Chapter1 Introduction

1.1 Geomagnetism and archaeomagnetism

The Chinese discovered magnetism more than 2000 vears ago (Needham,
1962). From about A.D. 83, Chinese observers noticed the directional characters
of the Farth's magnetic field. This may be considered as the beginning of
geomagnetism (Malin, 1987). In 1269, Petrus Peregrinus reported his famous
experimental results with spherical pieces of lodestone (naturally occurring iron
oxide). He defined the concept of polarity, discovered magnetic meridians and

used several methods to determine the positions of poles of a lodestone sphere.

In 1600 William Gilbert published his notable scientific treatise De Magnete
which strongly influenced the course of magnetic study. In this book he
presented the results of many years of his study of magnetism. He stated that

"the Earth itself is a great magnet”. Gilbert's work indicated that the geomagnetic

field is mainly dipolar.

The geomagnetic field at any location is a vector quantity, having both
magnitude and direction. It is convenient to determine the geomagnetic field by
three of the quantities illustrated in Figure 1.1. Inclination, I, is the angle between

the horizontal plane and the magnetic vector. The inclination is reckoned positive



when the magnetic vector points downward and negative when it points
upward. Declination, D, is the angle between geographical north and the
horizontal component of the magnetic field vector. D is always measured
clockwise from the present geographic north. F is the total intensity of the Earth's
magnetic field. Sometimes it is convenient to resolve F to geographical directions;

the north component X; the east component Y; the horizontal component H; and

the vertical downward component Z.
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Figure 1.1. The main elements of geomagnetic field



It is now known that the magnetic field at any given location near the Earth's
surface can be ascribed to three sources located (1) in the Earth's core, (2) in the
Earth's crust, and (3) in the Earth's ionosphere and beyond. The magnetic field
from the core is called the main field, and it is the largest in magnitude. The
strength of the main field varies from approximately 30uT at the equator to 60uT
at the poles. In 1837, C.F. Gauss was the first person to study the geomagnetic
field by using spherical analysis. The present best fitting dipole is situated at the
Earth's centre and its axis makes ar angle of 11.5° with the rotation axis. When
the dipole field is subtracted from the observed value, the residual is called the

non-dipole field. The non-dipole field comprises only about 1/20 of the total

field.

In 1634, Henry Gellibrand discovered that declination changes with time. It
was later discovered that both inclination and intensity also vary with time.
These changes in magnetic field are now called secular variation. Direct
observation of the direction of the geomagnetic field began about 400 years ago,
but it was more than 200 years later before the strength of the geomagnetic field
was successfully measured. Since the geomagnetic field changes in a very
complicated way, it is not enough for us to study the geomagnetic field by using
only the data from direct instrumental observations. With the development of

archaeomagnetism, it is now possible to learn more about the long-term history

of the geomagnetic field.

One very important feature of magnetism is that it is the only geophysical
property that can be measured and determined throughout time.
Archaeomagnetic techniques make use of the phenomenon that certain minerals

are capable of retaining a record of the past direction and intensity of the



geomagnetic field, and therefore the direction and strength of the geomagnetic

field can be studied over archaeological time scales (Thellier, 1981; Waiton, 1990).

1. 2 Principles of rock magnetism

Rock magnetism is the term applied to the study of the magnetic properties
of rocks and minerals, and the origin and characteristics ¢f the different types of

remanent magnetisation which rocks and minerals can acquire.

The best way to introduce the different types of magnetism is to describe how
materials respond to a magnetic field. In diamagnetic substances the electron
shells are full and the precession of electron orbits creates a magnetic field in the
opposite direction to the applied field. Because the induced magnetisation is in
the opposite direction to the applied field, the susceptibility (the magnetisation
acquired per unit field applied) is negative and typically of the order of 106 SL. In
paramagnetic materials the electron shells are incomplete, and each atom has a
magnetic moment due to the uncompensated electron orbits. When placed in a
magnetic field, the electron orbits precess but the magnetic moment is aligned in
the same direction as the applied field and produces susceptibilities of the order
of 10 SI. Paramagnetism and diamagnetism exist only in the presence of the

external magnetic field.

