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ABSTRACT 

Examination of the opaque minerals i n an i n t r u s i v e sheet 
of a n a l c i t e d o l e r i t e shows that they c o n s i s t p a r t l y of a 
cubic s o l i d s o l u t i o n , r e f e r r e d to for b r e v i t y as 
'magnetite', eind p a r t l y of a rhombohedral s o l i d s o l u t i o n 
r e f e r r e d to as ' i l m e n i t e ' 
Systematic v a r i a t i o n of the p r o p e r t i e s of the 'magnetites' 
i n d i c a t e s an i n c r e a s e i n titanium dontent towards the 
more slowly cooled c e n t r a l part of the sheet. 
' I l m e n i t e ' u s u a l l y occurs as oriented intergrowths i n 
'magnetite' c r y s t a l s and contains 10-20?^ f e r r i c oxide i n 
s o l i d s o l u t i o n . L e s s commonly, 'ilmenite' a l s o occurs as 
a d i s c r e t e phase b e l i e v e d to have c r y s t a l l i s e d before the 
formation of the 'magnetite'-'ilmenite' intergrowths, and 
t h i s seems not to contedLn f e r r i c oxide i n s o l i d s o l u t i o n . 
'Magnetite'-'ilmenite' r e l a t i o n s h i p s are considered i n 
terms of an Fe^O.-FeTiO^ phase diagram constructed from 
the experimental data oi previous workers. 
The content of opaque minerals decreases r e g u l a r l y from 
9% i n the marginal rocks to l e s s than V/o at the centre of 
the i n t r u s i o n . 
The i n t e n s i t y of n a t u r a l remanent magnetization decreases 
s y s t e m a t i c a l l y away from the margins of the sheet and i s 
c l e a r l y dependent on the content of 'magnetite' i n the 
i n t r u s i o n . 
The i n t r u s i o n i s r e v e r s e l y magnetized and has a mean 
d i r e c t i o n of magnetization that confirms i t s age as 
T e r t i a r y i n agreement with g e o l o g i c a l data. However, there 
i s considerable v a r i a t i o n i n the palaeomagnetic d i r e c t i o n s 
w i t h i n the sheet due to the multiple nature of the 
i n t r u s i v e processes. T h i s i s e s p e c i a l l y c l e a r i n the 
i n c l i n a t i o n s . 
The contact r e l a t i o n s of the i n t r u s i o n suggest that the 
r e v e r s e magnetization i s a primary f e a t u r e although the 
p o s s i b i l i t y of s e l f - r e v e r s a l cannot be r u l e d out e n t i r e l y . 
C o n s t r u c t i o n a l d e t a i i l s are given of instruments designed 
f o r the accurate automatic measurement of the Curie 
temperature of a minute ferromagnetic seimple, ajad for the 
determination of the s a t u r a t i o n magnetization of such 
samples at room temperature. 
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Introduction 

The chief I r o n - t i t a n i m oxide minerals are magnetite, hematite, 

ilmenite and uLvftspinel. Solid-solution relationships e x i s t between 

these, and the present investigation i s concerned mainly vdth those 

minerals known as the titaniferous magnetites or titanomagnetites. The 

term titaniferous magnetite i s applied to minerals intermediate i n 

composition between magnetite and ulvospinel and also to non-stoicliiometric 

phases which may be regarded as the oxidised equivalents of these s o l i d -

solutions. 

Previous investigations of na t u r a l l y occurring titaniferous magnetites 

have concentrated either on those which e x i s t i n plutonic rocks or i n lavas, 

and so f a r as i s knovm, there have been no detailed studies of those phases 

which c r y s t a l l i s e trader hypabyssal conditions. An iii5)ortant objective of 

the present research, therefore, has been to study tlie mineralogy of these 

intermediate phases, and i n pa r t i c u l a r , the nature of the magnetite-ilmenite 

r e l a t i o n s h i p . 

Since, however, titauomagnetites are feirimagnetic and are the main 

c a r r i e r s of rock magnetism, i t has been considered not unreasonable to combine 

t h i s mineralogical investigation with a study of the palaeomagnetism of the 

parent rock. 

Titaniferous magnetites are normally associated id.th basic or ultrabasic 

igneous rocks, and for the purposes of the present study, a basic hypabyssal 

i n t r u s i o n has been chosen as the source of material. 

The so-called Clauchlands " s i l l " i n the I s l e of Arran, Scotland, i s 

p a r t i c t i l a r l y suitable i n t h i s connection. I t has the form of an inclined 



sheet abDTib I30 f e e t t h i c k and a continiious section ftom top to bottom 

i s exposed at Clauchlanda Point, north of Lamlash Bay. I n general, the 

rock i s a coarse-grained analcite-dolerite, but nevertheless, there i s a 

wide v a r i e t y of material which ranges from the fine-grained marginal rocks 

to very coarse segregations of dolerite-pegmatite. 

The Clauchlands " s i l l " , however, i s but one of three intrusions of 

analcite-dolerite \diich outcrop around Lamlash Bay and which together 

probably form a cone-sheet with a focus beneath the bay. Therefore, s t r i c t l y 

speaking, tlie " s i l l " i s best regarded as the Clauchlands sheet since t h i s 

emphasizes the nature of i t s oi:igin. 

Material f o r the present studies has been obtained from the Clauchlands 

sheet a t Clauchlands Point and i t forms a collection representing a v e r t i c a l 

section through the i n t r u s i o n , with an average of about 4 feet v e r t i c a l l y 

between each sample. This collect i o n has been examined petrographically 

and episcopically and the iron-titanium oxide minerals have been analysed 

by X-rays and by magnetic methods. 

A v e r t i c a l section has been chosen for these investigations since t h i s 

gives a cross-section of the crystal3J.zation h i s t o r y of the minerals, those 

at the margins having formed e a r l i e r and cooled more rapidly than those at 

the centre of the sheet. This method of examination, therefore, should 

indicate the nature of any exsolution relationships. 

Oriented samples have also been obtained from Clauchlands Point and 

these form a co l l e c t i o n which closely parallels that used f o r the mineral-

ogical investigations. The d i r e c t i o n and the i n t e n s i t y of magnetization i n 

these samples has been measured and i n t h i s way i t has been possible to 

study the palaeomagnetism at d i f f e r e n t levels within the sheet. 
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As a part of the mineralogical investigations i t has been necessary 

to measure tvro magnetic properties of the tit a n i f e r o u s magnetites, namely 

the Cttrie point and the i n t e n s i t y of saturation magnetization, since these 

give a usefta i n d i c a t i o n of the chemical composition. 

Two instruments have "been b u i l t i n order to measure these properties. 

One, a thermoraagnetic balance f o r the accurate and automatic measurement 

of Curie points, incorporates a number of features hitherto not included 

i n instruments of t h i s type. The construction and calibration data f o r 

t h i s instnanent are presented f u l l y i n Part I I of the present work. The 

other f o r the measurement of saturation magnetization at room temperature 

i s described i n Part I I I of t h i s w r k and essentially follov/s a design of 

Chevallier and Mathieu (1943). 
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Part I . 

Iron-Titanium Oxide Minerals i n some Igneous Rocks of Arran 



Chapter I . F i e l d Relationa 

A. Introduction 

Material f o r the present investigations has been obtained from an 

intr u s i v e sheet of analcite-dolerite i n the I s l e of Arran, Buteshire, 

Scotland. This, someiAat rare, rock-type outcrops aro-and Lamlash Bay 

as three i n c l i n e d sheets vhlch are referred to by Tyrrel (1928) as the 

Clauchlands s i l l , Monamore s i l l and Kingscross s i l l , and are considered 

by him to have originated from an inferred focus or f o c i l y i n g somewhere 

to the east under the F i r t h of Clyde. The annular outcrop pattern of 

these rocks, however, immediately suggests that tiiey belong to a single 

r i n g i n t r u s i o n vihlch. may have originated under Lamlash Bay. 

Surprisingly, however, i t i s only recently that the concept of a 

Laialash cone-sheet complex has been put forward. Tomkeieff (I96I) recog­

nises two sets of cone sheets around Lamlash, an ea r l i e r basic set consist­

ing of the analcite-dolerites vMch i s intersected by a l a t e r set of acid 

sheets with f o c i somev^at further t o the north. 

The present study, however, i s concerned only with the basic sheets, 

and more especially with t h e i r functions as carriers of ihe iron-titanium 

oxide minerals and t h e i r rock magnetic properties. 

Material f o r the present research project has been obtained excliisively 

from the Clauchlands s i l l , and since t h i s intrusion has the st5)erficial form 

of a s i l l , i t has been considered necessary to undertalce a general f i e l d 

survey of the analcite-dolerites i n order to decide whether they are indeed 

s i l l s or whether, as Tomkeieff has proposed, they belong to a single i n t r u s i o n 

of cone-sheet type. 
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Figure 1. 

Map showing the general f i e l d r e l a t i o n s of the 
Lamlash Cone-Sheet.. The Claudhlands Sheet i n 
the n o r t h , the Monamore Sheet i n the west and 
the Kingscross Sheet i n the south. 



B. General f i e l d 'Relations 

The general f i e l d relations are summarised i n Figure 1 and they show 

how the analcite-dolerites form i n c l i n e d sheets vMch appear to originate 

from beneath Lamlash Bay. 

The sheets are about 100 feet thiclc and dip on average at about 30° iJito 

the bay. They, therefore, form a saucer shaped intru s i o n which i s best 

described as a cone sheet. 

Cone sheets were f i r s t described from Skya, Mull and Ardnamurchan, 

respectively, by Barker (1904), Bailey et a l (1924) and Richey (1930). I n 

these areas the sheets are generally 3 0 - 4 0 feet t h i c k and dip 45° towards 

a common centre. The present i n t r u s i o n , therefore, i s considerably thicker 

than these but i s comparable i n size to some cone sheets of Northern Nigeria, 

examples of which are up to 200 feet t h i c k . (Jacobson, Macleod and Black 

1958). 

The form of the i n t r u s i o n i s not due to any structural basin i n t h i s 

region, f o r the Permo-Triassic sediments (Lamlash - Machrie Sandstone) into 

which i t i s intruded have a regional dip which i s consistently to the south; 

hence, althoijgh the Clauchlands " s i l l " i s more or less concordant with the 

s t r a t a , the Kingscross " s i l l " and especially the Monamore " s i l l " are undoubtedly 

transgressive. 

I t appears, therefore, that the analcite-dolerites were emplaced from 

a common magma chamber somewhere beneath Lamlash Bay. Hence, i n the present 

work, these intrusions are referred t o as the Clauchlands sheet, Monamore 

sheet and Kingscross sheet, and i t i s proposed th a t , togetiier, they form the 

Lamlash cone sheet. 

The Kingscross sheet i s the southern member of the cone sheet and reaches 
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i t s maximum development on the Kingscross peninsula. Here, i t consists 

of three sheets, each about t h i r t y feet thick, dipping aboiit 20° to the 

north and separated from each other sandstones which are dipping gently 

i n the opposite d i r e c t i o n . 

The same three sheets must continue across the bay for they also appear 

on the southern shore of Holy Island v^ere, likewise, they are intruded i n t o 

sandstones. 

Exposures of the upper tvro sheets, however, are very poor on the Kings-

cross shore and are not p a r t i c u l a r l y good on Holy Island. As a consequence, 

the lowest of the three sheets i s the most important f o r i t i s well exposed 

on both shores. 

The top of t h i s sheet i s esqiosed on Haiy Island ^ e r e isolated patches 

of hard sandstone l i e on top of the dole r i t e and are a l l that remains of the 

o r i g i n a l cover. The base of the sheet, however, i s not exposed on the Island 

although the dense nature of the rock at the strand l i n e indicates that the 

contact cannot be f a r below water l e v e l . 

The base of the sheet, however, i s well exposed on the Kingscross shore 

along t h a t stretch of the coast l i n e whidi extends southwards f o r atwut a 

quarter of a mile from the Point. Along t h i s section, hard baked sandstone 

outcrops beneath the d o l e r i t e and also appears as r a f t s within the lower 

layers o f the i n t r u s i o n . Although the dolerite dips north and the sandstone 

dip south there i s no marked discordance becatise the angles are small i n 

both cases. 

The Kingscross sheet can be traced westwards by means of exposures i n 

the Kingscross bum and Knockenkelly bum, but i t then appears to fr a y out 

in t o a number of t h i n sheets at i t s western extremity and does not connect 

with the Monamore sheet further t o the west. 
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Exposures of analcite-dolerite also occur along the ridge known as the 

Knowe irixich runs s l i g h t l y north of the main exposures of the Kingscross sheet. 

The Knovra appears t o be formed of a horizontal sheet ^rfiich, although nov; 

iso l a t e d from the main intrusio n , i s clearl y related to i t and may, i n f a c t 

be tlae equivalent of the ippermost of the three sheets exposed on the shore. 

The Kingscross sheet i s cut i n a number of places by basalt dykes of 

the Arran dyke swarm, which are T e r t i a r y i n age, and these are well exposed 

i n the shore sections and i n Kingscross bum. Rarely, t h i n sheets of quartz 

d o l e r i t e also cut the sheet on the Kingscross and Holy Island shores. 

A prominent f e l s i t e dyke cuts the sheets on the Holy Island shore, and 

f e l s i t e also cuts the intr u s i o n towards i t s western extremity, viere i n t h i s 

case they probably belong to the system of acid cone sheets postulated by 

Tomkeieff. 

Holy Island i t s e l f i s formed l a r g e l y of a mass of riebeckite trachyte 

( T y r r e l I928) \diich overlies a basement formed of the Lamlash - Machrie 

Sandstone GrovQ). I n the soutti t h i s basement i s intruded by the Kingscross 

3heet(s) and by 'the T e r t i a r y dykes. I t i s clear, hoivever, that a l l these 

intrusions are e a r l i e r than the trachyte f o r none of them penetrate i t . I t 

i s therefore generally considered that the riebeckite trachyte represents 

the l a s t phase of igneous a c t i v i t y i n the area, and indeed probably i n Arran 

as a \riiole. (Tyrrel I 9 2 8 ) . 

Radioactive dating (potassium - argon) by M i l l e r and Harland (I963) 
has suggested that the whole range of l a t e r l^eous a c t i v i t y i n Arran took 

place w i t h i n Palaeocene and Eocene times, (55 " ̂ 3 m i l l i o n years ago). The 

age of the Kingscross sheet (and hence of the Lamlash cone sheet) i s , there­

f o r e , probably early Tertiary, f o r i t i n t r a i e s sediments of Permo-Triassic 

age and i s , i t s e l f , cut by rocks of Tertiary age. 
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The Monamore sheet i s the western member of the Lamlash cone sheet and i t s 

outcrop extends northwards from Squiler to Cnoc Dubh. This intrusion takes 

i t s name from the Monamore bum along which a reeisonably complete section 

i s exposed. 

The average dip appears to be some 20° to J)^ to the east and since 

the regional dip of the country rocks i s to the south there must c l e a r l y be 

a marked discordance. Unfortunately, although the contacts of the Monamore 

sheet can be delimited f o r mapping purposes, they are never well exposed 

and such a discordance cannot be seen. 

nolike the Kingsoross sheet, t h i s member of the cone sheet consists 

only of one intrusion which i n many places i s cut by sheets of f e l s i t e . 

These f e l s i t e s are wel l ejqjosed i n the Monamore bum and belong to the acid 

cone sheets proposed by Tomkeieff. 

The southern boundary of the intr u s i o n rms along the southern flanks 

of Squiler and the top can be traced aromd u n t i l i t merges with the base. 

Likewise a t the northern boundary the top and bottom coincide aromd the 

summit of Cnoc DulSa. This must mean, therefore, that the sheet i s l e n t i c u l a r 

i n cross section. 

The exposures at the summit of Cnoc Dubh are also cut i n many places 

by numerous f i n e whitish veins (Plate I ft.) viMch by analogy with similar 

sections i n the Clauchlands sheet (see l a t e r ) indicate that they l i e close 

to the base of the intanision. 

A subsidiary summit some 3̂ 0 yards west of Gnoc Duth i s also formed 

of extensively veined anal c i t e dolerite and appears to be a small dovmfaulted 

section of the intrusion whicdi now l i e s isolated as a r e s u l t of erosion. 

The Monamore sheet i s responsible f o r the high ground which l i e s to the west 

of Lamlash and which has Squiler (1300«). The Ross (992») and Cnoc Dubh 
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Plate I 

a) Segregation of d o l e r i t e pegmatite i n the Clauchlands sheet 

at Clauchlands Point. 

b) Basaltic xen o l i t h i n the Clauchlands sheet a t Claiushlands Point. 

c) Z e o l i t i c veins cutting a n a l c i t e - d o l e r i t e near the base of the 

Monamore sheet at the summit of Cnoc Dubih. 



Plate I . 

b. 



(1003') as i t s prominent summits and i s dissected by the Monamore and 

Benlister bums. 

The summits of Squiler and Cnoc Dubh are formed of analcite dolerite 

which can be r e a d i l y recognised i n the f i e l d , but although analcite-dolerite 

also c l e a r l y makes Mp most of the Ross, the nature of material exposed at 

the summit cannot be i d e n t i f i e d i n s i t u . Even i n t h i n section, Tyrrel (1928) 

was unable to say whether t h i s material r e a l l y was a continuation of the 

Monamore sheet. 

Petrographic examination of material collected from t h i s l o c a l i t y i n 

the present survey, shows however, that i t i s part of the same intrusion 

which i n t h i s region (Chapter I I Petrography) has been severely attacked by 

hydrothermal agencies. 

The Clauchlarids sheet i s the northern member of the cone sheet and i s 

probably the best knovm of the three. I t takes i t s name from the Clauchland 

H i l l s \*hich r i s e to about 800 f e e t above Lamlash, and separate Lamlash Bay 

from Brodick Bay. 

Analcite d o l e r i t e outcrops along the top of these h i l l s and the base 

of the sheet, althotigh r a r e l y seen i n t h i s region, can be readily traced along 

the Clauchland escarpment westwards from Dun Fionn as f a r as the main 

Lamlash-Brodick road. The relationships to the west of t h i s road are obscure 

but the sheet may be terminated by a f a u l t . 

The top of the sheet can be traced along the southern flanks of the 

Clauchland H i l l s and may be seen i n some of the streams which drain these 

slopes. 

Both top and bottom are exposed on the shore at Clauchlands point with 

a continuous section between them. A detailed description of these exposures 
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i s given under C, below, since i t i s from t h i s section that a l l the geological 

and palaeomagnetic samples have been collected. 

Like the Monamore sheet, t h i s intrusion forms a single sheet and i s 

cut by a number of basalt dykes and also, on Dun Fionn, t y f e l s i t e . I t has 

been intruded more or less p a r a l l e l to the strata and hence has many of the 

aspects of a s i l l . The contacts, however, are generally s l i g h t l y transgressive 

and, moreover, i t i s nov; apparent that the Clauchlands sheet cannot be 

considered i n i s o l a t i o n from the other analcite-dolerites of the area, which 

are decidedly transgressive. 

C. , The F i e l d Relations at Cla.uchlands Point 

A complete section through the Clauchlands sheet i s exposed along the 

shore f o r a quarter of a mile north of Clauchlands point, and aualcite-dolerite 

i s also seen i n the Hamilton Rock j u s t o f f the point. 

The sheet i s intruded i n t o sandstones which dip, on average, about 40° 

t o the south west. The sandstones immediately overlying the intrusion are 

grey i n colour, hard and laminated. The country rocks, hovrever, vhlch here 

form the Laralash Sandstone, are generally dul l - r e d flaggy sandstones and 

form a scarp s i x foot high above the contact. 

The upper contact i s exposed opposite the Hamilton Rock and i s s l i g h t l y 

transgressive, plunging at 50° beneath the sandstones. The c h i l l e d margin 

i s basaltic and a x e n o l i t l i of sandstone, one foot thick, i s incorporated i n 

the upper layers. These relations are i l l u s t r a t e d i n Figure 2. 

The d o l e r i t e coarsens r a p i d l y away from the contact and develops prominent 

j o i n t i n g p a r a l l e l to the margins of the i n t r u s i o n . These j o i n t planes, which 

are characteristic of a l l members of the cone sheet, provide excellent 

surfaces on whidi to make dip measurements. 
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Figure 2. 
Sketch of the upper contact of the Clauchlands 
Sheet at Clauchlands point. 

Figure 3^ 
Sketch of the lower contact of the Clauchlands 
Sheet at Clauchlands point. 

Figure 4. 
Sketch interpretation of the basalt/dolerifce 
relationships at Kingscross point, A basalt 
dyke (black), having f a i l e d to penetrate the 
dolerite ( s t i p l e d ) , has spread l a t e r a l l y 
along prominent joint planes i n the lov;er 
layers of the sheet. 



Towards the base of the sheet the dips steepen abruptly and at the 

contact, vdiich i s ejqjosed on the shore, they appear to be overturned as 

shown i n Figure 3» This, hov;ever, i s not the true base but i s the contact 

against an exposed xenolith of sandstone. Below this xenolith l i e s a sheet 

of basalt two feet thick eind more or less concordant with the underlying 

country rock, which represents the real base of the intrusion. 

The loxver margins of the intrusion are traversed by a large number of 

white, zeolitic, veins which also extend into the underlying sandstones. 

Away from the margin, the intensity of such veining decreases rapidly and 

dies out some thirty feet above the base. 

The formation of these veins, which also appear at the top margin, 

although on a much reduced scale, i s interpreted as the result of a build 

up of volatiles within the cooling intrusion. 

The very coarse, almost gabbroic, texture of much of the analcite-

dolerite also indicates that the cooling intrusion contained a large proportion 

of volatile material, and the existence of segregations of dolerite-pegmatite 

ftrrther supports this. 

These segregations are conspicuous for their large, black crystals of 

axigite (Plate !/<&.), and they appear at a limited horizon some forty feet 

above the base. Apart from indicating a high volatile content within the 

intrusion they also represent the final solidification products and thus 

establish where consolidation l a s t took place. 

A f i n a l important relationship seen in the Clauchlands section i s exposed 

i n the lo;<rer thir.ty feet of the intrusion. Here are found rounded xenoliths 

of basalt surrounded by the coarse analcite-dolerite. These xenoliths are 

generally oval i n shape and have a marked preferred orientation such that 

their long axes l i e parallel to the margins of the intrusion. They are quite 
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Plate n 

Basalt/doleri'te relationships exposed at Kingscross Point. 



Plate I I . 



large tovrards the base of the sheet, some being three feet long, but decrease 

in size away from the margin until they are only a few inches long and then 

disappear (Plate l b . ) 

The xenoliths have clearly been caught up within the intruding magma 

and have acquired their preferred orientation under the influence of the 

intrusive pressures, and possibly also to some extent as a result of settling. 

Petrographic examination (Chapter I I Petrography) has shown that the 

xenoliths are related to the main intrusion and hence this leads to the 

conclusion that the Clauchlands sheet i s multiple. Thus after tlae i n i t i a l 

magma had chilled against the country rock, more magma was intruded \d.th 

sufficient force to dislodge portions of the solidified margins. 

The history of the Clauchlands sheet, therefore, i s well preserved in 

this area and hence this section forms an excellent source of material for 

the work to be described in the follovdng pages. 

D, The Field Relations at Kingscross Point 

About sixty yards south of Kingscross Point, the coarse analcite-

dolerite i s extensively penetrated by thin sheets, anastomosing veins and 

shreds of basalt, (Plate I I ) , and a number of thin s i l l s of what appear to 

be the samematerial are exposed slightly to the north of this place, outcropping 

from beneath the analcite-dolerite, 

Tyrrel (1928) interpreted these relationships as showing veining of the 

dolerite by the basalt, and this indeed i s the most obvious explanation, 

especially as many of the veins have tachylitic rims in contact with the 

dolerite. 

Recently, hov/ever, Tomkeieff and Longstaff (I96O) have concluded that 

the reverse relationship i s i n fact the true one and that the basalt exists 

as r e l i c t s witliin a later dolerite, tAile the tachylitic contacts are the 
17. 



result of rheomorphic melting of the basalt. 

This Interpretation, hov/ever, appears to be unneccessarily complicated 

and, moreover, f a i l s to account for the restricted distribution of the 

basalt. 

The zone i a which the veining occurs i s only about thirty yards wide, 

and TOining i s most intense only at the centre of tliis zone and then fades 

laterally. Likewise, the veins are restricted to the immediate base of the 

sheet and do not extend more than a few feet vertically within i t . 

Further, the basalt tends to be distributed more or less hoilzontally 

along the joint planes within the analcite-dolerite. This evidence together 

with the existence of the tlain s i l l s beneath the sheet suggests the following 

interpretation for the origin of these relationships. 

I t seems probable that basalt has been intruded vertically beneath this 

zone to fora one of the many dykes of the Arran swarm, except that i n this 

particular case the intrusion has failed to cut the analcite-dolerite, and 

instead the magma has squirted out laterally, taking the lines of least 

resistance, which are namely beneath the sheet and along the joint planes 

(Figure 4). 

Further evidence i s discussed briefly i n Chapter I I (Petrography) which 

supports Tyrrel's original interpretation that the basalt veins are later than 

the dolerite, altliough in the context of the present study, this i s but a 

digression to consider an intriguing observation. 

E. Summary 

The Clauchlaads analcite-dolerite sheet has been selected as the source 

of material for the present research project because i t i s well exposed and 

i t s geological history can be ascertained. 
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Although superficially i t has the form of a s i l l i t has been shown, 

in fact, to be but one member of a single conical or saucer-shaped, intrusion 

which i s best described as the Lamlash cone sheet. 

The age of the intrusion i s considered to be early Tertiary because i t 

i s intruded into Permo-Triassic sediments and i s i t s e l f cut by dykes and 

fe l s i t e sheets of undoubted Tertiary age. 

I t i s considered that the failure of one such basalt dyke to cut the 

Kingscross sheet has resulted i n the complex basalt-dolerite relationships 

at Kingscross Point. 
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Chapter I I Petrography 

1 

A. Introduction 

Tyrrel (I928) i n describing the rocks which are now included in the 
Lamlash cone-sheet refers to them as crinanite. However, the two terms 

crinanite and teschenite are often loosely applied in order to describe basic 

igneous rocks containing analcite. Variotis aspects of the use of these 

terms have been discussed by Wilkinson (1955) concluded that ".. the 

retention of the term crinanite' i s fundamentally misleading inasmuch as the 

terms teschenite and crinanite as used by many vnriters are virtually synonymous". 

He favoured retention of the term teschenite, because: 

"a) I t has priority of definition. 

b) In general i t s chemical and mineralogical affinities are such 

that i t constitutes a well recognised and widespread rock species, 

c) Uniform designation as teschenite of hypabyssal or plutonic basic 

rocks of alkaline character carrying analcite as an essential constittent 

lends true emphasis to the frequent fie l d association picrite-teschenite 

and focusses attention on an important petrogeniatic problem." 

The term teschenite was f i r s t used i n I86I by Hohenegger \iho applied i t 

in a very general sense to certain igneous rock^ intrusive into Cretaceous 

strata i n the neighbourhood of Paskau, Moravia. Tschermak (I869) used the 
same term to describe a crystalline granular rock composed essentially of 

feldspar, hornblende, augite and analcite. Walker (1923) proposed the 

definition that "teschenites are rocks consisting of plagioclase feldspar 

(which i s partly or wholly analcitized), titanaugite and analcite. Barkevikite 

i s often present, sometimes in greater, abundance than the titanaugite, and 
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olivine i s a frequent constituent".' Wilkinson (1955) recommended thaiti 

the usage of this term be continued and has suggested that intrusive alkn'lHne 

basic rocks \dLth minor analcite {2-"^ by volume) are adequately covered by 

the term • analcite-bearing olivine-dolerites'. 

Using the above criteria, then, the rocks of the Lamlash cone-sheet 

cannot be described s t r i c t l y as teschenites because analcite i s a minor 

constituent, being a late stage interprecipitate that has crystallised in 

the available spaces which remained, and i t rarely forms more than a few 

percent of the vrtxoleTock. The term analcite-dolerite,. however, i s considered 

to, be f u l l y descriptive of these rocks and i s used throughout this work. The 

term olivine-aQalcite-dolerite i s not used because frequently olivine i s not 

abundant and then titanaugite forms the major mafic mineral. 

B. General Petrography of the Lamlash Cone-Sheet 

The bulk of the cone-sheet consists of a coarse analcite-dolerite in 

which the major minerals are plagioclase, olivine, titanaugite and ore minerals. 

(Plate I I I a.). Analcite i s ubiquitous but generally i s present in only 

small amounts forming iredge-shaped or irregular " i n f i l l Ings" in the spaces 

between plagioclase laths. Apatite i s always present as minute crystals but 

i s quantitatively unimportant, and other minor constitoients are biotite and 

amphibole. 

An important feature of these rocks i s that the analcite has a l l the 

appearance of a primary mineral which has crystallized at a late stage. The 

lath-like habit of the plagioclase crystals results natinrally i n the formation 

of wedge-shaped cavities betvreen them, and i t i s i n these cavities that the 

analcite has generally crystallized. 

I n fresh material the analcite i s clear and colourless, isotropic or 
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feebly birefrigent, and i s clearly not derived by zeolitization of the 

plagioclase. I n the more usual sections, however, where alteration has taken 

place, then the analcite tends to be replaced by radiate fibrous aggregates 

shovdng br i l l i a n t interference colours. Such aggregates also appear to invade 

crystals of plagioclase and they are considered to be zeolites formed at a 

deuteric stage of activity as distinct from the slightly earlier stage at 

which analcite appeared as a primary mineral. Tyrrel (1928) reports that 

these aggregates have been identified as natrolite and scolecite. 

FreqiBntly the olivine constituent of tlie rocks i s partly or even \i4iolly 

replaced by a heterogeneous assemblage of chlorite-serpentine minerals, and 

such alterations are also regarded as the products of a deuteric stage of 

activity. 

The textures of the rocks are typically ophitic or sub-ophitic, with 

relatively large platey crystals of purplish titanaugite containing many laths 

of plagioclase. 

Polysynthetic tidnning i s strongly developed in the plagioclase crystals, 

and extinction angles of about 3^° measured on albite tvrilns suggests that 

the composition i s that of labradorite. (Rogers and Kerr 1942 p.242). However, 

since zoning i s strongly developed as well as fadnning, such an estimate must 

be only an average indication of the plagioclase composition, 

A modal analysis (Table 1) shows a sample from the Clauchlands sheet, 

to consist of 57.59^ plagioclase, 24.4/^ olivine, 8.81^ titanaugite, 2 . 8 ^ 

ore minerals, 3*59^ chlorite-serpentine minerals derived from the olivine 

0 . 3 ^ biotite and 2 , 2 ^ zeolites. This figure for the zeolites includes 

secondary fibrous zeolites and i n fact the content of primary analcite i s 

probably less than one percent. This mode, however, shows that over 90y6 
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Table 1 . 

Modal Analysis of Sample A/C/3/37 from 54:ft 
above the Base of the Clauchlands Sheet 

Mineral Counts Percentage Error 

57.59 - 1.4 

24.47 - 1.3 
8.81 i 0.7 

2.88 i 0 .4 

) - ^ -
J 6.23 - 0.6 

Plagioclase 2882 

Olivine 1223 
Titanaugite 441 
Opaques 144 
Chlorites 180 

B i o t i t e 18 

Zeolites 114 

5004 99.98 

Errors estimated after Barringer (1933). 



of the rock consists of plagioclase, olivine and titanaugite. The qualitative 

examination of other slides has shown that the relative amounts of olivine 

and titanaugite are highly variable. 

G, Detailed Petrography of the Clauchlands Sheet 

A detailed collection of material has been obtained from the section 

through the Clauchlands Sheet at Clauchlands Point. Samples from this 

collection have "teen polished and sectioned, and the remaining material has 

been crushed and separated for the purposes of the further analysis of the 

ores. I t has thus been possible to correlate detailed petrographic variations 

^-dth the epiecopic. X-ray, thermomagnetic and other data which have a bearing 

on the nature of the ore minerals. 

The value of such a petrographic investigation i s not only that i t 

establishes firmer foundations on which to inteirpret the field relations 

but also that i t provides important information as to the relations of the 

ores to the rest of the crystallizing magma, and also as to the nature of the 

environment in which the ores formed and cooled. 

An immediate observation i s that the chilled material i s a microcrystalline 

basalt and that i t contains only a few sporadically disturbed phenocrysts of 

plagioclase. This indicates, therefore, that the magma was i n an essentially 

liquid form when intruded and that crystallization had barely started. 

Sample S25 i s representative of this chilled material and comes from 

two feet below the top of the intrusion where i t i s in contact with a xenolith 

of sandstone. I n thin-section the rock i s seen to be a dense porphyritic 

basalt. (Plate I I I b.). Isolated phenocrysts of broad plagioclase laths 

are partially replaced ty calcite and occur i n a dark microcrystalline matrix 

which i s composed almost exclusively of a plexus of minute plagioclase laths 
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Plate I I I 

a) Thin section of analcite dolerite from the Clauchlands sheet. 

Twinned plagioclase laths occur intergrown sub-ophiticaHy with 

titanaugite (top l e f t ) . Subhedral crystals of olivine and 

euhedral opaque crystals are also v i s i b l e . Magnification X32. 

Crossed nicols. 

b) Thin section of chilled material from the Clauchlands sheet 

showing the abundance of the opaque minerals. Magnification X32« 

Plano-polarlsed light. 

c) Thin section of analcite dolerite from the Clauchlands sheet 

shov/ing amphlbole (light-grey) moulded round a euhedral opaque 

crystal. Magnification X32. Plane-polarised l i g h t . 



Plate I I I . 
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and abundant minute crystals of the ore minerals together with green 

chlorite, probably after olivine. Relatively large flakes of biotite are 

also distributed through this section. 

The large amount of ore minerals in this material i s significant i n 

that (1) i t shov/s that tiie ores are an early crystalline phase appearing at 

more or less the same time as plagioclase and olivine, and (2) Since pyroxene 

i s apparently absent at this stage i t suggests teBHWWWM^iSBKWWHPBBi 

9Mi ) that the subsequent appearance of pyroxene i n the dolerite may be 

the result of reactions between the ores and the magma. 

The rock coarsens rapidly av/ay from the margins of the sheet passing 

through fine to a coarse grained analcite-dolerite which characterizes most 

of the Intrusion. Although this transition i s rapid at both margins, i t i s 

more rapid from the bottom than from the topj the zone of fine-grained dolerite 

extending for a distance of only five feet above the base of the sheet whereas 

the corresponding zone at the top extends for twelve feet into the intrusion. 

This observation indicates that the sheet cooled asymmetrically, most of the 

heat having been lost from the upper margins. 

Analcite has the general formula Na2O.Al2O2.4SiO2.2H2O. (Dana I958), and 
i t s presence as a primary mineral i n igneous rocks i s generally taken as 

evidence that the magma retained considerable ajnounts of soda and water vapour. 

UTom a detailed examination of the thin-sections, i t i s clear that as 

crystallization proceeded, an association developed between the ore minerals 

and a reddish-brown amphibole. This association f i r s t appears about seventeen 

feet above the base of the sheet and continues tlu:oughout much of the intrusion, 

althogh i t i s absent at the margins. 

The presence of the amphibole, combined with the existence of primary 

analcite must, therefore, be further evidence that the crystallizing magma 
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retained i t s water vapour and other volatiles. 

The amphibole f i r s t appears as thin tenioous rims moulded onto the 

opaque crystals and i t i s d i f f i c u l t to distinguish from the flakes of biotite 

which are nearly always present in the rocks. Towards the centre of the 

intrusion, however, i t becomes more conspicuous and forms platey crystals 

although s t i l l crystallizing against or close to the ore minerals (Plate I I I ) 

The mineral i s deep reddish-brown iix colour i s distinctly pleochrolc 

to a straw-yellow colour, and hence strongly resembles sections of biotite. 

However, rare sections are present which have the amphibole cleavage, and 

vdien this i s absent, the distinction can usually be made in terms of the 27 

which i s large for the amphibole and very small for biotite. The straight 

extinction of biotite and oblique extinction of amphibole sections i s not 

a safe criterion for distinction because the extinction angle of the amphibole 

i s very small. However, a distinguishing feature which i s of some value i s 

the fact that the interference colours of biotite invariably show a character­

i s t i c schlllerlzation effect vM.ch i s not shoim by the amphibole. 

As mentioned earlier, the high concentration of opaqvie minerals i n the 

chilled magma i s evidence that the ore minerals are an early crystallization 

phase. Examination of the dolerite sections supports this conclusion, for, 

on textural evidence, i t i s clear that the ores crystallized generally later 

than olivine and plagioclase because these latter minerals tend to show 

Idiomorphlc outlines against the ores; but, using this same criterion, i t 

i s apparent that the ores crystallized before the titanaugite for the opaque 

crystals tend to show Idiomorphlc outlines against the pyroxene (Plate 17 a) 

The piodal content of the ore minerals has been determined by point 

counting and the results are summarized in Table 2 and plotted i n Figure 5« 
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Plate IV 

a) Thin section of analcite-dolerite from the Clanchlands sheet. 

A large c r y s t a l of t i t a n a t i g i t e ( l i g h t grey) contains sub-

o p h i t i c a l l y intergrown l a t h s o f plagioclase. The plagioclasa 

laths shov; eiiiedral boundaries against the opaque mineral 

(top centre) indicating t h a t they formed e a r l i e r . The opaque 

mineral i s euhedral against the pyroxene i n d i c a t i n g t h a t the 

pyroxene i s the l a t e r mineral. Magnification X 3 2 . Crossed 

n i c o l s . 

b) Thin section of material from the Ross. The d o l e r i t e texture 

can be recognised. The rock i s much altered (especially a t 

l e f t of the f i e l d of -view) with the introduction o f hydrothermal 

c a l c i t e . Magnification X32. Crossed n i c o l s . 
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Table 2 . 

Percentage of Opaque Minerals i n the Clauchlands Sheet 

Sample.Horizon. Number of Points Counted. % Error ( f e e t ) Opaque Rest Total Opaques + 

S 1 Top 268 3333 3601 7 . 4 0.8 
S 2 126 415 5383 5798 7 . 1 0 . 6 
S 3 122 285 5163 5448 5 . 2 0 . 5 
S 4 118 244 3781 4025 6 . 1 0 . 6 
S 5 114 188 4927 5115 3 .7 0 . 5 
S 6 110 179 4806 4985 3 . 6 0 . 5 
S 7 106 278 7252 7530 3 .7 0 . 4 
S 8 102 240 7506 7746 3 . 1 0 . 4 
S 9 98 154 4708 4862 3 .2 0 . 5 
S10 94 120 5219 5339 2 . 2 0 .3 
S11 90 253 8084 8337 3 . 0 0 . 4 
S12 86 50 . 3472 3522 1.4 0 .3 
S3Q 82 36 3502 3538 1.0 0 .3 
S31 78 147 8004 8151 1.8 0 . 2 
S32 74 (128 4990 5118 2 . 5 0 .3 
S35 70 196 7304 7500 2 . 6 0 , 2 
S34 66 168 7080 7248 2 .3 0 . 2 
S35 62 103 3324 3427 3 .0 0 . 4 
S36 58 159 6784 6943 2 .3 0 . 2 
S37 54 204 5530 5734 3 . 5 0.3 
S38 50 96 3898 3994 2 . 4 0.3 
S39 46 139 3391 3550 3 .9 0 . 4 
S40 42 154 4261 4415 3 . 5 0.3 
S41 20 339 6358 6697 5 . 1 0 . 5 
S42 17 267 3956 4223 6.3 0 . 6 
S43 14 208 7429 7637 2 .7 0 .3 
S44 11 231 4437 4668 4 . 9 0.3 
S45 8 494 5237 5731 8 .6 0 . 5 
S46 5 258 5071 5329 4.8 0 .3 

S13 40 Pegmatite segregation 8.6 
S14 30 Basalt x e n o l i t h 4 . 2 
S15 26 Basalt x e n o l i t h 4 . 1 

Errors estimated a f t e r Barringer ( 1 9 5 3 ) ' 



Figure 5. 

D I S T R I B U T I O N OF THE ORE M I N E R A L S 

W I T H I N THE C L A U C H L A N D S SHEET 

100 

5 f l J 

• b 
• b 

1 I I I 
2 < 6 8 

1 2 3 4 5 6 7 8 9 1 0 
Oi 
^ ORE M I N E R A L S 

p Do 1 e r I t e - p e g m a t i t e S e g r e g a t i o n 

b B a s a l t X e n o l i t h s 



From t h i s i t can be seen that the amount of ore minerals i n the rock decreases 

f a i r l y regularly away from the margins of the sheet. Whatever the o r i g i n 

of t h i s v a r i a t i o n , however, i t s e f f e c t on the palaeomagnetism of the sheet 

i s s t r i k i n g l y shown i n F i g . 8 (Chapter VI Palaeomagnetism) which summarizes 

the variations i n the i n t e n s i t y of magnetization through the sheet. I t i s 

clear t h a t the i n t e n s i t y i s controlled i n large part by the amount of "magnetite" 

i n the rock. 

Petrographic examination of the 'basaltic' xenoliths mentioned i n Chapter 

I shov; th a t they are fine-grained dolerites consisting of o p h i t i c a l l y i n t e r -

grown plagioclase and titanaugite with c h l o r i t i s e d pseudomorphs of olivine 

and abundant ore ainerals. Rarely, the ores are rimmed ;ri.th amphibole, and 

hence these rocks are essentially similar to the material of the sheet i t s e l f , 

except t h a t analcite cannot be c e r t a i n l y i d e n t i f i e d . I t seems clear that the 

xenoliths are portions of the i n t r u s i o n which have been caught up from s l i g h t l y 

lower horizons as a resiolt of l a t e r intrusive pulses. 

