obtained from ice cores and marine sediments,
these loess MARs give an indication of how the atmospheric dust burden has
fluctuated in the past. Thus, they provide significant input into current efforts to
understand global climate change as part of projects MAGIC (Mineral Aerosol and
Glacial-Interglacial Cycles; Harrison et al., 2001) and DIRTMAP (Dust Indicators
and Records of Terrestrial and Marine Environments; Kohfeld and Harrison, 2001)
(see www.bgc-jena.mpg.de/bgc_prentice/projects). These international projects are
still in their early stages, but the data compiled so far already indicate that during
the LGM atmospheric dust loading was as much as an order of magnitude higher
than today. Not only was the Earth colder, it was also dirtier. This is important
information for Quaternary geologists and climate modelers.

8.3 EROSION AND SEDIMENT YIELD

In one of the very earliest contributions to environmental magnetism, Thompson
et al. (1975) observed a clear correlation between magnetic susceptibility and the
amount of grass pollen in sediment cores from Lough Neagh in Northern Ireland.
They concluded that high susceptibility indicated increased flux of titanomagnetite
grains (derived from the surrounding basaltic bedrock) as part of the material washed
into the lake from soils in the catchment during times of forest clearance and soil
disturbance resulting from farming. Other examples of anthropogenic disturbance of
the landscape have been reported from Loch Lomond in Scotland (Thompson and
Morton, 1979) and Lac d’Annecy in France (Dearing, 1979). In the United States,
land-use changes have been suggested as a possible cause of magnetic increases seen
in cores collected from lakes in Pennsylvania, although increased pollution from
fossil fuel burning is also thought to be a possible contributor (Kodama et al.,
1997) (see Chapter 10).

In addition to these applications, magnetic measurements have been used to study
sediment flux in estuarine and glacial settings. Oldfield ef al. (1989) report a study
of 11 cores recovered from the estuary of the Potomac River downstream from
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Washington, DC. At depths of typically a meter, they observe a rapid change of
mineral magnetic properties. Above this level, x4, ARM, and SIRM increase while
B.; and SIRM/ARM decrease. These changes indicate a shift from an earlier assem-
blage dominated by hematite and/or goethite to a later one dominated by magnetite
and/or maghemite with more SD and SP grains. They are consistent with an in-
creased flux of magnetically enhanced topsoil material (see Chapter 5) resulting from
land clearance and agricultural intensification since the early 19th century. These
findings support the earlier conclusions of Oldfield et al. (1985c), who undertook a
similar mineral magnetic study of the Rhode River estuary in nearby Maryland.

An example of the application of environmental magnetism to glaciation is
provided by the work of Rosenbaum and Reynolds (2002), who studied a
12.8-m core from Upper Klamath Lake in southern Oregon (122.0°W, 42.4°N).
They found that glacial sediments are about an order of magnitude more magnetic
than postglacial sediments [mean values: magnetic susceptibility, 4.4x 10~¢ compared
with 0.62x107¢m?/kg; ARM (peak field = 100mT, bias field = 100nT), 3.6x 1073
compared with 0.30x1073 Am?/kg; IRM (1.2 T), 7.5x1072 compared with
1.0x 1072 Am?/kg]. Using these data in conjunction with other magnetic and grain
size measurements, a high-resolution history of glaciation for the eastern Cascade
Range was worked out from the observed downcore magnetic variations.

These examples concerning the hydrosphere and cryosphere yield useful qualita-
tive information about changes in sediment input into various depositional environ-
ments, but it has also proved possible in other cases to obtain quantitative estimates
of material flux. The concept is straightforward: simply measure the thickness of
sediments in cores taken at several spots in a lake, tie the measurements to a suitable
chronology, and calculate the volume of material (or mass, if the density is known)
entering the lake per unit time. In practice, it is not so easy. One of the persistent
difficulties is that of correlating from core to core in order to build up a complete
picture of the sediment architecture. It was shown by Thompson (1973) that magnetic
susceptibility scanning of sediment cores provides a reliable, rapid, and nondestruc-
tive means of doing this. Many studies followed, throughout Britain (Bloemendal
et al., 1979; Dearing et al., 1981; Hutchinson, 1995), in Sweden (Dearing et al., 1987),
and in Papua New Guinea (Oldfield ef al., 1985a). A particularly instructive example
is that reported by Snowball and Thompson (1992) for the Welsh lake Llyn Geir-
ionydd (3.8°W, 53.1°N). A combination of susceptibility, SIRM, pollen analysis, and
14C dating on 16 cores was used to compile the sedimentation history throughout the
Holocene (the last 10,000 years), and these were converted to average sediment yields
in tonnes per hectare per year. An increase is observed from 0.02t/ha/yr
(= 2g/m?/yr) in the early Holocene to 0.05t/ha/yr over the last 4000 years. The
authors attribute this change to postglacial climatic warming and Neolithic forest
clearance and agriculture. In a similar study using magnetic susceptibility measure-
ments of 52 cores from the delta of the River Rhone where it enters Lake Geneva,
Loizeau er al. (1997) discovered that, since 1961, there has been an annual deficit of
250,000 tonnes of sediment entering the lake. These “missing” sediments are all
trapped upstream and now reside in several hydroelectric reservoirs constructed
over the last few decades.



178 8 Mass Transport

10 T T T L
20 —
’;\ %
=
< L i 4
=)
<
30 ? -
40 L L L L Figure 8.2 Flux of glacial flour entering Upper
0 0.2 0.4 Klamath Lake, Oregon. (Data kindly provided by
Glacial flour flux (kg/m2/yr) Joe Rosenbaum.)

In the case of the glacial history of Oregon described earlier, Rosenbaum and
Reynolds (2002) deduce that the flux of glacial flour scraped off the highly magnetic
volcanic bedrock and ground up by glacial action peaked about 18,500 years ago at
a value of ~400g/m?/yr, an increase by a factor of 4 to 8 over the preglacial
background (Fig. 8.2). Then, as postglacial conditions set in (after 14,000 years
BP), the glacial flour input fell to zero.

In the marine realm, Shackleton and Crowhurst (1997, see also Chapter 6) have
made remarkable progress in using orbitally tuned magnetic susceptibility sequences
to estimate sediment fluxes into the western equatorial Atlantic. For example, in the
interval studied (5 to 14 Ma) they obtain terrigenous input varying between ~ 5 and
~20g/m?/yr (with similar, out-of-phase, variations in carbonate content). Bleil and
von Dobeneck (2002) have investigated the mineral magnetic properties (IRM,
ARM, frequency-dependent susceptibility) of much shorter cores (<9 m compared
with >300m) collected from the same area (the Ceara Rise, off the coast of Brazil,
~42°W, ~4°N). First they obtain a robust chronology from parallel oxygen isotope
results that correlate very convincingly with the standard SPECMAP stack (see
Chapter 6) back to 200ka BP. This provides the critical time control necessary for
estimates of material flux to be attempted. Next, they interpret their magnetic down-
core profiles in terms of different mineral ingredients (Frederichs et al., 1999; von
Dobeneck, 1998), their main interest being the magnetite/hematite ratio. This is
found to fluctuate (by a factor of about 2) between lows in glacial times and highs
in the intervening warm interglacials. They suggest that this pattern arises from
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the interplay of two distinct sources, one involving transport by water (both river
discharge and ocean currents) from the Amazon hinterland, the other consisting
of material brought in by winds carrying the Saharan dust plume. (See http:/
visibleearth.nasa.gov for images of Saharan dust storms—and many others.) Bleil
and von Dobeneck speculate that the African material is relatively poor in magnetite
compared with its South American counterpart, so that during glacial times (when
the Sarahan dust plume was enhanced), the overall magnetite/hematite ratio of
the combined material received by the Ceara Rise decreases. In this way, they
arrive at peak flux estimates of South American hematite and magnetite of ~ 750
and ~12g/m?/ka, respectively. Corresponding values for the African source are
~600 and ~2g/m?/ka, respectively. Climatic changes lead to fluctuations in the
balance between these two inputs. At this present early stage, such estimates must
be used with caution. However, the notion of not only gauging the amount but
also magnetically identifying the provenance of the material accumulating in a
depocenter is an important one with considerable promise for assessing environmen-
tal inventories.

8.4 PERMEATING FLUIDS

Numerous magnetic studies have been undertaken to determine the effect of fluid
penetration through sediments in a variety of settings and on a wide range of time
and length scales. The many chemical effects arising sometimes leave a magnetic
legacy that can be rapidly and nondestructively monitored. For example, on the small
scale, landfill sites have been exploited as natural laboratories responding to the
upward flux of methane and the downward flux of meteoric water, atmospheric
oxygen, and CO;. The microbially catalyzed iron (and other) reactions are controlled
by the redox conditions as described in Chapter 5. Ellwood and Burkart (1996)
pioneered the use of magnetic susceptibility measurements to follow the evolution
of conditions within landfill sites in Texas that have been covered for different
lengths of time (in their case, 1, 10, and 20 years). After | year, a general decrease
of magnetic susceptibility is observed (mean values for 1-m cores are 5.8x107% and
3.6x1078 m3/kg for the control sample and the 1-year samples, respectively). After
10 years, the mean has risen beyond the starting value (to 7.5x 1078 m3/kg), a trend
that continues for the 20-year material (21.6x 1078 m* /kg). Furthermore, at 10 years,
a distinct layering (with higher values of susceptibility in the lower half of the cores)
begins to form, and this continues to develop for the next 10 years, to the point where
a peak value of 163x10% m*/kg is observed at 60cm depth (Fig. 8.3). Ellwood and
Burkart attribute the eventual magnetic enhancement to the creation of maghemite
by a process that seems to take a few years to complete (under the environmental
conditions existing in Texas). They argue that insoluble Fe** in the overlying soil is
reduced to soluble Fe?t, which then infiltrates downward and is reprecipitated as an
iron oxyhydroxide precursor to maghemite. Whatever the underlying mechanism
might be, this type of data obviously has the potential to monitor the hydrological
and (bio-)chemical evolution of landfill sites at little cost.
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Figure 8.3 Evolution of magnetic susceptibility in a Texas landfill. Open squares represent the starting
profile, closed squares show the situation after 20 years of upward-fluxing methane and downward-seeping
meteoric water, atmospheric oxygen, and CO;. (Modified from Ellwood and Burkart, 1996.) AAPG ©
1996, reprinted by permission of the AAPG, whose permission is required for further use.

On a much larger spatial scale and longer timescale, many examples are available
from the classic paleomagnetic literature because precipitation from permeating
fluids is a potent source of remagnetization via the CRM mechanism (see Box 5.2.).
If they escape proper identification, the paleomagnetic poles deduced from such
results may cause considerable confusion to those engaged in the construction of
apparent polar wandering paths (APWPs) and the paleogeographic reconstruction of
tectonic plates. A discussion of plate tectonics is beyond the scope of this book, but a
brief look at a couple of examples illustrates how magnetic responses can be used to
detect pervasive fluid flow or, as McCabe and Elmore (1989) graphically put it, to
probe the “ancient plumbing of sedimentary basins.”

The basic idea is to look at the other side of the coin. If, for example, the APWP
for a particular continent is already well known, then a magnetic overprint can be
dated by reference to it. In many cases, it appears that the fluids responsible for the
magnetic overprints ultimately derive from orogenic activity. It is supposed that
during foreland basin evolution, sedimentary fluids migrate laterally as they are
expelled toward the craton. The fluid expulsion may be due to (1) the development
of overpressure during rapid sedimentation in the foreland basin environment
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(Sharp, 1978), (2) the lateral compression due to the movement of thrust sheets
(Oliver, 1986), or (3) gravitational flow from the mountain highlands (Bethke,
1986). A particularly illuminating example is reported by McCabe et al. (1989) for
Devonian carbonates in the Appalachian Basin. Their investigation took the form of
an east-west transect across New York State sampling the Onondaga Limestone. All
the samples were shown to carry a late Paleozoic magnetization residing primarily in
magnetite. Furthermore, a strong correlation was observed between magnetite con-
tent (as deduced from low-field and anhysteretic susceptibility) and the degree of
illitization of detrital smectite in a bentonite layer (the Tioga Bentonite) within the
Onondaga carbonates. Because illitization requires potassium and may release iron,
McCabe and his coauthors argue that the illitization and the magnetite authigenesis
result from the same process, namely the introduction of potassium in exotic brines
expelled from the orogenic zone to the southeast.

An example of more economic interest concerns the emplacement of hydrocarbon
resources into host formations in Canada (Lewchuk et al., 1998). From cores drilled
through Mississippian carbonates in southwestern Alberta, they obtained a magnetic
overprint direction whose pole falls on the North American APWP close to the
Cretaceous/Tertiary boundary (van der Voo, 1990, 1993). Lewchuk and his coau-
thors therefore conclude that the remagnetization was acquired during the Laramide
Orogeny and reflects the migration of basinal fluids— inctuding the hydrocarbons —
into the traps they currently occupy. In other words, the host carbonates sat around
for almost 300 million years before the natural gas showed up. Gillen ez al. (1999)
studied cores from a site ~ 350 km north of the area investigated by Lewchuck and his
coworkers and found the same “migration” magnetic overprint direction. Similar
studies concerning the Western Canada Sedimentary Basin have been reported by
Enkin et al. (1997) and Cioppa et al. (2000, 2001). These demonstrate the robustness
of the methodology and the widespread nature of the event.

The connection between paleomagnetic poles and hydrocarbon migration comes
as no surprise. Close associations between magnetite and oil have been known for
many years (see Elmore et al., 1987 and McCabe et al., 1987). The actual mechanism
behind this association is not entirely clear, but one possibility involves microbial
attack of the hydrocarbons. Machel (1995) summarizes this complex topic and
concludes that microbial activity is likely to be important in surface and near-surface
environments but that inorganic processes dominate at depth. The invasion of hydro-
carbons into a sediment package lowers the redox potential and “almost invariably
results in diagenetic remagnetization” (Machel, 1995, p. 9). The possible outcomes,
however, range over the whole gamut from increased magnetization (due to the
creation of magnetic minerals) to decreased magnetization (due to the destruction
of those that were already there). What happens in any individual case depends on the
exact chemical and biological conditions prevailing, as we saw in Chapter 5. One final
point concerns the suggestion that the magnetic changes likely to occur in conjunction
with hydrocarbon seepages may lead to detectable aeromagnetic anomalies and hence
be important in the search for oil. This notion goes back to Donovan et al. (1979), but
few undisputed cases have been forthcoming. One example (Reynolds et al., 1991)
involving biogenic greigite (FesS4) has been reported and is discussed in Chapter 9.
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Finally, we note that obtaining chronological control by matching CRM paleo-
poles to APWPs is not restricted to hydrocarbons: ore bodies, particularly lead-zinc
deposits, have also been successfully studied in this way (McCabe and Elmore, 1989;
Pan et al., 1990; Symons et al., 1993). An excellent example from a Pb-Zn-Ba-F
mining area in southern France has been described by Henry et al. (2001). They find a
characteristic remanent overprint resulting from Early-Middle Eocene fluid migra-
tion related to the uplift of the Pyrénées mountain chain. In this way, they argue that
the fluids were driven from the south, not from the east as previously believed.

8.5 OCEANIC AND ATMOSPHERIC CIRCULATION

The thermohaline circulation of water in the oceans plays a vital part in the overall
climate system of the Earth (Broecker, 1991). Kissel et al. (1997) have shown
how magnetic data might be used to reveal broad changes in water circulation in
the oceans. Their suggestion is that a prevailing flow pattern can be imparted to the
ocean-bottom sediments and preserved as a distinctive magnetic fabric in terms of
the shape and orientation of the susceptibility tensor, which can be represented as a
triaxial ellipsoid (see Chapters 4 and 5). For example, if the degree of anisotropy of
magnetic susceptibility (AMS) observed in a core changes from one depth to another,
it is supposed that the degree of alignment of the particles has changed accordingly.
The susceptibility anisotropy is determined only by the magnetic particles, but grains
of all compositions will respond similarly to the forces acting. The AMS ellipsoid
therefore serves as a measure of the overall internal structure. It should be noted that,
in general, the departure from isotropy is not great: the difference between maximum
and minimum susceptibilities rarely exceeds 10%. In undisturbed sediments, the
dominant feature is almost always the vertical alignment of the axis of minimum
susceptibility (Tarling and Hrouda, 1993). The AMS ellipsoid thus has the shape of a
slightly flattened sphere (i.e., an oblate spheroid). The intermediate and maximum
axes thus lie in the horizontal (bedding) plane and may (or may not) show a
meaningful pattern. A significant clustering of maxima is usually taken as evidence
of increased particle alignment due to fluid flow. If the flow is weak (<~1cm/s), the
maxima lie parallel to the direction of flow, but at higher velocities this switches to the
perpendicular direction,

These ideas are by no means new: they go back at least as far as the work of
Granar (1958) on varved sediments in Sweden. A useful summary of the early work is
given by Hamilton and Rees (1970). Subsequently, several authors have extended
AMS investigations to oceanic sediments, notably Ellwood and Ledbetter (1977) and
deMenocal et al. (1988). In the specific example first mentioned, Kissel et al. (1997)
collected samples every 5Scm from the top 11.5m of a core (SU90-33) taken south of
Iceland (22.1°W, 60.6°N) in a water depth of 2400 m. The site lies in the path of the
so-called Iceland-Scotland Overflow Water (ISOW), a branch of the North Atlantic
Deep Water (NADW). They find a clear pattern of the AMS footprint as a function
of time, with higher degrees of anisotropy corresponding to interglacial periods
(MOI stages 1, 3, and 5; AMS = 1.3, 1.2, and 1.8%, respectively) and lower values
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corresponding to glacial periods (MOI stages 2, 4, and 6; AMS = 0.3, 0.4, and 0.3%,
respectively). These results are compatible with earlier geochemical data and model-
ing results that have also been interpreted in terms of reduced vigor, or complete
cessation, of NADW circulation during glacial intervals.

Another aspect of oceanic circulation that has come under scrutiny by environ-
mental magnetists concerns coastal upwelling. Not only is the upward flux of water
an important part of the overall dynamics of the ocean, it also plays a central role in
large-scale biogeochemical cycles, particularly that of carbon. This is because the
deeper, colder water is rich in nutrients. Upwelling efficiency thus controls biological
activity and CO; production (for an overview, see Thiede and Suess, 1983). This, in
turn, influences the creation and/or destruction of magnetic minerals and the environ-
mental information encoded therein. There are five main geographic areas of coastal
upwelling in the world: two in the Pacific (United States/Mexico in the northern
hemisphere; Peru/Ecuador in the southern), two in the Atlantic (Mauritania in the
northern hemisphere; Namibia in the southern), and one in the northwest Indian
Ocean (Somalia/Oman). In each of these, the interplay of oceanic currents, prevailing
winds, topography, and the Coriolis force deflects warm, light water away from the
coast and causes upwelling of colder water from below.

Haag er al. (2002) have investigated the magnetic properties of three cores col-
lected off the coast of Mauritania between latitudes 25.0° and 21.5°N and longitudes
16.5° and 18.0°W as part of the SEDORQUA program (Sedimentation Organique
marine et changement globaux au cours du Quaternaire). The sites cored lie under the
path of the southerly flowing Canary Current before it turns into the North Equa-
torial Current flowing westward into the Atlantic. Their results for oxygen isotope
stages 2 and 3 are summarized in Fig. 8.4. In the early part of stage 3 (¢,: about 45,000
years ago), NRM is stronger in the southern and central parts of the area and very
weak in the north. By the end of stage 3 (z;: about 25,000 years ago), the profile
flattens out before eventually reversing its trend during the first half of stage 2 (¢3:
about 18,000 years ago). Haag er a/. (2002) interpret these observations in terms of
variations in upwelling. The increased nutrient flux caused by stronger upwelling
leads to greater activity of iron- and sulfate-reducing bacteria. As a result, more
magnetite and greigite are produced and stronger NRMs are created. On the basis of
other mineral magnetic measurements (ARM, IRM, susceptibility, coercivity spectra,
high- and low-temperature properties) as well as microscope and geochemical investi-
gations, Haag and her coworkers conclude that the observed NRMs are predomin-
antly CRMs (see Box 5.2). Finally, they interpret the “seesaw” pattern apparent in
Figure 8.4 in terms of spatial and temporal fluctuations of the Mauritanian
upwelling. As yet, these are rather preliminary findings, but it appears that magnetic
properties of marine sediments have some promise as a proxy for coastal upwelling
and may provide useful input for the modeling of the fluxes involved in the global
carbon cycle.

It is reasonable to suppose that prevailing winds in the atmosphere will affect
eolian sediments (such as loess) in the same way that currents affect water-
lain sediments. This has been demonstrated to be so by means of various nonmag-
netic techniques such as photomicrographic analysis of preferred grain alignment,
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Figure 8.4 Natural remanent magnetization as a proxy measure of coastal upwelling for three time
intervals (¢, = early isotope stage 3, ~45kyr ago; t; = end of isotope stage 3, ~25kyr ago; ¢3 = first half of
isotope stage 2, ~ 18 kyr ago). The data are generalized from Haag ez a/. (2002), who studied three sediment
cores collected off the coast of Mauritania (NW Africa).

determination of dielectric anisotropy, and identification of systematic geographic
variations in bed thickness, grain size, and geochemistry. In particular, by comparing
the regional grain size variations in the Chinese loess with that in the underlying
eolian strata (the so-called Red Clay), Ding er al. (2000) deduce a shift in the
atmospheric circulation pattern over China about 2.6 million years ago. Lagroix
and Banerjee (2002) report AMS data for the famous loess/paleosol section at
Halfway House in Alaska (148°27'W, 64°43'N), some 50km west of Fairbanks.
They find that the degree of anisotropy is ~4% throughout, with no systematic
differences between loess and paleosol. However, the axes of maximum susceptibility
are more strongly aligned in the loess beds than in the soils. This may be partly due to
an originally stronger preferred alignment of grains caused by stronger winds trans-
porting loess during glacial intervals and partly due to the degradation of any original
magnetic fabric in the soils by the bioturbation associated with pedogenesis. Never-
theless, Lagroix and Banerjee conclude that the prevailing winds in this area were
oriented northwest-southeast during the glacial periods corresponding to oxygen
isotope stages 4 and 6.
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MAGNETISM IN THE BIOSPHERE

9.1 INTRODUCTION

In a famous series of experiments, the Italian physiologist Luigi Galvani (1737-1798)
discovered that the nervous system in animals is essentially a specialized form of
electric circuit. Coupled with the discovery in 1820, by the Danish physicist Hans
Christian Qersted (1770-1851), that a current-carrying wire produces a magnetic
field, this implied that living organisms should be magnetic. This is, in fact, the
case. But the fields involved are extremely weak and were not detected directly until
about 40 years ago (Baule and McFee, 1963). The first successful experiments were
carried out with induction coils, the sensitivity of which severely limited what could
be achieved. In medicine and environmental health, the advent of the SQUID
(superconducting quantum interferometer device) magnetometer (see Chapter 4)
revolutionized the subject and made it possible to monitor the feeble magnetic
fields associated with brain and heart activity in human subjects without the need
for invasive surgery (Cohen er al, 1970). A comprehensive analysis of modern
instrumentation is given by Wikswo (1996), who points out that the sensors involved
are now sufficiently small that spatial resolution is better than a millimeter, making it
possible to speak of the SQUID microscope. The brief description in Box 9.1
indicates that the extremely small signals involved in these applications were theoret-
ically predictable all along—it was simply a matter of waiting for technology to
catch up so that they became measurable in vivo. Nowadays, neuromagnetism and
cardiomagnetism are well-established physiological and clinical techniques: advanced
medical facilities now offer magnetoencephalography (MEG) and magnetocardiogra-
phy (MCG) services in addition to the well-known electroencephalography (EEG)
procedures. For collections of relevant papers, see Williamson et al. (1989) and
Weinberg et al. (1985). For a comprehensive, fully illustrated survey of the whole
field refer to Malmivuo and Plonsey (1995)-— or check out the current state of the art
at http://biomag2000.hut.fi/tutorial html. A graphic example, involving a human
subject, is given in Fig. 9.1, which shows a magnetic map of the side of the skuli
following what the authors nonchalantly refer to as “stimulation” of one of the teeth.

