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ABSTRACT 

An attempt was made to produce a detailed archaeointensity 
curve using well-dated samples of Neolithic and Bronze Age pottery 
and kiln wall material from Greece and Crete. 	However, 
conventional archaeointensity methods proved unsuitable, mainly 
because of alteration of samples during laboratory refiring. A 
more widely applicable archaeointensity method, which corrected 
for the effects of alteration during laboratory refiring by 
monitoring the changes in TRM coercivity on refiring using an ARM 
has been developed. The theoretical and experimental validity of 
this A4 correction method are demonstrated. The limitations and 
the manner in which the ARM correction method overcomes the 
various sources of error is discussed. The method was not applied 
indiscriminately because of the possible effects of the presence 
of secondary components, poor firing and weathering in the sample. 
An attempt was made to eliminate the element of subjectivity often 
encountered in archaeointensity determinations and objective 
criteria for dividing the results into levels of reliability were 
developed. 

Application of the ARM correction method to Greek and Cretan 
samples produced an archaeointensity curve for the period 
5000-1500 B.C. The results from the site of Sitagroi in Northern 
Greece, are of special importance because the pottery samples were 
from a succession of levels, possibly representing continuous 
occupation and so the relative ages of the samples were well 
known. An archaeointensity curve was produced which was of 
comparable detail to the directional data obtained from lake 
sediments. 

The uses of the archaeointensity data were both archaeological 
and geophysical. 	Archaeologically the data was useful in 
delineating the times at which the site at Sitagroi was occupied. 
The archaeointensity data did not show good agreement with the 
previously postulated sinusoidal variation of the geomagnetic 
field intensity or with the supposed minimum of one half the 
present day field at 3500 B.C. Comparison of the archaeointensity 
curve with similar data from Bulgaria and Yugoslavia demonstrated 
that there are limitations to the use of this archaeointensity 
curve as a type curve for dating archaeomagnetic data from other 
sites. 

An attempt was made to assess the usefulness of various 
methods of obtaining a.rchaeointensities from lake sediments. 
Comparison of the curve from pottery with lake sediment data did 
not lead to any conclusive proof that it was possible to use lake 
sediments in this way. 



BACKGROUND 

1.1 INTRODUCTION 

Ascertaining the past behaviour of the geomagnetic field is of 

primary importance in assessing theories about the nature and 

production of that field. Of the three parameters describing the 

past behaviour of the geomagnetic field, the intensity is the most 

difficult to obtain. In contrast to directional information, 

intensity data is rather patchy,' especially from the Neolithic 

before 2000 B.C. For this reason it was decided to study the 

Neolithic and to attempt to produce an archaeointensity curve from 

one location for that period. 

Greece was chosen as the area of study for the following 

reasons: 

Because the area has been well studied archaeologically. 

A relatively small geographical area has sites covering a long 

time period. 

Lake sediment data is available for comparison with 

archaeointensity data. 

Part of the reason for the sparsity of data from the Neolithic 

is that during the early part of the period, the art of pottery 

manufacture was in its infancy. The pottery was coarsely made and 

probably fired in an open fire. The maximum temperature achieved 

was not as great as in a kiln and it is possible that some of the 

older material was not fired above its maximum Curie temperature. 

1 



In the past, such pottery has not been considered suitable for 

archaeointensity determination, as few materials gave reliable 

results. The combination of poor dating and unusuitable samples has 

discouraged archaeointensity work in the Neolithic. 

1.2 ARCHAEOINTENSITY METHODS 

All methods of determining the past intensity of the Earth's 

magnetic field rely on the assumption that the magnetization, (M) 

that the sample acquires in a magnetic field, (B) is proportional to 

that field. This is true at fields less than 100 /.LT (Nagata 1943). 

Assuming the above proportionality to hold, most archaeointensity 

methods attempt to reproduce the NRM in a known field and thus 

obtain the ancient field by the relation: 

B 
anc = 
	 B1, 
	

1.1 

where B 
anc 	 lab 

is the ancient field and B 	is the laboratory field. 

1.2.1 Criteria For An Ideal Archaeointensity Method 

Archaeointensity methods for use when the original remanence is 

a TRM, rely on the duplication of the NRM in the laboratory. The 

following criteria must be fulfilled: 

The NRM must be as it was when originally acquired. 

The TR}! must be acquired by the same minerals that acquired the 

NRM, and in the same manner. 



A reliable archaeointensity method should be able to detect and 

Possibly correct for any deviations from the above two criteria, and 

should be usable with as many different samples as possible. 

1.2.1.1 The Stability Of The NRM. - 

There are several reasons why the NRM may not have remained as 

it was when first acquired: 

Viscosity: Part or all of the remanence carried by the sample 

may not be stable over the length of time since the sample was 

last heated. 

Weathering; Some of the grains originally carrying the NRM may 

have been altered, reduced in size, or even removed by the 

action of groundwater after burial. The pottery may break up 

physically with the repeated diurnal heating and cooling cycles 

it experiences whilst near the surface. 

secondary magnetization; This could be a ThM or CRM. A 

secondary ThM could be produced if the pottery was refired 

accidently, or during normal domestic use such as cooking, or if 

the pottery was moved during the original cooling process. It 

may have acquired a CRM as new magnetic minerals grew through 

the superparainagnetic - single domain critical volume during 

refiring or weathering. 

Sample preparation; The magnetization of the sample may be 

affected if it is drilled or cut during preparation. 

A reliable achaeointensity method must be able to, at least, 

detect and possibly correct for these sources of error. 



1.2.1.2 Criteria For TRM Acquisition - 

The TRM must be acquired by minerals of the same magnetic 

properties and in a manner similar to that in which the original 

remanance was acquired. There are several reasons why the TRM and 

NRM may not be similar.- imilar: 

(1) Incomplete firing; It is possible that only a partial 

thermoremanence, (PTRM) was given during the original firing. 

Conversely, it is important that the laboratory TRM be given at a 

temperature above the highest Curie temperature of the sample. 

The magnetic minerals may be altered during the acquisition of 

the laboratory PPM if the atmosphere around the samples has an 

oxygen partial pressure which is different from that in which 

the samples were originally fired. 

Annealing; If,for some reason,magnetic minerals have defects 

they will be annealed during TRM acquisition and this will 

affect the magnetic properties of the samples. (Lowrie and 

Fuller 1969) 

Cooling rate; There is theoretical and experimental evidence, 

for single domain grains at least, that the acquisition of 

remanance is affected by the rate at which the samples are 

cooled, (Pulla.iah et al. 1975). Ideally the cooling rates of 

NRM and PPM should be as similar as is practicable. 

Anisotropy; Pottery is often anisotropic with respect to 

remanance acquisition. (Rogers et al. 1979). The TRM should be 

given in the same direction as the NRM or a correction applied 

for the anisotropy. 



1.2.1.3 Summary - 

In most cases it is not sufficient, merely, to compare the 

total magnitudes of the NRM and TRM to obtain an archaeointensity, 

because there may be viscous magnetizations or secondary components 

contaminating the NRM, or the specimen may have altered during the 

acquisition of TRM. It is usually necessary to progressively 

demagnetize the sample either thermally or using alternating fields, 

to attempt to find a range of unblocking temperatures or 

coercivities over which the NRM and TRM are neither contaminated by 

secondary components nor affected by alteration during refiring. 

The method selected for one type of sample measured in a given 

laboratory will not necessarily be an ideal method for different 

samples in other laboratories, the one ultimately selected must be 

as rapid as possible, reject the smallest number of samples and be 

able to detect and possibly correct for the sources of error rioted 

earlier. 

1.2.2 The Importance Of Improving Archaeointensity Methods. 

The major problem with archaeointensity methods is that if they 

are reliable methods (e.g. Thellier and Thellier 1959) then they 

are generally time consuming and data must frequently be rejected, 

but, if the method attempts a 'short cut' then there are greater 

sources of error and the results must be checked in some additional 

way to assess the reliability. What is required is a quicker method 

which does not reject such a large number of samples, the 

reliability of which can be assessed without any additional work. 



i .3 DATING OF THE SAMPLES 

Recent work (Shaw 1979) and (Walton 1979) has shown that rapid 

changes in the Earths magnetic field may perhaps be more important 

than was previously realised, if this is so, then accurate dating of 

the archaeointensity samples becomes very important if the results 

are to be used to supply any information about the short term 

behaviour of the geomagnetic field. 

Frequently the date assigned to all artefacts in an 

archaeological level is the age determined from one or two items in 

that level, either characteristic artefacts in the case of 

archaeological dating, or carbon samples in the case of radiocarbon 

dating. If either the archaeomagnetic samples or the dated 

artefacts have been wrongly assigned to a level, for example, 

because of subsequent disturbance of the site, then the production 

of an accurate archaeointensity curve will be severely hampered. 

Accepting an archaeointensity for a given age from a single sample 

is a dubious practice because not only could that one sample have 

been wrongly dated, but also the archaeointensity could be in error. 

The samples used in this work are very well dated in comparison 

with most of the archaeointensity results from the literature. The 

samples from Crete and Thessaly have been dated using 

thermoluminescence (T.L) so both age and archaeointensity were 

obtained from the same sample. The firing process resets both the 

T.L. 	and the TRM (thermo—reinanent magnetization) and thus this 

method of dating is not subject to errors caused by mixing of 

samples of different ages. The main drawback of T.L is that it is 

not as accurate as radiocarbon dating. 
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The other site from which samples were obtained was Sitagroi in 

Macedonia, and here the dating was by radiocarbon which would be 

subject to errors if mixing between archaeological levels had 

occurred. However, the site consisted of a succession of levels, 

possibly representing continuous occupation, and so the relative 

ages of the samples were well known. The 76 levels covering 4000 

years can provide a succession of archaeointensities which are 

comparable in detail with the directional data obtained from lake 

sediments. It is unusual to have such a collection of pottery from 

any archaeological period, but it is especially useful to have such 

material from the Neolithic where data are rather sparse. 

1.4 USES OF THE DATA. 

Analyses of geomagnetic field intensities (e.g Cox 1968) 

suggest that the Earth's magnetic field varies sinusoidally with a 

period of 8000-9000 years with a maximum and minimum at 1.5 and 0.5 

times the present field intensity. One important period which the 

results from Sitagroi cover is 3000-4000 years B.C., the period over 

which the geomagnetic field is believed to have been a minimum. 

There is a discrepancy between the results from Europe, (Bucha 1967) 

and Japan (Kitzawa 1970) for this period which the results from 

Greece may help to resolve. 

Archaeointensity data can perhaps also be used as an aid to 

archaeological dating where the age of the sample is already known 

reasonably well. 
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With a detailed archaeointensity curve of comparable detail to 

lake sediment data it is possible to assess the relative merits of 

methods of determining intensity from lake sediment data. Previous 

attempts at assessment of reliability of intensity from lake 

sediments have had to use archaeointensity data from a variety of 

locations which were not of well known relative ages. 



CHAPTER TWO 

2.1 INTRODUCTION 

Kiln material and pottery, spanning the period from 

6500-1500 B.C. as comprehensively as possible were collected 

from Neolithic and Bronze age settlements in Greece. The sites 

sampled were Middle and Late Minoan kilns from Crete, the 

Neolithic sites of Sesklo and Dimini in Thessaly and the 

Neolithic-Bronze age settlement of Sitagroi in Macedonia. The 

location of these sites is shown in figure 2.1 and their 

relative chronologies in table 2.1. 

Archaeological information about sites is necessary to 

archaeointensity work not only for dating the samples, but also 

for information about the level of ceramic technology achieved 

by a culture, how the pottery was fired, to what temperature,and 

in what gaseous environment? 

2.2 DATING METHODS 

For archaeointensity data to have any significance or to be 

compared with other data it is necessary that the samples be 

dated as accurately as possible. Three types of absolute dating 

have been relied on in the present work, (1) dating by direct 

archaeological correlations, (2) radiocarbon and (3) 

thermoluminescence (T.L.). 
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2.2.1 ARCHAEOLOGICAL METHODS 

If a culture kept written records and traded with 

contemporaneous cultures elsewhere, then it is frequently 

possible to cross-link these two cultures by use of 

characteristic artefacts. The use of this method is limited to 

historic times and is not applicable to pre-historic sites such 

as Sesklo, Dimini and Sitagroi. In the present work, therefore, 

the method is only usable for the major Minoan sites of Crete 

which had been correlated with the well-documented Egyptian 

culture. Under ideal conditions this method can be the most 

accurate of the three absolute dating methods, however, it has a 

major drawback for archaeointensity work in that there is always 

the possibility that any archaeointensity sample was not laid 

down contemporaneously with the characteristic artefact. It is 

obviously desirable, when selecting sherds for archaeointensity 

work, to choose pottery which is characteristic of its own 

level. 

2.2.2 Radiocarbon 

A description of the theory and techniques of radiocarbon 

dating has been given by Aitken (1974). All radiocarbon dates 

taken from the archaeological literature during the course of 

this work have been converted to calendar years using the 

smoothed calibration curve produced by Clarke (1975). The 

errors are calculated from both the standard error of the 

uncorrected data and the standard error of the smoothed 

calibration curve and are quoted, unless otherwise stated, at 
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the 95% confidence level. Where radiocarbon years are quoted 

they are those calculated using a value of 5568 years for the 

half life of carbon-14. Years H.P. are converted to years B.C. 

using the convention that the present date is 1950 A.D. 

The corrected radiocarbon age is a measure of the time that 

has elapsed since a plant or animal ceased assimalatirig 

atmospheric carbon-14. This age or a group of ages is used to 

date all other samples at that horizon in the archaeological 

deposit. Once again the problem of non-contemporaneous 

deposition arises, furthermore, it is quite likely that the 

production of the carbon sample was unrelated to the activity 

producing the pottery used in the archaeointensity 

determination. 

2.2.3 Thermoluminescence 

A description of the basic principles of thermoluminescence 

(T.L.) theory and techniques has been given by Aitken (1974). 

Under ideal conditions and ignoring possible systematic errors, 

the age measured by T.L. is the time which has elapsed since 

the sample was last heated above 500°C. T.L. has an obvious 

advantage over radiocarbon dating because it is possible to 

carry out both archaeointensity and T.L. measurements on the 

same samples, both techniques making use of the same firing 

event. It would thus appear that T.L. is an obvious choice of 

a dating method for archaeointensity samples. However, T.L. 

dating is normally less accurate than radiocarbon dating because 

it is subject to both random measurement errors and to 

13 



systematic errors arising from factors such as radon loss or 

variation in water content during burial. (Desai and Aitken 

1974). 

In the literature, it is customary when quoting T.L. 

results to state two error limits, both at the 68% confidence 

level, one which considers the random errors only and one taking 

into account both random and systematic errors (Aitken 1974). 

The T.L. results used in the present work are from Liritzis 

(1979), he quotes one error only and gives no indication of 

including any systematic errors in his results. Under all but 

exceptionly favourable circumstances the systematic error will 

probably be around 5% (Aitken 1980) and the average date for a 

group of contemporaneous samples is not likely to be in error by 

lss than 7% at the 68% confidence level. Where used, the 

results from Liritzis will be quoted with a 7% error. T.L. 

results are available from Crete, Sesklo, Dimini and for four 

samples from Sitagrol. 

2.3 THE SITES 

2.3.1 Sitagroi 

This site is a settlement mound (Tell) in the low-lying 

plain of Drama near Phillipoi. It was excavated in 1968-69. 

Ten metres of stratified deposits were found. These have been 

divided into five phases on the basis of pottery style; the 

characteristic pottery for each phase being:- 

Phase Vb - plain, unpainted pottery, one handled cups common. 

14 



Phase Va - unpainted pottery sometimes decorated with 

incisions. 

Phase IV - plain dark pottery. 

Phase III - graphite painted pottery. 

Phase II - painted wares. 

Phase I - dark faced pottery. 

This stratified section of pottery was important in 

bringing acceptance of the new Neolithic chronology based on 

radiocarbon dates in preference to the old, diffusionist 

chronology. Pottery at the base of the section was almost 

identical with that from the Balkan Copper age and pottery from 

the top three phases was similar to that from the Macedonian 

Early Bronze age and so the Balkan Copper age and the Macedonian 

Early Bronze age could not be contemporaneous as was supposed by 

diffusionist chronology. 

Twenty trenches were dug on the site, but only one trench, 

ZA covers the whole ten metres of deposits. Samples were taken 

from all but 7 of a total of the 76 levels of trench ZA. Three 

samples were also taken from trench ZB which was adjacent to and 

could be stratigraphically related to ZA. Samples from other 

trenches cannot be related to ZA by stratigraphical means but 

only on the basis of associated finds. The relationship between 

the phases and levels for trenches from which radiocarbon 

samples were taken is shown in Table 2.2. 
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TABLE 2.2 Relationship of Phases, trenches and levels at Sitaaroi 

Trench Phase I Phase II Phase III Phase IV Phase Va. Phase 'lb 

ZA 75-60 59-60 49-33 32-21 20-15 10-2 

+13-11 	414 

ZB 	 130-113 108-49 	41 - 5 

QO 	 --ALL- 

PO 

ALI

P0 	 ---ALL-- 

ROc 	 51-73 	50-41 	40-36 

+34 	+33-2 

ML 23-45 7-21 3-5+101 

MM 	 11-54 	2-9+10? 

From Renfrew (personal communication) 
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TABLE 2.3 Radiocarbon dates from Sitagroi. (Renfrew 19711 

17 

Dates in precise 

Phase Level stratigraphic 

order (B.C.) 

Vb Q08 

Vb Q08 

Vb P0 9 1920±100 

Vb P0 23 2015±100 

Va P0 158 2220±100 

Va P0 162 1853±59 

IV/Va ZA 16 2360±100 

IV ZA 29 2440±100 

IV ZA 31 2600±100 

IV ROC 59 

IV ZB 108 2382±79 

IV ZB 112 2413±56 

IV ZB 112 2560±100 

Other dates Material 

(B.C.) 

1840±78 	Vetch 

2135±150 	Vetcb 

Charcoal 

Charcoal 

Charcoal 

Charcoal 

Charcoal 

Acorns 

Charcoal 

2445±100 
	

Charcoal 

Acorns 

Charcoal 

Charcoal 
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TABLE 2,3(cont) 

Dates in precise 

Phase Level stratigraphic Other dates Material 

order (B.C.) (B.C.) 

III ZA 41a 3150±120 Charcoal 

III ZB 125 3605±100 Charcoal 

III ML 118 3417±85 Charcoal 

III MM 52 3845±100 Charcoal 

III MMb 69 3595±100 Einkorn 

II ZA 50 3954±66 Charcoal 

II ZA 50 4290±100 Charcoal 

II ZA 52 3770±100 Charcoal 

II ZA 59 3970±120 Charcoal 

(I) ZA 63 (6030±150) Charcoal 

I ZA 67 4315±75 Charcoal 

I ZA 67 4675±170 Charcoal 

I ZA 70 4475±100 Charcoal 
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Figure 2.2. Radiocarbon and Thermoluminescence ages from 

Sitagroi. 

Radiocarbon dates quoted at 95% confidence level. 
T.L. dates and errors from Liritzis (1979). 
--.-- Probable errors at 95% confidence level. 



It is obviously important to have samples which are 

representative of the layer they came from. Each pottery sherd 

was labelled with a level number during excavation, but it was 

possible that mixing between the levels had occurred previously. 

The samples were checked by Professor A.C. Renfrew to confirm 

that the pottery was representative of the level it supposedly 

came from. 

2.3.1.1 Dating. - 

There are twenty-five radiocarbon dates for samples from 

the Sitagroi excavation. They are shown in table 2.3 (taken 

from Renfrew 1971). These dates are broadly self-consistent 

when taken in stratigraphical order (figure 2.2) and they 

provide a reliable absolute chronology for the site as it is 

unlikely that mixing or contamination could have occurred for 

all twenty-five samples. The dates neither rule out nor confirm 

whether the site was inhabited continously or merely 

intermittently for short periods. Renfrew (1971) showed that it 

was possible to set the dates within narrow time ranges so that 

no date fell outside its approximate time period by more than 

one standard deviation. It may be that the site was only 

occupied during these narrow time ranges, but equally it may be 

merely coincidence that the dates bunch in this way. It is 

reasonably certain, at least, that the site was occupied during 

the maximum confidence time spans calculated by Renfrew. In 

table 6.4, three possible ages for each level are given. The 

ages are calculated assuming continuous occupation of the site 
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including and excluding Late Phase III, and occupation of the 

site only during the maximum confidence time spans. Few dates 

fall in the Late Phase 111 period and even if occupation was 

continous during other periods it is not certain that the site 

was occupied during that period. The ages are calculated by 

assuming that each level of a phase was of the same duration. 

The age quoted is that of the middle of the calculated duration 

of that level. There are errors associated with these relative 

estimates of age, as all levels in a phase may not have been of 

the same duration, there is also an error associated with the 

absolute values of the radi9carbon dates which must be included 

when assessing the absolute age of the samples. 

Three samples from trench ZA, (ZA2, ZA43 and ZA68) were 

dated using T.L. 	(Liritzis 1979). The results are compared 

with Renfrew's (1971) interpretation of the radiocarbon results 

(figure 2.2 and table 2.4). As mentioned previously the errors 

quoted by Lirirzis are probably too small. In each case the 

T.L. results are lower than the expected age, given by 

radiocarbon results. If the T.L. results are taken as having a 

7% error then both T.L. and radiocarbon ages agree within 

error. When quoted at the same confidence level the T.L. 

results have a much larger error than the radiocarbon results. 

Sample ZA2 comes from the youngest part of Phase Vb at a horizon 

where there was some possibility that the levels were mixed. It 

is therefore possible that dates younger than the radiocarbon 

ages may be obtained. The same is not true for ZA43 and ZA68, 

both samples were from the middle of their respective phases at 
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TABLE 2.4. ThermoluminesCence Results from 

Sitagroi. 

Duration 

of phase 	 T.L. age 

Sample 	Phase 	(yrs B.C.) 	(yrs. B.C.) 

ZA2 	Vb 	2150-2500 	1962±186 

ZA43 	III 	3400-4600 	3290±295 

ZA68 	I 	5150-? 	 4912±351 

From Liritzis (1979) 
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horizons where there is no evidence of mixing. It may perhaps 

be that these T.L. results are showing up a systematic error in 

the calibration of the radiocarbon ages, but in view of the fact 

that the twenty-five radiocarbon ages are self-consistent over a 

period of 4000 years and that there are only three T.L. results 

with large associated errors, less reliance will be placed on 

the T.L. than the radiocarbon results. 

2.3.1.2 Technology - 

A majority of the pottery from this site is coarsely made. 

Presumably less care was taken by the potter in selecting 

potting material than would have been for finer ware. The 

result is a complex assemblage of magnetic minerals of various 

sizes and compositions within a clay matrix. Most of the 

pottery was hand made and not thrown on a potters wheel. 

Archaeological evidence suggests that the pottery may not have 

been fired in a kiln, but on an open fire. (Renfrew personal 

communication). The temperature achieved during a kiln firing 

would probably have been around 900-950°C, (Belshe et al 1963), 

whilst that achieved in an open fire is not certain. Kingery 

and Frierman (1974) estimate the temperature at which a sherd 

from the Bulgarian Chalcolithic (approximately Sitagroi Phase 

IV), was fired, as approximately 700°C. With more primitive 

cultures the art of firing pottery was probably less well 

developed and the temperature achieved was lower. 

23 



There are two possible drawbacks to the use of open-fired 

pottery in archaeointensity work. Firstly, the maximum blocking 

temperature of the magnetic minerals present in the pottery may 

not have been exceeded during the original firing and secondly, 

the pottery may have been moved from its position in the fire 

before it was completely cool. 

2.3.2 CRETE 

The location of the five kilns sampled, Agia Triada, Kato 

Zakros, Festos, Stylos flania, and Kalo Horio are shown in figure 

2.1. Other sites were investigated, but sampling was not 

feasible because too little of the original kiln remained or 

because it had been reconstructed in modern materials. Kiln 

material was used rather than pottery, firstly, because it was 

possible to obtain directional as well as intensity results and 

secondly because it might have been possible to relate the last 

firing of the kilns at Festos, Agia Triada and Kato Zakros to 

the destruction of the palaces. 

2.3.2.1 Archaeological Dating - 

The accepted chronology of Crete is shown in table 21. 

There are two chronological systems, one is based on the 

founding and destruction of the palaces and the other is based 

on pottery style. The palace kilns sampled were of Middle and 

Late Minoan age. The oldest palace was Festos; kiln Festos 3 

belonging to the First Palatial period (2000-1700 B.C.), which 

ended when the palace was destroyed by earthquakes in about 1730 
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TABLE 2.5 	Cretan Thermoluminescence Results 

Site Sample T.L. date Mean site Expected 

B.C. age (B.C) age (B.C) 

SH11 1932±247 1600- 

Stylos SH2 1890±218 1878±270 1300 

Hania SH6 1813±278 

SH5 1548±220* 

FeStos(1) FS1/5 1516±223 1516±240 1500 

Festos(3) FS3/8 1856±206 1834±260 1700 

FS3/9 1812±211 

Agia AT9 1595±198 

Triada AT7 1522±181 1558±250 1400 

AT8 1739±276* 

KZ1/9 1339±170 

Kato KZ1/7 1569±190 

Zaicros KZ3/1 1420±184 1353±231 1400 

KZ3/2 1249±160 

KZ2/5 1198±180 

Kalo KH5 175±154 10±140 0 

Horio KH7 155±120 A.D. 

*These results not used in calculation of final result 
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B.C. 	The palace was subsequently rebuilt, but in about 1500 

B.C. it was destroyed by earthquakes or, according to some 

authors, by a volcanic eruption of Santorini (e.g. Pilcher and 

Schiering 1977). Kiln Festos 1 belongs to this Second Palatial 

period. The palace at Agia Triada was built to replace the 

second palace at Festos and probably lasted until 1400 B.C. The 

palace at Kato Zakros is thought to date from 1400 B.C. and it 

is believed that it was not re-inhabited after an earthquake 

which destroyed it. 

The chronology of the palaces is well known from 

archaeological evidence, but the kiln at Stylos flania is in 

marked contrast to this. No pottery was found in this kiln but 

it was assumed to be of Late Minoan age because a Late Minoan 

Village was found about 0.5 km away. (Davaras 1973). 

Kalo Borio, a Roman kiln, is believed to date from about 50 

B.C. 

2.3.2.2 Thermoluminescence Dating. - 

The T.L. dating of the kilns (Liritzis,1979) was carried 

out on the same samples as the archaeointensity work or on 

material of a similar type from the same kiln. Samples 

description and position within the kiln are given in Appendix 

1. The T.L. dates are given in table 2.5. where they are 

compared with the ages expected from archaeological evidence. 

The final error quoted for each site age is 7% of the mean T.L. 

age (see 2.2.3), the error given for the individual T.L. ages 
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Figure 2.3. 	A typical kiln. 



is that quoted by Liritzis (1979). 

All T.L. results, except those from Stylos Mania, agree 

within experimental error with the archaeologists estimate of 

the ages. The kiln at Stylos Mania is evidently older than was 

thought, however the archaeological evidence suggesting that the 

site was Late Minoan was rather scant. 

From the T.L. results it would appear that the kiln at 

Agia Triada was older than that at Festos(l), this is almost 

certainly not the case. The single result from Festos(1) will 

be treated with caution as there is no way of assesssing the 

extent of the random error associated with it. 

2.3.2.3 Technology - 

The Minoan civilisation was technologically far in advance 

of the cultures at Sitagroi, Sesklo and Dimini. Fine-ware 

pottery was produced. It was thrown on a wheel and fired in a 

kiln. A typical kiln is shown in figure 2.3. Typically a kiln 

would be circular, 2-5 m in diameter and 1-2 m in height. The 

heat source was below the perforated firing floor and the heat 

reached the pottery along the heat channels. The atmosphere in 

the kiln was controlled by regulating the amount of air entering 

the firing chamber. Temperatures reached were of the order of 

900°C-950°C (Belshi et al. 	1963). Some parts of the Cretan 

kilns are vitrified. The onset of vitrification occurs at 

between 700°C-9500C, depending on the amount of fluxing 

impurities such as CaO which are present. 	(Tite 1965). The 
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heat channels are now all that remain of the kilns. (See 

photographs 1.1 (Stylos Hania) and 1.2 (Kato Zakros)). 

There are two problems using the above material for 

archaeointeflsitY determinations. Firstly, unlike a potter, the 

builder of a kiln did not carefully select the building 

material, this resulted in an inhomogenous and mineralogically 

complex sample. Secondly, the gaseous environment, prevailing 

in the heat channels during firing, may well have been variable 

and the kiln samples may be chemically unstable when refired. 

2.3.3 Sesklo And Dimini 
	 Ii 

2.3.3.1 Dating. - 

The sites at Sesklo and Dimini span the time from the Early 

Neolithic to the Bronze age; the age range of the material is 

similar to that from Sitagroi, (see table 2.1). 

No stratigra.phical information is available about the 

samples. They are merely classified as Pre—Ceramic, Early, 

Middle or Late Neolithic. A considerable number of T.L. 

results (Lirizis 1979) and a few radiocarbon results (Theoharis, 

1973) serve to delineate the approximate time span of the 

various archaeological phases' at Sesklo and Dimini. Unless a 

sample has been dated by T.L. all that can be said about it's 

age assuming that the sample was correctly archaeologically 

dated, is that it probably falls within the age limits of its 

assigned phase. It wou.La, tnereLoz, zLavv 

benefit in the production of an archaeointeflsity curve to use 
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Photograph 1.1. The remains of the kiln at 
StyLos Han lCL. 

Photograph 12. The remains of the kiln at 
Kato Zo.kros. 



any samples, from this site, which had not been dated using T.L. 

The T.L. results from the samples which were used for 

archaeointensity measurements are given in table 2.6. 

2.3.3.1.1 Technology - 

The level of technology was similar to that described for 

Sitagroi (section 2.3.1.2). The pottery is generally coarse and 

was probably hand-made. More detailed descriptions are given in 

Appendix 1. 



TABLE 2.6 Thermoluminescence Results from 

Sesklo and Dimini 

Sample Archaeological T.L. age 

number Phase (years B.C.) 

SKE1 E.N. 5918±570 

SKE3 E.N. 5245±606 

SKB(I)18 M.N. 4440±590 

SKB(I)27** M.N. 4512±480 

SKB(I)1972 M.N. 4563±370 

SK14(FC) M.N. 4639±410 

SKB(I)l E.N. 3359±380 

SK(I)2- E.N. 3773±490 

SKB(I)28* E.N. 3404±390 

DM-1/2 E.N. 3773±490 

DM6/6 E.N. 3567±270 

DM8/12 E.N. 3833±388 

DM10 E.N. 4240±420 

DM32 E.N. 4722±419 

DM33 E.N. 3795±380 

DM39 E.N. 3955±350 

E.N. - Early Neolithic 

M.N. - Middle Neolithic 

L.N. - Late Neolithic 

* - Mixed Early and Middle Neolithic sherds. 

** - Mixed Late and Middle Neolithic sherds. 
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CHAPTER THREE 

ARCHAEOINTENSITY METHODS. 

3.1 METHODS USING THERMAL DEMAGNETIZATION. 

Traditionally, archaeointensity methods have relied on 

thermal demagnetization in the manner described by Thellier and 

Thellier (1959). Most other thermal methods represent attempts 

to speed up the basic Thefliers method. 

3.1.1 Thellier And Thellier (1959) 

In this method the loss of the NRN in a temperature 

interval is compared with the gain of TRM in a known field in 

the same temperature interval, in a series of heating steps 

progressing from low to high temperatures. The sequence of 

measurements is as follows: 

The NRM vector is measured. 

The sample is heated to temperature, (T), cooled to room 

temperature, (T), in zero field and remeasured to obtain 

the PNRM lost between T and T 
1 	r 

The sample is reheated to T and cooled to T in a known 

field and the PTRM acquired between T 
r 	i 
and T is measured. 

The sequence of steps (2) and (3) is repeated at higher 

temperatures until all the blocking temperatures have been 

exceded. 
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A graph of PNRM lost against PTRM gained will, under ideal 

circumstances, show a linear relationship, the gradient of which 

may be used to calculate the archaeointenaity using equation 

(1.1) 

The major advantage of the Thelliers' method is that the 

TRMS gained at low temperatures are compared with the NRMB lost 

at low temperatures, before the sample is heated to high 

temperatures and it should, therefore, be possible to remove the 

viscous and secondary components before alteration, if any, 

occurs. 

An attempt was made, using the above method, to determine 

the archaeointensities of sixteen Cretan samples. Of these 

sixteen samples there were only five for which the NRM and TRM 

coercivity spectra were similar enough to yield usable results, 

(figure 6.9). A problem which undoubtedly contributed to some 

of the scatter on the NRM-TRM plots was the difficulty in 

accurately reproducing the temperature for each demagnetizing 

and remagnetizing stage. 

If the TRM is given in the NRM direction, which is 

advisable unless a correction for anisotropy is applied, then 

only one sample can be remagnetized at any one time. This, or 

additional measurements necessary for an anisotropy correction, 

increases the already lengthy time required to obtain a result 

using the Thelliers' method. The success rate of the 

archaeointensity determinations for the Cretan samples was not 

sufficiently high to justify continued use of the unmodified 
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Thelliers' method. Several authors have devised 'short-cuts' to 

the Thelliers' method. 

3.1.2 Wilson (1961). 

This method is quicker than the Thelliers' and consists of 

the following steps. 

The sample is heated to a series of progressively higher 

temperatures between room temperature, (T) and the Curie 

Temperature (T), of the sample and the NRM remaining is 

measured at each elevated temperature. 

The sample is cooled from T to Tr  in applied field B lab 
 and 

the TRM gained is measured. 

The sample is heated to the same series of temperatures as 

in step (1) and the TRM left is measured at each elevated 

temperature. 

The archaeointensity can be obtained from a plot of TRM 

against NRM. 

The main advantage of this method is its convenience and 

speed compared with the Thelliers' method. The disadvantage is 

that the results are unusable if alteration occurs before the 

Curie temperature is reached. It is also possible that 

alteration may occur but will not be detected because a portion 

of the TRM-NRM graph remains linear. Generally, additional 

tests are employed to see whether alteration has occurred. A 

certain element of subjectivity is thus introduced. However, if 

the Thelliers' method does not work on a given sample neither 

will this method. For the present work, therefore, this method 
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presented no useful advantages over the original Thelliers' 

method. 

3.1.3 Kono And Ueno (1977) 

This method is essentially the same as the Thelliers', but 

the time taken to complete an archaeointensity determination is 

cut by half. This is accomplished by heating the sample only 

once to each temperature and cooling it in a known field 

perpendicular to the stable NRM direction; 	previously 

determined by thermal demagnetization. It is possible, with 

some calculation, to determine both the NRM lost and the PRM 

gained from only one heating step. The method is as reliable as 

the Thelliers' original method, although subject to larger 

errors. 

The advantages of heating only once are twofold, firstly 

the length of time taken to complete one archaeointensity 

determination is cut and the amount of heating is halved so the 

likelihood of chemical alteration is reduced and secondly, the 

problem of reproducing the temperature for the demagnetization 

and remagnetization stages is eliminated. 

The disadvantages are, firstly, that the TRM is given at 

900 to the NRM and so a. correction for anisotropy must be 

applied and secondly that samples are required which have a 

known stable NRM direction. 
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Kono and Ueno used an orientation device within the furnace 

which moved the sample relative to a fixed field. With the 

equipment available for the present work it was only practicable 

to change the field relative to the sample, a fact which would 

mean that only one sample could be heated at one time. 

Consideration of the errors involved in the evaluation of the 

TRM gained shows that 

(M - M)/M = 1 - (1/Cos e) 	 (3.1) 

where N is the magnitude of the TR14 gained, N is the calculated 

value of M if the orientation of the applied field is in error 

by e°. A 100  error in applying the field results in a l.% error 

in the TRN determination. Reasonable results could therefore be 

obtained using the equipment available. The main difficulty 

remaining is that the time taken to complete a heating and 

cooling cycle is several hours. It is possible to cool the 

samples more rapidly but the cooling rate would then differ 

significantly from the one in which the original remanence was 

acquired. It would then be necessary to apply an additional 

correction to account for differences in cooling rates. 

This method would be a possible, viable alternative to the 

Thelliers' method if it were shown necessary to use a thermal 

and not an a.f. demagnetization method. 
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3.1.4 Walton (1977) 

This method is a modification of the Thelliers' technique, 

which reduces the time taken to obtain a result to about an 

hour. The modification is made possible by the use of the 

highly sensitive SQUID (Superconducting Quantum Interference 

Device) cryogenic magnetometer. Using the SQUID it is possible 

to measure samples as small as 2-3 mm across and thus speed up 

the heating and cooling cycles of the Thelliers' method. 

The specimen is not cooled in zero field, but is cooled in 

a field of intensity and direction such that there is no net 

change in magnetic moment of the sample before and after 

heating. Having ascertained the field necessary for no net 

remanence change, for one temperature, the process is repeated 

at higher temperatures until a need to alter the remagnetizing 

field shows that some change such as mineralogical alteration 

has occurred in the sample. The entire process can be 

accomplished in about one hour, so the main objection to the 

Thelliers' method is overcome. However, the rapid heating and 

cooling process (less than one minute) does not duplicate the 

manner in which the sample acquired it's NRM. It is to some 

extent possible to correct for this disparity in the cooling 

rates. (Fox and Aitken 1980). A SQUID magnetometer was 

available for part of the time during this work, but the 

instrumentation and design was such that it could not easily be 

adapted for use with Walton's method. 
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3.1.5 Reliability Criteria For Thermal Demagnetization Methods. 

In view of the time taken to complete one measurement using 

the Thelliers' technique it is obviously advisable to have 

criteria for deciding whether a sample will give reliable 

results. The methods which compare NRM with ThM before heating 

through the Curie temperature are more likely to give usable 

results than those such as Wilson (1961) which do not. 

Sometimes it is possible to assess the stability of a 

specimen to refiring using opaque microscopy. Smith, P.J. 