Thin-sections of the comtry rock above and below the sheet show that 

whereas the sandstone immediately above the intrvision contains a high percentage 

of ore minerals, the sandstone immediately below the intrusion contains no ore 

minerals but consists essentially of quartz cemented by carbonate and showing 

l i t t l e evidence of r e c r y s t a l l i z a t i o n , 

Episcopic obseinrntions (Chapter I I I ) show that the ores i n the sandstone 

are not related to those of the intr u s i o n but consist largely of hematite 

deilved by re crystal l i zation of a f e r r i f e r o u s cement. The absence of such 

ores a t the lower contact i s probably due to the d^ifferent l i t h o l o g y of the 

underlying sandstones f o r they belong to the top of the Brodick Breccia Grov^ 

and do not have the characteristic reddish coloTiration of the Lamlash Sandstone 

above the i n t r u s i o n . 
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D. The Nature of Material from the Ross 

The Ross i s a prominent h i l l (992 f t . ) which rises on the north side 

of Monamore Glen between the Monamore and Benlister valleys (See Chapter I ) • 

The nature of material from the Ross has been i n some doubt and T y r r e l (1928) 

concludes th a t "without fresh material i t i s hard to say whether t h i s mass 

i s r e a l l y a continuation of the Monamore crinanite (as i t i s mapped on the 

One-Inch Geological Map), or a member of the quartz-dolerite suite." 

Two samples have been investigated i n the present work, both of them 

from high up on the southern flanks of the Ross, and both of them, although 

extensively altered, can be recognised as having o r i g i n a l l y been analcite-

d o l e r i t e . 

A description of Sample S65 i s representative of both samples. I n t h i n -

section i t i s seen to be fundamentally an analcite-dolerite which has suffered 

extensive a l t e r a t i o n as a r e s u l t of hydrothermal a c t i v i t y (Plate IV b.). The 

basic o p h i t i c texture betvreen plagioclase laths and titanaugite remains but 

both the plagioclasei crystals and the titanaugite have been extensively replaced 

by c a l c i t e , and calcite also forms prominent widge-shaped masses between the 

plagioclase l a t h s . Fibrous zeolites axe also present and have probably replaced 

o r i g i n a l analcite. The o l i v i n e constituent i s e n t i r e l y pseudomorphed by 

green c h l o r i t e (penninite) and, i n f a c t , the only unaltered material appears 

t o be the abundant euhedral crystals of the ore minerals. 

Material from the Ross, therefore, i s petrographically similar to the 

fresh analcite-dolerite of the cone-sheet found i n the Monamore and Benlister 

and hence, the map (Figure I -rj Chapter I ) shows the outcrop of the Monamore 

Sheet extending north-s-south across the Ross. 
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E. Relationships 'at Kin^scross Point 

The f i e l d relationships at Kingscross Point have been discussed e a r l i e r 

(Chapter I Field Relations), when i t was pointed out that according to 

T y r r e l (1928) the basalt i s the l a t e r rock type and occvirs as veins i n the 

analcite-dolerite v d i i l s t Tomkeieff and Longstaff (I96O) hold the opposite 

view and consider that the basalt i s the earler rock and that i t occurs as 

remnants withi n the l a t e r analcite-dolerite. The f i e l d evidence which i s 

used^ by T y r r e l to indicate c h i l l i n g of basalt against dolerite i s considered 

by Tomkeieff and Longstaff to indicate zones of remelting and i n t r u s i o n of 

rheomorphic basalt i n t o the d o l e r i t e . 
< 

As a resvO-t of the present observations i t i s considered that the view 

of T y r r e l i s more l i k e l y to be correct, namely that the basalt i s the l a t e r 

rock, and i t s o r i g i n has been t e n t a t i v e l y explained as arising from a dyke 

beneath the sheet of analcite-dolerite (See Chapter I F i e l d Relations). 

Three sections of the basalt/dolerite contact have been examined. Two 

of these are from the Petrographical Collection i n the Department of Geology 

at Durham, Nos. 433^. 4336B,. and the t h i r d Sample SI7 was collected 

during the course of the present work. A l l three shovr essentially the same 

features and a description of SI7 i s t y p i c a l . 

The two rocks represented are a coarse holocrystalline d o l e r i t e and a 

dense microcrystalline porphyritic basalt wbldh. i s t a c h y l i t i c at the actual 

contact. 

The d o l e r i t e consists essentially of plagioclase and titanaugite \ri.th 

some o l i v i n e and ore minerals. The texture i s crudely sub-ophitic, but much 

of the rock, especially near the contact, shows marked granulation. Minor 

amounts of b i o t i t e sire present, associated with the ores and t y p i c a l l y 

occurring between a c i y s t a l of ore and t i t a n a t g i t e . Although analcite cannot 
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be recognised t h i s may simply be due to the effects of granulation, f o r i n 

i t s general mineralogy the rock i s similar to other material from the cone-

sheet. 

The contact between the basalt and the dolerite i s sharp and irr e g u l a r , 

and the basalt appears as a Hack t a c h y l i t e . Large phenocrysts of distorted 

laths of plagioclase occur i n the basalt and are clearly derived from the 

do l e r i t e margins. Granulation of the doler i t e i s extreme, close to the 

contact but the rock ra p i d l y coarsens away from the contact. 

The basalt also coarsens away from the contact and becomes micro crystalline. 

I t consists essentially of a dense plexus of minute laths of plagioclase 

and abundant minute euhedral crystals of the ore minerals together with 

minute anhedral crystals of pyroxene which are straw i n colour. Yoder and 

T i l l e y (I962 p.373) ^^'^^ described yellow to lemon-yellow cllnopyroxenes 

that have developed, on heating basalts under oxidising conditions and state 

that the colour i s indi c a t i v e of the presence of f e r r i c i r o n . 

The dense t a c h y l i t i c contact and the extreme granulation of the dolerite 

i s considered to be clear evidence t h a t -the basalt i s l a t e r than the dolerite 

and that i t intruded the dolerite i n f u l l y l i q u i d form v/hich woiiLd argue 

against i t being rheomorphic i n o r i g i n . 

F. Summary 

The term analcite-dolerite f u l l y describes the rocks of the Lamlash 

Cone-Sheet. 

Detailed investigations of the Clauchlands Sheet indicate that the 

magma retained i t s v o l a t i l e s to a l a t e stage of cooling. The ore minerals, 

however, c r y s t a l l i z e d at an early stage, bet\raen the plagioclase-olivine 
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phase and the titanaugite stage. 

The modal content of the ore minerals has been found to decrease 

f a i r l y regularly away from the margins of the sheet, and t h i s variation i s 

reflected i n the i n t e n s i t y of magnetization of the rocks. 

The 'basaltic' xenoliths described i n Chapter I are petrographically 

similar t o material from the intrusion proper. 

The material forming the summit of the Ross has been shown to belong to 

the cone-sheet and hence the outcrop on the map has been drawn across t h i s 

h i l l . 

I t i s considered that Tyrrel's explanation f o r the complex basalt-

d o l e r i t e relationship a t Kingscross Point are more l i k e l y t o be correct 

than t h a t of Tomkeieff and Longstaff. 
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Chapter I H . Ore-Microscopy 

A. Introduction 

The work of NevAiouse (193^ has shown that the commonest opaque minerals 

i n igneous rocks are oriented intergrowths of magnetite and ilmenite. 

Subsequent work, hovrever, has sho^m that these minerals are more COTS^IQX 

than was realised by Newhouse, and that these terms, as used by him, are 

best regarded as general terms to describe isotropic minerals having properties 

similar t o those of natural magnetite ( F e ^ ^ ) , and anisotropic minerals 

having properties similar to those of natural iLnenite (FeTiO^). 

I n the present investigation i t has been found that i n general the 

opaque minerals i n the Clauchlands sheet also consist of such oriented i n t e r -

grovrths between an i s o t r o p i c mineral resembling magnetite and an anisotropic 

mineral resembling ilmenite. Hovrever, the X-ray data and the magnetic data 

discussed i n Chapters IV and V have shovm that these minerals are of variable 

composition and are not pure Fe^^and pure FeTiO^. Therefore -Uxey camiot 

be described as magnetite and ilmenite except i n the imprecise sense used 

by NevAiouse, and so i n the present work i t i s proposed, f o r convenience, to 

describe them as 'magnetite'- and •ilmenite'. 

B. Iron-Titanium Oxide Minerals i n the System ̂FeO-Fê O-̂ -TjOg 

Pou i l l a r d (I95O) f i r s t represented the compositions of the iron-titanium 

oxides i n terms of the system FeO-S'egÔ -TiOg (Figure 6 ). The important minerals 

i n t h i s system are magnetite ( F e ^ ^ ) , ilmenite (FeTiO^), hematite (FegO^) 

and ulvttspinel (Fe^TiO^). Rutile (TiOg) may occur i n acid igneous rocks but 

i s apparently absent from basic igneous rocks (Newhouse 193^)1 and pseudo-

brookite {Fe^iQ^ i s a rare mineral which i s unstable below about 500°C 
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Figure 6. 
The System FeO-Fe^O^-TiO^ ( a f t e r K a t s u r a and 
Kushiro I 9 6 I ) i l l u s t r a t i n g the range i n 
composition of Y - s p i n e l s . 
S o l i d c i r c l e s represent titanomagnetites. 
Open and h a l f s o l i d c i r c l e s represent 

I 
titanomaghemites from Japanese rocks and 
from South A f r i c a r e s p e c t i v e l y . 



(Taylor I96I). The compound FeTigO^ does not occur naturally and i s unstable 

below 1000°C (Taylor I96I). 

The important characteristics of these minerals are described below: 

Magnetite (Fe^^) appears l i g h t greyish brown i n polished section 

(TJytenbogaardt I95I), has a r e f l e c t i v i t y i n a i r of 21.1^6 (Bowie and Taylor 

1958), and a Vickers hardness number i n the range 533 - 599 (Bovde and Taylor 

1958). I t i s i s o t r o p i c . 

'Ilmenite (F^iO^) i s l i g h t to dark brown i n polished section sometimes 

wit h a f a i n t pinkish or v i o l e t t i n t , and exhibits r e f l e c t i o n pleochroism from 

l i g h t pinkish brown (0) t o dark brown (E) (Uytenbogaardt I95I). I t has a 

r e f l e c t i v i t y i n a i r of 19.4$ (Folinsbee 1949; Bovde and Taylor I958) and a 

Vickers hardness number w i t h i n the range 519 - 703 (Bowie and Taylor I958). 
I t i s strongly-anisotropic and exhibits l i g h t greenish grey or hrovraish grey 

colours betv/een crossed nicols (Uytenbogaardt 1951)• Ilmenite i s a rhombohedral 

mineral. 

Hematite ( a -^©2^3^ appears vdiiter than ilmenite i n polished section 

and i s grey-vMte i n colour with a bluish t i n t (Uytenbogaardt 1951) • I t has 

a r e f l e c t i v i t y i n a i r of 27.5S5 (Bowie and Taylor I958) and a highly variable 

Vickers hardness number within the range 7 ^ - IO62 (Bowie and Taylor I 958 ) . 

This v a r i a t i o n i n hardness appears to depend on the degree of c r y s t a l l i n i t y , 

ranging from 739 - 822 f o r microcrystalline samples, and Srom 920 - 1062 

f o r coarsely o^ystalline 3aii5)les. :(Bowie and Taylor 1958) • Hematite i s 

d i s t i n c t l y anisotropic and exhibits greyish blue or greyish yellow coloxirs 
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between crossed n i c o l s . Deep red i n t e r n a l reflections are also very common 

when the specimen i s not vrell polished (Uytenbogaardt I95I). Hematite i s 

also a rhombohedral mineral. 

I t has long been known that there also exists a cubic form of FegO^ 

which i s distingiiLshed as maghemite (f -FOgO^). By means of X-rays, HBgg 

(1935) determined i t s structure and Vervrey (1935) showed tha t , compared \d.th 

magnetite, i t e x i i i b i t s a l a t t i c e defect, 1 i n 9 of the i r o n ^ions being absent. 

Maghemite i s metastable and on heating inverts t o ouFe_0^, the inversion 

probably being monotropic (Mason 1943). Basta ( ^ ^ ) has demonstrated the 

existence i n nature of a l l stages i n the oxidation of magnetite to maghemite. 

Maghemite (Y-Fe^O^) appears bluish-grey i n polished section and i s 

i s o t r o p i c (Odman 1932). I t has a r e f l e c t i v i t y i n a i r of 25.0^ (Bo^vie and 

Taylor I958) and a Vickers hardness number vdthin the range 894 - 988 (Bowie 

and Taylor I958). 

'IJlvttspinel (FSgTiO^) may be d i f f i c u l t to i d e n t i f y i n reflected l i g h t . 

I t i s cubic, and the natural mineral i s only known to occur as fine i n t e r ­

growths w i t h i n magnetite. (Mogensen 1946j Ramdohr 1953» Basta 1953i Vincent 

and P h i l l i p s 1954). I n polished section i t appears darker brovm than magnetite, 

although colour i s apparently not a safe c r i t e r i o n for i t s recognition (Ramdohr 

1953)* i't' ^orma a characteristic cloth or 'petit-point' texture (Plate V) 

i n which minute lamellae of ulvBspinel are oriented along the (100) planes 

of the magnetite. 

Rutile (TiOg) appears grey, sometimes with a bluish t i n t , i n polished 
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Plato V 

Ulvftspinel (dark grey) intergrown with magnetite ( l i g h t grey) 

i n a d i a r a c t e r i s t i c »petit-point', texture. The large transparent 

blades (blachjare spinel. Polished section. Plane polarised 

l i g h t . Magnification X Sangjle from Lac de l a Blache, 

Sagxienay Co., Quebec, Canada. 
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section (Uytenbogaardt I95I) and has a r e f l e c t i v i t y i n a i r of 20.2^ (Bowie 

and Taylor I958). Therefore, i n colour and r e f l e c t i v i t y i t resembles magnetite. 

Hutile, hov/ever, i s a strongly anisotropic mineral, although the anisotropy 

i s usually masked by strong yellow to brovm internal r e f l e c t i o n s (Uytenbogaardt 

1951) > and i t i s also much harder than magnetite, having a Vickers hardness 

number within the range 1074 - 1210 (Bowie and Taylor I958). 

Pseudobrookite (FOgTiO^) closely resembles r u t i l e i n polished section, 

both as regards i t s colour and i t s yellow or brovni intemEil r e f l e c t i o n s . 

(Uytenbogaardt 1951) • Values for r e f l e c t i v i t y and microhardness are not 

known but i t appears to have a lower r e f l e c t i v i t y than r u t i l e (Uytenbogaardt 

1951). 

Three solid-solution s e r i e s are knovm to e x i s t i n the system FeO-FegO^-TiOg. 

So l i d solutions betvraen magnetite and ulvSspinel are cubic, solid-solutions 

between hematite and ilmenite are rhombohedral, and s o l i d solutions between 

pseudohrookite and FeTigO^ are orthorhombie. 

P o u i l l a r d (1950) f i r s t demonstrated the existence of extensive s o l i d -

solution betvreen magnetite and ulvBspinel to form cubic titanomagnetites 

having properties intermediate between those of magnetite and ulvftspinel. 

L a t e r workers have shown that there also e x i s t s a viide variety of cubic minerals 

having properties s i m i l a r to those of the titanomagnetites, but whose compositions 

cannot be expressed simply i n terms of magnetite-ulvftspinel solid-solutions. 

(Basta 1953; 1959J Akimoto, Katsura and loshida 1957; Katsura and Kushiro I96I). 

Figure 6 shovra the known range of compositions of these cubic minerals. I t 

can be seen that these extend beyond the FeTiO^-FogO^ j o i n of the rhombohedral 
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minerals. 

Frequently those minerals having compositions close to tlie magnetite-

TiLvttspinel j o i n have been called titanomagnetites. (Akimoto, Katsura and 

Yoshida 1957) w h i l s t those minerals having compositions close to the hematite-

ilmenite j o i n have been called titanomaghemites (Basta 1953j 1959; K a t s i r a 

and Kushiro I96I). This, however, would appear to be an arbitrary and 

m s a t i s f a c t o r y d i s t i n c t i o n . 

Verhoogen (I962) has proposed that hematite, ilmenite and the rhombohedral 

solidr-^olutions be c a l l e d a-phases, and that the cubic iron-titanium oxides 

be distinguished as phases i n the case of magnetite, ulvftspinel and th e i r 

s o l i d solutions, or as Y-phases i n the case of maghemite and those cubic minerals 

which are not simply solid-solutions between magnetite and ulvftspinel. Using 

t h i s c l a s s i f i c a t i o n , then the term Y-phase would include a l l those cubic 

minerals shovm to the ri g h t of the magnetite-ulvBspinel j o i n i n Figure 6 

and would, therefore, avoid any confvision between the terms titanomagnetite 

and titanomaghenite. 

I t i s known that these phases may be formed by oxidation of titanomagneties 

(p-phases) whose compositions l i e on the magnetite-ulvftspinel j o i n (Akimoto, 

Katsura and Yoshida 1957 J Katsura and Kushiro I96I), althovigh i t i s not laiown 

vdiether t h i s i s the only way that they may form. I t seems preferable to rdfer 

to these minerals as Y-phases, rather than to apply arbitrary divisions of 

terminology. 

I t has long been known that solid-solution i s continuous between hematite 

(a-FeoOJ and ilmenite (FeTiOJ a t temperatures above 3J05O°C (Ramdohr 1926j 

Posnjak and Barth 1934). P o u i l l a r d (1950) f i r s t demonstrated the existence 

of a gap i n the s o l i d solution s e r i e s at 950°C, which extends ftom about 355 



FeTiO^ to S($ FeTiO^, and at normal temperatures, s o l i d solution i s much 

more r e s t r i c t e d . Edwards (193 )̂ lias reported hematites containdjag approxijnately 

20^ FeTiD^, and ilmenites containing up to 6̂  ^®2°3* Basta (1953) 

reported ilmenite containing -a^ to 18^ Ft/PlOy '^^°3-

Edwards (1938) has called the hematite-rich solid-solutions t i t a n -

hematites. They are more grey-white than pure hematite i n reflected l i g h t , 

have a lower r e f l e c t i v i t y and show strong anisotropy. They lack the deep 

red i n t e r n a l r e f l e c t i o n s of hematite and are more r e s i s t a n t to hydrofluoric 

acid or mixtures of hydrofluoric and sulphuric acids. (Edi^rards 19;^). 

The ilmenite-rich solid-solutions are also strongly anisotropic but are 

brovm compared to the titanhematites, and are pleochroic i n brownish t i n t s 

(Edwards 193 )̂ • Such minerals have been called f e r r i - i l j n e n i t e s by Basta (1953) • 

Theihombohedral solid-solutions betvraen pseuiobrookite and FeTigO^ are, 

as yet, imperfectly known, Taylor (I96I) refers to them c o l l e c t i v e l y as 
pseudobrookite and has found that they are rare i n nature because they decoiiQ)ose 

at low temperatures. FeTigO^ decomposes to r u t i l e and ilmenite below 1000°C, 

and FOgTiO^ decomposes to hematite and ̂ ^^y about 500°C. 

According to Basta (1953)» Fe^O^. 3^±02 (arizonite) i s not a mineral but i s 

r e a l l y a mixture of hematite and anatase with some r u t i l e . 

C. The Opaxjue Minerals i n the Clauchlands Sheet 

Apart ftom minor amounts of pyrite and chalcopyrite, the opaque minerals 

i n the Clauchlands sheet consist of an isotropic phase resembling magnetite 

and an anisotropic phase resemblir^ ilmenite. Data obtained from the X-ray 

analyses and the magnetic analyses (Chapters IV and V) indicate that these 
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minerals are not pure ^'e^^ and pure FeTiO^ and therefore, i n the present 

work i t i s proposed to re f e r to them, for convenience, as 'magnetite' and 

'ilmenite'. 

Throughout most of the intrusion, the 'magnetite' and 'ilmenite'. occur 

as oriented intergrowths (see l a t e r ) but towards the centre of the sheet 

'ilmenite' appears also as a separate phase. Before these relationships are 

considered, however, some episcopic properties of the 'magnetite' and the 

separate 'ilmenite' are presented below. 

D, Some Episcopic Properties of the 'Magnetites', 

a) Microhardness. 

A G.K.N, micro-indentation hardness t e s t e r has been used to obtain 

hardness measurements on ten samples of the 'magnetite', i n the Clauchlands 

sheet. 

This instrument, which has been described by Bowie and Taylor (195^)» 

has a square diamond pyramid indentor ̂ d.th a 136° included angle betvreen 

opposite faces producing square indentations. 

The hardness value, which i s a function of load over area, can be calcialated 

from the length of the diagonals by use of the formula: 

H = 2Psin 9 

where H i s the diamond pyramid hardness number, P the load i n kilograms, D 

the length of the diagonal i n millimeters and 0 i s half the included angle 

between opposite pyramid faces. 

I n practice the hardness nmbers for different values of the load P 



have been tabulated against the diagonal length, and thus are re a d i l y 

determined from measurements of the diagonals. However, since the hardness 

of most surfaces tends to be anisotropic, both diagonals are usually 

measured and the hardness obtained as a function of the mean diagonal length. 

The hardness values obtained with t h i s instrument are Vickers Hardness 

Numbers and must be distinguished from Knoop Hardness Nmbers which are 

obtained from a diamond indentor i n vrfiich one diagonal i s about seven times 

tlae length of the other, (Cameron 1959)* thus producing a diamond-shaped 

indentation. The sources of error associated with microhardness determination 

have been discussed by Nicholl (I962). 

Measurements have been made using a lOOg load i n order to investigate 

(a) the variation i n hardness within an individual grain and (b) the variation 

i n mean hardness of the 'magnetite' throughout the intrusion. The r e s u l t s 

are summarized i n Table 3 sind plotted graphically i n Figure 7* 

The mean hardness values are higher than those of magnetite and l i e 

intennediate between the values quoted for magnetite and those given for 

maghemite. (Bovde and Taylor 1958)* This might indicate tliat the minerals 

are Y-phases but the presence of impurities such as Al vriLthin the 'magnetite', 

might also r e s u l t i n hardness values higher than those of magnetite, so that 

firm conclusions are not j u s t i f i e d . 

Hardness measurements made within individual grains do not show significant 

v a r iations which could be interpreted as inhomogeneity nor do the means for 

single grains d i f f e r s i g n i f i c a n t l y from those obtained from different grains.' 

b) R e f l e c t i v i t y 

The r e f l e c t i v i t y of a mineral i s defined as the percentage of normally 

incident l i g h t that i s reflected from the surface, and i t i s a property vAiich 
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Table 5. 

Microhardness Values of the 'Magnetites' 

Sample Horizon Hardness Values 
( f e e t ) 

S 2 126 1048 1115 1064 

1097 1115 1033 

S 3 122 698 707 649 
724 554 835 

S 6 

S30 

S31 

S34 

S36 

S40 

041 

110 

82 

66 

58 

42 

14 

657 772 
8l3 1048 

870 
894 

847 
920 

988 

519 

920 
858 

78 824 803 946 
858 920 642 

673 642 566 

690 792 858 
724 803 824 

762 858 613 

Mean 
three measurements 1076 . . . . -
on a s i n g l e g r a i n . 

1082 . . . s i n g l e measurements on 
three d i f f e r e n t g r a i n s 

/-Qc three measurements 
on a sxngle g r a i n . 

704 . . . s i n g l e measurements on 
three d i f f e r e n t grains 

806 . 

793 . 

three measurements 
" o n a s i n g l e g r a i n . 
. . s i n g l e measurements on 

three d i f f e r e n t grains 

o,̂ q three measurements 
'"on a s i n g l e g r a i n . 

891 . . . s i n g l e measurements on 
three d i f f e r e n t g r a i n s 

three measurements 858 . . . 
on a s i n g l e graan. 

807 . . . s i n g l e measurements on 
three d i f f e r e n t g rains. 

627 . . . s i n g l e measurements on 
three d i f f e r e n t grains 

three measurements 780 . . . . -
on a sxngle g r a i n . 

784 . . . s i n g l e measurements on 
three d i f f e r e n t grains 

744 

762 882 907 850 
673 762 792 742 

..single measurements on 
three d i f f e r e n t greiins 

three measurements 
*on a s i n g l e g r a i n , 
. s i n g l e measurements on 
three d i f f e r e n t grains 

S47 2^ 782 835 824 814 . . . s i n g l e measurements on 
three d i f f e r e n t grains 

Microhardness range f o r : 
Magnetite = 540-600 

Maghemite = 890-990 (Bovd.e and Taylor 1958). 



Figure 7. 

t e c t 

500 600 700 800 900 1000 "00 

vtckcrs hardness number 



F i g u r e 7. 

Microhardness (VHN) of some 'magnetites' 
i n the Clauchlands Sheet. The ranges f o r 
magnetite and maghemite (according to Bowie 
and T a y l o r 1958) are shown f o r comparison. 



may be measured accurately ( i 1^), by photoelectric methods. (Bowie and 

Taylor I958; Nicholl 1962; Gray and Millman I962). I t i s the most fundamental 

property of an isotropic mineral that can be determined by ref l e c t i o n 

microscopy. (Cameron 1959)• 

The equipment used i n the present investigation has been described by 

Nicholl (1962) and consists of an eleven-stage photomultiplier, E.M.I, type 

6094B, powered from a 2Kv s t a b i l i z e d power pack, the current from the 

collector being recorded d i r e c t l y on a spot galvanometer (Camhridge Instrument 

Co. Ltd.) having an i n t e r n a l resistance of 450 ohms. 

The r e f l e c t i v i t y i n white l i g h t has been determined for 'magnetite', from 

eight samples, by comparison with a pyrite standard of ̂ 4$ (Bovde and Taylor 

1958), and these r e s u l t s are given i n Table 4. 

The v a r i a t i o n i n r e f l e c t i v i t y within an individual sample does not 

exceed about 2% and, indeed there appears to be no appreciable variation i n 

r e f l e c t i v i t y within the intrusion as a whole. The values obtained, hovrever, 

are much lower than would be expected for magnetite. (Bowie and Taylor 1958)* 

The vAiite colour of a mineral, however, depends on the nature and 

d i s t r i b u t i o n of i t s absorption bands, the medium of observation, and the spectral 

response of the obsei^er's eye. (Gray and Millman I962). I f , therefore, 

the r e f l e c t i v i t y i s determined for incident l i g h t of different wavelengths, 

a s p e c t r a l r e f l e c t i v i t y p r o f i l e may be constructed which i s c h a r a c t e r i s t i c 

of the mineral. 

Only cubic minerals, however, shov/ a single spectral r e f l e c t i v i t y 

p r o f i l e that i s constant i n shape regardless of orientation. Minerals of 

lower symmetry are b i r e f l e c t i n g and hence the character of the spectral 

r e f l e c t i v i t y p r o f i l e changes with orientation. 

The spectral r e f l e c t i v i t y p r o f i l e s of the 'magnetite', i n four samples 
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Table 4. 

R e f l e c t i v i t y Values of the 'Magnetites' 

1. R e f l e c t i v i t y i n white l i g h t using p y r i t e as standard a t 54?̂ . 

Sample R% 
D i f f e r e n t Grains 

S 2 
S 7 
S11 
S32 
S34 
S36 
S39 
S47 

17.0 
19.5 
20.5 
16.5 
16.5 
19.5 
17.5 
18.5 

16.5 
17.0 
20.0 
18.0 
19.0 
17.0 
17.0 
19.0 

16.5 
16.5 
18.0 
17.0 
17.0 
19.0 
17.0 
18.5 

Mean 
16.7 
17.2 
19.5 
19.5 
17.8 
18.5 
17.2 
18.7 

D i s p e r s i o n of the r e f l e c t i v i t y . 
Sample 6l0m^ 470in;i 520nyi 373m 600im 700mu 

blue. greea. yellow.orange.red. 

P y r i t e * 54.8 46 .0 52,0 54.5 54.8 56.0 
S 7 16.8 15.7 17.4 16.0 16.3 18.0 
S11 17.3 15.2 15.1 17.3 17.8 17.5 S32 16.8 15.5 15.6 16.5 15.8 17.5 
S39 17.8 17.5 17.4 16.3 17.8 17.7 
3439** * 16.5 15.0 15.1 15.3 16.5 17.5 Magnetite** 20.0 24 .7 22 .3 18.6 18.9 18.4 

Magnetite/* 21.1 27.6 25.0 22.1 21.9 19.5 

• P y r i t e r e f l e c t i v i t y as given by the National P h y s i c a l 
Laboratory, ( v i a Bowie I963). 

** Magnetite/ulvOspinel ore from Lac de l a Blache,Quebec 
Canada. 
Data from Gray and Millman (1962). 



have been determined by measuring the r e f l e c t i v i t y a t wavelengths of 470n^, 

(blue), 520m^ (green), 373^ (yellow) 600n^ (orange), yOOm̂ i (red) and 6lCn^, 

using/Schott continiiovis band interference f i l t e r , with a half value width 

of 250^ supplied by Bellingham and Stanley, London. 

The r e f l e c t i v i t i e s have been measured against a pyrite standard, taking 

values of the r e f l e c t i v i t y of pyri.te i n l i g h t of various wavelengths as l i s t e d 

i n Table 5. These values have been supplied by the National Physical Laboratory 

( v i a Bowie I963), and represent the most recent data on the r e f l e c t i v i t y of 

pyri t e . 

The p r o f i l e s are shovm i n Figure 8 and may be compared with the spectral 

r e f l e c t i v i t y p r o f i l e s of magnetite which have been drawn from the data of 

Gray and Millman ( I 9 6 2 ) . 

Figure 8 also includes the spectral r e f l e c t i v i t y p r o f i l e of a magnetite/ 

uLvSspinel ore from Lac de l a Blache, Quebec (Departmental Collection No.3439) 

^ ^ c h has been measured as part of the present investigation. This ore i s 

brown i n colour and the intergrown ulvSspinel can be c l e a r l y seen (Plate Va). 

I t i s apparent that the r e f l e c t i o n characteristics of the Clauchlands 

.'magnetites', resemble those of the magnetite/ulvBspinel ore. Hov/ever, the 

existence of an 'ulvo spinel'-type intergrov/th i n these minerals has not been 

confirmed although tliere i s i n d i r e c t evidence which indicates that they may 

be present i n some samples. This evidence i s discussed below. 

c) Deuteric Alteration of 'magnetite'. 

Sample 35 i s unique i n the present collection i n that i t has suffered 

extensively from the action of deuteric solutions. This a c t i v i t y has resulted 

i n the s e l e c t i v e etching of the 'magnetite' whilst leaving the •ilmenite' 

lamellae unattacked (Plate V I ) . These structures c l e a r l y develop inwards 
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Table 5 . 

P y r i t e R e f l e c t i v i t y as given by the National 
P h y s i c a l Laboratory ( v i a Bowie 1963) 

my. Wo 

440 41 . 2 

460 44.3 

480 47 .5 

500 50.2 

520 52.0 

540 53.2 

560 54.0 

580 54.7 

600 54.8 

620 55.0 

640 55.2 

660 55.7 

680 56.0 

700 56.0 



—ma 
A - J L. 

A 

A 

1 r r — ^ A 



F i g u r e 8. 
S p e c t r a l r e f l e c t i v i t y p r o f i l e s 

a) 'Magnetite' i n sample S7 from the Clauchlands Sheet 
b) 'Magnetite' i n sample S11 " " " " 
c) 'Magnetite' i n sample S32 " " " " 
d) 'Magnetite' i n sample S39 " " " " 
e) Magnetite/ulvBspinel intergrowth from Lac de l a 

Blache, Canada. (Departmental C o l l e c t i o n No 3439). 
f ) Magnetite (two s e t s of data) a f t e r Gray and Millman 1962. 



Plate 71 

a) 'Magnetite', from the Clauchlands sheet (Sample S5) that 

has been etcshed by na t u r a l agencies, (probably deuteric 

s o l u t i o n s ) . Polished section. Plane polarised l i g h t . 

Magnification ELOQ, 

b) D e t a i l of the etched iatructure. Plane polarised l i g h t . 

Magnification X4D0^. 



P l a t e VI, 

b. 



from the margins of the crystals and there can be no doubt but t h a t they 

have been produced deuterically. 

The etched »magnetite». has a ce l l u l a r texture that closely resembles 

an intergroxrth of two cubic phases, and since X-ray analysis shows that 

two spinels are present i n t h i s sample (a^ = 8'394&) i t i s concluded that 

they are intergrown i n t h i s manner. 

A number of other samples are knom to contain more than one spinel 

phase, and hence t h i s r e s u l t i s of particular value because i t indicates 

th a t these spinels are probably intergrown, rather than occurring as 

separate crystals or as zoned crystals. 

E. Some Episcopic Properties of the 'Ilmenites' 

a) Microhardness 

Microhardness measurements have been made on the separate »ilmenite' 

crystals from four samples \id.thin the Clauchlands sheet. The measurements 

have been made using a lOOg load i n order to investigate (a) the variation 

i n hardness id.thin i n d i v i d u a l grains and (b) the variation i n mean hardness 

from one sample to the next. 

The results are summarized i n Table 6 and they show that the mean 

values do not d i f f e r appreciably from those given f o r ilmenite by Bowie and 

Taylor (I958) and t h a t there i s no si g n i f i c a n t variation w i t h i n individual 

grains. 

b) R e f l e c t i v i t y 

The spectral r e f l e c t i v i t y p r o f i l e s of the separate •ilmenite* £rom fo\ir 

samples have been determined against a pyr i t e standard, and these results are 

summarized i n Table 7. 
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Table 6. 

Mcrohardness Values of the Separate 'Ilmenites' 

Sajnple Horizon Hardness Veilues 
( f e e t ) Mean 

o TA TZl "ZZi three measurements S36 58 724 675 772 723 ...^^ ̂  ^ . ^ ^ l , ^ ^ ^ i ^ . . 
690 752 715 719 ...single measurements on 

three d i f f e r e n t grains 

C59 46 642 690 620 6 5 I ... ^^ree measurements 
on a single gram, 

754 634 715 694 ...single measurements on 
three d i f f e r e n t grains 

C42 32 675 654 649 535 three measurements 
on a single gram. 

698 536 716 650 ...single measurements on 
three d i f f e r e n t grains 

C43 28 724 835 824 794 three measurements 
' on a single gram. 

Microhardness range f o r i l m e n i t e : 536-705 (Bowie and Taylor I 9 5 8 ) . 



Table 7. 

a) R e f l e c t i v i t y Values of the Separate 'Ilmenites' 

Sample 6l0mu 470m;i 
blue 

520n^ 
green 

575m;x 
yellow 

600m^ 
orange 

700119 
red 

P y r i t e * 5 4 . 8 46 . 0 5 2 . 0 54 .5 5 4 . 8 5 6 . 0 
S12 18.3 19 .5 16.5 15 .3 16 .8 17 .5 
S30 17 .3 2 0 . 5 18 .3 17 .5 15.2 18 .0 
S36' 17 .3 1 7 . 0 17 .7 14 .8 14.2 17 .5 
C42' 18 .8 18 ,5 18.2 17.5 16.2 18 .5 

I l m e n i t e a ) * * 19 .5 2 8 . 5 26.1 21 .5 2 0 . 0 19 .5 
b) 22.2 5 0 . 0 28.2 25 .7 22.1 21 , 7 

* P y r i t e r e f l e c t i v i t y as given by the National Physical Laboratory 
( v i a Bowie 1 9 6 5 ) . 

i''C42 i s abbreviation f o r sample number A/C/5/42. 
••Data from Gray and Millman ( I 9 6 2 ) 

a) Section perpendicular t o ( 0 0 0 1 ) , 
bb) Section p a r a l l e l t p ( 0 0 0 1 ) , 

b) R e f l e c t i v i t y of the Opaque M n e r a l s i n the Sandstone 
above the Clauchlginds Sheet, Sample A/C/5/15.. 

Sample 6 lOim 470mp 
blue green yellow orange red 

P y r i t e ^ 5 4 . 8 46 . 0 52 .0 54 .5 54 .8 5 6 . 0 
•Hematite' 2 5 . 9 2 5 . 0 2 5 . 0 19 .9 20 .8 2 2 . 2 
'Magnetite' 17 .5 19 .5 17 .2 14.8 15 .7 15 .9 
Hematite a.)*** 2 2 . 8 5 0 . 5 2 8 . 0 25 .3 2 2 . 4 21 . 0 

b) 2 6 . 4 5 1 . 6 50 .5 28 .2 2 5 . 7 24 .5 

• P y r i t e r e f l e c t i v i t y as given by the National Physical Laboratory 
( v i a Bowie 1 9 6 5 ) . 

•••Data from Gray and Millman ( 1 9 6 2 ) . 
a) Section perpendicular t o ( 0 0 0 1 ) , 
b) Section p a r a l l e l t o ( 0 0 0 1 ) . 



The spectral r e f l e c t i v i t y p r o f i l e s are shown i n Figure 9 where they 

may be con^jared with p r o f i l e s f o r ilmenite sections cut p a r a l l e l to (OOOl) 

and perpendicular to (OOOl) which have been drawn from the data of Gray 

and Millman (I962). 

The present measurements have been made on unoriented sections and 

hence d i f f e r from the p r o f i l e s of oriented sections. The p r o f i l e s , however, 

are surprisingly similar amongst themselves considering the random nature 

of the ilmenite sections. 

F. The Opaque Minerals i n the Sandstones above the Intrusion 

The sandstones immediately above the intrusion contain abundant opaque 

minerals, and these rocks have been found to have the same reversed dire c t i o n 

of magnetization as found w i t h i n the intru s i o n i t s e l f (See l a t e r ) . Therefore, 

i t i s inQ)ortant t o investigate such material i n order t o determine whether 

tiie ores have originated w i t h i n tlie sandstone or whether they have been 

introduced from the intruding magma. 

I n polished section the opaque minerals occur as abundant anhedral grains 

and as minute specks disseminated throughout the rock. They are white i n 

colour with a r e f l e c t i v i t y of about 23*^ i n white l i g h t and a microhardness 

of about 790, and at high magnification (400 diameters) a f a i n t r e f l e c t i o n 

pleochroism i s clear l y v i s i b l e i n xvhich the colour varies from white to a 

delicate mauve. Between crossed nicols they show greyish-blue anisotropy 

colours and a complex r e c r y s t a l l i s e d texture (Plate V I I ) . X-ray analysis 

confirms that the mineral i s hematite although the 'characteristic' red 

i n t e r n a l r e f l e c t i o n s are absent. 

A spectral p r o f i l e i s shown i n Figure $ where i t may be compared with 

p r o f i l e s f o r oriented sections of hematite drawn from the data of Gray and 
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Figure 9, 
Spectral r e f l e c t i v i t y p r o f i l e s . 

a) Separate ' i l m e n i t e ' i n samples S12 and S30 

from the Clauchlands Sheet. 
b) Separate ' i l m e n i t e ' i n samples S56 and A/C/5/42 

from the Clauchlands Sheet. 
c) i l m e n i t e ( o r i e n t e d sections) a f t e r Gray and 

Millman 1962. 
d) 'Hematite' and 'magnetite' i n sample A/C/3/13 

from sandstone at top contact of the 
Clauchlands Sheet. 

e) 'Hematite' ( o r i e n t e d sections) a f t e r Gray and 
Millman 1962. 



Plate V I I 

a) Polished section of the baked, sandstone above the Clauchlands 

sheet. The opaque minerals are mostly 'hematite' (white ) . 

'Magnetite (light grey) i s v i s i b l e a t the centre o f the f i e l d , 

rimmed by 'hematite'. Dark areas are quartz and the black 

areas are p i t s i n the polished surface. Plane-polarised l i g h t . 

Magnification XIOO. 

b) As above but viewed between crossed nicols to show the complex. 

granular t e x t tire of the 'hematite' grains. 
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Plate V I I . 
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and Millman (1962). This p r o f i l e probably has l i t t l e meaning since the 
hematite crystals are composed of complex granular aggregates which are 
randomly oriented. 

However, a small amount of 'magnetite' i s also present among the ores, 

and i t s spectral r e f l e c t i v i t y p r o f i l e i s also given i n Figxire 9* Compared 

Td.th the hematite, -Uxe 'magnetite' has an appreciably lovrer r e f l e c t i v i t y and 

the shape of the p r o f i l e i s closely similar t o that shown Ija Figure 8 f o r 

the magnetites investigated by Gray and Millman (1962). 

The mineral i s d i s t i n c t l y blue when compared with the hematite, and 

with a microhardness of 77^ i t i s appreciably harder than magnetite so that 

i t might be an oxidised Y-phase (see e a r l i e r ) . I t i s isotropic and apparently 

homogeneous and occurs t y p i c a l l y as the core within hematite grains (Plate V I I ) . 

I t s presence i n t h i s environment may be interpreted as being r e l i c t 

crystals of unoxidised 'magnetite' or, i n view of the re cr y s t a l l i z e d nature 

of the hematite i t may represent localised dissociation of hematite to 

magnetite. Similar textures are known to form i n hematite ores that have 

been sintered a t 1100°C - 1300°C (R. P h i l l i p s personal communication). 

The sandstones above the in t r u s i o n , belong to the Lamlash-J4achrie Sandstone 

Groig) i n vdiich the rocks have a characteristic d u l l reddish colour. Immediately 

above the intrusio n , hovever, these sandstones are dark grey, hard and 

laminated, and contain the hematite/magnetite assemblage described above. 

The X-ray data (Chapter IV) ijidicates that the hematite contains about 

35 mol % FeTiO^ i n solid-solution. D e t r i t a l hematite gredns i n red sandstones 

commonly contain intergrown 'ilmenite' (R. P h i l l i p s Personal Communication) 

and, therefore, i t seems probably t h a t t h i s assemblage has been derived from 

the sandstone. 
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G. The 'Magnetite' - 'Ilmenite' Relationships i n the Clauchlands Sheet 

a) Statement of Problem 

Oriented intergrovrfch textures of the type i l l u s t r a t e d i n Plate ̂ SB. ]2 

are considered i n metallography to be the normal r e s u l t of unmixing from 

s o l i d solution and. Indeed, are talcen as a defin i t e indication that unmixing 

has occurred, (Mehl and Barret 1933). Therefore, i t i s natural when such 

textures are observed i n ores that they also should be interpreted as of 

exsolution o r i g i n . 

Moreover, sjiice oriented intergrowths of 'magnetite' and 'ilmenite'. are 

the commonest opaque oxides i n igneous rocks (Nev-iiouse 193^), they are 

frequently figured i n the l i t e r a t u r e as the typi c a l examples of an exsolution 

texture. (Schwartz I93IJ Edwards 1947j Bastin I95O; Schv/artz I95I). 

