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ABSTRACT 

This thesis describes a new technique for determining the magnitude 

of the palaeomagnetic field, and the results of applying it to a 

transition from reversed to normal polarity. 

Sever~l successful experiments were carried out on modern lavas 

and on archaeomagnetic 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 O.03T (3000 gamma). The 

results indicate that the palaeofield was large and st~ble 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 can exist which is 

sometimes as strong as the more usual normal and re~ersed states, and 

which endures metas tably 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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,- CHAPl'ER 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 ~ooling. 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 TRH was found to be proportional 

to the magnitude of the applied constant magnetic field (Blab) for 

small fields of up to 10-4 T (Nagata, 1943). Provided that the 

natural remanent magnetisation (NRH) was formed by cooling through 

the Curie temperature in the palaeofield (B ), and that the NRH anc 

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

B anc can be simply calculated by comparing the NRH to a laboratory 

TRH formed in the same specimen (eq.l). 

NRH = -TRM 
B ane -
Blab 

eq.l 

when B is the only unknown ane 
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I - Unfortunately the magnetic minerals often become chemically 

and magnetically altered when heated to bigh temperatures (400 to 

700oC) to form the TRM. This means that eq.l is no longer valid 

because the NRl1 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 B can be obtained from thermally altered anc 

specimens. 

1.2 The magnetic minerals 

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

a record of the direction and magnitude of the palaeofield. 

The magnetic minerals contained in. igneous rocks and pottery 

~re the iron oxides and the· iron sulphides. The iron oxides are 

by far the most common. They are within the FeO - Ti02 ~ Fe203 
ternary system (figure 1) which can be generally divided into 

two types of magnetic minerals • 

. The firot type of magnetic mineral varies in composition from 

Fe2 Ti04 (U1v~pinel) to Fe3 04 (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 03 (ilmenite) to Fe2 03 (haematite). This type is generally 

known as titanohaematite and has a rhombohedral crystal structure. 

Titanomagnetite is very strongly magnetic but is generally more 

easily demagnetised (is magnetically softer) than titanohaematite. 

These magnetic minerals can be magnetised in many different ways 

but, at present, thermally formed NRl-1's are usually used to determine 

the magnitude of the palaeofield. 
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~.3 Ways of rnagnetising the magnetic minerals 

It :is very important to know how the NRl~ of a spe~imen 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 hO'vl the most common forms of magnet:isation 

are created. 

Thermal remanent magnetisation (TRM) 

This is the most common form of NRM used in palaeomagnetic 

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 cool 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 (PrRM) 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 PrRH is always 

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

magnetic field and the same specimen. 

\Ie shall see later how PrRM's have been used to determine the 

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 (VRN) 

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 VB11 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 }~rkert, 1972). 

Isothermal remanent magnetisation (IRM) 

\'/hen a magnetic, specimen is exposed to a constant magnetic field 

and is then retracted it has acquired an IRH in the direction of the 

applied field. For weak fields the IRM is very small but increases 

with increasing field strength up to a maximum value called the 

'saturation IRl1' • 

Piezo remanent magnetisation (PRM). 

A PRH is created when a specimen is stressed in a constant magnetic 

field. The stress allows the specimen to approach an equilibrium 

magnetisation in the applied field and it retains part of this 

magnetisation When the stress is removed. (Kawai et al 1959, Domen 

Anhysteretic remanent magnetisation (ARH) 

An AR}I 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, B ,and then gradually max 
'reduced to zero. All the grains of magnetic material with coercive 

forces less than B will be influenced by the constant magnetic field max 

and, when the a. f. is reduced to zero, will acquire a net ARH 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' ARH 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 deposited 

through water in a small constant magnetic field. The magnetic field 

tends to align the grains BO that the sediment that is formed has a 

magnetisation parallel to the magnetic field. 

As we- have seen there are many ways 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 ~rigi9nal NRM may have been thermally formed, 

the specimen may also have many other subsequently add~d components 

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

1.4 ~lays of dema.enetising the magnetic minerals 

vie usually demagnetize specimens "'because they contain unwanted 

components of magnetisation. An unwanted component of magnetisation 
• 

(eg. VR}1) can often be preferentially dema.gnetised leaving some of the 

original'NR}1 intact. 

Demagnetising techniques can also be used to divide the NRH into 

small units that can be individually measured and us ed. 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 

~lhen a specimen is thermally demagnctised it is heated to some 

~emperature T and cooled in zero magnetic field. All the magnetic grains 
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with blocking temperatures less than or e~ual to 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 and the 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_PIRH's which were gained when the specimen was re-heated 

at some time, possibly 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 B ,all max 

the magnetic moments with coerci1Te forces leas than B will become max . 

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

slowly reuuced 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, IRH, CRH, and 

Ami. We will see later hO\-I it can be used to divide the total 

magnetisation (NRH or TRl·1) into components from which B can be 
ano 

calculated. 

Chemical derna~netisation 

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. 
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Low temperature dernagnetisation 

When a magnetised specimen is repeatedly cooled to liquid nitrogen 

temperatures the ~gnetisation is partially demagnetised. Ozima et al 

(1964) have demonstrated that IRM is preferentially demagnetised in 

this way. However, no subse-quent worker has demonstrated that this is 

a useful demagnetisation technique for palaeomagnetic purposes. 

In this chapter we have seen hO\-I a magnetic specimen can carry a 

recording of the direction and magnitude of the palaeofield. We have 

observed how a stable magnetisation can be formed and how unwanted 

components can possibly be removed. Hith this knowledge we can now 

examine the techniques that have been used to determine the magnitude 

of the palaeofield and then go on to develop a new technique that will 

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

heated to give it a TRH in the laboratqry • 
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CHAPrER 2. TECHNI01JE3 THAT ARE USED TO DETERrHNE THE 
Hl\.UNI'fUm; '0:2 'I'll!:: P.'l.L,',30FIELD 

2.1 Introduction 

In chapter one we observed that both the magnitude and the 

direction of the palaeofield are recorded as the NRM of some specimens. 

We knO'v1 that if the NRU is a TRH then equation 1 can be applied to 

determine B ,because the NRH can be directly compared to a laboratory 
anc 

TRM. given in a known field, Blab. 

NRM 
Tim = 

B anc 
Blab 

eq.l 

This only app~ies if no chemical or magnetic alteration has occurred 

.due to the heating· of the sample when. the TRM WaS formed. 

There are many ways in which B has been determined in the anc 

past. Most of these techniques use equation 1 combined with some 

method for detecting if any thermal alteration has occu~red during the 

TRH heating. 

This chapter describes how these techniques are uSed to determine 

B anc. 

2.2 Thermal methods 

Koenigsberger (1938) and later Nomose (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 considered to be 

very reliable estimates of the magnitude of the palaeofield. 

Thellier and Thellier (1959) developed a technique that divides 

the NRJ.l and the TRH into small units, each unit giving a value of the 

NRH ,ratio TRM. The technique involves heating the specimen to successively 

higher temperatures Tl, T2, T3 •••••• up to the Curie temperature Tc. 

The NRM is first thermally demagnetised .to Tl and meo.surcd (NIDI (TI». 
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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, 

NRM t" can be calculated. at different temperatures, the mean TRM ra 10 

~fuen the specimen has been heated to say 3000 c then all the data 

determined below this temperature are redetermined to ensure that no 

mineral change has occurred. This procedure is very time consuming but 

the repeated comparison of data is a very good check that no mineral-

ogica1 changes have occurred. 

Unfortunate1y·mineral changes usually do occur at high temperatures 

and so the estimate of B must frequently be made only on the low anc. 

temperature region of the graph. This is the region that is most affected 

by other secondary. magnetisationS (VRH) which can cause. errors when 

determining B ,and therefore it is not the ideal region of temperature anc 

for study. Nevertheless, this method has been extensively applied by 

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

available. The Th~11iers' method has been most successful when applied 

to archaeological specimens. Attempts have been made to apply it to 

igneous ~ocks' (Coe 1967 t Kono 1974) but the "success rate" has been 

very 10'1'1 even when samples are carefully selected. 

~1i1son (1961) developed a faster thermal tecbnique~ He progressively 

thermally demagnetised the NRM, measuring it at the temperatures concerned. 

'He then gave each specimen a TRH and this was also thermally demagnetised . . 
and measured at the same temperatures as the NRH. 

Equation 1 was applied to each temperature interval and a series of 

values of B determined. This technique will not detect any thermal anc 

alteration of the magnetic minerals unless the alteration is such that 

the apparent values of B continuously increase or decrease with anc 
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increasing temperature. This indicates a change in the shape of the 

blocking temperature spectrum. 

As we shall see later, thermal alteration can often alter very 

deceptively the magnitude of a TRM without noticeably altering the 

shape of the TRH demagnetising curve. 

Of these three methods the later two are the most useful. They 

both divide the NRM and TRM into thermal intervals and so Banc can be 

determined from PrRH's of the type found in naturally baked rocks. 

Hils on's method is fas t but the Thelliers I method has more checks 

to detect and isolate thermal alterations so that B can often be anc 

calculated from the low temperature part of the blocking temperature 

spectrum. Unfortunately the Thelliers' method 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, ~RH into smaller 

units, that can each be used to determine B 
anc. 

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 NRH and TR11 into small units that 

can be used in equation 1. 

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

the NRH and the TRN in a 2.19 x 10-; peak a.f.. This method, like 

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

demagnetisation will probably remove most of the v]}1 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 ,.,.hich B was determined. This technique, like anc 

\>/ilson's cethod, will detect any change in the shape of the TRH 

demagnetising curve. Thermal alterations, as \-Ie shall see later, 
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~ually result in a change in.the magnitude of the TRM \O/ithout 

changing much the shape of the TRl1 demagnetising curve. This type of 

alteration \,/ill give a consistently 'vlrong 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 (O.5T) Curie temperatures before and 

after heatine. 

b) Saturation. magnetisation before and after heating. 

c) Repeatability of saturation magnetisation heating 

curves. 

d) The temperature at which the remanent magnetisation is 

completely demasnetised. 

e) Shape of the NRM and TRM curves during a.f. 

demagnetisation. 

Using the chocks he was able to observe that some specimens were 

thermally altered. He was not able to isolate the alteration in any 

particular specimen and so he only used those specimens that were 

apparently almoot completely unaltered. This restriction makes the 

method time consuming without improving on the reliability of the 

Thelliers' method. 

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

both the NRH and the TRl1 to determine a series of values of B • nnc 

One of their alteration tests involved the comparison of saturation 

IRM before the after heating. Each IRl1 was a.f. demagnetised and the 

t\,/O curves compared. If no change has occurred the curves will be 

identical. In some cases however they detected changes in the IRl1's 

b · • th NRH t· This i ut no change l.n e TRN ra 1.08. ndicates that the TRH and 

saturation IRH 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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All 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 great need for a technique that is f?St, requires only 

one heating (to minimise alterq.tion), and can detect and ;is'olate thermal 

alterations so that reliable results can be obtained even from thermally 

altered specimens. This technique would increase the 'yield' of results 

for a given amount of "/ork, by several times. Such a method has been 

developed and is described in the next chapter. 
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CHAPrER 3. A NEvI \vAY OF DETERMINnm THE HAGNlTUDE OF THE PALAEOFIELD 

3.1 Introduction 

Several techniques for determining the magnitude of the 

palaeomagnetic field have been descri~ed. They all assume that the 

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

Banc' 

NRH 
TRM 

B = . anc eq.1· -
Blab 

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

N
TR

RlM1 to determine c;t mean value of B for one specimen. ' The NRH and , ,anc 
... , 

the TRI1 can be divided into smaller units by: either a.f. or thermal 

step-wise demagnetisation. If all the individual units give the same 
NRH - - . 'TRM ratio then most workers have assumed that· the TRH was formed 

~ ~ithout any alteration occurring to the magnetic minerals. 

In this chapter we will'see that alteration of the magnetic 
; . 

minerals during the TRH process can produce a consistently wrong 
- ' 

NRH' • - I 'T'RM ratl.o. \~e will then go on to develop a technique for detecting 

and isolating all form of thermal alteration,' 
, '. 

" 

3.2 A typical case of thermal alteration 

I was v~ry fortunate in being able to obtain a piece of the 1910 
'. 

Etna lava from, Dr. J.C. Tanguy, This lava had 'cooled in the known 

4 -4 constant geomagnetic' field of O. 2 x 10. T. 

I compared. the values of NRH and TRH, after a. f. demagnetisation, 

by.plotting the NRH against the TRH using the peak a.f. value as B: 

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

-4 of 00 5 x 10 T. The points fallon a straight line but the derived 

8 -4 value of B is only 0.2 x 10 T, two thirds of the correct value, anc 

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 B is the result of thermal alteration that occurred durine anc. 
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the TR}~ 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 it "consiStent alterationll
o . 

It \,Iould seem likely that the large errors previously associated 

with most studies of the magnitude of the palaeofield may be due to 

consistent alteration. This form of alteration cannot be detected by 

simply comparing the NRH and the TRH because the NRM and the TRM 

demagnetisation curve~ have 'nearly the same shape and so always give 
, , 

the same consistent answer. 

3.3. A way of detecting and isolating all forms 

-of thermal alteration 
. 

~/e have seen that consistent alteration can be detected if we know 

both Banc and Blab. T,his is clearly not .muc~ 'help in cases where Banc 

is unknO\m~ 

One solution would be to a.f. demagnetise the NRM and then re

magnetise the specimen in some way-that,would not alter the magnetic 

minerals (call it XRH(l». ~le could then give the specimen a Trol and 

a.f. demagnetise it, and then give the specimen a further magnetisation, 
.-

XRH(2). 

If Xlli4(l) and XRM(2) are created under the same conditions and in 

the same .constant magnetic field then, if no thermal alteration has 

occurred, both XRM(l) and XRH(2) "Iill have the same magnitude and shape 

of demagnetization curve. If consistent alteration has occurred then the 

XRM(l) and XRH(2) demagnetization curves "Iill not be identical. 

This technique will detect consistent alteration but, if we 

demagnetise both XRH(l) and XRH(2) and plot a graph of XRH(l) against 

XRH(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 

l~O. If we can find a suitable form of magnetisation for the XRH we 



- 17 

may be able to relate a particular unaltered'a~f. region of the XE}1 to 

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

region of the TRM demagnetisation curve to aetermine the correct value 

of B • anc 
Clearly the XRN must be a very special type of magnetisation which 

is not too dissimilar to a TRl-l and yet it must be formed in such a way 

that its a.f. demagnetisatio? curve can be directly associated with the 

a.f. demagnetisation curve of the NRM and the TRl1. The XRM and the TRM 

do not necessarily need t? have the same shape of demagnetisation cur~e, 
, "-. : r'I - h c .~ :-'\ 

but it the magnetic minerals become altered in such a way that.in the TRH 
/ " /. . 

only <1 particular a.f. interval is affected, then the XRH must somehow 
: , 

demonstrate the alteration within that same a.f. interval. I have chosen 
-

an ARM as having the 1?est properties for use as an XRM. 