185
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Box 9.1 Neuromagnetic Signals

As a simple model, consider a motor neuron connecting a muscle fiber to the
brain to be a long, straight wire carrying a current, /. The tangential magnetic
field, B, is given by Ampére’s law,

B = pol [2mr

where y, is the permeability of free space [4m x 10~7 Vs/Am (=Tm / A) see also
Appendix], and r is the perpendicular distance from the wire. A biologically
plausible current of 1 uA produces a field of 2 x 10~!! T (20 pT) at a distance
of 1cm (Wikswo, 1989). This model is an oversimplification, but it yields the
correct order of magnitude. The nerves actually carry an action potential caused
by the movement of Na and K ions. The action potential propagates along the
neuron at ~100 m/s and gives rise to a positive magnetic peak closely followed by
a trough. The strongest fields in humans are associated with the heart, for which
maximum values of 50 pT have been measured.
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Prior to the development of the cryogenic (SQUID) magnetometer, the most
sensitive instrument available was the optically pumped (cesium or rubidium)
magnetometer, which typically has a sensitivity of 10~!! T (the earlier proton
precession and fluxgate magnetometers were one or two orders of magnitude less
sensitive). By comparison, SQUID configurations used in modern medical appli-
cations are able to measure fields as low as (in special cases, even lower than)
10~13 T. This means, for example, that the magnetic field associated with volun-
tary eye blinking (34 pT) is readily detected (Antervo et al., 1985).

In contrast to the preceding applications of biomagnetism, which use the internal
magnetic fields produced by organisms to explore various biological functions, it is
possible to look at matters the other way around —in other words, to ask how
organisms respond to externally applied magnetic fields. To emphasize this distinc-
tion, the study of the biological effects of external magnetic fields is sometimes
referred to as magnetobiology rather than biomagnetism, but this terminology has
not been adopted by all authors. Indeed, one of the most recent advances involves
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Figure 9.1 Magnetic signal produced by © l@ij\\
“stimulation” of a tooth. The small dots indi- NS

cate the measurement positions, continuous
(dashed) lines represent flux directed out of
(into) the skull. The contour interval is 40 fT
and the arrow indicates the equivalent electric
current. (Redrawn from Hari et al., 1985 with
permission of the authors.)

what is called transcranial magnetic stimulation (TMS). In one report, an ~1.5T
field pulse was applied to a small area of the subject’s skull and the neuronal activity
evoked was monitored by 25 standard EEG electrodes (Ilmoniemi ez al., 1997). It was
found that the resulting maps enable connections between different areas of the brain
to be worked out. Repetitive transcranial magnetic stimulation (rTMS) is proving to
be an effective tool in the study of brain damage (Hilgetag et al., 2001). These new
clinical techniques employ external magnetic fields, yet they are generally included
under the rubric of biomagnetism.

Much of the earlier work carried out in magnetobiology involved time-varying
electromagnetic radiation rather than static magnetic fields, as in the ongoing debate
on the possible carcinogenic effects of high-voltage power lines (Preece et al., 2000).
Vast sums of money have been spent on research into this touchy subject and the final
word has perhaps not yet been heard. However, the U.S. National Institute of
Environmental Health Sciences has come to the conclusion that the evidence for
any causal link is “weak” (see http://www.niehs.nih.gov/emfrapid/home.htm). Now
the debate has been extended to include the possible effects of the widespread use of
mobile telephones. This is being actively investigated in many countries, but it seems
to be too early for any consensus to have emerged. Indeed, some investigators argue
that it will require years of tracking to assess fully the possible cumulative effects.
Nevertheless, a balanced view strongly suggests that “the existing evidence for a
causal relationship between RF radiation from cell phones and cancer is found to be
weak to nonexistent” (Moulder et al., 1999).
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In addition to the possible effects arising from cultural sources, such as power
lines and mobile telephones, there have been suggestions from time to time that
natural variations in the ambient geomagnetic field, arising from the interaction of
the solar wind with the earth’s magnetosphere (see Chapter 12), may have biological
effects (Dubrov, 1978). These are often based on spurious correlations and are
invariably rather speculative: to our knowledge, no hard evidence has been forth-
coming.

As far as steady magnetic fields are concerned, a variety of experiments have
been carried out. Among the effects discovered are reduced hemoglobin content in
the blood system of rabbits, modified heart function in monkeys, and the deflection
of roots in certain plants (magnetotropism). However, these experiments always
employ magnetic fields two to four orders of magnitude stronger than the geomag-
netic field, so their significance to organisms living under normal environmental
conditions is unclear. A comprehensive summary, giving many examples and also
addressing the fundamental underpinning of the observed effects, is given by Wadas
(1991).

Setting aside these fascinating— and often important — applications, we focus for
the rest of this chapter on topics that involve the actual occurrence of magnetic
material associated with biological organisms. It is convenient to group the topics of
interest into two main categories — biomineralization and contamination — bearing
in mind that, in some cases, the distinction may become a bit fuzzy. Where contamin-
ation is involved, one is mainly concerned with the intake of dust and metal aerosols,
particularly into the lungs. This affects us all, especially in urban or industrial
environments, but it is particularly significant in certain occupations such as welding
and mining. Because such material is potentially harmful, there is obviously a link to
medicine — as a monitoring technique, for example. For many purposes, however, it
is simply a form of pollution, using organisms as passive collectors. We therefore
include it as part of Chapter 10, under the heading pneumomagnetism. By its very
nature, contamination is essentially accidental, whereas biomineralization is always
the outcome of some specific biological purpose.

9.2 BIOMINERALIZATION

Biomineralization is a vast subject. In a nutshell, it is the process by which organisms
convert ions in solution into solid minerals such as bones and shells, but it also
includes mineral waste products resulting from ordinary metabolism. Some organ-
isms are so effective at managing the microarchitecture of certain structures that
serious efforts are being made to copy nature’s processes to create new nanometer-
scale technological materials (biomimetics) (Mann, 1993). In general, the most
common cation involved is Ca, but Fe is the second most common metal (Simkiss
and Wilbur, 1989). It has even been proposed that iron biomineralization may have
played an important role in the very origin of life (Williams, 1990).

For our purpose, the most important iron biominerals are magnetite (Fe;0y4),
greigite (Fe3Sy), and ferrihydrite (5Fe,03-9H,0), but others do occur [e.g., goethite



9.3 Bacterial Magnetism 189

(a-FeOOH), lepidocrocite (y-FeOOH), pyrite (FeS,), pyrrhotite (Fe;Sg), siderite
(FeCOs), and vivianite (Fe;(PO4),]. Magnetite, in particular, has been identified
in several species including fish, birds, insects, and bacteria. For many of these, it
is thought that the creatures involved use the geomagnetic field for directional
guidance (magnetoreception), but this is by no means proved in all cases and the
whole subject is really in its infancy. There is one notable exception: the investigation
of magnetic bacteria is now at an advanced stage and many aspects are reasonably
well understood (for an excellent review, see Bazylinski and Moskowitz, 1997).
Furthermore, their wide geographic distribution and numerous ecological habitats
make these humble creatures one of the few likely sources capable of leaving a
magnetic record of environmental change. This is made very clear in a summary
by Konhauser (1998), who points out that bacteria inhabit every conceivable envir-
onment, including extremely harsh surroundings such as petroleum reservoirs,
hypersaline lakes, black smokers in the deep sea, highly polluted groundwater, acid
mine drainage, and even the core of a nuclear reactor! Indeed, their ubiquitous
presence and biomineralizing activity mean that bacteria are “extremely important
agents in driving both modern and ancient geochemical cycles” (Konhauser, 1998,

p. 91).

9.3 BACTERIAL MAGNETISM

In 1975, while still a graduate student at the University of Massachusetts, Richard
Blakemore serendipitously noticed that certain bacteria he was observing in a drop of
muddy water under the microscope behaved in a very remarkable way. All the
individuals swam in the same direction, like soldiers on some aquatic parade ground.
His first guess was that they were somehow influenced by the direction in which the
light fell on the microscope slide. By covering the microscope with a box and by
moving to different rooms, he immediately ruled out this option. He then hit upon the
idea that the Earth’s magnetic field was the culprit and quickly confirmed it by
bringing a small magnet nearby (Blakemore, 1975; Blakemore and Frankel, 1981).
In Blakemore’s own words “To my astonishment, the hundreds of swimming cells
instantly turned and rushed away from the end of the magnet!” (Blakemore, 1982,
p. 219). Experiments with controlled, uniform magnetic fields quickly followed,
and the observed sensitivity of these creatures became known as magnetotaxis
(as opposed to light sensitivity, phototaxis and chemical sensitivity, chemotaxis).
Two important questions immediately arose. What makes these organisms magnetic?
And, does their magnetism serve any useful biological function?

The source of bacterial magnetism was soon discovered to be the presence within
them of tiny crystals of pure magnetite (Fe;O4) that they synthesize from iron in their
environment, for example, in the species Aquaspirillum magnetotacticum (strain
MS-1). There is now an extensive literature on the biochemistry and biophysics of
magnetotaxis (Frankel and Blakemore, 1990; Moskowitz, 1995; Konhauser, 1998)
covering such important problems as the means by which pure magnetite is synthe-
sized and its precise crystal structure and morphology (Mann et al., 1984, 1990b;
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Matsunaga et al., 1991; Meldrum et al., 1992). The process by which the intracellular
magnetic particles are synthesized is often referred to as biologically organized miner-
alization, or BOM for short (see Box 9.2). [Be warned, however, that some authors
prefer to use the acronym BOB— boundary organized biomineralization. This is
because the synthesis of the particles is controlled by some type of biological structure
or surface. Other authors use yet another term — biologically controlled mineraliza-
tion (BCM ). In this book, we stick with BOM.] The BOM particles themselves
generally occur in a restricted size range (generally 20 to 120 nm, see Devouard et
al., 1998) and each individual bacterium typically possesses 10 to 50 of them, often

Box 9.2 BOM and BIM

Iron oxides (particularly magnetite) act in a number of ways in bacterial
physiology —as an energy source, as an iron storage repository, and as a means
of detoxification. Magnetite is produced both inside and outside the organism.
The intracellular type is strictly controlled by processes within the cell that are
collectively referred to as biologically organized mineralization (BOM). The most
thoroughly investigated species is Aquaspirillum magnetotacticum, in which the
composition, crystallography, grain size, and orientation are highly regulated.
The resulting magnetite crystals are usually arranged in chains in which each one
occupies its own cytoplasmic compartment, the whole thing being called a mag-
netosome. The magnetosome membrane isolates each compartment from the rest
of the cell and controls the environment in which the magnetite is formed. Ferrous
iron traverses the magnetosome membrane and is oxidized into a low-density
hydrous ferric oxide, which in turn is dehydrated to high-density ferrihydrite.
Finally, one third of the Fe** ions are reduced and further dehydration takes
place to yield magnetite.
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Some bacteria (such as Geobacter metallireducens) respire with oxidized iron
(Fe**) in the form of amorphous ferric oxyhydroxide and secrete reduced iron
(Fe**), which subsequently reacts with excess ferric oxyhydroxide in the environ-
ment to form magnetite. The mineral grains produced are generally poorly
crystallized, irregular in shape, and often have a broad size distribution ranging
well below the SP/SSD boundary. The whole process lacks the strict control of
BOM and is referred to as biologically induced mineralization, BIM.
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Figure 9.2 Electron micrographs of several types of magnetotactic bacteria. (a) False color electron
micrograph of a soil bacterium similar to Magnetobacterium bavaricum with two flagellae and a single chain
of 36 magnetosomes (orange) [from Williams (1990) by courtesy of Hojatollah Vali]. (b) Magnetobacterium
bavaricum is one of the largest magnetotactic bacteria and can grow up to 12 um in length. The rod-shaped
cells contain 2-5 long chains which — again sitting near the outer membrane — are each made up of 2-3
braided subchains. The hook- or claw-shaped magnetosomes consist of magnetite. They have a size of about
100nm and may be considered of single-domain size. Round sulfur bodies of variable color indicate
different degrees of energy consumption. (¢) Coccus bacteria from recent sediments of the Chiemsee
(Bavaria) with two chains of magnetosomes. According to Hanzlik (1999), they consist of 5 to 28 cubic-
octahedral to slightly prismatic magnetite single crystals of 40-110 nm size with slightly rounded edges. The
large and dark spherical bodies are sulfur concentrations, which play an important metabolic role. (d) The
chains of Coccus are located near the external cell membrane, thus providing mechanical stabilization of the
body, high magnetic moments, and effective torque for fast motion (Hanzlik et al., 1996b). Micrographs in
(b,c) from Hanzlik (1999), kindly provided by Nikolai Petersen. Scale bars = | um. © Macmillan Maga-
zines Limited and Elsevier Science. Reprinted with permission of the publishers. See color plate.

arranged in one or more linear chains (Fig. 9.2). The magnetite chains are surrounded
by a membrane consisting of a lipid bilayer admixed with proteins. Collectively, the
membrane and its enclosed Fe;O4 crystals are known as a magnetosome. The
restricted size range is compelling evidence of strong biological control during
synthesis, and the reason for it is clear. Each magnetosome crystal is a stable
single-domain particle (see Box 2.4). These creatures have thus contrived to maximize
their magnetic moment per unit mass of magnetite. They are, in effect, biological
dipoles that will be rotated — passively —into alignment with the local geomagnetic
field. The organism then swims— actively — along the magnetic field line at speeds
on the order of 100 pm/s (see Box 9.3).
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Box 9.3 Magnetotaxis

Navigation in magnetotactic bacteria involves two steps. First, the organism is
passively rotated in response to the torque exerted by the ambient magnetic field.
Then it actively swims along the field direction. In a population of bacteria,
thermal energy disrupts perfect alignment, and a statistical balance is achieved
on the basis of magnetic potential energy and thermal energy. The degree of
alignment is given by the Langevin function [L(a) = coth(a) — 1/a], where a =
MB/kT (M being the magnetic moment of the organism, B the magnetic field, T
the absolute temperature, and k& Boltzmann’s constant) (see Kalmijn, 1981). As an
example, let us look at a population of identical bacteria, each containing N cubic
magnetite crystals with 50-nm sides. The volume of each crystal is 1.25 x 10~ m?
and the magnetic moment is 6 x 10~!7 Am?, the spontaneous magnetic moment
of magnetite being 480 kA/m. In a field of 50 uT, the magnetic potential energy is
3 x 1072 TAm? = 3 x 1072'J (because the tesla has the dimensions of kg/As?).
At 300K, the thermal energy is 4.1 x 10-2!J. We can now plot a graph of the
fractional alignment of the bacterial population as a function of N. About 20
crystals per individual suffice to get the population 90% aligned. If the crystals are
larger, even fewer are needed.
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The biological function of this navigational system is to keep the organism in the
proper oxygen environment. Being microaerophilic, they wish to avoid aerobic
surface waters. In the northern hemisphere, not only do they swim northward, they
also swim downward because of the sign of the vertical component of the geomag-
netic field (see Box 12.1). Thus, if the mud in which they live is stirred up, they
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immediately endeavor to return to their preferred habitat. Bacteria living in the
southern hemisphere (where the vertical component of the field points upward) are
oppositely magnetized. Hence, not only do they swim southward but— like their
counterparts in the northern hemisphere — they also swim downward, to safety.

By counting the number of magnetosomes in three Magnetobacterium bavaricum
individuals, Steinberger er al. (1994) deduce magnetic moments of 16, 22, and
51 x 10715 Am?. This calculation assumes that all the magnetic material is single-
domain magnetite in perfect alignment. The validity of the whole procedure was
brilliantly confirmed by an ingenious experiment in which the same individuals were
filmed swimming in a rotating magnetic field in an apparatus amusingly referred to as
a “‘bacteriodrome” (Petersen et al., 1989). A field of 160 uT (about three times the
geomagnetic field in southern Germany, where these organisms live) rotating at
0.1 Hz caused the bacteria to swim in circles of ~25 um radius, easily recorded with
a video camera attached to an ordinary light microscope. The size of the circles is
determined by the balance between the magnetic torque rotating the bacterium and
the viscosity of the water resisting it. In this way, Steinberger er al. (1994) obtain
magnetic moments of 1343, 1944, and 64+ 13x10"1°Am?, in excellent agree-
ment with the estimates obtained from the electron microscope observations. Of
course, dead individuals also respond to the forces acting on them, but they simply
line up with the field and rotate passively with no forward swimming motion
(Fig. 9.3).

Living populations of magnetotactic bacteria have been found in many different
environments including soil, microbial mats, lakes, rivers, estuaries, and marine
habitats (Blakemore et al., 1979; Stolz et al., 1986, 1989; Fassbinder et al., 1990;
Petermann and Bleil, 1993). For some years after their discovery, it was believed that
these organisms required microaerobic conditions in order to synthesize Fe;Oy
magnetosomes (Blakemore et al., 1985), but it emerged later that some species were
able to do so anaerobically, in the total absence of oxygen (Bazylinski er al., 1988;
Sakaguchi er al., 1993). Further study then revealed that yet other species produce
greigite (Fe3S4) anaerobically (Mann ez al., 1990a). All three types are potentially
important to the paleoenvironmental and paleomagnetic records.
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Figure 9.3 Living (upper right) and dead
(lower left) bacteria (Magnetobacterium bavar- % 2
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icum) in a counterclockwise-rotating magnetic
field. Traced from video images at successive
times (1-5). (Modified from Steinberger ef al.,
1994.)
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After an individual bacterium dies and decays, its magnetosome crystals remain as
magnetofossils that may make a significant contribution to the magnetic properties of
the sediments in which they occur (Chang and Kirschvink, 1989; Petersen et al., 1989;
Stolz et al., 1990). They have been reported from many different environments
including:

Holocene lake sediments in Sweden (Snowball, 1994; Snowball et al., 1999)

Holocene sediments in Lake Baikal, Siberia (Peck and King, 1996)

Holocene hemipelagic sediments off the coast of California (Stolz et al., 1986)

Holocene carbonate sediments of the Great Bahama Bank (McNeill, 1990)

Quaternary to Eocene deep-ocean sediments from the South Atlantic (Petersen

et al., 1986)

e Quaternary sediments from the Tasman Sea (Hesse, 1994) and the Chatham Rise
(Lean and McCave, 1998), both in the southwest Pacific Ocean

e Cambrian limestones from Siberia (Chang et al., 1987)

e Cretaceous chalk sequences in southern England (Montgomery et al., 1998)

e Precambrian, Cambrian, and Tertiary stromatolitic sediments from around the
world (Chang et al., 1989)

e Quaternary Chinese loess (Jia et al., 1996; Peng et al., 2000)

Several distinct morphologies have been recognized — cubes, octahedra, elongated
hexagonal prisms, bullet shapes, teardrops, and arrowheads (Fig. 9.4). These are
thought to correspond to particular species (Hesse, 1994; Devouard et al., 1998),
although individuals containing mixed morphologies have also been observed.

In addition to the BOM magnetism responsible for magnetotaxis, there is an-
other — potentially more important— bacterial source of magnetism. As a result of
their surface properties and metabolic processes, certain species modify their local
microenvironment in such a way that magnetic (and other) minerals are precipitated
extracellularly. These bacteria are termed dissimilatory, to distinguish them from
assimilatory bacteria, which reduce iron and incorporate it into the cell material.
The type of process involved in extracellular production is known as biologically
induced mineralization, or BIM (see Box 9.2 again). In this case, however, the
organism exercises no control over the size and morphology of the end product.
The result generally seems to be a distribution of grain sizes lying mostly within the
superparamagnetic range. At the normal growth pH (5 to 8), polymers in the cell wall
of bacteria are negatively charged and therefore attract and bind metal cations (such
as Fe) to their surface. To do this, the bacteria do not even have to be alive. Once
bound, these metals can become involved in a wide variety of subsequent reactions
controlled largely by the chemical composition of the surrounding water. One
common result is the production of ferrihydrite (5Fe.O;-9H,0) that can serve as a
precursor to more stable iron oxides, such as goethite (Fig. 9.5) and hematite. Hanzlik
et al. (1996a) find evidence for small (~10nm) BIM particles with compositions
intermediate between magnetite (Fe;04) and maghemite (y-Fe,03) (Fig. 9.6). Lovley
et al. (1987) describe the production of large quantities of magnetite by the dissimi-
latory iron-reducing bacterium Geobacter metallireducens (strain GS-15), which is not
magnetotactic. The magnetite produced extracellularly is the end product of an
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Figure 9.4 TEM images of different shapes of bacterial magnetites extracted at depths of (a) 46 cm and
(b) 617 cm in core E39.72 from the Tasman Sea (154°36’E, 40°37'S, 4520 m water depth). The preference of
different species (producing different shapes of magnetosome particles) to inhabit different depths (i.e.,
different chemical environments) is discussed by Hesse (1994) and also in Chapter S (e.g., see Fig. 5.5).
(Images kindly provided by Paul Hesse.)

Figure 9.5 TEM image of a stained bacterial cell
with crystalline, acicular (BIM) goethite. The scale
bar is 200nm long. (Image kindly provided by Kurt
Konhauser.)

energy-generating metabolism that typically allows Geobacter to produce thousands
of times more magnetite than an equivalent biomass of magnetotactic bacteria. For
this reason, BIM is generally supposed to be quantitatively more important in
environmental magnetism than is BOM.

Apart from their significance in magnetic studies, the metal-binding properties of
BIM bacteria have been pressed into service for biorecovery of economically impor-
tant metals (Basnakova and Macaskie, 1997) and for bioremediation of toxic metals
and radionuclides (White et al., 1995; Yong and Macaskie, 1997). It has also been
suggested that bacterial oxidation of ferrous iron in the Precambrian ocean may
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Figure 9.6 TEM image of BIM particles with com-
positions intermediate between Fe;O, and +vy-Fe,0s.
Scale bar = 200 nm. (Image from Hanzlik, 1999, kindly
provided by Nikolai Petersen.)

account for the origin of banded iron formations, the source of 90% of all iron mined
today (Isley, 1995).

9.3.1 Two BOM Examples

Snowball (1994) describes a magnetic study of sediments collected from a lake (Pajep
Njakajaure) in northern Sweden (18°50’E, 68°20'N). It is a small lake (380 m long and
220 m wide) with a maximum depth of 19 m. The region is situated far from potential
sources of airborne pollution, and industrial magnetite (see Chapter 10) has not been
found in the area. There is no significant inflow channel. The expected source of
magnetic input is therefore restricted to the immediate catchment (Fig. 9.7a), which
consists of gentle slopes developed on a bedrock of schist and amphibolite covered
with glacial deposits. Soils —up to 25cm thick—are podzolic, sometimes gleyed.
Vegetation is birch forest and herbs. Sediments from the lake bottom were collected
during winter by piston coring from the frozen surface of the lake. Soil samples from
the catchment area were also studied to assess their role in the observed magnetic
properties. Figure 9.7b shows the SIRM profiles for two cores. Between 370 and
200 cm, values are very low, but at shallower depths a steady rise takes place to a peak
value of 28 mAm?kg~! at a depth of 35cm. By contrast, 58 soil samples representing
the entire catchment have a maximum SIRM of only 5.12mAm?kg~!, with an
average below 2mAm?kg~!. The shortfall is even more serious when the diluting
effect of the organic content of the lake sediments is taken into account. Snowball
estimates that suitably adjusted maximum SIRMs would be over 40mAm?kg~!,
which is comparable to typical basalt! He concludes that bacterial magnetosomes
are responsible. This is supported by other magnetic data and by direct electron
microscope identification. Furthermore, the x,ppm/X diagnostic test used by Oldfield
(1994) is positive, with values of 50 being observed — well above Oldfield’s suggested
threshold of 40 (actually, this is only part of Oldfield’s test—see later for a full
discussion). Snowball thus argues for the in situ postdepositional formation of
bacterial magnetite. However, he goes on to investigate the downcore decrease in
magnetism and concludes that most of the fossil magnetosomes are eventually
dissolved by reductive diagenesis. As we saw in Chapters 5 and 7, this
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Figure 9.7 (a) The Swedish lake Pajep Njakajaure and its well-defined catchment (shaded). There are no
significant inflow channels, but two outflow streams exit toward the northwest. (b) Depth profiles of
saturation isothermal remanence (SIRM) in two cores from Pajep Njakajaure, Sweden. (Redrawn from
Snowball, 1994.) © Elsevier Science, with permission of the publishers.

again demonstrates the potential complexities involved in interpreting environmental
magnetic signals.