However, similar textures are known ihai, are undoubtedly the r e s u l t of 

replacement. For example, Lindsley (I962) has produced the 'magnetite' -

'ilmenite' intergrowth i l l u s t r a t e d i n Plate 3/111, by oxidation of ulvttspinel. 

There can be no doubt, therefore, that such 'magnetite' - 'ilmenite' i n t e r ­

growths can be produced by the oxidation of a P-spinel, 

Gruner (1929) iias shown Tjy examining polished sections cut p a r a l l e l to 

the (111) planes that the ilmenite lamellae l i e i n the (111) planes of the 

'magnetite'. He found th a t i n such sections the ilmenite' occurs as a more 

or less complete network of equilateral triangles, 

Gruner (1929) lias also shovm the st r u c t u r a l reason f o r the occurrence 

of these intergrowths. Every t h i r d and seventh (111) plane i n magnetite 

consists of oxygen ions only, whilst i n ilmenite, every t h i r d (OOOl) plane 

also consists of oxygen ions. Therefore, the intergrowths are made possibly 

by the sharing of a common plane of oxygen ions. 

Thus the textures of 'magnetite' - 'ilmenite'. intergrowths generally 
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Plate V I I I 

A t r i a n g u l a r intergrovrth between magnetite s o l i d - s o l u t i o n 

and ilmenite s o l i d - s o l u t i o n produced by oxidation of synthetic 

ulvOspinel. 

Polished section. Plane polarised l i g h t . Magnification X 2200 •. 

Taken from Lindsley (I962). 



Plate V I I I . 



are of a type vdiich would be regarded i n metallography as being of ezsolution 

o r i g i n and, moreover, there appear to be satisfactory structural reasons to 

account f o r such intergrowths befcTOen a cubic and rhombohedral phase. 

However, i n recent years r e l i a b l e data on the synthetic system FeO-

Fe^O^-TiO^ has accumulated vdaich leaves l i t t l e doubt but that even at high 

temperatures -Oaere i s only l i m i t e d m i s c i b i l i t y between Fe^^ and FeTiO^ 

(Schmahl and Meyer 1959 j Webster and Bright I96I; Taylor I96I) and that the 

maximum amount of 'ilmenite' i n such intergrowths should not exceed about 

21 Mii^ i f " i t i s solely the r e s u l t of exsolution (Taylor I96I). 

b) The evidence from the Clauchlands sheet 

I n the present investigation a collection of material has been examined 

which represents a complete section through the Clauchlands sheet, the average 

i n t e r v a l betvreen samples being of the order of four feet. I f exsolution has 

taken place, then i t might be expected to show vp i n t h i s section since i t 

includes samples ranging from the r a p i d l y c h i l l e d marginal facies to slowly 

cooled material from w i t l i i n the body of the intrusion. 

The ore minerals i n the marginal facies appear to be homogeneous 'magnetites' 

They are bluish grey or brownish i n colour, have a moderate r e f l e c t i v i t y and 

are i s o t r o p i c . Some are oxidised to 'hematite' sho\'ang strong red in t e r n a l 

r e f l e c t i o n s and such m a r t i t i z a t i o n i s especially common at the lower margin 

where i t i s associated \d.th the introduction of abundant hydrothermal c a l c i t e . 

The homogeneous 'magnetites' , hov;ever, rapidly become oriented i n t e r ­

growths of 'magnetite and 'ilmenite', and i n sample S46 f i v e feet above the 

base, a l l crystals are of t h i s type, and many contain a large amount of 

'ilmenite':. 

This t r a n s i t i o n appears to be less rapid at the top margin f o r i n sample 

41. 



S2, from four feet belov; the top, the majority of the crystals are s t i l l 

homogeneous 'magnetites'., although ;d.th pronounced anomalous anisotropy, 

and where 'ilmenite' does appear i t forms broad irre g u l a r lamellar i n t e r -

growths. However, twelve feet below the top i n sample S4, a l l the crystals 

contain oriented intergrovrbhs of 'ilmenite' i n which the (ilmenite occurs 

as lamellae p a r a l l e l to (111) and also as i r r e g u l a r segregations. I t i s an 

abundant component, and i n some cases, forms at least half of the c r y s t a l . 

Apart firom the narrow marginal zones, the opaque minerals through most 

of the i n t r u s i o n consist predominantly of these oriented intergro^rths. The 

proportion of 'ilmenite' varies considerably and the intergrowths may form 

w e l l defined triangular textures (Plate IX) i n which the 'ilmenite' occurs as 

f i n e i n c i p i e n t lamellae or as w e l l developed lamellae, or i n which the lamellae 

may show a seriate d i s t r i b u t i o n . The 'ilmenite'. may also occur as broad 

l a t h s oriented predominantly i n one direction and frequently shovdng a seriate 

d i s t r i b u t i o n (Plate X), or the intergroirths may contain irregular blebs and 

segregations of 'ilmenite' often d i s t r i b u t e d near to the crystal margins, 

(Plate ISl ). Less commonly, the intergroxvths may be of a complex character 

as i l l u s t r a t e d i n Plate X I I . 

However, 'ilmenite' also exists within the body of the i n t r u s i o n as 

crystals which are c l e a r l y of primary o r i g i n . Such 'ilmenite' forms homogeneous 

anhedral crystals which may occur quite separately from the 'magnetite' or 

they may occur i n intimate association xd.th 'magnetite' - 'ilmenite' i n t e r -

grovrths (Plate X I I l ) , and indeed the irregular 'ilmenite' i l l u s t r a t e d i n 

Plate XI i s probably of t h i s type. 

'Ilmenite' of t h i s type f i r s t appears about t h i r t y feet above the base 

of the intrusion. 4 6 f t . above the base (sample S39) i t appears as but a few 

discrete ciystals i n association vdth 'magnetite' - 'ilmenite' intergrowths 
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Plate IX 

'Magnetite'-'Ilmenite' Intergrowths i n the Clauchlands Sheet 

a) I n c i p i e n t lamellae of 'ilmenite' ( l i g h t grey) oriented i n 

tria n g u l a r texture w i t h i n 'magnetite', (medium grey). The 

dark grey area a t top l e f t i s a s i l i c a t e mineral showing 

inte r n a l r e f l e c t i o n s i s also v i s i b l e to the r i g h t of the 

f i e l d . Polished section. Crossed nicols.. Magnification 

XIOO. 

b) 'Ilmenite' lamellae ( l i g h t grey) intergrown w i t h 'magnetite' 

(da^k) and forming a well developed ¥idmanstatten texture. 

Polished section. Crossed n i c o l s . Magnification 100. 

c) Abundant 'ilmenite' ( l i g h t grey t o vdiite) intergrown vdth 

'magnetite' (dark). The lamellae vary i n size from fine 

to coarse, thus forming a seriate textxire. Polished section. 

Crossed n i c o l s . Magnification XIOO. 



Plate IX. 

a. 

b. 



Plate X 

»M£gnetite'-'IlmeiiLte« Intergrowths i n the Clauchlands Sheet 

a) Coarse lamellae of 'ilmenite' ( l i g h t grey) intergrown 

predominantly i n one d i r e c t i o n i n 'magnetite' (black). 

A few f i n e lamellae o f 'ilmenite' are also present. 

S i l i c a t e s , shovdng i n t e r n a l r e f l e c t i o n s are v i s i b l e a t 

top l e f t . Polished section. Crossed n i c o l s . 

Magnification EIDO. 

b) Lamellae of 'ilmenite' ( l i g h t grey) intergrown predominantly 

i n one d i r e c t i o n i n 'magnetite' (black). Polished section. 

Crossed n i c o l s . Magnification XIDO, 
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Plate X. 
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Plat© XI 

'Magnetite'-'Ilmenite' Intergrowths i n the Clauchlands Sheet 

a) 'Ilmenite'. (vMte and medium grey) occurring as coarse blebs 

and i n c i p i e n t lamellae i n 'magnetite' (black). S i l i c a t e s , 

sho^djig i n t e r n a l r e f l e c t i o n s are v i s i b l e at top r i g h t . 

Polished section. Crossed n i c o l s . Magnification XIGO, 

b) Coarse 'ilmenite' (grey) concentrated a t the margins of a 

•magnetite' c r y s t a l containing intergrovm 'ilmenite' 

lamellae. Polished section. Crossed n i c o l s . Magnification 

c) Coarse 'ilmenite' (grey and vMte) occurring i n 'magnetite*, 

containing a seriate intergrowth o f •ilmenite' lamellae. 

Polished section. Crossed n i c o l s . Magnification XIOO. 
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Plate XI. 
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Plate X I I 

'Magnetite'.-'Ilmenite'. Intergrowths i n the Clauchlands Sheet. 

A complex intergrovrtih between 'magnetite' and 'ilmenite'. 

'Ilmenlte' forms a large p a r t of t h i s intergro^rth. Polished 

section. Crossed n i c o l s . Magnification XIOO. 



Plate X I I . 



but at 54ft (sample S37), i t forms the pri n c i p a l ore mineral together with 

only minor amounts of 'magnetite' - 'ilmfeiite' intergrovrths, whilst at 58ft 

(sample S36), there are no intergrovrfchs and the opaqiie minerals consist of 

homogeneous 'ilmenite' and apparently homogeneous 'magnetite' as separate 

crystals \ri.th 'magnetite' i n excess. However, the presence of ilmenite as 

a f i n e intergrown phase i s indicated by the results of X-ray analysis i n 

(sample S'34). 

This association of separate 'magnetite', and 'ilmenite' persists vp 

to at least 66ft (sample S34) but at 74 f t , (sample S32), the 'magnetite' -

'ilmenite' intergrowths are once more dominant with only minor amomts of 

discrete 'magnetite' and 'ilmenite'. 

Ascending the next twenty feet of the intrusion, the ore minerals consist 

of the association intergrown 'magnetite' - 'ilmenite', separate 'ilmenite', 

and r a r e l y some separate 'magnetite', often vdth the separate 'ilmenite' 

present i n appreciable amomts. 

Above lJ06ft (sample S7), however, the separate 'ilmenite'. crystals-

disappear and the ores consist only of 'magnetite' - 'ilmenite' ijatergrov/ths, 

which a t the top margin are replaced by homogeneous 'magnetite'. 

These relationships are summarized i n Figure 10. I t i s tempting at 

f i r s t t o i n t e r p r e t them as indicating the exsolution of 'ilmenite' from a 

homogeneous 'magnetite' i n order to form the 'magnetite' - 'ilmenite' i n t e r ­

growths, and then to carry t h i s process one step further i n order to obtain 

the association separate 'magnetite' separate 'ilmenite' which appears i n 

the slowly cooled centre of the sheet. This, however, cannot be the correct 

explanation f o r the separate 'ilmenites' are clearly e a r l i e r than the 

'magnetite' - 'ilmsnite' intergrowths as can be seen i n Plate X I I I . 
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Figure 10. 
Changes i n the r e l a t i v e importance of the phases 
•magnetite', 'magnetite'-'ilmenite' i n t e r g r o w t h 
and separate • i l m e n i t e ' i n a v e r t i c a l s e c t i o n of 
the Clauchlands Sheet; shown diagrammatically. 



Plate Xin 

'Magnetite'-'Ilmenite' fntergrowths i n the Clauchlands Sheet 

a) Separate 'ilmenite' ( l i g h t grey) associated with 'magnetite' 

containing an oriented intergrowth of 'ilmenite' lamellae. The 

black area a t the lower part of the f i e l d of view i s s i l i c a t e . 

The euhedral margin of the intergrown c r y s t a l i s seen vdiere 

the 'ilmenite' lamellae are. terminated. Polished section. 

Crossed ni c o l s . Magnification XIOO. 

b) Separate 'ilmenite' (grey) and s i l i c a t e minerals. The l a t t e r 

show i n t e r n a l r e f l e c t i o n s . Polished section. Crossed n i c o l s . 

Magnification XIDO, 



a. 

Plate X I I I . 

b. 



The 'magnetite' - 'ilmenite' relationships, therefore, cannot be 

explained simply as the results of an exsolution process. However, i n the 

l i g h t of the present data and also that of the subsequent Chapters, an 

in t e r p r e t a t i o n of these relationships i s attempted i n Chapter YlJ^L, 

H. Examination by Replica Electron Microscopy 

The 'magnetites' i n the Clauchlands sheet are generally brown i n colour, 

and as described e a r l i e r , there are some indications that where more than 

one cubic phase i s present then these may be intergrown i n the magnetite/ 

ulvftspinel manner. Such intergrovrths, however, have not been resolved 

o p t i c a l l y at magnifications vp to I5OO diameters, but t h i s may be due to the 

r e l a t i v e l y fine grained nature of the host rock as compared vdth the plutonic 

rocks i n which such intergrotvths have been reported previously. Hovrever, by 

means of replica electron microscopy i t i s possible to extend the range of 

investigation t o much higher magnifications. 

The techniques f o r obtaining surface replicas are to be found i n standard 

textbooks on electron microscopy such as V/yckoff (1949)• I n the present 

investigations collodion or cellulose acetate replicas have been obtained 

from etched surfaces and then shadowed vrith a AiJr^d mixture. The resulting 

replicas are negatives so that elevations on the etched surface appear as 

hollows and vice versa. 

The results of such an examination carried out on known magnetite/ 

ulvttspinel intergrowths are i l l u s t r a t e d i n Plate XV. These results were 

obtained vri.th sample E.G. 2308, an ore-rich hypersthene-olivine gabbro from 

the Skaergaard intr u s i o n of East Greenland, which had been etched momentarily 

i n HF. (Vincent and P h i l l i p s 1954). The appearance of t h i s etched surface 
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Plate XIV 

Sample K12308 from the Skaergaard i n t r u s i o n of East Greenland, 

arter momentary etching w i t h HF. ( P h i l l i p s and Vincent 1954). 

The rhomb shai)ed c r y s t a l l i t e s are thought to be TiLv6spinel 

( P h i l l i p s and Vincent 1954). The electron micrographs 

i l l u s t r a t e d i n Plate XV r e f e r t o the areas between these 

c r y s t a l l i t e s . Polished section. Plane polarised l i g h t . XIOO. 



Plate XIV. 



Plate XV 

Electron Micrographs of Sample BGr2308 

a) Intergrowtii of magnetite, xilvBapinel and ilm e n i t e . The 

ilmenite lamellae appear as smooth troughs and magnetite-

ulvttsplnel• intergrowths form the intervening areas. 

Sttrface r e p l i c a of polished section. Magnification X4000. 

b) Intergrowth of magnetite, uLvBspinel and ilmenite. Surface 

r e p l i c a of polished section. Magnification X6000. 

c) Intergrowth of magnetite and ulvd spinel, shovang t h a t 

the two phases are present i n roughly equal proportions. 

Surface r e p l i c a of polished section. Magnification X8000. 



Plate XV. 

b. 



at a magnification of 100 diameters i s shovm in Plate XIV. Apart from 

the prominent rhomb shaped crystallites, \iMch are possibly ulvOspinel 

(Vincent and Phillips 1954), the surface i s also intersected by a few 

fine ilmenite lamellae. In polished section, the 'magnetite' between the 

ilmenite lamellae i s seen to consist of two constituents intargrown on a 

fine scale so that at a magnification of 770 diameters i t has the appearance 

of a closely woven piece of cloth (Vincent and Phillips I954). Plate XV 

shows this texture at magnifications ranging from 4000 diameters up to 8OOO 

diameters and i t can be seen that the areas between the ilmenite lamellae 

consists of a regular intergro\rth of tvro phases at right angles and in 

roughly equal proportions. This result, therefore, confirms the earlier 

investigations and, i n agreement v/ith the published chemical analysis (Vincent 

and Phillips 1954) > indicates that the two phases are present in roughly 

equal amounts. 

Plate XVI shows the results of a similar investigation carried out 

on samples from the Clauclalands sheet vihlcti on the basis of X-ray and thermo-

magnetic data were l i k e l y to contain intergro^^na cubic phases. Althoiigh the 

ilmenite lamellae can be clearly recognised in these sections there does not 

appear to be any significant microstructure i n the 'magnetite' areas. 

A similar investigation was attempted with the deuterically altered 

sample ( S 5 ) , but i t was found that even after momentary etching id.th HF 

the resultant texture was too coarse to be satisfactorily identified iri.th 

the electron microscope at i t s minium magnification of 35OO diameters. 

In terms of the Glauchlands sheet, therefore, these results do not 

indicate the presence of sub-microscopic intergrovrths within the magnetites. 

However the results vdth the Skaergaard sample have shown that this method 

of investigation i s capable of detecting such intergrovrths. 
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Plate ZVI 

Electron Micrographs of 'Magnetite* in the Claudalands Sheet 

a) Sample S 12 • The oriented 'iImenite' lamellae appear as 

smooth troughs. The 'magnetite' between the lamellae has, 

been etched by cone. HCl but shows no regular microstructure. 

Surface replica of polished section. Magnification X4000 . 

b) Sample S37 . The oriented 'iliaenite' lamellae appear as 

smooth troughs. The fact that the lamellae are intergrovm 

at right angles indicates that this i s a section parallel 

to (100) Of the 'magnetite', host. The 'magnetite' between 

the lamellae has been etched by cone. HCl but shows no regular 

microstmcture. Stirface replica of polished section* 

Magnification pOOO , 
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I . Stcnmary 

The opaque minerals i n the Clauchlands sheet have been found to consist 

mainly of 'magnetite'^ and 'ilmenite', these terms being used to describe 

isotropic minerals having properties similar to those of natural magnetite 

(Fe^^) and anisotropic minerals having properties similar to those of 

natural ilmenite (FeTiO^). Parentheses have been used since these minerals 

may have variable compositions which cannot be determined in reflected 

light. 

The 'magnetites' are generally brown in colour and their spectral 

reflectivity profiles closely resemble that obtained from a 'magnetite'/ 

'ulv&spinel' intergro\=rth. 

This result indicates how brovm the 'magnetites' are and suggests that 

the colour may be due to intergrovrths similar to the 'magnetite'/ulvtt spinel 

sample. Such intergro^rths are not visible in reflected light nor havelhey 

been seen using the electron microscope, and therefore, i t i s concluded 

that the magnetites', are generally homogeneous. However, i n one sample that 

has been etched deuterically, and i n which X-ray analysis has shoim there i s ' 

more than one cubic phase, the resultant cellular texture would suggest that 

such an intergrowth i s present. 

Microhardness measiirements on the 'magnetites' have shown them to ^̂ »ve 

hardness values intermediate between those of magnetite and maghemite. This 

may indicate that the 'magnetites', are Y-phases although impurities such as 

Al-^ would also increase the hardness of the minerals. 

The reflectivity profiles of the separate 'ilmenites' have been found 

to be similar amongst themselves and the microhardness values do not differ 

significantly from those of natural ilmenite. 
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Examination of a vertical section through the Clauchlands sheet has 

shown that the 'magnetite' and 'ilmenite' commonly occur as oriented inter-

grov/ths. Homogeneous 'magnetite' occurs at the margins of the intrusion, 

however, with no 'ilmenite' whilst in the centre of the sheet a separate 

'ilmenite' phase coexists with the 'magnetite' -'ilmenite'. intergrowths and 

can be shown to be earlier than the intergrowths. These relationships, 

therefore, cannot be explained simply in terms of the exsolution of • ilmenite' 

from an originally homogeneous high temperature 'magnetite'. 

The sandstones above the intrusion have been found to contain abundant 

opaque minerals but these are mainly 'hematite' grains showing complex 

recrystallized textures. The 'hematite', has probably been derived from the 

sandstones. Subordinate amounts of 'magnetite' are also present bvrb i t i s 

unlikely to have been introduced from the magma. 



Chapter IV. X-Ray Analyses 

A. Intcroduction 

Material for the present analyses has been obtained from the Clauchlands 

sheet, and the magnetic fraction has been extracted on a Cook separator, as 

described i n Appendix 1. Although this fraction consists largely of 

'magnetite', some admixed 'ilmenite' i s Tasually present as well, since i t 

occurs as a fine intergrovrth i n the 'magnetite' (Chapter I I I ) and cannot 

be separated. 

The samples have been X-rayed using a Phillips PWlOlO X-ray generator 

in conjunction with a wide angle goniometer P¥1050 and diffractometer unit 

PWIO5I. Copper Radiation (K ^ = 1.947QlA)^and, therefore, a discriminator 

tinit PW4D82 has been included to minimise the effect of the resultant fluorescent 

radiation. 

Where possible normal cavity mounts have been prepared in the standard 

aluminium holders vMch are supplied with the above equipment. However, such 

mounts reqtiire a relatively large amount of material (about 1-2 grms) and 

when sucli quantities were not available, smear mounts have been prepared on 

glass slides. I n both cases, however, a small amount of pure silicon has 

been added to act as an internal standard. 

As described in Chapter I I I , a separate 'ilmenite' phase appears towards 

the centre of the Clauchlands sheet as well as the 'magnetite/'ilmenite'. 

intergroxvths. Such iilmenite' i s not magnetic and, therefore, i s not retained 

witii the magnetic fraction, and since i t forms less than 1^ of the residue, 

i t s extraction would be very d i f f i c u l t . Hovrever, this phase has been X-rayed 

by drilling small amounts of powder directly from a polished sample and 
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Figure 11. 
Diffractometer record of 'magnetite' 
(sajnple S2) from the Clauchlands Sheet. 

a) Record from 2 0 = 16° to 2 9 = 60° made at a 
scanning rate of 2°/min., with a chart speed 
of 800 mm/hr, using CuK^ radiation v;ith a 
discriminator. 'Magnetite', intbergrown 
'ilmenite' and s i l i c o n peaks are present. 

b) Record from 20 = 5 5 . 5 ° to 2 6 = 5 7 . 7 5 ° made 
at a scanning rate of 1 / 8 ° /min., with a 
chart speed of 400 mm/hr, using CuK^^ 
radiation with discriminator. S i l i c o n 
i n t e r n a l standard. 



obtaining a powder photograph. 

This technique has been described by Sorem (I96O), and although long 

exposures (up to 70 hrs) are required the method has the advantage of 

giving results which apply unambiguously to the separate 'ilmenite' phase 

and not to the intergrown 'ilmenites'. 

These resiilts and also those for the 'magnetite'/'ilmenite' intergrovrths 

are discussed i n the follo;>ring sections. 

B. 'Magnetites' and Intergrovm 'Ilmenites' 

The reflections for both these phases appear on the same diffractometer 

record (Figure U ) , and after correction w i t l i reference to the silicon internal 

standard, they may be used to determine the ce l l parameters. 

a) 'Magnetites'. 

Twenty one samples have been analysed and the results represent the 

unit c e l l edges of the 'magnetites' throughout the Clauchlands sheet. 

The unit c e l l edge has been determined from the 51V333 reflection which 
for pure magnetite appears at 2 0 = 57.06° Table 8) and thus may be corrected 

;d.th reference to the 3II reflection of the silicon standard vdiich appears 

at 56.174° . (Table 9). 
The position of the 5̂ 1/333 reflection changes vriLth variation in the 

unit c e l l edge as can be seen i n Figure 12 and the unit c e l l edge can readily 

be calculated from the corresponding d-spacing, since there i s a simple 

relationsliip between and a^ as shovm in Figure I3. 

The results, vdiich are summarized in Table 10 and shown graphically in 

Figure 4, indicate a regular increase i n the Tinit c e l l edge away from the 

margins of the intrusion reaching a maximum value of a^ = 8.4855^ - 0.0022 

at approximately the centre of the sheet. 



Table 8. 

X-Eay Data for I^agnetite from Bisperg, 
Sweden. (Basta 1953) . CoK̂ ^ Radiation. 

I d 2 0 
0 

hkl 

30 .4.847 18.51 111 
70 . 2 .966 50.13 220 
100 2.530 35.48 311 
10 2.419 37.16 222 
60 2.096 43.16 400 
40 1 .712 53.53 422 
So 1.614 57.06 511/333 
90 1 .483 62.64 440 
15 1.327 71.02 620 
20 1.279 74.14 533 
10 1.264 75.17 622 
15 1.2112 79.05 444 
20 1.1214 86.76 642 
40 1 .0922 89.79 731/553 
25 1 .0498 94.52 o<, 800 

94 .65°< 
9 4 . 8 5 0 ^ 2 

10 0.9890 1 0 2 . 2 9 « y 822/660 
5 102.66 

39 0.9692 105.28^, 752/555 
20 105.66-^^ 
20 0.9386 110.58°<, 840 
15 110.73^^ 
25* 0.8794 122.30^, 931 

122.81 
35* 0.8565 128.14-^, 844 
20* 1 2 8 . 7 4 ^ 3 
30* 0.8113 143.42 951 
15* 144.32°^* 

* These values obtsiined from powder photograph 
using CuK radiation. 

a 



Table 9 . 

X-Ray Reflection Data for Sil i c o n - P h i l l i p s Labs. Inc. N.T. 
I d 20 hkl 

^o ^ 

100 3.13537 25.654 î i 111 
2 8 . 4 4 5 « I 
28.466 oc 
28.514'^3L 

60 1.92001 42 .512 p, 220 
47.302 ô , 
47.344 °< 
47.428 

35 1.63739 50.316 p, 311 
56.122 ô , 
56.174 <x 
5 6 . 2 7 5 ^ ^ 

8 1.35766 61.290 p. 400 
69.130 °<, 
6 9 . 1 9 6 ^ 
69.326-^a. 

13 1.24587 67.934 p. 331 
76.376-<, 
7 6 . 4 5 2 ^ 
76.600 

17 1.10852 77.796 
88.050 
88.124^ 
88.306 ̂ a. 

9 1.04512 83.524 p, 511/333 
94.952 
95.058 
95.264 

5 0.96001 92.952 p. 440 
106.708 ^, 
106:838 °< 
107.092 ^ 3 - . 

11 0.87194 98.630 531 
114.092 o<, 
114.240^ 
114.534 

9 0.85866 108.522 p, 620 
127.544 1̂ 
127.740 oc 
128.126 

5 0.82816 144.390 p. 533 
136.892 
137.138 ^ 
137.622 ŜL 

0.78384 125.256 ^, 444 
158.628 cx, 
159.146 ^ 
160.200 



Figure 12 
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Figure 12. 
Variation i n the position of the 3 3 3 peak 
of 'magnetite' according to the size of the 
unit c e l l . Scanning rate 1 / 8 ° /min., with a 
chart speed of 400 mm/hr, using CUICQ^ 
radiation. S i l i c o n internal standard. 



Figure 13 • 



Figure 13. 

Relationship between the d-spacing obtained 
from the 333 peak of 'magnetite' (d^^^) and 
the unit c e l l edge a^. 



Table 10. 

Unit C e l l 

Ssimple 

Edges of 

Horizon 
(feet) 

'Magnetites' i n 

Unit 

the Clauchlands Sheet 

C e l l Edges 

S 1 Top 8.3716 8.3774 

S 2 126 8.3641 

S 3 122 8.4085 8.4139 

S 4 118 8.3900 

S 5 114 8.3861 8.3940 

S66 110 8.4033 8.4139 

S 7 106 8.4085 

S 9 98 8.4595 

S10 94 8.4314 

S12 86 8.4232 8.4310 8.4378 

S31 78 8.4569 

S35 66 8.4491 8.4543 

S35 •62 8.4855 

S36 58 8.4543 

S40 40 8.4320 

S41 20 8.3660 8.3764 8.3816 

S43 14 8.3894 

S45 8 8.3993 

S46 5 8.3904 

S47 2^ 8.3920 

S13 40 8.3868 
pegmatite. 
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Figure 14. 

Clauchlands Sheet. 
V a r i a t i o n i n a of the 'magnetites' i n the o 



I f the 'magnetites*, were simple s o l i d solutions between magnetite and 

ulvftspinel ( i . e . p -spinels Chapter I I I ) t h i s would indicate increased 

substitution of TiOg avra,y from the intn;isive margins 153 to a maximum content 

corresponding to a composition of 2 7^e^^ - G^q^IQ^ (applying Vegard's 

law:- l i n e a r change i n l a t t i c e parameter with composition), since tbe unit 

c e l l edge of 'magnetite" i s 8,3962 (Basta I953) ^ the unit c e l l edge of 

ulvospinel i s 8.53̂ 2 (Pouillard I95O). However, these 'magnetites' are 

unlik e l y to have such simple compositions, and i n particular, the existence 

of samples vri.th c e l l edges l e s s than that of magnetite may indicate the 

presence of AlgO^ and CrgO^ or of oxidation t o y - s p i n e l s . 

The X-ray analysis of 'magnetites', however, does not, by i t s e l f , provide 

unique solutions as to t h e i r compositions (see l a t e r ) . Nevertheless, the 

marked increase i n the unit c e l l edge towards the centre of the intrusion 

\daen considered i n conjunction vriLth a sympathetic decrease i n the Curie points 

(see Chapter V) i s an indication that the substitution of TiOg i s greater 

vn.thin the sheet than a t the margins, althoTJgh i n view of the unknown extent 

of substitution by other cations and/or the possible effects due to oxidation, 

i t i s not possible to define any precise l i m i t s to such changes. 

Of the 21 samples analysed, only seven c l e a r l y contain more liian one 

'magnetite' phase and only i n one such case, S5, i s there any evidence to 

indicate that such phases are intergrown. (Chapter I I I ) . 

The minimum difference between the unit c e l l edges of the coexisting 

magnetites i s 0.00522 and the maximum i s O.OI54S. Iflien i t i s considered 

that. i n terms of even the simple system ¥e^^-¥e^±0^ a change i n the unit 

c e l l edge of 0.0142 indicates a change i n composition of only 10 ml%, i t 

can be seen that the compositional differences betvreen these coexisting . 

magnetites w i l l only be very small. 
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b) Intergrowi 'Hmenites' 

Of the 21 samples analysed, 11 contain 'ilmenite' i n quantities s u f f i c i e n t 

to appear on the diffractometer records. 

I n tenos of a hexagonal unit c e l l the l a t t i c e parameters a and c are 

related to the Bragg angle by the equation: 

4c 3a 
Peiser, Rooksby 
Wilson (1955) 

and they may be determined by solving simultaneous equations. 

Reflections having indices 10.4; 10 .8 and 20.4 have been used i n 

the present analysis and the appropriate equations for these refl e c t i o n s are: 

4^^^910 .8 - 20.4 

.2 = 

2 _ c \ 2 

3(Aiii|^„ « - 1 6 2) 
.3 

10.8 

These r e s u l t s are summarized i n Table 11 where the l a t t i c e parameters 

are also given on the basis of a rhombohedral unit c e l l . The conversion 

from hexagonal parameters to rhombohedral parameters was acheived by using 

tlae r e l a t i o n s : 
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Table 11. 

L a t t i c e Pairameters of the Intergrovm 'Ilmenites'. 

Sample Horizon 
( f e e t ) 

Hexagonal C e l l Rhombohedral C e l l Mole5^ 

a c a 

C rh a FeTiO, 
3 

S 2 126 5.069 14 ,01 2 .76 5.511 54°46' 80 
S 3 122 3.093 14 .01 2 .75 5.519 54°58' 87 
s 5 114 4.968 14.09 2.84 5.503 54°40' 72 
S 6 110 5.043 14.05 2 .79 5.514 54°25' 80 
S10 94 5.020 14.09 2.80 5.520 5 4 ° 0 6 ' 87 
S34 66 5.091 14 .02 2 .76 5.521 5 4 ° 5 7 ' 87 
S43 14 5.076 14 .01 2.77 5.513 54049. 80 
S45 8 5.069 14 .02 2.77 5.514 54°38' 80 

S47 5.076 14 .02 2.76 5.516 540471 87 
S13 40 

pegmatite 
5.090 14 .01 2 .76 5.518 5 4 ° 5 6 ' 87 

Hexagonal sind rhombohedral l a t t i c e parameters are r e l a t e d by the 
fo l l o w i n g equations : 

V h 
, 2 2 3a + c 

3a 

Mole% FeTiO^ has been determined from a.^^ (see Figure 1 5 ) , a f t e r 
Akimoto ( 1957 ) . 



Henry, Lipson and 
Wooster I95I . 

. a sxn- = 

The composition of the ilmenite has. been detennined from a.^^ using 

the a ^ j ^ composition curve of Akimoto (1957) which i s shown i n Figure I 5 . 

These compositions are plotted i n Figttre 16 and i t can be seen that, i n 

contrast to the 'magnetites' with vdiich they are associated, they show no 

systematic v a r i a t i o n through the intrusion, but i n general contain about 

10-20mol^ ^®2^3 ̂  s o l i d solution, so far as. reference to Akimoto's curve 

i s concerned. 

C. Separate 'Ilmenite'. 

•Ilmenite' appears as a separate phase within the central part of the 

intrusion, occurring i n association with the 'magnetite'/'ilmenite' i n t e r -

growths. Povjder samples have been d r i l l e d out from the polished saaqples 

and mounted on gelatin f i b r e s following the method described by Soren (I960) 

Gelatin i s a p a r t i c u l a r l y suitable mounting medium because the powder 

r e a d i l y adheres to the fi b r e without the need of an adhesive, the fibre can 

be prepared with a very fine point, and i t produces v i r t u a l l y no amorphous 

scattering of the X-rays. 

Such samples have been momted i n a 57 cni diameter powder camera and 

X-rayed with CoK radiation (\ =1.79022). However, because of the small 
a 

s i z e of the samples i t has been necessary to make long exposures of 053 to 

70 hours before the povjder photographs showed measurable l i n e s i n the back 

r e f l e c t i o n region. 
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F i g u r e 15. 

The r e l a t i o n s h i p between the composition of 
the rhombohedral s o l i d s o l u t i o n s FeTiO^-Fe20^ 
and a^j^. ( a f t e r Akimoto 1957) . 
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F i g u r e 16. 
Compositions of the intergrown • i l m e n i t e s ' 
i n the Clauchlands Sheet, determined from 
Figu r e 15. 



Four samples have been analysed i n t h i s way and t h e i r diffraction 

patterns are shown i n Plate 2VII, with the corresponding d-spacings l i s t e d 

i n Table 12. I n each case, these patterns confirm that the mineral i s 

'ilmenite*,. 

On the basis of an hexagonal unit c e l l , the l a t t i c e parameters a^ 

and c^ have been determined grapliically following the method of successive 

approximations described by Klug and Alexander (1954 p48l). 

This method, which requires a preliminary Icnowledge of the approximate 

a x i a l r a t i o a/c, u t i l i z e s the quadratic form of the Bragg equation, ^vhich 

for the hexagonal system i s either: 

a = o 
23in 9 

or 

X 
% 23ine 

2 2 where s = (h + hk + k ) 

Lines with r e l a t i v e l y large h and k indices are used to extrapolate 

to a preliminary value of a, and l i n e s \d.th r e l a t i v e l y large 1 index are 

used to extrapolate to a preliminary value of c. A nev; a x i a l r a t i o a/c 

i s thus defined vjhich can be used i n equations 6 and 7 to obtain new values 

for a and c, and the process of successive approximations i s continued 

u n t i l these extrapolated values become constant. 

The extrapolation data for the four samples have been summarized i n 

Table I 3 and the calculations from which these have been derived have been 

included i n Appendix 2. I n the case of the samples, however, the value 

53-. 



Table 12. 

X-Eay Data f o r the Separate 'Ilmenites' 
CoK^ Radiation = 1.79022 

Sample S34. Sample S36. 

e d h k . l I 
14.097 3.67 10.2 s 
19.264 2.71 10 .4 vvs 
20.819 2 .519 11.0 vvs 
23.804 2,218 11.3 s 
28.946 1.818 2 0 . 4 s 
31.555 1.170 11.6 vs 
33.562 1.619 10.8 w 
36.722 1.534 21 .4 s 
37.776 1.461 30 .0 s 
42.240 1.531 101.0 . m 
45.000 1.266 22 .0 vw 
47.886 1.206 31 .2 vw 
49.190 1,181 20.10 vw 
50,946 1.152 "=̂1 31 .4 vw 
53.203 1.117 22 .6 vw 
56,539 1.072^. 21 .10 vw 
58.345 1.051 - vw 
63.111 1.003 ̂ 1 31 .8 vw 
66,021 0.979 101.4 vw 
67.124 0.971^'. 32 .4 vw 
68.404 0.962^1 41 .0 vw 
75.929 0.922°^i 31 .10 vw 

Sample A / C / 3 / 4 2 

G d h k . l I 
17.305 3.01 w 
19.258 2.715 10 .4 s 
20.811 2.52 11.0 ms 
23.819 2.217 11.3 wm 
25 .494 2.08 vvw 
28 .825 1.857°^, 20 .4 m 
31.479 1.714'Vi 11.6 m 
36 .739 1.496^. 21 .4 w 
37 .790 1 .461^ 30 .0 w 

not measurable vw/ 
vvw 

50.782 1.155^, 31 .4 vvw 
53.318 1.116% 22.6 vvw 
56.317 1.075 % 21.10 vvw 

0 d h k . l I 
19.290 2.71 10.4 vvs 
20.969 2.52 11.0 s 
23.877 2.212 11.3 m 
28.911 1.851 O ' l 20 .4 ms 
31.541 1.711 11.6 ms 
53.596 1.618 10.8 w 
36.727 1.497 21 .4 m 
37.755 1.462 % 30.0 m 

vvw 
not measurable w 

vvw 
vvw 

50.700 1.156 ^, 31 .4 vvw 
53.197 1.117 0̂1 22.6 vvw 
56.379 1.074 21.10 vvw 

Sample A / C / 3 / 3 9 

9 d h k . l 
14.019 
19.626 
20.728 
25.732 
23.802 
31.392 
33.414 
36.699 
37.720 

3 .69 
2.665 
2.529 
2.223 
2.218 
1.718 o(, 
1.625 % 
1.498 
1.463 

10.2 
10.4 
11.0 
11.3 

11.6 
10.8 
21.4 
30.0 

not measurable 

50.878 1.153 ̂ , 31.4 
53.201 1.117^1 22.6 
56.435 1.073°'. 21.10 

s 
vs 
s 
ms 
ms 
ms 
w 
wm 
m 
w 

vvi^ 
vvw 
vvw 
vvw 
vvw 
vvw 



Table 13. 

Determination of the L a t t i c e Parameters of the Separate •Ilmenites' 
by Successive E x t r a p o l a t i o n s . - Summarised R e s u l t s . 

Sample A/d/3/42 
Ass\xmed 
v a l u e s . 

Extrap. 
Extrap. 
E x t r a p . 
Extrap, 
Extrap. 

5.0791 14.1350 
(ASTM Card 3-0799) 

5.130 
ti 14.167 

14,120 
14.090 
14.076 
14.076 

Sample A/C/3/3g 

Assumed 
values. 

Extrap. 
Extrap. 
Extrap. 
Extrap. 

5.0791 14.1350 
{kSm Card 3-0799) 

1 5,1005 14,182 
2 ;• 14.173 
3 " 14.170 
4 " 14.170 

Sample S36 Sample S34 

Assumed 
v a l u e s . 5.0791 

(ASTM Card 
Extrap. 1 5.1034 
Extrap. 2 
Extrap, 3 
Extrap, 4 
Extrap. 5 
E x t r a p . 6 

14.1350 
3-0799) 
14.1685 
14.1235 
14.1035 
14.0956 
14.0730 
14.0730 

Assumed 
values. 

Extrap. 
Extrap. 
Extrap. 
Extrap. 

5.0791 14.1350 
(ASTM Card 3-0799) 

5,150 
5.119 
5,123 
5*121* 

14.180 
14.152 
14,152 
14.150 

•Mean of Extraps,2 and 3 . 



P l a t e X 7 I I 

X-Ray Powder P a t t e r n s 

a ) Separate ' i l m e n i t e ' i n sample S56. 

COK;^ . r a d i a t i o n , 

b) Separate ' i l m e n i t e ' i n sample A/C /3/39. 

CoKo( . r a d i a t i o n . 

c ) Separate ' i l m e n i t e ' i n sample S34. 

CoKo( • r a d i a t i o n , 

d) Separate ' i l m e n i t e ' i n sample A/C/3/42. 

CoK^ • r a d i a t i o n . 

e) 'Hematite' from the baked sandstone above the 

Clauchlands sheet. CoK^^ , r a d i a t i o n . 



P l a t e XVII, 

a* 

b. 

d. 

e. 

1 



of a has been obtained d i r e c t l y by using l i n e s with indices 3D.0, 22.0 and 
a? 

41.0, since i n equation 6, (^ i s zero, so that the i n i t i a l extrapolation 
c 

requires no further refinement, and therefore the further extrapolations 

apply only to c. ' ' 

' The l a t t i c e . parameters are summarized i n Table 14 where they are 

given for both the hexagonal and rhombohedral unit c e l l s . The values of 

\h consistently higher for the separate 'ilmenites' than for the 

intergrown 'ilmenites', and by reference.;to the composition ctxrve of 

Akimoto (1957)> Figure I 5 , i t can be seen that the separa!te 'ilmenites'. 

appear to be free of dissolved'Fe^O^. 

However, i t has been noted that ilmenites which occur i n association 

with magnetites tend to be pr e f e r e n t i a l l y enriched i n Mn (Deer, Howie 

and Zussman I962). Such substituted ilmeni'tes w i l l have larger values for 

a^j^ and smaller values for oc depending on the amount of substitution, 

since the l a t t i c e parameters of pyrophanite (MrffiO^). are a^j^ = 5.622; 
a = 54°l6'; (Bajrtli and Posnjak I934). Hence the r e s u l t s of the present 

2+ 

investigation may indicate that the separate ilmenites contain some Mn , 

whereas the l a t t i c e parameters of the intergrown ilmenites would indicate 

that they are s o l i d solutions between FeTiO^ and Fe^O^. 

D. Opaque Minerals i n the Sandstones above the Intrusion 

As described i n Chapter I I I , the opaque minerals i n the sandstones 

above the intrusion appear to consist largely of 'hematite'. I n polished 

section, however, the mineral does not show the red i n t e r n a l reflections 

which are c h a r a c t e r i s t i c of 'hematite' and hence confirmation of i t s identity 

51. 



Table 14. 

