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ABSTRACT

Tﬁis thesis describes_é.né;'technique for determining the magnitude
of the palaeomagnetic field, and the results of applying it to a
transition from reversed to normal polarity,

Several successful experiments were carried out on modern lavas
and on arghaeomagnetic material to test the accuracy of the technique,
The results of these experiments demonstrate that this technique gives
accurate, consistent results,

The technique was applied to samples from lavas that were extruded
during a palaeomagnetic field reversal, The variation of the
magnitude of the palaeofield with time was successfully determined with
a mean error (standard deviation) of only 0,03T (3000 gamma), The
results indicate that the palaeofield was large and stable during a
period when the virtual magnetic north pole seems to have lingered at the
geographic equator, This and other published results suggest that
an intermediate state of the geomagnetic field éan exist which is
sometimes as strong as the more usual normal and reversed states, and
which endures metastably for short periods of time, This means,
among other things, that any single transition may appear to be
quite complex, although the average transition is known to involve

fairly simple geometry, It also constrains future theories of the

generation of the geomagnetic field to include the phenomenon of

“intermediate metastable states',
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_ CHAPTER 1, THE MAGNETIC RECORDING

1.1 Introduction

The direction and magnitude of the earth's magnetic field can
be determined directly, with a directional magnetometer, or indirectly
by measuring some other quantity that is related to the magnetic

field, Clearly direct measurements apply only at the time that the

measurement was taken, Indirect measurements, however, can be used
to determine the magnetic field at some time in the past and so can

provide a record of the time variation of both the magnitude and

direction of the earth's magnetic field.

Many materials have a permanent magnetisation which disappears
when the material is heated above itsCurie temperature (Tc), and

reappears when cooled in a constant magnetic field., Koenigsberger
(1938) was able to show that when an igneous rock cooled through its
Curie temperature in the earth's magnetic field (geomagnetic field),
it acquired a thermoremanent magnetisation (TRM) in the same direc-
tion as the geomagnetic field at the time of cooling, This property
of igneous rocks and other heated magnetic materials (pottery, brick,
fireplaces etc,) has enabled workers to determine the direction of
the ancient geomagnetic field (palaeofield) at different places on
the earth's surface back to 2650 m.y. ago (McElhinny et al, 1968),
The magnitude of a laboratory TRM was found to be proportional
to the magnitude of the applied constant magnetic field (Bl b) for

small fields of up to 10‘“ T (Nagata, 1943), Provided that the

natural remanent magnetisation (NRM)was formed by cooling through

the Curie temperature in the palaeofield (Banc ), and that the NRM

has remained unaltered from the time of cooling, then the value of

Banc can be simply calculated by comparing the NRM to a laboratory

TRM formed in the same specimen (eq,l).

1‘1_13_12 = B eq.l
TRM = anc
lab

when Banc is the only unknown
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i - Unfortunately the magnetic minerals often become chemically

and magnetically altered when heated to high temperatures (400 to
700°C) to form the TRM, This means that eq,l is no longer valid
because the NRM and the TRM were not formed in the same set.of
magnetic minerals, This thesis describes how the alteration due

to heating can be observed and in many cases isolated so that the

correct value of Banc can be obtained from thermally altered

specimens,

1,2 The magnetic minerals

The magnetic minerals, which contain the NRM, carry with them

a record of the direction and magnitude of the palaeofield,

The magnetic minerals contained in. igneous rocks and pottery

are the iron oxides and the-iron sulphides, The iron oxides are

by far the most common, They are within the FEO -~Ti02 - Feao3
ternary system (figure 1) which can be geﬁerally divided into

two types of magnetic minerals.-

\

- The first type of magnetic mineral varies in composition from

Fe, Ti0, (ulvospinel) to Fe3 0, (magnetite), This type is generally
known as titanomagnetite and has a face-centred cubic crystal

structure,

The second type of magnetic mineral varies in composition from

Fe Ti O3 (ilmenite) to Fe, O3 (haematite), This type is generally

known as titanchaematite and has a rhombohedral crystal structure,
Titanomagnetite is very strongly magnetic but is generally more
easily demagnetised (is magnetically softer) than titanochaematite,
These magnetic minerals éan be magnetised in many different ways

but, at present, thermally formed NRM's are usually used to determine

the magnitude of the palaeofield,
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1.3 Ways of magnetising the magnetic minerals

It is verj important to know how the NRM of a specimen was-
formed, Different types of magnetisation must be interpreted in
different ways so that reliable information may be obtained, In

this section we shall see how the most common forms of magnetisation

are created,

Thermal remanent magnetisation (TRM)

This is the most common form of NRM used in palacomagnetic
studies and is almost exclusively the only form of NRM from which ‘

the magnitude of the palaeofield can be determined,

A TRM is formed by heating a specimen to at least its Curie
temperature, thus destroying any previously acquired magnetisation,

and then allowing it to cbol in a constant magnetic field, The

acquired TRM is in the same direction as the constant magnetic field
and the magnitude of the TRM is proportional to the magnitude of the .
constant magnetic field,

' A'specimen may be given a partial TRM (PTRM) by not heating it
to its Curie temperature but only to some lower temperature T which

exceeds the blocking temperatures of some of the grains of magnetic

material within the specimen, The magnitude of a PTRM is always

smaller than the magnitude of a full TRM for the same applied constant

magnetic field and the same specimen,

We shall see later how PIRM's have been used to determinevfhe
magnitude of the palaeofield,

Chemical remanent magnetisation (CRM)

When a new magnetic mineral is formed chemically, below its

Curie temperature, in a constant magnetic field, it acquires a C,R.M,

in the direction 'of the applied field, This form of magnetisation

often occurs in nature (e.,g. in red sandstones) and has been used to

determine the direction of the palaeofield,
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Viscous remanent magnetisation (VRM)

When a magnetic specimen is placed in a weak constant magnetic
field it slowly builds up a VRM in the same direction as the applied
field, The VRM is proportional to the logarithm of the‘time of
exposure to the.magnetic field, and has been used to determine the age

of the last major geomagnetic field reversal Heller and Markert, 1972).

Isothermal remanent magnetisation (IRM)

When a magnetic.Specimen is exposed to a constant magnetic field
and is then retracted it has acquired an IRM in the direction of the
applied field, For weak ficlds the IRM is very small but increases

with increasing field strength up to a maximum value called the

'saturation IRM!',

Piezo remanent magnetisation (PRM),

. A PRM is created wheﬁ a specimen is stressed in a constant magnetic
field, The stress allowé the speciﬁen to approach an equilibrium |
magnetisation in the applied field and it retains partléf this
magnetisatioﬁ when the stress is removed, (Kawai et al 1959, Domen

1962),

Anhysteretic remanent magnetisation (ARM)

An ARM is given to a specimen by simultaneously applying a small
constant magnetic field and an alternating field (a,f.). The a.f, is

gradually increased to some maximum peak value, Bmax’ and then gradually

‘reduced to zero, All the grains of magnetic material with coercive

forces less than Bmax will be influenced by the constant magnetic field
and, when the a,f, is reduced to zero, will acquire a net ARM in the
| direction of the applied field,

Generally the a,f, is applied in the same direction as the
constant field but we will see later that tumbling the specimen in the
a.f., while keeping the constant field fixed in the frame of reference
of the specimen, produces a larger ARM, This is because some grains of

magnetic material have preferred directions of magnetisation,
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The 'tumbling' ARM is formed in the laboratory and we will see

later how it can be used as a powerful tool to determine the magnitude

of the palaeofield,

Detrital remanent magnetisation (DRM)

This is formed when previously magnetised grains are éepdsited
through water in a small constant magnetic field. The magnetic field
tends to align the grains so that the sediment that is formed has a
magnetisation paréllelto the Qagnetic field,

As we have seen there are many @ays in which a constant magnetic
field can be recorded as a magnetisation, The direction of the magnetic
field is easily retreived from most forms of magnetisation but the
TRM is, at present, the form of magnetisation from which the magnitude
of the magnetic field is usually determined, It is important to
realise that while the origional NRM may have been thermally formed,
the specimen may also have many other subsequently added components

of magneéisations that must be removed before eq.l can be applied.

1.4 Vays of demagnetising the magnetic minerals

We usually demagnetize speciﬁéns “because they contain unwanted
components of magnetisation;-“;;-ﬁnwapted comfonent of magnetisation
(eg. VRM) can often be preferentially demagnetised leaving some of the
original-NRM‘intact.

Demagnetising techniques can also be used to divide the NRHM into
smali units that can be individually measured and used, In this way
as many as twenty measurements of the direction and magnitude of the

palaeofield can conveniently be made on one specimen,

This section describes the most common ways of demagnetising the

magnetic minerals,

Thermal demagnetisation

Vhen a specimen is thermally demagnetised it is heated to some

temperature T and cooled in zero magnetic field, All the magnetic grains
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with'blocking teméeratures less than or egual Fo T will become magnetised
as the specimen is cooled but, because there is no constant magnetic
field to align the individual magnetic moments, they will become
magnetised in different directions andlthe nett result is.a decrease
in the magnetisation of the specimen,

This process can be repeated to higher and higher temperatures
until the specimen's Curie temperature is exceeded and the specimen is
then completely demagnetised, This technique is particularly useful
for removing PTRM's which were gained when the specimen was re-heated

at some time, ﬁﬁssibly by contact with another hot object or burial to

some depth,

Anhysteretic demagnetisation (or a,f, demagnetisation)

If a specimen is placed in an a.f, ‘of maximum amplitude Bmax’ all

the magnetic moments with coércive forces less than B___ will become

statistically aligned by any constant magnetic field as the a.f, is

slowly reduced to zero, If there is no constant magnetic field to

align the magnetisations of the grains, then the individual magnetis-
ations will become randomly oriented and the total magnetisation of the
specimen will be reduced,

Specimens are often tumbled while being a,f. demagnetised. This

reduces the effects of any stray steady magnetic fields,
This technique can be used to remove unwanted VRM, IRM, CRM, and
ARM, We will see later how it can be used to divide the total

magnetisation (NRM or TRM) into components from which Ban can be

calculated,

Chemical demagnetisation

Chemical demagnetisation is usually carried out on red sediments

(Collinson 1965), The specimens are placed in cold concentrated

hydrochloric acid which dissolves away the red cement, This technique

is used to remove chemically grown remanences,



Low temperature demagnetisation

When a magnetised specimen is repeatedly cooled to liquid nitrogen

temperatures the magnetisation is partially demagnetised, Ozima et al

(1964) have demonstrated that IRM is preferentially demagnetised in
this way,

However, no subsequent worker has demonstrated that this is
a useful demagnetisation technique for palaeomagnetic purposes,

In this chapter we have Seen how a magnetic specimen can carry a
recording of the direction and magnitude of the palaeofield, We have
observed how a stabie magnetisation can be formed and how unwanted
components can possibly be removed, With this knowledge we can now
examine the tcchnigues that have been used to determine the magnitude
of the palacofield and then go on to develop a hew technique that will

overcome the problem of magnetic changes that occur when a specimen is

heated to give it a TRM in the laboratory,
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CHAPTER 2, TECHNIGUES THAT ARE USED TO DETERMINE THE
i MAGNITUDE OF T PAL.ZOFIELD

2.1 Introduction

In chapter one we observed that both the magnitude and the
direction of the palaecofield are recorded as the NRM of some specimens,

We know that if the NRM is a TRM then equation 1 can be applied to

determine Banc’ because the NRM can be directly compared to a laboratory

TRM. given in a known field, B

lab*
NRM B eq.l
Tﬁﬁ = anc
Blab

This only applies if no chemical or magnetic alteration has occurred

due to the heating of the sample when the TRM wags formed.

There are many ways in which Banc has been determined in the
past, Most of these techniques use equation 1 combined with some

nethod for detecting if any thermal alteration has oécurred during the
TRM heat ing °

This chapter describes how these techniques are used to determine

anc,

2.2 Thermal methods

Koenigsberger (1938) and later Momose (1963) compared the total
NRM to the total TRM formed in the laboratory. This method gives only
one ratio of %%% per specimen, will not detect any thermal alteration,
and assumes that the NRM has remained unaltered from the time of form-
ation, Results obtained in this way cannot now be conside?ed to be
very reliable estimafes of the magnitude of the palaeofield,

Thellier and Thellier (1959) developed a technique that divides

the NRM and the TRM into small units, each unit giving a value of the

NRM

ratio TRU ° The technique involves heating the specimen to successively

higher temperatures Tl, T2, T3 ,.ees¢ Up to the Curie temperature Tc.