McNeill (1990) reports magnetic data from grab samples collected from the top
10 cm of uncemented carbonate sediments on Great Bahama Bank (78°W, 25°N), an
area devoid of terrigenous sedimentation. Coercivity spectra obtained from IRM
acquisition experiments yield values between SmT and slightly greater than 100 mT,
consistent with biogenic magnetite that has undergone slight surface oxidation to
maghemite (Vali and Kirschvink, 1989). McNeill also claims that comparison of the
AF demagnetization characteristics of saturation isothermal remanent magnetization
(SIRM) and anhysteretic remanent magnetization (ARM) (the so-called Lowrie—
Fuller test, see Lowrie and Fuller, 1971) indicates that the remanence is carried by
single-domain magnetite. But take care! More recent scrutiny of this test has cast
considerable doubt on its ability to discriminate between single-domain and multi-
domain magnetite assemblages (for a comprehensive assessment of our current
understanding, see Dunlop and Ozdemir, 1997). In addition to his magnetic experi-
ments, McNeill undertook a thorough electron microscope investigation of magnetic
separates. He found only fine-grained magnetite grains ranging in diameter from ~ 40
to ~110nm and exhibiting various crystal morphologies (hexagonal, prismatic/
cuboidal, octahedral, oval, and elongate). Multigrain chains were commonly ob-
served, often with “progressively smaller grains toward the end, similar to the
formation of new crystals in the magnetosome of magnetic bacteria” (McNeill,
1990, p. 4364). The physical dimensions of 102 grains were determined and they all
fall in the stable single-domain field when plotted on a length versus axial ratio
diagram (Butler and Banerjee, 1975; see also Fig. 7.28).
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9.3.2 Two BIM Examples

Hanesch and Petersen (1999) describe an important example of BIM magnetism
from a soil in southern Germany. Susceptibilities are ~0.1 x 10~¢ m?kg~! in the C-
horizon parent material and about twice this in the B-horizon, although with consid-
erable scatter. The topsoil (A-horizon) generally has intermediate values (Fig. 9.8).
This latter point is unusual — most soils show maximum magnetic enhancement in
the A-horizon. Hanesch and Petersen were not able to detect any BOM-type magne-
tosomes, but industrial fly-ash magnetic spherules (see Chapter 10) with “orange
peel” surfaces and typical diameters between 0.5 and 5 m were common in the A,-
horizon. By mixing soil samples with the appropriate growth medium (i.e., by adding
food), they convincingly demonstrated the presence of iron-reducing bacteria produ-
cing BIM magnetite. The magnetic susceptibility of the A-horizon material increased
exponentially in the first 100 days of the experiment (by two orders of magnitude),
after which the rate of increase gradually slackened toward saturation in about
200 days. Over the same period, B-horizon material increased in susceptibility by
about one order of magnitude but showed no tendency to saturate. Material from the
C-horizon showed no susceptibility increase over the entire time of the experiment.
The enriched material (A- and B-horizons) was examined by transmission electron
microscopy and it was found that the magnetic material consisted of particles of
average diameter about Snm, which electron diffraction patterns showed to be
magnetite.

Susceptibility (106 m3kg-1)
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Figure 9.8 Magnetic susceptibility of a soil profile in southern Germany studied by Hanesch and
Petersen (1999). © Elsevier Science, with permission of the publishers.



9.3 Bacterial Magnetism 199

120 T T

100 | W

- /
80 A/ T

SIRM (%)
()]
o
T
1

/o4
/ \
40t / \ i
/ \
foo
20 ~ / \ i
/
0 *o-o-o L
1 10 100 1000

Field (mT)

Figure 9.9 Isothermal remanence acquisition curve (and its first derivative) for BIM magnetite produced
by the bacterium GS-15. (Redrawn from Lovley et al., 1987.) @) Macmillan Magazines Limited. Reprinted
with permission.

The work of Lovley er al. (1987) mentioned before involved GS-15 bacteria
recovered from sediments of the Potomac River, Maryland. When they inoculated
the bacteria into culture medium, a highly magnetic black precipitate was formed.
Transmission electron microscopy (TEM) showed this to contain aggregates of tiny
crystals in the size range 10 to 50 nm, which electron diffraction and X-ray energy-
dispersive analysis demonstrated to be magnetite. Progressive acquisition of isother-
mal remanence (IRM) by the black precipitate resulted in a coercivity spectrum
typical of magnetite (Fig. 9.9), reaching 50 % of the maximum at 43 mT and saturat-
ing at ~100mT. The ability of this extracellular magnetite to carry a remanence is
consistent with the TEM observations, which indicate that at least some of the grains
are above the superparamagnetic threshold. This suggests that BIM magnetite — like
its BOM cousin —may also be important in paleomagnetism as a significant source
of sediment NRM.

9.3.3 Diagnostic Magnetic Tests

The desire to avoid time-consuming electron microscopy and microbiological pro-
cedures provides a strong incentive to seek rapid magnetic tests to establish the
presence of bacterial magnetite in whole samples or in magnetic extracts. The experi-
mental quantities commonly measured in environmental magnetic work (suscepti-
bility, ARM, IRM, etc.) were described in Chapter 4 and their applications to such
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issues as mineral identification, granulometry, and domain state were discussed.
Sometimes a single experimentally determined quantity (such as the Curie point) is
useful on its own, but experience shows that more can often be learned by defining
certain combinations (H; /H., for example). Here, we describe certain tests that have
been proposed specifically with biogenic magnetic material in mind.

Oldfield (1994) proposes a method for discriminating between fine-grained ferri-
magnetic particles of detrital and bacterial origin using the routine room-temperature
parameters susceptibility (x), frequency dependence of susceptibility (xg4), and sus-
ceptibility of anhysteretic remanence (xsrpm)- His procedure is to combine the mea-
sured parameters into a bilogarithmic scatter plot of the two quotients xarnm/X and
Xarm/Xig- Because both denominators are the same, it is clear that there is some
redundancy, but Oldfield retains these definitions in order to facilitate comparison
with many other papers in which the two quotients are employed separately. Using a
set of samples representing river, reservoir, lake, and marine environments, Oldfield
shows that the suggested double-quotient plot successfully defines two fields (labeled
A and B in Fig. 9.10), which, on other grounds (e.g., knowledge of likely source
materials, comparison with synthetic analogues), can be considered to represent
detrital and bacterial particles, respectively. He therefore offers this plot as a template
to provide “preliminary discrimination of fine-grained ferrimagnets into dominantly
bacterial or detrital assemblages in sediments and soils on the basis of magnetic
measurements alone.” Because no transmission electron microscopy was undertaken
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Figure 9.10 Bilogarithmic plot to dis-
criminate between detrital (field A) and
001 b—— L bacterial magnetite (field B). (Redrawn
1 10 100 from Oldfield, 1994.) © American Geo-
Lapml/ % physical Union. Modified by permission

of American Geophysical Union.
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to characterize the magnetic grains actually present, this test should be regarded as a
working hypothesis and the results treated with appropriate caution. Nevertheless, it
does have the merit of being based on routine measurements on complete samples
rather than specialized experiments on magnetic separates.

Moskowitz et al. (1989) investigated several magnetic properties of carefully cul-
tured samples of both BOM and BIM bacteria (strains MV-1 and GS-15, respectively).
For diagnostic purposes, they particularly draw attention to the low-temperature
behavior they observed. The samples were cooled from room temperature in zero
field, given an isothermal remanence in a field of 2.5 T, and then allowed to warm up
to room temperature in zero field. During warming, their IRMs were monitored and
a clear difference between BIM and BOM samples became apparent. The BIM
material has blocking temperatures as low as 2K, and the IRM is already reduced
to 50% at 40K (Fig. 9.11). The grain size distribution clearly extends into the
superparamagnetic region. Indeed, Moskowitz et al. (1989) estimate a mean particle
diameter of only 9nm. The BOM material, on the other hand, decays much more
slowly with increasing temperature and still retains more than 60% of the original
IRM at room temperature. Furthermore, the BOM strain exhibits a marked magne-
tite Verwey transition. These differences are entirely due to grain size effects. To be
successfully magnetotactic, BOM bacteria necessarily favor stable SD particles. BIM
bacteria have no such requirement, but the distribution in this case was found to
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Figure 9.11 Low-temperature behavior of saturation remanence for BIM (strain GS-15) and BOM
(strain MV-1) magnetite. (Redrawn from Moskowitz er al., 1989.) © American Geophysical Union.
Modified by permission of American Geophysical Union.
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Figure 9.12 Low-temperature data used to establish the delta/delta test. The two curves refer to cooling
in a field (FC) or in zero field (ZFC). (Redrawn from Moskowitz ef al., 1993.) © Elsevier Science, with
permission of the publishers.

extend into the stable single-domain (SSD) range as witnessed by the ability of the
material to retain some remanence. However, the amounts are sufficiently small that
the Verwey transition is not in evidence.

In a subsequent paper, Moskowitz et al. (1993) broaden their analysis to other
mineral magnetic properties and conclude that what they call the dgc/dzrc parameter
“is potentially the most diagnostic.”” This is obtained by adding a second low-
temperature experiment to the one illustrated in Figure 9.11. Whereas the first
experiment involves cooling in zero field, the second involves cooling in the same
field (2.5 T) in which the low-temperature IRM is to be given. The ratio employed in
their test thus uses field-cooled (FC) and zero field cooled (ZFC) quantities (3gc and
dzrc, respectively). These are defined as 8 = (Mgy — M1sp)/ Mgy (Where M refers to
the amount of initial SIRM remaining after warming to 80 or 150 K, that is, through
the Verwey transition). For whole cells of BOM material, the sudden decrease seen in
the ZFC curve is significantly enhanced in the FC curve (compare Figs. 9.11 and
9.12). But this is not the case if the magnetosome crystals are extracted and investi-
gated separately. In other words, the proposed test can pick out intact magnetosome
chains. How? Above the Verwey transition the magnetic easy axis in magnetite is
<111>, but this switches to <100> below the transition. Moskowitz et al. (1993)
argue that, in a single magnetosome chain, the equivalence of the various <111>
directions is lost: the chain structure produces a uniaxial anisotropy along one
particular <111 > direction. Below the Verwey transition the FC and ZFC behaviors
differ. In zero field each crystal randomly selects any one of the three possible <100>
directions, but in the FC case the strong applied field favors the <100> direction
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Figure 9.13 Results of the delta/delta test. Intact BOM magnetite chains yield values generally exceeding
2 (see text for explanation). (Compiled from Moskowitz et al., 1993.)

most nearly parallel to itself. This partial alignment leads to a stronger SIRM below
the Verwey transition. On subsequent warming through the transition, FC and ZFC
curves merge as the direction of magnetization switches back to the original <111>
easy axis along the chain. The net result of all this is that 8gc > 8zpc. Magnetosome
chains are characterized by 8rc/8zrc > 2, whereas other samples have values close to
unity (Fig. 9.13). Moskowitz et al. (1993) recognize that “real” samples probably
contain mixtures of various magnetic components, and they discuss in detail the
circumstances under which magnetosome chains may still be identified by their
“delta—delta” test.

9.3.4 Bacterial Greigite

As pointed out earlier, certain strains of bacteria manufacture the ferrimagnetic
sulfur analogue of magnetite, namely the iron sulfide greigite, Fe;Sy. Intracellular,
BOM-type greigite was first identified by Mann et a/l. (1990a) and Heywood et al.
(1990) in magnetotactic bacteria collected from brackish sulfide-rich sites (salt-marsh
pools) in Massachusetts and California. The magnetosomes observed contain either
particles of greigite alone or a mixture of greigite and nonmagnetic pyrite (FeS;). In a
more recent investigation, however, Posfai er al. (1998) found no sign of pyrite.
Instead, they reported the presence of tetragonal FeS (mackinawite) as a precursor
to greigite (as part of the suggested pathway amorphous Fe sulfide — cubic FeS —
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mackinawite — greigite). The morphology of the greigite crystals is either cubo-
octahedral or rectangular prismatic. Heywood et al. (1990) report that the individual
cells they investigated contained an average of 26 of the former (with a mean
dimension of 67nm) or 57 of the latter (with mean dimensions of 69x50 nm, but
with axial ratios varying between 1.0 and 2.0). Greigite is only about one quarter as
magnetic as magnetite, its spontaneous magnetization (M;) being about 125kA/m
(Hoftmann, 1992) compared with 480 kA/m for magnetite. Nevertheless, estimates of
the magnetic moment of typical cells indicate that they will definitely be magneto-
tactic, with magnetic energies in the geomagnetic field (~ 50 uT) exceeding thermal
energy at 300 K by more than a factor of 10 (see Box 9.3).

The successful identification of magnetosome (BOM) greigite in living bacteria
found in salt-marsh pools prompted Williams (1990) to suggest that Fe/S compounds
formed the basis of energy capture in the very early Earth and are “as important as
DNA in life’s history.” It also sparked interest in seeking its “fossil” counterpart in
other settings. Within a few years, Stanjek er al. (1994) discovered appropriate
evidence in a gleyed soil profile near Gerolfingen (10°30'E, 49°03'N) in Bavaria,
Germany. Magnetic susceptibility was found to be relatively low (and uniform)
for the top ~70cm of the profile but to peak sharply at ~80 cm depth (Fig. 9.14);
total sulfur content shows a very similar profile. Direct measurements
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Figure 9.14 Normalized magnetic susceptibility (k) and sulfur content (S) as a function of depth in a
gleyed soil profile in southern Germany. The actual peak values are 486 x 107¢ SI and 5.53 mg/g, respec-
tively. (Redrawn from Stanjek et al., 1994.) © Blackwell Publishing, with permission of the publishers.
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of Eh and pH indicate that the conditions prevailing at 80 cm depth fall in the greigite
stability field. Plant tissues from the high-susceptibility zone could be separated with
a hand magnet and were found to contain black irregular patches lining cell walls.
X-ray analysis showed that this was greigite, and transmission electron microscopy
indicated that this occurred in aggregates with maximum dimensions up to ~ 1 ym.
On closer inspection, these were often seen to contain bacteria, which themselves
contained 30- to 50-nm irregular to elongated greigite crystals. Stanjek ez al. (1994)
also measured the relevant magnetic properties, as did Fassbinder and Stanjek
(1994) in a follow-up study. As in the susceptiblity profile, peaks at ~80 cm depth
are also seen in the remanence data (NRM, IRM, and ARM). High values of
coercivity (B, = 35mT), coercivity of remanence (B, = 57mT), ratio of saturation
magnetization to saturation remanence (Mys/ M = 0.53), and the Lowrie-Fuller test
(MDFarMm — MDFrym = +8mT) all confirm that the greigite is acting as stable
single-domain material. This is supported by the low values observed for x;; (1.8 to
3.7%, mean = 2.8%), which show that superparamagnetic particles play only a
minor role.

Sulfate-reducing bacteria also use BIM processes to respire and thereby
produce extracellular iron sulfides that are both magnetic [greigite and pyrrhotite
(Fe;Sg)] and nonmagnetic [pyrite (cubic FeS;), marcasite (orthorhombic FeS;),
and mackinawite (approximately FeS)]. Unfortunately, few details are currently
known. Most studies involve the bacterium Desulfovibrio desulfuricans, but Bazy-
linski and Moskowitz (1997) argue that if excess iron is available, it is likely that
all sulfate-reducing species will produce BIM iron sulfides. Because anaerobic
bacteria of this kind are phylogenetically and morphologically very diverse, it is
possible that BIM greigite is widespread, but whether or not it contributes sig-
nificantly to the environmental and/or paleomagnetic sedimentary record is still an
open question.

Examples of sedimentary greigite are known from several localities including
Scotland, Sweden, Czechoslovakia, and Alaska, but there is no clear evidence that
it is either BIM or BOM. In the Scottish lake Loch Lomond (5°W, 56°N), Snowball
and Thompson (1988) clearly demonstrate the presence of greigite throughout most
of a 4.5-m core but particularly in the lowermost 50 cm, where it is the dominant
magnetic mineral. However, they argue that it most probably formed inorganically as
a result of a Late Glacial intrusion of seawater. In the Swedish example, Snowball
(1991) finds a high concentration of greigite in a 4-cm layer in two lakes in the
Karsavagge valley (18°30'E, 68°20'N). On the basis of magnetic measurements, he
suggests that the grain size distribution lies in the single-domain and pseudo-single-
domain range. As superparamagnetic particles seem to be entirely lacking, it seems
unlikely that there is a significant BIM component. The Czech greigite examples
(Krs et al., 1990, 1992) occur in Miocene sediments of the coal basins of western
Bohemia (12°E, 50°N). The greigite is “confined to sedimentary rocks that contain a
fossil micro-organic substance,” which provided the reducing environment necessary
for its precipitation. This is reminiscent of the German soil example described
before (Stanjek et al., 1994), but the Czech greigite occurs as grains 4 to 8 um in
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diameter —much larger than typical BIM products (see also Pdsfai et al., 2001).
Finally, Reynolds ez al. (1991) find that greigite is widespread in the Upper Cre-
taceous sediments of the Simpson oil field on the North Slope of Alaska
(156°W, 71°N), where, they claim, it is the source of the observed aeromagnetic
anomalies (of up to 50nT). They suggest that the greigite was produced by bacteria
using detrital organic matter and/or organic compounds derived from hydrocarbons
as food sources (i.e., BIM greigite). Unfortunately, they report no microscopic
investigations, so their proposal remains speculative.

9.3.5 Mars Meteorite

An intriguing set of observations concerning the ongoing debate about life on Mars
was described by McKay et al. (1996). They studied a meteorite (called ALH84001)
that was blasted off Mars by an impact event some 16 million years ago. Thereafter, it
wandered through space before being captured by the Earth’s gravity: it landed in
Antarctica 13,000 years ago, where it was found in the Allan Hills in 1984 (hence its
name). Fresh fracture surfaces display 50-pum carbonate globules that contain fine-
grained magnetite (10 to 100nm) that bear an uncanny resemblance to magneto-
somes found on Earth. Thomas-Keprta et al. (2000) have thoroughly investigated
several hundred magnetite crystals from ALH84001 and found that they can be
classified into three populations: irregular (65%), elongated prisms (28%), and whis-
kers (7%). On the basis of their morphology, chemistry, and crystallography, the
elongated prisms are found to be virtually identical to magnetites produced by the
terrestrial magnetotactic bacteria strain MV-1. Thomas-Keprta and her colleagues
argue that, collectively, the detailed criteria they used to make the comparison
amounts to a “biosignature.” The implication is that the meteorite has somehow
preserved a magnetofossil record of early Martian life. Nevertheless, the frenzy of
scientific research sparked by the original announcement has also produced staunch
supporters of an abiotic origin. There is still no agreement, so a skeptical approach is
advised (for a balanced assessment, see Treiman, 1999). If they are eventually
confirmed by other observations, thess BOM magnetites have importance not only
for extraterrestrial biology but also for planetary physics. For example, if magneto-
tactic bacteria once lived on Mars, it presumably had a strong magnetic field? And a
liquid conducting core?

9.4 OTHER ORGANISMS

As indicated before, magnetite is found in many different creatures representing
many different taxa. In some cases, evidence is growing that this is related to some
form of magnetoreception giving the organism the ability to navigate. In other cases,
the magnetic properties are not, apparently, relevant. In what follows, we briefly
summarize some representative examples.
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9.4.1 Molluscs

Lowenstam (1962) first identified magnetite in chitons, a type of mollusc belonging to
the class Polyplacophora. These invertebrates are herbivores that live in intertidal and
near-tidal marine environments. They possess a tonguelike organ called the radula
that they use to scrape microorganisms and algae off the rocky substrate. This feeding
mechanism is aided by the presence of teeth on the radula that are hardened by
biomineralized magnetite crystals. A great deal is now known about the biological
pathways involved in this biomineralization (Webb e al., 1990) and the architecture
of the final structure (van der Wal, 1990). The magnetite is formed from a ferrihydrite
precursor, which itself is derived from ferritin in the blood. Ferritin consists of a
hollow protein shell inside which small iron particles (up to several thousand atoms)
can be deposited. It is found throughout the animal world as well as in fungi,
bacteria, and plants. In the chiton Cryptochiton stelleri, Towe and Lowenstam
(1967) found that the magnetite crystallites are typically a few hundred nanometers
across, much larger than the bacterial particles discussed previously. This is no
surprise because chitons use magnetite solely for its mechanical hardness, not for
its intrinsic magnetic properties. Lowenstam also identified the occurrence of another
iron biomineral in a different class of Mollusca, namely goethite in the radula of
limpets (members of the class Gasteropoda). In the species Patella vulgata, for
example, the mature teeth contain single crystals of acicular goethite with lengths
up to ~1 um and widths varying from 20 to 200 nm (Mann ez al., 1986). Despite its
interest to biologists, it is not clear how important limpet goethite is to sediment
magnetism, but Kirschvink and Lowenstam (1979) calculate that chiton magnetite
could well be a significant contributor to the natural remanent magnetization of
marine sediments [see also later comments by Lowrie and Heller (1982) and Chang
and Kirschvink (1989)].

9.4.2 Insects

Bees and butterflies contain magnetic particles, primarily in the abdomen and thorax,
respectively. Kuterbach ez al. (1982) found bands of iron-rich granules in abdominal
cells of the honeybee (Apis mellifera) but concluded that they consisted of paramag-
netic hydrous iron oxides. They point out, however, that if about one third of it were
reduced to magnetite, it would suffice to explain the observed magnetic moments. In a
case study of the monarch butterfly (Danaus plexippus), McFadden and Jones (1985)
show that magnetic material (thought to be magnetite on the basis of an observed
Verwey transition in low-temperature experiments) is biosynthesized during the life
cycle: eggs and larvae are not magnetic, adults are. Furthermore, they find that the
monarch butterfly, which migrates thousands of kilometers each year, is substantially
more magnetic than other, nonmigratory butterflies. Etheredge er al. (1999) have
shown that, regardless of the remaining problems concerning the exact nature of the
magnetic material and its possible use in a magnetoreceptor, monarch butterflies do,
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indeed, use magnetic fields to navigate. When released in a laboratory magnetic field
created by Helmholtz coils, test individuals flew mostly in one direction; when the
field was reversed, they flew in the opposite direction.

9.4.3 Fish and Birds

Magnetite crystals in the 30- to 50-nm size range have been found in tissue samples of
several species of fish including yellowfin tuna (Thunnus albacares; Walker et al.,
1984), chinook salmon (Oncorhynchus tshawytscha; Kirschvink er al., 1985), sockeye
salmon (O. nerka; Mann et al., 1988), and rainbow trout (0. mykiss; Walker et al.,
1997). In a detailed study of the head of a rainbow trout, Diebel et al. (2000) located
magnetite particles arranged in a chain about 1 um long in what they call a magne-
toreceptor cell located in the olfactory lamellae. They succeeded in directly imaging
the magnetic state of single particles by means of magnetic force microscopy (MFM)
and were thus able to prove conclusively that they are single domained and have
coercivities between 20 and 40 mT, comparable to measurements made on bacterial
magnetosomes.

Homing pigeons and migratory birds have long been fascinating for their remark-
able navigational powers (Presti, 1985). Holtkamp-Rotzler et al. (1997) have demon-
strated the presence of superparamagnetic (SP) magnetite within the upper beak of
homing pigeons. The crystals are typically 3 nm in size and are arranged in dense
clusters, typically 3 um in size. On the basis of these observations, Shcherbakov and
Winklhofer (1999) have proposed a novel magnetoreceptor in which SP particles are
dispersed in a liquid surrounded by a biological membrane. Such a cluster of
magnetic particles is known as a ferrofluid, and the proposed biological arrangement
is called a ferrovesicle. By magnetizing the ferrofluid, an external magnetic field
causes an initially spherical ferrovesicle to become an ellipsoid of revolution whose
long axis is parallel to the field. If the vesicle’s surface area is constant, its volume
decreases, fluid traverses the membrane, and the outside osmotic pressure increases.
It is then supposed that this pressure change is sensed by the nerve fibers that
Holtkamp-Rotzler er al. (1997) observe in close association with the magnetite
clusters. Shcherbakov and Winklhofer refer to the whole thing as an osmotic magne-
tometer.

9.4.4 Mammals

The first evidence for mammalian magnetite was obtained from the common Pacific
dolphin (Delphinus delphis) (Zoeger et al., 1981). Tissue from the heads of four
individuals acquired measurable remanences in laboratory fields and alternating
field demagnetization showed this to be magnetically soft (median destructive fields
~2mT). It was assumed to be multidomained magnetite. In one case, a single, large
(~0.5mm), iron-rich particle was investigated under the scanning electron micro-
scope and was seen to be associated with “a stalk-like” object consisting of what the
authors interpret as nerve fibers. Subsequently, several species of whale have been
studied magnetically (Bauer et al., 1985), although such large animals are difficult to
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dissect in sufficiently clean environments. Laboratory-induced remanences indicate
the presence of significant amounts of magnetic material not only in the brain but
also in other parts of the body. The evidence is mixed as to whether or not this is
always magnetite, but a humpback whale (Megaptera novaeangliae) sample did yield
evidence of single-domain magnetite. In most of the animals studied, large magnetic
particles were present but were interpreted as contamination. It is quite possible that
this is also the case for the putative dolphin magnetoreceptor.

