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Preface

Geomagnetism has always been at the forefront among the various branches of geo-
physics. At the end of the 16th century William Gilbert determined that the Earth is a
big magnet, implying that it has a magnetic field; in the 1830s Carl Friedrich Gauss
was able to formulate a procedure to measure the field completely and analyzed its
characteristics with the spherical harmonic analysis, a method still used in the era of
satellites and computers. Nevertheless, as recently as in the sixties, geophysics text-
books devoted only a thin chapter to geomagnetism, and limited their discussion
mostly to prospecting methods, while many geologists’ curriculum practically left it
out altogether. The essential contribution provided by the study of ocean floor mag-
netic anomalies and by paleomagnetism in the development of global tectonic mod-
els, made geomagnetism popular in the geological community, which nonetheless
continued, and still continues, to view it as a highly specialist discipline.

The authors of this book, like many of their colleagues, are convinced that geomag-
netism is now an essential part of any Earth scientist’s education. For this reason the
book is meant as a first step, presenting fundamental concepts and their more and more
numerous applications in many fields of geology, and stimulating readers’ interest in
further studying the subjects they find most interesting in the many available special-
ist books. Presenting such a complex, wide-ranging subject as geomagnetism in gen-
eral terms, requires a drastic choice, both in terms of what to write and of how to write
it. A selection of subjects will necessarily be influenced by the authors’ education; ex-
pressing in a simple and thus approximate form physical concepts that should be ar-
ticulated with due rigor may lead into error. Whatever judgment the readers may ulti-
mately pass on our work, we will deem we have done something useful if, once they are
finished reading it, at least some of them will go to a library to consult far more sub-
stantial books and browse the vast geomagnetic literature scientific papers.

The first four chapters of the book discuss the fundamental subjects of geomagnetism
within geology: the Earth’s magnetic field, the magnetic properties of rocks, measur-
ing and interpreting magnetic anomalies, and paleomagnetism. The next four chap-
ters briefly go over other fields of application: the magnetic fabric of rocks, the Earth’s
crust magnetization, magnetic chronology and environmental geomagnetism. A short
historical chapter ends the book.

First of all we would like to thank those who encouraged us to study geomagnetism:
our teachers, who passed their precious experience on to us, and those among our stu-
dents who asked us the awkward, yet essential, questions that require some sort of an-
swer. As it is impossible to thank each and every one of the persons who helped us along,
we will have to restrict ourselves to mentioning the most substantial contributions. Elena
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Zanella prepared the figures of Chaps. 2 and 4 to 8, combining her geomagnetic knowl-
edge and her graphic skills; Roberta Tozzi drew those of Chaps. 1 and 3. Seb De Angelis
and Katia Damiani helped to put our concepts in a proper English form. Uwe Zimmer-
mann turned the raw manuscript into a finished book. The various chapters benefited
greatly from the comments and suggestions expressed on a preliminary draft by Don
Tarling, David Barraclough, Niels Abrahamsen, Paola De Michelis, Ted Evans, Ann Hirt,
Frantisek Hrouda and Nicolas Thouveny. Enzo Boschi is thanked for his advice and
support. Last,but perhaps foremost in importance, is the Publisher, who had confidence
in our idea and gave us the opportunity to make it real.

Roberto Lanza
Antonio Meloni



Contents

1.2

1.3

1.4

1.5

The Earth’s MagneticField ............... ... ... ... ................ 1
Observations and Geomagnetic Measurements .............................. 2
1.1.1 The Magnetic Dipole ............cooiiiiiiiiiiiiiiiiiiiiiiiia, 2
1.1.2 Elements of the Earth’s Magnetic Field ................................ 5
1.1.3 Early Measurements of the Earth’s Magnetic Field .................... 7
1.1.4 Modern Magnetic Measurements ...................c...cooeeeeunnn... 11
Mathematical Description ................ooiiiiiiiiiiiiiiiiiiiia.., 16
1.2.1 Spherical Harmonic Analysis ..., 16
1.2.2 Methods for ¢ and k', Computation ..................cccoviiiii.., 21
1.2.3 Results of Spherical Harmonic Analysis .............................. 23
1.2.4 A Predominantly Dipolar Field ..., 24
1.2.5 Geomagnetic Coordinates ..................coooviiiiiiiiiiiiiin. 27
1.2.6 Harmonic Power Spectra of the Geomagnetic Field .................. 31
Time Variations .............oooiiiii 33
1.3.1 Secular Variation ................ooiiiiiiiiiiiiiniiiiiii 34
1.3.2 Magnetic Tomography and Interpretation of Secular Variation ...... 39
1.3.3 Geomagnetic Jerks .......... ... 40
1.3.4 External Origin Time Variations .......................ooiiiii.... 42
Essentials on the Origin of the Earth’s Magnetic Field ...................... 48
1.4.1 Toroidal and Poloidal Fields ........................oo ... 49
1.4.2 Fundamental Equations of Magnetohydrodynamics ................. 50
1.4.3 Elementary Dynamo Models ........................oooiL. 53
1.44 Dynamo Energy .......... ... 56
Magnetic Observatories, Reference Field Models and Indices ............... 59
1.5.1 Geomagnetic Observatories .................cccoiiviiiiiiiniiiiin .. 59
1.5.2 Geomagnetic Field Reference Models ....................coooii. 61
1.5.3 Geomagnetic Indices ...t 62
Suggested Readings and Sources of Figures ..................oooiiiiiii.... 66
Basic Principles of Rock Magnetism ...................................... 67
Magnetic Properties of Solids ...............coooi i 69
2.1.1 Diamagnetism ..............cooiiiiiiiiii 69
2.1.2 Paramagnetism ............ ... .. 69
2.1.3 Ferromagnetism ..................oiiiiiiiiiiiii 72

2.1.4 Conclusion ...t 76



VIII  Contents
2.2 Magnetic Remanence ...l 76
2.2.1 Magnetic Energies .................i i 77
2.2.2 Magnetic Hysteresis ... 80
2.2.3 Remanence ACqQUiSItion .............c.viiiiiiiiiiiiiiiiniiiie.. 82
2.2.4 Magnetic Domains .................oo 83
2.2.5 Remanence vs. Time .............. ..o i 85
2.3 Magnetic Properties of Minerals ........................ 88
2.3.1 Magnetic Susceptibility ...............cco 88
232 Fe-TiOXIdes ..ot 90
233 FeSulfides ......oooiii 92
2.4 Ferromagnetic Minerals in Rocks ......................o i 93
2.4.1 Igneous ROCKS ........oouiii i 93
2.4.2 Sedimentary ROCks .......... ... 95
2.4.3 Metamorphic ROCKS ...t 96
Suggested Readings and Sources of Figures .................cooiiiiiiiii... 97
3  MagneticProspecting .................coo i 929
3.1 Instruments and Surveying Procedures ......................iiiiiiii 100
3.2 Magnetic ANomalies .............uiiiiiiit e 102
3.2.1 Data Processing ............coouiiiiiiiiniiiiiiii i 103
3.2.2 Summary of Operations ...............ooveeiiiiiiiiiiiiiiinnnnaaenn. 104
3.3 Significance of Magnetic Anomalies ...................ccoiiiiiiii 105
3.3.1 Forward Modeling ............c.ccoiiiiiiiiiiiiiiiiiiiiiiiiiiaaaaaen, 107
3.3.2 Inverse Modeling ... 111
3.3.3 Spectral Characteristics ...............oovuiiiiiiiiinieiiiinaaennnn, 113
3.3.4 Other Frequently Used Techniques ....................cooiiiiiiia.. 116
3.4 Satellite Magnetic Measurements ...............coooeueuruiuiinnnnneeennn. 118
3.5 Applications of Magnetic Anomalies ...................oiiiiiiiiiiiiiai. 119
Suggested Readings and Sources of Figures ...................ooooviiii... 126
4  Paleomagnetism .......... ... 127
4.1 Magnetic Remanence in Rocks ... 127
4.1.1 Thermal Remanent Magnetization (TRM) .....................oo... 127
4.1.2 Chemical Remanent Magnetization (CRM) ......................... 130
4.1.3 Detrital and Post-Depositional Remanent
Magnetization (DRM, pDRM) ........c.ooiiiiiiiiiiiiiiiiii .. 132
4.1.4 Isothermal Remanent Magnetization (IRM) ........................ 135
4.1.5 Viscous Remanent Magnetization (VRM) ........................... 137
4.1.6 Other Remanent Magnetizations ......................ooooiiiiii... 137
4.1.7 Timing of Remanence Acquisition .........................con... 138
4.2 Sampling Techniques ................oooiiiiiiiiiiiiiiiii i 139
4.3 Laboratory Techniques ............. ..o oo 140
4.3.1 Remanence Measurements ...................coiiiiiiiiiiiiiiii.. 140
4.3.2 Demagnetization .................oiiiiiiiiiiiiiiiiiiiiiiiiiia. 141
4.3.3 Identification of Magnetic Minerals .............................o0. 147
4.4 Paleomagnetic Directions and Poles .................. ... 150

4.4.1 Statistical Analysis ......... ... 151



Contents X

4.5

5.1
5.2
5.3

5.4

6.1
6.2
6.3

7.1
7.2
7.3
7.4

8.1
8.2
8.3
8.4
8.5

9.1
9.2
9.3
9.4

4.4.2 Field TeStS .. ..ooiiiiit et e 154
4.4.3 Tilt Correction and Paleomagnetic Direction ....................... 156
4.4.4 Virtual Geomagnetic Pole (VGP) and Paleopole ..................... 157
Paleomagnetic Information ...l 159
4.5.1 Geodynamics and Paleogeography .............................. 159
4.5.2 Regional TectOniCs .............coviiiiiiiiiiiiiiiiiiiiiiiaanaaaan.. 164
4.5.3 VolcaniSm ............ooiiiiiiiiii 167
4.5.4 ProSpectiOn ...........ceueiuniiiii i 169
4.5.5 Paleofield ..... ... .. 170
Suggested Readings and Sources of Figures ...........................oo... 175
Magnetic Fabricof Rocks ................... ... ... i 177
Magnetic ANISOIIOPY ... .oouii e 177
Laboratory Techniques ..............cooiiiiiiiiiiiiiiiiiiiiiiiae e, 183
Magnetic Fabric ...... ... . 186
5.3.1 Sedimentary ROCKS ............oiiiiiiiiiiiiiiiiii i, 186
5.3.2 Igneous Rocks ........ ... .. . 188
5.3.3 Magnetic Fabric and Deformation ...........................o. 194
Anisotropy and RemManence ...............oooeeiiiiiiiiiiiiininnnaeeeeni.. 198
Suggested Readings and Sources of Figures ........................oooe. 201
Magnetic Signature of the Earth’sCrust ................................. 203
Oceanic CruSt ...t e 205
Continental Crust .......... ... 210
Global Maps of the Earth’s Field ................ ..., 213
Suggested Readings and Sources of Figures ......................ooooiiit. 216
Magnetic Chronology ............. ... ... 217
Geomagnetic Polarity Time Scale (GPTS) ..., 218
Magnetic Stratigraphy .......... ... ... 225
Paleosecular Variation ..................... 227
Archaeomagnetism ............... ..o 231
Suggested Readings and Sources of Figures ...................coooeiiin... 234
Environmental Geomagnetism ..................... ... 235
Environmental Prospecting ..................coooiiiiiiiiiii 235
Enviromagnetic Parameters and Techniques ........................ooo... 238
Magnetic Climatology ... 241
Magnetism and Pollution ... 246
Seismo- and Volcanomagnetism ................ccoiiiiiiiii, 248
Suggested Readings and Sources of Figures ......................ooooon... 252
Historical Notes ............... ... 253
The Very Ancient Times .............ooiiiiiiiiiiiii i 253
A Light in the Middle Ages ... 255
The Discovery of Declination and Inclination ............................. 256

Geomagnetism in Gilbert’s Epoch ... 258



X Contents

9.5 Secular Variation .............oouuieiineti e e 259

9.6 Geomagnetism from Gauss Onwards ...............c.ccooiiiiiiiiiiii.... 261

9.7 Rock Magnetism ..............uiiiimiiiiiiii i 262
Suggested Readings and Sources of Figures .....................oooiiin... 264

Appendix - Magnetic Quantities, Sl and cgs Units, Conversion Factors .. ... 265



Acknowledgements

The figures listed below were reproduced from or redrawn based on illustrations in
journals and books. The original authors are cited in the figure caption and full ref-
erence is given in the “Suggested Readings and Sources of Figures” section of each
chapter. Every effort has been made to obtain permission to use copyrighted mate-
rial. The author and publishers listed below are gratefully acknowledged for giving
their kind permission, and apologies are rendered for any errors or omissions.

Publisher

Academic Press (Elsevier)

American Association for Advancement of Science
American Geophysical Union

Annals of Geophysics, INGV

Birkhauser Verlag

Blackwell Scientific Publications

Blackie (Springer Science and Business Media)
Cambridge University Press

Chapmann & Hall (Springer Science and Business Media)
Elsevier

Geological Society of America

IAGA

Kluwer Academic (Springer Science and Business Media)
Macmillan Publishers Ltd.

Princeton University Press

Springer Science and Business Media

Taylor & Francis

Wiley

Author

R.Butler

Websites
http://solid_earth.ou.edu/notes/potential/legendre.gif
(Copyright 2004, J. Ahern)
www.worldofrockhounds.com/magnetite.html
www-geo.phys.ualberta.ca

Figure number(s)
1.24,1.25,1.26,1.27,1.28,4.39,8.6

7.1
2.18,4.6,4.7,4.28,5.11,5.23,6.9,7.2,7.3,
7.4,75,84,87,8.10,Plate 1

3.9,Plate 2,8.2

5.21

4.6,422,431,7.8

26,211,213
1.10b,1.22,3.7,3.8,4.4,4.27,4.29
53,56
1.17,2.9,2.19,2.20,3.5,4.34,4.37,5.7,5.9,

5.10,5.12,5.13,5.16,5.20,6.3,6.9,6.10,
7.7,79,7.10,7.12,8.6,8.13,Plate 4

6.1,7.6,Plate 3

1.9

4.19,8.14
440,6.8

6.4,6.6

5.15
4.17,8.3,8.11,8.12
430

Figure number(s)
43,432

Figure number(s)
1.12

Cover photograph
9.3



Chapter 1

The Earth’s Magnetic Field

Our planet is surrounded by a magnetic field (Fig. 1.1). In our experience this phe-
nomenon is revealed for example by a compass needle that points approximately to
the north. According to modern geophysical ideas when, at a given point and at a cer-
tain time, a measurement of the Earth’s magnetic field is carried out, the measured
value is the result of the superimposition of contributions having different origins.
These contributions can be, at a first glance, considered separately, each of them cor-
responding to a different source:

a The main field, generated in the Earth’s fluid core by a geodynamo mechanism;

b The crustal field, generated by magnetized rocks in the Earth’s crust;

¢ The external field, produced by electric currents flowing in the ionosphere and in
the magnetosphere, owing to the interaction of the solar electromagnetic radiation
and the solar wind with the Earth’s magnetic field;

d The magnetic field resulting from an electromagnetic induction process generated
by electric currents induced in the crust and the upper mantle by the external mag-
netic field time variations.

In order to analyze the various contributions, we will start here with the spatial
analysis of the most stable part of the Earth’s magnetic field (parts a and b), following
in particular the procedure used by Gauss who was the first to introduce the analysis
of the Earth’s magnetic field potential. After this we will describe the Earth’s magnetic

Fig. 1.1. Idealized view of the
Earth’s magnetic field lines of
force with Earth represented as
a sphere. N and S are the ideal
location of the two magnetic
poles
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field time variations. In fact the Earth’s magnetic field not only shows a peculiar spa-
tial structure, mainly determined by ‘@ and ‘b’ contributions, but is also subject to con-
tinuous time variations. These variations, which can have different origins, can be sub-
divided into two broad classes: long-term and short-term time variations. The former,
generally denoted by the name secular variation, can be detected when at least
5-10 years, or more, magnetic data from a certain area are examined; this variation is
due to the evolution of the deep sources within the Earth, the same sources that also
generate the main field. The short-term variations are of external origin to the Earth
and are detected over shorter time windows, that can go from fractions of a second
generally to no more than a few years (they are essentially included in contribution ‘©
above). Finally a magnetic field results from the electromagnetic induction process
that is generated by electric currents induced in the crust and the upper mantle, by
the external magnetic field time variations. This happens because the Earth is par-
tially an electric conductor and electrical currents can be induced in its conducting
parts by external time variations. The secondary magnetic field generated in this way,
adds to the other sources.

Only after the results from global analyses of the Earth’s magnetic field will be
shown, we will give a description of the most important time variations and give an
overview of the geodynamo theory. In other chapters the magnetic field of crustal
origin and its applications will be discussed.

1.1
Observations and Geomagnetic Measurements

1.1.1
The Magnetic Dipole

The fundamental entity in the study of magnetism is the dipole, that is a system con-
sisting of two magnetic charges, or magnetic masses, of equal intensity and opposite
signs. In practice any magnetic bar can be considered a dipole. In some elementary
physics books, the term magnetic mass is still associated with each end of the dipole.
This concept was historically introduced because the magnetic actions exerted by the
dipole appear as produced by sources concentrated at its ends, as similarly happens
in the case of the electric dipole. However it is well known that if we break a magnetic
bar, we do not obtain two separate magnetic charges but two new dipoles. The mag-
netic bar acts as it consisted of two magnetic masses of equal and opposite signs but
this is only a schematic approach. The physical origin of magnetism lies in the elec-
trical properties of matter, an electron in its orbit generates an electric current that in
turn generates a magnetic field equivalent to that of a magnetic bar. Therefore we will
not deal here with the concept of magnetic mass but we will consider the dipole to be
the elementary magnetic structure.

It is simple to show that the magnetic potential V, produced by a magnetic dipole
(Fig. 1.2) at a point P, with coordinates (7, 0) in a plane whose polar axis coincides, in
direction and versus, with the moment M of the dipole and the origin with its center,
is given by
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Fig. 1.2. Magnetic dipole field
lines of force. The arrow indi-
cates the magnetic dipole, r is
the vector distance and 6 colati-
tude, as referred to a point P in
polar coordinates

voto M1 _ py Mcost (1.1)
ar 43 a7 42

or similarly, using r as a radius vector, the gradient formulation can also be used:

V:&Mgrad[l]zﬁMV[l] (1.2)
4T r) 4w r

For symmetry reasons this relationship is valid in all planes passing through the
polar axis of the dipole. Therefore in each of these planes we can split the magnetic
vector field" that we will call F into two components; starting from the following rela-
tionship

F=—gradV=-VV (1.3)

Taking into account the polar coordinate system described above and referring to
F, as the component transverse to the radius vector (positively oriented towards in-
creasing 6, which is called colatitude), and to F, the component directed along r (posi-
tively oriented outward), we will obtain

po OV, g 19V 19
or r 00

! pp=4m x 107 Henry m, is the magnetic permeability of vacuum. IAGA (International Associa-
tion of Geomagnetism and Aeronomy) has recommended, as a regular procedure, to use B, mag-
netic induction, for measurements of Earth’s magnetic field instead of H, magnetic field strength.
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_&ZMCOSH_ F_&Msin@

> t 3

(1.5)
4T 3 4T 7

E,

r

Along the dipole axis, for =0 or 6 = m, and orthogonally to this axis, for 6 = /2,
we will have respectively two polar positions and, in an immediate analogy with the
Earth’s case, an equatorial position. In these cases the defined components have the
following values

, 2M
Polar position ~ F,=0; F = i&—; 0=0(m)
47 43
Equatorial position F = &—; E=0; 6= s
4 r 2
While for any given value of 6, we have:
1
F=(R +E)? (1.6)

F:ﬂgxbcosze—l—l (1.7)

4T r

This last relation constitutes the equation of a generic line of force of the dipole
magnetic field in polar coordinates.

If the magnetic dipole is immersed in an external magnetic field, as in the case of a
magnetic needle or a compass in the Earth’s magnetic field, and we let it be free to
rotate, both in the horizontal and vertical plane, we can note that it aligns along a par-
ticular direction, whatever its original direction was. This is because the needle tends
to minimize its interaction energy with the magnetic field in which it is immersed. It
is possible to note that to make the interaction energy with an external magnetic field
a minimum, a dipole tends to be parallel to a line of force of the external field. If we
indicate with F the external magnetic field and with M the dipole (magnetic needle)
magnetic moment, the interaction energy E can be expressed as

E=_M-F (1.8)
while the mechanical couple, I'; acting on the dipole is
I'=MxF (1.9)
The above formulas use the magnetic field F dimensionally as a magnetic induc-

tion; we will see that this is considered a standard approach for the Earth’s magnetic
field. In geomagnetism most of the theoretical studies and data analyses have been
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devoted to the reconstruction of the configuration of the lines of force of the Earth’s
magnetic field.

A noticeable analogy can be made between a simple dipole and the source of the
Earth’s magnetic field. In fact the first analyses carried out by Gauss, already in the first
half of 19th century, confirmed the early Gilbert statement that the Earth’s magnetic
field, in first approximation, appears as generated by a huge magnetic dipole. This
dipole is located, inside the Earth, at its center, and has its axis almost parallel to the axis
of Earth’s rotation. In order to match the orientation of a magnetic needle with its mag-
netic north pointing to geographic north, the Earth’s dipole moment must be oriented
in the opposite direction with respect to the Earth’s rotation axis (see Fig. 1.2).

1.1.2
Elements of the Earth’s Magnetic Field

From now on we will denote by F the Earth’s magnetic field vector and, even though
currently called a magnetic field, it is intended as a magnetic induction field, which in
common physics text books is referred to as B. It can be decomposed on the Earth’s
surface, along three directions. Considering the point of measurement as the origin of a
Cartesian system of reference, the x-axis is in the geographic meridian directed to the
north, y-axis in the geographic parallel directed to the east and z-axis parallel to the
vertical at the point and positive downwards. The three components of the Earth’s
magnetic field along such axes are called X, Y and Z (Fig. 1.3). We will then have

NXP+Y2+ 22 =F; JX*+Y*=H (1.10)

where we have also included H as the horizontal component. In order to describe the
field, in addition to the intensive components, we can also use angular elements. They

Fig. 1.3. Elements of the Earth’s
magnetic field. At point P, on North

the Earth, three axes point re- Magnetic
spectively to north geographic meridian
(x), east geographic (y), and

along the vertical downwards

(z). The Earth’s magnetic field X D
vector F can be projected along

the three axes and three mag- P East
netic components are obtained
X, Yand Z. Falso forms an an-
gle I, inclination, with the hori-
zontal plane; H is the horizontal F
projection of F and angle D, 7
declination, is the angle be-

tween H and X

Down
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are obtained by introducing two angles, that is I, the inclination of vector F with re-
spect to the horizontal plane, and D declination, the angle between H, the horizontal
component of F, and the X component, along the geographic meridian. The relation-
ships among these quantities now defined, are

H=Fcosl; Z=Fsinl; Z=Htanl; X=HcosD; Y=HsinD (1.11)

Three of these quantities (provided they are independent of each other) are com-
pletely sufficient to determine the Earth’s magnetic field. Note that H is in geomag-
netism the horizontal component of F and must not be confused with the generally
agreed use of H in physics where the magnetic field strength is in general intended.

Representing the Earth as a sphere and assuming in first approximation that the
field is generated by a dipole placed at its center and pointing towards a given direc-
tion, we can visualize a new geometry. The dipole axis through the Earth’s center, can
be called a geormagnetic axis and we obtain that, at a point P on the Earth’s surface,
what in the magnetic dipole geometry previously were indicated by F, and F,, now are
equivalent to the horizontal and vertical components of the geomagnetic dipole field:

H=F; Z=-F; JH*+Z*=F? (1.12)

In such a dipole field the geometry of the lines of force, which will be denoted by
the function r = r(6), can be derived from

Z dr _2Mc030

—= = 2cotf
H rdf Msin6

and moreover

i_zcose . dr_2cosfdf _2d(sin9)
rdf sing’ r sinf sinf

Inr=2In(sind)+C — rzresinze; r,=C

where 7, is the Earth’s equatorial radius. This analytical representation of the lines of
force of the Earth’s magnetic field is very useful in the representation of the magnetic
field outside the Earth in the so-called magnetosphere (Sect. 1.3.4.1).

As mentioned above, by international agreement, the measurement unit for the
Earth’s magnetic field is usually expressed in terms of the induction vector B. The
SI unit of B is the Tesla, but in practice in geophysics its submultiple, the nanoTesla,
nT (10°T) is currently used. The Gauss is instead the fundamental unit of measurement
for magnetic field induction in the cgs-emu system (Appendix). On the Earth’s sur-
face the Earth’s magnetic field varies in magnitude mainly with latitude; to grab an idea,
the field varies from about 20 000 nT to about 68 000 nT from the equator to the poles. In



1.1 - Observations and Geomagnetic Measurements 7

Figs. 1.4,1.5 and 1.6, the horizontal, vertical and total magnetic field isodynamic charts
showing the spatial variations of the given element on the Earth’s surface for the year 2005,
are reported; in Fig. 1.7 the isogonic map for declination at year 2005 is reported.

113
Early Measurements of the Earth’s Magnetic Field

The object of geomagnetic measurements is the quantitative determination of the
Earth’s magnetic field elements; this is done using magnetic instruments, called mag-
netometers. Over the years many kind of magnetometers have been designed by schol-
ars and specialists in order to improve the quality of the measurement or to reach a
better portability, efficiency, or ease of use. We will not go all the way through the long
history of magnetic instruments here, we will however start with a brief introduction
describing classical mechanical magnetometers and then we will directly proceed with
the more modern and widely used instruments, based on electromagnetic or nuclear
phenomena, which make a large use of modern electronics.

Gauss was the first to construct a complete set for the absolute determination of
the geomagnetic field elements in the early years of the 19th century. Being the geo-
magnetic field a vector it is in fact self evident that its complete determination needs
the quantification of all elements of this vectorial quantity. The magnetic compass was
already used in the middle ages employing magnetic needles to point the magnetic
north. The almost faithful north indication made the compass a very useful instru-
ment for north bearing, especially for ships. Around the 15th century it became clear
that the compass was not pointing precisely to the geographic north but that an angle,
later on called declination, was separating magnetic north indication from geographic
north indication. So by an independent measurement of the geographic north, a mag-
netic needle mounted on a horizontal circle allowed the determination of the declination
angle in the horizontal plane. The inclinometer, probably introduced during the 16th cen-
tury, gives the magnetic field F inclination with respect to the horizontal plane. Inclinom-
eters also used magnetic needles but the needle was pivoted around a horizontal axis;

80

-80 i 1
-180 -120

Fig. 1.4. Isodynamic world chart for Earth’s magnetic total field F. Contour lines in nT, for the year 2005
from IGRF 10th generation model
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Fig. 1.5. Isodynamic world chart for Earth’s magnetic field horizontal intensity H. Contour lines in nT,
for the year 2005 from IGRF 10th generation model
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Fig. 1.6. Isodynamic world chart for Earth’s magnetic field vertical intensity Z. Contour lines in nT, for
the year 2005 from IGRF 10th generation model

the inclination angle being measured on a vertical circle. The vertical circle was first care-
fully oriented in the magnetic meridian plane, then the angle the needle formed with re-
spect to the horizontal, that is the Earth’s magnetic field inclination, was measured.

Neither of these angular measurements were sufficiently precise for scientific pro-
cedures. One step forward in the measurement of declination, improving its accuracy,
was made with the introduction of suspended needles, kept horizontal by means of a
special supporting equipment, the equipment in turn suspended by means of a thread.
In this way the effect of friction on the pivot was eliminated. A more accurate reading
became possible by the use of an optical telescope.

A full knowledge of the Earth’s magnetic field vector F needs at least the measure-
ment of one of its intensive components. The well known explorer Von Humboldt used
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Fig. 1.7. Isogonic world chart for Earth’s magnetic field declination D. Contour lines in degrees (°), for
the year 2005 from IGRF 10th generation model

the observation of the time of oscillation of a compass needle in the horizontal plane
to determine relative measurements of horizontal intensity using the relation

T=2n(I/ MH)"? (1.13)

which connects, for small amplitude oscillations, the period of oscillation T of a mag-
net with its moment of inertia I and magnetic moment M in a horizontal magnetic
field H. This very simple method reduced relative H measurements to the measure-
ment of the oscillation period of a magnet. The procedure was generally adopted by
several observers in scientific journeys allowing to obtain a first order approximation
knowledge on magnetic field magnitude variation around the globe. Unfortunately in
order to establish the absolute magnitude of the magnetic field H, the determination
of the needle magnetic moment M and moment of inertia I was necessary.

In 1832 Gauss was the first to realize that it was possible to devise a procedure for
the correct absolute determination of the Earth’s magnetic field horizontal intensity.
This method, modified later by Lamont, consists in the comparison of two mechani-
cal couples acting on a horizontal suspended magnetic needle. One couple is the Earth’s
magnetic field couple, while the second is artificially acted by a magnet located at a fixed
distance from the oscillating needle. In a first phase of the measurements the mag-
netic needle is accurately oriented along the Earth’s magnetic field; in a second phase
a deflecting magnet is put in operation at a distance r, laterally at a right angle to the
central needle. Calling M the deflecting magnet magnetic moment, the central needle
will experience not only the Earth’s magnetic field horizontal intensity, H, but also a
second field, whose intensity we can call H;, generated by the deflecting magnet M:

Hy=2M/7 (1.14)

As aresult the central needle (Fig. 1.8) will be under the influence of the two couples
which will move it to a new position, forming an angle a with the initial direction.
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The equilibrium position will now be given by
HIM=2/7tana (1.15)

Both quantities r and « can easily be measured by a centimeter scale and an opti-
cal telescope. In the Lamont variant, all the procedure is such that at the end of the
measurement the deflecting magnet M and the central needle are mutually perpen-
dicular so that the final formulation simplifies to

HiM=2/+ (1.16)

If the deflecting magnet is the same magnet used in the first part of the experiment
with the two equations (Egs. 1.13 and 1.15), the first, as mentioned above already known
by Von Humboldt, and the second found in his experiment, Gauss was able to deter-
mine for the first time the magnetic field horizontal absolute intensity H. In this man-
ner the Earth’s magnetic field became the first non-mechanical quantity expressed in

a T=2n(l/ MH)'?

Magnetic north

H/M=2/(Ptana)

Fig. 1.8. Gauss Lamont magnetometer; a a magnetic bar oscillates with period T'in the Earth’s magnetic
field; b the magnetic bar is now used to deflect a magnetic needle that rotates freely to an equilibrium
position in the magnetic bar and the Earth’s magnetic fields
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terms of the three fundamental mechanical quantities: mass, length and time. This
result was reported in the Gauss’s memoir Intensitas vis Magneticae Terrestris ad
Mensuram Absolutam Revocata in 1833, the last great scientific memoir written in
Latin. The complete instrument used in his procedure was for the first time called a
magnetometer.

1.14
Modern Magnetic Measurements

Since the Earth’s magnetic field is a vector quantity, the field magnitude is absolute if
expressed in terms of the fundamental quantities (for example mass, length, time and
electrical current intensity), while the vector spatial orientation can be expressed for
example in terms of D and I, angular dimensionless quantities. From the total field F
magnitude and the angular quantities, the geomagnetic field components H, Z and
also X, Y can be computed. Sometimes magnetic instruments give as outputs directly
the geomagnetic components; it is self evident that once three independent elements
are determined, the magnetic field measurement is considered complete.

Nowadays magnetic instruments that utilize magnets for their operation are only
very seldom used in magnetic observatories. Moreover the measurement of declina-
tion and inclination angles is a procedure employed mainly for absolute magnetic
measurements in magnetic observatories or at repeat magnetic stations. An instru-
ment is called absolute when it gives the value of the measured quantity in terms of
one or more of the absolute basic fundamental quantities of physics. For this reason
in geomagnetism the term absolute measurement is still often used to indicate a pro-
cedure for the complete absolute determination of the magnetic field elements. An in-
strument is called relative when it measures the value of one element of the Earth’s
field as a deviation from a certain initial value not necessarily known. Many of these
instruments require a reference initial value that must be determined independently,
for example by means of an absolute instrument. The use of relative instruments can
of course be very convenient especially in some field operations, for example when
only the spatial variation of the magnetic field in an investigated area is required. A
second case is when, at a given place, a time variation of the Earth’s magnetic field
needs to be recorded.

Instruments are delivered with information and data sheets that provide the val-
ues of the parameters necessary to evaluate their measurement capability. The most
frequently used parameters are reported in what follows.

» Accuracy: indicates how an instrument is accurate, that is the maximum difference
between measured values and true values.

* Precision: is related to the scatter of the measured values and refers to the
ability of the instrument of repeating the same value when measuring the same
quantity.

= Resolution: represents the smallest change of the measured quantity that is detect-
able by the instrument.

= Range: refers to the upper and lower (extreme) limits that can be measured with the
instrument. The dynamic range is the ratio between the maximum measurable quan-
tity and the resolution, normally expressed in dB, i.e. 20108(A /A min)-
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= Sensitivity: indicates how many scale units of the instrument correspond to one unit
of the measured physical unit.
= Scale value: is the reciprocal of sensitivity.

Magnetic instruments are nowadays not only devoted to magnetic measurement,
they are also frequently equipped with electronic cards, able to memorize measured
data and to interface to PCs for real-time or off-line data communication.

1.1.4.1
Absolute Instruments

Proton Precession Magnetometers and Overhauser Magnetometers

These instruments are based upon the nuclear paramagnetism, i.e. the circumstance
that atomic nuclei posses a magnetic spin that naturally tends to orient itself along an
external magnetic field. In these magnetometers the sensor is made up of a small bottle
full of a hydrogenated liquid (such as propane, decane or other that can operate as
liquid in a reasonable temperature range) around which a two coil system is wounded.
A direct electrical current is applied to the first winding (polarization coil) by means
of an external power supply and consequently generates a magnetic field inside the
bottle. Protons in the bottle are then forced to align their spin along this magnetic field
starting to precess at a frequency rate depending on the magnetic field magnitude. If
the external current is interrupted, the artificial magnetic field is removed and then
protons in the bottle will start precessing around the Earth’s magnetic field direction
at a frequency f given by

f=(yl2m)F (117)

where y is the so-called magneto-mechanical proton ratio (gyromagnetic ratio) a funda-
mental quantity, very precisely known in atomic physics (2.6751525 x 10° rad s T™") and
Fis the external Earth’s magnetic field. The proton precession generates at the ends of
the second winding (pick-up coil) a time varying electromotive force (e.m.f.) with the
same frequency, which can easily be measured to obtain the absolute total field F
magnitude. In the average Earth’s magnetic field (for example 45000 nT) the frequency
is very close to 2 kHz (1916 Hz) (Fig. 1.9).

The loss of coherence inside the bottle allows only a small time window (about
2-3 s) for the detection of the e.m.f. frequency. This time is however now more than
sufficient for modern electronic frequency meters to give the precession frequency.
In fact due to progress in electronic technology, the measurement of frequency is in
contemporary physics one of the most accurate techniques. Since it is only dependent
on the measurement of a frequency, the measurement of the Earth’s magnetic field by
means of a proton precession magnetometer is both very precise and absolute: reso-
lution reaches now easily 0.1 to 0.01 nT.

One disadvantage of proton precession magnetometers is the limitation due to the
fact that the polarization current needs to be switched off in order to make a mea-
surement. The operation is therefore discontinuous with a time interval of a few sec-
onds between measurements. A continuous proton precession signal can however be
obtained by taking advantage for example of the so-called Overhauser effect. The ad-
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Fig. 1.9. Proton precession magnetometer; a electric circuitry schematics for measurement of field B.
The measurement is performed in two steps: (1) generation of free proton precession by power injec-
tion; (2) signal detection after switching; b typical detected signal amplitude decrease. Signal to noise
ratio is optimum for only a few seconds after polarization is turned off (from Jankowsky et al. 1996)

dition of free electrons into the liquid in the bottle and the application of a suitable
radio frequency, can in fact increase the magnetization of the liquid sample. Without
going into details, we will just remember here that as an alternative to applying a strong
polarizing field, in Overhauser magnetometers the magnetization is increased by ap-
plying a suitable radio frequency electromagnetic field to put the free electrons into
resonance. This electron resonant frequency that exceeds by 658 times the proton reso-
nant frequency, has the role of increasing the proton level saturation making the pro-
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ton precession process signal output in Overhauser magnetometers continuous rather
than discrete.

Optically Pumped Magnetometer

This magnetometer is based on the Zeeman effect and the so-called stimulated
emission of radiation in certain substances, as in the Maser effect. The instrument
consists of a bottle containing a gas such as helium, rubidium or cesium vapors
and some sophisticated light detectors. The Zeeman effect deals with the splitting
of electron sublevels separation in energy levels under the influence of a magnetic
field. Since the energy differences between levels of hyperfine splitting are very
small, a specific technique, called optical pumping, is used. The term optical pump-
ing refers to the process of increasing the population of one of the sublevels in
the gas that, in the measuring procedure is initially underpopulated, by means of a
circularly polarized external radiation at the spectral line frequency corresponding
to the level separation in the Earth’s magnetic field. Once the overpopulation is
obtained, an electromagnetic discharge takes place at the frequency f = AE / h where
AE is the transition energy between Zeeman sublevels and h is Planck’s constant
(6.62 x 107** joule-second). AE is proportional to the Earth’s magnetic field magni-
tude, which can be calculated from an equation similar to Eq. 1.17: f = (y./ 2m)F,
where y, is the gyromagnetic ratio of the electron. Without going in details, for ex-
ample in the rubidium vapor magnetometer, the rubidium light passes through an
interference filter, a circular polarizer and an absorbing cell, which is filled with ru-
bidium vapor. The light is pumping atoms and the cell becomes transparent to the
resonant light. The light intensity is measured by means of a photocell; the radio
frequency from the oscillator follows the resonance frequency due to negative feed-
back from the photocell.

The frequency fis of the order of 200 kHz and y, is known to a precision of about
1/107. Accordingly, optically pumped magnetometers have a very high resolution of
0.01-0.001 nT and are some of the most sensitive instruments for magnetic measure-
ments. Their performance can be exploited almost continuously in time, making this
instrument very useful for rapid data acquisition at a very high resolution. For this
reason they are very common in space magnetometry as well as in aeromagnetism
and also in some magnetic prospecting on the ground.

1.14.2
Relative Instruments

Fluxgate Magnetometers
Fluxgate magnetometers are electromagnetic instruments that can give direct mag-
netic measurements along a built-in direction. By orienting this direction along the
Earth’s magnetic field elements such as F, Z or H, these elements may be measured.
The orienting device may vary according to requirements. In some fluxgate magne-
tometers this built-in direction is along a straight cylinder, while in others the direc-
tion is taken along the plane of a ring shaped sensor.

In one class of fluxgate magnetometers the sensor unit is constituted by a cylindri-
cal core with very high magnetic permeability (for example made of permalloy, mu-
metal or ferrite) placed inside two windings. In the first winding a 1 000 Hz excitation
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current flows and generates an alternate magnetic field, large enough to saturate the
core. In the absence of an external steady magnetic field acting on the sensor, such as
a component of the Earth’s field, the alternating field collected by the second winding
(pick-up coil) contains only the odd harmonics of the excitation current. If a steady
magnetic field acts along the core axis, then this field sums to the alternating one in
such a way that one semiwave of the e.m.f. in the pick-up coil is now larger in ampli-
tude than the one generated in the opposite direction. In this case in fact the core is
brought to saturation faster in the direction parallel to the Earth’s field than in the
opposite direction. In the pick-up coil a double frequency current will now appear;
the amplitude of this current is linearly proportional to the magnitude of the external
field acting along the core direction (Fig. 1.10).

In other fluxgate magnetometer models, the central core is substituted by two par-
allel ferromagnetic cores arranged in such a way that the alternating current acting
on the cores produces at the excitation winding terminals two equal and out of phase
e.m.f. exactly balanced, which thus sum up to zero. When an external magnetic field
acts on the cores, this symmetry is broken and the varying e.m.f. induced in the pick-
up coil is linearly proportional to the magnitude of the external field.