The NRM is first thermally demagnetised to Tl and measured (NRM (T1)).
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The specimen is then given a PTRM in the region below temperature T1
(PTRM (T1)). This is repeated for higher temperatures until Tc is

exceeded,

By plotting a graph of the NRM remaining against the TRM gained,

at different temperatures, the mean %%%, ratio can be calculated.

When the specimen has been heated to say 300°c then all the data
_ determined below this temﬁerature are redetermined to ensure that no
mineral change has occurred, ‘This procedure is very time consumiﬂg but
the repeated comparison of data is a very good check that no mineral-
ogical changes have occurred,

Unfortunately mineral chénges usually do occur at high temperatures
aﬁd so the estimate of Bync MuSt frequently be made only on the low
temperature region of the graph, This is the region that is ﬁost affécted
by othgr secondary magnetisations (VRM) which can cause.errors when
determining Banc’ and therefore it is not the ideal r;gion of température
for study, Nevertheless, this method has been extensi&ely applied.By

many people and is considered to be one of the most reliable methods

available, The Thelliers' method has been most successful when applied

to archaeologipal specimens, Attempts have been made to apply it to
igneous rocks (Coe 1967 , Kono 1974) but the 'success rate" has been
very low even when samples are carefully selected,

Wilson (1961) developed a faster thermal technique, He progressively
thermélly demagnetised the NRM, measuring it at the temperatures concerned,
He then gave each specimen a TR& and this was also thermally demagnetised
and measured at the same temperatures as the NRM,

Equation 1 was applied to each temperature interval and a series of
values of Banc determined, This technique will not detect any thermal

alteration of the magnetic minerals unless the alteration is such that

% ' the apparent values of Banc continuously incrcase or decrease with
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increasing temperature, This indicates a change in the shape of the
blocking temperature spectrun,

As we shall see later, thermal alteration can often alter very
deceptively the ﬁagnitude of a TRM without noticeably altering the
shape of the TRM demagnetising curve, )

Of these three methods the later two are the most useful, They
both divide the NRM gnd TRM into thermal intervals and so Banc can be
‘determined from PIRM's of the type found in naturally baked rocks,

Wilson's method is fast but the Thelliers' method has more checks
to detect and isolate thermal alterations so that B can often be
calculated from the low temperature part of the blocking temperature
spectrum, Unfortunately the Thelliers! methbd requires many heatings
of the specimen and this, tends to increase the.degree of alteration,

' Let us now go on to consider some.of the techniques that use a,f,

demagnetisation as a means of dividing up the NRM and TRM into sméller

units, that can each be used to determine Banc

2,3 Alternating field methods

Van Zijl (1961) and later Smith (1967(a)), Carmichael (1968),
McElhinny et al (1968) and Abranson (1970) all used the basic technique

of a.f, demagnetisation to divide the NRM and TRM into small units that

can be used in equation 1,

Van Zijl (1961) used only one %%% ratio after demagnetising both

the NRM and the TR in & 2,19 x 10™°T peak a,f.. This method, like

that of Koenigsberger (1938) has no alteration checks although the a,f.

demagnetlsatlon will probably remove most of the VRM acquired since the

time of formation of the specimen,

Smith 1967(a)) Carmichael (1968) and Abranson (1970) used a number

of a,f, intervals in which Ba o ¥as determined, This technique, like

Wilson's method, will detect any change in the shape of the TRM

demagnetising curve, Thermal alterations, as we shall see later,
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usually result in a change in_ the magnitude of the TRM without

changing much the shape of the TRM demagnetising curve, This type of
alteration will give a consistently wrong value of Banc’ which cannot

be detected,

Smith used several tests in an attempt to isolate thermally

altered specimens,
He looked for changes in:=
a) High field (0,5T) Curie temperatures before and
after heating.
.b)- Saturation.maénetisation before and after heating,
c) Repeatability of saturation magnetisation heating
curves,
d) The temperature'at which the réméneht magﬁetisation'is
'cémpletely demagnetised, ’
"e) Shape of the NRM and TRM curves during a.f,

demagnetisation,

Using the checks he was able to observe that some specimens were
thermally altered, He was not able to isolate the alteration in any
particular specimeg and so he only used those specimens that were
apparently almost completely unaltered, This festriction mékes the
method time consuming without improving on the reliability of the
Thelliers' method,

McElhinny and Evans (1968) used the same a.f. demagnetisation of

c
One of their alteration tests involved the comparison of saturation

both the NRM and the TRM to determine a series of values of Ban

IRM before the after heating, Each IRM was a.f. demagnetised and the

two curves compared, If no change has occurred the curves will be

identical, In some cases however they detected changes in the IRM's

NRM

but no’ change in the TR ratios, This indicates that the TRM and

saturation IRM are not closely related and that an observed change

in one cannot be used to isolate a change in the other,
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A1l the a,f. techniques described here can only be used on specimens

that do not alter when heated, The tests are used simply to reject

those which do alter,

There is a éreat need for a technique that is fast, requiresionly
one heating (to minimise alteration), and can detect and iSolate thermal
altepations so that reliable results can be ébtained even from thermaiiy
altered specimens, This techniqﬁe would increase the '&ield' of results

for a given amount of work, by several times, Such a method has been

developed and is described in the next chapter.
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CHAPTER 3, A NEW WAY OF DETERMINING THE MAGNITUDE OF THE PALAEOFIELD

3,1 Introduction

Several techniques for détermining the magnitude of the
palaeomagnetlc field have been descrlbed They all assume that the

NRM was thermally formed and so equation 1 can be used to determlne

B, e
anc

NRM = Banc

TRM Blab

edel

The most successful techniques use a series of values of the ratio

NRM . . . R d.
TRY ?o determine a mean value of Banc for one specimen, ~The I an

the TRM can be divided into smaller units by either a,f, or thermal

step-wise demagnetisation. If all the individual units give the same
%%%- ratio then most workers have assumed that the TRU was formed

-

. without any alteration occurfing to the magnetic'minerals.
In this chapter we W1ll see that alteration of the magnetic

inerals during the TRM process can produce a consistently wrong

NRM

TR ratlo. We will then go on to deve;op a technique for detecting

and isolating all forms of thermal alteration,

3.2 A fypical éase of thermal alteration

I was very fortunate in bging able to obtain a piece of the 1910

Etna lava from Dre J,C, Tangﬁy. This lava had cooled in the known

constant geomagnetic field of 0,42 x lO'.L'T°

I compared the values of NRM and TRM, after a,f., demagnetisation,

by plotting the NRM against the TRM using the éeak a.f, value as a

parameter (figure 2), The TRM was given in a constant magnetic field

of 0,5 x 10‘“T. The points fall on a straight line but the derived

value of B, is only 0,28 x lo'hT, two thirds of the correct value,

It is not likely that the specimen has become altered from the time of

formation (only 64 years), and so it would seem that this “incorrect

’

-

value of Banc is the result of thermal alteration that occurred during
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the TRM heating.

This form of thermal alteration changes the magnitude of the TRM
but changes very little the shape of the TRM A,F, = demagnetisation
‘curve and so we will call i£ "consistent alteration";

It would seem likely that the large errors previously associated )
with most studies of the magnitude of the palaecofield may be due to
conéisteﬁt alteration, This form of alteration cannot be detected by
simply comparing the NRM and the TRM because the NRM and éhe TRM

demagnetisation curves have nearly the same shape and so always give

the same consistent answer,

-

3.3, A way of detecting and isoclating all forms
‘of thermal alteration

We have seen that consistent altgrétion can be detected if we know

" both Bone @nd By This is clearly not mmuch help in cases where B,

nc
is unknown,

One solution would be to asf, demagnetise tﬁe ﬁRM and then re-

magnetise the specimen in some_way-that,WOula not alter the magnetic
minerals (call it XRM(1)), Wé could then give the specimen a TRM and
a.f. demagnetise it, and then give the specimen a further magnetisation,
XRM(2)., "

If_XRM(l)'and XRM(é) are created under thé same conditions and in
the same constant magnétic field then, if no thermal alteration has
occurred, both XRM(1) aﬁd xﬁu(a) will have the same magnitude and shape
of demagnetizafion curve, If consistent alteration haé occurred then the
XRM(1) and XRM(2) demagnetization curves will not be identical. |

This technique will detect consistent alteration but, if we
demagnetise both XRM(1) and XRM(2) and plot a graph of XRI(1)against
XRM(2) using the peak' a,f., value as a parameter, we may be able to see
if there is some unaltered a,f, interval where the slope of the line is

1,0, If we can find a suitable form of magnetisation for the XRM we
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may be able to relate a particular unaltered a.f. region of the XRM to

the equivalent a.f, region of the TRM and, in this way, use an unaltered

region of the TRM demagnetisation curve to determine the correct value

of B o
anc

Clearly the XRM must be a very special type of magnetisation which

is not too dissimiler to a TRM and yet it must be formed in such a way

that its a,f, demagnetisation curve can be directly associated with the
aefe demagnetisation curve of the NRM and the TRM, The XRM and the TRM

do not necessarlly need to have the same shape of demagnetisation curve,

in ~he TR
but it the magnetic minerals become altered in such a way that{n the TRM

S

only a partlcular a,f. 1nterval is affected then the XRM must somehow

demonstrate the alteratlon within that same a.f, interval, I have chosen

an ARM as havmng the best properties for use as an XRM,

3,4 The tumbling ARM

When the TRM (or NRM) has been a.f. demagnetised it can be replaced
by heating the specimen and giving it another TRM, Another way of

Wreplacing" the TRM (or NRM), after a.f, demagnetisation, is to reverse

the demagnetising procees.

The precise inverse .of the demagnetising process is to tumble the

sample in an a,f, field while epplying a constant magnetic field along

one axis of the specimen, This means that the specimen and the constant

magnetic field are tumbled together; The a,f. is then raised to some

high value and then reduced'to zero, The magnetisation produced in this

way is a type of ARM but, because the specimen and the constant magnetic

field were being tumbled, we will call it a tumbling ARM to distinguish

it from the usual stationary ARM, This tumbling ARM will not alter the

magnetic minerals and can therefore be used as XRM,

\

Another 1910 Etna specimen was given a tumbling ARM after the NRM
“was a.f. demagnetised (call this ARM(1)) and another after the TRM was

a.f. demagnetised (call this ARM(2)) so that we have four sets of
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demagnetisations all carried out under the same conditions on the same
specimen, and in the same a.f. intervals, _

The ARM(1), ARM(2) ?nd TRM were all given in a 0.5 x 10‘“T constant
magnetic field. ‘

If we plot ARM(1) against ARM(2) and fit a straight line of
gradieﬁt 1;0 to the points, rejecting those points that do not fit the
line (marked.R for rejected) we can see in figure.B that the high a.f,
region (0.045 to 0,130T) fits the line very well and that therefore it
is reasonable to suppose that the magnetic minerals with coercive
forces‘in the range 0,045 to 0,13%0T have‘remained unchanged by the
heating to give the TRHM, If we then plot NRM against TRM (figure 4)

rejecting those ﬁoints which correspond to the altered region of
figure 3 (also marked R for rejected), and fit a'straight line to
. only the accepted a,f,. region (inset figure 4); then we obtain the

already known correct value of Banc (0.42 % 10~"T) because this a.f.

"region is unaltered,

Because the unaltefed region is confinuous from 0,045T peak a,f,
up to the maximum value of 0,130T peak a.f;, we assume that the graph
of NRM against TRM passes through.the origin, This corresponds to an
infinite.demagnetising field, We ﬁéve constrained the straight line
to pass through the origin, thercfore,

Using this new technique we can attemﬁt to detect and isolate‘ény
thermal alteration of the TRM écmagnetising curve, If the NRM is
thermally fo;med and has remained unaltered, at least in some a.f,

region, then we can determine Banc provided that the alteration is

limited to a particular a,f, region,
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CHAPTER 4, EXPERIMENTAL PROCEDURE

4,1 Introduction E

We have seen, in chapter 3, how thermal'alteration may'be detected
and isolated in some a.f., region of the TRM a,f. demagnetisation curve.
This chapter is a detailed description of how the magnitude of the

palaecomagnetic field can be exper%mentally determined.