Human brain tissue also contains magnetite (Kirschvink ez al., 1992; Dunn et al.,
1995), as do the heart, spleen, and liver. On the basis of laboratory IRMs given to
tissue from eight cadavers, Grassi-Schultheiss e al. (1997) and Schultheiss-Grassi
and Dobson (1999) estimated magnetite concentrations on the order of 1 part in 10’
(by weight). Values were highest for the heart (mean = 185ng/g; range 343 to 102),
followed by the spleen (75 ng/g; 308 to 14), the liver (68 ng/g, 158 to 34), and the brain
(63 ng/g; 164 to 17) (see Fig. 9.15). The function of this material —if, indeed, it has
any — is entirely unknown. Nevertheless, it is currently a hot research topic because
disruption of normal iron metabolism in the brain is a characteristic of several
neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease.
Magnetite accumulation apparently upsets the local chemistry and leads to tissue
damage and further deterioration. On the other hand, the good news is that such
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Figure 9.15 Magnetite concentrations in tissue samples from human cadavers deduced from IRM
experiments. Data from Grassi-Schultheiss ef al. (1997) and Schultheiss-Grassi and Dobson (1999). The
original authors point out that the magnetic mineral present may be maghemite rather than magnetite. If
this is so, the concentrations shown here must be increased by about 25% to allow for the lower saturation
magnetization of maghemite [380 kA/m, compared with 480 kA/m for magnetite (Dunlop and Ozdemir,
1997)].
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magnetic centers may turn out to be detectable by magnetic resonance imaging
(MRI) at an earlier stage than current techniques allow and thus lead to more
effective treatments (Dobson, 2001). In a similar development, magnetic drug
targeting is now being tested as a potential clinical technique in which anticancer
agents bound to magnetic nanoparticles are injected into the bloodstream and
concentrated in the desired area by an external magnetic field (see Alexiou et al.,
2000).



10

MAGNETIC MONITORING
OF POLLUTION

10.1 INTRODUCTION

Many industrial processes, such as the production of steel and cement, generate
airborne magnetic material, but coal-burning power plants are by far the most
significant sources. Even with electrofilters working at ~98 % efficiency, a single
1000-MW plant emits almost 2 tonnes of fly ash every hour (Konieczynski, 1982).
Smokestacks deliver this into the atmosphere and, depending on meteorological
conditions, the particles involved may travel hundreds of kilometers before settling
back to the surface. Flanders (1994) observes that the amount of magnetic material
deposited on trees and buildings varies inversely with distance from its source.
As older particles are washed away, new ones are deposited so that a rough equilib-
rium is achieved. Typically, at a distance of 1km, this equilibrium amounts to
something on the order of 1 pg of magnetic material per square centimeter of surface
(Fig. 10.1).

Before being burned, coal is essentially nonmagnetic. The process of combustion
causes the pyrite (FeS;) present— typically a few percent— to dissociate and form
pyrrhotite (Fe;Sg) and sulfur gas. Above about 1350 K, pyrrhotite decomposes into
sulfur and iron. Spherical iron particles, typically about 20 wm in diameter, are
formed and subsequently oxidize to magnetite (Fe;04). Flanders (1999) calculates
that if the magnetite produced by the 830 million tons of coal burned annually by
U.S. power stations were spread evenly over the entire country, it would amount to
~1.5ng/cm?/day (~5mg/m?/year). Naturally, one would not expect absolute geo-
graphic uniformity. Flanders confirmed the essential validity of his calculation by
measuring the magnetic properties of the material deposited on newly exposed plastic
windows located more than 10 km downwind from the nearest coal-fired utility. He
reported values ranging from 2ng/cm?/day near Philadelphia, Pennsylvania, to
0.2ng/cm?/day near Oviedo, Florida.

Once created, mineral particulates may suffer several different fates. At the lower
boundary of the atmosphere, they may be deposited on vegetation and buildings,
or they may fall directly onto the topsoil. Schiavon and Zhou (1996) have investigated
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Figure 10.1 Decrease of magnetic deposition with distance from the source. This very generalized
representation summarizes the numerous observations collated by Flanders (1994) involving many different
sources (e.g., electric power-generating stations) and many different depositional surfaces (e.g., tree bark
and leaves). The width of the band reflects variability in source strength and collector efficiency. Note that
the observed 1/r relationship would be expected from a fixed input spread over a radially increasing sectoral
area (rdo dr).

the magnetic content of weathering crusts on several historical buildings in England
(four cathedrals, a church, and a chapel — all made of limestone). They conclude that
coal-burning power plants and domestic fires are the main pollution sources. They also
point out that the accumulated content of iron-rich particulate pollutants acts as a
catalyst in oxidation reactions leading to limestone decay. An example of fly ash
captured by topsoil is provided by the work of Hanesch and Petersen (1999) at a site
in southern Germany. Much of their investigation is concerned with pedogenesis and
bacterial magnetite (and is described in Chapter 9), but magnetic extracts indicated
that industrial magnetic spherules (0.5 to 5um in diameter) are abundant in the
uppermost 25cm of the profile, which constitutes the Ap, or ploughed, horizon (see
Box 5.3). The ability to capture and retain atmospheric particulates depends very
much on the nature of the surface involved. For example, tree trunk bark is some two
orders of magnitude more effective than leaves, apparently because of their different
roughness. Similar observations were made by Oldfield e al. (1979) concerning the
trapping of airborne particulates by hummock-forming plants such as are found in
peat bogs. Whatever their source —and ultimate fate —magnetic dust particles are
certainly ubiquitous. Flanders (1994) reports examples from trees in several countries
in Europe, Asia, and America. He also points out that upholstery cloth, household
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dust balls, and even spider webs are efficient collectors. Using measured values of
magnetic moment and coercive force and applying the empirical relationship between
particle diameter and coercive force deduced by Heider ez al. (1987), it appears that
dust balls and spider webs may contain up to 10’ magnetic particles per gram (see
Box 10.1).

Fascinating as magnetic spider webs might be, they are essentially a curiosity. The
important issues concerning the monitoring of pollution and the concomitant deg-
radation of the environment require a broader overview and sampling strategy. The
iron oxide particulates of which we speak are no more than a small fraction of
the total dust burden but there is evidence that they can be a health risk, particularly
in the smaller grain sizes (Gargon et al., 2000). Their real significance, however, lies in
the fact that they provide an excellent tracer that can be exploited to track the total
particulate content of the atmosphere and the concentration of associated heavy
metals that are potentially hazardous to plants, animals, and humans. We therefore
turn our attention to some examples of greater significance, selected to illustrate
various environmental components — the air we breathe, the water we drink, and the
ground we cultivate.

10.2 SOIL CONTAMINATION

In the decade 1980-1990, more than 10® tonnes of coal were burned annually in the
power plants of Katowice Province, which constitutes only 2% of Polish territory

Box 10.1 Magnetic Spider Web

Spider webs are effective collectors of atmospheric dust and can apparently
possess magnetic moments as high as 107 Am? per gram. Corresponding coer-
civities of ~10mT are typical. Assuming a simple model consisting of identical
spherical particles of magnetite trapped on a nonmagnetic web, we first estimate
the particle diameter from the empirical relationship

HC _ 17d—0A43

(where H. is in mT and d in ym). This yields d = 3.4 um, with a corresponding
volume of 21x 107" m?. Such a particle has a magnetic moment given by

(21x107" m*)(480kAm™") ~ 107" Am?

The strongly magnetic webs in question therefore have some 107 particles per
gram. In case this seems like an enormous number, one should realize that the total
mass of magnetite involved will amount to no more than ~ 1 mg (the density of
magnetite being 5200 kgm~3). The remaining 999 mg consists of the web material
itself and other nonmagnetic dust particles, probably mostly the latter. If this is so,
then the magnetic fraction accounts for about 0.1% of the dust trapped by the web.
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(Fig. 10.2). This highly concentrated industrial activity (16 power plants, 17 steel
mills, 56 coal mines) led to the establishment in 1970 of a regular monitoring system
to assess atmospheric pollution. At the peak, in 1981, as much as 35 g/m?/year of
iron oxide was deposited over much of Katowice Province. Meanwhile, in the heavily
industrialized —but more strictly regulated — Ruhr District of Germany, values
100,000 times smaller were recorded. Subsequent installation of electrofilters in the
Polish power stations drastically reduced the dust fall and iron deposition, but
the legacy remains in the soils of the district.

Soils of arable land are inevitably disturbed by agricultural activity: a clearer
picture emerges if attention is focused on soils in forests that better preserve the natural
pedogenic horizons. Strzyszcz et al. (1996) and Heller et al. (1998b) report data from
about 1000 samples collected from 200 soil profiles measured in pits dug in the forests
of Upper Silesia (which includes Katowice Province). For local administrative pur-
poses the forests are organized into 39 so-called superforestries. Within each of these,
several pits were investigated in order to obtain a general overview of the spatial
variability of magnetic susceptibility. A simple pattern emerges that is obviously
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Figure 10.2 Map of Upper Silesia (Poland) showing magnetic susceptibility of soils. Katowice Province
is indicated by the bold outline. The other boundaries indicate the individual forest administrative areas for
which magnetic susceptibility data are available. (Modified from Heller et al., 1998b.) © American
Geophysical Union. Modified by permission of American Geophysical Union.
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related to industrial activity (Fig. 10.2). Several superforestry susceptibility values in
Katowice Province exceed 600x 10~® m*kg~!, and one of them yields the extraordin-
arily high value of 1493x10~® m*kg~!. These values may be compared with the
national survey covering the whole of England (1176 data points each representing
a 10x10km square, Dearing et al., 1996). A mean value of 73x10~% m’kg~! is
reported, but some high values are also found; 33 samples have susceptibilities
exceeding 500x10~% m*kg~!, the highest being 1794x10~% m’kg~!. As in Poland,
the high values are closely associated with industrial areas, especially around the cities
of London, Liverpool, Manchester, Sheffield, Leeds, and Newcastle-upon-Tyne.
By contrast, the highest susceptibility values recorded in the thoroughly investigated
paleosols (fossil soils) of the Chinese Loess Plateau are ~350x107% m’kg~!.
Beyond the immediate Katowice area, superforestry susceptibility values drop
below 300x10~® m’kg~! and eventually to <150x10~® m?kg~!. But even these
values are still considerably higher than typical values measured in unpolluted
areas such as the topsoils of the Slowinski National Park near the Baltic Sea
(~20x 1078 m’kg™1).

Figure 10.3 shows detailed results from 13 sites distributed along a 140-km
transect crossing Katowice Province. It is immediately clear that the magnetic sus-
ceptibility of the topsoils is strongly correlated with the measured amounts of dust
fall obtained from the monitoring network. Both profiles show two peaks, each of
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Figure 10.3 Dust fall and magnetic susceptibility along a west-east transect through Katowice Province,
Poland (see Fig. 10.2). The dust fall was measured at stations belonging to a permanent pollution-
monitoring network. The magnetic susceptibility was determined from a series of topsoil measurements.
Both profiles show two peaks, each within a kilometer of a large power station (Laziska near 60 km, and
Jaworzno near 100km). (Modified from Heller er al., 1998b.) © American Geophysical Union, with
permission of the publishers.
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Figure 10.4 Depth profile of magnetic susceptibility in a soil pit in Chrzanow forestry area (the area
showing the highest pollution in Fig. 10.2). The magnetic signal peaks in the uppermost Scm (i.e., in the
organic subhorizons: Oy, litter; Or, fermentation; and Oy, humic subhorizons). (Modified from Heller et al.,
1998b.) © American Geophysical Union. Modified by permission of American Geophysical Union.

which occurs within a kilometer of large power stations: Laziska near 60 km and
Jaworzno near 100 km. Soil profiles indicate that the enhanced susceptibility resides
in the organic subhorizons constituting the uppermost few centimeters (Fig. 10.4). It
is unlikely therefore to be inherited from the underlying bedrock, which, in any case,
has measured susceptibilities no more than 10x10~3 m3kg~!. The same general trend
is observed in a soil profile at Jaworzno (Fig. 10.5) in which heavy metal concen-
trations were also determined. These turn out to be strongly correlated with suscepti-
bility. This is perhaps the most important finding of the whole study — it means that
measurements of magnetic susceptibility offer a rapid and cheap first step to identify
pollution of soils by industrial contaminants.

The anthropogenic origin of these soil contaminants is indicated by several lines
of evidence. The strong geographic correlation of industrial activity and elevated
soil magnetism is perhaps the most convincing factor. This is supported by suscepti-
bility measurements on 96 samples of fly ash from Upper Silesian power plants,
which demonstrate that it is strongly magnetic (median susceptibility ~2000 x
108 m3kg~!). Another key point is that the soils studied, despite having high bulk
susceptibilities, have low frequency dependence of susceptibility (1-4 %), as opposed
to values of ~10% typically found in soils that have been magnetically enhanced by
normal pedogenic processes (Mullins, 1977). The higher values are due to the pres-
ence of superparamagnetic (SP) particles, whereas the Polish soils are magnetically
dominated by larger grains typical of those generated during the combustion of coal.
Furthermore, diagnostic iron-rich spherules with diameters measuring 2-200 ym have
been identified by scanning electron microscopy of samples from the organic layers of
the forest soils (Fig. 10.6).
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Figure 10.5 Correlation of magnetic susceptibility with lead and zinc content in a soil pit near Jaworzno
power station (see Fig. 10.3). (Modified from Heller et al., 1998b.) © American Geophysical Union.
Modified by permission of American Geophysical Union.

Figure 10.6 Electron micrograph of an iron-rich magnetic spherule collected from the topsoil 800 m
from Jaworzno power station (Poland). (Courtesy of Tadeusz Magiera.)
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Magnetic monitoring of soil pollution is becoming a widely accepted technique;
in addition to the Polish work, investigations have been reported from England (Hay
et al., 1997), the Czech Republic (Kapicka et al., 1999), and Estonia (Bityukova et al.,
1999). The English investigation involves the same national data set described by
Dearing et al. (1996) and referred 1o before, but with the addition of information on
heavy metal concentration. It is found that high magnetic susceptibility correlates
with elevated levels of copper, lead, zinc, and nickel. Furthermore, useful magnetic
criteria are proposed for the identification of soils containing “significant concen-
trations of pollution particles,” namely susceptibility >380x107% m3kg™! and fre-
quency dependence of susceptibility < 3%.

In the Czech example, an attempt was made to map spatial correlation between
susceptibility and heavy metals over a two-dimensional grid covering distances up to
~20km from the Pocerady coal-burning power plant. The authors admit that the
correlation is not convincing. It seems that the whole area — which lies in one of the
most heavily industrialized parts of Europe—is affected by the overlapping fallout
zones of several major pollution sources that complicate the simple geographic
pattern expected from a single, isolated source.

Finally, in the Estonian study, a great deal of effort was put into determining
concentration levels of 40 elements in 531 topsoil samples collected in and around
the city of Tallinn. A particularly useful suggestion is the introduction of a so-called
enrichment index (EI), which combines the observed amounts of the six most impor-
tant polluting metals. It is obtained by summing the ratios Pb/Pb’, Cu/Cu/, Zn/Zn/,
Cr/Cr', Ni/Ni, and Mo/Mo’ (where the unprimed symbols represent the measured
concentrations and the primed ones represent the corresponding worldwide average
concentrations of these elements in noncontaminated soils). Maps of magnetic suscep-
tibility and EI are strikingly similar, and both show strong peaks in the vicinity of
metal-working and machine-building factories (Fig. 10.7). The peak values themselves
are as high as 11x 1073 SI for susceptibility and 30 for EI. In order to mass normalize
the susceptibility values, recall that we divide by the density (see Chapter 2). Taking a
typical soil density to be 1500kgm~3, we obtain maxima of ~700x1078 m3kg~!,
which is well above the Hay er al. “pollution threshold” (380x 108 m?kg~1), but less
than half the maximum values found in Poland (1493x10~® m?kg~!) and England
(1794x10~% m*kg™1). In other words, the Tallinn soils are definitely contaminated but
not as severely as soils near coal-burning power plants.

The success of magnetic monitoring is leading to its adoption by various govern-
mental agencies and city administrations. In Austria, for example, Hanesch and
Scholger (2002) report soil surveys carried out in the cities of Leoben and Vienna.
In the former, high susceptibilities result from centuries of mining and metallurgical
activity, whereas in the latter they are correlated with traffic flow (see Section 10.5).

10.3 RIVERS, LAKES, AND HARBORS

Rather than falling on dry land (as in the soil contamination examples discussed
before), atmospheric pollutants may, of course, fall directly onto water. This was
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Figure 10.7 Maps of (a) magnetic susceptibility and (b) heavy metal enrichment index (see text
for definition) in the area around the city of Tallinn, Estonia. (Redrawn from Bityukova et al., 1999.)
© Elsevier Science, with permission of the publishers.

probably the case for Big Moose Lake in the Adirondack Mountains of New York
State (Oldfield, 1990), for two lakes in Scotland (Dubh Loch and Loch na Larach)
and two in Wales (Llyn Irddyn and Llyn Glas) (Oldfield and Richardson, 1990), and
for two lakes in northeastern Pennsylvania (Lake Lacawac and Lake Giles) (Kodama
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et al., 1997). Or they may initially fall on dry land but then be washed into a river
system to be deposited in the river sediments themselves or transported downstream
and eventually sequestered in other sedimentary settings, including ultimately the sea.
In other cases, there may be no atmospheric path at all, the material involved being
flushed directly into a nearby body of water. This happened, for example, with the
discharge into Mediterranean coastal waters from the Greek iron and steel works
complex studied by Scoullos et al. (1979). We have chosen several examples like this
to illustrate a variety of hydrological situations in which magnetic monitoring has
proved useful, but we focus discussion on three of them. These involve a harbor on
the shores of Lake Ontario (Canada), a bay in Lake Geneva (Switzerland), and a
river in the province of Styria (Austria).

10.3.1 A Canadian Harbor

Hamilton Harbour lies at the western end of Lake Ontario; it is a triangle-shaped
embayment surrounded by extensive urbanization and industrialization that has
developed over the last hundred years. Currently, there is a daily discharge of
water into the harbor of about 3 million cubic meters, of which about three quarters
consist of exchange with Lake Ontario. It is for this reason that Hamilton Harbour
has come under scrutiny by the Great Lakes Water Quality Board. It has been shown
(Versteeg et «l., 1995a) that magnetic susceptibility correlates strongly with the heavy
metal content of sediment cores taken from various locations within the harbor.
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Figure 10.8 Typical magnetic susceptibility profile of a core taken in Hamilton Harbour, Ontario,
Canada. Ages were obtained from ?!°Pb dating. (Redrawn from Versteeg ez al., 1995b.) © Geoscience
Canada, with permission of the publishers.
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Thus, magnetic measurements can be used to track contaminant levels, eliminating
the need for prohibitively expensive chemical analyses. A typical susceptibility profile
is shown in Fig. 10.8. At the bottom of the core there is about 50 cm of very weakly
magnetic sediment representing the natural background. Near the beginning of the
20th century, susceptibility begins to rise rapidly, essentially coincident with the first
steel production in the area. Currently, the two largest steel mills in Canada are
located on the south shore of the harbor. In recent years, pollution control equipment
has been installed, and contaminant levels have fallen. The integrated historical input
remains in the habor, of course.

There is a need to find out how much of this contaminated material there is and to
map its spatial distribution. To these ends, Versteeg et al. (1995b) have studied
sediment cores from 40 sites arranged on an approximately rectangular grid through-
out the harbor (typical spacing ~ 500 m). By mapping the spatial variations in the
features of profiles like that shown in Fig. 10.8, they were able to produce the desired
map (Fig. 10.9) and thereby to estimate the total volume of contaminated sediments
to be about 107 m®. The cores themselves were collected in plastic tubes and all the
measurements were done on a pass-through susceptibility meter. This not only is a
very rapid technique but also means that the core tubes need never be opened. The
sediments thus remain undisturbed and are available for further study by other
methods. In a subsequent paper concerning Hamilton Harbour, Mayer et al. (1996)

Figure 10.9 Hamilton Harbour, Ontario, Canada, showing contours of sediment thickness (in cm)
deduced from profiles like that of Fig. 10.8. Sampling sites are indicated by crosses. Site 20 is the location
from which the profile shown in Fig. 10.8 was obtained. The cities of Hamilton and Burlington and the
major steel works (the largest in Canada) are indicated. (Redrawn from Versteeg et al., 1995b.)
> Geoscience Canada, with permission of the publishers.
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succeeded in determining the magnetic properties of the contaminants actually sus-
pended in the water. A total of 53 water samples were collected for this purpose, and a
high degree of correlation between susceptibility and heavy metal content was found.
For zinc, iron, lead, and cadmium the correlation is significant at the 99.9% probabil-
ity level, for copper it is significant at the 99% level, and for nickel it is significant at the
95% level. Manganese, the only other element tested for, shows no correlation.

Two studies very similar to those carried out in Hamilton Harbour are described
by Georgeaud et al. (1997) and Chan et al. (1998). In the former, clear correlations
are reported between magnetic parameters (susceptibility and saturation isothermal
remanent magnetization) and heavy metal concentrations (Zn, Cd, and Cr) in sedi-
ments from the Etang de Berre, a coastal lake close to the industrial area of Marseille,
southern France. In the latter, magnetic susceptibility was compared with Pb, Cu, Cr,
Zn, and Ni content in sediments cored from Hong Kong Harbour; all correlation
coeflicients, except that for Ni, were significant at the 95% level.

10.3.2 A Swiss Lake

The Bay of Vidy is a small embayment on the north shore of Lake Geneva that lies
within the urban area of the city of Lausanne. Since 1971, sewage has been subjected
to dephosphatization treatment before being discharged into the bay. This treatment
involves addition of iron chloride (FeCls, a paramagnetic salt) to the sewage and has
resulted in high iron concentrations in the sediments near the discharge outlet (Fig.
10.10). Pass-through scans of cores recovered from the zone of iron enrichment
indicate a sharp rise in the magnetic susceptibility of the recent sediments, the date
of which (deduced from two ¥7Cs peaks interpreted as the signatures of the 1963~
1964 nuclear weapons testing and the 1986 Chernobyl accident) links it with the

sampling
site

Geneva

Figure 10.10 Bay of Vidy, Lausanne, Switzerland, showing contours of iron enrichment in the sedi-
ments in the vicinity of treated sewage discharge. (Redrawn from Gibbs-Eggar er al., 1999.) © Elsevier
Science, with permission of the publishers.
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start of dephosphatization treatment (Gibbs-Eggar et al., 1999). Samples removed
from the opened core tubes confirm the post-1971 changes. Mass susceptibilities
are one to two orders of magnitude stronger in the recent sediments, typically
500x 1075 m’kg~! compared with 5-50x10~> m3kg~! in the pretreatment sediments.
Frequency dependence of susceptibility is also higher (8-10%), indicating the pres-
ence of ultrafine magnetic grains near the SSD/SP threshold (see Chapter 2). These
were identified in transmission electron micrographs, and by susceptibility versus
temperature measurements, as being magnetite produced from paramagnetic iron by
Geobacter-type bacteria (see Chapter 9).

The Bay of Vidy investigation differs from most other magnetolimnological
studies in that it is focused on the effects of urban water treatment and direct
discharge into the body of water in question. There are many more studies concern-
ing situations in which pollutants have reached the lake via an atmospheric route, as
in the British and U.S. lakes mentioned earlier. A particularly interesting case
concerns a small lake (surface area 2.5 km?) in England called Crummock Water
{McLean, 1991). The magnetic susceptibility profile of a 6-m core shows a sharp rise
over the uppermost 50cm interpreted as increased pollution due to the industrial
revolution. There is no shortage of culprits: Liverpool, Manchester, Newcastle, and
Glasgow are all within 150 km of the site. The case is really proved, however, by the
extraction of magnetic spherules (like those produced in the combustion of coal) from
the core. At a depth of 37cm (~AD 1730) McLean reports 46 spherules/gram of
sediment. This rises to 82 in ~AD 1860 before jumping dramatically to 968 in the first
decade of the 20th century when coal-fired power-generating stations became
common. As with the susceptibility profile, the spherule concentration continues to
increase right up to the top of the core with counts of 1562 in ~1940 and 1847 in
~1970.

10.3.3 An Austrian River

The River Mur in the province of Styria, Austria, is a tributary of the Drava, which is
itself a tributary of the Danube. With its own tributary, the River Miirz, the Mur
drains urbanized industrial regions with numerous metal-producing and metalwork-
ing facilities. The most important aquifers in Styria are Holocene and Pleistocene
river gravels, which are now under erosive attack by the rivers themselves due to
increased velocities resulting from an extensive river regulation program during the
late 19th century. There is thus concern that any pollutants carried by the rivers may
infiltrate into the water supply. Scholger (1998) has investigated this potential hazard
magnetically by means of some 500 sediment samples covering a 190-km stretch of
the river between Judenburg and Spielfeld. He finds that the magnetic susceptibility is
determined by the presence of iron scale that results from high-temperature processes
such as forging and rolling. This takes the form of small flakes of metal (Fig. 10.11)
that manage to survive the settling tanks designed to trap them. As well as iron, the
scale often contains chromium, nickel, and copper (which are used as alloying
elements) or lead and zinc (probably originating from steel production and process-
ing). The ability of magnetic susceptibility to monitor quantitatively the scale content
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1 mm

Figure 10.11 Electron micrograph of a millimeter-sized flake of iron scale recovered from an industrial
sedimentation tank. (Courtesy of Robert Scholger.) © Geophysical Press, with permission of the publishers.
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Figure 10.12  Correlation of iron scale content with magnetic susceptibility for 46 sediment samples from
the River Mur, Austria. (Redrawn from Scholger, 1998.) © Geophysical Press, with permission of the
author and the publishers.

is clearly demonstrated by Fig. 10.12. Given the strong correlation observed
(R=0.99), it is apparent that a very rapid measurement of susceptibility suffices
to monitor effectively the total scale fraction—and thus the total heavy metal
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contamination — present in a sediment sample. In terms of magnetic variations
along the course of the river system, Scholger particularly points out a strong
susceptibility peak at the point where the River Mur (“which drains an impor-
tant industrial zone™) enters, bringing with it its pollutants (sharp increases in
measured concentrations of Pb, Zn, Cr, Ni, and Cu are observed at the confluence).
Upstream, along the Mur, a very strong, localized Ni peak associated with quarry-
ing in bedrock serpentine is also reflected in the magnetic susceptibility measure-
ments.