(1967) suggested that three criteria should be fulfilled for a 

specimen to give a reliable palaeointensity result, they were: 

That the heating and cooling saturation magnetization versus 

temperature curves for the specimen should be similar in 

shape. 

The Curie temperature should change by no more than 10°C 

during the heating 

The value of the saturation magnetization (M ) should change 

by no more than 15%. 

Ade-Hall et al (1968) and Lawley (1970) suggested that there 

should be a single Curie temperature above 500°C. 

Coe and Gromm (1973) have suggested that the four criteria 

mentioned above may be too stringent a test for the Thelliers' 

method. If no additional criteria for reliability are used with 

a modified Thelliers method then there is the possibility that 

spurious linear relationships on the PNRM-PTRM graphs may be 

wrongly interpreted to obtain the archaeointensity. 
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3.1.6 The Advantages Of Thermal Demagnetization. 

The thermal unblocking of TRM provides information about 

the magnetic mineralogy, the blocking temperature spectrum and 

possibly the original firing temperature of the sample, which 

a.f. demagnetization cannot directly do. 

Cases have been reported where a magnetically hard VRM is 

acquired in a few hours exposure to a weak field, (Dunlop and 

Stirling 1977). Thermal demagnetization is much more effective 

in removing the VRM than alternating field demagnetization and 

would provide a better result if samples contaminated by a hard 

VRM were used in an archaeointensity determination. 

3.2 METHODS USING ALTERNATING FIELD DEMAGNETIZATION 

All methods utilizing alternating field demagnetization for 

archaeointensity determination are basically similar, they 

differ mainly in the tests that are used to check that the NRM 

and TRM have similar coercivity spectra. The major advantage of 

a.f. demagnetization is the speed and convenience in comparison 

with thermal demagnetization. The amount of heating necessary 

is reduced and the possibility of alteration of the sample is 

thus decreased. 

3.2.1 A.f. Methods Without Checks On Coercivity Spectra. 

Several authors used methods which were analogous to that 

used by Wilson (1961) except that a.f. demagnetization was used 

instead of thermal demagnetization and the measurements were 
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carried out at room temperature. Van Ziji et al (1962) compared 

the NRM and TRM at one demagnetization stage. This was extended 

by Smith, P.J.,, (1967) to include several demagnetization stages 

and by Symons and Schwartz (1970) to include the whole 

Coercivity spectrum. 

The major disadvantage of these methods is the same as for 

that of Wilson (1961), in that if alteration occurs during TRM 

acquisition the results are unusable. Criteria of reliability 

similar to those used for the modified Thelliers' methods must 

be used to assess the results obtained. Other methods with less 

arbitary criteria for reliability have been developed. 

3.2.2 McElhinny And Evans (1968) 

This method is basically the same as that described in the 

previous section, but a test is incorporated which can locate a 

coercivity region over which the NRM and TRM are similar. The 

sequence of measurements is as follows: 

The NRM is measured and demagnetized at several increasing 

peak alternating fields. 

A saturation isothermal remanent magnetization (SIR141) is 

given and demagnetized at the same fields used in step (1). 

The sample is heated through its maximum Curie temperature 

and cooled in a known field and demagnetized in the same 

fields used in step (1). 

Step (2) is repeated with another SIRM, (SIRM2). 



For a sample to be accepted as giving a reliable 

archaeointensity result it must not only show a linear NRM-TRM 

relation but there must also be a linear relation, of gradient 

1.0, between SIRM1 and SIRM2. Only samples which have fulfilled 

these conditions are used for archaeointensity determinations. 

This method was used for eight Sitagroi samples, (figure 

6.7 and table 6.6), in none of these was a gradient of 1.0 

obtained for the SIRM1-SIRM2 relationship. 

3.2.3 Shaw (1974) 

This method is similar to that of McElhinny and Evans 

(1968) described previously, except that ARM (Anhysteretic 

Remanent Magnetization) was used instead of SIRM. The sequence 

of measurements was as follows: 

The NRM was a.f. demagnetized with increasing values of 

peak alternating fields and the NRM remaining was measured 

after each demagnetization. 

The sample was given an ARM, (ARI41), in the maximum peak 

alternating field used in step (1). The ARM was 

progressively a.f. demagnetized in the same fields as step 

M. 
The sample was heated above its maximum Curie temperature 

and cooled in a known field. The TRM was a.f. demagnetized 

and measured, as in step (1). 

Step (2) was repeated with a second AR!.!, (ARM2). 

1.2 



If the sample has remained unaltered, a graph of ARM]. V. 

ARM2, using peak demagnetizing field as a common parameter, will 

be linear and have a gradient of 1.0. If a line of gradient 

1.0, fitted to the points by the method of least squares does 

not fit the line within the 95% confidence level of the 

chi-squared di#ibution,  then the point with the largest 

deviation is rejected and the line is refitted to the remaining 

points. The process is repeated until the remaining points lie 

within the 95% confidence level. 	The remaining points 

correspond to a region of unaltered coercivities. A best 

straight line is fitted to these points on the NR14-TRM graph. 

The line is constrained to pass through the origin. If the 

points do not fit the line within the 95% confidence level of 

the chi-squared test then points with the largest deviation are 

rejected until the line does pass the test. 

This method has been shown by Kono (1978) to be as reliable 

as the Thelliers' (1959) method. Very few samples from either 

Crete or Sitagroi remained unaltered and gave a result using 

this method. 

3.3 METHODS APPLYING A CORRECTION FOR ALTERATION. 

3.3.1 Introduction 

One disadvantage of the above methods is that if the sample 

is shown to alter during TRM acquisition then no attempt is made 

to correct for this alteration and all the acquired data is 

wasted. An ideal method would be one in which even data from 
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altered samples could be used to obtain a archaeointensity. 

3.3.2 Carmichael (1967) 

This method employs the a.f demagnetization of an NRM and TRM as 

described in section 3.2.2. The following tests of reliability 

are employed to ascertain whether the data are to be considered 

acceptable: 

The shape of the TRM and NRM demagnetization curves should 

be the same. 

The Curie temperature of the specimen must not change. 

In addition to these conditions, the SIRM measured before 

and after the TRM acquisition stage is used in a correction 

factor, thus 

Banc = NRM/TRM X  SIRM a/SIRMb X Blab 	
(3.2) 

 

Where SIRM is the SIRM before firing and SIRM 
a 
 is the SIRM 

after. This, as McElhinny and Evans (1968) point out, is a. 

somewhat crude correction, there being no guarQntee that changes 

in an SIRM are accompanied by proportional changes in a low 

field TRM. In fact, they showed results for which the 

application of the SIRM correction alone, without any additional 

tests of reliability would certainly have failed. This method 

is not sufficiently reliable to apply to a sample without 

additional tests. 
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3.3.3 Kono (1978) 

Kono suggested the possibility of applying a correction to 

some data which would otherwise have been rejected by Shaw's 

(1974) method. He divided his results into several classes 

according to the relationship shown by the ARM2-ARH1 and the 

TRM-NRM graphs. The criteria are as follows 

ARM2-ARU plot is linear with gradient of 1.0. 

ARM2-ARM1 plot is linear but gradient is not 1.0. 

ARM2-ARN1 plot is non-linear. 

and 

TRM-NRM plot is linear and the best fit line passes through 

the origin. 

TRM-NRM plot is linear and the best fit line does not pass 

through the origin. 

TRM-NRM plot is non-linear. 

Class (la) results were the only ones accepted by Shaw 

(1974). Kono used samples of known palaeointensity and showed 

that classes (lb), (2a) and (2b) also gave valid results. 	For 

classes (2a) and (2b) the samples have obviously altered, 

because the ability to acquire ARM has changed. It is assumed 

that a similar change in the rate of acquisition of low field 

TRN has occurred and the following correction is applied to 

determine the archaeointensity. 

Banc Blab X 	 X ARM2/AP.M1 	(3.3) 

Assuming this correction is shown to be valid, or if well 

defined limits can be placed on its usefulness, then this method 
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represents a substantial improvement over other methods as fever 

results are rejected because of alteration. 

3.3.4 Rigotti (1978) 

This method is superficially similar to Shaw's (1974) 

method but Rigotti used an ARM acquisition curve instead of an 

ARM demagnetization curve to monitor changes in the coervivity 

spectrum. The sequence of measurements was as follows: 

The NRM was a.f. demagnetized. 

ARM1 was given in a known fixed d.c. 	field, BdP  in a 

series of increasing peak alternating fields. 

The sample was a.f. demagnetized in peak field, E f. whose 

value was determined by observing in step (1) when the 

direction of the NRM stabalized. 

The sample was given a TRM in Bdc. 

The TRM was a.f. demagnetized in the same steps as 

procedure (1). 

Steps (2) and (3) were repeated with AR142. 

The two ARM acquisition curves were normalized to the total 

ARM and plotted on the same graph. The a.f. 

demagnetizations of NRM and TRM were also normalized and 

plotted together. 

The presence of a viscous component contaminating the NRM was 

indicated if the ARM curves match but the NRM and TRM curves do 

not. If a VRM was shown to be present , then the a.!. 

demagnetization curves were normalized to the value chosen in 

step (2), above, to check whether the higher coercivity fraction 
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has remained unaltered. The ancient field is determined using 

the equation, 

Banc Blab X N/'P14 x  ARM2/APJ&1 	 (3.4) 

or 

	

Banc Blab X NRMf/TRMf 	a/Aaf 	(3.5) 

where ARM1 and ARM2 are the total ARMs acquired before and alter 

	

heating respectively. NRM 
af" 
	af.- 	af 	af 

ARM1 and ARN2 are the 

values of the remanences demagnetized to the value determined in 

step (3). 

In common with that of Kono (1978), this method represents 

a useful extension to a.f. demagnetization methods as it is 

applicable to a greater number of samples. The methods of Kono 

and Rigotti are compared in section 3.7. 

3.3.5 Corrections Using SIRM. 

It is possible to combine the methods proposed by 

Carmichael (1967) and McElhinny and Evans (1968) to utilize the 

a.f. demagnetization of the SIRM in a correction factor, in 

much the same way as Kono (1978) uses ARMS. 

The method of Carmichael (1967) which used total SIRM 

before and after heating as a correction factor was shown to be 

unsuitable for certain samples (McElhinny and Evans 1968). If 

NRM-TRM and SIRM1-SIRM2 graphs show linear relationships then 

there is no immediatly obvious reason why the following 

relationship should not apply. 



B 
anc Blab 

X NP14/TPJ4 X  SIRM2/SIRM.1 	(3.6) 

Where SIRM2/SIRM1 is the gradient of the SIRM graph. The 

methods using ARMS and SIRM5 to ascertain correction factors are 

compared in section 3.8, 

3.4 OTHER METHODS 

3.4.1 Tangu y (1975) 

Tangu y developed a method for samples which were not 

suitable for the double heatings of the Thelliers' method 

because they were unstable when heated. Samples were given a 

TRM in a short time of about 10-15 minutes; the values of the 

TRM after longer heating times were noted and extrapolated back 

to estimate a value of the TRM for zero heating. The estimated 

value of the TRM for zero heating was compared with the 

undemagnetized value of the NRN to obtain the archaeointensity. 

Samples with large viscous or secondary components were unusable 

because 	 the total NRM was used in calculating the 

archaeointensity. This method was used for samples which 

altered in an extreme manner when heated in air. It is possible 

that these samples would have given an equally good result using 

the ARM correction method. 

3.4.2 Methods Using ARM As A Substitute For TRM. 

Methods which require little, (Banerjee and Mellema 1974) 

or no (Collinson and Stephenson 1977) heating have been 

developed to determine the palaeointensities of lunar samples. 



The basic idea of these methods is that the ARM is used as an 

analogue of TRM. 

Collinson and Stephenson (1977) determined the 

palaeointensity in a manner analogous to the Thelliers' method. 

Several NRM demagnetization and ARM magnetization intervals were 

chosen the corresponding values of NRM lost and ARM gained were 

plotted. The gradient of the resulting line is related to the 

ancient field intensity, B, by the following equation: 

BNRM /ARM X  /f (3.7) B
anc lost gained lab 

Where 
Blab 

 is the d.c. field producing the ARM and f is the 

ratio of the total TRM to ARM acquired in a given field and 

according to the authors is; 

f=M /M 	 3.7a 
S(0) s(T) 

where M( 
0) 
 is the spontaneous magnetization at room temperature 

and M(T) is the spontaneous magnetization at the blocking 

temperature of the grains concerned. f was determined using the 

equation above. 

Banerjee and Mellema (1974) rely on a different theoretical 

relationship between ARM and TRM; 

B 
anc 	s(t) s(o) 	0 

=(M 	/M 	)2(T /T)°5(TRM/ARM)Blab 	(3.8) 

where T is room temperature and T is blocking temperature. The 

NRM is demagnetized until the direction stabalizes (TRM in the 

above equation). T, the blocking temperature is determined by 

thermally demagnetizing an IRM in a vacuum of 10 6  Torr. 
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H 
s(o) s(T) 

/M 	is the ratio of the saturation magnetization at room 

temperature divided by that at the blocking temperature. 

These methods themselves have no useful advantages over the 

ARM correction method in the present study because the 

archaeological samples were not as unstable as lunar rocks and 

there is no special need to avoid heating them. The different 

relationships predicted between ARM and TRM are however of some 

relevance when considering the theoretical validity of the ARM 

correction method. 

3.5  THE OPTIMUM METHOD 

All measurements of remanence direction and intensity and 

initial susceptibility were carried out on a Digico spinner 

magnetometer and susceptibility bridge. Sample preparation is 

described in Appendix 4. The method consisted of the following 

sequence: 

(1) The NRM was measured and stepwise demagnetized in increasing 

peak alternating fields. Between 5-50 mT the peak field was 

increased in steps of 5 mT and from 50-90 mT in steps of 10 mT 

90 mT is the limit of the demagnetizer. Most of the samples 

used in this work were sufficiently magnetically soft to loose 

at least 90% of their remanence by the 90 mT demagnetization. 

This however would not be the case for all pottery samples. 

The samples were not tumbled during demagnetization but were 

demagnetized three times in orthogonal directions, with, in 

order, Z, X, Y, axes of the sample parallel to the axis of the 



demagnetizer. After the Y component demagnetization the samples 

were rotated through 1800  and demagnetized in a peak alternating 

field of half that used for the previous three components; this 

was to reduce the effects of any stray fields in the 

demagnetizer which could have produced an ARM during 

demagnetization. The possible growth of ARMs was the main 

disadvantage in keeping the samples stationary during 

demagnetization. The main advantages were: 

Eight samples could be demagnetized at one time, instead of 

two. This makes the method faster and more convenient. 

There was no possibility of inducing a rotational remanent 

magnetization. 

The demagnetization process was more closely the inverse of 

the magnetization process. 

The relative positions of the eight samples and the order in 

which the directions were demagnetized were always the same for 

every demagnetization 

(2) By noting when the NRM vector stabalized, it was possible to 

ascertain an NRM direction which was not affected by viscous or 

secondary components. It was this stable direction along which 

an ARM was given in the peak alternating field used in step (1). 

The steady field was applied along the axis of the demagnetizer. 

The sample was orientated in the demagnetizer such that its 

stable NRM direction was along this axis. The reason for this 

was that it avoided the necessity of vector subtraction of the 

NRM from the ARM, a process which seemed to introduce scatter 

into the results. There is some evidence for non-linearity in 
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the ARM induction curve above about 100 AT d.c. 	field, so a 

steady field of 50 AT was used for the ARM acquisition. 

The ARM was progressively demagnetized in the same steps and 

in the same way as the NRM in step (1). 

The initial susceptibility and IRM acquired in 1 T were 

measured. 

The sample was transferred to a quartz sample holder and 

given a TRM by heating to 700°C, allowing the furnace to 

equilibrate for 10-15 minutes and cooling the sample to room 

temperature in a field of 50/LT over a period of 7-10 hours. The 

design of the furnace is shown in Appendix 3. For TRM 

acquisition the sample position was fixed and the field was 

varied by means of three orthogonal sets of Helmholtz coils, it 

was thus, only possible to give a TRM to one sample at a time. 

The TRM was measured and demagnetized as in step (1). 

ARM2 was given in the same direction as the TRM and ARM1 and 

was progressively demagnetized as in step (2). 

Four tables of results were obtained, NRM, TRM, ARM1 and 

ARM2. Graphs of TRM against NRM and ARM2 against ABM1 were 

plotted using demagnetizing field as a common parameter. An 

ideal sample which had not altered on heating had an ARM2-ARM1 

gradient of 1.0 and a TRM-NRM plot which was linear. The 

gradient of the TRM-NRM plot can be used to calculate the 

archaeointensity. No correction need be applied for anisotropy 

because all the remanences were given in the same direction as 



the NRM. The cooling rate was comparable with that during the 

original firing and so no correction for disparate cooling rates 

was necessary. If the samples do not behave ideally then the 

correction applied by Kono (1978) is used. The criteria for 

deciding whether to apply the correction will be discussed in 

more detail later, but basically, if the TRM-NRM and ARM2-ARN1 

plots show a similar shape then the correction is applied. If 

the graphs show different shapes, for example a different number 

of linear segments then any result obtained by applying the 

correction is treated with caution. 

3.6 EXPERIMENTAL VALIDITY OF THE ARM CORRECTION METHOD. 

Ideally it should be possible to demonstrate the validity 

of using ARM as a monitor of changes in coercivity, both 

experimentally and theoretically. Obtaining consistent results 

from a range of sites and samples is a good indication that a 

method works. It is shown in Chapter 6 that consistent results 

were obtained from Cretan samples from one site but of differing 

mineralogies. Consistent results were also obtained from  

Sitagroi where the samples represented a chronological 

succession through the Neolithic. The results from Sitagroi 

before and after the application of the correction are shown in 

figures 6.11 and 65a, b and c respectively. It can be seen 

that application of the correction produces a great decrease in 

the scatter of the results. 
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3.6.1 Using Twice Fired Samples 

A simple check of the usefulness of any archaeointensity 

method is to apply it to a sample of known archaeointensity. As 

such samples were not available, the most convenient way of 

carrying out this test was to make use of samples which 

previously had been used in an archaeointensity determination, 

for which the original TRM and ARM2 data could be used as the 

'NRM' and 'ARMi' of the test. A second TRM, (TRM2) and a third 

ARM, (ARM3) were given and demagnetized in the same manner as 

for the original intensity determination. The results for six 

samples are shown in figure 3.1 and tables 3.1a and 3.1b. In 

all cases the corrected archaeointensity result agreed within 

experimental error with the expected result. In two of the six 

cases, ZA6Aa and ZA13Ba the corrected result was not an 

improvement over the uncorrected archaeointensity result. The 

ARM3-ARM2 gradients for all six samples were within 10% of 

1.000, the unaltered state, indicating that very little 

alteration had occurred during this second laboratory refiring. 

The ARM2-ARN1 gradients during the original intensity 

determination ranged from a value of 5.723 for ZABDa to 0.759 

for ZA7Aa, in all cases the alteration occurring during the 

second firing to 7000c was less than that during the first 

firing. 	It seems that the samples had nearly reached 

equilibrium with the ambient atmosphere at 700°C and to some 

extent were stailized during the first firing. The nature of 

this alteration is discussed more fully in chapter 5. The 

amount of alteration occurring during the second refiring was 
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Figure 3.1. Results of the ARM correction method using samples 

Of known archaeointensity. 
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therefore less than was frequently encountered during a normal 

archaeointensity determination and did not constitute an 

unequivocal test of the ARM correction method. It was still 

necessary to apply a more stringent test to the ARM correction 

method using samples which behaved in a less ideal fashion. 

3.6.2 Firing In Different Atmospheres 

An attempt was made to obtain more drastic alteration by 

carrying out the second firing in a different atmosphere, i.e. 

by firing samples in nitrogen then air, or air then nitrogen. 

In this way it was hoped that a near equilibrium reached during 

the first firing, (the original archaeointensity determination), 

would be disrupted by the second firing. The results are shown 

in figure 3.2 and tables 3.2a and 3.2b. 	The demagnetization 

fields used were as for a normal archaeointensity determination. 

The samples fired first in air then in nitrogen gave 

TRM1-TRM2 and ARM3-ARM2 graphs with one or two linear segments 

and .ARM3-ARM2 gradients of between 0.723 (ZA39B) and 1.146 

(ZA56B). The calculated intensity results agreed within error, 

with the expected results except for the high field 

demagnetization points of ZA39B. 

The samples fired first in nitrogen and then in air showed 

a more drastic alteration; both the ARM and ThM graphs were 

concave upwards. One or two linear segments were selected from 

each pair of graphs, the ARN3-ARM2 gradients ranged from 0.229, 

(ZA44) to 0.577, (ZA34). The expected result was obtained 
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Figure 3.2. Results of the ARM correction method on samples of known 60 
archaeointensities fired in different gaseous environments 
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TABLE 3.2a. Chanqe in maqnetic parameters of samples fired twice 

in the laboratory, in different atmospheres, 

Before 2nd heating After 2nd heating 

Sample TTRH1 TTRM2 PARM3/ SIRM xi mdf SIRM 	xi mdf 
PARM2 	 ±3mT 	 ±3mT 

ZA39Ba 2060 1437 0.863 383 8218 125 351 5970 125 

ZA52Ca 210 206 0.933 54 882 110 60 856 130 

ZA56Ca 3236 3343 1.064 533 8494 130 568 8196 140 

ZA25b 6976 5327 0.712 1774 13917 420 104 16090 195 

ZA49 8455 8115 0.928 2937 13979 400 1973 11460 225 

ZA44b 5741 5741 0.755 2658 19945 400 1368 26520 200 

ZA34b 2507 2507 2.347 527 2241 405 410 6872 140 

Units are the same as for table 3.1a. 

ZA39Ba, ZA52Ca and ZA56Ca were fired first in air and then in N. 

ZA25b, ZA49b, ZA44b, ZA34b were fired first in N and then in air. 



Table 3.2b Results of archaeointensity determinations using the ARM 

correction method on samples of known laboratory 'archaeointensitv' 

which 	have been altered by firing in different atmospheres. 

TRM2 v. ARM3 v. 
TRM1 ARM2 Points Lab. ArchaeointenSity Expected 

Sample Grad. Grad. used Field Uncorr. Corr. Result 

±errors ±errors (mT) (/LT) 

ZA39Ba 0.966 0.915 00-15 52.1 53.9 49.3 50.8 

±0.038 ±0.034 ±0.5 ±2.2 ±2.7 

ZA39Ba 0.845 0.723 20-90 52.1 61.7 44.6 50.8 

±0.067 ±0.034 ±0.5 ±4.9 ±4.4 

ZA.52Ca 0.972 0.953 00-90 50.2 51.6 49.2 50.5 

±0.203 ±0.133 ±0.5 ±10.8 ±12.2 

ZA56Ca 1.185 1.146 20-90 50.5 42.6 48.8 49.9 

±0.026 ±0.037 ±0.5 ±1.8 ±1,9 

ZA25b 0.268 0.292 40-90 49.5 184.7 53.9 49.9 

±0.017 ±0.022 ±0.5 ±12.0 ±5.3 

ZA49b 0.340 0.377 40-90 50.2 147.6 55.7 50.3 

±0.007 ±0.039 ±0.6 ±4.0 ±5.8 

ZA44b 0.408 0.473 25-45 50.7 124.3 58.7 49.8 

±0.064 ±0.031 ±0.2 ±20.0 ±10.0 

ZA44b 0.208 0.229 50-90 50.7 243.7 55.8 49.8 

±0.007 ±0.006 ±0.2 ±8.0 ±1.5 

ZA34b 0.646 0.577 30-90 50.7 78.5 45.3 50.8 

±0.069 ±0.096 ±0.5 ±8.4 ±9.8 

ZA39Ba, 7AA52Ca and ZA56Ca were fired first in air and then in N 
2 

ZA25b, ZA49b, ZA44b and ZA34b were fired first in N and then in air. 
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limits 
within error A for all samples with the exception of the high 

field demagnetization points of zA44; which in fact consisted of 

only four points. Comparison of the uncorrected with the 

corrected archaeointensity results shows that the application of 

the correction produces a great improvement and demonstrates 

that the correction may be successfully applied to samples which 

have been drastically altered by refiring in a different 

atmosphere to that in which they were originally fired. 

3.6.3 Refiring To Higher Temperatures 

Magnetic minerals which are in equilibrium with a given 

atmosphere at 700°C may not be in equilibrium with that 

atmosphere at a higher temperature. It was, thus, possible to 

alter samples, which were equilibrating with the atmosphere 

during the first firing, by refiring them to higher 

temperatures. This is an unlikely kind of alteration to 

encounter during routine archaeointensity work because if the 

original, (archaeological), firing temperature of the sherd was 

exceded during TRI.! acquisition then the original firing 

temperature was below the maximum Curie temperature and the 

sample would have been unsuitable for archaeointensity work and 

probably not selected. 

Eight samples from Sesklo and Dimini, which had originally 

been used in archaeointensity determinations and to check the 

comparability of ARM and SIRM correction methods, were refired 

to temperatures between 800-950°C to produce a TRM (TRM2). This 

TR1.! was a.f. 	demagnetized in 5 mT steps to 40 mT and 	then at 
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50, 70 and 90 mT. AR143 and SIRM3 were subsequently given and 

demagnetized in the same steps. TRM, ARM3 and SIRM3 were 

plotted against TRM1, ARM2 and SIRM2 respectively and the 

intensity calculated by use of equations 3.3 and 3.6. The 

expected intensity result was thus the field in which TRM1 was 

given during the original archaeointensity determination. The 

results are shown in tables 3.3a and 3.3b and figures 3.3a and 

3.3b. 

These samples refired at higher temperatures show three 

features which differ from the behaviour of a majority of the 

samples used in this work. 

An increase of the m.d.f. of the TRM 

Most of the refired samples have more than 20% of the TRM 

remaining after a.f. demagnetization to 90 MT 

Most of the refired samples have PPM and ARM graphs which 

are concave downwards. 

These differences would seem to indicate that the type of 

alteration occurring during the high temperature refiring is 

either different to, or has proceeded further than the usual 

alteration during archaeointensity determinations. 

The eight samples behaved in a generally similar way during 

refiring, that is, with the exception of the three samples 

SK(I)l, DM11 and DM112, they showed a change to multidomain-like 

behaviour by the Lowrie - Fuller test. An interesting feature 

is that samples which show a change from single to multi-domain 

type behaviour by one criterion, showed an increase in m.d.f., 

when they might reasonably have been expected to become 
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magnetically softer. In most cases the size of the low 

coercivity fraction decreased, as indicated by the smaller loss 

of SIRM and TRM at low fields. The high ceorcivity fraction 

increased after refiring, this is shown by the smaller 

percentage of remanence remaining after a.f. demagnetization to 

90 MT. 

Effects such as the increase in magnetic hardness and the 

decrease in initial susceptibility and SIRM could be the result 

of the oxidation of magnetites or t.itanomagnetites. Such a 

change would not explain the change to more multidomain 

material. Possibly processes such as annealing occurring more 

rapidly at higher temperatures have affected the samples. The 

type of alteration occurring will be discussed more fully in 

Chapter 5. 

Whatever alteration had occurred it was considerably more 

drastic than that encountered during routine archaeointensity 

determination in this work. The range of ARM3-ARM2 gradients 

produced during this experiment was from 0.063 - 0.859. The 

results are considered in four groups. 

SKE3 and DM8/12:- These samples have AR143-ARM2 gradients of 

below 0.1, the application of the ARM correction improved the 

calculated archaeointensities and in the case of the high field 

points of SKE3 provided the correct result, although with a 

large error. The results for the low field points of SKE3 and 

DM8/12 did not agree with the expected result within 

experimental error. With gradients so far from unity it is 
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evident that the calculated error is quite likely to be an 

underestimate and that any results obtained from such low 

gradients should be treated with caution and probably rejected. 

DM11 and sK,I'72:- These samples both altered to the same 

degree and had gradients of between 0.25-0.30. Both gave 

archaeointensitieS which agreed with the expected result 

although there was a large error associated with the result from 

DM11. 

DM1/2 and DM10:- These samples had AR143-ARM2 gradients in 

the range 0.162 -0.457. Two linear segments were fitted to each 

graph. None gave the expected result. The corrected high field 

points for DM10 fall within 10% of the expected result. Both 

linear segments of DM1/2 give a similar result which is too low 

by 20%. This latter sample was refired once between the 

acquisition of TRM1 and TRM2. 

SKB,I,18 and SK,I,l:- These samples were the least altered 

with ARM gradients of between 0.33 and 0.86, they behaved more 

like a sample during routine archaeointensity determination. 

The high field points of SKB,IlR gave the correct result, 

although with a high error; the low field, gradient, consisting 

of only four points gave a result 5% lower than expected. The 

TRM graph of SK,I,1 had an unusual shape, the overall trend was 

linear, but in detail the upper half was concave down and the 

lower half was concave up. Two linear segments of four points 

each were fitted. The high field points were 5% higher than the 

expected result. It does seem that errors calculated from the 
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scatter when only a small number of points are involved, are 

often too low and that results from only a few points, should be 

treated with caution. 

As mentioned previously, it is unlikely that alteration to 

the extent seen in this experiment will be encountered during 

normal archaeointensity determinations. There was no systematic 

trend in the deviations of the actual from the expected results. 

This data suggests that archaeointensities from too few points 

can be dubious and that the further the ARM gradient is from 

unity, the more likely it is to yield erroneous results. 

3.6.4 Summary 

The experimental validity of the ARM correction method has 

been demonstrated for samples which altered to a much greater 

extent than that normally encountered during routine 

archaeointensity determinations. 	The effects of refiring 

samples in different atmospheres can be corrected for, and so, 

to a certain extent, can the effects of drastic alteration 

caused by refiring samples to temperatures which they have not 

experienced before. 
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3.7 ARM DEMAGNETIZATION OR ACQUISITION METHOD? 

Having demonstrated the experimental validity of the ARM 

correction method using the a.f. demagnetization of the ARM, 

the question arises as to whether the Rigotti (1978) method, 

employing acquisition of an ARM has any useful advantages over 

the former method. 

3.7.1 Advantages Of The Rigotti Method. 

Rigotti states that his method has four advantages over 

methods utilizing a.f. demagnetization , these are as follows: 

'The signal to noise ratio for ARM acquisition is 

higher in the high coercive force region, whereas for ARM 

demagnetization the small ARM remaining at higher 

demagnetization is superimposed on a comparatively large NRM or 

TRN.' This is a valid point as the higher field demagnetization 

points are often used to determine the ARM2-ARM1 ratio. 

'Acquisition curves give an indication of approaching 

saturation whereas a.f. demagnetization of an ARM does not.' 

This is, in fact, not the case as figure 3.4. shows. The 

acquisition curves for a typical sample, ZA49a, are plotted 

together with the intensity lost during demagnetization at each 

field. It can be seen that an ARM gained in a given field is 

demagnetized in a lower field and that the ARM demagnetization 

curve is in fact 'softer' than the ARM acquisition curve. The 

approach of saturation is more readily detectable for 

demagnetization than for ARM acquisition. As saturation is 
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approached the percentage change in remanence is less for ARM 

demagnetization than for acquisition and this does lead to some 

loss of clarity at high fields on AR142-ARM1 plots. 

'It is quicker to give samples an ARM than it is to 

demagnetize it.' In fact if the ARM is to be given in the same 

direction as the NRM then only one sample can be magnetized at a 

time. If the ARM is given to several samples in random 

directions then there is the advantage of speed but there are 

then two disadvantages. Firstly, vector subtraction of the ARM 

from the NRM or TRM is necessary and this introduces a certain 

amount of scatter. Secondly, a correction must be made to 

account for anisotropy in the sample. With the equipment 

available in the present work, it was possible to demagnetize 

eight samples at once and so taken as a whole it was quicker to 

use ARM demagnetization than ARM acquisition. 

'ARM acquisition is more sensitive to changes in the 

coercivity spectrum than a.f. demagnetization of an ARM or IRK 

and more analogous to the stepwise partial TRN analysis used in 

the Thelliers' (1959) method.' There is a loss of sensitivity 

for both acquisition and demagnetizatioh if the ARM is 

approaching saturation at the peak a.f. field, because gains or 

losses of remanence are then comparatively small. As mentioned 

in point (2) loss of sensitivity at high fields is slightly 

greater for demagnetization than for acquisition. There is, 

however, no way in which a method involving a.f. 

demagnetization benefits from being analogous to one such as the 

Thelliers' designed specifically for thermal demagnetization and 
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remagnetization. 

3.7.2 The Disadvantages Of The Rigotti Method. 

The disadvantages of using ARM acquisition are threefold. 

The ARM demagnetization method compares the ARMs and TRMS in 

the same manner, which the acquisition method does not. 

Application of the ARM in the NRM direction obviates the 

necessity, firstly for vector subtraction of the ARM from the 

TRM and NRM; a process contributing to the scatter of results, 

and secondly the application of a correction for anisotropy of 

the sample. With an ARM acquisition method it would be 

necessary to reorientate each sample individually before each 

acquisition step, considerably increasing the time taken for 

each measurement. 

The method by which the archaeointensity is calculated 

is inconvenient. Rigotti gives no indication of what degree of 

coincidence of ARM1 and ARM2 curves is necessary before the 

sample is considered to give an acceptable result. It is easier 

to calculate statistics, such as errors, for a graph which is 

expected to be linear than for a comparison of two curves whose 

equation is unknown. If the normalized ARM acquisition curves 

are coincident then the archaeointensity is calculated either 

from the total NRM, TRM, ARM1, and ARM2 or from the NRM, TRM, 

.ARM1, and ARM2 remaining after some selected demagnetization. A 

result from just one pair of points is less reliable than one 

from the four or more pairs of points which are used for the ARM 

demagnetization method. Results obtained using Rigotti's method 
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are better interpreted in the manner employed by Kono (1978) or 

Shaw (1974), by plotting ARM2 versus ARM1 using acquisition 

field as a common parameter. A linear relationship on such a 

graph indicates a coercivity spectrum that is unaltered, or has 

changed in size but not shape during TRM acquisition. This 

method is more convenient than Rigotti's, as it is not necessary 

to re-normalise the results to some demagnetized value. 

3.7.3 Experimental Comparison. 

The ARM demagnetization and acquisition methods were 

compared using six samples from trench ZA at Sitagroi, to 

ascertain whether the two methods gave similar results. The 

method used was essentially that described in section 3.5, but 

after both NRM and TRM demagnetization, an ARM was given in 

stages in the same peak alternating fields as had been used 

during the demagnetizations. This ARM was given in the same 

direction as the NRM thus necessitating individual orientation 

of each sample for each acquisition step. The archaeointensity 

results for the six samples are given in table 6.2 and figure 

6.3. The acquisition results are plotted in a similar way to 

the demagnetization results so that they are directly 

comparable. The ARM2-ARM1 (acquisition) gradients are, except 

in the case of 62a, equal to or larger than those from the 

demagnetization data. However, the correction factors produced 

using the ARM acquisition and demagnetization data all agree 

within calculated error so it is not certain whether the 

difference between demagnetization and acquisition data is 
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significant. The errors on the results from ARM acquisition 

data are larger than those from demagnetization data, and the 

source of additional scatter was probably from errors in the 

orientation of the samples for ARM acquisition. The scatter is 

beet seen on the results from samples ZA57a, ZA62a and ZA51a. 

The high field points for the acquisition data (the lower half 

of the graph) do not show the linearity of the TRM and ARM 

demagnetization data. The straight line was fitted to the high 

field demagnetization points of ZA51a for the purposes of 

comparison only, the data being so scattered that it would not 

normally be used in an archaeointensity determination. It was 

expected (see above) that the acquisition data would show better 

definition at higher demagnetizing fields but this advantage is 

lost if the errors produced during the acquisition process are 

too large. 

3.7.4 summary 

It is evident that methods using ARM acquisition or 

demagnetization provide comparable results. The ARM acquisition 

method had no useful advantages over the ARM demagnetization 

method using the available equipment, it took longer to complete 

the measurements and the resulting errors were larger. 



3.8 COMPARISON OF METHODS USING ARM AND SIRM 

It may be possible to use the a.f. demagnetization of an 

SIRM, instead of an ARM, to provide the correction factor. The 

main practical advantage of using SIR!.! being that the remanances 

produced are larger and the TRM is destroyed. This means that 

at the higher demagnetizing fields the remanence of interest 

would be quite large and the change in remanence between each 

demagnetization field would be larger than if an ARM which was 

approaching saturation was used. The main practical 

disadvantage of this method was that it was more difficult to 

orientate the sample in the small gap between the pole pieces of 

the electromagnet and so it was not possible to give the IRK 

along the NRN direction. 

To test whether SIRMS gave comparable results to ARMS an 

additional step was inserted into the archaeointensity method 

described in section 3.5. After demagnetization of both the 

.ARN1 and ARM2 an IRM was given in 1 Tesla along the Z axis of 

the sample. 1 Tesla was sufficiently large to saturate most 

samples. Any result obtained from such SIRM data may be subject 

to errors if there is any anisotropy present in the sample. The 

experiment was carried out on eight samples from Sesklo and 

Dimini, the results are given in tables 6.6 and figures 6.7a and 

6.7b. The results are considered in five groups. 

SK,I,18, SK,I, '72 and DM8/12 gave results from ARM and SIRM 

corrections which agreed within experimental error. The SIRM 

gradients were all slightly smaller than those from ARMS. 



DM10 gave ARM and SIRM correction factors which did not 

agree within experimental error, although the corrected 

archaeointensities did, due to the large error associated with 

the TRM-NRM gradient. 

Two linear segments were fitted to the ARM graph of SK,I,l, 

these gave rise to compatible results as did the two SIRM 

corrections. They were not, however, compatible with each 

other, the SIRM producing a result of 28 AT and the ARM one of 

50 AT. 

DM11 and DM1/2 produced SIRM correction factors which were 

much lower than the value of 1.0 produced by the ARM. 