In actual fluxgate magnetometers the sensor excitation is produced by means of
an electronic oscillator, the signal from the pick-up coil is fed into a tuned amplifier
and the output is fed to a phase sensitive detector referenced to the second harmonic
of the excitation frequency. The fluxgate magnetometer is a zero field instrument. This
means that in order to measure the full intensity of the geomagnetic field along one
of its components it also needs an auxiliary compensation system. One serious prob-
lem in fluxgate magnetometers, is the temperature variation; in fact the bias coils need
a stabilization. To obtain this stabilization the coils have to be wound around quartz
tubes or other thermally stable material frames. The fluxgates have a reasonable 0.1 nT
resolution and are non absolute instruments frequently used for recording magnetic
time variations.

Fig. 1.10a. Fluxgate magneto-
meter; winding schematics in ©
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Fig. 1.10b. Fluxgate magnetometer; B field waveforms at the output signal of a two core fluxgate in-
strument (from Lowrie 1997)

1.2
Mathematical Description

1.2.1
Spherical Harmonic Analysis

In order to prove analytically that the magnetic field on the Earth’s surface is approxi-
mately similar to that generated by a dipole placed within the Earth, and to under-
stand this aspect, it is necessary to look at the governing equations for magnetism and
introduce the so-called spherical harmonic analysis technique. From Maxwell’s equa-
tions, for the magnetic induction B, we have

divB=V+B=0; curlB:VxB:y(I+%—D) (1.18)
t

where I denotes the electric current density, D is the dielectric induction and p is
the magnetic permeability. In a space where there are no discontinuity surfaces and
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no electric currents, it can be assumed that B can be derived from a magnetic poten-
tial V

curlB=0; B=-—gradV
div(—gradV)= VIV =0
AV =0

where A is the so-called Laplacian operator equivalent to V2 The last equation for V,
known as Laplace’s equation, in orthogonal Cartesian coordinates, becomes

2 2 2
av=2V OV OV _, (119)
ox*  oy* o7

and can be written in a spherical coordinate system, with the origin at the Earth’s center,
as

2
iﬁ(zaV 1 a( 98_V)+ 1oV, (1.20)

AV
20r Or" r?sing 00 90" r?sin’0 6)\2

Each function V = V(r, 6, 1) that satisfies this equation is called a harmonic func-
tion; r and 0 are defined as in Sect. 1.1.1 where the dipole geometry was described in
a given plane and let now A be the geographic longitude, we can assume the Earth to
be a sphere of radius a (Fig. 1.11).

Fig. 1.11. Earth-centered coor- A
dinates x, y and z with origin at
the Earth’s center. Spherical
coordinates: for point P on the
Earth’s surface, r is the distance
from Earth’s center, 0 colatitude
and A longitude

----
-

-

R
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The general solution for a potential in Laplace’s equation can be obtained (as simi-
larly occurs in the Earth’s gravity case), by means of a technique called spherical
harmonic analysis (SHA). The determination of three orthogonal functions, ex-
pressed in terms of only one variable each, is needed. In the search for these func-
tions we will take into account the characteristics of the field as considered in spheri-
cal coordinates.

Starting from the variable r those functions that take into account the two possible
origins of the field, internal or external to the Earth respectively, are considered. As
regards A its definition demands a periodic behavior from 0 to 2m, suggesting the use
of periodic functions, as in case of a Fourier series in A. For what concerns 6, in geo-
magnetism, the Schmidt quasi-normalized functions are used; similarly to the case of
gravity potential solutions, these are equivalent to Legendre functions P,, ,,,(6), but with
a different normalizing factor. Schmidt functions are in fact normalized to be of the
same order of magnitude as the zonal Legendre functions of the same degree. Let us
first refer to usual Legendre functions

d"P,(0)

P (#)=sin"0
w d(cosd)™

(1.21)

where 7 denotes the degree and m is the order, and, for m = 0, these reduce to the stan-
dard zonal functions

1 a
n!2" d(cos)"

P,(0) (cos?0—1)" (1.22)

Only as an example we recall the first few Legendre zonal functions P,(6).
P =1
P, =cosf
1
P, = ~(3cos?6—1)
2
1 3
Py :E(Scos 0 —3cosb)

B, = %(35cos4 0—30cos?0+3)

These functions represent the latitudinal magnetic field variations. Some of the
first associated Legendre functions (also called spherical functions), drawn from
Legendre (zonal) functions using the above formulation, are also shown here as an
example (Fig. 1.12).
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+1

Fig. 1.12. A few low-degree (P;-Ps) Legendre zonal harmonics on the Earth surface shown for 0 < 6 <.
In the lower part function P4 is shown along the circumference of a circle with gray and white zones to
indicate negative and positive values for P on the spherical surface (from Ahern, Copyright 2004)

P! =sinf

P} =3cosfsind

P} =3sin*6

P} =15sin’0

P} =105sin* 0

The Schmidt functions used in geomagnetism, indicated by P;(6), are partially

normalized Legendre functions, differing from Legendre functions only by a normal-
izing factor. They are defined as follows:
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(n—m)!
(n+m)!

1
P(0)=P,,(0) form=0; an(e)—[z ]zpn,m(e) for m>0 (1.23)

On the Earth’s surface a solution of the Laplace equation should include, in principle,
the two possible origins of the Earth’s magnetic field, and consequently of the potential
that generates the field. The field can in fact have an internal and an external origin. For
this reason the coefficients of the selected functions that will result from the analysis, will
be denoted by the i and e indices indicating internal and external contributions to the
potential. This implies that a field of external origin adds to a field of internal origin to give the
value measured on the Earth’s surface. In order to satisfy the boundary conditions in Laplace’s
equation,a field of external origin would have to be generated at great distances from Earth,
moreover its magnitude must, within the Earth’s sphere, decrease from the surface to the
Earth’s center, going to zero at its center: a radial variability of the form of (r/a)” will sat-
isfy this condition. On the contrary a magnetic field of internal origin will depend on r as
(alr)™! since it must be valid in the space external to the Earth’s sphere and decrease its
intensity gradually moving outwards, going to zero at infinity.

The general expression of the magnetic potential can then be written as follows

r " a
el
a r

where each function T,, with its indices i for internal and e for external, will be represented by
the product of the two angular functions to represent the dependence on latitude and longi-
tude, as described above. In general we have for each so-called spherical harmonic function
T,.(6,7)

n+1

i (1.24)

n

o0
V=a)
n=l1

n
T,= > (gn cosmA+hy' sinmA\)P;" (6) (1.25)

m=0

where g, and h," are the expansion coefficients for the magnetic potential, tradition-
ally called in geomagnetism the Gauss coefficients.

Since the quantities on which an actual data analysis can be undertaken are the
magnetic field components, the mathematical form of these quantities, that is the com-
ponents of the vector field, must be considered. They are the space derivatives of the
potential function V defined above:

a n+1]
—] cosmA
r

a n+1
- sinm\
r

n
. .
g [;] +gn

OV _ax dp,;"{

77‘8_977;1:1m:0 do r n .
+ h;”e[ ] +h"

a
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r n (a n+l
m[g;”e [—] +g:,"‘[—] ]sinm)\
—ov a XK . a r

" r n Ma n+1
—m{h,’[’e[—] —O—h;’“[—] }cosm)\
a r

rsinfoX  rsinf =,

n—1
[ng;"e [i] —(n+ l)g;"i

an+2

—J cosSmA
oV X r
S !

or 1m0 ’ n—1 (a n+2
+ nh,Te[—] —(n—l—l)h,’zm[—] sinm)
a r

On the Earth’s surface, for r = g, these equations can be simplified and become

X=X it (g;" cosm +h,'1”sinm/\) (1.26)
n=1m=0 d9

Y= ‘1 Z S pr (mg,'l" sinm)\—mh,Tcosm/\) (1.27)
Slngn:lm:O
Z=3 Y P (ng;"e —(n+ l)g;’“)cosm/\ + (nh,’{’e —(n+ 1)h,§”i)sinm/\] (1.28)

n=1m=0

We immediately note that in the equations for X and Y, the terms of the Gauss coef-
ficients are now expressed as g, = g,'°+ g, and b, = h,'* + h,"". They appear only as the
sum of the internal and external contributions making in this way the separation of the
two contributions impossible. On the contrary in the equation for Z these terms are still
separated. This consideration will let us estimate such contributions separately. It is im-
portant to note, however, that from the distribution of measurements of the X and Y com-
ponents on the Earth’s surface, we can obtain two independent evaluations of g’ and k,;".

1.2.2
Methods for g, and h;' Computation

In the last twenty years or so new methods of analysis have brought to sophisti-
cated procedures for the computation of Gauss coefficients from magnetic mea-
surements. For many years however a very simple and intuitive procedure was used.
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Firstly isodynamic maps of the X and Y components were drawn for the whole
Earth, thanks to a series of values of the field measured at an irregular distribu-
tion of points: observatories, field stations and also ship logs. Then from the obtained
maps, values of the magnetic field components on a regular net of points, for instance
at the crossing of the meridians and the parallels every 10° of latitude and longi-
tude, could be obtained by interpolation. Fixing our attention on a particular fixed
value of colatitude 6 = 6, (parallel) and considering all values of the X component
on this parallel, a simple procedure enabled the determination of Gauss coefficients.
In fact let us start, for example, from the expansion in spherical harmonics for X
(Eq. 1.26). On the array of measured points, on that parallel, let us apply a Fourier
expansion (denoted by f) to the real data obtained for the component under con-
sideration

fo)= i (a,, cosmA+b,, sinm)\) (1.29)

m=0

whose coefficients for a total length of the parallel L, are generally denoted by

1 L mmf
= [ fO)cos = do
L

1k . mml
bm:z fL f(®)sin Tde

In order to make these two expansions identical, i.e. £(6) were equal to X(6,),
at 0 = 0, the coefficients of the two respective series expansions must be equal, in
detail:

dp’ , , dp' dp! ;. . dP) ,  dp I
:d—égo—I—d—elg%cos)\—l—d—éhllsm/\+d—;g0+d—92g§cos)\+d—92h;sm/\
dry o

+—g3+...

do

f(@)=ay+a,cosA+bysin\+...

Once the Fourier expansion coefficients are known, this allows us to determine the
Gauss coefficients for that component (on the given parallel). The above procedure,
referred to the X component, can be similarly applied to the Y component. According
to this analysis we have that, if the field is derivable from a potential, the coeffi-
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cients g, and h, obtained by the two component analysis must be equal within mea-
surement errors.

1.2.3
Results of Spherical Harmonic Analysis

From all data analyses made up to now, it has resulted that the differences between the
two sets of coefficients g’ and h;," obtained independently by the analysis of X and Y compo-
nents separately, are very small and can be only attributed to measurement errors. The spherical
harmonic analysis of the Earth’s magnetic field confirms that the assumptions underlying the
derivation of Laplace’s equation are correct and by consequence the assumption that
under certain limitations the Earth’s magnetic field is conservative, is valid.

In order to determine separately the contributions of the fields of external and in-
ternal origin to the Earth, it is necessary to analyze also the distribution of the verti-
cal component Z. Remembering the formula (Eq. 1.28) obtained for Z from Laplace’s
equation solution

7 = i i P,,'"(O)[(ng;"e —(n+ l)g:,"i)cosm)\ + (nh:,”e —(n+ l)h,’l”i)sinm)\l

n=1m=0

We can define now

Cray =gl (I=CAT =gi's SPBY=hI®; (1—Sy)BY =H"

me

from which g+ g/"'=gl"= A b+ h["'= h"= B]".
The expression for Z becomes

~ n (nCr',"f(nJrl)(lfCT))g,'f cosm\
Z=5 3 P"®) (1.30)
n=1m=0 ~|—(nS;,” —(n+1)(1—S,’l”))h,'Z1 sinm\

As done for X and Y components, by means of a series of measurements on a regu-
lar network, we can approximate the measurements at a given colatitude 6 by a peri-
odic trigonometric function. A similar procedure can now be obtained by using the
Fourier expansion

Z= i i P(0)a) cosmA+ () sinml) (1.31)

n=1m=0

but in this case we must equate the new coefficients o, and S}, deduced in the same
way it was done for X and Y components:
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m
an

[nc;" —(n+1)(1—c;”)] Pk

B :{ns;” _(n+1)(1—s;”)]h31

From these equations it is possible to obtain (by the same least mean squares
method) o and B Since g, and h,;" are already known from the horizontal compo-
nents, we can get the fractions of the harmonic terms respectively of external and in-
ternal origin, i.e. C; and S,

Starting from the analyses carried out since the 1830s from Gauss until today;, it
results that the terms of external origin show an amplitude far lower, almost negli-
gible, than those of internal origin. In particular as regards the g} coefficient, the part
of external origin is about 0.2% of the internal one, while for g} and g} they are about
2%. As it was noted in the case of the comparison between g," and h,", obtained from
X and Y (separately computed), we can assume, at this time, that the contribution of
external origin is not exactly equal to zero essentially for the following reasons: ex-
perimental errors, inability to draw exactly the isodynamic maps and the difficulty to
compute the real “mean” magnetic field values within a certain time interval.

In conclusion we can say that the potential, and therefore the Earth’s magnetic field,
is of internal origin. The potential function of the geomagnetic field can be completely
formulated taking only into account the terms of internal origin, denoting from now
on Gauss coefficients without the index i

00 n
V=a> 3 (&P O) (g cosmA +h sinm)) (1.32)

n=1m=0

A full set of Gauss coefficients for the years 2000 and 2005, up to degree and order
n=m=6,is given in Table 1.1.

1.2.4
A Predominantly Dipolar Field

Taking only into account the terms of the potential expansion up to n = 1, the expres-
sion for V becomes at any point on the Earth’s surface P = P(6, 1)

3
a .
Vi="5 (@R + iR cosA+ R sin}) (1.33)
since PY= cos@ and P’ = sin6

3
Vl:a—z(ngOSH—i—g}sianos)\—i—hllsin95in)\) (1.34)
r
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Table 1.1. Gauss coefficients g

and h in nT for n=1 to 6, for g’h n m 2000.0 2005.0 sV
the years 2000 and 2005 with g 1 0 996194 995568 88
secular variation coefficients 1 1 728'2 1671 .8 10.8
for 2005-2010 in the 10th gen- 9 ’ ’ ’
eration IGRF h 1 5186.1 5080.0 -21.3
g 2 0 -2267.7 -2340.5 -15.0
g 2 1 3068.4 3047.0 -6.9
h 2 1 -2481.6 -2594.9 -233
g 2 2 16709 1656.9 -1.0
h 2 2 -458.0 -516.7 -14.0
g 3 0 13396 13357 -0.3
g 3 1 —2288.0 -2305.3 -3.1
h 3 1 -227.6 -200.4 54
g 3 2 12521 1246.8 -09
h 3 2 2934 269.3 -6.5
g 3 3 714.5 6744 -6.8
h 3 3 -491.1 -524.5 -2.0
g 4 0 9323 919.8 -2.5
g 4 1 786.8 798.2 28
h 4 1 2726 2814 2.0
g 4 2 250.0 211.5 7.1
h 4 2 -231.9 -225.8 1.8
g 4 3 —-403.0 -379.5 59
h 4 3 119.8 145.7 5.6
g 4 4 111.3 100.2 -3.2
h 4 4 -303.8 -304.7 0.0
g 5 0 -218.8 —227.6 -2.6
g 5 1 3514 3544 04
h 5 1 43.8 42.7 0.1
g 5 2 2223 208.8 =310,
h 5 2 1719 179.8 1.8
g 5 3 -1304 -136.6 -1.2
h 5 3 -133.1 -123.0 2.0
g 5 4 -168.6 -168.3 0.2
h 5 4 -39.3 -19.5 4.5
g 5 5 -129 -14.1 -0.6
h 5 5 106.3 103.6 —11{0)
g 6 0 723 729 -0.8
g 6 1 68.2 69.6 0.2
h 6 1 =174 -20.2 -04
g 6 2 74.2 76.6 -0.2
h 6 2 63.7 54.7 -19
g 6 3 -160.9 -151.1 2.1
h 6 3 65.1 63.7 -04
g 6 4 -59 -15.0 -2.1
h 6 4 -61.2 -63.4 -0.4
g 6 5 16.9 147 04
h 6 5 0.7 0.0 -0.2
g 6 6 -90.4 -86.4 13
h 6 6 438 50.3 0.9

Let us introduce a new point (6, A) and the corresponding value of horizontal intensity
Hy, whose meaning will be made clear in what follows, and assume the following identities
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0 h ksin ),
=H 0, ; — =1t -
& 0 cosf 11 an )\, kcos ),

g +h gl =H;
Then we have
H{ = (Hg cos® 0y + k> cos® \g + k> sin® )y)
H{ = (Hg cos® 0y +k*)
H{(1—cos®*)=k* = Hy sin*v),
k=H,sin§,
therefore
g1 = Hysinfycos)y; hj = Hysinf,sinly; g° = H,cosb,

We can now obtain for the magnetic potential V, the following expression obtained
by the insertion of the Gauss coefficients new formulation

3

V= a—Z[HO (cost cosf+sinfy sinB.cos Xy cos A + sin ) sinfsin A sin \ )
r
7

Vv, = —Z[HO {cos@0 cosf +sin b sinf(cos \y cos A +sin A, sin )\)H
r

3
Ill:a—z[Ho{cos00cosé+sin00 sin@cos()\—)\o)}] (1.35)
;

where the values of Hy, 6, and A, can be obtained from the Gauss coefficients using
the relationships previously introduced. Once gt; g1; k] coefficients are known the re-
lation for V; can be written as follows

3
a’H, M
V, = r2°cos®:r—2cos® (1.36)
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where the new angle ©, can be obtained from the spherical trigonometry cosine theorem®.
This is the angle between a new pole on the Earth’s surface, whose coordinates are (6, Ay)
and that we will name geomagnetic pole, and the point of observation P = P(6, A).

The expression obtained for V| is that of the potential of a magnetic dipole placed
at the center of the Earth, whose axis intersects the Earth’s surface at the point of co-
ordinates 6, and A, so that the colatitude from point P(6, A) referred to the new dipole
axis, will be given by ©. H,, represents the horizontal component of the magnetic di-
pole field on the Earth’s surface in the dipole equatorial plane (Fig. 1.13). On the Earth,
being g} negative the geomagnetic north pole in the northern hemisphere corresponds
to a magnetic south pole for the dipole at the Earth’s center. Denoting by ¢, the lati-
tude (90° - 6,), we can obtain the location of the geomagnetic poles

b= arctan[gf /\[g%z +h112 ]; N\ =arctan(h / g}) (1.37)

In the year 2000 the geomagnetic North Pole was located at ¢y=79.542°N,
Ao="71.572° W.

The potential V expansion can be extended to include also all terms for n = 2. These
terms are called quadrupole terms. Kelvin showed that the sum of all terms for n=1
to n =2 included, gives rise to a magnetic field similar to that generated by a mag-
netic dipole parallel to the centered dipole, but displaced with respect to the Earth’s
center by about 500 km in the direction of the West Pacific Ocean plus a term of mi-
nor importance in P,. This new dipolar representation of the Earth’s magnetic field is
that obtained with an eccentric dipole and of course it gives a better fit to the global
representation of the Earth’s magnetic field than with the central dipole obtained only
by using terms for n = 1.

1.2.5
Geomagnetic Coordinates

Geomagnetic coordinates are defined using colatitudes and longitudes in the frame
of the geomagnetic dipole, obtained for n = 1. Colatitudes ©, are angles defined with
respect to the axis of the geomagnetic dipole, instead of to the usual geographic rep-
resentation that refers colatitudes to the Earth’s rotation axis. Similarly a geomagnetic
longitude can be defined with respect to a new zero meridian line, that will be defined
in what follows. As in the case of geographic coordinates, the geomagnetic coordinates
enable the identification of the position of points on the Earth’s surface with respect
to a geomagnetic frame of reference. As mentioned above in this new frame it is more-
over possible to identify north and south geomagnetic poles as the points, on the Earth’s

% In spherical trigonometry the cosine theorem states that: The cosine of an angle at the center is
given by the product of the cosines of the other two angles at the center plus the product of their
sines times the cosine of the angle at the surface opposite to the angle at the center.
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surface, where the axis of ideal central dipole intersects the surface. Similarly it is pos-
sible to define an ideal line on the Earth’s surface representing the intersection of the
plane passing through the Earth’s center orthogonal to the central dipole. This line is
called by analogy, the geomagnetic equator.

From the geographic coordinates 6, A we can get the geomagnetic colatitude ® of
any given point on the Earth surface, as follows

(Geographic pole)

Geomagnetic north pole \ LJ N

North magnetic pole
(/=490)

Magnetic equator (/ = 0)

-

~

Geographic equator- =

—

Best fitting dipole

South magnetic pole
(I=-90)

Geomagnetic
S south pole

(Geographic pole)

Fig. 1.13. Centered magnetic dipole at the center of a circle representing the Earth with corresponding
geographic and geomagnetic poles. On the Earth’s surface the geomagnetic poles are only an ideal en-
tity corresponding to the best fitting dipole (n =1). The north and south magnetic poles are measur-
able points (areas) where dip is I=+90°. In analogy with the geographic equator a geomagnetic equa-
tor can be drawn for geomagnetic latitude 0°
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cos© = cosfcosb +sinfsinfcos(A— ;) (1.38)

which follows directly from the cosine theorem in spherical trigonometry. To obtain
the geomagnetic longitude A, we firstly define the new zero meridian as the great
circle that joins the two poles, geographic and geomagnetic, and then apply the
cosine theorem to the 6 angle (Fig. 1.14) (geomagnetic longitudes are positive east-
ward):

cosf = cos O cos b +sinOsinf cos(m — A) = cos O cos 6 —sinOsinf cos A

cos A — <08 ©cosb, —cosb (1.39)

sinf, sin©

Geomagnetic pole (GM)

Geographic pole (G)

—oE

=

GM (86, A) ®

e P(GJN

I
r
l

Fig. 1.14. Geographic and geomagnetic coordinates reported on the Earth’s surface. G geographic north
pole; GM geomagnetic north pole; P is a generic point on the Earth’s surface; its geomagnetic coordi-
nates are: © = geomagnetic colatitude; @ = geomagnetic latitude; A = geomagnetic longitude
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By the sine theorem we can complete the information by obtaining the quadrant in
which A falls:

sin(m—A) _ sin(A—)y) . sin A —sin(A— ) sinf
’ sin®

sinf sin©

At all points on the Earth’s surface, we can also deduce a geomagnetic declination
Y, as the angle in the new geomagnetic system between the two directions (a) towards
the geographic north and (b) towards the geomagnetic north:

sin¥  sin(A—))) §in 0 — sin(A —)\y)sinf,

- = : ; (1.40)
sinf, sin© sin®

We will attribute to the W angle the same sign of magnetic element D previously
introduced.

The dipolar field at any point P can be computed from the first three Gauss coeffi-
cients; this field depends only on the geomagnetic latitude defined as

3="_o
2

_@Mcostb_ Z_&ZMsinq)

> 3

H
an 3 4T g

(1.41)

as we obtain immediately from the dipole equation.

Being the magnetic central dipole only an approximation, the measured field on
the Earth’s surface at any point can differ also significantly from the theoretical di-
polar field. A theoretical geomagnetic pole can be defined from the field measured
at a given point as the geomagnetic pole that would be obtained considering the
field at that point, as it was simply a dipolar field. This briefly corresponds to the pole
that we would obtain by considering the measured declination and the inclination, as
if they were purely dipolar. This new pole is called in this case a virtual pole. And we
obtain

Z 2Msin® a’

Z=Htanl; tanl=— =2tan® (1.42)
H a®> Mcos®

therefore the tangent of the measured inclination in any point is twice the tangent of
the virtual geomagnetic latitude at the point @,.
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We must remember that calling ¢,, and A, the virtual geomagnetic pole coordi-
nates:

cosfy, =cosO, cosf +sinO, sinflcos D (1.43)

And considering the complementary angles, we will have

sing,, = sin®, siny + cos®, cospcosD (1.44)
. cos®, sinD
sin(ly, —A) = —F—— (1.45)
COSLyy

Equation 1.44 follows directly from the cosine theorem, Eq. 1.45 follows directly
from the sine theorem. Hence it is possible to obtain the geomagnetic pole coordi-
nates ¢, and A,

1.2.6
Harmonic Power Spectra of the Geomagnetic Field

The classical technique of SHA depicts the spatial structure of the Earth’s magnetic
field potential in terms of spherical harmonics. The solution is represented by math-
ematical functions of:

a radial distance from the center of a spherical Earth (considered the origin of a spheri-
cal reference system);

b Legendre functions in (cosine of) colatitude;

¢ Fourier series in longitude.

As a consequence of this operation the resulting basis functions, i.e. the spherical
harmonics, are orthogonal over the sphere, very helpful in the practical application of
SHA to experimental data. As we have seen before, an important aspect of SHA is that
it allows the separation of internal and external contributions to the Earth’s magnetic
field, although it cannot give the exactlocation of magnetic sources. These can be imag-
ined as sources together ideally grouped at the origin, i.e. at the Earth’s center, for in-
ternal sources, and at infinite distance, for external sources. Sources are then given in
the form of so-called multipoles, each characterized by a given spherical harmonic
degree n.

In the actual case of only internal contributions for degree n and order m up to a
given value N,,,,, a global model in ordinary spherical harmonics, can represent de-
tails of the field with minimum wavelengths given by

41r
)‘min = N

(1.46)

max
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The possibility of accurate determination of Gauss coefficients for any global mag-
netic data set is inversely related to Ny,,,, therefore SHA is most suitable to model the
longest-wavelength part of the geomagnetic field. This is confirmed also by the intro-
duction of the so-called IGRF (International Geomagnetic Reference Field), which is
the accepted global model of the geomagnetic field based on spherical harmonics. It
is believed to contain all, or most of, the core field, i.e. the largest part of the field ob-
served at the Earth’s surface (for this reason also called the main field). The IGRF is
given in the form of sets of spherical harmonic coefficients up to degree and order 10.
It also includes a separate set of so-called predictive secular-variation model coeffi-
cients which extends to degree and order 8. The current 10th generation was updated
in the year 2005 and is composed of sets of main-field models, ranging from 1900 to
2005, at 5-year intervals designated as definitive from 1945 to 2000, inclusive. At this
time a provisional main-field set for 2005, and a secular-variation predictive model
for the interval 2005 to 2010 are the latest available coefficients.

When only internal sources are considered all contributions to the geomagnetic
field, i.e. the sum of all Gauss coefficients up to a given degree n, can be shown on in a
semi-logarithmic scale plot as a function of the order number n. In Fig. 1.15 the so-
called geomagnetic field power spectrum showing R, vs. n is reported. R,, is expressed
in terms of the Gauss coefficients as follows

R, =(n+1)3" (g2 +(h)? (1.47)
m=0

This expression represents the energy contribution brought by every degree n term
in the expansion from n =1 to n =m = 23. As is clearly observable, and understand-
able from the Gauss coefficient values, the contribution to the power decreases as the
n order number increases. An isolated point is obtained in the plot for n = 1, this cor-
responds to the centered Earth dipole as shown by the meaning of the n =1 spherical
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harmonic analysis. Using the general rule given above, Eq. 1.46, we should attribute a
maximum wavelength to the magnetic dipole source. All other points in the plot can
be easily interpolated by two well separated straight lines. The contributions from n =2
to n =12, 13 decrease to an almost white noise level. From n = 13, 14 onwards, a sec-
ond almost horizontal line can be fitted. All points lying on the first straight line cor-
respond to the maximum intensity values of the power spectrum (excluding the di-
pole point) and are related to the contribution of the deepest sources, reasonably lo-
cated in the fluid core up to the core-mantle boundary. The second straight line is al-
most horizontal instead and corresponds, in the first approximation, to the crustal
sources (possibly with a core contamination) with largest n values almost correspond-
ing to a white noise. For this reason this power spectrum plot cannot express the crustal
contribution separately from the white noise.

Magnetic satellite data can come in the picture to give better models of core sources
and also help to discriminate the largest harmonic degree n values from the white noise.
In fact not only Earth’s surface data but also satellite data can be used to compute Gauss
coefficients. As will be shown in other parts of the text only a few satellites were in
fact used to investigate the Earth’s magnetic field over about the last thirty years. In
Fig. 1.16 a power spectrum plot from satellite data is shown. In this case a possible
crustal field contribution can be inferred for the part of the spectrum that goes from
n = 14 onwards, and that shows up clearly as a different line with a different slope from
that for n < 14.

1.3
Time Variations

Time variations of the Earth’s magnetic field can be divided into two classes: those
having an internal origin and those having an external origin with respect to the Earth’s
surface. Although it is not precisely possible to fix a clear limit between the two classes,
by applying the spherical harmonic analysis to the Earth’s magnetic field time varia-

Fig. 1.16. Semi-logarithmic 100
geomagnetic field power spec-
trum R (nT?) at the satellite
altitude for degree n=1 to 60. 108 -
Interpolating lines indicate best
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tions, it is shown that variations on a time scale shorter than 5 years are generally con-
sidered to be of external origin. The variations on time scales longer than 5 years are
commonly called secular variation (SV) and are of internal origin to the Earth. Exter-
nal origin time variations are clearly recognizable in magnetic observatory data, sur-
vey time variation recording stations, and data from rapid run magnetic time record-
ing devices. Very long period external origin time variations, such as for example, those
related to the solar cycle (about 11 yr), can generally be seen only in observatory data.
Internal origin time variations, like SV, can be seen in observatory data but also in the
archaeological or geological records when magnetic investigations are undertaken on
dated archaeological samples or rocks. The amplitude of Earth’s magnetic field SV for
a given place of observation fluctuates between a few nT/year to several tens of nT/
year for the magnetic intensity components and from a few minutes/year to several
minutes/year for declination and inclination.

1.3.1
Secular Variation

Secular variation is clearly seen in geomagnetic observatory data, when several years
for one or more field elements (generally by their annual or monthly means) are plot-
ted against time. Starting from magnetic field observations, carried out for declina-

1908 1962

Fig. 1.17. Secular variation diagram for central Italy. In the diagram D and I time variation is reported
on a stereographic projection for years 1600 to the present (from Lanza et al. 2005)



1.3 - Time Variations 35

tion and inclination since the 16th century, the geomagnetic field has undergone a SV
that, for instance in declination, has covered, in central Europe (Fig. 1.17),a maximum
range of about 20°. The angle of declination, in the period under examination, has been
predominantly negative, i.e. westerly. SV, thought to be closely linked to the dynamics
of the Earth’s core and to the phenomena that produce the field itself, occurs on two
timescales which are related to two types of core process. One, evident on time scales
of hundreds or thousands years, is related to the main dipole field variation, while the
second one, clearly appreciable also on the shortest time scales, of the order of tens of
years, is related to the non-dipole field variations. For this reason, even though SV
shows a different behavior in a range of world observatories, it is typical of the main
field, thus being representative of planetary phenomena.

1.3.1.1
Dipole Field Variation

The characteristics of the Earth’s dipole field were determined for the first time with
modern scientific accuracy by Gauss, by means of his spherical harmonic analysis in
1839, which subsequently allowed to infer the characteristics of the global variations
of the field over the last 160 years. In particular the dipole magnetic moment has de-
creased from 9.6 x 10?2 to 7.8 x 10?2 A m? from the time of Gauss to 2000 (Fig. 1.18),
while the angle between the dipole axis and the Earth’s rotation axis has remained
almost unchanged at about 11.5°. Moreover the dipole has shown a precessional mo-
tion around the rotation axis taking the north geomagnetic pole from its position of
63.5° W in 1830 to 71.6° W in 1990 with a precessional velocity of about 0.05° yr™'. A
third time variation of the dipole field consists in the slight displacement of the di-
pole along its axis towards the geographic north at a velocity of about 2 km yr™". In-
spection of the data from 1600 onwards has shown that an ideal line of force of the
purely dipole field has moved over the last 400 years in a westerly direction at a veloc-
ity of about 0.08° yr™' and with a variation in latitude of about 0.01° yr".

Fig. 1.18. Geomagnetic dipole 84
moment time variation from

years 1900 to 2000 L4
8.3 o

8.2

8.1 ° 4

Dipole moment (x 1022 A m?)

°
7.8 T T T T T T T T T 1

1900 1920 1940 1960 1980 2000
Year



36 CHAPTER 1 - The Earth’s Magnetic Field

The determination of the elements of the Earth’s field before instrumental mea-
surements are available, i.e. before roughly 1600, can be done with other techniques.
By means of rock magnetism and artefacts’ magnetic properties, attempts have been
made to determine the value of the dipole moment in the past. For the last thousands
years, in spite of all the uncertainties in measuring the paleointensity of the magnetic
field, there is sound evidence that the present decrease of the magnetic moment be-
gan about 2000 years ago when its value was around 11 x 10?2 A m It has been at-
tempted to establish if the Earth’s field has had in the past the same dipolar nature as
it has today. It has been inferred that the field is due to an almost axial dipole at least
for the last 500 000 years. But this axiality is only of a statistical nature as there are
evident and repeated fluctuations of the geomagnetic poles around the geographic
poles; the present situation must be considered as one of these fluctuations.

1.3.1.2
Variation of the Non-Dipole Field

Observing contour maps of declination for different epochs, geomagnetists have noted
a clear drift of almost all declination contour lines toward the west. Halley was the
first to show declination contours on his famous Atlantic Ocean map at the very be-
ginning of the 18th century. This phenomenon is known as westward drift and can
still today be clearly seen in the Atlantic and Europe, while it is not quite appreciable
in the eastern Pacific, Australia and Antarctica. The westward drift, that in many studies
on SV has been considered as its most evident characteristic, is due to the variation of
the non-dipolar part of the field. Bullard was the first to estimate that the isoporic foci’
of the non-dipole field undergo, in those regions where the phenomenon is evident, a
westward drift motion of about 0.2° yr™'. More in-depth studies have shown the pos-
sibility to discriminate two different behaviors of the non-dipolar magnetic field con-
tribution to SV: a clear westward drift in some zones, as for example the so-called “Af-
rican anomaly” (Fig. 1.19), and a geographically stationary effect with a strong inten-
sity variation, for instance the “Mongolian anomaly”. This circumstance has suggested
to separate the contributions to the non-dipolar SV in two parts: a standing part and
a drifting part. Therefore although the westward drift remains the most evident char-
acteristic of SV of the non-dipole field, this seems to account for only one of its parts.
For what concerns the geomagnetic field power, the various observations give evidence
of a total decay in energy of its dipolar part, but at the same time the non-dipolar part
of the field shows an energy increase so as to partly compensate for the dipolar de-
crease. However, recent estimates show that the total energy probably shows overall a
slight decrease.

1.3.1.3
Rock Magnetism Results

As briefly mentioned above, the most ancient part of the history of the Earth’s mag-
netic field comes from rock magnetization studies (paleomagnetism). Accurate analy-

® Isoporic lines are lines connecting points with the same SV values on a map.
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Fig. 1.19. Westward drift of Earth’s magnetic field shown by three declination maps at years 1600, 1800
and 1990. Maps made using historical records database and model by Jackson et al. 2000

ses of volcanic rocks and lacustrine sediments has produced curves of paleosecular
variation (PSV) extending back as far as hundred thousand years (Chap. 7). The ac-
curacy is obviously lower than that of observatory data, but the whole of PSV data al-
lows statistical analyses useful to outline the behavior of the main field.
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However, the main contribution of paleomagnetism to the study of the Earth’s field
was the discovery of the most dramatic variation, the polarity reversal, that is the
exchange of position between the north and south magnetic poles. This entails that
the lines of force are directed towards south geographic pole (see Fig. 1.1 for a
reference), declination changes by 180° and inclination reverses its sign, being
negative in the northern and positive in the southern hemisphere. This feature was
discovered thanks to the studies of young volcanic rocks that showed reverse po-
larity, i.e. the direction of their remanent magnetization was opposite to the di-
rection of the present day field of the Earth. The study of Pleistocene rocks has
confirmed that the last reversal occurred at about 0.78 Ma before the present day,
and before that a series of periods characterized by normal or reverse polarity
occurs for several million years. The reversals are distributed accidentally in time
and periods of the two polarities are indicated in polarity time scales by white and
black segments (Figs. 7.1, 7.5). There are however some patterns apparently sys-
tematic, for example a modest increase in the frequency of reversals in the last
100 Myr, also showing a quasi periodicity in the reversal rates for a million year time
interval. Magnetic excursion is the term used to refer to those cases when the field
direction has presented large and rapid variations of inclination without involving
however a complete reversal. The transitions from one polarity to the other, takes
place in a time interval of about 5000-1000 years whereas the details of the transi-
tional field are still unknown.

Another important contribution of paleomagnetism regards the information on the
longevity of the Earth’s field. In the Australian and Greenland cratonic regions mag-
netized rocks as old as 4 Ga (1 Ga = 1 billion years) bear witness that a magnetic field
already existed in the primeval times of the Earth’s history.

1.3.14
Summary of Secular Variation Characteristics

In the previous sections it was shown that SV results from numerous complex causes.
We can summarize SV main characteristics according to the relevant information
derived from direct observations or analyses of magnetized materials. Other details
of SV are discussed in Chap. 7. Summarizing what reported above on the basis of ob-
servational data, we can conclude that SV shows the following characteristics:

Results from Geomagnetic Observations (i.e. in the last 400 Years)

1. A mean annual decrease of the dipole moment of the order of 0.05% of its average
value with a considerable acceleration in the last 30-40 years.

2. A westward precession of the dipole axis of 0.08° yr™.

. A northward displacement of the dipole of the order of 2 kmyr".

4. A westward drift of the non-dipole field, or of a part of it, of 0.2-0.3° yr™', associated
with a possible but not specified southward drift.

5. An intensity variation (increase or decrease) of the non-dipole field at a mean rate
of about 10 nTyr ™.

W
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Results from Archaeo- and Paleomagnetic Studies

1. Archaeomagnetic information do not confirm in a clear way the existence of the
westward drift and suggest therefore that it is not a permanent characteristic of SV.

2. The field fluctuates in direction and intensity, yet averaged on times greater than 100 kyr
it is dipolar, geocentric and aligned with the Earth’s rotation axis (GAD hypothesis).

3. The field reverses its polarity at a rate which looks random. The polarity remains
constant for time periods of the order of 100 kyr to 1 Myr (Chap. 7).

1.3.2
Magnetic Tomography and Interpretation of Secular Variation

The interpretation of SV has closely followed studies and theories of the Earth’s
magnetic field generation. The existence and the time variation of the dipole field
are attributed to a very deep source in the core, while the non-dipolar variations,
in particular the westward drift, are attributed to more superficial sources, prob-
ably in relation to electrical currents flowing at the core-mantle boundary (a transi-
tion zone that we will denote from now on by CMB). This approach leads to consider
that the physical conditions of the lower mantle could influence the dynamics of the core
and therefore the geomagnetic field itself. By means of inverse numerical techniques
and the spherical harmonic analyses, it is possible to obtain a picture of the mag-
netic field at the CMB. These maps have recently been produced by several authors
and report the field at the CMB where, according to dynamo theory, the electric cur-
rents that generate the non-dipole field flow (Sect. 1.3.3). This technique has been
named magnetic tomography. One of the most important results obtained by magnetic
tomography is that the main contribution to the geometry of the dipole field is given
by four patches of intense magnetic flux located symmetrically with respect to the
equator, whose positions have not changed significantly from 1600 to nowadays.
These four stationary spots have been interpreted as the extreme ends of two col-
umns of fluid material that are tangential to the inner core and extend parallel to
the Earth’s rotation axis.

In order to get an interpretation of SV, and in particular of westward drift, we need
to follow the historical as well as the most recent theories. To explain the presence of
the significant westward drift of the field, Bullard in the fifties of the twentieth cen-
tury, supposed that the core rotated at lower angular velocity with respect to the mantle
and proposed as mechanism for this differential rotation the existence of an electro-
magnetic coupling. Hide in the same period proposed instead the existence of some
undulating motions inside the core, able to generate the drift of the field measured on
the Earth’s surface. The results provided by the magnetic tomography, partly contra-
dict both theories. According to the former the drift should occur everywhere on Earth,
while it mainly concerns the region comprised between longitudes from 90° W and
90° E, roughly from Europe and Africa to North and South America. The latter theory,
instead, does not explain the absence of SV observed on the Pacific Ocean.