A similar study in the Czech Republic is reported by Petrovsky et al. (2000). Soil
samples collected along the left bank of the River Litavka show an abrupt increase
in magnetic susceptibility immediately downstream from a lead smelter in the town
of Pribram (near Prague). Upstream from the smelter, susceptibility is typically
~1x1073 SI, but this rises to ~9x107° SI at the smelter before settling down
to a steady value of ~5x1073 SI for the entire downstream distance investigated,
some 15km.

10.4 ATMOSPHERIC CONTAMINANTS

Respirable mineral particles pose a serious health risk (Guthrie, 1995). Air quality is
therefore of great concern to everyone, and monitoring programs are now routine in
many countries. Hitherto, however, there has been relatively limited application of
magnetic methods to material collected directly from the atmosphere (as opposed to
studies of material already deposited, such as in the numerous soil examples already
discussed). The earliest studies — carried out in the 1980s — are summarized by Old-
field et al. (1985b). These already indicated that airborne dusts from different sources
could be distinguished on the basis of their magnetic properties. Morris et al. (1995)
have succeeded in identifying the magnetic signature of respirable airborne particu-
late matter (usually abbreviated as PM) collected in an urban environment. They
studied filters deployed between May 1990 and June 1991 at an air-monitoring
station in downtown Hamilton, Ontario, a few kilometers from the two largest
steel mills in Canada. Each filter sampled 1630 m? of air in any given 24-hour period.
Magnetic susceptibility was determined by simply folding each filter and placing it in
the sensor cavity of a commercial susceptibility meter. Scanning electron microscopic
examination indicated that magnetic susceptibility varied according to the abundance
of iron-rich spherules of the kind that result from the combustion of coal (see
Sections 10.1 and 10.2). Also adsorbed on the filters were various organic compounds
(polycyclic aromatic hydrocarbons, PAHs) that pose health risks because of the
damage they cause to DNA. This mutagenicity was quantified by extracting the
organic compounds from the filters and submitting them to standard bioassays. A
strong correlation (R = 0.89) was observed between magnetic susceptibility and
mutagenicity (Fig. 10.13). It appears that magnetic monitoring provides an inexpen-
sive and rapid procedure for selecting appropriate samples for further analytical
chemistry and bioassay tests. Such tests are needed to determine the health risk
posed by the particulate content of the air we breathe.
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Figure 10.13  Mutagenicity of filters taken from an air monitoring station in Hamilton, Ontario, plotted
against their magnetic susceptibility. (Redrawn from Morris et al., 1995.) © Elsevier Science, with permis-
sion of the publishers.

Work of this kind has also been carried out in Shanghai, China, where daily
atmospheric dust samples were collected at 11 sites in and around the city for seven
consecutive days in November 1998 (Shu et al., 2001). Three sites lying within a
kilometer of the Baoshan iron and steel manufacturing complex had the highest
susceptibility values (743 to 1521x10~® m’kg~' averaged over the whole week).
The other sites, which are located 6 to 10 km from the complex, yield values between
299 and 524x10~% m?kg~!. As one would expect, the dust trapped in any given
sampler on any given day depends on meteorological conditions, particularly wind
speed and direction. A good example is provided by site 10, which lies ~6km
southwest of the Baoshan complex. On a day when the wind was from the north-
northeast, the frequency-dependent susceptibility of the airborne particulates was
found to be 5%, but when the wind was from the south, this rose to 13%. This change
reflects the increased relative input of superparamagnetic particles in windblown soil
when the wind is coming from the direction away from the industrial area.

Experiments have been conducted to see whether atmospheric monitoring of this
kind can be extended by using deposition on common natural surfaces, thereby
avoiding the limitations and expense of using artificial filters. It appears that pine
needles and tree leaves are suitable collectors. Both are readily obtainable in most
urban and industrial situations of interest, and both can usually be removed (without
fear of prosecution) and studied directly in the laboratory. This avoids possible
collection inefficiencies involved in wiping the surface as in the procedure used by
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Flanders (1994, 1999; see earlier). In the industrial area of Leipzig-Halle (Germany),
Schidlich et al. (1995) found that pine needles on trees (Pinus sylvestris) in the path of
power station fly ash emissions were more magnetic than their uncontaminated
counterparts. The maximum value measured was 9.6x10~8 m? kg™!, which corres-
ponds to a fly ash coating of slightly more than 1% of the total needle mass according
to a calibration derived by adding known amounts of fly ash to “clean” needles. The
most thorough study of tree leaf collectors (Matzka and Maher, 1999) concerns
pollution related to road traffic, to which we now turn.

10.5 ROADSIDE POLLUTION

Vehicular traffic is a significant source of pollution, but relatively little research has
been done in terms of magnetic monitoring. Prior to the widespread introduction of
unleaded fuel, it was established that there was a tendency for lead-based contamin-
ants to be associated with magnetic minerals. This facilitated various studies involv-
ing the extraction of contaminants for detailed chemical and microscopic
investigations by allowing the use of routine magnetic separation techniques. Appar-
ently, the iron-rich magnetic material does not come from the fuel itself. It results
from rusting of the bodywork, wear of the moving parts, and ablation from the
interior of the exhaust system. These factors are still important even though the
amount of lead present is now drastically reduced.

A magnetic investigation of pollution in an urban highway environment
in London, England, was carried out by Beckwith et al. (1990). For the road
center, road gutter, and sidewalk, they obtain mean susceptibility values of
5.2x107%, 2.4x107%, and 1.8x107% m’kg~!, respectively. They also report similar
patterns of Cu, Fe, Pb, and Zn concentrations but do not give details. Possible
contributions from direct atmospheric fallout were checked by sampling the roofs
of nearby buildings, for which a much lower mean susceptibility of only
0.7x107® m*kg~! was obtained. Their conclusion is that these data imply that the
dominant source is ‘“most probably associated with motor vehicles.” A similar
conclusion is reached by Matzka and Maher (1999), who investigated the use of
tree leaves as pollution samplers (see earlier). They collected leaves from roadside
trees in the city of Norwich (England), which is situated in a largely agricultural
area with no heavy industry. Sampling was restricted to a single species of birch
tree (Betula pendula) in order to avoid possible species-dependent effects. Several
leaves were collected from the outer canopy of each tree at a height of 1.5 to 2m and
were given a laboratory IRM in a field of 300 mT. All values were normalized to the
area of the leaf, which was obtained by digital scanning. Leaves from rural settings
were found to be 10 times less magnetic than those collected near busy urban roads.
The connection with vehicular traffic was demonstrated particularly clearly by a
detailed study of a single tree in the city center (see Box 10.2). Tree leaf pollution
monitoring based on magnetic measurements is now being carried out in several
European cities (for summaries, see http:/www.geo.uu.nl/~magnet/ or http://www.ig.
cas.cz/magprox/).
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Box 10.2 Magnetic Tree

A survey of a single birch tree 5m from a busy street in the city center of
Norwich (England) was carried out by Matzka and Maher (1999). Groups of six
leaves were collected at 30° intervals around the outer canopy 1.5-2m above the
ground. In the laboratory, isothermal remanent magnetizations (IRMs) were
given to the leaves in a field of 300 mT and normalized to the leaf’s area (obtained
by digital scanning). Because the magnetic moment is in Am?, the normalized
results are simply in amperes. The accompanying graph shows the results as a
function of angular position around the tree (0, measured from true north).
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The side of the tree facing the street runs from 305° to 125° and is consistently
more magnetic (mean = 41 uA, compared with 27 uA for the side away from the
street). This strongly implies that the magnetic signal is tracking traffic pollution
and that the neighborhood can be somewhat protected by vegetation. Whether
this is the good news or the bad news depends on whether you are the neighbor or
the vegetation!

Another study (Hoffmann et al., 1999) illustrates the magnetic pattern associated
with a busy highway in Germany. Near the road margin, significantly elevated
susceptibility readings are observed in the soil, but these fall rapidly as one moves
away from the road. From an average peak value of ~1.5x1073 S, the readings drop
by 50% within 2m and are indistiguishable from the background beyond 5m. It
seems that the magnetic flux emanating from road traffic is easily monitored but is
rather localized. Of course, this result concerns only the large particles that deposit
quickly. There may well be finer aerosols that travel farther, but as far as magnetic
studies go, these remain as topics for future research. Eventually, most of the material
that deposits close to the road will be washed into the local drainage system and
probably end up in a nearby river. A good example is provided by the River Bonde
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as it traverses the small town of Etrépagny, France (Brilhante er al., 1989). The
town drainage system delivers the integrated urban runoff to the river and increases
the observed susceptibility of the river sediments by a factor of 8.5 immediately
downstream from the town compared with the upstream ‘“‘background” value
where the river runs through agricultural land. Furthermore, a very similar pattern
of Pb and Zn concentrations is observed.

Xie et al. (2000) studied 97 samples of street dust collected within ~1.5km of the
city center of Liverpool in northwest England. They were particularly concerned with
the organic content, especially toxic components such as polycyclic aromatic hydro-
carbons (PAHs; see preceding discussion concerning air quality monitoring in the city
of Hamilton, Canada). Some of the magnetic properties (low-frequency suscepti-
bility, frequency-dependent susceptibility, susceptibility of anhysteretic remanent
magnetization, and high-field susceptibility) of the Liverpool street dust samples
correlate positively with organic content estimated by the loss-on-ignition method
and thus provide a simple, rapid, and nondestructive proxy for environmentally
significant organic material in street dust.

In the city of Munich (southern Germany), Muxworthy et a/. (2002) have investi-
gated airborne dust related to traffic flow in a busy downtown street. They deployed
plastic sheets and trays that collected PM dust directly from the atmosphere. Using
Moéssbauer spectroscopy and a variety of magnetic measurements, they concluded
that the dominant magnetic minerals present were maghemite (60-70 %) and metallic
iron (30-40%). It appears that the maghemite is emitted from automobiles whereas
the iron comes from street trams.

10.6 PNEUMOMAGNETISM

Inhaled particulate matter often contains a magnetic fraction that can —under the
right circumstances —be detected by magnetometers situated outside the body.
Already in the very first paper on this topic, Cohen (1973) pointed out that the
magnetic signals involved are often strong enough to be detected by a simple flux-
gate magnetometer without the need for an expensive installation consisting of a
SQUID magnetometer in a shielded room. Indeed, Junttila et al. (1985) describe a
fluxgate gradiometer arrangement that they installed in a mobile healthcare unit.
Cohen’s original magnetopneumography (MPG) technique was to map the subject’s
torso on a 5x5cm grid after magnetizing the dust particles in the lungs with an
external 50-mT field. Among other things, he was able to demonstrate that significant
amounts of magnetizable dust had accumulated in the lungs of an arc welder and an
asbestos mine worker. Cohen also proposed that voluntary inhalation of magnetite
dust provides a way of investigating how the lungs clear themselves of respirable
airborne dust, thereby avoiding the use of radioactive tracers. In a subsequent study,
Cohen et al. (1979) followed up this suggestion to compare lung clearance in smokers
and nonsmokers. After 11 months, they found that smokers still retained 50% of the
magnetite dust inhaled at the start of the test, whereas the nonsmokers retained
only 10%.
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Figure 10.14 Magnetic field measured a few centimeters from a trainee welder’s back as a function of
days since the start of training. (Compiled from Forsman and Hogstedt, 1989.)

This development led to several uses of magnetometry as a medical tracer, which,
although important, lic beyond the scope of this book [for summaries, see Valberg
and Zaner (1989) and Kallioméki (1998)]. Instead, we briefly describe two examples
of pollution in the workplace. Forsman and Hogstedt (1989) monitored the retention
of magnetizable lung dust in eight trainees in welding school who had no previous
exposure to arc welding fumes. The gradual buildup of dust in the lungs was
monitored by the magnetic field measured a few centimeters from the subject’s
back. In the most extreme case, this increased steadily to a maximum of ~ 600 pT
after 114 days (Fig. 10.14). The other example concerns long-term effects and
involves the magnetic properties of postmortem Iung tissue samples from a number
of asbestos workers (Rassi et al., 1989). The procedure was to magnetize the tissue
samples and then measure their remanence with a SQUID magnetometer. This was
converted to the mass of magnetite present by calibrating against the remanence
measured for known quantities of magnetite embedded in polyurethene foam. The
natural magnetite content of asbestos-bearing rocks varies from deposit to deposit
but is fairly constant within each mining area. This permits the extent of dust
exposure to be gauged from worker to worker in any given mine. For example, at
Wittenoom (Western Australia) miners had magnetite contents up to 200 ug/g but
millhands had values up to 800 ug/g. This reflects the gradual enrichment in asbestos
(and therefore in magnetite) that takes place along the production line.
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ARCHEOLOGICAL AND EARLY
HOMINID ENVIRONMENTS

11.1 INTRODUCTION

Magnetic investigations have long been a source of productive interaction between
archeology and geophysics. More than a century ago, Giuseppe Folgheraiter (1856
1913) —the father of archeomagnetism — demonstrated that ancient ceramic vases
retain a record of the Earth’s magnetic field as it was at the time they were made
(Folgheraiter, 1899). The great Hungarian geophysicist Baron Lorand E&tvos (1848~
1919) immediately pursued this idea and made a number of relevant measurements
(Mikola, 1900). Shortly thereafter, Pierre David investigated the remanent magne-
tization of paving slabs used in the construction of the Temple of Mercury by the
Romans in the first century BC at the summit of the Puy-de-Dome in the Auvergne
district of France (David, 1904).

All of these early examples involve thermoremanent magnetization (TRM). In the
case of the ceramics, this results from the anthropogenic firing process. The paving
slabs, on the other hand, consist of igneous rocks that carry a natural TRM dating
from the time they were originally formed. Although they were critical in establishing
a tradition of magnetic studies of archeological features, these early achievements —
and a host of others that followed -— are mostly of interest to geomagnetists wishing
to determine the past history of the Earth’s magnetic field, as discussed in Chapter 6
(for a summary, see Gallet et al., 2002). By contrast, the application of magnetic
studies to what can be thought of as the environmental aspects of archeology is a
much more recent development. It essentially grew out of the work of Eugéne Le
Borgne (1913-1978) in the 1950s concerning the magnetic susceptibility of soils. At
first, Le Borgne was interested in this topic because of its possible relevance —
essentially as noise—to the investigation of magnetic anomalies arising from the
geological bedrock. But he was also cognizant of its potential impact elsewhere and
eventually published a summary of his results specifically aimed at an archeological
audience (Le Borgne, 1965).

231
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11.2 ARCHEOLOGICAL SOILS

During an investigation of magnetic anomalies in central Brittany (northern France),
Le Borgne (1950, 1951) observed that the uppermost few centimeters of soils in the
area have a much higher magnetic susceptibility than the underlying bedrock. In-
trigued by the possible significance of this observation, he set out to study several
hundred soil samples from around the world. He soon concluded that the magnetic
enhancement is almost universal and is largely independent of bedrock lithology
(Le Borgne, 1955). A few years later, a comprehensive survey of the major soil
types in the United States and Panama, involving 250 sites, produced a similar result
(Cook and Carts, 1962). Nor did the latter authors find any correlation between
susceptibility and soil color determined by matching to the standard Munsell color
chart.

Initially, Le Borgne (1955) attributed the observed topsoil magnetism to the so-
called fermentation process (see Chapter 5), requiring alternating moist and dry
conditions, but later the effect of fire was considered to be important (Le Borgne,
1960). In both mechanisms, the ultimate outcome is the production of strongly
magnetic maghemite (y-Fe,03) from weakly magnetic hematite (a-Fe;O3). When
the soil is moist, or when the overlying vegetation is being burned, anaerobic condi-
tions prevail and hematite is reduced to magnetite (Fe;04). During the subsequent
drying, or cooling, aerobic conditions are reestablished allowing reoxidation to
maghemite. Le Borgne himself experimentally established the validity of these sug-
gestions.

Tite and Mullins (1971) pursued this topic by investigating soils from a variety of
archeological sites in Britain. They tested the thermal enhancement of magnetic
susceptibility of 22 samples from 14 sites by subjecting them to what they refer to as
the “nitrogen-then-air” procedure, as Le Borgne had done. It involved heating the
samples to 550°C in a nitrogen atmosphere. This temperature was then maintained for
1 hour, the first 40 minutes of which were in nitrogen. The final 20 minutes and the
whole of the cooling process were carried out in air. This experimental setup was
intended to mimic ancient agricultural practice. During the first stage, the nitrogen
atmosphere excludes air and a reducing atmosphere is produced by the combustion of
organic matter in the soil. Once the air is introduced, oxidizing conditions are
established. Tite and Mullins found that all their samples were magnetically enhanced
by this procedure. The largest increase amounted to a factor of 61. Overall, in 13 cases
the susceptibility increased by a factor of more than 10, in a further 8 cases the increase
exceeded a factor of 4, and the remaining sample was enhanced by a factor of 1.4.

Peters and Thompson (1998b) report a magnetic enhancement factor of over 200
from a Norse archeological settlement on the island of Papa Westray, Scotland
(2.9°W, 59.4°N). The site is located on glacial deposits (till) on which natural soils
have developed that have, in turn, been further modified by human activity. The
underlying till has magnetic susceptibility values as low as 0.1x107%m?/kg but this
is typically increased to ~2x 1075 m?®/kg by natural pedogenesis. Thereafter, burning
causes a further order of magnitude increase, to a maximum observed value of
22x107®m?/kg. Linford and Canti (2001) have investigated this effect by conducting
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carefully monitored experimental fires on sandy and clayey substrates, backed up
with laboratory heating of fresh substrate samples. They also find susceptibility
enhancement by factors of 100 or more. It is useful to place these values in context
by comparing them with other observations— for example, a survey of unheated
soils from 54 northern hemisphere sites yielded a maximum susceptibility of
6x10-®m?/kg and an average of value of about 1x10~¢ m*/kg (Maher and Thomp-
son, 1995).

Based on their careful analysis of hysteresis loops of the Norse material, Peters
and Thompson (1998b) argue that the increase observed on Papa Westray is due to
the production, by burning, of superparamagnetic (~10nm in diameter) grains of
either maghemite (y-Fe,O3) or magnetite (Fe304). In a survey of heated soils from
60 sites spread throughout Bulgaria, Jordanova et al. (2001) find enhanced suscepti-
bility values up to 10x 1075 m?/kg with an average frequency dependence (see Chap-
ters 2 and 3) of almost 8%. From the corresponding susceptibility versus temperature
data, they conclude that the mineral responsible is magnetite (or titanomagnetite with
a low Ti content), much of which is superparamagnetic.

An interesting example of the archeological application of magnetic enhancement
by burning is described by Marshall (1998). Magnetic susceptibility maps were made
at six levels as the excavation of an Early Bronze Age burial mound (round barrow)
progressed. Each level was 10 cm below the previous one, with the final survey being
on the old land surface. A Bartington instrument (see Chapter 4) equipped with a 20-
cm-diameter field probe was used to survey 100m? at 25-cm spacing. The results
reveal a prominent circular pattern of high susceptibility caused by a ring pyre ~4m
in diameter. This large size “suggests an emphasis on spectacle rather than merely
providing a means for basic, efficient incineration of a corpse” (Marshall, 1998,
p- 162). The site (in Gloucestershire, southwest England) seems to have had consider-
able significance as a place for funerary rituals because many satellite pyres were
revealed by a broader magnetic susceptibility survey.

Magnetic enhancement by heating is clearly an established fact, but the mineral-
ogical details are still debated. Fassbinder and Stanjek (1993) claim that hematite is
not necessarily present in soils, and even if it were, it is unlikely that typical fires
(natural or anthropogenic) would achieve soil temperatures able to reduce it to
magnetite. Instead, they list four alternative maghemite-forming processes: (1) oxi-
dation of magnetite inherited from the parent material, (2) dehydration of lepido-
crocite (y-FeOOH), (3) dehydration of goethite (a-FeOOH), and (4) oxidation of
siderite (FeCOs). Process (1) simply results from natural weathering at ambient
temperatures, but the others involve modest heating (<300°C). One of them— the
dehydration of goethite — has been verified for soil from an English archeological site
using a combination of Méssbauer spectroscopy and magnetic susceptibility (Long-
worth and Tite, 1977). Regardless of the exact mineralogical details, therefore, the
fact remains that fire can, indeed, promote magnetic enhancement in archeological
and other settings.

Fassbinder and Stanjek (1993) propose that magnetic enhancement can also take
place in the absence of fires and without any lithogenic magnetite inherited from the
parent material. Their own magnetic surveys of archeological sites in Germany detect
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Figure 11.1 Excavation of 2 single posthole forming part of a palisade at 2 Neolithic site near Vilsbi-
burg, Bavaria (southern Germany). The outline of the postpit is indicated by the dashed line, and the
remains of the wooden post itself are represented by shading. Circles indicate where samples were removed
for magnetic analysis. The curve above is a cubic spline fit to the susceptibility values of the row of samples
indicated by the filled circles in the excavation. (Redrawn from Fassbinder and Stanjek, 1993.) © Polish
Academy of Sciences, with permission of the publishers.

magnetic signals from buried wooden palisades that, upon excavation, prove to be
unburned. A detailed investigation of a single posthole on a neolithic site near
Vilsbiburg (Bavaria) yields firm evidence of increased magnetic susceptibility (Fig.
11.1). Thermal measurements on magnetic extracts from the remains of the post
clearly reveal the Curie point and Verwey transitions diagnostic of magnetite, and
electron microscopy indicates the presence of ultrafine magnetite grains with a mean
crystallite size of about 40 nm. Following the findings of Fassbinder er al. (1990), they
argue that this magnetite is bacterial in origin. At other localities, however, Maher
and Taylor (1988, see also Maher, 1990) favor an inorganic fermentation origin (see
earlier) for the ultrafine-grained magnetite they observe in two British soils. Cer-
tainly, both options are viable, and there is no reason to suppose that they cannot
both be valid: individual cases will be dominated by one or the other as environ-
mental conditions dictate. As Maher (1998) emphasizes in her review article, the
interpretation of soil magnetism requires site-by-site assessment— there is no golden
rule. This is very much the case, for example, in the discovery that some ancient
human burials are closely associated with strong magnetic susceptibility enhancement
(Linford, 2002). An excellent example is shown in Fig. 11.2, but the actual source of
the signal awaits further magnetomineralogical investigations.
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Figure 11.2 Magnetic susceptibility values recorded over an Anglo-Saxon grave at Lakenheath, En-
gland (0.6°E, 52.4°N). The subsequently excavated skeletal remains are indicated. The color scale represents
SI susceptibility (k) values ranging from 10x 10> (black) to 70x10~° (white). The area shown measures
1.4x2.1 m. The data were collected under the auspices of English Heritage using a Bartington MS2 meter
(see Chapter 4). (Figure kindly provided by Neil Linford.) See color plate.

So far, our discussion has been centered on magnetic susceptibility. This is to be
expected because historically by far the majority of investigators have considered it to
be the important parameter. However, there is a growing trend to employ a wider
variety of magnetic parameters, such as hysteresis properties —as in the study by
Peters and Thompson (1998b). A summary of the various soil magnetic parameters
and their use in archeology is given by Dalan and Banerjee (1998), who also provide a
very thorough bibliography of relevant publications. In their own study of the
Cahokia Mounds State Historic Site in southwestern Illinois, these authors found a
combination of susceptibility and anhysteretic remanent magnetization to be particu-
larly useful, as we shall see in the discussion in Section 11.4.