Application of the SIRM correction led to an archaeointensity of 

less than 10 AT, a result which is almost certainly incorrect 

for Greece for any time over the past 6000 years. It may be, 

however that the samples were not well fired and it is the 

TRM-NRM gradient which is at fault. 

The TRM-NRM gradient for SKE3 is 12.179 and it is possible 

that it was poorly fired. Neither ARM nor SIRM corrections 

produced a reasonable archaeointensity result 

From this experiment it is not possible to draw any 

conclusions about the relative merits of the ARM and SIRM 

corrections. There is also no evidence of any consistent 

difference in results using the two methods. Since the 

archaeointensities of these samples were unknown it was not 

possible to say which correction factor was wrong when the two 

disagreed. When the reliability of the ARM demagnetization 



results was assessed (6.3.4) it was noticeable that where the 

ARM demagnetization results were of reliability 1 and 2 the SIRM 

results agreed with them and where they were of reliability 4 

the SIRM results disagreed with them. 

3.8.1 Comparison Using Drastically Altered Samples. 

The above experiment was repeated with samples which had 

been refired to temperatures of between 800-950°C. A further 

TRM (TRM2), ARM (ARM3), and SIRM (SIR143) were given and 

demagnetized in 5 WT steps to 40 niT and then at 50, 70 and 90 

mT. Unfortunately data from the 5 niT demagnetization of the 

SIRM was not obtained. The results are considered in the sair 

groups as in section 3.6.3. 

SKE3 and DM8/12:- These samples were the most drastically 

altered and had low ARM3-ARM2 gradients. The low field SIRM 

points for SKE3 produced a corrected archaeointensity result 

which agreed remarkably well with the expected result. The 

result from DM8/12 was not as good, neither the SIRM nor the ARM 

data produced the expected result. Neither of the samples would 

really be expected to yield reasonable results with the gradient 

so far from unity. 

DM11 and SK, I, '72:- These samples were slightly less 

altered than the previous two. Both the ARM and SIRM correction 

factor for DM11 were as expected. The ARM gave a result closer 

to that expected, although with the larger error. For sample 

SK,I, '72 the ARM correction produced the correct result, the 



SIRM produced one which was too high. 

DM1/2 and DM10:- These samples did not give the expected 

result using either SIRM or ARM. For sample DM10 the ARM and 

SIRM corrections were the same but when applied they produced an 

archaeointensity which was too high. For DM1/2 the ARM 

correction was too low by 25% and the SIRM was too high by 30%. 

SKB,I,18 and SK,I,l:- Neither sample gave conclusive 

results, the high field points of SKB,I,18 gave the expected 

result although with a large error. The other corrected 

archaeointensity results from these samples fell within 10% of 

the expected results. 

3.8.2 Summary 

The degree of alteration experienced by these samples was 

intense and was greater than that normally seen in the course of 

this work. It does provide a rather stringent test of the 

viability of the SIRM correction method. Poor results were 

obtained partly because of the drastic alteration producing very 

low ARM3-ARM2 and SIRM3-SIRM2 gradients and partly because fewer 

points than usual were used to produce the demagnetization 

curves. There were no samples for which the SIRM correction was 

unequivocally better than the ARM correction, but there was one 

clear-cut case, (SK,I, '72), where the ARM correction produced 

the correct result and the SIRM correction did not. The ARM 

correction seems to be slightly better than the SIRM correction, 

although these experiments do not constitute conclusive proof. 



In the next section theoretical considerations show why it 

may not be advisable to use SIRM. 

3.9 THE THEORETICAL VALIDITY OF THE ARM CORRECTION METHOD. 

3. 9 • 1 Introduction 

Experimental work, originating from the published work of 

other workers and from the present study, concerning the 

similarities and differences of ARM and TRM will be described 

and discusssed in the light of theories of the magnetization and 

demagnetization of single domain and multidomain grains. Both 

single and multidomain theories are considered, as the samples 

used in this work probably contain both types of grain. 

3.9.2 Experimentally Observed Behaviour Of ARM And TRM 

3.9.2.1 Previous Work. - Rimbert, (1959) showed that ARM and 

TRM have similar induction curves, comparable stabilities to 

a.f. and thermal demagnetization and that the ARM intensity is, 

like that of TRM linearly proportional to small steady inducing 

fields. Dunlop, Bailey and Westcott-Lewis (1975) found that the 

TRM and ARM induction curves of sub-micron magnetite are not 

very similar despite the similarity of the ARM and TRM 

coercivity spectra. 

The test devised by Lowrie and Fuller (1971) to distinguish 

between single and multidomain grains by comparing the magnetic 

hardness of a weak field TRM and an SIRM has been modified by 

Dunlop, Haynes and Buchan (1973) and Johnson, Lowrie and Kent 



(1975) by substituting a weak field ARM for the weak field TRM, 

on the grounds that ARM and TRM show the same trends against 

a.f. demagnetization in both single and multidomain materials. 

Levi and Merrill, (1976) investigated a range of sizes and 

shapes of magnetite grains and showed that the MDF spectra of 

ARM and TRM were similar and that both spectra showed similar 

particle size trends. They also observed that ARM and TRM have 

similar stabilities to spontaneous decay. 

Levi and Merrill, (1976) showed that ARM and TRM responded 

in the same way to thermal cycling between 130°K and room 

temperature in zero field. When cooled through the low 

temperature magnetocrystalline transition points, multidomain 

grains experience a loss of remanence with a partial recovery if 

internal stress is present, (Kobayashi and Fuller 1968). The 

behaviour of single domain grains is dominated by shape 

anisotropy if they depart slightly from spherical shape. Thus 

if the low temperature transition curves of ARM and TRM given to 

a particular sample are similar it can be deduced that the range 

of grain sizes and domain states affected by the magnetization 

process are the same. 

Although ARM and TRM are analogous processes, both 

requiring a steady field plus energy perturbations, ARM 

acquisition is an isothermal process and some differences will 

occur because magnetic properties are temperature dependant and 

vary during a TRM acquisition. The intensity of magnetization 

acquired by a TRM and ARM in a given field is not the same. 

Levi and Merrill (1976) found that the ratio 
MARM/MTRM 

 was less 



than 1.0 for single domain grains but greater than 1.0 for 

multidomain grains. Any theory relating ARM and ThM in 

multidomain grains should be able to explain this fact. Kono 

(1978) found ratios of MARM/M 
 TRM of 0.2-1.0 and Shaw (1979) 

found ratios between 0.1-5.5 

3.9.2.2 Experimental (This Work) - 

The information presented here is derived from routine 

archaeointensity determinations and from five samples which were 

studied in greater detail. Of these five samples, four were 

from trench ZA and one, H8 is hematite in plaster of Paris. A 

more detailed description of the samples is given in appendix 1 

and section 4.1. 

Domain state. The domain state of these five samples using the 

Lowrie-Fuller (1971) test is not certain. Figure 3.5 shows the 

demagnetization curve of the 'I'RM plotted against those of the 

ARM and SIRM using peak alternating demagnetizing field as a 

common parameter. Where the SIRM-TRM points fall ibove a line 

of gradient 1.0 passing through the origin, the SIRM is 

magnetically harder than the ThM and the sample is exhibiting 

multidomain-like behaviour. Sample ZA24 possibly exhibits 

multidomain and single domain behaviour, but the remainder 

exhibit single domain-like stability which, however does not 

necessarily rule out the presence of multidomain material 

(Dunlop Haynes and Buchan 1973) 
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For H8, as only 10% of the total TRM is affected by the 90 

mT demagnetization it is not possible to draw any conclusions, 

although the haematite in this sample is below the single domain 

threshold size. 

A.f, demagnetization of ARM and TRM. Figure 3.5 shows the 

demagnetization curves of ARM and SIRM plotted against that of 

the TRM using demagnetizing field as a common parameter. A 

linear relationship over any portion of this type of graph 

indicates that the coercivity spectra over the a.f. 

demagnetization points spanned by the linearity are similar if 

normalized between its limits. 

Three of the samples ZA24, ZA4 and Si have similar 

coercivity spectra of ARM and TRM over the 0-90 mT range. 

Sample ZA9 however shows a significant deviation from the 1.0 

gradient between the 0-90 mT points and the coercivity spectra 

of the TRM and ARM are similar only over the range 25-90 mT 

Considering the ARM and TRM demagnetization curves between 

0-90 mT of all the samples used in archaeointensity 

determinations, a majority of the samples have an mdf for the 

ARM which is slightly higher than that of the TRM. 

The thermal demagnetization of ARM and TRM. Sample ZA24, ZA4, 

Si, ZA9 and HR were given partial ARMS in 90 mT peak alternating 

field and subsequently thermally demagnetized. The normalized 

thermal demagnetization of the ARM is compared with the thermal 

demagnetization of the TRM in figure 3.6. Samples ZA24, ZA4, 
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ZA9 and Si show similar demagnetization curves at low unblocking 

temperatures, but at higher temperatures the TRM becomes more 

resistant to thermal demagnetization than the partial ARM. One 

reason for the difference between the two curves is that some 

blocking temperature intervals of the TRM contain a proportion 

of domains which are not demagnetized by a 90 WT peak 

alternating field. It was found during a.f. demagnetization of 

partial TRMs acquired in different blocking temperature 

intervals that the proportion of grains with unblocking fields 

greater than 90 mT increased with increasing blocking 

temperature. There is, thus, a cumulative affect of these high 

coercivity grains causing deviations of the 'I'PM curve from the 

curve which would have been produced if no domains with greater 

than 90 mT unblocking field existed. The TRM curve has been 

'corrected' (figure 3.6, dashed line) using data from the a.f. 

demagnetization of partial TRMs so that it is directly 

comparable with a partial ARM acquired in 90 mT. The two curves 

now become rather more similar. H8 is an extreme example of the 

effect of high coercivity grains causing differences in the TRM 

and partial ARM demagnetization curves. 90% of the grains have 

an unblocking field of greater than 90 mT and so naturally the 

PARM demagnetization curve bears no resemlance to the TRM curve. 

Thus, it is evident that differences between a partial and total 

ARM at fields below the peak alternating field used in the ARM 

acquisition are negligible and that the total ARM and total TRM 

affect similar coercivity domains. 
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In this work it was not possible to directly compare 

the total ARM with the TRM because the maximum alternating field 

obtainable with the apparatus was 90 mT. For instance, to 

compare the mdfs of ARM and TRM it was necessary to normalize 

the TRM, taking the total TRM as 100% and the TRM remaining 

after 90 mT demagnetization as 0%. This is permissible as 

Dunlop and West (1969) found that a partial ARM acquired over 

the range B-B 	was identical to a total ARM over that range 

except for a slight tailing off of the ARM within 2 mT of B. 

One factor which varies from sample to sample is the ratio of 

the ARM to TRM acquired in the same field. 	AP  TRM The 

values quoted in the literature are normally for a total ARM. 

The values obtained during the present work are 

MRM/(M DTRM -M 9DTRM ) 
where 14 

0 
 is the total magnetization and 

M 
90 

 is the magnetization remaining after demagnetization in 90 

mT. 	The value of this ratio should be similar to 

(Dunlop and West 1969). If the PARK and TRM demagnetization 

curves are similar then it should be possible to curtail the 

demagnetization at any field B and obtain a similar value for 

the ratios M0_M(PARN)/M0_M(TRM) and MAJ1MTRM For brevity the 

ratio 14 	
/M 
	

-M 
	will be referred to as N 	/N 

PAR?! 0 TRM 90 TRM 	 90 ARK 90 TRM 

There were some problems in obtaining the ratio 

14 
9OARK 9OTRM 

114 	. Examination of the typical ARM acquision curves 

in figure 3.7 suggests that there may be a systematic error in 

the measurement of the bias field. As plotted, the induction 

curves all have negative intercepts on the the X axis suggesting 

a 10-20 AT underestimate of the bias field. The alternative to 

assuming this error is to postulate a change in gradient of the 
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induction curve at 50 /LT for all samples illustrated. When the 

H9OARK9OTRN ratios are calculated, allowing for this 

systematic error, they all fall within the range 0.5-1.0. 

Relationship of coercivity to blocking temperature. The results 

of a.f. demagnetization of the PTR14s of five thermally 

stabalized samples ZA4, ZA24, Si ad ZA9 are plotted as 

unblocking field spectra in figure 3.8. It can be seen that 

although a small range of blocking temperatures are associated 

with a wide range of coercivities, there is a tendency for the 

peak unblocking field to become larger as the blocking 

temperature increases. Sample HR was not plotted because the 

narrow range of blocking temperatures (mostly between 600-700°C) 

were scarcely affected by a.f. demagnetization. A clearer 

indication of the trend of increasing magnetic hardness with 

increasing blocking temperature is given in figure 3.9 where the 

mdf of each PTRM is plotted against median blocking temperature. 

3.9.2.3 Summary - 

The experimental results presented here agree substantially 

with the results reported in the literature in that; 

Typically the unblocking field and unblocking temperature 

spectra of the ARM and TRM are similar. 

The ratio of ARM to TRM induced in a given field is usually 

less than 1.0. 

The ARM is generally slightly harder than the TRM to a.f. 

demagnetization. 
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(4) Higher blocking temperature intervals tend to have higher 

unblocking fields. 

3.10 SINGLE DOMAIN MAGNETIZATION. 

Most models of single domain magnetization consider grains 

with uni-axial anisotropy which possess two stable easy 

directions for the magnetic moment, separated by an energy 

barrier. Neel (1949) considered a non-interacting dispersion of 

single domain particles. 	For such an assemblage the 

magnetization would be blocked in when the applied field 

exceeded the critical field at which the moment of the grains 

reversed. However, close to the Curie point the critical field 

becomes vanishingly small and all grains would become magnetized 

and produce a TRM equal to the saturation magnetization and 

independant of the inducing field. This type of behaviour is 

not shown and so to explain actual behaviour, Nel (1949) 

introduced thermal fluctuations relating the probability of a 

change occurring to an activation energy and absolute 

temperature. A single domain particle will, in the absence of 

an applied field have equal probabilities of occupying either of 

the two equilibrium positions. In the presence of an applied 

field the potential barrier has two energy levels and the 

probability of occupation is greater for the magnetization 

parallel to the applied field. The probabilities of the 

magnetization being parallel or anti-parallel to the applied 

field are proportional to 
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exp( -vM( hB-b)2/2h B kT) 

Although other terms contain h8  the remanent intensity is 

determined mainly by the difference in these terms where; 

h-applied field, hB-microscopic coercivity, M.-spontaneous 

magnetization, v=volume, k=Boltzmanns constant and r=absolute 

temperature. At room temperature a weak applied field, will be 

much less than h   and the exponential terms will be little 

affected, but with increasing temperature h  decreases and the 

relative value of h increases and an appreciable weak field 'I'RM 

is acquired at high temperatures. 

An ARM is acquired when a steady field is superimposed on 

an alternating field which decays smoothly from some peak field 

to zero. Whilst the ARM is acquired the microscopic coercivity 

of the grains remains constant but the weak steady field, h, is 

periodically supplemented by the alternating field in one 

direction, the field experienced by the grain parallel to the 

applied field is slightly greater than that in the anti-parallel 

direction. In the same manner as before, the probability is 

greater that the energy level where the magnetization is 

parallel to the applied field will be occupied. 

3.10.1 Theoretical Considerations Of ARM And TRM. 

In this section theories of magnetization which make 

predictions or attempt to explain the relationship between ARM 

and TRM are considered. The Neel (1949) study of relaxation in 

single domain grains has been modified by some authors to 



explain experimental results which were not as the theory 

predicted. 

Dunlop and West (1969) found discrepancies between 

predictions by Nel and their experimental results. 

Experimental ARM and TRM susceptibilities were lower than 

predicted. The coercivity spectra derived from IRM 

magnetization and demagnetization curves were harder and softer 

respectively than expected. The coercivity and blocking 

temperature spectra of ARMS became progressively softer than 

those predicted by Néel (1949) in increasing magnetizing fields. 

To explain these discrepancies they introduced magnetic 

interactions between grains into the Nel theory. 

They proposed, that the effect of adjacent grains 

surrounding a grain in an assemblage can be represented by an 

interaction field H.., this field modifies the field h   required 

to reverse the magnetization of the domain such that the 

switching fields of the grains in directions parallel and 

anti-parallel to H. are H4=hBHj  and Hh8+H. respectively. In 

alternating fields the grain is blocked in at the smaller of 

it s two switching fields and thus the coercivity of a particle 

is always lowered by interactions. 

Considering single domain grains Dunlop and West (1969) 

described the variation of the value of the interaction field 

from grain to grain by defining a probability distribution for 

the interaction field on a grain. They suggested that the 

interaction field probability distribution is independant of the 



magnetization of the sample with a statistically large number of 

grains having the same coercivity if the magnetization, M<M9 . 

Following thermal or a.f demagnetization an assemblage of 

interacting particles is not statistically demagnetized, but is 

polarized, the particles will not have an equal probability of 

being left in either equilibrium position but one orientation is 

favoured by the local H 	vector. For a particle to be 

effectively magnetized and to contribute to the net remanence it 

must be blocked in in the opposite direction of this 

polarization and this is possible only when the applied field h, 

excedes and is in the opposite sense to H.. 

ARMs and TRMs produced in very small fields magnetize only 

those grains with very small H.,. The difference between ARM and 

TRM arises because TRM is blocked in at high temperatures where 

magnetostatic interactions are smaller because of the decrease 

in M, the spontaneous magnetization. Grains whose room 

temperature value of IHI  is more than IhI but whose value of 

1H11 at blocking temperature T B is less than Ihi will contribute 

to a TRM but not to an ARM. The TRM produced by a field h will 

be is larger than the ARM. The grains which contribute to a TRM 

but not to an ARM are, at room temperature, subject to a higher 

interaction field and should be softer to a.f. demagnetization. 

Dunlop and West (1969) showed theoretically that the ratio 

MAR/M TRM  =M B/Mo. where M is the spontaneous magnetization and 

the subscript 10' refers to roon temperature and 'B' to blocking 

temperature. They obtain experimental agreement between the 

ratios MB/M0  and M K/MRM* The ratio MAI/MTRM  will always be 
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less than 1 on this model. 

The features predicted by this model agree well with the 

experimental data presented in section 3.9.2. 

Jaep (1971) considered the thermodynamic equilibrium of an 

interacting assemblage of uniaxial aligned single domain 

particles and was able to explain the finite susceptibility and 

the shape of the M ARM 
 v applied field curve. His interpretation 

was used by Banerjee and Mellema (1974) who derived the 

relationship; 

MARl/HPRM so (M I'M sB )2(T 
0 /TB) 	

3.9 

where the subscript 'o' denotes room temperature and 'B' denotes 

blocking temperature, H is the spontaneous magnetization and P 

is absolute temperature. 

Levi and Merrill (1976) used the work by Jaep (1971) and 

deduced a relationship of HARM 
 to  MTRM  for a spherical sample 

containing an isotropic distribution of randomly orientated 

grains. They assumed that the effective field on the grains, 

h 
eff ex m =h 	-h .t 	ex 

where h is the externally applied field and 

h. 
mt 

 is the interaction field. They deduce that; 

MABJ,/MTRM =(Mgo sB 	0 	i 
/N 	

TBIT )(l-)'into 
 )/(l in-A.  tB 	

3.10 

over the region where N 	 Ii and N 	are linear functions of 
ARM 	TRM 	 ex 

The subscript '0' refers to a value at room temperature and the 

subscript 'B' to its value at the blocking temperature. Aint Is 

a temperature dependant dimensionless quantity equal to 
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hint/hex' Levi and Merrill (1976) extended their arguement to 

explain the the ratio XP.MTPIM in multidomain grains by 

assuming that multidomain grains obey equation 3.10 and that 

hint decreases with the change from single to pseudo-single to 

multidomain grains. Their explanation does not, however, fit 

all the samples they studied and they suggest that direct 

comparison of the ARM and TRN acquisition may not be advisable. 

The samples used by Levi and Merrill (1976) contain a narrow  

range of particle sizes, but the authors suggest that ARM in a 

rock containing multi and single domain grains should be 

somewhat less stable magnetically with respect to a.f 

demagnetization than a PPM. If the ARM and TRM do have similar 

stabilities then, the authors suggest that the remanence is 

carried by relativeij few particle sizes. It was noted 

previously, that the samples used in archaeointensity 

determinations in this work acquired an ARM between 0-90 WT 

which was in fact on the whole slightly harder than the PPM 

which demagnetized between 0-90 mT. 

3.11 MUTLTIDOMAIN MAGNETIZATION 

In multidomain grains, remanence is produced by 

irreversible domain wall movements past energy barriers. The 

magnetization process is not as simple as for single domain 

grains because all domain walls in a single grain lock into a 

pattern. Nel (1955) considered the problem in terms of a 

square hysteresis loop, sheared by self demagnetizing fields, 

expanding and contracting with changing temperature. 	The 
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blocking condition is determined by h-H(T) where h is the 

applied field and H(T) is the coercive force at temperature, P. 

For weak applied fields Nel invoked a thermal fluctuation field 

H  such that the wall cannot be blocked until H(TB)Hf?  i.e 

when hCHf. For a TRM, the probability of a wall traversing a 

barrier with increasing temperature may increase not only as a 

result of increase of thermal agitation, but also through a 

decrease in the magnitude of the barrier height. For low field 

ARMS the barrier heights remain constant but the coercive force 

of the barrier will be exceded by the alternating field and it 

is again a question of the probability of the domain wall 

moving. 

Few attempts have been made to explain the behaviour of 

ARMS in multidomain material. 

Levi and Merrill (1976) in an attempt to explain the 

ratios found in MD magnetite extended their SD theory 

to MD5 by extrapolating the effect of an interaction field in SD 

grains to larger grain sizes. However for multidomain 

magnetization the problem of interactions is more difficult 

because there are interactions between domains in a grain as 

well as between the grains themselves. 

Stacey and Gillingham (1971) carried out a study of ARM in 

a range of multidomain magnetite grains, their prime aim was to 

observe pseudo-single domain (PSD) effects. Considering the 

effects of the self demagnetizing field of a grain they obtained 

a relationship for the ARM of a grain which was similar to that 
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for a TRM and combining the equations they obtained; 

M/MMB/M 	3.11 

which, they suggest is not true if PSD effects are present. 

However such a relationship does not permit the existence of an 

MARM/M  TRM 
ratio of > 1.0. The ARM gained by a range of 

magnetite particle sizes was seen as two components, one which 

was linear with increasing field, the magnitude of which 

decreased with increasing grain size and a non-linear 

contribution of the same magnitude for all grain sizes. The 

theory predicts a decrease of ARM with increasing grain size. 

Everitt (1961) thermally demagnetized partial ARMs and a.f. 

demagnetized partial TRI4s and showed that coercive force and 

blocking temperature were related but not linearly. 

Tucker and O'Reilly (1980) derived a theory of multidoinain 

TRM from experimental work on single crystal titanomagnetite, 

they do not consider ARM but the theory does have some bearing 

on the application of the ARM correction method. They propose 

two types of thermal blocking, magnetostrictive controlled 

blocking, where domain walls are associated with dislocations 

and magnetocrystalline controlled blocking , associated with 

voids. The temperature dependance of the depth of the energy 

wells associated with the two kinds of blocking is different. 

Magnetostrictive controlled blocking dominates close to the 

Curie temperature, both types of blocking contribute at lower 

temperatures. Low field TRM is blocked in close to the Curie 

temperature and so is dominated by magnetostrictive controlled 
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blocking. An ARM blocked in at room temperature would contain a 

larger proportion of magnetocrystalline blocked domains. The 

room temperature coercivities of the two types of blocking may 

well be different, this would show up in the a.f. or thermal 

demagnetization of the ARM and TRM. One implication of the 

above theory which will be considered more fully later, is that, 

alteration such as annealing during refiring would 

preferentially remove the dislocations and reduce the amount of 

magnetostrictive controlled blocking, which would alter the 

spectrum of coercivities of the ARM and TRM by different 

amounts. 

3.9.4 Discussion 

There is a fundemental difference between the acquisition 

of a TRM and an ARM which arises because of the change of 

magnetic properties with temperature. 	The decrease of 

microscopic coercive force and, possibly interactions makes it 

more likely that a grain will be magnetized at higher 

temperatures than at room temperature. 

Despite the differences in the mode of acquisition, similar 

grains are affected by the TRM and ARM acquisition. This is 

demonstrated by the similarity of the coercive force and 

unblocking temperature spectra of ARM and TRM. 

The theories suggest that any grain or domain magnetized by 

an ARM process is also capable of being magnetized by a TRM in 

the same field but the probability is greater that it will be 
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magnetized by a TRM process. There are domains magnetized by 

the TRM but not by the ARM and these are grains which are 

possibly 'unchecked' when the ARM correction is applied. It is 

important to ascertain whether these grains differ in any 

systematic way from the grains carrying the ARM, such that if 

they were to alter during refirng they would affect the TRM 

coercivity spectrum but not the ARM coercivity spectrum. 

The coercive force spectrum of these 'unchecked' grains is 

difficult to predict and it is not, for instance, possible to 

say whether they will be harder or softer than the ARM. The 

general trend noted by Everitt (1961) and in this work is that 

the room temperature unblocking field and the blocking 

temperature are related, although not directly. This suggests 

that if the 'unchecked' grains were blocked in at temperatures 

close to the Curie temperature, as Lowrie and Fuller (1971) 

consider would be the case for weak field TRM in single domain 

grains, then they would be magnetically harder at room 

temperature than much of the remainder of the TRM. It should, 

however be remembered that each blocking temperature does 

possess a range of coercivities. 

In contrast, Dunlop and West (1969), incorporating 

interactions into single domain theory suggest that grains whose 

interaction field is less than the applied field at room 

temperature will contribute to both ARM and TRM but grains which 

have an interaction field less than the applied field at some 

temperature above room temperature will contribute to the PR!.! 

only. The grains contributing to the TRM will have higher 
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interaction fields at room temperature and would thus tend to be 

magnetically softer. 

The Tucker and O'Reilly (1980) theory of TRM in multidomain 

grains suggests that it might be possible for grains which 

contribute to the TRM but not to the ARM to be blocked in close 

to the Curie temperature by magnetostrictive controlled blocking 

and thus to have a different coercive force spectrum at room 

temperature to those blocked in by a mixture of magnetostrictive 

and magnetocrystalline controlled blocking. 

It is difficult to predict theoretically what, if any 

systematic difference these unchecked grains would have compared 

to grains contributing to the ARM. It could be that there is no 

significant systematic difference and that the TRM is larger 

simply because the probability of grains becoming magnetized is 

greater for a TRM. Experimentally a systematic difference could 

be demonstrated if the normalized ARM and TRM coercivity spectra 

were different. However, in figure 3.10 where the PP.14 was 

multiplied by the M9OA/M9,RM ratio to make both PPM and ARM 

directly comparable, the ARM and TRM coercivity spectra are seen 

to be similar. The TRM does seem to contain slightly fewer low 

coercivity grains than the ARM but this may not be significant 

within experimental error. 

The importance of a systematic difference in the grains 

carrying a TRM and an ARM is not, whether it exists, but simply, 

whether it can change on heating in some way to produce a 

systematic difference between the TRM/NRM and ARM2/ARM1 plots so 
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that ARM is not an effective measure of the coercivity of the 

grains. 

Considering the worst case for the ARM correcton method to 

deal with, suppose that the grains which are affected by the TRM 

but not by the ARM have a totally dissimilar coercivity spectrum 

to the ARM. On refiring all magnetic grains in a given sample 

alter by the same mechanism or mechanisms. There is a 

relationship between physical characteristics and the 

for u. 9ven mine.ro4 
coercivity,) for single domain grains at least, so for a 

statistically large number of grains the percentage loss or gain 

of a certain coercivity in the ARM will be the same as for all 

grains of that coercivity and application of the ARM correction 

will be valid. 

The correction factor obtained from the linear segments of 

the ARN2/ARM1 graphs is applied to the linear segments of the 

TRM,/NRM graphs over the same range of unblocking fields, that 

is, it is applied to regions of the coercivity spectrum which 

have changed in size but not shape. If the size but not the 

shape of both the ARM and the TRM unblocking field spectra have 

been changed then it is unlikely that an additional type of 

alteration could be systematically taking place in the grains 

magnetized by a TRM but not by an ARM. It seems, therefore, 

that if the ARM2/ARM1 and TRN,/NRM graphs show similar shapes 

then the correction method is likely to work. There is, 

however, one reason why it may not give the correct result. If 

the unblocking field of a domain in a ARM is not the same as 

that domain in a TRM then the ARM correction would be 



meaningless, because the use of unblocking field as a measure of 

coercivity would not be valid. One mechanism wherby this could 

occur is suggested by the multidomain TRM theory of Tucker and 

O'Reilly (1980). 	A domain wall could have different 

coercivities depending on whether it was pinned to a dislocation 

or located on a void. Alteration (annealing) may preferentially 

remove the dislocations which would affect the ARM coercivity 

spectrum less than the TRM. It is probable, however that the 

TRM/NRM and ARM2/ARM1 graphs for such a sample would not show 

similar trends. 

Another factor which may cause changes in unblocking field 

is magnetic interactions. Dunlop and West (1969), considering 

single domains1  show that if interactions are present, then weak 

field TRMS and ARMS reside in grains with very small or no 

interaction fields and in fact their acquisition and 

demagnetization characteristics are similar to those predicted 

by the Ne1 (1949) theory which ignored interactions. The same, 

however, cannot be said of SIRM. In an SIRM all grains are 

magnetized, so if interactions are present then the effective 

coercivity of some grains will be changed. When considering ARM 

and TRM above, the coercivity of grains was seen to be related 

to the physical characteristics of the grains such that one type 

of of alteration affecting similar single domain grains would 

tend to produce similar changes in coercivity. In an SIRM with 

magnetic interactions, the 'effective' coercivity does not 

necessarily bear any relationship to the physical 

characteristics of the grain. The unblocking field of grains in 
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an SIRN is not necessarily the same as grains in the TRN and so 

the SIRN may well not produce a correction factor to account for 

alteration. 
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CHAPTER FOUR 

SOURCES OF ERROR IN ARCHAEOINTENSITY DETERMINATIONS. 

4.1 INTRODUCTION 

The sources of error to which a archaeointensity 

determination is subject have been mentioned in chapter one. In 

this chapter the the way in which the ARM correction method 

deals with them is discussed. 

4.1.1 Experimental Details 

In the course of the work five samples (ZA4, ZA9, ZA24, Si 

and H8) were studied in greater detail than would normally be 

the case during routine archaeointensity determination. Three 

of these samples ZA4, ZA9, and ZA24 were from Sitagroi and are 

descibed in Appendix 1. Sample Si was a painted sherd of 

unknown age from Greece consisting of orange, fine-grained 

pottery which appeared well, fired. H8 was a dispersion of 10% 

commercial hematite pigment (Mapico red HP, grain size 2-4 gm, 

purity 99.8%) in plaster of Paris. The samples were stabalized 

by repeated firing to 750°C until the SIRM and initial 

susceptibility remained unchanged in two successive firings. 

The following measurements were carried out; 

(1) A.f. demagnetization at 2.5, 5.0, 7.5, 10, 15, 20, 25, 30, 

40, 50, 70 and 90 MT, of 50°C PTRMs (0-50°C, 50-100°C and at 

500  intervals to 650- 700°C) 

(2) Thermal demagnetization of a partial ARM acquired in 50/LT 

steady field and 90 mT peak alternating field. 



ARM acquisition and demagnetization at the same peak 

alternating fields as in (1). 

A.f. demagnetization of SIRM and total TRM in the same 

fields as (1). 

The unblocking temperature and unblocking field spectra for 

these samples are shown in figure 4.1. 

4.2 THE EFFECTS OF VISCOSITY 

A viscous magnetization (VRM) can be acquired by single or 

multidomain grains if the magnetizations of the domains are not 

sLable over the length of time since the sample acquired it s 

original remanence. According to Nel (1949), the mechanism 

whereby VRM is acquired is due to thermal fluctuations, it is, 

therefore, normally easily erased by thermal demagnetization. 

However, a VRM activates grains of a wide range of coercivities 

(Dunlop and Stirling 1977 and Biguand and Prevot 1971). It is 

evident that a viscous contamination which persisted to high 

demagnetizing fields would affect a considerable proportion of 

the NRM demagnetization curve. It is important to detect 

viscous components within the NRM, especially if they could give 

rise to a spurious linear relationship between the NRM and ThM. 

During archaeointensity determinations using the ARM correction 

method there are three times at which it may be possible to 

detect viscosity. 
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4.2.1 Viscous Storage Tests. 

A part of the VRM can often be removed if a sample is 

stored in zero magnetic field, when grains with relaxation times 

of the order of the storage time will become randomised. The 

remanence of about thirty of the samples used in the present 

study was measured, stored in zero field and remeasured before 

use. Those with changes in remanence of greater than 3% are 

tabulated in table 4.1. Examination of the archaeointensity 

results from these samples (figure 6.2) shows that in most cases 

the TRN-NR( plots are similar to the ARX2-ARM1 plots except for 

the 	lowest demagnetization fields. The final 'column in table 

4.1 lists the demagnetizing fields below which differences 

between TRM-NRM and ARX2-ARI&l plots are apparent. The plots for 

ZA76a are scattered and there is a possibility that the sample 

was not well fired originally. 

4.2.2 The Direction Of The NRM Vector On Demagnetization 

A large contamination of the primary remanence by VRM in a 

direction other than parallel or anti-parallel to the primary 

remanence will be evident from change in direction of the NRM 

during demagnetization. If such changes are noted during 

demagnetization then the data are not used to calculate an 

archaeointensity, even if the TRM-NRM relationship is linear. 



Table 4.1 Results of viscous storage test. 

Sample Days in 	Remanence Original A.fields 

zero field loss or 	remanence affected 

gain (%) 	* 	(MT) 

31Aa 30 +4.2 351 10 

35a 45 +5.1 346 10 

37 45 -6.1 1445 10 

44a 45 -3.4 2826 01 

45a 30 -3.9 7249 10 

53Ba 45 +5.2 26 Uncertain 

54Aa 45 -4.9 1110 15 

71a 30 +3.2 1321 5 

73a 70 +4.9 559 5 

75a 70 +3.8 268 20 

76a 70 +9.8 82 Uncertain 

ZB127Ca 	30 	-5.3 	419 	20 

* - 	2kg1x1O6 

Samples with change in remarience during storage of 

greater than 3% are listed. Samples are from 

trench ZA unless otherwise stated. 

1 sub-samples 44b and 44c show the effects of 

viscosity below 10 mT although 44a does not. 
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4.2.3 The Effect Of VRM On The TRM-NRM Plots 

The presence of the VRM will affect the intensity of the 

NRM and, even if no other alteration occurs on firing, cause the 

TRM-NRM plot to deviate from a linear relationship. There are 

four variables which affect the extent of this deviation from 

the linear: 

The proportion of VRM: NRM 

The angle the VRM makes with the NRM 

The unblocking field spectrum of the NRM, (a TRM). 

The unblocking field spectrum of the VRM. 

The numbers of possible combinations of these variables is 

large and only certain specific cases will be considered. To 

simplify matters it is assumed that the NRM and TRM were 

acquired in the same field and that the coercivity spectrum was 

unchanged by the heating. Seven NRI4:VRN ratios are considered. 

The VRM is considered at angles of 900, 00 and 1800  with the 

NRM. The primary remanence, (NRM) is taken as being 

contaminated by a VRM with an unblocking field spectrum such as 

that found by Biquand and Prevot (1971) in a titanomagnetite 

bearing clay, (figure 4.2).  The typical VRM used as example is 

magnetically softer than the TRM of 81 which is used as the NRM 

example. It is unlikely that a given sample could possess a VRM 

harder than its TRM. The situation where the coercivity 

spectrum of the VRM and TRM are the same is similar to the 

effect of partial refiring. (see section 4.4.) 
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The intention is to show the extent of some of the effects 

of viscosity on TRM-NRM plots. The possible results of VRM 

contamination are shown in figure 4.3. It would be possible to 

detect the effects of VRM from the change in NRM vector for the 

cases shown in figure 4.3a. Where the VRM is anti-paraflel to 

the NRM, as in figure 4.3b, there will not be a change in the 

direction of the NRM unless, during the course of the 

demagnetization there was a change in which of the remanences, 

NRM and VRM, was the larger. It is evident that such deviations 

would also show up on the TRM-NRM plot. With the VRM parallel 

or close to the NRM direction it would not be possible to detect 

the VRM from changes in the direction of the NRM vector. VRMs 

softer than the NRM, such as the one used as an example here, 

have only a small effect at higher fields unless the original 

contamination was large. Hard VRMs which are not erased by 

several 100 mT peak alternating field have been observed in 

hematite by Dunlop and Stirling (1977). Such VRMs are unlikely 

to be found in the generally magnetically soft material used in 

this work. 

4.2.4 Summary 

Large viscous components can considerably affect the shape 

of the TRM-NRM plots. They will, in most cases, be detected by 

one or two of the methods outlined above. The most difficult 

case to detect is a VRM parallel to the NRM, although large 

contaminations are detectable on the TRM-NRM plot. 
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It is evident that the effects of viscosity on the samples 

used in this work were not normally serious above 30 MT 

demagnetization fields. Samples which have similar TRM-NRM and 

ARM2-ARM1 plots over most of the demagnetization fields, but 

exhibit deviations at low fields may have been affected by 

viscosity, but the high field demagnetization points should 

still yield the correct result. 

4.3 THE EFFECTS OF WEATHERING. 

The term weathering is taken to include all physical and 

chemical changes in the sample between the original firing and 

the sampling. Weathering can be important in archaeointensity 

work, because if it alters the magnetic minerals it will 

invalidate the basic assumption that the measured remanence 

represents an unchanged NRM. 