Some substances like iron, cobalt and nickel exhibit strong magnetic effects
known as ferromagnetism and have much larger susceptibilities. In these
magnetic materials, the atomic moments exhibit very strong interactions. These

interactions are produced by electronic exchange forces and result in a parallel or
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antiparallel alignment of atomic moments even in the absence of an applied
magnetic field. Ferromagnetic substances thus exhibit spontaneous
magnetisation, and may carry a permanent magnetisation in the absence of an
applied magnetic field. These spontaneous magnetisation regions have
dimensions of the order 106 m and are called magnetic domains. The ordering of
atomic moment: within a domain may follow one of three patterns (Figure 1.2).
In ferromagnetic minerals, the atomic moments are parallel. In antiferromagnetic
minerals they are arranged on two equal antiparallel sublattices, so there is no
residual moment. In the third type of mineral, the moments are arranged in two
unequa: sublattices, therefore the net magnetisation is not zero; this is

ferrimagnetism.
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Figure 1.2. The spontaneous magnetization vectors for three types of magnetism.

As the temperature increases, thermal agitation may destroy the alignment.

In ferromagnetic and ferrimagnetic minerals the spontaneous magnetisation falls
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as the temperature increases, disappearing at a critical temperature called the

Curie temperature or Curie point, T¢; above T¢ the substance behaves like an
ordinary paramagnetic. In antiferromagnetic minerals the ordering is lost at the

Néel temperature, TN, above which the minerals are paramagnetic.

The smallest magnetic mine:ai particles contain only one domain. The larger
particles contain many domains. The boundary between two domains is called a
Bloch wall, which is a narrow zone within which the directions of the
magnetisation of the electron spins cant over from that of one domain to that of
the next (Figure 1.3). Magnetic crystals have "easy" and "hard" directions.
Therefore, there are directions, along which it is easier for a substance to become
magnetised than along another; this is referred to as magnetocrystalline

anisotropy.
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Figure 1.3. Domain (Bloch) wall
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|
where disX? = /\/ D (Xi- X4
i=1

and similarly for disY and disZ, and

Y2, v2, 52
RM=VX%+ Y2+ 7
Thus, the angle 6 conveniently describes the consistency of the six spins within

each measurement. The smaller the angle, the more reliable are the results.

2.2.2 Demagnetisation

(a)Alternating field (.".F) dema gnetisation

In this project, the AF method has been applied to the initial magnetisation
possessed by the samples upon collection (the so-called natural remanent
magnetisation, NRM), and to the laboratory remanences anhysteretic remanent
magnetisation (ARM) and saturation isothermal remanence (SIRM). In the AF
method a sample is subjected to an alternating magnetic field that is smoothly
reduced to zero from a pre-set peak value. The sample orientation is randomised
by means of a pair of tumbling gears attached to the sample holder. The ambient
field is annulled by two orthogonal pairs of coils carrying DC current. AF
demagnetisation is useful for characterising the coercivity spectrum, the AF
value needed * > reduce the initial remanence by one half being referred to as the

median destructive field (MDF, Figure 2.1).
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Figure 2.1. AF deinagnetisation curove

(b) Thermal demagnetisation

From equation (1) (section 1.2), it is obvious that relaxation time is greatly
dependent on temperature. When the temperature of a sample is increased, the
relaxation time of the lower part of its blocking temperature spectrum is reduced
to a time period of the same order as the laboratory experiment. If cooling takes
place in a zero magnetic field, the remanence in this part will be removed and the
unblocked fraction will not acquire a new TRM. In this project the samples were
heated and cooled in a magnetically shielded room in which the ambient field is
less than 60 nT (Maillol, 1992). After each temperature increment the remaining

remanence was measured (Figure 2.2).
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Figure 2.2. Thermal denagnetisation curve

2.2.3 Laboratory remanence acquisition
Two types of remanence acquisition experiment are involved in this project.

(@) ARM acquisition: The anhysteretic remanent magnetisation (ARM) is
produced by the combined actions of a large AF and a smaller constant DC field.