11.3 ARCHEOLOGICAL MAGNETIC PROSPECTION SURVEYS

In his early work, Le Borgne (1950, 1951) already drew attention to the magnetic
properties of soil in connection with magnetic mapping of the underlying bedrock.
He was worried about how the signal from the soil might mask, or confuse, the
bedrock signal that was his real interest. The same problem arises in the archeological
context {Graham and Scollar, 1976), but variations in soil magnetism may also
provide archeological signals rather than troublesome magnetic noise. The archeolo-
gist and the geophysicist must cooperate in an effort to decide what is noise and what
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is signal. Many publications discuss the location of buried archeological remains by
geophysical methods, including magnetometry (e.g., Aitken, 1974; Gibson, 1986;
Clark, 1990; Becker, 1999; Garrison, 2001; http://www.cast.uark.edu/nadag/). Nor
are such magnetic surveys restricted to land, as is dramatically demonstrated by the
exploration — using submersible magnetometers— of the drowned part of ancient
Alexandria on the Mediterranean shore of Egypt (http://www.franckgoddio.org). As
we have seen, one prominent way in which archeological remains acquire magnetic
signals is by means of thermoremanent magnetization (TRM) resulting from heating
in antiquity. This is particularly significant for pottery kilns, which —if not buried
too deeply -— can sometimes produce anomalous fields up to 500 nT, although 100 to
200nT is more typical. Here, we focus attention on the aspects relevant to soil
magnetism. This means that we will be concerned mostly with magnetic suscepti-
bility, the resulting signals arising from the induced (not the remanent) magnetization
(to recap this distinction, see Chapter 2). Consequently, there is a great deal of
common ground between this section and the previous one. We adopt a division
based essentially on the objectives of the original authors whose work is described.
An excellent starting point is offered by a state-of-the-art investigation of a
Scythian settlement in Siberia (Becker and Fassbinder, 1999). This survey (which
was completed in only 3 days) revealed the plan of a fortified settlement consisting of
more than a hundred pit-houses (Grubenhduser) dug into loess (Fig. 11.3). The source
of the susceptibility contrast between the houses and their surroundings is not
completely understood, but the working hypothesis is that these shallow pits have

Figure 11.3 Magnetic signature of eighth to seventh century BC pit-houses at a Scythian settlement
in Siberia. The houses are relatively uniform in size (8x10m) and are arranged in streets. The complex
includes a series of ditches and palisades. The survey was carried out with a Scintrex cesium magnetometer
(SM4G-Special in duo-sensor configuration). The survey squares measure 40m on a side. The gray scale
spans a range of 20nT. (From Becker and Fassbinder, 1999, with permission of the authors.)
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been filled by recent chernozemic topsoil that has higher magnetic susceptibility than
the surrounding loess. Maximum magnetic anomalies are about 10nT (= 1078 tesla),
which represents a variation of only 1 part in 6000 of the ambient geomagnetic field.
This is a small signal, but the instrument sensitivity is yet another thousand times
smaller, being about 10pT (=10""" tesla). Indeed, magnetic surveying has now
reached a level such that individual postholes can often be resolved. A simple calcula-
tion (see Box 11.1) shows that this is quantitatively reasonable.

As pointed out before, the posthole magnetism is thought to be an example of
bacterial magnetite. But several authors have argued that the alternative mechanism
of enhancing magnetic susceptibility by fire is important in the creation of detectable
magnetic anomalies (Marmet ez al., 1999). These reports appeal to the mineralogical
transformations effected in the soil as a result of heating, as discussed in Section 11.2.
To investigate the conditions under which these transformations take place, Canti and
Linford (2000) deployed arrays of thermocouples around five experimental fires to
monitor temperatures in the air and in the soil. At a depth of only 1cm, the overall
maximum temperature recorded was 570°C (close to the Curie point of magnetite),
but in four out of the five cases the maximum was markedly lower (433-456°C). At
4 cm depth, maximum temperatures lie in the range 199 to 318°C. In addition to their
own experimental data, Canti and Linford summarize the earlier literature on this
topic (much of which has an agricultural and/or forestry context rather than an
archeological one). They find that maximum subsurface temperatures exceed 400°C
in only 6 cases out of a total of 71. Firing of pottery involves temperatures on the order
of 1000°C, but all the evidence suggests that, in general, hearths, ovens, campfires, and
so forth heat their immediate surroundings to only a few hundred degrees. The effect
of this is twofold. The likely enhancement of magnetic susceptibility will lead to a
stronger induced magnetization and thereby a larger overhead anomaly. But as the
material cools down it will inevitably acquire a TRM (or, if the Curie point was not
reached, a partial TRM) that may well overwhelm any increase of induced magnetiza-
tion resulting from thermally enhanced susceptibility. In general, therefore, the mag-
netic anomaly over material that has been heated and cooled in situ will be due, in
large part, to thermoremanent magnetization. If, on the other hand, the material is
moved after cooling (for example, the dumping of burned domestic garbage into a
pit), thermally enhanced susceptibility will be important for the overhead anomaly.

A somewhat different explanation of magnetic anomalies over burned archeo-
logical features is put forward by McClean and Kean (1993). They report several
magnetic experiments related to fire pits and hearths and find that the residual ash
itself, rather than the substrate, is strongly magnetic. In one case (at Ellicottville, New
York), the ash layer had a magnetic susceptibility 22 times greater than that of a
nearby control soil sample. This is similar to the findings of Tite and Mullins (1971)
described in the previous section, but with the important distinction that McLean
and Kean are dealing directly with the ash produced from the wood that was used to
make the fire. Actually, it is worth noting that although the reported enhancement
factor is only 22, compared with the maximum value of > 200 obtained by Peters and
Thompson (1998b), the Ellicottville ash susceptibility is almost three times higher
than that of the burned soil studied by Peters and Thompson —17x10~¢ compared
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Box 11.1 Magnetic Posthole

Consider a buried sphere whose top just touches the surface as shown in the
accompanying diagram. Assume that the ambient geomagnetic field is vertical
(i.e., the sphere is vertically magnetized). The magnetic anomaly caused by such a
model attains its maximum value directly over the center of the sphere and is
given by

F = (ug2 M)/(4md’)

where , is the permeability of free space and the sphere’s magnetic moment (M)
is

M = AkHy

H being the ambient field (= B/yg), Ak the susceptibility contrast between the
sphere and its surroundings, and v the sphere’s volume. Taking the values given in
the diagram, we obtain

F=05nT

In practice, Fassbinder and Irlinger (1994) find that single posts produce anomal-
ies about half this size. This is not unexpected because our calculation is no more
than a crude estimate. Nonverticality of the ambient geomagnetic field will reduce
the magnitude of the anomaly and change its shape. Furthermore, reference to
Figs. 2 and 3 of Fassbinder and Stanjek (1993) indicates that the susceptibility
contrast we used is the maximum value observed; the average value throughout
the entire volume of the post is probably somewhat smaller. Nevertheless, the
predicted anomaly is still well above the 10-pT noise level of modern cesium
magnetometers.
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with 6x107% m?/kg. McLean and Kean suggest— but do not prove — that the source
of this very strong magnetism is magnetite derived from phytoferritin, a biominer-
alized iron—protein complex (Hyde et al., 1963). Although the main purpose of the
investigations undertaken by McLean and Kean was to assess the role of fire in giving
rise to magnetic anomalies over relevant archeological features, it is interesting to
note that their work also provides a vivid example of the interconnectedness of the
subject matter of this book. First the archeologist appeals to the geophysicist to
locate buried cultural features, then the geophysicist turns to the mineralogist to
discover the source of the magnetic signal, and finally the mineralogist seeks the
assistance of the plant physiologist.

In summary, one has to admit that the origin of magnetic anomalies in archeo-
logical settings is likely to be complex. For convenience, the main possibilities are
summarized as follows:

Enhanced susceptibility by (1) burning or (2) fermentation
Bacterial magnetite from magnetotactic bacteria

Residual, magnetically enhanced ash

Thermoremanent magnetization of in situ material

11.4 ECONOMY, INDUSTRY, AND ART

Regardless of the specific mechanisms responsible for magnetic enhancement, it is
instructive to consider the illuminating case study of the Cahokia Mounds Site in
southwestern Illinois (Dalan and Banerjee, 1998). It illustrates how a variety of
magnetic techniques provide “a rapid, cost-effective, and minimally destructive
means of understanding prehistoric landscapes and landscape change.” The mounds
are a vivid testimony to the Cahokians’ engineering skill in earth moving. The largest
feature (Monks Mound) measures 291 x236m at its base and rises to a height of
about 30 m. By using magnetic properties (particularly susceptibility and anhysteretic
remanence) to map the site, Dalan and Banerjee revealed that large areas from which
material had been removed to construct the mounds (borrow pits) were reclaimed to
provide a level surface for the so-called Grand Plaza, a broad open space covering
some 175,000 m?. Evidence from ceramics indicates that this landscape-modifying
activity was initiated late in the Emergent Mississippian period (ap 800-1000) and
that the site was probably abandoned about Ap 1400. The authors admit that prior
to the magnetic work, their understanding of this area had been in “in error.” The
magnetic results were crucial in providing a means of characterizing the various
materials present and in deciphering the “cultural processes involved in molding
the Cahokia landscape.” In particular, a very large borrow pit (~40,000m®)—
probably used for Monks Mound — seems to have become a communal receptacle
for trash (a midden), which was systematically mixed with unmodified soil to reclaim
the large flat area necessary for the Grand Plaza. The midden material has a
saturation magnetization ~ 12 times greater than that of the natural soil, whereas
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the landfill mixture is ~4 times more magnetic. Dalan and Banerjee point out that the
reclamation project therefore mixed 3 parts soil to 1 part midden.

A very similar example (Jing and Rapp, 1998), using the same magnetic param-
eters, has been reported from archeological sites in the Shangqiu area of China
(115°E, 34°N). This is the homeland of the Shang civilization (1750-1100 BC), the
first literate civilization in East Asia. In this case, the sediments could be character-
ized magnetically into two main groups that owe their different magnetic properties
to changes in the drainage system over the last 2000 years. Prior to the 12th century,
the area was part of the Hauai River drainage system, but between the 12th and 19th
centuries, the Yellow River flowed southward through the area. In the first case, the
sediments brought into the area came from a weakly magnetic source (mean suscepti-
bility = 10x10~¥ m3/kg), but for 700 years thereafter the Yellow River brought in
more magnetic material (mean susceptibility = 45x10~® m*/kg). The marked differ-
ence between these two sources allowed Jing and Rapp to identify the sedimentolo-
gical context of various anthropogenic features.

An innovative application of magnetism to archeological problems has been
reported by Church ez al. (2001). As in the work of McLean and Kean (1993), this
also involves fire ash but looks at the diagnostic value of variations in mineral
magnetic properties from hearth to hearth rather than considering possible anomalies
facilitating magnetic location. It is found that the magnetic properties measured
(susceptibility and its frequency dependence, isothermal and anhysteretic remanence)
can be combined to provide a fingerprint of the type of fuel used in domestic fires at
sites on the Western and Northern Isles of Scotland. Sites on the Isle of Lewis (7°W,
58°N), for example, indicate that well-humidified peat was the dominant fuel source
for thousands of years. This implies a stable system of managing the peat banks
involving issues of ownership and organization that is obviously of interest to
archeologists concerned with the way of life and general economy in ancient settle-
ments (e.g., Ceron-Carrasco et al., 2001).

Similar examples exist in which the intrinsic magnetic properties of particular
archeological artifacts are used to identify where they came from (their provenance).
Of special interest in this context is prehistoric obsidian— a volcanic glass possessing
very desirable conchoidal fracture making it ideal for arrowheads, blades, scrapers,
and the like. Determination of the chemical composition (particularly the trace
elements) has been successfully employed to associate certain obsidian artifacts
with specific volcanic outcrops, but such tests are expensive, time consuming, and
destructive. On the other hand, McDougall ef al. (1983) found that rapid, cheap, and
nondestructive fingerprints could be obtained magnetically. Specifically, they dem-
onstrated that obsidians from known Mediterranean, central European, and near
Eastern sources define distinct, restricted, fields on plots of susceptibility versus
saturation magnetization. The implication is that slight compositional differences
between obsidians from different sources are reflected in their bulk magnetic proper-
ties. Given that only a few sources seem to have been available in antiquity, the
possibility of magnetic matching exists and, because obsidian was a significant
prehistoric trade item, the possibility of determining patterns of cultural contact
arises. On the other hand, similar studies of obsidians from the American Southwest
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(Church and Caraveo, 1996) and Mexico (Borradaile ef al., 1998) appear to be less
promising.

An investigation by Williams-Thorpe et al. (1996) concerns the provenance of
granite columns used in ancient buildings in Rome (including the Pantheon, the
Temple of Venus, and the Baths of Caracalla), particularly those made of the granito
del foro (so named because of its abundant use in the Roman Forum). Magnetic
susceptibility measurements confirm other observations that indicate that this mate-
rial comes from Mons Claudianus in the Eastern Desert of Egypt. Furthermore, a
contour map of 1119 magnetic susceptibility values covering the entire 9-km? area of
quarrying activity there allows some columns to be sourced to a single quarry, of
which there are 130. It appears that quarrying did not evolve in any systematic spatial
pattern; rather, several parts of the quarry field were opened up within the first
century AD, and they all continued in use during the second and third centuries.

We have already constdered the importance of fired archeological features in
extending the geomagnetist’s knowledge of the secular variation. Studies in Italy
have extended this kind of research to an entirely different (and somewhat surprising)
magnetic recorder, namely mural paintings (Chiari and Lanza, 1997). Careful re-
moval of thin layers of pigment (using adhesive tape) shows that the direction of the
ambient magnetic field in which the murals were painted can be recovered. Con-
trolled laboratory experiments demonstrate that the iron oxide particles (hematite)
present in the pigment are aligned by the magnetic field during the drying process, in
essentially the same way as the depositional remanence (DRM) mechanism illus-
trated in Box 5.1. Zanella er al. (2000) report a number of results from murals in
Pompeii. Of particular interest are those in the Thermae Stabianae (Stabian Baths),
which are known to have been painted just a few years before the AD 79 eruption of
Vesuvius and which yield an archeomagnetic direction indistiguishable from that
obtained by Evans and Mareschal (1989) from a nearby pottery kiln— the one
featured in Fig. 6.5, in fact.

11.5 SPELEOMAGNETISM

In many places throughout the world, caves provided convenient ready-made hous-
ing for our distant ancestors and many important examples have been thoroughly
investigated by archeologists. Geophysicists, on the other hand, have paid relatively
little attention to cave deposits. Nevertheless, the sediments on the floor of a cave as
well as the ubiquitous speleothems (the collective term for stalagmites, stalactites, and
flowstones) have been exploited as geomagnetic recorders (L.atham and Ford, 1993;
Perkins and Mabher, 1993). Consider, for example, the evolution of a stalagmite — as
it grows in girth, each successive layer records the ambient magnetic field of the day,
the actual recording being done by trace amounts of magnetic minerals in the calcium
carbonate that makes up the deposit. The outcome is rather like a set of magnetic tree
rings. If the resulting secular variation patterns can be successfully matched to
reference master curves, then records of this kind have obvious potential in terms
of chronological control like the other examples discussed in Chapter 6.
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Figure 11.4 Magnetic susceptibility profile of sediments in Caldeirdo Cave, Portugal. The various
cultures — identified by stone tools found in the cave — are indicated as are the MSEC zones SE-21 through
27. LGM = last glacial maximum. (Modified from Ellwood et al. 1998, 2001.) © John Wiley & Sons
Limited. Reproduced with permission.

In terms of environmental magnetism, cave sediments are still largely terra incog-
nita. One notable exception is the work of Eliwood ez al. (1998) in the Caldeirdo Cave
near the town of Tomar in Portugal (8.4°W, 39.5°N). A few meters of Middle and
Upper Paleolithic sediments have accumulated in this cave and these have yielded
evidence of several successive cultures, including Mousterian, Solutrean, and Mag-
dalenian. Samples collected over a 2-m stratigraphic section yielded a smooth pattern
of magnetic susceptibility variations (Fig. 11.4) that was interpreted as a paleoclimate
signal, high values corresponding to warm intervals, low to cold. Ellwood and his
coauthors argue that the climate signal is controlled by pedogenesis outside the cave
followed by wind and/or water transport and preservation of the resulting material in
the protected environment within the cave. When warmer conditions exist, the soil-
forming processes are enhanced and more magnetic material is produced (see Chap-
ters 5 and 7). Using the cultural remains (Paleolithic stone tools) and '“C data, they
attribute the strong minimum between 1.0 and 1.4 m depth to the last glacial max-
imum (LGM). This is an excellent demonstration of how enviromagnetic information
ties together anthropology and climatology. Another convincing example is provided
by the detailed work of Sroubek et al. (2001) on some 6 m of sediments (~ 700
samples) in Kulna Cave in the Moravian karst country of the Czech Republic.



11.6 Hominid Evolution 243

They also find a strong correlation between magnetic susceptibility and climatic
conditions and again appeal to the pedogenic production of magnetic minerals
(magnetite and/or maghemite) during warm interglacial periods. In particular, for
the time interval covered by the sediments (110-15 kyr BP), they observe a
close match between their susceptibility profile and the record of sea surface tem-
perature deduced by Ruddiman (1987) from core K708-1 in the North Atlantic
(24°W, 50°N).

This kind of cave research is being expanded. Ellwood et a/. (2001) have summa-
rized their magnetic investigations of cave sediments, which now include examples
from Albania and Spain in addition to the Portuguese data described previously.
Their success in identifying cycles of climatic change and in correlating these from
cave to cave leads them to introduce a specific name for their procedure, namely the
magnetosusceptibility event and cyclostratigraphy (MSEC) method. This they use to
propose a system of numbering of warm and cold intervals in a manner reminiscent
of the well-known marine oxygen isotope (MOI) stages (see Chapter 6). But two
important differences must be noted. First, they do not claim that their system 1is
entirely global. For this reason they label their intervals SE-1, SE-2, and so on, the SE
standing for southern Europe, with odd numbers corresponding to warm intervals.
Second, the timescale associated with the cave sediments is very much shorter than
that of the oxygen isotope stages: MSEC zones span a few centuries, whereas MOI
stages typically last for 10 to 50kyr. To relate the MSEC zones to previously
established schemes, it is convenient to consider two intervals of particular interest
—the Younger Dryas and the LGM. These correspond to zones SE-12 and SE-22,
respectively. However, it should be remembered that the whole MSEC system is still
rather speculative. More data are urgently needed to establish (or reject) its validity.

11.6 HOMINID EVOLUTION

The reversal polarity sequence that was so important in providing the chronology
now universally accepted for the deposition of the vast deposits of eolian sediments
(loess) in China also provides important control for the age of an early hominid
cranium (Lantian man) found in the vicinity of Xian. Shaw et al. (1991) report that
the cranium was found in a reversely magnetized stratum just below the Cobb
Mountain excursion. On the revised GPTS (see Chapter 6), this implies an age
close to 1.2 million years, making this the oldest reliably dated Chinese hominid
site. This procedure relies on the remanent magnetization preserved in the sediments,
but magnetic susceptibility — via its tracking of climatic changes —has also been
used to date cultural remains found in loess/paleosol sequences. At Karamaidan, for
example, correlating the susceptility profile with the oxygen isotope stages enabled
Shackleton ef al. (1995; see also Chapter 8) to establish the correct ages for the pebble
tools found there. Material previously thought to be about 100,000 years old is now
seen to be more than three times older. The new chronology is in much better
agreement with data from elsewhere and clears up what had been a confused
interpretation of the Paleolithic archeology of central Asia.
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Magnetic susceptibility time series have also been exploited in the context of
hominid evolution. In particular, deMenocal and Bloemendal (1995) investigate
Plio-Pleistocene climatic change in subtropical Africa by magnetic monitoring of
the paleoenvironment in which major evolutionary events took place. Their proced-
ure is to use magnetic susceptibility as a proxy for the terrigenous material trans-
ported by monsoon winds from the African continent and now found in cores
recovered offshore in the Arabian Sea [see also Bloemendal and deMenocal (1989)
and discussion in Chapter 7). The validity of this proxy is based on the excellent
correlation observed between susceptibility and terrigenous content determined inde-
pendently. This makes it possible to obtain a continuous record reaching back to 7.3
million years, with 1500-year resolution. The enormous advantage offered by the
magnetic measurements can be appreciated by simply realizing that the time series
needs at least 5000 data points to obtain the resolution claimed. The time-consuming
extraction process necessary to verify independently the terrigenous content makes
this option very unattractive. It is unlikely that such remarkable records would have
ever been obtained without the speed and ease offered by magnetic susceptibility
measurements.

The high-resolution records obtained by deMenocal and Bloemendal (1995) indi-
cate that the pattern of variability of terrigenous content was not constant through-
out the last 7 million years. In the earliest part of the record (prior to ~2.8 million
years ago), the Milankovitch precession cycle (~20kyr) is dominant (see Fig. 7.23).
Thereafter, the obliquity signal (~40kyr) becomes more prominent. Still later, at
~ 1.0 million years ago, the eccentricity cycle (~ 100 kyr) starts to play a bigger role.
These changes reflect important climatic shifts that are also captured in high-latitude
marine records (Shackleton er al., 1984; Ruddiman et al., 1989). Furthermore,
numerical general circulation model (GCM) experiments demonstrate the sensitivity
of climatic conditions in subtropical East Africa to the size and elevation of the
Fennoscandian ice sheet (deMenocal and Rind, 1993).

deMenocal and Bloemendal (1995) go on to consider the significance of these
climatic changes to human evolution. They point out that the major shift at
~2.8 Myr coincides with the time at which the ancestral lineage Australopithecus
afarensis gave rise to later australopithecines, on the one hand, and the line from
which our own genus (Homo) arose, on the other. Furthermore, the earliest major
geographic expansion of our direct ancestor (Homo erectus) took place ~ 1 Myr ago
when the Homo lineage first radiated out of Africa and occupied sites in Europe and
western Asia. It was also at this time that the entire australopithecine lineage became
extinct.

Although speculative, these suggestions are not unreasonable —the influence of
climate on biological (including hominid) evolution is widely appreciated. It is the use
of magnetic monitoring by deMenocal and Bloemendal (1995) that is important for
our present purposes. As they conclude, “it was a change in mode of subtropical
climatic variability [their italics] rather than a wholesale, stepwise change in climate
that prompted evolutionary responses.” This was discovered only because extended,
high-resolution, magnetic records became available for spectral analysis.
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OUR PLANETARY MAGNETIC
ENVIRONMENT

12.1 INTRODUCTION

Throughout this book we have been concerned with the application of magnetic
methods to monitor our natural and cultural environments, but we should not lose
sight of the planetary setting in which the various effects involved take place. The
geomagnetic field is a key factor in such diverse topics as magnetostratigraphy, sea
floor spreading, bacterial navigation, and anomalies over buried archeological struc-
tures. Moreover, it is fundamental for the creation of the magnetosphere, which is the
most important entity controlling the near-Earth space environment. It, too, plays a
key role in many phenomena, being intimately connected with the northern and
southern lights (aurora borealis and aurora australis), radio communication disrup-
tions, power outages, and satellite failures. In what follows, a brief outline of the
main features of the Earth’s magnetic environment is given so that the preceding
chapters can be placed in their proper framework.

The fact that the Earth has a magnetic ficld of its own means that everything
around us is penetrated by magnetic lines of force—including the page you are
currently reading and, indeed, your whole body. Every schoolchild knows that the
shape of this field outwardly resembles that of a simple bar magnet, a fact that
was first clearly enunciated by William Gilbert (1544-1603) in his seminal work
De Magnete published in 1600. As he put it, “magnum magnes ipse est globus
terrestris™ (the terrestrial globe itself is a great magnet). Wilson (2000) provides a
fascinating analysis of Gilbert’s tome, which is often regarded as the first modern
scientific textbook because of its reliance on repeatable experimental procedures.
He points out that Gilbert probably focused his attention on magnetism because
the lodestones (naturally occurring lumps of magnetite) with which he worked
exhibited powerful effects that were easily observed. These effects, of course, arise
from the magnetization acquired by the lodestones in the geomagnetic field. This
prompts Wilson to ask, “How would science have progressed if we ourselves
had evolved on Mercury, Venus or Mars? Those planets have very weak or zero
magnetic fields, so that if lodestone exists on those three planets, it would quite
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possibly have acquired no significant magnetization during its formation. What
then?”

12.2 THE GEOMAGNETIC FIELD

The field surrounding a bar magnet is mathematically equivalent to that produced by
a uniformly magnetized sphere. Such a field is dipolar, possessing two poles that are
conventionally called north and south. The Earth, however, is a little more compli-
cated. First of all, there is the matter of nomenclature: the pole in the Arctic is a south
magnetic pole (this is why the north end of a compass needle points toward it — recall
that like poles repel, opposite poles attract). Second, the hypothetical bar magnet is
only an approximation to the observed geomagnetic field. This is not surprising when
one considers the actual origin of the field.

The Earth is certainly not the permanently magnetized sphere imagined by Wil-
liam Gilbert. Most of its volume is far too hot to sustain such a condition. Common
ferromagnetic materials have Curie points (see Chapter 2) of only a few hundred
degrees, and such temperatures are reached a few tens of kilometers below the
surface. This is proportionally no more than the shell of an egg. The earth’s shell,
or crust, does contain magnetic material, but even the highest observed values of
crustal magnetic remanence fail by several orders of magnitude to account for the
strength of the geomagnetic field. To find the real source, we must look deeper into
the planet by appealing to electrical currents flowing in the outer core—a zone of
highly conducting molten iron starting 2900 km below the surface. Fluid motions in
this region sustain a geodynamo. The mathematical treatment necessary to deal with
the geodynamo is rather difficult, and only recently has computing power risen to an
adequate level to allow realistic models to be investigated (Glatzmaier and Roberts,
1995).