4,2 Producinz a tumbling AR

In order to produce an ARM (tumbling) I built a small set of
five Rubens coils (Rubens 1945) around a perspex specimen hoider
(inset figure 5), Brass contact plates were glued to the ends of the
holder, These braés plates were in electrical contact with the copper'
tumbling shafts, Current was passed into the system via two spring

loaded carbon brushes in contact with the tumbling shafts, A constant

current- power suppl& was used’to supply current to the coils, It was
isolated from any induced currents by a filter circuit.

The magnetic field distribution within.the coil system was
. calculated by Rubens,” I checked the distribution along the axis of
the coils by giving a thin (3 m.m;) slice of magnetic material an-
ARM, measuring the magnetisation produced at different places along
the axis of the coils (figure 5). The magnetic field was very
constant over the normal maximum specimen length (2.5 c.m.), anﬁ so
the positioning of the specimen within tﬁe coils is not critical.

Tests were carried out using a 0,5 x 10'4 T constant magnetic

field in the.coils, to determine the relationship between a rotating

and a static ARM (figure 6), They do not have the same shape a.f.

demagnetisation curves and are therefore not equivalent, We can now

prodgce a rotating ARM, which we will just call an ARM, and can

go on to examine the experimental procedure for determining the

magnitude of the palaeomagnetic field,
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L,3 FExperimental procedure

The magnitude and direction of the palacofield are determined in.

the following way:- _

1, The Curie temperature (Tc) is determined (figure 7) from a
small piecé of the SPecimén, on a high field Curie balance; This
value agrees with the Curie temperature determined from the magnitude
of the PTRH gained with increasing temperature (figure 8), which I have
assumed to be the same as the Tc of the NRM, .

2, The NRM is a,f., demagnetised with increasing values of the peak

a.f, The remaining NRM is measured after each successive demagnetisation
up to the maximum demagnetising field, The same demagnetising intervals
. are used in ali later demagnetisations of the specimen,

3, The specimen is then given an ARM (called ARM(1)) in the
masxdmum peak a.f. used in 2, The ARM(1) is given along the axis of
the cylindrical specimen.and 50 only the one component of magneﬁisation
need be measured after each demagnetisation,

The ARM(1)) is completely removed after a.f. demagnetisation in
the maximun peak a.f. used in é. When the ARM(1) has been completely
removed that part of the NRM that has not been a,f, demagnetised in

2 still remaiﬁs, and the axial component of this remaining NRM will

| be measured with the ARM(1) and will remain even after the ARM(1) has
been coﬁbietely'a.ff demagnetised, Thus the measured magnetisation
after a,f, demagnetisation in the maximum peak a;f. is always less than

or equal to the total remaining NRM finally measured in 2,

i

i, The specimen is then given a TRM, by heating it above its

Tc (determined in 1) and allowing it to cool to room temperature, in

a constant magnetic fiecld of 0.50 x 10'“ T along one axis of the

specimen, This TRM is a,f, demagnetised and measured in the same way
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5. The sbécimensis then given ARM(2) under the same conditions = ‘A
~and in the same constant magnetic field that ARM(1) was given. This
ARM(2) is a.f. demagnetised and measured as in 3.

6., A plot of ARM(2) against ARM(1), using the a.f, demagnetising
field as a parameter, will give a stfaight'iine with gradient = 1.0
if the specimen is unaltered after heating.

A line -of gradient = 1,0 is fitted to the points by the method
of least squares, If the points do not fit the line within the 95%
confidence level of the chi-squared distribution then the point with

the largesﬁ deviation is rejected and the line re-fitted to the
remaining points, This process is repeated until the remaining points

£it the line within the 95% confidence level,

Empirically, only those data at the low a.f., end of the a.f.

demagnetisation curve were rejected by this test, for any specimens

so far investigated.

Within the remaining high coercive force range the ARM(1) and ARM(2)
are identical and therefore this region of the a,f, demagnetisation

curve has not been aléered.

7 The TRM is ﬁlotted againsﬁ the NRM using the a.f, demagnetising
field as a parameter, The best straight line is fitted only to those
points corresponding to the unaltered a,f, region determined in 6, The
line' is constrained to pass through the origin, which is the point

corresponding to an infinite demagnetising field, and is fitted to the

points by the method of least squares, If the points do not fit the

line within the 95% confidence level of a chi-squared disfribution,
" then the point with the largest deviation is rejected and the line
re-fitted to the remaining points, This process is repeated until the

- remaining points fit the line within the 95% confidence level,

If more than one specimen is used from each sample, a mean value
of B . is calculated by weighting each individual value of B, o bY

the inverse variance of the NRM against TRM straight line determined
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for that specimen, In this way the best fitting straight lines are

more strongly weighted,
A computer program was developed to analyse the data and draw
the graphs (appendix 1), The computer is instructed first to plot

all the points (NRM against TRM and ARM(1l) against ARM(2), These

graphs are then repeated with the accepted data only. The accepted

data must be in a continuous a.f, region preferably terminating in
" the maximum a,f, used so that the origin of the NRﬁ/TRM graph can be

‘used to constrain the slope of the NRM/TRM graph.

In the next chapter we will go on to test this new technique on

both lavas and man-fired artifacts which cooled in known fields

(except in one case), to test that the derived values of B o are

correct, _ -
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CHAPTER 5, TEST RESULTS

5.1 Introduction 5

In the last chapter be described how the magnitude of the
palaeomagnetic field could be empirically determined. In this chapte;

we will test the method to ensure that the derived results are

consistent and correct,

5.2 Application to a single lava

I was very fortunate in being able to obtain a continuous 30m

core drilled through a fairly recent lava (8000 years old) near

Arhram,'lceland. I selected eight specimens at 3m intervals across

the middle of the lava, These specimens should all give the same

value for the palaeofield magnitude, even though we do not know that value

The Curie temperaturés were measured and found to be very low
(figure gp)s On the assumption that the NRM resides in the material
with this Curie point, ali eight specimens weré heatéd to 300°C in
order to produce a TRM, | |

Table 1 lists all the data for one specimen (typical casé) and
figure 16,is the plotted data obtained from the computer, The ARM's
énd TRM's were all given in a constant magnetic field of 0,50 x 10-4T

(accurate to + 0,005 T), In all eight cases the region of thermal

alteration'was isolated to the low a.f, region, A value for Banc

was determined from cach specimen (figure 9a), All the results are
quit;“consistent giving a mean value of 0,54 + 0,04 x 10°4 T.
This lava is not typical because of its low Curie temperature and

50 very little thermal alteration occurred when it received a TRM at
“only 200°C,

5.3 Baked contact test

If a hot lava is extruded on to a sediment, the sediment may be

heated above its Curie temperature and therefore
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data are rejected because the ARM's are not

equivalent,

All the data used to calculate

NRM ARM(1) ARM(2)
102 Am® kg“l
151,88 167,80 229.40
217,67 87.98 121,93
165.81 60,47 56,94
119,35 44,02 39.93
86.65 3211 30.78
74,52 28,58 26,320
6l4.21 25.56 23.82
Sk, 74 22.7? 20.93
4759 - a7 18,30
42,28 20.31 . 16.83
36,92 17.46 15.36.
32,61 16,08 14,26
28,71 c 14,73 13.45
25,57 15,09 12,41
20,36 14,73 10,05
17,44 11,74 8.92
14,53 | 12.27 9.6k
© 13,43 0.6 8.29
12,05 11,71 - 7.97 -
Iable 1
ICL ~ 36,

TRM

852,95
335.56
147,55
10k, 34
77.37
66,98
54,06
51.66
41,65
35.66
36.03

T 27,37

25,05
25,37
20.82
14,90
14,05

11.23

9.56

anc (typical case). The first two sets of

1l
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R
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acquire a full TRHM at the same time and in the same field as the
extruded lava. When analysed, both the lava and the baked contact
(sediment) should give the same value for B .,

Two specimens, taken from a baked contact zone on the island of

Mull, were made available to me, One specimen (C64 ~ 3b) was taken

from the baked contact close to the overlying lava, The second
specimen (664 - 4b) was taken from the overlying lava,
Both specimens were heated to 620°C (when receiving a TRM) which

is about 50°C above their observed Curie temperatures, The results

are given in table 2 and .the graphs of the data are plotted in figure
11 and 12,

Specimen B e S.D, Tc D I
10~ 10™p °
C6l - 3b 0.239 0,003 57  29° ~143°
c6h - Lb 0,245 0,023 575 224° -50°
Table 2

The values of Banc agree very well but only two specimens were

used and‘qlthough the two results agree it is clear from the graphs
that some alteration has occured even in the accepted data,

We have now experimentally determined that the new method gives .
consistent resulis when applied to a single lava and to a baked contact

where two different materials were used (igneous rock and sediment),

~

Ve have not been able to show experimentally that fhe derived values of

Banc are correct, This can only be done by applying the technique to

very recent specimens that have cooled in a known field,

S.4 Application to five historic lavas

In order to check that the new technique gives the correct results,
and not just consistent results, experiments were carried out on five

historic lavas that were extruded and cooled in a known magnetic field,
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The results are given in table 3; The 1973 Heimaey lava was totally

altered by the laboratory heating within the observable region of the
a.f..demagnetisation curve (up to 0,13T) and comnsequently the magnitude
of the palaeofield was not determined, .
The three Hawaiian la&as each gave internally consistent results,
The maximum alteration occurred in the 1907 lava, which remained unaltered

only above 0,08T a,f, demagnetising field, and consequently only four or

five points could be used from each specimen from this lava, The magnetic

field at Hawaii is not accurately known, The value quoted in table 3 is

the measured magnetic field at Honolulu, which is 300 km northwest of
Hawaii, It is therefore likely that the discrepancies in table 3, between
fﬁe deduced and the known fields are in part due to the uncertainty of

the known field at Hawaii,

The 1910 Etna lava has been used for palaeofield studies by
Angeﬁhéister et al (1971), who were unable to obtain any results from it;
and also by Tanguy (personal communication), who has derived consistent
rgsults from it by the application of another new technique, This lava,
;hilc producing the largest scatter of individual results, also produced
a mean palaeofield which was closest to the known 1910 magnetic field,

probably because of the large number (7) of specimens used, The magnetic

field at Etna is accurately known,
. These results are very encouraging\and it is clear the new technique
used to determine the magnitude of the palaeofield produces, for lavas,

results which are accurate to about 10%, and whose reliability can be

assessed from the data diagrams, The ability to assess the result is a

vefy good aspect of this technique.

5.5. Application to five Archaeomagnetic specimens

A more detailed analysis of the palaeofield in recent times (the last

20,000 years) can be made by examining man fired artefacts such as pottery,

bricks and even primitive fireplaces (Barbetti et al 1972), In order to

check that the new technique could be applied to man fired artefacts

(archaeomagnetic specimens), five specimens were obtained
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Standard
LAVA CODE Numbers of Tc Banc deviation Known field

- - A

specimens °C 10 g 107" 107 T

1907 HAWAIL  2L1L8 3 550 0,31 0,03 0.3
1910 ETNA El ? 570 o.h42 0.05 042
1926 HAWAII  2L152 3 550 0,3k 0.02 0,37
1955 HAWAILI  2L025 3 570 O, k2 0,02 0.37
1973 HEIMAEY W 4 6o MO ASCHPIASLE 0.51

Table 3 -

The mean .results from five historic lavas, The Hawaiian

'known field' is the field measured at Honolulu (300 km away)
as no measurements were taken on Hawaii Island, The
individuai graphs of each specimeﬁ (40 graphs) are included

in appendix 2,
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from Dr, M. Aitken at The Research Laboratory for Aréhaeology and
the History of Art, Oxford,

In order to increase.the magni£ude of the induced ARM's 1
increas;d the current through the coils to 100 ma, This c?rresponds
to a constant magnetic field of 1.35 x 10'4T. I also increased the
maxim;m a.f. value from 0,13 to 0,14T, These values are used
throughout the remaining part of this thesis.