Using magnetic tomographic maps and some approximations from magnetohydro-
dynamics, it is possible to obtain a configuration of the fluid flow at the CMB. In order



40 CHAPTER 1 - The Earth’s Magnetic Field

to recreate a configuration of the flow, an approximate estimate of the value of the elec-
trical conductivity of the core is necessary. Its mean value is commonly assumed to be
0=10°-10* Sm™" that is 10°~10* times higher than the conductivity estimated for the
mantle. The maps of velocity and direction of the flow at the CMB, have shown two
fluid circulations below the Atlantic, one toward north and the other toward the south
of the equator; near the equator this flow goes in a westerly direction. Therefore the
westward drift, observed between longitudes 90° W and 90° E could be the result of
this circulation. With the intent of explaining the origin of the fluid flows, in his fun-
damental fifties works, Bullard was the first to propose a way to generate fluid circu-
lations in the core. Bullard proposed the existence of flows coming from the deep core
moving towards the CMB. In this vertical motion, the rising fluid, in the case of frozen
field (see Sect. 1.4.2), tends to concentrate the magnetic lines of force against the CMB,
so forming a magnetic flux spot alike those in the solar photosphere. Some bipolar
magnetic structures form and move quickly, while others remain stationary. For this
reason a number of authors have thought that their motion could be modified by some
influence external to the core. According to Hide, a possible candidate is the topogra-
phy of the CMB whose extensions in the core could be envisaged as upturned moun-
tains. Bloxham and Jackson have afterwards excluded this hypothesis as well as that
of an electromagnetic coupling. These authors propose that the flow in the core is
coupled to the mantle in a thermal way instead. In practice the core fluid would flow
upwards below the hot regions of the mantle and downward below the cold ones. Re-
garding the dipolar part of the Earth’s field magnitude the tomographic analysis makes
it clear that the present drastic decrease of the dipolar component can be due to the
increase and propagation of structures with an opposite flow, below Africa and the
Atlantic.

1.3.3
Geomagnetic Jerks

On average magnetic field elements, when plotted versus time at a geomagnetic ob-
servatory, show quasi-stable, slow changing time variations. However one peculiar
feature of SV is represented by a clear tendency, for a given field element, to show at
times rapid changes, observable as a variation in the slope, taking place in one or two
years. This peculiar phenomenon that separates periods of reasonably steady SV pat-
terns, i.e. constant slopes in the geomagnetic field time variation, is called a geomag-
netic jerk (GJ). GJs are thus abrupt changes in the second time derivative (secular ac-
celeration) of the geomagnetic field. In this sense a GJ separates periods of almost
steady secular acceleration of the geomagnetic field.

Secular variation models and the role of the peculiar phenomenon of GJs, follow-
ing their discovery at the beginning of the eighties of the twentieth century, have widely
been investigated. According to the majority of scientists this phenomenon is of in-
ternal origin and this was shown clearly by the use of spherical harmonic analyses
undertaken on the variation field. Of course the investigation of GJs’ importance is
mainly in terms of possible explanations of the mechanisms that produce and main-
tain the geomagnetic SV. We know in fact that SV is associated, via the induction equa-
tion in magnetohydrodynamics, to steady fluid flows at the top of the fluid Earth’s core;
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non-steady, time-varying flows could be associated with SV anomalies, including jerks.
The very rapid time variation that is characteristic of GJs is an indication that can also
have very important connections to the knowledge of the electrical conductivity of
the Earth’s mantle. In fact 2-4 years is the accepted upper limit for a magnetic time
variation period that is able to to penetrate the full thickness of the mantle without
being completely screened out.

Some authors have also associated jerks with decadal fluctuations in the length
of day and the Chandler wobble, although this connection is still under examina-
tion.

In many of the world magnetic observatory data series, GJs can easily be identi-
fied. Jerks are often easier to be observed in D or Y component. For a quantitative study,
direct recognizable patterns due to effects of external fields, are generally removed
from data series by modeling external variations by means of so-called geomagnetic
indices (K, Dst, aa; see Sect. 1.5.3). Last century widely observed geomagnetic jerks
are reported in Fig. 1.20 for two observatories, Tucson and Chambon-la-Forét. Evident
slope changes are observed in SV at years 1901, 1925, 1932, 1949, 1969, 1978, 1991 and
1999. The 1969 jerk was discussed in detail in many papers and it was shown that it
was observed worldwide although it was not always manifest in all magnetic elements.
Other analyses have shown that the occurrence time for GJs, although global in scale,
is not the same all over the globe. It is accepted now that for every GJ there is an aver-
age time of occurrence and that two to four years are required for the event to be ob-
served all around the globe.
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Fig. 1.20. Geomagnetic jerks for element Y the two magnetic observatories Tucson and Chambon-la-
Forét. Slope changes for declination SV are reported with arrows
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1.34
External Origin Time Variations

Time variations of the Earth’s magnetic field are constituted by a series of contribu-
tions, each of them having a different typology, intensity and typical timescale. As we
have just seen, in the case of magnetic field variations, the term slow refers to SV; the
term rapid is referred to external to the Earth origin time variations, mainly connected
with the Sun and solar activity. The Sun is in fact the critical factor to interpret all rapid
magnetic time variations.

1.3.4.1
Solar Wind and the Magnetosphere

The regular emission of solar electromagnetic radiation is accompanied by a continu-
ous emission of an ionized gas, called the solar wind, which is essentially the expan-
sion of the solar corona. Because of its high temperature, the solar wind leaves the
immediate vicinity of the Sun, fills all the interplanetary space and also affects the
Earth. The solar wind particle flux is composed mainly by electrons, protons, He nu-
clei,and also heavier elements and is constantly emitted by the Sun at an average speed
of 1.5 million km hr™}; the solar wind density at the Earth is ~7 ions cm™>. The solar
wind is not uniform, although always directed away from the Sun, it can change speed
and carries a feeble magnetic field of solar origin, the interplanetary magnetic field
(IMF). As a consequence of the solar wind expansion in the solar system, the Earth’s
magnetic field is confined by this low density plasma and is immersed in the IMF, both
originating in the Sun. The cavity in which the Earth is bounded is called magneto-
sphere and shows a quite different shape with respect to the pure magnetic dipolar
field (Fig. 1.21). The magnetosphere is limited on the sunward side by a paraboloidal
surface called magnetopause, where a balance between the Earth’s magnetospheric
magnetic pressure and the solar wind particle pressure is reached. The distance of the
magnetopause from the Earth ranges, according to varying solar activity, from 5 to
12 R, (Earth radius), with a typical value around 10 R.. At about 13 Earth radii a bow
shock is formed by the incident solar wind that has a super magnetosonic velocity (i.e. a
velocity larger than the propagation velocity of ordinary magnetosonic waves) rela-
tive to Earth. A long tail on the anti-sunward side extends the magnetosphere to a very
long distances from Earth, typically for a hundred Earth radii or even more.

Inside the magnetosphere the motion of energetic ions and electrons is constrained
by the local Earth’s magnetic field. The basic mode is a rotation around magnetic field
lines, with at the same time a drift along those lines, giving the particles a spiral tra-
jectory. On typical field lines, attached to the Earth at both ends, such motion would
soon lead the particles into the atmosphere, where they collide and would lose their
energy. However, the sliding motion slows down as the particle moves into regions
where the magnetic field is strong, and it may even stop and reverse; it is as if the par-
ticles were repelled from such regions. The magnetic field is much stronger near the
Earth than far away, and on any field line it is greatest at the ends, where the line en-
ters the atmosphere. Thus electrons and ions are trapped for a long time, bouncing
back and forth from one hemisphere to the other. In this way the Earth is encircled by
particle radiation belts.
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Fig. 1.21. The Earth’s magnetosphere. Solar wind shapes the Earth’s magnetic field differently from a
purely dipolar structure. In the pictorial representation magnetic field lines are drawn to represent the
real structure of the Earth’s magnetic field around the Earth

From the first satellite investigations it was discovered that the Earth has two re-
gions of trapped fast particles. The inner radiation belt discovered by Van Allen, is
relatively compact, extending perhaps one R, above the equator. It consists of very
energetic protons, a by-product of collisions by cosmic ray ions with atoms of the at-
mosphere. The number of such ions is relatively small, and the inner belt therefore
accumulates slowly, but because trapping near Earth is very stable, rather high inten-
sities are reached, even though their build-up may take years. Further out is the large
region of the outer radiation belt, containing ions and electrons of much lower en-
ergy; this population fluctuates widely, rising when magnetic storms inject fresh par-
ticles from the tail then gradually falling off again.

1.3.4.2
The lonosphere

The magnetosphere has a lower boundary. Theoretically this boundary should be lo-
cated where the medium passes from the condition of plasma, in which the control of
the particle motion is determined mainly by the Earth’s magnetic field, to that in which
ion and electron densities make collision processes an important factor and the con-
trol by the magnetic field small. This layer, that has all the characteristics of a transi-
tion zone, can be approximately localized at a height between 200 and 600 km from
the ground, to some extent variable with latitude, season, solar time, etc., and is called
the ionosphere. The historical discovery of the ionosphere dates back to the early twen-
tieth century, when Guglielmo Marconi succeeded in obtaining an ether connection
between Europe and North America. Shortly afterwards, Kennelly and Heaviside at-
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tributed to a reflecting ionized layer in the upper atmosphere the discovery made by
Marconi and called this part of the atmosphere the ionosphere.

The principal source of the ionization of the neutral atmospheric constituents, that
gives rise to the formation of the ionosphere, is the solar radiation; according to the
theory, proposed by Sidney Chapman, the electronic density varies with the solar ze-
nithal angle and the sunspot cycle. In the ionosphere, ions and electrons are present
in sufficient quantity to modify the propagation of electromagnetic waves and in par-
ticular of the so-called HF band radio waves. Ionospheric layers act, by subsequent
refractions, as reflecting layers for the radio waves. During the daytime, starting from
the lower altitudes, we find a region, between 50 and 80 km, called D layer, where all
the free electrons assume a relevant role with regards to the so-called electromagnetic
refractive index. This region is responsible for the absorption of the radiocom-
munication waves over long distance. At about 100 km altitude there is another rela-
tive electronic density maximum referred to as the normal E-region and also an in-
termittent zone of intense ionization, just called ‘sporadic’ E-region. Finally two maxi-
mum densities at about 300 km characterize the F-region in the two F1- and F2-zones.
Above these altitudes the electronic density constantly decreases with heigth. At night,
once the effect of the solar radiation, that is the main responsible of the ionization, is
cut off the electronic density, at various altitudes, decreases because of a recombina-
tion process between ions and electrons; only one peak characterizing the F-region is
in this case observed. Thanks to their improvement, development and the possibility
to use them in various areas of the world, the survey instruments used to measure iono-
spheric characteristics, the so-called ionosondes, showed that the Chapman theory
could be only applied to two ionospheric layers, E and F1, but not, for example, to the
layer with the maximum electronic density, F2. Therefore other processes had to be
sought to explain why the electronic density of the F2-layer was so high and capable
of resisting also without solar ionization. The diffusive and transport processes tak-
ing place in the ionospheric plasma complete the Chapman’s photoionization theory.

The presence of the ionosphere and of the ionization processes acting there give
rise to other important geophysical phenomena, besides a radiopropagation by reflec-
tion. As a result of the absorption of the solar radiation, the gas in the upper atmo-
sphere is subjected to an internal photochemical excitation process and also to a natural
ion recombination. This last phenomenon produces a light emission in the infrared,
visible and ultraviolet regions of the spectrum, called airglow. Even though it is al-
ways present, during the day the airglow cannot be seen easily, because of the strong
sunlight; on the other hand it provides a dim light during the night. The airglow is a
phenomenon that takes place at all latitudes without a particular geometric or tem-
poral structure. On the contrary the aurora (Sect. 1.3.4.4) also caused by photochemi-
cal atmospheric processes, takes only place at high latitudes, where energetic particles
of magnetospheric origin act as the ionizing agent.

1.3.4.3
Regular Time Variations

The existence of the ionosphere will help us to explain some of the time variations of
the Earth’s magnetic field. The sunlight daily variation is directly connected to the
upper atmosphere electrical conductivity and to the motions of the atmospheric gas
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through the Earth’s magnetic field lines of force. These motions and their complex in-
teractions with the field, create an electrical current system in the ionosphere detect-
able on the Earth’s surface as a slow modulation of the three components of the Earth’s
magnetic field, that can be observed clearly only when additional stronger disturbances
produced by other phenomena in the magnetosphere, are not taking place. This varia-
tion is in fact called Sq from Solar quiet, where ‘solar’ indicates that the variation acts
following the local solar time and ‘quiet’ indicates that it is typical of an unperturbed
situation. As the ionospheric conductivity is proportional to the ionic mobility and to
ion concentration, the most effective conductive layer is between 90 and 120 km of
altitude in the E-region, where the currents responsible for the Sq, are assumed to be
located in. The variation, known as diurnal variation, acts following the local time;
each Earth’s magnetic field element shows a time behavior, that can be interpreted as
a superimposition of waves with periods of 24 and 12 hours, and their harmonics with
an amplitude of the order of some tens of nT. The variation is restricted to the day-
light hours; during the night it is negligible. As briefly mentioned on some days it can
be clearly seen, but generally it is overlaid by irregular variations that partly deform
it, allowing however at times to see its fundamental characteristics.

As it is simpler to study the diurnal variation on days without irregular perturba-
tions, from the very beginning of the twentieth century, it has been agreed to deter-
mine, by appropriate methods, for each month, the five most quiet days, valid all over
the world (international quiet days) and to calculate the mean diurnal variation dur-
ing these five days for each observatory. A spherical harmonic study has shown that
2/3 of the daily variation is of external origin to the Earth and can be attributed to
electrical currents circulating in the ionosphere and partly in the magnetosphere. In
the ionosphere on the daytime side of the Earth these currents are constituted by a
couple of fixed vortices one in each hemisphere whose position is fixed with respect
to the Sun and thus follows its apparent rotation. The centers of these vortices are in
the hemisphere illuminated by the Sun at latitudes of around 40° and very near to the
meridian of the Sun. The ionosphere is the dynamo conductor and the Earth’s field
the magnet. In the nighttime hemisphere there are two vortices of opposite rotation
to diurnal ones and of weaker intensity. The remaining 1/3 of the variation is of inter-
nal origin and is due to electrical currents produced by electromagnetic induction in
the Earth’s interior probably extending down to a depth of about 800 km, by the vary-
ing external magnetic field. The Sq amplitude changes during the seasons with a sum-
mer maximum and a winter minimum at high and mid latitudes, and with a maxi-
mum at the equinoxes in the inter-tropical zone for H and Z (Fig. 1.22). Moreover Sq
amplitude depends on the phase of the sunspot cycle with the quietest levels occur-
ring around minimum sunspot number years. The ratio between maximum and mini-
mum amplitudes can reach 2 to 2.5. The actual value varies according to the solar cycle
intensity as expressed by the sunspot number and the ratio between the amplitude at
its maximum and that at its minimum is of the order of 1.5.

Above the equator there is an accumulation of the atmospheric tide in the west-
east direction, the so-called equatorial electrojet (EE]), that causes an enhancement
of the diurnal variation in the geomagnetic field near the magnetic equator. This leads
to a diurnal variation that can reach values of 200 nT. The width of the interested re-
gion is =4° in latitude, return currents north and south of the eastward current are a
common feature of the EE]. The intensity of the EE] varies from day to day.
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Fig. 1.22. Latitudinal variation of Sq for the three magnetic elements D, H and Z as observed on average
at the indicated magnetic observatories (from Campbell 2003)

An in-depth study of the daily variation morphology has shown the existence of a
weak component which is a function of the lunar time rather than solar. This varia-
tion, called lunar variation L has a period of 12 lunar hours (12.408 solar hours) and
an amplitude of about 1-2 nT. The system of electrical currents generating these regu-
lar variations is triggered and sustained by a dynamo process. The atmospheric tides
give rise to a wind system in the ionosphere and the motions of electrically conduct-
ing matter interacting with the Earth’s magnetic field produce in turn electrical cur-
rents that are more intensive the higher is the ionization degree, caused by the photo-
ionization in the ionosphere. The atmospheric tides due to the Sun are mainly of ther-
mal origin, those due to the Moon are simply gravitational and for this reason the solar
effect is larger than the lunar effect.

1.3.44
Irregular Time Variations

In the study of the Earth’s magnetic field, in analogy with the weather conditions, the
term magnetic storm is used to indicate a generally perturbed magnetic state, char-
acterized by impulses and unpredictable rapid time variations. This irregular phenom-
enology is strongly influenced by the solar wind. When a magnetic storm starts with
a clear impulse (also called a sudden storm commencement, SSC) a typical behavior
of magnetic storm time variation evolution is observable globally in the magnetic el-
ements (Fig. 1.23). For example in the initial phase the intensity of the horizontal com-
ponent increases for a few hours with respect to the average level it had before the
storm. Then it decreases quickly down to a lower level than average. This second phase
is called the main storm phase and can last from several hours to one or two days. At
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Fig. 1.23. Magnetic elements H, D and Z time variation in the magnetic storm (Bastille event) of
July 15, 2000 at C’Aquila Italy geomagnetic latitude 36.3° N

mid latitudes this deviation reaches easily several tens of nT but can reach also hun-
dreds of nT. Finally there is a gradual return to the average value, called recovery phase
and lasting generally some hours to one day. The mean total duration of a SSC fluctu-
ates between several hours and a few days. At mid latitudes during the initial and the
main phases we can observe also an important activity due to the superimposition of
a few more or less intense elementary disturbances, called bays. They generally take
place during the nighttime hours and last between 1 and 2 hours. Bays are among the
most important irregular variations recorded at the magnetic observatories. The bays
often coincide with storms, but some times they are observed also without a global
magnetic storm taking place. Accordingly they can be considered as elementary storms
(also called substorms). From the observations it has been inferred that the bays are
produced by electrical currents flowing in the ionosphere at latitudes between 65° and
70°. These currents are produced in the magnetosphere, flow into the ionosphere and
return to the magnetosphere following the lines of force of the magnetic field. All ir-
regular variations show up in intensity and forms depending on latitude.

After a careful analysis it was possible to identify different causes for the two main
contributions to the irregular variations. The first that characterizes the planetary
magnetic storms, consists of a systematic variation of the field that can be mainly at-
tributed to the so-called ring current. This is one of the major current systems in the
magnetosphere, it encircles the Earth in the equatorial plane and is generated by the
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longitudinal drift of energetic (10 to 200 keV) charged particles trapped on magnetic
field lines between 2 and 7 Earth radii. The second contribution consists of a shorter,
at times powerful, local effect, very evident at high latitudes, called substorm. The low
latitude effect of substorms are the before mentioned bays.

Taken together the solar wind, the magnetosphere and the ionosphere form one
dynamical system guided by the energy coming from the solar wind and transferred
to the magnetosphere and ionosphere. This energy transfer is particularly evident in
correspondence of the so-called CME (coronal mass ejection), solar plasma impul-
sive emissions that spread through interplanetary space, and is controlled by the in-
terplanetary magnetic field, that is the magnetic field of solar origin transported by the
solar wind. The most intense phenomena take place during the so-called reconnection
periods, that consist in the cancellation of the Earth’s magnetic field on the solar side
of the magnetosphere, owing to the presence of an interplanetary magnetic field ori-
ented in the opposite direction to the Earth’s magnetic field on the side facing the Sun.
Under these conditions the Earth loses its natural magnetic screen against the solar wind,
thus becoming an open system for the solar wind. The magnetospheric plasma par-
ticipates in a gigantic convection process, whose effect is the plasma transfer from the
day side to the night side. The most considerable effects of this are the activation of large
electrical currents in the polar ionosphere, that in turn cause high latitude magnetic
substorms, and the large auroral display phenomena, also typical of the polar latitudes.
Part of the energy transported in these explosive phenomena is also transferred to the
Van Allen radiation belts thus causing the enrichment of the carriers of the so-called
circum-terrestrial ring current, that is the cause of the main phase of magnetic storms.

The peaks of solar activity, characterized by an eleven-year cycle, coincide with con-
ditions of greater magnetospheric activity and the intensification of the effects men-
tioned above. As many technological systems (satellites, high-voltage power lines, oil
pipelines, etc.) are sensitive to conditions of high magnetospheric perturbation, most
of applied research in this field is devoted to forecasting the magnetospheric activity,
in order to prevent damage, in analogy with the weather forecasting.

1.4
Essentials on the Origin of the Earth’s Magnetic Field

Following his spherical harmonic analysis of the Earth’s magnetic field, in the 19th
century, Gauss had analytically demonstrated that the origin of the field was internal
to the Earth. Nevertheless not all the scientific community at that time was entirely
convinced. For example, although very slow, the observed temporal variation of the
elements of the field did not seem in agreement with other phenomena of internal
origin to the Earth. Typical manifestations of internal origin showed on average an
apparent temporal invariability and all known internal phenomena showed a high
stability. Moreover the most rapid magnetic time variations that were discovered
thanks to the introduction of photographic recording of variations of the elements of
field, did not perfectly appear in tune with an internal origin. For example, the most
rapid time variations showed evident correlations with the solar activity; the recorded
magnetograms had a strong diurnal periodicity and showed other indications that
seemed to suggest a possible external origin. Therefore the origin of the field remained
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an enigma and a possible source external to the Earth, even if in contrast with Gauss’s
results, could still not be entirely ruled out.

The most obvious among the hypotheses able to justify an internal origin, was that
of a uniform magnetization of the whole Earth. However this hypothesis was set aside
very soon. In fact temperatures measured in mines and other deep excavations, were
showing that they were very high inside the Earth. Linearly extrapolating measured
gradients showed that approximately at 25 km depth, the temperature is higher than
the Curie temperature of almost all known ferromagnetic materials. If the magneti-
zation hypothesis had to be followed, then only a thin outer layer of the whole Earth,
with a maximum thickness of 25-30 km, should have been considered. In this case a
simple calculation leads to an average magnetization of about 10* A m™', a value well
above that of crustal rocks. Moreover a permanent magnetization could explain only
a constant magnetic field, that contradicts the well-known variability of the Earth’s
magnetic field.

At the beginning of the 20th century a new impulse to the search for the origin of
the Earth’s magnetic field came from seismology. The hypothesis that our planet pos-
sesses a fluid core, mainly composed of a high-electrical conductivity material such
as iron, revitalized the hypothesis for an internal origin of the field but of a different
type: a magnetic field generated by an electrical current system. This theory was based
in particular on the possible existence of deep Earth conductive fluid motions able to
produce electric currents, which consequently generated a magnetic field. The present
magnetic field could not be a remnant of an ancient process, a dynamo continuously
operating is necessary. Briefly this dynamo can be assumed to operate through a dis-
tortion and amplification of an initial magnetic field due to a magnetohydrodynamic
interaction with the motions of the plasma constituting the fluid Earth’s core. The field
so generated decays with time, owing to ohmic dissipation in the conductor. For its
maintenance it is then necessary to hypothesize its continuous regeneration to the det-
riment of some other forms of energy.

The idea of a self-sustaining magnetic dynamo in the Earth was proposed by Larmor
in 1919 but it was not immediately accepted; moreover in 1933 Cowling showed that a
field with axial symmetry could not be sustained by means of fluid motions with the
same symmetry. Towards the end of the 1950s it was possible to demonstrate the ex-
istence of a homogeneous self-sustaining dynamo, clearing the way to one of the most
fascinating fields of theoretical geophysics. However it was also clear that the intro-
duction of dynamo theories in planetary and stellar physics for the explanation
of magnetic fields in the Earth and the Cosmos, represented an extremely complex
subject.

1.4.1
Toroidal and Poloidal Fields

In order to get a better understanding of the mathematical scheme of dynamo theory,
it is necessary to introduce several mathematical concepts, starting with: toroidal and
poloidal magnetic fields. From Maxwell’s equations, for a solenoidal magnetic field
(hereafter referred to the magnetic induction B), it is always possible to obtain a po-
tential vector A
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V:-B=0 =B=curlA=VxA (1.48)
where
A=Tr+(VS)xr (1.49)

being T and S two scalar functions introduced to express the potential vector A and r
the radius vector, we have

B = curl(Tr) = V x (Tr)
Vx(Tr)=T(Vxr)+(VT)xr
being by definition curlr=V xr=0,
By =(VT)xr (1.50)

which is called the toroidal field; it is always perpendicular to r that is to say it lies on
a spherical surface.

As regards the second function under study S,since for any scalar function
(VS) x r=V X (S - r); therefore we can write the second term in B as follows

By = Vx(Vx(S-r)=curl*(S-r) (1.51)

which is called the poloidal field and that can have a component along r.
Therefore B can always be represented by the sum of a toroidal and a poloidal mag-
netic field:

B=(VT)xr+curl®S-r) (1.52)

The toroidal field has always components perpendicular to r and so it lies on spheri-
cal surfaces. It is also called “electrical mode” since it is similar to the distribution that
electric currents normally take, for instance, on a sphere. The poloidal field, on the
contrary, can have radial components and is also called “magnetic mode” because it is
typical, for example, of dipolar magnetic fields. So what we can measure outside the
core is only the poloidal part that represents for us the Earth’s surface measurable
magnetic field. In Fig. 1.24 low degree examples of poloidal and toroidal fields are
shown.

1.4.2
Fundamental Equations of Magnetohydrodynamics

The first fundamental equation of magnetohydrodynamics is the equation of motion
for an incompressible electric fluid conductor immersed in a magnetic field. This is
then a typical Navier-Stokes equation modified for the existence of a magnetic field
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Fig. 1.24. Examples of low de-

gree poloidal (S) and toroidal

(T) field lines on a sphere with

6 colatitude and ¢ longitude 0

(redrawn from Merrill et al.
1996)
s? e
6=0
% Tzo

1l
o

$3
d—VZ—le—ZQXV+nV2V+S+lJXB (1.53)
e p p

where p denotes the pressure; Q is the Earth’s rotation; S denotes the volume forces; n
is the coefficient of kinematic viscosity; p is density, v is fluid velocity and J the elec-
trical current density.

To introduce a second fundamental equation we need now to go back to some elec-
trodynamic principles. In general, Ohm’s law can be written in a vectorial form as

J=0E+o0ovxB (1.54)

where ois the fluid electrical conductivity. Consider the curl of both sides in this equa-
tion:

w:V><E—¢—V><(11><B) (1.55)
o

In case it is possible to neglect the contribution of the displacement current, as may
reasonably be assumed in a high conductivity environment, from the Maxwell’s equa-
tions we have
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VxE:—a—B
ot

VXxB=pul

These relationships can be applied to Eq. 1.55:

1 B
—VxVxB:—a—+V><(v><B) (1.56)
no Jt

LcurlzB = _9B +curl(vx B)
Mo ot

If we take in account that
curl’B = grad divB — V°B

VxVxB=V(V-B)— VB

we obtain the second fundamental equation of magnetohydrodynamics:

9B 1

V2B+Vx(vxB) (1.57)
ot uo

According to this equation time variations of the Earth’s magnetic field, its pos-
sible increase or decrease, are connected with the velocity of the motion of the fluid
conductor present in the core. In order to illustrate this situation, we can say that the
increase or decrease of the field is due to the conditions of instability represented by
the two terms on the right side in Eq. 1.57. The first term is called diffusive and ex-
presses the possibility that in a given place the magnetic field decays in a characteris-
tic time; in fact the term 1/po is also called magnetic diffusion. The second term, on
the contrary, can be called advective and expresses the close connection between the
field and the motions of the fluid, which can in fact increase the magnetic field to the
expense of the fluid’s kinetic energy. This situation can be compared with that of me-
teorological advection which explains that an atmospheric temperature variation, at
a given place, occurs for two distinct causes: a local variation, or the transport of
warmer/colder air from other zones as a consequence of atmospheric motions. Briefly,
the second magnetohydrodynamic equation, also called induction equation, tells us
that, inside the Earth’s core, a local modification of the magnetic field can be attrib-
uted to only two causes: diffusion and advection. Moreover we can simplify this by
saying that, in the case of high-electrical conductivity, that we can reasonably assume
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to be present in the Earth’s core, the diffusive term is far lower in importance than the
advective term.

Under appropriate conditions of very high-electrical conductivity, the diffusive term
in Eq. 1.57 could in the extreme case be neglected. Therefore the temporal variations
of the field in this case are only connected with the fluid velocity configuration. In these
conditions we obtain the so-called frozen flux magnetic field hypothesis. The concept
of frozen magnetic field is attributed to the physicist Alfven who was the first to show
that the magnetic field lines of force in a fluid in motion, in the case of perfect-elec-
trical conductivity, can be considered as frozen in the fluid; therefore changes in mag-
netic field are completely due to advection of the field owing to fluid flow, where the
magnetic field lines act as markers of fluid motion. Even if under different physical
conditions, this situation has been found to apply also in the Sun and in the solar wind,
where the motion of plasma transports the magnetic field of solar origin and leads it
to fill the interplanetary space.

When a magnetic field is immersed in a fluid conductor, the magnetic field can be
transported and deformed by the fluid motion, under appropriate conditions of di-
mensional factors, velocity and fluid electrical conductivity. It can also be said that, in
a perfect conductor, the magnetic field flux out of a surface in motion with the fluid, is
constant. This concept can also be visualized with the magnetic field lines of force. If
the ideal surface in motion is deformed, the magnetic field lines can be used as trac-
ers of the fluid motion.

The fundamental advantage of the introduction of the induction equation in dy-
namo theory is that it reduces the relevant quantities, such as all the dynamo problem
variables, to only two vector quantities: the magnetic field and the fluid velocity or, to
be more precise, the fluid velocity field. On the whole, four Maxwell equations and
Ohm’s law are replaced by only one equation. If we include in the analysis the equa-
tion of motion, we have two equations for two unknown quantities: the magnetic
field and the fluid velocity field. However in order to eliminate the diffusive term in
the induction equation, we have supposed that the fluid in the core has an infinite
conductivity. This condition is called magnetohydrodynamic condition. Obviously,
being this an unrealistic condition, it must be replaced by an extremely high but not
infinite conductivity. An important consequence of the introduction of this restric-
tion will be a slight attenuation of the field with time, that is a non-zero diffusive term,
that must be balanced by a continuous regeneration of the field through the dynamo
process.

1.4.3
Elementary Dynamo Models

A magnetic field can be generated if an interaction between the fluid motion and the
magnetic field takes place, consequently an exchange of energy between the fluid ki-
netic energy and the magnetic field can take place. If the fluid motion geometry shows
avelocity gradient, under the hypothesis of the magnetohydrodynamic condition, this
leads to a concentration of the magnetic field lines and therefore to an increase in
magnetic field intensity. We can observe that in this case the magnetic field energy
has increased (larger density of field lines) where the velocity gradient is present to
the expense of the fluid kinetic energy (Fig. 1.25). Several problems arise in dynamo
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xVv

Fig. 1.25. Fluid velocity v gradients in a plane (x-, y-axes) and corresponding B magnetic field lines con-
centration leading to a field increase (redrawn from Merrill et al. 1996)

theories, we will here only mention a few of them. One is the origin of the energy neces-
sary for the dynamo to work, another is to demonstrate if a certain configuration of motion
in the fluid inside the core is able to generate the field as measured on the Earth’s sur-
face. This second “preliminary” problem is called that of the kinematic dynamo and
has been already discussed since the 1950s; so far many theories had proved the pos-
sibility to produce magnetic fields with certain fluid motions. Some empirical numbers
are used in the description of the complex dynamics of fluid motions. The Reynolds num-
ber is an example. The Reynolds number is defined in terms of some geometrical param-
eters of the fluid and, according to its value, the fluid motion results to be laminar or
turbulent. In the case of a fluid immersed in a magnetic field the magnetic viscosity
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where L and V denote a geometric scale and a typical velocity of the fluid motion. In
short, this number expresses the relationship between the geometric details of fluid
motion and its velocity.

In the frame of the dynamo theory, motions that are thought to produce a dynamo
effect are also thought to be turbulent. The turbulence takes place when, in a given
point of the fluid, the velocity of one of its elements fluctuates randomly without show-
ing a correlation with the velocity of other parts in the fluid, therefore in contrast to
the typical laminar flow of slow and organized motions. Turbulent motions are char-
acterized by particles, animated by rotational vortical motions, which create vortices.
Fluid vortices have high stability and move in the fluid as if they were individual par-
ticles. The value of Reynolds number fixes a quantitative limit between the laminar
and vortical regimes. Once the vortical regime has taken place, the presence of a close
correlation between its velocity and the turbulence, mathematically expressed by
(V x V) inside the fluid, leads to another important dynamic effect, the helicity,
i.e. V-(Vx V) #0, which is a specific example of turbulence. The existence of helicity
is the manifestation of a strong transfer of kinetic energy from fluid volume motions
to fluid vortices. Another important factor in the development of a turbulent dynamo
was the introduction of the electrodynamic mean field approximation. An
o-dynamo is a dynamo based on the transformation of turbulent energy of the fluid
in electrical energy. In an a-dynamo the electromotive force created by means of tur-
bulent motion is parallel to the magnetic field. This means that the generation of elec-
tromotive force due to turbulence will be such that

E=aBo (1.58)

where B, is the initial stationary magnetic field and « an appropriate constant. Only
in the case of suitable geometries, this electromotive force can produce an electrical
current that strengthens the initial field. The o-effect is fundamental for two of the
most well known candidates for terrestrial possible dynamos called simply the o and
o dynamos.

We will analyze the oiw-dynamo only in a schematic rather than a mathematical
way. Consider an initial poloidal magnetic field 7 and a toroidal velocity field T? to
be present in the Earth’s fluid core. In the frozen magnetic flux approximation, the fluid
motion deforms the poloidal magnetic field, therefore the pre-existing magnetic field
becomes more intense where, due to differential rotation, the fluid flow compresses
the poloidal magnetic field lines to the detriment of the fluid’s kinetic energy. The in-
teraction produces a new toroidal magnetic field called T3, that has opposite signs in
the two hemispheres; this can be schematically expressed as

Slo(mag) + Tl0 (vel)= T20 (mag) (1.59)

This effect is called the w-effect.
Once the toroidal field has been produced a second fluid velocity field comes in
the play. Owing to the reasonable presence of a fully developed convection in the core,
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a motion with a radial component is now assumed to exist. The convection cells, that
can be visualized as columns consisting of fluid substance moving circularly with a
volume radial velocity from the core bottom to the CMB and vice versa, will pro-
duce, as it happens in the Earth’s atmosphere, some ascending rotational motions
consisting of fluid substance (equivalent to tropical atmospheric cyclones). This tor-
sion is the effect of Coriolis forces. The net result is a helical motion which interacts
with the toroidal magnetic field lines previously generated, that we assume to be nor-
mal to the axis of the ascending columns. Original and toroidal field lines will be
deformed and undergo a torsion due to helical motion in the column (Fig. 1.26).
If electrodynamic forces are such as to limit this torsion to 90°, some circular mag-
netic coils will form perpendicular to the initial toroidal field line, i.e. in the meridian
plane. Finally as a third step new coils will then be able to regenerate magnetic field
lines of the initial poloidal field by a coalescence process.
Briefly, we have three processes also summarized in Fig. 1.27:

1. Generation of a toroidal magnetic field T3 by the w-effect (differential rotation)
2. Ascending flows with helicity produce closed coils in meridian planes
3. Closed coils, by a coalescence process, regenerate the S}-magnetic field (o-effect)

The whole described process is intrinsically three-dimensional and can be math-
ematically explained by means of the differential equations and partial derivatives
given in the above mentioned magnetohydrodynamic Egs. 1.53 and 1.57.

144
Dynamo Energy

Even if many details of dynamo theory remain unsolved, or are still to be developed,
at this time a sufficient schematic knowledge of the physics that determines the pro-
cess of generation of the terrestrial magnetic field in the core, is available. Electric cur-
rent systems, produced by a dynamo effect would decay within a time window of about
1000 -10000 years unless they were constantly regenerated by an energetic source.
Different energy sources have been proposed for the maintenance of the electric cur-
rent systems flowing in the core and in particular we will take three of them into con-
sideration:

1. A gravitational descent of the heaviest elements from the fluid part of the core into
the inner solid part; in this process the inner solid core size increases and a convec-
tion mechanism is mechanically generated in the fluid core. This solidification also
releases energy due to latent heat of solidification.

2. A thermal convection produced by possible radioactive sources in the core. This ef-
fect is however considered less effective than the compositional convection men-
tioned above, in particular from a mechanical point of view.

3. A coupling between the mantle and the core due to Earth’s axis precession (Poincaré
had already dealt with this subject), even if many authors think it not to be entirely
effective for dynamo from an energetic point of view.
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Fig. 1.26. From top to bottom, a »
magnetic field line, subjected to

a fluid upwelling in rotation ,‘ A\
around a vertical axis in a heli- I \

cal motion (dashed lines), is , N
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sion (redrawn from Merrill et al.
1996)

Fig. 1.27. Three processes that
lead to the Earth’s dynamo
action (redrawn from Merrill
et al. 1996)
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In conclusion it can be said that the terrestrial dynamo is essentially based on the
following principles:

a A solidification of the inner core due to compositional increase and corresponding
release of lighter elements inside the fluid core; this “mechanical” convective mo-
tion power is estimated to about 2 x 10" W.

b The combination of the convection produced inside the core and Earth’s rotation
produces complex motion patterns in the fluid core that are indispensable to self-
sustaining dynamo action.

¢ The Reynolds magnetic number R, = (L V) / v, that expresses the scalar factors from
which dynamo depends on (dimensions, fluid velocity and magnetic viscosity) must
be larger than 10. The motion must be turbulent with helicity.

d The generated magnetic field is essentially dipolar with a toroidal part that remains
confined in the core. The dipolar part, i.e. the main component measured on the
Earth’s surface, is superimposed on higher-degree harmonics which make a signifi-
cant contribution to the total field.

The particular geometry inside the Earth plays an important role in the complex
dynamo process. The rapid rotation of the fluid inside the Earth forces its motion to
be strongly driven toward axisymmetry. The presence of the inner core also forces to
maintain convection along rolls that, in the purely hydrodynamic case (i.e. in absence
of a magnetic field) would be approximately shaped as cylindrical columns parallel
to the rotation axis and tangential to the inner core (Fig. 1.28). Conductive fluid mo-
tions are the currents that generate the geomagnetic field. It is likely, because of the
nearly cylindrical symmetry of the fluid motions that the geomagnetic field is persis-
tently dipolar.

From a physical point of view there is no reason why the Earth’s magnetic field
should prefer a particular polarity, and there is no fundamental reason why its polar-

Fig. 1.28. Convection rolls in a
rapidly rotating sphere with
inner solid core (redrawn from
Merrill et al. 1996)
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ity should not change. Given the axisymmetry of core fluid dynamics it is possible to
see that a dynamo can produce a field in either direction with respect to the rotation
axis. A geomagnetic field reversal is in fact an implicit possibility because of the funda-
mental symmetry of the dynamo equations: if B is a solution, then so is —-B. Unprec-
edented details with impressive realizations of geomagnetic field lines and their be-
havior in terms of secular variation and geomagnetic reversals, are now the results of
numerical integrations of fully three dimensional dynamos. The use of supercomputers
has allowed a few very specialized groups of scientists to obtain detailed models and
plots of the field lines for the Earth’s magnetic field.

1.5
Magnetic Observatories, Reference Field Models and Indices

1.5.1
Geomagnetic Observatories

Geomagnetic observatories are the structures designed to undertake a continu-
ous monitoring of the Earth’s magnetic field. This is obtained by a standard record-
ing of natural magnetic field time variations and by measuring the absolute level of
the magnetic field in all its elements. In geomagnetic observatories this require-
ment is necessary in order to reveal all possible time variations of interest in geomag-
netism, including secular variation, the longest time-scale observable variation. This
long-term engagement of an observatory is of course difficult to maintain for sev-
eral reasons, but when achieved it provides invaluable data for a variety of geophysi-
cal studies and in the case of geomagnetism it is the only way to investigate secu-
lar variation in detail.