Samples which appeared to have been weathered were not 

selected for archaeointensity work and sub-samples were taken 

from the interior of sherds, so as to minimize the chances of 

obtaining erroneous results because of weathering 

4.3.1 Chemical Effects Of Weathering. 

The weathering products which have relevance to 

archaeointensity determination are goethite (a-FeOOH) and 

lepidocrocite ('y-FeOOH). Both these oxyhydroxides are 

anti-ferromagnetic and are not therefore important remanence 

carriers, although goethite can be weakly ferromagnetic. These 
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oxyhydroxides can be introduced to the sample from external 

sources or can be formed by the alteration of oxides produced 

during the original firing. A chemical remanence (CRM) may be 

produced if the oxyhydroxides dehydrate and the oxide grows 

through the superparamagnetic-single domain critical grain size 

and is blocked in in the direction of the ambient field at that 

time. 

When a sample containing oxyhydroxides is refired in the 

laboratory the oxyhydroxides undergo the following reaction; 

a-FeOOH 	 a-Fe2 03  

(Goethite) 300-350 • 	(hematite) 

y-FeOOH 	 'y-Fe 2 03  --9 a-Fe20 

(Lepidocrocite) 300-3250  (Maghemite) (haematite) 

The hmatite product will contribute to the remanence of the 

TRJ4. It is possible that with combinations of the various 

mechanisms outlined above that linear relationships could be 

produced on the TRN-NRM and AR142-ARM1 diagrams. 

A preferential hydration of small grains during weathering 

which dehydrated during refiring to produce small grains of 

oxide would, in the absence of interactions, preferentially 

affect the high blocking temperature fraction, i.e the higher 

coercivity grains. If this process occurred it is possible that 

the low field points on the TRM-NRM and ARM2-ARM1 plots would 

yield the corrrect archaeointensity. 
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Weathering of the NRM may be of three types; 

Hydration of grains and their removal from the sample. 

If part of the NRM coercivity spectrum remains intact after 

hydration then the ARM correction can be applied to it and yield 

the correct result. 

Hydration of grains and the products remain in the system. 

The oxyhydroxides present when the NRM is measured will 

dehydrate during TRM acquisition but it will merely appear as if 

the sample has altered. Should a linear result be obtained from 

the TRM-NRN and ARM2-ARN.l plots then the correct 

archaeointensity result will be obtained, assuming, as seems 

reasonable, that the dehydrated grains are not in the category 

of 'unchecked grains. (see 3.9.4) 

A CR14 is produced. 

If the CR14 has a different coercivity spectrum from the NRM then 

no result will be obtained from the sample because of 

differences between the ARM2-ARM1 and TRM-NRM plots. 
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If, the CRM has the same coercivity spectrum as the NRM then a 

linear relation will be produced on the TRM-NRM plot and a 

spurious result will be obtained. The relationship between PRM 

and CRM has been little studied in the literature in respect of 

baked clay, but it seems unlikely that two such dissimilar types 

of magnetization mechanisms would produce magnetizations with 

exactly the same coercivity spectrum. 

With the exception of the case where the NRM and CRM have 

similar coercivity spectra the ARM correction method copes 

adequately with the problem of weathering. 

Barbetti et al (1976 and Sigalas et al (1978) show that it 

may be possible to obtain results from weathered material using 

a NRM-TRM Thellier plot for weathered material. Both groups of 

workers propose theories which differ in the method by which 

they suggest the correct result may be obtained from the NRM-PRM 

plot. Results obtained from weathered samples using Thelliers 

method are dubious because it is not only necessary to recognise 
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that the deviations of the TRM-NRM plot are due to weathering 

but also to decide which method to use to obtain the 

archaeointensity result. 

It is possible that all samples used in this work may have 

experienced weathering. The chemical effects of weathering are 

most likely to be found in warm, wet environments. It is likely 

that the samples will have been periodically wetted at least in 

the winter. Of the Cretan sites, only Kato Zakros, which is 

near the sea, is close to the present day water table. Sitagroi 

is an area of land slightly above a low lying plain and in the 

summer at least, the site is above the present day water table. 

As a CR14 probably has a different coercivity spectrum to 

the TRM the presence of a CR14 will cause the NRM-TRM to deviate 

from linear and its presence will be detected by the ARM 

correction method. 

4.3.2 Physical Effects 

Repeated changes in temperature may introduce stress to the 

sample or even physically crack it over a long period of time. 

As a sample is progressively buried the temperature variations 

of the diurnal cycle will be attenuated. Stress induced by 

physical or chemical means can affect the coercivity of 

multidomain grains. The stress could be annealed out during the 

laboratory firing and if despite, other alteration of magnetic 

minerals during refiring, a linear relationship was still 

obtained on the TRM-NRM and AR142-ARM1 graphs then an erroneous 
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result would be obtained using the ARM correction method. If 

the Thelliers' (1959) method were attempted on such samples it 

might be possible to obtain a result from temperatures below the 

point at which annealing began. However, it would be necessary 

to correctly interpret the mode of alteration before selecting 

which points of the TRM-NRM graph to use in the archaeointensity 

calculation. This may not be easy because annealing and 

oxidation are likely to occur together making interpretation 

more difficult. 

4.3.3 Summary 

It seems that, except in specific cases, it is not possible 

to determine archaeointensities from weathered material. 

Weathered material should not be used because there may be no 

indication from the TRM-NRM and AR142-ARM1 plots, except in the 

case of the production of a CRM, that the sample will not yield 

a valid archaeointensity. 

4.4 THE EFFECTS OF PARTIAL REFIRING OF THE NRM 

Two kinds of secondary magnetizations, ITEM and CRM, have 

been dealt with in previous sections. A third kind of secondary 

magnetization is a ThM produced when the sample is partially 

refired at some later date, perhaps accidently in a fire, or 

during normal domestic use. A similar effect is produced if the 

pottery is moved during the original firing process, for 

instance if it were pulled out of the fire before completely 

cool. When the pottery is fired at a later date the magnetic 
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fields producing the primary and secondary remanences may not be 

of the same magnitude. If it were possible to obtain the 

archaeointensity of both the primary and secondary 

magnetizations then it would be important to assess 

archaeologically which firing the absolute date of the pottery 

most closely related to. 

For low inducing fields the law of partial additivity of 

TRMS is valid and the TRM gained in the temperature interval 

T-T (T, is room temperature) is removed by firing to T and 

cooling to T in zero magnetic field . It is thus possible 

using thermal demagnetization to investigate the primary and 

secondary components of magnetization separately. The same is 

not the case for a.f. demagnetization, because although there 

is a relationship between peak unblocking field and blocking 

temperature interval it is not a simple one and there are a wide 

range of unblocking fields associated with each blocking 

temperature interval. It is possible that the effects of 

secondary TRMs may persist to high demagnetizing fields. Figure 

3.8. shows the unblocking field spectra of selected temperature 

intervals for four samples. 

4.4.1 Visual Detection Of Partial Refiring. 

It may be obvious from looking at a sherd that it has been 

refired, if, for example, it is partially blackened. If the 

sherd is blackened along the broken surfaces as well as the 

original surfaces then it may be deduced that the sherd was 

refired as a sherd and not as a whole pot and that it was likely 
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that the refiring was at some time later than the original 

firing. 

4.4.2 Direction Of The NRM 

Where the secondary component is not within a few degrees 

of the primary component there will probably be a change in 

direction of the NRM vector as the demagnetization procedes and 

the vector moves towards the direction of the more stable 

component. It is to be expected that the lower temperature 

component will have the lower stability because lower blocking 

temperatures tend to activate lower coercivities. If the NRM 

vector stabalizes at some direction during demagnetization it 

may indicate that the secondary component has been effectively 

removed, but it could be a case of the secondary and primary 

components possessing similar coercivity spectra at high 

demagnetizing fields. 

4.4.3 The TRN-NRM Plots 

It would be useful if it were possible to immediatly detect 

the presence of a secondary component from a TRM-NRM plot, but 

unfortunately the effect of the secondary components depends on 

four variables. 

The shape and relationship of the unblocking field and 

blocking temperature spectra. 

The maximum temperature reached during refiring. 

The angle between the primary and secondary components. 

The difference in the magnitude of the fields in which the 
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primary and secondary components were produced. 

The following specific cases of the above variables are 

considered. 

Two samples were selected as representative of the two types 

of blocking temperature spectrum shown by four samples studied 

in detail (figure 4.1). ZA24 had a blocking temperature 

spectrum with similar proportions of the remanence being blocked 

in over a range of blocking temperatures. Si had a peak in the 

blocking temperature spectrum between 400-500°C. 

Four refiring temperatures were selected. 50°C and 150-C were 

used to give an idea of the effects of normal domestic use. A 

temperature which was approximately equal to the median 

destructive temperature was used to see what effects occurred 

when primary and secondary components were of similar magnitude, 

these were, 	350°C for Sl and 250°C for ZA24. 	Refiring 

temperatures were selected such the secondary component was 

larger than the primary component, these were 450°C for SI. and 

350°c for ZA24. 

The effect of the angles between the primary and secondary 

components being 00, 900  and 1800  were considered, both 

components were taken as being in the same plane. 

Two ratios of primary to secondary magnetization were 

considered. The case where primary and secondary components 

were produced in the same field is equivalent to movement during 

the original firing. The second case where the secondary 



component was produced in a field 1.5 x the magnitude of that 

producing the primary component is equivalent to a later 

refiring . The case where the angle between the components is 

00 and the same field produced the primary and secondary 

components is the same as a normal firing and is not 

illustrated. 

The ARM2-ARM1 plots will not be affected by partial 

refiring and if no alteration occurs during laboratory refiring 

they will be linear with a gradient of 1.0. NRM-TRM diagrams 

have been constructed for two samples for certain cases of the 

above variables, using data obtained from the a.f. 

demagnetization of PTRMS, (figures 4.4a, 4.4b and 4.4c). For 

the sake of clarity the results in figures 4.4a and 4.4b have 

been normalized with respect to the total TRM. They are not 

therefore directly comparable with the results given in chapter 

6. The results for the secondary component at 1800  to the 

primary have been replotted in figure 4.4c and are directly 

comparable with the results in chapter 6. 

Refiring to 50°C. did not, in the cases illustrated, 

significantly affect any points above the 10 niT demagnetization. 

For all samples there was a portion of the true TRM-NRM plot 

which remained unaffected when they were refired to 100°C, this 

was still true for Si, ZA4 and ZA9 when they were fired to 150°c. 

The maximum temperature to which a sample can be refired before 

the entire TRM-NRM plot is affected by the refiring is dependant 

on the blocking temperature distribution of the grains, i.e the 

percentage of grains unblocked by low temperatures and the 
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coercivities of those grains. 

It is important to ascertain whether there are TRI4-NRM 

plots produced as a result of the presence of secondary 

components which could be interpreted as possessing linear 

segments, but which do not yield the true archaeointensity. The 

ARM2-ARM1 plot will monitor all alteration occurring between the 

measurement of the NRM and the measurement of the TR14 and any 

deviation of the TRM-NRM graph from the shape of the ARM2-ARM1 

graph will be caused by VRM, CR14, secondary magnetization or 

incomplete firing of the NRM. 

The deviations of the TRM-NRM plot from the ARM2-ARM1 plot 

may occur only at low field demagnetization points and it may be 

that the effect is not significant at higher field 

demagnetization points. 	If linear segments from the higher 

field points are to be used in archaeointensity determinations 

then it is important to be certain that these linear segments 

are not contaminated by secondary magnetizations. 

The results illustrated in figure 4.4a and 4.4b will be 

considered in three groups, each with different angles between 

the primary and secondary components. 

(1) 900  angle between primary and secondary components: A 

secondary component which contaminates the entire NB)! coercivity 

spectrum will be detectable by the change in the NB)! vector on 

demagnetization. It is possible, but not necessarily true, that 

if the NRM vector stabalizes at some point then the secondary 

component has been removed. 
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Secondary component anti-parallel to the primary component: 

In this case the NRM vector can only change by 1800  but this 

will not necessarily occur. When the secondary component is of 

a similar magnitude to the primary its presence is easily 

detected. (e.g.the 250 °C refiring of ZA24 and the 350°C 

refiring of Si). The most difficult case to detect is where a 

relatively small secondary component affects a large range of 

coercivities. This is the case with the 150°C refiring of ZA24, 

where apart from the slight tailing off at high demagnetization 

fields this plot might be interpreted as containing a linear 

segment. If interpreted as such a 28% error in the 

archaeointensity would result. It may well be that if a TRM-NRM 

plot differs from an ARM2-ARM1 plot at high demagnetizing fields 

this could be an indication of some form of contamination of the 

NRM and results obtained from any other portion of the plot 

should be treated with caution. 

Primary and secondary components parallel. Samples where 

the two components are parallel, or within 100 of one another 

would give similar results. As the proportion of secondary to 

primary magnetization increases the TRM-NRM plot moves 

progressively towards the position it would occupy if the entire 

NRM composed of secondary component. The TRM-NRM plots are 

linear over most of their length, the low field points showing 

slight deviations from linearity. The maximum possible error 

resulting from interpreting these points as representing the 

true NR}! depends on the difference in ambient field at the times 

the primary and secondary components were produced. 
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4.4.4 Summary. 

Any sample which shows visible signs of refiring should not 

be used in an archaeointensity determination unless nothing else 

is available and then the results should be interpreted with 

caution. Unless the NRM vector remains stable for a large 

portion of the demagnetization then it is possible that all the 

demagnetization points are affected by secondary components; 

even if they appear not to be. If the TRM-NRM and ARM2-ARM1 

plots show very slight differences at high fields there is a 

possibility that this is due to secondary components remaining 

at high demagnetizating fields. 

Generally, errors caused by secondary magnetizations will 

result in a calculated archaeointensity result being lower than 

the actual value. However, where the secondary magnetization 

was produced in a higher field than the primary, it will, in 

some cases, such as the primary and secondary components being 

parallel, result in the calculated archaeointensity being higher 

than the actual archaeointensity. 

4.5 THE EFFECTS OF SAMPLE COLLECTION AND PREPARATION 

The magnetization of multidomain grains is very stress 

sensitive, (Kobyashi and Fuller 1968). Drilling, cutting or 

removal of a sherd from a whole pot will, perhaps, alter the 

stresses on magnetic grains and hence their magnetic properties. 

The effect of changes in stress on the NRM have been discussed 

in the section on weathering, such effects will not be corrected 
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for by the ARM correction method. Where possible the samples 

used in this work were broken by hand or using pliers to avoid 

introducing stress. 

VRM may be produced in samples during collection or 

transportation. Such VRM can sometimes be removed if the sample 

is stored in zero field for a few months. Dunlop and Stirling 

(1977) however, found that a very hard VRM could be produced in 

certain kinds of hematite in a few minutes. The effect of VRM 

has been discussed in section 4.2. 

4.6  THE EFFECT OF INCOMPLETE FIRING. 

4.6.1 Introduction. 

The term incomplete firing is taken to mean firing to below 

the maximum Curie temperature of the sample. If the assumption 

that the NRN is a total TRM is not true then it is possible that 

the calculated archaeointensity may be in error. 

4.6.2 Detection Of Partial Firing 

Detection of partial firing is important because it is not 

something that the ARM correction method can always cope with. 

Very poorly fired material is frequently crumbly and pale in 

colour, it is not normally selected for archaeointensity 

determinations. Material containing unoxidized carbonaceous 

material may not have been well fired and any results obtained 

should be treated with caution. 
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If a sample was originally fired to a few 100°C below the 

maximum blocking temperature and the TRM and NRM were produced 

in the same field and no alteration occurred during ThM 

acquisition it will be characterized by high ratios of total 

TB!.! : total NB!.!, but similar high ratios will not be seen in the 

total ARM2 : total ARM]. ratios. 

The effect of partial firing to the various temperatures on 

the TRM-NRM plots, of four samples, ZA4, ZA24, ZA9 and Si, is 

shown in figure 4.5. These plots have been constructed from the 

a.f. demagnetization data of partial TRMs. The demagnetization 

is from 0-90 MT for ZA4 and ZA24, from 0-40mT for ZA9 and from 

0-50mT for Si. It is assumed that the NB!.! and TB).! were acquired 

in the same field and that no alteration occurred during 
pIoE 

refiring. The ARN2-ARM1A  for the cases illustrated would be 

linear with a gradient of 1.0. 

The effect of partial firing to a particular temperature 

depends on the unblocking field spectrum of the sample at low 

fields and the coercivities of various blocking temperature 

intervals. It is evident from figure 4.5 that linear segments 

are produced over part or parts of many of the diagrams. The 

errors resulting from the assumption that these linear segments 

represent the true TRM-NRM gradient are listed in table 4.2. 

The maximum blocking temperature is between 5000-5500C for 

samples ZA24, ZA4 and Si and between 5500-6000C for sample ZA9. 

This does not necessarily mean that the maximum Curie 

temperatures of the samples fall in those ranges. If very 
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TABLE 4.2 Percentage errors in archaeointensity 

determinations produced by using partially fired samples. 

Sample 5000 	_4000_ 	3000 1500  500  

A B A B A B B A 

ZA24 3 14 25 39 32 66 91 96 

ZA4 0 0 22 22 42 40 79 - 

ZA9 8 - 21 - - - - - 

Si 2 - - - - - - - 

Column headings refer to the maximum temperature 

reached during NRM acquisition. 	'A' refers to low 

field demagnetization points on the TRM-NRM graph and 

B refers to high field demagnetization points on the 

TRN-NRM graph. The figures quoted are the percentage 

underestimate of the ancient field strength if poorly 

fired samples are used in the archaeointensity 

determination. 
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little remanence is acquired within 500 1000  of the Curie 

temperature, or if the remanence acquired over that temperature 

range has high coercivities which are not affected to a 

significant extent by the maximum alternating field reached 

during demagnetization, then a reasonably accurate 

archaeointensity may still be obtained even if the sample were 

only fired to 100°  below the Curie temperature. This is seen to 

be the case for some samples illustrated in figure 4.5. The 

35-90 mT field demagnetization points of ZA24 did not yield a 

good result because the magnetization acquired between 500°C and 

te Curie temperature had unblocking fields in the range 35-90 

MT. 	This is one case where, unlike the cases of VRI4 and 

secondary magnetization discussed previously, the low field 

demagnetization points provide better results than the high 

field points. 

4.6.3 The Effects Of Incomplete Firing Of The TRM. 

The sample should be fired above the maximum Curie 

temperature during TRM acquisition. However, the lower the 

temperature reached during laboratory refiring the less likely 

alteration is to occur and so it is advantageous to use the 

lowest temperature possible. If the maximum Curie temperature 

of the sample is not reached then it is likely that errors 

similar to those where the NRM was not completely fired will be 

produced. 	If the axes of the graph in figure 4.5 are exchanged 

then the effect of firing to below the maximum Curie temperature 

during TRM acquisition can be seen. 
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During the present work all samples were fired to above 

680°C and such errors would not have been produced. 

4.6.4 Summary 

The lower the temperature to which a sample is partially 

fired, the worse the result. The presence of a linear segment 

on a TRM-NRM plot does not mean that it can be automatically 

compared with a totally linear ARM2-ARM1 plot. The ARM and TRM 

plots must show similar shapes overall before a result can be 

obtained. The same archa.eointensity result from two different 

linear segments on TRM-NRM and ARM2-AR141 graphs is a very good 

indication that the TRM and ARM are similar and that the sample 

has been well fired. 

4.7 ALTERATION DURING TRM ACQUISITION. 

It is possible that the minerals which carried the original 

NRM may not be the same as those that carry the laboratory TRH. 

This can happen in two ways: 

Minerals which were not in the sample during NRM acquisition 

may be produced by weathering, this effect was dealt with in 

section 4.3. 

New minerals may be produced during the laboratory refiring 

of the sample. 

The original firing was to one temperature for a certain 

time, in an atmosphere of a certain oxygen fugacity. The 

minerals in that sample approached an equilibrium composition 
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for that temperature and oxygen fugacity. The time at which the 

samples remained at the maximum temperature is believed (Roberts 

(1963)) to have been, of the order of a few minutes for 

Neolithic pottery. If this is the case then the minerals would 

probably not have time to equilibrate at this temperature. If 

the firing was carried out on an open fire with the cooling 

taking place over a few hours, the chemical composition of the 

sample would be to some extent determined by the conditions at 

higher temperatures. 	Refiring for ThM acquisition will 

generally be carried out at lower temperatures than the maximum 

reached during NRM acquisition; the atmosphere may differ and 

the magnetic minerals may no longer be in equilibrium with it. 

Alteration produced by refiring in air is likely to be 

oxidation; the main reactions to occur would be the oxidation 

of magnetites and titanomagnetites or the growth of minerals 

which were already present. 

The ARM correction method is designed specifically to cope 

with alteration occurring during refiring. Altered samples are 

rejected unless the alteration causes a change in the size but 

not the shape of the coercivity spectrum. The ARM and TRM 

diagrams should be similar if nothing has affected the NRM. The 

validity of the method for use in correcting for alteration has 

been discussed in chapter 3. 
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4.8 THE EFFECTS OF ANNEALING. 

Domain wall movements are influenced by magnetostatic and 

stress effects. Stress can be caused by crystal defects and 

dislocations. Lowrie and Fuller (1969) have demonstrated the 

dependance of IRM, TRM, coercive force and a.f. demagnetization 

in magnetite on defect structure. They correlate changes in 

coercive force and other magnetic parameters with the type of 

annealing they believe to be occurring at certain temperatures. 

The IRM and coercive force decrease on annealing at about 

400-500°C, increase at 600°C and decrease at 700°C and 745°C. 

Lowrie and Fuller (1969) suggest that the annealing occurring at 

4000-5000C is caused by cation reordering and that the increase 

in magnetic parameters at 600°C is caused by defects coalescing 

which are subsequently annealed at 700°C and 745°C causing a 

reduction in coercive force. 	Smith, R.W (1967) shows the 

existance of similar effects in hmatite. 

The samples in this study were heated to 700°C and normally 

remained at that temperature for a few minutes it is therefore 

possible that some of the higher temperature annealing occurred. 

Whether any effects of annealing are corrected for by the 

ARM correction method depends on the source of the defects and 

crystal imperfections which are annealed during refiring. If 

the defects were present in the minerals at the time that the 

original remanence was blocked in and remained unchanged until 

the NRM was measured in the laboratory, then the ARM method will 

correct for changes in the coercivity produced by annealing. 
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Defects could be present despite the original firing of the 

pottery if the annealing during that firing was not completed or 

if the minerals were in a state of partial chemical alteration. 

It is possible to produce structural defects if a critical 

cooling rate is exceded. Lowrie and Fuller (1969) have 

calculated the critical cooling rate for magnetite to be 

300 CS 1, this rate would only be exceded if the pottery were 

quenched, which is unlikely. 

On the other hand, if the stress were produced after the 

NRM acquisition, by weathering, or by cutting and drilling 

during sample preparation then the measured NRM will not be the 

original NRM, and the ARM correction method will not be valid. 

These effects have been discussed in sections 4.3 and 4.5. 

If the NRM is in tact and annealing took place the effects 

would probably be detected and the sample rejected if the 

methods of Shaw (1974) and Thellier (1959) were employed. 

4.9 THE EFFECT OF CHANGES IN THE COOLING RATE 

The magnitude of the TRM produced on cooling is affected by 

the rate of that cooling. Pullaiah et al. (1975) and Dodson 

and McClelland-Brown (1980) show theoretically, for assemblages 

of identical single domain grains, that if the cooling rate 

increases, the blocking temperature increases and the moment 

acquired decreases. In archaeointensity determination, 

differences in the cooling rate during NRM and TRM acquisition 

would lead to an error in the result. Normally the TRM will be 
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cooled more rapidly than the NRN, this leads to an overestimate 

of the archaeointensity. Fox and Aitken (1980) obtained an 

increase of 3%-9% in, magnetization for an order of magnitude 

decrease in the cooling rate. 

Differences in cooling rate will be most important in 

igneous and metamorphic rocks or where the sample is cooled very 

rapidly in the laboratory e.g. (Walton 1977). The samples used 

in the prese:: work were cooled from 7000  to room temperature 

over a period of 7-10 hours; a similar cooling rate to samples 

fired in an open fire (Sitagroi). The cooling rates of kiln 

materials would probably be lower, if they were allowed to cool 

without quenching. The remanence of the Cretan samples was 

acquired during the final firing of the kilns which may not have 

been a typical firing. As there is no firm archaeological 

evidence to the contrary, the cooling rate for the Cretan 

samples was assumed to be similar to the laboratory cooling rate 

and no correction was applied to these results. 

4.10 THE EFFECT OF ANISOTROPY 

4.10.1 Introduction. 

One result of anisotropy in a sample is that the magnitude 

of the remanence acquired in a field varies with the direction 

of that applied field. Magnetic anisotropy can be caused by the 

shape of the sample or by the internal distribution and 

alignment of the magnetic grains. 
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4.10.2 Shape Anisotropy 

The effects of shape anisotropy are noticeable when a 

sample contains high concentrations of magnetic minerals. 

However, at high concentrations of magnetic minerals the effect 

of interactions between neighbouring particles must also be 

considered. Schmidbauer and Veitch (1980) attempted to separate 

the two effects by studying ARMs of various concentrations of 

magnetite (0.2-0.4 /Lin) in different shaped samples. Their data 

indicates that the effect of the overall shape becomes important 

at a packing factor of between 0.025 and 0.1 (2.5% and 10% 

magnetite by volume). Data from Dunlop (1973) suggests that 

samples containing magnetite of 0.3 Am with a packing factor of 

0.05, would acquire a TRM of approximately 2.5x102m2kgI in 

50/LT. If the overall shape becomes important at a similar 

packing factor for other grain sizes e.g. 0.03 Lm-30 /Lm, then 

the approximate range of TRNs acquired in 50 AT before overall 

shape became important would be 10_1  to 	Aan2kg-  

respectively. These figures are calculated assuming that the 

packing factor was 0.05 and that the mineral present was 

magnetite. There were a large range of specific magnetizations 

in the samples studied, from 2x10 to 102  An2kg. A few of 

the samples with the larger specific magnetizations may perhaps 

have been affected by the shape anisotropy. 

In an attempt to minimize the effects of shape anisotropy, 

the samples in this work were kept as close to spherical as 

possible without drilling, grinding or cutting the sample. A 

sample with a high specific magnetization which acquired its NRM 
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when part of a larger piece of pottery will not, of course, be 

subject to the same demagnetizing fields when remagnetized as a 

smaller fragment during TRM acquisitions 

4.10.3 Fabric Anisotropy 

Anisotropy caused by the internal fabric of the sample is 

generally due to the non-random orientation of the easy axes of 

magnetization of grains with uni-axial anisotropy. It was 

suggested by Rogers et al. (1979) that alignment of grains may 

occur during the moulding of the pottery. Such alignment would 

affect non spherical grains and would tend to align the long 

axes of platy or elongated grains in one direction. For such an 

alignment to have a magnetic effect there must be a relationship 

between the axis of elongation of the grain and the easy 

direction of magnetization. 

Two types of anisotropy, magnetocrystalline and shape, 

affect individual grains. In magnetite, shape anisotropy is 

dominant, and in hematite, magnetocrystalline anisotropy is 

dominant. The easy axis of magnetization of single domain 

magnetite is the elongated axis and so orientation of magnetite 

grains will produce anisotropy in the sample. In haematite 

grains , the easy axis is in the c plane of the rhombohedral 

crystal so orientation can also produce anisotropy. Rogers et 

al (1979) have observed the effect both in wheel thrown and hand 

made pottery. It is less likely to be seen in kiln wall 

material which is not moulded and which may contain not only 

baked clays but also large baked rocks. 

1/47 
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4.10.4 Measurement Of Anisotropy In Pottery 

Pottery, typical of the kind used in this work, was shown 

to possess anisotropy. Measurements were carried out on 2.5 cm 

diameter discs of pottery drilled from Grecian sherds. The 

anisotropy of ARM acquisition was measured in the plane parallel 

to the original surfaces of the pottery. ARM acquisition was 

used, rather than TRM, to avoid the necessity of thermally 

stabalizing the pottery which might have altered the magnetic 

minerals of interest. Typically the susceptibility of ARM 

acquisition varied sinusoidally round the disc, much as found by 

Rogers et al. (1979). The anisotropy was between 5-11%. The 

samples were only partially demagnetized when the ARMs were 

applied, the undemagnetized NRM does not seem to have had any 

effect on the ARM acquisition, as the easy axes of ARM 

acquisition bear no relation to the direction of the remaning 

NRM. Having shown that ARM can measure anisotropy in a similar 

way to TRM the question of whether the ARM correction method 

could correct for anisotropy of a sample was considered. 

4.10.5 The ARM Correction Method And Anisotropic Samples. 

4.10.5.1 Sample Selection - 

Four samples were used, two, Si and DG1 were wheel thrown 

pottery and two, ZA49a and ZA50a, from Sitagroi were probably 

hand made. Si is described in section 4.1 and ZA49a and ZA50a 

in Appendix 1. DG1 was a sherd of fine-grained orange pottery 

from Serres in northern Greece, it was of unknown age. 
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4.10.5.2 Experimental Procedure - 

The NRM was measured and demagnetized at several peak 

alternating fields to a maximum of 90 W. ARMs were given in 90 

mT peak alternating fields in the X,Y, and Z directions of the 

sample. These directions bore no fixed relationship to the NRM. 

These ARMs were a.f. demagnetized in peak alternating fields to 

a maximum of 90 mT. The sample was heated to 700°C until it was 

magnetically stable against heating, i.e. when reproducible 

results were obtained from successive a.f. demagnetization of a 

TRM in one direction. TRMs were given, measured and 

demagnetized in the X, Y, and Z direction. A second setjARMS 

were again given, measured and demagnetized, in the X, Y, and Z 

directions. 

4.10.5.3 Results - 

The alteration occurring during stabalization caused the 

initial susceptibility of all samples except ZA50a to increase 

and the ARM susceptibility to decrease except in the case of 

DG1. The NRM intensities for the samples from Sitagroi can be 

seen in Appendix 2, from these, it appears that the overall 

shape of the samples could possibly affect the anisotropy in 

samples ZA45a and ZA50a, (see Table 4.3). 

The results are plotted in figures 4.6a and b, results for 

two components are normalized with respect to the largest of the 

three components and are plotted in terms of the magnetization 

lost at each demagnetizing field. 
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Table 4.3, Magnetic parameters of 

samples studied in detail, 

Sample Mean TRM Initial Susceptibility 

	

in 50/LT 	Before 	After 

DG1 	1303 
	

7385 	8483 

Si 	3752 
	

25482 	27210 

ZA49C 	13985? 	29805 	38247 

ZA50C 	7216 	72962 	40641 

Magnetization in Am2kg 1xio 6  

Initial susceptibility in m3  kg-  1xio9 
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There are three questions to be answered to assess the 

usefulness of the ARM correction method in accounting for 

anisotropy. 

Is the anisotropy of acquisition of ARM and TRM the same? 

Does the anisotropy of both ARM and TRM remain the same 

after the sample has been refired in the laboratory? 

Do the relative anisotropies of ARMS and TRMs remain the 

same throughout a.f. 	demagnetization. 	i.e. would the 

relationship be linear if plotted on ARM2—ARM1 and TRM/NRM 

plots and no other alteration had occurred. 

For all samples except ZA50a the ARM and TRM of a 

particular component showed similar anisotropies and the results 

for each component were distinct from the other components. The 

TRM showed a tendency to be more anisotropic than the ARM. 

Possibly this difference is significant and arises because the 

TRM is acquired at higher temperatures when the value of certain 

magnetic parameters such as spontaneous magnetization is 

different to that at room temperature. It might be expected 

that anisotropy due to the overall shape of the specimen could 

be significant for samples ZA49a and ZA50a, as these samples 

possess high TRM susceptibilities. 

The anisotropy measured throughout the a.f. 

demagnetization shows some changes at low fields but remains 

constant at fields greater than 20 mr. The deviations at low 

fields are not systematic, as the anisotropy shows both 

decreases and increases, possibly the scatter is due to the 

larger errors in comparing two comparatively small numbers. For 
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the most part the anisotropy as measured by the ARMS did not 

change during refiring. The 
maximum change of the ARM 

anisotropy is 3%. 

4.10.5.4 Discussion - 

It seems that the anisotropy remains essentially unchanged, 

at least with the limited temperatures reached during 

stabaliZation in the experiment. It is possible that the fabric 

anisotropy could change if vitrification or crystal growth took 

place within the sample. These results confirm that, if in the 

course of the ARM correction method, the MM, TRW ARM]- and ARM2 

were all given in different directions then anisotropy could 

cause errors of up to 20% in the in the archaeOiflteflsitY. 

If the ARM]- and NBM were given in one direction and the TRM 

and ARM2 in another direction then reasonable archaeoifltensitY 

results would be obtained but with errors of 2-3% . In the case 

of ZA5Oa errors of 7% would result but this is still an 

improvement over the result without a correction. The 
ARM 

correction method can therefore reduce considerably, but not 

completely correct for, the effects of anisotropy. As the NRM, 

TRW ARM]- and ARM2 were all given in the same direction routine 

archaeointeflsitY determination there was then no necessity to 

apply a correction for anisotropy. However, there would, be 

errors in the archaeointeflsitY determination if the anisotropy 

of the TRN and ARM changed differently on refiring; there 
is, 

however, no evidence that this occurs. 



4.11 INVESTIGATION OF SOME ANOMALOUS SAMPLES 

4.11.1 Introduction. 

Twelve samples from Sitagroi which gave archaeointensity 

results which seemed anomalously low compared with other samples 

were selected and studied in greater detail to see if a reason 

for their behaviour could be found. The samples chosen were 

ZA7A, ZA8D, ZA10B, ZA19, ZA23C, ZA40, ZA55, ZA62, ZA63, ZA68, 

ZA75 and ZA76. 	The results of the archaeointensity 

determinations can be seen in figure 6.2 and table 6.1. ZA55 

was not used in archaeointensity determination because the NRM 

intensity was too low. An experiment was designed to ascertain 

if the samples had been poorly fired or refired at a later date. 

4.11.2 xperimenta1 Details 

The NRMs of the samples were thermally demagnetized. From 

this data it was possible to detect the presence of secondary 

magnetization and to obtain an estimate of any the refiring 

temperatures. 	The data were not, however, sufficient to 

ascertain whether the anomalous results were due to poor firing 

of the sample. To check for this the sherds were sub-sampled 

and two samples taken from adjacent positions. One sample was 

given an SIRM, the NRM of the other was left in tact and both 

were thermally demagnetized. An SIRM was used because it 

magnetizes all domains and unblocks over the whole blocking 

temperature spectrum, it has a tendency to be softer than a 

total ThM and so if a TRM unblocks at a lower temperature than 
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the SIRM then there is a likelihood that the sample was not well 

fired. Six pairs of samples were selected for further work. 

The pairs of samples were either given a TRM in 50 AT or an 

SIRM. These samples were thermally demagnetized at 100°C, 

300°C, 500°C, 600°C, 625°C and 650°C to ascertain whether there 

was a change in the blocking temperature spectrum after refiring 

and what differences there were between a total TRM and and 

SIRM. 

4.11.3 Results And Discussion. 

The results are shown in figures 4.7a, b and c. Figure 

4.7a and the upper half of 4.7b show the results where the 

additional TRM and SIRM were given. 

4.11.3.1 Secondary Magnetization. - 

In all cases except 7A10B and ZA62, the thermal 

demagnetization of the NRM suggested, by the shape of the 

demagnetization curve, that there were secondary components 

superimposed on the primary NRM. Table 4.4 summarizes the 

evidence for secondary magnetization. The second column of 

table 4.4. lists the temperatures to which the secondary 

component is noticeable on the demagnetization curve. The third 

column lists the temperatures at which the direction of the NRM 

vector stabalized on thermal demagnetization, indicating that 

the secondary component has been removed. Where the NRM was 

low; the directions somewhat scattered or where the 

demagnetization was carried out at only a few temperatures it 
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was not possible to decide whether the directions had 

stabalized. 

Having ascertained the approximate refiring temperatures, 

the question arises as to how this refiring affects the TRM-NRM 

plots and whether it is in the manner predicted in section 4.4. 

The fourth and fifth columns of table 4.4 list the demagnetizing 

fields to which the effects of secondary magnetizations 

apparently persist when considering the shape of the TRM-NRM 

plot and the direction of the NRM vector. As mentioned 

previously, the demagnetizing field to which the secondary 

magnetization apparently persists is not necessarily the maximum 

field affected by the secondary component. 

When alteration of the sample occurs during refiring it is 

important to distinguish between deviations of the TRM-NRM graph 

caused by the alteration and by the secondary magnetization. 

This can be done by comparing the TRM-NRM plot with the 

AR142-ARH1 plot. The final column in table 4.4 lists the 

theoretical refiring to which the shapes of the TRH-NRM plots 

are most similar. They agree well with the refiring 

temperatures estimated from the shape of the thermal 

demagnetization curve. Sample ZA8D seems to have been refired 

at least once to 400-500°C, although the NRM vector, remains 

relatively stable to 70 MT with a.f. demagnetization. The 

TRM-NRM plot for ZA8D suggests that there may be a linear 

relationship for the TRM-NRM curve below 15 mT. The data in 

section 4.4. however shows that this linear portion would not 

yield the correct result. 
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The fact that the actual refiring temperatures agree well 

with those estimated from the shape of the TRM-NRM plots, 

suggests that it may be possible to use the series of artificial 

curves plotted in section 4.4 as a general indicator of the 

extent of the secondary magnetization. 

Sample ZA40 shows no convincing evidence of refiring from 

the TRM-NRM plot but the thermal demagnetization suggests 

refiring to between 100°C and 350°C. 	The anomalous 

archaeointensity result for ZA40 is also due to the low number 

of points in the linear portion, their considerable scatter and 

the fact that the TRM-NRM gradient is 18.7. An archaeoiritensity 

determination from such data would always be treated with 

caution, even without the presence of secondary magnetizations. 