By increasing the magnitude of the ARM any small deviation of
the graph of ARM(1l) against ARM(2) will be more easily measured,
The increased a.f., value allows an extra NRM/TRM ratio to be
determined,

Three of the five archaeomagnetic specimens were taken from
samples which had already been used fof palaeofield determinations
by Weaver (1966) who used the method developed by the Thelliers,
The experimenfal results are given in table 4 and Weaver's results

are listed in the comparison section,

The 103-A pottery sample was fired in 1965, The derived value

of the magnetic field is in very good agreement with the observed

magnetic field at the time,

The S2-1 brick came from a Sheffield glass furnace, Weaver

had applied the Thelliers method to pa}t of this brick, Although
our two mean values agree within the errors, the new pélaeofield_

method reduced the error by a factor of 9,

The S5PT tile came from a mediaeval tile kiln at Boston, In

this case I did not use the same tile but used a brick from the

same kiln, The mean results are in agreement and the error from

the new palacofield method is an order of magnitude better than

Veaver's error,

The H1l tile was from a fourth century grain drier at Hampstead

Marshall (Berkshire), 1In this case the new method produced a large

A S
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error (12%). This tile was highly oxidised on the outside (red) and
light grey on the inside, Experiments were carried out.on a red
only and a grey only specimen, The red specimen NRM was very hard
(hematite) while the grey NRM was quite soft (magnetite), The red
specimen gave a value for Banc of 1,21 + 0,10 and the grey a value
of 0,98 + 0,05 x 107", Both values are within the limits of the
three whole specimen values and are included among the five samples
in table 4, Weaver applied the Thelliers method to this tile but
failed to obtain any result from it,

The 48 - A3 pottery specimen came from Stibbington (Huntingdon).
The pottery was white throughout and the total NRM was considerably
weaker than the other four samples, This specimen gave an acceptable
result although the error was fairly large (6%).

These five English archaeomagnetic results are compared with
the Thelliers'results from French material (Thellier and Thellier,
1959) by converting the palaeofield to an "assumed" or virtual dipplé
moment (VDM; Smith, 1967), the calculation of VDM is discussed in
appendix 3. The results are plotted in figure 13,

The agreement

between the two sets of data is very good., The data and associated

graphs are included in appendix 2,

We have seen that the new method agrees with the Thelliers'
method and also that it gives the correct result when applied to
both lavas and archaeomagnetic specimens (103 - A pottery sample
was fired in 1965 in a known field),

The new method requires that the specimen was heated to at
least its Curie temperature when the NRM was formed and so, unlike
the Thelliers“method, it cannot be used to determine Banc from a
specimen that only has a PTRM, On the other hand this new method
is quicker, requiring only one heating, and apparently more accurate

than the Thellier# method, - It also has the advantage that the high



Sample
AlO}-A
S52-1
5.PT
H-1

48-a1

Description
Potte?y
Brick
Tile
Tile

Pottery

Number of

specimens

Date Banc

Yrs, A.D. 107"
1965 0.49
1900 0.53
1356 0.62

350 0.94
150 0.68

Standard
Deviation
T

10‘“

0.03

0.0l

0.02

0,12

0,04

Table 4

Banc

10‘4T

0.485

0.49

0.68

Standard

Deviation

10’“T

0.09

0.26

No acceptable result

The results from five archaeological samples

Comparisons

Investigator
Direct observations
Weaver (Thellier's method)
Weaver (Thellier's method)

Weaver (Thellier's method)
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FIG 13« A graph of virtual geomagnetic dipole moment

against time. Closed circles represent English data (this

thesls), open circles represent European data (Thellier and

Thellier 1959). The standard deviation is plotted for both
sets of data,
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a.f, region is uéed to detefmine Banc' This region is not as likely
to have been affected by VRM and so the new method may produce valid
results when applied to much older specimens,
The new method has been tested on both lavas and man fired
artefacts, Let us now go on to use it as a tool with whicﬁ to
_ examine how the earth's magnetic field changes during a field

. reversal,

The results discussed in this chapter have been published

(Shaw 1974(a)). A copy of the published paper is included in the

back of this thesis,
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CHAPTER 6, A PALAEOMAGNETIC FIELD REVERSAL

6.1 Introduction

The generating mechanism of the geomagnetic field islnot clearly
understood although most workers. favour some form of dynamo action
within the 1iquia core of the earth (Bullard and Gellman, 1954). No
one has yet provided a complete description of the aésumed dynamo,
mainly because of difficult mathematics and of insufficient inform-
ation around which a theory can be constructed, One of the most
constraining phenomena that any theory must account for is the fact
.that the earth's magnetic field has, in the geological past, reversed
its polarity,

. A well documented field feversal is the R3 to N3 transition of
Western Iceland which was first discovered by Einarsson (1957) and
explored in detail by Sigurgeirsson (1957), Brynjolfsson (1957) and
later by Wilson et al (1972(a)). This chapter describes the results
that were obtained when the new palaeofield technidue was appiied to

lavas that were extruded during this transition. These results place

certain further restrictions on any proposed dynamo theories,

6.2 Representation of results

Anomalous directions of magnetisation have been encountered by
many workers, One way of formally,representing anomalous directions
is to 'assume' that, even in an anomalous éﬁate, the geomagnetic field
can be represented by a non-axial centred dipole, This aésumption has
been made whenever anomalous 'virtual geomagnetic poles' (V.G,P's Cox
and Doell, 1960} are calculated, The same assumption can be made
when considering the magnitude of the geomagnetic field (Wilson et al
1972(b)) which allows us to represent the magnitude of the geomagnetic

field as a 'virtual dipole moment' (V,D,M, Smith (1967(b))., The



- bl -

calculation of V,D.M, is discussed in appendix 3.

6,3 The R, to N, transtion
7 7

In July'l974 I sampled six lava sequences in the Hvalfjordur
district just north of Reykjavik in Western Iceland (figure 14),
289 oriented cores were taken from 33 lavas. Measurements of the
directions of magnetisation of two cores from each igvé revealed that
-32 javas from five sections (P,R,S,T and U sections) contained the

R3 to,N3 transition. Oriented cores from these 32 lavas were used

fér palacofield determinations.

The magnifude of the palaeofield was determined from 21 lavas,

0f the remaining 1l lavas that did not produce a value, the specimens

from 2 lavas exploded on heating, the spécimens from another 2 lavas

were magnetically unstable when a.f. demagnetised in high fields and
L. C:’:\
the specimens from 7 lavas underwent severe thermal alteration. The

magnltude of the palaeofleld was also determined from specimens from

2 lavas sampled by Wilson et al (1972(a)) thus making a total of 23

determinations of the magnitude of the palaeofield during the R, to

3
Ns transition (table 5). Each palaeofield value was determined from

at least 2 specimens, As a measure of the work done, more than

2500 a,f, demagnetisations were carried out to achieve these 23

results,

The transition zone between R3 and N3 is represented by V,.G,P

positions in figure 15(a) (results from this work) and figure 15(b).

(from Wilson et al, 1972(a))., The two independent sets of results

agree very well and it seems likely from the number of intermediate?
lavas that the assumed geomagnetic dipole must have remained in a
fixed equatorial orientation for a considerable length of time,
Preyious determinations of the virtual dipole moment magnitude
for anomalous palacomagnetic pole positions, have indicated that the

V.D,M. is much weaker tban in the more usual ‘normal.! and;'reversed‘
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TIME

V.G.P. V.G.P.

Magnetic field Standard deviation v.D.M. Standard deviation
107% T 107 T 1022 An® 1022 Am® lattitude  lomgitude  agg
deg deg .East deg
0.777 0,066 13.6 1.2 - 63 206 L
0.501 0,097 7.2 1.4 - 81 273 1
0.497 0,222 7.2 342 - 81 278 3
0,303 0,005 4,6 0ol - 75 284 4
0,202 0,006 okt 0.1 - 21 131 2
0.018 0.005 0.4 c.l - 12 117 L
0,155 0,053 2.9 1.0 - 13 122 2
0.061 . 0,025 1.3 0.5 - 9 114 2
0.105 0,012 2.3 0.3 - 4 114 4
0.075 : 0.009 1,7 0.2 - 3 110 5
0,095 0,003 2.1 , 0.1 1 117 9
0.083 0,019 1.8 0.k 1 107 L
0.054 0,003 1.3 0.1 5 114 L
0.062 0,002 1.5 0.1 6 108 2
0,204 : 0,003 . 5,0 0.2 5 106 2
0,246 0,003 6.0 0.1 3 107 1
0.386 0,013 9.7 0.3 8 107 2
0.208 _ 0,011 4.8 0.3 -2 107 8
0.099 0.915 2.3 0.k 2 112 9
0.095 0,002 2.3 0.1 6 107 1
0,076 0.012 1.5 0.2 5 359 . 12
0.175 0.005 2.3 0.1l 71 339 3
0.537 0,071 8.1 1.1 65 72 2

Table‘é

The time sequence of the variation of the
palaeofield magnitude during the R3 - N3

transition. -
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states (Momose, 1963; Prevot and Watkins, 1969; Lawley, 1970) .
Because anomalous V,D.M's have been assumed to be small, little

importance has been placed on the magnetic stability of rocks which

S

record some intermediate directions,

Wilson et al (1972(b)) presented a statistical analysis of the
dependance of V,D,M's on colatitude of pole position (figure 16(a)),

Their results indicated the possibility of large V,D,M's at intermediate

pole position colatitudes., The 'spread' of results associated with

these intermediate values were very large, ostensibly because of small

numbers of specimens,

The results obtained by using the new technique on the R3 to N3

transition are shown in figure 16(b) and listed in table 5, The error

shown in figure 16(b) is the standard deviation (the error in figure
16(a) is the error on the mean), The results agree with the Wilson et al
statistical results and it is clear that the V,D,M., can sometimes

increase to large values at intermediate colatitudes, The sharp

increase of the V,D,M. will not be easily detected in figure i6(a)
because these V,D,M's are averaged over 5° c;latitude intervals and so
the large intermediate values will be combined with smaller values, This
probably explains the large spread of results associated with three of
Wilson's intermediate values (90 to 110° colatitude).

Although only the R3 to N3 tran;ition has been éxamined in detail,
the statistical data of figure 16(a) also supports the possibility that
the earth's magnetic field has a third metastable state (intermediate
state), The 'intermediate' state would appear to have the same
characteristics as the more usual 'normal! and 'reversed! States in that
the direction of the V.G,P, remains fixed for large values of V,DeMe, and

that changes from one state to another can only be made when the VeDeM,

is small, The minimum V,D,M, value, recorded during the R, to N

3 3
transition, was 0,35 + 0,10 x 1022 Ama). The | .

O
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- 22 2 .
maximum measured intermediate value was 9.7 + 0,3 x 10" Am~, which
)

is larger than the preéént dipole moment, )
The existence of a third metastable state of the geomagnetic
field and the fact that large angular changes of the V.G.P, are so

far associated with small values of V,D.M. must impose constraints

on any theories relating to the generation of the geomagnetic field,

6.4, Work for the future

We have seen that the earth's geomagnetic field may have a third
stable state, This 'intermediate' state obviousiy happens less
frequently than the more usual 'normal' and 'reversed'!' states., Aé
information about this state accumulates, it will assist workers to
construct a mechanism for field generation, if only by imposing
constraints on modelé. A knowledge of this intermediate metas?able
state may also help in intérpreting unusual palaeomagnetic directions
(e.g. Cox, 1957).

If this intermediate state is a general feature of the
geomagnetic field it may be observed in detailed studies of quickly
deposited sediments, which will qlso provide an estimate of the time~

spent in that state,

Another reversal which is well documented is the Nh to R

3
transition of Western Iceland (Wilson et al 1972(a)).

This
transition also seems to spend a conéiderable period of time (12 lavas)
when the V,G,P, is at the equator and may possibly give a similar
‘result, for an inversion in the opposite sense.

Two particularly well documented North American transitions are
the Steens Mountain transition (Watkins, 1965(a), (b), 1969; Goldstein,
Larson and Strangway, l969)'and\the Lousetowg Creek tran;ition

(Heinrichs, 1967), If these transitions also give similar results

then we will know that this phenomenon is not restricted to Iceland.



The results discussed in this chapter have been included in a
published paper (Shaw, 1974(b)) a copy of which is included in the

back of this thesis,
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CHAPTER 7. SUMMARY OF THESIS

An ARM may be used to detect and isolate any changes in the TRM
a,f., demagnetisation curve that occur when the specimen receives a
laboratory TRM,

Empirically, changes in the a.f. demagnetisation curve start
in the low a.f, region and progressively spread to the higher a.f.
region as the specimen becomes more thermally magnefically altered,
This means that in most cases the value of Banc can be determined

from the unaltered high a,f, region,

This new technique has many advantages over other methods:-
1, Only one heating is required, which minimizes the

degree of thermal magnetic alteration and makes for a

quick method,

2. The new technique, like some other methods, can

detect changes in the shape of the TRM demagnetigation

curve,

3, The new technique can detect "consistent alteration'

(where thermal alteration changes the TRM magnitude by a

constant factor) which has previously been undetectable,

Ly The high a,f. region is used to determine Ban o This

region is not likely to be affected by VRM,

There is however one disadvantage, The new technique unlike the
Thelliers' cannot be applied to PTRM's of the type found in partially
fired pottery.and open fireplaces, A

We have observed that this new technique not only produces
consistent results but correct results when applied to igneous rocks
and archaeomagnet;c specimens which cooled in known fields, This
technique has proved itself to be a reliable procedure for determining
the maénitude of the palaeofield,

MHaving developed and tested the technique we then applied it to

a collection of lavas from Western Iceland which were extruded during
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a geomagnetic field reversal (the R3 to N3 transition), The results
of this investigation were very good (small errors) and very surpris-
ing in that the earth's magnetic field apparently can have a third
stable state when the north magnetic pole is near the geographic
equator; a result which immediately constains any theories relating

to the generation of the earth's magnetic field and may also explain

many previously anomalcus groupings of V.G.P. positibns.