3.4 The tumbling ARH 

~Jhen the TRM (or NRH) has been a.f. de~gnetised' .i~ can be replaced 

by heating the specime~ and giving it another TRH. Another way of 

"replacing" t~e TRM (or' NRM) t after a.f. demagnetisation, is to· reverse 
, 

the demagnetising process. 

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

sample in an a.f. field while applying a constant magnetic field along 

one axis of the spec'imen. 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 ~o zero. The magnetisation produced in this 

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

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

it from the usual stationary ARl1. This tumbling ARM will not alter the 

magnetic minerals and can therefore be used as XRH. 

Another 1910 Etna specimen' "las given a tumbling ARH after the NRM 

Vas a.f. demagnetised (call this ARH(i» and another after the TRH was 

a.f. demagnetised (call this ARH(2» so that "Ie 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 ARB(l), ARH(2) and TRM were ail given in a 0.5 x 10-4T constant 

magnetic field. 

If \ole plot ARM(l) against ARH(2) and fit a straight line of 

g'radient 1.0 to the points, rejecting th~e points that do not fit the 

line (marked.R for rejected) we can see in figure 3 that the high a.f. 

region (0.045 to O.l30T) fits the line very well and that therefore it 

is reasonable to suppose that the magnetic minerals with coercive 

force~ in the range 0.045 to O.l30T have remained unchanged by the 

heating to give the TRl1. ·If we then plot NRH against TRH (figure 4) 

rejecting those points 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 \ole obtain the 

already known correct value of B (0.42 x'lO-4T) because this a.f. anc 

. region is unaltered. 

Because the unaltered region is continuous from o.o45T peak a.f. 

up to the maximum value of O.l30T peak a.f., we assume that the graph 

of NRM against TRH passes through,.the origiJ?. This corresponds to an 

infinite.demagnetising field. We have constrained the straight line 

to pass ~hro~gh the origin, therefore. 

Using this new technique we can attempt to detect and isolate any 

thermal alteration of the TRl1 dernagnetising curve. If the NRM is 

thermally formed and has remained unaltered, at least in some a.f. 
. . 

region, then we can determine B provided that the alteration is anc 

limited to a particular a.f. region. 
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CHAPTER 4. EXPERIHENTAL PROCEDURE 

4.1 Introduction 

He have seen, in chapter 3, ho\'/ thermal 'alteration may be detected 

and isolated in some a.f. region of the TRM ~.f. demagnetisation curve. 

This chapter is a detailed description of how the magnitude of the 

palaeomagnetic field can be experimentally determined. 
/ 

4.2 Producing a tumblin0 ARH 

In order to produce an Aru1 (tumbling) I built a small set of 

five Rubens coils (Rubens 1945) around a perspex specimen holder 

(inset 'figure 5). Brass contact plates were glued to the ends of the 

" 

holder. These brass plates were in electrical contact with the copper 

tumbiing shafts: Curr,ent was passed into the system via two spring 

loaded carbon brushes in contact with the tumbling shafts. A constant 
\ 

current· power supply was used to supply current to the coi~. 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 ?). The magnetic field was very 

constant over the normal maximum specimen length (2.5 c.m.), and so 

the positioning of the specimen within the 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 ARB (figure 6). They do not have the same shape a.f. 

demagnetisation curves and are therefore not equivalent. We can now 

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

go on to examine the experimental procedure for determining the 

magn;tude of the palaeomagnetic field. 
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4.3 Experimental procedure 

The magnitude and direction of the palaeofi~ld are determined in 

the follo\Ying way:-

1. The Curie temperature (Tc) is determined (figure 7) from a 

small piece of the specimen, on a high field Curie balance. This 

value agrees with the Curie temperature determineq from the magnitude 

of the PTRM gained, with increasing temperutur,e (figure 8). which I have 
I ." • 

assumed to be the same as the Tc of the NRM. 

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

a.f. The remaining NRl1 is measured after each successive demagnetisation 

up to' the maximum demagnetising field. The same demagnetising intervals 

are used in all ~ter demagnetisations of the specimen. 

, 3. The specimen is then given an ARM (called ARB(l» in the 

maximum peak a.f. used in 2. The ARH(l) is given along the axis of 

the cylindrical specimen and 50 only the one component ~f magnetisation 

need be measured after each demagnetisation. 

The ARM(l» is completely removed after a.f. demagnetisation in 

the nnximum peak a. f. used in 2. \~hen the ARH(l) has been completely 

removed that part of the NID1 that has not been a.f. demagnetised in 

2 stUl remains, and the axial component of this remaining NRH will 

be measured with the ARM(l) and will remain even after the ARH(l) has 

been compietely'a.f. demagnctised. Thus the measured magnetisation 

after a.f. dernagnetisation in the maximum peak a.f. is always less than 

or equal to the total remaining NRH finally measured in 2,' 
'\ 

4. The specimen is then given a TRH, by heating it above its 

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

a constant magnetic field of 0.50 x 10-4 T along one axis of the 

specimen. This TR!·l is a. f. demagnetised and measured in the same 'ilay 

as ARH(l). 
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5. The specimen" is then given ARM(2) "under the same conditions 

and in the same constant magnetic field that ARM(l) was given. This 

ARM(2) is a.f. demagnetised and measured as in 3. 

6. A plot of ARM(2) against ARM(l), Using the a.f. demagnetising 

fi-eld as a parameter, 'vIllI give a straight line 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 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. 

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

demagnetisation curve were rejected by this t~st, for any specimens 

so ~ar investigated. 
, 

Within the remaining high coercive force range the ARM(l) and ARM(2) 

are identical and therefore this region of the a.f. demagnetisation 

curve has not been altered. 

7. The TRH is plotted against 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 

correspond~ to an infinite"demagnetising field, and is f£tted 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 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% confidence level. 

If more than one specimen is used from each sample, a mean value 

of B is calculated by 'vleighting each individual value of B by anc .. anc 

the inverse variance o~ the NRl1 against TRM straight line determined 
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for that specimen. In this 'v/ay 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 (NRH against TRH and ARB(l) 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 NruVTRH graph can be 

'used to constrain the slope .. of the NRl1/TRl1 grapq. 

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

both lavas and man-fired artifacts ·which cooled in kno~~ fields 

(except in one c~e), to test that the derived values of B "are 
anc 

correct. 
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CRAFTER 5. TEST RESULTS 

5.1 Introduction ) 

In the last chapter be described how the magnitude of the 

palaeomagnetic field could be empirically determined. In this chapter 

~/e will test the method to ensure that the derived results are 

consistent and correc~~ 

5.2 Application to a sin~le 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, Iceland. 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 temperatures were measured and found to be very low 

(figure 9b'). On the assumption that the NRM resides in' the material 
, 0 

with this Curie point, all eight specimens were heated to 300 C in 

order to produce a TRM. 

Table 1 lists all the data for one specimen (typical case) and 

figure 10,is the plotted data obtained from the computer, The ARM's 

-4 and TRM's were all given in a constant magnetic field of 0.50 x 10 T 

(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 B anc 

was determined from each 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 

so very little thermal alteration occurred when it received a TRM at 
. 0 

'only 300 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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a.f. 

10-4T 
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?fJO 
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700 

750 

800 

900 
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1100 
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1300 

1400 

NRH ARM(l) ARM(2) TRM A = accepted 

io-5 Am 2 
kg -1 R = rejected 

151.88 167.80 229.40 852.95 

2l7.67 87.98 121.93 335.56 

165.81 60.47 56.94 147.55 

119.35 44.02 39.93 104.34 

86.65 32.11 30.78 77.37 

74~52 . 28.58 26.30 66.98 

64.21 25.56 23.82 54.06 

54.74 22.77 20.93 51.66 

47.59 21.47' 18.30 41.65 

42.28 20.31 16.83 35.66 

36.92 17.46 15.36. 36.03 

32.61 16.08 14.26 27.37 , 

28.71 14.73 13.45 25.05 

25.57 15.09 12.4i 25.37 

20.36 14.73 10.05 20.82 

17.44 11.74 8.92 14.90 

14.53. 12.27 9.64 14.05 

' 13.43 10.16 8.29 11.23 

12.05 11.71 '. 7.97 9.56 

Table 1 

leL - 36. All the data used to calculate 

Banc (typical case). The first two sets of 

datn are rejected because the ARM's are not 

equivalent. 
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acquire a full TRH 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 • I anc 

T\o/O specimens, taken from a baked contact zone on the island of 

Null, \-lore made available to me. One specimen (c64 - 3b) was taken 

.from tho baked contact ~l~se to the overlying lava. The second 

specimen (c64 - 4b) ... ,as taken from the overlying lava. 

Both specimens were heated to 620°C (when receiving a TRH) which 

is about 500e 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 

c64 - 3b 

c64 - 4b 

B anc 
lO-4T 

0.239 

0.245 

S.D. 

10-4T 

0.003 

0.023 

Table 2 

Tc D I 

°e 
/ 

575 

575 

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

used and ~lthough the two results agree it is clear from the graphs 

that Borne alteration has occured even in the accepted data. 

We have now experimentally determined that the new method gives. 

consistent results when applied to a single lava and to a baked contact 

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

We have not been able to show experimentally that the derived values of 

B' are correct. This can only be done by applying the technique to nnc 

very recent specimens that have cooled in a known field. 

5.4 Application to five historic lavas 

In order to check that the new technique gives the correct results, 

and not just consistent results, experiments \-lere carried out on five 

historic lavas that were extruded and cooled in a kno\·m m.'lgnetic 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 O.13T) and consequently the magnitude 

of the palaeo field was not determined. 

The three Hawaiian lavas 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 lIm/aii 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 

the deduced and the known fields are in part due to the uncertainty of 

the kno\-In field at Hawaii. 

The 1910 Etna lava has been used for palaeofield studies by 

Ange~heister et al (1971), v/ho were' unable to obtain any results from it; 

and also by Tanguy (personal 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 ,,[hich was closest to the mown 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 1096, and whose reliability can be 

assessed from the data diagrams. The ahility to assess the result is a 

very good aspect of this technique. 

5.5. Application to five Archaeo~~gnetic specimens 

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

30,000 years) can be made by examining man fired artefacts such as pottery, 

bricy~ and even primitive fireplaces (Barbetti et al 1972). In order to 

check that the ne ... , technique could be applied to man fired artefacts 

(archaeomagnetic specimens), five specimens vlere obtained 
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Standard 

LAVA CODE Numbers of Tc B deviation Known field 
anc 

specimens °c 10-4T 10-4T 10-4T 

1907 HA\~AII 21.148 3 550 0.31 0.03 0.38 

1910 ETNA E1 7 570 0.42 0.05 0.42 

1926 HA~JAII 2L152 3 550 0.34 0.02 0.37 

1955 HAWAII 2L025 3 570 0.42 0.02 0.37 

1973 llElMAEY w 4 600 NO ACCEPTABLE 0.51 DATA 

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 

individual graphs of each spcc~rnen (40 graphs) are included 

in appendix 2. 
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from Dr. M. Aitken at The Research Laboratory for Archaeology and 

the History of Art, Oxford. 

In order to increase,. the magnitude of the induced ARM's I 

increased the current through the coils to 100 mae This corresponds 

to a constant magnetic fi~ld of 1.35 x 10-4T• I also increased the 

maximum a.f. value from 0.13 to 0.14T. These values are used 
I 

throughout tp,e remaining part of this thesis. 

:By increasing the magnitude of the ARM any small deviation of 

the graph of ARM(l) against ARM(2) will be more easily measured. 

The increased a.f. value allo\oJs an extra NRM/TRM ratio to be 

determined. 

Three of the five archaeomagnetic specimens were taken from 

samples which had already' been used for palaeofield determinations 

by Weaver (1966) who used the method developed by the Thelliers. 

The experimental results are given in table 4 and vleaver'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-l brick came from a Sheffield glass furnace. \{eaver 
-

had applied the Thelliers method to part of this brick. Although 

our two mean values agree within the errors, the new p~aeofield 

method reduced the error by a factor of 9. 

The 5PT 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 palaeofield method is an order of magnitude better than 

vleaver's error. 

The H1 tile was from a fourth century grain drier at Hampstead 

}~rshall (Berkshire). In this" case the new method produced a large 
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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 NRH was very hard 

(hematite) while the grey NRH 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 :t. 0.05 x 10-4T. Both values are within the limits of the 

three "/ho1e specimen values and are included among the five samples 

in table 4. Weaver applied the The11iers 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 NRH 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 

J I 

the Thelliers'resu1ts from French material (The1lier and Thellier, 

1959) by converting the palaeo field to an "assumed" or virtual dipole 

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 ~ • 

We have seen that the new method agrees with the The1liers' , 

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 NRH was formed and so, unlike 

the The11iers~method, it cannot be used to determine B from a 
anc 

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 Thelliers' method. ~ It also has the advantage that the high -
I 

1 

. 
'-' 
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Comparis ons 

Standard Standard 

Number of Date Banc Deviation Banc Deviation 

Sample Description specimens Yrs. A.D. 10-4T 10-4T 10-4T 10-4T Investigator 

103-A Pottery 3 1965 0.49 0.03 0.48.5 Direct observations 

S2-l Brick 3 1900 0 • .53 0.01 0.49 0.09 Weaver (Thellier's method) 

5.Pr Tile 3 13.56 0.62 0.02 0.68 0.26 Weaver (Thellier's method) 

a-I Tile 5 3.50 0.94 0 0 12 No acceptable result Weaver (Thellier's method) 

48-Al Pottery 3 1.50 0.68 0.04 

Table 4 

The results from five archaeological samples 
, 

g 
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thesis), open circles represent European data (Thell1er and 
Thellier 1959). The standard deviation is plotted for both 

sets of data. 
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a.f. region is used to determine Banc. This region is not as l~~ely 

to have been affected by VRH 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 which 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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CHAPl'ER 6. A PALAEOMAGNETIC FIELD REVERSAL 

6.1 Introduction 

The generating mechanism of the geomagnetic field is not clearly 

understood although most workers. favour some form of dynamo action 

within the liquid core of the earth (Bull~rd and Gellman, 1954). No 

one has yet provided a complete description of the assumed 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 reversal is the R3 to N3 transition of 

Western Iceland which was first discovered by Einarsson (1957) and 

explored in detail by Sigurgeirsson (1957) , Brynjolfss.01;l (1957) and 

later by Wilson et al (1972(a». This chapter describes the results 

that were obtained When the new palaeofield technique was applied 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 

- 43 -

is to 'assume' that, even in an anomalous state, the geomagnetic field 

can be represented by a non-axial centred dipole. This assumption 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 
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calculation of V.D.M. is discussed in appendix 3. 

6.3 The R3 to N3 transtion 

In July-1974 I sampled six lava sequences in the Hvalfjordur 

district just north of Reykjavik in Western Iceland (figure 14). 

289 oriented cores were taken from 38 lavas. Measurements of the 

directions of magnetisation of two cores from each lava revealed that 

-32 lavas from five sections (P,R,S,T and U sections) contained the 

R3 to oN} transition. Oriented cores from these 32 lavas were used 

for palacofield determinations. 