Temporary variometer stations are less restricted structures where magnetic in-
struments are installed for limited time campaigns in different parts of the world,
normally for the recording of rapid external origin time variations. One example is
the data acquisition of rapid time variations that need to be known during the execu-
tion of magnetic crustal field surveys. Other applications of temporary magnetic sta-
tions are for example investigations of the space structure of geomagnetic storms or
reconstruction of ionospheric or magnetospheric electrical currents. Conversely in the
geomagnetic community, an observatory is considered a ‘solid’ long-term structure
where not only a continuously high accuracy in the absolute level of magnetic field
measurements is required, but also a commitment to long time working is necessary.

A continuous long-term monitoring of the Earth’s magnetic field is carried out in
many observatories all over the world. The number of locations where this is under-
taken has, since the times of Gauss, grown to about 150 (Fig. 1.29). Many geomagnetic
observatories have at this time collected more than one, or in a few remarkable cases,
two centuries of magnetic data. Exceptionally remarkable cases are for example the
very long time series of London and Paris, that for the Earth’s magnetic field angular
elements, go back to the mid-sixteenth century. Plots of magnetic elements versus time,
using observatory data, are used for example to study secular variation, the slow un-
predictable change of all magnetic elements. From a knowledge of secular variation,
several studies have been conducted on the Earth’s deep interior and particularly on
the electrical conducting fluid motions in the Earth’s core.
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Fig. 1.29. Geomagnetic observatories in the World

From the beginning of magnetic field studies it was recognized that geomagnetic
observatories needed to be located reasonably far away from strong natural distur-
bance such as volcanoes or magnetic mineral deposits, in order to be able to record
the average level of the field representing a vast area. Of course, also the need of being
away from artificial noise was soon recognized, something that was reasonably easy
until only about a century ago. Nowadays the strong perturbation of the natural mag-
netic field introduced by electrification, especially tramways, underground trains and
surface railways, has strongly limited the possibility of installing or even maintaining
magnetic observatory activities in many developed countries. This is a problem faced
in several geomagnetic institutes. At the beginning, in the few existing magnetic ob-
servatories the effort was only to measure the time variations of the angular elements
such as D and I, from the mid-eighteenth century also intensive elements were recorded.
During the years, magnetic measurement methods have of course changed consider-
ably, especially in the last twenty to thirty years. Only until a few tens of years ago,
magnetic operators were engaged with so-called absolute magnetic measurements that
could take hours. These reference values for all magnetic field elements were used for
the knowledge of the natural base line levels of the natural magnetic field. These pro-
cedures are to a great extent simplified today, but a certain skill is still required in the
correct conduction of a geomagnetic observatory.

In general, a magnetic observatory is constituted by a few non-magnetic buildings
where different tasks are performed. One building is hosting those instruments that
run continuously, the variometers, for example fluxgates, in order to record magnetic
elements time variations. A second building hosts the so-called absolute measurement
devices. These are instruments with which magnetic operators undertake those mea-
surements that are used to calibrate the time variations recorded by the variometers,
for example proton precession magnetometers and DI-fluxgates for angular elements.
DI-fluxgates are the new magnetic theodolites, consisting of a fluxgate magnetometer
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element and an optical theodolite. The fluxgate element is mounted axially on an op-
tical theodolite telescope, when the fluxgate element is orthogonal to a magnetic field
line, a zero field is measured by the fluxgate electronics. This instrument allows an
accurate determination of declination and inclination angles by a null method. Gen-
erally in the absolute building a series of pillars host the absolute instruments and
one pillar is taken as the fundamental one for the observatory.

Nowadays in order to facilitate data exchanges and the making of geomagnetic
products available close to real time, an international coordination programme among
all world magnetic observatories called INTERMAGNET is in operation. The
programme has facilitated the establishment of a global network of cooperating digi-
tal magnetic observatories, adopting modern standard specifications for measuring
and recording equipment. An INTERMAGNET Magnetic Observatory (IMO) is a
modern magnetic observatory, having full absolute control, that provides one minute
magnetic field values measured by a vector magnetometer,and an optional scalar mag-
netometer, all with a resolution of 0.1 nT. Vector measurements performed by a mag-
netometer must include the best available baseline reference measurement. Since the
effort of running magnetic observatories is elevated, geomagnetic institutions also take
magnetic measurements at discrete points, in so-called magnetic networks. These
points are marked on maps and are reoccupied every few years (normally at intervals
of 5 years), and measurements of all magnetic elements are there repeated. For this
reason these points are generally called repeat stations. With this additional informa-
tion geomagnetic observatory data are supplemented and the full information on secu-
lar variation behavior on large areas around observatories is obtained. In the case of
Italy a network of about 100 repeat stations supplements the magnetic information
from the two magnetic observatories, ’Aquila and Castello Tesino.

1.5.2
Geomagnetic Field Reference Models

Data from observatories as well as from repeat stations are only point data. In several
occasions the need of magnetic field elements determination in a certain region, or
even over the whole Earth, is required. For example the accurate estimate of the
magnetic field elements, in particular the magnetic declination, for navigational
purposes, is required. For what concerns the portion of the magnetic field gener-
ated in the Earth’s core, the community of scientists that operates in geomagnetism,
has decided to represent it by means of the so-called geomagnetic reference fields.
Geomagnetic reference fields are mathematical models of the Earth’s magnetic field
that represent its space and time variations; time variations generally refer only
to secular variation.

Magnetic observatory data, as well as land, marine, airborne and satellite survey
field measurements are the fundamental contributions from which models can be
made. In conjunction with magnetic observatory data the availability of measurements
on a network of repeat stations provides the means to monitor the geomagnetic field
and its long-term variations on a regional scale. Geomagnetic observatories and re-
peat stations are of course located in areas free of artificial disturbances, and not char-
acterized by large surface anomalies and therefore satisfy the standard requirements
for reasonably reflecting the main field.
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A mathematical model is a representation, for example by means of power series
in latitude and longitude, of the spatial time variations of the Earth’s magnetic field
over a certain area. Mathematical models representing the geomagnetic field at a cer-
tain epoch and its secular variation on a global Earth scale, are also possible, gener-
ally by means of spherical harmonic polynomials. If secular variation is represented
in a certain area, with data from different observatories, for example in a given time
interval, a map that shows contour lines of secular variation, can be obtained; these
maps are generally called isoporic charts.

One of the most important applications of SV models is obtained when several
magnetic surveys are collected in order to join all measurements to a central uni-
fying epoch. Magnetic anomaly maps, for the study of the crustal contribution to
the geomagnetic field, are a typical application. Magnetic anomaly maps are in fact
constructed after the removal of the main part of the geomagnetic field. Time re-
duction of magnetic surveys relies on secular variation models.

Spherical harmonic analysis is suitable to model the longest-wavelength part
of the geomagnetic field. The IGRF (International Geomagnetic Reference Field)
is the accepted global model of the geomagnetic field. It is believed to contain all,
or most of, the core field, i.e. the largest part of the field observed at the Earth’s
surface. The IGRF is given in the form of sets of spherical harmonic coefficients
up to and including degree and order 10, except for the most recent main-field
models, which extend to degree and order 13, and the predictive secular variation
model which extends to degree and order 8. The current 10th generation, revised
in 2005 and indicated by the short name IGRF-10, is composed of 12 definitive sets
of main field models, ranging from 1945 to 2000.0% at 5-year intervals. The latest
coefficients are the main field coefficients for 2000.0 and 2005.0 and the secular
variation coefficients for 2005.0-2010.0. Since geomagnetic data do not cover all
the Earth uniformly, the most suitable method of finding the spherical harmonic
coefficients is that based on a least-squares procedure. Because of the irregular
geographic distributions of lands and of different economical situations of coun-
tries, some regions (e.g. Europe and northern America) are better represented by
the IGRF than others (e.g. the oceans).

1.5.3
Geomagnetic Indices

The term magnetic activity is referred to the amplitude variability of magnetic time
variations associated with external origin fields. This activity, recorded on the ground
by magnetic observatories, is difficult to be exactly quantified. Magnetic indices have
therefore been introduced to provide a quantification of the Earth’s magnetic field ac-
tivity level. A few indices are now commonly in use to characterize magnetic activity

*2000.0 is a standard use in geomagnetism when referring to maps. It means that all values used to
draw the map (which individually have been measured at different times) have been corrected to
the same time, i.e. hour 0:00 of January 1st, 2000 (2000.5 means: hour 0:00 of July 1st, 2000).
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on a global scale and also on more specific scales. We will describe in what follows the
most widely used.

1.5.3.1
K-, Kp- and ap-, Ap-Indices

The K-index summarizes geomagnetic activity generated by solar particle radiation
injection into the magnetosphere as recorded at magnetic observatories. The index is
expressed by assigning a code, an integer in the range 0 to 9, to each 3-hour Universal
Time (UT) interval in a day. Therefore each day is characterized by 8 K-indices. The
index for each 3-hour UT interval is determined from the ranges in H and D (scaled
in nT), after the removal of the regular expected Sq diurnal variation, generated
by solar electromagnetic radiation. In order to remove to an average Sq variation
pattern, the five quietest days of the month are used to compute a reference standard
variation.

The conversion from a range to a numeric value index, is made using a quasi-loga-
rithmic scale, with the scale values dependent on the observatory’s geomagnetic lati-
tude. In fact the same planetary disturbance can show up with different amplitudes at
different latitudes. As an example the conversion for I'Aquila, Italy, geomagnetic ob-
servatory (geomagnetic latitude 36.3° N) is given in Table 1.2.

In Fig. 1.30 the time variation of the horizontal component H (upper panel) and of
declination D (lower panel) of the Earth’s magnetic field as observed at L Aquila ob-
servatory on January 23, 2004 is shown. Both magnetic elements (H and D) are mea-
sured in nanotesla (nT), while time is measured in minutes. The corresponding series
of K-indices for the day is the following: K =4, 3, 3,4, 3, 6, 6, 4.

The planetary 3-hour-range index Kp is the mean standardized K-index from
13 geomagnetic observatories selected on purpose located between 44° and 60° north-
ern or southern geomagnetic latitude. In this case the scale 0 to 9 is farther subdivided
and expressed in such a way to include the thirds of a unit. As an example the symbol
5- represents 4 and 2/3; 50 is 5 and 5+ is 5 and 1/3. Being K- and Kp-indices based on
a logarithmic scale a linearized scale index was also introduced. The 3-hourly ap
(equivalent range) index is derived from the Kp-index as shown in Table 1.3.

The daily index Ap is obtained by averaging the eight values of ap for each day.

1.5.3.2
AE-Index

The AE-index is an auroral electrojet index obtained from a number (usually greater
than 10) of stations distributed in local time in the latitude region typical of the north-
ern hemisphere auroral zone. For each station the north-south magnetic perturbation
H is recorded as a function of universal time. A superposition of these data from all
the stations enables a lower bound or maximum negative excursion of the H compo-
nent to be determined; this excursion is called the AL-index. Similarly, an upper bound
or maximum positive excursion in H is determined; this is called the AU-index. The
difference between these two indices, AU-AL, is called the AE-index. Notice that nega-
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Table 1.2. Conversion from a

range to a numerical index Difference in nT K-index
value for UAquila, Italy (geo-
magnetic latitude 36.3°N) 0= 0
4- 8 1
8- 16 2
16 - 30 3
30- 50 4
50 - 85 5
85 - 140 6
140 - 230 7
230 - 350 8
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Fig. 1.30. Example of a magnetogram for day January 23, 2004, for Aquila Observatory, geomagnetic
latitude 36.3° N, and K-indices corresponding values. K =4, 3, 3,4, 3,6, 6,4. H and D are measured in nT
and time is measured in minutes

tive H perturbations occur when stations are under a westward-flowing electrical cur-
rent flowing in the auroral electrojet.

Thus the indices AU and AL give some measure of the individual strengths of
the eastward and westward electrojets, while AE provides a measure of the overall
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Table 1.3. 3-hourly ap (equiva-
lent range) index derived from 4 ap
the Kp-index

0o 0
0+ 2
1- 3
1o 4
1+ 5
2- 6
20 7
2+ 9
3= 12
30 15
3+ 18
4— 22
40 27
4+ 32
5- 39
50 48
5+ 56
6— 67
60 80
6+ 94
7— 111
70 132
7+ 154
8- 179
80 207
8+ 236
9- 300
90 400

horizontal current strength. The ordinary time resolution for AE-indices is one
hour but higher time resolution indices (5 minutes or so) are at times computed
for special purposes.

1.5.3.3
Dst-Index

Planetary perturbations characterized by a marked decrease in the H (northward)
component at mid latitude observatories are called magnetic storms. In order to quan-
tify the H depression effect, an hourly Dst (Disturbance storm time) index is obtained
from magnetometer stations near the equator, but not so close that the E-region equa-
torial electrojet dominates the magnetic perturbations observed on the ground. At such
latitudes the horizontal intensity and the vertical intensity of the magnetic perturba-
tion are dominated by the effects of the magnetospheric ring current. The Dst-index
is a direct measure of the hourly average of this perturbation. Large negative pertur-
bations in H are indicative of an increase in the intensity of the ring current and typi-
cally appear on time scales of about an hour. The intensity decrease may take much
longer, on the order of several hours or even one or two days. Since during a magnetic
storm several isolated or one prolonged substorm signature in the AE-index are some-
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times observed, specific high time resolution (5 min or so) versions of the Dst-index
are computed to study the relationship between storms and substorms.

Magnetic indices are in conclusion the quantification of magnetic activity; differ-
ent indices have been introduced for different purposes. Several applications in geo-
magnetism make a large use of magnetic indices, however the meaning of geomag-
netic indices has changed during the years. For example in the case of Dst, it is well
known now that this index does not exactly describe the ring current activity only; in
fact the decrease in horizontal component at low latitude magnetic observatories is
also caused by the existence of other current systems in the magnetosphere and is not
only due to the ring current. Nowadays a major objective is the prediction of the state
of magnetic activity on Earth and then the prediction of magnetic indices. In space
weather the effects begin on the Sun and ultimately affect the Earth, as geomagnetic
variations and all related effects. From observations of the Sun and data from inter-
planetary space-probes the chain of effects is followed and short-term predictions are
already available from several space weather services.
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Chapter 2

Basic Principles of Rock Magnetism

The magnetic properties of matter depend on the fact that elementary particles are
provided with their own magnetic moment. In Rutherford’s model, the moment of an
atom is given by the sum of the magnetic spin moment of the nucleus and of the or-
bital and spin magnetic moments of the electrons. In many cases, the spin moment of
the nucleus can be neglected, because it is smaller by two orders of magnitude than
that of the electron. For example, in the case of hydrogen, the ratio between the two
moments of the proton and of the electron is 1/660. Considering that electrons oc-
cupy orbitals according to precise symmetry rules (for example each orbital can be
occupied at most by two electrons rotating in opposite directions), in many cases the
magnetic moments of the electrons cancel each other out. The total moment of an atom
depends on the number of electrons and on their distribution in the orbitals. In some
cases it is zero, in others it is different from zero.

The magnetic moment of a body with finite extension is given by the vector sum of
the magnetic moments of its atoms. If the moment of the atoms is m = 0, then the to-
tal moment of the sample is also nil; if it is m # 0, then the moment of the sample is
still, in the more general case, nil. The vibrations caused by thermal energy cause the
orientation of the magnetic moment of an atom to change its direction continuously.
The statistical sum of the individual moments is nil, since at any instant they are distrib-
uted according to random directions (Fig. 2.1a); at a subsequent instant, the direction
of each individual moment has changed, but the set of the distribution is still random
and therefore the total moment is still nil (Fig. 2.1b). For a macroscopic sample hav-
ing a net magnetic moment, a preferential direction of alignment must exist for mi-
croscopic moments, which can originate from two different phenomena:

1. an external magnetic field H'. In this case, the atomic moments tend to orient them-
selves in the direction of H (Fig. 2.1c). Why do they tend? The alignment of the mo-
ment with the external field corresponds to its minimum potential energy, but it is
not stable because the thermal activation energy can be enough to disperse the di-
rections of the various moments at random. However, the direction of H is the pref-
erential one and at any instant a certain number of moments is parallel to the field
and it gives rise to a total magnetic moment M = nmtanh(y,H /KT), n being the to-

! In Chap. 1 the symbol H was used for the horizontal component of the Earth’s magnetic field F,
H = FcosI. Both F and H are magnetic inductions and measured in T. From now on, we shall use the
symbols H for the strength of a generic magnetic field, Hy for the strength of the Earth’s magnetic
field, F = pgHg. Both H and Hyg are measured in A m™.



68

CHAPTER 2 - Basic Principles of Rock Magnetism

tal number of atoms, K = 1.38 x 1072 Joule/°K Boltzman’s constant and T absolute
temperature. Clearly, then, the magnetic moment of a sample may vary from M =0,
in the absence of external magnetic field, to M = nm, if the field is so intense as to
orient all atomic moments. In the more general case M # 0, we can define the mag-
netization vector as the magnetic moment per unit of volume J =M/ V; as we shall
see, this vector is proportional to the external magnetic field, J = xH, and the pro-
portionality constant is called magnetic susceptibility.

. magnetic interaction forces between electrons. Some crystalline substances have a

very dense structure and consequently a strong interaction between the magnetic
spin moments of the electrons, which causes a spontaneous alignment of the mo-
ments themselves and hence a resulting magnetization J even in the absence of an
external magnetic field.

Fig. 2.1. Atomic magnetic mo-
ments in a solid. Moment orien-
tation is random (a) and it var-
ies from one instant to the other
(b). The net magnetic moment
is zero. In the presence of an
external magnetic field H (c),

a fraction of the moments is
aligned with the field and the
solid acquires an induced mag-
netization J;
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2.1
Magnetic Properties of Solids

The magnetic field in a generic point is described by the equation

B = poH + poJ (2.1)

where B is magnetic induction (expressed in T), H magnetic field strength (A m™),
J magnetization (A m™) or magnetic moment per unit of volume. In vacuum, J is nil,
in matter its properties depend on those of the elementary particles, according to which
substances are subdivided in three categories: dia-, para- and ferromagnetic.

2.1.1
Diamagnetism

Atoms’ electrons can be considered as particles of mass m, and electrical charge -e,
which move along a circular orbit with angular velocity w and therefore have an or-
bital magnetic moment m (Fig. 2.2a). In the presence of an external magnetic field B,
electrons are subjected to the Lorentz force F; = ev X B, which, depending on the di-
rection of rotation, is subtracted from or added to the centripetal force of electrostatic
origin F, causing the angular velocity decreases or increases (Fig. 2.2b) of the quantity
Aw = eB/2m, (Larmor precession). The corresponding change in the orbital magnetic
moment Am is the same in both cases, since the moment decreases when its direction
is the same as that of B and increases when it is opposite. Any substance subject to an
external magnetic field acquires a magnetic moment opposite to the field direction.
If all the orbitals in a molecule are complete, the magnetic moments of the elec-
trons cancel each other out and the total moment is nil. These substances are called
diamagnetic and in the presence of an external magnetic field, due to Larmor’s pre-
cession, acquire a weak induced magnetization J; = kH in the opposite direction to that
of the field, where « is magnetic susceptibility, a negative numeric (i.e. dimensionless)
constant (Fig. 2.3) typical of each substance and independent of temperature

k= —(NZpoe*(r)) | 6m, (2.2)

where N is the number of atoms per unit of volume, Z the number of electrons of the
atom, (%) the mean square radius of the electron orbit. In the case of minerals, the
value of k is in the order of =10 pSI (1 uSI = 10° SI unit). Larmor’s precession is a fun-
damental property of matter, but the magnetization J; it produces is so weak as to be
macroscopically observable only when it is the sole effect of the magnetic field, as is
the case in diamagnetic substances, and to be obscured by other effects in para- and
ferromagnetic substances.

2.1.2
Paramagnetism

Paramagnetic substances are those whose molecules have their own magnetic moment
m: not all orbitals are complete, and unpaired electrons have a free magnetic spin
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m+Am

-m+Am

®
B#0

Fig. 2.2. The two electrons of an orbital circulate in opposite directions; a in the absence of a magnetic
field, the magnetic moments (the left one goes into the page, the one on the right comes out of it) are
equal and opposite and the net effect is cancellation; b the presence of a field B (going into the page)
produces a Lorentz force F; which increases or decreases angular velocity j, according to the direc-
tion of rotation: one moment increases, the other one decreases and their resultant 2Am is opposite to
the field

moment. In the case of crystalline solids, the thermal energy of the atoms causes con-
tinuous lattice vibrations, and the orientation of the moments varies randomly from
one instant to the other (Fig. 2.1). The resultant is therefore nil. In the presence of an
external magnetic field, the dispersing effects of temperature are contrasted by the
torque exerted by the field on individual magnetic moments, and an equilibrium is
reached in which the degree of alignment depends on the ratio between magnetic and
thermal energy, &« = mB / KT, to which corresponds an induced magnetization

Ji= NmL(«a) (2.3)

where L(a) = coth(a) - 1/a is Langevin function (Fig. 2.4). Equation 2.3 shows that
magnetization is positive, hence in the same direction as the external field, and de-
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Fig. 2.3. Induced magnetization Ji
J; versus magnetic field H in
dia- and paramagnetic sub- .
stances Paramagnetism
k>0
0 &= H
T~ k<0
Diamagnetism
-J,

L(x)
o
wv

L(ax) = coth(ar) - (1 / @)

0.0 T T T T T T T T 1

a

Fig. 2.4. The Langevin function. L(a) = a/3 for a=mB/KT<< 1
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creases as temperature increases, since a o< 1/T. Its extreme values are 0, in the absence
of field and thus of alignment, and Nm, saturation value that in normal conditions
(a < 1) is not reached. Under these conditions, the approximation L(a) = a/3 applies
and Eq. 2.3 is simplified into Curie law

Ji=Nma/3 =«xH (2.4)

in which magnetic susceptibility is x = Nm’uo/ (3KT) = C/ T, with C being Curie con-
stant.

In the presence of a magnetic field, paramagnetic substances acquire an induced
magnetization J;= xH parallel to the field; magnetic susceptibility xis positive (Fig. 2.3)
and inversely proportional to absolute temperature. The susceptibility of paramag-
netic minerals is in the order of 100-1000 uSI and, in nearly all geological applica-
tions, it can be considered constant, since the intensity of the Earth’s magnetic field is
very low and temperature variations are small.

2.1.3
Ferromagnetism

In paramagnetic substances, electrons with free magnetic moment are at such a dis-
tance that they do not interact with each other. They can be considered as indepen-
dent dipoles and Eq. 2.3 is derived using statistical mechanics. In the case of some
substances containing transition elements (Fe, Co, Ni, Gd, Dy), the lattice is sufficiently
dense to cause the partial superposition between the orbitals of contiguous ions
(Fig. 2.5) and hence the sharing of their electrons. Interaction forces are thus origi-
nated that align the magnetic spin moments of the electrons. They act on distances in
the order of pm, forming the magnetic or Weiss domains. Within a domain, the spin
moments are mutually parallel and produce a spontaneous magnetic moment even in
the absence of an external magnetic field. The intensity of the exchange forces depends
on inter-atomic distances within the lattice. Distances increase as temperature rises,
so the superposition between contiguous orbitals is reduced and exchange forces de-
crease. They become zero at a temperature value T, called Curie point and character-
istic of each substance, where thermal agitation energy is greater than exchange in-
teraction energy, E, > E.,. The substances that exhibit spontaneous magnetization are
called ferromagnetic and are characterized by two fundamental properties of every
ordered arrangement:

Fig. 2.5. Schematic picture of 3d 3d
the exchange interaction be-

tween the 3d orbitals of two Fe

cations through a 2p orbital of

one O anion 2p
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= A change in the disposition of a magnetic domain requires energy, in the absence of
which spontaneous magnetization tends to be maintained over time. For this rea-
son, the magnetization of ferromagnetic substances is also called permanent.

= The iso-orientation of the spins is linked to the characteristics and symmetry of the
lattice and it spontaneously occurs along some directions called easy. Ferromagnetic
substances are thus intrinsically anisotropic.

Depending on the substance, exchange forces can act directly between two contigu-
ous cations or through an anion interposed between them. In the first case, we have
ferromagnetic substances sensu stricto (s.s.), whose spin moments are all mutually
parallel and concordant and impart a total magnetic moment to the domain (Fig. 2.6a).
In the second case, the spin moments of contiguous cations are antiparallel and thus
form two sub-lattices, magnetized in opposite directions. Depending on the number
of cations involved and on the crystalline structure, three different cases are possible.
In antiferromagnetic substances, the two sub-lattices have the same intensity and hence
their magnetizations, with equal modulus and opposite directions (Fig. 2.6b), cancel
each other out. The overall domain has zero magnetic moment. In ferrimagnetic sub-
stances, the two sub-lattices have different magnetizations (Fig. 2.6¢): their resultant
is no longer nil and the domain has a magnetic moment. Lastly, imperfect (also known
as canted or parasitic) antiferromagnetic substances have their two sub-lattices not
exactly antiparallel, due to the presence of impurities, lattice flaws and vacancies, or
the phenomenon called spin canting (Fig. 2.6d). The resultant of the two magnetiza-
tions is slightly different from zero and the domain has a weak magnetic moment. For
all these substances, ferromagnetic sensu lato (s.1.), the temperature beyond which the
ordered state cannot survive is generically known as Curie temperature T, but when
referring specifically to antiferromagnetic substances the correct term is Néel tem-
perature T,.

From the above, it is apparent that chemical composition and crystalline structure
play a fundamental role in determining the properties of ferromagnetic substances
and the enormous difference between artificially produced substances and rocks is
clear. In the first case, the substance has well defined magnetic properties and manu-
facture processes try to attain the highest possible degree of homogeneity, which al-
most never exists in the case of natural minerals. Small chemical variations within
isomorphic series, different oxidation state, impurities and lattice flaws, coupled with
variations in grain shape and size all together concur to cause the magnetic proper-
ties of minerals and rocks to be extremely complex and variable.

Returning now to ferromagnetic substances in general, let us consider a polycrys-
talline sample, which is subdivided into many magnetic domains. Every domain will
have its own spontaneous moment (Fig. 2.7) and transition to contiguous domains is
not discontinuous, but takes place gradually through a domain or Bloch wall, i.e. a tran-
sition region with a thickness of 10™'~1072 um in which spins progressively rotate from
the direction of one domain to that of the adjacent domain (Fig. 2.8). The different
orientations of the moments of the various domains cause their resultant, i.e. the
macroscopically observable moment, to have a random value, which may even be nil.
This is the reason why a piece of ferromagnetic substance like iron can lack macro-
scopic magnetization. Subjecting the sample to an external magnetic field H, the walls
of the domains move to favor the growth of the domains with magnetization in the
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Fig. 2.6. Schematic picture of spin moment alignment in substances; a ferromagnetic s.s.; b antiferro-
magnetic; ¢ ferrimagnetic; d canted antiferromagnetic (modified after O’Reilly 1984)

direction of the field. If the value of H is small, movements are reversible and on re-
moval of the field the domains return to their previous equilibrium situation (Fig. 2.9).
The external field then produces an induced magnetization that is similar to the one
observable in paramagnetic substances and in this case, too, it is proportional to field
intensity, provided it is small, J;= kH. Magnetic susceptibility x is positive and in the
case of ferromagnetic minerals it is in the order of 10*-10” uSL For high values of H,
the growth of the domains parallel to the field continues passing through a discon-
tinuous series of equilibrium situations (Fig. 2.9), reached with irreversible jumps
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Fig. 2.7. Domain arrangement
in a polycrystalline ferromag-
netic material formed in the
absence of a magnetic field.
Each domain is spontaneously
magnetized in its own easy
direction

Fig. 2.8. Progressive spin mo-
ment rotation through a do-
main wall

Fig. 2.9. Energy of a domain
wall as a function of its posi-
tion. The wall that separates
two domains is in a potential
energy minimum (A). An exter-
nal field causes the left side
domain to grow. If the new po-
sition of the wall (B) lies be-
tween two potential maxima
(1-2), then the displacement is
reversible and the wall returns
to (A) when the field is re-
moved. If the wall crosses a
maximum (2), on removal of
the field the wall spontaneously
migrates to the new minimum
(C) (modified after Stacey and
Banerjee 1974)
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known as Barkhausen jumps. Cancelling the field out, the domains remain in the new
equilibrium situation and their resultant gives rise to a spontaneous magnetization
in the direction of H, also called remanent magnetization J,, which tends to remain
unchanged over time. The J; of a ferromagnetic substance therefore also depends on
its history, i.e. on the magnetic fields to which it has been subjected.

2.14
Conclusion

We will conclude by transferring the concepts outlined in this section to the geologi-
cal field. Among minerals that form rocks, there are dia-, para- and ferromagnetic
substances and they are subject to the Earth’s magnetic field, F = yyHg. In the most
general case, therefore, a rock has a total magnetization given by the vector sum of
the one induced by the Earth’s field on all its minerals and of the remanent magneti-
zation that characterizes only ferromagnetic minerals:

]tot=Ii+]r=KHE+]r (25)

The Konigsberger ratio Q = J,/ J; indicates which of the two magnetizations pre-
vails and depends on the minerals constituting the rock and their content as well as
on their magnetic properties.

Lastly, we observe that, whilst J; is caused by the present-day field, J,, also called
natural remanent magnetization (NRM), was acquired over geological times and there-
fore is a kind of archive of the processes that formed the rocky body and of its subse-
quent history.

2.2
Magnetic Remanence

A dipole of magnetic moment m subject to the action of an external magnetic field H
has a potential energy Ey which depends on the angle ¢ formed by the two vectors
(Fig. 2.10):

Ey=-pom + H = -pomHcos¢ (2.6)

The minus sign is due to the fact that E,, is smallest when the two vectors are paral-
lel (¢ = 0°) and greatest when they are antiparallel (¢ = 180°). Equation 2.6 is a bit more
complicated way of saying that a compass needle will always point north. In a grain of
ferromagnetic material, things are more complex because there are many magnetic

Fig. 2.10. The potential energy
of a dipole m subjected to a
magnetic field H depends on
the angle ¢ between the two >
vectors H
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moments, interferring with each other; moreover, they are not a purely conceptual pair
of point-like magnetic poles, but they originate from complex atomic phenomena. In
Sect. 2.1 we considered a highly simplified model, valid as a first approximation for
paramagnetic substances. There were two energies at play: one linked to the magnetic
field and one to temperature. In the case of ferromagnetic substances, the energy bal-
ance is more complicated.

2.2.1
Magnetic Energies

Let us consider a uniformly magnetized grain (J = constant), which generates, in the
surrounding space, a magnetic field schematically indicated with the field lines in
Fig. 2.11. The elementary dipoles are all mutually parallel and the north end of a di-
pole faces the south end of the contiguous dipole. Their effects cancel each other out,
but the ends situated at the surface of the grain are clearly not compensated and they
are the ones that originate the magnetic field in the surrounding space. The situation
can be described in similar terms to those used in electrostatics: the field produced
by the grain is caused by a distribution of surface magnetic charges; those correspond-
ing to north are positive, those corresponding to south are negative. The interior of the
grain does not contribute and can therefore be ignored. But field lines irradiate from each
positive charge in all directions and converge from all directions towards each nega-
tive charge. Therefore, they also must pass through the internal part of the grain, where
they are antiparallel to J. Hence, there is also an internal field, which is called demag-
netizing field Hq because it is opposite to J and its effect is to reduce the overall mag-
netization of the grain. The demagnetizing field is given by the relationship

Hy=-NJ (2.7)

where the demagnetizing factor N is a scalar that depends on both the shape of the
grain and its direction relative to J. The existence of Hy entails an internal magneto-
static energy E,,, which in the case of uniform magnetization is given by a relation-
ship similar to (Eq. 2.6), where V is the volume of the grain and the factor 1/2 takes
account of the fact that every north pole is associated to a south pole

Em=-1/2 ygVJ - Hy=1/2 yyVNJ* (2.8)

Considering an ellipsoidal grain, the value of N in a certain direction can be inter-
preted as the percentage of surface on which magnetic charges are located, and calling
a > b > cthe three axes of the ellipsoid, we will have the relationship N, + N+ N.=1.In
the case of a sphere, for evident symmetry reasons N, = N, = N = 1/3 (Fig. 2.12), while
in the cases of a revolution ellipsoid, N, < N, = N, if prolate, N, = N, < N, if oblate. In
the limit case of a very thin needle, N, = 0, N, = N.= 1/2, in the case of a very thin disk
N,=N,=0,N,= 1. The experimental observation that it is easier to magnetize an iron
bar parallel to its length, more difficult transversely, is explained by the fact that the
internal magnetostatic energy E, in the first case is smaller than in the second.

So far we have considered the grain as homogeneous, but in fact its structure is
crystalline and its physical properties are anisotropic. Ferromagnetism is caused by
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Fig. 2.11. Demagnetizing field
in a uniformly magnetized
grain. All elementary dipoles
are parallel (a) and the N and S
poles of adjacent dipoles com-
pensate each other; only the
poles along the outer surface
are not compensated. The mag-
netic field produced by the
grain (b) is equivalent to that of
a set of point-like poles: the
field lines irradiate from the N
poles and converge into the S
poles, but they do so in all di-
rections and hence also inside
the grain (c), giving rise to an
internal field, which is demag-
netizing because it is opposite
to the polarization that causes it
(from O’Reilly 1984)
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Fig. 2.12. Demagnetizing field Hy and saturation magnetization J; of; a a sphere; b a prolate ellipsoid;
and c an oblate ellipsoid

Fig. 2.13. The coupling between H
the orbital magnetic moment

and the spin moment of an

electron can be schematized

considering the electron as the

origin of a frame of reference.
The nucleus orbits around the O
electron and generates a mag-

netic field H which interacts
with m (from O’Reilly 1984)

interaction forces between the spins of the electrons of certain orbitals, but the elec-
tron also has an orbital magnetic moment and two magnetic moments can only inter-
act with each other. The orbital-spin coupling (Fig. 2.13) does not generate ferromag-
netism, but is able to influence it. The disposition of the orbitals depends on the char-
acteristics of the lattice and can give rise to directions along which the electron spins
tend to orient preferentially, called easy magnetization directions. These directions
therefore correspond to minimum values of magneto-crystalline anisotropy energy,
E,. In the case of crystals with uniaxial symmetry, the following relationship applies

E,=K,Vsin’6 (2.9)

where K, is a typical constant of each substance and 6 the angle the magnetization J
forms with the easy direction of magnetization.

The anisotropy of a crystal depends on the ordered disposition of the nuclei and
electrons and the various forces exerted between these elementary particles depend
first of all on their mutual distances. A magnetized grain subject to an external stress
o, for instance of tectonic origin, undergoes a deformation that varies the inter-atomic
distances, hence the symmetry, hence magneto-crystalline anisotropy. Magnetization
is modified (piezomagnetism) and part of the elastic energy due to stress is trans-
formed into magnetic energy. Similarly, if a grain is magnetized under the action of
an external magnetic field, the spin-orbit coupling causes a small rotation of the or-
bital, which entails a variation in the electrostatic forces and hence a relative move-
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ment between the various elementary particles, i.e. an elastic deformation (magneto-
striction). In the case of uniaxial stress, energy linked to stress is given as a first ap-
proximation by the relationship

E,=3/2 A,oVsin*6 (2.10)

where A is the magnetostriction constant and 6 the angle between magnetization J
and the direction corresponding to the axis of tension.

2.2.2
Magnetic Hysteresis

The existence of the magnetic domains and of the associated magnetostatic energy
constitutes the starting point to understand the properties of ferromagnetic substances.
Without going into details, for now let us see what is observed macroscopically when
a ferromagnetic sample is subject to an external magnetic field H with variable inten-
sity. The magnetization of a domain depends on two contrasting effects. On the one
hand, it tends to remain in the original direction, i.e. in the easy direction correspond-
ing to the minimum value of magnetostatic energy, on the other hand the torque ex-
erted by H tends to align it in its direction. To the two directions correspond to two
energy states, separated by a barrier. When the field is strong enough, the domain
overcomes the barrier and its spontaneous magnetization is recreated in the direc-
tion of the field.

Let us suppose a field H = 0 as the initial state: each of the domains of the sample is
oriented according to its own easy direction and all together their resultant is /= 0.
With a small intensity of H, the displacement of the walls favors the growth of the
domains magnetized in directions close to that of the field and the sample thus ac-
quires a reversible magnetization. Further increasing H, some domains start rotat-
ing their direction of magnetization (Fig. 2.14a) with a discrete transition from the
state of lowest magnetostatic energy to a state with greater energy, but favored by the
fact that the rotation reduces energy linked to the influence of H. Magnetization in-
tensity J increases, with a marked growth at the beginning which then tends to taper
off (Fig. 2.14b). As the domains become progressively aligned, the number of those
whose direction is different from H is reduced, until for a certain value H, called satu-
ration field, all domains are parallel and their resultant reaches saturation magneti-
zation J;, i.e. the greatest possible value (Fig. 2.14a,b). An additional increase in the
field no longer has any effect, since there are no domains left to orient. Letting H de-
crease now, the interaction energy between field and domains decreases: some do-
mains return to the easy magnetization situation and J gradually decreases (Fig. 2.14b).
When the applied field reaches nil, H = 0, not all domains are able to overcome the
energy barrier separating them from the easy magnetization state and a certain num-
ber remains oriented in the direction H had. The sample has a residual magnetiza-
tion J,# 0, called saturation remanence. To reduce ], to zero, H must be made to
grow in the opposite direction, so that the domains start to become magnetized in the
new direction and the corresponding magnetization -] is subtracted from the previ-
ous one. The coercive force -H. is the field value at which J = 0 is measured. The coer-
civity of saturation remanence is the value -H,, necessary to reduce J to zero,
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Fig. 2.14. Magnetic hysteresis; ]
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i.e. to measure a nil remanence (J,= 0) after removing the applied field. Continuing
to increase the modulus of -H, -] also increases until reaching the values -H, and -J,
which have the same meaning as before. Returning in a similar way to the value +H;
one obtains a curve that is symmetrical to the previous one and the hysteresis loop is
closed.

If the experiment is carried out reaching a maximum field value less than satura-
tion, H < H,, the hysteresis curve continues to be a loop; it is just narrower, because
saturation is not reached. In this case, remanent magnetization is J; < J;; and reducing
it to zero requires a coercivity of remanence H., < H.



82 CHAPTER 2 - Basic Principles of Rock Magnetism

Rock minerals are formed under the action of the Earth’s field Hy and hence ac-
quire a J; that is parallel to it. Over geological times, the direction of Hg changes and
the magnetic moments of the individual domains are subjected to a torque which,
however, is always very small because the value of the field strength Hg is small. Mo-
ments with less magnetostatic energy can follow the variations in Hg (magnetic vis-
cosity), those with more energy maintain their direction of magnetization unaltered
even over time in the order of 10° years.

2.2.3
Remanence Acquisition

What we have discussed so far helps to understand that the magnetization state of a
ferromagnetic substance reflects the balance of all forms of energies involved. The basis
of it all is that thermal energy, E,= KT, must be less than the energy linked to the ex-
change forces between the spins, E; < E,. This occurs below the Curie point T, where
the ordered action of the exchange forces starts to prevail on the disorder caused by
thermal vibrations and ferromagnetic behavior appears. But the coupling between
electron spins takes place along a certain direction and, as always in nature, the fa-
vored direction is the one corresponding to the least amount of energy. Neglecting
E,, we have to consider the internal magnetostatic energy, E, and the magneto-
crystalline anisotropy energy E,.

Let us consider a set of grains such as the ferromagnetic crystals present in a rock,
supposed to be homogeneous from the chemical-mineralogical viewpoint, and let us
see first what happens in the absence of an external magnetic field. The spontaneous
magnetization of each grain will tend to be arranged according to the easy directions:
for example, in the case of magnetite the direction of elongation of the grain or [111]
crystallographics. On the other hand, grains have different shapes, some with more
or less equal dimensions, some elongated or plate, and the relationships between the
crystallographic axes and the geometric shape of the grain may vary, because they
depend on the conditions in which the crystals are formed.

Each grain then acquires a magnetization J, in the direction which corresponds to
an energy minimum for it. If the distribution of these directions in space is random,
individual grains’ J, cancel each other out and the rock can have zero macroscopic
magnetization, even if it contains individual magnetized grains.