In this project, the AF peak value was 180mT and the DC field is 0.1mT.

(b) IRM acquisition: Isothermal remanent magnetisation (IRM) is the remanence
left in the sample after a steady field has been applied for a short time (20
seconds) and then switched off. This steady field was increased from 0 to a
maximum value (usually 1.2 T) step by step. After each step the remaining
remanence is measured. The maximum remanence is the saturation isothermal
remanence (SIRM) (Figure 2.3).
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Figure 2.3. IRM acquisition curve

2.2.4 Backfield method

This procedure involves first giving a sample a saturation IRM (SIRM), and
then successively increasing the DC field in the opposite sense to the SIRM. The
back field required to reduce SIRM to zero is called the coercivity of remanence

(Her) (Figure 2.4, see also Figure 1.4).
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Figure 2.4. Back field method
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Chapter 3 Results

3.1 Introduction

The magnetic properties of the samples described in Chapter 1 have been
characterised by means of the techniques described in Chapter 2. All the
measurement data can be found in Appendix A. The experiments performed on

the individual samples are listed in Appendix B. In summary, the experiments

involved are:

(a) AF demagnetisation of NRM (40 samples) ( section 3.2 (a)).

(b) Thermal demagnetisation of NRM (22 samples) (section 3.2 (b)).

(c) ARM acquisition and its AF demagnetisation (20 samples) (section 3.2 (c)).
(d) IRM acquisition and backfield demagnetisation (33 samples) (section 3.2 (d)).
(e) AF demagnetisation of SIRM (10 samples) (section 3.2 (e)).

(f) Thermal demagnetisation of SIRM (5 samples) (section 3.2 (f)).

Since the primary aim of this project was to survey the relevant magnetic

properties of representative archaeomagnetic samples, the results obtained are
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Table 4.2.1 A values for 36 samples

Sample A Sample A Sampie A Sample A
KC12 0.043 CAQ2 0.024 CNo09 0.058 .  SA18 0.031
C0O04B 0.079 GRo02 0.058 APOBA 0.074 SA17 0.047

AGI9A | 0.083 | INO5 | 0.07$| BIO7 | 0.101| CT35 | 0.053
CRO8 0.09 | TMO4 | 0.053| ST09 0.01 BA20 | 0.02
DE17 | 0.024| KEO2 | 0.01 | ST24 | 0.028| BA19 | 0.029
SY18 | 0.014| MT02 | 0.064| ST11 | 0.033] TS05 | 0.014

GO04 0.009 VEO4A2 0.03 ST16 0.079 Tio8 0.058
KNo5 0.101 RU108B 0.079 ST15 0.028 Ti16 0.053
PK06 0.038 SE04 0.02 ST05 | 0.014 TS04 0.14

4.2.2 Backfield

The coercivity of remanence, Hey, is a useful magnetic parameter to dentify
minerals contained in sanples. It is usually more convenient to measure Her
than to measure H¢, The backfield method has been a pplied to 36 samples and
the results are shown in Figure 3.2.4a-d. All H¢r vaiues can be found in Table
4.2.2. The Her values for 34 samples are less than 50 mT. Only two samples (ST16
and 5T11) have relatively high values (63 and 87mT) (Figure 4.2.2). Day et al
(1976) studied synthetic titanomagnetites |(1-x) Fe30y] [xFerTiOy] (0<x<0.6)

and found that Her valaes are in the range of 9 to 220 mT. The Her values for
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hematite are much higher, at least in the order of several hundred mT (Irving,
1964; Dankers, 1981). Therefore, it is reasonable to consider that the main
magnetic minerals contained in these samples are magnetite and/or

titanomagnetite.