4.11.3.2 Underfiring And Weathering - 

Comparison of the thermal demagnetization of the ThM and 

SIRM suggests that ZA62 was originally poorly fired because the 

SIRM demagnetizes at a higher temperature than the NRM. The 

SIRM is normally softer than a TRM so if the SIRM and NRM 

demagnetize totally at the same temperature, there is still a 

possibility that the samples have not been completely fired, 

this is perhaps the case for ZA40 and ZA1OB. The characteristic 

shape of the TRM-NRM plot of an underfired sample is concave 

downwards; of the three samples mentioned above only the plot 

for ZA62 (figure 6.2) has this shape. However as the ARM2-ARM1 

plot for ZA62 also has this shape, none of the TRM-NRM plots can 

be said to show conclusive evidence of poor firing. 
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If a sample were initially fired to a temperature below the 

maximum Curie temperature, it is quite likely that it would 

alter when refired in the laboratory, the characteristic shape 

of the TRM-NRM plot produced by poor firing of a sample may 

frequently be obscured by the superimposed effects of 

alteration. 

4.11.3.3 ZAIOB - 

It may be that ZA10B was fired to 450°C, the temperature at 

which the NB14 vector becomes unstable, but that the effects are 

not very well seen on the TRM-NRM plots because of the 

additional effects of alteration. 	The reason for the 

instability of the NRN vector on a.f. demagnetization is not 

clear. The archaeointensity determination and the thermal 

demagnetizations were not carried out on the same sub-samples 

and it is possible that localized differences could occur in a 

poorly fired sample. Without the additional investigation there 

would have been no reason to reject the ARM correction 

archaeointensity result from ZA1OB. 

4.11.3.4 ZA62 - 

The NRM vector of ZA62 was stable to thermal and a.f. 

demagnetization to 400°C and 50 mT respectively. There is no 

evidence of secondary magnetization. There is good evidence 

from the thermal demagnetization that the sample was poorly 

fired but there are no indications of this from the TRM-NRM 

plot. It may be that the effects caused by poor firing are 
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again masked by alteration during TRM acquisition. 	The 

ARM2-ARN1 and TRM-NRM plots show that there was a growth of 

particles of high coercivity during refiring. 	The low 

coercivity fraction seems unaffected as shown by the AR142-ARM1 

gradient of 0.99. For ZA62a, used in the archaeointensity 

determination, both the initial susceptibility and the SIRM 

increased during TRM acquisition. These effects could be caused 

by the dehydration of weathering products to form small grains 

of ho.e.matite, or titanoho..matite. 	Similar effects were not 

shown by the thermally demagnetized sample, for which the SIRM 

decreased on firing. The two samples are from opposite sides of 

the sherd and it is possible that weathering, if present, has 

affected different parts of the sherd differently. Sample ZA62 

behaves almost ideally except for the lack of stability of the 

NRM vector at high demagnetizing fields. There was very little 

NRM remaining at high demagnetizing fields and some scatter was 

to be expected. However, if no alteration occurs, examination 

of the TRM vector can give a general indication of whether the 

vector stabalizes for the a total TRM in such samples. 

4.11.3.5 Summary - 

Of the twelve samples giving anomalous results used in the 

present study nine would be suspect when the TRM-NRM plots were 

studied. One of these, ZA40 would not be used because of the 

low quality of the data. 



Of the remaining two samples, one, ZA62 , might have been 

decected by a detailed study of the N1M vector on 

demagnetization, the result of such a study might not, however, 

have been a conclusive rejection of the sample. The other 

sample ZA10 was probably poorly fired, there is, however, no 

objective criterion from the archaeointensity data on which to 

reject it. 

16 F 



CHAPTER FIVE 

MINERALOGY AND MINERAL MAGNETISM. 

5.1 INTRODUCTION 

Identification of the magnetic remanence carriers is useful 

in assessing the stability of the remanence over the time since 

it was originally acquired. It can help in elucidating the 

conditions under which the original firing took place and in 

suggesting ways in which alteration during refiring can be 

reduced. 	Information about the mineralogy and fabric of the 

pottery can be of use to archaeologists in identifying the 

provenance of the pottery and the technological limitations of 

the society which produced it. 

5.1.1 Selection Of Samples For Study 

It was not possible, in the time available, to investigate 

each sample in detail. An attempt was made to sub—divide the 

samples into groups on the basis of the manner in which the 

magnetic parameters changed during archaeointensity 

determinations; so that one sample from each group could be 

investigated in greater detail and the number of samples to be 

studied, reduced. The attempt was not successful because the 

changes of magnetic parameters such as initial susceptibility 

(x1) and SIRI4 were variable within one sample and it was obvious 

that the changes did not constitute a definitive criterion for 

sub—division of the samples. Appendix 2 lists certain magnetic 
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parameters before and after archaeointensity determination. 

Another possibly, useful criterion for the subdivision of 

the samples was the MDF of the TRM and NRM. In a great majority 

of the cases the MDF of the ThM was less than that of the NRM. 

However the MDF of the NRM may be artificially raised if there 

are secondary components of the magnetization present and SO 

comparison with the MDF of the TRN does not necessarily 

constitute a true indication of the type of alteration 

occurring. Closely allied to the above parameter is the shape 

of the ARM2-ARM1 plot which is dependant solely on the way in 

which the sample alters. In a great majority of cases the curve 

was concave up. 

To obtain a reasonably large number of groups it was 

decided to select samples so as to cover the range of matrix 

colours encountered in the pottery. The matrix colour is 

affected by the oxygen fugacity of the atmosphere around the 

pottery during firing and is a possible indicator of the 

oxidation state of the elements. Thus, it was hoped that the 

samples selected would cover a range of iron oxides and 

alteration types. 

The Sitagroi samples, although all from the same site and 

therefore possibly from similar original material, showed a wide 

range of matrix colours and these were selected for the most 

detailed study, (See table 5.1). The Cretan material was unlike 

most archaeomagnetic material, in that much of it contained a 
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high proportion of calcium carbonate (CaCO) and had in some 

cases been refired many times and to unusually high 

temperatures. Two of the Cretan samples KH7 and KZ2,1 were 

studied in detail and some rock magnetic measurements were made 

on samples from other Cretan sites. Table 5.1 lists the work 

carried out on each of the samples. Thin sections were 

available for some Cretan material, but in fact, yielded 

information about the fabric of the sample and not about the 

magnetic minerals. 

Additional information was obtained from polished sections, 

low temperature remanence measurements, high temperature 

susceptibility measurements, and measurement of the coercive 

force, the saturation magnetization and saturation remanence. 

The results obtained were used to determine which remanence 

carriers were present in the samples, and how and why they 

changed when heated during archaeointensity determinations. 

5.1.2 Concentration. 

Concentration of magnetic minerals is useful if samples are 

magnetically weak and a magnetic test must be carried out using 

only a small volume of material. Concentration necessitates the 

breaking of the sample into individual mineral grains. A fine 

grained well fired sample of pottery would have to be crushed, a 

process which would physically affect the magnetic minerals and 

alter magnetic properties such as domain state. It was, 

however, possible to liberate the magnetic minerals from those 
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Cretan samples which contained calcium carbonate. The addition 

of dilute hydrochloric acid removed the calcitic cement and 

freed individual grains. Concentration was carried out by 

continously passing a mixture of water and non-calcitic residue 

through a narrow tube in a high field gradient using a 

peristaltic pump cycling at 60 r.p.m. 

The process of concentration was not, however, sufficiently 

efficient for the magnetic minerals to show up on a typical 

X-ray diffraction trace. This was presumably because the 

magnetic grains were not present as individual grains but in an 

agglomerate containing other grains. The ratios of SIR?! per 

unit mass and susceptibility per unit mass before and after 

concentration give an indication of the efficiency of the 

process and these are listed for three samples in table 5.2. It 

is evident that the process is at least partially efficient. 

The efficiency of recovery could be increased if the material 

were recycled for a greater length of time. The process of 

concentration was generally terminated when sufficient 

concentrate was obtained or when the time taken to collect a 

reasonable amount of material became prohibitive. As the 

process of concentration may preferentially affect the more 

magnetic grains or grains of a certain size and it is possible 

that the concentrate did not provide a representative sample of 

the magnetic minerals. 
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Table 5.2 Efficiency of the concentration process as measured by 

changes in SIRM and the initial susceptibility per unit mass. 

Sample 	SIRM/mass (concentrate) x1/mass(concentrate) 
SIRM/mass (residue) 	x1/mass( residue) 

KH7 	 2.1 	 3.3 

S56 	 4.9 	 4.1 

K117 	 13.7 	 7.9 
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5.2 MICROSCOPY 

5.2.1 Thin Sections 

The minerals of interest in archaeomagnetism are opaque and 

their identification is difficult in transmitted light. The 

thin sections available for the Cretan material only yielded 

information about the texture of the pottery and some of the 

minerals and fragments within it. The details of the fragments 

found within the pottery are given in Appendix 1. In most cases 

the texture of the samples was not distinguishable, but, some 

samples consisted of a fused vesicular slag of radiating 

interlocking crystallites of platy minerals. (Photograph 5.1). 

There is no obvious prefered orientation of the crystallites. 

It seems likely that the crystallites grew as the sample was 

heated close to and possibly above its melting point. 

5.2.2 Polished Sections 

Portions of samples containing a range of matrix colours 

were set in Araldite, ground flat, polished and examined in 

reflected light. The magnetic minerals of interest are those in 

the haemo-ilmenite and titanoinagnetite series which show up well 

in reflected light. Photographs 5.2, 5.3 and 5.4 show some of 

the samples in reflected light. One feature, noticeable in 

photographs 5.2 and 5.3, is that there are a wide range of 

particle sizes in the pottery. Photograph 5.2 of ZA16 shows 

numerous small opaques (bright white specks) amongst the larger 
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particles. The polish was not sufficiently high to permit 

certain identification of these minerals. 

The magnetite single domain to pseudo—single domain size 

transition is of the order of a few microns and single domain 

magnetite is not normally identifiable from polished sections 

viewed under the light microscope. This is unfortunate because 

it is generally believed that it is the single domain grains 

which contribute to the bulk of the stable remanence. The 

situation was that although some magnetic minerals can be seen 

and their textures and oxidation states identified it is not 

necessarily these samples which contribute to most of the 

remanence. 

There is no guarentee that the textures visible in the 

opaque minerals (e.g. photograph 5.4) were in fact produced 

during pottery manufacture, they may be relict textures produced 

at some time before firing. Photograph 5.4 of ZA17 shows a 

large opaque mineral, the outer portion of the crystal is 

oxidized heamatite showing red internal reflections and the 

darker interior is unoxidized magnetite. Such a structure would 

be produced as the result of oxidation, although whether it was 

oxidation when the mineral was part of the kiln is not certain. 

Sample ZA15 showed a sudden transition in matrix colour from 

orange to black, but there was no visible difference between the 

textures and alteration of the larger magnetic minerals in 

either part of the matrix. If the variation in matrix colour is 

due to the differences in oxidation states of iron over the 
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sample then this difference is not mirrored by the large iron 

oxide minerals. It seems that the larger minerals, are not good 

indicators of the firing conditions1  they would have provided 

better indicators if the samples had remained at a temperature 

for a long enough time to reach equilibrium. 

5.2.3 Anisotropy 

There is some evidence of anisotropy of the pottery in 

photograph 5.3 (ZA.15). 	The black regions are holes, they do 

seem to have a prefered orientation although the larger minerals 

do not. Photograph 5.2 does not show any evidence of prefered 

orientation. The sample shown in photograph 5.1 has been 

subject to high temperatures at which regrowth of the crystals 

had probably taken place and destroyed any previous texture. It 

is not at all similar to the Sitagroi samples which were fired 

to lower temperatures. 

5.3 MEASUREMENT OF LOW TEMPERATURE RENANENCE TRANSITIONS. 

5.3.1 Introduction 

The decay of remanence when magnetite is cooled in zero 

magnetic field to below -145°C and subsequently heated to room 

temperature gives some indication of the amount of remanence 

controlled by magnetocrystalline anisotropy energy. (Ozima et 

al (1964) and Kobyashi and Fuller (1968)) The temperature -145°C 

is the magnetocrystalline anisotropy transition temperature, 
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above it, the magnetocrystalline easy axes are in the [liii 

directions, below it, they are in the [100] directions. Ozima 

et al (1964) suggested that a completely annealed multidomain 

magnetite sample experiences a loss of remanence when cooled 

below -145°  and experiences a further loss when allowed to warm 

to room temperature. However, sometimes a partial recovery of 

remanence occurs on warming which Kobyashi and Fuller (1968) 

explained by suggesting that not all remanence changes direction 

to a nearby [100] direction on cooling through the isotropic 

point because internal stress 'pins' the remanence and acts as a 

nucleation centre for the recovery of remanence on heating. 

Single domain magnetite grains do not behave in this way, because 

unless they are perfectly spherical, they are dominated by shape 

anisotropy which does not show a transition at -145°C. Low 

temperature remanence transitions can thus give some information 

about the domain and stress state of the magnetic minerals. 

According to Syono (1965) titanomagnetites of general 

composition xFeTiO.(l-x)FeO have transition temperatures 

from approximately -250°C for x=0.2 increasing to +30°C for 

x--0.68. 

5.3.2 Experimental Procedure 

Measurements were carried out using a Digico spinner 

magnetometer modified to take low temperature measurements. The 

magnetization could be measured along two axes only. Samples 

were given an SIRM such that the remanence was in the measured 
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plane only. Measurements were taken as the sample was cooled to 

the temperature of liquid nitrogen (-190°C) and warmed to room 

temperature within free field space. The results from selected 

samples from Sitagroi are summarized in table 5.3. Some samples 

which showed the presence of a transition were refired to 

between 800-900°C and the low temperature measurements repeated 

to see if the transitions had changed in any way. 

5.3.3 Results 

These results are shown in figure 5.1 and table 5.3. There 

were no transitions for samples ZA58, ZA15, ZA66, ZA54 and ZA42. 

The curves for ZA15 and ZA42 (figures 5.1b and 5.1c)  are typical 

of these samples. All the transitions seen, were between -175°C 

and -125°C but as they were not sharp it was not possible to 

assign an exact temperature to the transition. The results are 

compatible with the presence of multidomain magnetite or 

possibly titanomagnetite of the composition x=0.4. With the 

exception of ZA40 all samples which showed the presence of a 

transition possessed dark coloured matrices. 

It is to be expected that the magnetization of the sample 

would increase as the temperature dropped because of the 

increase of spontaneous magnetization with falling temperature. 

There are two exceptions to this, KZ2,1 after heating to 900°C 

and ZA68 before heating. 
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There are several possible explanations for this decrease 

in remanence with cooling. 

Some domains were cooling through their blocking temperature 

and were blocked in in the opposite direction to the SIRM by the 

internal field produced by the SIRM. Such behaviour could have 

been exhibited by grains which were super-paramagnetic at room 

temperature 

The presence of a mineral with a Curie temperature below 

room temperature blocking in in the internal field produced by 

the higher Curie temperature mineral. 

A mineral is exhibiting Neel P type ferrimagnetisin (Neel 

1955). 

It is difficult to envisage how a single mechanism could account 

for this continous decrease in remanence on cooling because 

heating in air produced this behaviour in KZ2,i but the same 

treatment removed it in ZA68. 

5.3.4 Recovery Of RemanenCe 

All samples except ZA62, ZA40 and ZA68 (after heating) 

showed a partial recovery of the remanence when the sample is 

warmed up. If annealing was taking place during the refiring of 

the sample then it might be expected that there would be a 

decrease in the percentage of remanence recovery seen during the 

low temperature cycling, after the sample had been refired. The 
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temperature to which these samples were refired was in fact 

greater than the maximum temperature reached by Lowrie and 

Fuller (1969) when they investigated annealing behaviour in 

magnetite. The degree of both oxidation and possibly annealing 

may have been somewhat greater than normally encountered in 

routine archaeointensity determinations. In the three samples 

measured (ZA68, KZ2,1 and ZA58) there was a decrease in the size 

of the remanence recovery after refiring , which was consistent 

with the occurrence of annealing. 

There was no common trend with respect to the changes in 

magnitude of the transition after refiring to 900°C. The 

magnitude of the transition decreased for ZA68 and increased for 

ZA40; it was not possible to determine the change for KZ2,1. A 

decrease in remanence transition could be accounted for by 

oxidation either reducing the size of the magnetite or 

titanomagnetite grains from M.D. to S.D. or by the production 

of hap- matite/h&mo—ilmenite lamellae splitting an M.D. crystal 

into several single domains. An increase in the remanence 

transition could be accounted for by the affects of annealing 

producing material of a more multidomain nature. 

5.4 HIGH TEMPERATURE SUSCEPTIBILITY MEASUREMENTS 

Determination of the Curie temperature is a useful aid in 

identifying a mineral. The commonest method of determining the 

Curie temperature is by measuring the change of saturation 

magnetization with temperature. This method was not used 
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because the equipment was not available. Instead, the variation 

of susceptibility with temperature was measured. 

A susceptibility bridge was used to measure the change in 

susceptibility with temperature. The equipment was limited in 

its usefulness by noise and drift of the zero point. The 

practical lower limit of room temperature specific 

susceptibility which can be measured is 9x10 1m3kg 1. 

Approximately one gram of sample can be used. Magnetic extracts 

would be ideal for use with this equipment but as mentioned 

previously it was not feasible to obtain them for the Sitagroi 

material. 

To obtain measurements on samples with this lower limit of 

susceptibility it was necessary to periodically remove the 

sample from the furnace so as to monitor the drift of the zero 
WOLS 

point. A linear drift of the zero point with timeAassumed.  A 

major problem was thus to achieve a balance between raising the 

temperature as quickly as possible to reduce the drift of the 

zero point, and avoiding thermal lag because the specimen 

responded less quickly to changes in temperature than the 

thermocouple. 

5.4.1 Results 

The results are shown in figures 5.2a, 5.2b, 5.2c, and 

5.2d. The susceptibility of samples ZA40, ZA62, ZA68 and ZA66 

were too low to be measured on the available equipment. The 
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values of room temperature susceptibilities for the samples can 

be seen in Appendix 2. The possibility of thermal lag of the 

sample behind the thermocouple means that the determination of 

the Curie temperature is probably only accurate to within 25°C. 

The results are summarized in table 5.3. 

For most samples the Curie temperatures lie within the 

range 550-630°C. The Curie temperatures of ZA42 and ZA54 

apparently 	dropped to 520°C during the measurement. The room 

temperature susceptibility had increased after the experiment in 

all cases except for ZA25, ZA42 and ZA54. 

5.5 MEASUREMENTS OF B AND M 
C 	S 

5.5.1 Introduction. 

The coercive force (Be)  and the saturation magnetization (N) of 

certain samples were measured on a vibrating-sample magnetometer 

(VSM) . The details of the VSM used and the interpretation of 

the results can be seen in Foner (1959). After the initial 

measurements of B 
C 	 S 
and H the samples were heated to 

approximately 850°C, cooled in air to room temperature over a 

period of one hour and remeasured on the VSM. The values of the 

parameters obtained are listed in table 5.4. 

The ratio of saturation IR?4 to the saturation magnetization 

(Mrs/Ms) is a means of establishing the domain state of the 

magnetic minerals in a sample, (Dunlop 1969). A ratio of 0.5 

indicates that single domain particles are present (Stoner and 

195 



Wolfarth 1948) and a value of <0.1 is generally taken as 

indicating that the magnetic carriers are multidomain. Any 

value between 0.5 and 0.1 may indicate that a mixture of the two 

are present. According to Dunlop (1972) values between 0.1-0.3 

could indicate the presence of psuedo-single domains. 

Shcerbaicov (1978) estimated that ratios of 0.1-0.6 indicated the 

presence of 2-3 domain grains. 

5.5.2 Results 

The behaviour of samples before and after firing falls into 

four main types, three examples of which are shown in figure 

5.3. The four groups are as follows: 

Group (1) The saturation magnetization (M) and coercive force 

decreased on refiring. 

Group (2) A slight increase in B. K unchanged on refiring. 

Group (3) Increase in B and N. 

Group (4) Increase in N, decrease in B. 

Both samples in group (4) are also, by coincidence, 

examples of constricted hysteresis loops, an indication that 

both high and low coercivity components are present, (Kneller 

and Luborsky 1963). The group into which each sample fell is 

indicated in table 5.4. 
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Most of the N 
rs  /N B 

ratios fall between 0.5-0.1 and 

according to various authors such ratios could indicate that the 

samples contained pseudo-single domains or a mixture of single 

and multidomains. Only three samples have NIH ratios close 

to or less than 0.1. The valueof N 
rs 
 decreased on firing in 

all cases except ZA40, ZA62 and ZA68. B decreased after 

heating in all cases except ZA62 and ZA68. One common feature 

possessed by ZA62 and ZA68 is that they both, as noted in table 

5.1, appear to have been weathered to a greater degree than the 

other samples studied. 

5.6 OTHER DATA 

One set of data was obtained during the test of SIRM as a 

correction factor, on samples from Sesklo and Dintini, which is 

more useful than routine archaeointensity work in indicating the 

types of magnetic changes occurring during refiring. The a.f. 

demagnetization curves of an NRM and an SIRM before heating and 

TRM and SIRM after heating both to 700°C and 900°C, were 

obtained. The Lowrie-Fuller test (Lowrie and Fuller 1971) could 

be applied to these samples and changes in domain state could be 

assessed. 

After the first archaeointensity determination during which 

samples were fired to 700°C, all samples were single domain 

according to the Lowrie-Fuller criterion. After refiring to 

900°C all samples were multidomain except SK(I)l, DM11 and 

DM112. One interesting feature is that in most cases the MDF of 
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both the TRM and SIRM increased when they might have been 

expected to decrease as a sample became more multidomain. 

Apart from the increase in MDF, the trends noted in the 

above samples agree with those obtained from the VSM in that the 

magnetic stability generally decreased after refiring. The 

samples fired for testing on the V.S.M. were cooled more 

rapidly (outside the furnace) than those used in the test of the 

SIR)! correction method which were cooled to room temperature 

over a period of five hours. It seems possible that the 

oxidation of the magnetic minerals has been of greater 

importance in this latter case. 

5.7 DISCUSSION 

5.7.1 Oxidation 

It is apparent that unless the sample was refired, during 

archaeointensity determination, in the same atmosphere as that 

prevailing during the original manufacture then the iron oxide 

minerals will be unstable and on refiring oxidation or, under 

very unusual circumstances, reduction will take place. Evidence 

that oxidation had occurred was frequently seen when black and 

grey matrices became oranger on refiring. 

Oxidation involves the alteration of magnetite to heamatite 

or titanomagnetite to haemo—ilmenite, the process will either 

result in the reduction of the size of titanomagnetite or 

magnetite grain or the production of oxidized lamellae, both 
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leading to a decrease in domain size and probably to increases 

in 	B c rs 
, H I 

S 
M and the MDF If the amount of magnetite present is 

reduced it is to be expected that H rs  will be reduced as well. 

However, except for the decrease in N 5, oxidation would 

not produce the results quoted in section 5.6. Most of the 

changes in parameters such as B, H/N and MDF which occurred 

during heating to high temperatures, indicated that samples had 

become magnetically softer and their stability had decreased. 

This decrease in B and H/H occurred in samples possessing a 

variety of matrix colours which, as demonstrated by the low 

temperature work, contained different types of magnetic carrier. 

It should be remembered, however, that the work on polished 

sections indicated that the colour of the matrix did not seem to 

be related to the oxidation state of the larger iron and 

titanium oxides. 

Other evidence that the composition of the magnetic 

minerals was not the most important factor affecting the type of 

alteration taking place comes from the high temperature 

susceptibility measurements, where it was shown that samples in 

which this decrease in stability occurred, possessed a variety 

of Curie temperatures. 

Samples ZA54 and ZA58 which were shown to consist of two 

components of differing coercivities also showed the sane 

decrease in stability. 
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5.7.2 Annealing 

It is evident from the above information, that an important 

type of alteration is occurring during refiring in addition to 

oxidation. One process which may explain the magnetic changes 

mentioned previously is annealing. The process of annealing has 

been discussed in section 4.8., where it was noted that 

decreases in B c , H 
rs 
 and Mrs/Ms   are produced by annealing of 

various types at 400-500°C and 700°C and 745°C. The possible 

sources of stress are discussed in section 4.8. 

It is to be expected that there will be differences in 

behaviour between the samples studied here and those used in 

routine archaeointensity determination. The samples studied in 

detail were refired to a higher temperature than would normally 

be reached during a routine archaeointensity determination. The 

samples used for determination of B 
C 	S 
and H were cooled more 

rapidly than normal archaeointensity determination samples. The 

type of annealing which Lowrie and Fuller (1969) found above 

700°C could have occurred during the firing to high temperatures 

and produced decreases in BC and H. Such annealing would also 

be possible, although probably less extensive, during routine 

archaeointensity determination. 

Evidence of annealing is provided by the size of the 

remanenCe recovery after cooling the samples to low temperatures 

in zero field. In the cases where the size of the remanence 

recovery could be measured, it decreased after high temperature 
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refiring, indicating that a certain amount of stress had been 

annealed out (Lowrie and Fuller 1969). 

5.7.3 Other Mechanisms 

There are several anomalous items of data which do not fit 

in well with a model of alteration combining oxidation and 

annealing. Samples ZA62, ZA66 and ZA40 differ from the 

remainder of the samples studied in detail, because these 

samples showed an an increase in the magnetic stability on 

refiring. All three samples have low saturation magnetizations 

and two of them, ZA62 and ZA68, seem to have been weathered. 

Although the value of Mrs  decreased after refiring for all 

samples measured in the V.S.M. a similar decrease in N is 
 was 

not always seen for samples used in archaeointensity 

determinations. As both oxidation and annealing mechanisms 

predict a decrease in N Is 
 it is evident that in certain cases 

another process must also be occurring. However, the general 

trend of a decrease in indf during archaeointensity determination 

was still found in most samples even when there was an increase 

in  rs 

When a pottery sample is refired above the previous maximum 

firing temperature irreversible processes such as sintering, 

bloating, vitrification or growth of new minerals can take 

place. These irreversible changes would only affect routine 

archaeointensity work under unusual circumstances because the 
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laboratory firing is usually to a lower temperature than the 

original firing. The effect of these irreversible changes may 

be that stress is produced which has the opposite effect to 

annealing. 

If ZA62 and ZA66 had been weathered, then the firing of the 

unfired, weathered material could produce unusual stress 

effects. The dehydration of iron hydroxides produced by 

weathering could lead to the formation of iron oxides which grew 

through the superparamagnetiC-siflgle domain critical grain size 

and resulted in an increase in H rs 

The samples used in the test of SIRM as a correction method 

were fired to 900°C and although the Lowrie-Fuller (1971) test 

indicated that the they had become more znultidomaifl, the MDFS 

increased. It may be that the comparatively long time for which 

the sample remained at high temperatures led to increased 

oxidation taking place within the sample producing high 

coercivity ho.tinatite or hoC.ino-ilmenite. Alternatively, it could 

also be that the samples were fired to temperatures greater than 

any previous firing and the sample began to vitrify and the 

resultant increase in stress caused the large increase in MDF. 

5.8 SUMMARY 

It appears, that for many samples, two competing processes 

of oxidation and annealing may be taking place when the sample 

is refired. Oxidation would tend to increase B C 
and H rs s IM and 



annealing would tend to decrease them. 

The temperature, and the time at which a sample remains at 

a particular temperature would be a major factor in determining 

which process predominated. The mechanism by which annealing 

occurs varies with temperature, it is, in fact, possible for 

defects to coalesce and for there to be an increase in B and 
C 

N 
is 
 at certain temperatures. 	The ambient atmosphere is 

oxidizing to magnetite up to approximately 1300°C, (Buddington 

and Lindsley 1964). 

It seems however, that although oxidation is almost 

certainly occurring in most samples the annealing process has a 

greater effect on the TRM-NM and ARM2-ARM1 plots. 
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CHAPTER SIX 

RESULTS 

6.1 INTRODUCTION 

The results are described in this chapter and interpreted 

more fully in chapter seven. The ARM correction method described 

in section 3.5 was used for a majority of the samples. The other 

methods used on a few samples from each site were; 

Sitagrol; ARM acquisition correction method (Rigotti 1978) 

Crete; Thellier and Thellier (1959) 

Sesklo and Di-mini; SIRM correction method. 

These methods are described in sections 3.3, 3.1.1 and 3.8 

respectively 

6.2 RELIABILITY CRITERIA OF ARCHAEOINTENSITY RESULTS. 

6.2.1 The ARM Correction Method. 

The two criteria used in assessing the reliability of an 

archaeointensity from the ARM correction method were, firstly, the 

shape of the TRM-NRM plot after the effects of any alteration 

shown by 	the ARM2-ARMl plot have been removed and, secondly, 

the direction and stability of the NRM vector. 

Figure 6.1. shows schematically how the decision to reject 

or accept a result is made. Plausible physical mechanisms are 

suggested for various shapes of TRM-NRM plots with various NRM 
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vector stabilities. The results are classified by the letters 

A-O, the end points on the flow chart. 

The most difficult problem for the ARM correction method to 

overcome is the prediction and detection of the effects of 

weathering. Although there is no specific shape of a TRI(-NRM plot 

produced by weathering, badly weathered samples will be rejected 

by one or other of the criteria. The limitations of the method 

with respect to weathered samples have been discussed fully in 

section 4.3. 

The results have been divided into four categories of 

reliability. Results with a reliability index of 1 are good 

results and come from groups A, J and L, e.g. 	6Aa, 6Ca and 2a 

respectively. The presence of scatter, indicated by •• after the 

group letter, or of gradients far from 1.0, either below 0.2 or 

above 2.0, are indicated by Y after the group letter and both 

these reduce the reliability of the groups A, J and L to a 

reliability of 2. Results of reliability 2 are usable but not of 

the highest quality. Groups H, D and F are considered to have a 

reliability of 3, i.e. they are dubious but if no other 

information is available they can be used to give a general 

indication of the archaeointensity. Sitagroi samples 4b and 57b 

are examples of type H and F respectively. There are no good 

examples of type D. The presence of scatter in the results of 

groups H, D and F will make the results less reliable but they are 

still taken as having group 3 reliability and not as being totally 

unreliable. There is a degree of scatter above which a sample 

would originally be placed in a category of reliability index 4. 
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Samples falling in groups K, B, C, E, G, I, I, 0 or M were 

considered totally unreliable and were given a reliability index 

of 4. 

Samples were found which could equally have been placed in 

two of the groups. In this case the reliability was taken as 

being between the extremes of the two groups, for example, samples 

of J/H type were given a reliability index of 2. 

From the ARM correction results, sample ZA1OBa appeared to 

give a reasonable result (reliability 2), but thermal 

demagnetization (section 4.11.1) indicated otherwise. The 

reliability of this sample was taken as being 3 not 2 as suggested 

from the reliability criteria of figure 6.1. 

The above reliability criteria are also suitable for use with 

the ARM acquisition correction method (Rigotti (1978)), as 

modified for this work. The ARM and SIRM correction methods gave 

contradictory results in certain cases, however the application of 

the reliability criteria to these results showed that all samples 

giving such contradictory results had ARM correction results of 

reliability 4. 

6.2.2 The Thelliers' (1959) Method. 

The modified Thelliers' method used was fully described in 

section 3.1.1. The demagnetizing temperatures used were 50°C, 

75°C, 100°C and then every 50°C until 700°C. The results obtained 

using this method were interpreted in the usual way, as described 

in 3.1.1. An additional check on the absence of alteration was 
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included, the initial susceptibility was remeasured after each 

measurement of the remanence. Significant changes in 

susceptibility were taken as indicating that alteration had 

occurred. This latter criterion did not in fact lead to the 

rejection of any samples which would not otherwise have been 

rejected. 

Results from the Thefliers' method are less easy to divide 

into levels of reliability than ARM correction results. This is 

mainly because it is not easy to distinguish reasons for 

deviations from linearity and to assess their relative 

seriousness. The results are divided into those which were 

acceptable, (A), and which gave good linear TRM-NRN plots over 

more than 6 points and dubious results (D), those which had 

TRM-NRN plots which were probably linear but which were scattered 

or the linear region had fewer than 6 points. Results were 

rejected (R), when they were obviously non-linear. If it were 

necessary to compare the quoted levels of reliability of the ARM 

correction and Thelliers (1959) methods then, the acceptable 

results , (A) would be equivalent to reliabilities 1. and 2, the 

dubious results (D) would be equivalent to reliability 3 and the 

rejected results (R) would be equivalent to reliability 4. 
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6.3 RESULTS 

The Cretan results differ from those of the other Bites in 

that the results from several different specimens are combined to 

obtain one archaeointensity for a given date. There were usually 

only one or two specimens for each age for the other sites. 

Erroneous individual results will cause fewer problems if 

final archaeointensity results are obtained from the mean of a 

large number of specimens. This problem of erroneous individual 

results is more serious for the sites of Sesklo, Dimini and 

Sitagroi, where the mean was obtained from a small number of 

results than it was for the Cretan samples. It is, thus, most 

important that the reliability of the Sesklo, Dimini and Sitagroi 

results be well established. 

6.3.1 Errors 

6.3.1.1 Introduction - 

The sampling of archaeomagnetic material for the present work 

was of two types: 

A number of totally different samples supposedly of the same 

age, e.g. several samples from one level at Sitagroi. 

A single specimen which was sub—sampled to provide several 

archaeointensity results. e.g. Sesklo, Dimini and some 

Sitagroi levels where only a single sample was available. 
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The difference between these two types of sampling lies in 

the possible source of errors. Any scatter in results from a 

sub-sampled single specimen (i.e. Category 2) are due to 

differences within the sample, for instance, partial refiring or 

variable mineralogy, resulting in different types of alteration 

occurring on reheating. Results from a single sample should agree 

within experimental error. 

Results from the first category of sampling are from 

different samples from one archaeological age level. There may 

have been mixing of older or younger material into that level and 

this would contribute to the scatter of the results. The level 

represents a time span of, perhaps fifty years, over which time 

the archaeointensity will have changed. The mean of results from 

a level represents an average of that time span and not an 

instantaneuos value, unlike type 2 sampling. 

The Cretan samples fall between the two extremes of sampling. 

It is believed that the final firing affected all parts of the 

kiln, so all archaeointensity results should be the same. 

However, sometimes the samples were separated by a few feet there 

was a possibility that they could give different results, as part 

of the kiln may have been refired, subsequently, or the final 

firing may not have affected all parts in the same way because the 

temperature or gaseous environment was different over the whole 

kiln. 
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The only site where both types of sampling were carried out 

was Sitagroi. With the exception of levels 39 and 24 all levels 

were sampled in either one way or the other. That is, multiple 

measurements on a single sample were made only on samples which 

were the only representative of a given level. For samples from 

levels 24 and 39, the results from sub—sampled specimens were 

considered as one result and combined with the other results from 

individual samples as if the sampling was type (1). 

6.3.1.2 Calculation For Errors For Groups Of Samples. - 

Where several archaeointensity results are available for one 

age they are combined by calculating their mean and the standard 

deviation (a). The results are weighted according to their 

reliabilities, reliabilities of 1, 2 and 3 having weightings of 

3,2 and 1 respectively, they are weighted in these proportions 

when calculating the mean, as are the squares of the residuals, 

when calculating the standard deviation. 

Where only one archaeointensity result is available the only 

error it is possible to quote is that calculated from the straight 

line fits to the ARM and TRM data. 

6.3.1.3 Presentation Of Errors - 

The raw data are quoted in full, as are the number of results 

from which the final estimate of the archaeointensity is 

calculated, so it is obvious from the results table which type of 

sampling has taken place and which error is being quoted. 
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6.3.2 Results From Sitagroi. 

The results from Sitagroi are shown in the following figures and 

tables:  

The ARM correction method; figures 6.2a-r and table 6.1. 

A comparison of ARM acquisition and demagnetization correction 

methods; figure 6.3 and table 6.2. 

The ARM acquisition correction method (R.igotti 1978, slightly 

modified); table 6.3 and figure 6.4. 

Although the chronological order of the samples from Sitagroi 

is known, it is possible to interpret the radiocarbon ages in 

three ways, each interpretation depending on how continously the 

site was occupied. The three cases considered are, continous 

occupation of the site including late Phase III, continous 

occupation of the site excluding late Phase III and occupation 

only during the maximum confidence time span, as calculated by 

Renfrew (1971) 

The ages for each level for these three possibilities are 

listed in table 6.4, they are calculated by assuming that each 

level in a phase was occupied for the same length of time. The 

results were combined and the errors calculated as described in 

section 6.3.2, they are listed in table 6.4 and plotted in figures 

6.5a, b and c. Results of reliabilities 1, 2 and 3 and 

reliabilities 1 and 2 only, have been plotted separately to assess 

the differences caused by inclusion of results of reliability 3. 
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Table 6.1. The ARM demagnetization correction method; results 

from Sitagroi. 

Column 1. Sample number:- Samples from trench ZA and ZB. 

'*' indicates that the sample was fired in nitrogen. 

Column 2. The letters A - 0 refer to the classification of the 

result as decided by use of figure 6.1. The letter IS indicates 

that the linear portion is scattered or that the gradient was 

derived from fewer than 4 points. Y indicates that either the TB?! 

or ARM gradients were <0.2 or >2.0. 

Columns 3 and 4. The gradient and error of the TRM-NRM plot. The 

quoted error is the standard deviation of the straight line fit to 

the data. 

Column 5 and 8. The demagnetization points used in the straight 

line fit of the TRM-NFN and ARM2-ARM1 gradients respectively. 

Columns 6 and 7. The gradient and error of the ARM2-ARM1 plot. 

The quoted error is the standard deviation of the straight line 

fit. 

Column 9. The laboratory field (/LT) in which the TBN was acquired. 

*' in this column indicates that the quoted laboratory field was 

subject to a 2% error. 
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Column 10. The archaeointensity result (ALT) before correction 

using the ARM]. gradient. 

Columns 11 and 12, The archaeointensity and error (/LT) after 

correction using the ARM2-AR?U gradient. The error in the 

archaeointensity E is obtained by combining the error in the 

AR142-ARM1 gradient (EM) and the error in the TRM-NRM gradient 

(E TRM 
 ) thus: 

EIJr=([E M/AR 4]2 +[ET fTR 412  ) S 

where r is the archaeointensity result and AR14 and TRM are the 

ARM2-ARM1 and TRM-NRM gradients respectively. 