In the presence of an external magnetic field H it is necessary also to take into con-
sideration the external magnetostatic energy Ey (Eq. 2.6), where the magnetic moment
is the product of magnetization J; for the volume, m = VJ,. Whilst the needle of a com-
pass rotates to orient itself parallel to the field and to minimize its potential energy,
the rotation of J; is hindered by the demagnetizing field Hy and by magneto-crystal-
line anisotropy, which tend to maintain J, in the easy direction. The grain is magne-
tized parallel to the direction of the field only if E,, is greater than the energy barrier,
for example magnetostatic energy E,, which separates the direction of the field and
the easy one

Ey> AEy, = 1/2 py V(Ny - N,)J,> (2.11)
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where Ny and N, are the demagnetizing factors in the direction of the external field
and in the easy one, respectively. If we consider a set of grains as the one in the previ-
ous case, the fraction of grains for which the condition (Eq. 2.11) is met has a coher-
ent remanence J;, directed in the sense of H. These remanences sum up and they give
a macroscopic remanent magnetization to the rock (Fig. 2.15). Magnetization inten-
sity is the greater, the greater the external magnetic field.

To summarize: when the ferromagnetic crystals of a rock are formed, they acquire
a spontaneous magnetization which is directed according to the easy directions close
to the direction of the external field, i.e. the Earth’s field Hg. Given that the strength
Hg is low, the fraction of magnetized grains concordant with Hg is small, but sufficient
to impart to the rock a natural remanent magnetization (NRM) parallel to the
Earth’s field. The NRM is maintained over time, unless some phenomenon provides the
rock with sufficient thermal or external magnetostatic energy, E, or Ey, to overcome
the energy barriers internal to the grains and to produce a new magnetization state.

224
Magnetic Domains

In the previous section we discussed ferromagnetic grains without saying anything
about their dimensions. However, these have an essential role and they lead us to con-
sider the magnetic domains, which have already been briefly mentioned. The domains
are the link between the world of atoms, where elementary magnetic phenomena oc-
cur, and the macroscopic world of crystals and they can be seen as the constitutive
elements that determine the magnetic properties of a rock.

Let us consider a ferromagnetic grain in which the spin moments of the electrons
are all parallel to each other: the results will be a magnetization J; in the easy direc-
tion and an internal magnetostatic energy E,,, proportional to the volume of the grain
(Eq. 2.8). As volume grows, E,, increases and it continues to increase until at a certain

Fig. 2.15. The ferromagnetic
grains of a rock acquire their
spontaneous magnetization
along the easy directions close
to Earth’s field F. Their resultant
J; is the natural remanent mag-
netization (NRM)
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point in the total energy balance of the grain, it can be convenient to reduce E: the
grain subdivides into two or more parts in which the alignment of the spin moments
is antiparallel (Fig. 2.16) and hence the total magnetostatic energy is reduced. Each
part with coherent spin alignment is a domain: in the first case, the grain is single
domain (SD), in the second one multiple domain (MD). We have already stated that
the transition between contiguous domains occurs with a gradual rotation of the spins,
which therefore are no longer parallel to the easy direction: there is an energy associ-
ated with the walls of the domain.

The differences between the two types of grains are considerable and the presence
of SD or MD grains gives very different magnetic properties to a rock. A SD grain is
characterized by

= astrong magnetization, in principle equal to the saturation magnetization J;, because
all its spin moments are parallel;

= ahigh coercivity, because an external magnetic field must cause all the spontaneous
magnetization to rotate away from the easy direction. For example, the hysteresis
loop relating to a field H parallel with the easy direction has a rectangular shape
(Fig. 2.17) because only the two directions, parallel and antiparallel to the field are
possible, with a discontinuous transition for H = H,,where H.=2 K,/ ], is microscopic
coercivity;

= a relatively low susceptibility, in theory equal to zero in the easy direction because
since all the spins are parallel the application of an external field entails no change.

On the other hand, a MD grain has

= a magnetization ] < J, since magnetization is coherent in each domain, but its di-
rection is variable between the domains.

= asmaller coercivity, since an external field gradually aligns the various domains in
its direction. The hysteresis curve is similar to the one seen previously (Fig. 2.14).

= arelatively high susceptibility, because an external field can favor the growth of the

domains whose magnetization is close to its direction.

The passage from SD to MD grain occurs gradually through a state, called pseudo-
single (PSD), in which the grain is subdivided in a few domains. In this case, the inter-

WL T [ {4 [

a b C d
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Fig. 2.16. Magnetic domains; a in a single domain grain (SD) all spin moments are mutually parallel;
b,c a multi-domain grain (MD) is subdivided into a certain number of magnetized domains to mini-
mize magnetostatic energy, which is further reduced if closure domains (d) are formed along the sur-
face of the grain
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Fig. 2.17. Hysteresis loop of an J
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action between the walls and the surface of the grain limit the motion capability of
the walls and the magnetic characteristics are similar to those of a SD grain. The mag-
netic behavior of a grain depends on various factors: type of mineral, dimensions,
shape. In the case of magnetite (Fig. 2.18) the MD behavior occurs for dimensions
>1-10 pm, the PSD between 0.1 and 3-5 pum, the SD for dimensions <1-0.03 pm. The
smaller values refer to equi-dimensional grains and the larger ones to acicular grains,
whose elongated shape hampers the birth and the movement of walls. Ultra-fine grains
have a particular behavior, called super-paramagnetic (SP). As dimensions decrease,
the various magnetic energies considered in the previous section decrease because
they are proportional to the volume. Consequently, the energy barrier separating the
two possible magnetization states of a SD grain also decreases. Below a critical thresh-
old (=0.03 um for magnetite), the energy barrier is comparable to the thermal activa-
tion energy KT even at ambient temperature, and the probability that thermal energy
is enough to overtake the barrier and reverse the direction of magnetization becomes
very high. The grain continues to exhibit the typical alignment of ferromagnetism,
but its direction changes continually even over a few seconds. The SP and paramagentic
behaviors are similar: an external field orients the magnetization of the grain in its
direction, but once the field is removed the magnetization decays in a short time.

2.2.5
Remanence vs. Time

The distinctive characteristic of ferromagnetic substances is that they exhibit a per-
manent magnetization. So far, we have dealt with the various forms of magnetic en-
ergy and discussed their influence in determining the coherent orientation of the spin
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Fig. 2.18. Ranges of grain sizes 10
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moments, which constitutes the essence of ferromagnetism. However, we have ne-
glected the adjective permanent, i.e. the time aspect of the phenomenon, which es-
sentially depends on the thermal activation energy KT. The latter is subject to con-
tinuous alteration over time: therefore, there is a certain probability that the thermal
energy of a grain will overcome the energy barrier which keeps the magnetization
locked and that the magnetization will change spontaneously, in similar fashion to what
has been mentioned above for super-paramagnetism. Since the process is probabilis-
tic, it can be examined statistically. The simplest case is that of a set of SD grains, all
having the same shape, dimensions, and mineralogical characteristics. Let us suppose
that these grains are subject to a magnetic field that magnetizes all of them in the same
direction: the total magnetization of the set is J;. Once the field is removed, the mag-
netization decays over time according to the law proposed by Néel

J(t) = Joexp(-t/1) (2.12)

where 7is the relaxation time, i.e. the time that must elapse for the magnetization to
be reduced by a factor 1/e: J(r) = Jy/ e. The relaxation time depends on the relation-
ship between the energy barrier that opposes the rotation of ] and the thermal energy

1= 1/Cexp(pyVH_Js/ 2 KT) (2.13)

where C is a frequency in the order of 10° s™" linked to the time on which the thermal
fluctuations occur, V is the volume of the grain, H, its coercive force and J; its satura-
tion magnetization. The various parameters that influence r all appear under expo-
nential: a small change in them entails a large change in 7. Considering temperature,
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immediately below the Curie point thermal energy can be very high and the energy
barriers of the grains low: ris a few seconds and the grains are super-paramagnetic.
When T decreases, thermal energy decreases, energy barriers increase and magneti-
zation is preserved over longer times. The blocking temperature Tj, is the tempera-
ture below which the probability that thermal energy overcomes the locking energy
barrier is less than 1. Magnetization is stable, i.e. it undergoes no substantial changes
with any further decreases in temperature and it can be changed only by a more or
less intense magnetic field. The value of Ty, is associated to a value of 1:laboratory mea-
surements allow directly to check magnetization stability for a certain value Ty, on times
in the order of 7= 100-1000 s. The result can be extrapolated to a geological situation
considering the T}, corresponding to time intervals of the order of 10°-10° years,
ie 1=3x10°-10' s, which will obviously be lower. The lower the temperature, in fact,
the lower the probability that the thermal activation energy of a domain is able to
overcome its energy barriers, and a lower probability means that a longer time is re-
quired for the event to occur. Figure 2.19 represents the relationship between T, and ©
for SD magnetite.
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Fig. 2.19. Relaxation time and blocking temperature in SD magnetite. The relaxation time increases with
decreasing temperature, because the probability that a domain may change its own spontaneous mag-
netization decreases. A set of grains having 7=>5 minutes for T=340°C (A) shifts to =1 Myr for
T=180°C (B) (modified after Pullaiah et al. 1975)
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A set of SD grains therefore maintains its magnetization for a period that depends
on their characteristic r. The fact that this period can greatly exceed 10° years indi-
cates that the rocks are able to maintain their remanent magnetization over times of
the same order of magnitude as geological times. The theoretical model for PSD and
MD grains is more complex and their relaxation time, especially in the MD case, is
shorter. The characteristic values of T}, of a rock can, however, be evaluated experimen-
tally over laboratory times and, with all due caution, extrapolated over longer times.

23
Magnetic Properties of Minerals

The magnetic properties of minerals are deeply linked to their mineralogical charac-
teristics and nearly imperceptible differences, such as the replacement of a certain
number of cations, lattice flaws, etc., can be reflected, highly amplified, in their mag-
netic characteristics. The following considerations are general and limited to some
aspects, more relevant for geological applications.

2.3.1
Magnetic Susceptibility

Magnetic susceptibility is the first parameter to consider: it enables to classify miner-
als in the three categories of substances, dia-, para-, and ferromagnetic, and thus to
make a first evaluation of the magnetic properties of rocks. Moreover, susceptibility
is the parameter that most influences the anomalies caused by rocky bodies to the
Earth’s magnetic field, and therefore it is extremely important in interpreting mag-
netic surveys (Chap. 3) for prospection and tectonic-structural studies. A compari-
son between minerals’ susceptibility values provided in different texts may cause some
confusion, because the values are often quite different. This is on the one hand due to
the fact that minerals have a certain variability of their own, on the other hand due to
a multiplicity of factors that influence the measurements, such as: synthetic or natu-
ral mineral, measurement on single crystal or on powdered material, powder grain
size, anisotropy, etc. Our greatest interest is in classifying minerals, while the numeric
values, compiled from various sources (Table 2.1), are meant to provide an idea of the
order of magnitude and of variability.

= Diamagnetic minerals. To this category belong, in addition to ice, some of the most
common minerals, in particular calcite and dolomite among carbonates, quartz and
feldspars among silicates. Their susceptibility is in the order of -10 pSI.

= Paramagnetic minerals. These include many silicates, principal constituents of rocks,
in particular pyroxenes, amphiboles, micas, clay-minerals. Their susceptibility is in
the order of 100-5000 pSI and it may have rather wide variations, also linked to the
variability of Fe cations within a same mineral. For example, olivine can have any
intermediate value between the ones corresponding to its two end-members: -13 pSI
for forsterite (Mg,Si0,), diamagnetic, and 5000 pSI for fayalite (Fe,SiO,), paramag-
netic.
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Table 2.1. Susceptibility of
some common minerals

Mineral
Diamagnetic
Dolomite
Calcite

Quartz
K-feldspars
Gypsum

Ice
Paramagnetic
Clynopyroxenes
Orthopyroxenes
Amphiboles
Biotite
Muscovite
Chlorite
Olivine
Garnets
lImenite
Ferromagnetic
Goethite
Hematite
Pyrrhotite

Magnetite

2 1uSI=107°5l.

89
K (uSI)?
-40
-15
—15
-15
—15
-10
20 - 600
1000 -3000
100 - 1000
800 - 3000
40 - 700
70 - 1550
~13 - 5000
500 - 6000
300 - 3500
2000
1000-5x% 10"

5%x10*-3x10°
108-107

= Ferromagnetic minerals. The most important are the Fe oxides and some Fe sulfides.
Susceptibility is very variable: hematite (aFe,0;) can have values of just 1000 uSI
and magnetite (Fe;0,) can reach 107 uSL. Thus, the degree of oxidation has a funda-
mental role. Native Fe and Fe-Ni alloys are of interest only in specialist studies (mete-
orites, mantle nodules). Ferromagnetic minerals are not numerous and are mostly
present in rocks in small quantities, as accessory minerals (<5%). Nevertheless, their
extremely high susceptibility causes a content as low as 0.1% (Fig. 2.20) to mask the
magnetic effects of the other minerals.
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From the magnetic viewpoint, a rock can be considered to be formed by a dia- or
paramagnetic matrix, within which are dispersed ferromagnetic grains which do not
interfere with each other. The magnetic interactions between individual grains are
effective over distances up to a few times their diameter, and the low ferromagnetic
content means that average inter-granular distances are far greater than grain dimen-
sions. This approximation is almost always valid, but it can become insufficient when
the processes that formed the rock led to highly heterogeneous grain distribution.

2.3.2
Fe-Ti Oxides

The most important and widespread ferromagnetic minerals are Fe-Ti oxides, whose
composition is schematically illustrated by the ternary system rutile (TiO,) - wiistite
(FeO) - hematite (Fe,05) (Fig. 2.21). The terms rich in Fe are located near the base of
the triangle, the ones richer in Ti towards the vertex. Fe?' ions prevail to the left, Fe**
ions to the right, which implies that the degree of oxidation increases from left to right.
Natural Fe-Ti oxides form three isomorphic series: titanomagnetites and titanohe-
matites (ferromagnetic s.l.), and pseudobrookites (paramagnetic). Commonly, natu-
ral minerals are in a higher oxidation state than in the theoretical formula and there-
fore they are shifted to the right along the dashed lines of the diagram (Fig. 2.21).

Titanomagnetites. These are the terms of the solid solution magnetite (Fe;O0,) -
ulvospinel (Fe,TiO,), whose general formula is Fe;_,Ti, O,. They crystallize in the cubic
system and their structure is that of spinels. The elementary cell contains 32 O*~ ani-
ons and 24 cations: 16 Fe’* and 8 Fe** in magnetite, 16 Fe** and 8 Ti*" in ulvospinel.
The cations are distributed in two sub-lattices, A and B, to which respectively 8 and
16 cations belong per elementary cell. Within each sub-lattice the magnetic moments
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Fig. 2.21. Fe-oxides in the Rutile
rutile-wiistite-hematite ternary Tio,
system. The dashed lines indi-
cate an increasing degree of
oxidation
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of the electrons associated with the cations are coupled parallel, but the two sub-lat-
tices are mutually antiparallel. Consequently, magnetite is ferrimagnetic, because the
sub-lattice B (8 Fe’" cations + 8 Fe*" cations) prevails on the sub-lattice A (8 Fe’* cati-
ons), whereas ulvospinel is antiferromagnetic, because both sub-lattices A and B con-
tain 8 Fe** cations. Interaction forces are reduced as Ti content increases and magnetic
properties vary considerably. The Curie temperature of magnetite is 575 °C (Table 2.2),
while that of the intermediate terms decreases almost linearly as Ti content increases,
until reaching -153 °C, which is the Néel temperature of ulvospinel. Saturation mag-
netization J; decreases from 480 to 0 kA m™'. Most magnetic properties depend on the
state of the grain: for example, the saturation remanence and the coercivity of remanence
are greater for SD grains, smaller for MD grains.

Titanomaghemites. These are oxides characterized by numerous cation vacancies: they
retain the spinel structure, but their chemical formula is that of titanohematites.
Maghemite (yFe,0;) has magnetic properties that are similar to, though less pronounced
than, those of magnetite, e.g. J;= 380 kA m~L. Its Curie pointis 590 °C < T, < 675 °C, vari-
able as a result of the presence of impurities or of the different arrangement of the va-
cancies. Titanomaghemites are metastable; at high temperatures they undergo an irre-
versible transformation into titanohematites, with a drastic drop in the values of their
magnetic properties.

Titanohematites. These are the terms of the solid solution hematite (aFe,03) - ilmenite
(FeTiO3), whose general formula is Fe, ,Ti,Os. They crystallize in the rhombohedral
system and their structure is that of corundum. In hematite, the Fe’* anions occupy
basal planes, alternating with basals that contain the O~ ions. Within each plane, the
atomic magnetic moments are coupled parallel to each other, and between contiguous
planes the coupling is not exactly antiparallel. The spins of the cations of two contigu-
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Table 2.2. Properties of common ferromagnetic minerals Symbols: T (T;,) = Curie (Néel) temperature;
J,= saturation magnetization; B.= maximum coercivity

Mineral T (T,) (°O) Js(kKAm™) B.(T)
Oxides

Magnetite Fes0, 575 480 03
Maghemite y-Fe,053 590 - 675 380 03
Hematite a-Fe,)0; 675 2.5 1-5
Goethite o-FeOOH 60 - 130 2 >5
Sulfides

Pyrrhotite FeSq.x <320 80 0.5-1
Greigite FesSs 330 125 0.03

ous planes are deviated by =0.2° in the same direction (spin canting) inside the basal
plane and they yield a small resultant, which results in a canted antiferromagnetic
behavior. On the other hand, the coupling between the planes of Fe** cations of ilmenite
is exactly antiparallel and hence its behavior (at very low temperatures) is antiferro-
magnetic.

In this case, too, as the Ti content increases the Néel temperature decreases, drop-
ping from 675 °C for hematite (Table 2.2) to -218 °C for ilmenite. Saturation magneti-
zation J;=2.4 kA m™' is smaller by two orders of magnitude than that of magnetite,
while the coercivity of remanence is very high.

Fe oxyhydroxides. Goethite (aFeOOH) crystallizes in the orthorhombic system and it
is antiferromagnetic, but as a result of anion vacancies it can have uncompensated spin
moments which produce a weak magnetization. Its Néel temperature is =120 °C and it
can decrease in the presence of impurities in the lattice. By dehydration in many natu-
ral environments or heating in the laboratory, at =300-400 °C it transforms into
hematite. It is characterized by a particularly high coercivity.

2.3.3
Fe Sulfides

The most widely known and common Fe sulfide, pyrite FeS,, is paramagnetic, while
pyrrhotite FeS, ., and greigite Fe;S, are ferromagnetic s.l. The magnetic properties of
pyrrhotite depend on the value of x; for 0.11 < x < 0.14, in the monoclinic structure
there are two sub-lattices of coupled antiparallel Fe cations present, which because of
vacancies have different magnetization. Hence, pyrrhotite is ferrimagnetic, and its
Curie point is also variable as a function of x, in any case lower than 320 °C (Table 2.2).
In metamorphic environments, pyrrhotite is often nickeliferous and the presence of
Ni cations reduce the Curie point. Greigite has the same structure as magnetite, it is
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ferrimagnetic with Curie point near 330 °C. The J; of these sulfides is in the order of
100 kA m™.

24
Ferromagnetic Minerals in Rocks

Most of the geological information that can be obtained from the magnetic study of a
rock is contained in the small or even minimal fraction of ferromagnetic minerals it
contains. Without getting into the complex field of magnetic mineralogy and petrol-
ogy, let us briefly review, in this section, which ferromagnetic minerals are more com-
mon in the various types of rocks.

241
Igneous Rocks

In this case the two fundamental factors are the chemical composition of the magma,

which controls the type of oxide that crystallizes, and the emplacement and cooling

history, which control the chemical, mineralogic and thermal evolution of the crys-

tals down to ambient temperature. Two guiding criteria for orientation (with all due

care; to avoid excessive verbiage, in the following we will omit expressions like “usu-

ally”, “in general”, “often”, ...) are therefore:

= mafic/felsic rocks. Mafic rocks have a relatively high Fe-Ti oxides content, up to 5%,
and their Ti content is high: titanohematites have a composition close to ilmenite,
whereas titanomagnetites have a highly variable Ti content, which can reach values
up to x = 0.6. The Fe-Ti oxides content of felsic rocks is less than 1%, with lower Ti
content: titanomagnetites have a composition close to magnetite and hematite may
occur in addition to ilmenite.

= effusive/intrusive rocks. Effusive rocks cool rapidly and the dimensions of the crys-
tals of Fe-Ti oxides are small, from a fraction of less than 1 pm to 0.1-0.01 um: PSD
grains are therefore common. During crystallization and cooling, physicochemical
conditions are highly variable and primary oxides may undergo radical transforma-
tions, simultaneous or just subsequent to emplacement. Intrusive rocks have very
slow cooling, especially if intruded in the lower crust, and crystal dimensions are in
the order of 10-100 pm. MD grains prevail and crystals have the time to re-balance
as physicochemical conditions change, with consequent advanced solid exsolution
phenomena.

The history of the crystals of Fe-Ti oxides in igneous rocks can be quite eventful.
They start to crystallize at temperatures exceeding 1 000 °C, for which a complete solid
solution is possible within each of the series of titanomagnetites and titanohematites.
At lower temperatures, starting from 700 °C, miscibility is no longer complete and the
diffusion of Fe, Ti cations within a single grain leads to exsolution, with the forma-
tion of smaller regions, each characterized by a different content of the two cations.
The result can be, for example, that an original MD titanomagnetite grain with inter-
mediate composition is subdivided into smaller regions, partly with a composition
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closer to that of ulvospinel, and hence paramagnetic, partly with a composition closer
to that of magnetite, hence ferrimagnetic in (probable) PSD state. In principle, solid
exsolution is more pronounced in intrusive rocks, whose cooling is slower.

In effusive rocks, there are other, far faster transformations, linked primarily to
oxidation. In sub-aerial rocks, lavas and pyroclastics, the high oxygen fugacity entails
deuteric oxidation phenomena, which occur at temperatures in the order of 700-600 °C,
thus mostly above the Curie temperature of Fe-Ti oxides. As a consequence, exsolution
and intergrowth occur, which tend to follow the dashed lines in Fig. 2.21. In the case
of an original grain of titanomagnetite, they lead first to the formation of alternating
lamellae of titanomagnetite and ilmenite and then, as oxidation progresses, pseudo-
brookite, rutile and hematite may be formed. As in the previous case, such processes
entail radical changes in magnetic properties, such as pronounced reduction in mag-
netization if oxidation is very marked. In the case of submarine basalts, oxidation,
caused by the presence of water and by heat occurs at low temperature, T < 250 °C. In
this case, titanomagnetite is transformed into titanomaghemite: the transformation
can be complete in grains with smaller dimensions, partial and limited to the outer-
most part in larger grains. Curie temperature increases with the degree of maghemiti-
zation and this process entails a stabilization of basalts’ NRM.

These considerations allow us to have an idea of the magnetic characteristics of
igneous rocks, always keeping in mind that the number of degrees of freedom is so
high that this idea must always be substantiated by direct measurements on samples.

MORB basalts are characterized by titanomagnetite with high Ti content, up to x = 0.6,
and hence Curie point <200 °C. Crystals have very small dimensions, due to rapid cool-
ing. This entails very high values of ], and of the Konigsberger ratio, which may reach
Q = 100. Maghemitization tends to cause J, to be reduced, but simultaneously to become
more stable, since both the Curie point and coercivity increase as the process evolves.

Sub-aerial basaltic and andesitic rocks generally have titanomagnetites that are
definitely richer in Fe, with Curie point >500 °C. The values of x and J, are lower than
MORB and 1 < Q < 10. Sub-aerial emplacement entails a strong de-gassing and dif-
ferent cooling rates between the top and the inner part of a flow. The dimensions and
oxidation of the grains, and hence their magnetic properties, may vary systematically
according to the position within the flow, especially if the flow is thick.

Intrusive rocks of the gabbroic type, especially in continental crust, are character-
ized by Ti-poor titanomagnetites, close to the magnetite end-member. The slow cool-
ing favors growth in grain size on the one hand, the occurrence of solid exsolution on
the other. In any case, a considerable fraction of grains is MD, with consequent high
values of x and low values of ], with 0.1 < Q < 1. A peculiarity of these rocks is the pos-
sible presence in many minerals, above all plagioclases and pyroxenes, of magnetite
inclusions with dimensions <1 um, hence in SD or PSD state. These inclusions do not
radically change the values of x and J,, since their volume is negligible, but they give a
highly stable NRM fraction to the rock. Hypoabyssal rocks, such as sills and dikes, have
intermediate properties, obviously also as a function of their thickness. NRM tends to
be very stable, thanks to reduced grain size and slightly longer cooling, which favors
solid exsolution. Many Archaeozoic paleomagnetic data derive from rocks of this type.

Felsic rocks, as mentioned above, mainly contain small amounts of Ti-poor
titanomagnetite. Values of k and J; can be very low, in effusive rocks also as a result of
the more or less accentuated deuteric oxidation of titanomagnetite. In pyroclastic
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rocks, minute inclusions of titanomagnetite within vitreous particles may escape oxi-
dation and give the rock a very stable NRM fraction. Granites have very diverse mag-
netic characteristics, depending on their origin. Those of the S-type (Chappel and
White classification) contain mostly ilmenite, those of the I-type magnetite. Conse-
quently, susceptibility is usually very low (x < 400-600 uSI) in those of the S-type,
higher (3000-10000 pSI) in those of the I-type. The characteristics of the NRM are
highly variable according to the prevailing size of the grains and the cooling history,
which in turn mainly depends on the depth of the intrusion.

2.4.2
Sedimentary Rocks

The ferromagnetic minerals of sedimentary rocks can be detrital, authigenic and di-
agenetic. The most common detrital minerals are titanomagnetites and titanohema-
tites and their abundance in the rock depends in the first place on their abundance in
the parent rocks. Thus, silt and sandstone have extremely variable values of x and J;:
very low, if they derive from the disintegration of granitic rocks, higher if they are
associated to basaltic volcanoes, very high if produced by the dismantling of
serpentinite massifs, whose rocks can have particularly high magnetite content.

The distance between the site of origin and the site of deposition has an important
role on the volume percentage of Fe-Ti oxides in the sediment. Their grains have den-
sities in the order of 5000 kg m™ and therefore they tend to be deposited before those
of siliceous minerals. Nonetheless, very small grains can be transported for thousands
of kilometers, as in the case of the tephra produced by volcanic eruptions.

The ferromagnetic minerals of an unconsolidated sediment are in a precarious situ-
ation, because they are very sensitive to the presence of water and to the oxy-reduc-
tion environment. Thus, a detrital mineral can be completely transformed, and
authigenic minerals can be formed which are not necessarily stable and which there-
fore may evolve over time. The subsequent diagenetic processes, with fluid circula-
tion, pressure and temperature increase as a result of burial, can further modify the
magnetic characteristics of the sedimentary rock. Let us review some possible pro-
cesses. Red beds are typically formed in continental environment, in highly oxygen-
ated waters: their intense coloring is caused by a hematitic pigment that pervades the
rock and generally leads to a highly stable J.. Black and greenish clays are formed in
highly reducing environments, such as the bottom of marine and lacustrine basins
with still waters poor in oxygen and rich in organic matter. These rocks typically con-
tain sulfides. The Fe/S ratio changes as sulfurization advances, so from an initial pre-
cipitate whose approximate formula is FeS o, the sequence is pyrrhotite (FeS;,,) —
greigite (Fe;S,) — pyrite (FeS,). Depending on the available quantity of sulfur and on
time, the sulfide in the rock thus has very different magnetic properties. Pyrite is very
common, but it is not ferromagnetic. The other two sulfides are ferrimagnetic, but they
tend to be transformed into oxides as diagenesis proceeds. Greigite has been identi-
fied mainly in Pliocene-Quaternary lacustrine and marine sediments. An additional
complication derives from the fact that sedimentation conditions may change over time
and the rock may be formed by layers with different magnetic characteristics. For
example, variations in the detrital contribution and in oxygen content are typical of
the delta environment, which can vary from lagoon (still water, high content of
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organic matter — prevalence of sulfides) to canal (running water, high detrital content —
prevalence of oxides).

Carbonate rocks have an extremely low content of ferromagnetic minerals and they
are those with the lowest values of x and J,. The most widespread minerals are Ti-
magnetite of detrital origin and Ti-hematite, which probably represents its diagenetic
transformation, especially in the form of pigment which gives a reddish color to the
rock. Under particular conditions, goethite may be formed and preserved over time.
Deep ocean sediments have a highly complex magnetic mineralogy, because many
factors come into play, as detrital contribution, sedimentation rate, magnetosomes of
biologic origin, content of organic matter, dissolution linked to depth.

In soils, primary ferromagnetic minerals of detrital origin derive from the disinte-
gration of the bedrock and they reflect its mineralogy. They are relatively abundant
in soils deriving from volcanic bedrocks (magnetite) or red sandstones (hematite).
Secondary minerals are formed through complex chemical and biological processes,
which also depend on climate and the soil pH, humidity and organic matter content.
These processes operate not only on primary ferromagnetic minerals, but also on the
elementary iron contained in many silicates. Depending on the parent material, the
physicochemical conditions and the pedogenetic processes, maghemite, goethite, he-
matite or magnetite can be formed.

243
Metamorphic Rocks

In this case, the factors at play are: the chemical-mineralogical composition of the
protolith, the metamorphic degree (pressure and temperature, P and T), the presence
and type of fluids, the tectonic stress, the time sequence of metamorphism, i.e. how P
and T conditions vary over time and when the new ferromagnetic mineral starts to
crystallize. Some common phenomena are the formation of chlorite at the expense of
Fe-oxides in low-grade metamorphic facies, the formation of sulfides in slates and in
high-grade rocks, and the formation of magnetite in the transition from amphibolitic
to granulitic facies. Ti-hematites can be formed and preserved in just about all meta-
morphic facies. More than general guidelines, case histories can be presented, but they
cannot always be extrapolated to other similar situations. There are numerous factors
at play and two protoliths with the same magnetic characteristics may give rise to two
different metamorphic rocks, with highly different magnetic characteristics.
However, some large-scale metamorphic processes are found in similar situations,
at least from the quality viewpoint, while the intensity of the phenomena can be highly
variable. One case is given by the formation of serpentinites by alteration of peridot-
ites; hydration of olivine at high temperature can take place according to the reaction:

2 Mg,Si0, + 3 H,0 = Mg;Si,05(0OH), + Mg(OH),
forsterite serpentine brucite

This process, originally postulated by Hess to explain the formation of Layer 3 of
the oceanic crust, is particularly developed in the serpentinites included in the oro-
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genic belts and deriving from tectono-metamorphic processes. Olivine contains a cer-
tain quantity of iron, which leads to the formation of magnetite, according to a reac-
tion of the following kind:

6 F623i04+ 7 HZO =3 Fe3Si205(OH)4 + Fe304+ HZ
in olivine in serpentine magnetite

In the case of the Lanzo Massif (western Alps), the volume content of magnetite
increases by a factor =20-30, as indicated by the magnetic susceptibility values: in the
order of 1000-3000 pSI in the rocks of the peridotitic core, 60 000-80 000 uSI in fully
serpentinized peripheral bands.

Another case, recently studied both in the western Alps and in the Himalayas, is
observed in marly limestone sequences which contain detrital magnetite, when sub-
jected to low-grade metamorphism at temperatures in the order of 300-350 °C. If a
sulfur-rich fluid phase, which can derive both from gypsum intercalations and from
organic matter maturing processes, circulates during metamorphism, pyrrhotite can
form especially in black shales, according to a reaction of the following kind:

7 Fe304+ 12 Szz 3 Fe’]Sg + 14 02

magnetite pyrrhotite
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Chapter 3

Magnetic Prospecting

In the preceding chapters we have seen that the Earth’s magnetic field is of internal
origin to the Earth and can be considered, for about 90% of its magnitude, as that gen-
erated by a centered magnetic dipole. In the magnetic potential spherical harmonic
analysis, the dipolar approximation corresponds to degree n = 1, with a representa-
tive magnetic dipole moment M of about 8 x 10> A m”. At a given Earth’s point, the
expression ‘non-dipolar magnetic field’ or generally ‘magnetic anomaly with respect
to the dipole’, is normally referred to that part of the Earth’s magnetic field that is left
once the dipolar part, analytically expressible, is subtracted. This magnetic anomaly
field, can be subdivided into two classes according to the anomaly spatial scale exten-
sion.

On the Earth’s surface the anomaly field with respect to the ideal dipole shows a
few, 8-10 in number, very large in spatial scale, about thousand km (A ~ 10° km),
anomalies that form the so-called regional anomalies. A second group of magnetic
anomalies is formed by the so-called crustal anomalies and refers to those anomalies
having spatial scales of a few km, or at most tens of km (A ~ 1-10* km). This first ap-
proach subdivision follows the three broad domains structure typical of the Earth’s
magnetic field power spectrum (Sect. 1.2.6). When produced from satellite data, in fact,
the power spectrum shows: the dipolar contribution (n = 1), a second domain, that
refers to the non-dipolar contribution (n = 2 to 12-13) and a third domain, (n > 12-13) in
which the crustal origin magnetic field is strongly represented (Fig. 1.16).

The dipole field, together with regional anomalies, is the part of the Earth’s mag-
netic field having the deepest origin inside the Earth, and is also called, globally, the
main field; this field is generated by an electrical current system flowing in the fluid
part of the Earth’s core, its origin then limited in extension by the core-mantle bound-
ary. The part in the power spectrum for n > 12-13 has a shallower origin instead, be-
ing mainly the result of the field generated by the Earth’s crust. The Earth’s crust con-
tributes to the Earth’s magnetic field in two ways: (a) the remanent magnetization of
crustal rocks, below the Curie temperature; (b) the magnetization induced in the crustal
rocks by the main magnetic field. For this reason, the knowledge of the field originat-
ing in the Earth’s core is central to study the dynamics of the core itself, but it is also
fundamental to determine the part of the Earth’s field of crustal origin. In fact the main
field represents the fraction of the Earth’s field that must be removed from that ob-
served, for example on the Earth’s surface, in order to isolate the crustal contribution,
also called for this reason the residual crustal field.

Magnetometric measurements carried out on ships, helicopters, planes and also
satellites, in low orbital altitudes, provide then information not only concerning the
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main Earth’s magnetic field, but are also used to obtain information about the mor-
phological configuration of the crustal origin field.

3.1
Instruments and Surveying Procedures

Some magnetic measurements are taken by means of portable magnetometers and
are carried out along profiles or a series of parallel profiles in order to obtain a grid of
data points. This is a broadly used method in magnetic surveys since it is finalized to
the collection of a regular data set and allows to carry out measurements reasonably
near to the anomaly sources. In very early magnetic surveys the so-called magnetic
variometers, consisting of bar magnets suspended in the Earth’s magnetic field, such
as magnetic balances or dip needles, were frequently used. These instruments were
often able to sense the Earth’s magnetic field in all its components and allowed the
complete characterization of the crustal magnetic anomaly; measurements were how-
ever very time consuming and the output could not easily be converted into digital
information. From the 1950s a large success had the fluxgate magnetometers that were
able to measure horizontal and vertical Earth’s magnetic field components, with a sen-
sitivity of 1 nT or so. Fluxgates are however relative instruments that are quite tem-
perature sensitive so requiring correction; for this reason they were later on less used
and they have been superseded by more effective and practical instruments.

Among the modern instruments employed for magnetic field measurements in sur-
veys, the most widely used equipment for many years was the proton precession mag-
netometer. The digital output, the non critical orientation of the sensor, the intrinsic ab-
solute stability and speed of operation, are among the objective advantages of these fre-
quently used instruments, which can reach a 0.1 nT sensitivity. However proton preces-
sion magnetometers can only give a series of discrete measurements because of the polar-
izing and relaxation time needed by the protons. This drawback is overcome if Overhauser
magnetometers are used instead. In the last 10-20 years or so, however, optical pumping
magnetometers came frequently into play; they have, in addition, exceeded in sensitiv-
ity (now easily 0.01 nT) and measurement rapidity the precession magnetometers.

The sensibly fast procedure employed in surveys undertaken by means of proton
precession, or optical pumping magnetometers, as well as their digital output, is how-
ever counterbalanced by the fact that these instruments provide only the total field inten-
sity. As is well known the real observed magnetic field is a vector quantity instead, and
intensity measurements therefore provide only part of the information. This character-
istic gives rise to peculiar anomaly signatures that will be discussed in what follows.

The most effective method to cover large land areas with magnetic measurements is
by helicopter, or plane, as needed. Since the aircraft that carries the instrumentation is very
distant from the source generating the anomaly, special instruments are needed. In fact
the magnetometer carrier flies at high altitude with respect to the ground, and then
magnetometers employed in these surveys will need to be very sensitive in order to detect
all requested details that refer to sources distant from the sensor. Marine magnetom-
etry has also been very frequently used in the last fifty years or so to cover the vast
ocean areas of the world. As in the case of all fast transport surveys the instrument
sensor must be towed in a housing for stabilization and at a distance sufficiant to keep
it away from the complicate magnetic field the ship or the aircraft have of their own.
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In order to obtain accurate positioning, modern GPS techniques are frequently used
during the survey. Especially on marine magnetometry magnetic techniques are also
frequently undertaken in conjunction with other geophysical investigation techniques,
like gravity surveying and seismic profiling. A typical flight pattern for an aeromag-
netic survey taken over Ross Island in Antarctica, and a photograph of a helicopter
borne survey in action, are reported in Figs. 3.1 and 3.2.

Many industrialized countries have already surveyed most of their territory. For
example, as regards aeromagnetism, North America is covered, for more than 80% of
its area. Europe has been completely surveyed on the ground and by aircraft, although
still detailed surveys in areas of great importance are still needed for specific scien-
tific investigations.

As discussed in Chap. 1, the current unit universally used to measure the Earth’s
magnetic field and also used for magnetic anomalies is nT. This unit represents one
of the most important achievements in the definition of a geophysical parameter, and
perhaps this success is due to the fact that the nanotesla is directly connected to the
old unit “gamma” used for a long time for quantifying magnetic anomalies. One gamma
is equivalent to 10~ Gauss and 10~ T, thus representing a bridge between cgs-emu and
SI system, where nT is equivalent to the old “gamma” (Appendix).

Fig. 3.1. A typical flight pattern for an aeromagnetic survey. The flight lines are superimposed on the
geographic map of Ross Island, Antarctica (courtesy M. Chiappini)
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Fig. 3.2. Photograph of an helicopter borne survey in action. The sensor of the magnetic instrumentation
is kept at secure distance from the helicopter to avoid artificial magnetic effects (courtesy M. Chiappini)

3.2
Magnetic Anomalies

The crustal part of the Earth’s magnetic field is generated in a very thin outer layer of
the Earth with a maximum thickness of about 30-60 km, depending on tectonic set-
ting, where ferromagnetic minerals can be found. Among these the most important
are magnetite, titanomagnetite and hematite. Igneous and metamorphic rocks, below
about 600 °C and composed of the above-mentioned minerals, are often characterized
by a high magnetic susceptibility and therefore can be potential crustal magnetic field
sources. Being the process that causes the rock magnetization related to the rock’s
geological history, the crustal origin field is important for example to obtain indirect
information on geodynamic and tectonic structures and the thermal state of the Earth’s
crust. The identification of sedimentary basins, the determination of the boundaries
between primary geological structures and orogenic belts, etc.lead to a detailed knowl-
edge of the most superficial layers of our planet and can be obtained through the study
of the crustal origin magnetic field.

Generally the size of a crustal anomaly, obtained by magnetic measurements, does
never exceed a few percentage points, or in extreme cases 5-8% of the typical local
field intensity, for the given latitude and longitude where the survey is undertaken. In
these extreme cases it is the average remanent magnetization level, like in case of an
igneous rock, that strongly modifies the field in its proximity, generating an anomaly
that can even reach amplitudes of about 2000-4 000 nT, with respect to the local ex-
pected main field value. Since all magnetic sources are essentially referable to mag-



3.2 - Magnetic Anomalies 103

netic dipoles their field decreases with distance as r; moving away from the magne-
tization source, therefore the anomaly field tends to decrease rapidly in amplitude. In
case of smaller remanent magnetization at a distance from the source, the field can-
cels out even more rapidly.