Lattice Parameters of the Separate 'Ilmenites' 

Sample Horizon Hexagonal Cell Rhombohedral Cell Mo3^ 
(feet) 

a c a 
c ^rh a FeTiO, 3 

66 5.121 14.15 2.?6 5.57 54°46' ?100 
S36 58 5.103 14.07 2.75 5.54 54°52» 98 
659* 46 5.100 14.17 2.77 5.57 , 54°32' ?100 
CC42* 32 5.130 14.03 2.74 5.55 55''04' ?100 

* Abbreviations f or samples A/C/3/39 and A/C/3/42. 

Table 15. 

X-Ray Data for 'Hematite* i n Sandstone above the Sheet 

G d hk.l 
14.216 3.64 10.2 'hematite* 
16.518 3.15 -
17.294 3.015 - calcite 
19.421 2.69 10.4 •hematite* 
20.898 2.58 11.0 'hematite' 
23.976 2.203 11.3 'hematite' 
27.530 1.937 • - calcite 
29.107 1.840 20.4 'hematite' 
31.895 1.690 11.6 'hematite' 
32.711 1.657 12,1 'hematite' 
34.037 1.599 10.8 'hematite' + calcite 
36.966 1.489 21.4 'hematite' + c a l c i t e 
37.992 1.454 30.0 'hematite' + calcite 
43.197 1.308 11.9 'hematite' + calcite 
44.975 1.267 22.0 •hematite' 
46.427 1.234 30.6 •hematite' + c a l c i t e 
52.434 1.128 - calcite 
53.735 1.109 22.6 •hematite• 
57.364 1.062 -
67.851 G.966 - calcite 
CoK(x radiation. = 1.7902^ 
a^j^ = 5.47S. a= 55°23* 



i s dependent tipon X-ray examination. 

Matei-ial has been d r i l l e d out of the polished sample follovdng the 
same procedure used for the separate (ilmenites', and this has been X-rayed 
using CoK radiation. The powder pattern i s shown i n Plate XVII and the 
d-spacings are given i n Table I5 . The results confirm that the mineral 
i s 'hematite' and the powder pattern also inclides lines attributed to 
calcite of hydrothermal origin which i s knovm to be present i n these rocks. 
(Chapter I I ) . 

The hexagonal l a t t i c e parameters of the 'hematite' have been determined 
by the method of successive approximations and then converted to rhombohedral 
l a t t i c e parameters. The relevant data are summarized belov; and the calculat­
ions on which they are based have been included i n Appendix 2. 

a) Extrapolation Data: 

a c 
Assmed value 5.»039 13"«76 (Berry and Thompson 
Extrap. 1 5.O8I 13.824 1962) . 

2 13.836 
3 13.839 
4 13.838 

b) Lattice Parameters: 

Hexagonal Unit Cell - a = 5.08l2j c = 13.842j c/a = 2.72 

Rhombohedral " « " ^rh ~ ̂ '̂ '̂  " 
a =55°23V 

I n terms of Akimoto's a.^^ composition curve, this result would suggest 

ttiat about 35niol̂  FeTiO^ may be present i n the mineral. 
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E. The Effects of SubstLtution on the Lattice Parameters of 
Magnetite and Ilmenite 

X-ray analysis by Bra^g (I915) first'showed magnetite to have the 
spinel type structure i n which the vmit cell i s based on a cubic face 
centered l a t t i c e and contains 32 oxygen ions and 24 cations, 8 cations 
occur i n 4-fold co-ordination on A-siteis and 16 i n 6-fold co-ordination 
on B-sites, as illustrated i n Figure I7, 

I n magnetite, two thirds of the cations are Fe^ and one thi r d are 
Fê "*" - (FeCFe^O^) - Barth and Posnjak (I932) have shown that half the Fe^ 

and a l l the Fe ions occur on the B-sites whilst the A-sites are occupied 
by the remaining Fe*^. This structure, therefore, i s to be distinguished 
from the normal spinel structure, as found i n MgAl̂ Ô , i n v/hich the divalent 
ions restricted to the A-sites and the trivalent ions to the B-sites, and 
hence i t i s known as 'the' inverse spinel structure (Figure I 7 ) , 

I n terms of the general formula Eg .R^.O^ these two structures are 
characterised by the following distribution of the cations: 

8R^ i n A-sitesj 1 ^ ^ i n B-sites.. Normal 
8R^ i n A_sitesj ) 

) i n B-sites Inverse 
8R^ ) 

However, many cations may substitute for the Fe and Fe-^ i n magnetite 
resulting i n a wide variety of substituted magnetites. Such magnetites 
may contain monovalent ions such as Na^ and (Michel 1937) > divalent ions 
such as Ma , Mg , Ni and Co (Benard and Chaudron 1937) > trivalent 
ions such as A l ^ and Cr^ (Pouillard I95O) or the tetravalent ion T i ^ 
(Pouillard I95O) • given unit c e l l size may result from more than one 



Figure 17 



Figure 17, 
Spinel structures 

a) Normal spinel - MgAl^O^. 
b) Inverse spinel- FeFe20^. 



combination of. substituting elements. 

Hence, although the unit cell edge of a magnetite i s known accurately • 
(8.3963 i 0.00058 Basta 1953; 1957), the unit cell edge of most natural 
magnetites w i l l d i f f e r from this depending oh the amount and type of sub­
st i t u t i o n so that no simple relation exists betv/een l a t t i c e parameter and 
composition. 

Data on the unit c e l l edge, and the Curie point, of various substituted 
magnetites are summarized i n Table I6, and i t can be seen that substitution 
by MnO or TiO^ appreciably increases the unit cell edge and decreases the 
Curie point, substitution by MgO has l i t t l e effect on the cell edge but 
decreases the Curie point, and substitution by -̂ 2̂ 3 ^̂ 2̂ 3 ̂ PPr®°i^^y 
lowers the unit c e l l edge and also lowers the Curie point slightly. Substitut­
ion by V̂ Ô  probably also decreases the c e l l edge (Table 1?) • 

+ + 2+ 
Substituted magnetites containing Wa , K or Co can be prepared i n 

tlie laboratory, but these elements do not seem to appear i n natural magnetites. 
2+ 

(Table 1?). Similarly, although Ni can readily be substituted ejqserimentally 
li 

into magnetite, the iron-nickel spinel trevorite (NiFegO^) - Table 1? No. 14) 
i s only known from the Scotia talc mine, Transvaal, South Africa. (Deer, 

2+ 

Howie and Zussman I962), and Ni is generally absent from natural magnetites. 
Likewise, franklinite (ZnFOgÔ ) i s known only £rom the one locality , i n association vdth zinc ore deposits, at Franklin and Sterl i i f n i l l . New Jersey, 
and Zn i s generally absent from natural magnetites. 

Most natural magnetites, however, are titaniferous, and as can be seen 
i n Table I7, they contain such large amounts of Ti02 relative to the other 
cations, that the variation i n unit cell edge and Curie point may generally 
be correlated with the TiOg content, with probably only mi nor modifications 

57. 



Table 16. 

Substituted Magnetites 

Natural Fe^O^ " % = 8.39.63 - O.OOO5S. (Basta 1953). 
Synthetic - e« = 585''C (Brailsford I96O). 

c 

Oxide Added Parameters of the Limiting 
Solid Solution 
a 
0 

c 
CoO 8.385 520 "e 
NiO 8.35 600 
MgO 8.40 -:420 
MnO 8.54 140 

Substitution by Al^O, :- (Fe^"^ Al^*Fe^'^)0^ (Pouillard 1950). 
^ t> ^~y y 1 

y = 0.00 0.03 0.09 0.15 0.21 0,30 0.30 

^ = "575 571 5S0 5?S 5?5 535 535" 
a s 8,413 8,403 8,390 8.381 8.375 8.565 8.365 o 

Substitution by Cr_0, :- (Fe^"^ Cr^"^Fe^" )̂0. (Pouillard 1950). g 3 2-y y 4 

y = 0.00 0.155 0.50 0.56 

^ = 575 5̂ 9 5̂ 3 5̂ 0 
a = 8.41 8.38 8.34 8.51 

Substitution bjr Ti02 (Pouillard 1950). 

Mol5^ TiFe20^ 0 8 10 18 25 42 100 
~ 575 52? ?85 ?75 250 ~ 
a = 8.415 8.420 8.428 8.45 8.44 8.46 8.554 
o 
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due to substitution by other cations such as Mg , Al"^ V-̂ . 

However, although i t i s knom that substitution by TiOg increases the 
unit c e l l edge (and decreases the Curie point) of magnetite (Pouillard I95O), 

Akimoto, Katsura and Yoshida (1957) have shovm that a knowledge of the unit 
c e l l edge does not lead to a unique solution for the composition and that, 
i n fact, as can be seen i n Figure I8, there remains considerable ambiguity. 

Such ambiguities arise because titaniferous magnetites may oxidise 
i n varying degrees to form spinels with a defect lattice structure similar 
to that of maghemite, Y Fê Ô , and hence their compositions may plot over a 

large part of the system HO-Fê Ô -TiÔ . 

tiaghemite i s cubic with a^ = 8.322 (Hfigg 1935). "^^^ magnetite i t i s 
an inverse spinel, but exhibits a defect structure such that 1 i n 9 of the 
iron ions are absent. (Verv/ey 1935). Both Basta (1959) and Katsura and 
Kushiro (I96I) have shora that there exists a series of similar minerals 
i n the system FeO-Fê Ô -TiOg, vihlch they have called titanomaghemites and 
such minerals have been designated as Y-phases by Verhoogen (I962). 

Both hematite and ilmenite are rhombohedral minerals and they have 
closely similar structures (Barth and Posnjak 1934* Posnjak and Barth 1934). 

The l a t t i c e parameters of hematite are a^j^ = 5«43l2j ot = 55°l6*, and the 
la t t i c e parameters for ilmenite are a^j^ = 5.532j - 54°48.5' (Berry and 
Thompson I962). 

Solid-solution i s complete betvreen hematite and ilmenite at temperatures 
above 1050°C (Ramdohr 1926j Posnjak and Barth 1934), although at 950°C there 
i s a gap i n the solid-solution series which extends from 3 ^ FeTiO^ (Pouillard 
1950), and at normal temperatures the solid-solutions are even more limited 
(see Chapter I I I ) . 



Figure l8 . 
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Figure 18. 
The system Fe0-Fe20^-Ti02 showing lines of 
equal a^ as determined by Akimoto,Katsura 
and Yoshida (1957). 



Akimoto (1957) has demonstrated a continuous change i n the la t t i c e 

parameters (a^j^) of such solid-solutions (Figure I5) and, therefore, i t i s 

possible to estimate the composition of the «ilmenites* on the basis of. 
2+ 2+ 2t" their l a t t i c e parameters. Although Mg and Mn may substitute for Fe 

in ilmenite, i t i s more usual to find only small amounts of these cations 
occurring i n natural ilmenites so that the effects of such substitution 
are l i k e l y to be small. 

I t i s clear, therefore, that the relations between the Z-ray data and 
the compsoitions of natural 'magnetites' are complex and that although the 
unit c e l l edge i s probably largely a function of the TiO^ content, substitut­
ion by other cations may sometimes have an appreciable effect. Even v/hen 
such cations are absent, however, the unit c e l l edge i s not uniquely related 
to composition since i t i s known that titanomagnetites ( P-phases) can oxidise, 
i n varying degrees to giveY -phases, and that "IC-phases with the same unit 
c e l l edge can represent different degrees of oxidation according to the TiO^-
content. 

In the case of the rhombohedraio^ -phases i t does appear possible to 
estimate their compositions i n terms of the X-ray data since the complex 
relationships characteristic of the cubic phases are absent. 

F. SiCTT'q.Ty 

The l a t t i c e parameters of 21 titaniferous magnetites have been determined 
and the results represent a cross-section through the Clauchlands sheet. 

The unit c e l l edge has been fovmd to increase systematically away from 
the margins of the intrusion and this result indicates an overall increase 
i n the TiO^ content within the body of the sheet. 
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However, the existence of 'magnetites' with unit cell edges less than 

8,3962 indicates that other ions, especially A l ^ , are l i k e l y to be present 

i n the l a t t i c e , although oxidation to Y-spinels may also decrease the cell 

edge. 

Of the analysed samples, only seven contain more than one cubic phase 

and i n view of the small differences i n the unit c e l l edges of these 'magnetites' 

they probably d i f f e r only slightly i n coii5)osition. 

The la t t i c e parameters of the •ilmenites' intergrovni with the 'magnetites' 

have been determined and altiiough they do not show any systematic variation 

tlurough the intrusion, the results do indicate that the minerals contain 

about 10-20mo3̂  ̂®2^3* 
The lat t i c e parameters of the separate 'ilmenites' have also been determined 

and the results would indicate that l i t t l e or no ̂ ^^-^ Is present i n these 
2t* 

minerals but suggest that Ifc may be present. 
X-ray examination of the opaque minerals i n the sandstone above the 

intrusion have confirmed that the predominant mineral i s 'hematite', and 
on the evidence of the rhombohedral la t t i c e parameters i t i s concluded that 
tixe mineral contains about "^^01% FeTiO^ i n solid solution. 
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Chapter 7, Magnetic Analyses 

A, Introduction 

As discussed i n Chapter lY, the X-ray analysis of the iron-titanium 
oxide minerals i s of only limited value when -nivestigating their compositions 
owing to the effects of substitution and/or oxidation. These effects are 
particularly serious i n the titaniferous magnetites and Akimbto, Katsura and 
Yosiiida (1957) have shown that considerable ambiguity remains as to their 
compositions even idien the unit c e l l edge i s knovm (see Figure 18 Chapter 
IV), 

Natural magnetites, however, are generally strongly magnetic and, their 
magnetic properties form the basis of the study of rock magnetism. Of these 
properties the Curie point and the saturation magnetization are two of the 
most impoirbant for they depend on the chemical composition of the mineral. 
Their measurement, therefore, provides data that i s complementary to that 
obtained from the unit c e l l edge (NB. The exact significance of some of the 
terms used i n this Chapter i s explained later, p 67 ) . 

Although ilmenite i s common i n igneous rocks i t i s not usually ferrimagnetic 
and even when present the amounts of ferrimagnetic ilmenite are usually very 
small as compared with the amounts of titaniferous magnetites and maghemites. 
I n volcanic rocks from Japan, for example, the amounts of ferrimagnetic 
ilmenite are less than one tenth the amounts of the ferrimagnetic spinels 
(Nagata 1961). 

Thus the magnetic analysis of igneous rocks, or their ferromagnetic 
mineral fraction, may generally be expected to yield information on the nature 
of the spinels. Ferrimagnetic ilmenites, where these are present, may be 
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distinguished by their lower Curie points and smaller saturation magnetizations, 
whilst hematite or titanhematites may be distinguished by their high Curie 
points and weak ferromagnei^sm (see l a t e r ) . 

As with other methods of investigation, of course, the results of these 
analyses may not be considered i n isolation but must be related to X-ray, 
chemical and microscopic data i n order to be f u l l y exploited. 

Thermomagnetic analysis i s a particularly iiseful method of investigation 
at the qualitative level for i t provides information as to the number of 
magnetic phases present and their approximate compositions which cannot be 
obtained i n any other way. 

Thermomagnetic curves showing the variation i n magnetic moment of a 
sample as a function of temperature i n constant f i e l d H may be expected to 
have the general forms shown i n Figure I9 . (aflier ^hevallier, Mathieu and 
Vincent I954). 

The presence of a single homogeneous 'magnetite' w i l l give rise to an 
abri5)t change i n the slope of the curve at the Curie point, whilst i f more 
than one 'magnetite' i s present the curve w i l l either have a step-wise appeaiv 
ance, or iriJJ. shovr a gradiial slope i f the con^sosition varies continuously. 

On the other hand, the thermomagnetic curves of ferri-ilmenites may be 
expected to change more or less linearly with temperature (Nagata I96I), 

provided that their presence i s not masked by the more intensely magnetized 
spinels. 

A fvtrther advaniiage of these analyses i s that they may be carried out 
on unseparated rock sangjles since the results are independent of the non­
magnetic minerals i n the rock. 

A measure of the saturation magnetization, i s i n general, less easily 

ohtained than the Curie point and requires that the feiTomagnetic material 
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Figure 19. 
Idealised thermomagnetic curves of 'magnetites' 
( a f t e r Chevallier, Mathiiu and Vincent 1954). 

a) Single phase with Curie point of 0 
b) Two separate phases with Curie points of 6| and 
c) Continuous change i n composition between s o l i d 

solutions having the Curie points 0^ and • 



be separated from the rock. 

I t has been found (Akimoto, Katsinra and Yoshida 1957) that i f the 

ferromagnetic mineral i s a homogeneous cubic phase with a composition i n 

the system FeO-Fê Ô -TiÔ  then knowledge of the Curie point and saturation 

magnetization together enables this composition to be determined, since lines 

of equal Curie point i n this system intersect lines of equal saturation 

magnetization, (Figures 20 and 21) . 

Chevallier, Mathieu and Vincent (1954) also state that the measured 

saturation magnetization, cr^, of a heterogeneous 'magnetite', sample (at 20°C), 

can be used i n conjunction vdth the Curie point i n order to determine the 

amount of Fe^^ i n the 'magnetite', \fhatever the nature of the other oxides 

i n solid solution. 

Their results show that, knoirijag the Curie point, i t i s possible to 

evaluate the concentration, f , and the saturation magnetization ct© of the 
° 1 

spinel responsible for the ferromagnetism. Further, the expression 100 

gives the proportion of the ferromagnetic spinel present i n the titaniferous 

magnetite and the expression f gives the percentage of Fe-,0. i n the mineral 

as a whole. 
« 

Using this method, Chevallier, Mathieu and Vincent have found that there 

i s good agreement betvreen the % Fe^^ calculated and that obtained by chemical 

analysis (Table l8) i n the case of magnetites from the Skaergaard intrusion. 

B. Thermomagnetic ArieLlysis 

Curie points have been detennined for separated feirromagnetic fractions 

of the rocks extracted on a Cook magnetic separator as described i n Appendix 

1 , but i n some cases, unseparated rock fragments have been used. 
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Figure 20. 



Figure 20. 
The system FeO-Fe20^-Ti02 showing li n e s of 
equal Curie temperature of 'magnetites' as 
determined by Akimoto,Katsura and Yoshida (1957)* 
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Figure 2 1 . 
The system FeO-Fe^O^-TiO^ showing lines of 
equal saturation magnetization at room 
temperature of 'magnetites' as determined 
by AkimotOjKatsura and Yoshida ^1957)* 



Table 18. 

The Composition of some Skaergaard 'Magnetites' as determined 
by Chemical Analyses and deduced from Magnetic Analyses 

Rock Magnetic Chemical 
Number Analysis Analysis 
EG % Fe^O^ 

2307 51.5* 56.0 
2308 37.2* 35.3 
3661 53.3* 57.5 
2574 60.0* 59.7 
2569 40.5* 39.9 
4147 63 .1* 61.5 
1974 37.6* 41.8 
4142 54.2* 55.3 

* Calculated as f °1/ a 
00 Data from Chevallier,Mathieu and Vincent (1954). 



The analyses have been made v/ith an automatically recording thermomagnetic 

balance the constniction and calibration data for which form Part I I of this 

thesis. This instrument can measure acciirately the Curie point of about 1 

mgm of powder. 

The accuracy has been checked using samples of ptira synthetic Fe^^ 

prepared by M. Guillaud at Bellevue, France. The results indicate that an 

accuracy of i 1°C may be expected for the Curie points of titaniferous magnetites. 

The results of the present investigation are summarized i n Table 19 

and show graphically i n Figure 22. I n general, the Curie point i s sharp and 

marked by an abrupt change of slope i n the thermomagnetic curve as shown i n 

Figure 23. The resijlts show that the Curie points are highest tovrards the 

margins of the intrusion and decrease tov/ards the centre. This variation 

correlates well with that shown by the unit cell edge of the 'magnetites': 

(Chapter IV). 

However, Figure 24 shows the relationship between the Curie points and 

the unit c e l l edges and i t i s clear that although an inverse relationship 

exists between them this cannot be explained i n terms of simple solid-solirtions 

betvreen Fê Ô  (a^ = 8.39 2; T^ = 585°C) and HiFe^O^ (a^ = 8.53 2; T^ = 

about - 150°C, although theoretically paramagnetic). Instead, the Curie 

point decreases much less rapidly with increase i n a^, thus indicating that 

spinels with unit c e l l edges less than 8.39 2 are also present i n solid-solution 

(see l a t e r ) . 

The sandstone at the top contact of the intrusion has a single Curie 

point of 519°C (measured on a rock fragment). This i s almost certainly due 

to the small amount of • magnetitecontained i n this rock. Hovrever, investigat­

ions with the ore microscope have shown that 'hematite' i s the major ore 
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Table 1 9 . 

Magnetic Properties of Clauchlands 
Sample Horizon 

(feet) 
Measured 

'Magnetites' 

Calculated 

f loooa % 1 
°C emu/g emu/g % ^ 

S21 130 537 _ _ M 

S 1 130 547 -, - - mm 

S22 129 577 - - _ _ — 
S25 127 526 - - - — 
S 2 126 549 31.73 8 1 . 5 9.1.5 3 8 . 9 3 35.6 
S 3 122 516 - - - — mm 

S 4 118 556 23.19 8 3 . 0 92.5 27.94 25.8 
S 5 114 470* - - - -
S 6 110 510 - - - — _ 

526 
S 7 106 472 - - - - — 
S 9 98 488 22.31 67.0 8 0 . 5 3 3 . 3 0 26.8 
S10 94 467 - - - — — 
S11 90 488 18.75 67.0 80.5 27.98 22.5 
S12 86 503 . — — _ 

464 
443 
397 

S30 8 2 445* - - - -
S31 7 8 474 11.71 64.0 78.5 1 8 . 3 0 14.4 
S34 66 468 - - - - _ 

S35 62 332* - - — -
S36 58 405* - - - _ — 
S40 42 509 43.24 71.5 84.0 60.60 50.8 
S41 20 533 - - - - -
C 7** , 16 509 - - - -
S43 14 495 32.22 68.0 8 1 . 5 47.40 3 8 . 6 
C 6*» 12 502* - - • - - -
S45 8 512 - - -. - -

363 
S46 5 522 - - -> - — 
S47 495 26.62 68.0 81.5 39.20 32.0 

S13 40 589 _ 

(pegmatite) 536 

* Ssunples showing a range of Curie points - lowest value recorded. 
Abbreviations for samples A/C/1/7 and k^C/^/G, 

Addendum : 
Sample Horizon 

514 30 
5 1 5 26 484 ^ "basalt x e n o l i t h s , 
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Figure 22. 
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Clauchlands Sheet. 
Variation i n 0 of the 'magnetites' i n the c 
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Figure 23. 
Examples of thermomagnetic curves obtained 
with 'magnetites' from the Clauchlands Sheet. 
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Figure 24. 
Relationship between the Curie points and the 
un i t c e l l edges of 'magnetites' from the 
Glauchlands Sheet. The dashed l i n e extends 
from pure Fe^O^ with a Curie point of 585°C 
to pure Fe^TiO^ which, i d e a l l y , should have 
no Curie point. 



mineral i n this rock (Chapter I I I ) , and X-ray analysis has indicated that 
i t probably contains about 3 5 mol^ FeTiO^ i n solid-solution (Chapter IV) 
and, therefore, should esdiibit a parasitic ferromagnetism (Nagata I 9 6 I ) . 

Further, according to Akimoto ( 1 9 5 ? ) the Curie point of the hematite-ilmenite 
solid-solutions varies linearly with composition (Figure 25 ) and a Curie 
point of 520°C would correspond to hematite containing about 20 mo2$ FeTiO^. 
Therefore, the possibility exists that the measured Curie point i s due to the 
'hematite' . This i s considered unlikely to be the case, because although the 
'magnetite' i s only present i n small amounts, i t w i l l have a spontaneous 
magnetization about 100 times that of the 'hematite'^ and may be expected to 
dominate the magnetic properties of the rock. Fiirther, the abn^jt loss 
of magnetization at the Curie point i s characteristic of 'magnetites' whereas 
i t i s known that the magnetization of the hematite-ilmenite solid-solutions 
decrease more or less linearly vdth increase i n temperature. 

C. Saturation Magnetization at 'Rqqm̂  Temperature. 

Measurement of the satin-ation magnetization at room temperature has been 
carried out on 8 of the ferromagnetic powders, but time has been insufficient 
to allow this to be done on a l l . 

The analyses have been made with a magnetic balance of the translation 
type the construction and calibration data of which form Part I I I of this 
thesis. The accuracy of the measurements have been cl;iecked using samples of 
pure synthetic Fe^^ prepared Isy M. Guillaud, and these results indicate 
that errors of i 3̂^ to 2 ^ may be ejqjected. 

Measurements have been made on two specimens from each sample and the 
mean values recorded. The results are summarized i n Table I9 and the data 
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Figure 25. 

The r e l a t i o n s h i p between the composition of 
the rhombohedral F e T i 0 j - F e 2 0 ^ s o l i d s o l u t i o n s 
and the Curie point. 



on which they are based have been included i n Appendix 3 . 

The % Fe^O^ i n the 'magnetites', has been calculated ftom the Curie 

points (Figure 26a) following the method used by Chevallier, Mathieu and 

Vincent, and these r e s u l t s are given i n Table I 9 i They show a general 

decrease i n the F e ^ ^ -content away fl-om the margins of the intrusion. 

Knowing the content of F e ^ ^ i n the 'magnetite', the value of the 

saturation magnetization corresponding to t h i s composition has been obtained 

from Figure 26b. The percentage of 'magnetite' i n the inhomogeneous 'magnetite'-

•ilmenite' sample has then been calculated as 100-= where °, i s the measured 

saturation magnetization.' I t has been assumed that the remainder of the 

sample consists of intergro^m 'ilmenite'. 

These r e s u l t s are given i n Table 19 and they show that the amount of 

'ilmenite'. i n the 'magnetite'-'ilmenite' intergrovrfchs i s i n the range 40 -

80yS. There i s a clear increase i n the amount of intergrown • ilmenite' ai^ay 

from the top margin of the intrusion, but i n view of the limited data i t i s 

not certain vdiether t h i s same trend takes place from the bottom margin. 

The %Fe^^ i n the 'magnetites' expressed as a percentage of the 'magnetite'.-

I ilmenite' intergrowths, has been calcTilated as f — and these r e s u l t s are 

given i n Table I 9 . These valties have been plotted against Curie point i n 

Figxire 27 and, taking the Curie point of 100/6 F e ^ ^ as 585°C, the r e s u l t s 

show that even for 0̂  ^ ® ^ 4 "''hŝ s s t i l l remains a magnetic constittient of the 

intergrowths having a Ctirie point i n the l i m i t s 440°C to 530°C. 

The intergrom .'ilmenites'. are known to contain 10 - ^ molS FCgO^ i n 

solid-solution (Chaper IV) and according to Akimoto (1957) > these ^rould have 

Curie points i n the region of -1jOO°C (Figure 25). Therefore, t h i s other 

magnetic constituent cannot be the 'ilmenite',. 
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Figure 26« 
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F i g u r e 26 , 

a) The Curie point as a fu n c t i o n of "/oTe^O^ i n 
n a t u r a l 'magnetites', p l o t t e d from the data 
of C h e v a l l i e r , B o l f a e t Mathieu (1955), but 
modified s l i g h t l y by tailcing the C u r i e point 
of pure Fe^O^ as 585°C not 578°C. 

b) The s a t u r a t i o n magnetization at room 
temperature as a fu n c t i o n of %Fe^O^ i n n a t u r a l 
'magnetites', p l o t t e d from the data of 
C h e v a l l i e r , B o l f a et Mathieu (1955). 
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F i g u r e 27. 
The %Fe^O^ i n the 'magnetite' samples from 
the Clauchlands Sheet, c a l c u l a t e d from the 
magnetic constants, p l o t t e d a g a i n s t the 
C u r i e p o i n t s of these samples. 



I t i s laiown that MgFegO^ has a Curie point of 440°C (Br a i l s f o r d I96O), 

so that i s suggested that t h i s may be the other constituent present i n s o l i d -

solution i n the 'magnetite'., 

D, Magnetic Nature of the Iron-Titanium Oxide Minerals 

Since a clear understanding of the magnetic nature of the iron-titanium 

oxide minerals i s e s s e n t i a l to an understanding of'the above r e s u l t s and also 

to the discussion i n the following Chapters, some fundamental aspects of t h i s 

magnetization are reviewed below. 

1) The Origin of Magnetic Moment (Ref. B r a i l s f ord I96OJ Nagata I96I) 

Magnetism i n i t s most elementary form i s due to electrons. The magnetic 

moment of an atom i s cause either by the o r b i t a l motion or the spin of i t s 

electrons or by a combination of both. 

An orbiting electron i s equivalent to a c i r c u l a r current and th i s i n 

turn i s eqtavalent to a magnetic s h e l l having a magnetic moment m. The value 

of m corresponding to t h i s o r b i t a l motion i s given by;-

m = 1 — ^ V........V.V.1) 
4Am c o 

where e = the charge of the electron. 

m = the r e s t mass of the electron, o 

c = velocity of l i g h t 

h = Planck's constant 

1 = the asimuthal quantum number, vMch gives the or b i t a l angular 

momentum of the electron and indicates i t s sub-shell i n the 

Bohr atomic model. 

The r a t i o of the angular momentum N of the orbiting electron to the 
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magnetic moment m i s given by:-

w 2m„c 
'o ' - ' — . . . . . . v . v . . .2) 

m e 

whilst the r a t i o of the angular momentvm of the spinning electron to the 

magnetic moment i s given by:-

^ = ~ ••• -3) 
e 

and thus h a l f that due to the o r b i t a l motion. 

The r e l a t i v e contributions to the magnetic moment of an atom made by 

the spin and the o r b i t a l motions are given by Lande's factor, g, vrtaich appears 

i n the expression:-

2m̂ c , 
r = -2» . i ...V.........4) 

e g 

where 1 ̂  g ̂  2, and r i s the r a t i o of the magnetic moment of the atom to 

the angular momentum of the electrons within i t . 

According to the c l a s s i c a l atomic theory of Bohr (1913), electrons 

can only revolve around a nucleus i n certain definite orbits, or s h e l l s , 

corresponding to ce r t a i n allovjed energy states. 

These s h e l l s eire shovm i n Table 20 for the ferromagnetic elements Mn, 

Fe, Co and Ni together with the electron configuration for the corresponding 

ions. They may be compared with the non-magnetic elements Mg, Al, T i , Cu 

and Zn. 

I n copper, for example, the 3d sub-shell i s complete with 10 electrons 
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Table 20 . 

The E l e c t r o n Configurations of some Common 
Magnetic and Non-Magnetic Atoms and Ions. 

S h e l l K L M N 
S u b - s h e l l I s 2s 2p 5s 3p 3d 4s 

Z. 
12 Mg 

Mg 

2 

2 

2 

2 

6 2 

13 A l 
-Al^-^ 

2 

2 

2 

2 

6 

6 

2 1 

22 T i 2 2 6 2 6 . 2 2 

2 2 6 2 6 • - -

25 Mn 2 2 6 2 6 5 2 

Mn 2 2 6 2 6 5 

26 Fe 2 2 6 2 6 6 2 

Fe^^ 2 2 6 2 6 6 -
Fe^^ 2 2 6 2 6 5 -

27 Co 2 2 6 2 6 7 2 

Co^^ 2 2 6 2 6 7 -

28 Ni 2 2 6 2 6 8 2 

Ni^-^ 2 2 6 2 6 8 -

29 Cu 2 2 6 2 . 6 10 1 

Cu^ 2 2 6 2 6 10 — 

30 Zn 2 2 6 2 6 10 2 

2 2 6 2 6 10 — 



but i n Mn, Fe, Co and Ni, t h i s subshell i s Incomplete to the extent of 

5, 4, 3 snd 2 electrons respectively and hence the atoms have uncompensated 

spins. These uncompensated spins give r i s e to atomic magnetic moments of 

5, 4, 3 respectively, where ]pg i s the magnetic moment due to a 

single spinning electron and i s known as the Bohr magneton. From equation 

1), the val\ae of the Bohr magneton i s given as:-

1 yug = = 0.9274 10"^rau .......5) 
4?(m^c 

Si m i l a r l y , the ions Mn , Fe , Fe-^, Co and Ni , have spin magnetic 
2+ 

moments of 5, 4, 5> 3 2 r e s p e c t i v e l y , whereas the ions Mg , A l - ^ , 

T i ^ , Cu**̂  and Z n ^ are non-magnetic. 

Experiments have shown that the Lande factor for these atoms i s nearly 

2 thus indicating that t h e i r magnetic moments are due largely to the spin of 

the electrons rather than to t h e i r o r b i t a l motions (Greenwald, Pi c k a r t & 

Grannis 1954). 
For elements coming higher i n the periodic table than nickel , the M 

s h e l l i s complete with 18 electrons and since a completed s h e l l i s magnetically 

neutral the atoms have no net magnetic moment. Thus, only atoms with incomplete 

electron s h e l l s can have a magnetic moment. 

2) Diamagnetism, Paramagnetism and Ferromagnetism. 

Diamagnetism i s a property fundamental to a l l substances altho\]gh i t s 

e f f e c t s may be hidden when the substance contains atoms having magnetic 

moments. 

I f a f i e l d H i s applied at some angle to the plane i n which an electron 

i s orbiting, then Larmor has shown that the whole orbit precesses with the 

direction of H as a x i s , and that the direction of the precessional rotation 
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i s such a? to set up an opposing f i e l d to that applied* 

This 2.3 -tix© phenomenon tdaioh givea diam^etic aubstancea a negative 
susc^ptibilityi*' 

k = * I J / ^ o i .•.6) 

o 
i^era K = the nml»r of atoma i n m i t volume. 

3?̂ ^ = the radius of tiio o rbit of aai electron from tfee centre of the 
nuolous. 

ParaBjagaetic qubatancea, ,on the other hand, contain a large nmbar of 
atoms having a ma^etic aoiaent, such as Pe, Mn, Ni, Co, but since the interaction 
sjaorig tliem i s very sioall tSiese acaa^ts are randoialy oriented and hence the 
aubstaaee has no not magnetic nmant* 

. However, under Idie effect of a f i e l d H, the substance takes on a magnetic 
ument H wliich, at temporature T, i s given approximately by:-

« = ""^ 7i 

Wsiere =? the sua of the magnetic laoments of a l l "Uie atoms i n m i t 
volume* 

R =i Boltasiann's taiivorsal gaa constant. 
!J!li0 paramagnetic susceptibility per mol i s thus given tys— 

2 

% ^ = 5 = = £ . . . . . . . 8 ) 
H 3EEI T 

and thia relation i s know aa Ctarie's law. I t states that for a paraaagnetic 
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substance % ^q^. inversely proportional to the absolute temperature. 

The constant C = I^ ^ / 3̂^ i s c a l l e d the Curie constant; i t shoiild not, 

however, be confused with the Citrie temperature (or Curie point) of ferromagnetic 

substances. 

I n a ferromagnetic substance the interaction among neighbouring atoms i s 

so strong that the magnetic moments of a l l the atoms tend to be p a r a l l e l and 

a magnetization ( J per unit volume) e x i s t s even v^en there i s no external 
3 

f i e l d . This magnetization i s knov/n as the spontaneous magnetization. 

The spontaneous magnetization decreases with increasing tengserature 

according to the Curie-VJeiss law:-

mol 
• M̂  

= -2 — ± - ^ - ............9) 
3R T - T^ 

C 

and becomes zero a t the Curie temperature T , above which the substance 
c 

behaves as a paramagnetic and follows Curie' s law (Equation 8). I t can 

thus be seen that Ciirie's lav/ corresponds to the extreme case where T i s 
c 

absolute zero. 

3) Antiferromagnetism and Ferrimagnetism 

Some magnetic substances have properties \diich cannot be c l a s s i f i e d as 

either ferromagnetic or paramagnetic. Although they have s u s c e p t i b i l i t i e s of 
-3 

the order of 10 emu which would indicate that they are paramagnetic they do 

not follow Curie's law. Instead, the s u s c e p t i b i l i t y talces a maximum value at 

a temperature known as the A -point, or Neel temperature, and at higher tempera­

tures i t varies according to the Curie-Weiss law:-

X = v . . . . 1 0 ) 
T + G 
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vfliere 6, the Curie point, i s generally positive. 

The magnetic state a t temperatures below the Neel temperature can be 

attributed to the condition that the spins of the neighbouring atoms are 

a n t i p a r a l l e l to one another owing to a negative exchange reaction (cp positive 

exchange reaction i n ferromagnetic substances), and hence t l i i s phenomenon i s 

kiio'.m as antiferromagnetism (Van Vleck 1945). 

When an antiferromagnetic coupling occurs between atoms having different 

magnetic moments, then the substance exhibits a net magnetic moment, as vri.th 

ferromagnetic substances, and has a spontaneous magnetization, J , due to the 
s 

difference between the opposing magnetic moments. 

The magnetic properties of such substances aire, therefore, very l i k e 

those of ferromagnetic substances and hence this special case of an t i f e r r o ­

magnetism has been ca l l e d f errimagnetism (Neel 1948). 
Ferrimagnetic substances have a Curie temperature, as with ferromagnetic 

substances, a t which the spontaneous magnetization becomes zero, but above t h i s 

temperature t h e i r paramagnetic s u s c e p t i b i l i t i e s do not follow Curie's law 

(Equation 8) but vary according to a hyperbolic function:-

1 n> i o 
± = t + i ~. 11) 
^ C "^o T - 0 

where C = the theoretical Curie constant of the ions present. 

0 = the Curie temperatiare. 

o = the saturation magnetic moment at absolute zero. 

The values o f ^ , a and 0depend on the magnitude of the magnetic interactions. 

4) The Ferrimagnetic Iron-Titanium Oxide Minerals 

The s i l i c a t e minerals which form the greater part of most rocks are 

either paramagnetic or diajnagnetic depending on the presence or absence of 
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2+ 3f 2+ 

magnetic ions such as Fe , Fe-^ and Mn . Thus quartz and the feldspars 

are t y p i c a l l y diamagnetic minerals whereas, olivine, pyroxenes and biotite, 

are paramagnetic. 

Certain of the iron-titanium oxide minerals, hov/ever, are ferrimagnetic 

and have properties analogous to those of the f e r r i t e s MFe^O^, vdiere M i s a 

divalent ion such as lln, Fe, Co, Ni, Zn, Mg. 
The magnetic f e r r i t e s are generally cubic and have an inverse spinel 

structure (Chapter IV) so that, i d e a l l y , the M ion occupies one of the B-
3+ 

s i t e s and the two Fe-"̂  ions are divided between the A-site and the remaining 

B - s i t e : -

Fe^^ (M^ F e ^ ) 0^ 

A B 

Three sets of interatomic forces e x i s t i n such a structure those between 

ions on A-sites, those between ions on B-sites and those between ions on the 

A- and B-sites, that i s A-A, B-B, and A-B Interactions. 

The interaction i n these i o n i c compounds occurs v i a the adjoining anions 

(oxygen). A theory of t h i s so-called super-exchange has been given by 

Anderson (1950), v/hose calculations show that for Fe-^ and other ions with 

f i v e or more electrons, these interactions are negative and the two metal 

ions have a n t i p a r a l l e l spin, whereas for or other ions vath l e s s than 

f i v e 3d electrons these interactions are positive and the tvra metal ions 

have p a r a l l e l spin. The theory also indicates that the interaction i s strongest 

for a co l l i n e a r configuration M - 0 - M and \ireakest for a right-angle 

configuration M - 0 . 
I 
M 
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I n the spinel structure the A- and B-sites are r e l a t i v e l y close 

together and make an angle A-O-B of about 125°, whereas adjacent A-sites 

and B - s i t e s are much further apart and make angles A-O-A and B-O-B of 

about 80° and 93° respectively (Gorter 1957). Therefore A-A and B-B 

interactions are weak as compared with the strong A-B interactions. The 

theory of super-exchange also indicates that the A-B interactions are negative 

i n the f e r r i t e s . 

This r e s u l t vjas postulated independently by Neel i n order to explain 

the magnetic properties of f e r r i t e s and i t has been confirmed by neutron 

d i f f r a c t i o n studies on a number of f e r r i t e s (Shull et a l 1951j Hastings and 

C o r l i s s 1953; C o r l i s s et a l 1953) • 

Thxis at low temperatiu'es, when the thermal disturbance of the ions i s 

small, the magnetic l a t t i c e of a f e r r i t e may be regarded as divided into 

two sub l a t t i c e s A and B v/hose spontaneous magnetizations and Jg are oriented 

i n opposite directions. (Neel 1955)* The net magnetic moment i s then the 

difference between the moments on the A- and B-sites :-

F e ^ ( M^ F e ^ ) 0^ 

^A, ^B 

and since the moments of the F e ^ ions cancel out, the magnetic moment of 

the f e r r i t e i s given by the moment of the M ion. 

Data on the magnetic properties of some common f e r r i t e s have been 

summarized i n Table 21 and i t can be seen that there i s i n general a close 

agreement between the measured magnetic moments and those calculated from 

the theory. Thus for M = Ni , Co , Fe and Mn the molecular magnetic 

moments of the corresponding f e r r i t e s are close to 2, 3> 4 and 5^-gwhich are 
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Tabid 21# . 
T?gop&tt±e$ of eoae F©rrit©s » a f t e r Bt-ailgford 1960* 

l*eiTi^o Stifucture Magnetic Moment Curie 
B Theoretical Meaeured Temperature 

300*'C 
585°C 
520*C 
585̂ *0 

''•̂  455*̂ 0 
0 440*C 

* ^ «-* 
0 0 mm 



the valties of the spin magnetic moments of these ions (Table 20). The 

slight remaining differences are probably due to residual orbital moments 

(Neel 1955). 

Natural magnetites, however, rarely contain appreciable amomts of 

Co. , Ni or Mn (Chapter IV) so that these ferrites are unlikely to con­

tribute significantly to the magnetic properties of substituted magnetites. 
2+ 

On the other hand, Mg , may sometimes occur in appreciable amounts and 

although magnesioferrite should ideally, be non-magnetic: -
5» < 

F e ^ (Mg^ Fe^*" ) 0^ 

i t generally has a molecular moment of about which can be explained Ijy 

a formiOa Fe^_Jig^ (Mg^__^Fe^ 0^ with x = 0.11 (Gorter I957). Hence, the 

presence of MgFegÔ  may sometimes influence the magnetic properties of magnetite. 