Column 13. The reliabliity of the result. (see section 6.2.1). 1 

is the highest reliability and 4 is a rejected result. The column 

headings are also applicable to tables 6.3, 6.5 and 6.9. 
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Table 6,4E Acceptable results from Sitagroi. 

LEVEL 	Occupation 	Archaeointensities of reliabilities; 

ZA 	A 	B 	C 	 1, 2 and 3 	1 and 2 

- Years B.C.- Mean S.D. n m Mean S.D. n rn 

2 2135 2135 2400 45.2 4.2 2 1 45.2 4.2 2 	1 

3 2165 2165 2410 46.9 15.5 2 2 55.0 5.2 1 	1 

4 2195 2195 2420 81.2 6.5 1 1 - - - 	- 
5 2225 2225 2430 36.3 6.5 3 3 33.0 2.0 2 	2 

6 2255 2255 2440 54.9 3.5 2 2 54.9 3.5 2 	2 

7 2285 2285 2450 40.9 4.6 1 1 40.9 4.6 1 	1 

8 2330 2330 2460 41.2 3.8 1 1 - - - 	- 
10 2405 2405 2480 35.2 9.3 2 2 41.6 3.0 1 	1 

13 2520 2520 2540 35.4 4.9 2 2 38.2 3.4 1 	1 

14 2435 2435 2490 48.5 10.4 2 1 - - - 	- 
15 2600 2600 2575 21.7 2.4 1 1 - - - 	- 
18 2840 2840 2680 28.8 4.5 1 1 - - - 	- 
20 3000 3000 2750 42.8 1.9 2 2 42.8 1.9 2 	2 

21 3000 3000 3096 33.4 3.6 1 1 33.4 3.6 1 	1 

23 3035 3035 3110 37.7 4.9 1 1 37.7 4.9 1 	1 

24 3070 3070 3124 36.5 15.3 2 2 36.5 15.3 2 	2 

25 3105 3105 3138 47.9 3.8 3 1 47.9 3.8 3 	1 

26 3140 3140 3152 42.6 1.2 1 1 42.6 1.2 1 	1 

27 3175 3175 3166 47.6 3.7 1 1 47.6 3.7 1 	1 

28 3210 3210 3180 43.8 6.6 1 1 43.8 6.6 1 	1 

29 3245 3245 3194 43.4 4.0 2 1 45.7 2.1 1 	1 

30 3280 3280 3208 35.5 3.0 1 1 35.5 3.0 1 	1 

31 3315 3315 3222 49.0 5.4 1 1 49.0 5.4 1 	1 



Table 6.4 (Cont) 

LEVEL 	Occupation 	Archaeointensities of reliabilities; 

ZA 	A 	B 	C 	1, 2 and 3 	 1 and 2 

-- Years B.C.- Mean S.D. n m Mean S.D. n in 

33 3440 3875 4060 31.9 6.6 2 2 33.0 5.4 1 	1 

35 3600 3975 4130 33.1 5.2 1 1 33.1 5.2 1 	1 

37 3600 3975 4130 30.3 1.5 1 1 30.3 1.5 1 	1 

38 3680 4025 4165 25.6 2.7 1 1 - - - 	- 
39 3760 4075 4200 35.3 4.6 2 1 35.5 4.6 1 	1 

41 3920 4175 4270 32.6 2.7 2 2 32.6 2.7 2 	2 

42 4000 4225 4305 34.2 0.1 2 2 34.2 0.1 2 	2 

44 4160 4325 4375 29.7 3.9 2 1 29.7 3.9 2 	1 

47 4400 4475 4480 42.9 4.7 1 1 42.9 4.7 1 	1 

49 4560 4575 4550 31.2 1.5 2 1 31.2 1.5 2 	1 

50 4640 4640 4600 42.2 6.5 1 2 47.5 4.5 1 	1 

51 4700 4700 4640 41.1 9.8 1 1 41.1 9.8 1 	1 

53 4820 4820 4730 40.8 2.7 1 1 40.8 2.7 1 	1 

54 4880 4880 4775 39.3 4.5 2 2 39.3 4.5 2 	2 

56 4640 4640 4600 41.3 1.1 2 2 41.3 1.1 2 	2 

57 5000 5000 4865 35.1 2.6 2 1 33.3 2.9 1 	1 

59 5060 5060 4910 41.4 2.2 1 1 41.4 2.2 1 	1 

ZB 

128 4440 4485 4485 30.9 1.8 1 1 30.9 1.8 1 	1 

Columns 2, 3 and 4 refer to the ages for individual levels, 

assuming A', continuous occupation including Late Phase III, 

B', continuous occupation excluding Late Phase III and 'C', 

occupation during the maximum confidence time span only. 

n z ntLmt,r 	SI'S. 
m = numtr of ,orvçks. 
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6.3.3 Results From Sesklo And Dimini 

Table 6.5. and figure 6.6. show the results from Sesklo and 

Dimini, obtained using the ARM correction method. Table 6.6 and 

figures 6.7a and b show the results obtained using both ARM and 

SIRM correction methods. 

The final results are given in table 6.8 and have been 

plotted on the same graphs as the results from Sitagroi, (figures 

6.5a, b and c), to assess, firstly whether these results preclude 

occupation of the site at Sitagroi at any time and secondly 

whether there is any systematic difference between results from 

those samples dated using radiocarbon (Sitagroi) and 

thermoluminescence (Sesklo and Dimini). It is possible to plot 

the results from Sitagroi, Sesklo and Dimini on the the same graph 

because the present day difference in intensity between them is 

only 0.8 /LT and the maximum difference between two sites at that 

latitude worldwide is about 1 /.LT consequently the possible 

differences due to latitude in archaeointensity between the two 

sites are not greater than the error of most of the 

archaeointensities. 

6.3.4 Intensity Results From Crete. 

The results from the ARM correction method are shown in table 

6.9 and figure 6.8. The reliability of these results has already 

been discussed in section 6.2.1. 	The results from Thelliers 

method are shown in table 6.10 and figure 6.9. The final results 

for both the ARM correction and the Thelliers' method are given in 
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Table 6.8. Archaeointensity results from Sesklo and 

Dimini 

Archaeointensities 

Reliabilities Reliabilities 

Sample Age Error 1, 2 and 3 1 and 2 

Years B.C. Result 	Error Result 	Error 

DM32 4722 419 32.7 	4.8 32.7 	4.8 

SKE1 5918 570 48.7 	7.2 48.7 	7.2 

SKB12 3773 490 48.0 10.9 

SKB127 4512 480 41.3 1.9 

SK128 3404 390 50.7 2.2 50.7 2.2 

SKBI18 4440 590 42.8 4.0 42.8 4.0 

SKI'72 4563 370 44.0 5.5 44.0 5.5 

DM8/12 3833 388 44.2 16.6 44.7 16.6 

One measurement was carried out on each of these samples. 

The errors are derived from the TRM—NRM and ARM2—ARM1 plots. 
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Figure 6.9a. The Thellier's method; some results from Crete. 
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Fiur 6.9b. The Thellier's method; some results from Crete. 



table 6.11 in both combined and separate form. 

In calculating the mean and error of results from one site, 

no distinction was made between several measurements made on one 

specimen and several measurements made on different specimens. 

This is because the only difference between sub—samples and 

different specimens is the matter of the distance between them in 

their original locations in the kiln. 

The results are plotted in figure 6.10 together with the 

results obtained from Sitagroi, Senklo and Dimini, assuming that 

the site at Sitagroi was continously occupied except in late Phase 

III. 	The result for SKE1 is not included. The Sitagroi results 

have been plotted as century means. 

The ARM correction results for site Festos (1) have a large 

associated error because the two usable results, despite both 

being of reliability category 2, differ by 28 AT. The mean of two 

such results has little meaning because it may be that one of the 

results is in error. The results from FSl are not therefore 

included in the final compilation. 

The present day difference in magnetic intensity between 

Sitagroi and Crete is 2 AT and the maximun difference between 

sites at this latitude is about 3.5 AT. For this reason the 

results have been normalised with respect to the present day field 

which is 44 AT in Crete 46 AT in Sitagroi and 45.2 AT at Sesklo 

and Diinini. The Cretan results are compatible with the results 

from the Neolithic sites, although the field does seem to have 

been higher during the Minoan than the Neolithic. This data has 

2 



277 
1 	I 	I 	

,•_•_j 	
I 	i I I 	 I 	I 	 I 	I, 	

.'i 	
I 	u 	. 

I.' 

I i 	W 0  M 
11 -c I-s-I 	 - 

i-s-I C 
C F-4"  _ _ 	C. I 	I 	• 

Is, 1•1 	- 
• (I) S 

QJ 

-4-- 
I-st I 	S 	I 	.4— 

0 i-SI  
i 	• 	, C - 	- t 	• C 

cii cu 

ISI I., 

Is, 

IS, 

1S1 

I.' 

si 

151 

F-S-I 

— S I 

I.-.-, 

II 	I 

I-H 

I 	I 	I 	I 	I 	 I I 

I. 

I 	• 	I 

I— 

I 	• 	I 	 I 	 I 	 I 	 I 	 I 

9 o/j 

Fic.ure 6.10. Archaeointensity results from Crete, Sitagroi, 

Sesklo and Dimini. 
(The results from Kalo Florio and SKE1 from Sesklo are not included) 
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been published previously. (See Appendix). 

6.3.5 Archaeodirection Results From Crete. 

6.3.5.1 Introduction. - 

Several of the samples from Crete had been orientated using 

either a sun compass or a magnetic compass, or both. Normally sun 

compass readings are the more accurate as they are unaffected by 

stray magnetic fields present in a magnetized structure such as a 

kiln. However, some of the Cretan kilns were under cover for 

protection against the sun and rain, and orientation using a sun 

compass was not possible. Where both types of orientation were 

carried out on one sample it was possible to compare the 

declination obtained using both methods (table 6.12). From table 

6.12 it is obvious that there is a considerable difference between 

the sun compasss and magnetic compass readings. Too few samples 

were collected using both methods for it to be possible to 

determine whether the error produced by using the magnetic compass 

is systematic for a given site or depends on the position of the 

sample in the kiln. As table 6.12 shows, declination results from 

samples which were orientated using a magnetic compass should be 

considered as extremely dubious. The inclination results are not 

affected by the errors in magnetic orientation. 
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Table 612 Comparison of declinations 

obtained using sun and magnetic 

compasses. 

Sample 	Declination 	Difference 

	

Sun 	Magnetic 

compass 	compass 

F53,1 	12.1 	356.0 	16.1 

FS3,3 	4.8 	348.0 	16.8 

KZ2,1 256.7 	194.0 62.7 

WI] 



6.3.5.2 Sample Preparation - 

An orientation arrow was drawn on the upper surface of the 

sample whilst the sample was still in situ. The strike and dip of 

the arrow were noted. The surface on which the arrow was drawn 

was frequently not level, and although over the whole length of 

the sample it may have been on average at the same level it was 

possible for it to be several degrees away from the mean over a 

small portion of the arrow. The samples were cut into small 

lengths along the fiducial arrow, using a rock cutter. Two to 

four sub-samples were taken, the number depending on the length of 

the fiducial arrow. Each sub-sample was glued to the bottom 

inside surface of a cylindrical plastic sample holder with the 

fiducial arrow along the base. Plaster of Paris was placed around 

the sample to hold it more firmly in place. 

6.3.5.3 Magnetic Cleaning - 

Samples were a.f. demagnetized to 90 mT. In no sample did 

the direction of magnetization change by more than 50 	As there 

was no evidence of any systematic change in direction, the 

inclination at all demagnetizing steps was equally valid. The 

archaeoinclination of a sub-sample was calculated from the mean of 

its value at all the demagnetizing steps. The mean of the 

archaeoinclinations of the sub-samples was taken as the sample 

archaeoinclination and these were combined to obtain the mean and 

standard deviation for the inclination at a given site. 
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Table 6,13 

Archaeo-direction results for Cretan samples. 

Sample Mean Mean Sample mean Site mean 

Dec. Inc. values values 

FS1,1B 16.2 61.1 D 	13.3 D - 15.6 
FS11A 10.3 52.3 I = 56.7 ±3.3 

FS1,4. 10.7 63.6 D = 17.8 I = 56.8 

FS1,4B 24.9 50.1 I 	56.8 ±0.1 

FS3,1A 355.8 47.6 D = 10.1 D = 11.1 

FS3,1B 24.4 45.6 I 46.6 ±1.4 

FS3,5A 13.3 56.0 D = 12.1 I = 48.3 

F5305B 10.8 44.0 I = 50.0 ±2.4 

SB1A 56.4 I = 52.2 I = 52.211 

salE 47.9 

SH5A 73.2 I = 50.1 

SH5B 27.9 

SB6A 1.4 

KZ1,1A 57.7 I = 59.0 

KZ1,1B 60.3 

KZ1,4A 56.2 I = 54.2 I = 56.6 

KZ1,4C 54.2 ±3.3 

KZ1,4D 52.2 

KZ2,1B 51.8 

KZ2J 1C 57.2 
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KZ2I 1A 64.4 28.4 

13.6 

15.9 

D = 19.3 

I = 57.8 

D = 19.3 

±7.9 

D = 57.8 

±6.3 



Table 6.13 (Cont) 

Sample Mean Sample Site 

Inc. mean mean 

KH1A 	46.7 

KJUB 	36.3 41.3 

KH1C 	40.9 

KH2A 	56.5 

KH2B 	47.3 52.1 

KH2C 	52.4 45.8 

KH3A 	46.0 ±4.5 

KH3B 	39.3 44.4 

KH3C 	41.4 

XH5A 	41.7 

KH5A 	48.9 45.2 

K5C 	45.0 

AT1A 	22.5 

AT1B 	37.4 33.1 

AT1C 	39.5 

AT2A 	57.4 50.11 

AT2B 	53.0 58.1 ±14.8 

AT2C 	64.0 (58.7±0.6) 

A!F4E 	627 

AT4F 	56.7 59.2 

AT4G 	58.9 

Excluding AT1 

Using Sill only 

31.1 
Error is obtained from the mean of the sample 

23 



A similar procedure was followed for the declination, where 

sun compass readings were available. The results are listed in 

table 6.13. Results from sample AT1 were not used in the final 

calculation of the inclination because the results from this 

sample were very different from other results from Agia Triada and 

from any other results obtained for Cretan samples and it was 

apparent that there was some error in orientation of this sample. 

6.3.6 The Effectiveness Of The ARM Correction Method. 

The application of the ARM correction to the TRM-NRM 

gradients produced a great improvement in the results. This is 

exemplified by the sitagroi data. In figure 6.11, the results of 

reliability 1, 2 and 3 have been plotted before the ARM correction 

was applied. No error bars are shown. Figure 6.11 was plotted 

assuming that the site was continuously occupied except for late 

Phase III. Comparison of this figure with the corrected results 

of the lower graph in figure 6.5a, shows that the scatter is 

reduced by the application of the correction and chronologically 

close results become more compatible with one another. Applying 

the ARM correction produces a lowering of the archaeointensity 

result in most cases. The results from 2100-2500 B.C. do not 

seem to have been changed to such a great extent by the 

application of the correction as the remainder of the results. 
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Figure 6.11. Uncorrected archaeointensity results from Sitagroi 

Results of reliability 1, 2, and 3 are used, assuming continous 

occupation. 



6.3.7 Effectiveness Of Filtering Reults By Reliability Criteria. 

6.3.7.1 The Effect Of Elimination Of Results Of Reliability 4. - 

To ascertain whether the filtering out of unreliable results 

had a beneficial effect on the final data, the results of all 

reliabilities are plotted in figure 6.12. They are plotted 

assuming continous occupation of the site at Sitagroi without any 

weighting of the results. The mean and standard deviation of the 

results from each level are plotted. Overall there is little 

difference between plots of data with and without the inclusion of 

data of reliability 4, however the error bars are generally larger 

on the unfiltered data. This is because although the unreliable 

data often conflict with the reliable data, several closely 

grouped, reliable results and an unreliable result of quite a 

different value, will, when combined produce a mean, not very 

different from the mean of the reliable results but with a 

standard deviation which is larger. 

Two features appear in the unfiltered data but not in the 

filtered data. The first is a rapid increase in the magnetic 

field intensity around 3000 B.C. The main reason why this feature 

does not appear on the plot of reliable results is the large 

number of low results with reliabilities of 4 between 3000 and 

2700 B.C. The second noticeable difference is the scattered, low 

results from 5200-5500 B.C. This feature does not appear on the 

plot of acceptable results because all results from levels older 

than ZA60 are unreliable. It seems therefore that rejection of 

results of poor reliability has affected certain salient features 
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of the archaeointensity curve. Had the unreliable results not 

been removed the results would have suggested a rapid change in 

the intensity of the earths field strength at 3000B.C. and 5400 

B. C. 

It seems evident, that where single measurements on samples 

with no assessment of reliability are the only data available, 

erroneous results could lead to what looks like a rapid increase 

or decrease in the earths magnetic field. 

6.3.7.2 The Effect Of Removal Of Results Of Reliability 3. - 

The removal of results of reliability 3 had little effect on 

the main features of the archaeointensity curve. There is perhaps 

an overlap between results of reliability 2 and 3, with results of 

reliability 3 possessing larger errors due to scatter. Another 

reason why the results of reliability 3 have little effect on the 

final result is that they are weighted when calculating the mean 

archaeointensity for an archaeological level. Inclusion of 

results of reliability 3 provides archaeointensity results for 

some levels where there would not otherwise have been a result. 

This leads to a more complete curve and, for the most part, 

results including reliability 3 data do not conflict with the data 

of reliabilities 1 and 2. One exception to this is the result 

from ZA4 with an archaeointensity of 81.2 jLT which is quite 

different from other results from adjacent levels. When results 

from different levels are combined to obtain a smoothed 

archaeointensity curve then this difference of reliabilities 

should be noted. 
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6.3.8 Results From Phase I 

No reliable archaeomagnetic results were obtained from Phase 

I, i.e. samples from levels ZA60-ZA76. All these results were of 

reliability 4 due to instabil ity of the NRM vector at high 

demagnetizing fields and scatter in the TRM-NRM graphs as a result 

of low remanent intensities remaining at higher demagnetizing 

fields. Generally these samples gave anomalously low 

archaeointensity results. It was more likely that the NRM had 

been altered and decreased in some way than that the TRM was 

anomalously high, because this latter possibility is corrected for 

in the ARM correction method. Thermal demagnetization of samples 

ZA76, ZA75, ZA68 and ZA63 indicated that secondary components were 

present in these samples. There are several possible explanations 

for the high TRM-NRM ratios 

The samples had been altered by weathering which affected the 

NRM. 

The original firing was not a total TRM. 

Partial refiring had taken place. 	(Although this does not 

necessarily lead to a decrease in the NRM.) 

The following facts are noticeable: 

With the exception of ZA66, ZA73 and ZA75 the TRN-NRM plots 

from phase I show marked deviations from the linear at low 

demagnetizing fields. 

Thermal demagnetization of ZA75, ZA76, ZA63, and ZA68 (section 

4.11) showed the presence of secondary components of 

magnetization. 

ZA62 was apparantly poorly fired. 



(4) ZA72 may have been poorly fired because the NRM does not 

decrease with demagnetization above 45mT whereas the TRM, ARM1 

and AR142 do. 

The implications, therefore, are that weathering, possibly 

producing secondary magnetizations, or refiring had affected these 

samples which in some cases were not well fired initially. There 

is no convincing evidence that all samples were poorly fired. The 

lowest level of the excavation was 10 m below the present day 

surface. It may be that the lower levels had been periodically 

wetted and dried thus increasing the possibility of weathering. 

6.3.9 Possible Archaeological Implications 

6.3.9.1 The Occupation Of Sitagroi - 

The pottery samples from Sitagroi come from 76 levels, each 

level represents a period of occupation of the site. It is not 

however certain whether occupation was continous from 6000-2000 

B.C. or whether the site was abandoned between one or more of the 

archaeological phases. There is also some doubt as to whether the 

site was occupied during any part of late Phase III. 

There are two ways in which archaeointensity data can provide 

information on this problem. Firstly, any obvious discontinuity 

in the archaeointensity curve between phases would indicate that 

occupation was discontinous. 	Secondly, the results from Sesklo 

and Dimirii were from samples which had been independantly dated 

using thermoluminescence (T.L) and although the errors on the T.L. 

data were large it was possible to see which interpretation of the 
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Sitagroi radiocarbon ages was the most compatible with the 

archaeointensity data from Sesklo and Diinini. 

Consideration of the Sitagroi data (figures 6.5a-c) shows an 

apparent discontinuity between Phases II and III at 4600B.C. The 

results from close to this discontinuity have a reliability of 1 

but two of these results , i.e those from ZA47 and ZB128, which 

should be of nearly the same age have archaeointensities which do 

not agree within experimental error. Because of the scatter in 

these results, it is not possible to be decisive in prefering one 

interpretation of the radiocarbon data over another. For this 

period, there is, in fact, very little difference between the 

results interpreted on the hypotheses of continous and 

discontinous occupation. 

Considering the period from 3100-3240 B.C., the assumption of 

discontinous occupation (figure 6.5) leads to an observed rate of 

change of the geomagnetic field of 0.11 /.LT/yr., wheras the 

continous occupation hypothesis leads to rates of change of 0.05 

ILT/yr. for the same results. 

Evidence of rapid change of geomagnetic intensity has been 

reported by Shaw (1979) and Walton (1979). Shaw's work 

suggests a maximum rate of change of the geomagnetic field of 0.2 

/LT/yr and Waltons 0.13 /LT/yr. Most other work does not show such 

large rates of change. Certainly, the rate of change of the 

geomagnetic field implied by the discontinous occupation of the 

site is incompatible with historically observed rates of change. 
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When the results from Sesklo and Dimini are plotted with the 

results from the Sitagroi (figures 6.5a-c) it is seen that the 

least likely interpretation of the Sitagroi results is continous 

occupation including late Phase III, (figure 6.5a). This is 

because the samples from Sesklo and Dimini dated at about 

3700B.C., in particular DM8112, are not compatible with the 

results from Sitagroi. 

6.3.10 Thermoluminescence Ages 

The samples used in this work have been dated using two 

methods, radiocarbon for the Sitagroi samples and 

thermoluminescence for the Cretan, Sesklo and Dimini samples. The 

possibility arises that there is some systematic difference in 

ages given by the two methods. Sitagroi samples which have been 

measured using both methods gave T.L. ages which were younger 

than the radiocarbon results and which did not agree within the 

errors quoted by Liritzis (1979), but if the results were taken as 

having 7% errors (Aitken and Huxtable 1980) they did agree. 

The archaeointensity results from Sesklo and Dimini are, as 

mentioned previously, compatible with the Sitagroi results if the 

occupation was continous excluding late Phase III or if the 

occupation was discontinous. However, because of the possibility 

that there was a systematic difference between the two methods of 

dating, it is not possible to completely rule out the possibility 

that there may have been occupation of Sitagroi during late Phase 
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6.3.10.1 Crete - 

The T.L.  ages for the Cretan samples were as expected from 

archaeological evidence, except for the result from Stylos Hania. 

Archaeological evidence suggested that the kiln at Stylos Hania 

was last fired between 1600-1300 B.C. but T.L dating gave an age 

of 1878±270 B.C. The archaeomagnetic results back up the T.L. 

ages; the results from Agia Triada and Kato Zakros suggest that 

from 1600-1300 B.C. the earths magnetic field in Crete was about 

60 ALT, a result which is not compatible with the suggestion that 

the kiln at Stylos Hania, which has an archaeointensity of 45/LT, 

was last fired between 1600-1300 B.C. 
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CHAPTER SEVEN 

INTERPRETATION OF RESULTS. 

7.1 INTRODUCTION 

The scientific uses to which archaeointensity data can be put fall 

into four categories: 

As an aid to archaeological dating. 

To improve our knowledge of the global nature of the Earth's 

magnetic field and of its time variations. 

To elucidate relationships between the geomagnetic field and 

the rate of production of carbon-14 and their relevance to 

radiocarbon dating. 

To assess the efficiency of the various methods devised for 

obtaining archaeointensities from lake sediments. 

7.1.1 The Importance Of Archaeointensity Data. 

These results obtained from Greece are important because many 

of them fall within the period 3000-5000 B.C. for which very few 

other archaeointensity data exist. The samples from Sitagroi 

constitute a coherent, chronological sucession and provide, for 

the first time, a record of archaeointensity at a single site 

comparable with the directional results obtained from lake 

sediments. 
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7.2 PRESENTATION OF DATA. 

Archaeointensity data are conventionally presented in one of 

three ways if the ancient inclination at the site is not 

available. These are (1) Reduced Dipole Moment, (RDM), (2) 

Virtual Axial Dipole Moment, (VADM), and (3) ratio of the ancient 

and modern field strengths,(F/F). 

Spherical harmonic analysis of the earths magnetic field has 

shown that, overall, 90% of the field observed at the surface is 

dipolar, though at particular sites at a given time, as much as 

25%-30% of the field intensity may be attributed to non-dipole 

sources. Calculations of the RDM and VADM are based on the 

assumption that the field at the site is produced by a dipole 

aligned respectively along, either the best-fitting axis, or the 

geographic axis. Scatter in an archaeointensity curve for both 

VADMs and RDMs will be caused by 'dipole wobble' as well as by 

experimental error. 

For comparison with more local data the method of comparing 

the ancient with present day field is suitable. One drawback to 

this method is that occasionally in the literature, only the value 

of F/F has been quoted and not the value of F itself. The 

so-called 'present day' field at a site is not a constant and so 

as not to introduce avoidable errors, F 	should refer to a 
0 

specific epoch. The value of F quoted in this work is the 1975 

value of the magnetic intensity at the site. Results from other 

workers have been corrected to the 1975 value where necessary. 

There is no reason why the value used for F should not be from 
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another epoch or even the average field from that latitude. It 

would be useful, however to have a standard method throughout the 

literature for presenting such data. 

7.2.1 Choice Of Smoothing Method For Comparison Of Data. 

The Greek sites sampled for this work are between latitudes 

50°- 35°N and longitudes 26 0-230E. The results were compared with 

those from sites between 25- 50°N and 13-35°E in an attempt to 

delineate the size of the geographical area over which the 

Sitagroi curve can be used as an aid to archaeological dating. 

The published data used in the comparison are from:- Egypt (Games 

1980), Greece (Walton 1980), Bulgaria and Yugoslavia (Kovacheva 

1980), Ukraine and Moldavia (Rusakov and Zaginy 1973) and 

Czechoslovakia (Bucha 1967). 	Table 7.1 lists the latitudes, 

longitudes and the value of the 1975 geomagnetic field at these 

sites. 

Although individual results from Bulgaria and Yugoslavia were 

presented by Kovacheva (1969, 1972, 1976) and Kovacheva and 

Veljovitch (1977), in the most recent publication with revised 

dating (Kovacheva 1980) they are presented as values averaged over 

century intervals. Hence it is necessary to form century average 

values and their standard deviations for the other data sets, if 

an adequate comparison is to be made with the Bulgarian and 

Yugoslavian results. These century averaged values are 

plotted in figures 7.1, 7.2 and 7.3. 	Results of 

reliability 1, 2, 3 have been used to obtain the smoothed curve 

for Greece (from Crete, Sesklo, Dim.ini and Sitagroi). 



Table 7.1 

1975 Field Values at Archaeomagnetic Intensity Sites 

Place 
Lat 

(°N) 

Long 

(°E) 

Fild 	(1975) 

(MT) 
Ref 

Sitagroi 41 24 46.0 1 

Dimini and Sesklo 39.5 23 45.2 1 

Crete 35 24 - 26 44 1 

Egypt 25 - 30 32 - 34 41 - 43 2 

Czechoslovakia 49 - 50 13 	17 47.7 3 

Ukraine and Moldavia 45 - 50 26 - 35 47.2 	- 49,7 4 

Athens 38 24 44.9 5 

Bulgaria and Yugoslavia 42 - 45 16 - 27 45.3 	- 47.3 6 

Turkey 38 33 46.0 7 

1 - Thomas (1981); 2 - Games (198 ); 3 - Bucha (1967); 

4 - Rusakov and Zaginy (1973); 5 - Walton (1980); 

6 - Kovacheva and Veljovitch (1977); 7 - Bucha and Mellaart (1967) 
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Median interval 
(yr BC) 

1500 

2500 

3500 

4500 

5500 

Data source 

A 

B 

C 

D 

A-D combined 

A 

B 

C 

D 

A-D combined 

A 

B 

C 

D 

A-D combined 

A 

B 

D 

A,B,D combined 

A 

B 

D 

A,B,D combined 

Table 7.2 

Comparison of VADMs averaged over 1000 yr intervals 

mean 

8.88 

9.02 

9.17 

io:o 

9.4 

6.61 

7.31 

8.21 

7.21 

7.39 

5.62 

7.04 

6.69 

7.83 

7.39 

6.04 

6.33 

7.54 

7.36 

8.93 

6.52 

6.36 

6.54 

V.A.D.M. 

SD 

26.2 

18.8 

32.8 

14.5 

33. 

13.0 

44.0 

16.3 

5.0 

19.2 

14.3 

13 

5 

17 

21 

21 

14 

12 

18 

18 

18 

13 

17 

6 

76 

76 

6 

17 

147 

147 

9 

2 

119 

130 

A - Burlatskaya and Nachisova (1977); B - this work; C - Games (1980); 

D - Kovacheva and Velovitch (1977). 
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Century-average values consisting of individual results of 

reliability 3 only from this work, or of a single result from 

other studies are the least reliable. Individual archaeointensity 

values with age error bars larger than one century have been 

assigned to the interval containing the mean value. The inclusion 

of imprecisely dated samples inevitably leads to some loss of 

finer detail in the curve. 

7.2.2 Comparison With Other Data In The Literature. 

In figure 7.1, century-averaged archaeointensity curves for 

Greece (this work) and Bulgaria (Kovacheva 1980) are compared in 

terms of F/F. Note that the Sitagroi data are not utilized to 

their best advantage in this method of comparison since they 

actually represent a more or less continous record, the relative 

ages of a large number of samples from a single geographical 

location being known. 

Neither F/F ratios nor VADMS are ideal parameters for 

comparison of results from two sites, VDMS calculated using the 

ancient magnetic inclinations rather than the ADF inclinations 

would provide a better parameter. However, archaeomagnetic 

inclinations were not available for the results from Sitagroi, 

Sesklo and Diinini. 

The results from this work are in good overall agreement with 

Kovacheva's (1980), though there are some differences in detail, 

e.g. for the interval 4000 - 5000 B.C. Poorer agreement is 

observed when the Greek results are compared with those from sites 
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further afield, (figures 7.2 and 7.3). This is possibly because 

these other data are rather sparse. Both the results from Athens 

(Walton 1980) and the Cretan results suggest' that the field 

intensity was high for 1000-2000 B.C. (figure 7.1). However 

Egyptian results (Games 1980) are incompatible with both the 

Athenian and Cretan data. 

7.2.3 Implications For Archaeological Dating. 

This is the first time that two detailed archaeointensity 

curves spanning several millenia from different parts of the same 

geographical region have been compared. Such a comparison 

provides a measure of the reliability of a dated archaeointensity 

type curve for dating undated archaeointensity measurements from 

a nearby site. It is important to resolve the maximum distance 

over which dated results from one site can be used to date samples 

from another site. If a single sample of known archaeointensity 

from Sitagroi were to be dated using the Bulgarian archaeomagnetic 

intensity curve from 3800-500 B.C. it is likely that an erroneous 

age would be obtained, even if its age were initially known to 

within ±200 years. Furthermore, a result from just one sample 

could lead to a totally erroneous date if its measured 

archaeointensity were in error for experimental reasons. Even a 

series of archaeointensity values forming a chronological sequence 

(e.g. 	from Sitagroi), would not be very accurately dated if 

Kovachevas (1980) published curve for Bulgaria were used as a 

type curve. 
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7.2.4 Summary 

Many problems can arise in the use of archaeointensity 

results for dating. The archaeointensity curves, even for sites 

as close together as Bulgarian and Yugoslavian sites (Kovacheva 

1980) and Sitagroi do not appear to be sufficiently similar to 

permit the use of one 'type' curve at the other site, at least 

when the results are averaged over 100 year intervals. 

7.3 GEOPHYSICAL IMPLICATIONS 

7.3.1 Introduction And Previous Work. 

Spherical harmonic analysis of the recent field shows, 

overall, that it is about 90% dipolar and 10% non-dipolar in 

symmetry. From directional observations of the historic field 

(17th to 20th centuries) it has been established that a 

substantial part of the non-dipole field has drifted westwards at 

approximately 0.2°/year (Yukatake and Tachinaka 1969). Much less 

is known about the magnitude of the historic field. 

Information about the intensity of the field on the 

archaeological time scale is patchy.. A catalogue compiled by 

Burlatskaya and Nachasova (1977) lists all archaeomagnetic data 

available up to 1976. Since then, new data have been produced for 

Athens (0-2000 B.C.) by Walton (1980), for Bulgaria and Yugoslavia 

(100-6500 B.C.) by Kovacheva (1980) and for Egypt (0-3000 B.C.) by 

Games (1980). It should be noted that there is a possibility that 

the results from Walton (1980) have not been corrected for the 

fast cooling rate used during TRM acquisition, the TRM acquired 
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may therefore have been low and the archaeointensity 

overestimated. Very few data are available for the Neolithic 

because the pottery of that age was often poorly made and less of 

it has survived to the present day than for other epochs. 

Barton et al. (1979) investigated possible sources of scatter 

in the data published in the Burlatskaya and Nachasova (1977) 

catalogue, assuming that the overall patterns of the ancient and 

recent geomagnetic fields, including non-dipole/dipole field 

ratio, have remained similar for the past 9000 years. They 

concluded (1) that changes in intensity are best explained by 

changes in the dipole field, (2) that a great deal of the scatter 

in published data is of rock magnetic or experimental origin and 

(3) that it is not possible to separate contributions from dipole 

and non-dipole variations nor from westward drift, although 

previously Bucha (1970) had claimed this to be possible. 

7.3.2 Significance Of The Results From Greece. 

The archaeointensity results from Greece span the period from 

1300-5900 B.C. with most of the results falling between 2000 and 

5000 B.C. VADM5 averaged over 1000 year intervals are now 

compared with those calculated by Barton et al (1979) from the 

Burlatskaya and Nachasova catalogue (1977), and with data from 

Games (1980) and Kovacheva (1980). A thousand year interval was 

chosen because it was long enough to ensure (1) that a reasonably 

large number of results were included within each data set (2) 

that large dating errors should be immaterial. Cox (1968) 

suggested that averaging over 500 year intervals smooths out 
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scatter due to 'dipole wobble'. The VADMs were calculated using 

the relation:- 

VADM F r3  (4 - 3 cos2X) -0.5 	 7.1 

where F is the archaeointensity, r is the earth's radius and A is 

the latitude of the site. The 1000 year averaged VADMs means, for 

the second to sixth millenia B.C. are shown in figure 7.4 and 

table 7.2. 	The standard deviations are shown in table 7.2  but 

ommitted from figure 7.4 for the sake of clarity. It was not 

possible to calculate standard deviations from the Kovacheva 

(1980) century-mean data points. 

The mean VADMs for Greece have been calculated (1) using 

results of reliability 1, 2 and 3 from all sites and levels for 

which archaeointensity determinations were made, and (2) excluding 

results for levels where the only data of reliability 13' was 

available. The results excluded from the latter data set had not 

been used in combination with other results and had not been 

subjected the weighting procedure applied to the other data. This 

necessitates the rejection of only a small number of results which 

does not appreciably affect the final averaged VADMs except for 

the third millenium B.C. Five out of the twelve results for the 

individual levels of the third millenium are of reliability 3 and 

removal of these produces a large decrease in the standard 

deviation. 
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An uneven chronological distribution of samples may lead to 

the mean value being representative of only a small part of the 

millenium, as for example Kovacheva's (1980) results for the third 

millenium B.C. which come mostly from the 30th century. This 

problem does not occur to such a great extent with the Sitagroi 

data because the archaeointensities are from consecutive layers of 

the occupation of one single site. 

When averaged by millenia, the worldwide geomagnetic 

intensity curve from the Burlatskaya and Nachasova catalogue 

(1977) still exhibits an approximate sinusoidal form with a 

minimum in the fourth millenium B.C. (table 7.2 and figure 7.2). 

However, other data do not show this minimum; in fact those from 

Kovacheva (1980) show a slight increase in the VADM for the fourth 

millenium. 

The standard deviation of the Kovacheva (1980) data could not 

be calculated, but all other results overlap within the calculated 

standard deviations. With the exception of the result for the 

fifth millénims B.C. all of Kovacheva's results fall within the 

limits of the standard deviation of other results for a given 

millenium. There are some differences between this new Greek data 

presented here and the Kovacheva (1980) data, but they show close 

agreement for the third and sixth millenia B.C. and it is 

possible that the difference is not significant. Differences 

could be produced by (1) experimental error in archaeointensity 

techniques (2) extremely inaccurate dating or (3) large changes in 

the non-dipole field. 
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Interestingly enough, when all the results are combined, the 

overall mean VADM for the third to fifth millenia is about 7.4x10 

222 However the fourth and fifth millenia data are much 

influenced by the large number of Kovacheva (1980) results. 

Prior to 1977, published results for Europe dated earlier 

than 3000 B.C. were confined to Bucha's (1967) data from 

Czechoslovakia, and the evidence that the field varied 

sinusoidally with a period of 8000-9000 years relied heavily on 

these data. This sinusoidal variation with a low during the 

fourth millenium is not confirmed by the new results noted here. 