Since generally the Earth’s mantle is considered to be non-magnetic, the top of the
shallowest layer between crust-mantle transition and the hypothetical surface where
the ferromagnetism-paramagnetism transition for magnetic minerals, occurs (the so-
called Curie isotherm surface), is defined as “magnetic basement”.

A very striking example of magnetic anomalies is given by the ocean magnetic
anomalies. The surveying of the long linear sea-floor magnetic anomaly structures
has been the milestone of plate tectonics revolutionizing the pre-existent geodynamic
theories. At oceanic ridges the lithosphere is pulled apart allowing magma to rise
to the surface leading to the formation of symmetrical alternating blocks of normal
and reverse magnetized crust, due to the reversals of the Earth’s magnetic field. The
study of oceanic anomalies has allowed to determine the sea floor spreading ve-
locity and the motion of transforming faults, thus allowing a quantification of these
velocities.

3.2.1
Data Processing

Once a complete magnetic data set is obtained from measurements in the field, an ini-
tial data processing normally starts with the removal of extraneous data, such as spikes
present in essentially all raw data. A careful visual examination of the whole data set
is still a good procedure, however many different algorithms are now available for
deleting and replacing spikes. If we exclude very limited area surveys, where location
can be undertaken on the basis of visual marks or local grid systems, the location of
survey points depends nowadays mainly on electronic positioning systems. GPS (sat-
ellite Global Positioning System) is the most widely absolute location system in use.
Sometimes in airborne surveys film or videos are also taken during the flight for use
as track recovery systems. All survey stations are afterwards numbered along with their
coordinates and magnetic measurements are associated with geographic points.

The so obtained data set requires a processing procedure for obtaining an anomaly
magnetic map. The quantitative definition of a crustal magnetic field, or anomalous
field, at a given point P, is as follows

Ba(P) =B(P)t)_Bm(P) t) _Be(P’t) (31)

where B, denotes the anomaly field, B the field measured at the given survey point P
at the time t, B, the main field at the same point P and time ¢, and B, the external field
at that point and time.

All possible magnetic field time variations of external origin and especially mag-
netic storms and magnetic diurnal variation must be removed from source data. Al-
though the external part generally represents a small fraction of the Earth’s magnetic
field, its amplitude can be very variable and is influenced by latitude, solar cycle, sea-
son and so on (Sect. 1.3). Moreover, the external field time variation amplitude can be
very large with respect to the precision needed in many magnetic surveys. For example
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at mid latitudes a strong magnetic storm can cause a variation of hundreds of nT in a
few hours, and even in quiet days the diurnal variation can amount to tens of nT in a
few hours. Removing the external magnetic field contribution requires data from a
magnetic observatory, or at least from an independent simultaneously recording in-
strument that operates at a fixed nearby location for the duration of the survey.

For what concerns the computation of the main field B, the reader can refer to
Sect. 1.5 where the IGRF (International Geomagnetic Reference Field) was introduced;
we will recall here only that the IGRF is an analytical expression that allows to com-
pute for every point on the Earth the contribution due to the field generated by the Earth’s
core. For large extension surveys the IGRF allows the correct subtraction of horizontal
main field gradients otherwise unknown. Sometimes the evaluation of the main field at
a given location can be simplified. In case of small spatial extension surveys, for example,
alocal model of the Earth’s magnetic field can be obtained as a mathematical represen-
tation by means of power series in latitude and longitude. This is sometimes called a
normal field and allows to reconstruct the spatial and time variations of the Earth’s
magnetic field over the given area directly from a subset of survey measurements. In
very limited areas, as for example in archaeological or environmental applications, the main
field does not vary significantly in the measured area, so that even a single average value,
representative of the main field for all the surveyed region, can be assigned to the all area.

In airborne surveys, especially, measurements along a series of tracks called tie lines,
perpendicular to survey lines (generally at a wider spacing) are also performed
(Fig. 3.1). These supplementary data are used as valuable data for the survey and also
to compare data at the intersections with the aim to reduce or eliminate differences
between the field values measured at the same geographic points. An empirical math-
ematical procedure, normally called leveling, consisting of a linear least squares fit is
normally employed for the correction. When the data set has been processed an inter-
polation to a regular grid is often required before a magnetic anomaly profile or a con-
tour map can be prepared.

3.2.2
Summary of Operations

Summarizing, a magnetic survey aimed at the determination of the crustal origin
magnetic field, must involve the following procedure:

1. to carry out magnetic measurements on profiles or grids in the selected area;
2. to edit the data set for spikes and assign correct measurements location;
3. to subtract the magnetic field time variations from all measurements:

a rapid time variations, from observatory or independent local temporal station
recordings;

b slow time variations, namely SV should be included in the main field only if the
survey required long time for the execution or if measurements were made in dif-
ferent epochs and are finally collected in one survey epoch. In this case a nearby
observatory absolute data is often necessary to reconstruct the secular variation
in the given time window;

4. to subtract the field value due to the main field part, at all measurement points and
leveling and gridding data if required.
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As in the case of a gravity anomaly, that results as a superposition of a local contri-
bution to the global Earth’s gravity field, a magnetic anomaly results from the super-
position of a local magnetic source to the main Earth’s magnetic field. In the case of
magnetism, however, the local contribution can be very complex and, as will be seen
in what follows, can be due to a number of possible crustal sources. Moreover whereas
the gravity field is by definition always vertical, everywhere, the shape of the Earth’s
magnetic field lines is more complex and, in addition, the geomagnetic field varies
not only in amplitude but also in direction. The profile or contour lines of magnetic
anomalies and the following interpretation of survey results depend largely on geo-
graphic parameters. In fact magnetic induction, due to the action of the main mag-
netic field on crustal rocks, depends on local field direction in space. Magnetic incli-
nation, and also declination, are variable from place to place on Earth, so that obtained
magnetic anomalies can vary significantly in shape especially as a function of latitude,
since magnetic inclination is systematically dependent on latitude.

3.3
Significance of Magnetic Anomalies

The processing of a magnetic survey data set gives as output a profile along a given
direction, or a map, on which the crustal magnetic anomalies are plotted. The case of
a profile results in a x,y-diagram where the magnetic anomaly is plotted versus dis-
tance. Maps are generally provided as contour lines or, more frequently nowadays, as
a color contour map. From these representations the most important and complex
phase starts, that of interpretation. The experience of the interpreter, the knowledge
of the surface geology, the tectonic structure and the survey dimensions, are impor-
tant elements to take into consideration to obtain a reliable interpretation. In gravity
anomaly studies, the factor determining the anomaly pattern in the geological con-
text, is the density contrast between the source of the anomaly and the surrounding
rocks (Ap); in magnetism the critical factor is the magnetization contrast between the
source and the rocks in which it is included (AJ). The cases of gravity and magnetism
could be considered very similar since their respective fields are very similar; for ex-
ample they can both be expressed by means of a potential solution of Laplace’s equa-
tions. However some relevant difference between the cases of gravity and magnetism
emerge when we examine anomalies more carefully.

In the case of magnetism the presence of remanent magnetization can consider-
ably modify an anomaly pattern. Some rocks in fact possess a remanent magnetiza-
tion J, which, added to that induced by the present main magnetic field J;, provides a
total magnetization. The remanent magnetization is generally very stable and inde-
pendent from the present-day field, being the result of a process that had taken place
at the time of the rock’s formation and of all other possible events that the rock has
undergone in its history. Sometimes the remanent magnetization can also consider-
ably exceed in intensity the induced magnetization. Referring to Eq. 2.5

Jot=Ji+ ;= xHg +

the contribution of the induced and remanent magnetization to the total magnetiza-
tion of a rock, J,, depends on the Konigsberger ratio Q = J,/ J;, which varies over
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three orders of magnitude depending on lithologies (Sect. 2.4). It can exceed 100 in
mid ocean ridge basalts and be less than 0.1 in sedimentary rocks.

Therefore the total magnetization J, is a vector sum of the two magnetizations and
can point to an arbitrary direction in space. Only if J; is parallel or antiparallel to the
present field, the resulting magnetization is the simple algebraic sum of the two mag-
netizations (see Sect. 4.5.4). Generally this condition is not frequently experimented
(the stability of remanent magnetization is in paleomagnetism the fundamental as-
sumption in plates movement reconstruction). Although rock magnetism allows to
separate, in laboratory, the contribution of the induced magnetization from remanent
magnetization, this separation is not possible in the field.

If the geophysical survey through magnetic methods is carried out in a region where
Qs reasonably low (for instance often in case of continental crust) the magnetization
can be considered as entirely induced by the present field, H.= F / y1y, and so parallel
to F and proportional to the magnetic susceptibility. If k, is the susceptibility of the
surrounding rocks and k is the susceptibility of the source-body of the anomaly, the
magnetization contrast determines the size of the anomaly:

A = (k- ko)H, (32)

If the anomaly source is generated only by magnetic induction, a total magnetic
field survey carried out at the magnetic poles, where the field is almost vertical,
follows very closely the case of a gravity survey. Moreover if the body causing the
anomaly is of vertical extension nearly infinite, so that only one polar extremity is
near the ground, we will have a reasonable resemblance to a monopolar case, which
is similar to the gravimetric one. If the body has finite dimensions, the source will
have to be represented by a dipole and therefore the anomaly profile, even though simi-
lar to the monopolar case, must be mathematically defined in a different way. In
fact in this case the magnetic field direction, produced by the body, will be concor-
dant with the local field, above the anomaly source, but opposite at its edges,
providing a positive anomaly only exactly above the body, but with negative values at
its sides.

If the anomaly source is generated by a crustal body by induction and the total
magnetic field survey is carried out in an equatorial zone, the anomaly profile differs
considerably from the polar case previously mentioned. In fact in this case the body
magnetization produces a field that is opposed to the inducing field above the body
itself, with two positive lobes at the two sides. At intermediate latitude, where the main
field makes an angle with the horizontal plane, we will find a still different situation.
Generally in the northern hemisphere, we obtain profiles that show positive anoma-
lies offset with respect to the center of the body towards the south: a minimum ap-
pears at the northern part and a maximum at south; the intensity of the positive and
negative lobes depend on the local inclination value. In the southern hemisphere we
obtain the opposite behavior.

Under conditions of almost zero local declination, the axis that connects the mini-
mum and the maximum of the anomaly configuration is oriented along the north-
south direction. If the declination differs from zero, its value influences the azimuth
of the axis connecting the center of the positive anomaly with that of the negative one,
causing an angle with respect to the north-south line. In Fig. 3.3 magnetic anomalies
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Fig. 3.3. Magnetic anomaly along a S-N profile for different inclination angles in the case of simple
magnetic induction in the Earth’s magnetic field (northern hemisphere). Black arrow represents the
magnetic moment of the source-body

produced by induction at different latitudes represented by different inclination angles
are reported. In Fig. 3.4 the case of an intermediate latitudes subsurface body mag-
netic anomaly, is drawn together with the lines of force of the induced magnetic field.

3.3.1
Forward Modeling

The magnetic response produced by a body of any given shape to a magnetic induc-
tion process, or the response of a vertically stratified ground to magnetic induction,
are typical examples to which various authors have given mathematical solutions. Some
high-quality scientific and commercial software, able to represent the anomaly field
expected in these basic cases, is now available. Basically every source of unknown shape
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Geomagnetic field direction

Fig. 3.4. Detailed magnetic field lines for a magnetic anomaly as observed in the case of magnetic in-
duction at intermediate latitude (from Sharma 1986)

that causes a magnetic anomaly, can be represented by an assemblage of magnetic
dipoles. We can therefore envisage any given body as being subdivided in a series of
infinitesimal volume elements (dr) to which a magnetic dipole moment (m = Jdr) is
associated.

We have already observed that Maxwell’s equations, under ideal magnetostatic con-
ditions, have allowed to obtain, for a scalar magnetic potential V, at any distance r' from
a source with magnetization J, the equation

V()= f [v-1 (rl)l T (3.3)

where 7 denotes in this case the integration volume. Using the properties of vectors
the above equation can be reformulated allowing the gradient operator to go outside
the integral and rewriting in the following simpler way:
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V() =— ”Ov f U(')l dr (3.4)

From this general formula, given a particular magnetization distribution in an as-
signed volume, the magnetic potential produced by this known distribution and there-
fore the magnetic field associated with it, can be computed in the case of simple geo-
metric source cases. From Eq. 3.4, the magnetic anomaly field component T projected
along a generic direction f in space and ¢ is the body magnetization direction, is:

|I(r)|
Car Gfatf|r - r|

AT(r") = (3.5)

The direct comparison of measured anomalies, as obtained from a magnetic sur-
vey, with the anomaly distribution field obtained by a given model, is called forward
modeling. The model image or profile can be compared with data obtained from the sur-
vey in order to reach, by subsequent approximations in the model parameters, the ideal
model that gives the closest agreement with the observed ground data (trial and error).

We will now only show here a simple modeling example in the case of the anomaly
generated by a buried sphere magnetized by an external vertical magnetic field; in
this case we will easily obtain the resulting anomalous field (Fig. 3.5). From potential
theory it is possible to show that the magnetic field, generated by a uniformly magne-
tized sphere, is equivalent to that of a dipole moment M, placed at its center; using the
gradient formulation:

4 r

that is

_ﬂM-r_&MCOSQ

3 2

= (3.6)
4T r 4T r

If we consider a polar coordinate system and refer to the transverse, F;, and the ra-
dial, F,, components we obtain (Eq. 1.4)

oV, oV

F=—""; F=
o’ o0

In areas where the field is almost vertical, as can be assumed for I > 60°, we can
obtain the F, component directly. The magnetic effect on the vertical will be
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Fig. 3.5. Magnetic anomaly field due to a vertically magnetized sphere according to the geometry de-
scribed in the text

ZZ

E :&ZMCOSQCOSQZ& 2M =
(x"+27)

z A7 r3 AT (x2+22)3/2

(3.7)

The spherical body formula defines an anomaly profile that can be plotted on a
graph. This anomaly profile can be compared to real ground measurements; in case a
similarity is found the model results can be varied by modifying the given parameters
to best fit the real data, allowing in this way to infer the buried body parameters. In
Fig. 3.5 the magnetic anomaly due to a vertically magnetized sphere, is represented
for the case in which the vertical magnetic field is measured. In the analysis of sub-
surface structures by means of magnetic methods one of the most important and
simple parameters to estimate is the depth of the anomalous structure. In case of simple
geometrical body shapes, such as the above mentioned sphere, frequently so-called
depth rules are available; the half width of the anomaly profile x,,, can be used as such
a depth estimation.

Other particular cases that include prisms, cylinders, or bodies extending in space,
for example in the horizontal direction to approximate cases of dikes, strikes or faults,
can similarly be obtained.
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In conclusion in the forward modeling approach the crustal field, under study, is
obtained on the assumption that it is due to fields generated by known buried dipolar
sources. As we have just noted, for example, a spherical magnetized body is always rep-
resented by means of a dipole placed at its center. The interpretation of magnetic sur-
veys has relied for many years on forward modeling techniques, being this the only
one used in practice. In the last 20 years or so the availability of portable and inex-
pensive computers has made forward modeling much easier also with the possibility
of using interactive procedures involving computer graphic systems.

3.3.2
Inverse Modeling

Inversion techniques in the case of potential fields in geophysics, represent an inter-
pretative tool that has had a very exciting development in the last few years. Substan-
tially the term inversion means a mathematical technique in which the source model,
that generates a given observed anomaly is reconstructed directly from the observed
data. In contrast to what happens in the case of forward modeling, where a compari-
son with a preliminary model is needed and the final model is obtained by trial and
error, inverse modeling outputs a model of the Earth only in terms of distribution of
some physical properties, directly based only on observed data. Of course an inverse
problem does not bring to a unique solution. Gauss’s theorem, in fact, states that, in
the case of potential fields, when a magnetic field is produced by a given body, a vol-
ume magnetization distribution (in the limiting case a central point magnetization)
or a surface distribution of magnetization, are both possible equivalent solutions. Con-
sequently in every inversion method we can resort to approaches that allow only to
come close to the most reasonable solution for the given problem.

A real free inversion should take into consideration no restrictions at all, or only
very few limited restrictions, as for instance an appropriate depth function for the
inferred sources. Some inverse methods make use of an approach that takes into con-
sideration probable limitations based on the knowledge of the geological structure
under investigation; this is for example the case when geological evidence allows to
infer a reasonable geometry for the source.

Several techniques of inversion in geophysics are currently in use; one of the best-
known is the Parker method that is based on an iterative scheme involving Fourier
transforms to find the distribution of the underlying magnetization. In this paragraph
we will only give an overview when observed data can directly be related to the source
parameters, as in the case of magnetic susceptibility or magnetization. This is the case
when the observations and the source parameters can be represented by a linear equa-
tion system. We will then show an approach, that can be referred to as a matrix method,
that allows a simple example data inversion. Modeling the anomaly field sources with
some assistance from geological information available in the survey area simplifies
this approach.

Magnetic data from a survey can be inverted by means of a procedure that starts
by subdividing an ideal three dimensional body, underlying the surface where the sur-
vey was undertaken, in a series of m infinitesimal volume elements, for instance in
the form of very small vertical rectangular section prisms, each of uniform magneti-
zation J;. Naturally in the three-dimensional volume the number of cells is in general
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much larger than the available data, say n measurements, making, therefore, the prob-
lem by definition under-determined. This situation appears realistic considering that
a surface data distribution, resting on two dimensions (as is the case in a ground or
aeromobile survey) cannot reasonably allow to obtain a full information on the un-
derlying three dimensional volume. This is essentially referable to the impossibility
to distinguish, starting from data outside a given surface, between a configuration of
surface sources and a volume source configuration (Gauss’s theorem).

We can then consider the case of a linear equation system where y; are the anomaly
field values on the surface and each cell in the model corresponds to a uniformely
magnetized prism of assigned magnetization J;. We can now call x;; the matrix (also
referred to as kernel) that represents the contribution to the magnetic anomaly in the
i point given by the j prism. For N small prisms we will therefore have:

N
yi=2_%; ;] (3.8)
i-1

Consequently the inverse problem is reduced to the search for a solution of a sys-
tem of equations with the aim to find the J; values. Clearly, on given assumptions, it is
theoretically impossible to invert the system directly, in fact only a so-called pseudo-
inverse solution is possible; the Levemberg and Marquardt method, for example, con-
stitutes an iterative numerical algorithm that allows to calculate a pseudo-inverse so-
lution for the given system of equations.

This procedure may appear simple but we should remember that: (a) observed data
are always contaminated by errors that will not help to reach a stable solution, and
(b) the search for exact theoretical modeling for the prisms can make the linear equa-
tions system mismatched. In order to obtain a reliable solution to the inverse problem
therefore some restrictions to overcome these obstacles are necessary. Notwithstand-
ing that, in any case a purely good mathematical solution to the problem could not
necessarily be a good physical solution.

To impose some pre-assigned condition to the modeling, is always a sensible pro-
cedure. For example using some previous independent knowledge of the subsurface
volume, such as a given interval for the small prisms magnetizations (maximum and
minimum values) and, moreover, reasonable limits to their depth distribution. Fur-
thermore a reasonable solution would generally require the compactness of the source,
in fact a genuine arrangement of the expected source as a whole is more realistic then
a dispersion of single dipoles (trial called in many cases regularization). In addition
we note the possibility of insertion of a ‘weighting function’, opportunely chosen, to
drive the algorithm towards a sensible physical solution.

As previously mentioned, at present inverse methods are able to furnish only ap-
proximate expected models for the structure that causes the measured anomaly field.
Being commercial softwares that realize inversion procedures available only in cer-
tain cases, inverse methods are generally at an experimental stage. Studies finalized
to the search for the best weighting functions, general restrictions or new mathemati-
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cal inversion techniques, are in progress, confirming that inverse modeling is a field
in full development.

An example of the capability of inverse methods is given in Fig. 3.6 in three panels.
In Fig. 3.6a an assemblage of magnetic prisms is represented schematically for an ideal
subsurface body subdivided in a series of prisms; in Fig. 3.6b the surface anomaly pro-
duced by the synthetic body is shown as a three dimension map. In Fig. 3.6¢ the final
result of an inversion procedure, as applied to the synthetic magnetic anomaly map
data of Fig. 3.6b, is shown. The result of the inversion appears as slices of magnetiza-
tion reported on a gray scale, at various depths resembling the synthetic body.

3.33
Spectral Characteristics

When a magnetic anomaly profile, or a magnetic contour map is obtained, the selec-
tion of the correct meaning to attribute to the single contribution intensities that ap-
pear in the plot, is frequently a difficult task. The ideal case of the buried sphere, pre-
viously introduced, is a simple case that immediately allows the selection of the pos-
sible source since the resulting magnetic anomaly profile is quite regular and intelli-
gible. The real cases are normally quite different. In the presence of diverse sources of
magnetization, or of a single body with varying magnetization, experimental anomaly
profiles result in very irregular curves. In real cases an advantage can be obtained from
an objective methodology that allows to evaluate quantitatively the degree of rough-
ness or smoothness in the anomaly profile. This is possible with the use of Fourier
transforms. This technique is normally used for interpretation in one or two spatial
coordinates, according to the need, to quantify the degree of roughness in the profile
by isolating, even if not individually but at least for groups, the responsible harmonic
components.

If spectral analysis results are plotted with the amplitude of harmonic components
as a function of the harmonic degree, generally on a semi-logarithmic scale, the
anomaly is analyzed in terms of the effects produced by the single wavelength contri-
butions. In this case it is often possible to isolate two or more linear sectors in the spec-
trum. Each sector, corresponding to a given wavelength interval, can be attributed to
a given depth interval for the corresponding sources (or better interval of depths of
the sources distribution).

A very useful technique in the analysis of the complete magnetic anomalies spec-
trum is denoted as ‘upward continuation’. The purpose of this numerical technique is
to obtain the anomaly information as the result of an ideal upward continuation, as if
the anomalies were observed at a higher elevation than that at which measurements
have been taken. The advantage is that often the anomaly produced by sources that
are closest to the measurements level, are those that mostly influence the measure-
ment, introducing a strong variability and bias in the observed field. The upward con-
tinuation allows a picture of the field at a greater altitude making the deepest sources
to show up more clearly.

The numerical technique normally employed for upward continuation is generally
based on the use of Fourier transforms; once the spectrum is obtained at the mea-
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face magnetic anomaly produced by the synthetic body represented in Fig. 3.6a is shown as a three di-

is represented schematically for an ideal subsurface body subdivided in a series of prisms; b the sur-
mensional map (courtesy A. Pignatelli)

Fig. 3.6a,b. A magnetic anomaly inversion procedure capability; a an assemblage of magnetic prisms
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Fig. 3.6c. A magnetic anomaly inversion procedure capability; the result of a magnetic inversion on the
anomaly map in Fig. 3.6b is reported as slices of underground magnetizations, on a gray scale, at various
depths. This map can be compared to initial model in Fig. 3.6a (courtesy A. Pignatelli)
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surement level, and p and g are the wave numbers for the two survey horizontal direc-
tions x and y, this spectrum must be multiplied by a given mathematical function that
acts as a low-pass filter. If we consider a certain target altitude 4, above the departure
surface and we multiply the spectrum by the following quantity

f(p,q):e‘h“’2”2 (3.9)

we obtain the spectrum that the anomaly field would give if it were observed at that el-
evation h. From this new spectrum, transforming back to the magnetic information, a new
anomaly field, as it would be observed at that height is obtained. Strictly speaking this
technique is only applicable to the vertical magnetic field component but if we exclude
very low latitude surveys, it can be reasonably applied also to the total field.

A technique called downward continuation is also possible. Downward continua-
tion is in fact used to enhance details of the source distribution, provided no sources
exist in the region of continuation. Of course while upward continuation is somehow
a smoothing operation, always possible, in the actual case downward continuation is
often a risky operation. The shortest wavelengths will greatly be amplified and any
error present in the data set can bring to unrealistic and very large variations.

3.34
Other Frequently Used Techniques

Reduction to the Pole

As already mentioned one of the reasons why the interpretation of gravity anomalies
is generally simpler than the interpretation of magnetic anomalies is that gravity
measurements always represent the vertical component of the anomaly field. In the
case of magnetic field the use of total field F instruments brings the disadvantage that
the vector information strongly reflects the variability of the Earth’s magnetic field
inclination. However the case of magnetic field anomalies would immediately be com-
parable to the case of gravity if the magnetic anomalies were observed at the mag-
netic pole, where the Earth’s magnetic field is exactly vertical. Transforming magnetic
anomalies to those that would be obtained if the survey would have been taken at the
magnetic pole decidedly simplifies the anomaly maps. This possibility exists by using
appropriate mathematics in order to reduce the distortion effect caused mainly by the
Earth’s field inclination.

Once local magnetic declination D and inclination I angles are known from local
measurements in the survey area, in case of simple induced magnetization, the appli-
cation of the following transformation in the Fourier domain, where p and g are wave
numbers for the two horizontal survey directions, gives the spectrum reduced to the
pole, Ryt

2, 2

R _ p’+a

pole ™~ . . . 2, 2
1cosIcost+zcosIs1an+smI\/p +q

(3.10)
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Generally only one declination and inclination value is considered for all the sur-
veyed area. However particular codes are now available also for cases in which the
declination and inclination angles would significantly vary in the surveyed area. In
Fig. 3.7 an ideal case of reduction to the pole is shown to illustrate the magnetic
anomaly pattern modification produced by this technique.

Magnetic Gradiometer Surveys

Sometimes magnetic surveys are undertaken by the use of magnetometers with a spe-
cial sensor arrangement: two or more sensors are simultaneously operating so to give
magnetic measurements that can be used to obtain the local magnetic field gradient.
For example with two sensors placed at the vertical spacing of only 1 m, it is possible
to get a very useful gradiometric information. This value, expressed generally in nT/
m in fact furnishes a measure that is free from magnetic time variation effects that, as
seen before, cause the need of a correction of the survey data; in the case of gradients
this is not necessary. Magnetic gradiometric surveys allow to enhance some geomet-
ric characteristics of the source, for instance emphasizing anomalies from shallow
sources and allowing an easier detection of causative body edges.

Analytical Signal Method

When the survey data are not taken with a gradiometer instrument similar advantages
can be obtained with mathematical operations on ordinary magnetic anomaly data.
The method of the analytical signal for example, is based on the use of the spatial de-
rivatives of magnetic anomalies computed along three orthogonal directions. By this
operation a total absolute value of the analytical signal of a given anomaly field can
be obtained by summing the three square differentials. The analytical signal allows,
for example, to enhance the edges of the geological structures in a magnetic anoma-
lies cartography.
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Fig. 3.7.Ideal case of reduction to the pole: a typical mid latitude magnetic anomaly pattern (left) is
modified by this technique (right) (redrawn from Blakely 1996)
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3.4
Satellite Magnetic Measurements

Artificial satellites have given a significant contribution to enrich our Earth’s magnetic
field knowledge. The importance of magnetic field measurements from satellite alti-
tude is straightforward. Satellite data furnish in fact a global coverage of the Earth’s
magnetic field morphology in a short time compared to the Earth’s magnetic field time
variations, for example the secular variation. Global coverage satellite measurements
are taken over a certain time period and at different altitudes, since the orbit is gener-
ally elliptical. They are then processed and reduced to the same epoch and at the same
altitude. In Fig. 3.8 a representation of the actual situation in a satellite survey is given
together with the indication of the interested regions. From the values thus obtained,
a global map of the Earth’s magnetic field is derived and then processed further ac-
cording to the needs. Also in the case of satellite data the main challenge is to separate
the Earth’s core contribution from that of the lithosphere. Both fields contribute to
the intermediate spherical harmonics of degree 12 < n < 16 and a mutual contamina-
tion in the separation process is inevitable.

Satellite magnetic data can be used in a variety of magnetic field investigations.
Models of the geodynamo can be studied from magnetic field satellite maps and also
downward magnetic field continuation to the CMB can be carried out. Satellite mea-
surements can also be used for studies of the lithospheric field, that contains a great
deal of useful geological information. Moreover crustal field magnetic anomalies with
wavelengths larger than 500 km can be studied mainly by satellite, since they are not
obtainable simply pasting together magnetic surveys made on the Earth’s surface. Only
the satellites can offer this large scale magnetic perspective.

Some problems are evidently found also with satellite magnetic measurements.
Satellites orbit at an average altitude of 300-800 km, where main-field values are some-
how similar to those found on the Earth’s surface but crustal anomalies intensity de-
crease considerably. Satellites orbit in a very active electromagnetic environment. Elec-
tric currents in fact circulate in the ionosphere especially at lower altitudes than the
satellite orbit in particular the Sq currents and the equatorial electrojet (Sect. 1.3.4).

Fig. 3.8. Schematic diagram of Surface on which data are
acquisition, reduction and in- Region in which gridded or represented
terpretation of satellite data. data are aquired
Data are acquired at different
altitudes from satellites and
reduced to a specified height
(from Langel and Hinze 1998)

~ .

Layer in which magnetization
or dipole moments are estimated
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These currents generate curl-free magnetic fields whose source is internal to the or-
bit, just like those generated in the core and the lithosphere. This contamination can
be identified and partly eliminated thanks to the fact that ionospheric currents fol-
low the Sun’s apparent rotation, so their effects vary with local time. These are rea-
sons why satellite maps published by different authors often are broadly similar, but
can differ in the case of individual anomalies.

The satellites OGO 2, 4 and 6 (also called POGO) were sent in space orbit between
1965 and 1971; they have conducted the first good quality measurements to enable
the determination of the main, and crustal residual, Earth’s magnetic field from space.
A noteworthy success came after MAGSAT, the first satellite ever been made on pur-
pose for the study of the Earth’s magnetic field, was born. The value of the total mag-
netic field as well as of its magnetic components, was obtained. Launched in October
1979 this satellite has remained in a sun-synchronous orbit between altitudes of 352
and 578 km a.s.l., recording magnetic data until June 1980, when the satellite has burnt
in its re-entry in the lower atmosphere. For several years MAGSAT data have been the
best available satellite data for the study of the main as well as the crustal magnetic
fields (Plate 1).

Despite its short life span and the high altitude orbit, MAGSAT has contributed re-
markably to the progress in our knowledge about the lithosphere magnetization, show-
ing that the weak lithospheric magnetic field is indeed discernible at the satellite alti-
tude. Unfortunately because of the high level of noise introduced in the measurements
by ionospheric currents at satellite altitude, and the eccentric orbit, field models de-
duced by various authors from the initial data, were not in good agreement among
them. The general level of the intensity of the lithospheric magnetic field differs in
fact, by a factor 2 between the various models, corresponding to a factor 4 in the dif-
ference between the power spectra.

After these initial successes, for about twenty years no more magnetic satellites were
constructed. Fortunately new satellites were made recently specifically for magnetic
measures in order to furnish new data. In the month of February 1999, the satellite
@RSTED was lunched. This satellite orbits at an elevation between 620 and 850 km,
with an elliptic inclination of 96.62°, therefore approximately in polar orbit. RSTED
is equipped with Overhauser and tri-axial fluxgate magnetometers for measuring the
total intensity and the components, respectively. In July 2000, launched in an almost
polar circular orbit, with an initial altitude of 455 km, eccentricity approximately 0.001,
magnetic instrumentation of high precision, and with an expected life of about 5 years,
the new satellite denominated CHAMP operations started.

3.5
Applications of Magnetic Anomalies

As we have seen in this chapter exploration through magnetic techniques is often
finalized to the determination of the crustal magnetic field. It therefore has impli-
cations in tectonics, mining and oil exploration, and is also very important for a
better understanding of the nature and evolution of all the lithosphere (Chap. 6). Mag-
netic surveys have supported petrologic studies, allowing the identification of miner-
als, oil, archaeological artefacts and are recently often used also in environmental geo-
physics studies.



120 CHAPTER 3 - Magnetic Prospecting

70°N

60° N

30°N

0°

30°S
3

60°S |

70°5

Below -11 -9 -7 -5 -3 -1 1 3 5 7 9 11 Above

Plate 1. Map of the total intensity anomaly of the Earth’s magnetic field at 400 km altitude derived from
satellite data (POGO and MAGSAT) (from Arkani-Hamed et al. 1994)
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Plate 2. Merged shaded-relief map of the total intensity anomaly of the Earth’s field in Italy and sur-
rounding seas derived from ground and shipborne surveys (all data reduced to the sea level) (from
Chiappini et al. 2000)
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Plate 3. Magnetic lineation in pyroclastic density currents deposits of the A.p. 79 eruption of Vesuvius
at Pompeii (after Gurioli et al. 2005). At each sampling site (dot) the flow direction (arrow) derived from
imbrication of magnetic foliation (great circle in equal-area projection) is shown. The current traveled
N170°E and its lower part interacted with the city buildings. Color of the arrows: black = main direc-
tion of the current; green = direction following the city walls or the road network; orange = direction
influenced by obstacles or derived from deposits inside the buildings
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Plate 4. Volcanomagnetic changes at the onset of the October 2002 eruption of Mt. Etna (Italy) (from
Del Negro et al. 2004). Plots of 1-minute means of the total field F magnitude (a) and of seismic tremor
(b). The first variation in magnetic field at station DGL occurred 70 minutes later than at station PDN
(2.5 km to the south of DGL); the recovery phase at DGL started 2.5 hours later than at PDN. A similar
delay was observed in seismic tremor at stations EMVD and ESV,located on the southern and northern
flanks of the volcanic edifice, respectively
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Magnetic anomaly investigation is in general a rapid and cost effective geophysi-
cal mapping technique very useful in a variety of geological applications. This task is
nowadays frequently undertaken on vast areas by airborne methods. The mapping of
structural trends is for example one of the most frequent applications. Magnetic lin-
eations visible in map contours often reflect the strike of elongated intrusive features
or at times are indications of large faults concealed under a sedimentary cover. In
mineral exploration magnetic maps are able to point to strikes, faults and other simi-
lar structures, not always visible by means of a geological inspection from the surface.
The shape of the magnetic contour can also be a sign of contacts between rocks of
different types.

The most striking case of magnetic applications are related to magnetic explora-
tion for iron ores. Iron ores with their high magnetite/hematite content are easy to be
detected by magnetic measurements. Also other minerals can be searched for by mag-
netic surveys since they can be found in association with magnetic minerals like mag-
netite or pyrrhotite. Some surveys have also been made in the search for kimberlite
for diamond exploration. In the last decades the most widespread application of mag-
netic surveys has however been in the search for oil. This search is directly related to
the identification of sedimentary basins and their thickness. This is done by mapping
the basement depths, in many cases it results that magnetic techniques have allowed
the determination of depth to magnetic basements with only a 5% error. Magnetic sur-
veys have not only supported petrologic studies, allowing the identification of miner-
als, oil, but are now also used in the search for archaeological artefacts and also in en-
vironmental geophysics studies (Sect. 8.1).

As an example of a regional map, we briefly discuss the shaded-relief magnetic
anomaly map of total intensity of the Earth’s magnetic field for Italy and the surround-
ing seas (Plate 2). The map has been obtained after the compilation of shipborne and
ground data sets for the Italian region and surrounding seas, and has been reduced at
sea level, for the geomagnetic epoch 1979.0. Marine measurements (Fig. 3.9) were taken
during the years by several magnetic surveys mainly undertaken by means of preces-
sion magnetometers by the OGS Institute (Trieste, Italy). Ground magnetic measure-
ments were taken at more than 2 600 points by teams from Italian universities and sci-
entific institutions. A total of about 50 000 data points finally entered the magnetic data
set. Offshore and ground data were reprocessed, reduced to a common geomagnetic
reference field epoch, the ground data were reduced to sea level to be consistent with
the marine data, and all data were merged to produce the map. The IGRF model was
finally used to apply the secular variation correction and to compute the magnetic
anomalies. The anomaly field is characterized by a wide range of amplitudes and wave-
lengths and three major domains can be immediately seen at a first glance. To the north,
short-wavelength anomalies line up along the alpine belt, follow the arc of the west-
ern Alps and continue southwards along the eastern coasts of Corsica (the white, not
surveyed island in the map). They mainly correspond to ophiolites massifs, outcrop-
ping in the Alps and at shallow crustal depth below the Tyrrhenian Sea to the East of
Corsica. South of latitude 41° N, the anomaly field on the Tyrrhenian Sea is character-
ized by many anomalies of small extent, related to Pliocene and Pleistocene volcanic
edifices, comprising both seamounts and volcanic islands. On the contrary, the



3.5 - Applications of Magnetic Anomalies 125

8° 10° 12° 14° 16° 18° 20°
1 1 1 1 1 1 1
L L 46°
46°
L 440
44° -
r42°
42°
“F 400
40°
- 38°
38°
S : ! 50 100 150 36°
36° 4 . . ' ' *;1 ol +km B

T T T T T T

8° 10° 12° 14° 16° 18°

Fig. 3.9. Distribution of the marine profiles and location of the ground magnetic stations for the Italian
magnetic survey. The cross symbol indicates the location of 'Aquila geomagnetic observatory
(lat. 42.38°N, long. 13.32° E) (from Chiappini et al. 2000)

Apennines mountain belt, all along the Italian peninsula, and the Adriatic Sea to the
east of it show a long-wavelength pattern. The different magnetic signature is mainly
due to the different types of crust: thin and with high heat flow below the Tyrrhenian
Sea, thick and with low heat flow below the eastern side of the Italian peninsula and
the Adriatic Sea. These features entail an eastward dipping of the Curie isotherm, as
also suggested by the difference in the anomalies’ background: a generally positive
trend characterizes the Adriatic region, whereas in the Tyrrhenian Sea the short-wave-
length anomalies stand out from a general negative trend.
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Chapter 4

Paleomagnetism

Ferromagnetic minerals spontaneously magnetize in the direction of the Earth’s field
and give the rock a primary remanence J,. The remanence tends to be preserved over
geological times, unless some natural process provides the thermal or magnetic en-
ergy needed to modify domain arrangement, and provided no mineralogical trans-
formations occur. Rocks are an archive of the Earth’s magnetic history, a source of basic
information both for stratigraphy and geodynamics. If the rocks did not undergo any
movements after they have been formed, a stratigraphic sequence allows to reconstruct
the magnetic field of the past; if instead they did undergo relative movements, the
difference between their paleomagnetic directions allows to reconstruct them. The
paleomagnetic archive has an enormous advantage over the other geological archives:
given the planetary nature of the magnetic field, its data must be consistent at the
entire planet’s scale, so their time and geographic constraints are very restricted.
For example, if rocks in different regions of the globe have the same age, the polarity
of their remanence must be the same aside from the petrographic facies, and the di-
rections must concur in the very same point, which corresponds to the magnetic pole
for this age.

4.1
Magnetic Remanence in Rocks

The remanence of a rock is called natural remanent magnetization (NRM). It can be
acquired through different processes, synchronous to or later than the formation of
the rock, which produce a respectively primary or secondary magnetization.

4.1.1
Thermal Remanent Magnetization (TRM)

Thermal remanent magnetization (TRM) is that acquired by igneous rocks while they
cool. The TRM model is straightforward: magnetite start crystallizing at temperatures
in the order of 1000 °C and its crystals remain in the paramagnetic state, both in the
molten magma and in the solidifying rock. When the temperature of the rock drops
below the Curie point (575 °C) the crystals pass first to the super-paramagnetic and
then, as cooling continues, to the ferromagnetic state.

Let us examine a simple model: a set of N identical SD crystals shaped as a prolate
ellipsoid, oriented parallel to each other and to the Earth’s field F = pyH. At the tem-
perature T, immediately below the Curie point, the thermal activation energy is high
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and the energy barriers opposing changes to the orderly state of the domain are low.
Magnetization is parallel or antiparallel to the field and changes from one sense to
the opposite one in very short times. Parallel magnetization is statistically favored,
because it corresponds to the minimum potential energy: the excess AN of crystals
with parallel magnetization with respect to those with antiparallel magnetization is

AN = Ntanh(y,V](T)Hg/ KT) (4.1)

where J((T) is the magnetization of the crystal at the temperature T, and hence VJ(T)
is its magnetic moment. The set has a magnetization parallel to Hg, but since its relax-
ation time 7 (Eq. 2.13) is very short, the magnetization of individual crystals varies
continuously. As the rock cools down, thermal energy decreases, energy barriers grow
higher, rincreases. The transition from parallel to antiparallel becomes progressively
more difficult, i.e. less likely, AN increases and magnetization becomes ever more stable.
At a certain point, the blocking temperature Ty, is reached: below this value, the prob-
ability that a crystal could change its orientation is extremely low. The situation is fro-
zen and the rock acquires a TRM parallel to Hg, whose intensity is given by the rela-
tionship

Jrrm(Ty) = ANJ(Ty,) = NJ(Ty,) tanh (o V(T )Hg / KTy) (4.2)

As temperature continues to decrease, the tanh argument in Eq. 4.2 no longer
changes, because the situation is energetically blocked and once ambient temperature
is reached

Jrrm(20 °C) = NJ(20 °C) tanh(py VJ(Ty)Hg / KT,) (4.3)

This Néel model entails two important consequences, which - as Thellier has dem-
onstrated - agree with experimental data:

1. The TRM acquisition process is reversible, because if the rock is heated above T,
thermal energy again activates the parallel <> antiparallel transition. Therefore, there
is a value of unblocking temperature T, = T}, where the magnetization acquired
during the previous cooling is dispersed.