The magnitude of the palaeofield was determined from 21 lavas. 

,Of the remaining 11 lavas that did not produce a value, the specimens 
, 

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

were magnetically unstable when a.f. 

the specimens from ? lavas underwent 

demagnetised in high fields 
..::;:;-
c~ 

severe thermal alteration. 
.. ; 
'--" 

and 

The 

magnitude of the palaeof~eld was also determined from specimens from 

2 lavas sampled by Wilson et al (l972(a» thus making a total of 23 

determinations of the magnitude of the palaeofield during the R3 to 

N3 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 l5(a) (r'esults from this work) and figure l5(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. 

Previous determinations of the virtual dipole moment magnitude 

for anomalous palaeomagnetic pole pOSitions, have indicated that the 

V.D.M. is much, weaker than in the more usual 'normal' and 'reversed' 

." 
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z..'lagnetic field Standard deviation V.D.M. Standard deviation V.G.P. V.G.P. 

10-4 T 10-4 T 1022 
Am

2 1022 
Am

2 lattitude longitude (l95 
deg deg .East deg 

0.777 0.066 13.6 1.2 - 63 306 4 

, .... _' • 0.501 0.097 7.2 1.4 - 81 273 1 

0.497 0.222 7.2 3.2 - 81 278 3 

0 • .303 0.005 4.6 0 0 1 - 75 284 4 

0.202 0.006 3.4 0.1 - 21 131 2 

0.018 0.005 0.4 0.1 - 12 117 4 

0.15.5 0.053 2.9 1.0 - 13 122 2 

0.061 ' 0.025 1.3 0.5 - 9 114 2 

r>l 0.10.5 0.012 2.3 0.3 - 4 114 4 

~ 0.07.5 0.009 1.7 0.2 3 110 ·5 
H 
E-t 0.09.5 0.003 201 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 0.008 5.0 0.2 5 106 2 

0.246 0.003 6.0 0.1 3 107 1 

0.;86 0.013 9.7 0.3 8 107 2 

0.208 0.011 4.8 0.3 - 2 107 8 

0.099 0.01.5 2.3 0.4 2 112 9 

0.095 0.002 2.3 0.1 6 107 1 

0.076 0.012 l.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 

Table 2-

The time sequence of the variation of the 

pa1aeofie1d magnitude during the R3 - N3 . .;:-
-..J 

transiti.on. I 

__ -=-r=~=~"'=.-"~--::--.~------. 
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states (l1omose, 1963; Prevot and.vlatkins, 1969; Lawley~ 1970)0 

Because anomalous V.D.Ws have been assumed to be small, little 
- , 

importance has been placed on the magnetic stability of rocks which 

record some iritermediate directions. 

\'Jilson et a1 (1972(b» presented a statistical analysis of the 

dependance of V.D.ll's on colatitude of pole position (figure l6(a». 

Their results indicated the possibility of large V.D.Mls 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'l6(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 a1 

statistical results and it is clear that the V.D.M. ca~sometimes 

increase to large values at intermediate colatitudes. The sha~ 

increase of the V.D.M. will not be easily detected in figure 16(a) 

because these V.D.Mls are averaged over 50 colatitude 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 

Wilsonls intermediate values (90 to 1100 colatitude). 

Although only the R3 to N3 tran:sition has been examined in detail, 

the statistical data of figure l6(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.D.M., and 

that changes from one state to another can only be made when the V.p.M. 

is small. The minimum V.D.M. value, recorded during th.e R3 to N3 

transition, was 0.35 + 0.10 x 1022 Am2). The -

, 
, I 

I . 
t , 

t' 
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22 2 
maximum measured intermediate value was 9.7 ~ 0.3 x 10 Am, which 

, ~ 

is larger than the present 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. ~lork for the future 
" 

We have seen that the earth's geomagnetic field may have a third 

stable state. This '.intermediate' state Obviously happens less 

frequently than the more usual 'normal' and 'reversed' states. As 

information about this state accumulates, it will assist workers to 

construct a mechanism for ,field generat~on, if only by imposing 

constraints on models. A'knowledge of this intermediate metastable 

state may also help in interpreting 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 also provide an estimate of the time 

spent in that state. 

Another reversal which is well documented is the N4 to R3 

transition 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 inv~rsion in the opposite sense. 

Two particularly well documented North American transitions are 

the Steens Mountain transition (vJatkins, 1965(a), (b), 1969; Goldstein, 

Lars on and Strangway, 1969)' and the Louset'own Creek transition 
\ , 

(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 whi~h is-included in the 

back of this thes is • 

- 51 -
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CHAPI'ER 7. SUNMARY OF THESIS 

An ARl1 may be used to detect and isolate any changes in the TRM 

a.f. demagnetisation curve that occur when the specimen receives a 

laboratory TRH. 

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 magnetically altered. 

ThiS means that in most cases the value of B can be determined anc 

from the unaltered high a.f. region. 

This ne",1 teclmique has many advantages over other methods:-

1. Only one heating is required, ",Jhich minimizes the 

degree of thermal magnetic alteration and makes for a 

quick method. 

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

detect changes in the shape of the TRM demagnetisation 

curve. 

3. The new techniq~e can detect "consistent alteration" 

(where thermal alteration changes the TRH magnitude by a 

constant factor) which has previously been undetectable. 

4. The high a.f. region is used to determine B • This 
anc 

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. 

We have observed that this new technique not only produces 

consistent resul~s but correct results when applied to igneous rocks 

and archaeomagnetic specimens which cooled in known fields. This 

technique has proved itself to be a reliable procedure for determining 

the magnitude of the palaeofield. 

Having developed and tested the technique we then applied it to 

a collection of lavas from \'/estern 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 anomalous groupings of V.G.p. positions. 

! 
• I 
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APPENDIX 1. 

This appendiA 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 

-4 magnetic field of 0.5 x 10 T. 

T~e graphs included in appendix 2 were obtained by using this 

programe. 
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FO~TRA~ IV ~ LEVEL 21 HAIN OAr E ,. 74262 

(·t '1 
I f.t'2 
r I, : . ." 
((C4 
r.'H5 
f( C6 
(,1 01 
~l "fl 
[((9 
((; 1 f, 
CC 11 

(,012 
(r13 
ft.-lit 
f.( 15 
('mb 
(lJ 7 
U,18 
rll') 
«( 21 
f(21 
<'Ij71. 
('('21 

(1'24 
(( 25 
Cf'L6 
( r,z 7 
If l8 
(.1.129 
(I( ?" 

('31 
((32 
('(33 
(,04 
(1.35 
(;(.36 
cr 37 
/('18 
(,1.139 
01.4" 
r ~ It1 
(I~4Z 

«(43 
1 ('''4 
t..r.lt 5 
rl.46 
(41 
(1.'48 
f. \'"q 
, r.50 
Cr 51 
rc 52 
(f')53 
C·, ~4 
('1'55 
U"H, 

• 

REAL m." 
RtAl*e ALOI2),AtOIZ) 
)ATA ALu,~CO/'ALl DATA',' "'ACC~PTED'" DATA 'I 
'!~rNSI~N r(STI~~',~13'),CODI3) 
Ol~E~~11~ P(2~),~ARI2rJ 
OPf,tll!;'IJ'1 :O:JlC3J 
:>;Mlf.S:QIIIII3»),NRHI301,I.RM1l30',ARM2l301,TRHl30J 
Dt~~NSIUN U(3~"V(3JJ 
or MlIl':>I'1tl X.13~ I ,Y 130) 

It,JOI/34 

Dl~tN~10N V11~))tV2(301'WZ'3JI,Zl30"Pl(30),VAR1(301 
LJ~I:~L·l TAR~r'34J.rtRMzl34ItTN~Ml34I'TTRM(34),TTX~1134),TNXA2'34 

11 
DATA TARH1/1S.' ',IA','R','M','l',IS*' " 
DATA TARMZ/l~.' ','A','R','M','2',lS.' 'I 
OATA T~~M/15·' ','N·,'R','H',lb.' 'I 
1ATI'I TTt'.M/l!>'" ','T','H','M',16*' " 
UAT~ TTX.A1/l~·' ','T·,·X','A' , '1',lS.' 'I 
DATA THKA2/1S*' 'I'N','X'I'A','Z',IS.' " 
NP-(j 
REAOI~,1~3) IPlOT 
If 11 PL~T • flE.lI GO TU 1 
CAll PLOTON 
CALL PlTLJ~12".~' 
CAll MOVC'l.C.~.~) 

1 cm'lTt flUE 
5 S-1.3 

151 -I. 0 
BZ-l.O 
EPS-O,O:JC'l 
r -, 

1~ .EA~lS,lrl,ENO·99' (FlIII~RH(II'ARMICII'ARMZII"TRH(llilCOO (J),J-II 131 

IFI'F'I).~O.I'~l' GO TO 20 
IfllrClI.E\I,Dn, GO TC 98 
(Fel.I/E.l) GO TO 15 
WRITClo,zr3'ICOOIJ'.J a l,3' 
ou 12 Jal,] 
CC:.l(( J, -coo IJ) 

12 CCNTINUE 
1S 1-'.1 

GO TO 1) 
20 I~·I-l 

CAll AC:f pr l NRH. r RH, AR~:l, AR:~2, WZ,Z, X, 'f I IF. TEST ,N,H, C) 
00 3~ t-l,N 
\J11I-l.3 

3:1 Vlll-t.:> 
Wr.JTEC6.Zt.9) 
WP.tTEeb,Z(;5' 
00 31 1-1,H 
VII It -XII) 

31 V'-l II-Y Cl; 
iI- Ii 

32 (ALL HAFITIV2,VI,Ml,B,EPS,ITER,W,VAS,SJ 
'iA~C-B·:l.!' 
s~O.~~rTIVbP)·'.5*B 
IoiPl TF H .7141 t'A~( ,SOO.lhVA5, [fER, S, /11 
rAI.l rUlcr (VI ,V2,"I) ,S,W,&32) 
~ALL PL~'I~RM1'ARM2'T[ST.N'l.TARM2'TARM1) 

.. 
, 
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((51 
f)rS8 
((;::;9 
on60 
( 61 
c.n62 
(r:63 
((,64 
((,'65 
(e6b 
lC61 
(Cb8 
(Cb9 
C(70 
C{ 71 
c02 
(,('73 
(-1:'74 
et::7S 
r..076 
CCiT 
C07S 
C ,,79 
erao 
(Cal 
(C82 

((83 

((,a4 

(085 
flSb 

(C81 
(jOB8 

Ctll Pl~TINRM,TRM,TEiT,N,2,TTRM,rNRM) 
CALL PRTPLT 
IFltPLOT.EQ.~) CO TO 1~ 
CALL MOVC(l.~,l.l' 
CtoLL SETa 
C--C 
tALL tALPLT(~RH1.ARM2.NRM,TRM.TEST,N.B.CODE.AlD.C.SOOJ 
CALL CALrlT(WZ,Z,X,V,TEST,M,B,COOE,ACO,C,SJD) 

10 COI~Tl tlUE 
NP·NP+l 
P(NP).~.5.B 

VIIR.INP)·SOO*SOD 
GO TO 5 

98 CALL WAITAV(P,VAR..NP,AVE,VARIANJ 
STD-S,RTlVAKIAN) 
WRITElb,210) AVE,STO 
NP·C.O 
Gll TO 5 

99 IFIIPLOT.N~.lJ CALL PLOTOF 
STOP 

101 FORMATI14,~Fl~.2,T~~,3A4J 
102 FORMhT(B')Al' 
103 FORMA HIli 
2el': FURMA rllH ,F5. 3, 5X ,F5. 3, 2Fl~. 3,lFl0. 5,110, flO .3,110' 
203 FOR~ATll~l,T5),'SAMPLE',2X,3A4) 
2(5 FORMATI'ObANC',T12,'STO',f2Z,'SLOPE',T40,'VARISLUPE",T61,'ITERS', 

AT15,'S',l85,'N'/' 
201 FORMAT(" " T22.'SLOPE',T30,'INTERCEPT',T40, 

A'VA~(SLOPE) ',l51,'VAR(INT",Tbl,'ITERS',T75,'S',T85,'N'/' 
208 FORMAT(lH .T19,ZF1~.3.2F10.5,Ia,FIO.3,I10' 
209 FORMATlIIT40,'NRM/TRH') 
21" FORr~AT" /lHO, T3:J ,'.** ANCIENT FIELD INTENSITY', Fl.3.' STANDA~D DEV 

lIATIUN',F7.3,· .*.', 
214 FURMATll~ ,F5.3,2FIJ.3,1~X,F10.5.10X,Il0.F10.3.110) 

Em 
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fon 
CH2 
(Ce3 

C004 

((,05 

(O~6 
CC07 

((08 
C009 
(,CI0 
(~\; 11 
rCl2 
H13 
(t14 
C015 
(C16 
(1):.7 

clns 
(019 
0020 
(e21 
L(Il2 
0l'l3 
C!24 

Ge25 
(Ol6 
COZ7 
(el8 
0029 

C030 
C(,31 

CCll 
CO]3 
0(34 
COS 
(('3(, 

lC37 
C038 

C 
C 
C 

.. .. 
C 
C 

.. .. 
C 
C 

,. .. 
C 
C 

SUB~OUTINE ACCEPTINRM,TRM,ARM1,ARMZ,~,X,y,l,IF,TEST,N,M,C) 
DIMENSION CHISQ(3~) 
DI~ENSION NRM(3~J,TRM(3J).ARM113J).ARM2(3C"W(30"X(30),Y(30l,ll30 

1),lF(30).TEST(3~' 
DIMENSION RW(30),RXI3Cl,RY(30'.RZt30l.RJFI30),BDEV(]0I,JFI]o),GDEV 

1 (3) ,[,EV(3J I 
)~Th CilSQ/3.841.5.991,7.815.9.488.11.010,12.592,14.067,15.507, 

l16.919,18.~C7,19.b75,21.C26,22.362.23.685.24.99b,26.296.27.587, 
BlB.869.3n.144.31.410.32.67.33.92,35.17.36.4Z.37.65,38.89,4Q.l1, 
C41.34,42.56,43.771 

REAL*4 NRM 
INTEGER RJF 

INITALISE VECTORS 

MeN 
lRsO 
00 1:> I-l,M 
WU'''ARMl( I) 
XlI )=ARM2U) 
Y ( 1) '" NRM' Il 
zt 1) aIRM( U 
JF(I)aIFtIl 
TESTtl)=O.J 

10 CONTI NUE 

FIND INTERCEPT OF FITTED LINE 

20 SWzO.O 
SXaO.O 
DO 30 I-1.M 
SW-SW+wt I' 
SX=SX+XII) 

30 CONTI rmE 
e.t SW-SX)lM 

CALCULATE DEVIATIONS SQUARED FROM LINE 

so .. o.c 
00 4:) I-l,M 
DEV(I)=twtl'-XIIl-C)**Z 
SD-SD+DEVtIl 

40 CONTINUE 

TEST FOR GOODNESS OF ~IT 

CHECK-l.O*CHISQ(M-l) 
IF(SD.GT.CHECK' GO TO 60 

C WRlTE ACCEPTED AND REJECTED DATA 
C 

IFIM.NE.N' CO TO 45 
MU=lCOO 
GO TO bit 

45 WRITC(b,2C6) 
50 DO 51 I=l,M 
51 WPtTEt6,201J JrtIJ,Y(IJ,W(I),xtIJ,l(I),GDEV(I) 

IF(IR.EQ.CI RETURN 
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C09 
CC40 
(r 1t1 
{r4Z 
((;43 
rr,44 
C(45 

C-046 
CC47 
C048 
((,49 
C(~O 

«(!II 
OC52 

(,053 
«('54 
r,ll55 
US & 
rli57 
r058 
«'59 
r,·(60 
rt61 
('(;62 
reb3 
((64 
((,65 
r.r 66 
cu,', 
('Q 6 a 
COb9 
1'070 
C(l7l 
C072 
((,73 
((74 
(,015 
(('76 
(·077 
(078 
(;079 

Ge80 

c 
c ,. ... 