Barton et al. (1979) noted that there was a lack of coherence 

between European and East Asian data prior to 3000 B.C. in the 

Burlatskaya and Nachasova (1977) catalogue and they attributed 

this either (1) to a tilt of the dipole axis towards Europe or (2) 

as evidence of the effect of non-dipole fields or (3) as a 

combination of both. The new data presented here together with 

the Kovacheva and Veljovitch (1977) data do not disagree to any 

great extent with the East Asian data of Kitazawa (1970). Bucha's 

(1967) Czechoslovakian data give lower archaeointensities than all 

the other data. The possibility of obtaining erroneously low 

results is greater with older samples because the technology of 

pottery manfacture was less well developed and pottery was often 

not well-fired, additionally older pottery would have been 

subjected to weathering for a longer period. It is thus, very 

easy to obtain erroneously low results for older pottery. Without 

adequate screening of results, the impression may be gained that 

the field was much lower during Neolithic times. This can be seen 



in the Sitagroi results (figure 6.12) where many of the older 

results which give low archaeointensities were of reliability 4 

and were therefore rejected. 

7.3.3 Virtual Dipole Moments 

Both archaeointensity and inclination values for some of the 

orientated Cretan samples have been measured and these results are 

presented as VDMs in table 7.3. 

The Festos (3) result is not compatible with the others. Too 

few VDMs could be calculated from the Cretan data to draw any 

conclusions about the advantages of using them rather than VADMS. 

7.3.4 RATE OF CHANGE OF GEOMAGNETIC FIELD INTENSITY 

A knowledge of maximum rates of change of geomagnetic field 

parameters is obviously of great importance to theoreticians in 

modelling the field and it is therefore pertinent to establish 

whether the rapid rates of change recently suggested on the basis 

of archaeointensity data are real. Shaw (1979) maintains that the 

field in Central France changed from 55 /LT in 50 B.C. to 100 /LT 

in 150 A.D. corresponding to a rate of change of about 0.23 

/LT/yr. Walton (1986) found that the field in Athens changed by 25 

/LT in 200 years, i.e. at a rate of about 0.13 JLT/yr during the 

first millenium B.C. These rates are much faster than the maximum 

historically recorded rate of change of 0.05 JLT/yr averaged over 

the last 400 years for Mongolia. (Yukatake and Tachinaka 1969). 
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Table 7,3 ArchaeomagnetiC values for Cretan sites 

Archaeo- 

Site intensity Inclination VDM Age 

(AT) (0) (1022 	2) (yr BC) 

Kalo Horio 46.3±2.9 45.8±4.5 7.52±0.57 10±140 

Kato Zakros 60.1±3.9 56.6±3.3 8.81±0.62 1345±231 

Agia Triada 60.5±7.3 58.7±0.6 8.77±1.06 1558±250 

Festos (3) 37.8±6.4 48.3±2.4 5.99±1.02 1834±260 

Stylos Hania 44.5±5.9 52.2±4.2 6.80±0.95 1878±270 

310 



To be considered reliable, evidence of rapid changes in 

intensity must be based on results from a sequence of individually 

dated samples from the same site. Hence the Sitagroi collection 

of data is ideal for investigating rates of change of the field. 

There is one problem, however, in that there is some discussion as 

to whether the occupation of the site at Sitagroi was continuous. 

If discontinuous occupation is assumed, the maximum rate of change 

is 0.11 /.LT/yr. 	corresponding to a change of 17 ILT between 

3250-3100 B.C. If continous occupation is assumed, the maximum 

rate of change is only 0.05 LT/yr corresponding to an intensity 

change of 47-22 ALT, between 3100-2600 B.C. The latter estimate is 

increased to 0.14 /LT/yr between 3100-3000 B.C. if results of 

reliability 1 and 2 only are used. Thus the maximum possible rate 

obtainable from the Sitagroi results, assuming discontinous 

occupation, is considerably less than 0.23 ALT/yr reported by thaw 

(1979) but is about the same as Waltons (1980) estimate. However 

the lower rate of 0.05 JLT/yr estimated for continuous occupation 

is considered to be the more reliable and is compatible with our 

knowledge of the time variations of the historic field. 

7.4 ARCHAEOINTENSITIES FROM LAKE SEDIMENTS? 

7.4.1 Introduction. 

It would be extremely useful to obtain ancient field intensity 

values as well as directions from palaeomagnetic measurements on 

lake sediments because this would vastly increase the body of data 

available and continuous curves would be obtained. 
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The archaeointensity data from Sitagroi span part of the same 

time interval as lake sediment cores collected in Greece (Creer et 

al. 1981) on which various methods of determining the ancient 

field intensity were attempted (Papamarinopoulos 1979). In any 

comparison it is necessary to bear in mind that lake sediment 

samples provide an averaged value of the magnetic field parameters 

over some few hundreds of years whereas pottery samples provide 

either 'spot' values of the field parameters, or a mean value, from 

a level of occupation of several years duration, from 2-3 samples. 

Bearing in mind the differences in detail between the results 

from Sitagroi and Bulgaria (Kovacheva 1980) it is desirable to 

compare the archaeointensities with corresponding values estimated 

from the nearest possible Greek Lakes, viz. Lakes Trikhonis and 

Begoritis. 

7.4.2 Archaeointensity Determinations Using PDRM And DRM 

Sediments in lakes contain detrital magnetic minerals from 

various types of geological environment so that the origin of the 

magnetism of the individual grains may be TR14, DRI( or CR14 etc. As 

the magnetized grains settle in the lake their magnetic moments 

become statistically aligned by the field at that time. It is 

expected that the inclination of the grain will not be maintained 

once it settles at the sediment/water interface (King 1955), thus 

producing an inclination error. In lake sediments such an 

inclination error is not normally found and this observation led 

to the realisation that post-depositional realignment could occur, 

(Irving 1957) producing a post depositional remanence (PDRN). If 
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a PDRM is present in the sediment, then to obtain an 

archaeointensity it is not merely sufficient to deposit the 

sediment in a known field. 

Tucker (1980) suggested that a PDRM was produced when the 

sediment was disturbed and constraining forces holding the 

magnetic grains in position were broken. He showed theoretically 

and experimentally that an analogue of PDRM could be produced by 

stirring a sediment. The magnetization produced by stirring a 

sample and allowing it to dry in a known field was measured during 

and after stirring, using a fluxgate gradiometer, and[was 

demonstrates that a linear relationship existed between applied 

field and remanence. However, the samples used were magnetically 

strong, consisting of a mixture of magnetite and quartz; normal 

lake sediments would be weaker and it would be necessary to use a 

SQUID magnetometer to measure such samples. Up to 10% of the 

magnetization may be free to realign without any disturbance 

(Tucker 1980) and these grains can be affected by processes such 

as drying. Papamarinopoulos (1979) attempted to find a 

normalization parameter for archaeointensity determination by 

stirring Greek lake sediments and allowing them to dry in a known 

field and then measuring the remanence. It is possible that this 

duplicated the process of PDRM despite the fact that the 

importance of the field present during the stirring process was 

not fully realised and that scattering of the remanence may have 

been produced during the drying process. 

313 



The age of the Greek lake sediments has been interpreted by 

Creer et al (1981) by matching the declination and inclination 

swings seen in the Greek lakes with the equivalent swings noted by 

Kovacheva (1980). The normalised PDRM results from lake sediments 

and the intensity results from pottery are compared in figure 7.5. 

There are fewer results from the lake sediments than there are 

from pottery and so the curves would not be expected to agree in 

detail. If the use of PDRM to obtain intensities from lake 

sediments is valid then it is to be expected that the curves from 

the two lakes would give similar results, at least in terms of 

maxima and minima. There is a maximum at 800 B.C. for lake 

Trikhonis and one at 1600 B.C. for lake Begoritis, it is possible 

that a lack of agreement could be caused either by errors in 

interpreting the inclination and declination swings of the lake 

sediment results or simply because the number of PDRM results are 

not sufficient to show the true maxima and minima. All three 

curves show a maximum between 500-2000 B.C. Overall agreement 

between these three curves is not good, but if the ages assigned 

to lake Begoritis were younger by about 300-600 years the 

agreement between lake Begoritis and the archaeointensities from 

pottery would be reasonable. 

Although this work does not show any great agreement between 

lake sediment and archaeointensity data there are no real grounds 

for ruling out PDR}fs as a method for obtaining intensities. The 

amplitude of the variation of the Nm4/PDRM curves are similar to 

the archaeointensity curve and both lake sediment curves show a 

maximum quite close to where expected. 
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7.4.3 Archaeointensities From Lake Sediments using ARM. 

Most previous work on determining archaeointensities from 

lake sediments have involved attempts to correct for differences 

in magnetic content by normalizing the NRM with a magnetic 

parameter such as ARM, IRM, SIRN or x1. There are drawbacks to 

such methods. All grains will be measured by the normalization 

parameter, but possibly not all grains will be contributing 

equally to the DRM or PDRI4. For example, larger magnetic grains 

will be aligned less easily than smaller ones but they contribute 

greatly to the magnetic normalization parameter measured. The 

magnetization carried by the sediment grain may be a DRM, TRM or a 

CR14 and thus normalizing it by giving it a totally different 

remanence may lead to errors. The magnetic parameter which is 

closest in magnitude to the remanence intensity is ARM. An ARM is 

also closest in magnitude to a TRM which is the most likely 

remanence of the detrital grains. 	Papamarinopoulos (1979) 

produced NRN/ARM ratios for some Greek lakes. These are plotted 

together with archaeointensity results from Sitagroi in figure 

7.6. There is not very good agreement between the NRM/ARM curves; 

the results from Begoritis have two large peaks between 1000-2200 

B.C. whereas the results from Tri]thonis 1 do not show such large 

changes in amplitude. Both the NRM/ARI4 curve from core Ti and the 

archaeointensities from pottery show a fall from 3500-2700 

B.C. and a rise to 2200 B.C., although the amplitude of the 

variation is much less for core TI. The peaks shown by B9 at 2000 

B.C. and 4000 B.C. are to some extent shown by the 

archaeointensities. Neither lake sediment curve shows conclusive 
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agreement with the archaeointensities. 

7.4.3.1 Conclusions - 

With further careful work on well dated lake sediments, 

interpreted in conjunction with the archaeointensity curve 

presented here, it may be possible to draw conclusions about the 

feasibility of obtaining intensities from lake sediments. 

7.4.4 Uses Of Directional Results. 

A much more complete record of the direction of the 

geomagnetic field is available from lake sediments than 

archaeological material. It is, however, useful to obtain 

archaeodirection data from pottery, because pottery is often 

better dated than lake sediments and the intensity as well as the 

direction of the field at that time can be obtained. It may thus 

be possible to use inclination data from well—dated pottery to 

improve the dating of lake sediments. 

Inclination data and in some cases declination data, are 

available for some of the Cretan samples and these can be compared 

with data from Greek lake sediments. The main inclination data of 

the cores from two Greek lakes are compared with the inclination 

results from Crete in figure 7.7. 

One noticeable feature, is that the inclinations from the 

pottery samples are lower than those from lake sediments. Since 

the kiln samples are from 30  of latitude south of the lake 

sediments it is to be expected that the inclinations would be some 
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5 or 6°  lower. When corrected, the kiln results are still lower 

than the lake sediment inclinations although they agree within 

experimental error. It is not therefore necessary to postulate a 

dating error of the lake sediments to fit the archaeointensity 

data. This is of some interest when considering the NRM/PDRM 

results which, for core B9, would have given better agreement with 

the archaeointensities if the core was taken as being wrongly 

dated by 300-600 years. 

7.4.5 Future Work 

More archaeointensity results are required from new areas and 

times before significant conclusions about the mechanisms 

producing the field can be drawn. A method of accomplishing this 

may be by use of lake sediments, at least to obtain relative 

archaeointensities. Modelling PDRM is theoretically the best way 

which has so far been suggested to date for determining 

archaeointensities from lake sediments, however, the results 

presented in section 7.4.2 do not provide any conclusive proof 

that the method is viable. More detailed work with lake sediments 

from Greece and comparison with the archaeointensity curve 

produced in this work might help to resolve the problem. 
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CHAPTER EIGHT 

SUMMARY 

8.1 GENERAL 

The most important achievements of this work are twofold, 

firstly, improvement of the archaeointensity method such that it is 

now suitable for use with a much wider range of fired materials and 

can produce results which may be objectively classified into levels 

of reliability and secondly application of the method to samples 

from the Neolithic producing a curve comparable in detail with 

directional data from lake sediments. 

8.2 ARCHAEOINTENSITY METHODS. 

Conventional archaeointensity methods proved unsuitable for 

use with most Neolithic pottery and kiln material, mainly because 

of the effects of chemical alteration during laboratory refiring. 

Most of the samples were not the red fine-grained material usually 

considered most suitable for archaeointensity determination. 

Neolithic samples from Sitagroi, Sesklo and Dimini were made of 

coarse material and were probably fired in an open fire in an 

uncontrolled gaseous environment. Kiln samples from Crete were not 

ideal samples because the original material was not carefully 

selected and the temperatures reached in the kiln were variable, 

some material being vitrified by firing to high temperatures and 

some being crumbly and poorly fired. 
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The Thelliers' (1959) method did not give usable results with 

many of the Cretan kiln samples so because the method was time 

consuming and many of the samples from other sites were not red, 

fine-grained pottery it was decided that further work with this 

method was not worthwhile. Shaw's (1974) method presented a more 

rapid and convenient alternative to the Thelliers' method however 

because of chemical alteration during laboratory refiring, this 

method rejected data from most samples. A method, first suggested 

by Kono (1978) was developed for use with samples rejected by 

Shaw's (1974) method and extended to incorporate checks on the data 

so that results could be objectively divided into categories of 

differing reliability. Alteration during laboratory heating was 

corrected for by measuring the ARM coercivity spectrum before and 

after the laboratory heating and correcting the TRI! coercivity 

spectrum for changes observed in the ARM coercivity spectrum. 

Application of such a correction was shown to have both theoretical 

and experimental validity. It was demonstrated experimentally that 

the correction could be applied to samples originally fired in 

environments different to those of the laboratory refiring, but was 

of limited use if the laboratory refiring was to temperatures much 

higher than the original firing. 

Investigation of sources of error in archaeointensity 

determinations showed the ARM and TRM plots were sometimes 

different to each other and that it was possible to suggest reasons 

for these differences. These differences, combined with the 

behaviour of the magnetization vector during demagnetization were 

used to classify the results into 16 categories for which the 

source of the deviations could be suggested and levels of 
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reliability (1-4) be assigned. 	Thus, an attempt was made to 

eliminate the element of subjectivity frequently encountered in the 

interpretation of archaeointensity results. 

The division of results into levels of reliability was 

especially significant for the archaeointensity curve for the Early 

Neolithic. Results from Sitagroi older than 5100 B.C. were shown 

to be totally unreliable and were rejected. The rejected results 

all had low archaeointensities and had they been accepted would 

have significantly altered the shape of the archaeointensity curve. 

It is, more likely that if an archaeointensity result is in error 

that it will be lower rather than higher than the true result. 

Without such stringent reliability criteria it maybe that, in the 

past, poor results have been accepted, leading to the reports of 

periods of low intensity or rapid changes in the geomagnetic field. 

The ARM correction method has a much lower rejection rate and 

is applicable to a wider range of samples than other methods. If 

alteration does not occur during laboratory refiring then the ARM 

correction method merely becomes that described by Shaw (1974). 

8.2.1 Archaoeintensity Data 

The data obtained was used to produce an archaeointensity 

curve for Greece. The results from Sitagroi were especially 

important as they consisted of a large number of samples of 

consecutive levels of occupation and provided an archaeointensity 

curve which was probably as continuous as it was possible to obtain 

from Neolithic pottery. 



Two problems on which the data provided information were, the 

rate of change of the geomagnetic field and the length of 

occupation of the site at Sitagroi during the Neolithic. The two 

problems are related, the result of one affecting the other and 

there is no unique solution. Archaeointensity data from Sesklo and 

Dimini suggest that the site at Sitagroi was not occupied during 

late Phase III. The assumption of continuous occupation outside 

that period leads to a maximum rate of change of the geomagnetic 

field of 0.05 AT yr 1  which is compatible with historically 

observed rates of change. For periods where data is sparse it was 

noted that there was a greater possibility of spuriously rapid 

rates of change being observed, simply because greater reliance is 

placed on individual results, which may be in error. 

The long period variations of the geomagnetic field have, in 

the past, been considered to be sinusoidal with a period of 

8000-9000 years with a maximum and minimum at 1.5 and 0.5 times the 

present day field. The supposed minimum occurs at about 3000 B.C. 

a period which previously was represented by comparatively few 

results, mainly because of the difficulty of obtaining well-dated 

material from the that time. The supposed minimum in global 

archaeointensity data is not shown by the results presented here. 

There is a discrepancy between results from Europe, i.e. 

Czechoslovakia (Bucha 1967) and Asia, i.e Japan (Xitzawa 1970) for 

this period. The results from Greece and, in fact those from 

Bulgaria (Kovacheva 1980) agree reasonably well with those from 

Japan but not with those from Czechoslovakia. 
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APPENDIX ONE 

SAMPLES DESCRIPTION 

SITAGROI 

The samples come mainly from trench ZA, with three from trench ZB. 
The sample numbers refer to the level that the samples come from, 
the capital letters following the numbers distinguish samples from 
the same level, the small letters distinguish different sub-samples 
from the same sample. The 'thickness' refered to in the following 
descriptions is the width of the wall of the pottery vessel that 
the sample came from. The term 'matrix' refers to the fine-grained 
material, consisting mostly of clays, which forms the bulk of the 
sample. The colour of the matrix is an important indication of the 
possible oxidation state of the sample. Unless otherwise stated, 
any description of variation in the matrix colours can be assumed 
to be parallel to the walls of the vessel. A brief description of 
the fragments visible in the matrix in a fresh section is given. 
Frequently it is possible to detect lineations in the sample with 
the naked eye, these are described, as they may have some relevance 
to the anisotropy of the sample. The angle the lineations make 
with the vessel wall is also noted. 

Descriptions 

ZA2 (Phase Vb) Sherd including handle. Coarsely made. 12.5 nn 
thick. Evidence of burning on interior surface. Some weathering. 
Matrix:- Predominantly orange but with some black and brown 
regions. 
Fragments:- Predominantly white, (0.5-6 mm in diameter). 

ZA3 (Phase Vb) Sherd. 8 mm thick. 
Matrix:- Pale grey interior with 15 mm pale orange exterior. 
Fragments:- Grey, white 0.2 -2 mm in diameter. Black fragments up 
to 8 mm long by 0.5 mm wide, possibly carbonaceous. 
Lineations:- Parallel to walls and to black fragments. 

ZA4 (Phase Vb) Sherd from rim, including what is possibly a handle. 
Coarsely made. 10-5 mm thick. 
Matrix:- Predominantly orange/brown. Interior near handle is grey. 
Fragments:- White/grey 0.5-2 mm diameter. 

ZA5B (Phase Vb) Sherd from rim. Coarsely made. 12.5 mm thick. 
Matrix:- Outer 4-2 mm orange, interior 6 mm black. 
Fragments:- White/grey 0.2 -2 mm in diameter. 

ZA5C (Phase Vb) Sherd. Coarsely made. 10 mm thick. 
Matrix:- Fine-grained. Exterior 3 mm orange, interior grey. 
Fragments:- White 0.2 -1 mm. Elongated, semi-parallel to walls 

ZA6A (Phase Vb) Sherd. 8 mm thick. Well made, material apparently 
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carefully selected. 
Matrix:- Black with outermost 1mm orange. 
Fragments:- 1mm thick. Small white and grey fragments 0.4mm. 
Lineations:- Parallel to walls. 

ZA6C (Phase Vb) Sherd from rim. Coarsely made. 10-7 mm thick. 
Matrix:- Black, outer 1.5 nun orange. 
Fragments:- White mostly 0.5 mm in diameter. One white/grey 
fragment 10 by 2 mm. 

ZA7A (Phase Yb) Sherd from rim. 10 mm thick. Brown burnish. 
Matrix:- Black. 
Fragments:- Mostly white/grey 0.2-1 mm. Several pink 4-2 mm. 
Lineations:- 20°  to surfaces. 

ZA7B (Phase Yb) Sherd. 5 mm thick. Pale brown burnish. Quite 
well made. 
Matrix:- Black. 
Fragments:- White mostly 0.2 - 1.5 mm diameter. One, (probably 
quartz ) 12 mm x 3 mm. 

ZA8C (Phase Yb) Sherd from rim. 12 mm thick. Surfaces partially 
blackened. Quite homogenous. 
Matrix:- Orange near interior surface (1.5 mm) grading into pale 
brown (0.5 mm) khaki to black to pale brown. 
Fragments:- Mostly 0.3 mm diameter and white, several larger 1.5 mm 
grey, 
Lineations:- 20°  to walls. 

ZA8D (Phase Yb) Sherd from near rim. Quite finely made. 8 mm 
thick. Brown burnish. 
Matrix:- Outer 1.5 mm orange/brown, brown interior. 
Fragments:- Few visible 3-1 nun diameter red. 
Lineations: 20°  to walls. 

ZA9 (Phase Yb) Sherd. Poorly made coarse material. 13 mm thick. 
May have been subsequently burnt since part of the sample is 
unevenly blackened. 
Matrix:-  Fawn/brown/grey. 
Fragments:- Pink/white, mostly 0.7 mm in diameter. 
Lineations: 300  to walls. 

ZA10B (Phase Yb) Sherd. Well made. 8 mm thick. 
Matrix:- Exterior 15 mm pale orange, interior fawn/grey. 
Fragments:- Few, white mostly 0.5 mm diameter. 

ZA1OC (Phase Yb) Sherd. Coarsely made. 11 nun thick. 
Matrix:- Outer 4 mm pale orange. Interior pale brown. Streaks of 
brown within the orange. 
Fragments:- Range of sizes. Mostly white, 0.5 mm in diameter. 
Some larger fragments up to 3 mm long, possibly quartz. 
Lineations:- Parallel to walls. 



ZA.l]. (Phase Va) Sherd from rim. 8 mm thick. Pale orange burnish. 
Matrix:- From outer to inner surface of pot the colours are; 2 mm 
pale orange, 1 mm grey, 4 mm black and 1 nun pale orange. 
Fragments:- Mostly white, <0.4 mm. Some white minerals 1.5 nun. 

ZA13A (Phase Vb) Sherd from rim. 6 nun thick. Finely made and 
painted brown and orange. 
Matrix:- Exterior is dark orange with slightly paler orange 
interior. 
Fragments:- None visible. 

ZA13B (Phase Va) Sherd from rim. 7 mm thick. Quite well made. 
Matrix:- Outer 1.5 nun orange. Interior grey. 
Fragments:- Very few. Two black, 1 nun diameter. 
Lineations:- Parallel to walls. 

ZA14A (Phase Vb) Sherd. Coarsely made. 12 mm thick. 
Matrix:- Exterior 2 mm orange, interior grey. 
Fragments:- A range of sizes. Mostly white 0.4 mm.Some larger (3 
nun) including one quartz pebble (5 mm) 

ZA15A (Phase Va) Sherd from rim. 5-9 mm thick. 
Matrix:- Exterior 2 nun orange. Interior orange. 
Fragments:- Few, white. 

ZA16A (Phase Va/Vb) Sherd from base. Coarsely made. 12 mm thick. 
Matrix:- Dark orange. 
Fragments:- White mostly 0.2 nun. 
Lineations:- Faint 30°  to walls. 

ZA17A (Phase Va) Sherd from rim. 7 mm thick. 
Matrix:- Mostly pale orange but a small portion near the surface is 
grey. 
Fragments:- Mostly small < 0.4 mm. Some white fragments, 2 mm. Some 
elongated red fragments 2 mm x 0.5 nun. 

ZA18A (Phase Va) Sherd from base and side. Very coarse. 14 nun 
thick. 
Matrix:- Outer 3 nun pale orange, remainder grey. 
Fragments:- White 0.2-1 mm diameter. 
Lineations:- About 200  to walls. 

ZA19A (Phase Va) Sherd, possibly from side and base. 10 mm thick. 
Shiny black surface with a pattern of grooves. 
Matrix:- Black. 
Fragments:- White, predominantly 0.8 nun in diameter. 

ZA20B (Phase Va) Sherd of coarsely made pottery from base and side 
of vessel. 13 nun thick. Interior appears to have been burnt. 
Matrix:- Grey around burnt surface. The remainder is orange. 
Fragments:- White 0.2 - 1 mm diameter. 
Lineations:- Parallel to walls. 
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ZA21B (Phase IV) Sherd from rim. Quite well made. 6 mm thick. 
Matrix:- Pale brown. 
Fragments:- A few <0.5 mm. 

ZA22 (Phase IV) Sherd of very coarse pottery from base. 22-19 mm 
thick. 
Matrix:-  Black/grey. 
Fragments:- White 0.5-0.3 nun diameter. 

ZA23C (Phase IV) Sherd from base and side of vessel. 9 mm thick. 
Matrix:- Pale brown. 
Fragments:- Brown, grey and white up to 1 nun in diameter. 

ZA24 (Phase IV) Sherd from base of pot. 13 mm thick. 
Matrix:- Orange. 
Fragments:- Several white 1 mm. Many small fragments just visible 
to the naked eye. 

ZA25 (Phase IV) Sherd from rim of pot. 9-12 nun thick. Partially 
burnt. 
Matrix:- Mostly grey. External 1.5 mm is orange. Streaks of 
orange within grey. 
Fragments:- Range of white and brown up to 3 mm. 

ZA26A (Phase IV) Sherd of pottery. 12 mm thick. 
Matrix:- Outermost 3 mm red/orange. Orange/brown interior. 
Fragments:- Range of brown, grey and white up to 2 mm in diameter. 
Lineations:- Parallel to walls. 

ZA27A (Phase IV) Sherd from rim. 8 mm thick. 
Matrix:- Pale orange. 
Fragments:- White, up to 0.8 mm. Brown, elongated, up to 2 by 0.5 
Mm. 
Lineations:- Parallel to walls. Brown minerals have long axes 
parallel to walls. 

ZA28 (Phase IV) Coarsely made sherd probably from near handle. 
8-15 nun thick. Part of the exterior 1 nun has peeled away. 
Matrix:- Predominantly orange, with some grey and brown. 
Fragments:- White fragments 0.2-5 nun diameter. Two black fragments 
elongated about 2 nun long. 
Lineations:- Parallel to walls. 

ZA29 (Phase IV) Sherd from rim. Coarsely made. 15 mm thick. 
Matrix:- External 2 mm is pale orange, the remainder is grey. 
Fragments:- A few small white fragments. Several 1-2 mm. 
Lineations:- 200  to walls. 

ZA30D (Phase IV) Sherd of fine-ware. Brown burnish. 6 nun thick. 

Matrix:- Orange. 
Fragments:- None. One elongated cavity 0.5 nun by 2 nun. 

Lineations:- At 200  to walls. 
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ZA31A (Phase IV) Sherd. 8 nun thick. 
Matrix:-  Orange/brown. 
Fragments:- White 0.5-2 mm. One orange fragment 5mm diameter. 
Lineations:- Parallel to walls. 

ZA32A (Phase IV) Sherd. 11 nun thick. Pattern of depressions. 
Matrix:- One side is orange/brown, the other is olive/brown. 
Fragments:- Grey and white fragments. 0.5-1.5 mm Two pinkish 
fragments, possibly felspar. 
Lineations:- Parallel to walls 

ZA33B (Phase III) Sherd. Quite finely made. 9 mm thick. Painted 
with orange and black stripes. 
Matrix:- Orange. 
Fragments:- Very few. White 0.3 - 0.2 mm Not evenly distributed. 
Lineations:- Parallel to walls. 

ZA34 (Phase III) Sherd. Black burnish. Pattern of grooves on 
surface. 
Matrix:- Black 
Fragments:- Purple/grey. 
Lineations:- Parallel to surface. 

ZA35 (Phase III) Sherd from rim. Coarsely made. 11 mm thick. 
Interior surface is black. Exterior is brown. 
Matrix:- Deep orange. 
Fragments:- 0.2-4 mm. 

ZA37 (Phase III) Sherd from rim. Painted. 10-14 mm thick. 
Matrix:-  orange. Cracks run approximately at 900  to the wall of 
the pot. 
Fragments:- None. 

ZA38 (Phase III) Sherd from edge of plate. Black burnished upper 
surface. 5 -10 nun thick. 
Matrix:- Brown. Upper region slightly darker. 
Fragments:- Very few. White and grey mainly 0.2 mm. A few are 2 
nun long. 
Lineations:- 200  to base. 

ZA39A (Phase III) Sherd from rim. Exterior is painted orange and 
black. 8 mm thick. 
Matrix:- The colours through a section from the exterior are; 2 nun 
light grey, 4 mm grey and 2 mm pale brown. 
Fragments:- Very few. Some large fragments up to 2 mm. 

ZA39B (Phase III) Sherd from rim. Black burnished exterior. 4-6 
mm thick. 
Matrix:-  Black/brown. 
Fragments:- Small white/ grey. All < 1 mm. 
Lineations:- 200  to walls. 
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ZA40A (Phase III) Sherd from rim. 9 mm thick. 
Matrix:- Predominantly red/brown. Interior 3 nun is dark brown. 
Fragments:- Mostly white, 0.5-1 mm. Several are larger up to 3 mm. 

ZA41A (Phase III) Sherd. Finely made pottery. 	5 mm thick. 
Painted with black stripes. 
Matrix:- Orange, paler towards exterior. Cavity elongated parallel 
to walls. 
Fragments:- None visible. 

ZA41B (Phase III) Sherd. 13 mm thick. Some weathering on outer 
surfaces. 
Matrix:-  Pink/orange. 
Fragments:- Few. Mostly white/grey. 0.5-0.2 mm. One white 
fragment is 6 mm. 

ZA42B (Phase III) Sherd. 13 mm thick. 
Matrix:- Orange. 
Fragments:- None visible. 

ZA43 (Phase III) Sherd with painted protuberances. Coarsely made. 
25-10 nun thick. Possibly burnt interior. 
Matrix:- Brown grading to grey/brown interior. 
Fragments:- Many small white <1 mm. Few pink and white ( 1-2 nun) 
Rounded quartz fragments 4 mm. 
Lineations:- 200  to walls. 

ZA44 (Phase III) Sherd from base and side wall of well-made pot. 
Base 5 mm thick. Side 15 no thick. 
Matrix:-  Predominantly brown/orange. Interior third is brown. 
Fragments:- Some cracks in matrix. One dark red 3 mm in diameter. 

ZA45 (Phase III) Sherd of well-made pottery. 7 nun thick. Painted 
with black stripes. 
Matrix:- Orange, darker towards exterior. 
Fragments:- None but cracks parallel to walls in interior of 
sample. 

ZA47 (Phase III) Sherd from a coarsely made pot. 12 nun thick. It 
has a 'knob' 15 mm high. Weathered surfaces. 
Matrix:- Orange. 
Fragments:- Range of white/grey grains ( 0.5-2 mm) 
Lineations:- Very strong. 200  to walls. 

ZA49 (Phase III) Sherd from base and side of pot. 12 mm thick. 
Matrix:-  Brown/orange. 
Fragments:- Very few. White/grey. 0.5 mm thick. Some cracks 
parallel with side. 
Lineations:- Sub-parallel to walls. 

ZA50 (Phase II) Sherd of coarsely made pottery from rim. 12-15 mm 
thick. 
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Matrix:- Mostly dark orange but inner third is dark brown. Large 
cavities (7 mm long) parallel to walls. 
Fragments:- Mostly white 0.5 mm Several larger 4 nun. 
Lineations:- About 200  to the walls. 

ZA51 (Phase II) Sherd. 10 mm thick. 
Matrix:- Orange. Surface has a veneer of grey. 
Fragments:- Lustrous minerals <0.5 mm. (iron oxides! micas?) 
Lineations:- 20°  to walls. 

ZA52A (Phase II) Sherd. 8 nun thick. 
Matrix:- Pale orange. 
Fragments:- Large number of ill-sorted white and grey minerals up 
to 2 mm. Some micas. 
Lineations:- Parallel to walls. 

ZA52C (Phase II) Sherd of well-made pottery. 6-8 mm thick. Black 
burnish on one side. 
Matrix:- Grey/olive. 2 mm around surface is orange. Blackened 
near burnished side. 
Fragments:- Few greyish white. < 0.5 mm. 
Lineations:- 45°  to walls. 

ZA53B (Phase 11) Sherd from 
elsewhere. 
Matrix:- Pale orange. 
Fragments:- Many white, 0.5 mm. 
MR. 
Lineations:- Cracks parallel to 
walls and rim. 

rim. 13 nun thick at rim 6 mm 

Several white and grey up to 1.5 

sides. Lineations parallel to 

ZA54A (Phase II) Sherd from base and side of pot. 7-9 nun thick. 
Matrix:- Orange. 
Fragments:- None visible. 
Lineations:- Cracks are visible at 200  to walls and bane and 
sub-parallel to walls. 

ZA55 (Phase II) Sherd of coarsely made pottery. From rim. 10 mm 
thick. 
Matrix:- Outer 2 cm orange. Interior grey. 6 mm of orange at rim. 
Fragments:- Range of white fragments up to 1.5 mm thick. Unburnt 
organic material, seeds etc. 3 mm long. 
Lineations:- Some at 45°. Seeds are orientated. 

ZA56A (Phase II) Sherd possibly from handle. One rounded edge. 10 
- 13 mm thick. 
Matrix:- Orange. 
Fragments:- White and grey up to 1 mm. All similar. 
Lineations:- Parallel to walls and rim. 

ZA56C. (Phase II) Sherd of pottery from rim. 10 mm thick. 
Matrix:- External 2 nun brown. Olive/brown interior. 
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Fragments:- Mostly white c 0.5 nun. Probably carefully selected. 

Lineations:- 200 to walls. 

ZA57 (Phase II) Sherd from base and side. 11 mm thick 
Matrix:- Outer 2 nun deep orange. Remainder grey. 
Fragments:- Mostly white/grey .c 0.5 nun. Several grey 2 mm thick. 

Lineations:- Faint but possibly at 200  to walls. 

ZA58 (Phase II) Sherd from base and side. 8-12 mm thick. 
Blackened internal surface. 
Matrix:- Outer third olive, remainder grey. Some cracks. 
Fragments:- Mostly white/grey up to 0.5 mm. 

ZA59B (Phase II) Sherd of finely made pottery. 4 mm thick. 
Matrix:- Exterior 0.5 mm pale orange, remainder grey. 
Fragments:- White/grey c 0.5 nun. 
Lineations:- 200  to walls 

ZA60A (Phase I) Sherd of well-made pottery. 
Matrix:- Orange. 
Fragments:- - 

ZA61B (Phase I) Sherd from rim. 10 mm thick. 
Matrix:- Outer thirds deep orange, internal third slightly browner. 
Fragments:- Grey/white up to 1 mm. 
Lineations:- Visible but of variable direction. 

ZA62 (Phase I) Sherd from rim. Poorly made. 10 mm thick. 
Matrix:- Variable but mainly pale orange exterior, grey interior. 
Fragments:- White, brown, grey up to 4 mm. Some cracks 2 nun long. 

Lineations:- Approximately 200 to walls. 

ZA63 (Phase I) Sherd of coarse pottery from base and side. 9-16 imu 
thick. 
Matrix:- Pale brown near exterior. Interior grey. 
Fragments:- Few visible. White/grey up to 1.5 nun. 
Lineations:-Not visible in base. Parallel to walls in side. 

ZA65C (Phase I) Sherd of crumbly pottery. 10 nun thick. 
Matrix:- Black. 
Fragments:- Mostly white and grey up to 0.5 nun. One large white 

grain (3mm) 

ZA66 (Phase I) Sherd from base and side. 8 mm thick. 
Matrix:- Brown. 
Fragments:-Red, brown and white up to 1 nun. 
Lineations:- Faint parallel to walls. 

ZA67B (Phase I) Sherd from rim. 15 nun thick, tapering to rim. 
Matrix:- Mostly orange brown but away from rim the interior becomes 
gradually more grey. 
Fragments:- Grey and white up to 1.5 mm. 
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Lineations:- Parallel to surface. Some orientation of fragments 
too. 

ZA68 (Phase I) Sherd possibly from plate. 18-24 mm thick. 
Matrix:-Variable but generally brown towards surface and black 
towards interior. Cracks. 
Fragments:- Range of sizes. Grey, white, pink up to 3 mm Probably 
not carefully selected. 

ZA69B (Phase I) Sherd. 8 mm thick. 
Matrix:-  Orange/brown. 
Fragments:- Mostly white < 1 mm. Two grey grains 3 mm long 
probably shale. One rounded quartz grain 3 mm. 
Lineations:- 200  to walls. Cracks along centre are parallel to the 
walls. 

ZA71 (Phase I) Sherd. Poorly made. 10 mm thick 
Matrix:- Brown but with 3-1 mm of grey near external surface. 
Fragments:- White < 1.5 mm. 
Lineations:- Parallel to walls. Cracks in apparently random 
directions. 

ZA72A (Phasel) Sherd from rim. Coarse porous pottery. 11 mm 
thick. 
Matrix:- Orange/brown but blackened towards exterior wall. 
Fragments:- Brown, white and grey up to 1.5 mm. 

ZA73 (Phase I) Sherd from rim. Black burnish. 7 mm thick. 
Matrix:- 0.5 mm on exterior is grey, remainder pale orange. 
Fragments:- Pink, white and grey. < 2 mm diameter. 
Lineations:- Faint probably 20°  to walls. 

ZA75 (Phase I) Sherd from rim. Coarse. Crumbly probably not well 
fired. 10 mm thick. 
Matrix:- Brown/olive. Variable. Some grey. 
Fragments:- Mostly grey, pink and white and <1.5 mm. One grain 5 
MM. 

Lineations:- Faint, possibly at 20°  to walls. 

ZA76 (Phase I) Sherd. 5-7 mm thick. Surfaces weathered. 
Matrix:- Black. 
Fragments:- Few. Black/white 2 mm diameter. 
Lineations:- Not visible. Cracks sub-parallel to walls. 