The great majority of natural magnetites, however, are titaniferous and 

are either solid solutions betvreen YeFe^^-TiFe^^ or their oxidised equivalents. 

Thus, i t i s the magnetic effects associated \ri.th the substitution of T i that 

are of primary interest. 

These effects have been investigated by a nmber of research workers, 

Barth and Posnjak 1932^ Ernst 1943J Pouillard I95O} Chevallier and Girard 

I95OJ Chevallier, Bolfa et Mathieu 1955J Akimoto I954, 1955, 1957, 1962; 

Akimoto, Katsura and Yoshida 1957; Akimoto and Katsura 1959; Katsura and 

Kushiro I 9 6 I . 

4+ 
T i i s a non-magnetic ion with the electron configuration:-
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Shell K L M 
l a 23 2p 33 5p 

i t therefore acts as a diluent to the magnetic properties of magnetite and 

causes a decrease in the saturation magnetization and Curie temperature as 

the substitution of T i increases. 

Ulvttspinel TlPogO^ i s paramagnetic at room temperatures and at lov/er 

temperatures i t should be antiferromagnetic (Nagata I 9 6 I ) : -

^ •< 

F e ^ ( T i ^ F e ^ ) 0^ 

^B 

According to Akimoto (I962), the Curie points of the synthetic solid-

solutions between F e ^ ^ and '^^Sq^^ decrease xd.th increasing TiFegO^ content 

as shown i n Figure 28 and reach room temperature at a composition of 2056 

F e ^ ^ . The extrapolation of this curve indicates that pure TiPe20^ has a 

CiD^ie point of about -150°C, and therefore the ideal antiferromagnetic arrange­

ment shown above does not hold. 

Chevallier, Bolfa and Mathieu (l955) ^^"^ show that the Ctirie points 

of natural titaniferous Biagnetites decrease vrLth F®^^ content as shown in 

Figure 26a. For compositions in the range 60 - 100^ ̂ ®^4» curve agrees 

with that given by Akimoto for the synthetic solid-solutions. For compositions 

less than 60% Fe^^, hovrever, the results diverge increasingly from those 

given for the synthetic solid-solutions and at room temperature there i s a 

difference of about I6/S F e ^ ^ between the composition given by Akimoto'3 curve 

and that given for the natural minerals. I t would seem, iiierefore, that the 

relationship between the Curie point and the composition of natural magnetites 
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Figure 28. 
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Figure 28. 
The Curie point as a function of composition 
i n the cubic Fe^O^-Fe^TiO^ s o l i d solutions, 
(after Akimoto 1957). 

Figure 29. 
The saturation magnetization at absolute zero 
as a function of composition i n the cubic 
Fe^O^-Fe^TiO^ s o l i d solutions, (after Akimoto 1957). 



(which contain other oxides such as MgO, A1„0^, V̂ Ô  etc.) are somev/hat 

different from those for the synthetic solid-solutions, although these 

differences are apparently not great for minerals having Curie points higher 

than about 300°C. 

The saturation magnetization at absolute zero of synthetic Fe^^-TiFegO^ 

solid-solutions decreases more or less linearly with increase in TiFe20^ 

from about < ^ for F e ^ ^ to zero for TiFe20^ as shown in Figure ^ (Akimoto 

1962). Both Nicholls (1955) and Gorter (1957) have suggested that this 

variation indicates one or. other of the following cation distributions in 
o 

these solid-solutions:-

with a saturation moment of 4 - 6x + 10a or:-

with a saturation moment of 2 - 2x + 8a. 

Thus, i f titaniferous magnetites were simply solid-solutions between 

magnetite and liLvftspinel, then measurement of the Curie point would give the 

chemical composition and a determination of the saturation magnetization would 

indicate the probable distribution of the cations. 

However, natural 'magnetites' are not such simple coii5)ounds and rarely 

do they have compositions that plot directly on the Fe^^-TiFegO^ join in the 

system FeO-FegO^-TiO^, but instead, they may have compositions that plot well 

to the right of this join as shown in Figure 6 (Chapter 17). I t i s known that 
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sileh ̂ --piiaGas aay foru &;;/ osickitioa of Fe^^-TiFegO^ s&licl-soiutioas (^-phases) 

(sea Cbaptci- I I I ) , and J^ilinc-ta, Katsura aid '£os}:idc (195?) liavs siio-^ii tL&t 

as ocd:Clation pix>&2eds, tjie CTSTIQ •;;DiJxt3 tseoaa higher (Figyro 20), ul^ilo for 

Eif©3sixto3 h^Mzig & low content of TiFe , ,0 . tlia satisratlin monsat dDcreaaea, 

aad for taagnetites h&rlns a high coataat of TiFegO^, tL& i,;«turi.tion nomsrit 

increaaea as ojcidatlon ..roeoeds (Fig^ce 21) * 

5) Magrx'Stic ?ropsrtioo of tlio ilaoiabohedrul Iron-Titaniisa Oidda tlinorals 

SluQnite i s QJitifer2*02iaga.otic at vorj- lo,7 te„V'02'at-jro3, belci- tiio liquid 

nitrogen toaysratm^e, and has a Heel tcjapcratir*e of 55°^. (Iohikai«i eiid AkLaoto 

195?) • '"̂iiis'aii© et a l (1959)? "/^"^ demonstrated tiiia antiferroaa^istic structure 

means of neutrm diffractioti studies, Alovo the teia>K3rature of liqidd 

nitrogen, ilaenite becoaaa par^uaagaetic. 

Hot^ever, tiie aagnetiaation of some antiferromrignetic substances at temperature 

T in a f i e l d H can be represented Ijy ilia foimvila;-

° = °o 12) 

where the specific susceptibility has a maxiniEa -value as viiih ordinary ontl-

forroinagnetics, but the substance also has a weak spontaneous magnetization 
~1 -2 / 

of about 10 "10 P--Q /mol which i s much less than that of ordinary ferrinagnetic 

substances. This spontaneous mognetisation disappears at the Curie point and 

this phenomenon has been called pcrasitic ferromagnetisa. (Heel 1953). • 

HemtitQ i s a typical example of a substance with parasitic ferro-

magnetlsm (Heel end Pauthenet 1952} Noel 1953), Mid i t hcis a Gurf.9 point of 

Syf^G at which the vjeak ferroffiagnotisni disappears, , 
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The magnetic properties of the ilmenite-hematite solid-solutions xFeTiO^. 

(l-x)Fe20^ vary according to composition. Pure ilmenite ( x = 1.0 ) i s 

antiferromagnetic, below the Neel temperature, solid solutions in the range 

1 > X !̂  0.45 ( i.e. ferri-ilmenites) are ferrimagnetic, and solid-solutions 

in the range 0 .5 i^x> 0 ( i . e . titanhematites and hematite) have a parasitic 

ferromagnetism si5)erimposed on antiferromagnetism (Akimoto I962). 

X-ray analysis (ishikawa and Akimoto I958) and neutron diffraction 

studies (Shirane et a l 1959) ^ve shovm that the ferrimagnetic ferri-ilmenites 

have an ordered structure and that the transition to the antiferromagnetic 

titanhematites i s accompanied by a change to a disordered structure. 

Ilmenite with symmetry R3 corresponds to an ordered hematite structure, 

with symmetry R^J (Posnjak and Barth 1934). In the ordered state the T i ^ 

ions selectively occupy every other cation layer perpendicular to the triad 
4f 2+ 

axis whilst in the disordered state the T i and Fe ions are distributed 

equally through a l l the layers. Therefore, in the ferri-ilmenites a net magnetic 
•71. 

moment appears due to the presence of Fe-^ (from FegO^) distributed in the 

ordered structure. 

Akimoto (1957) has shovm that the Curie point of the ilmenite-hematite 

solid-solutions decreases almost linearly with composition from 680°C for 

hematite, and reaches room temperature for a composition of about 75 "lol^ FeTiO^ 

(Figiire 25). Chevallier Bolfa and Mathieu (1955) found that naturally 

occurring titanhematites generally have Curie points in the range 680°C to 

600°C while the naturally occurring ferri-ilmenites have Curie points below 

about 250°C. 

E . SymmiaJTy 

The Curie points and saturation magnetization of samples from the Clauchlands 
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sheet have been measured. 

The Curie points have been found to vary systematically through the 

intrusion. They are highest towards the margins ( co 500°C) and decrease 

tovj-ards the centre of the sheet v±iere they f a l l as lo\i as 332°C. 

The relationship between the Curie points and the unit c e l l edges of the 

•magnetites' has been found to be an' inverse one. . Hovrever, the rate of change 

of • Curie point vdth imit c e l l edge i s much less than would be expected i f the 

'magnetites' were simple solid-solutions between F e ^ ^ and TiFe^O^. 

The % F e ^ ^ in the 'magnetites' has been calculated from the Curie points 

and the satin-ation magnetization values follovdjig the method used by Chevallier 

and Mathieu and Vincent (1954). In general, the Fe^^-content has been found 

to decrease away from the margins of the intrusion. 

The % F e ^ ^ in the 'magnetites' has been calculated from the Curie points 

and has been found to decrease by about 10% towards the centre of the intrusion. 

Knovdng the ^FeJO^ i n the 'magnetites', the values ofcr^have been calculated 

and the ratios 100— have been calculted to give the percentage of 'magnetite' 

in the 'magnetite'-'ilmenite'intergrowths. 

The ratio f — has been calculted to give the ^FeJD. expressed as a 
cu -> ̂  

percentage of the intergrowths. A plot of these values against Curie point 

has indicated that a magnetic constituent other than Fe^O^ i s also present 

in these intergrovrths, and i t i s thought that this may be as MgFegÔ ^ in solid-

solution in the 'magnetites'. 
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Chapter VI. Sumoary and Discussion of the Mineralogical Data 

A* Introducticaai 

Exnm1 nation of thin-sections of material from the Clauchlands sheet 
has shown that the rock i s best described as an analcite-dolerite. OpaqiB 
minerals form an important constituent of this rock and appear to have 
crystallised after the formtion of plagioclase and olivine but before 
precipitation of the pyroxene iiriiich l a t t e r , i n view of i t s purplish brown 
colours, i s considered to be titanifeirous augite. 

Samples representing a vertical cross-section of the intrusion have 
been investigated i n thin-section and the results have revealed a systematic 
variation I n the content of opaque minerals within the sheet sudi that 
whereas the marginal rocks contain more than 9^ of opaque constitusnts, less 
than i s present i n rocks at the centre of the sheet (Figure 5) • There 
i s no evidence to suggest that crystal settling has occurred towards the 
base of the sheet. 

I n polished sections the opaqtsa minerals consist largely of an isotropic 
mineral resembling magnetite (Fe^^) and an anisotropic mineral resembling 
ilmenite (FeTiD^) (Chapter I I I ) . However, measurement of r e f l e c t i v i t y , 
microhardness, unit c e l l parameters and magnetic properties has indicated 
that the minerals are not pure Fe^^ or pure FeTiO^ and hence they have been 
described as 'magnetite' and 'ilmenite' respectively. 

The opaque minerals i n the sandstones at the top contact of the intrusion 
consist predominantly of 'hematite' and subordinate 'magnetite' that appear 
to have formed from an original ferriferous cement (Chapter I I I ) . They have 
a distinctive recrystallised texture (Plate VII) which i s similar to those 
obseirred i n sintered hematite ores and a ten^rature of formation i n the 
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range 1100°C to 13D0°C i s suggested (Cliapter H i ) . This was probably 

the temperature of the magma on intruaiim. The 'hematite' i s not pure 

cx -FOgOj but contains about 35 m>2$ FeTiO^ I n solid-solution (Chapter 17). 

B. Properties of the 'Magnetites' 

The properties of the 'magnetites' indicate that they have con^jositions 

that are significantly different from those of pvre Fe^^. The values for 

the unit c e l l edges (a^) and the Curie points (T^) - Tables 30 and I9 - are 

i n general' agreement with those reported for naturally occurring minerals 

that are knom, fS?om chemical analyses, to be titaniferous magnetites, i.e. 

essentially solid-solutions between Fe^^ and FSgTiO^ (Figure 6). I t seems 

probable, therefore, that the 'magnetites' i n the Clauchland sheet are also 

titaniferous, especially as the pyroxene appears to be titaniferous augite. 

I t i s Imown that substitution of Ti02 i n magnetite (Fe^^) has the 

effect of increasing the unit cell edge and decreasing the Curie point 

(Chapters IV and V). For solid-solutions between Fe^^ and Fe^iD^ there 

should be a sin?)le inverse linear relationship betweoi these two properties 

varying from a^ = 8 .396£, T^ = 585°G for pure Fe^^ to a^ = 8.5^, T^ = about 

-159*'c for pure FegTiO^. The present investigation has shown that this 

simple relationship does not hold for the 'magnetites' i n the Glauohlands 

sheet* Although there i s an inverse relaticoiship between a and T (Figure 24), 
o c 

i t cannot be e^lained simply i n terms of solid-solution between Fe^^ and 

Fe^lD^ and, therefore, i t i s concluded that other constituents are present 

I n solid solixtion as well as TiQ2* ' 

I t i s knovm that many cations may substitute i n the spinel l a t t i c e of 

magnetite (Tables 16 and 17) but, apart fjrom Ti02> those found i n greatest 

abundance i n natural 'magnetites' are AlgO^ ^f^^ MgO and HnO, Of these, 
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AlgO^ and VgÔ  cause a decrease i n the unit c e l l edge of the substituted 

'magnetite', } ^ has no appreciable effect and MnO, like TiO^, causes an 

increase i n the unit c e l l edge. Substitution by these cations (with the 

exception of VgÔ  for which no data i s available) i s known to decrease the 

Curie point of the substituted 'magnetite' . 

The relationship between, a and T shown i n Figure 24 can be understood 
o c 

i f the assunption i s made that constituents such as those mentioned above 

are present i n the mineralsj i.e. i f i t i s considered that the minerals are 

essentially titaniferous 'magnetites' whose properties have been modified 

by these other constituents. I n stich a situation, the effects due to substit­

ution by TiOg are partly comteracted b7 the effects di» to substitution of 

the other cations. Assuming that T^ i s determined largely by the concentration 

of Fe^^ i n the mineral, then Figure 24 shows that the measured ce l l size cor­

responding to a measured Curie point i s smaller than would be the case i f the 

mineral were simply a Fe^^-FCgTiO^ solid-solution. This requires, therefore, 

that con^jonents are present vMch tend to reduce the unit cell edge of the 

substituted 'magnetite'. 

A few of the 'magnetites' have unit c e l l edges that are less •timn that 

of pure Fe^^ (Table ID). Since TiDg i s normally the dominant substituent 

i n natural 'magnetites' (Table 10) i t seems improbable that -Uiere would be a 

concentration of cos^^onents such as Al^O^ and ̂ ^-^ sufficient to reduce the 

c e l l size to this extent because the effect of the Ti02 i s to increase the 

c e l l edge. However, such cosQ̂ onents may be expected to be present i n the 

minerals and therefore to contribute to the reduction of the c e l l edge. 

I t i s known that the low teo^eratin^ oxidation of titaniferoxis magnetites 

results i n the formation of cubic phases of variable con5)Osition (Figure 6) 

having smaller unit c e l l edges than the corresponding stoichiometric phase 
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(Figure 18), and that such phases can have ce l l sizes less than that of pure 
Fe^^ even though they contain TiO^* Verhoogen (I962) has called such 
minerals Y -^ihases since they have defect lattices similar to that of maghenite, 
Y -PegÔ , (for which = 8.328). I t i s possible, therefore, that the 'magnetites' 
i n the Clauchland sheet areY-phases of this type. However, this i s not to 
say that they liave formed by oxidation for, although i t i s known that they 
may form i n this way, i t i s not certain that this i s the only mode of formation. 
I n view of the complex relationships i n the FeO-FegÔ -TiOg system, i t seems 
not impossible tliat such phases might have formed metastabdly without the advent 
of oxidising conditions, as i s discussed i n Section F. 

Measurement of the microhardness of some of the Claxicblands 'magnetites' 
has shown that they have values that are intermediate between those of magnetite 
and those of maghemite (Figure 7); i.e. they are harder than magnetite but 
softer than maghemite. This result tends to stQiport the identification of 
these minerals asY -phases. However, l i t t l e i s known about the hardness of 
substituted 'magnetites' and i t may well be the case that the presence of 
suob molecules as MgAl^O^ also tends to increase the hardness of the minerals 
since i t i s well known that spinel i s considerably harder than magnetite. 
Hence thi s data should be treated with caution. 

There i s indirect evidence indicating that MgO i s present i n the Clatichlands 
•magnetites' • This i s tentatively based on the results of a few magnetic 
measurements ̂  The Curie point end the saturation magnetization at room teii$)erature| 
of samples of the 'magnetites' have been determined and from these values the 
jSFe^^ i n the samples has been calculated using t^e method of Chevallier, Mathieu 
and Vincent (1954) described i n Chapter V. A good inverse relationship has 
been found to hold when the fSFe^^ so determined i s plotted against the Cnrie 
point (Figure 2?). 
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I f vere the only magnetic constituent of the samples, then for a 

composition of 0 the above relationship should give a Cinrie point of 

absolTzte zero. However, i t i s clear that this i s not the case and, taking 

the Curie point of pure Fe^^ as 585°C, that Figure 2? indicates a Curie point 

i n the range 44D®C to 530̂ C even when no FeJD^ i s present. I t i s concluded, 

therefore, that another magnetic constituent i s also present i n the saoQ̂ les. 

X-ray examination of such samples has shown that 'ilmenite' i s normally 

present, this having been retained as a fine intergrowth with the 'magnetites'.. 

However, the l a t t i c e parameters of such 'ilmenite' indicate that the minerals 

contain about 10-20 jadl$ ̂ ^^-^ ̂  solidp.solution (Chapter IV) and, according 

to Akimoto (1957)* such minerals wovild have Curie points of about -1D0*̂ C 

(Figure 25) and therefore, would be nonHuagnetic at room tei!?)eratures. Hence, 

this 'ilmenite' cannot be the other magnetic constituent of the sasqples. 

X-ray examination of the 'magnetites' has shown that a number of saji^les 

contain more than one 'magnetite' but that i n such cases the coexisting minerals 

are l i k e l y to have closely similar conqsositions (Table 10). As measiarements 

of the Curie points (determined on very small samples) have rarely shown more 

than one phase to be present and these results show no good correlation with 

the I-jrey data, i t i s concltsded that the co-existing phases represent slight 

variations i n composition within the powder samples, and are not Intergrowths. 

This seems especially l i k e l y vhea i t i s considered that the powders have been 

concentrated ftom f a i r l y large hand-aized rock specimens. 

Thus, the data does not indicate the presence of an intergrown magnetic 

phase within the 'magnetite' samples, and therefore i t i s conclixled that the 

\]Qknown magnetic constituent i s present In solid-soltition i n the 'magnetites'. 

MgO i s normally found i n natural 'magnetites' where i t may be regarded 

as occurring as MgFegÔ  (magnesioferrite) i n solid-solution with the 'magnetite'. 
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I t i s known that magnesioferrite i s a ferromagnetic spinel with a Curie point 

of 440°C so that i t s presence i n the Clauchlands 'magnetites' might account 

for the results shown i n Figure 27, hence i t i s concluded that MgO i s a 

component of the 'magnetites'. 

Hov;ever, the above result can give no indication as to the amount of MgO 

i n the 'magnetites' . The relationship shown i n Figure 27 indicates only idie 

presence of a magnetic constitTaent, probably MgFegÔ , having a Curie point 

i n the range 44D°G to 530°C. This Curie point has been obtained by making an 

extrapolation to the unlikely condition that the minerals contained no Fe^^. 

The Cvcrie point, however, i s independent of the amount of the constituent. 

Indeed, i t i s probable that the concentration of MgO (present as MgFOgÔ ) 

is quite small jiBSging by recorded chemical analyses of natural 'magnetites'. 

Summarizing, i t i s concluded that the 'magnetites' i n the Clauchlands 

sheet are essentially titaniferous, i n common with other naturally occurring 

'magnetites' . However, the properties of these minerals are not those of 

simple solid-soltttions between Fe^^ and Fe2TiO^ but may be explained i f i t i s 

considered that the properties of the simple minerals have been modified by 

other components. AlgO^, '̂ •̂̂  and MgO may be expected to be present and to 

contribute to such modifications of the properties. However, i t i s also 

concltsied that the 'magnetites' may be non-stoichiometric Y-phases ( i . e . 

the o^^en content may be variable) and i t seems probable that this factor 

may be more effective than the others i n determining the properties of the 

•magnetites'. However, i t i s not implied, nor considered necessary to consider 

that the minerals have been oxidised at low temperatxn'es. 

C. Systematic Variations i r i the Properties of the 'Magnetites'. 

Both the Curie points and the lat t i c e parameters of the 'magnetites'^ 
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have been found to vary systematically within a vertical section of the 
intrusion. As the Curie points decrease towards the centre of the sheet 
(Figure 22), the unit c e l l edges increase (Figure 14). Thus the composition 
of the 'magnetites' i s not uniform but varies systematically. Since the 
minerals at the centre of the sheet have crystajlJised later, and cooled more 
slowly, than those at the margins, this variation i n composition i s presumably 
related to the rate of cooling and indicates changes i n congsosition as 
equilibrium i s approached. 

I t has been concluded that the 'magnetites' are essentially titaniferous, 
albeit with their properties modified by other constituents, and therefore 
i t seems probable that the observed variations indicate changes i n the TiO^ 
content of the minerals, sxich that there i s an inci^ase i n the TlDg content 
towards the caitre of the sheet. Thus the tarend of crystallisation i s one 
of increasing TUÔ  content as equilibrium i s approached. As i s discussed 
i n Section F below, this trend i s to be eapected during the development of 
the ?magnetite'-'ilmenite' relationships i n the sheet. 

I t i s not possible to state the variations i n TlDg content within the 
sheet, although the variations i n a^ and T^ would indicate that i t i s appreciable. 
This i s becavise the 'magnetites' are clearly not simple minerals formed by 
solid-solutions between Fe^^ and FCgTiO^. 

There i s , however, an alternative mechanism which could cause a^ and T^ 
to Vary. I t has been concluded earlier that the minerals are non-stoichiometric 
Y-phases. Thus, the variations might indicate that the 'magnetites' have 

24" ~ 
a constant titanium content throughout the sheet but that the Fe /Fe-^ ratio 

increases within the sheet so that the composition changes towards a stoidiio-

metrio composition represented on the Fe^^-^e^TiO^ joi n i n the FeO-Fe^^-WDg 

system (Figure 6) . 

87. 



The unit cell, edge of the 'magnetites' varies from 8«3642 to 8.485X 

(Table 13), and the Ctirie point w i e s ftom 577̂ 0 to 332°C (Tatle:19). 

Although there i s no data on the values of these parameters i n the Fe^^-Fe^O^ 

region (Figures I 8 and 20) of the system, i t would seem possible for minerals 

containing aboTib 2056 Tlflg to show the above range in parameters simply by« 

a change In the F e ^ / F e ^ ratio, assxsaiag that the lines of equal a^ and T^ 

(=^^) continue the indicated trend of increasing curvature into the F*^^-

FegO^ regions of Figures I 8 and 20. 

S\ich a mechanism, however, does not account for the observed 'magnetite'-

'ilmenite' relationships i n the Clauchlands sheet, whereas i f tiie variations 

i n properties are taken to indicate a trend of increasing TiO^ content i n 

the 'magnetites' then i t i s possible to tinderstand how these relationships 

might have developed (see Section F ) . For t h i s reason, therefore, i t i s 

considered that the data Indicate changes in TiOg, rather than a varying 

ratio with constant TiO«» 

D, Exsolution of 'Tllvftspinel" i n the 'Magaetitea'? 

I n polished sections the 'magnetites' generally have a brownish colour 

similar to that of knovm magnetiterulvttspinel intergrowths. This colour has 

been demonstrated by measuring the spectral reflectivities of the minerals, 

and the r e s i i t s have shown that the spectral reflectivity profiles are closely 

similar to that obtained from a magnetite-ulvftspinel intergrowth but are 

totally different from that of pure magnetite (Figure 8). Hô irever, no such 

intergrowths have been seen i n the Clauchlands 'magnetites', and althotgh 

i t has been found possible to examine known intergrovrths of this type by 

means of replica electron microscopy, the application of this technique to 

the Clauchlands minersLls did not reveal an intergrown cubic phase. I t has 
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been concluded, therefore, that exsolution of ulvftsplnel-type has not 

occurred In the Clauchlands 'magnetites', even on a siibHaicroscopic scale. 

This conclusion i s si?)ported ty the X-ray results which,, althou^ 

indicating the presence of more than one 'magnetite' in some samples, in 

general only reveal one such phase. Where more than one 'magnetite* i s present 

the l a t t i c e parameters are very similar (Table 10) and indicate that the 

minerals have simil ar conq^ositions. Thermomagnetic analyses of such samples 

(using mtich less material than for an X-ray examination) in general do not 

correlate with the X-ray results i n indicating the presence of two 'magnetite' 

phases. As suggested earlier, therefore, i t seems probable that vAiere coexLstiog 

'magnetites' are indicated i n a sample, this i s due to slight variations in 

composition within the sample catised by the concentration of the 'magnetite' 

fraction from relatively large rock specimens. I t i s not considered that 

the %iagnetites' , occur as lutergrowths. 

E, Properties of the 'Ilmenites' 

The 'ilmenite' i n the Clatichlands sheet has been found to occur i n two 

forms. Most commonly i t occurs as fine to coarse oriented intergroirths within 

crystals of 'magnetite'. Such 'ilmenite' occurs throughout most of the intrusion 

except at the extreme contacts of the sheet. However, towards the centre of 

the sheet 'ilmenite' crystals, con^arable in size to the 'magnetite'-'i]j»nite' 

intergrovrths, appear as irell as the intergrowths. The mode of occurrence of 

such 'ilmenite' i s quite distinct from that of the intergrown 'ilmenite' and 

i t appears towards the slowly cooled centre of the intrusion. I t may occur 

either as separate crystals or appear as irregular segregations intergrown 

with the 'magnetite'-• ilmenite' intergrowths, and i t can be shovm to be earlier 

than such intergrowths. 
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x-ray examination of the intergrown 'ilmenites' has shown no systematic 

variation i n properties (cp. the marked variations i n the 'magnetites'). The 

composition of the minerals has been determined from the curve relating a^^ 

to composition (Figure I5) as given by Akimoto (1957), and the results indicate 

that 10-20 mo2̂  ̂ ®2®3 ?^^s&at i n them. ' With such compositions the 

'iljnenites' would have Curie points of about -100**C (Figure 25). The results 

of the thermomagnetic analyses svpport this cancli2Sion since the thermomagnetic 

records show no Curie points attributable to an 'ilmenite' phase. 

The composition of the discrete ' ilmenite' has also been determined ftom 

the X-ray data. Using a^^ as an indicator (Figure I 5 ) , this data suggests 

that the minerals contain l i t t l e or no FegO^ in solution but may contain some 

Mnffi©̂ . There appears to be no systematic variation i n composition. 

F. Interpretation of the 'Magnetite'-'Ilmenite' Relationships 

Since the san^les examined i n the present investigation form a vertical 

section through the Clauchlands sheet ranging from rapidly chilled contact rocks 

to slowly cooled pegmatitic fades, the data obtained from these should reflect 

the crystallisation trends i n the minerals under consideration and from this 

i t should be possible to derive information as to the natoire of the ' magnetite'-

'ilmenite', system. 

Recently, experimental data has become available on the e s t h e t i c system 

FeO-FegO^-TiOg from vblch i t i s possible to construct the probable form of the 

Fe^^-FeTiO^ diagram. This diagram i s shown in Figure 30. The liquidus has 

been drawn from the data of Taylor ( I 9 6 I ) . Taylor has also shown -Uiat the 

solubility of FeTiO^ i n F e ^ ^ i s limited to about 24 mol$ FeTlO^ (21 wt^) at 

13D0°C and that the solubility of F e ^ ^ i n FeTlD^ i s probably only about 2 wtjS 

90. 



•Figure 30. 



F i g u r e 30. 
Probable phase diagram f o r the Fe^O^-FeTiO^ 
system, based on the experimental data of 
T a y l o r (1962) and V/ebster and B r i g h t (1962). 



at this temperature. These points have been represented as solid circles 

in Figure 30 and labelled 1. Data for a temperature of 1200°C has been 

obtained trom Webster and Bright ( I 9 6 I ) who have found that the solubility 

of FeTiO^ i n F e ^ ^ at this temperature i s about I6 mol$ ( I 3 wt^) and this 

point has been labelled 2 i n Figure 30. The data of Webster and Bright also 

indicate that the solubility of F e ^ ^ i n FeTiD^ at 1200°C i s negligible. 

Below about 1CX)0°C the solubility of FeTiO^ i n F e ^ ^ i s also probably negligible, 

The most interesting feature of the Fe^^-PeTiO^ diagram constructed 

from, this data i s that the solvus i s markedly assymetric, and i t i s thus 

possible to account for the existence of 'ilmenite' in two modes of occurrence 

i n the Clauchlands sheet and also for the fact that the 'magnetites' are 

probably Y-phases. 

Consider the conditions of cooling and ciystalllzation that are li k e l y 

to exist i n an intrusion such as the Clauchlands sheet. Jaeger (195̂ ) has 

shown that on intrusion of a s i l l , the mai^ins c h i l l rapidly to about 650°C 

(see Chapter T i l ) and thereafter, the intrusion cools slov/ly over an extended 

period. The composition of any solid-solution minerals crystallizing i n the 

marginal rocks, therefore, w i l l bear no relation to their tarue equHihrim 

compositions owing to tlieir having been precipitated from a siqpercooled melt. 

However, the extent of such stipercooling w i l l decrease away from the margins 

and, therefore, the composition of these minerals w i l l tend to change towards 

the eaTiillbrium composition as the centre of the intrusion i s approached. In 

an intrusion of the size of the Clauchlands sheet, however, i t is- unlikely that 

the rate of cooling even at the centre of the sheet was ever slow enough for 

true equilibrium cooling to occur, so that the minerals throughout the sheet 

may be regarded as non-equilibrium assemblages. 
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Consider, therefore, how the 'magnetite'-'ilmenite' relations might 

develop within the sheet, assuming that Figure 30 i s valid. For the sake of 

argument, l e t the melt from which the ores crystallize have some arbitrary 

composition X. 

On intrusion of the sheet, the liquid i s supercooled to about 650°C at 

the contacts with the cotmtry rock and a metastable phase -a- i s precipitated. 

Liquid further from the margins ^ * i l l not cool to such a low temperature and, 

therefore, metastable phases such as -b- and -c- w i l l precipitate tovrards 

the centre of the sheet. 

After the i n i t i a l act of intrusion and rapid f a l l i n temperature throughout 

the sheet, the rock then cools slowly dovm to normal temperatures. These 

conditions w i l l favour the breakdown of such metastable phases as -a-, -b- and 

-c- into tiie assemblages a^-a^, b'̂ -b̂ , c'̂ '-ĉ  etc., where a"'', b"*" and c'̂  are 
2 2 2 

cubic phases resembling magnetite, and a , b and c are rhombohedral phases 

close to FeTiO^ i n composition. Thus examination of a cross-section of the 

intrusion w i l l shov̂  a nearly pure ilmenite phase associated with a 'magnetite', 

phase, and that the 'magnetite* becomes increasingly titaniferous towards the 

centre of the sheet. However, this association might not be e3q)ected at the 

extreme contacts of the intrusion where the metastable phase i n i t i a l l y precipitated 

i s unaKLe to dissociate dte to the lo\/ teii^jerature to which i t was qiisnched. 

Consider now the congjosition of the *magnetites' that form with the almost 

pure FeTiG^ i n the above association. In terms of the system FeO-Fe^^-TiDg 

these minerals appear in the area between the Fe^^-^egTiO^ join and the 

FegO^oTlD^ join since, i n fact, they are located on the F e T i O ^ e ^ ^ join. 

Cubic minerals i n this area, hoover, are non-stoichiometric -phases. 

(Figure 6), and Verhoogen (I962) has shown theoretically that such^ -phases 
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should be metastable to the association «-pha3e/P-phase, Trjhere the ouphase i s 

a rhombohedral FeTlO^-FegO^ solid-solution, and the P-phase i s a cubic FCgTlO^-

F e ^ ^ solld-solxttion. Therefore, the 'magnetites', should themselves breakdown 

to an°^-P association. 

Lindsley (I962) has shown experimentally that the oxidation of ulvftspinel 

can give rise to an oriented intergrowth between an Ilmenite solid-solution 

-phase) and a magnetite solid-solution (p-phase) typical of those observed 

i n naiture (Plate V I I I ) , this presimiaKLy taking place by way of an intermediate 

^ -phase. I t seems probable, therefore, that the • magnetite'-'ilmenite' inter­

growths i n the Clauchlands sheet have developed by the breakdown of such Y-phases, 

with the 'ilmenite' i n these intergrovrths being ?e/li0^e^^ solid-solutions 

i n contrast to the almost pure FeTiO^ of the discrete ' Ilmenite'. 

The 'magnetites', i n these intei^rovrths sho\jld become aore titaniferous 

towards the centre of the sheet since this trend i s shown % the i n i t i a l Y-phases 

from which they are derived. Ideally, the 'magnetites' should also be P-phases, 

i. e . have compositions on the FOgTiO^-Fe^^ join. I t i s conceivable, ho\irever, 

that i n an intrusion s-och as the Clauchlands sheet, the rate of cooling after 

emplacement of the sheet might yet be too rapid for the dissociation of the 

Y -phases to go completely to the association o^phase - ^phase, so that In the 

f i n a l assemblage the spinel-phase might not have reached the composition of 

P -phases but might s t i l l have congjositions that plot away from the FOgTiD^-

F e ^ ^ join. Thus the 'magnetites' might s t i l l remain as y-pha-aes, albeit not 

of the same composition as the i n i t i a l ^^jhases. 

I t has been concluded that the ' magnetites'= i n the Clauchlands sheet are 

probably Y-phases and that these become increasingly titaniferous towards the 

centre of the intrusion. I t has also been found that • ilmenite' occurring 

intergrown vjith the 'magnetite' i s a solid-solution containing Fe^-^ whereas a 
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separate 'ilmenite' phase associated vri.th the intergrovrths i s almost pure. 

Further, the pure 'ilmenite' has crystallized before formation of the inter­

growths. I n broad otrtline, therefore, these relations agree with those indicated 

i n Figure 5). 

I t should be noted, however, that the experimental data of Taylor (I96I) 
obtained at 130O''c indicate that, under conditions of equilibriuPt the system 

Fe^^-FeTiO^ i s not binary. Thus, a melt of composition X would not s p l i t into 

a pure ilmenite phase and ay-phase lying on the FeTiO^-Fe^^ join as considered 

here, but would s p l i t into an orphase (on the FeTiD^-Pe^O^ join) and ap -phase 

(on the FOgTiO^-Fe^^^ join) with con^jositions determined by the line of constant 

ox^fg&a. pressure pa^sojag through X. (see Figure 9 of Taylor -1961^)• 
Such experimental data, however, refers to assemblages in equilibrium, 

whereas the minerals i n the Clauchlands sheet are considered to be manifestly 

the products of non-equilibrium. I t seems probable, therefore, that crystal­

lization under the non-equilibrium conditions found i n the Clauchlands sheet 

i s responsible for the development of the observed mineral assemblage due to 

the i n i t i a l formation of metastable phases of varying conQ)Osition throughout 

the sheet. 

According to the results of the magnetic measurements, the amount of 

I ilmenite' i n the intergrown crystals varies from about 40 vrtjfi to as much as 

80 wt^ (Table 19), there being an apparent increase in content towards the 

centre of the sheet. This trend i s to be expected since, according to Figure 

33, the amount of FeTiO^ present in the original Y-phase i s greater at the 

centre of the sheet. However, Figure 30 also indicates that amount of intergrown 

FeTlJO^ should not exceed about 60 wtSS. Only one aawple gives a result as 

Iilgh as 80 wt̂ S • ilmenite' (Table I9), and this may, therefore, be an error 
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caused by ii!Q)urltles i n this sample. 

Petrographic examination of the chilled contacts of the Clauchlands 

sheet indicate that the magma was almost entirely liquid on intrusion. However, 

the presence of re crystallised 'hematite' gredns i n the sandstones at the top 

contact has been taken to indicate that the tenrperature of the intruding magma 

was of the order of llOO^C to 1300*'c (Chapter I H ) , which i s appreciably 

lower than the llquldus shown in Figure 33 for the Fe^^-^eTlO^ system. Clearly, 

therefore, the simple relations suggested i n Figure 33 must be considerably 

modified i n the magma I t s e l f such that the liquldus I s depressed, and presumably 

the sblvus i s also affected, but to an unknown extent. 

Tfie fleM evidence (Chapter I ) has indicated that the Clauchlands sheet 

i s a multiple intrusion and this may therefore account for the complex seriate 

nature of many of the 'magnetite'-'Ilmenite' intergrevrths (Plates U to X I I ) , 

I n such intergrewths the 'ilmenite' may vary frominLnute incipient lamellae to 

broad laths within a single grain. Such textures may have developed during 

the jaltemating 'hotr and 'cold', phases through which the intrusion must have 

passed as i t cooled to normal temperatizres. Ifixder these conditions, the fins 

lamellae may have formed during periods of relatively rapid cooling \Ai l s t the 

coarser laths may be the products of long continued growth when the rate of 

cooling was slow. 

G. Coholusiona 

Conclusions based on the mlneralogical data are that:-

!• The properties of the 'magnetites' are essentially those of titaniferous 

magnetites, although wito modifications due to the presence of cations other 

than TlOg-
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2. The relationship between the Curie point and the lattic e parameter 

indicates the presence of coii5)onent3 that tend to reduce the unit c e l l edge 

of the substituted magnetite, ^^-j^ ^ V^O^ probably contribute to this 

effect although the fact that some of the 'magnetites' have c e l l edges less 

than that of pure Fe^O^ suggests that the minerals are also Y-phases. 

3» The fact that the 'magnetites' are harder than pure magnetite (Fe^^) but 

softer than maghemite (y-FegO^) also sxjggests that they are y-pbases. However, 

the presence of components such as MgAlgO^ might also account for this result. 

4. The relationship between In the 'magnetites' (deduced from magnetic 

measurements) and the Curie point suggest that MgO may be present (in the 

form of MgFegO^). 

5. 'Ilmenite' occurs i n two forms i n the intrusion. Most commonly i t forms 

oriented intergrovrths with 'magnetite'. Such 'ilmenite'. i s a solid-solution 

containing 10-20 mol$ FSgO^. Hov/ever, a separate ' Ilmenite* phase also 

exists that i s earlier than formation of the intergrowths. This • ilmenite' 

appears not to contain Fe^O^ i n solution. 

6. The variation i n properties of the 'magnetites' indicates that they become 

more titanirerous towards the centre of the sheet. This trend and also the 

observed ' magnetite' - 'tlmenite' relationships may be understood i n terms of 

the system Fe^^-FeTiD^ when this i s considered i n relation to the non-equilibriun 

conditions l i k e l y to exist within the Clauchlands sheet. 

7. The complex seriate nature of the 'magnetite',-'ilmenite'. intergrovrths may 

be due to fluctuations i n the rate of cooling, since the Clauchlands sheet i s 

a multiple intanision. 

Although i t i s possible to account for the 'magnetite'-'ilmenite' 

relationships i n the above general sense, this i s clearly only a si;^>erficial 
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e2?)lanation of a con^jlex mineralogy. However, the resiiLts do point the way 

for future investigations of this nature in that measurable variations are to 

be fomd i n intrusions of this size. I t i s clearly desirable that future work 

be acconqpanied by chemical analyses. I^ortunately this has not been 

possible i n the present examination owing to, lack of time. 
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Chapter 711 The Palaeomagnetism of the Clauchlands Sheet 

A. Introduction 

Mai^ rocks possess a measurable permanent magnetization knov/n as the 

natural remanent magnetization (SM) due to the presence of ferromagnetic 

minerals within them. Titaniferous magnetites and the rhombohedral llmenlte-

hsmatite minerals are the principal carriers of this magnetization, although 

rarely, pyrrhotite ( F e S ^ ^ may be responsible. (Almond, Clegg and Jaeger 

1956aj Fuller 1960} Nagata and Yama-ai I96IJ Kawal and Tong-flo Kang I962). 

Seven types of natural remanence have been recognised (Nagata I96I) 

but of these, only thermoremanent magnetization (TBM) and, to a lesser extent, 

chemical remanent magnetization (CEM) are of importance when dealing with 

igneous rocks. 

Chemical remanent magnetization i s produced vbm a ferromagnetic substance 

15 formed chemically or by crystallization under the influence of an external 

magnetic f i e l d Ĥ .̂ I t i s magnetlzatiaa that may be acquired below the 

Curie point and i s probably en liiq>ortant component of the natiiral remanence 

of altered, weatiiered and metamorphlc rocks. 

Thermoremanent magnetization, on the other hand, i s acquired vAien a 

ferromagnetic substance i s cooled under the influence of an external magnetic 

f i e l d I f the substance i s cooled from above i t s Curie point then i t 
0X 

acquires over 9^ of I t s total TBM at a temperature, known as the blocking 

temperature, just below the Curie point, and only 19^ i s acquired during 

subseqxisnt cooling. Such magnetization, therefore, i s the dominant co]i^)onent 

of the natural remanence of Igneous rocks. 

The magnltuie of both CBM and THM I s generally much larger than that 

of the induced magnetization i n the present geomagnetic fi e l d Ĥ  and i t may 
9$. 



be expressed as a ratio Q̂^ (KBnigsberger I938) vbsrei 

o 

3^ = Intensity of remanent magnetization 

k = susceptibility 

i s generally about 2 - for igneous rocks, but values of t^) to 100 have 

been reported from 'lodestone*, partially altered to maghemite (Nagata 1961). 

The development of such an intense magnetization i n an external f i e l d of 

only about 0«5 Oe (the geomagnetic field) i s a remarkable phenomenon and i t s 

origins have been discussed theoretically by Neel (19-^; 1955)* Stacey (I958) 
and Verhoogen (1959) In relation to TRM and by Heigh (I958) and Kobayashi 
(1961) i n relation to CRM. 