)0 52 I=1,IR 
52 WRITEt6,20Z) RJF(I),RY(I),RwtII,RX(I),RllI),BDEVIl) 

00 53 l=l,N 
DO 53 J"1,1R. 
tF(IFIl'.EQ.RJF(J) TEST'I)=1.~El6 

53 CoNTIflUE 
RETURN 

REJE:T WORST POINT 

60 AMU=OEVl1l 
MAX=l 
DO 61 1=2,M 
IF (AMAX.GT.OEVlI)) GO TO 61 
MAX=I 
Ar1~X=DEV( II 

61 CONTI flUE 

16/01134 

C UPDATE VECTORS ,. .. 
64 K .. :> 

DO 63 Io:l,M 
IF tI.EQ.MAX) CO TO 62 
K:IIK+l 
W(K'=W(l) 
xtK)"X(lJ 
V(K't..Yll) 
l O<):IIZ( J) 
JrtK)=JflU 
:;()E;VIK)=SO 
:;0 TO 63 

62 IR-lihl 
RWtIR'=W(I) 
RX(IR)=X(I) 
RYIIR)=Y(l) 
RZ(IRI"Z(U 

'RJFIIR)=JF(U 
BDEV(IR).o;J 

63 CONTI NUE 
IF(MAX.EQ.IO~l) GO TO 45 
,",=K 

IFIM.GT.3) GO TO 2~ 
HRITEl6.20:» 

20:) ~ORMAT(lHO.T4J.· ••• INSUFFICIENr ACCEPTABLE 04TA POINTS •••• ) 
201 FORMAT(IH ,I4.5F10.2) 
202 FORMATtlH ,TbJ"REJECTEO'.2X.I4,5FIO.2' 
206 FORMAT'" FIELO •• T9"NRM •• T20,'ARM1',T30"ARM2',T40,'TRH,.T70"FIE 

lLO',T7B, 'NP.M',T8B"ARM1'.T98,'ARM2 •• TI08"TRH','J 
EN) 



FCRTkA~ IV G LEVEL Zl HAFIT OAT E ,. 74262 

(0:;1 
(C02 
c003 

((·04 
(,COS 
'.l06 
Cee1 
(C08 
(;009 
CflO 
rOll 
CelZ 
(.e13 
«,14 
eCl5 
(,016 
(,011 
e<.il8 
fN9 
(,(,ZO 
((ill 

C('22 
(( 23 
U;'Z4 
e(Z5 
Cf26 
CC27 
C028 
(029 
COO 
C031 
fen 
Ct33 
C034 

C 
C 
C 

C 
C 
C 

SU5ROUTINE HAFITlX,V,N,SLOPE,EPS,ITER,W,VAR,AI 
DIHlNS!ON Xlll,VII),Wll) 
REAL M 

CALCJLATE SUMS OF CROSS PRODUCTS OF X AND Y 

A-O.;) 
8=l.0 
C-:l.) 
DO 10 l-l,N 
B=S+XUI*Ylll 
4=A+i«I)*XtIl 

10 C==CHUI*Ylll 
M"l.,) 
ITER"C 

2~ DF=3*M*M*S-4.'*A*M**3.:I-B 
F=S*M**3.0+C-A*H**4.0-S*H 
SLOPE=M-F/DF 
ITER-ITER+l 
IFlABSlSlOPE-KI.lT.O.Olll) GO TO 30 
SLOPE=ABS IS LOPEI 
MaSLOPE 
IFlITER.GT.401 GO TO 40 
GO TO ZO 

C~I~ULATE VARIANCE OF SLOPE 

30 A-O.O 
00 50 I=l,N 
Wll'=~.5*llY(I'-SlOPE*XlII'**2+lX(I'-YlI)/SlOPE).·21 

50 A=A+~::J) 
pcM**6*A-M**4*Z*A+M**3*4*S+M**2*A-M*4*B+4*C 
Q.M**~~~*A+M**7*4.B+M**6.C-M.*5*4*B-M·.4*2·C+~.*2*C 
U-lM**Z*3*S+M*.J*4*A-8)**2 
VAR-(P+Q)/U 
RETURN 

40 WRITElb,200) 
GO TO 30 

200 FORMATlIHO,'ITTERATION STOPPED AFTER 40 ITTERATIONS'1 
END 

- 59 -
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FORTRAN IV G lEVEL 21 REJECT DATE" 74262 16/01/34 

ceCl 
(Oe2 
('(:03 

(')0(4 
CtC5 
('(-06 
con 
0008 
(\1"09 
0010 
Clll 
lC'12 
OC13 
(1014 
e015 
(1)16 
(017 
(018 
COt<~ 

1)020 
(e21 
(f22 
r023 
(024 
e(25 
(,('\26 

C027 

SUBROUTINE REJcCTIX,Y,M,S,W,*, 
DH1E.USION XIMI,YlIU,CHISQl3:l),WIM, 
DATA CHlSQ/3.B41,5.991,7.815,9.488,11.07~,12.59Z,14.067,15.507, 

A16.919,lB.307,19.675,21.026,22.362,23.685,24.996,26.296,27.587, 
e28.869,3~.144,31.410,32.671,33.924,35.172,36.415,37.652,38.885,40. 
(113,41.337,42.557,43.7131 
~IlJ2M-2 

IFlUU.lT.U RETURN 
IFINU.GT.30) GO TO 3l 
IFIS.lT.CHISQINU" RETURN 
~~AX=WI 1) 
Ksl 
DO 1') 1-2,M 
IFIWIIJ.lT.AMAX, GO TO 10 
K=l 
AHU=W( 1) 

10 CONTI NUE 
J=O 
DO 20 I-l,M 
IFlt.£Q.KI GO TO 2:> 
J=J+l 
xc J'=X( 1) 
YIJI=V(U 

20 CONTINUE 
M=J 
Rt:rURNl 

3:> W~l T(lb,ZOll 
!I,ETUI\N 

20e FORMATIIH+,T9~,'TOO MA~Y DEGREES OF FREEDOM" 
ENO 

- 60 -
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FORTRA~ tv G LEVEL 21 PLAT DATE :: 74262 16/01/34 

OCC) 
(,((4 

C(C5 
Ce06 
rcr,7 
ce08 
0009 
Celf) 
n'll 
OC'lZ 
0(13 
C('14 
tC15 
Cello 
(('17 

C'C18 
[C19 
ce2r 
cell 
«e22 
(eZ3 
(C24 
(Cl5 
C'C26 
C('27 
oeZ8 
C029 
C030 
Ce31 
C(32 
cr'33 
CC34 
(1'\35 
((l36 
((137 

C038 
(039 
('C40 
0041 
(042 

(,043 
C(,44 
C(,45 
[046 
(('41 
(C48 
(049 

SUBROUTINE PLAT (X,V,TEST,N,K,TITl,TIT1I 
LO~I:AL*l ARRAY(34,56 t Z),BLANK,MINUS,LINE,STAR,R t TIT,TIT1,TIT2,TIT 13,T1T4,SYMBOL 
DATA bLANK,MINUS.LINE,STAR,R/' ','-','It,'.','R'/ 
LOJl:AL*l TIT3134,2),TIT4(5~,2),TIT1(341,TIT2(56) 
DIMENSION XI1"Vll),TEST(1) 
DO 1 1=1,34 

1 TIT3(1,KI=TITIIIJ 
DO l 1-1,34 

2 TIT4(1,KI=TIT2II) 
00 3 1=35,56 

3 TIT411,K) =8LAtlK 
DO 10 J=2,56 
DO 10 1-2,34 

ID ARRAY(I,J,K)=BLANK 
00 20 J=1,56 

2C ARRAY(l,J,KlaMINUS 
DO 3:> J"'1,34 

30 ARRAYIJ,1,KI=LINE 
AMAXI-XU) 
MlINl-O.:> 
AMAXl =Ylll 
AMltlZsO.O 
Dr 4:' I-z,N 
IrtxIII.GT.AMAXll AMAXI-XII) 
IFIVIII.GT.AMAXl) AMAX2=YIII 

40 CONTI HUE 
SCALE1=33.0/IAMAXI-AMIN1) 
SCALE2=55.0/IAMAX2-AMIN2) 
DO 5') l-l,N 
SYMB:JL=STAR 
IFITCSTll).GT.S.CISYMBOL=R 
lX=IXlll-AMltllJ*SCALEltl 
IY.(Y(II-AM[~21*SCALE2.1 
IFlIX.GT.33IIX~34 
IFIIY.GT.S51IY=56 

5C ARRAYIIX,IYtK'sSYMBOl 
RETURN 
ENTRY P~TPLT 
WRITEl6~lOl) 
00 6' 1-1,34 
L=35-1 
WRIT(l6,lC)) TIT3l1'1)'lARRAY(L'J'1"J=1~56J'TIT3II'2I'IAR~AY(L'J, lZI,J=1,51)1 

bO CONTI tlUC 
WRtTEl6,101) (lTIT4ll,KJ,1=1,5bl,K=l,2J 
RETURN 

100 FOR~ATlIH ,Al,lX,56Al,5X,Al.lX,56A1J 
101 FO'MATIIHO,T3.56A1,7X,S6Al' 
1 C 2 F OR M:' T 11 H 11 

ENO 
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FO~T~AN IV G LEVEL Z1 CALPLT DATE" 742b2 

f f't:ll 
(('02 
fOJ3 
((,04 
(105 
COCb 
(C07 

CC08 
((,09 
(,C10 
fell 
(liZ 
((113 

((·14 
C015 
(\(,16 
ern 
C('18 
(019 
(ouZO 

tr21 
00Z2 
ceZ3 
(OZ4 
(025 
CC26 
((27 
(028 
1;029 
r03(1 
eD1 
C032 
un 
(034 
e035 
(Ob 
(037 
C038 
C03Q 
0(140 

C()41 
(042 
((43 
CC44 
1j('45 
(C4b 
cr'47 
((48 
~(,49 

C 
C 
( 

c 

SUBROUTINE CALPLT(Y1.X1.VZ,X2.TEST,N,B,COOE,ALD,C,ERRJ 
I NTEGER*Z T 1TZ 
REAL*e ALOIZ),TITl 
Dl"ENSIO~ VlI3JI,XlI301,YZI301.X2L3C),TESTI3QI,COOE(]J 
REAl*4 LEN:7TH 
DATA ARM1,ARMZ,ANRM,TRM/'ARM1','ARMZ','NRM ','TRM 'I 
JATA TIT1,TITZ/'SLOPE=1','B='1 

CALCULATE MAXIMA AND SCALEING FACTORS 

F:O.5*B 
5-:/A65(" 
AMAXX=O.:> 
AMAXV=~.' 
0') 10(\ I-l,N 
IFIYl(ll.GT.AHAXY) AMAX~=Vlll' 
IFIX11I'.GT.AMAXV) AMAXY=X1II' 
IF(Y2(1).GT.A~AXXI AMAXX=YZLII 
IFIX2111.GT.AMAXXI AMAXX=XZIII 

1CO CONTI NUE 
lENGTH .. !t.O 
SCAlEY=LEN~TH/AMAXV 
SCALEX=LENGTH/AMAXX 

( PLOT NRM AGAINST TRK 
C 

( 
C 
C 

C~LL MOVEI0.5,l.51 
CALL 5ETO 
CALL 5YH80LIJ.Z,3.8,").2,TITZ,O.O,2' 
C~LL ~UMBERID.~,3.8,O.2,F,O.O,3) 
CAll SYMBOLll.~,3.B'~.2,23.0.0,_1) 
(ALL NUMB[~11.6,3.8,~.Z,ERR,O.O,3) 
CALL ~Y~BOL(-C.5,9.5,O.2,CODE,J.O,12' 
CALL SYMBOLI2.J,9.S,O.Z,ALD,O.O,16' 
CALL MOVElO.O,'.), 
CALL PLOTITlXZ,Y2,TEST,SCALEX,SCALEX'ANR~'TRM'N'LENGTH' 
RAT=l. ~ 
IF(RAT.LT.B' GO TO 400 
Y=3*SC~tEX*AHAXX 
CALL MG1Ell.O,l.~) 
CALL PLOT(LENGTH,y) 
GO TO 450 

400 XaSCALEX*AHAXX/B 
CALL MDVEIJ.O".O) 
CALL PLOTIX,LENGTH, 

450 CONTI NUE 

PLOT ARH1 AGAINST ARMZ 

CALL MOVEIO.0.5.0) 
CAll SeTO 
CALL SYMBOLlO.2,3.S,l.2,TITl,O.C,8' 
CALL MDVEl'.O,").J, 
CALL PLOTITLX1,Yl,TEST,SCALEV,SCALEY,ARM1,ARH2,N,LENGTH) 
IFlC.LT.D.l) GO TO Z")O 
X=SCALEY*C 
CAll MUVEIX,O." 
IF(IAMAXV-CI.LT.AMAXY, GO TO 220 

- 62 -
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'. 