ZB127C (Phase III) Sherd. Painted orange and black. 7 nun thick. 
Matrix:- Deep orange. Some cracks 2 mm long. 
Fragments:- None visible. 
Lineations:- Cracks sub-parallel to walls. 

ZB128B (Phase III) Sherd from rim. Painted orange and black. 10 
nun thick 
Matrix:- Orange. 
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Fragments:- Two or three white fragments cO.5 mm. Two red 
fragments 5 and 2 nun diameter, possibly from older pottery. 
Lineations:- Visible but variable. Not > 200 from walls. 

ZB129B (Phase III) Sherd. 8 nun thick. 
Matrix:- Deep orange. Some cracks 1-2 mm long. 
Fragments:- Pink, white and black. up to 1.5 nun. Mostly < 0.5 nun. 
Lineations:- Parallel to walls. Cracks sub-parallel to walls. 

The samples come from five sites. The samples from any one site 
are generally similar. They are mostly from the kiln wall but 
there are a few fragments of pottery. The matrix, fragments and 
lineations are described in a similar way to the Sitagroi samples. 
The results of the microscopic examination of thin sections, X.RF 
and X.R.D. are included. The samples are considered site by site. 

Kalo Horio 

The material from this site is from a kiln. Samples 1, 2, 3, 5 and 
7 are from the kiln support. Sample 6 is from the roof and sample 
4 is a fragment recovered from within the kiln. 

Kill 
Matrix:- Vesicular. Black/green. Gradation into shiny green 
surface. No texture visible in thin section. 
Fragments:-  Pottery and holes. Quartz and olivine visible in thin 
section. 
(KH1E is from the portion with the redder matrix) 

KH2 
Matrix:- Vesicular, black/green. One shiny surface. Texture not 
visible in thin section. 
Fragments:- Plagioclase, olivine and augite in thin section. 

KH3 
Matrix:- Pale green/black. Vesicular. No structure visible in 
thin section. 
Fragments:- Pitted quartz and plagioclase. Rock fragments. 
X.R.D. :- Quartz, diopside and labradorite. 

KH4 (Tile) 
Matrix:- Red. Porous. Structure not visible in thin section. 
Fragments:- Opaques, quartz, plagioclase, olivine and sandstone 
visible in thin section. Some holes. 

KH5 
Matrix:- Green/black material grading into red porous material. 
Fragments:- Quartz, olivine and plagioclase visible in thin 
section. 
(KH5E is from the region with the redder matrix) 
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KH7 
Matrix:- Greenish grading to red. Well fired. 
Fragments:- White fragments and pottery. 
(KH7A from region with greenish matrix) 
(KH7C from region with reddish matrix) 

Kato Zakros (1). 

The site KZ( 1) was a large kiln. Sample numbers 1, 2, 3 and 5 came 
from the kiln wall. Sample 4 came from the rear of the kiln. 
Sample 6 consisted of pottery fragments found within the kiln. 
Sample 7 was fired clay found in the vicinity. 

xzl,1 
Matrix:- Red, porous. 
Fragments:- Rock fragments. Thin section not available. 
X.R.D. :- Quartz, calcite and illite. 
(KZ1, lC was unstable when heated and expanded into a pale green 
crumbly powder.) 

KZ1, 2 
Matrix:- Fine grained. Red/pink to grey. Friable. Probably 
weathered. Details of matrix indistinguishable in thin section. 
Fragments:- Shale and rock containing quartz and plagioclase. 
X.R.D. :- Quartz, calcite and illite. 

KZ1,3 
Matrix:- Red, fine-grained. Friable. Some holes. 	Details 
indistiguishable in thin section. 
Fragments:- Pottery, clay, shells and sandstone. Plagioclase and 
quartz visible in thin section. 

KZ1, 4 
Matrix:- Cream/pale red. Friable. Matrix not discernable in thin 
section. 
Fragments:- Pebbles, pottery. Plagioclase and quartzite visible in 
thin section. 

KZ1,5 Sandstone fragment coloured grey to orange. No thin section 
available. 

KZ1,6 (A and E) Pottery fragments. 
Matrix:- Fine-grained. Orange. 
Fragments:- Some white. Thin section not available. 

KZ1,6 (E) Fragment of brick. Friable. 
Matrix:- Pale brown to pale green. 
Fragments:- White up to 1.5 mm long. 

KZ1 , 7 
Matrix:- Pale orange. Friable. Structure not clearly defined in 
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thin section. 
Fragments:- Sandstone and pottery. Quartz and plagioclase visible 
in thin section. 

KATO ZAKROS Site 2. 

Site KZ2 was a burnt area within the excavation. The sample was a 
tile or brick which might have been fired in situ. 

KZ2, 1 
Matrix:- Orange to dark brown. 
Fragments:- Shale, quartzite and plagioclase visible in thin 
section. 
X.R.D. :- Quartz and illite. 
(KZ2,1E is from the region with the dark brown matrix. 

KATO ZAKROS Site 3. 

KZ3,2 Tile sherd. 
Matrix:- Pale to dark orange. Fine-grained. Structure not 
discernable in thin section. 
Fragments:- Pottery and stones in layers along which the sample 
splits quite easily. Quartz and plagioclase visible in thin 
section. 
X.R.D. :- Quartz and labradorite (diopside?) 

AGIA TRIADA 

This site is a well preserved kiln. Samples 1,2 and 4 come from 
the rear of the kiln and sample 3 from the side wall. 

AT1 
Matrix:- Black to pale green. Fused vesicular material. In thin 
section the matrix consists of radiating crystallites of micas. 
Fragments:- None visible. 

AT2 
Similar to AT1. 

AT3 
Similar to AT1 and AT2 but fragments of sandstone, quartz, 
plagioclase and olivine are visible in thin section. 
X.R.D. :- Quartz, labradorite (diopside?) 

AT4 
Similar to other samples from this site. Olivine and plagioclase 
visible in thin section. (See photograph 4.1) 
X.R.D. :- Quartz, diopside and labradorite. 

FESTOS (1) 

Samples were taken from in and around the area of fused material at 
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this kiln site. 

FS1,l. 
Matrix:- Grey vesicular slag. Radiating crystallites of platy 
minerals. 
Fragments:- Quartz and olivine visible in thin section. 
X.R.D.:- Quartz, diopside and labradorite. 

PSI, 2. 
Matrix:- Grey vesicular slag. 
vesicles tubular. 
Fragments:- None visible in 
available. 

Vesicles 5-0.5 nun diameter. 	Some 

hand specimen. Thin section not 

FS1,3 
Matrix:- Pale green slag with vesicles. 
Fragments:- Quartz, plagioclase and olivine visible in thin 
section. 

FS1,4. Baked clay. 
Matrix:- Porous. Pale cream to pale green. 
Fragments:- Brick fragments. Plagioclase and quartz visible in 
thin section. 
(FS1,4E contains material from portions with both cream and green 
matrix.) 

FESTOS (3) 

Most samples from this site are from the side walls of the kiln. 
Sample 2 was from the top of the kiln. 

FS3,1. 
Matrix:- Pale cream. Friable. In thin section the matrix is dark. 
Fragments:- Rock. 
X.R.D. :- Quartz, calcite. Less calcite after heating to 900°C for 
20 minutes. 

FS3, 3. 
Matrix:- Pale green fused vesicular material grading into pale 
orange friable material. 
Fragments:- Some visible. Thin section not available. 

Fragment of pottery. Glazed. 
Matrix:-  Fine-grained. Orange/brown. 
Fragments:- White crystals. Quartz, plagioclase and rock fragments 
visible in thin section. 

 
Matrix:-  Dark brown to reddish brown. Foliated. Friable in part. 
Details not discernable in thin section. 
Fragments:- Quartz, opaques and fragments of igneous rock. 

337 



338 

STYLOS HANIA. 

This kiln is shown in photograph 1.1. Samples 1, 2 and 3 were 
taken from the kiln wall. Samples 4, 5 and 6 were taken from near 
the middle vent and sample 7 from the front of the kiln. 

SRi. 
Matrix:- Various colours. Green, pale brown and dark brown. 
Friable. 
Fragments:- Rock fragments. Shale, sandstone and calcite visible 
in thin section. 
X.R.D. :- Quartz, calcite and chlorite. 

 
Matrix:-  Orange/dark brown. Friable. 
Fragments:- Shells, white fragments. Thin section not available. 

 
Matrix:- Greenish orange to grey brown. Grey brown portion is more 
friable. Some development of platy minerals. 
Fragments:- Limestone, quartz and plagioclase. 

 
Matrix:- Orange/brown. One surface slightly green. Friable. 
Fragments:- Shells. 
(SH4A is from the region with a darker matrix.) 

SH5 
Matrix:- Orange/brown. Friable. 
Fragments:- Grey and white crystals. No thin section available. 

SH6. 
Matrix:- Pale brown to red to dark brown. Friable. 
Fragments:- White fragments. In thin section opaques and sandstone 
fragments are visible. 
(SH6D is from the pale brown region.) 

SH7 
Matrix:-  Pale brown. Friable. Cracked and porous. 
Fragments:- Rock and mineral fragments. 

Seskle. 

SKB,I,l. Sherd. Coarsely made. Possibly from rim. 10 mm thick. 
Matrix:- Orange/pink. Browner towards interior. 
Fragments:- White, range of sizes. 

SKE1. Sherd. Coarsely made. Possibly painted. 15-20 mm thick. 
Matrix:- Red exterior, grey interior. 
Fragments:- Shale. 



SKB,1,27. Sherd. 
Matrix:- Interior orange, exterior grey. 
Fragments:- White, of uniform size. 

5KB, 1,28. Sherd. 10 nun thick. 
Matrix:- Red, browngrey. 
Fragments:- White, homogenous. 

SKI4. Fired clay. 
Matrix:-  Orange/grey. 
Fragments:- Not visible in exterior. 

SKB,I,18. Sherd. 12 mm thick. 
Matrix:- Orange. 
Fragments:-Less than 0.5 mm. White. 
Lineations:- Parallel to sides. 

SKB,I,l. Sherd. 12 nun thick. 
Matrix:- Purple/grey. Red inner surface. Grey outer. 
Fragments:- White/pink mostly rounded and less than 1 mm. One 5 
nun. 
Lineations:- 200  to sides. Some cracks parallel to sides. 

SKB,I'72. Sherd. Coarsely made. 19 mm thick. 
Matrix:- Pale orange. 
Fragments:- White up to 3 mm in diameter. 
Lineations:- Wavy, but approximately parallel to sides. 

SKE3. Sherd. Coarsely made. 15 mm thick. Crumbly. 
Matrix:- 1.5 nun of interior is black, the remainder is orange. 
Fragments:- Up to 2 mm in diameter. 
Lineations:- Sub-parallel to sides. 

Dimini 

DM33. Sherd. Painted. Coarse. 10 mm thick. 
Matrix:-  Orange/brown. 
Fragments:- None visible. 

DM39. Sherd. Fine-ware. 10 nun thick. 
Matrix:- Orange interior, grey exterior. 
Fragments:- None visible. 

DM32. Sherd. Burnished. 
Matrix:- Orange. 
Fragments:- Few. Small. 

DM6/6. Sherd. Coarsely made. 12 nun thick. 
Matrix:- Grey/brown to red. 
Fragments:- None visible. 
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DM11. Kiln clay. Crumbly. Possibly not well fired. 6 mm thick. 
Matrix:- 5 mm grey, 1 mm orange. 
Fragments:- Many. Some shale. 

DM8/12. Sherd. 8 mm thick. 
Matrix:- Pale orange. 
Fragments:- White/pink. 
Lineations:- Parallel to and at 45 0  to sides. 

DM10. Sherd. Coarse. Exterior blackened. 11 mm thick. 
Matrix:- Grey interior. Outer 1 mm is orange. 
Fragments:- Few. 
Lineations:- Parallel to sides. 

DM1/2. Sherd. Fine-ware. 10 mm thick. 
Matrix:- 2 mm near surface and innermost Zimu are brown. The 
remainder is orange. 
Fragments:- None visible. 
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APPENDIX 2 

Magnetic parameters of samples before and after laboratory refiring. 

A2.a. Sitagroi 

Column 1. Sample number. All samples are from trench ZA unless 
otherwise stated. 	 - 
Columns 2 and 3. The total NRI4 and total TRM in units of 10 

6 

Am2  kg- 1. The symbol 'N' in the TRM column indicates that the TRM was 
acquired in a nitrogen atmosphere. 
Column 4. The ratio of the partial ARN2-ARM1 acquired between 0-90 nfl' 
alternating field. The symbol 'A' indicates that the peak field was 

75 mT. 
Columns 5 and 6. The 1R14 acquired in 1 Tesla before and after 
refiring respectively. The units are quoted as 10 Ain2kg. 
Columns 7 and 8. The initial suscetibility of the sample before and 
after refiring in units of 1O 9  m kg 1. 

Columns 9 and 10. The median destructive field of the NRM and TRM 
quoted to ±0.5 mT 

Sample TNRM TTRM PARZ42/ SIRM1 SIRM2 x1( 1) x1( 2) mdfl mdf2 
PARM1 

2a 286 427 0.962 106 2232 2245 13.0 14.0 

2b 802 1366 1.085 530 3440 38.0 15,5 
2c 4033 5437 0.975 1081 1207 10100 11713 24.0 19.0 
3Aa 888 1524 1.232 552 2120 ? 26.5 
35a 1336 1146 0.994 342 259 3667 4211 24.0 16.0 
4a 10789 7685 1.792A 1110 9224 10728 38.0 25.0 
4b 18164 13826 0.976 2534 2113 12104 13715 30.0 28.0 
5Aa 686 1136 0.830 326 303 5342 4268 19.0 17.5 
5Ba 671 1019 0.930 286 228 5256 5256 19.0 15.5 
5Ca 2473 1965 0.962 437 7253 14.0 14.0 
6Aa 1260 1890 1.228 382 425 3443 5450 15.0 21.0 
6Ca 1459 1490 1.141 409 4609 21.5 22.0 
7Aa 286 1277 0.959 340 365 3626 5840 36.5 24.0 
7Ba 582 920 1.338 307 5364 29.5 27.0 
8Ca 3000 2712 0.965 780 14137 15.0 16.0 
8Da 86 1270 5.535 36 213 691 3109 27.5 23.0 
9a 1164 1581 0.804 250 7929 8596 22.5 12.0 
lOBa 913 2039 0.922 455 346 10978 11518 16.5 11.0 
lOCa 1135 1342 0.838 284 4591 19.0 14.5 
ha 737 1272 1.142 240 7920 25.0 13.0 
13Aa 3930 2868 0.883 550 23274 18.0 17.0 
13Ba 668 1505 1.145 264 314 5321 6498 14.5 12.0 
13Ca 139 4676 0.943 369 363 5141 4494 21.5? 33.5 
14Aa 412 657 1.130 301 293 7307 6964 17.5 16.0 
14Ab 746 1119 1.269 545 540 11368 12200 27.5 26.0 
l5Aa 861 2052 1.379 562 6929 33.0 24.5 
15Ca 784 1085 0.874 400 345 6796 5252 18.5 14.0 
16a 323 554 0.984 140 3708 4309 15.5 13.5 
17a 438 781 0.813 233 166 4014 3751 11.5 13.5 
17b 644 747 0.672 365 213 3740 4420 14.5 11.5 
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Table Ala (cont) 

Sample TNRM ¶RM PARM2/ SIRM]. SIRM2 X1( 1) x1(2) indfl mdf2 
PARM]. 

18a 536 1419 1.251A 267 3638 4699 19.0 14.0 
19a 264 3185 1.317 580 681 7104 13959 47.0 19.5 
20Aa 1337 1033 0.824 315 253 5076 4783 32.0 24.0 
20Ba. 419 551 0.871 130 112 2135 1885 13.0 13.0 
21Ba 749 1086 0.776 317 219 2743 3970 22.5 12.0 
22a 631 1377 1.221 489 399 2977 3614 64.5 34.0 
23Ba 882 2334 1.407 561 5648 24.0 13.0 
23Ca 120 632 0.742 172 122 1825 1942 35.5 13.5 
24Aa 2680 4492 0.866 1047 932 24880 18126 21.0 17.5 
24Ba 1898 3191 0.823 530 25766 25612 18.5 16.5 
24Bb 345 629 1.787 124 2064 20.0 37.5 

25a 2822 3140 1.051A 730 19451 19772 35.0 25.0 

25b 3810 6977N 1.817 994 1774 18186 17720 26.0 41.5 
25c 5144 5576 0.986 1206 1092 16706 16696 225 17.5 
26Aa 3693 5703 1.065 1337 1198 18956 24898 22.0 16.5 
27Aa 1802 1691 0.793 380 296 7663 8361 16.0 14.5 
28a 3823 4642 0.973A 944 13229 14882 29.0 21.0 
29a 2231 2202 0.825A 742 503 12277 12326 33.5 23.5 
29b 1577 1087 0.793 632 428 5930 8505 33.0 22.5 
30Da 2254 2015 0.633 911 449 4076 4511 27.5 24.5 
3lAa 365 823 0.817 158 2730 18.0 14.5 
31Ca 1088 416 0.604 306 229 3602 3433 20.5 19.0 
32Aa 84 189 0.962 51 737 16.0 15.5 
33Aa 1690 1331 0.827 621 478 9328 10565 29.0 18.0 
33Ba 5814 6080 0.795 1120 17952 22.0 18.0 
34a 148 1697 2.526 286 4158 20.0 17.5 
34b 79 263N 3.472 61 527 1398 24.5 40.5 
35a 364 654 1.117 157 197 3170 3075 16.0 17.5 

37a 1365 2193 0.831 622 534 221 230 18.5 17.5 

38a 123 297 1.333A 48 59 688 964 22.5 20.0 
38b 31 43 0.824 156 54 586 829 37.5 28.0 
39Aa 1468 2060 0.985 498 106 21.5 17.0 
39Ab 1427 1313 0.735 452 326 7105 5591 21.0 13.0 
39Ba. 75 1516 1.468 269 383 3811 6436 26.0 17.0 
40a. 72 813 4.696 207 1198 2929 28.0 32.0 

41Aa 3252 5834 1.033 1126 977 20233 18091 19.0 15.5 

4lBa. 537 1021 0.974 270 244 5323 6016 26.5 18.5 

42Aa 4536 4892 0.944 1585 1519 47805 34273 24.5 28.0 

42Ba 1909 2436 0.825 567 451 15730 15662 23.0 17.0 

43a 82 123 1.030 48 1056 1156 15.0 19.5 

44a 2727 5315 1.021 2397 1495 26338 30371 33.5 19.0 

44b 2909 7130N 1.022 2341 2658 23369 19932 36.0 40.0 

44c 2237 3620 0.826 1688 1344 15256 13119 37.5 19.0 

45a 6792 9755 1.081 1462 40081 16.0 14.0 

47a 1253 1187 0.693 307 14038 30.0 24.0 

49a 4448 7043 0.984 1735 19495 25.5 21.0 
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Table A2a (cont) 

Sample 	TNRN 	TTRN PARM2/ 
PARM3. 

SIR}11 SIRM2 X1( 1) x . (2) 1 
mdfl indf2 

49b 5359 8456N 1.108 1978 2937 11904 11460 28.5 40.5 
50a 3158 3097 0.817 849 714 14999 14318 32.5 27.5 
50b 3602 2725 0.651 1155 874 14920 17998 39.5 33.0 
51a 477 686 0.894 171 142 5092 4913 19.5 17.0 
52Aa 776 1077 1.185 284 246 4355 4780 56.0 37.5 
52Ca 78 212 0.952 53 54 1123 1090 13.5 11.0 
53Aa 1077 1124 0.885 277 271 3502 4376 12.0 13.5 
53Ba 28 24 0.763 7 8 136 222 21.0 ? 
54Aa 1056 1544 0.986 232 214 12812 13808 16.5 13.0 
54Ba 216 274 0.872 68 75 1455 1480 27.5 14.0 
56Aa 187 752 0.899 200 169 7605 5628 ? 22.0 
56Ba 1778 2070 0.930 755 7359 24.5 22.0 
56Ca 2832 3236 0.849 209 532 6626 8485 19.5 3.3.0 
57a 452 1231 1.428 178 299 3305 4250 33.0 33.0 
57b 344 713 1.197 1030 183 1602 2214 11.5 32.5 
59Ba 1948 2834 1.170 201 899 6705 5549 32.5 22.5 
60Aa 863 1715 1.104 337 23.7 5908 4411 19.0 12.5 
615a 781 1259 0.936 105 281 4870 4203 24.0 18.5 
62a 240 695 1.010 121 147 2879 3765 14.0 16.5 
63a 126 441 0.894 232 86 1455 1966 24.5 15.5 
65Ca 76 563 0.761 29 2512 ? 13.5 
66a 71 197 1.192 124 41 698 791 14.5 14.0 
67Ba 67 203 0.856 208 102 2225 1652 25.5 12.5 
68a 55 382 1.010 53 141 2634 2873 39.0 16.0 
69Aa 163 297 1.081 577 125 641 1384 16.0 20.5 
695a 163 492 0.878 163 3840 2214 ? 14.5 
71a 1373 2340 0.705 123 862 11557 12.0 16.0 
72Aa 64 459 0.790 111 2132 1349 18.5 15.5 
72Ba 442 1897 2.340 10.0 17.5 
73a 584 1239 0.870 221 5455 16.0 10.5 
75a 277 730 0.703 20339 3125 23.0 14.5 
76a 89 3601 2.322 942 11374 ? 20.0 

From trench ZB 
127Ca 387 378 0.879 105 5795 16.0 12.5 
128Aa 4656 7623 0.890 122 113 20442 23171 19.0 14.5 
128Ba 97 161 0.817 11.0 9.5 
128Ba 329 1161 2.946 495 5148 24.0 45.0 
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Table A2b. Sesklo and Dimini,. 

Sample TNRM 'FTRM PARM2/ SIRM1 SIRM2 x1( 1) x1( 2) indfl mdf2 
PARM1 

SKE1 1007 1025 1.634 253 216 2240 2492 70.0 61.5 

SKE3 127 796 2.099 42 126 954 2120 12.0 13.0 

SKBI1 5526 7296 1.256 1710 1470 7241 9493 56.0 36.5 

SKB12 2738 528 0.183 1031 122 8224 909 29.5 20.0 

SK127 2798 3547 1.022 518 438 5864 7178 31.5 21.0 

SK128 4084 4713 1.544 1077 940 4800 5792 63.0 38.0 

SK172 1221 1369 0.780 333 288 4708 4749 26.0 20.5 

SK14,FC 62 83 0.808 21 22 301 214 15.0 18.0 

SKBI1 2177 1744 0.607 487 308 6362 6456 27.0 21.0 

DM6/6 969 3844 1.025 466 463 8111 8571 15.5 10.0 

DM10 1607 4169 0.974 744 540 6700 9148 26.0 115 

DM11 518 1432 1.190 323 267 4849 5417 14.0 10.5 

DM8/12 2068 2306 0.866 404 348 4910 4989 13.0 10.0 

DM1/2 133 569 1.401 123 116 1599 2335 19.0 16.5 

DM32 539 862 0.925 129 113 1908 1702 11.0 11.0 

DM33 239 627 0.884 193 1747 24.0 15.0 

DM39 696 1155 0.960 223 207 2226 2273 46.0 36.0 

With the exception of column 1 the meaning of the column headings is 
the same as for Table A2a. 
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TABLE A2c. Magnetic parameters of the Cretan samples 

used for the ARM correction method. 

Sample TNRM TTRM PARM2/ mdf( 1) x(2) mdf( 2) 
PAR.M1 

KH1E 7119 8281 0.982 18.5 5644 14.0 
KH2F 13870 9971 0.616 47.0 7181 42.4 
KB3A 2642 2065 0.774 67.0 1633 77.0 
KH4A 7047 8623 1.088 18.5 11936 15.0 
KH5E 8369 8243 0.959 42.0 7132 37.5 
KIi7A 12358 11629 0.997 24.0 9946 19.0 
KH7C 12045 13451 0.981 26.5 10043 26.0 
KZ1,1C 609 407 0.574 12.0 1973 11.0 
KZ1,2A 14482 8910 0.782 47.0 6986 24.5 
KZ1,3A 5437 4188 1.039 12.0 16059 11.0 
KZ1,4B 1885 1293 0.534 13.5 6210 11.0 
KZ1,5A 129 278 1.345 15.5 1229 13.0 
KZ1,5C 127 89 0.559 23.5 277 17.5 
KZ1,6A 7108 4536 0.952 12.0 20653 14.0 
KZ1,6B 5129 3517 0.878 12.5 10334 12.5 
KZ1,6E 4557 3113 1.235 37.5 6113 19.0 
KZ1,7A 5750 5703 0.826 10.5 20022 9.5 
KZ1,2E 7868 3898 0.288 51.0 4022 23.0 
KZ3,2A 8207 6705 0.869 23.5 10771 21.5 
KZ3,2C 9878 8083 0.835 16.0 12534 20.0 
AT1F 740 811 1.352 18.5 970 19.5 
AT2F 263 240 1.350 250 667 30.0 
AT3A 3473 2729 1.028 13.5 2956 13.5 
FS1,1D 789 1326 1.026 59.5 760 51.0 
FS1,2A 1135 1135 0.899 57.5 877 51.0 
FS1,4E ? 2860 1.005 13.5 9008 12.4 
FS3,1E 2445 2262 0.673 14.0 7981 13.0 
F53,2A 2155 2786 1.043 13.5 15367 11.5 
FS3S3A 263 359 1.140 11.5 2028 11.5 
FS3,4A 3123 3106 0.913 13.5 19682 12.5 
F53,5C ? 5639 0.944 35.0 15772 30.0 
SH1D 1441 2481 0.077 7.5 841 9.0 
SH2A 2348 2355 0.945 11.5 9122 11.0 
SH4A 1686 2206 1.006 13.5 5935 12.0 
SH5D 6087 7113 0.954 14.0 18502 14.5 
SH6D 6073 5777 0.812 14.5 15429 13.5 
SH7A 5087 5103 1.115 16.0 15833 19.0 
The mdfs (median destructive fields) are quoted to 
±5 MT. 
The units are the same meanings as for table Ma. 
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APPENDIX 3 

Furnace design, 

Two furnaces were used during the course of this work, one 
mainly for thermal demagnetization and the other for giving a 
TRM in a known direction. 

The former is shown in diagram A3.1. Samples were placed 
in the quartz boat. The boat was inserted into a ceramic tube 
full of insulation and placed inside a larger, quartz tube, as 
shown in figure A3.1. The quartz tube was inserted in the 
furnace which was heated up to the required temperature for the 
requisite time and then slid out on to an asbestos shelf in zero 
field. If required a field could be applied to the samples at 
this stage, by means of a solenoid made from coated copper wire 
wound on a PVC pipe. 

The other furnace, (figure A3.2) was used exclusively for 
giving a TRM of known direction and intensity. It consisted of 
two halves of a non-inductive winding held in a ceramic tube. 
The furnace was positioned inside 3 orthogonal sets of Helmholtz 
pairs within a large Mu metal shield. Samples were placed in 
the centre of the furnace which was packed with insulation. The 
direction of the applied magnetic field was controlled by three 
orthogonal sets of Helmholtz pairs. Samples were heated up to 
700°C and cooled to room temperature over a period of 8-10 
hours. 
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Figure All. Details of furnace 1. 
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APPENDIX FOUR. 

Sample preparation. 

Portions of pottery were broken from the main sample by hand or 
with pliers. Sub—samples were kept as close to spherical as 
possible. All dust and adhering particles were removed by brushing. 
Samples were set in pure plaster of Paris in a cylindrical plastic 
mould of height 25 mm and diameter 24 mm. A fiducial arrow was 
carved on the base of the plaster and the sample was placed in a 
quartz sample holder. Firing the sample during routine 
archaeointensity made the plaster fragile and crumbly but the use of 
quartz sample holders meant that the sample could be fired and 
measured in the same container and thus reduced the actual handling 
of the sample to a minimum. 
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LISP OF ABBREVIATIONS. 

The following abbreviations have been used in the course of this 

work; 

ARM - Anhysteretic Remanent Magnetization 

NRN - Natural Remanent Magnetization 

TRM - Thermal Remanent Magnetization 

DRM - Depositional Remanent Magnetization 

CRM - Chemical Remanent Magnetization 

PDRM - Post Depositional Remanent Magnetization 

SIRM - Saturation Isothermal Remanent Magnetization 

PARM - Partial Anhysteretic Remanent Magnetization 

PTRM - Partial Thermal Remanent Magnetization 

M - rs Saturation remanent magnetization 

- Saturation magnetization 

B - Coercive force 
C 

A.f. - Alternating field 

MDF - Median destructive temperature 

T.L - Thermoluminescence 

M.D - Multidomain 

S.D - Single domain 
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Note on magnetic units, 

The units of magnetism quoted in this work are in the MKS 

Sommerfeld system. 	Magnetic field, B, and Coercive force, B, 

are measured in Tesla. Susceptibility is quoted as specific 

(mass) susceptibility,in units of m 3  kg- 1. Magnetization (total 

moment) is quoted in units of Am  and specific (mass) moment in 

units of Am2  kg- 1. Where work from other authors is quoted the 

units and symbols used in the original work are left unchanged. 
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Palaeointensity and 
thermoluminescence measurements 
on Cretan kilns from 1300 to 2000 BC 

Yannis Liritzis & Ruth Thomas 
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Mayfield Road, Edinburgh, UK 

The strength of the geomagnetic field in Crete during Minoan 
times has been determined using kiln wall samples from three 
Minoan palaces, Faistos, Aghia Triada and Kato Zakros, 
from the Minoan village at Stylos Hania and a Roman kiln 
at Kalo Horio. The samples have been dated by thermo-
luminescence measurements providing absolute dates for the 
construction of a palaeointensity curve. Without the ther-
moluminescence dates it would have been necessary to use the 
archaeologists' estimates of the kiln ages, one of which is shown 
here to be in error by 500 yr. 

Kiln material was used because: ( I ) pottery was not readily 
available; (2) it was hoped that both palaeointensity and 
palaeodirection results could be obtained; and (3) the last tiring 
events which were related to the destruction of the Minoan 
palaces could be dated by thermoluminescence measurements. 

The samples, from the kiln floor, walls and heat channels, 
consist of a fired calcareous mud, varying in appearance from the 
extremes of a well bred vesicular slag (Aghia Triada and site (I) 
Faistos) to orange, porous, friable, less well-fired, samples with a 
fine mud matrix containing fragments of shells, rocks and 
pottery (site 1 of Kato Zakros, Stylos Hania and site 3 of 
Faistos(; the remaining samples (Kalo Horio and site I of 
Faistos) contain a mixture of both types. Kato Zakros (2) is a 
brick fragment and Kato Zakros (3), a tile fragment. 

The palaces sampled were of middle and late Minoan age. The 
earliest palace site sampled was Faistos. Kiln FS (3) belongs to 
the first palatial period ( —2000--1700 BC) which ended when 
the palace was destroyed by earthquakes in about 1730 BC (ref. 
1). The palace was subsequently rebuilt but in about 1500 BC it 
was destroyed by earthquakes or, according to some authors, by 
the effects of a volcanic eruption of Santorini (refs 2-5). Kiln FS 
(1) belongs to this second palatial period. The palace of Aghia 
Triada was built to replace the second palace at Faistos and 
probably lasted to 1400 BC (ref. 6). 

The palace at Kato Zakros is thought to date from 1700 to 
1400 BC. Platon (personal communication) believes that it was 
not rebuilt or inhabited after the catastrophic earthquake which 
occurred between 1450 and 1400 BC. The kiln at Stylos Hania is 

Table I Thermo luminescence ages (yr ist 

Age of 	Estimated 	Average 	Estimated 
Site 	 sample 	% error 	site age 	% error 

Stylos Hania 3,882 6 3.828 
3,841) 6 
3,763 7 

Faistos (1) 3,466 6 3,466 
Faistos (3) 3,806 5 3,784 

3.762 6 
Aghia Triada 3.545 6 3.508 

3,472 5 
Kato Zakros 3379* 5 3,393 

3,199° 5 
3139* 

3.289 5 
3,519 5 

Kalo Horio 2,126 7 1,960 
1,795 7 

* These samples are tiles, all other samples are from kilns.  

believed to be of late Minoan age' ) - 130)) BC); no pottery was 
found in the kiln but the nearby village is of that age. Kalo Horio, 
a Roman kiln was believed to date from - 5)) BC. 

The thermoluminescence (TL) method used was the quartz 
inclusion technique described by Fleming'. TL dates can only he 
produced from well-bred materials so the number of dates 
produced was limited because of vitrification or weathering of 
the samples. Sample preparation and the determination of the 
total archaeological dose is described elsewhere". The crystal 
sensitivity change due to heating to 500°C varied between 5 and 
40%. The final total dose error was that derived from the 'dose 
plateau' tests, the average total doses from two or three peaks 
only being taken when there was good agreement between 
them. The 	dose rates were measured in two ways, using 
thermoluminescent dosimetry and also using an m counting and 
potassium content method. The evaluation of environmental y 
radiation was made on site by a portable NaI(Tl)scintillometer. 
Results are presented in Table I 

ruble 2 Results using Shaw's method 

Range of 	 Range of' 	Mean and 

No. of 	uncorrected 	corrected 	 error of 

Site 	 results palaeoi 1IC mit es 	palaeoi n te nslties pal acoin IC ri ties 

(Oc) 	 (Oc) 	 )Oe( 

Aghia Triada 3 0.369-0.497 0.560-0.590 0.55))± 	.134 

SyIos Hania 5 0572-0.422 11.365-0.479 ((.423 ±0035 

Faistos 	I) 3 0.259-0.756 0.249-0.519 

Faistos (3) 4 0.776-0.330 0,395-11,333 0.351 ±1(1)37 

Kato Zakros 5 0.499.-0.79 I 474.•() 557 0.542 ± ((.055 

Kato Zakros I ARM and 'IRM plots nonlinear 

(21 
Kato Zakros 3 0,485-0.788 (IS 12-0.560 1(54(1±11.048 

(3) 

Kalo Horio 7 0,581-11.857 11.416-0.645 0,505 ± 0.1166 

One disadvantage of using kiln material in palaeointensity 
work is that it was not originally selected by a potter and so is 
more inhomogeneous and complex mineralogically than 
pottery. Assessment of the mineralogical state of kiln wall 
material is complicated by the possibility that it has been 
repeatedly fired and cooled in various gaseous environments. 

Attempts were made to determine the palaeointensities by 
two methods, that described by Shaw"' and a modified Thellter 
method''. Alteration of one sort or another occurred in all 
samples used in Shaw's method. For most of the samples < 10¼ 
of the NRM remained after demagnetisation at the peak ac. 
field of 900 Oe. The ARM2 versus ARM1 gradients were 
generally <1, except for samples from Aghia Triada, in many 
cases they had several linear portions of differing gradients. 
The TRM versus NRM graphs often showed similar features 
to the ARM2 versus ARM1 graphs, and where this was the 
case the correction suggested by Kono'2  was applied to 
portions of the graph with more than six points. The scatter of 
results was greatly reduced and for most sites the results were 
self consistent (Table 2). This method does not always yield 
reliable results12  so it was checked using Coe's modified version 
of Thelliers' method". Alteration of the samples during heating 
was again a problem and most sites showed a wide scatter of 
results. The only sites for which useable results were obtained, 
Kalo Horio (0.506±0.1100e) and Kato Zakros 1 (0.484± 
0.082 Oe), back up the results obtained using Shaw's method 
with Kono's correction. 

The thermoluminescence results agree with the archaeolo-
gists' preferred chronology for the major sites. The result 
obtained for the less well known site of Stylos Hania suggests 
that it is older than was previously thought. The thermo-
luminescence results reinforce the suggested absolute 
chronology of the Minoan period but cannot rival the detail of 
relative chronologies deduced by the archaeologists. 

The palaeointensity results in Table 2 are compared with 
those of Walton in Fig. 1. The age error bars on the palaeoin- 
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Fig. 1 The change in the ratio of the ancient geomagnetic field 
intensity H to the present day value. H0  (0.44 Oe) in Crete. Each 
point represents several palaeointensity determinations on kiln 
wall material from one site. The errors are the combined errors 
from all determinations. The curve produced by Walton 

13  is shown 

for comparison. The Cretan points are labelled, AT, Aghia Triada: 
KZ, Kato Zakros: SH, Stylos Hania; FS3, Faistos site 3; KH, Kalo 
Horio. Walton's points which lie away from the smoothed curve are 

shown by dotted lines. 

tensity curve are naturally larger than those of Walton's curve 
for which the relative ages of the samples are well known. It is 
unlikely that so precise a curve as Walton's can be extended 
further back in time, either using archaeological dating or 
absolute dating which is not yet capable of yielding the necessary 
precision. 

Crete and Athens are -3' latitude apart: differences in 
geomagnetic field intensity in the two areas are therefore to he 
expected. The present value for this difference is 0.01 Oe which 
is smaller than the errors on the pal aeointensity determinations. 
The maximum difference in geomagnetic field intensity, at  

present, for sites located at the latitudes of Crete and Athens is 
0.03 Oe, so it is to he expected that the palaeointensity results 
for Crete and Athens will agree within experimental error. This 
is the case for Stylos Hania and Kato Zakros. The Kalo Hor 
datum falls at a time where Walton seems to have ignored som, 
data points when constructing his palaeointensity curve. If the 
Kalo Horio result is to he compatible with Walton data then it is 
necessary to postulate a fairly rapid change in the geomagnetic 
field strength. 

The palaeointensity results reinforce the thermoluminescence 
date obtained for Stylos Hania, a palaeointensity of 0.42 Oe 
being unlikely for a sample aged 1250 BC. 

We thank the Ministry of Civilisation and Science, in Athens, 
for permission to collect the samples, also Professor K. M. Creer 
and Dr H. McKerrell for helpful discussions, and Professors 
Platon and Davaras for archaeological advice. R.T. is in receipt 
of a studentship from the NERC. Y. L. is grateful for financial 
assistance from the National Hellenic Research Foundation and 
the Royal Society and The Russell Trust. 
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