Nagata (1943) demonstrated that the natural remanent magnetization of 

fresh ignmms material i s largely of thermoreaanent origins since i n volcanic 

rocks of historical age, the ratio i s very nearly unity. Thus, i n 
TBM 

general, the HHM of igneous rocks can be equated with the TBH acquired as 

the rooks cooled. 

Nagata (I96I) has also summarized several iaportant characteristics of 
TRM of which the most fundamental i s the fact that the direction of TRM i s 

generally parallel to that of the applied field during cooling. This^ of 

course, i s the basis for the interpretation of the .palae<Mnagnetism of igneous 

rocks', 

TRM i s also very stable and tends to resist demagnetization whether by 

AG demagnetization, thermal demagnetization or by applying a reverse fie l d 

to destroy i t . 
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Some igneous rocks, however, have an imstable natural remanenee, vdilch 

can probably be explained i n terms of CM rather than TEM. For esoEoapld, 

Akimoto and Kushiro (19&̂ ^ found that the unstable magnetization of some 

dolerites i n Japan was restricted exclusively to those rocks ^thlch. had been 

altered hydrothermally so that the titanogmagnetlte had been partly replaced 

by titanomaghemite. I n isialtered dolerites nearby which contained fresh 

titanomagnetdite, the magnetization was stable. 

I t may be concluded, therefore, that ftesh igneous material I s the most 

l i k e l y to possess a stable natural remanance and that this w i l l be largely 

of thermoremanent origin. I t I s on the basis of this conclusion tbat the 

present Investigations are founded. 

The study of palaeomagnetism deals with the measurement of the directions 

of such natural remanence In rocks and the interpretation of these measure­

ments i n terms of geological history. Lavas are ft^quently used as the source 

rocks for such studies but occasionally intrusive rocks have been used (Almond 

Clegg and Jaeger 195̂ 5 Creer, Irving and Nairn 1959) > Bud often sedimentary 

rocks are used, ( i n vMch case the remanence i s a depositlonal remanent mag­

netization, JSMf with properties not directly related to TRM). 

The basic asstDoption \inderlylng a l l such studies i s that the NHM formed 

parallel to the direction of the geomagnetlo f i e l d at the time of the formation 

of the materials and that i t has been preserved stably against the later 

changes of the magnetic f i e l d . 

In the case of lava flows, this assumption i s probably justified because 

the rocks cool rapidly and hence should * freeze-in' the direction of the 

magnetic f i e l d . The rapid cooling also results i n the formation of homogeneous 

titaniferous magnetites rather than heterogeneous magnetite-llmenlte inter-



growths and hence a co&q>licated mineralogical (and magnetic?) sequence 

tends to be absent. 

I n intrusive rocks, however, this assimiption i s probably not Justified 

because the material cools slowly and hence the magnetic f i e l d may change 

during the process of acquiring TBM (secular variation), or the NRH may 

change as a result of dianges i n the ferromagnetic minerals. Systh. material, 

therefore, i s probably unsuitable as a basis for palaeomagnetic measurements. 

The present investigation, however, has not been undertaken i n order 

to determine the palaeomagnetic f i e l d direction at the time of Instrusion. 

The primary purpose of the present investigation has been to study 

the natural remanent magnetization of the sheet i n relation to i t s mineralogy 

and known intarusive history. 

B. yhe NRM o^ the Clamdxlands She^t 

Thirty oriented sauries have been collected £vom the Clatiohlands sheet, 

at Glauchlands Point (l o c a l i t i e s 1, 2 and 3), and from the c l i f f s one quarter 

of a mile to the north (locality 4) using the method described i n Appendix 4. 

This forms a collection which repzresents a veirbloal section through the 

intrusion with a sampling interval of about 4ft. and i t closely parallels 

that used for the petrological and mineralogical investigations described 

i n Chapters I I to 7. 

Ten samples have been selected from this collection so as to represent 

a cross-section of the intrusion. These san^>les have been cored (CoHinson 

and Nairn I96O) and the resulting cylinders measured with the Newcastle 

magnetometer (see Appendix 4) . The intensity of magnetization as well as 

the direction of the NRM of these 3aiiQ)les has been meastored and the resTilts 



are summscrlzed In Table 22. 

At a later stage^ the Durhaia magnetometer became available (see 

Appendix 4} aM Table 22 also includes the directions of NBM i n the twenty 

samples measured with this instriment. HowsTer, the intensity of magneti­

zation has not been determioed for these samples since the segnetometer i s 

not calibrated for such measurements. 

Figure 5̂ - shows how the intensity of magnetization decreases away f ^ 

the margins of the intrusion. This trend i s caused by a decrease i n the 

amount of imagnetiter towards the centre of the intrusion (cp Figure B)» 

The values of are of the same order of magnitude {WT^ Oe) as have 

been irecorded fjrom other igneous rocks. For example the Great ^ftiin S i l l 

(Greer, Irving arid Nairn I959), the Deccan Traps and the Rajmahal Traps 

(Deutsoh, EadakrishBamuri^ and Sahasrabuihe 19^} 1938b) and the Midland 
Basalts (Everitt I96O). 

The high value of may be taken as indirect evidence of the stability 

of the NBM, for Akimoto and Kushiro (I96O) have found tiiat i n unstable 
dolerites (containing titanomaghemites) the intensity, 3^, i s of the order 

of 2B~^ Oe, whilst i n adjacent stable dolerites (ccmtaining fresh titanomag-

netite), i s of the order of ID*"* Oe. 

The directions of the UBM (Table 22} have been plotted on a Schmidt 

net and are shown i n Figure 52, Twenty -tijree sasqples have a reverse magneti­

zation and eight are nomally magnetized; the directions, however, show a 

wide scatter* 

The direction of magnetization of three of the normally magnetized 

samples i s dose to that of the present field direction (assuming a geocentric 

dix>ole) . However, the Clauchlands sheet i s an early Tertiary intrusion 
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Natural Remanent 

Horizon Sample 

(feet) 

Table 22. 

Magnetization of the Clauchlands Sheet 

D I J How Measured 

10"^0e 

+9 A/C/3/14 N 215 -64 - Block 
+3 A/C/3/13 N 192 -61 2.32 Mean of 3 cylinders 

Top A/C/3/12 N 228 -64 - Block 
127 A/C/3/15 N 201 -51 1.5a Mean of 6 cylinders 
121 A/C/3/16 N 229 -01 - Block 
116 A/C/3/17 N 161 -15 - Block 
110 A/C/3/18 N I6l -50 1.01 Mean of 2 cylinders 
108 A/C/4/30 N 60 +39 0.29 1 cylinder 
102 A/C/3/19 N 1l8 -38 1.02 Mean of 2 cylinders 
102* A/C/3/20 N 153 -48 - Block 
102 A/C/3/21 N 150 -54 - Block 
99 A/C/3/22 N 177 -07 - Block 
93 A/C/3/23 N 345 +75 - Block 
92 A/C/3/24 N 171 -11 - Block 
88 A/C/3/31 N 191 -20 - Block 
84 V0 / 3 / 3 2 N 196 -20 0.16 1 cylinder 
76 A/C/3/33 N 323 +71 - Block 
68 A/C/3/34 N 243 -42 0.36 Mean of 6 cylinders 
54 A/C/4/27 N 103 -13 0.22 1 cylinder 
50 A/C/3/38 N 169 -44 - Block 
42 A/C/3/40 N 32 +26 - Block 
42 A/C/4/26 N 54 +61 - Block 
32 A/C/3/42 N 199 -55 0.39 Mean of 5 cylinders 
30 A/C/4/25 N 102 +76 0.51 Mean of 3 cylinders 
19 A/C/2/08 N 210 -47 - Block 
12 A/C/1/06 N 72 +09 - Block 
9 A/C/1/05 N 352 +61 - Block 
6 A/C/1/04 N 172 -10 1.33 Mean of 2 cylinders 
3 A/C/1/03 N 216 -20 - Block 

A/C/1/01 N 215 - 53 - Block 

* Basalt dyke cutting the sheet. 
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Figure 51. 
Variation of the intensity of magnetization 
i n a v e r t i c a l section of the Clauchlands Sheet. 



(Chapter I I I ) , and i t i s known that the direction of the geomagnetic field 

has changed but l i t t l e since Tertiary times (Cox and Doell I96O), so that 

noimally lAagnetized' samples, i f genuine, would be expected to approximate 

to the present direction. 

The results on the stereogram would suggest that the normal magnetizations 

are not the true NRM but that they are directions resulting from an unstable 

magnetization, originally reversed, liMch has tended towards the present 

f i e l d direction, along planes defined by the two great circles shown. 

Examples of such, * streaking' along great circles connecting the ancient 

geomagnetic f i e l d with the present f i e l d direction have often been reported. 

(Runcorn I956} Creer 1957j Kawai and Kume 1953). Hence i t i s concluded that 

the Clauchlands sheet i s reversely magnetized and that samples having normal 

magnetization are unstable, s\ich instability possibly being due to weatheilng 

(Nairn 1957). 
Tbe following discussions, therefore, are in terms only of the reversely 

magnetized samples. These directions are shown'in Figure 53, without the 

normally magnetized directions, and the mean direction has been included. 

The mean direction has a decliaaticm of N l84° and an inclination of 
-41°. The best estimate of the precision parameter i s very low, k = 5.8 

and i s f a i r l y large at 12.4°, both these values indicating the wide 
scatter of the directions. The data and computation of the mean are given 

i n Table 23 (see Appendix 4 for definitions of these quantities). 

Nevertheless, despite the wide scatter of directions, the computed 

mean i s i n good agreement with tesuLts obtained ftom lavas i n this Tertiary 

igneous province except that the inclination i s some 20° shallower. These 

results, taken from Cox and Doell (I96O) are shorn in Figure 34 for conqparison. 
Figtire 35shows the direction of the NEM in rocks from the contacts of 
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Figure 3 2 . 
D i r e c t i o n s of NRM i n the Clauchlands Sheet -
equal area p r o j e c t i o n . 

Figure 3 3 . 
Reverse d i r e c t i o n s only of NRM i n the 
Clauchlands Sheet - equal a r e a p r o j e c t i o n . 

Figure 3 4 . 
Reverse d i r e c t i o n s of NRM i n T e r t i a r y l a v a s 
of comparable age to the Clauchlands Sheet 
and from the same igneous province, ( a f t e r 
Cox and D o e l l 196O). 

Figure 3 5 . 
D i r e c t i o n s of NRM i n the contact rocks of 
the Clauchlands Sheet. 



Table 23. 

I D s i n I cosi sinD cosD cosIcosD cosIsinD 

-64 215 0.8988 0.4384 -0.5736 -0.8191 -0.3591 -0.2515 
-61 192 0.8746 0.4848 -0.2079 -0.9781 -0.4742 -0.1008 
-64 228 0.8988 0.4384 -0.7431 -0,6691 -0.2933 -0.3258 
-51 201 0.7771 0.6293 -0.3584 -0.9336 -0.5875 -0.2255 
-01 229 0.0174 0.9998 -0.7547 -0.6561 -0.6560 -0.7545 
-15 161 0.2588 0.9659 +0.3256 -0.9455 -0.9132 +0.3145 
-50 161 0.7660 0.6428 +0.3256 -0.9455 -0.6078 +0.2093 
-38 118 0.6157 0.7880 +0.8829 -0.$695 -0.3670 +0.6957 
-48 153 0.7431 0.6691 +0.4540 -0.8910 -0.5962 +0.3038 
-54 150 0.8090 0.5878 +0.5000 -0.8660 -0.5090 +0.2939 
-07 177 0.1219 0.9925 +0.0523 "^0.9986 -0.9911 +0.0519 
-11 171 0,1908 0.9816 +0.1564 -0.9877 -0.9695 +0.1535 
-20 191 0.3420 0.9397 -0.1908 -0.9816 -0.9224 -0.1793 
-20 196 0.3420 0.9397 -0.2756 -0.9613 -0.9033 -0.2590 
-42 243 0.6691 0.7431 -0.8910 -0.4540 -0.3374 -0.6621 
-13 103 0.2249 0.9744 +0.9744 -0.2249 -0.2191 +0.9494 
-44 169 0,6947 0.7193 +0.1908 -0.9816 -0.7061 +0.1372 
-55 199 0.8191 0.5736 -0.3256 -0.9455 -0.5423 -0.1868 
-47 210 0.7313 0.6820 -0.5000 -0.8660 -0.5906 -0.3410 
-10 172 0.1736 0.9848 +0.1392 -0.9903 -0.9752 +0.1371 
-20 216 0.3420 0.9397 -0.5878 -0.8090 -0.7602 -0.5523 
-53 215 0.7986 0.6018 -0.5736 -0.8191 -0.4929 -0.3452 

N = 22 12.1093 -13.7734 -0.9375 

Z X Y 

Calculation of the Mean Direction of Magnetization. 

R 18.3629 

s i n i = Z/R = 0.6594 I = -41° 

tanD = Y/X =-0.0681 D = 184° 

a 

k = 

95 

N - 1 
N - R 
140 
kN 

= 5.77 

= 12.4° 



the Clauchlands sheet. One sample has been measured from the top contact, 

one ftom the bottom contact 1"^ f t . below, and two have been measured ftom 

the sandstones 3 and-9 f t . above the intrusion. These saii?)les have 

acquired their magnetization rapidly due to ftMnjr^ of the mep^ at each 

margin and hence have much the same direction of NBH. 

I t i s also noticable that these directions are essentially the same as 

those found i n the Antrim basalts and Ltmdy dykes i n Figure 34. Hence, the 

direction of magnetization i n these contact rocks i s probably more truly 

representative of the geomagnetic fi e l d direction at the time of intrusion 

than i s the confuted mean. 

The confuted mean, however, has not been obtained f^m a population of 

random samples, as i s usually the case i n palaeomagnetic investLgatione, 

but on the contrary, i t has been obtained f^m a collection in tMch the 

element of time i s inqportant, "Uie marginal samples having become magnetized 

before those at the centre of the intrusion. Therefore, secular valuation 

may account for the scatter of the NRMje and the confuted mean may be the 

average dipiole f i e l d during ihe time the intrusion was cooling. 

Jaeger (1937a) has shown that after injection of a s i l l the margins 

cool rapidly to about 665°C and thereafter, cooling proceeds slowly. Figure 

36 shovrs his results for a sheet of dolerite D metres thick assuming that 

the magma was intruded at 1000°C and crystallized i n the tes^jerature range 

1S0O°C - 8D0°C. These curves show the temperatures T at various points 

witiain the sheet plotted as functions of time after intrusion. The numbers 

on the curves are tiae distances tram, the centre of the sheet measured as 

fjractions of the thickness so that 0 corresponds to the centre of the sheet, 

0.5 corresponds to the contacts, and values greater than 0.5 correspond to 
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Figure 3 6 . 
Cooling curves for dolerite sheets intruded 
at 1100°C. (after J.aeger 195^ ) . 



temperatures within the adjacent country rock. 

These results should be applicable to -Qie Clauchlands sheet because 

the mLcroorystalline nature of the ccaitact rocks and absence of pihenocryBts 

(Chapter U ) indicates that the magma was almost entirely liqiiid at the 

time of Intraaion, and therefore was probably at a temperature of over 

110O°C (Turner and Verhoogen 196O p55). 

Taking the Curie point as about 5)0°C, these curves show that the 
2 

contact takes about O.0Z7D years to f a l l to this ten?)erature and that the 

Curie point isotherm tlien takes a further O.OO6D years to progress to the 

centre< of the sheet. Taking the thickness of the Clauchlands sheet as 

approximately 40 meters these values become respectively /f5 yrs and 10 yrs, 

and hence the intrusion m«^ be expected to ha-ra axquiired more than 903̂  of i t s 

thexm>remanent magnetization In a very short time. This being the case then 

secular variation cannot account for the scatteired directions of the IQtM. 

However, the Curie-points have been found to decrease away from the 

margins of the Clauchlands sheet (Chapter V) and towards the centre of the 

Intrusion they f a l l below 400*'c. Thus the intrusion probably acquired i t s 

magnetization over a much longer period, of the order of 100 yrs or more. 

Tet even such an interval i s short i n the geological time scale and i t , there­

fore, seems improbably that secular variation has influenced the directions 

of the HEM. 

However, the scatter of the NB!!l*s i s not random as can be seen i n 

Figure 37. This curve shows how the inclination varies through the intrusion. 

I t i s steepest at the contactsj^ -64° at the top and -53° at the bottom, and 

iiien flattens abn^tly i n the marginal rocks reaching minimum values of 

about -2® 15 f t . below the top and about -8° 10 f t . above the bottom. Away 
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Figure 57. 
Variation of the i n c l i n a t i o n i n a v e r t i c a l 
section of the Clauchlands Sheet. 

Figure 58. 
Variation of the declination i n a v e r t i c a l 
section of the Clauchlands Sheet. 



from, the margins i t steepens gradually and reaches a maximum of about 
o 

-55 33 ft« above the base, so that this central part of the cxirve i s 

markedly asymmetric. 

The e^lanation of this variation may be reflated to the history of 

the intrusion, for this, i s _well known ftom the exposures at Clauchlands 

point (Chapter I ) . Thus, the existence of connate xenollths of «basaltV 

i n the lower'parts of the sheet indicates that the intrusion i s multiple, 

later pulses of magma having dislodged parts of the marginal rocks, and the 

existence of segregations of dolerite-pegmatite, limited to an horizon 30-40 f t . 

above the base, shows that solidification l a s t took place at this height. 

Petrographic examination (Chapter I I ) has also shown that the intrusion 

cooled asymmetrically, most of the heat having been lost from the ttpper 

surface, and i t i s because of this that the f i n a l solidification occurred 

below the central part of the sheet. Thus, by the same token, the Curie-point 

isotherms must have passed asymmetrically through the intrusion, progressing 

more rapidly from the top margin than from the bottom and fi n a l l y converging 

about J) £t, above the base. 

These isotherms would pass thro\:igh the contact rocks relatively quickly, 

and this would occur more or less simultaneously at both margins so that 

these rocks would acquire the same direction of NBH. However, shortly after 

the marginal rocks had become magnetized, further intrusion of Tn«gm>\ must 

have occurred. The force of t h i s intrusion was sufficient to dislodge parts 

of the l/yaer margin (although not the actual contact rock) and also to deflect 

the TRM away from the f i e l d direction and towards the horizontal thus 

producing the obseirved 'edge-effect' in Figxire 37* 

Very l i t t l e i s known about -tiie effects of stress on the direction of 



TRM so that the mechanism responsible for this 'edge-effect' i s uncertain. 

However, Hall and Neale (I960) have reported the rotation of TEM under stress. 

Using samples of a Tertiary dolerite dyke from Skye they have shown that the 

moment of the TEM acquired under the influence of xTniaxial pressure i s rotated 

systematically towards the plane normal to the vertical stress axis l̂ jr t?> to 

2.9°. Neel also considers that TBM may be deflected under stress and, on 

theoretical grounds, has deduced that for a directed stress of 5OO Kg/cm 

the rotation of the moment should be about 8° (Nagata I 9 6 I ) • 

However, the deflections observed i n the Clauchlands sheet are much 

greater than these values, and, therefore, although stress may have contributed 

to the 'edge-effect', i t seems probable that actual rotation of the magnetite 

cirystals has also occurred. 

The central part of the inclination cinrve may also be interpreted i n 

terms of multiple Injection of magma. These later pulses would tend to 

penetrate the internal regions of the sheet where the rock was hotter and, 

therefore, less rigid than near the margins. I t wotiLd also seem reasonable 

to envisage each succeeding pulse as being weaker than the earlier ones and 

therefore less effective i n deflecting the TRM. 

Thus, as cooling continued, axid the rocks towards the centre of the 

sheet became magnetized, the direction of the TBM would approach more closely 

the direction of the ambient f i e l d , this direction being given approximately 

i n the samplesjfrom the ontacts. Therefore, the inclination would tend to 

steepen towards the centre of the sheet, and since the Curie-point isotherms 

were moving asymmetrically through the intrusion the actual trend followed 

by the steepening inclinations would also be asymmetric, and the steepest 

values would be reached tAere the rock had solidified l a s t . 
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This explanation may therefore account for the general form of the 

inclination curoe shown i n Figure 37. However, a number of the inclinations 

deviate markedly from th i s curve as indicated by the dashed l i n e . 

These saÊ sles have been collected ftom and adjacent to alasalt dyke 

intrxKied into the sheet. The e f f e c t of this intrvision would be to cause 

localised heating of the surrounding dolerite, and i f the temperature rose 

above the Curie-point then a new TEM would be acquired on cooling which 

would be i n the d i r e c t i o n of the ambient f i e l d . 

The Curie-point i n the neighbourhood of the dyke i s about 470°C 

(Chapter V) and i t seems probable that the rocks i n the immediate v i c i n i t y 

would reach this temperature and, therefore, acquire a new TRM with a 

direction roughly parallel to that i n the dyke. However, these effects woiild 

be extremely local and rocks further from the dyke would not reach their 

Curie-points. Nevertheless, such rocks would become remagnetized i n varying 

degrees, by acquiring a partial TRM. 

Partial TRM i s acquired during weak-field cooling through only & 

limited temperature range. When t h i s temperatvire range extends from the 

Ctirie-point down to atmospheric temperatures then t o t a l TRM i s acquired; The 

addition law of p a r t i a l TRM says that the t o t a l TRM i s the sum of the partial 

TRM's and, further, that the par t i a l TRM pI^^duced by weak-field cooling 

throTJgh a limited temperature range T i s independent of the magnetization 

produced by field-cooling through other temperature intervals. (Nagata I96I), 

Thus rocks close to the dyke, vdiere T i s greatest, would be remagnetized 

more effectively than those further away and hence should shov; a larger 

deviation from the inclination curve. 

This mechanism, therefore,can account satisfactorily for the observed 
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deviations of the inclination shoivn i n Figure 37. The horizon within the 

sheet, at which these deviations occur i s purely fortuitous, and i t i s 

anticipated that similar phenomena may occur wherever a dyke cuts the sheet. 

Figure shows how the declination varies through the intrusion. I t i s 
essentially the sam̂  at the contacts, being about N 210° at both top and 
bottom, but i n the marginal rocks i t has rotated eastwards and this change may 
be coiTelated with the 'edge-effect' observed for the inclination. The trend 
of the declination within the centre of the sheet i s not clear, hovrever, so 
that further discussion i s not j u s t i f i e d . 

Nevertheless, i t i s clear that the inclination has been affected more 

than the declination, and this result may be esqjlained i n terms of the 

emplacement of the sheet. 

The Clauchlands sheet i s part of a cone-sheet (Chapter I ) , and therefore 

was probably emplaced i n response to strong directed pressures radiating from 

a central magma source. These forces would act more or less parallel to the 

margins of the intrusion and would therefore have a greater effect on the 

veirtical component of the magnetization than on the horizontal. 

The NRM of the Clauchlands sheet has been investigated by measuring 
samples which represent a vertical section through the intrusion. 

The intrusion has been found to be reversely magnetized except for a 
nmber of normally magnetized samples. These latter samples are considered 
to be unstable because they 'streak' along two great circles connecting the 
ancient f i e l d directions with that of the present geomagnetic f i e l d . 

The intensity of magnetization has.been found to decrease systematically 



away from the margins of the intrusion and this trend may be correlated with 

a decrease i n the content of 'magnetite' tovrards the centre of the sheet. 

The directions of magnetization at the top and bottom contacts of the 

intrusion have been found to be similar and to agree closely with directions 

reported for the Antrim basalts and Lvaaiy dykes of known Tertiary a^e. 

The NBM's throughout the intrusion, hovrever, show a wide scatter of 
o 

directions and their computed mean i s some 20 shallower than the inclinations 
recorded at the contacts. Since the samples became magnetized i n a known 
sequence the possibility that secular variation has influenced the directions 
has been investigated. 'This i s not considered l i k e l y since i t can be estimated 
that the sheet acquired i t s magnetization over a period of l i t t l e more than 
100 years. 

The inclination of the HEM has been found to vary systematically through 
the intrusion and to exhibit an 'edge-effect'. These variations have been 
explained i n terms of the knpvm history of the intrusion. 

However, a number of the inclinations deviate from the general trend. 
These deviations have been explained as the effects of partial remagnetization 
of the dolerite where i t has been cut by a basalt dyke. 

The declination of the NRM has also been found to vary through the 
Intrusion and may be correlated with the variation of the inclination. The 
trends shown "by the declination, however, are less clear than with the inclination. 
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Chapter V I I I . Discussion of the Reversed Magnetization 

A. ^latJoaacHtibn 

There are apparently two possible explanations of the occurrence of a 
reversely magnetized rock formation. Either the Earth's magnetic f i e l d was 
reversed when the rock became magnetized, or the magnetic minerals i n the 
rock have a •self-reversing" property which makes them assume a magnetization 
opposed to the applied f i e l d . 

B. Reversal of the Earth's Magnetic Field 

A large number of rock formations from a l l over the world are knovm to 
have a reversed HRM (Blackett et. al I96O), and sedimentary as well as igneous 
rocks exhibit this phenomenon. I t , therefore, seems improbable that the 
reversed directions i n such a wide variety of rocks, which have acquired their 
magnetization by different methods, can i n a l l cases be attributed to a.self-
reversal mechanism, and hence i t seems l i k e l y that reversals of the geomagnetic 
f i e l d have occurred i n past ages. 

The latest epoch from which reversely magnetized rocks have been recorded 
i s late Pliocene - early Pleistocene. Reversed rocks of this age have been 
reported on a world wide scale, from Iceland (Hospers 1953> 1954j Einarsson 
and Sigurgeirsson 1955) > France (Roche I956), Japan (Nagata et a l 1957 a,b), 
R\issia (Khramov 1957), Australia (Irving and Green 1957)* South America (Creer 
1958), New Zealand (Coombs and Hatherton I959) and from Africa (Nairn priv. 
comm. to Nagata I96I). The global distribution of this so-called Plio-Pleistocene 
reversal would indicate the r e a l i t y of geomagnetic f i e l d reversals, and this 
conclTision i s supported by the conspicuous absence of reversely magnetized 

rocks of Permian age which i n Australia, Europe and North America are magnetized 
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i n a direction consistent with a f i e l d of one polarity, (Runcorn I962). 

Wilson (1962) has discussed the relationships between the NRM of igneous 
rocks and the baked contact rocks. I f N represents ncQ:Taal magnetization and 
R represents a reversed magnetization, then there are four permutations of 
N and R, between the igneous rock and i t s contact:-

Igneous Rock Baked Rock 
N N 
R R 
N R 
R N 

Thus i f field-reversals are common then the baked contacts should show the 
same polarity as the igneous rock and thus the relationship NN or ER should 
be predominant. I f , however, field-reversals are rare (or non-existant) and 
self-reversal i s common, then there should be no preferred relationship between 
the polarities of the independent igneous and baked rocks and the contacts 
should equally be NR or RN as well as NN or RR because normal and reversed 
rocks are known to occur with about equal likelihood. 

Of the 52 baked contacts considered by Wilson, 4S show agreement between 
the polarities i n the igneous and baked rocks, 14 being NN and 34 being RR, 
and this preponderance of agreement strongly suggests the^ r e a l i t y of past 
reversals of the geomagnetic f i e l d . 

C. Self-flevarsal Mechanisms 
Self-reversal mechanisms may be groiped into three categories (Nagata 

1961):-
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1. Two-constituent mechanisias involving magnetostatic interaction. 
2. Two-oonstitiient mechanisms involving exchange interaction. 
3. One-constituent mechanisms. 
Two-constituent mechanisms involving magnetostatic interaction require 

the development of a secondary magnetic 'phase during geological time. This 
phase w i l l become magnetized under the influence of the demagnetizing f i e l d 
of the griginal magnetic phase and i f i t s intensity of magnetization i s large 
enough i t may cause, a reversal. 

A r t i f i c i a l assemblages of interleaved magnetite and pyrrhotite have been 
found to be self-reversing i n this way (Grabovsky and Pushkov 1954j TJyeda 1958) > 

and Kwai, Evime and Sasajima (195^) have suggested that the intimate inter-
growths formed by exsolTition of a titaniferous magnetite into magnetite-rich 
and ulv6spinel-rich coiiQ}onent3 might be natural examples of such an assemblage. 
I t has also been suggested (Graham I952) that the partial oxidation of magnetite, 
i n magnetite-ilmenite intergrovrths, might result i n a reversal of the magnetization 
due to magnetostatic interaction between the secondary maghemite and the residual 
magnetite. 

Two-constituent mechanisms involving exchange Interaction are very similar 
to those involving magnetostatic interaction except that the interaction occurs 
at the molecular level. Such mechanisms therefore require not only that the 
two phases be intergrown but also that their crystal lattices be intimately 
bound together. 

I t seems probable that the intergrov/ths formed by exsolution of titaniferous 
magnetite would f i t this category rather better than the category of magneto static 
interaction and such a mechanism may be more l i k e l y to cause self-reversal of 
the magnetization i n view of the powerful forces acting at the molecular level 
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as compared to those acting at the microscopic levol. 

However, for such mechanisms to operate i t i s necessary that the two 
phases have Curie points rather far a^art so that the f i r s t conqjonent may have 
acquired most of i t s magnetization before the second one becomes magnetized. 

Uyeda (I958) has suggested that the self-reversing property of the rhombo-
hedral ore-mineral component found i n the Haruna dacite, may be e^lained i n 
terms of exchange interaction. He envisages the interaction as taking place 
between ordered and disordered regions of the mineral, with the Curie point 
of the ordered phase being higher than that of the disordered phase. Carmichael 
(1961) has also found examples of self-reversing 'ilmenites' which he interprates 
i n terms of order-disorder relationships. 

Detailed discussions of two-constituent mechanisms have been given by 
Neel (1952, 1953» 1955) Bnd also l^Grabovsky and Pushkov (1954) and Uyeda (I958). 

Such discussions are largely theoretical, but Nagata, Uysda and Ozima (1957) 

have reported on the experimental investigation of the magnetic interactions 
between ferromagnetic minerals i n rocks. They conclude that svich interactions 
are negative vrtien the tvio ferromagnetic constituents form fine ixminn-r inter-
growths. I f however, one of the constitioents i s non-feirromagnetic, then this 
simply results i n an intensification of the TRM which seems to be related to 
an increase i n the coercive force of the sample. 

I t seems, therefore, that the exsolution phenomena among the iron-titanium 
oxide minerals may, under suitable conditions, result i n a tv/o-constituent 
mineral assemblage with self-reversing properties. However, i t i s not known 
vdaether such assemblages are common i n rocks or whether they can be correlated 
with the magnetization. 

Mucli of the data of palaeomagnetism has been obtained from extrusive 
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volcanic rocks, mainly basalt lavas, and i n such rocks the ore minerals are 
generally homogeneous titaniferous magnetites. Therefore, two-constituent 
mechanisms cannot account for the reversed magnetization of such rocks. However, 
a number of self-reversal mechsuiisms have been proposed whidi do not require 
the coexistence of two magnetic phases but which depend vcpon chemical inhomo-
geneity within a single phase. 

Neel (1948) f i r s t suggested that some ferrites might exhibit an unusual 

variation of the spontaneous magnetization with temperature such that iiAien the 

temperature passed Idirough a c r i t i c a l point the direction of the magnetize/i 

reversed. Examples of this N-type variation were subsequently discovered i n 

the mixed ferrites LiQ^^e^^^_^T^^ for values of a between 1.00 and 1.70 

(Gorter and Schulkes I953) and for a group of rare earth ferrites Fe^i^^ 

Tdiere M i s the rare earth Gd, Er or Dy Guiot-<}uillain, Pauthenet and Forestier 

1954). 

When such substance are heated, the spontaneous magnetization decreases 
normally and disappears for the f i r s t time at a teiiQ)eratiu:^ G but then begins 

c 
to increase again, reaches a maximum and then f i n a l l y disappears at the 
Curie point 9 p. 9̂  i s not a Curie point but only the temperature at which the 
spontaneous magnetization changes sigh. Below9 the spontaneous magnetization 

c 
J of sub-lattice A (see Chapter V), say, i s greater than that of sublattice B, while above Q the reverse i s tirue. Q i s known as the coii5)ensation temperatttre, c c 
and at this point the spontaneous magnetizations of the two sublattices are 

equal. Thus, i f such a substance i s cooled to room temperature from above 

i t s Curie point i t w i l l acquire a TRM opposite to the sense of the f i e l d to 

which i t i s due. However no natural 'magnetites' are known to show this type 

of theirmal variation of the spontaneous magnetizations. 
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Neel (1955) also suggested that reversal may occur throtgh annealing, 
and this mechanisms has been demonstrated experimentally with nickel f e r r i t e 
NiFOgO^. (Garter 1954). Nickel f e r r i t e i s an inverse spinel and has the 
cation distribution:-

Fe^ N i ^ F e ^ 0^ 
4 

A B 

When Al- ^ replaces some of the Fe-^ so that the formula becomes NiFe« Al 0., 
d-jsi m 4 

the A l - ^ ions are known to prefer the B-sites i n the equilibrium state (Verwey 
and Heilmann I947). I f the equilibrium distribution i s realised at a l l times, 
then the spontaneoTjs magnetization shoiald decrease as m increases, become zero 
vh&n m = 0.4 and then reappear i n the reverse direction for m> 0.4. However 
i f the samples are quenched from high temperatures so that there i s a disordered 
distcibution of the cations then there w i l l be no reversal of the spontaneous 
magnetization with increase i n m. I f on the other hand, a sample with m> 0.4 

i s annealed then i t may be made to reverse on the laboratory time scale, owing 
to diffusion of Al ions onto the B sites. To produce the inversion ±a the 
laboratory several hours at 400°C are needed, but the same effect would 
probably occur at ordinary temperatures i n some millions of years (Neel 1955) • 

Although similar effects may exist i n natural magnetites i t i s unlikely 
that they could be observed experimentally. The reason that they are observed 
i n nickel ferrites i s because the magnetic moments of the two sublattices A 
and B are very close, 5/^ and 7p--Qao that i t i s much easier for the A sublattice 
to have a greater moment than the B than i n magnetite, where the moments of 
the two sublattices are ^jji^exid pi^aiid thus much less close. 

Verhoogen (I956) has extended this argument to the case of the natural 
substituted magnetites on the basis that ordering may take place during 



geological time and thus cause a reversal of the spontaneotis magnetization. 
His calculations show that for a magnetite of formula Fe^ . Fe^ M̂ Ô  
self-reversal may be expected i f c> 0.75 provided that M stands for a non-
magnetic impurity with a greater a f f i n i t y for B-sites than either Fe 
or Pe-^. On the other hand, the mineral must remain electrically neutral and, 
therefore, Verhoogen has suggested that the most l i k e l y impurities that 
may cause self-reversal are an appropriate combination of Al , T i , Mg 
and vacancies such that c> 0.75« 

Ifafortunately, l i t t l e i s known about the detailed compositions of natural 
magnetites, and even less about their relations to the magnetization of 
the host rocks. Hô TOver, Verhoogen has listed several instances of magnetites 
Tiriiose compositions suggested that they may be self-reversing. I n particular 

•7̂  2+ 
these magnetites contain appreciable amounts of Al-^ and Mg as well as 

I n order that the mechanism outlined by Verhoogen may operate, i t i s 
necessary that the crystal should retain a considerable degree of disorder at 
the temperature at which i t acquires i t s magnetization, and hence the rate 
of ordering must be slow i n comparison to the rate of cooling. I t seems 
probable that this condition w i l l be satisfied i n rapidly cooled lavas and 
also i n hypabbysal intriisions. 

, Verhoogen has estimated that an impure magnetite with inherent self-

reversal properties could not reverse i n less than about 10^ to 10^ years. 

This may be the reason why no modem lavas have been found to have a reversed 

magnetization. 

Self-reversing mechanisms of this type, of course, cannot be demonstrated 
experimentally but i t does seem l i k e l y that many magnetites have compositions 



such that the mechanism could operate. This problem could best be settled 
by the long term accumulation of data on the detailed chemical composition 
of national magnetites and also on the directions of magnetization of the 
rocks containing these analyzed minerals. 

D. Applications to the Clauchlands Sheet 

I t seems probable that the directions of magnetization i n the Clauchlands 

sheet are due to a genuine reversal of the Earth's magnetic f i e l d during 

the early Tertiary, since the baked sandstones above the intrusion have 

the same reversed polarity as the igneous contact. 

Microscopic examination of the sandstones (Chapter I I I ) has shorn 

'hematite' to be the predominant ore mineral with only minor amounts of 

'jnagnetite'. Hovrever, the Curie point and intense magnetization of these 

rocks would indicate that the NRM i s due to the 'magnetite' rather than the 

'hematite' • 
The unaltered rocks above the intnasion are dull-red flaggy sandstones 

and, therefore, i t i s presumed that the 'hematite', i n the baked rocks i s 
an original constitxient. This 'hematite' occurs as complex recrystallised 
aggregates and the grains often have a core of 'magnetite', Similar 
relationships are known to occur i n hematite ores that have been sintered 
at 1100°C to 13D0°C (see Chapter I I I ) , ' and on the basis of the petrographic 
evidence (Chapter I I ) i t i s thought that the Clauchlands sheet also was 
intruded i n i t i a l l y at a temperature of about 1100°C so that the 'magnetite' 
i n the baked sandstones has probably formed by dissociation of 'hematite'. 

I f this i s the case» then the fact that these rocks have the same 

reversed magnetization as the igneous contact must strongly indicate that 

the Earth's f i e l d was reversed vAien they became magnetized. I t seems 
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improbable that a self-reversal mechanism could have operated i n both the 

'inagnetite' that crystallised from the magma and the 'magnetite' formed by 

dissociation of the 'hematite' i n the sandstone so as to give the same 

direction of magnetization i n both rocks. 

The results of the present investigation have provided no positive 

evidence to indicate that self-reversal has occurred i n the Clauchlands 

sheet. However, the accumulated data has indicated that the magnetic 

minerals are 'impure magnetites' and hence they may in t r i n s i c a l l y be 

capable of self-reversal by the type of ordering mechanism outlined by 

Verhoogen (I956), 

Recently, Ade-Hall and Wilson (I963) have suggested that there may 

be a connection betvreen reversely magnetized igneous rocks and the occurrence 

of 'magnetite'-'ilmenite' intergrovrths. They found that i n the Mull lavas 

the normally magnetized rocks contain homogeneous pale broim magnetites 

whereas the reversely magnetized rocks contain oriented 'magnetite'-'ilmenite' 

intergrowths i n vfcich the 'ilmenite' forms up to 2O-305S by volme of the 

crystals. 

At 'present there i s not sufi'icient information properly to assess 

such a correlation, but i n the case of the Clauchlands intrusion i t should 

be noted that the intergrown 'ilmenite' contains about 1 0 - 2 0 mol^ ^®2^3' 

and that according to Chevallier, Mathieu and Bolfa (1955) > such ilmenite 

i s ferromagnetic with Curie points of about 200°C. 

Although the results of thermomagnetic analysis have shorn only the 

high Curie points associated with the 'magnetites', this may be because 

the analyses have been carried out i n relatively large magnetic fields of 

about 1000 Oe, and analyses i n weaker fields might have shown the ilmenites 
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to be magneiaLc. Therefore, the possibility of a two-constituent self-

reversal "me chaniaa cannot be ignored. 
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PART I I 

The Design of an Instnanent for the Measurement of the 

Curie Point of Ferromagnetic Minerals 



Plate XVm 

General View of the Thermomagnetic Balance 

The balance i s housed i n the tTirreted box at r i g h t centre. 

The recording systems are grot?5ed at the l e f t of the photograph 

and the motor driven variac i s visible at the r i g h t of the 

photograph. The rheostat, seen at the f a r l e f t , contaxils 

the current to the electromagnet which i s indicated on 

the meter sit\iated to the l e f t of the turret. The furnace 

current i s indicated by the meter on the rig h t of the t u r r e t . 
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Introdtiotion 

The instrument described i n the follovdng pages i s a hcarizontal 

magnetic balance adapted for the meastirement of the Ctcrie points of small 

samples of ferromagnetic minerals and rock fragments (Plate XVIII) • The 

basic principles governing the design of the instrment are simple and 

complications i n the actual instrumentation axe necessitated mainly by-

problems associated with making the measuring process automatic. 

The principle of the magnetic balance i s illustrated in Figtares ^ 

and 4P. A ferromagnetic sample placed at point p (Figure 39) so that i t 

l i e s on the axis between the poles of a magnet, takes on a magnetic moment 

M parallel to the f i e l d direction H and e^eriences a force F^ along the 

axis such that:-

F, = 
^ dx 

= V.J.H 2 .........2) 
dx 

where v i s the Tol\sne of the sample and J i t s intensity of magnetization. 

I n Figure 4D the sample at p i s shown attached to a rigid mobile 

system which i s suspended at S by a length of fine vdre. Ubder the influence 

of the f i e l d E the sample experiences a force F^ which causes a torsional 

deflection of the suspended system. I f , howe-ver, the sample i s surrounded 

by an electric furnace and heated, then at the Cvaeie point the spontaneous 

magnetization becomes zero, F^ dissappears and the suspended system returns 

to i t s equilibrium position. Such a system, therefore, provides a sensitive 

means of detecting the Curie point and, suitably modified, can be used for 

i t s accurate measurement. 
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Figure 5 9 . 

H 

Figure 40, 



Figure 3 9 . 

Principle of the magnetic balance 

Figure 40. 
Principle of the magnetic balance 



Plate XIX 

View of the Recording Systems of the Thermomagnetic 
Balance 

The controls for the 'Temperature Recording System' are 
aeen i n the l e f t hand frame above the Ether 'Transitrol' 
Controller. The scale on the Ether galvanometer i s 
arbitrary and not "C as sho^vn. The chart recorder i s 
housed at top right vd.th the s t a b i l i s e d power supply below 
i t . The t r a n s i s t o r s of the 'Photo-electric Recording 
Unit' plug into the small box at the right of the photograph 
which contains the Ti/heatstone's bridge c i r c u i t . The out­
put of the transistors can be indicated on the milliameter 
i n t h i s box when making preliminary adjustments before 
sta r t i n g anaanalysis, and then switched to the Recorder. 
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A magnetic balance working on the torsion principle was originally 

eanployed by P. Curie (1895) ^ order to measure paramagnetic susceptibilities. 