fORT~~~ IV ~ LEVEL 2L CAlPLT DATE" 7U62 1b10l/34 

(<'50 X-(C+AMAXV).SCALEY 
(:(,,5 L CALL PLOT(X,4.0J 
(052 GO TO 3):-
li053 220 Y=IAHAXV-CI*SCALEY 
(154 :ALL PlOTl4.J,Y) 
ce55 GO TO 3)0 
(n5b 200 C:ACS(C) 
((57 Y=C*SCALEY 
flO5S CALL MOVEt:l.O,YI 
(059 IFIIAHA~f-CJ.LT.AMAXY) GO TO 210 
,Jet.(' Vs(C+AM~XVJ·SCAlEY 

rC61 CALL PLOTl4.0,Y) 
(('62 GO TO 300 
rG63 210 X=IAMAXV-C)*SCALEY 
(C64 CALL PLOTlX,4.JJ 
COb5 3eo CUNTl tI~E 

C 
C RESET PLOTTER FO~ NEXT SET 
C 

((,66 CALL MOVEI6.C,-5.5) 
(,,067 CAll :)ETO 
(;(,68 c&:*s 
(,069 RETlIRN 
C070 END 



FORTRA~ IV C LEVEL 21 PLOTIT DATE :: 74262 

con 
((02 
CC03 

C(04 
((:05 
('C06 
r.('07 
OC08 
(,C09 
((1(1 

(~1l 

("12 
eCl3 
('014 
(,015 
(,C16 
C017 
eC18 
(1)19 

telO 
(0('21 

ce22 
CC'23 
(1)24 
e025 
(026 
C027 
0('28 
0(129 

c 
c 
c 

,. .. 
C 
C 

C 
t 
t 

SUBRJUTI~E PLOTIT'X,y,TESTtSCALE(,SCALEy,ORD,ABS,N,LEN~THI 
DIMlNSION Xl3:>. ,y(3JJ ,T[5"301 
REAL*4 LEN:;TH 

PLOT AXES 

CALL PLOTlLENGTH,D.~) 
CALL ~OVEl~.:>,l.JI 
CALL PLOTl'.:,LENGTHI 
CALL MOVEl~.:>,l.~1 
DO 2)~ 1"'1,5 
Al=I-1 
VX=l\l/SCALEX 
CALL SY~BOLlAl,0,'tl.2,16,D.J.-11 
CALL NUMBERlAl-:.2.-~.3,O.1,VX,O.O.21 

zeo CONTI N'Je 
DO 300 1=-1,5 
AI-I-l 
VYzAI/StALEY 
CALL SYMeOLl,.l.AI.~.2,15.0.C.-l1 
CALL N:JMBERl-~.4,Al+O.2,O.1.VY.-90.0.21 

300 CONTI NUE 

LAREL AXES 

CALL SYMBOLl-j.8,1.5.0.2,ORD.-90.0,4) 
CALL 5YMBOLll.5.-0.8.0.2,ABS.~.O.4) 

PLOT POINTS 

til) 4jO l-l.N 
Vi<aXlII*SCt.LEX 
VY·V\II*SCALEY 
lCiAR"3 
CALL SYMeOLlVX,VY,'.l.ICHAR,O.O,-lJ 

400 corn: NUE 
RETURN 
END 

- 64 -
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FORTR4N IV G LEVEL 21 WAI TAV 

COl 
(OC.2 
(0) 
CCl,4 
Cl~5 
(:C6 
((107 
ce08 
CCC9 
(1010 
lCJll 
(Jel2 
ern 
cr14 
el15 
C016 
Ol'17 
OH8 
C019 
C020 
r(lll 
te2z 

SUBROUTINE WAITAVIP.VAR.N,AVE,VARIAN) 
DIMENSIO~ P(H"VARIN't WI30' 
SUr-t"':1.0 
DO 10 I-ltN 
Wll'''I.:>/VARIIJ 

10 SUM=SUMH/lI' 
AVE-:>.' 
VARIAN"'O.O 
00 2:> I-ltN 
A·~IIJ/SUM 
AVE=A*PII,tAVE 

2C CONTI NU!: 
IFIN.EQ.l' GO TO 40 
SU141=C., 
DO 30 IZltN 
SUM1&SUMl+WllI$IPII:-Ave'*lPlll_AVEI 

30 CONTI Nt.!E 
VAUAfJ:..I':*SUMIlllN-I.0 ).SU:U 
RtTURN 

40 VARIAN-O.O 
RETURN 
END 
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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 c64 

(1907 Hawaii 21148 
( 
(1910 Etna E1 
( 

Historic lavas (1926 Hawaii 2Ll52 
( 
(1955 Hawaii 2W25 
( 
(1973 Heimaey W 

(1965 Pot t'ery 103 A 
( 
(1900 ,Brick S2 1 

Archaeomagnetic 
( 
(1356 Tile .5Pr specimens ( 
( 350 Tile HAHAl 
( 
( 150 Pottery 48A1 



\ 

0'1 
01 

rcL. lSI ALL DATA 

~ rSLOPE=l 

.1= 

"" .., 
"'" 

.... ... 
~ 

:n 
:0 ... 
3f11 
...... en -

? 
c 
0 

I 
C.CO 

IV 
IV 
co 
0 
CI 

-.... 
51 

--., 
0 w 

z 
:n", 
3;-, 

(:) 
IV 

? 
0 
0 

0.00 

16.61 j3.ZZ 'I9.B3 

ARM2 
o. 650 ±O~OO6 

57.02 1114.03 171.0S 

TRM 

+ 

---I 

65.1j1j 

+ 

22B.06 

1 CL 15 ACCEPTED DATA 

~ 
~ rSLOPE=l 

N 
IV 

CD 

... 
til 

'" 

:n 
:0 ..., 
3", 
...... 0 

0 

8 

CD 
IV 

tJ JJ ·,.60 15.Z1 

ARM2 
... rs= 0 .650 ±O.006 "" 

m 
IV 
U'I 

.1= 

!1' ... ..., 

:z 
:01\1 
3 ~ 

C 
CD 

? 
c 
0 

U.J\I 23.05 "5.17 

TAM 

cZ.Bl 30.I{Z 

69.25 9Z. J!.& 

... 

C\ 
....:J 

r 

.. 
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\0 

~ 
a: ..... 
~ ,..: 

f!: N a: 
0 

a + N 
!\.I 

W III 
co 

~ iii 
I-

\tI !:1... 
If:I 

W 
U 

0 U 
OJ 

C\J 
0 

~ 
a: '" ~ • 

,..: L 
L ... a: 0 

~l a: a: +1 
r-CD 

CD .-I ..... 
If) II :r 

f}; 10 If) 
0:> 

-1 W 
cO n.. .... CJ 

>-1 a 
-1 
U1 

8 
"" 0 d 
ci 27.33 20.52 13.68 6.B~ 0.00 i".16 55.62 37.08 lB.5~ 0.00 

ARMl NRM 

C) \0 
0 N 

+ ro 
+ 

N 
<0 01 
N 

a: 
~ ~ 

~ 
t- ... 

oi -a: 
0 CJ ID 
N 

-1 lJ) 
-1 a 

"" ~ C\J 
a 

0 
a: 

• ii'! .n L 0 ~ ::J' ... a: +1 a: a: r-CD 
co .-I 

\0 t.n ... c 
I:) -1 

~ t.n ,..: CJ N • u"l -
'" CJ '" 0 d 

d 9Z.2G 69.19 'is. 1) 23.06 0.00 268.06 201.0q, 1311.03 57.0l 0.00 
RRMl NRM 



\ 

t:I C7I 

a: C) N . 
I- It) + 

... - :t' 

IT 
0 + 
a + P:! r0-

C) 

1.Ll N d 
I- - n 
u.. ro w u 0 
u 0 In 

co C\J It) 

a: :t' • d ~ cD L 0 N 
a: +1 a: 
a: r-

...-I ::::t4 
(\.l - ('C) I\J 

I II fu U) 
I"l 

--1 w :Y-
o 

0.. 
. -U 0 - 0 

--1 1\ 
(f) OJ 

8 0 
0 

d d 
16.93 12.12 B.IlS ~.211 0.00 Ill. 29 30.91 20.65 10.32 O.CO 

ARMl NRM 

~ 
t!] 
III 

~ + en r.n 
N co 

a: "" \0 
0 r-

l- N ~ a: co - to 
0 

ro 
--1 0 "" --1 10 0 n OJ 

a: . (\J oi - . 
~ N ...,-

0 
:>' 

':"' .£.- :t' a: a: +1 a: I-
...-I 

~ ru I\J 
m (l') en 

I It) 

~ --1 d t.n 
u to • - 0 

II 
CD 

8 ., 
0 d d 

2ij2.73 leZ.Oll 121.35 60.66 0.00 B99.66 6711.16 IIQ9.BIl 221l.92 0.00 

ARMl NRM 



ICL-214 PLL DATA 
I\J ..., 

; rSLOPE=1 

.., . 
~ 
CD .... 

:n 
:::001 
-'?"..., 
~ . 
...... U) ... 

? 
9 

CD 

~ 
&r 

£! ..., 
:c 
,.: 

.,: 

0, 
\.AI 

Z 
:::OI\J 
:!; fjl 

~ 

? 
8 

0.00 

0.00 

67.93 1$5.85 2CJ.7B 271.71 

PRM2 
B= O. 520 ± 0.003 / 

205.81 IlU.53 617.l11l 823.25 

TAM 

.,: ... 
ICL-2ij ACCEPTED DATA 

~ rSLOPE=l 

~ 
~ 

:n 

'" .... 
~ 

:::0 ... 
3 -......0 

Z 

U1 

? 
8 

... .... 
:" , ... ... 

... 
c 
~ 
::; 

01 
CD 

of 

:::0 
:3 ~ 

~ 

0.00 1t.bS Z3.71 35.55 1l1.111 

ARM2 
8= O. 520 ±O.003 / 

/ 
/ 

?l/ 
8 

0.00 3':1.39 68.78 103.17 137.57 

TAM 

~ 

c5 



-71-

a:. Rl S . en t- .... 
In 

a:. 
Cl 

Cl " ~ en 
W .; cD 
t- N loll 

0- Lf) 
W 
U 0 
U :!' 0 :!' 

'" (\J 111 

a:. u:i 
. 

L :L. 0 
If> ... ::I' a:. +1 a: 

a: t-
r- 0 
C\J ...... (\J ~ 1\ '" , In Ln -I tU 
....J W cD • N 

U 0- 0 - 0 1\ ....J 
(f') CD 
1 

." ." 
0 0 

d d 

33.29 211.97 16.6~ 6.32 0.00 91.07 66.30 1l5.5~ 22.11 0.00 

ARMl NRM 

CI'1 &!i " vi + m 
." n 
N Cl 

ex: b en 
"1 \"l 

t- :S- tU 
ex: If> IX> ... loll 

Cl 
Lf) 

....J " 
0 

SI --1 CD 
(\J 

0 
a:. "j • do !!: CI :L 0 If> ... a: ::I' a: 

a: +1 '-. 
" 0 
C\J \0 

1"'1 (\J :r , ::r If) r.: 
--1 Vi N 

N 

U -
." 0 
C 0 

d d 
205.73 151l.30 202.87 Sl.1l3 0.00 909.81l 662.36 IlSIl.92 227.116 0.00 

ARMl NRM 
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,. 

(0 

til 
a:. 

'" ;6' .,; .,; 
l-

N 
W 

a:. 
0 

Cl 
IV ,... W :r 

"'! + iii 
tn 

I- ... 
:r 0-

:::J'f 
W 
U 0 U 

Ie ('\J 0 
~ 

a:. 
.,; • 

0 ... :L 0 
In :L a: +1 a: cr: 

t-
O 

CD (f) ...-4 

8 
~ 

, /I :: Lf) ..J W 
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22.'11 16.86 1 \.24 S.62 0.00 23.6L! 11.13 11.112 S.91 0.00 

ARMl NRM 

m '" CD ... 
~ ~ 
1"1 1"1 

a: N In 
01 CD 

t- o ,..: 
a: fa en 

N 

0 en 
-1 III 

ru ,.. 
-1 C1 0 111 

a: 
"" 

ru &0 
en ~ 0 

Ol L ... 
CC - CC 
a: +1 l-

• to . ,.. en «I 

<.:> en N 
(f) en I l§l 01 ....... 

W 

8 
I:) 
0 

d d 
301.89 290.~ 193.95 9&.91 0.00 391.\3 291.85 198.51 99.28 0.00 
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ARMl NAM 



- 84 -

,... ,... 
a: ... ... 
t- o: rD 

N N 

a: 
0 

0 CXl 1"'1 

W IX> co 
..,; 

t-- N ... 
u.. 

N W 
U (\j 

U C7! 0 COl 

cr: '" (\J 0 

:3' L C) ..... :E: ... a: 
... a:: 

a: +1 '-
cr: ..-
(\J ...... ('11 
Ln II '" ('11 

::r 

W 
N VI ...... r.! • ui 

-' (L C) 
N 0 

-.J 1\ 
en CD 
I 0 0 

0 0 

ci ci 
29.11 2l.68 111.59 1.29 0.00 26.11 19.63 13.09 6.54 0.00 

ARMl NRM 



- 85 -

VI 
:I' 
CD 

a: 
+ ~ 

.,; 
I-

~ 

'dO a: 
0 VI 

0 .... 
en c 
IX> 

W 
..; 

.,; 
I-

In 
N 

0... 

en W 
U 

:::J'f U 
'" 0 

N '" (\1 
en 

a: 
0 · 

~ 
+ L 0 en N ... 

a: 
+ a: +1 CI: 

I-
m 

co ru ..-. 
fil: 0 lJ) \I 

1.0 en 
CI1 

W 
C> 

ai 

...... ... · -' 0.. 
0 ru 0 

-1 

" c.n en 
! 0 

0 
0 

0 cl 
d Ill. 3S 3i .01 20.61 10.34 0.00 39.84 29.88 19.92 9.96 0.00 ARMl NRM 

I\J 
IJ\ 10 

~ ~ -C> 
10 

t'I'l 

a: 
'" 

~ 
::1' l-
N a: 

ul <D 

N 
".. Cl 

I\J 

('f) ..-1 
.::t' 

VI 

..-1 .... 
0 M ru r: 

a: 
en · 0 

~ 
0 L 0 V> 
rrl - a: IT: +1 cr: 

I-
m 

0) ru ..... 
~ lJ) \I 0 

~ ::Y ('f) 
...... W 

VI 

tI'I 
0.. ... 

..... 
-' ru C) 

--l 
U1 

'" C'1 0 
CJ cl 
d 615.62 1l62.41 306.31 ISII.16 0.00 301.49 226.12 150.15 15.31 0.00 ARMl NRM 

l 

I 



- 86 

• • 

'" If> ... a: III 

+ N 
t-

N 

C\.I 
N a:. 

,f-a 
0 

0 ... + W 
W 01 

.0 I-
." ... ... Q.. 

f' W 
U .-. U .... 0 .... ~ ('\.J 

~ 
a: . 

~ 
... :E: 0 -... ... a: a: a: +1 

t-U 
tn (\J - ill ... , 

If) II 
ID ('f) 

III 
--' W 

vi --l (L 

C\J 0- III 

...J 
(/1 

." 