APPENDIX 1,

This appendix contains a listing of the computer programe
(written in fortran 4) which was developed to analyse the NRM, TRM

and ARM data, The TRM is assumed to have been formed in a constant

magnetic field of 0.5 x 107" T,

The graphs included in appendix 2 were obtained by using this

programe,
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21 HAIN DATE = 74262 16701734
REAL HRH

REAL*B ALDI2),ACDI12)

DATA ALUACD/YALL DATAY,
DIMENSTON TEST(52),W(32),C0OD(3)
DIMENSION P23 ,vAR(20)
OIMENSTON 209E(3)

UiMLESION Ill33loNRMIBO)cARM1(303'ARMZ(3CI'TRMCBO)
DIMENSION U(321,v(3)}

OIMENSTAN X (37 ),Y(3D)

DIMENSION VX(33)’V2(33lpHZ(33I.Z(BO)QPI(30"VARI(3D)

LIGIT L] TARW[(BQ'gfﬂRNZ(BQ)'TNRM(34"TTRHI34)QTTXA1(34)OTNXAZ(34
1)

DATA TARM1/15w¢ VaVAY IR MY 010 1540 v/
DATA TARM2/1%%¢ 'Q'A"'R"'M'.'Z'.ISU. v/
DATA THRM/)1S5%0 "'N'Q'R'.'H'.IG" v/

DATA TTo2M/15ut '.'T'.'R'.'M'.lé*' e/

DATE TTXAL1/1bHme '9'T'Q'X'.'A"'l'|15" vy
DATA THXA2/15%¢ ‘.'N'.'X'.'A'.'Z'.lst' L4
NPs(

REALIS,103) 1PLOTY

IFLIPLUTLHELLY GO YU L

CALL PLOTON

CALL PLTLIMI2D),.D)

CALL HOVE(LoCy2e0)

CONTINUE

B=14?

81=1.0

R2e1,0

EPS=(0,CI01

=

READIS 4101 ENDGY) IF‘I’.NRH(!'.ARNI(xioﬁRHZ(l’
1143

IFUIF{I)4%Q.1291) GO TO 20
TFLIFLI)a€EQel222) GO TC 98

[F{1.NELLY GO TO 1%
HRITC(60203’|CDUtJ’lJ'1l3’

DU 12 Jsi1,3

COUE(JI=COD Y

CONTINUE

I=]e}

GG TU 1)

Hej=1

CALL AZZepr (NRM'rRH.ARNl.ARHZ.HZ.Z.X.Y.XF.TEST.N.M.C)
D0 3 Is] N *
Utid=y,9

viii=1,)

WrlTELO4209)

WRITE(6,205)

00 31 [=1,M

VitI)=x(1)

V2(3)ey (L)

i1=H

CALL HAFIT(VZuVl.MloB.EpS'XTER.NoVABpS'
1ANCnB#), &

SND=LJRTIVAR) 3, 58p

WRLITF(L,210) HANLgSUU.BgVASn[TER.S'Ml

CALL TLJUGY (VlvVZv“)vSvH'&32’

CALL PLAT(ARMI.ARMZ.TEST.N:lyTARMZ.TARMX)

'e "ACCIPTED'y ' DATA vy

1 TRMUL 34 (00D (4} 4=



st

ECRTRAN 1V 5 LEVEL 21 MAIN DATE = 74262 16/01/34
(57 CALL PLATINRMoTRM,TESTaNy»2TTRM,TNRM)
0rss CALL PRTPLT
ccs9 1F(IPLOTLEQ.3! GO TO T
cneo CALL MOVE{led9J.2)
ccol CALL SETO
6n62 C=-C
(r63 CALL CALPLT(ARML,ARM2,NRMTRM,TEST,NsB+CODE,ALD,C,SOD)
CCohh CALL CALPLT(WZyZoXoYoTESTyMyB,C0ODELACD,CySTD)
Cré6es 70 CONTINUE
Ceeb NPatP+]
(ce7 PINP)=D,5%8
(Ce8 VAR (NP) =S0D*S0D
(Ce9 GO T0 S
¢C70 98 CALL WAITAVIP,VAR,NP,AVE,VARIAN])
(71 STD=SCRTIVARIAN]
ce12 HRITE(6,210) AVE,STD
cCc7T3 NP=C,0
cCT4 GO T0 5
ceTs 99 1F{IPLOT.Nzed) CALL PLOTOF
o076 SToP
cerr 101 FORMATIIG4,4F1042+T75343A4)
co73 102 FORMAT{BIAL)
€079 103 FORMAT(I1)
crso 200 FURMATUILH ¢FSa355X9F5e392F10e392F10e59110,F1043,110)
CCB% ggg 28R3A¥tEHla15)"SAMPLE"2X93A6)
cCs RMAT(®OBANCYoT12,°STD 4122, 'SLOPE?, T ' ¢ .
ATT5,95% 5785, Ne/) e T40, *VARISLOPE) " yT61,*ITERSY,
cca3 207 FORMATL/! ¢, T22,YSLOPE? ¢ T30, " INTERCEPT?
A'VAF-(SU‘PE)'-TSl-'VAR(lNTl'.wanERs'.ns.'s',gegz'ﬁn?'
cc84 208 FORMAT(LH 3T1892F12a3¢2F13e5518,F1043,110)
L85 §G9 FORMAT(/Z/7T640, *NRM/TRHM?)
(o 9%:7) 1N FORMATI//ZiHO,T3D,%%*x ANCIENT F1 * ]
LIATIONS FTu30t %aet) ELD INTENSITY?',F7.3,' STANDARD DEV
ccay 216 FORMATI(1H oFS5+3,52F1343,10X4F10. o
6088 NS ’ ' 5s1CXy I10,F1043,110)

PA
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FORTRAN IV G LEVEL 21 ACCEPT DATE = 74262 16701734
€001 SUBRQUTINE ACCEPT{NRMyTRMyARMLI ARM2eH o Xy Y3 Zs IFs TESTINIM,C)
coe2 DIMENSION CHISQ(3))
€CG3 DIMEMSION NRM(32) 4 TRM(3D) ¢sARML{3D)4ARM2Z2{3C)W{30),X{30),Y(30),2(30
1) 91F (20}, TEST(3D)
CO04 DIMENSION RW(30) 4RX{3C)¢+RY(30),RZL30),RIF{30),BDEVI30),JF(30),GDEV
1(32),0EVI3D)
cLos JATA C41SQ/3.841 450991 970815,94488,1140709124592514406T,15.507,
816:619,18¢3C7419,675¢214C2692243629234685726499642642969274587,
B26e869y30e144931e412732¢67933e92935e17536642937:¢65438.89,40.11,
C4le34442456443.77/
€06 REAL®4 NRM
cCce7 INTEGER RJF
c
c INITALISE VECTORS
¢
ccos M=N
cO09 1R=D
celo0 DO 12 I=1,M
cLll Wil )=ARML(I)
rc12 X(I)=ARM2(1)
¢c13 Y{1)=NRMII) o
CCl4 Z(1)=TRM(])
(o103 §-) JFUI)=TF(])
cc16 TEST{I)=0.3
ot 1C CONTINUE
¢ FIND INTERCEPT OF FITTED LINE
¢
cels 20 SHW=0,0
co019 $X=0.0
0c20 DO 3D I=1,M
cc21 SH=SKeW(1)
002 SX=SX+X{1)
cr23 30 CONTINUE
cc2e C={SH-SX)}/M
c CALCULATE DEVIATIONS SQUARED FROM LINE
¢
cc2s $D=0.C
Q26 00 40 (=1,M
c027 DEV(I)={W(I)=X(T1)~C)**2
cc28 SD=SD+DEV(I)
€029 40 CONTINUE
c TEST FOR GDODNESS OF FIT
c
€030 CHECK=1,0%CHISQ(M-1)
ce3l IF(SD«GT.CHECK) GO TOD 69
c
E WRITE ACCEPTED AND REJECTED DATA
cc32 IF(M.NE.N) CO TQ 45
€c33 MAX=1C00
0(34 GO TO 64
ce3s 45 WRITC(6,206)
{12 50 DO 51 I=1,M
éggg S1 WRITE(6,201) JF(I)sYCI) oW (T)¢XtIDeZ(I)ysGDEVII)

IF{IR.EQ.C) RETURN



FCRTRAN IV G LEVEL

cc39
cceo
(Cel
(ce2
(C43
Cl44
CC45

Coub
ccat
cu4s8
Ce49
GCv0
cchl
0c52

oS3
(054
ross
€C56
fu57
ross
59
60
(Col
062
063
(C64
(C65
ree6
cCo?
Ce8
C069
co70
Qo711
cor2
ccT3
[(C714
cors
C76
CoT7
c078
079

oCc8o

OO0

[ Nakal

52

53

60

61

64

62

63

200
201
202
206
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21 ACCEPT DATE = 74262 16/01/34
J0 52 I=1,1IR

WRITE(6,202) RJF(I)1RY(I)'RN(I)0RX(I’1RZ(I).BDEV(l)

D0 53 1=1,N

DO 52 J=1,1IR

IFCIF(E) L EQ.RIFLIDI) TEST(I)=1.2E06
CONTINUE

RETURN

REJECT WORST POINT

AMAX=DEV(1)

MAX=1

DO 61 I=2,M

IF {AMAX.GT.DEVII}) GO TO 61
MAX=]

AMAX=DEV(I}

CONTINUE

UPDATE VECTORS

K=2 el
DO 63 I=1,M

IF (I.EQ.MAX} GD TD 52
K=K+1

WIK)=W(])

X{K)=X(1)})

YKl =¥(]})

ZIK)=Z(1)

JFIKY=JF (1)

SDEVIK)=SD

50 T3 63

IR=IR+1

RUIIRI=W(])
RX(IR)=X{1}
RY(IR) =Y (1)
RZ{IR)=Z( 1}
"RIFLIR)=JF()
BDEV(IR}=%)

CONTINUE

IF(MAX.EQ., 10021 GO 71O &5

M=K .

IF{M.GTo3) GO TO 29

HRITE(6,20)) .

’URMAT(IHO:T#).'***INSUFF(CIENT ACCEPTABLE DATA POINTS*%x1)
FORMATILH ,14,5F10,2)

FORMAT{1H 1T63.'REJECTED"ZXpI4'SF10.2)

FORMAT(/ F(ELD'.T9.'NRM°.rzo.'ARMz'.T3o.~ARM2'.T40,-TRM'.110:'FIE
:Lo'.r78.'NRM'.TBG.'ARML',T93.'ARM2'.7108.'TRM'.Il
END



FCRTKAN 1V G LEVEL 21 HAFIT DATE = 74262 16701734
o031 SUBRDUTINE HAFIT(X+YsNySLOPE,EPSeITER We VAR, A)
cCo2 DIMENSION X{1)},Y(1),W (1) -
003 REAL M
C
g CALCJLATE SUMS OF CRDSS FRODUCTS OF X AND Y
CCO4 A=0e0
cCo5 B=Je0
LL06 C=04)
cCcct 00 10 1=1,N
ccus B=B+X(1)2Y(1)
c009 A=A+X{TI)&XL])
cCLo 10 C=C+v{1)xY(])
(o1l1l M=1,2
cc12 1TER=C
€13 20 DF=3#M#M*B=4,JkAtM*23,0-B
cCls F=DxM*%3 ,04C~A*M*x4,0~-B%M
cC15 SLOPE=M-F/DF
on1e 1TER=ITER+]
coL7 IF(ABS(SLOPE~-M)eLT40240321) GO TO 30
cul8 SLOPE=ABS (SLOPE)
cn19 M=SLOPE
026 IF{ITER.GT440) GO TO 40
o21 ¢ GO TO 20
c CAILULATE VARIANCE CF SLOPE
c
cc22 30 A=0.0
cca3 DO SC I=1,N
€c24 Wl 2L S#LLYLT)-SLOPESX {1} ) *# %24 (X {])~Y
coae 50 AsAsHiD) I)-Y(I)/SLOPE)}**2)
cc2é6 PaMRkOAA—MERL B2 FAL MARIRLGXBEMEX2XA-MELEB4E(
€027 QEMESELSRAL MEET 4 ¥BIMERORC—MRRSHGRB-MERLE 26 C+NE 4L
028 Us(ME#R2 %3 2B+ MEE3 54 A~3) k&2
c029 VAR={P+Q) /U -
cc3n RETURN
€031 40 WRITE(6,200)
(c3z GO 70 3
cc33 200

CO034

ZSEMATlIHO.'XTTERATIDN STOPPED AFTER 40 ITTERATIONS®)

-59 -
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FORTRAN IV G LEVEL 21 REJECT DATE = 74262 16/01/734

coel SUBKOUTINE REJECT (XY sMoSeNy*)

coc2 DIMENSICON X (M) Y (Mi,CHISQ(32)sW(M) .