2. The TRMs of populations of crystals with different Ty, Ty, > Ty, are mutually inde-
pendent and they add to each other to give the total TRM of the rock. According to
Néel’s model, what happens for T > Ty, is not recorded by either of the two
populations; for T =Ty, > T, the first population acquires its TRM, whilst the
parallel <> antiparallel transition is still free in the second population; for
Ty > T > Ty, the first population remains blocked while the second one continues
to be free until T = T, and is then blocked itself for T < Tj,. Each crystal popula-
tion therefore records solely the field present at the instant in which temperature
drops below its blocking temperature.

The ferromagnetic crystals of a rock do not constitute a homogeneous population,
since mineralogical composition, shape, dimensions, H, and J; vary over more or less
wide ranges and so does 7. Consequently, T}, varies from grain to grain and the rock is
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characterized by a spectrum of blocking temperatures. However, Néel’s model and
Thellier laws remain substantially valid and in good agreement with experimental
observations. The curves in Fig. 4.1, derived from the procedure that will be described
in Sect. 4.3.2, present three real cases: a rock with very narrow Ty, spectrum, close to
the value of the Curie point, one with the spectrum split in two clearly separated in-
tervals, the other one with continuous spectrum. As to the direction of magnetization
of individual crystals, the statistical approach is somewhat more complex than in the

Fig. 4.1. Blocking temperature
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model, where the only possible states where parallel and antiparallel to the Earth’s field F.
In a rock, the orientation of the crystals and of their directions of easy magnetization
is random, except in particular cases. If the rock cools in the absence of a magnetic
field, the magnetization of individual grains has a random spatial distribution and
TRM is nil; in the presence of F, for each grain the likeliest direction of magnetization
is the easy one that is closest to the direction of the field: distribution is no longer ran-
dom and the resulting TRM is concurrent with F, although it is far less intense
than the saturation value, where individual crystals’ magnetizations are all mutually
parallel.

From Thellier second law originates the concept of partial TRM (PTRM), sche-
matically illustrated in Fig. 4.2. The PTRM acquired during cooling in the tempera-
ture range AT = T,-T, depends only on the field present at that moment and it is in-
dependent of the PTRMs acquired at higher and lower temperatures. The total TRM
of the rock is given by the vector sum of the individual PTRMs acquired in the AT;
intervals

Jrrm(20 °C) = ZJ; prrm(AT) (4.4)

TRM is typical of igneous rocks, but it can also occur in metamorphic rocks under
conditions of medium-high T, according to two different processes:

a formation of a new mineral at T > T.: the TRM is acquired during the eventual cooling.

b heating up to a temperature T of a primary mineral without mineralogical trans-
formations: the PTRMs with Ty < T are erased and then acquired again as the rock
cools down.

4.1.2
Chemical Remanent Magnetization (CRM)

A ferromagnetic mineral that forms below its Curie point acquires a remanent mag-
netization known as chemical, or crystallization (CRM). The processes can be the
nucleation and growth of a new ferromagnetic phase, such as the formation of a he-
matite cement in a sediment, or the alteration of a pre-existing phase, such as the oxi-
dation of magnetite to hematite. Since the relaxation time 7 of a grain also depends
on its volume, the base model for acquiring the CRM is similar to that of the TRM,
considering the blocking volume V}, instead of the blocking temperature T,. Rewrit-
ing (Eq. 2.13), we obtain

V=2KTIn(C71) / poH.J, (4.5)

When the volume of the newly formed grain is very small, 7 is short and the grain
is in the SP state. As crystallization proceeds and dimensions increase, 7 grows, the grain
passes to the SD state (Fig. 4.3) and magnetization can be considered stable at the geo-
logical time scale. Supposing that the grain is spherical, d is its diameter and the other
parameters in Eq. 4.5 are constant, we obtain

(d)*/1n(C1)) = (d,)*/ In(C1y) (4.6)



4.1 - Magnetic Remanence in Rocks 131

Fig. 4.2. TRM acquisition dur-
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Fig. 4.3. Schematic picture of the CRM acquisition during the growth of ferromagnetic grains. Heavy
lines represent relaxation time; a at beginning of crystallization the grains (dark gray area) have a smaller
volume than blocking volume and are super-paramagnetic; b as the grains grow through blocking vol-
ume they change to SD and acquire a stable CRM (light gray area) (from Butler 1992)

The growth in ras volume increases is enormous; assuming C = 10° s7! (Sect. 2.2.5),
arelative increase in the diameter d, / d; = 1.4 entails a growth in 7of 10'%. For example,
a grain of magnetite is in the SP state as long as d < 0.03 pm; when d = 1 pm it is in the
SD state: supposing that its relaxation time is 7= 100 s, when the grain has grown to
d=1.4 um ris in the order of 100 Ga.

The model considered for the TRM (all grains with the same characteristics, etc.)
applied to the case of the CRM leads to an equation similar to Eq. 4.3. The parallelism
between the TRM and CRM acquisition processes is elegant as a theory, but poorly
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suited to represent the highly complex reality of CRM. A substantial difference is given
by the fact that whilst as cooling proceeds below T, TRM no longer changes, as crys-
tallization proceeds grain dimensions increase and an energy situation can be reached
in which the SD grain must rearrange moving to the PSD or MD state. This is typical
for metamorphic rocks with magnetite nucleation, whose grains maintain the SD state
for maximum dimensions in the order of a few pm. Another complex situation occurs
when a ferromagnetic phase grows at the expense of another one: the two phases co-
exist in the same grain and the magnetization of the pre-existing one influences the
CRM of the new phase, both because it produces a magnetic field and for possible
couplings between orbitals of nuclei of the two phases.

Typical case of primary CRM occur in sedimentary and metamorphic rocks: for-
mation of hematite cement in sandstones; formation of greigite in marine or lake sedi-
ments in anoxic conditions; nucleation of magnetite in the peridotite — serpentinite
transformation; nucleation of pyrrhotite or hematite in various metamorphic facies.
CRM of secondary origin can occur in all types of rocks and at all scales, from oxida-
tion caused by weathering to diagenesis and regional metamorphism.

4.1.3
Detrital and Post-Depositional Remanent Magnetization (DRM, pDRM)

The formation of sedimentary rocks is long and complex, caused by physical and
chemical processes that widely vary according to the deposition environment and
have a relatively long duration. This complexity is reflected on the magnetization
process.

The starting model is detrital, or depositional, magnetization (DRM): a grain of
ferromagnetic mineral, which has its magnetic moment m, is deposited in still water.
The magnetic moment aligns itself with the Earth’s field F, but this movement is hin-
dered by the inertia of the grain and the viscosity of the water. Considering a spheri-
cal grain with diameter d and moment of inertia /, the equation of motion requires
the resultant of the three torques (inertial, viscous and magnetic) to be zero

d% o = .
I?+7rd37la+gﬂod3]"lﬁ5m9:0 (4.7)

where 6 is the angle between the two vectors m and F = yyHg, ) is water viscosity, ] the
magnetic moment per unit volume, i.e. the remanent magnetization the grain acquired
when the mineral formed in the parent rock. Figure 4.4 shows the relative importance
of the three moments in the case of spheroidal grains. Introducing in Eq. 4.7 numeri-
cal values that are representative of real cases, one derives that the alignment of m with
Fis achieved in times in the order of a few seconds. However, the equilibrium may be
disturbed as the grain reaches the bottom and a mechanical torque tends to position
it parallel to the bedding plane. The final situation depends on grain size (Fig. 4.4):
with dimensions <10 pm, the magnetic torque prevails and alignment with the Earth’s
field is achieved, with dimensions >0.1 mm the mechanical torque prevails and the
directions of individual grains are dispersed randomly. The direction of the Earth’s
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field is thus recorded by the DRM in claystones and fine siltstones, while magnetiza-
tion becomes progressively more chaotic in coarse siltstones and sandstones.

It should be stressed that DRM is a passive orientation under the action of an ex-
ternal field on already magnetized grains: the paleomagnetic study of sedimentary
rocks, therefore, had a fundamental role in demonstrating the existence of polarity
reversals, since a DRM with reverse polarity can only have been acquired in the pres-
ence of a reverse polarity field.

The reality of DRM is not as idyllic as in the model discussed above: if the water is
not still, the current tends to orient the grains; if the bottom is not horizontal, they
can roll over; but above all, the spheroidal grain assumption is not realistic. Grains
are usually elongated or flattened and are deposited on the bottom with their greatest
dimension parallel to the bedding (Fig. 4.5). The orientation of the magnetic moments
is thus offset by an effect that is random for declination, but systematic for inclina-
tion, which is smaller than that of the Earth’s field. This effect, called inclination error
or shallowing, has been observed in many cases and has generated numerous studies
on sediments, both natural and re-deposited in the laboratory under controlled con-
ditions, to understand how much confidence can be given to the paleomagnetic data
obtained from sedimentary rocks. The results are interesting:

= on the one hand, the inclination error is observed both in natural and re-deposited
sediments (Fig. 4.6) and can be described by the relationship

tanl = ftanly (4.8)
where I, is the inclination of the external field (terrestrial or created in the labora-

tory) and I, the inclination of the DRM of the sediment, while fis an experimental
coefficient, in many cases =0.4 to 0.6.
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Fig. 4.5. Deposition of ferromagnetic grains in still water. Settling grains arrange their magnetic mo-
ment parallel to the Earth’s field F. On the bottom, gravity causes the elongated grains arrange parallel
to the bedding. Inclination of DRM is lower than inclination of F

= on the other hand, systematic analysis on many recent oceanic sediments (Fig. 4.7)
demonstrates a good correlation between the DRM inclination and that expected
according to the GAD model at the latitude A" of the sampling site, tanI, = 2 tan A.

From these observations, the model of post-depositional magnetization (pDRM)
was devised; it starts from the fact that newly sedimented grains form a mud layer
with a high water content, which is progressively eliminated as the weight of overly-
ing sediments increases. The grains are still free to move for a certain period of time,
which depends on porosity, which in turn depends on the grains of silicate or carbon-
ate minerals that constitute the must abundant fraction of the sediment. For equal
weights, the dimensions of these grains are greater than those of ferromagnetic grains,
which are still free to move inside water saturated pores and hence to reorient because
of the torque exerted by the Earth’s field (Fig. 4.8). The finer the grains, the longer they
retain their freedom of movement. For dimensions below a few pm, the Brownian
motion must be taken into account: it is due to the energy transferred by water mol-
ecules to ferromagnetic grains. The situation is similar to that of paramagnetic sub-
stances: Brownian motion scatters magnetic moments, but they statistically tend to
align themselves in the direction of the magnetic field. The phenomenon can be de-
scribed by an equation similar to Eq. 2.3

J=JL(e) = J (4o V], / 3 KT)Hy (4.9)

! The geocentric axial dipole (GAD) model corresponds to the SHA term n = 1, m = 0. It assumes that
the Earth’s magnetic field is that of a dipole whose axis coincides with the rotation axis of the planet.
The study of SV shows (Chap. 1) that the Earth’s field averaged over times greater than a few hun-
dreds kyr may be assumed as a GAD field. The symbols for latitude and longitude (¢, 1) used in
Chap. 1 follow the convention of most books on geomagnetism; those (4, @) used in this chapter
follow the convention of most books on paleomagnetism. We used the two conventions in order to
make easier the comparison of equations between different books on the same subject.
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Fig. 4.6. Relationships between
inclination of remanence (I;) in 2.5 4
re-deposited sediments and
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controlled applied field (1,).
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form to the DRM model of in-
clination shallowing (I < I),
deep-sea sediments (2, square)
to the pDRM model (I = Iy).
(modified after Verosub 1977
and Irving and Major 1964)

tan [

where J is observed magnetization, J, saturation magnetization, i.e. with all the grains’
moments mutually parallel, L the Langevin function, V the volume of the grains and
J; their remanent magnetization.

When porosity and water content are further reduced, grain movements are no
longer possible: this process requires a certain time, known as lock-in time. Lock-in
is not the final point, because the first phases of diagenesis are still left. As overbur-
den increases, compaction tends to produce a planar fabric and grains tend to resettle
according to the bedding. If the rock still has a certain permeability, fluid circulation
may vary the chemical conditions, especially of oxy-reduction. The original detrital
ferromagnetic minerals can be destroyed and new ferromagnetic minerals may be
formed. The resulting CRM is nearly synchronous to the DRM.

4.1.4
Isothermal Remanent Magnetization (IRM)

A ferromagnetic substance subject to the action of an external magnetic field retains
a remanent magnetization even when the field is removed, as shown by the hysteresis
cycle (Sect. 2.2.2). This isothermal magnetization (IRM) is easily produced in the labo-
ratory and it is used to characterize the ferromagnetic minerals of the rocks (see Sect. 4.3.3).
The IRM of natural origin is due to lightning strikes: an electrical current with inten-
sity in the order of =100 A flows in the ground for some milliseconds and generates a
very strong magnetic field, which imparts to the rock an IRM with random direction
and very high intensity, which can approach the saturation value J,;. An outcrop struck
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Fig. 4.7. Inclination of remanence from deep-sea cores vs. coring site latitude. Symbols: dot = remanence
inclination; full line = inclination expected according to the GAD model (from Opdyke 1972)

Fig. 4.8. Shematic picture of
PDRM acquisition. Small ferro-
magnetic grains are free to move
within the pore spaces of a sedi-
ment and tend to reorient in the
direction of the field F

. D\

§

L=



4.1 - Magnetic Remanence in Rocks 137

by lightning can thus cause strong compass deflections and it is no surprise that this
phenomenon had been observed in the nineteenth century, when the term fulgurite
(from the latin fulgur for lightning) was coined to indicate rocks that had been struck
by lightning. Therefore, it is advisable to avoid sampling lightning-prone sites, as to-
pographic highs.

4.1.5
Viscous Remanent Magnetization (VRM)

Remanent magnetization corresponds to an orderly state that lasts over time, because
it is bounded by energy barriers. However, there is always a certain probability that
barriers are overcome, the magnetic domains change their arrangement and the mag-
netization gradually changes over time. In the case of rocks, the new magnetization
tends to be oriented in the direction of the Earth’s field. Rocks can thus acquire a vis-
cous magnetization (VRM), according to a law of the kind

Jvrm = Slogt (4.10)

where S is the coefficient of viscosity, which depends on the characteristics of the do-
mains, and t is the time during which the rock was subjected to the field. It is clear
from Eq. 4.10 that the present-day field has a major effect. VRM is a secondary mag-
netization and it is nearly always to be considered as noise, which can be eliminated
with appropriate procedures (see Sect. 4.3.2). However, when § is high, the VRM ac-
quired in a few seconds can be large enough to cause a change in the value of rema-
nence during the time required to perform its measurements.

4.1.6
Other Remanent Magnetizations

The remanent magnetizations discussed in the previous sections are the most impor-
tant ones in geological applications; however, many other physical processes, natural
and artificial, can influence the orderly state of the magnetic domains and thus pro-
duce a remanence. Let us briefly mention:

a Piezoremanent magnetization (PRM). The application of a stress entails mechani-
cal deformations of the grains, which are transferred to the walls of the domains,
causing non-reversible changes and hence a remanence.

b Drilling induced magnetization (DIRM). Oftentimes samples obtained from oce-
anic or continental cores have a spurious magnetization that can be correlated
to the magnetic field of the steel core barrel and the mechanical stress caused by
drilling.

¢ Anhysteretic magnetization (ARM). A sample that is simultaneously subject to an
alternating magnetic field that decreases from a maximum value to zero and to a
steady field, acquires a remanence parallel to the steady field. ARM measurements
are a routine laboratory technique used to characterize ferromagnetic minerals
(see Sect. 8.2).
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4.1.7
Timing of Remanence Acquisition

The aim of most paleomagnetic studies is to identify the primary magnetization, syn-
chronous with the formation of the rock. Therefore, the meaning of synchrony should
be discussed a bit more in depth. Figure 4.9 outlines the time interval in which pri-
mary magnetization is acquired in various types of rocks. In the case of sub-aerial
volcanic rocks, things are simple: cooling takes place in a time interval of a few hours
to a few years and from the geological viewpoint the TRM has the same age as the
rock. The isotopic age of the rock, determined for example with the **Ar/*®Ar method,
is transferred unaltered to the TRM. If we consider intrusive rocks, cooling requires
longer times and the isotopic age is no longer that of emplacement, but rather the one
in which the isotopic system used for dating was closed. Similarly, the age of the pri-
mary TRM is the one in which the temperature dropped below the blocking tempera-
ture. For example, the Rb/Sr system closes in biotite around 350 °C; if the TRM of the
rock is carried by magnetite grains with T}, exceeding 500 °C, its age is certainly older
than the Rb/Sr age. Intrusion, closing of the isotopic system, blocking temperature thus
represent three distinct episodes of the history of the rock, which can be offset even
by millions of years when the cooling process is very slow, as for intrusions in the lower
crust. The case of metamorphic rocks is similar; crystallization or cooling processes
occur inside the Earth’s crust and continue over long time intervals. The lock-in time
of sedimentary rocks depends primarily on the sedimentation rate, which varies
over many orders of magnitude, from a few cm/yr in large lakes of tectonic origin to
a few mm/1 000 yr in deep oceanic plateaux. A standard specimen with dimensions of
2-3 cm thus corresponds, in terms of sediment accumulation and subsequent com-
paction, to a time interval ranging from a few tens to a few thousands of years, with a
very different chronological significance.

Hence, the chronological relationship between the formation of the rock and the
acquisition of its remanence must be carefully evaluated. If the two processes are rapid,

Effusive Sedimentary Intrusive and
rocks rocks metamorphic rocks
Specimen | | | |
1 day 1month 1year 1 kyr 1 Myr
( I I I I I I I I I I |
10* 108 108 10'° 10" 10" 10'°
Seconds

Fig. 4.9. Schematic outline of the remanence acquisition time in various types of rocks (time scale in
seconds). Gray boxes refer to the time interval recorded in a specimen
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the situation is simple: the rock and its primary magnetization have the same age. When
they are diluted over time, things are not immediate and they become progressively
more complicated as time becomes longer, also because the direction of the Earth’s
field can undergo changes, such as a polarity reversal, which are recorded in the same
specimen. Rapidity must be evaluated also as a function of the age of the rock and
hence of the chronological resolution to be obtained. A lock-in time of a few ten thou-
sands of years is long for Pleistocene sediments, short for Palaeozoic sediments.

4.2
Sampling Techniques

Paleomagnetic samples can be taken with hammer and chisel, as geologists do, or by
directly coring on the outcrop, obtaining what are respectively called hand samples
and cores. Both techniques have their supporters: if applied correctly, they are wholly
equivalent and the choice depends on many factors, not all of them under the
paleomagnetist’s control, such as:

= consistency of the rock. Loose or poorly consolidated rocks, such as some tuffs or
recent sediments, are difficult to core. Large hand samples (10 X 10 X 10 cm) can be
taken from the outcrop, consolidated in the laboratory and then cut to specimens.
Another technique consists of gently pressing on the rock a cubic box made of plas-
tic (diamagnetic).

= availability of water. During coring, water is essential to cool the diamond bit and
clear away the scrap.

* environmental value. In natural parks, sites of special geological interest, wild re-
gions such as Antarctica the holes left by coring are not very compatible with the
environment to be preserved.

To orient a hand sample, the strike and dip of a face are measured exactly as with
bedding; for cores, a special tool is used, formed by an orientation table hinged on a
slotted tube: the tube is inserted in the hole making the slot to coincide with the ver-
tical plane through the axis of the core. Orientation is done with compass and clinom-
eter. Since the reference system is geographic north, it is essential to know the mag-
netic declination at the sampling site either by deriving it from maps or better by
measuring it with the Sun compass. In the case of intensely magnetized rocks, Sun
orientation must be measured for each individual sample; in the case of volcanoes,
for example, it is not uncommon to observe erratic declination changes in the order
of £5° between points in a same outcrop.

Sea and lake bottom sediments are sampled as piston cores with large diameter,
@& = 10 cm. These cores are often not azimuthally oriented and only the up/down side
of the specimen is known. Therefore, paleomagnetic measurements will only provide
remanence inclination, provided the core penetrated vertically.

Samples are then cut in the laboratory to prepare the specimens to be measured;
the widespread use of commercial instruments has led to the nearly complete stan-
dardization in the shape. Specimens are either cylinders with diameter & = 25.4 and
height & =22 mm or cubes with side of 20-25 mm.
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The plan of the sampling is the most delicate point of any paleomagnetic study, from
which the quality and “weight” of the results depend. It must be founded on a thor-
ough knowledge of geological and petrographic literature and a good familiarity with
cropping out conditions, and it must be best suited to the problem in question. For
example, the results of a tectonic study heavily depends on the areal distribution of
the sampling sites. Fresh rock outcrops should always be preferred, because weather-
ing easily causes secondary magnetizations due to oxidation and formation of Fe hy-
droxides. The best outcrops for paleomagnetism are natural cuts, although oftentimes
one has to make do with road cuts. Quarries can be deceiving: the rock is fresh, but
use of explosives may have caused PRM.

4.3
Laboratory Techniques

The goal of paleomagnetic measurements is to measure remanent magnetization, iden-
tify its various components and find out the ferromagnetic minerals carrying each
individual component. There are very many instruments and techniques, and we will
limit ourselves to basic aspects.

4.3.1
Remanence Measurements

Remanent magnetization J; is a vector: the measurement must therefore provide mag-
nitude (J,) and direction, defined with the same declination and inclination angles
(D, I) used for the Earth’s field. The three components of J, are obtained in the speci-
men reference system (x, y, z) and then transformed to the geographic system using
the field orientation of the sample. Magnetometers do not measure J, directly, but the
magnetic field B the specimen generates in the surrounding space. Assuming that the
field is that of a dipole, the magnetic moment M is derived and from it, assumed to be
homogeneous within the specimen, J; is computed. To satisfy the first hypothesis, the
shape of the specimens must approximate the sphere as closely as possible: standard
shapes are the cube and the cylinder with height/diameter ratio 4/ & = 0.9. The lack
of homogeneity of M, and hence of J, in the rock is often limited and the related er-
rors can be reduced by repeating the measurements in different specimen/sensor rela-
tive positions. Sensor and specimen are appropriately shielded against external mag-
netic fields, to prevent the presence of induced magnetization J; (Earth’s field) and
minimize noise (artificial fields).

The spinner magnetometer works based on the principle that a revolving magne-
tized specimen generates an alternating e.m.f. in a coil. The signal frequency is equal
to revolution rate, its amplitude is proportional to the component of the magnetic
moment perpendicular to the axis of revolution. The spinning system generates a ref-
erence signal, whose phase allows to split the signal in two orthogonal components,
proportional to two components of the magnetic moment. Repeating the measure-
ments with the specimen in different, mutually orthogonal positions, the three com-
ponents are obtained. The cryogenic magnetometer is based on superconductivity
effects. Its sensor is called SQUID (Superconducting Quantum Interference Device).
A ring of superconductor material is maintained below the critical temperature. When
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amagnetized specimen is moved close, the magnetic flux ® linked to the ring changes,
and the change A® induces in the ring an electrical current, whose intensity depends
on the component of the field B of the specimen parallel to the axis of the ring. The
sensors are installed inside a Dewar vessel, shaped in such a way as to enable the speci-
men kept at ambient temperature to be moved close to it. Having three mutually or-
thogonal SQUIDs, the three components of B can be measured all in one.

To reduce measurement errors and any errors due to the non homogeneity of J,
each component must be measured at least once in the two opposite directions
(%] J,» ],). Precision can be reduced by viscous components with relaxation times
in the order of a few seconds.

Modern instruments provide reliable measurements of magnetic moments
M =10""" A m? and hence specimens with magnetization J, = 10° Am™, as for ex-
ample many carbonate rocks. Basic effusive rocks can exhibit values up to J,= 10 Am™;
higher values are observed in particular cases (mineralizations, lightning strikes, ...).

4.3.2
Demagnetization

Rocks acquire their natural magnetization (NRM) through various processes, which
act at the time they form (primary magnetization) as well as later (secondary magne-
tizations). The NRM can thus consist of more than one component, each with a differ-
ent geological and chronological meaning. The measured vector (Jyry) is the result-
ant of the various components, so the problem of identifying them needs to be con-
fronted. This is mathematically impossible, because a vector can be resolved into com-
ponents in infinite different ways. Resolution can instead be possible through phys-
ics,based on a simple principle. If a rock has multiple magnetization components, each
of them involves a different population of ferromagnetic grains: if they have different
magnetic properties, for example different T}, or H,, the components can be cancelled
out one at a time, and this allows to isolate them (Fig. 4.10).

To cancel a magnetization, thermal or magnectic energy must be provided. Ther-
mal demagnetization is based on the reversibility of PTRM (Sect. 4.1.1).It is performed
with an oven shielded from all external magnetic fields and built in such a way that
the magnetic fields caused by the heating current cancel each other out. After mea-
suring Jyrm, the specimen is heated to the temperature T}. The magnetic domains with
Ty, < T, lose their magnetization, which they reacquire when the specimen cools down
to ambient temperature, always within the magnetic shield. Since there is no field, there
is no preferential direction, so each domain is magnetized in its easy direction and
the resultant of the domains with Ty, < T is zero. The measured remanence, then, is
J(T}) < Jnrum- Heating to temperature T,, the magnetization of the domains T, < T, is
cancelled and after cooling J(T,) < J(T;) is measured. The process is repeated step by
step until J(T,) =0, i.e. the maximum value of Ty has been reached. This value can
coincide with the Curie point but also be lower. The curves of Fig. 4.1 were obtained
in this way.

Demagnetization in alternating fields (Af) is wholly similar, and is based on the
magnetic hysteresis principle. Instead of the oven, a solenoid shielded from external
magnetic fields is used. It carries an alternating current, which generates an alternat-
ing field that is parallel to the axis of the solenoid and has a peak value of H,. Domains
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Fig. 4.10. Stepwise demagnetization of a NRM consisting of two components with different blocking
temperature or coercivity spectra. As the less stable component J, is erased, the direction of the meas-
ured remanence varies (Steps 1 to 4); when J, is completely erased, only the more stable component J;
survives; direction does not change any more, intensity progressively decreases (Steps 4 to 6)

peak

Fig. 4.11. Alternating field (Af) demagnetization. The intensity of the field increases up to and for a few
seconds remains at a maximum value, Hpeais then linearly decays to zero

with H. < H, follow the oscillations of the field; when it is made to decrease (Fig. 4.11),
each domain is remagnetized as the field passes at its H, value. The two opposite senses
of the alternating field are two preferential directions, and when H =0 domain mag-
netization is statistically distributed half in one sense, half in the opposite, thereby
yielding a zero resultant. A second step is then done at peak field H, and so on as in
the thermal procedure. Figure 4.12 is the equivalent of Fig. 4.1 and it shows some real
cases of rocks with different coercivity spectrum. Af demagnetization is routinely
performed to maximum values of a few hundreds of mT and it does not always cancel
out the whole Jyry. A widely used parameter to characterize the coercivity of a rock is
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Fig. 4.12. Af demagnetization in rocks with different coercivity spectra; a serpentinite with mainly MD
magnetite (Lanzo Massif, western Alps); b dolerite sill with mainly PSD magnetite (Victoria Land, Ant-
arctica); ¢ hematite-rich clayey sediment (Altai Mountains, southern Siberia). Curve d refers to a red-
coulored film carrying hematite as pigment (mural painting in Vatican Palaces, Rome)

the median destructive field (MDF), which represents the peak value of the alternat-
ing field that erases 50% of the Jypy.

The curves of Figs. 4.1 and 4.12 inform us on how remanence intensity varies dur-
ing demagnetization, but yield no information on the direction. In paleomagnetism
the equal-area, or Schmidt, stereographic projection is used to represent the directions.
Figure 4.13 is readily interpreted. If the NRM has a single component, the direction of
J; measured after every demagnetization step does not change and all the correspond-
ing points in the net fall close to each other. If instead the NRM consists of two com-
ponents, the direction of J, changes as one is cancelled: the points fall along a great
circle, because two vector components define a plane and as one is cancelled their re-
sultant moves within this plane. However, a more thorough knowledge of what takes
place during demagnetization requires the ability to evaluate simultaneously changes
in intensity and direction and this is done using the orthogonal projection diagrams
devised by Zijderveld. Let us examine them in some detail, because they are the key
that in many cases allows to understand how the NRM is constituted and to isolate its
individual components.

Figure 4.14 shows the construction of a Zijderveld diagram:

a The J, measured after each step (1,2, ...) is drawn as a vector from the origin of a
Cartesian system.

b The vector is projected orthogonally onto the horizontal plane N/S-E/W: the full dot
corresponds to the head of the vector J.. The projection represents the horizontal
component and hence its angle with the axis N/S yields the declination D.
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Fig. 4.13. Equal-area projection
of remanence direction during
stepwise demagnetization of a
NRM consisting of one (a) or
two (b) components (lithic clasts
embedded in pyroclastic depos-
its, Vesuvius, Italy). Symbols:
full/open dot = positive/nega-
tive inclination, figures = de-
magnetization temperature

o
0 200-560

@100
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¢ The vector is projected orthogonally onto a vertical plane (E/W-Up/Down in the
example): the open dot corresponds to the head of the vector J.. The projection gives
a component, which forms an angle I* with the horizontal plane. I* is called appar-
ent inclination and its value depends on the angle between the projection plane and
J:- When the vertical plane is oriented E/W, the actual inclination is given by
tanl = tanI* |sinD|.

d The two planes are superposed and the dots corresponding to the head of the vector
J; are drawn. The curve that joins the full dots shows how D changes as intensity
decreases, the one that joins the open dots shows how I* changes. The two curves
point towards the origin of the diagram, which corresponds to the value J.=0.

Figure 4.15 shows some real cases. If the diagram consists of two lines which point
towards the origin, the two values D, I are constant and hence the NRM consists of a
single component. If there are two components and their spectra of T}, or H, are sepa-
rate, the demagnetization first cancels the less stable component (depending on the
type of demagnetization called low-Tj, or soft), after the more stable one (high-Tj, or
hard). The values D, I vary as long as the soft/low-T;, component is cancelled, and are
then constant while the hard/high-Ty, is cancelled. Each of the two curves of the dia-
gram is a broken line: the first segment corresponds to the less stable component, the
segment that tends to the origin corresponds to the more stable one. If the spectra
overlap partially, the broken lines assume a curvilinear trend and the stable compo-
nent can still be recognizable from the profile of the points corresponding to the higher
demagnetization steps.

In most cases, the purpose of the demagnetization is to isolate the more stable
magnetization component, i.e. the one that corresponds to the higher values of T;, or
H,, which is called characteristic (ChRM). Hence the expression of magnetic cleaning,
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Fig. 4.14. Construction of Zijderveld diagram (see text for further explanation). Symbols: full
dot = projection of the arrow’s head onto the horizontal plane; open dot = projection of the arrow’s head
onto the E-W vertical plane; D = declination; I* = apparent inclination; figures = demagnetization steps

is often used to indicate the demagnetization process. Components with lesser stabil-
ity are of interest in many applications, whilst those cancelled in the very first few steps
often correspond to VRM. The direction (D, I) of each component is calculated in-
terpolating the points of the curve that correspond to its stability interval.

If the superposition between the spectra of Ty, or H, of two components is exten-
sive, the direction of their resultant continually varies during demagnetization and
they cannot be separated. Some information can be obtained with other interpreta-
tion techniques, such as remagnetization circles. We have seen that the vectors corre-
sponding to two components define a plane, which in equal-area projection is repre-
sented by a great circle along which their resultant moves (Fig. 4.13). The simplest case
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Fig. 4.15. Examples of Zijderveld diagrams. Symbols: square = declination; dot = apparent inclination;
scale bar = remanence intensity; a single component remanence (basic granulite, western Alps); b two
components with distinct spectra (diorite, western Alps); ¢ two components with overlapping spectra
(lithic clast embedded in pyroclastic deposits, Vesuvius, Italy); d three components (Cretaceous lime-
stone, Scaglia bianca, central Apennines)
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is the one in which the NRM is formed by a primary component, equal in all speci-
mens of a site, and a secondary component, variable from specimen to specimen. The
orientation of the great circle therefore changes from specimen to specimen (Fig. 4.16),
but the circles intersect along a common direction, i.e. that of the primary component
present in all specimens. The ChRM direction is thus not provided by the individual
specimens, but from the set of the specimens of the site.

433
Identification of Magnetic Minerals

In order fully to understand the geological meaning of the ChRM and secondary mag-
netizations, it is essential to know which minerals carry them and which are their main
magnetic properties. Classic mineralogical techniques, such as X-ray diffraction, re-
flected light microscopy, micro-probe analysis are made difficult by the very low con-
tent of ferromagnetic minerals and by their very small dimensions, even <1 pm. They
can be helpful in the case of igneous rocks, but they are seldom useful for sedimen-
tary rocks. Methods based on the diversity of magnetic properties have greater dis-
criminating power and, in addition to identifying the mineral, they can also charac-
terize its magnetic state (SD, PSD, MD) and useful parameters to evaluate the origin
and the stability of the remanence (coercivity, Curie temperature, etc.). These meth-
odologies are based on the observation of changes of magnetic properties when a
sample is subjected to changes in temperature, applied magnetic field or both at the
same time. They are very numerous and often based on phenomena that require much
more advanced knowledge of ferromagnetism than the basic notions we reviewed in

Fig. 4.16. Remagnetization cir-
cles. Each great circle is defined
by the two remanence compo-
nents of an individual speci-
men; the circles of all the speci-
mens from a site intersect along
a common direction, given by
the black dot with ellipse of
confidence
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Chap. 2. Therefore, we will just provide a few examples pertaining to some of the most
commonly used techniques.

Temperature analyses are performed from the Curie point down to a few degrees
Kelvin. Temperature acts both directly on the exchange forces and on the characteris-
tics of the crystal, modifying the lattice and thus causing a change in the magnetic
properties. Discontinuous transitions from one state to another occur for example at
about -15 °C in hematite (Morin transition) and around -150 °C in magnetite (Verwey
transition). The determination of the Curie point T, is based on the fact that for T > T,
ferromagnetic minerals lose their characteristic properties and behave as paramag-
netic: remanent magnetization J, disappears and the magnetic susceptibility x collapses
to very low values. The sample is inserted in a miniature oven and the whole is sub-
jected to the action of a magnetic field that generates the signal to be measured. In
susceptibility measurements, the oven is positioned inside the coil used to measure «.
The value of the Curie point depend on the mineral, whilst the shape of the curve of
k vs. T also depends on the type of domain (Fig. 4.17). To measure the saturation mag-
netization J;, the oven is positioned within a non uniform magnetic field, which magne-
tizes the sample and tends to displace it. The intensity of J; decreases with increasing
temperature and is measured monitoring the feedback force needed to keep the sample
in the initial position. Abrupt changes in the slope of the curve of J; versus T often
point to the occurrence of distinct ferromagnetic phases with different Curie point.

The application of an external field provides indications on magnetization and
coercivity: the measurements can be performed either in the presence of the field (hys-
teresis curves) or after cancelling it (IRM measurements). The IRM can advantageously
be imparted with a pulse magnet, in which a continuous current flows for a few milli-
seconds inside a solenoid. In this way, high intensity fields can be produced without
any particular technical problems. Subjecting a sample to a series of pulses with pro-
gressively greater field and measuring J, after each step, the IRM acquisition curve is
obtained; it can provide a first indication on the type of the minerals and on their
coercivity spectrum. For example, ferromagnetic minerals reach the saturation value,
SIRM, for fields in the order of 0.2-0.4 T, antiferromagnetic minerals for fields in the
order of 1.5-2 T (titanohematites) or >5 T (goethite). The coexistence of different
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phases can be highlighted with the procedure proposed by Lowrie. The sample is sub-
sequently magnetized at three decreasing field values in three orthogonal directions,
H,>H,> H,. The three components of the IRM are thus carried by grains with high
(J,), intermediate J, and low-coercivity (J,). A subsequent thermal demagnetization
gradually removes the three components and provides indications on their blocking
temperature spectrum and Curie point (Fig. 4.18).

Hysteresis curves provide a greater number of parameters (Sect. 2.2.2) and there-
fore are richer in information than IRM curves. A widely used instrument is the vibrating
sample magnetometer. A sample is made to vibrate in the presence of a uniform mag-
netic field H produced by an electromagnet: the flux linked to one or more pickup coils
changes and induces in the coils an e.m.f,, which depends on the moment M of the sample,
which in turn is a function of the intensity of H. In addition to mineralogical indica-
tions (Fig. 4.19), it is also possible to identify the various types of magnetic domains,
for example using Day plots, which show the ], /J; ratio as a function of the H./H, ratio.
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Fig. 4.19. Hysteresis loops of mixtures of different magnetic minerals (a: magnetite + hematite) and dif-
ferent domain states (b,c: SD + SP magnetite) (from Tauxe 1998)

In the case of a rock, the hysteresis cycle is also influenced by the induced magnetiza-
tion the para- and diamagnetic minerals acquire under the action of H. Their effect
becomes important when the ferromagnetic content is very low, but it is easily identi-
fiable because the relationship between induced magnetization and field intensity is
linear (Fig. 2.3). By heating the sample, repeated hysteresis cycles indicate how mag-
netization and coercivity decrease as temperature grows; any contribution of dia-
and paramagnetic minerals, whose susceptibility is independent of temperature, be-
comes progressively more important and is predominant above the Curie point.

The application of magneto-mineralogical techniques encounters several difficul-
ties. Heating during thermal analyses can cause irreversible transformations. The most
common one is oxidation, which can be highlighted by letting the heating cycle be
followed by a similar cooling cycle. This drawback can be limited by operating in a
neutral atmosphere, for example argon. In many cases, the measurements need a high
content of ferromagnetic mineral, obtained by grinding the rock and separating its
ferromagnetic fraction, a complex and not always applicable operation. The greatest
problem derives from the coexistence in the same rock of different ferromagnetic
phases whose effects overlap and can be difficult to identify and separate.