Subsequently this principle has "been adapted i n order to measure the Curie 

points of ferromagnetic substances and an instrument of this type has been 

described by Ghevallier and Pierre (1932). 

Chevallier and Pierre used an optical system to detect movements of 

the torsion balance and the instrument traced a record of the thermomagnetic 

curve on a photographic plate. Temperatures were indicated by breaks i n 

this curve made at intervals of about 1JOO°C (see for example Chevallier, 

Mathien and Vincent 1954). 

Larochelle ( I 9 6 I ) has described an improved version of this instrument 

i n which the thermomagnetic curve i s traced out by a chart recorder. The 

tenperature i s measured by means of a potentiometer and indicated on the 

side of the chart at any desired interval. This, however, requires the 

constant attention of the operator* 

I n the present instrument the torsional deflection i s detected photo-

el e c t r i c a l l y and automatically recorded on a "Record" Graphic Recording 

Milliammeter. At the same time the temperature i s measured by a chromel-

alumel thermoco^^}le and this i s translated into an intermittent record on 

the chart via a marker pen. I n this way a permanent thermomagnetic curve 

i s obtained trom which the Curie point may be determined. 

Five basic units combine to make the cos^lete instrument,' and these 

are described i n the following order:-

1. The Suspended System. 

2. The Electromagnet. 

3. The Photo-electric Recording System. 

4* The Electric Furnace. 
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5« The Ten5)eratTxre Recording System. 

Finally, Instructions are given for the preparation of the Instrument, i t s 

operation and the interpretation of the thermomagnetic record* 



1) The Suspended System 

Since the instrument i s intended to analyse small samples, weighed In 

milligrammes, the torsion beam has to be light and have a low moment of 

Inertia so that i t may respond rapidly to the forces acting on the saii5)le. 

The actual dimensions of the beam are not c r i t i c a l but I t has to be con­

structed of non-magnetic material and hotised i n a non-magnetic strubture. 

The beam I t s e l f I s i n two. parts as shovjn in Figure 41. A fused s i l i c a 

tube AB; 2mm i n external diameter and approximately 15caas long i s set at 

an angle of 45° to the beam CD, iirtilch i s a dural tube 25 cms long and 4mm 

in external diameter. A brass bolt screwd into the end of the dural tube 

holds the s i l i c a beam i n position, such that the distance SD i s ID cms. S 

i s a shallow trough formed of silver f o i l and i s approximately Ion long. 

I t i s attached to the s i l i c a beam and acts as "a holder for the 3aiiq)les» 

Silver i s used for this purpose because of I t s high melting point (960.8°C) 

and chemical stability and especially because of i t s large thermal conductivity 

(0.992 cols/sec/cm^/^C K)0°C) ̂ M.ch. ensures a rapid transfer of heat to 

the sample. 

S i l i c a i s used for the beam AB becatise this part of the structure 

extends into the^pple gap of the electromagnet, M; commercial dural tubing 

may contain ferromagnetic impurities i n sufficient concentration to influence 

the deflection of the system i f i t were used in this position. 

The beam CD, however, i s \vell away from the magnet and i t i s therefore 

constructed of dural which i s light and yet has the necessary strength that 

this structure needs i n order that i t may carry the suspension and other 

components of the system* 
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Figure 41, 

Figure 42. 
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Figure 41. 
Planoview of the beam 

Figure 42. 
Elevation view of the beam 



The point of suspension i s at 0 and i s 14cms from D so that the angle 

OSD i s 90°. Point S therefore l i e s on the tangent to a circle of radius 

OS. With these dimensions and an «ngu3.ar rotation of about 4° about 0, the 

point S moves along the tangent for about 1cm without diverging sensibly 

from the straight l i n e . 

At 0, the beam carries a brass collar (Figure 42). A 4cm length of 

dural tubing i s screwed vertically into the top of this collar and a brass 

bolt, inserted into the top of this tube, acts as a base to which i s soldered 

a length of SWB 3^ copper wire. This i s the suspension >dre and i s approxi­

mately 3OCOS long. The wire i s soldered at i t s iq)per end to a brass screw s 

by means of vbicti the h e i ^ t of the suspension can be varied over a range 

of "^008, 

Another 4cm length of dural tubing i s screwed i n vertically below the 

brass collar at 0 and this carries a brass damping plate which dips into a 

beaker of thin machine o i l . The beaker stands on an adjustable platform >Mch 

can be raised or lowered so that f i n a l settings of the (iamping can be controlled. 

The horizontal attitude of the suspended system i s determined by the tvro brass 

comterweights CW. 

The torsion beam i s housed i n a nonnnagnetic structure the walls of 

vdiich are constructed of aluminium sheeting. A small door sitviated below 

the suspension turret permits easy access to the damper and to the interior 

i n general. 

The suspension tiarret T i s formed of a tube of opaque black plastic J)cm 

long and 6 cms i i i internal diameter. I t i s supported on a wooden base securely 

bolted to the aluminium frame. (HB. The turret i s omitted from Figure 41 

and only the base i s shown) • 

A pTx^n perspex window Ŵ^ has been provided i n the side of the fJrame 

125; 



and carries horizontal lines engraved at 1cm intex>vals. This window i s 

used for cheddug the horlgontal attittde of the suspended system. Another 

perspex window has been inserted i n the rear wall of the frame and this 

i s engraved with rectilinear lines at ̂  on intervale. This window i s connected 

with the photoelectric recording system and need only be used when i n i t i a l l y 

setting Tsp the instrument. 

The housing for the torsion beam stands on a wooden base which may be 

levelled "by means of three brass levelling screws and L^. A nonnnagnetic 

clamp linjks the suspension turret to the base board of the magnet (which i s 

vertical) and ensures that the *4iole hovising i s firmly secured i n position. 

A general view of the suspended system i s shown in Plate XX. 
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Plate XX 

View of the Suspension System (with cover removed) the 

Furnace and the Magnet 

The torsion beam i s seen i n position within the furnace. 

Movements of the beam are damped by the damping plate 

which i s shown immersed i n machine o i l i n the small beaker. 

The beaker stands on a metal table the height of vAiich can 

be adjusted by rotating the disc. The furnace i s st?)ported 

on a slide that can move horizontally i n the pole gap of 

the magnet. Cooling coils cover the pole tips to remove 

heat radiated from the furnace. 





2) The Electromagnet 

The coils of the electromagnet are wound i n series and have a total 

resistance of about 12 ohms. They operate ftom a 24V DC supply and the 

current can be varied by means of a rheostat. 

The f i e l d strength has been investigated using a search co i l formed of 

100 tm?ns of SWG 36 copper wire. The dimensions of the search coil are:-

Iimer diameter = 1.^5cms .. s 0.680008 

Outer diameter = 1.510cms .. = 0.705cms 
Cross-sectional Area .. i.45 cm̂  

0 = 1.56 cm̂  

Mean cross-sectional Area .. = 1.50 cm̂  

A Cambridge fluxmeter has been used to measure the f i e l d . This instrument 

i s calibrated such that a deflection 0 of one scale division equals 15,000 

maxwell-tums. Therefore the f i e l d strength, H oersted, i s given bys-

H = i%9P Q . . . . . . . . . . .3) 
H a 

vdiere N equals the number of turns on the search coil . For the present coil 

this givBs:-

H = 100 6 oe. 

The f i e l d strength has been measured as a function of the current in 

the magnet coils and the results are summarized i n Table 24 and shown 

graphically i n Figiire 43«! 

These results, however, apply for a pole-^ap of 4cms. A pole-gap of 
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Table 24, 

Calibration Data for the Electromagnet 
(Pole Gap = 4cms) 

Magnet 
Current 

I 
amps 

Fluxmeter 
Deflection 

e 
divisions 

. F i e l d 
Strength 

H 
oersteds 

0 . 2 5 2 . 0 200 

0 . 5 0 3 . 1 3 1 0 

0 . 7 5 5 . 3 550 

1 .00 7 . 1 7 1 0 

1 .50 8 . 5 850 

2 . 0 0 14 .7 1470 

2 , 2 5 1 5 . 8 1580 



Figure 43. 

Amps 

isoo 
1000 

O e r s t e d s 



Figure 43. 
Field strength of the electromagnet as a 
function of current. 



3<ans has been adopted i n the f i n a l instnsaent and, therefore, the maximum 

f i e l d strength v d l l be less than indicated i n Figure ^^ax\d i s l i k e l y to be 

about 1000 oe. 

The poles are cylinders 48mm i n diameter with the faces machined to the 

form shovn i n Figure 44. This optimtmi shape has been chosen after concluding 

the series of analogue f i e l d mapping experiments described below. 

I t i s necessary that the sample should e^jerience a uniform force F̂^ 

when i t i s i n the pole gap and that this force should remain constant over 

that region of the pole-gap i n which the sample i s able to move. I n equation 

2 ip&geiZl) the values of v and J are constant for a given sample so that the 

eqiiation may be rewritten:-

P = k.H25 ....4) 
^ dx 

and thus the necessary conditions are satisfied vhen i s constant. This 

also requires that:-

= 2H £ 
dx dx dx ' 

and this can be revjrittens-

dH^ = K.dx .........5) 

Integrating 5) givest-

= Kx + C ...6) 

where C i s a constant. Thus ie constant when equation 6) i s satisfied. 

I n Fig\3re 45 are shown lines of equal voltage vMch may be determined 

by analogue f i e l d mapping. The lines a and b are equidistant f^m the axis 
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Figure 45. 
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Figure 44. 
Shape of the pole t i p s . 

Figure 45. 
Diagram i l l u s t r a t i n g the pri n c i p l e of analogue 
f i e l d mapping and showing l i n e s of equal 
voltage. 



and a distance A l apart. Lines of magnetic equLpotential run perpendicular 
to the voltage lines and the magnetic potential between a and b i s given by:-

-b 
A J I = H.dl 

This equation can be rewritten:-

H = A-Q/f d l 
a 

and integrating this givest-

E = ^ ....V..V..7) 
A l 

Hence equation 6) w i l l be satisfied when a plot of ( ^ i ) against x i s a 
straight line* 

I n analogue f i e l d nappiog an electrical model i s used to simulate the 
magnetic circuit and the requLreid information i s derived by analogy. Teledeltos 
facsimile recording paper has been used as a conducting sheet i n these 
experiments and i t s use i s described i n the following ebctract taken from an 
ar t i c l e published the Western Union Telegraph CooQ̂ any, TJSk* 

"Teledeltos facsimile recording paper can be used as a conducting sheet 
for analogue f i e l d mapping i n two dimensions, as a substitute for an electrolytic 
tank, sandbed or metallic conducting sheet. The \iseful part of the material 
i s the black carbon-filled paper vtoch i s the base for the recording coating. 
Neither the electrosensitive layer nor the aluminim lacquer coating on the 
black surface of the paper enters into the f i e l d mapping process since eadi 
of these coatings i s relatively non-«onduoting. The aluminium protective 
coating i s qtdte t h i n , however, and i s more easily penetrated by probes or 
by fixed electrical connections than the recording coating. I n f i e l d mapping 
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applications i t i s customary to apply the required connections to the 
aluminium surface with silver conducting paint using acetone or methyl-ethyl 
ketone as the solvent, either one ustwlly penetrating the coating sufficiently 
to make contact possible between the silver solids and the black paper. 
Where desired, the aluminium coating may be readily washed off with any 
good lacquer solvent at the site of the connection. 

Happing on Teledeltds p^er should be performed with relatively low 
voltages and moderate currents. A maximm of about one third watt per square 
inch dissipation i s desirable to reduce heating. Although the paper can 
tolerate ten^eratures well above lOÔ C without physical damage. The resistance 
change with drying i s the significant factor here. 

Probing i s best accon5)llshed by a null method using a potentiometer to 
determine the voltage line to be drawn..,....." 

ELeotrolybic iron has been used i n the present ei^eriments since silver 
was not available. The iron was stispended i n acetone and the required pole 
shape painted f u l l size onto a large sheet of Teledeltos paper. A potential 
difference of I.5V was applied across the electrodes using a torch battery, 
and a potentiometer was used to determine the voltage lines. A mounted 
zoological needle served as a probe, and i n order that probing should be 
systematic a centimeter grid was drawn on a sheet of tracing paper and this 
placed oyer the electrodes. Probing was accon?)llshed liy pricking tiirough 
to the carbon layer and i n this way a pattern of voltage determinations 
b u i l t I?) from which the voltage lines could be drawn. 

Data are presented for the following electrode shapes:-
a) The pole faces parallel and 5cms apart. 

b) The pole faces diverging at 6̂  and a minimum distance of ̂ csaa apart. 

c) The pole faces diverging at 10** and a minimum distance of 5 cms apart. 
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d) The pole faces diverging at 40° and a minimum distance of 5cm8 apart. 

Only one pair of voltage lines has been considered for each case, and 
these have been drawn so that A 1 (the separation at the centre of the pole-
gap) i s Jima and hence the results are directly cooparable. 

The relations between ( ^ ^ distance from the centre of 
the gap measured along the axis) have been plotted f^om ̂ ^ch i t i s clear 
that the optimum pole shape i s given by case 6). Figure 46. 

A minimum pole gap of ̂ caaa has been adopted i n the final instrument, and 
as the furnace occupies much of the available space, vmter-cooled copper discs 
have been attached to the pole tips to keep them cool, (see Plate XX) 
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Figure 46. 
Results of the analogue f i e l d mapping for 
d i f f e r e n t pole t i p shapes expressed by 

2 
p l o t t i n g (1/A 1) against x. 
A) Faces p a r a l l e l . 
B) Faces diverging at 6°. 
C) Faces diverging at 10°. 
D) Faces diverging at 40°. 



3) The Photo-electric Recording System 

The deflection of the torsion beam i s detected photo-electrically as 
follows. An aluminim flag. A, i s fixed vertically to the torsion beam as 
shown i n Figure 4?. This flag i s free to pass between an exciter lamp, L, 
located at the base of the suspension turret, and a pair of Mullard 0CP71 
photo-transistors, mounted as shown i n Figure 48. A screen, Sc, placed 
directly i n front of the transistors has two holes Inm i n diameter d r i l l e d 
through i t which only allow l i g h t to f a l l on the sensitive areas of the 
individual transistors. 

The transistor marked D i n Figure 43 i s used to detect mov̂ anents of 
the torsion beam since the emitted current varies according to the position 
of the f l a g . The transistor marked, S i n Figure 48 is constantly illuminated 
and i t s fmotion i s to compensate for any variations i n emitted current that 
may occur i f the teu^erature of the transistors changes. This i s acheived 
by including the two transistors i n opposition as part of the Wheatstone»6 
bridge c i r c u i t shown i n Figure 49, so that any changes i n one transistor axe 
cancelled out equal and opposite changes i n the other. 

The output from the transistors i s measured by a "Record" Graphic 
Recording Milliammeter reading from 0 to 5 mA or i t may be switched to an 
ordinary milliammeter of the same range which i s xised during the preliminary 
stages of an analysis. The output from the transistors may be adjusted by 
means of a potentiometer which i s located i n a control unit. 

This control unit houses the ci r c u i t for the photo-electric recording 
system, but for convenience the transistors have been separated from i t and 
have to be plugged i n before use. I t i s important that this p l \ ^ be removed 
when the instarument i s not i n use so as to prolong the l i f e of the battery. 
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Figure 4?. 

Plan view of the photoelectric recording system; 

Figure 48. 
Elevation view of the photoelectric recording 
system. 



Figure 49. 



Figure 49* 
TfJheatstone's bridge c i r c u i t f or the photoelectric 
recording system. 



The battery may be replaced T:̂  removing the back cover of the control xmit. 

The transistor unit and the acxe&a. can be moved horizontally along 
the torsion beam housing and the al\minium flag can be moved along the 
torsion beam i t s e l f so that the sensitivity of the system can be varied 
over a wide range. This sensitivity increase as the transistor unit moves 
further away from the flag but i s accompsjoled by a f a l l i n the output of 
the transistors as 'the intensity of illumination decreases. However, the 
output can be increased lij means of the potentiometer control so that to 
some extent this effect i s compensated. 

The preferred direction of mounting for a transistor i s such that the 
incident l i g h t i s perpendicular to the' plane of the leads and on the side 
of the bulb bearlog the type number. 

The leads from the transistors pass through a polythene connector strip 
so that an individual transistor i s easily replaced. 

The excitor lamp i s a 127 6̂'̂  car headlaii^ bulb and i s located at the 
base of the suspension turret. I t may be reached via the door i n the torsion 
beam hoTJsing. The bulb operates from a 32V IXJ stabilized supply and an 
equivalent bulb and a 100 ohm potentiometer are included i n series with i t 
so that i t does not bum otrt. The intensity of illumination may be varied 
within narrow lim i t s by means of the potentiometer, and the second bulb, 
vhloh. i s mounted above the_Temperature Recording Unit, provides a useful 
indication of this intensity. 
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4) The E l e c t r i c Furnace 

The furnace consists of a t h i n walled s i l i c a tube onto \fhich has been 

wound Eureka wire. The wire i s held i n position by alumina cement and 

thermal insulation has been provided la r g e l y by asbestos string (see Plate XX). 

The s i l i c a tube i s 80mn long, has an i n t e r n a l diameter of 10mm and a 

wal l thickness of G.9mm. A short length of narrower s i l i c a tubing, only 

9mm i n exberoal diameter, has been fused into one end of the furnace tube 

(Figure 50) • This a c t s as a c o l l a r and sipports a length of twin-bore 

s i l i c a thermocoi^jle tubing such that i t l i e s on the axis of the furnace. 

This tubing c a r r i e s a chromeL-alumel thermocouple and si5)ports the thermo­

couple head at a point 2.3cm3 from the back of the furnace. This point 

has been found to be the hottest part of the furnace. 

The heating element consists of a single winding of S^2D Eureka wire. 

I t has a resistance of 3*5 ohms and a current of 5 i s s u f f i c i e n t to 

maintain the furnace teii^>erature a t about 700?C* The wire has been wound 

d i r e c t l y onto the s i l i c a and i s held i n position by alumina cement. This 

i s a refractory cement and after application i t has been dried out at 1000°C. 

A l a y e r of asbestos paper coated with alumina cement covers the windings, 

but most of the thermal insulation has been provided by winding oh thin 

asbestos s t r i n g . The f i n a l diameter of the furnace i s approximately 3Dmm. 

I n t e r n a l l y , the furnace has been lin e d with a tube of brass ^mn long, 

10mm i n external diameter and having a wall thickness of 1mm. This promotes 

a more unifoarra d i s t r i b u t i o n of heat t h r o u ^ the furnace and t h i s has been 

further iinproved by adding an inner l i n i n g of s i l v e r f o i l 0.12mm thick. 

The a c t u a l temperature gradient within the furnace has been investigated 

and the r e s u l t s are described l a t e r i n t h i s section. 
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F i g u r e 50. 

Diagram of the furnace. 



The, thermocouple has lieen calihrated i n position within the furnace 

by comparison with a mercury thermometer:-

A 360^0 thermcHneter was inserted horizontally along the furnace u n t i l the 

bulb touched ihs back. I t was then eased s l i g h t l y ftom t h i s position so 

as to remain d o s e to the head of the thermocouple but not i n contact xd-th 

the s i l i c a . The thermocouple was connected to a potentiometer and the 

furnace heated, by passing a constant current. When the potentiometer 

readings became constant the thermometer temperature was taken. Readings 

have been taken a t three temperatures. The thermometer has been read to 
+ 1° + 
- 2 C thermoelectric emf i s accurate to -0.005nV, 

The r e s u l t s are summarized i n Table 25 and are shown graphically i n 
5-/. 

Figure ^ » The values of tenQjerature v emf obtained from t h i s straight l i n e 

relationship agreed c l o s e l y with those given i n international tables of 

physical constants and hence i t i s concluded that such tabulated values 

may be taken sa f e l y as a measure of the taaperature when using t h i s thermo-

co\?)le» 

The thermocotple, however, occupies a fixed position i n the furnace 

whereas the sample on the torsion beam i s tree to move over a distance of 

about 10mm along the a s l s of the furnace. Therefore, i n order that the 

thermocouple should measure the temperature of the sample i t i s necessary 

that the furnace temperature should remain constant within t h i s distance 

of the thermocoxqple head. 

The temperactvre gradient within the furnace has been investigated as 

follovra:-

A chromel-alumel thermocot^jle supported hy a length of twin-bore s i l i c a 

tubing, was inserted horizontally along the axis of the furnace u n t i l i t 

touched the back. I t was then eased s l i g h t l y from t h i s position so as to 
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Table 25 . 

Thermocouple C a l i b r a t i o n Data 

Temperature 

°C 

Thermoelectric 
voltage 

mV 

66 .5 2.550 
66 .5 2 .545 
66 .5 2 .545 

167.0 6.910 
167.0 6.910 
167.0 6.910 

293 .0 12.150 
293 .0 12.155 
293.0 12.155 



Figure 51, 

to >po^ 

Figure 52. 
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Figure 51• 

C a l i b r a t i o n curve f o r the thermocouple. 

Figure 52 . 

Experimental arrangement f o r measuring the 
thermal g r a d i e n t s i n the furnace. 



remain close to the thermocoij^jle head but not touching the s i l i c a . The 

twin-bore tube extended beyond the mouth of the furnace (Figure 52) and 

passed through a rubber b\mg held i n a clamp. The clamp stand rested on 

a sheet of centimeter graph paper which acted as a gradiiated surface so 

that the thermocoi5)le could be moved i n and out of the furnace by measurable 

amounts. 

The leads from lx)th thermocoxples were taken to two separate c i r c u i t s 

of a potentiometer by means of which i t was possible to measure the emf's 

separately and rapidly. The ftcmace was heated by passing a constant current. 

WasQ the furnace thermocotQ)le gave a constant reading the furnace tenqperature 

was steady. This reading was noted and coii$)ared with the reading of the 

exploring thermocoiple. The esplorinig thermocot?)le was then withdrawn from 

the furnace i n steps of 2mm intervals and at each position the two emf's 

compared. The reading of the furnace thermocot^>le was always taken f i r s t 

to allow the exploring thermocovqple to adjust to any change i n temperature. 

Measurements were taken i?) to a distance of iSmm from the furnace 

theimocouple and then the process repeated whilst bringing the exploring 

thermocot^le li^ck into, the furnace, u n t i l i t was back to i t s I n i t i a l position. 

I n t h i s way average readings were obtained for each position. Measurements 

were not made a t more than 18 mm fl'om the furnace thermocot^le since the 

temperatTire gradient was by then appreciable. 

Measurements have been made a t three furnace temperatures: 

192°C, ̂ 5°C and 647°C and the r e s u l t s are summarized l a Tables 26, 

27 and 28. I n the fourth column of these tables the differences i n voltage 

have been calculated and i n the f i f t h column these values have been converted 

to differences i n ten^jerature. I n the s i x t h coluraathe mean ten^ierature 

1^. 



Table 26 . 

Temperature V a r i a t i o n i n the Furnace 

Furnace temperature approx. ^^2°C ( 7.84mV ) 

P o s i t i o n of Thermocomple Readings 
T/C fT/C eT/C AT AT 
mm mV mV °c °c 

0 7 .80 7 .82 +0.02 +0.50 +0.25 
2 7 .85 7 .82 - 0 . 0 3 - 0 . 7 5 - 0 . 6 2 
4 7 .88 7 .83 - 0 . 0 5 - 1 . 2 5 - 0 . 8 7 
6 7 .88 7 .82 - 0 , 0 6 - 1 . 5 0 -.1,00 
8 7 .90 7.81 - 0 . 0 9 - 2 , 2 5 - 1 . 3 7 

10 7 .90 7 .82 - 0 . 0 8 - 2 . 0 0 - 1 . 3 7 
12 7 .90 7.81 - 0 . 0 9 - 2 . 2 5 - 1 , 8 7 
14 7 .89 7 .79 - 0 . 1 0 - 2 , 5 0 - 2 , 2 5 
16 7 .88 7 .79 - 0 . 0 9 - 2 , 2 5 - 2 . 6 2 
18 7 .88 7 .75 - 0 . 1 3 - 3 . 2 5 - 5 . 2 5 
16 7 .86 7 .74 - 0 , 1 2 - 3 . 0 0 
14 7 .84 7 .76 - 0 . 0 8 - 2 . 0 0 
12 ^ .83 7 .77 - 0 . 0 6 - 1 . 5 0 
10 7 .82 7 .79 - 0 . 0 3 - 0 . 7 5 
8 7 . 8 l 7 .79 - 0 . 0 2 - 0 , 5 0 
6 7.81 7 .79 - 0 . 0 2 - 0 . 5 0 
4 7.81 7 .79 - 0 . 0 2 - 0 . 5 0 
2 7 . 8 l 7 .79 - 0 . 0 2 - 0 . 5 0 
0 7 .80 7 .80 0.00 0.00 



Table 27 , 

Temperature V a r i a t i o n i n the Furnace 

Furnace temperature approx. 395°C (l6,30mV). 

P o s i t i o h of Thermocouple Readings 
T/C fT/C eT/C AE A T A T 
mm mV mV °C °C 

0 16.45 16.40 - 0 . 0 5 - 1 . 2 5 - 1 . 5 0 
2 16,45 16.40 - 0 . 0 5 - 1 . 2 5 - 1 . 5 0 
4 16.44 16.38 - 0 . 0 6 - 1 . 5 0 - 1 . 6 2 
6 16.44* 16.30* -0.14 - 3 . 5 0 - 2 . 3 7 
8 16.44* 16.29* - 0 . 1 5 - 3 . 7 5 - 2 . 2 5 

10 16.41* 16.30* -0 .11 - 2 . 7 5 - 2 . 7 5 
12 16.39* 16.25* -0.14 - 3 . 5 0 - 2 . 0 0 
14 16.36* 16.16* - 0 . 2 0 - 5 . 0 0 - 2 . 5 0 
16 16.33* 16.10* - 0 . 2 3 - 5 . 7 5 - 3 . 3 7 
18 16,34 16.28 - 0 . 0 6 - 1 . 5 0 
16 16,34 16.30 -0.04 - 1 . 0 0 
14 16,34 16.34 - 0 . 0 0 - 0 . 0 0 
12 16,35 16.33 - 0 . 0 2 - 0 . 5 0 
10 16.32 16.32 - 0 . 0 0 - 0 . 0 0 

8 16.30 16.27 - 0 . 0 3 - 0 . 7 5 
6 16.25 16.20 - 0 . 0 5 - 1 . 2 5 
4 16.20 16.13 - 0 . 0 7 - 1 . 7 5 
2 16.16 16.09 - 0 . 0 7 - 1 . 7 5 
0 16.16 16.09 - 0 . 0 7 - 1 . 7 5 

* NB. The i c e a t the thermocouple cold j u n c t i o n melted at some 
time during these measuremenfefe and had to be rep l e n i s h e d . 



Table 28 . 

Temperature V a r i a t i o n i n the Furnace 

Furnace temperature approx. 647*^0 (26.8lmV). 

P o s i t i o n of Thermocouple Readings 
eT/C fT/C eT/C AE AT AT 
mm mV mV ''C °C 

0 26.87 26.90 +0.03 +0.75 - 0 . 7 5 
2 26 .92 26.92 0 .00 0.00 - 0 . 8 7 
4 26 .94 26 .95 +0.01 +0.25 - 1 . 1 2 
6 26 .94 26 .89 - 0 . 0 5 - 1 . 2 5 - 1 . 2 5 
8 26 .92 26.86 - 0 . 0 6 - 1 . 5 0 - 1 . 8 7 

10 26 .93 26 .82 -0 .11 - 2 . 7 5 - 2 . 6 2 
12 26.90 26.77 - 0 . 1 3 - 3 . 2 5 - 3 . 2 5 
14 26.90 26.70 - 0 . 2 0 - 5 . 0 0 - 5 . 6 2 
16 26.88 26.68 - 0 . 2 0 - 5 . 0 0 - 6 . 2 5 
18 26.87 26 .59 . - 0 . 2 8 - 7 . 0 0 - 7 . 0 0 
16 26 .84 26 .54 - 0 . 3 0 - 7 . 5 0 
14 26.81 26.56 . - 0 . 2 5 - 6 . 2 5 
12 - - - - -
10 26.80 26.70 - 0 . 1 0 -2 .50 

8 26.83 26 .74 - 0 . 0 9 - 2 . 2 5 
6 26.80 26 .75 - 0 . 0 5 - 1 . 2 5 
4 26.81 26.71 - 0 . 1 0 - 2 . 5 0 
2 26.77 26.70 - 0 . 0 7 - 1 . 7 5 
0 26 .75 26.66 - 0 . 0 9 - 2 . 2 5 



differences have been calculated and these values are shown graphically 

i n Figure 53. 

Figure 53 shows that no appreciable temperature gradient e x i s t s along 

the a x i s of the furnace for a distance of about 10mm at these temperatvires. 

However, the r e s u l t s also appear to indicate that the furnace temperature, 

as measured the exploring thermocouple (eT/C) i s lo;*er than that indicated 

by the furnace thermocouple (f T / C ) . But these r e s u l t s have been obtained 

by measiffing the thermoelectric emf • s of -toe two thermocoi^jles and converting 

these to ten^jeratvires. These conversions have been made on the ftssui!5)tion 

that O.04mV corresponds to 1°C which i s correct for the furnace thermocov^jle, 

which has been calibrated, but which may not.be correct for the exploring 

thermocouple T<hich has not been calibrated. Thus the apparent lovrer ten^ierature 

within the furnace i s probably an expression of the f a c t that a t the same 

temperattore the emf of the exploring thermocouple i s l e s s than that of the 

furnace thermocoi5)le. I f , therefore, i t i s assumed that when the exploring 

thermocouple i s a t 0mm i t i s a t the same temperature as the furnace thermo-

coTJ5)le, then corrections may be applied to the curves shorn i n Figure 53 

so thatAT i s zero at 0mm. 

These new curves are shown i n Figta?e 54 and i t can be seen that the 

temperature of a sample moving i n -the region 0 to 10mm can be measured to 

within 2°C at a furnace temperatvire well beyond that of the Curie point of 

magnetite (585°C) and approaching that of the Curie point of hematite (675°C). 

Thus for most of the analyses involving titaniferous magnetites the sample 

temperature may be expected to be accurate to idthin 1°C whilst for analyses 

involving titaniferotis hematites with Curie points higher than about 600°C 

an accuracy of about 2°C i s more reasonable. 

The current to the furnace i s Controlled by a motor driven variac. 
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P o s i t i o n off e y e 

Figure 54. 



F i g u r e 5 3 . 
Thermal g r a d i e n t s i n the furnace at d i f f e r e n t 
operating temperatures - uncorrected. 

F i g u r e 5 4 
Thermal gr a d i e n t s i n the furnace at d i f f e r e n t 
operating temperatures - c o r r e c t e d to allow 
f o r the d i f f e r e n t readings of the two 
thermocouples at the same temperature. 



The motor conqjletes one revolution i n 57 minutes and v i a a 2:1 gear rat i o 

drives the variac control at h a l f t h i s speed. L i m i t switches are provided 

e x t e r n a l l y a t the maximum ^ d minimum settings and are adjustable. They 

function only to switdi off the motor drive at each end of i t s run and 

do not turn off the current to the furnace. A reversing switch i s provided 

so that both heating and cooling cycles may be controlled. AC current i s 

employed as t h i s i s non-inductizig. 

A heating and cooling rate of about 15°C per. min. has been adopted 

and a complete cycle i s shown i n Fig\jre 55 drawn ftom the data summarized 

i n Table 29. This rate of change of temperature i s preferred because i t 

l i m i t s the duration of a coii?>lete analysis to about 2 hrs. I n t h i s way 

the sample i s not kept a t elevated temperatures for a long time as t h i s 

might cause dianges of composition when analysing solid-solution minerals. 

The furnace i s sx9>ported i n the pole-gap of the electromagnet on a 

s l i d i n g support constructed of dural and i t s position can be adjusted 

h o r i z o n t a l l y along the x-axis of the magnet. 
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Table 29 . 

Data f o r a Complete Heating/Cooling Cycle of the Furnace 

Time Temp Time Temp Time Temp 
mins mV °C mins mV °C mins mV °C 

0 0 . 8 l 20 .25 42 30.68 736.75 84 8.53 207. 
1 1.40 35.0 c 43 31.06 744.5 85 7 .84 192.75 
2 2 .10 52 .0 44 31.08 746 . 5 86 7.32 179.75 
3 2 .74 67 .5 45 31.06 746 . 0 87 6.82 167.25 
4 3 .30 81 .0 46 30.96 743 .5 88 6.36 155.75 
5 3 .88 94.75 47 30.78 739.25 89 5 .94 145.25 

.6 4 .54 110.75 48 30.56 734.0 90 5.55 135.5 
7 5.19 126.5 49 30.28 727.25 91 5.19 126.5 
8 5 .83 142 . 5 50 29.94 719.25 92 4 .85 118.25 
9 6.48 158.75 31 29.48 708.25 93 4 .55 111.0 

10 7.11 174.5 52 29 .05 698.0 94 4.26 104 .0 
11 7 .80 191.75 53 28.56 686.25 ' 95 4.00 97.75 
12 8.49 208.75 54 28.06 674.5 96 5 .76 92.0 
13 9.20 226 .5 55 27 .54 662.0 97 3 .55 86.75 
14 9.96 245.25 56 27.10 651.5 98 3 .35 82 .0 
15 10.64 261.75 57 26.63 640 , 5 99 3 .16 77 .5 
16 11.36 279 .5 58 25 .85 622.0 100 2 .99 73 .5 
17 12.04 295.75 59 25.23 607.5 101 2 .84 69.75 
18 12.75 313.0 60 24 . 60 592.75 102 2 .69 66.25 
19 13.46 330.0 61 25.96 577.75 103 2 .56 63.0 
20 14 . 20 347.75 62 23.42 565.0 104 2 .45 60 .5 
21 14 . 94 365 .5 63 22.84 551.5 105 2 .34 57.75 
22 15.70 383 .5 64 22.22 537.0 106 2 .23 55.0 
23 16.45 401 . 2 5 65 21 .65 523.5 107 2 .12 52 .5 
24 17.21 419 .25 66 21.03 509.0 108 2.03 50.25 
25 18.00 437 .75 67 missed 109 1.94 48.0 
26 18.78 456.25 68 19.86 481.5 110 1.86 46 . 25 
27 19.61 475.75 69 19.22 466 .5 111 1.80 44.75 
28 20.40 494.25 70 18:^60? 452.0 112 1.71 42 . 5 
29 21.17 512.25 71 17.98 457.5 115 1.64 40 . 75 
30 21.96 530.75 72 17.55 422 . 5 114 1.58 39.25 
31 22 .74 549.25 73 16.72 407.5 115 1.51 37 .5 
32 23.52 567 .5 74 16.12 393.5 116 1.42 35 .5 
33 24.32 586.25 75 15.50 378.75 117 1.39 34.75 
34 25 .14 605 .5 76 14.90 364 .5 118 1.35 33.75 
35 25 .94 624.25 77 14 .33 350.75 119 1.30 32 .5 
36 26.74 643 . 0 motor stopped 
37 27.29 656.25 switched off 

v a r i a c • motor stopped 78 13.44 329.5 
38 28.40 682.5 79 12.51 302.25 
39 29 .12 699.5 80 11.56 279.5 
40 29.70 713.5 81 10.53 259.25 
r e v e r s e d motor 82 9.78 240.75 

41 30 .20 725 .5 83 9.09 223.75 
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Figure 55, 

Complete heating-cooling cycle of the furnace. 



5) The Teii^jeratura Recording System 

The temperature recording system functions i n such a way that a marker-
pen, operating on a ̂  stri p at the side of the recorder chart, i s made 
to indicate successive changes i n the furnace temperature of about 15°C, 
diiring both the heating and cooling cycles. The system has been calibrated 
so that each successive mark corresponds to an accurately knovm temperature. 

Figure 56 illustrates the principle on vblct the system works. At a 
temperature of about 700°G a chromel-alumel thermocouple generates a thermo­
electric emf of about 29mV, ai*d changes i n temperature of about 15°C resiilt 
i n changes i n the emf of about 0.6ttVj therefore, i n order to record the 
changes i n furnace temperature at intervals of about 15°C as i t i s heated 
from room temperature to About 700°C i t i s necessary to measure the thermo­
electric emf as i t increases by increments of about 0.6mV. This i s done 
by applying a voltage of, say 1.2m?, to the galvanometer G thus causing a 
deflection of the instrument. The thermocotple i s connected to the same 
galvanometer but i n opposition to the applied voltage so that as the tempera­
ture rises a backing-off ©mf aippeara vhLoh reduces the deflection of the 
galvanometer so that there w i l l be zero deflection when the thermoelectric 
emf reaches 1.2mV. At this point the g£Q,vanometer operates a photoelectric 
system which automatically operates the marker-pen on the recorder and at 
the same time increase the applied voltage to the galvanometer by a further 
0.6mV so that the process starts again. 

A step, or ratchet, relay i s used to increase the applied voltage by 
the required increments. I t functions so that each time the galvanometer 
G reads zero, a contact K i s automatically stepped on one unit along a chain; 
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Figure 56. 

Principle of the temperature recording system. 



of resistors, A-B. By choosing the right , valtie of the voltage V applied 

to the chain and the right value for the individual resistors, i t i s 

possible to arrange that the voltage to the galvanometer increases hy the 

required increments of 0.6mV. However, contact potentials may be a 

source of serious error i f iiie voltage i s increased by such small amounts 

directly, and therefore i t i s arranged that the resistors i n the chain and 

the voltage applied to the chain are sudi as to give compajjditively large 

changes for each step and this i s then divided to reduce i t to the required 

voltage at the galvanometer connections. For example, vdth a chain of 

f i f t y ID ohms resistors and a voltage of 5OV, the voltage drop across each 

resistor would be IV, and then this would have to be divided by about IDOQ 

before reaching the galvanometer. 

The f u l l details of the system are shown i n Figure 57, The resistence 

chain, i s formed of 47 high s t a b i l i t y 10 ohm resistors and a further three 

10 ohm resistors are included i n series with the chain so that when the 

wiper i s at the beginning of the chain the resistance i s 40 ohms and not 

10 ohms. This means that the wiper cannot step on to the next resistor u n t i l 

the thermocouple has reached a temperature of about 45°C, i e , well above room 

teii5)erat\ire. A stabilized voltage of 32V DC i s applied to the chain'and 

t h i s , together with the potential divider shown, gives a voltage range from 

about 2mV to 29mV rising by increments of about 0.6mV. 

The galvanometer i s part of an Ether Transitrol Controller Type 990* 

This instirument includes a b u i l t - i n photoelectric system which i s used to 

operate the marker-pen and the step-relay. An arbitrary zero position i s 

set by a red pointer on the instrument scale and the instrument has been 

supplied without the normal cold-junction compensation so that this zero 

remains steady. (NB. The cold-junction compensation unit i s a bimetallic 

s t r i p which, i n the standard instarument, controls the position of the red 
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Figure 57. 
C i r c u i t diagram for the temperature recording 
system. 



pointer so that i t moves according to the ambient room temperature). 
The step-rrelay i s basically a rotary switch and the wiper moves i n 

one direction only. Therefore, when recording a cooling cycle, provision 

has to be made to reverse the polarity of the resistor chain and also to 

reverse the connections to the relay i n the Ether Controller. The necessary 

switches are shown i n Figure 57 • The cir c u i t also inclxsies warning p i l o t 
l i ^ t s , to indicate the end of the sequence and to indicate a failure 
i n the system. The galvanometer i s protected by shorting out at the end 

of the sequence and this also occurs i n case of failure. 
The basic' cong}onents of the system are as follows;-
SX.;*!̂  Muirhead key switch: fotir double banks of c.o contacts. 

^'unction:- Temperature Increasing 
Off 
TeiiQ)erature Decreasing 

S2..:« Post office key switch: biassed £rom both sides. 

Function:- Step-on 
Operate 
Reset to start 

S3,;.v 24V sigjply Ozi/Qft 
S4... 32V BMpply On/Off 
L i . .̂; iled p i l o t l i g h t 

Function:- Indicates end of travel of the wiper. 
L2... Red p i l o t l i g h t 

Function:- Indicates that the E-tJier relay has sttick. 
R.... Ether relay 
U.i.i^^ Step-relay 

The c i r c u i t i s b u i l t on an aluminium chassis and the step-relay i s 
mounted so that Hie position of the wiper can be seen on a dial set into 
the front panel. This d i a l carries 48 radial lines corresponding to the 



48 contacts of the rotary-switch part of the relay. An arrow indicates 
the f i r s t step of the chain and every twelth step i s indicated i n red. 

The system i s operated as followsi-

1) Switch on the Ether Controller at -Qie mains thus bringing the 
photoelectric system into operation. Switch on the 247 sipply 
(S3) and the 32V avpplj (S4) . 

2) Depress S2 and hold down u n t i l the wiper has moved round to the 
end of i t s travel. L I then lights vp, 

3) Set SI to "Temperatiffe Increasing". The wiper steps onto the 
f i r s t step and L I goes out. The galvanometer deflects to the 
l e f t of the set zero, 

4) Switch on the furnace. 
5) The f i r s t step occurs at about 45°C and this completes an external 

marker c i r c u i t through TJ/4, T)/5 and S2. At every 12th step U/4 
i s opened mechanically by a cam cm the step-relay and therefore no 
mark i s made. I n this way successive groups can be readily identified 
on the chart. 

6) When the wiper reaches the end of i t s travel U/3 operates and shorts 
out the galvanometer via R/l, This prevents further steps (which 
would Jump back to the starting position) by removing the 24V svpply 

from Slf. L I then lights yxp to show that the sequence i s completed. 
7) Reset SI to Off, U then receives an extra pulse via Slg, Slh, S2a 

and U/3(48) vhidh resets to the start position. Tl/3 i s thus reset 
and the cycle can recommence, 

9) Now set SI to "Temperature Decreasing". This reverses the polarity 

of the chain U/l and exchanges the connections to the Ether relay. 