." 0 
0 d 
d 22.53 16.90 11.27 5.63 0.00 22.15 16.6\ 1 \ .07 5.SlI 0.00 

ARMI NRM 

... .... :1' 
0 . + . - 0 ;: 
In 

a: 
ID 

0 III 

~ 
I-

a:l 
~n 

a: 
0 

N .... 0 
C\.I 

_I f' .-. 
::f' 

...J c 
0 ~ 

III 
a: 

III (\J . 
d 

L 
0 ~ 0 on N ... a: +1 a:-: a: 

~ 
u 

lJ) 
(\J - 111 

lJ) .... Ln II IX) 

N - W N ('r) 
In 

0 

.... ...J CL ... 
(\J 0 

_I 
(/1 

1 
0 
0 0 

0 d 
ci 111I.ljl 308.5[; 205.70 102.85 0.00 301.07 225.BO 150.SIl 15.27 0.00 

RRM! NRM 



- 87 -

8 ~ 
a: 

N en 
.-

Ul .... a: 
0 

0 
5l Ie 

w 
cO 

Iii 
I-

~ a... 
lJ) w 

u 0 u 
8 (\J 0 

ib a: 
...: • en ~ 1'\ ::E. 0 

In a: a: +1 a: 
t-o: 

(\J lJ) ....... 
51 (\J 

Sf 
(\J II 

.,; ~ 
d 

0 W ... • ... ~ a... 
0 C\J 0 
II -1 

en ro L.. 0 

8 
0 

d 
d 62.00 'l6.S0 3\.00 15.50 0.00 19.68 59.15 39.Blj 111.92 C.OO 

RRM! NRM 

en 
en III 
0 en + IS 0 

::I' 
In 

a: to 

!fI 
10 t-
III 

-do 
a: 

0 

l\j '" Cl 

-1 Lf) 

;:j' 0 
g 

-1 
:2' 0 0: 
-do (\J · '" ::E: 
0 ::E. 0 CD N ... a: a: +1 a: I-

0: 
C\J If) ...... 

N 
(\J 

N 
C\J II N 

II'! 0 W N ~ ... 0 

01 
-l CL ... 
C\J 0 

.-J 
en 

0 

8 0 

d ci 'lOB.8B 306.65 20'l.1l1l 102.22 0.00 356.06 27'l.56 1 83.0'l 91.52 0.00 ARMl 
NRM 



- 88 -

\ 

,... 1"\ 

a: co U1 

I- m ei 
a: 
0 

0 IQ g 
W ::J' '" I- :3' ~ 

a.. to W 
U 0 
U ~ (\j 

0 ~ 
a: en • en ~ 

N L 0 N a: +1 a: 
C!: I-

m C\.J 
If) - Sl (f) M 

C\J II :::tt 
co 

0 W ::t' "" ... . ... 
....J D- o 
('\J 0 

II ....J 
U1 CD 

8 0 
0 

c:i d 
59.61 "".'5 29.BIJ 311.92 0.00 59.53 1l3.90 29.21 1".63 0.00 

ARMl NRM 

m tg 10 
cD + + Id 
~ III 

a: iii ID 
;J' 

t- Id . 
" a: ffl ;: 

0 
lD 

-1 0 + 
....i ~ 

(\J 
0 ~ 

a: do . cD 
U) L 0 IV ~ 1"\ a: a: 

a: +1 I-m (\J 
If) ,... 10 - (f) -(\J N :::tt en 
0 CD '" ... ... 
....J 
C\J ,.. 

8 8 
d d 

126.69 51l5.S1 '36".3" 162.\1 O.on S55.63 IIn.~B 278.32 139. \6 0.00 

ARMl NRM 



- 89 

~ 1"\ 
a: .... t-

~ 
cD 

oi ,.. ,.. a: 
0 

Cl 
F2 v.l 

w 
cD 

m 
t-

III 0-

lD W 
U 

0 U 
1"1 0 ,.. .. ru 

III 
a: 

• 
oi 

en L 0 :2: II) 

a: II) 

a: a: +1 
I-

U 
CD LO ..... 

r;; IT) 
CO 

(\J II 
(l") .... 0 w en 

oi - .... .....J 0-
0 ru 0 

-1 II U1 CD 
8 

8 ci 
ci 16.21 58.10 39.13 19.51 0.00 19.13 59.35 39.51 19.18 0.00 

ARMl NRM 

(!I 

III CD 
10 iii + oi ill -I.Q 

a: 
~ 

~ 
t- . - =>' 
cr. .... .., 0 Ul 

::I' 

-l (0 + 
0 -1 III 
0 S 01 cr. ,.: ru • en 0 ~ 0 0 ::E ::I' a:: II) a: +1 U a: 

I-lO ..... 
ti en 

Sf 
ru II IT) 0 W n (Y) .... 0 .. , .....J 0- N .... ru 0 

-1 

'SS en 

CI 
0 ci 
ci 615.89 611.92 "01.95 203.91 0.00 619.66 "611.15 '30~,83 15",92 0.00 

ARMl NRM 



t 

-90-

'. 

a: 
+- gJ 

F: ¥l en 
.-

,.,. a:. 
+ Cl 

0 
m I\J lJJ 

If! .- te r, 0... + 
lJJ en U 0 U 

~ rue: t.1 a: 
,.: La 

lG :c .. 
a: +1 a: a: t-

..... 
CD I - ..... ,... ..... II 

8 (\J ... 
tV 

0 W 
oi • -I CL 

a ~ 0 
.:.J .11 (J) ro 

8 
d 

d '5.9:) ~6.99 n.93 B.oo 0.00 IIa.10 35.S2 2'1.!S 22.17 0.00 
AAMl NRM 

~ a + · +- ,..: ~ =" 
::1' 

+ a: m 
+ ~ 

t- · vi 
a: ;; 

M 
., 0 

en 
+ 0) -1 

0 • I\J 

.J 
f1l ru a 

In 
a: · • + ld ~ :;.:: a 

IV ~ a: +1 + a:. a: 
t-

..... 
CD + 

I - fa to ..... 
r-

..... · C\J . 0 
~ -I .. .. :;: 

g ... 
" d 
d ~.'8 ~I.S!J ~.39 121.ro 0.00 "11'.03 335.21 223.52 lll. i6 0.00 

RAMI NAM 



- 91-

a: IX! 

R! "! .-
Rl ~ a: 

0 

Cl ... 
en 

W r- ... t- .,; 
~ ... 0.. 

W 
1"-U 
0 U 

;!: 0 
N (\J ... a: 

...: . 
en :5':' .... :£ 0 ... a: a: +1 a: 

t-
....... 

,...... I ,...... 
0 C\.l II 

Iii 10 ru c 
0 W 

III • oi 
I 0.. 

0 3: .0 
-' \I U1 en 1-. ." 

." C 
C cl 
d 22.28 16.11 11.111 5.51 0.00 36.2Lj 21.18 18.12 9.06 0.00 

ARMl NRM 

r-
m ... 

+ . 
+ r-: -... ... Ul 

III 

+ 
+ a: 

~ C!) 
;I' 

t-
eD 

eD 
c:. 

II"l 

+ In + "" In 
CJ 

-' 1"-
+ a -' + IX! 

0 m III a: 
ui (\J • eD 

~ 
+ c:> :£ 0 to I 

crt a: a:. a: +1 
t-

....... 
I 

f'.1 
,...... 

0 a 
~, 

(\J 

ru (\J oi 
a 

In 
(U ... ... 1 

3: 

c:> 
0 c:> 

t:J cl 
c 611.1"1 ~5B.3B 305.56 152.'79 0.00 511.99 388.49 256.99 129.50 0.00 

ARMl NRM 



W-02-2 ALL DATA 
.&: 

~ k rSLOPE=l 

~ 

w 
(I) 

!2' 
1= 

Of 
:n 
:D_ 
3 S 
-:.,. 

1.11 

? 
8 

&: 
,c 
t.n 
N 
" 

\.OJ w 
1.11 
Co 
t.n 

~ 
N 

en 
01= 

:z 
:D 3: _ 

i." 
N 

? 

0.00 

8 
0.00 

107.13 21'1.25 SCI.38 IIZS.51 

RRf"12 
B= o. 202 ±0.007 

+ 

111.32 222.611 333.SS 11'15.27 

TAM 

".J 
!'l 
GI 
m 

N 
~ 
.I:: 

... 
~ 

:n 
:D" 3& 
- -.I 

? 
8 

D.DD 

~ 

w 

rn 
lB 

... .... 
o en 

:z 
:D m 
3", ... 

? 
8 

O.Oll 

W-02-2 ACCEPTED DATA 

SLOPE=1 

L __ ,~ 
7.'17 lUN 22.111 29.e8 

ARM2 
B= o. 202 ± a . 007 

9.53 17.06 25.59 "'.13 

TRM 

~. 

'" :N 
J 



- 93-

a: i; 
~ . r;; on 

I-
a: 
CJ , . 

0 
COl 

I\J 
CD 

W "! 
..; l- re 
N a.. 

::1f 
w 
(J 

0 (J 
I\J 0 en ... (\j co 

a: 
cD • ,.: L L (:) -- a: a: a: +1 

t-- C) I - to (1') II 
ID 

:1" #' .-4 
OJ 

0 W 
en • cD 

I a.. 
(:) 3: 0 

--' II en 
OJ I 

B I 
8 d 
d '7.8~ 28.!l8 18.92 9.1l6 0.00 35.15 26.82 17.ea B.911 O.CO 

ARM! NRM 

18 lB . * ~ + ID 
#' G!j 

+ + a: 
8 U1 ... t-

t 

d a: 
+ ~ ;: Cl 

..J ::1f 
0 

'" 
...J 

~ (:) ,. a: + vi (\j 
rJ -1 • 
~ N L a IV a: + a: +1 a: t-- + (:) I ..... 

~ 
(1') II to to 

III 
t 0 W 

t; - '" -, a.. -::.: 0 
...J 
en 

0 8 c 
d ci 1&30.66 323.00 215.33 101.57 0.00 5116.65 IlI0.1S 273."3 196.72 0.00 

ARMI NAM 



- 94-

- g 
0: c . 
t- '" ::t' 

III VI 
0: 
0 

Cl 10 0 

W r- 11'1 

t- en 0 
'" II' 

0-
W =tt 
U 0 
U - C\J 

0 8 0: III • ~ 1.0 :E 0 ~ N a: a: 
a: +1 t-o: en 

1 .- III 0 0 a: II ~ If) III 

en w ..... ... ... . ... 
0 CL 0 ...... 0 

-' 1\ 
en en 
1 g I ." 

0 
d d 

53.01 ::9.'6 26.51 13.25 0.00 SIt.OO I&O.!lO 27.00 13.50 0.00 

ARMl NRM 

=I' 0 
111 "! III :J" • ... ... ... 

+ 
0: :;: Rl t- - ~ a: - 0 

Cl 
... ... 

=tt 
-' 0 
-' ~ 0 ~ 0: (\j . N F: ti· O ~ r- a: u: +I t-o: en I ...... 
a: \I :J' 0 S ... 

If) ~ (I) w ...: 
0 CL '" In 

...... 0 
-' en 

8 8 
d d 

J~8.SI4 J\ 1.111 "1~.27 :n.JI4 0.00 JIjIl.'30 JOIl.22 72.15 35.07 0.00 

ARt11 NRM 



- 95 -

VI n 
cr: n ~ en ... 
t- cr> ZI' 

a:. 
0 

C) ... B w ..., . en ;) t- N 

a.. (D W 
U 0 
U ,.. 0 \0 

00 C\.I .... 
a: en . 0 ~ L 0 N ... a:. II: 

cr. +I t-
eo 0 

I - If) C"I a: II i) .... =r 0 (1) W oj . ... 
0 a.. 0 - 0 

1\ -' en en 
8 I 

.., 
U 

ci ri 
39.'S 2~.St 39.S7 g.81! 0.00 111.33 31.0li 20.66 30.33 0.00 

RRMi NHM 

IV CD 
:J' :J' 
ol + ~ 
'" ... ... 

a: ~ 10 
t- + CD 

cr: en IS 01 
Cl 

to 
-' 0 
-' - ruC! ~ cr: ~ 

"" La ,.: ~ \D 

a: "f-! 
VI cc 

co a: t-

I - a - If) IV a: II ... =r II> 

(f) W N to 
0 a.. C"I N - 0 

-' en 
8 g 
0 d 

128.142 95.'2 611.21 32.11 0.00 Wl.1I6 65.86 S7.21! 2a.62 0.00 

RRMi NRM 



- 96 

~ If' 
a: 

+ "'; t-

'" ,.. :!1' a: 
0 ... 
0 ... 

CI:) W :z' 

"! N ..... 
t-

'" '" 
a.. 

lJ') w 
u 0 U 

IV 0 
N '" C\J ,.. 0:. · . 

:L iii L- 0 .... 
N a: +1 ([ cr: 

t-
o -1 ..- - - \0 
a: 1\ 

II:> 
If) CD d . ('1) W -... • -0 a.. 
0 ..- 0 

-.J 1\ en 
OJ 

8 
8 d 
d 113.~ lZ,"3 2\.62 10 8\ 0.00 "7.113 3S.Sa 23.'2 11.S6 0.00 

RRMl NAM 

IV 
\0 ::t' 
iii ~ 
i. ,.. ... ... 

a: + ... 
N CD 
en 

I-
.; 

vl 
0:. .... 

"" 
Cl ... + ... 
-1 lJ) 
-.J 0 - C\J 

0 co 
cr: 

N · "! 8i ~ 0 ,.. 
~ en a: +1 a: + a: 
I-

0 
--' 1 ..-

a:. 1\ 0 - ::t' 
.., 

If) ~ 
('1) w :::. 

/t> 0 a.. ::r 
::r ..- 0 

...J 
en 

0 
g 0 

d 
ci 1'8.142 1~3.81 89.21 "~.60 0.00 1911.56 HS.92 97.28 "B.6~ 0.00 

ARMl NRM 



S2-1R. ALL DATA 
?' 
~ rSLOPE=l 

~ I /+ 
1= 

IV 

'" 

:n 
:0 '" 3, ....... = 

? 
8 

0.00 2.11 11.22 6.32 B.'13 

ARM2 
!" 
cf rS=O.S43 ±O.O21 / 
~ 
N 
~ 

.&: 

Co 
U1 

z 
:0 N 3, 

.&: 

'" 

? 
8 

I 

I 

0.00 

/ 

• r 

/ 

2.'lZ 'l.es 7.21 9.7Q 

TRM 

S2-1A. ACCEPTED DATA 

CII 

:; rSLOPE=1 

!" 
w 
'" 

1= 

'" '" + 
:n 
:0", 
3 =-....... -

? 
8 

0.00 2. JJ 'l.22 6.32 B.Il3 

ARM2 
!" 
cf rB=O.543 ±O.O21 

ft 

~ 
~ ... 

.&: 

Co 
U1 

:z 
:::n 
3 !" ,.. 

'" 

p 
8 

0.10 

• 

2.I(Z 'I.as 7.27 9.70 

TRM 

I 

\ 

\.0 
--.J 

I 

- -~ ~-----~.:= 



- 98 -

a:. en CD 
1"1 + -~ N N cr. 

0 

Cl 
1"'1 W 2 \0 

~ .. .... 
0.... 
W en 
U 0 
U ..-4 

0 ('\J en a:. N . 0 

I ... :2: 0 ... ::E 
a:. a: 
a:. +1 

~ 
• C\.J 

CO - ::r 
..-4 1\ 0 

U1 
... , W \0 III 

0 • 0 
('\J CL 0 en 0 

....J 1\ 
en CD 

0 B 0 
0 0 

2.39 1. eo 1.20 0.60 0.00 2.16 1.63 1.09 0.511 0.00 

RRMi NRM 

'" en 
1"1 + ... 
N N 

a:. 
~ 0 1"1 

a: Q \0 

Cl 
... .. 