(‘(_'.03 DATA CHXSQ/3-8‘01050991,708159904881 11.070312059201"-067,15.507'
81669199184307419e6759121e02692243621236685+2445969260296,27.587,
B28,86G93041449314410432¢671933.924,35.1729364415,37.652,38,885,40,
£113361433794205579436773/

C0C4a NU=M=2

cLCS IF{NU.LT.1) RETURN

ceceo IF{NU.GT.30) GO TO 30

cod7 IF(SeLToCHISQINU)) RETURN

0gnsg nMAX=HI1)

nrco9 K=1

0010 DO 12 I=2,M

oLl IFIN(1)eLTs AMAX) GD TO 10

(012 K=1 ..

0c13 AMAX=W({T)

GClée 10 CONTINUE

cels J=0

016 DO 20 I=]1,M

col7 IF(1.EQeK) GO TO 23

col8 Jd=J+1l

cor9 X{Jy=xXt1)

0620 Y{J4)=Y(1)

ccz21 20 CONTINUE

22 M=)

€023 RETURNL

€024 30 WRITL(6,200)

€C2s RETURN

€026 20C

FORMAT{1H*,T9),'TO0 MANY DEGREES OF FREEDD4')
co27 END
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FORTRAN IV G LEVEL 21 PLAT

DATE = 74262 l6/01/34
cel SUBROUTINE PLAT (X.Y.TEST,N.K.TIY&.TITl)
cco2 LOGICAL*) ARRAV(B#ySb.Z),BLANK.MINUS,LINE'STAR.R'TIT.TITI.TITZ,TLT
13,T1T4,SYMBOL

occs3 DATA BLANKsMINUS:LINEySTAR,R/? AAREN AL I Y- Y

C(C& LOGICZALEL TIT3(3&.2).TlT«(Sb.2),TIT1(34),TITZ(56)

oces DIMENSION X(L)yY{1),TEST(1)

cees 001 I=1,34

ccnt 1 TIT3{I,K)=TITLI(])

CCo8 DO 2 1I=1,34

0009 2 TIT4(1,K)=TIT2(1)

cecln DD 3 1=35,56

crll 3 TIT4{14K)}=BLANK

cc12 D0 10 J=2,56

oc13 00 10 1=22,34

COl4 10 ARRAY(1,J,K)=BLANK

cels D0 20 J=1,56

ccle 20 ARRAY(1,J,K)=MINUS

cel? DO 30 J=1,34

ccL8 3C ARRAY(J,1,K)=LINE

£ci9 AMAXL=X{1) .

ccae AMINL=0,0 ’

cc21 AMAX2=Y{1)

cc22 AMIN2=0,90

ccz3 0N 42 I=2,N

CC24 1TIX{1)aGTe AMAX1) AMAX1=X(I)

€c2s5 IF{Y{I)eGT, AMAX2) AMAX2=Y (1)

cC26 40 CONTINUE

cez? SCALE1=233,0/{AMAXL-AMIN])

ccz28 SCALE2=255.0/(AMAX2-AMIN2)

€029 DO 53 I=1,N

co30 SYMBOL=STAR

cc2l IF(TEST(I)eGTo5.C)SYMBOL=R

r£c32 IX=(X{1)=AMINL)*SCALEL+]1

cr33 IV={Y(I)-AMIN2)*SCALE2+]

CC34 IF(IXeGTe33)IX=34

cn3s5 IF(1Y.GTe55)1Y=56

cn3e6 SC ARRAY(IX,IY,K}=SYMBOL

ce3r RETURN

cn3sg CNTRY PRTPLT

039 : WRITE(6.102)

€C40 DO 62 1=1,34

0Cal L=35-1

CC42 WRITE(6,10)) T1T3(1.1).(ARRAY(L.J.1).J=1:56).TIT3(!-2).(ARRAV(LyJ-
: 12)4J21,58)

€043 60 CONTINUC

CCu4 WRITE(6,101) ((TlT#(I.K)-I=l.56).K=1.2)

CCa45 RETURN

C046 100 FORMAT(1H 1AL 1XyS6AL 4S5X9 AL 41X, 56A1)

cea? 101 FD!MAT(IHO'T3.56A1.7X.56A1)

ccas 1C2 FORMAT(1HY)

(049 END



FORTRAN 1V G LEVEL

el
002
€033
ccos
CCo5
ceco
ccoT

CcCo8
cco9
ocl0
ccll
l2
cel3
Ct.l4a
co15
016
cr17
cclse
(ol9
couee

21
c022
cn23
C024
cc2s
026
27
c02s
©e29
€030
€31
€032
cr33
C034
€035
CC36
€037
Co038
c039
0040

Ccsl
€042
(C43
CCa4
045
CC46
Ce47
Cces
£ece9

(e XaXel

s X g X el

oo

100

400

450

21 CALPLT DATE = 74262 16/01/34
SUBROUTINE CALPLT(YloXleZ,XZoTESTyN.B:CDDE:ALD.C.ERR)
INTEGER%2 TIT2

REAL¥8 ALDL2),TIT)
DIMENSION YI(BJ),X1(30)-Y2l30)'X2£30)9TEST(30)nCDDE(3l
REAL*6 LENGTH

DATA ARMI.ARMZ.ANRM,TRMI'ARMI'.'ARMZ'.'NRM *3'TRM ¥/
JATA TITL,TIT2/'SLOPE=1?, tB=1/

CALCULATE MAXIMA AND SCALEING FACTORS

F=0,5%8

S=L/ABS(C)

AMAXX=0,0

AMAXY=3,.2

DI 150 I=1,N

TFIYLLT) «GTLAMAXY) AMAXY=Y1(]
IFIX1(I)aGTAMAXY) AMAXY=X1(]
IFAY2(I)eGT. AMAXX) AMAXX=Y2(]
LFIX201) o GToAMAXX) AMAXX=X2(]
CONTI NUE

LENGTH=%,0
SCALEY=LENGTH/ AMAXY
SCALEX=LEMNGTH/ AMAXX

}
)
)
)

PLOT NRM AGAINST TRM

CALL MOVE(D0.542.5)

CALL SETO

CALL SYMBOL(D-213.8.3.Z.TITZ,O.O.Z)
Call HUMBER (045434890424 F43,0,3)

CALL SYMBOL(1454348904242340,0,-1)
CaLL HUMBER (14843484024 ERR040,3)
CALL SYMBOL(-C.5.9‘5nD.Z.CODE'Q.U.lZ)
CALL SYMBOL{249194543429ALD+040,16)
CALL MOVE(DeD4343)

CALL PLUTIT(XZ.YZ.TEST.SCALEX.SCALEXgANRM.TRM.N.LENGTH)
RAT=1,23

IF(RAT.LT.B) GO TO 400
Y=3*%SCALEX®AMAXX

CALL MGVEILD404043)

CALL PLOTI(LENGTH,Y)

GO TO 6«50

X=SCALEX*AMAXX/B

CALL MOVE(J4043.3)

CALL PLOT(X,LENGTH)

CONTINUE

PLOT ARHM1 AGAINST ARM2

CALL MOVE(J404540)

CALL SETO

CaLL SYMEOL(O.Z.Z.BgS.Z'TlTl.O.G,8)
CALL MOVE().0,2.7)

CALL PLOTIT{X1,Y},TEST,SCALEY
IFIC,LT.0.0) 6O TO 230
X=SCALEY*(C

CALL MOVE(X,0,3)
IF((AMAXY-C).LT.AMAXY) GO 1o 220

,SCALEY,ARMl.ARMZ.N:LENGTH)
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FORTRAN IV 5 LEVEL 21 . CALPLT DATE = 74262
ceso X=(C+AMAXY) *SCALEY
fC51 CALL PLOT{X34,0)
€052 G0 TO 337
L053 220 Y=({AMAXY-C)*SCALEY
(054 CALL PLOT{443,Y)
¢C55 GO TO 320
(056 200 C=ABS(C)
ccs? Y=C*SCALEY
0058 CALL MOVE(D0,Y)
€059 1F( (AMAXY=C)oLT4AMAXY) GO TO 210
ccet Y=(C+AMAXY) XSCALEY
rcol CALL PLOT{440,Y)
o2 50 TO 3C0
0G63 210 X=(AMAXY-C) #SCALEY
(C64 CALL PLOT(X34e2)
c065 300 CUNTINUE
¢
c RESET PLOTTER FOR NEXT SET
c
€66 CALL MOVE(6.05=5¢5)
coe? CALL SETO
cces Cal*S
069 RETURN
c070 END

16/01/734
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FORTRAN IV G

cotl
cCo2
cco3

Clo4
ccos
cCo6
nco7
ocos
€Gco9
ccle
211
crl2
cc13
COl4
ce1s
col6
€017
ccls
ccl19

cecae
cc21

cc22
ccel
C024
€025
ce26
ce2?
cc2s
0029

LEVEL 21 PLOTIT DATE = 74262

[a X e Xal

(e Xa X2

aoo

200

300

400

16/01/34

SUBRIUTINE PLOTIT(XYTESTySCALEX,SCALEY,0RDyABS,NyLENSTH)
DIMENSION X(321,Y¥(30),TEST(30)

REAL*4 LENGTH
PLOT AXES

CALL PLOT(LENGTH,0.,9)

CALL HOVE(9¢D,4242)

CALL PLOT{J45sLENGTH)

CALL MOVE(2.0,2.%)

DO 230 1=1,5

Al=I-1

VX=A1/SCALEX

CALL SYMBCLUAI 1042324241640e2,~1)
CALL NUMBER{AI-342¢=0¢330014VX30e092)
CONTINUE

DD 300 1=1,5

Al=I-1

VY=AL/SLALEY

CALL SYMBOL(D424AI3242415,04Cy-1)
CALL NUMBER(=344¢A1#0424041,VY,=90,0,2)
CONTINUE

LABEL AXES

CALL SYMBOL("3.8!1.5’0.2’0RD"'90.094)
CALL SYMBOL(1le5¢-0eBy0,2,ABS543.0,4)

PLOT POINTS

DU 420 I=1,N

VA=X(T)*#SCALEX

VY=Y{1)*SCALEY *
1C4AR=3

CALL SYMEOL(VXsVY 9del s ICHAR G40 y~1)
CONTINUE

RETURN

END
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FORTRAN 1V G LEVEL 21 WALITAV

DATE = 74262 16/01/34
0(d1 SUBROUTINE WAITAVIP4VAR,N,AVE,VARTAN)
cot2 DIMENSION P{H) ,VARIN) oW {30)

o3 SUM=2,0

CCL4 DO 10 I=1,N

cLss Wl1)=1.2/VAR(T)

(CCo 10 SUM=SUM+W(])

cco7 AVE=).)