Superficially, the pattern of the field at the Earth’s surface resembles a meteoro-
logical map. There are broad features that are fairly stable over the long term (trade
winds, for example), but there are very significant small-scale, rapid fluctuations
(such as the pressure highs and lows of the daily weather map). The vagaries of the
fluid motions in the core produce a wide spectrum of temporal changes, some of
which were discussed in Chapter 6 in connection with dating methods. The outcome
is that the geomagnetic field not only fluctuates in time but also is not exactly central,
nor is it aligned along the spin axis, and it is not even dipolar! For some purposes, the
so-called GAD (geocentric axial dipole model) is adequate (see Box 12.1), but a more
sophisticated procedure is generally needed. The universally accepted treatment is
based on spherical harmonics, a technique invented by the great German mathema-
tician C. F. Gauss (1777-1855). The spherical harmonic components can be added
together to provide a mathematical representation of the total field (in a manner
similar to adding the fundamental tone and overtones of a violin string to get a
complete representation of the overall sound it produces). In the case of the Earth’s
magnetism, the spherical harmonics constitute what is called the International
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Box 12.1 GAD

The characteristics of a geocentric axial dipole are readily derived from the
expression for the potential of a dipole [V = (uo/4m)(m cos 0/r%), where m is the
dipole moment, (i, is the permeability of free space, r is the distance from the Earth’s
center, and 0 is the colatitude measured from the geographic north pole]. At any
point on, or above, the Earth’s surface, the radial and tangential components are
Z = (up/4m)(2mcos 0/r°) and H = (uy/4m)(msin 0/r), respectively. On the
equator, Z =0 and H = Hpyy, = (,u0/41'r)(m/r3). On the magnetic axis (i.e., at
the poles), Z = Zmax = (ig/4m)(2m/r3) and H = 0. Thus Zmnax = 2Hmax. The field
strength (F) is given by F = (22 + H?)'? = (uy/4m)(m/r)(1 + 3 cos? 6)1/2.

The present dipole moment of the Earth is ~ 8 x10?Am?, so that on the surface
Zmax turns out to be ~60 wT. Finally, the inclination (/) is given by tan{J/) =
Z/H = 2 cot 8. The accompanying figure shows pole-to-pole profiles of 7 and F.
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Geomagnetic Reference Field (IGRF) (check out http://www.ndgc.noaa.gov). Low-
rie (1997) gives an excellent introduction.

The departure of the IGRF from a GAD field can be appreciated by inspecting
Fig. 12.1, which shows profiles of inclination (/) and field strength (F) along the zero
(Greenwich) meridian from the equator to the geographic north pole. Because the
best-fitting dipole is tilted by about 11° toward northern Canada, the IGRF incli-
nations along this meridional profile are lower than the GAD model, particularly in
tropical latitudes. Similar discrepancies arise in the total field strength, but now the
differences are greatest in high latitudes. The full spatial pattern of the IGRF is
illustrated in Fig. 12.2. The corresponding map for a GAD field would consist of a set
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Figure 12.1 Latitudinal dependence of inclination (I, left ordinate) and field strength (F, right ordinate)
for the International Geomagnetic Reference Field (IGRF2000) and a geocentric axial dipole (GAD). The
profiles shown here run along zero longitude (the Greenwich meridian) from the equator to the north
geographic pole.
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Figure 12.2 Isodynamic contours (lines of equal field strength, in wT) for IGRF2000. For the GAD
model, the contours would consist of a set of horizontal lines ranging from ~ 30T at the equator to
~60 1T at the geographic poles. [Similar maps for inclination (isoclinics) and declination (isogonics) are
often useful. For the GAD model, the isoclinics would also be a set of horizontal lines ranging from +90°
(vertically down) at the north geographic pole to —90° (vertically up) at the south geographic pole and equal
to zero (horizontal) along the entire equator. The isogonic map would be blank because GAD declination is
zero everywhere.]
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of horizontal lines representing increasing values from ~30uT at the equator to
~60 4T at latitudes +90° and —90°. We see that, rather than having a maximum at
each pole and a linear minimum along the equator, the actual field has three maxima
(in Canada, in Siberia, and south of Australia) at latitudes of about £60° and a single
minimum over southern Brazil (~28°S). Maps of this kind, when projected down to
the Earth’s core, show that the magnetic field is patchy; some areas possess flux
concentrations, others are relatively barren. Bloxham and Jackson (1992) show that
much of the geomagnetic secular variation can be understood by tracking the changes
that have occurred to these flux patches over the last 300 years. Some of them are
essentially stationary (but may grow or decay); others definitely move about. Using
data from archeomagnetic artifacts, lava flows, and lake sediments, this evolutionary
pattern has now been successfully extended back to 1000 Bc (Constable et al., 2000).

One very important observation is that the overall integrated effect is that the best-
fitting GAD has decayed by almost 10% in the last century and a half. Archeomag-
netic data (see Chapters 6 and 11) show that this trend has been in effect for the last
two millennia, during which time the Earth’s dipole moment has decreased from
~11x1022 Am? to its present value of ~8x102 Am? (McElhinny and Senanayake,
1982). Is the next polarity reversal coming? A summary (Hulot et al., 2002; see also
Olson, 2002) comparing the results obtained from the Magsat satellite (which oper-
ated in 1979-1980) with those currently being gathered by the Qersted satellite
suggests that this is a strong possibility.

Fluctuations in the strength of the geomagnetic field (whether or not they are
associated with full polarity reversals) have been of considerable use in providing
chronometric control in some sedimentary sequences (see Chapter 6). They also play
important roles in controlling the rates at which '*C (see, e.g., Laj et al., 1996) and
19Be (see, e.g., Robinson ef al., 1995) are produced in the atmosphere — as discussed
in Chapters 6 and 7, respectively. The effect on the carbon clock, for example, can be
readily appreciated by reference to Fig. 12.3, which shows that, at certain times in the
past, the rate of '*C production was much higher than at present. According to Laj
et al. (1996), the ultimate effect on radiocarbon dates is that measured ages have to be
increased by up to 3500 years during the 20- to 40-kyr interval.

12.3 THE MAGNETOSPHERE

The Earth is by no means unusual in possessing a magnetic field; the magnetic
moments of Saturn and Jupiter, for example, are 550 and 19,000 times greater than
the Earth’s, respectively. The sun also has a strong magnetic field, as do many other
stars. In fact, the entire solar system is bathed in an interplanetary magnetic field
(IMF) created by the flow of charged particles constantly being emitted by the sun.
This flux constitutes the solar wind, a low-density gas of ionized particles (plasma) —
mostly protons, electrons, and helium nuclei. In our part of the solar system, the IMF
currently has a strength of ~6nT. At an early stage in the evolution of the solar
system, some theories appeal to the presence of a much stronger IMF that played
a central role in transferring angular momentum from the sun to the planets by a
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Figure 12.3 (a) Variations in the Earth’s dipole moment deduced from oceanic sediments (smooth
curve) and volcanic lava flows (individual points) (see also Fig. 6.10). (b) Changes in the production of
14C atoms expected as a result of the geomagnetic history indicated in (a). (Modified from Laj ef al., 1996.)
© American Geophysical Union. Modified by permission of American Geophysical Union.

mechanism known as magnetic braking. Some process of this kind is necessary in
order to explain the curious distributions of mass and angular momentum in the solar
system: more than 99% of the mass but only 2% of the angular momentum resides in
the sun. This situation would not arise in a straightforward development of a cooling,
contracting solar nebula. The former existence of an enhanced IMF has been sought
by investigating the remanent magnetization of meteorites, and some support for the
concept has been forthcoming. In particular, paleofields as high as 300 4T have been
reported from the Allende meteorite that formed more than 4.5x 10° years ago [see
Dunlop and Ozdemir (1997) for a summary of extraterrestrial paleomagnetism).
Regardless of the actual strength and history of the IMF, the Earth presents an
obstacle to the solar wind, which is obliged to flow around it like water past a rock in
a stream (Fig. 12.4). The speed of the solar wind — typically a few hundred km/s —is
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Figure 12.4  Sketch of the magnetosphere indicating the main features discussed in the text.

such that a bow shock (similar to the sonic boom effect of a supersonic aircraft) is set
up in front of the Earth (at ~10 Earth radii along the sun-Earth line). Inside the
shock front, the field is compressed, but downstream from the Earth it is stretched
out into the so-called magnetotail. These distortions confine the geomagnetic field to
the region inside the magnetosphere (the boundary of which is termed the magneto-
pause) and establish high-latitude cusps. The ionized particles of the solar wind are
slowed down as they traverse the bow shock and are then deflected around the
magnetosphere, but the cusps provide a means by which some particles leak through.
Thus, the geomagnetic field provides an umbrella to protect us from the solar
wind — perhaps parasol would be a better word!

The particles that find their way into the magnetosphere are involved in a variety
of important phenomena. Some are trapped by the magnetic field in the so-called
Van Allen belts, two doughnut-shaped regions encircling the Earth, one (contain-
ing mostly protons) about 2000 km above the Earth’s surface, the other (containing
mostly electrons) about 25,000 km above the Earth’s surface. Other particles eventu-
ally make their way into the upper atmosphere, where they bombard the constituent
atoms and molecules and thereby cause the aurorae (for example, the green light with
a wavelength of 5577 A, commonly seen in auroral displays, results from electrons
interacting with oxygen). In addition to their striking visual displays, aurorae have
significant magnetic effects due to their associated electric currents that flow in the
ionosphere. This is the part of the atmosphere where the constituent atoms and
molecules have been ionized by solar ultraviolet radiation. Auroral effects can lead
to magnetic fields at the Earth’s surface as large as 1 uT. Even without aurorae,
fluctuations in the sun’s activity can lead to magnetic storms during which irregular
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Box 12.2 Spacecraft, Astronauts, and the SAA

The low values of the Earth’s field associated with the region centered over the
coast of southern Brazil (see Fig. 12.2) allow charged particles of the Van Allen
belts to dip to lower altitudes, resulting in increased radiation flux to spacecraft in
low orbits (100 to 1000 km). On June 15, 2001, for example, NASA’s Moderate
Resolution Imaging Spectroradiometer (MODIS) was knocked out of service as it
crossed over South America at latitude 20°S (Heirtzler et al., 2002). Collective
experience shows that satellite problems commonly occur over South America
and the South Atlantic. This region is regarded as a sort of “Bermuda triangle”
that experts refer to as the South Atlantic anomaly (SAA). Scientific instruments
are not the only victims. Radiation dosimeters on the Shuttle and Mir spacecrafts
indicate that astronauts are also subject to peak radiation exposure while travers-
ing the SAA. With extended missions on the International Space Station now
being planned, the Earth’s magnetic environment clearly needs close attention.

variations of up to 14T are again observed at the Earth’s surface. Although the
magnitude of these effects is small compared with surface IGRF values (typically
40 uT), they are sufficient to disrupt radio transmissions and have been known to
generate such large surges in power lines as to cause major blackouts. At higher
altitudes, equipment on satellites is also vulnerable at such times, as are orbiting
astronauts and even the people on board high-flying aircraft. The threat is real
enough (see Box 12.2) that major efforts are now under way to establish means of
forecasting what has come to be called space weather (http://www.sel.noaa.gov).



Appendix

MAGNETIC UNITS IN THE SI
AND CGS SYSTEMS

Appendix 1. Magnetic Units in the SI and cgs Systems

Parameter SI cgs Conversion
Magnetic field A/m Oersted (Oe) 1 A/m =4m x 107° Qe
Magnetic induction  Tesla (T) Gauss (G) 1 T=10G
Magnetization A/m emu/cm® 1 A/m = 1073 emu/cm?
Mass magnetization ~Am?/kg emu/g 1 Am?/kg = lemu/g
Magnetic moment Am? emu 1 Am? = 10° emu
Susceptibility None None Kst = 4 X Kegs
Mass susceptibility — m®/kg emuOe 'g™! 1 m?/kg = 4w x 1073 emuQe'g~!
Permeability, u, 4w x 1077 1
Vs/Am

SI, Systeme Internationale; cgs, centimeter-gram-second; emu, electromagnetic units.
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GLOSSARY

This fairly extensive glossary is offered because environmental magnetism is a relatively new subject that has
attracted the attention of a wide variety of specialists— from astronomers to zoologists—who are not
always familiar with each other’s jargon. To avoid introducing further arcane terminology, we have tried to
use plain language (which may annoy some experts). To avoid compiling a complete dictionary, we have
tried to be brief (which may annoy others). For the rest of you, we hope it proves acceptable — and useful.

anhysteretic remanent magnetization (ARM): a magnetization imparted in the laboratory by means of an
initially strong alternating magnetic field that is gradually reduced to zero in the presence of a weak, but
constant, magnetic field

anisotropy of susceptibility: the variation of magnetic susceptibility with direction in a sample

antiferromagnetism: a form of ferromagnetism in which the crystalline material involved contains two
sublattices that are oppositely and equally magnetized leading to zero net magnetism

ARM susceptibility: anhysteretic remanent magnetization per unit bias field, usually given in mass-normal-
ized form Am’kg~!/Am~' = m*kg™!

assimilatory: a term used to describe the action of certain bacteria that take up external material and
incorporate it into their cells, specifically the acceptance of iron ions by magnetotactic bacteria to
fabricate magnetite and/or greigite

asthenosphere: the soft part of the Earth underlying the lithosphere — it deforms plastically during the slow
convection that drives plate tectonics

authigenesis: changes that occur in sitv during and shortly after deposition of a sediment, e.g., secondary
overgrowths on mineral grains

biogeocoenosis: coupled functioning of life and earth

biologically controlled mineralization (BCM): same as BOM

biologically induced mineralization (BIM): mineralization produced by bacteria extracellularly

biologically organized mineralization (BOM): mineralization produced by bacteria intracellularly

biomimetics: engineering technology that attempts to fabricate materials copied from nature

blocking temperature: the temperature during cooling at which the relaxtion time of TRM becomes
sufficiently long that the remanence can be considered “frozen in”

Bohr magneton: a fundamental unit of magnetism equal to 9.27x1072* Am?

boundary organized biomineralization (BOB): same as BOM

chemical remanent magnetization (CRM): remanent magnetism acquired as a result of chemical or crystal-
lization processes

chron: a major time interval dominated by either reversed or normal geomagnetic polarity

circle of confidence (aos): the 95 % confidence region within which the true orientation of a Fisherian mean
vector lies
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coercive force (H,): the “backward™ magnetic field necessary to reduce to zero a “forward” saturation
magnetization

coercivity of remanence (H;): the “‘backward” magnetic field that must be applied (and then removed) in
order to obtain zero remanence after saturation in the “forward” direction

colatitude: angular distance from the point in question to the Earth’s spin axis, i.e., the complement of the
latitude

Coriolis force: a “sideways” force experienced by an object moving in a rotating framework. It is particu-
larly important for the dynamics of the atmosphere and oceans and is the reason for the existence of
cyclones and anticyclones [named after the French engineer-mathematician Gustave-Gaspard Coriolis
(1792-1843)]

Curie point: the temperature at which ferromagnetism is lost, named after Pierre Curie (1859-1906)

Dansgaard—Oeschger cycles: long-term cooling cycles that terminate abruptly, represented by clusters of
millennium-length oxygen isotope fluctuations in the Greenland ice cores but also seen in the abundance
of cold-water forams in North Atlantic sediments

Dansgaard—Oeschger events: oxygen isotope fluctuations in the Greenland ice cores that represent millen-
nium-length intervals of cold air temperatures

declination: the angle in the horizontal plane between magnetic and true north

demagnetizing factor: a numerical factor that describes the extent to which a magnetized object demagne-
tizes itself by means of the (backward) internal magnetic field (for a sphere it equals /3)

dendrochronology: a dating method based on counting tree rings

depositional remanent magnetization (DRM): remanent magnetism acquired as a result of sediment depo-
sition (often referred to as detrital remanent magnetization)

diagenesis: the processes (e.g., compaction, lithification) that affect a sediment while it is close to the Earth’s
surface (i.e., at low temperature and pressure), as opposed to metamorphic changes brought about by
deeper burial and/or tectonism

diamagnetism: magnetism — in all materials — arising from the orbital motion of electrons

diatom: a microscopic plant with a siliceous skeleton

dissimilatory: a term used to describe the action of certain bacteria that affect their immediate environment
in such a way as to produce certain chemicals outside their own cells, specifically the use of iron ions to
create magnetite and/or greigite

eccentricity: departure from circularity — specifically referring to the Earth’s orbit

eolian: pertaining to the wind

epoch: an older term for intervals dominated by a single geomagnetic polarity, now superseded by the term
chron

eutrophy: a term used to describe high organic productivity in lakes

event: an older term for short geomagnetic polarity intervals within the longer epochs, now superseded by
the term subchron

exchange coupling: the interaction between neighboring atoms (due to overlap of electron orbitals) that gives
rise to ferromagnetism

exsolution: a crystallographic process by which two (or more) materials separate, usually leading to an
intergrown pattern of two (or more) distinct minerals

fermentation: microbial iron reduction during metabolic respiration

ferrihydrite: a common oxyhydroxide (5Fe;O3-9H;0), also known as limonite, that often undergoes
chemical alteration to produce strongly magnetic magnetite and/or hematite

ferrimagnetism: a form of ferromagnetism in which the crystalline material involved contains two sublattices
that are oppositely but unequally magnetized

ferritin: a biosubstance consisting of a hollow protein shell inside which small iron particles (up to several
thousand atoms) can be deposited

ferromagnetism: a form of magnetism characterized by strong interaction between atoms in the crystal
lattice

Fisherian statistics: a mathematical treatment of unit vectors distributed in three-dimensional space,
developed by Ronald Aylmer Fisher (1890-1962) (Fisher, 1953)

fluviatile: pertaining to rivers
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fluvioglacial: pertaining to glacial rivers

flux density: an alternative term for magnetic induction

foram: abbreviated term for a unicellular animal with a calcite skeleton belonging to the foraminifera

foreland basin: a crustal depression formed in front of a mountain range as a result of orogenic com-
pression

GAD: geocentric axial dipole, a useful approximation (for some purposes) to the Earth’s magnetic field

general circulation model (GCM): a computer model designed to simulate the circulation of the atmosphere
and oceans

geomagnetic excursions: brief, “‘larger than normal” fluctuations in the direction and/or strength of the local
magnetic field, currently poorly understood

geomagnetic polarity timescale (GPTS): the reference sequence of normal and reversed geomagnetic polarity
intervals

glacial flour (rock flour): finely comminuted lithic material resulting from the grinding action of glaciers and
ice sheets

gleying (also gleization): a process that takes place in soils when they become waterlogged, leading to oxygen
starvation and the production of ferrous minerals

goethite: an important iron oxyhydroxide (a-FeOOH); it is hexagonal and (almost) antiferromagnetic but
possesses a weak ferromagnetism thought to be due to unbalanced numbers of atomic moments in its
crystal lattice

greigite: Fe;S,, the sulfide analogue of magnetite

hectare (ha): a measure of area equal to 100x 100 m(= 2.47 acres)

hematite: a common hexagonal iron oxide (a-Fe,03)

hemipelagic: associated with oceanic settings that are close enough to the continents to be influenced by
them — hemipelagic sediments (usually muds) thus contain significant input from land (terrigenous
material)

Heinrich events: times at which large amounts of lithic material were delivered by icebergs from the
Laurentide ice sheet into the North Atlantic

high-field susceptibility (x;;5): the slope of the magnetization curve beyond the closure of the hysteresis loop

Holocene: the latest period of geological time, usually referring to postglacial time (approximately the last
10,000 years)

hysteresis loop: the magnetization curve obtained by cycling a sample through a sequence of magnetic fields
between large positive and negative extrema. Much of the early work in this area was carried out in the
19th century by James Alfred Ewing (1855-1935)

IGRF: International Geomagnetic Reference Field

illite: a common clay mineral

ilmenite: a common naturally occurring iron titanium oxide (FeTiO;)

IMF: the interplanetary magnetic field created by the flow of charged particles in the solar wind

inclination: the angle that the local geomagnetic field vector makes with the horizontal, conventionally taken
as positive downward

induced magnetization: the magnetization acquired by a sample while it is held in an external magnetic field

initial susceptibility: the magnetic susceptibility measured in a low field (x;)

interglacial: a major warm period between two glacials, characterized by the retreat of glaciers and ice sheets

interstadial: a pause, or minor retreat, during a period of ice advance (shorter in time and smaller in
amplitude than an interglacial)

intrinsic susceptibility: the “real” susceptibility of a substance measured by avoiding internal demagne-
tization (by using a Rowland ring, for example)

inversion temperature: the temperature at which maghemite coverts to hematite

isothermal remanent magnetization (IRM): the magnetization acquired by a sample after exposure to (and
subsequent removal from) a preset magnetizing field, all at a fixed temperature (usually, but not
necessarily, room temperature)

lacustrine: pertaining to lakes

Larmor precession: the “wobbling” of an electron’s orbit in the presence of a magnetic field (named after
Joseph Larmor, 1857-1942)
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laterite: residual material (e.g., hydrated iron oxides, bauxite) formed by weathering in the tropics, especially
where clear wet and dry seasons exist

lepidocrocite: a common oxyhydroxide (y-FeOOH) that often undergoes chemical alteration to produce
strongly magnetic magnetite or hematite

limnology: the study of lakes

limonite: a common oxyhydroxide (5Fe»03-9H,0), also known as ferrihydrite, that often undergoes
chemical alteration to produce strongly magnetic magnetite or hematite

lithosphere: the stiff outer skin of the Earth involved in plate tectonics

Little Ice Age: a period of widespread cooling that took place between ap ~ 1510 and ~ 1850

lodestone: an obsolete term for a lump of naturally occurring magnetite

loess: a windblown dust deposit

low-field susceptibility: same as initial susceptibility (x;;)

maar: a lake occupying the central depression of a volcano

mackinawite: an iron sulfide (approximately FeS) commonly found in aqueous environments such as lakes

maghemite: a common cubic iron oxide (y-Fe;03)

magnetic domain: a region within a crystal wherein all the atomic magnetic moments are parallel

magnetic hysteresis: the phenomenon in which a magnetized material does not return to zero magnetization
when the external magnetic field is removed

magnetic induction: often called the B field, it is measured in tesla and (in vacuo) is given by the product of
the magnetizing (H) field and p; (the permeability constant)

magnetic moment: the property of a magnetic object that determines its tendency to twist into alignment
with a magnetic field (like the needle of a compass), it is given by the product of the object’s magnetization
and its volume, Mv (in Am?)

magnetic remanence: permanent magnetization retained after removal of any magnetizing field

magnetic susceptibility (x): a dimensionless ratio given by the magnetization per unit field (M/H)

magnetite: the common cubic iron oxide Fe;O4

magnetizing field: often called the H field, measured in A/m

magnetofossil: the remains of magnetosomes preserved in geological sediments

magnetopneumography (MPG): medical technique used to monitor contamination in the lungs by means of
external magnetic sensors (SQUIDs)

magnetoreception: a general term referring to the detection of external magnetic fields by certain organisms
(e.g., homing pigeons)

magnetosome: a structure found in magnetotactic bacteria, usually consisting of a chain of tiny magnetic
particles held together by a “sausagelike” membrane

magnetosphere: a region of space around the Earth to which the geomagnetic field is confined by the effects
of the solar wind

magnetostratigraphy: a broad term referring to the use of any magnetic parameter in the context of
stratigraphic problems, key examples being geomagnetic polarity reversals and magnetic susceptibility
variations

magnetotaxis: the response (both passive and active) of certain living bacteria to an ambient magnetic field

magnetotropism: the tendency of some plant roots to be deflected when growing in a (usually very strong)
magnetic field

malacology: the study of molluscs

marcasite: orthorhombic FeS,

marine magnetic anomalies: highs and lows in the magnetic field measured over the oceans caused by
alternating bands of normally and reversely magnetized crust (the so-called ocean stripes) resulting
from sea floor spreading

marine oxygen isotope (MOI) stages: a standard sequence of geological intervals defined by fluctuations in
the isotopic composition of seawater

mass susceptibility (x): the volume susceptibility divided by the density (p), x = k/p, it has units of recipro-
cal density (m?/kg)

Maunder minimum: the interval between Ap 1645 and 1715 when there were virtually no sunspots (named
after E. W. Maunder, 1851-1928)
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Medieval Warm Period: a widely documented period of generally warmer climates in many parts of the
world, lasting—in some cases—from ap 400 to 1200 (e.g., in the 10th century, corn was grown in
Norway beyond 69°N)

micromagnetism: a generalized approach to calculating the internal structure of magnetic material without
presupposing any specific domain pattern

micron: one millionth of a meter

midden: a garbage dump on an archeological site

Milankovitch cycles: specific (quasi-)periodic fluctuations in the Earth’s orbital parameters (eccentricity,
obliquity, and precession), named after Milutin Milankovitch (1879-1958)