....J 
en 
0 

....J ..-4 a: 0 ('\J . '" N 0 ... :2: 0 .. ::£ 
a: +1 a: 
a: t-

• ('\J 
CD -..-4 II 0 ::r .,. 

I W \0 U1 III 

0 d 
('\J CL 
U1 0 

....J 
en 

0 0 
0 0 

0 0 
2.39 LBO 1.20 0.60 0.00 2.16 1.63 1.09 0.511 0.00 

RRMi NRM 



- 99 -

, 
:\ 

CIO 
,... I 

a: r- VI 

..- .... <0 
N N a: i 

0 
1 Cl (I) 

W ~ r- \ 
,..: m 

t- .. .. 
0.. 
W f' 
U 0 
U 01 

C\J 
0 ~ a:. on . - L 0 VI ~ ... a: 

... a: 
a: +1 .-

Cl l/) 
I - C\J - 1\ ::r 

If) '" 1 W OJ VI 

C\.J CL vi • ID 
CJ) 0 0 

-.l \I 
CJ) CD 

8 8 
d d 

21.18 n.83 11.89 5.9\1 0.00 26.37 19.18 n.19 6.59 0.00 

ARMl f'!RM 

CD ~ r-

"" <0 
N N 

do 

+ 
a: VI (I) 
t- CD r-
a:. ,.: en 
Cl 

... ... 
f' 

--1 0 
--1 il C\J~ ~ a:. . . 

:L - LO "" ... ... a: a:: +1 
Cl a:. t-

I -- 1\ ::r '" 1 W 01 VI 

C\J c.... vi w 
(J) 0 

.....J 
en 

0 g 0 

d d 
23.18 17.83 11.69 5.9Q 0.00 2S.!1 19.1a 1:!.19 6.59 0.00 

ARMl NRM 



I 
- 100.-

\ 

~ 6'l 
a: ~ ~ , r a: ... 
0 

0 
CD 

\0 10 

W N u:i 
gj t"-r ... 

Cl.. 
w en 
u 0 N 
U ,... 

(\J~ 01 

a: ... 
~ cO :La ~ 

II) .... 
a: +1 a: 
cr: r 

a: to 
I - ~ (T) 10 r to en 

Cl.. ~ .0 
• 11'1 

1 a lJ) 
II 

CD 
g I:) 

0 

d d 
132.35 SJ.26 65.1"; 33.09 0.00 23S.811 176.66 111.92 S8.~6 0.00 

RRMl NRM 

VI :1' aq 
~ !8 .... 

a: CD 
\0 (D r N cO a: en t"-

O 
01 .... 

--l 
N --l ,.... 

(\J 
01 a: ... • ~ cO L 0 III a: +1 a: 

a: a: l-
I 

~ \0 .- 01 

n... M .0 
1 tn 11'1 

lJ) 

I:) I:) 

0 0 

d d 
132.35 99.25 66:n 33.09 0.00 23S.Bll 176.86 117.92 58.95 0.00 

RRMl NRM 



- 101 -

\ 

\0 10 
III 

a:. 
CD 

~ 
I- + 

It) 

.' 
m ... a: 

C> 

CJ 
10 (0 W ... . 12 0 

I-
n.. ... w 

::t4 U 
U 0 

:J' 0 
ro 

a: :7 (\J ,.. ..; 
~ Gi =z-: ::f' 0 a: +1 a:: a: m 

I-a 1 
~ ...... 

m 
t-

CD a.. ...: 
..; N 

'" 
I 

0 If) 

II 
en 

0 

8 
0 
d 

d 6S.BB 65.J6 'l3.q'l 21.12 0.00 135.55 101.61 67.18 33.69 0.00 ARMI NRM 

\0 

~ 
1"\ 

S N 
"" 

... ... 
a: 

N 
tQ 

t-
III 

iii 
a: .,; 

0 
a CD ... 
-.J ::t4 

0 -1 
10 0 

\0 
a:. 

"! . ru 
roo .... L: 0 ;::: L III a: 

+1 a: co a: 
t-I ...... 

0 t- Il ::I' ...... 
III CD 

C.D "! 
a.. lJ.J ..n 

~ 
I a.. N Lf) 0 

-1 
U1 

0 
0 0 
0 d 
d 101.35 BO.52 53.68 26.6'1 0.00 n2.33 lOG.1S 71.16 35.58 0.00 

RAMI NRM 



- 102-

\ 

~ III 
111 

a: + rj 
~ 

J- ... a: 
0 . ' 
CJ 

m r;l w 
cO ~ 

J- .... ... Cl-

~ 
W 
U 

0 u 
Ilo/ ru 0 

~ 
a: . · cO L - L 0 III 

CD a: +1 a: a: 
1--

u 
0 I - U) 0) 

::I' 
t- Il 

ID ... 0.... W 
III lJ) 

~ N · ~ 

1 0.... 
0 l/) 0 

--.J 
11 en 

CD 
0 1 ... 0 0 

0 d 
d 202.65 ?S.99 Sl.S2 2S.ES 0.00 DB.S6 132.1~3 66.29 1l'l.1~ o.re ARMI NRM 

~ 
fa + al ,.: N ... ... 
N 

a: 
+ IV 

If) 

N 
t-

N 

n 
. + a: 

ID 

to 
Cl C1I ... 

=:tt + ..J 
0 ..J 
0 ... 10 

(\J ID 
a: ... · Pi 1 ,,: 

~ 0 0 L 10 a: ... a: a: +1 
J-

U 
0 1 ...... 

l- II co .. 0) ... CI 
lJ) ... a.. w 

"j 

f}i 
1 (1- I'l I.n 0 

--.J 
U1 

." 
0 c:> 

0 d 
d 128.33 95.25 6'1.16 32.08 0.00 21'1.63 163.22 10B.81 SlI.Ql 0.00 ARMI NRM 



rlRMA1A ALL DATA 
C!I ... 
~ rSLOPE=l -

~ ~ / 
+ 

+ 

n ~,t /+ 
:DN ~ :3: N 
.,...a;'" 

'-' 

LL' p , 
0 
0 

-"" to 
~ 
to 

N 
U -= 

...J 

"" :z; 

::z 
:D 
3~ 

-= 1.11 

? 

0.00 

9 
0.00 

22.35 1111.'1 67.06 89.111 

ARM2 
B= 1.026 ±9'.027 

37.115 71I.e3 11Z.:ri lq~.79 

TAM 

HAMA1A ACCEPTED DATA 
.# 
tit 

2 rSLOPE=l 

\.I) 
I '"" U 

~ 

N 

'" CD 
l'l 

:D 
:D_ 
3:-
.,...a .I: 

UI 

p 
8 

0.00 11.115 22.89 

AAM2 
OJ 
U) 

izl r B= 1 • 026 ± a. 027 

~ ... 
UI 

&: 
.c: . 
t3 

::z 
:DN 
3~ 

.I: 
1.11 

p 
o o 

0.00 CZ.IIS ~1I.90 

TAM 

/+ 

3Q.:;tj 115.78 

67.35 99.13 

, 

\, 

t-' 
o· 
VI 

-



HAMAtB RLL DATA HAMA1B ACCEPTED DATA 
~ 

'" '" ... 
~ rSLOPE=l ~ rSLOPE=l 

~ ~ /.~ g ~ / \.If 

'" ~ 

'" :.. '" tI> 

:n :n 
:D ... :0 .. 3 ... 3: U'I -:.. ..... ~ - ID 

? ? 
0 g 
0 

0.00 18.'1 35.22 511.32 7VI3 O.UO 15.88 31. "75 Il7.63 53.51 .. .. AAM2 ... ARM2 .... ..... 00.1 

B= 1. 37,±'J o+OS9 ~ rB= 1.31y±Oo059 
Co 
.s;; 

" .. 
!B 0 

"" .... \..J m ClI 

g: en en 
to N N .&; 

Z Z 
:0.., :D .... 
3; -:: 3:!", 

.&: .... 0> I\) 

I 

? ? 
9 g 

O.Co 311.'15 58.92 103.36 13"7.8~ 0.00 33.12 55.~ 99.35 13z.t19 

b 
+-

TRM lRM 
-->-'--"~ ----



:ro ex: ::r r- + -... a: 
0 

C) 
W co 

III r-
&D (l. 

W 
U 
U 
a: ~ 

vi 

U ..... -a: II 
10 
Q;) ~ W 

a: 0- N 
X 0 

-1 
U1 
I 

8 
d 

11.1j~ 8.56 5.72 2.85 0.00 

AAMI 

:1' ::r + ..: ... 
ex: 
t-

eo a: III 
0 &D 

..J 
-1 
a: 

~ 
vi. 

u ..... -a: II 
10 :E: W Q;) a: (l- eV :r: 0 

-.J 
CJ1 

8 
ci 11.114 6.50 s.n 2.85 0.00 

AAMI 

I 

('\J 

0 
..-t 

C\.J • 
~ 0 a: 
a: 

26.~9 19.9lj 13.30 6.55 

NAM 

('\J 

0 ..... 
C\J • L a a: 
a: 

25.59 19.94 13.30 6.65 

NRM 

- 105 -

01 o.n 
10 
N 

::J' a 
en ... 

0 
(rI 

(rI ~ ... a: 
t-

\f) 

10 
u:i 

<:> 
0 
d 

0.00 

01 
\f) 

IE3 

.". 
0> 

en ... 

0 

"" .,.; ~ 
~ L. a: 

I-

\f) 

10 
u:i 

'" 0 
c:i 

0.00 

r 
I 
I 



HAMA1D ALL DATA HAMA1D ACCEPTED DATA 

--.... ... 

: rSLOPE=l 
~ rSLOPE=l 

/ -..: 
..: -:.., 

0 I / / 
U) I / 

!D ~ 
N 

01 / ... + 
z= 
..J' 

:0 
::D /+ :D& 

:D& 

~ '" 
3:' 

_N 
-g 

w fiT 
p 

!=' 1£ 0 
9 

0 

0.00 115.23 S2.117 ]38.70 181l.S·' 0.00 11.80 9.61 11:1.111 19.21 

ARM2 .t= 
ARM2 

CD 
\ 

-UI rS= o. 976 ±~O46+ :oJ !8 ..., 
\0 

u) 

'" ... L / -011 
w 
0 

2 

~ 
..J 
CD '" 0 
m 
IQ 

::z 
::z 
:D w 

:D ... 

3: ~ 
3:!" ... 

0 

!::l 

!=' 
P v 

0 
0 

0 

0 

0.00 39.35 78.SS 118.011 157.39 0.00 12.10 2IJ.ZO 35.30 118.39 
f-I' 
0 
Ci' 

TRM TAM 
-------



HAMR1E ALL DATA HAMAlE ACCEPTED DATA 

--... /+ 
0 

'" rSLOPE=l 
. rSLOPE=l 

en 
co 

'" 
c 

/ .., 
'" - L 0 ~ I\) 
:.. 
I\) 

:.: 
IQ 

IJ' 
0 

." 

'" co 
U1 ... w 

:n 
:n 
:Ow 

:0", 

3..: 
3: ... 

....... ~ 

....... :.. .., 
0> 

p 
0 
0 

0 

0 

CI 

0.00 3q.15 63.33 102.'19 136.66 0.00 25.'17 50.95 76.'12 101.90 

AAM2 - ARM2 ~ 

..: -0> + 
C1) B= O. 882 ±o. 15+ 

?I 

Co 
(II - f ~ 

0 

... ---= ? l- f ~ 

0 -. ... -0 

.., ... 
10 
w J: -J: 
0 

Z 
z 
:0 .&:: 

:Ow 

3: ~ 
3: ?I 

oJ 

.., 
C) 

0 

; 

~ ? V 
0 

0 

(, 
b 

c 
c 

0.00 '15.70 93.'10 no. 10 165.80 0.00 36.70 73.'11 110.11 1'15.81 
--.J 

TRM TAM 



- 108 -

" .'. 

~ III 
<0 

+ N m 
N N 

a: + 
t- ~ Ie 
a: .., N 
a ... N 

..J 
-1 8 :!' a: (\J . 0:> - L 0 :to L ... .... a: +1 a: 
a: a: t-

I en - .., If) 
'" a: VI ill ::1' 

co vi ,..: 

::J" 

0 8 0 

ci ci 
~.13 16.60 1 \,C5 - 5.5'3 0.00 29.68 22.26 n. B4 7."2 0.00 

ARl"'1 NRM 



- l09 ~ 

CI 1"'1 a: 0\ ... 
I- eD ~ ... a: + 
0 

Cl 
ii!! 

c 
w ... 
I- ... eD ... ... 
a.. 
w 
u 
u (\J 

,... 
~ D a: . N oj L 0 .... L 

a: +1 a: 
0: t-

O) (J) 
I 0 - IQ (' a a: .;. Id co 

:t' 

f'" 8 0 

ci d 
18.99 111.24 9.50 1l.15 0.00 ~.13 18.10 12.07 t.03 0.00 

ARMl NRM 

('! 1"'1 
en ... 

1 CD :do 
+ ... N 

a: I R: + c 
t- .... 
a: ,;. + eD 
Cl 

... ... 
--1 
.....J ,... 
a: fi{ (\J D 

• 1 N 
oj L 0 .... ~ 

a: +1 a: 
CD a: l-

I m - IQ 
0 "" a: (' c 

OJ ,;. • Iti 

:t' 

8 
0 c 

ci ci 
18.99 n.211 9.50 1l."1S 0.00 2'1.13 lB.l0 12.07 6.03 0.00 

ARMl NRM 



- llO \1 

.', 

~ 
r-

a: .. 
I- cri cD .. .. 
a: 
0 

Cl 10 1"1 

W '" + CO 

I-
0 1"1 - + -0-

W 
U 
U 

Sf C\J at a: • c 
~ u) L 0 oj 

a: +1 a: 
a: t-

W 0) 
I - ::r - II co :<I' 

a: W 
:J' I' III 

cri . d-
O) 0.. 0 
::t' 0 

..J II 
(f) CD 
1- B I 1 - g 

ci ci 
n.el! 10.36 6.92 '3.1l6 0.00 le.n 13.63 9.09 'l.SII 0.00 

ARMl NRM 

::J' t: CD 

cri CD .. .. 
a: II) 1"1 
I- 1"1 + co 

a: 0 cri 
Cl 

.. + .. 
..J 
..J 

C\J a: Sf • ~ 
u) L 0 oj L a: +1 a: 

u a: t-
O) 

I ~ - '" 
=r 

a: :1' I' II) 

0) 
cri d-

::r 

8 8 
ci ci 

n.el! 10.36 6.92 '3.'l6 0.00 16.n 13.63 9.09 'l.SII 0.00 

ARMl NRM 



, " \.. I • 

- lll-

APPENDIX 3 CALCULATION OF 'VIRTUAL- DIPOLE HOHENTS' /~ !-

If we assume that the earth's magnetic field can be represented 
~ 

by a centred magnetic dipole, measurements of the direction and 

magnitude of the magnetic field at the surface of the earth define 

both the magnitude on the orientation of the assumed magnetic dipole. 