£c08 VARTAN=2,0

0ceo DO 23 I=1,N

0010 A=W(1)/SUM

(011 AVE=A*P (1) +AVE

012 2C CONTINUE

cc13 1IF{MEQs1) GO TO 49 .
cets SUM1=0, 9

C(15% DO 30 I=1,N

c016 SUML=SUMIW{T)®{PII}=AVE) *(P{])~AVE)
o7 30 CONTINUE

or18 VAIIAN=N*SUMLZ { (N=1.0 ) *SU;1)

cc19 RETURN

co2¢ 40 VARIAN=),0

021 RETURN

cca2z END



APPENDIX 2,

¥

This appendix contains all the data discussed in chapter 5 but

not included in chapter 5 (test results),

The graphs are in the following order:-

Description Code
Single lava ICL .
Baked contact c6hL
(1907 Hawaii 2L148
(
§l910 Etna El
Historic lavas 21926 Hawaii 21152
E1955 Hawaii 21025
(1973 Heimaey W
21965 Pottery 103 A
(1900 Brick S2 1
Archaeomagnetic .
specimens 21356 Tile oFT
( 350 Tile HAMAL
(

( 150 Pottery L3n
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APPENDIX 3 CALCULATION OF 'VIRTUAL DIPOLE MOMENTS', ¢ = - - - N

If we assume that the earth's magnetic field can be represengéd
by a centred magnetic dipole, measurements of the direcﬁion and
magnitude of the magnetic field at the surface of tpe earth define
both the magnitude on the orientation of the assumed magnetic dipole.
The magnitude of the assumed dipoie is référred to as the 'viélual
dipole moment' (V,D.M,, Smith 1967) and the orientafion of the
dipole is often defined by the co-ordinates of the south magnefic
pole at the surface of the earth, called the 'virtual geomagnetic
pole' (V.G.P,, Cox and Doell 1960),

If r is the radius of the earth and B the magnitude of the

magnetic field at latitude L, the dipole moment, M, is given by

B r3 ' 1

mo= B s sin’L)™2  Amd

o

where B = 10'7, B = magnetic field in Tesla and r = 63710 km,

So for any value of B and L, M is uniquely defined., For very

recent samples, like ours, we may take L as the present latitude
‘

relative to the geographic pole. For geologically older samples,

L may have to be taken as the "palaeomagnetic" latitude of the site

relative either to the mean palaeomagnetic pole, or to the V,G.P.

for that single lava, These are not always the same poles and some

confusion about latitude can result,
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Application to five historic lavas and
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Summary

A new mcthod for determining the magnitude of the palacomagnetic field
(palaeoficld), B, has been developed and applied to five historic lavas and
five archaeological samples.
The palacofield was determined for four lavas. The fifth gave no result,
The palacofield was determined for all five archaeological samples. The

Thellier method had previously been applied to three of these samples and
the results are compared.

1. Introduction

A new method fer determining the palacofield, B*, has been developed. The
method has been tested on five recent lavas, that had been extruded in the known
geomagnetic field, and on five archacomagnetic samples of known age. The palaco-
field is usually determined by comparing the natural remanent magnetization (NRM)
with a laboratory thermoremanent magnetization (TRiv) (Thellxcr & Thellier 1959),
produced in a known field (B,,,). The palacofield (B,,), is glven by equation (1),
which is valid for small constant magnetic ficlds of up to 10™* T (Nagata 1943).

TRM Ry,
NRM . B, O

Usually the TRM does not have the same coercive force spertrum as the NRM,
because of changes that occur during the laboratory heating of the sample when
producing the TRM. Therefore the direct comparison of the NRM and the TRM
(cquation (1)) can produce very large errors.

In the new method described in this paper only that part of the coercive force
spectrum which has not been altered by the (TRM) heating, is used to determine the
palacoficld. Empirically, this always lics in the high coercive force region and is
therefore not likely to be aflected by viscous components of magnetization,

2. The method

The method involves comparing two ARM’s created before and after heating.
The comparison permits selection of a coercive force region within which the heating

* The IAGA (Kyoto 1973) recommended that values of the geomagnetic field be expressed in
terms of B, 1T=10*G.
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FiG. 1. A graph of ARM(2) (given after heating) against ARM(1) (given before

heatlng) for a typical case (ETNA, E-<1]). The line has gradient = 1:0. The

points marked R (rejected) do not fall on the line because they represent the
altered region of the coercive force spectrum.

has not changed the magnetic properties, The NRM and TRM are compared only
within that selected coercive force region, to deduce the palaeofield, B.

The TRM is produced by heating the sample above its Curie temperature and then
cooling it in & known constant magnetic field. The ARM's are produced by placing
the sample inside a small set of Rubens coils (Rubens 1945) which produce a very
uniform magnetic field throughout the sample. The coil and sample are then
tumbled together in an alternating magnetic field which is taken to some high value
and then reduced to zero. The tumbling of the Rubens coils ensures that the ARM
process is the precise inverse of the af demagnetization process. The current through
the coils is supplied by a constant current source which is isolated from induced
currents by a filter circuit.

The ARM and TRM are generally not equal for the same applicd constant
magnetic field and the ratio of TRM to ARM varies between samples of the same
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Fia. 2. A graph of TRM against NRM. The points marked R correspond to those

marked R in Fig. 1 and are therefore not used to determine B,,,. A further two

points were rejected at this stage Icaving the data in the inset for & palacofield
calculation, quoted in column A, Table 1.

rock type. The coercive force spectra of TRMs and ARMs are also not necessarily
equivalent, Nevertheless, any magnetic alteration (for example due to heating) will
change the af demagretization curves of both TRMs and ARMs. However, there
may be a continuous coercive force range in which no change has occurred. This
range can be determined by comparing ARM demagnetization curves before and
after heating (Fig. 1). Equality of the two ARM coercive force spectra implies a
straight line relationship at 45° (as in Fig. 1 between 0:045 and 0+130 T demagnetiza-
tion field). This coercive force range may then be used for comparison of the af demagnet-
ization curves of NRM and TRM, to deduce the palaeofield (Fig. 2), onthereasonable
assumption that the same coercive force range remains unaltered in the TRM. The
NRM and the TRM remaining after af demagnetization in 0-130 T are still present
when the ARMs are af demagnetized in 0-130 7 and so the slope of Fig. 1 is not
constrained to pass through the origin.
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3. Experimental procedure

The magnitude and direction of the palacofield are determined in the following
way. .

1. The NRM is af demagnetized with increasing values of the peak alternating
magnetic field. The remaining NRM is measured after each successive demagnetiza-
tion up to the maximum demagnetizing field (0-13 7). The same demagnetizing
intervals are used in all later demagnetizations of the same specimen.

2. The sample is then given an ARM (called ARM(1)) in the maximum peak
alternating field used in 1. The ARM(1) is progressively af demagnetized and
measured as in 1,

3. The sample is then given a TRM, by heating it above its Curie temperature
and then allowing it to cool to room temperature, in a constant magnetic field of
0:50x10~* T. This TRM is af demagnetized and measured as in 1.

4. The sample is then given an ARM(2) as in 2, This ARM(2) is af demagnetized -
and measured as in 1.

We then have four tables of af demagnetizations, for NRM, ARM(1), TRM,
ARM(2).

5. A plot of ARM(2) against ARM(1) (Fig. 1), using the af demagnetizing field
as a paramcter, will give a straight line with gradient = 1.0 if the rock is unaltercd
after heating, since both ARM(!) and ARM(2) were given in the same constant
magnetic field (0-50x [0™* T).

A line of gradient = 1-0 is fitted to the points by the method of least squares. If
the points do not fit the line within the 95 per cent confidence level of the chi-squared
distribution then the point with the largest deviation is rejected and the line re-fitted
to the remaining points. This process is repeated until the remaining points fit the
line within the 95 per cent confidence level of a chi-squared distribution. Empirically,
only those data at the low end of the coercive force spectrum were rejected by this
test, for any specimen so far investigated.

Within the remaining high coercive force range the ARM(1) and ARM(2) coercive
force spectra are identical and we assume that therefore the sample has not been
altered as far as this coercive force range is concerned.

6. The TRM is plotted against the NRM (Fig. 2) using the af demagnetizing field
as a parameter, the best straight line is fitted only to those points corresponding to
the unaltered coercive force region determined in 5. The line is constrained to pass
through the origin, which is the point corresponding to an infinite demagnetizing
field, and is fitted to the points by the method of least squares. If the points do not
fit the line within the 95 per cent confidence level of a chi-squared distribution, then
the point with the largest deviation is rejected and the line re-fitted to tlie remaining
points. This process is repeated until the remaining points fit the line within the
95 per cent confidence level of a chi-squared distribution (inset of Fig. 2).

Equation (1) is valid for each remaining point since this particular region of the
coercive force spectrum has not been altered. The gradient of the line is the best
average value of the ratio TRM/NRM and this value is substituted in equation (I)
to determine the palacofield.

This procedure was followed for several specimens from each sample, The mean
value for each sample was calculated by weighting each specimen by the inverse
variance of the data accepted for the final straight line,

Generally less than three points are rejected at stage 6. The mean results deter-
mined by rejecting points at this stage (Table 1, column A) can be compared with
results determined by not rejecting points at this stage (Table 1, column B), When
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Table 1

The Hawalian * known field" is the field measured at Honolulu (300 km away) as no
measurements were taken on Hawail Island. Column A is the mean deduced ﬁek{ with
points rejected at stage 6. Column B is the mean deduced field with no points rejected

at stage 6.
No. of . Mean deduced field
Lava specimens  Known field A

1907 Hawaii 3 0-38x10-47  0-31£0-03x10-47  0-27+0-03x10-47T
1910 Etna 7 0-42x10"*T  0-42+0-05x10=47  0-394+0-05x10-4T
1926 Hawaii 3 0-37%10-47T  0:3440-02x10-*T  0-34+0-02x10~4T
1955 Hawaii 3 6:37x10~*T  0-4240-02x10-4T  0:40+£0-02x10~4T
1973 Heimaey 4 0-51%10-*T No acceptable data

points are rejected at stage 6 the internal scatter of results from scveral specimens
from within one lava is slightly reduced.

The ‘mean deduced fields® in column A are larger than those in column B.
Empirically, changes in the coercive force spectrum, due to heating, usually result
in an increase in the magnitude of the TRM which, according to equation (1), pro-
duces a low value for B,,.. The ARM test rejects all the altered regions of the coercive
force spectrum except those which are so slightly altered that the difference between
the ARM’s is comparable to the measuring error. These slightly altered regions will
be accepted for the TRM/NRM comparison, but will deviate from the straight line
fit through the origin and will therefore be rejected at stage 6, with a resultant slight
increase in the value of the * mean deduced field * (column A, Table 1).

All measurements were made on a parastatic magnetometer equipped with
automatic feedback and damping, and linked to a small computer. The totalmeasur-
ing and demagnetizing time for one sample (four sets of readings) was 4 hr.

4. The results from five historic lavas

Experiments were carried out on five historic lavas (Table 1) and the palacoficld
was determined for four of these.

The 1973 Hcimaey lava was totally altered by laboratory heating within the
observable region of the coercive force spectrum (up to 0-13 T) and consequently
the palacofield was not dctermined.

The three Hawaiian lavas each gave internally consistent results, The maximum
alteration occurred in the 1907 lava, which remained unaltered only above 0-08 T’
af demagnetizing field, and consequently only four or five points could be used from
each specimen from this lava, The magnetic field at Hawaii is not accurately known.
The value quoted in Table 1 is the magnetic field at Honolulu, which is 300 km
north-west of Hawaii. Itis therefore likely that the discrepancies in Table 1, between
the deduced and the known fields, are in part due to the uncertainty of the known
field at Hawaii.

The 1910 Etna lava has been used for palacoficld studies by Angenheister,
Peterson & Schweitzer (1971), who were unable to obtain any results from it; and also
by Tanguy (private communication), who has derived consistent results from it by
the application of another new technique.

This lava, while producing the largest scatter of individual results, also produced
a mean palaeofield which was closest to the known 1910 magnetic field, probably
llzecausc of the large number of samples used. The magnetic field at Etna is accurately

nown,



observed magnetic field at the time of firing. Three other samples are directly compared with Weaver's results (Thellier’s method).