4.4
Paleomagnetic Directions and Poles

Laboratory measurements provide the direction (D, I) and intensity (J;) of the ChRM
of each specimen. Leaving intensity aside for now, to each specimen can be associated
a unit vector, characterized by the two values (D, I). To go from the vectors of the indi-
vidual specimens to paleomagnetic information, some steps are necessary:

= averaging the direction of ChRM of the specimens from a same site;

= evaluate whether this direction does reasonably represent the direction the Earth’s
field had when the rocks were formed;

= averaging the paleomagnetic directions of different sites of the same geological unit;

= comparing the directions of different geological units.
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4.4.1
Statistical Analysis

Having N ChRM directions (D;, I;) of specimens from the same site, the first step is to
compute their average value, obtained through the vector sum of the N unit vectors.
In the geographic reference system (x, y, z = north, east, down), the three direction
cosines (l;, m;, n;) of each vector are

l;=cosD;cosl;; m;=sinD;cosl;; n;=sinl;

The magnitude of their resultant (Fig. 4.20) is R*= (Z1,)* + (Z;m;)” + (Tn;)%, and its
direction cosines are

I=EL)/IR; m=Em;)/R; n=Emn;)/R
Declination and inclination (D, I) of the site mean ChRM direction are given by
D=arctan(m/l); I=arcsin(n)

In paleomagnetism, the significance of the mean direction, or — which is the same -
the dispersion of the data from which it was calculated, is evaluated using the Fisher’s
statistics. Each direction corresponds to a point on a unitary sphere and assuming they
are distributed with azimuthal symmetry about the “true” value, the probability den-
sity function P(6) of Fisher’s distribution is given by

P(6) = kexp(kcos0) / 4msinh(k)

where 0 is the angle between an individual direction and the “true” one and k the pre-
cision parameter, which gives the concentration of the points and varies from k = 0 if
distribution is uniform, i.e. the directions are randomly dispersed, to k — o> when they
are concentrated near the “true” direction. In reality, we do not know the “true” direc-
tion and the value of k; so we can only calculate their best estimates, which are the
mean direction, corresponding to the resultant, and the precision k= (N-1) / (N - R).
The “true” direction has a certain probability of falling within a cone centered on the
mean and with apical semi-angle a, which in the case of Fisher’s statistics is given by
the relationship

COS(X(I_P)z 1- (N_R)/R . ((1 /p)l/(N—l)_ 1)

where (1-p) is the level of confidence. Usually, one sets p = 0.05, so the angle ays cor-
responds to the half-angle of the cone within which the true direction lies at the 95%
probability level. Figure 4.21 shows some real cases. The angle a5 can be considered
as the error that affects the mean direction; the corresponding errors for inclination
and declination are given by

dI=ags; dD = ags/ cosl
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Fig. 4.20. Statistics of paleo- R
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Fig. 4.21. Equal-area projection of paleomagnetic directions from single sites. Symbols: dots = ChRM
direction; star = site mean direction with ellipse of confidence; a high dispersion (ags=11.5°, k=7 -
Miocene marls, Ligurian-Piedmontese Basin, NW Italy); b low dispersion (ags=4.5° k=43 - Jurassic
limestones, Rosso Ammonitico, western Sicily); ¢ very-low dispersion (ags = 2.1° k = 423 - fine-grained
pyroclastics, Vesuvius, Italy)

In the stereographic net, the cone of confidence is projected as a circle (equal-angle,
or Wulff net) or an ellipse (equal-area, or Schmidt net).

The numerical values of the various statistical parameters are useful to give a quan-
titative evaluation of dispersion, but they must not be considered too rigidly. Each sta-
tistic presupposes a high number of data and their mutual independence, i.e. that they
correspond to a random choice within the population to be analyzed. In paleomag-
netic studies, oftentimes the data are not very numerous (there are rarely more than
10-15 specimens measured for a site) and randomness depends on the way sampling
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was done, which may not be random. Figure 4.22 shows the case of a lava flow from
Mount Etna, sampled at 10 cm interval along its whole thickness of about 2 m. The
mean direction is very close to that of the Earth’s field (known, because the flow dates
back to 1971) although declination and inclination have variations of nearly 20°. The
within flow variations are likely to be random and the good sampling strategy mini-
mizes their effects. A sampling concentrated in one part of the flow would have lost
the randomness: data dispersion would probably have been minor, but the mean di-
rection would have been systematically deviated relative to the field.

The values of the statistical parameters are essential to evaluate the quality of the
paleomagnetic data, but the weight to be attributed to the paleomagnetic result de-
pends first of all on the logic of the sampling. For example, in the case of an outcrop
of sedimentary rocks sampling an individual layer gives different results than sam-
pling various layers. In the first case, the site mean direction will correspond to a short
time interval and have a low dispersion, in the second the dispersion will be higher,
since the corresponding time interval is longer.

Fig. 4.22. Changes in declina- Declination Inclination
tion and inclination of TRM 345° 0° 15° 35° 50° 65°
throughout an individual lava 200 I TR L 1

flow (1971 eruption of Etna).

Vertical lines show the D, I val-
ues of the Earth’s magnetic field A
at Etna in year 1971 (modified
after Rolph 1997) r
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Other statistical procedures apply to particular problems, such as determining
whether two mean directions are different from each other or giving a quantitative
evaluation to the tests described in the next section.

4.4.2
Field Tests

Once the site mean direction of ChRM is determined, the paleomagnetist has to give
it a geological meaning. The process is typically deductive and has to considers both
the magnetic and the geological data. The field tests are similar criteria to those typi-
cal of stratigraphy and can provide indications on the primary nature of the ChRM.
Traditional tests are:

a Reversal test (Fig. 4.23). In the case of sedimentary rocks or superposed lava flows,
the time elapsed during the deposition of the layers or the emplacement of the flows
may cover one or more polarity reversals. If the specimens collected at various lev-
els have opposite polarity, the ChRM can reasonably be considered primary. In this
case it is important to perform demagnetization in the best possible way, since the
presence of a secondary component not fully removed may introduce a systematic
error. If the time interval covered by the outcrop is long enough to apply the GAD
hypothesis, the normal and reverse mean directions should be antipodal.

b Fold test (Fig. 4.24). In the case of outcrops on the opposite limbs of a fold, three
cases are possible. If the directions of ChRM are grouped, the ChRM is post-tectonic
and hence secondary. If the directions are dispersed before and grouped after unfold-
ing, then the ChRM is pre-tectonic and hence likely to be primary. Lastly, the ChRM is
syn-tectonic when the maximum clustering of the directions occurs after partial un-
folding.

¢ Conglomerate test (Fig. 4.24). The spatial arrangement of the clasts of a conglomer-
ate is random. If their ChRM directions are randomly dispersed, the magnetization
of individual clasts was acquired before the deposition of the conglomerate and has
since remained stable. If they are similar, the magnetization was acquired after the
deposition. This test is especially useful in the case of inter-formational conglomer-
ates, because its result can be extrapolated to the underlying source rock. In a vol-
cano-detrital series, if the volcanic pebbles of a conglomerate have random ChRM
directions (Fig. 4.25), their magnetization is stable and it is reasonable to suppose
that the same is true for the lava flows of which they come from.

d Baked contact test (Fig. 4.24). A magmatic intrusion heats the country rock, which
can thus lose a certain portion of its magnetization to reacquire it during its subse-
quent cooling. The most interesting case is the one in which a dike and the country
rock have very different age. If the ChRM directions in the dike and the heated coun-
try rock are similar and different from that of unbaked country rock, then the ChRM
of the dike is stable and likely primary, and that of the unbaked country rock is older.
When both baked and unbaked country rock have the same direction, their ChRM
is secondary and acquired later than the emplacement of the dike. If even the dike
shares the same direction, all lithologies were remagnetized during a major regional
event. This test is particularly useful for dikes intruding a crystalline basement.
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Fig. 4.23. Reversal test. Equal-area projection of NRM (a) and ChRM (b) directions (Bajocian limestones,
Betic Cordillera, Spain). Symbols: full/open dots = positive/negative inclination. Al NRM directions have
normal polarity; ChRM directions after thermal demagnetization have both normal and reverse polar-
ity. A Tertiary overprint hides the primary magnetization, which shows a succession of 5 normal and
6 reverse polarity intervals recorded in a 3-meter-thick section (courtesy C. De Giorgis)

Fig. 4.24. Paleomagnetic field tests for stability. (1) Fold test. Remanence direction varies along
layer b, and is uniform along layer a. Unfolding makes uniform the directions in b; remanence
predates folding and may be primary in origin. Remanence in a is secondary, acquired after fold-
ing. (2) Conglomerate test. The dispersion of the remanence direction of pebbels in layer ¢, which
originated from rocks of layer b, strenghtens the hypothesis of primary remanence in layer b.
(3) Baked contact test. The dike d intruded during a reverse polarity interval and remagnetized
the country rock close to its walls. Rocks of layer b still have the same direction of the dike, whose
remanence can be inferred to be primary. Rocks of layer a have the same direction they have far from
the dike; the remagnetization of layer a occurred during a normal polarity interval later than the dike
intrusion
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Fig. 4.25. Conglomerate test.
The ChRM direction of
andesite flows (dot) are well
grouped, whereas those of the
boulders (square) derived from
the erosion of the flows are
randomly dispersed (volcano-
detrital cover of the Sesia-
Lanzo Zone, western Alps).
Full/open symbols = positive/
negative inclination

443
Tilt Correction and Paleomagnetic Direction

The site mean direction of ChRM corresponds to the paleomagnetic direction, i.e. that
of the Earth’s field, only if the rock is still in its original attitude. Otherwise, the rock
needs to be brought back to the geometric conditions in which it was formed (this
correction has various names: tilt, bedding, tectonic). The operation is simple in the
case of sediments for which an original horizontal bedding can be assumed: the di-
rection is made to rotate about the strike by an angle equal to the dip. This sentence,
however, entails a bunch of problems, such as

= correction is problematic or downright impossible in rocks lacking references to the
paleohorizontal, such as plutonic rocks;

= the rotation about the (horizontal) axis coinciding with the strike of the bedding
assumes that the axis of the dislocation was horizontal. The inclination of a fold or
tilting axis is often hard to derive from the field data;

= if the dislocation is multi-phase, the chronological sequence must be known since
the total correction depends on the order of the individual corrections.

Once the paleomagnetic directions of the individual sites of a geological unit are
obtained, the paleomagnetic direction of the unit (D, I) is their mean direction, calcu-
lated using Fisher’s statistic as before. If attitude changes from one outcrop to the other,
the quality of the tilt correction can be evaluated by comparing the dispersion of the
mean direction before and after the correction, as in the fold test.
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4.4.4
Virtual Geomagnetic Pole (VGP) and Paleopole

Since the direction of the magnetic field along the Earth’s surface depends on geo-
graphic coordinates, the paleomagnetic directions of distinct geological units can be
compared directly only on a regional scale. On a broader or planetary scale, geographic
dependence must be eliminated and a common reference must be used. As a first ap-
proximation, the Earth’s field is modeled as a geocentric axial dipole (GAD). In this
hypothesis, the direction of the field will always concur to the pole, regardless of the
position of the point taken in consideration. To compare the data of different geologi-
cal units, therefore, it is necessary to go from the paleomagnetic direction to the vir-
tual geomagnetic pole (VGP). Given a direction (D, I) obtained in the site S (of geo-
graphic coordinates Ag, @s), the corresponding VGP is along the great circle that passes
through S (Fig. 4.26) and forms, with the geographic meridian an angle equal to the
declination D. The angular distance between S and the VGP is the colatitude p, which
is calculated with the dipole formula tanI=2 tanA =2 cotp (i.e. Eq. 1.42 written us-
ing for latitude the symbol A instead of ©)

p = arcot(1/2 tanI) (4.11)
Latitude and longitude (Ap, p) of the VGP are given by the formulas

Ap=arcsin(sinAgcosp + cos Agsinp cos D)

Fig. 4.26. Calculation of the North Pole
VGP position: D = site mean T~
declination; p = site colatitude NS

(see Eq. 4.11); dp, dm =radii of ////l“\\\\ \

the VGP ellipse of confidence
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Yp=@s+ B if cosp >sinAgsin A,
Pp= s+ 180° - if cosp < sinAgsinAp

where = arcsin(sinp sin D / cos Ap). The circle of confidence ays associated to a mean
direction is transformed for the VGP into an ellipse, because the relationship between
latitude and inclination of the Earth’s magnetic field is not linear. The error dI is trans-
lated into a colatitude error, which corresponds to the radius dp of the confidence el-
lipse along the great circle from S to the VGP; the error dD corresponds to the radius
dm in the perpendicular direction (Fig. 4.26).

The non-linearity of the latitude-inclination relationship passing from direction
to pole causes a methodological problem when analyzing sites of a same geological
unit (or of geological units of the same age): should the mean direction be calculated
first, and then the corresponding VGP, or should the VGPs of the individual sites be
first calculated, and then their mean value? Remember first of all that the mean posi-
tion of VGPs is calculated using Fisher’s statistics again: longitude and latitude respec-
tively take the place of declination and inclination, and the statistical parameters are
conventionally designated with capital letters, K and Ags. The two possible methods
give the same position as the mean VGP, to which is associated a confidence ellipse
(dp, dm), if the mean of the directions is computed and then the VGP is calculated, or
a circle (Ag;s), if the individual VGPs are calculated and then their mean is computed.
The difference is in the different distribution: a circular distribution of directions pro-
duces an elliptical distribution of VGPs, and vice versa. This difference causes both
statistical problems, since Fisher’s statistics presupposes circular symmetry, and data
interpretation problems. A circular distribution is considered an effect of random varia-
tions in the Earth’s field, while an elliptical distribution, elongated in one direction, can
be caused either by the geographic transformation from direction to pole or by a sys-
tematic deviation of the paleomagnetic directions. For example, the case in which the
VGPs are dispersed along a small circle, orthogonal to the site to pole paleomeridian,
is a clue that the sampled sites have undergone tectonic rotations about vertical axes.

What is the meaning to be attributed to an individual VGP and to a mean of a set of
VGPs? To answer, it is essential to consider the chronological aspect, which differs ac-
cording to rock type because it depends on the duration of the remanence acquisition
process (Sect. 4.1.7). The most immediate case is that of volcanic rocks. The magneti-
zation of a lava flow records one instant in the history of the Earth’s field: its VGP cor-
responds to the position of the geomagnetic pole in that same instant. Nearly all VGPs
obtained from Plio-Pleistocene rocks fall at latitudes >70° N* within the cap centered
on the geographic North Pole. This figure indicates that the magnetic pole moves
around the geographic pole, as suggested by the historical measurements of secular
variation, and that the position of the VGPs averaged over times in the order of 1 Myr
coincides with the geographic pole. In other words, the experimental data of the last mil-
lions of years indicate that the Earth’s magnetic field, averaged over time, can be consid-
ered as a GAD field. The average position of VGPs obtained from rocks of similar age
coming from a same tectonic or geodynamic domain is called a paleomagnetic pole.

2 VGPs are conventionally calculated as north poles, irrespective of the ChRM polarity.
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4.5
Paleomagnetic Information

The remanent magnetization of rocks contains a good deal of information on physi-
cal processess, geometry and time. This section provides examples relating to geo-
dynamics, structural geology and geophysics, while Chap. 7 is dedicated to the use of
paleomagnetism as a relative chronology tool.

4.5.1
Geodynamics and Paleogeography

In the previous section we have seen that the GAD hypothesis is substantially valid
for the last 5 Myr. Paleomagnetic analysis of older rocks shows on the one hand that
VGP dispersion over times of some Myr is similar to the one observed for Plio-Pleis-
tocene, on the other hand that their average position, i.e. the paleomagnetic pole, is
distinct from the present-day geographic pole. In the case of Europe (Fig. 4.27), for
example, Permian VGPs are in the easternmost part of the Pacific Ocean and are dis-
tributed astride the 45° N parallel. Europe’s Permian paleomagnetic pole is located
4000-5000 km away from the geographic pole. More in general, the position of the
paleomagnetic poles from the various continents varies in time and they move far-
ther away from the present-day geographic pole the greater the age of the rocks. The
curve drawn joining the paleomagnetic poles is called apparent polar wander (APW)
path. The size of the movements (Fig. 4.28) indicates that their cause is a geophysical
phenomenon of first magnitude, and two different hypotheses can be put forward:

Fig. 4.27. European paleomag- 180°
netic poles from Pliocene-
Pleistocene (square) and
Permian (dot) rocks (from
Lowrie 1997)

European paleomagnetic poles:

@ Pliocene and Pleistocene
@ Permian
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= the magnetic pole has moved along the surface of the Earth; in other words, the axis
of the dipole is not bound to the axis of rotation and the angle between the two axes
can take on any value;

= the magnetic pole has remained fixed and the continents have moved: the two axes
have remained substantially co-linear and the continental masses have been the ones
that moved.

The observation that different continents have different APW paths excludes the
first hypothesis, since an absolute movement of the pole would be recorded the same
way in any point of the Earth’s surface, and lends plausibility to the second hypoth-
esis. This hypothesis found the first confirmation in the 1950-1960 decade as a result
of the systematic study of Palaeozoic and Mesozoic rocks of Europe and North America.
The APW curves of the two continents are clearly different (Fig. 4.29), however, their
shape is similar and a rotation of 38° brings the two curves to overlap. This rotation
corresponds to the one necessary to close the Atlantic Ocean up according to the fit of
the coastlines proposed by Bullard, Everett and Smith in 1965. Paleomagnetism thus
provides a proof of the movements of the continents (or rather of the plates) that is
independent of any other geodynamic assumption and based only on the hypothesis
that the Earth’s magnetic field has remained essentially dipolar over geological times.
The whole of paleomagnetic data accumulated over fifty years supports the validity
of the hypothesis and is fully compatible with geological and geophysical observations
that suggest, but do not prove, relative movements between the lithospheric plates. The
paleogeographic reconstructions of the Pangea supercontinent and of its northern and
southern parts, Laurasia and Gondwana, hypothesized during the first half of the 20th
century, mainly by Wegener and DuToit, have found substantial confirmation, although
some aspects are still controversial to this day.

Fig. 4.28. Middle Cretaceous to 0°
Recent apparent polar wander

(APW) path for India. Symbols:

square = paleomagnetic pole

with ellipse of confidence;

dot = paleomagnetic pole

from Cretaceous basalt traps;

figure = age in Ma (from

Besse and Courtillot 1991).

Since middle Cretaceous, the
paleomagnetic pole has moved

some 90° northwards 270°

90°

Dekkan traps 651
Rajmahal traps 1
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rth American
WP path
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Fig. 4.29. North American and European APW paths from middle Ordovician/lower Silurian (Om/Sl)
to late-middle Jurassic (JI/m); a APW paths in present-day geographic coordinates; b APW paths (late
Jurassic geographic coordinates) after rotating Europe about the Euler pole in a (from Lowrie 1997; data
after Van der Voo 1990)
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The paleogeographic evolution of the Earth’s surface from Mesozoic to Recent is
quite well defined, thanks to the integration between the continents’ APW paths, the
sequence of the ocean-floor magnetic anomalies (Chap. 7) and the constraint of coastal
contour fitting. Delving farther back in time, things become more complicated
(e.g. there are three models for the reconstruction of Pangea: A, A2, B) and ultimately
speculative, like the connections between the various Archaeozoic cratons.

Paleomagnetic data allow to reconstruct the relative motions of two continents, but
they provide no information on their absolute position on the Earth’s surface.
Paleolatitude can be derived, because it is a function of the inclination of the paleo-
magnetic direction, but paleolongitude remains indeterminate, since the GAD model
has the Earth’s axis of rotation as its axis of symmetry. Latitude is the main variable
that affects climate and therefore it is possible to correlate paleomagnetic data with
paleoclimatic data, which can be deduced from the fact that certain types of rocks and
many fossils have a geographic distribution limited to certain climatic regions. The
comparison cannot be very quantitative, but qualitative concordance between the re-
sults of completely different methodologies is always a convincing argument. A great
variety of rocks are formed under particular climatic conditions: evaporites, red beds,
coal, coral reefs. The latter are a classic example: for the development of a reef to take
place, sea water temperature must not drop below 22 °C, a condition that is met only
in the 30° S-30° N latitude band. The distribution of present-day reefs versus latitude
is symmetrical with respect to the equator (Fig. 4.30), whereas that of fossil reefs is
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Fig. 4.30. Distribution of coral 80
reefs vs. latitude; a present lati- a
tude of modern reefs; b present
latitude of fossil reefs; ¢ paleo- 60 -
latitude of fossil reefs (from

Briden and Irving 1964)
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strongly asymmetrical and many are located at higher latitudes than 30°, in particu-
lar in the northern hemisphere, where a frequency peak is recorded between 30° N
and 50° N. Bringing the reefs back to their original latitude deduced from paleomag-
netism, distribution becomes more symmetrical and 95% of the reefs fall within the
30° S-30° N latitude band.

The paleomagnetic correlations that confirm an equatorial symmetry of paleoclimatic
indicators imply an axial dipole and are therefore a very strong argument in favor of



4.5 - Paleomagnetic Information 163

the hypothesis that the GAD model has remained substantially valid over geological
epochs. Other connections between magnetic field, rock magnetism and climate will
be discussed in Chap. 8.

The analysis of paleomagnetic directions, or VGPs, is a well consolidated applica-
tion of paleomagnetism to geodynamics, but other information can be derived from
analyzing the ways in which the remanent magnetization was acquired. A recent ex-
ample is thermopaleomagnetism, which aims to evaluate the cooling of rocks con-
nected to vertical tectonic movements. Its first systematic application was performed
on Liassic marly limestones and black shales of the Dauphinoise Zone (western Alps),
metamorphosed during the upper Oligocene. In the prograde phase of metamorphism,
whose thermal peak was about 350 °C, pyrrhotite grains were formed, which did not
acquire a remanent magnetization because the Curie point of pyrrhotite is T, = 320 °C
(Sect. 2.3.3). The subsequent cooling was caused by the exhumation of the chain, and
hence it was very slow, in the order of a few °C/Myr. In such a case, the acquisition of
TRM extends over a period of time that is comparable with the succession of the po-
larity reversals and the rock records two antipodal directions. If the spectrum of the
blocking temperatures Ty, is sufficiently broad (=100 °C), the rock records many po-
larity reversals and its TRM is made up by many components (PTRM) with opposite
directions. The curve of the TRM intensity versus temperature, therefore, does not have
a monotonous growing profile as in Fig. 4.2, but it is a broken line that alternates seg-
ments with opposite slope (Fig. 4.31). If the PTRM acquired immediately below the
Curie point has normal direction, the one acquired when polarity has changed has
reverse direction and hence is subtracted from the first one and the cumulative curve
of the TRM decreases. At the subsequent polarity change, the new PTRM is parallel to
the first one and the cumulative curve starts increasing again and so on, with a slope
change in correspondence with every reversal. If the remanence of the rock is exclu-

Fig. 4.31. Thermal demagneti-
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sively of thermal origin and the pyrrhotite grains are in the SD state, the process is
reversible (Thellier law) and a highly detailed thermal demagnetization allows to re-
construct the curve of the PTRM, from which the sequence of polarity reversals can
be deduced.

This phenomenon is wholly similar to the magnetization of the oceanic crust
(Sect. 6.2); only the time factor is recorded differently: in the oceanic crust, each po-
larity period corresponds to a certain width of the anomaly band; in the case of
thermopaleomagnetism it corresponds to an interval in the Tj, spectrum of the grains.
Once the sequence of polarity reversals is obtained, the comparison with the GPTS
reference scale (Sect. 7.1) allows to evaluate its duration, and hence the cooling rate,
from which the chain’s exhumation rate can be estimated.

4.5.2
Regional Tectonics

Use of paleomagnetism in regional tectonics depends on the scale of the problem. In
the case of a crustal block or a terrane, we have a tectonic domain which separated
from a major plate and for a certain period of time moved independently on the Earth’s
surface. This movement has to be fitted in the global frame of the plates’ motion and
the paleomagnetic directions or the VGPs are compared with expected directions or
VGPs, where expected means that they are calculated starting from an APW curve used
as a reference on the grounds of a certain geodynamic hypothesis. Limiting ourselves
to the directions, we see that an inclination I different from the expected one indi-
cates a latitudinal movement (Fig. 4.32), while a discordance of the declination D in-
dicates a rotation about a vertical axis. If both D and I are different from the expected
ones, the movement of the block can be interpreted as a rotation around a point of
the Earth’s surface external to the block, called Euler pole’.

At the local scale, i.e. within a same tectonic domain, the differences between the
paleomagnetic directions are interpreted in terms of rotations, whose axes can be ver-
tical, horizontal or variously inclined. In this case, it is important to keep in mind that
local rotations do not involve the entire crust: the moving tectonic unit is freed at a
certain depth by decollement levels. Studies applied to regional tectonics are perhaps
the most numerous among paleomagnetic papers and the reader can seek in the lit-
erature those that refer to the regions whose geology (s)he knows personally, the bet-
ter to assess the sense, the usefulness and also the limits of paleomagnetic results. We
will just comment a couple of examples.

Figure 4.33 shows the paleomagnetic data obtained from Mesozoic pelagic lime-
stones and Neogene limestones, chalks and clayey sediments of the Sicilian Maghrebide
belt (Mediterranean Sea). The resulting picture is highly complex. With respect to the
Hyblean Plateau, which has not undergone significant rotations with respect to the
African plate and which constitutes the foreland of the Sicilian belt, the various
Maghrebide units have undergone clockwise rotations which decrease from the most

® Euler’s theorem states that the simplest way to connect two points on the surface of a sphere (in our
case the initial and final location of a crustal block) is a rotation about an opportune vertical axis,
whose pole is given by its intersection with the sphere.
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Fig. 4.32. Effect of large movements on paleomagnetic directions of a crustal block. Symbols: I = origi-
nal position; 2 = present-day position; PP = paleomagnetic pole. a Latitudinal movement. Symbols: black
arrow = direction of a dipolar field with magnetic pole at PP; gray arrow = paleomagnetic direction.
The block was magnetized along the direction of the field (the black and gray arrows do coincide).
Poleward translation of the block by an angle P toward PP results in a paleomagnetic direction shal-
lower than expected by an angle F. b Rotation around a vertical axis. The block was magnetized along
the paleomeridian (Arrow 1, pointing toward the pole); rotation has caused the paleomagnetic declina-
tion to rotate clockwise by the angle R (Arrow 2). c Rotation around an Euler pole. Rotation by an angle
Q results in a poleward translation p and a rotation R (from Butler 1992)
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Fig. 4.33. Mesozoic to Neogene paleomagnetic directions in Sicily. Circular arrows with single head re-
fer to results from Mesozoic-Paleogene rocks; the enclosed figure indicates the amount of clockwise
rotation with respect to African coeval directions. Circular arrows with double head refer to results from
Neogene rocks; the enclosed figure indicates the amount of clockwise rotation with respect to the GAD
model. Vertical arrows refer to non rotated regions (courtesy F. Speranza)

internal units, over 100°, towards the external ones, that have not undergone appre-
ciable rotations. Integration with geological-structural and paleontological data allows
to identify two main deformational episodes, Pleistocene and Miocene in age. This
example shows very well how the tectonics of a mountain belt can exhibit consider-
able variations even on a local scale. The related paleomagnetic data can be used for
regional models or the reconstruction of movements of major plates only if constrained
by other geological data.

In the absence of such constraints, useful information to formulate tectonic hypoth-
eses can be obtained if numerous paleomagnetic data distributed over a sufficiently broad
area have their own inner logic. Figure 4.34 shows the case of the North Patagonian
batholith, which consists of calcalkaline plutonic rocks that were emplaced along the
Pacific margin of South America in a succession of mainly Cretaceous intrusive epi-
sodes. Interpreting data from batholithic rocks is made difficult by the lack of a refer-
ence to paleohorizontal, and hence of evidence for or against possible tilt subsequent
to magnetization. Distribution of the VGPs of the North Patagonian batholith exhib-
its considerable dispersion, but a careful inspection suggests that its shape is not ran-
dom, but rather that the VGPs fall along a small circle, whose center is not far from the
sampling region. The shape of the distribution can be explained as the result of rota-
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Fig. 4.34. Paleomagnetic results from the North Patagonian batholith (Chile); a equal-area projection
of VGPs. Symbols: square = VGP; full triangle = sampling site; open triangle = center of the small circle
interpolating the VGPs; b shear-zone model to explain the elongated distribution of VGPs. Rotation of
crustal blocks around vertical axes moves their VGPs along a small circle centered in the sampling re-
gion (from Beck et al. 2000)

tions about vertical axes. These rotations change the value of declination, but not
that of inclination: the angular distance of the VGPs from the sampling site therefore
does not change and defines the small circle along which the VGPs fall. Distribution
of VGPs thus suggests the presence of an extensive shear-zone parallel to the conti-
nental margin.

4.5.3
Volcanism

In the case of volcanic rocks, paleomagnetic study provides information both about
the magnetic field of the past and on the remanence acquisition processes. Magneti-
zation is a TRM and thus contains information about thermal conditions during em-
placement. In the case of active volcanoes, the capability of estimating these tempera-
tures is highly important because it provides a quantitative figure, useful in modeling
expected eruptions and in assessing volcanic hazard. The most typical case is that of
pyroclastic flows, for which the final deposition T can be estimated analyzing the NRM
in the lithic clasts, that is fragments of a more ancient rock embedded in the deposit.
They acquired their own primary remanence when the parent rocks formed, well be-
fore the emplacement of the pyroclastic deposit. If a flow picks up a clast at ambient
temperature, the clast is heated to a temperature approaching the deposition tempera-
ture of the pyroclastic material, T4, and hence its ferromagnetic grains with T, < Ty,
are demagnetized. While cooling after deposition, the grains are remagnetized and
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the clast acquires a remanence that is parallel to the magnetic field present at that time.
The NRM of the clasts thus consists of two components: a primary, high-temperature
component, T > T4, whose direction varies randomly from one clast to another and
a secondary, low-temperature component T < Tdeps which has the same direction in all
clasts. The primary component was acquired at the time the clasts were formed and
its direction can only be random, given the chaotic movements undergone by the clasts
during transport within the flow. The secondary component instead was acquired af-
ter deposition, when the clasts stopped moving and were in their final position. A de-
tailed thermal demagnetization is able to identify the two components (Fig. 4.35): the
curves in the Zijderveld diagram are broken lines formed by two segments and the
temperature value at the vertex corresponds to the deposition temperature.

Volcanic stratigraphy is another application of paleomagnetism. Scoriae deposit,
pyroclastic and lava flows which cover the flanks of a stratovolcano are often discon-
tinuous, their shape is irregular and their extent limited so that traditional strati-
graphical criteria may fail to determine whether distinct units were emplaced all at a
time by a single eruption or in the course of distinct eruptive episodes. In the case of

Fig. 4.35. Determination of the Up W
re-heating temperature by
means of thermal stepwise
demagnetization (lithic clast
from pyroclastic deposits, Ve-
suvius, Italy). The low T, com-
ponents are completely erased
at 360 °C

Specimen: ER3d
Scale:1Am™'

Down | E
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active volcanoes, the ability to ascribe various deposits to a single eruption helps in as-
sessing the total volumes of the products and hence estimating the dimensions of the
expected, future eruptions. If distinct volcanic units have the same paleomagnetic direc-
tion, it is likely that all of them share the same age; if they form two or more groups with
different directions, then they were emplaced by eruptions occurred at different times.

454
Prospection

Magnetic anomalies are caused by the total magnetization of the rocks J,, = J;+ J, and
the role of the two types of magnetization depends on the Kénigsberger ratio Q=J,/ J;
(Sect. 3.3). When Q < 1, induced magnetization J; prevails and it is sufficient to know
susceptibility x to calculate the model of the source bodies. In the case of volcanic rocks,
Q> 1 and the contribution of remanent magnetization J; is no longer negligible; in
fact, in many cases it is preponderant. The most typical case is that of sea-floor mag-
netic anomalies, which we will examine in detail in Chap. 6. In this section we discuss
two case histories from Italy’s aeromagnetic map.

An aeromagnetic survey was performed during geothermal investigations in the
Vico-Cimini volcanic district in central Italy. Figure 4.36 shows the intensity of mag-
netization of various lithological types of the two volcanoes: it is evident that . > J,.
The most interesting thing, however, is observed along the profile of magnetic anomaly
reduced to the pole (Sect. 3.3.4): in correspondence with the volcanic structures sur-
rounding the Vico lake, there are two positive anomalies, while in the Cimini region
the anomaly is negative. The reason for this difference is the different age of the two
volcanic complexes: 0.4-0.14 Ma for Vico, 1.35-0.95 Ma for the Cimini. The rocks of
the former acquired their remanence during the normal polarity Brunhes epoch
(Chap. 7): J;and J, have the same direction and sum up. The rocks of the latter acquired
their remanence during the reverse polarity Matuyama epoch. Their strong J, has re-
verse direction and completely masks J;. The total magnetization of the Cimini rocks
is directed upwards and, being in the northern hemisphere, the anomaly is negative.
For a correct interpretation of the anomalies, not only polarity is important, but also
the J; intensity. The anomaly depends on the magnetic moment of the source body,
M = V], and neglecting the contribution of remanent magnetization inevitably en-
tails an overestimation of the volume.

In the region around Macomer (northwestern Sardinia, Mediterranean Sea), exten-
sive tabular effusions of Plio-Pleistocene basalts overlie Oligo-Miocene calcalkaline
volcanites, which in turn overlie a Palaeozoic crystalline basement. This region is char-
acterized by a large magnetic anomaly whose maximum-minimum axis is oriented
NW-SE (Fig. 4.37), unlike the typical N-S direction of the Italian region, where the
declination of the Earth’s magnetic field is close to 0°. Interpretation models show that
a good fit between the measured and calculated anomaly requires the source body be
formed by two structures with different magnetization directions: D = 0°, I = 50° for
the more superficial structure, D = 330°, I = 50°-55° for the deeper one. These figures
are consistent with the ages of the rocks and their paleomagnetic directions. The Oligo-
Miocene volcanites were emplaced before the final phase of counterclockwise rota-
tion of Sardinia and have TRM directions directed, on average, 30° to the northwest
with respect to the present field. They are the main source of the anomaly and their
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Fig. 4.36. Vico-Cimini volcanic district (Latium, central Italy); a induced (gray) and remanent (black)
magnetization of the main lithologies; b magnetic anomaly reduced to the pole and interpretation model
(see text for further explanation) (modified after Gandino et al. 1989)

remanence produces the deviation of its axis. On the other hand, the Plio-Pleistocene
basalts have TRM directions close to the north: their remanence enhances the anomaly
with limited effect on its axis.

4.5.5
Paleofield

A different approach to the paleomagnetic data consists in retrieving information about
the physical properties of the Earth’s field in the past, and hence to contribute to the
understanding of its complex phenomenology and the improving of the models.
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Fig. 4.37. Aeromagnetic anomaly map of NW Sardinia (contour interval = 10 nT); a measured anomaly;
b computed anomaly (see text for further explanation). The maps are upward continued to 20 km, to
reduce the effect of surface rocks (from Galdéano and Ciminale 1987)

A first point is the paleointensity of the field, which allows (Eq. 1.7) to derive the
magnetic moment of the GAD, called virtual axial dipole moment (VADM). The de-
termination of paleointensity presupposes the knowledge of the relationship between
the intensity of the remanence acquired by a rock, J;, and the intensity (actually the
magnitude) of the magnetic field F that caused it. In the case of the TRM, the relation-
ship is based on Néel’s theory of single domain grains and can be expressed in a simple
form. The argument of the tanh function in Eq. 4.3, a = pyVJ(T,)Hg / KTy, is a < 1 for
typical values of its parameters; its expansion in series can thus be limited to the first
term, then tanh(a) = a and one obtains the relationship

Jrrm(20 °C) = NJ(20 °C) a = NJ,(20 °C)po V(T )Hg ! KTy,

which is linear in yyHg = F, and can be rewritten as Jyyeo = CFpaieo Where C is a con-
stant that combines all the terms that depend on the characteristics of the ferromag-
netic grains. It is therefore clear that if the rock is demagnetized thermally and then
cooled in the presence of a known field By, the similar relationship Ji,;, = CBy,;, applies.
Combining the two relationships, C is eliminated and the paleointensity is given by

Fpaleoz(]paleo ! J1ab)Biap

For the method to be valid, C must actually be constant: the properties of the grains
must not have changed since the rock was formed and acquired its TRM, and must
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noways change during laboratory heating. Another essential condition is that the NRM
of the rock is a pure, unaltered TRM and does not have any CRM or VRM component.
These hypotheses can be tested with a good degree of reliability with an experi-
mental procedure originally devised by Thellier, which is based on the law of TRM
additivity (Eq. 4.4): every partial remanence (PTRM) acquired in a certain tem-
perature range is independent of the PTRMs acquired in the other temperature
ranges. The process entails a good number of temperature steps and two heatings
for each step. After measuring the remanence intensity at ambient temperature,
Jpateo(To), the sample is heated to the value T}, let to cool in the absence of field and
the remaining TRM, Jpa1c0(T) is measured. The difference between these two values
is the natural PTRM carried by the grains with blocking temperature T}, < T;. The
sample is heated a second time at the same temperature T, but this time let to cool
in the presence of a known field, By,,, and the PTRM (T, - T,) acquired during cool-
ing, clearly by the grains with blocking temperature T, < T}, is measured.
The process is repeated for increasing temperature values and Jy,1e0(T;) versus
PTRM (T;- T,) is plotted. For every temperature range (Fig. 4.38), the difference in
the values of the y-axis represents the lost natural magnetization, the one between the
values of the x-axis the magnetization acquired in the laboratory. If everything works
as in theory, the slope of the individual segments of the curve is always the same
and a straight line is obtained, whose slope gives the ratio of the two field intensities,
Slope = Fpaleo/ Blab'

The intensity F of the Earth’s field depends (Eq. 1.7) on the moment M of the di-
pole, the Earth’s radius R and the latitude A of the point where F is measured

Fig. 4.38. Determination of the
paleointensity. For each tem-
perature step, the ratio of the
lost natural remanence (ANRM)
to the acquired laboratory
remanence (APTRM) is con-
stant

NRM

362 °C
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415°C
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Knowing F,e,» therefore, the value of the moment (VADM) can be calculated. As
usual, the greatest limitation of volcanic rocks is that of providing discontinuous in-
formation; to have continuity, it is necessary to use sediments. For these, there is no
simple formula linking F and J,, neither the process of acquiring the NRM can be re-
peated in the laboratory. However, a relative value of paleointensity can be obtained,
giving an artificial magnetization to the rock, e.g. an ARM (Sect. 8.2). The intensity of
the ARM depends on the content of ferromagnetic minerals in the rock, as does the
intensity of the NRM. Normalizing the value of Jygy of every sample with the value of
the ratio of the intensities NRM/ARM, the dependence on the ferromagnetic content
is eliminated, or at least strongly reduced, and only the dependence on Fy,, remains.
The variations in Jyry, for example along a core, yield therefore the variations in
paleointensity, provided the other magnetic properties do not change, either in terms
of minerals or of domains. Clearly, the sediments in which the sole or prevalent ferro-
magnetic mineral is SD magnetite are the most suitable.

Sediment analysis is very useful to have information both on the position of the
VGP and on the intensity of the field during the transition from one polarity to the
other. We know that reversals have occurred in the Earth’s history, yet we do not know
the way they occur and can only roughly estimate the time needed to complete the
transition as a few kyr. In theory, many different models can account for a polarity
reversal. Some models are schematically shown in Fig. 4.39:

a The moment of the dipole can first decrease and then grow in the opposite direc-
tion. The VGP would remain in its initial position as long as the intensity of the main
dipole field is greater than that of the non-dipolar terms, then the field would be
very weak and even disappear and finally the new VGP would go to the reverse posi-
tion. The most dramatic consequence of this mechanism would be the vanishing of
the field and thus of the shielding provided by the magnetosphere.

b The axis of the dipole can rotate without the moment necessarily changing. In this
case the geographic latitude of the VGP would progressively decrease. The VGP would
follow a path along a meridian, cross the equator and finally approach the opposite
geographic pole.

¢ A quadru- or octupolar term can develop with opposite polarity to that of the main
dipole and gradually “eat it”.

By now it is generally accepted that the intensity of the Earth’s field decreases by 50%
and even more (Fig. 4.40) in correspondence with a polarity reversal or even with just an
excursion, while opinions differ widely with regard to the directions. For now, paleomag-
netic data do not yield clear indications. The hypothesis that transitional VGPs during the
last millions of years have followed two antipodal preferential paths, one crossing the
American continent, the other one Asia and Australia, has been at the center of a lively
debate, but the question of a systematic behavior during the transition is still unresolved.
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Fig. 4.39. Possible models for the Earth’s field during a polarity transition (reverse to normal); a decrease
in the axial dipole moment; b rotation of the main dipole without changes in moment; ¢ quadrupole
transition initiated in the southern hemisphere of the core; d octupole transition initiated in the low-
latitude region of the core (from Merrill et al. 1996)

In this, as in other cases, use of paleomagnetic data to obtain physical characteris-
tics of the field presents many challenges: irregular geographic distribution of the data,
smoothing of the signal in sedimentary rocks, incomplete cleaning of magnetic over-
prints. For example, systematic deviations of the VGP, which are calculated with the
GAD model, can be interpreted as the effect of second order contributions (quadru-
and octupolar) that survived for long periods of time. There is good evidence, at
least for the last 5 Myr, that these effects are not negligible, but statistical analysis is
not yet able