Morin transition: a change that takes place in hematite at about —15°C whereby the weak ferromagnetism is
lost

Mossbauer effect: a phenomenon arising from the interaction of gamma-rays with atomic nuclei, particu-
larly useful for determining energy levels in iron compounds (named after its discoverer, Rudolph Ludwig
Mossbauer, born 1929, Nobel Prize in Physics in 1961)

MSEC: magnetosusceptibility event and cyclostratigraphy —a proposed scheme for identifying (and
numbering) climatic changes based on magnetic susceptibility profiles, particularly in cave deposits

multidomain (MD): a state in which a magnetic material is divided into several regions (domains); the
magnetization is uniform in each domain but differs in direction from domain to domain

mu-metal (p-metal): a high-permeability iron-nickel alloy commonly used for magnetic shielding

mutagen: an agent that increases mutation

natural remanent magnetization (NRM): a neutral term for the remanence of a natural sample as first
measured in the laboratory; it implies nothing about its origin, which could be TRM, CRM, DRM, etc.

obliquity: the tilt of the Earth’s spin axis

obsidian: a black, entirely glassy volcanic rock exhibiting a characteristic style of fracture (conchoidal) that
produces very sharp cutting edges

oligotrophy: a term used to describe low organic productivity in lakes

opal: a hydrated amorphous variety of silica (SiO,) used by many simple organisms for the construction of
their skeletons

orbital forcing: a term used to express the idea that climate changes are influenced by variations in the
Earth’s motion

orogenesis: the geological process of mountain building

oxygen isotope stratigraphy: the application of the marine oxygen isotope stages to stratigraphic problems

PAH: polycyclic aromatic hydrocarbon

palecintensity: a term used in paleomagnetism to denote an experimentally determined value of the strength
of the geomagnetic field in the past

paleosol: fossil soil

palynology: the study of fossil plant spores

paramagnetism: a form of magnetism arising from the spin of electrons

parasitic magnetism: an alternative term for the weak ferromagnetism arising from spin canting in anti-
ferromagnetics

pedogenesis: the combined physical, chemical, and biological processes leading to soil production

pedosphere: the discontinuous skin of soil over the surface of the continents

pelagic: associated with the deep oceans — pelagic sediments are very fine-grained oozes and clays contain-
ing a high fraction of organic remains

pentlandite: (Fe, Ni)ySg, the world’s most important source of nickel, found in abundance in the mining
district of Sudbury, Canada

permeability constant (u,): a fundamental quantity that relates the B and H ficlds (yq = B/H); its value is
4wx 1077 Vs/Am

phytoferritin: a botanical version of ferritin

Pleistocene: the time interval dominated by the geologically recent ice ages (approximately the last 2 million
years)

pneumomagnetism: the study of lung contamination by means of external magnetic sensors

podzol: a soil typical of areas with a cool temperate humid climate
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precession of the equinoxes: the gradual change in the date of the equinoxes caused by the slow “wobble” of
the Earth'’s spin axis

pseudo-single domain (PSD): magnetic structure, and behavior, intermediate between single domain (SD)
and multidomain (MD) in which particles contain more than one domain but exhibit many of the
properties typical of SD particles

pyrite: a common, paramagnetic, iron sulfide (FeS;) (fool’s gold)

pyrrhotite: a common iron sulfide that crystallizes in several forms, the most common being Fe;Sg, which is
monoclinic and ferrimagnetic, and FeySg, which is hexagonal and antiferromagnetic

radula: a tonguelike rasp used by molluscs to effect feeding

relative permeability (j,): the B/H ratio of a material (it is dimensionless)

relaxation time: the time required for a quantity to fall to /e (~37 %) of its initial value

remanence (M,): the permanent magnetization that remains when the magnetizing field is removed

Rowland ring: a doughnut-shaped sample of magnetic material used to avoid internal demagnetization by
simply not having any ends

saturation isothermal remanent magnetization (SIRM): the remanence acquired by a sample after it has been
exposed to a saturating magnetic field at a fixed temperature, usually room temperature

saturation magnetization (M;): the maximum magnetization of a sample measured while it is still in the
magnetizing field

saturation remanence (M,): the magnetization that remains after a saturating magnetic field is removed

secular variation: slow changes in the direction and strength of the Earth’s magnetic field

self-reversal: a general term referring to several possible processes that lead to a sample acquiring a
remanent magnetization in the opposite direction to the applied magnetic field

sequence slotting: a mathematical technique for combining two time series of observed data

Shannon index: a statistical measure of biological diversity

siderite: iron carbonate (FeCQs3), a paramagnetic mineral common in carbonate sediments

single domain (SD): a type of magnetic structure in which a particle is uniformly magnetized, i.e., all the
atomic moments are aligned parallel

smectite: a common clay mineral

speleothems: a collective term for stalagmites, stalactites, and flowstones

spin canting: the slight departure from exact antiparallelism of atomic magnetic moments that gives rise to
the weak ferromagnetism of hematite

spinel: a term referring to a specific crystal structure, based on that of MgAl,O,

spontaneous magnetization: the characteristic magnetism that arises in ferromagnetic materials by virtue of
their internal properties, without the need for an external magnetizing field

SQUID: a superconducting quantum interference device, particularly useful for measuring very small
magnetic fields

superparamagnetism: ferromagnetism of very small particles that have relaxation times on the laboratory
timescale

tephra: a collective term for all the volcanic fragments ejected through the vent (e.g., ash, pumice)

terrigenous: sedimentary material derived from the land

Tesla (T): the SI unit for magnetic induction (sometimes called flux density), it is measured in Vs/m? (named
after Nikola Tesla, 1856-1943)

thermohaline circulation: circulation of deeper ocean waters driven by density variations arising from
differences in temperature and salinity

thermoremanent magnetization (TRM): remanent magnetism acquired as a result of cooling from an elevated
temperature

till: a geological term for the material deposited by glaciers

titanohematites: hematites (a-Fe;O3) in which a variable number of iron atoms are substituted by titanium

titanomagnetites: magnetites (Fe;0O4) in which a variable number of iron atoms are substituted by titanium

tonne (t): an international unit of mass equal to 1000 kg (1 Mg), sometimes called a metric ton

troilite: an iron sulfide (FeS) that is common in meteorites and lunar samples but does not occur on Earth

ulvéspinel: a cubic iron-titanium oxide (Fe,TiO4)

Van Allen belts: two doughnut-shaped regions encircling the Earth that contain trapped charged particles
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varve: an annually layered sediment in which each year’s deposit consists of coarse material deposited during
the summer and finer material deposited during the winter (usually found in glacial meltwater lakes)

Verwey transition: a crystallographic change in magnetite (Fe;O;4) that occurs at about —150°C and involves
a redistribution of the iron cations such that the previously cubic framework is slightly distorted to
monoclinic symmetry; named after its discoverer, E. J. W. Verwey (1905-1981)

vivianite: hydrated ferrous phosphate (Fe;P;0g-8H,0)

volume susceptibility («): the magnetization (M) acquired per unit field (H) (k = M/H)—in SI units, it is
dimensionless

VSM: vibrating sample magnetometer

Wheatstone bridge: a classic electrical circuit for determining the precise value of an unknown resistance,
named after its inventor, Charles Wheatstone (1802-1875)

Younger Dryas: a climatically cold period lasting approximately a millennium some 11 to 12 kyr ago, named
after the Arctic flower Dryas octopetala, which flourished at the time
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AF demagnetization, see Alternating field
demagnetization

Alkalization, 88

Alternating field demagnetization, 63, 68, 80,
208

Anhysteretic remanent magnetization, 19-20,
66-68, 128-130, 239-240

Anhysteretic remanent susceptibility, 20, 181,
200, 229

Anisotropy, crystalline, 16-17, 34, 77, 202

Anisotropy, dielectric, 184

Anisotropy, shape, 17, 52

Anisotropy of susceptibility, 53, 83, 182-184

Antiferromagnetism, 9, 21-22, 69-71, 87

Archeomagnetism, 122, 231, 249

ARM, see Anhysteretic remanent magnetization

ARM susceptibility, see Anhysteretic remanent
susceptibility

Assimilatory bacteria, 94, 194

Asthenosphere, 1, 3

Athabasca glacier, 113

Aurorae, 245

Bacterial magnetism, 189-206

Baldeggersee sediments, 83

Baoji loess, 135, 146, 149, 157, 176

BCM, see Biologically controlled mineralization

Bees, 207

Beryllium, 150-151

BIM, see Biologically induced mineralization

Biodiversity, 154-155

Biogeocoenosis, 103

Biologically controlled mineralization, 190

Biologically induced mineralization, 190,
194-196, 198-199

Biologically organized mineralization,
190-197

Biomagnetism, 185-210

Biomimetics, 188

Biomineralization, 188

Bioturbation, 85, 90-91, 103, 126, 184

Birds, 208

Blocking temperature, 17, 201

BOB, see Boundary organized biomineralization
Bohr magneton, 8

Bolling/Allerod interstadial, 161

BOM, see Biologically organized mineralization
Boundary organized biomineralization, 190
British lake sediments, 125

Brunhes chron, 120

Butterflies, 207

Butte valley sediments, 15

Cahokia Mounds, 239

Cation deficiency, 40

Caves, 114, 241-243

Ceara Rise sediments, 178-179

Chatham Rise sediments, 171-172

Chelator, 88, 108-109

Chemical remanent magnetization, 19, 88-89

Chernozem, 91-92, 237

Chinese loess plateau, 141-144, 149-154

Chron, 119-120

Circle of confidence, 122

Coercive force, 13, 19

Coercivity of remanence, 14, 19

CRM, see Chemical remanent magnetization

Cryogenic magnetometer, 54, 58-62

Crystallization remanent magnetization, see
Chemical remanent magnetization

Curie balance, 63

Curie constant, 11

Curie law, 9-11

Curie temperature, 29, 34-37

Dansgaard-Oeschger cycles, 161, 164, 169
Day plot, 20, 22-23, 72, 76, 78
Declination, 57, 121-125, 248

Defect moment, 41

Dehydration, 87-88, 93, 233
Demagnetizing factor, 11-13
Dendrochronology, 112
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Depositional remanent magnetization, 19,
85-86, 241

Detrital remanent magnetization, see
Depositional remanent magnetization

Diamagnetism, 7, 9, 13

Diatom, 160, 164

Dissimilatory bacteria, 94, 102-103, 194

Dissolution, 88-90

Domain wall, 15, 16

DRM, see Depositional remanent magnetization

Eccentricity, 133-134, 147, 244
Ecosystem, 103-104

Epoch, 119-120

Eustis loess, 154-155
Eutrophy, 83, 106-110, 162
Event, 119-120

Exchange coupling, 8, 34
Excursion, 118, 125-129
Exsolution, 37, 39, 85

Fermentation, 94, 96, 232, 234, 239

Ferralsol, 92

Ferrihydrite, 41, 94-96, 101, 108-109, 188, 194,
207

Ferrimagnetism, 9, 20-21, 33, 39, 42, 69, 76, 87,
96, 166, 200

Ferritin, 207

Ferromagnetism, 4, 7-8, 10, 14, 53

First-order reversal curve, 20, 25-27

Fisherian statistics, 122

Flux density, 29

Fluxgate sensor, 54, 56, 58, 229

Foraminifera, 130-131

FORUC, see First-order reversal curve

Foreland basin, 180

GAD, see Geocentric axial dipole

Gauss, 253

Gauss chron, 119-120, 134, 140

Gaussian statistics, 80, 122

GCM, see General circulation model

General circulation model, 167, 244

Geocentric axial dipole, 246249

Geodynamo, 246

Geomagnetic excursions, 118, 125-129

Geomagnetic field, 246

Geomagnetic polarity timescale, 39, 85, 111,
118-121

Gibbs free energy, 100

Gilbert chron, 120

GISP, see Greenland ice

Glacial flour, 178

Gley, 158

Goethite, 32, 41, 43, 45, 63, 76, 81, 87-89,
94, 98, 100, 105, 177, 188, 194-195, 207,
233

GPTS, see Geomagnetic polarity timescale

Greenland ice, 143, 161, 163, 169-170

Greigite, 22, 32, 42-43, 46-49, 76, 94, 103,
105-106, 181, 183, 188, 193, 203-206

GRIP, see Greenland ice

Halfway House loess, 149, 184

Hamilton Harbour, 220-222

Heinrich events, 77, 164, 167-168

Hematite, 22, 32, 38-39, 43-44, 46, 53, 64, 71,
76, 87, 90, 93-94, 100, 146-148, 177-178,
232-233, 241

Hemipelagic sediments, 77, 96, 194

High-field susceptibility, 20, 71, 75, 229

Holocene, 74, 107, 112-114, 125, 152, 159, 177,
194

Holzmaar sediments, 116-117

Huangtu, 2, 4, 5, 138

Hubbard Brook watershed, 105

Humification, 90

Huon Peninsula, 114

Hydration, 88, 90

Hydrolysis, 88, 95

Hysteresis, 13-14, 21, 26, 64, 69, 71, 75-77, 96,
172, 233, 235

IGRF, see International geomagnetic reference
field

Illite, 137, 181

Ilmenite, 37-38, 41

IMF, see Interplanetary magnetic field

Inclination, 57, 121, 124, 247

Induced magnetization, 13, 18, 51, 66,
236-237

Initial susceptibility, 11, 50

Interglacial, 132

International geomagnetic reference field,
246-249

Interplanetary magnetic field, 249

Interstadial, 132

Intrinsic susceptibility, 11-13, 23

Inversion temperature, 41

IRM, see Isothermal remanent magnetization

Iron carbonate, 42

Iron oxides, 32-41

Iron oxyhydroxides, 41

Iron sulfides, 41

Isothermal remanent magnetization, 19, 44, 62,
66, 128, 145-148, 199, 240



King plot, 20, 24-25, 73
Klamath Lake sediments, 177-178
Kurtak loess, 44, 156157

Laarcher See Tephra, 117

Labrador Sea sediments, 77-79, 129, 169

Lac du Bouchet, 105, 117, 126, 162-164

Lago Albano sediments, 160-161

Lake Baikal sediments, 105, 164165, 194

Lake Gosciaz sediments, 113

Lake Greifen sediments, 107-110

Lake Manas sediments, 74-77

Lantian man, 243

Laramide orogeny, 181

Larmor precession, 7

Laterite, 41

Lepidocrocite, 41, 87, 96, 108-109, 189, 233

Limonite, 41

Lingtai loess, 142

Lithosphere, 1, 138, 174

Little Ice Age, 112

Lodestone, 33-34, 245

Loess, 5, 27-28, 44-46, 69-74, 114, 135,
136-159, 175-176, 183, 194, 236, 243

Lough Augher sediments, 107

Lough Catherine sediments, 115

Lough Neagh sediments, 105, 176

Low-field susceptibility, 11, 20-21, 29, 50-53,
69-71, 78, 181

Luochuan loess, 135, 139, 145-146, 150, 152,
154, 175

Maar, 116, 160

Mackinawite, 103, 107-109, 203, 205

Maghemite, 32, 40-41, 43, 44, 46, 69, 76, 87, 92,
95-96, 98, 146-147, 170, 177, 179, 194, 229,
232,233

Magnetic domain, 14-16, 18

Magnetic fabric, 85, 182, 184

Magnetic field, 10, 13-14, 28-29, 62, 186, 208,
230, 253

Magnetic hysteresis, 13-14, 21, 26, 64, 69, 71,
75-77, 96, 172, 233, 235

Magnetic induction, 19, 29, 51, 253

Magnetic moment, 10, 253

Magnetic remanence, 13-14, 19, 32, 50, 53-68,
71, 118, 124, 132, 136, 208, 230, 231, 243,
246, 250

Magnetic susceptibility, 11, 20-21, 29, 50-53,
69-71, 78, 96, 105, 117, 128, 135, 136, 140,
150-152, 155--158, 166-167, 170, 175, 176,
180, 198, 204, 215-220, 224, 226, 231,
234-235, 241-243, 253

Index 291

Magnetite, 4, 12, 16-18, 32-33, 43-46, 71, 73,
76-77, 80, 83, 87, 92-95, 98, 101-103,
106-109, 137, 146-149, 165, 168, 171, 177,
181, 183, 188-189, 196-197, 200, 206-209,
211, 223, 229-230, 232-234, 239, 243, 245

Magnetocardiography, 185

Magnetoencephalography, 185

Magnetofossil, 194, 206, 207, 208

Magnetopneumography, 229

Magnetoreception, 189, 206

Magnetosome, 42, 83, 94, 102, 161, 171,
190-192, 195-197, 202, 204, 206

Magnetosphere, 1, 188, 245, 249-251

Magnetostatic energy, 16

Magnetosusceptibility event and
cyclostratigraphy, 242-243

Magnetotaxis, 189, 192

Magnetotropism, 188

Malacology, 154-155

Marcasite, 47, 205

Marine oxygen isotope stages, 111, 130-133,
141, 154, 163

Mars, §, 32, 206, 245

Matuyama chron, 120

Maunder minimum, 112

MCG, see Magnetocardiography

MD, see Multi-domain particles

Medieval Warm Period, 153

MEG, see Magnetoencephalography

Meissner effect, 58

Meteorites, 4, 5, 32, 41, 206, 250

Micromagnetism, 17

Milankovitch cycles, 111, 133135, 147-149, 244

MO, see Marine oxygen isotope stages

Monsoon, 144

Moravian loess, 27

Morin transition, 29, 38, 43, 45-46, 53

MPG, see Magnetopneumography

MSEC, see Magnetosusceptibility event and
cyclostratigraphy

Multi-domain particles, 15, 22-24

Mutagen, 225

Natural remanent magnetization, 18-19, 53, 60,
84, 128, 130, 207

North Atlantic gyre, 168

Novaya Etuliya loess, 72-74

NRM, see Natural remanent magnetization

Obliquity, 133-135, 147-149, 244
Obsidian, 240

Octahedral sites, 33, 35

QOersted, 253
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Old Crow Tephra, 149

Oligotrophy, 106-108, 161-162

Onondaga Limestone, 181

Opal, 164

Orogenesis, 180

Owen Ridge sediments, 166

Oxidation, 37, 40-41, 73, 76, 88-90, 95, 96,
98-103, 195, 212, 232-233

Oxygen isotope stages, 111, 130-133, 141, 154,
163

PAH, see Polycyclic aromatic hydrocarbon

Paleocurrent, 85, 168, 182

Paleointensity, 118, 128-130, 250

Paleoprecipitation, 149-154

Paleosol, 5, 138

Paramagnetism, 7-9, 21, 64, 74, 76, 207, 223

Parasitic magnetism, 39

Partial thermoremanent magnetization, 237

Pedogenesis, 5, 137

Pedosphere, 138

Pelagic sediments, 96

Pentlandite, 42

Permeability constant, 28, 253

Phytoferritin, 239

Pneumomagnetism, 188, 229-230

Podzol, 94, 196

Pollution, 211-230

Polycyclic aromatic hydrocarbon, 225, 229

Pompeii, 122

Potomac River sediments, 176, 199

Precession of the equinoxes, 133-134

PSD, see Pseudo-single domain particles

Pseudo-single domain particles, 16, 23, 205

Pyrite, 10, 41-42, 47, 108-109, 189, 203

Pyrrhotite, 32, 42-43, 46-49, 84, 98, 168, 189,
203, 211

Radiocarbon dating, 111, 113
Radula, 207
Redfield composition, 99

Reduction, 42, 87, 88, 93-95, 100-103, 106, 108,

109, 158, 162, 179, 194-196, 205, 232

Relative permeability, 51-52

Relaxation time, 16-17, 30, 68, 72

Remanence, 13-14, 19, 32, 50, 53-68, 71, 118,
124, 132, 136, 208, 230, 231, 243, 246,
250

River Mur sediments, 223-225

Rosetta stone, 132

Ross Sea sediments, 170

Rowland ring, 11

Roxolany loess, 69-73, 139

Saturation isothermal remanent magnetization,
19,20, 22,29, 47,69,72,75,79, 81, 162, 177,
197, 202

Saturation magnetization, 11-12, 19, 22, 64, 71,
205, 239, 240

Saturation remanence, 11-12, 19, 22, 64, 205

SD, see Single-domain particles

Secular variation, 117-118, 121-125, 159, 241,
249

Self-reversal, 39

Sequence slotting, 115, 141

Shannon index, 154-155

Siderite, 42

Single-domain particles, 15-16, 18, 22-24,
32, 171, 191, 193, 197, 201, 205, 208,
209

SIRM, see Saturation isothermal remanent
magnetization

Smectite, 101, 137, 170, 181

Soil contamination, 214-218

Soil horizons, 91

Soil profile, 92

Soil taxonomy, 92

Soppensee sediments, 113

South Atlantic anomaly, 252

Speleomagnetism, 241

Speleothems, 241

Spin-canting, 9, 38

Spinel structure, 33

Spontaneous magnetization, 33-35, 38-42

SQUID, see Superconducting quantum
interference device

S-ratio, 21

Subchrons, 120

Superconducting quantum interference device,
58-62

Superparamagnetism, 16-18, 23, 77, 194, 201,
208, 216, 226, 233

Susceptibility, see Magnetic susceptibility

Tadjikistan loess, 175

Taklimakan desert, 45

Tasman Sea sediments, 171, 194-195

Tephra, 69, 116, 163

Ternary diagram, 35

Tesla, 28, 253

Tetrahedral sites, 33

Thermohaline circulation, 182

Thermoremanent magnetization, 17-19, 128,
231, 236, 239

Till, 232

Titanohematite, 38-40, 84

Titanomaghemite, 41, 84



Titanomagnetite, 34-37, 44, 49, 84, 98, 105, 108,
162, 176, 233

TRM, see Thermoremanent magnetization

Troilite, 41

Ulmener Maar Tephra, 116
Ulvéspinel, 34, 37, 41

Unblocking temperature, 47, 66, 68
Unmixing, 78-83

Upwelling, 183-184
Uranium-series dating, 114
Urswick Tarn sediments, 46

Van Allen Belts, 251
Varves, 112-113, 116, 182
Verwey transition, 34, 43, 45, 78, 201, 207, 234

Index

Vibrating sample magnetometer, 65
Vicksburg loess, 138

Vivianite, 105, 109, 189

Volume susceptibility, 9-10

VSM, see Vibrating sample magnetometer

Wheatstone bridge, 51

Xiagaoyuan loess, 65, 138
Xifeng loess, 140-141, 145

Younger Dryas, 113, 161, 243
Yucca Mountain, 27

Zunggar desert, 74
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Luochuan
(North Central China)

Magnetic susceptibility
(108 m’kg ")
0 100 200 300

Figure 1.1 The famous sedimentary section at Luochuan, China. See page 3.

Figure 6.5 The kiln at Pompeii studied archeomagnetically by Evans and Mareschal (1989) and Evans
(1991). See page 122.
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Figure 7.2 Typical loess. Photomicrograph of a sample from Xiagaoyuan, China. Plot of grain size
distribution from Mississippi, United States. See page 138.



0 7] Modern chernosem: A - grey loam, crumbly, soft,

PK4 abundant grass roots, sharp lower boundary due to
ploughing; AB - light pale grey sandy loam, bioreworked,
graded boundary; BC (ca) - heterogeneous grey-yellow
silty sand, bioreworked, infilled animal burrows (krotovinas).

Grey-yellow silty sand (loess), porous, bioturbated,
Ly abundant dots of organic matter and scarce carbonate
nodules.

AB - light-brown sandy loam, grading upwards to loess,
small dense carbonate concretions; B (ca) - pale-yellow
PK, sandy silt entirely impregnated by diffuse carbonates,
graded boundary. BC (ca) - bioturbated sandy silt with
abundant biological features, such as holes of earth-worms
and krotovinas.

Depth (m)
(4]
1

67 Pale-yellow sandy silt (loess), porous, calcareous, with
organic matter dots.

A - horizon of grey loam which is partly eroded; AB - sandy
loam, bright brown, calcite in the upper part, abundant
black dots of organic matter and probably Mn; B (ca) -
heterogeneous sandy silt, intense bioturbation with

| krotovinas and earthworm holes; abundant carbonate

8 7 nodules up to 0.5-1 cm.

Pale yellow silty sand (loess) with organic matter dots,
some signs of biological activity and lenses of loose fine
sand;

Figure 7.3 The uppermost 10 m of the loess/paleosol sequence at Roxolany (Ukraine). See page 139.



Figure 11.2 Magnetic susceptibility values recorded over an Anglo-Saxon grave at Lakenheath, Eng-
land (0.6°E, 52.4°N). See page 235.
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