The magnitude of the assumed dipole is referred to as the 'virtual 
I 

dipole moment' (V.D.M., Smith 1967) and the orientation of the 

dipole is often defined by the co-ordinates of the south magnetic 

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 

M = B r3 
llo 

. 1 

(1 + 3 sin2L)-'2 

where llo = 10-
7, B = magnetic field in Tesla and r = ~3710 km. 

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

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

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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Summary 

A new method for determining the magnitude of the palaeomagnetic field 
(palaeoficld), B, has been developed and applied to five historic lavas and 
five archaeological samples. 

The palaeo field was determined for four lavas. The fifth gave no result. 
The pJ.laeofield 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 palaeofield, 0*, has been developed. The 
method has been tested on five recent lavas, that had been extruded in the known 
geomagnetic field, and on five archaeomagnetic samplcs of known age. The palaeo
field is usually determined by comparing the natural remanent magnetization (NRl\t) 
with a laboratory thermoremanent magnetization (TIlf..,) (Thellier & Thellier 1959), 
produced in a known field (Blab)' The palaeofield (B.nc)' is given by equation (1), 
which is valid for small constant magnetic fields of up to 10-" T (Nagata 1943). 

TRM _ Blab • (1) 
NRM Bono 

Usually the TRM does not have the same coercive force spt'r.trum as the NRM. 
because of changes that occur during the laboratory heating of the sample when 
prodllting the TRM. Therefore the direct comparison of the NRM and the TRM 
(equation (I» 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 
palaeofield. Empirically, this always lies in the high coercive force region and is 
therefore not likely to be affected 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 or the seomagnetic field be expressed in 
terms of D. IT - 1<J4 O. 
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FIG. 1. A graph of ARM(2) (given after heating) against ARM(l) (siven before 
heating) for a typical case (ETNA, E-U). The line has gradient - 1·0. The 
points marked R (rejected) do not fall on the line becau;e they represent the 

altered tellion 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 a 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 applied constant 
magnetic field and the ratio of TRM to ARM varies between samples of the same 
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marked R in Fig. 1 and are therefore not used to determine B.... A further two 
points were rejected at this stage leaving tho data in the inset for I palaeofield 

calculation, quoted in column A. Table 1. 
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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 demagr,et;zation 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 Tdemagnetiza
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), on the reasonable 
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 T 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 palaeofield are determined in the following 
way. 

J. 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 (0'1.3 n. The same demagnetizing 
intervals are .used in all later demagnetizations of the same specimen. 

2. The sample is then given an ARM (called ARM(!) in the maximum peak 
alternating field used in i. The ARM(I) 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 
O·SOx 10-4 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(l), TRM, 
ARM(2). 

S. A plot of ARM(2) against ARM(l) (Fig. I), using the af demagnetizing field 
as a parameter, will give a straight line wit~l gradient ... 1,0 if the rock is unaltered 
after heating, since both ARM(I) and ARM(2) were given in the same constant 
magnetic field (O·SOx 10-4 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 9S 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 9S 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(I) 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 i~ 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 S. 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 t!le remaining 
points. This process is repeated until the remaining points fit the line within the 
9S per cent confidence levei of a chi-squared distribution (inset of Fig. 2). 

Equation (I) 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 palaeofield. 

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 thr.:e points are rejected at stage 6. The mean results deter
mined by rejecting points at this stage (Table I, column A) can be compared with 
results determined by not rejecting points at this stage (Table J, column B). When 
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Table 1 

The Hawaiian • known field' is the field measured at Honolulu (300 km away) as no 
measurements were taken on Hawaii Islalld. Column A is the mean deduced field lI'ith 
points rejected at stage 6. Column B is the me'an deduced field with no points rejected 

at stage 6. 

No. of Mean deduced field 
Lava specimens Known field A D 

1907 Hawaii 3 O·38xl0·· T O·31±O-03xl0··T 0-27±O-OJ x 10·· T 

1910 Etna 7 0-42x 10·· T 0-41tO-05 x 10·· T 0-39tO-05x 10·· T 

1926 Hawaii 3 0·37 x 10·· T 0-34±O-02x 10·· T 0-34±O-02x 10·· T 

1955 Hawaii 3 0·37 x 10·· T 0-42±0-02x 10·· T 0-40tO-02 x 10·· T 

1973 Heimaey 4 0·51 x 10·· T No acceptable data 

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

The • mean deduced fields' in column A are larger than those in column B. 
EmpiricaIIy, changes in the coercive force spectrum, due to heating, usually result 
in an increase in the magnitude of the TRM which, according to equation (I), pro
duces a low value for B.nc. 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. The~e 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 I). 

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 I) and the palaeoficld 
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 palaeofield was not d(.termined. 

The three Hawaiian lavas each gave internally consistent results. Tl-e maximum 
alteration occurred in the 1907 lava, which remained unaltered only above 9.08 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. It is therefore likely that the discrepancies in Table I, 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 palaeofield 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 palaeofieId which was closest to the known, 1910 magnetic field, probably 
because of the large number of samples used. The magnetic field at Etna is accurately 
known. 



Table 2 

The table contains the results from the fire archaeological samples discussed in this paper. lO3-A is a recent sample and is compared with the 
obserl'ed magl/etic field at the time of firing. Three other samples are directly compared with Weaver's results (Thellier's method). 

Comparisons ... 
Standard Standard 

Nwnbcror Date Bane deviation Bane deviation 
Sample Description specimens (years AD) 10-·T lo-·r 10-· T 10-· T Investigator 

10J-A Pottery 3 1965 0·49 0-03 0·485 Direct observations 

52-1 Brick 3 1900 0·53 0-01 0-49 0-09 Weaver (Thellier's method) 

5.PT Tile 3 1356 0·62 0-02 0·68 0-26 Weaver (Thellier's method) 

H-I Tile S 3SO 0'94 0-12 No acceptable result Weaver (Thellier's method) 

4S-AI Pottery 3 ISO 0·68 0-04 
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5. The results from five archaeological samples 

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

The !OJ-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 1 hellier's method 
to part of this brick. Although the mean values agree within the errors, the new 
palaeofield method reduced the error by a factor of 9. The 5 PT tile carne 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 
HI tile is from a fourth century grain drier at Hampstead Marshall (Berkshire). In 
this case the new palaeofield method produced a large error (12 per cent). 

Tho: HI tile was highly oxidized on the outside (red) and light trey on the inside. 
Experiments were carried out on a red only and a grey only sample. The red sample 
NRM was very hard (haematite) while the grey NRM was quite soft (magnetite). 
The red sample gave a value for B.ne of 1·21±O·lO and the grey a value of 
O'98±O'05 x 10-4 T. Both values are within the limits of the other three whole 
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sample values and are included among the fiv~ sam"l::s in Table .1. Weaver: applied 
Thellier's method to this tile but failed to obtal,n a.ny result fro~ It. I 

The 48-A I pottery specimen came from StIbbIngton (HuntIngdon). The pottery, 
was white throughout and the total NRM was considerably weaker than ~he other I 
four. This specimen gave an acceptable result although the error was faIrly large: 

I (6 per cent). , , 
To ensure that the derived results are correct It IS at least necessary to be sure that 

the NRM firing temperature exceeded the Curie temperature. X-ray diffraction 
patterns indicate that the clay minerals were in yarious stages of dehydration, from 
which It was possible to estimate that, in each case, the firing temperature was in, 
excess of 700 °C, well above the Curie temperature. : 

The English archaeomagnetic results determined by the new palaeofie1d method! 
compare very well (Fig. 3) with the nearest European results (TheUier & Thellier i 
1959). I 

Both 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 palaeofield 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 palaeo field mcthod, 
and one sample (H-I) gave no result at all. 

Empirically, only the high coercive force r.:gion of the coercive force spectrum is 
suitable for palaeofield 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 applicd to older rocks. 

The ncw palaeoficld 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 generali2.a
tions a bout 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 nev method ot determining the magnitude ot the palaeomagnetic 

field has been developed and tested on historic lavas and archaeomagnetic 

specimens (Shaw 1974). This new method which compares anhysteretic 
, 

remanent magnetisations given before and after heating to detect and 

isolate regions ot no thermal alteration, has now been applied to the 

well documented R, to N, transition ot Western Iceland which was first 

discovered by Einarsson (1957) and explored in detail by Sigurguirsson 

(1957), Brynjolfsson (1957) and later by Wilson et ale (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 R, to N, transition 

Basing the collection on previous knowledge ot the R, to N, transition 

I sampled six lava sequences in the Hvaltjordur dis~rlct just north ot 

Rekjavik in Western Iceland. 289 oriented cores were taken from ,8 lavas. 

Measurements of the directions ot magnetisation ot at least two cores from 

each lava revealed that '2 lavas trom tive sections contained the R, to N, 

transition. The directions ot magnetisation are represented as virtual 

geomagnetic poles (V.G.P'S. Cox and Doell, 19(0) in Fig.](a) (results trom 

this work) which agree very well with the results in Fig.l(b) (from Wilson 

et ai, 1972(a». It seems likely trom the number ot intermediate lavas 

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

for a considerable length ot time. 



The magnitude of the palaeofield 

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

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

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

the 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. 

4 demagnetised in high fields (0.08 to 0.14 T, IT • 10 Oer), and the 

specimens from 7 lavas underwent severe thermal alteration throughout 

the observable region of their coercive force spectra (0 to 0.14 T). The 

magnitude of the palaeofield was also determined from 2 lavas sampl~by 

Wilson et al. (1972(a» thus making a total of 23 determinations (Table 1). 

Each palaeofield 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 achi~ve these 23 results. 

Previous determinations' of the magnitude of the palaeofield for inter-

mediate palaeomagnetic pole positions heve indicated that it is much weaker 

than in the more usual 'normal' and 'reversed' states (Homoss, 19631 Prevot 

and Watkins, 19691 Lawley, 1969). Wilson et ale (1972(b» presented a 

statistical analysis of the dependance of virtual dipole m~3nts (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 presen-ain Fig.2(b) and listed in Table 1. 

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

1ig.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 aver~ge 



transition ot 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 respects 1-

1. They both agree that the intermediate V.D.H's can have large 

values. 

2. They both agree that the V.D.H's can tall to low values 

between the usual large 'normal' (or 'reversed') V.D.H' and 

the large intermediate V.D.H's. The smallest recorded V.D.H. 

is only 4 per cent ot the present value. 

A sharp increase of the V.D.H. will not be easily detected in ~g.2(a) 

because these V.D.H's are averaged over ,a colatitude intervals andlso the 

large intermediate values will be combined with smaller values to provide 

an average value. This probably explains the large 'spread' ot results 

associated with three ot Wilson~s intermediate V.D.H's (90 to 110
0

). 

Although only the R
J 

to N
J 

transition has been examined in detail, the 

statistical data ot Fig.2(a) a1ao support the possibility that the earth's 

magnetic tield 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 ot the V.G.P 

remains tixed tor large values at V.D.H., and that changes tram one state 

to another occur when the V.D.H. is small. 

When, during the R
J 

to N
J 

transition, the V.G.P. reached the geographic 

equator it remained in a tixed position and the V.D.H. increased smoothly 

to a maximum recorded value ot 9.7~.J x 1022 Am2 , which is larger than the 

present dipole moment at 8.0 x 1022 Am2• The V.D.H. then decreased 

smoothly in magn~tude betore the V.G.P. moved to the more usual 'normal' 

state. 



.~ 

Di~cu~~ion 

The evidence suggests that the geomagnetic field may have a third 

metastable state. This intermediate state obviou~ly 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 N4 to R, transition 

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 Am~rican transitions are the Steens 

Mountain transition (Watkins, 1965(a), (b), 19691 Goldstein, Larson and 

Strangway, 1969) and the Lousetown Creek transition (Heinricks, 1967). If 



these transitions also give similar results to the Icelandic R) and N) 

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

• 

Iceland~ ~ ~~ ~~ ~]u.t. ~-k<t:J.~ 
~,~ r~~~ (\..~ ~ ~W 
V-~ .luJI~cL, ~ ""'o--t, ~u "" ~ ,~ d 0-381"0"''1 
~ tf...t 4U.JNA.. ' -6' - - -0 
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I'agnetic field Standard deviation V.D.M. Standard deviation V.G.p. V.G.p. 

10-4 T 10-4 T 1022 Am2 1022 Ari tattitude longitude «95 
deg deg East deg 

o.m 0.066 13.6 1.2 - 63 306 4 
0 • .501 0.097 7.2 1.4 - 81 273 1 
0.497 0.222 7.2 3.2 - 81 278 3 
0.3D} 0.005 4.6 0.1 -75 284 4 
0.202 0.006 3.4 0.1 -21 131 2 
0.018 0.005 0.4 0.1 -12 117 '4 
0.255 0.0.53 2.9 1.0 - 13 122 2 
0.061 O.O~ 1.} 0 • .5 - 9 114 2 

~ 0.105 0.012 2.3 O.} - 4 114 4 
.... 0.075 0.009 1.7 0.2 - 3 110 5 t< 0.095 0.003 2.1 0.1 1 117 9 

0.083 0.019 1.8 0.4 1 107 4 
0.054 O.OO} . 1.} 0.1 .5 114 4 
0.062 0.002 1 • .5 0.1 6 108 2 
0.204 0.0c3 5.0 0.2 5 106 2 
0.246 0.00} 6.0 0.1 } 107 1 
0.;86 0.01} 9.7 0.3 8 107 2 
0.208 0.011 4.8 O.} -2 107 ,8 

«'I 0.099 0.015 2.3 0.4 2 112 9 
f 0.095 0.002 2.} 0.1 6 107 1 

0.076 0.012 1.5 0.2 5 3.59 12 
0.175 0.005 2.3 0.1 n 339 3 
OS!;7 o.on 8.1 1.1 65 72 2 

.. 
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Fig.l 

Fig.2 

Figure Captions 

(a) The transition zone between R, and N,. BlaCk symbols 

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

21 2 
numbers indicate the V.D.M. x 10 Am. 

(b) The transition zone between R, and N, reprinted from 

Wilson et ale (1972(a». 

ta) A graph of statistically estimated V.D.M's against 

colatitude; reprinted trom Wilson et ale (1972(b». The 

dipole moments are averaged over 5° of colatitude. The error 

shown is the error of the mean. 

(b) A graph ot V.D.M. against colatitude tor the R, to N, 
transition zone. The error shown is the standard deviation. 

In most cases it i. amaller than the black circles. Arrows 

indicate the time progression and show that the large inter-

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

Table 1 The time sequence ot the variation of the geomagnetic field 

intensity and the calculated V.D.M' •• 
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