Sample

103-A
S2-1
S.PT
H-1
48-A1

Description
Pottery
Brick
Tile
Tile
Pottery

Number of
specimens

3

3
3
5
3

Date
(years AD)
19€5
1900
1356
350
150

Table 2

The table contains the results from the five archaeological samples discussed in this paper. 103-A is a recent sample and is compared with the

Banc
10T
0-49
0-53
0-62
0-94
0-68

Standard
deviation
10-+T
0-03
0-01
0-02
0-12
0-04

Comparisons
Standard -
Banc deviation
10=+T 10-4T Investigator
0-485 Direct observations
0-49 0-09 Weaver (Thellier's method)
0-68 0:26 Weaver (Thellier's method)

No acceptable result

Weaver (Thellier’s method)

8tl

awys P
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5. The results from five archaeological samples

Experiments were successfully carried out on five English archacomagr}etic samples
of known age. The experimental results are listed in Table 2. Thellier’s method
(Thellier & Thellier 1959) was applied by Weaver (Weaver 1966) and his results for
three cases are listed in the comparison section of Table 2_. ]

The 103-A pottery sample was fired in 1965. The derived value of thc.magnctlc
field is in very good agreement with the observed magnetic ficld at the time. The
. $2-1 brick came from a Sheflield glass furnace. Weaver had applied T hellier’s method
to part of this brick. Although the mean values agree within the errors, the new
palacofield method reduced the error by a factor of 9. The § PT tile came from a
mediaeval tile kiln at Boston. In this case Weaver did not use the same tile but used
a brick from the same kiln. The mean results are in agreement and the error from the
new palaeofield method is an order of magnitude better than Weaver’s error. The
H1 tile is from a fourth century grain drier at Hampstead Marshall (Berkshire). In
this case the new palacofield method produced a large error (12 per cent).

The H1 tile was highly oxidized on the outside (red) and light grey on the inside.
Experiments were carried out on a red only and a grey only sample. The red sample
NRM was very hard (hacmatite) while the grey NRM was quite soft (magnetite).
The red sample gave a value for B,,. of 1:2140-10 and the grey a value of
0-98+0-05x10™* 7. Both values are within the limits of the other three whole

-
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sample values and are included among the five samples in Table 1. Weaver, applied
Thellier’s method to this tile but failed to obtain any result frorp it.

The 48-A1 pottery specimen came from Stibbington (Huentingdon). The pottery
was white throughout and the total NRM was considerably weaker than ghe other
four. This specimen gave an acceptable result although the error was fairly large
(6 per cent). .

To ensure that the derived results are correct it is at least nccessary to be sure t!xat
the NRM firing temperature exceeded the .Cune.temperaturc. X-ray d_xﬂ'ractxon
patterns indicate that the clay minerals were in various stages of dehydration, frogn
which it was possible to estimate that, in each case, the firing temperature was in
excess of 700 °C, well above the Curic temperature. i

The English archacomagnetic results determined by the new palaepﬁeld melhf)di
compare very well (Fig. 3) with the nearest European results (Thellier & Thclher}
195%)(;“1 sets of data indicate a general decrease in the magnitude of the geomagnetic!
field over the past 1800 years.

6. Conclusions and discussions ;

Thirty-seven specimens, from ten samples, were used for palaeoficld studies.
Thirty-three gave very acceptable results (Tables 1 and 2). The remaining four speci-
mens, which were all from the same lava, gave no result,

Weaver carried out experiments on some of the samples (Thellier’s method) but
the errors produced were much larger than those from the new palaeofield method,
and one sample (H-1) gave no result at all.

Empirically, only the high cocrcive force region of the coercive force spectrumis
suitable for palacofield studies. This region is not easily affected by viscous magnetiza-
tion, and therefore it is hoped that the new method described in this paper will be
successful when applied to older rocks.

The new palacoficld method has so far yielded positive results on nine out of ten
lavas/archaeological samples, with errors much smaller than hitherto (on the same
specimens). This 90 per cent ‘ success rate ' greatly exceeds earlier success rates,
which, for lavas, were often 5 or 10 per cent, This makes much more worthwhile the
task of accumulating a basic body of reliable data on which to base wider generaliza-
tions about the nature of the geomagnetic field.
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SUMMARY

Both the magnitude and direction of the palaeomagnetic field have
been determined during a field reversal. The results indicate that
the geomagnetic field was large and stable when the magnetic pole was

close to the equator.



Introduction

A new method of determining the magnitude of the palaeomagnetic
field has been developed and tested on historic lavas and archaeomagnetic
specimens (Shaw 1974). This new method which compares anhysteretic
remanent magnetisa{ions given before and after heating to detect and
isolate regions of no thermal alteration, has now been applied to the
well documented R3 to N3 transition of Western Iceland which was first
discovered by Einarsson (1957) and explored in detail by Sigurguirsson
(1957), Brynjolfsson (1957) and later by Wilason et al. (1972(a)). This
paper describes how both the magnitude and the direction of the palaeo=-
magnetic field changed during this transition and places certain further

restrictions on any proposed dynamo theories.

The R3 to N3 transition

Basing the collection on previous knowledge of the R3 to N3 transition
1 sampled six lava sequences in the Hvalfjordur disirict just north of
Rekjavik in Western Iceland. 289 oriented cores were taken from 38 lavas,
Measurements of the directions of magnetisation of at least two cores from
each lava revealed that 32 lavas from five sections contained the R3 to N3
transition. The directions of magnetisation are represented as virtual
geomagnetic poles (V.G.P'S. Cox and Doell, 1960) in Fig.Xa) (results from
this work) which agree very well with the results in Fig.1(b) (from Wilson
et al, 1972(a)). It seems likely from the number of intermediate lavas

that the assumed dipole must have remained in a fixed equatorial orientation

for a considerable length of time.
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The magnitude of the palaeofield

The same specimens that were used to determine the V.G.P's in

Fig.1(a) were also used to determine the magnitude of the palaeofield.

The specimens from 21 of the 32 lavas produced reliable results. Of

éhe remaining 11 lavas that did not produce values of the magnitude of

the palaeofield, the specimens from 2 lavas exploded on heating, the
specimens from another 2 lavas were magnetically unstable when a.f.
demagnetised in high fields (0.08 to 0.14 T, 1T = 10"0er), and the
specimens from 7 lavas underwent severe thermal alteration throughout

the observable region of their coercive force spectra (0 to 0.1% T). The
magnitude of the palaeofield was also determined from 2 lavas lampleafby
Wilson et al. (1972(a)) thus making a total of 23 determinations (Table 1).
Each palaecofield value was determined from at least 2 specimens. As a
measure of the work done more than 2500 a.f. demagnetisations and remanence
measurements were made to achieve these 23 results.

Previous determinations of the magnitude of the palaseofield for inter-
mediate palacomagnetic pole positions have indicated that it is much weaker
than in the more usual 'normal' and 'reversed' states (Momose, 19633 Prevot
and Watkins, 1969; Lawley, 1969). Wilson et al. (1972(b)) presented a
statistical analysis of the dependance of virtual dipole mom:nts (V.D.M's,
Smith 1967) on colatitude of V.G.P, position (Fig.2(a)). Their results
indicate the possibility of large V.D.M's at intermediate colatitudes,.
Unfortunately the large errors associated with these intermediate values
were very large, ostensibly because of small numbers of specimens,

The results of this paper are presenidin Fig.2(b) and listed in Table 1.

The error shown in Fig.2(b) is the standard deviation, the error shown in

Fig.2(a) is the error on the mean,

Clearly one would not expect one individual palaeofield transition
to be the same as, or even necessarily similar to, the mean or average

5
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transition of Fig.2(a). However it is clear that both the individual
(Fig.2(b)) and the mean (Fig.2(a)) transitions’do agree in two respectsi-
1. They both agree that the intermediate V.D.M's can have large

values,

2. They both agree that the V.,D.M's can fall to low values
’
between the usual large ‘normal' (or 'reversed') V.D.M' and
the large intermediate V.D.M's. The smallest recorded V.D.M.

in Fig.2(b) is 0.35:0.10 x 10%2am2 (1 Am?

2 1036 cm3) which
is only 4 per cent of the present value.

A sharp increase of the V.D.M. will not be easily detected in' g.2(a)
because these V.D.M's are averaged over 5° colatitude intervals and/so the
large intermediate values will be combined with smaller values to %rovide
an average value. This probably explains the large 'spread' of results
assocliated with three of Wilson's intermediate V.D.M's (90 to 110°).

Altho#gh only the R3 to N3 transition has been examined in detail, the
statistical data of Fig.2(a) also support the possibility that the earth's
magnetic field has a third stable state (intermediate state). This inter=-
mediate state would appear to have similar characteristics to the more
usual 'normal' and ‘reversed' states in that the position of the V.G.P
remains fixed for large values of V.D.M., and that changes from one state
to another occur when the V.D.M. is small.

When, during the R3 to N3 transition, the V.G.P. reached the geographic
equator it remained in a fixed position and the V.D.M. increased smoothly
to a maximum recorded value of 9,7+0.3 x 1022 Ama. vwhich is larger than the
present dipole moment of 8.0 x 1022 Amz. The V.D.M. then decreased

smoothly in magn‘tude before the V,G.P. moved to the more usual 'normal’

state,
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Discussion

The evidence suggests that the geomagnetic field may have a third
metastable state. This intermediate state obviously happens less frequently
than the 'normal' and ‘reversed’' metastable states.

The existance of this intermediate metastable state and the fact that
large angular changes of the V.G.P. are associated with small values of
V.D.M. must impose constraints on any theories relating to the generation
of the geomagnetic field.

A knowledge of this intermediate metastable state may help in
interpreting unusual palaeomagnetic directions (e.g. Cox, 1957). If
intermediate metastable states have been a general feature of the geo-
magnetic field and if they can be individually identified they will provide
a means by which the geographic longitude of the collecting site can be
determined relative to that intermediate V.G.P., This may tell us the
relative longitude of each continent at the time of the transition and
thus show more clearly how the continents have moved in the past.

Because intermediate metastable states only exist for a relatively
short time it may be necessary to examine quickly deposited sediments in
order to provide an estimate of the time spent in that state.

Another transition which is well documented is the N, to R, transition

4 3
of Western Iceland (Wilson et al, 1972(a)). This transition also seems to
spend a considerable period of time (12 lavas) when the V.G.P. is at the
equator and may possibly give a similar result for an inversion in the
opposite sense. .

Two particularly well documented American transitions are the Steens
Mountain transition (Watkins, 1965(a), (b), 1969; Goldstein, Larson and
Strangway, 1969) and the Lousetown Creek transition (Heinricks, 1967). 1If

L]



these transitions also give similar results to the Icelandic R3 and N3

transition then we will know that this phenomena is not restricted to

xce1md4~L m&a world wede . ' MM’““*‘
o
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“

Magnétic field Standard deviation V.D.M, Standard deviation v.G.P. V.G, P,

w0t -~ 0% 102 Ax 1022 pn? lattitude  lomgitude  agg

. . deg deg East deg
0.777 0,066 13,6 1,2 - 63 %6 5
0.501 0,097 7.2 1.4 - 81 273 1
0.497 0,222 - 7.2 3e2 - 81 278 3
0.303 0,005 4.6 0,1 -7 284 4
0,202 0,006 3.4 0.1 - 21 131 2
0.018 0,005 O.4 0.1 -12 117 R
0,155 0,053 2,9 1.0 - 13 122 2
0,061 0,025 1.3 0.5 -9 14 2
0,105 0,012 2.3 0.3 - 4 14 4
0,075 0,009 1.7 0.2 - 3 110 5
0,095 0,003 2,1 0.1 1 117 9
0.083 0,019 1.8 0.4 1 107 4
0.054 0,003 1.3 0.1 5 114 4
0,062 0,002 1.5 0.1 6 108 2
0,204 0.0¢c3 . 5.0 0.2 5 106 2
0,246 0,003 6.0 0.1 3 107 1
0,285 0,013 9,7 0.3 8 107 2
0.208 0,011 L8 0.3 -2 107 .8
0.099 0.015 2,3 0.4 2 112 9
0.095 0,002 2.3 0.1 6 107 1
0.076 0,012 1.5 0,2 5 359 12
0.175 0,005 2.3 0.1 71 339 3
0.537 0,071 8.1 1.1 65 72 2
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Fig.l

Fig.2

Table 1

Figure Captions

{(a) The transition zone between R3 and N3. Black symbols

are near to, open symbols are far from the reader. Enclosed

1
numbers indicate the V.D.M. x 102 Amz.
+

(b) The transition zone between RB and N3 reprinted from
Wilson et al. (1972(a)).

(a) A graph of statistically estimated V.D.M's against
colatitude; reprinted from Wilson et al. (1972(b)). The
dipole moments are averaged over 5° of colatitude. The error

shown is the error of the mean,

(b) A graph of V.D.M. against colatitude for the RJ to N3

transition zone, The error shown is the standard deviation.

In most cases it is smaller than the black circles. Arrows
indicate the time progression and show that the large inter-

mediate V.D.M's grow and decay smoothly.

The time sequence of the variation of the geomagnetic field

intensity and the calculated V.D.M's,
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