Table 4.2.2 Hcr (mT) values for 36 samples

amriz | Her| Sample| Her| Sample!| Acr| Sample| Herl
) "(;12 20 | CAQ2 3‘: C:!iﬂ‘@ 27 SA18 e 15 ]
Cooss | 23 | GRo2 | 47 | apcsa | 12 | sai7 | 31 |
.5-‘319/\‘ 14 7 iNgs | 20 Bio7 8 CT35 25
- cros | 8 | ﬂfd}imf o+ | “svog 31 BA20 13
CMEiT | 14| KEe. | 21 ] STed4 | as BA19 24
| syis | 9 | MToz | ts | 8Ti1 63 TS05 10
| GOos | 14 | vEoaA2 ! 17| sTi6 | 87 | Tiog | 13
 KNO5 | 47 | RU10B | 17 | STi15 32 | Tlie 1 20
PK26 | 20 | SEv4 | 17 | STo5 | 49 | TSoa | 13 |
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Figure 4.2.2 Histogram of Hcr for 36 samples
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4.2.3 A ¢ demagnetisation of IRM

Ten samples were investigated using AF demagnetisation of saturation IRM
(Figure 3.2.5a and b). From these results, we obtain the values of median
destructive field of IRM (MDF of IRM) (Table 4.2.3). The MDF of IRM values for
9 out of 10 are in the range of 7 - 16mT and the remaining one (CA02) is 22mT
(Figure 4 2.3). Dankers (1981) studied the MDF of IRM for hematite, magnetite
and titanomagnetite with different compositions. His results are: the MDF of
IRM values for hematite are in the range 53 - 285m1; the MDF of IRM values for
magnetite and titanomagnetite are in the range 5 - 19mT. Comparing our results
with those of Dankers, it is clear that the main magnetic mineral contained in the
10 samples is magnetite and/or titanomagnetite, hematite being cither absent or

negligible.

Table 4.2.3 MDF of IRM values for 10 samples

Sample | MDF (mT) | Sample | MDF (mT)
CVE04A2 | 12 svis | 7
~ PPO1C1 15 | GOo4 10
AG19A 10 | KE02 | 13
CA02 22 TMo4 12
DE17 10  MT02 11
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Figure 4.2.3 Histogram of MDF of IRM for 10 samples
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4.2.4 AF dem= i ctisation of ARM

AF demagnetisation of ARM has been performed on 20 samples. The results
are presented in Figure 3.2.3a-c. The values of median destructive field (MDF) of
ARM are listed in Table 4 2.4. Most samples (18 out of 20 samples) have low
values of MDF of ARM ( between 11 - 33mT) (Figure 4.2.4). The other two ST05
and ST16) have the values of 38 and 48mT respectively. The MDF of ARM has
been investigated by Maher (1988), by Levi et al (1976) and by Johnson et al
(1974). The MDF of ARM values for magnetite with different grain size are in the
range of 3 - 67mT. I could not find any corresponding values published for

hematite.

Table 4.2.4 MDF of ARM (mT) values for 20 sampies

Sampie | MDF Sample{ MDF| Sample | MDF| Sample| MDF

CAO2 | 14 | MT02 ' 11| AGI9A | 11| sST11 | 33

INo8 | 12 | GRo4 32 GO | 12 | STos5 | 38

KEO2 | 14 | VEO4A2 | 12 | DE17 | 12 | STi15 | 20

TMO4 | 13 | SY18 | 9 | MOO5 ] ]
!

MOO5 | 13 ST16 , 48
PPO1C1 | 14 AVO3 | 17 | ST24 | 28 . ST09 | 19

"
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Experiment 4 (p91 - 93)
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Experiment 5 (p94 - 95)
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APPENDIX B

This Appendix indicates the experiments carried out on each individual

sample.

1= Alternating field demagnetisation of natural remanent magnetisation;

2 = Alternating field demagnetisation of anhysteretic remanent magnetisation;
3 = Isothermal remanent magnetisation acquisition;

4 = Back field;

5 = Alternating field demagnetisation of isothermal remanent magnetisation;
6 = Thermal demagnetisation of isothermal remanent magnetisation;

7 = Thermal demagnetisation of natural remanent magnetisation.
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