TJ then steps when the furnace tecqjerature i s too cold, and the 
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backing-off emf i s gradually reduced. When room temperature 
i s reached, U/3 operates as before L I lights yjp and the galvanometer 
i s shorted out via R /1 . 

9) I f i t i s desired to start from any position other than the f i r s t 
step, TJ can be stepped on one division at a time by successively 
l i f t i n g S2. 

10) NB. I f at any time the Ether relay f a i l s to operate, a warning l i g h t 
L2 lights up. However, this l i g h t always appears momentarily 
during each step of U and i n this case i t does not indicate a fau l t . 

The thermocouple i s not connected directly to the galvanometer. Instead, 
the chromsl leads are soldered to copper leads vMch are then taken to the 
galvanometer. I n this way the two chromel-copper junctions can be immersed 
i n melting ice and thus they have no effect on the thermoelectric emf of 
the chromsl-almel thermocouple. 

The system has been calibrated by measuring the applied voltage after 

each step of the cycle using a potentiometer, and this data i s given i n 

Table 30. The thermocovgjle was not, of course, i n the circiait during these 

measurements. 
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Table 30. 

Calibration Data - Temperature Recording System 
Step 
Number 

absent 

absent 

absent 

1 
2 
5 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
50 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

Temp.Inc. 
mV °C 

Temp.Dec, 

1.76 
2.35 
2,94 
3.505 
4.095 
4.68 
5,26 
5.85 
6,44 
7.01 
7.60 
8,19 
8,76 
9.34 
9.92 

10,50 
IIQO9 
11,66 
12.24 
12.80 
13.38 
13.96 
14.55 
15.14 
15.71 
16.30 
16.90 
17.49 
18.06 
18.65 
19.245 
19.83 
20.425 
21,02 
21.60 
22.20 
22.79 
23.39 
23.99 
24.59 
25.19 
25.80 
26.40 
27.01 
27.64 
28.245 
28.85 

43.75 
; 58.0 
72,25 
85.75 
99.75 

114,0 
128,25 
143.0 
157.75 
172.0 
186,75 
201,5 
215.5 
230,0 
244,25 
258,5 
272,75 
286,75 
300,75 
314.25 
328,25 
342,0 
356,0 
370,25 
383.75 
397.75 
411,75 
425.75 
439.25 
453.25 
467.0 
480.75 
494.75 
508.75 
522,5 
536,5 
550.25 
564.25 
578.5 
592.5 
606.5 
620.75 
635.0 
649.5 
664.5 
678.75 
695.75 

mV 
29.46 
28.85 
28,245 
27,64 
27.03 
26,41 
25,80 
25,20 
24,60 
23.995 
23.39 
22,80 
22,21 
21,62 
21.04 
20.445 
19.85 
19.26 
18.675 
18.095 
17.51 
16.92 
16.34 
15.75 
15.155 
14.57 
13.99 
13.40 
12,84 
12.25 
11.68 
11.10 
10.51 
9.94 
9.35 
8.77 
8.19 
7.605 
7.02 
6.44 
5.85 
5.26 
4.68 
4.095 
3.505 
2,94 
2.35 

707.75 
693.75 
678.75 
664,5 
650,0 
635.25 
620,75 
606,75 
592,75 
578,5 
564,25 
550,5 
536.75 
522,75 
509.25 
495.25 
481,25 
467.5 
453.75 
440.0 
426.25 
412.25 
398.75 
384.75 
370.5 
356.5 
342.75 
328.5 
315.25 
301.0 
287.25 
273.0 
258.75 
244.75 
230.25 
215.75 
201.5 
186.75 
172.25 
157.75 
143.0 
128.25 
114.0 
99.75 
85.75 
72.5 
58.0 

absent 

absent 

absent 

Applied voltage - 32V. Pot.div. -one 12K and two 22 ohms i n parallel. 



operating Instructions 

1) Preparatiori iof the Instrument 
Ensure:-

That the base board i s level* 
That the suspension turret i s vertical and that the torsion beam 

is free to rotate. 

That the torsion beam i s horizontal and that i t i s correctly aligned 
i n relation to the furnace tube so as to be free to move inside i t . 
Adjust:-

The level of the damping f l u i d u n t i l the torsion beam has a period 
of oscillation of about 10 seconds. 
Ensure:-

That the aluminim flag i s vertical and free to move between the 
excitor lamp and the transistors. 

That the excitor lamp i s at i t s optimum height so that the transistors 
receive maximum i 11 Timi nation. 
Set:-

The arbitray zero on the Ether galvanometer so that the Ether relay 
i s just on the point of operating when the galvanometer pointer moves to 
the r i g h t . 
Ensure:-

That the stabilized voltage i s 32V. 
That the markeiS-pen and the recorder-pen are coincident on the chart 

and that the chart speed i s 6«' per hour. 
Check:-

The ink stpplies to botii pens and inspect the supply to the marker 
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pen daily. 

Ensur©:-

That the i n i t i a l furnace ciirrent i s about 1.8 amps. 

2) Preparatliori ipf the Sample 

Powdered samples should be fine-grained but need not be especially 

pure since the magnetic analysis does not take into account the paramagnetic 

and diahagnetic constituents. AltemativBly rock fragments about 2-'5m i n 

size may be analysed provided they contain sufficient ferromagnetic material 

to be attracted "by the magnet. 

Powders should be introduced into sma.11 s i l i c a san^le tubes and 

compressed so as to occupy about l-2iam of the available space, using a 

fine glass rod. The sample tubes may be prepared from fine s i l i c a tubing 

(1mm diameter), by fusion i n an oxygen-gas flame, and should be about 

long. 

3) Starting' the''Analysis 
Remove the covers on the instnanent housing to i^veal the torsion 

beam and the photoelectric unit. 

Slide the furnace back into the pole gap so as to expose the silver 

holder for the sample tube or rock fragment. Using a pair of fine te\reezers 

place the sample onto the holder. I f a powdered sample i s used then the 

sample tube should be placed with i t s closed end tovrards the magnet so 

that the material i s not pulled out. 

Switch on the excitor lamp at the mains and set i t to maximum 

illumination by means of the control located above the tec^erature indication 

\mit. (KB. Switching on this also energises the Temperature Recording 
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System, but this does not operate ^ A i l s t i n the Off position). 

By rotating the brass screw on top of the suspension turret adjust 

the position of the torsion beam u n t i l the shadow cast by the flag just 

covers the l e f t hand hole i n the scareen as viewed from the li g h t source. 

Slide the furnace forward u n t i l the sample i s about loa from the 

back of the tube. (NB. there i s a spring loaded catch on the slide). 

Plug i n the transistors to the control box and switch to M so that the 

output appears on the ammeter. Check that the shadow of the flag s t i l l 

covers the left-hand hole and then adjtist the cxtrrent to about 1.5inA. 

Make f i n a l adjustments to the position of the torsion beam so that 

l i g h t i s just able to pass through the hole. At the correct position 

the ammeter should be wavering slightly indicating that the photoelectric 

system i s responding to slight movements of the beam. 

Switch on the electromagnet at minimum cvirrent and increase this u n t i l 

maximum deflection of the torsion beam i s indicated on the ammeter. At 

this stage i t w i l l propably be found that the shadow cast by the flag 

has rotated beyond the l i m i t s of the hole. I f this i s the case then slide the 

furnace forward so as to push the beam back u n t i l the shadow of the flag 

just cuts the hole. I f this i s not the case then simply slide the furnace 

forward u n t i l i t touches the beam. 

Reduce the current to the magnet u n t i l the magnetic f i e l d i s just 

strong enough to hold the torsion beam at the back of the furnace. The 

rotation of the torsion beam i s novi limited so that the shadow cast by 

the flag cannot rotate beyond the limits of the hole. I f such a l i m i t were 

not put on the position of the beam then i t would tend to rotate further 

into the pole-gap during heating, due to the Hopkinson effect (increase i n 

magnetization \d.th elevation i n temperature xsp to just below the Curie 
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point - Nagata I96I). 
Replace the covers on the instrument housing so as to exclisie draughts 

and then switch on the Temperature Recording System as follows:-

1) The mains sigjply has already been switched on at the same time 
as the excitor lamp. 

2) Switch on the 24V and 32V si5)plies. 
3) Depress the post office switch to "reset" and hold down u n t i l 

the step relay has reached the end of i t s travel and'LI lights 
up. Set to "Temperature Increasing" and release the post office 
switch. L i f t the post bffice switch to "step-on" one so -Uiat the 
galvanometer defl,ects to the l e f t and L I goes out. 

4) Place melting ice aromd the cold junction of the thermocoi?)le. 
To bring the instrument into operation, turn on the water supply to 

the cooling coils of the magnet, switch on the furnace at the mains, switch 
on the motor driven variac, setting the switch to H, and svdtch on the 
Recorder-Clock at the mains. Finally, switch from M to R on the control 
unit so as to transfer the transistor output toi the Recorder, 

4) TheAng^ysiS 
The analytical process i s automatic, but after about 45 minutes the 

furnace temperature reaches 700°G which i s the maximum that can be recorded 
and the warning l i g h t L I appears on the Teu^erature Recording Unit, to indicate 
that the heating circle i s complete. 

I n order to analyse during the cooling cycle, switch the variac motor 
drive to C and set the Temperature Recording Unit to "Temp. Decreasing". 
At the end of the cyle L I lights T?). 

The motor drive controlling the furnace current has l i m i t switches 

147. 



at both ends of i t s movement which cut off the motor after 37 minutes. 

At the end of the cooling cycle the furnace current should be switched 

off at the mains as soon as the motor stops so that the furnace can cool 

to room temperature. 

I t i s not necessary to use the complete temperature range of the 

equipment i f this i s not required. Changes from heating to cooling can be 

made at any temperature. I n such a case, however, before svdtching to 

"Temp. Decreasing", i t i s necessary to ensure that the "Step-Relay Indicator" 

(on the dial) i s at least the same number of divisions beyond the starting 

position (indicated by the arrow), measured anticlockwise, as i t WM i n 

front of the starting position when the heating was stopped. This' may be 

done as follows. 

Switch the motor drive to C and set the Temperature Recording Unit to^ 

Off. Note the number of divisions remaining on the "Step-Relay Indicator" 

and then reset to the starting position by depressing the post office switch 

until L I lights up. Release the switch and then step-on one division at a 

time by l i f t i n g the switch until the same number of divisions have been passed. 

However, oidjag to thermal hysteresis the furnace w i l l probably be hotter 

than t^en i t was switched over to cooling and therefore i t w i l l probably 

be necessary to step-on two or three divisions beyond this point. 

Finally, set the Temperature Recording Unit to "Temp. Decreasing" and 

make sxire that the Ether galvanometer deflects to the r i ^ h t of the set 

zero so that as the backing off emf f a l l s the step-relay i s moved on. I f 

the galvanometer does not deflect to the right then set the Temperature 

Recording Unit to Off once again and step-on one or two more divi^flos until 

deflection to the right i s obtained. After this has been set the cooling 

process i s automatic. 
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5) Interpiretation of the Thermomagnetic Record 

On the heating curro, the point of inflection at which the attraction 

on the sample suddenly dissappears i s taken as the Curie point. On the 

cooling curve the point of inflection at which the attraction on the saii5)le 

suddenly appears i s taken as the Curie point. 

The temperature at which these inflections occur i s measured with 

reference to the teii5>erature marks on the side of the chart. Each of these 

marks corresponds to an accurately known temperature (Table J)) and i t i s 
+ o 

possible to measure the Curie point to -I.5 G, 

I f more than one magnetic phase i s present i n the sample then the 

thermomagnetic record w i l l contain more than one inflection whilst i f the 

composition of the magnetic phase varies more or leSs continuously over a 

range of solid solution then the thermomagnetic record w i l l show a gradual 

change of slope limited by the Curie points of the end members (Figure I 9 ) . 

Esamples of thejaaomagnetic arecords showing these features are shown i n 

Figure 23. 

6) Accuracy 

The instrument has been calibrated using samples of pure synthetic F e ^ ^ 

prepared by M. Guillaud at Bellevue, France. An X-ray powder photograph of 

this material showed i t to have a unit c e l l edge of 8.39622 (cp 8.39632 Basta 

1953; 1957) • The X-ray data are sxmmiarized i n Tables JL and 32. 

Four samples of tliis material have been analysed Idiermomagnetically 

and gave the following values for the Curie Point:- 589°C, 585°C, 5^C, 

586°C. The mean valT» i s 586.5°C vMch may be con^jared with the value given 

Brailsford (I96O) who records the Ctcrie point of FeFe^O^ as 585°C» 
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Table 31 . 

X-ray Powder Data for Pure Synthetic Fe^O^. (Guillaud) 

CoK (^radiation. Camera diameter 1l4cm. Straumannis mounting. 

G d I hkl 

10.78 4 .80 mw 111 
17.75 2 .94 s 220 
20 .93 2 .505 vvs 311 
21.82 2.409 vvw 222 
25.42 2.086 ms 400 
31.67 1.705 mw 422 
33.86 1.607 s 511/333 
37.30 1.477 vs 440 
42.65 1.321 vw 620 
44.58 1.275 wm 533 
45.21 1.261 vw 622 
50.14 1.165 ^ , vw -
52.09 1.134 o<, vvw — 

52.94 1.121 cx', vw 642 
54.99 1.092 o<, mw 800 
67.24 0.970 oi, mw 752/555 
72.36 0.959 wm 840 

e 

Table 32 . 

Data used to Extrapolate to a^ of the Fe^O^ Sample 

sin^e N hkl cosecG J^X a ^( ^ ) 

52 .94 0.6368 56 642 1.2532 
54 .99 0.6709 59 731 N 

553 
1.2210 731 N 

553 
1.0845 67.24 0.8503 75 751 ^ 

555̂ ^ 
1.0845 67.24 751 ^ 

555̂ ^ 
72 .36 0.9082 80 840 1.0493 

6.693451 8.38823 0,425 
6.870401 8.38876 0.372 

7,746164 8.40071 0.146 

8.000204 8.39461 0.084 

a = cosec . 

a^= 8.39625 



Thus analyses involving titaniferous magnetites should be accurate to 

i 1°G, since the error of 1.5̂ C at a temperature of nearly 600°C may be 

expected to be reduced at the lower Curie points. 



PART i n 

The Design of an Instrument for the Measurement of the 

Saturation Magnetization of Ferromagnetic Minerals 

at Room Temperature 



Introduction 

The instrument described i n Part I I i s a horizontal magnetic balance 

i n \4hich the force acting on the ferromagnetic sample causes the balance 

to rotate about a point of suspension. This system i s well suited to the 

measurement of Ctirie poijtits since the small torsional deflection of the 

balance can be readily detected and recorded. 

There i s , however, an alternative arrangement for a horizcmtal magnetic 

balance i n vMdi the force acting on the sample causes a translational 

movement of the balance (Figure 58) • This system has been adopted i n order 

to raeasttre the saturation magnetization of small samples of ferromagnetic 

powders following a null method essentially similar to that described by 

Chevallier and Mathieu (I943). 

The principle of the method i s to meetsure the translational force 

exerted on the sample i n an inhomogeneous magnetic fiel d H. Under the 

influence of this f i e l d , the sample takes on a magnetic moment M parallel to 

H and experiences a force F (see Part I I . Introduction) given bys-

g — i " l — • . . * • • • » • • • • • • mMJ 
^ dx 

The specific intensity of magnetization i s then obtained from:-

" = a ....V.V...V.V.2) 
m 

where M i s i n emu and m i s the mass of the sample in grammes. I f the 

magnetic f i e l d H i s large enough to sattirate the sample then the ratio M/m 

gives the value of the specific intensity of saturation magnetization a^. 
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Figure 59 . 

Figure 58. 
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Figure 58 . 

Diagrajn of equipment f o r measuring s a t u r a t i o n 
magnetization a t room temperature. 

Figure 59 . 

Box attachment f o r the magnet; used f o r 
p o s i t i o n i n g a sample i n the pole gap. 



Chevalller, Mathieu and Vincent (1954) have found that titaniferous 

magnetites are essentially saturated i n a magnetic f i e l d of 6 ^ Oe, and in 

the present equipment fi e l d strengths exceeding this value have been readily 

obtained uising a small electromagnet. 

The force acting on the sample may be measured hy applying an equal 

and opposite force to the translation beam. This may be done by passing 

currents through two coaxial solenoids one of vMch i s fixed to the beam 

(Figure 58) • The force acting between these solenoids i s given by:-

F = k 13̂ . ±2 . . . . . . . ; . . .v.,:.3) 

where i ^ and 1^ are the currents and k i s an experimentally determined 

constant. 

The instrument described in the following pages, therefore, comprises:-

1) A translation beam. 

2) An electromagnet. 

3) Two solenoids and accessory equipment for measuring the force 

acting on the beam. 

4) A microscope for measuring the position of the beam. 

i . The Translation Beam 

The translation beam i s shown in Figure 58 and i s of very simple 

construction. I t consists of a length of dural tubing (4mm external diameter) 

30 cms long. A dural ring, 5 mm in internal diameter, i s inset into one 

end of the beam and a glass tube containing the sample slots into this. The 

other end of the beam carries a dural dampijig plate immersed in thin machine 

o i l . The plate i s attached to the beam by way of a dural collar and i t s 
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position may be adjusted laterally along the beam. A mm scale has been 

attached to the collar and this i s viewed through a microscope. 

The beam i s suspended horisontally beneath an aluminium frame by two 

Cu vTires 23 cans long. These wires are soldered into brass screws inset 

into the beam at a distance of 8 cms from each end. At their upper ends 

the wires are soldered to brass adjusting screws (3^. cms long) so that the 

height and attitude of the beam can be set. Two cotton threads are attached 

to the beam at the sample end and these pass to the sides of the aluminium 

frame. These threads prevent lateral movement of the beam. 

The aluminium frame i s attached to a wooden base board, which also 

carries the magnet. This board may be levelled by three brass levelling 

screws. I n order that the laboratory bench i s not damaged these screws are 

supported on brass pads which separate the screws from the bench. 

2. The Electromagnet 

a) Introduction 

The magnet i s a Newport electromagnet having I.5" diameter poles with 

conical pole tips. I t works fromal50V DC supply and, according to the 

manufacturers, produces a fiel d of 16,500 Oe with a pole gap of 5 nmi. This 

f i e l d , of course, i s at the centre of the pole gap and may be ejqjected to 

f a l l off rapidly away from this point. 

I n the present equipment i t i s required to know the field H and the 

gradient ^ at a given point on the axis of the pole gap for different 

values of current i n the magnet coils. H has been meastu*ed using a search 

coi l and the gradient has been determined by measuring the force acting on 

a paramagnetic sample of known susceptibility {%) and applying the relationship:-
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F^ = m%H g ^....,.;.v......4) 

vdiere m i s the mass of the sample. 

These measurements require a means of defining a selected position 

on the axis of the pole gap. This has been done by attaching a box-like 

structure to the poles of the magnet as shown in Figure 59. This structure 

i s constructed of aluminium held together by brass screws. I t consists of 

two rectangtilar side plates (60 x 80 x 10 mm) and two end plates (60 x 4D x 

2 mm). The side plates are pierced centrally by holes I.5" in diameter so 

that they f i t snugly over the pole pieces, and the end plates are pierced 

centrally by pin-holes. 

A light source consisting of a 1.5V,0.3lf bulb i s attached to the outside 

of one of the &r^d plates so that a narrow beam of light can pass threvigh. 

When the box i s horizontal and symmetrically disposed betvreen the pole tips 

then this beam of light defines the horizontal axis of the pole gap. A spirit 

level attached to one of the side plates indicates when the beam i s horizontal. 

Therefore, by this means, i t i s possible to locate a sample on the axis since 

at this height i t i s illuminated. 

The magnet moves horizontally on runners attached to the base board and 

i t i s thus possible to adjust the position of a sample along the axis. This 

position may be measured by means of a plastic ram scale attached to ihe other 

side plate. 

b) Measurement of the Field Strength 

A small search c o i l has been constructed consisting of 200̂  turns of 

SWG42 copper wire. I t has the dimensions;-

Inner diameter 0.36cms . . . . . . r ^ = O.180 cms 

Outer diameter 0.63cm3 . . . . . . r ^ - O.315 cms 
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2 Cross-sectional Area ...•.•.a^ = 0.1017 cm 
2 

.,,,.-.a^ = 0.3117 cm 
.... 2 

Mean cross-sectional area ••'.••'•a = O.2607 cm. 

A Cambridge fluxmeiier has been used to measure the f i e l d . This 

instrument i s calibrated such that a deflection 6 of one scale division 

equals 15,000 maxwell-tums. Therefore, the fiel d strength H oersted i s 

given by:-

H = e V ...5) 
N a 

where N equals the number of turns on the search c o i l . For the present 

c o i l this givias:-

H = 362.8 e 

The f i e l d has been measured by holding the search co i l i n a clamp such 

that i t l i e s on the horizontal axis of the pole gap and at a known distance 

ftrom the centre of the gap. When the magnet was switched on the fluxmeter 

deflection was noted and converted to' oersteds. The error in these 

measurements i s bout 100 Oe since the fluxmeter deflections have been read 

to i 0.25 scale-division. 

The fi e l d has been measured for magnet currents in the range 0.4 - 1.6 

amps, at positions l.Ocms, 1.2cms, 1.5cms and 2.0cms from the centre of the 

pole gap. These results are summarized i n Tables 33, 34, 35 and 36 and shown 

graphically i n Figure 60. They show that fields i n excess of the required 65OO 

Oe may be achieved l.Ocms ftom the centre of the gap. 
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Table 3 3 . 

Calibration Data for the Electromagnet 

Magnetic f i e l d at x = 1.0 cms. 
Magnet Fluxmeter Deflection Mean Fi e l d 
Current e I e H 
amps. divisions Oe 

0 .4 17>5 17.5 6349 
0 .5 18 .5 18.25 18.37 6665 
0 .6 19.25 19.0 19.12 6936 
0 .7 19.75 19 .5 19.62 • 7119 
0 .8 20 .25 20 .0 20.12 7300 
0 .9 20 .75 20 .5 20.62 7482 
1,0 21 .25 21 .0 21.12 7663 
1.1 21 .75 21 .5 21.62 7845 
1.2 22 ,0 21 ,75 21.87 7936 
1.3 22 .5 22 ,0 22 .25 8074 
1.4 22 .5 22 .25 22.37 8117 
1.5 23 .0 22.5** 22.75 8254 
1.6 23.25* * * I f 23.25 8435 

* F i r s t reading. ••Last reading 1 
• • • I n i t i a l current not attainable due to heating 
of the magnet's c o i l s . 

Table 34 , 

Calibration Data for the Electromagnet 
Magnetic f i e l d at x = 1.2 cms. 
Magnet Fluxmeter Deflection Mean Fie l d 
Current 

I e H 
amps. divisions Oe 

0 .4 14 ,25 14 .25 5170 
0 . 5 15.25 15.0 15.12 5487 
0 .6 16.0 15.5 15.75 5715 
0 , ? 16 .5 16.25 16.37 5939 
0 ,8 1$.76 16 .5 16.62 6030 
0 , 9 17.25 17.0 17.12 6212 
1,0 17 .5 17.25 17.37 6301 
1,1 18.0 17 .5 17.75 6440 
1,2 18.25 18.0 18.12 6575 
1.3 18 .5 18.25 18,37 6665 
1,4 18.75 18 .5 18.62 6753 
1,5 19.0 18.75** 18.87 6847 
1.6 19.5* 19.5 7074 

• F i r s t reading. ••Last reading • 
• • • I n i t i a l current not attainable due to heating 
of the magnet's c o i l s . 



Table 35 . 

Caliibration Data for the Electromagnet 
Magnetic f i e l d at x = 1 . 5 cms. 
Magnet Fluxmeter Deflection Mean Fi e i d 
Current 

I e H 
amps. divisions Oe 

0 .4 11.25 11.25 4082 
0 .5 11.75 11.75 11.75 4264 
0 .6 12 .5 12.25 12.37 4487 
0 .7 12.75 12.75 12.75 4626 
0 .8 13.0 13.0 13.0 4717 
0 .9 13 .5 13.25 13.37 4852 
1.0 13 .75 15.75 13.75 4989 
1.1 14 .0 13.75 13.87 5034 
1.2 14 .25 14 .0 14 .12 5123 
1.3 14 .5 14 .25 14.37 5213 
1.4 14 .75 14 .5 14.62 5306 
1.5 15.0 14 .75** 14.87 5596 
1.6 15.25* - *** 15.25 5533 

* F i r s t reading. ••Last reading • 
***Initi£il current not attainable due to heating 

of the magnet's c o i l s . 

Table 36 . 

Calibration Data for the Electromagnet 
Magnetic f i e l d at x = 2 .0 cms. 
Magnet 
Current 

I 
amps. 

Fluxmeter Deflection 
e 

divisions 

Mean Fi e l d 

H 
Oe 

e . 4 7 . 5 7 .5 2721 
0 . 5 7 .75 7 ,75 7 .75 2812 
0 .6 8 .25 8 .25 8.25 2993 
0 .7 8 .5 8 .5 8 .5 3084 
0 .8 8 .75 8 .75 8.75 3175 
0 .9 9 .25 9 .0 9.12 3309 
1.0 9 .25 9 .25 9.25 3556 
1.1 9 .5 9 .5 9 .5 3446 
1.2 9 .75 9 .75 9.75 3538 
1.5 9 .75 10.0 9.87 3581 
1.4 10.0 10.0 10.0 3622 

• 1.5 10.0 10.0** 10.0 3622 
1.6 10.25* *** 

• F i r s t reading. •*Last reading. 
• • • I n i t i a l current not attainable due to heating 

of the magnet's c o i l s . 
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Figure 60. 
F i e l d s t r e n g t h of the magnet at d i f f e r e n t 
p o s i t i o n s on the a:xis as a f u n c t i o n of 
c u r r e n t . 

Figure 6 l . 
C a l i b r a t i o n curve f o r determining the gradient 
dH/dX. 



c) Meastarement of the Magnetic Gradient 

The magnetic gradient a t the point l.Ocms from the centre of the jiole 

gap has been determined by measuring the force acting on samples of Mn30^ 

( 0̂  = 88.5 10"^ at 24°C) andMnClg ( % =107.0 lO"^ at 24°C). These 

samples ( c a r e f u l l y dehydrated) were contained i n small glass tubes vhlch 

slotted f i r m l y into the sample holder on the translation beam. The force 

acting on them for d i f f e r e n t values of H was measured by applying an 

eqtial restoring force by means of the coaxial solenoids. The calibration 

data for these solenoids i s described l a t e r . 

The r e s u l t s of these measurements are summarized i n Table 57* They 

show a f a i r agreement between the gradients determined with MnSO^ and those 

measured with IMDl^. However, the mean values have been taken as the best 

estimates of the gradients and these have been plotted i n Figure 6I . These 

values f a l l on a straight l i n e through the origin as required by Eqmtion 4. 

Therefore, using t h i s curve i t i s possible to determine the f i e l d gradient 

for any value of H. 

3. C a l i b r a t i o n of the Restoring Forces due to 'the Solenoids 

The force created between two coaxial solenoids carrjdng currents 

and i g i s proportional to the product i ^ i ^ (Chevallier et Mathieu 1943) • 

I n the present system a small c o i l consisting of 120 turns of enamelled 

SWG48 copper wire has been womd onto the translation beam. This c o i l 

takes current from a 24V DC mains svcpplj controlled by a rheostat, and since 

i t has a low resistance (about 2 ohms) i t can carry vp to A amps without 

over heating. The current ( i ^ ) i s measured on a 0 - 5 amp ammeter and i s 

known to an accuracy probably better than 0.01 amp. 
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Table 37 . 

Determination of the Magnetic Gradient at X = 1.0 cms. 

MnSO. : m = 0 .0501g. Temp. = 23.2*^0. % = 88 ,5 10" ̂  at 24**C, 

I 
amps. 

H 
Oe 

^1 ^2 
amps 

^1^2 F 
dynes 

dH * 
dx 

Oe/cm 

0 .8 
1.0 
1.2 
1 .4 

7440 
7740 
7970 
8 l80 

2 
2 
2 
2 

0.228 
0.253 
0.261 
0.277 

0.456 
0,506 
0.522 
0.554 

1.30 
1.42 
1.48 
1.56 

39.92 
41.30 
41.80 
42.92 

MnCl_ ; m = 0 .0274g. Temp. = 23.2°C. X = 107.0 10 " ^ a t 24°C. 
Cm 

I 
amps. 

H 
Oe 

^1 ^2 
amps 

^1^2 F 
dynes 

dH * 
dx 
Oe/cm 

0 .8 
1.0 
1.2 
1.4 

7440 
7740 
7970 
8180 

2 
2 

: 2 
2 

0.166 
0.178 
0.189 
0.200 

0.332 
0.356 
0.378 
0.400 

0.95 
1.00 
1.07 
1,12 

43.54 
44.05 
46 .01 
46 . 89 

3 ) Mean-gradients, from 1) and 2 ) , 

H ^ ^ dx 
Oe Oe/cm 

7440 41 , 43 
7740 42.67 
7970 43.90 
8180 44,90 

* dH ^ F 
dx ffl^ 
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F i g u r e 62 . 

C i r c u i t diagram f o r the r e s t o r i n g system. 

Figure 65 . 

C a l i b r a t i o n curve f o r the s p r i n g c o i l . 

F i g u r e 64. 

R e s t o r i n g f o r c e due to the so l e n o i d s as a 
f u n c t i o n of the c u r r e n t s ( i ^ i 2 ) passing 
through them. 



A much larger c o i l consisting of 3300 tiims of Sl'JG36 copper wire 

has been vraund onto an aluminium former vMch i s fixed to the frame of 

the apparatus so as to be coaxial vri.th the translation beam and the 

attached primary c o i l . This c o i l takes current from a 240V AC mains ST?)ply 

which i s controlled by a vari a c and then r e c t i f i e d before passing through 

the c o i l . Since t h i s c o i l has a high resistance (65 ohms) i t carries 

currents l e s s than 0»5 smp but as these are measured on a 0 - ammeter 

t h e i r values (ig) are known to an accuracy of ^0.001 amp. The c i r c u i t 

diagram for the whole system i s shown i n Figure 62. 

A c a l i b r a t i o n curve r e l a t i n g the value of i ^ i g to the force exerted 

has been obtained t y measuring the extension of a calibrated spring c o i l . 

T his c o i l was made by winding a lenglda of f i n e copper wire round a glass 

rod. The c o i l was tiien housed i n a glass tube and one end attached to a 

stopper inserted i n one end of the tube. The other end of the c o i l passed 

through a l i g h t p l a s t i c cap and was glued firmly to i t . This cap ensured 

that the unloaded spring had a constant extension. 

The spring was calibrated by clamping i t v e r t i c a l l y and measuring the 

extension caused by adding small balance weights. This data i s summarized 

i n Table 38 and the calibration curve i s shown i n Figure 63. This curve 

i s a straight l i n e through the o r i g i n . 

The spring was next clamped 'horizontally aind the free end attached to ^ 

the translation balance. I t s position was adjusted so as to be i n l i n e 

with the t r a n s l a t i o n beam and also so iiiat the extension of the spring 

corresponded to the unloaded s t a t e . The extension of tJie spring was then 

measured for various values of i ^ i g using the microscope and scale to 

measure t h i s to the nearest 0.25mm. These r e s u l t s are summarized i n Table 

39 and the c a l i b r a t i o n curve i s shown i n Figure 64. This cimre relates tixe 



Table 58 . 

Extension of the Spring C o i l 
Mass Force Extension 
(grms) (dynes) (mm) 

0.00 0.00 0 .0 
0.01 9.81 2 .0 
0.02 19.68 7 .0 
0 .05 29.52 10 .5 
0.04 39.36 14 . 0 

Table 3 9 . 

C a l i b r a t i o n of the Co a x i a l Solenoids against the Spring C o i l 
E xtension Force 
of s p r i n g C:^ • ;• • 

mm dynes 

•̂ 1 

amps amps 

^2 

mean 

^1^2 

0 , 0 
0 . 2 5 
0 . 5 
0 . 7 5 
1.0 
1.25 
1.5 

0 .0 
0 .70 
1.41 
2.11 
2.82 
3 .52 
4 .23 

0 
2 
2 
2 
3 
3 
3 

0 
0.162 
0.260 
0.362 
0.336 
0,430 
0,490 

0 
0,170 
0.260 
0.348 
0.338 
0.442 
0,490 

0 
0,155 
0,252 
0,360 
0,330 
0,440 
0,490 

0 
0,162 
0.257 
0.357 
0.335 
0.437 
0,490 

0 
0,324 
0,514 
0,714 
d .005 
1,311 
1,470 



force exerted to the value of the product i]_^2* 

4. Meas\3rement of the Position of the Translation Beam 

The force acting due to the magnetic moment M of a sample attached 

to the translation beam, i s measured by applying an equal and opposite force 

to bring the beam back to i t s equilibrium position. This position i s 

measured by focussing a microscope ;d.th a low power objective onto an 

illuminated ram scale attached to the beam. An old petrographlc microscope 

having cross wires engraved on the ocular has proved qtiite suitable for 

t h i s purpose, with the stage and substage attachments removed. 

5, Measuring Procedure, for Feirromagnetic Samples 

The foUowing measuring procedure i s recommended: 

a) I t i s e s s e n t i a l to use small quantities of material as the forces 

acting on la r ^ e samples may be too great to measure, and i n any case, large 

forces should be avoided as they tend to di s t o r t the movement of the beam. 

Samples weighing between 0.0003g and 0.002g should be used the larger 

amounts being required for material with r e l a t i v e l y small magnetic moments. 

Generally, however, O.OOlg w i l l be adequate. I t i s essential, however, 

that these weights be known accurately. Using a Mettler balance Type HI6 

i t i s possible to weigh the sample to io.OOOOlg. 

Such small quantities of powder are conveniently contained i n the fine 

s i l i c a tubes used i n the thermomagnetic balance. Their weight i s determined 

as the difference between the weight of the tube empty and containing the 

sample. 

The sample tube should be placed i n a small t e s t tvHoe approximately 

50mm long and 5ram i n external diameter. These tubes j u s t s l o t into the 
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holder on the t r a n s l a t i o n balance. The sample may' be held firmly i n 

place a t the bottom of the t e s t tube "by inserting a wad of soft t i s s u e -

paper. 

b) . The position of the sample i n the pole gap can be adjusted v e r t i c a l l y 

by means of the suspension wires u n t i l i t i s illuminated by the l i g h t beam 

defining the x a x i s . This adjustment, once made, should apply to a l l 

subsequent samples. 

The position of the san5)le i n the pole gap can be adjusted horizontally 

by moving the magnet. I t should be set so as to be l.Ocms from the centre 

of the gap. This setting also should apply to subsequent san^jles. 

c) Using the microscope, focus^ on the j,11B,mi.nated scale on the 

t r a n s l a t i o n beam and set the cross-wires against an arbitrary reference 

mark. This setting marks the equilibrium position of the beam. 

d) The magnetic moment of the sample may be determined by measuring 

tlie force acting on i t for different values of — and plotting the r e l a t i o n -
dx 

ship between them. Provided the f i e l d H i s large enough to saturate the 

sample then t h i s relationship should be a straight l i n e \iath slope M (Equation 

1) . 

With a pole gap of and the sample l.Ocms from the centre of the 

gap a f i e l d of 7OOO Oe i s created v;hen the magnet cxirrent i s 0.6 amps. 

(Figxjre 60), and the f i e l d gradient a t t h i s point i s 38.6 Oe/cm (Figure 61). 

This f i e l d , therefore, i s s u f f i c i e n t to saturate the sample. 

Measurements may be made with magnet cvarents of 0.6 0.8,1.0, 1.2, and 

1.4 amps. These, fixed points have been chosen for convenience and the 

corresponding values of H and ^ determined from Figures 60 and 6I are 

summarized i n Table 40. Other settings may be used i f preferred. 
I n measuring the restoring force i t i s generally convenient to set the 

current i n the primary c o i l (i-j_) to a fixed value, usually 2 or 3 amps, 
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Table 40, 
The Magnetic Gradients used i n the Measurement 

of S a t u r a t i o n Magnetization 

I 
amps. 

H 
Oe 

dH 
dx 

0,6 7000 38.6 
0.8 7440 41.4 
1.0 7740 42 . 7 
1.2 7970 43 . 9 
1,4 8l80 44 . 9 



and vary the current (ig) i n the secondary c o i l using the variac for t h i s 

purpose. Two or three readings should be taken at each setting, checking 

the equilibrium position between each reading, and a mean value taken. 

Normally the values of i ^ do not d i f f e r by more than 0.004 easp. 

Knowing i ^ and i ^ the force may be determined from the product i ^ i g 

and r e f e r r i n g to Figure 64. This value i s plotted against the gradient, 

and the slope of the curve i s taken as M knowing the mass of the sample 

and the valTie of M i t i s thus a simple matter to calculate a from Equation 2. 

I t i s recommended that two independent measurements be made on separate 

samples of the same material and the mean value of o be adopted. This 

sejrves as a useful mutiial check on the r e s u l t . 

6. Accuracy of the Results 

Samples of pure synthetic F © ^ ^ prepared by M. Guillaud at Bellevue, 

France have been measured. The satiiration magnetization of F e ^ ^ i s $2 -

93 emVgrm (Nagata I96I). The r e s u l t s of the present measurements are 

summarized i n Table 41, They give a mean value of 94.58 ema/grm for 

Taking the true value as being 92.5 em^gnn t h i s indicates an error of 2.08 

i n 92.5 or about 23S 
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Table 41. 

The S a t u r a t i o n Magnetization of Pure Fe^O^ 

I H i ^ i 2 i ^ i 2 F ^ dH 
dx 

amps. Oe amps. amps. dynes Oe/cm 

Sample 1. m = 0 ,00030g, Temperature = 20°C. 
0 .6 7000 2 0 ,202 0.404 1,12 38 .6 
0 ,8 7440 2 0.210 0.420 1,20 41 . 4 
1,0 7740 2 0.210 0.420 1.20 42 . 7 
1,2 7970 2 0 .215 0.430 1.22 43 .9 
1,4 8 l80 2 0.220 0.440 1.26 44 .9 

Sample 2 . m = 0,00088g. Temperature = 20 C. 

0 .6 7000 3 0.393 1.179 3 .30 38 .6 
0 ,8 7440 3 0.406 1.218 3.42 41 . 4 
1,0 7740 3 0.417 1.251 3 .50 42 . 7 
1.2 7970 3 0.428 1.284 3 .60 43 .9 
1.4 8180 3 0.439 1.317 3 .70 44 .9 

R e s u l t s :-

Sample 1. M = 0 .0288. = | = 96.00 emu/g 

M Sample 2 . M = 0 .0820. °oo = - = 93.17 emu/g 

Mean value = 94.58 emu/g 
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Appendix 1, 

Separation of the Ferromagnetic Minerals 

The follovdng procedure has been adopted i n order to separate the 

ferromagnetic minerals from the parent rock:-

1) A hand sized sample has been s p l i t into small fragments using a 

hydraulic jack manufactured by Slayhi Limited, London, These fragments 

have then been cnished using a Spex Mixer M i l l manufactured by Spex 

In d i i s t r i e s Inc., the fragments being contained i n a tungsten carbide container 

during t h i s process, thus avoiding the contamination by iron, which might 

have occurred i f a s t e e l container had been used. 

2) About 140grms ( a f t i l l 4oz bottle) of the inhomogeneous powder 

have been crudely fractionated using an e l u t r i a t i n g tube similar to that 

described by F r o s t (1959)» The powder was introduced into the e l u t r i a t i n g 

tube as a s l u r r y and was found that the addition of ammonia solution to the 

s l u r r y prevented coagulation of the powder. Separation took about 45 minutes 

and yielded three f r a c t i o n s . 

(a) A heavy,' coarse grained, f r a c t i o n at the bottom of the tube. 

(b) A medium grained fraction concentrated i n the lower l e v e l s of 

the tube. 

(c) A fine, clayey, fraction l e f t as a residue at the top of the tube 

and i n the overflov/, 

3) The fine f r a c t i o n was found to contain hardly any ferromagnetic 

minerals and was rejected. 

4) The coarse f r a c t i o n consisted of a random mixture of coarse grains 

of low density ( f e l s p a r etc.) and smaller grains of higher density (magnetite 

e t c . ) , The fraction was f i r s t vrashed with water to remove residual clay 
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material, although much of t h i s was removed i n the e l u t r i a t i n g tube. I t was 

then d r i e d for about an hour a t about 100°C i n an e l e c t r i c oven. The dry 

powder was then crushed t:ising an agate pestle and mortar and then graded 

by seiving into the following fractions: 100-110 mesh, 110-200 mesh, 200-250 

mesh and l e s s than 25O mesh. Each grade was then passed through a Cooke 

magnetic separator and the magnetic fraction retained. 

5) The mediimi grained f r a c t i o n contained most of the ferromagnetic 

minersils. I t was washed and dried as i n the case of the coarse grained 

f r a c t i o n and then graded and passed through the magnetic separator. 

6) The magnetic fract i o n obtained from both the coarse and medium 

grained rock powders was then crushed again using an agate pestle and mortar, 

u n t i l i t formed a very fine powder that was smoo'tii to the touch. This 

powder was then slowly passed through the magnetic separator and the magnetic 

f r a c t i o n collected, 

7) The f i n a l y i e l d was about l-3grms of ferromagnetic mineral, the 
highest yiel d s being obtained from samples close to the margins of the 

Clauchlands sheet, which containthe highest content of opaque minerals 

(see Chapter I I ) , w h i l s t samples towards the centre of the sheet yielded 

l e s s ferromagnetic mineral. 
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Appendix 2, 

Data used for Determining the L a t t i c e Parameters of the 

Separate 'IlmenitesV 

The l a t t i c e parameters. have been determined from the powder photographs 

by a method of successive extrapolations, using the basic equations:-
2 2 

^ i s + (̂) , 1 .....1 
2sin 0 3 c 

2 c = 

° 2sin 9 3 a 

where a = {i? + hk + 1^). 

I n each case, calculations leading to the f i r s t extrapolation have been 

made using the values:-
(S) = 0,129U. (2) = 7.74492. 
c a 

these values having been determined from the l a t t i c e parameters given on 

ASTM card 3-0799 vAlch are: 

% - 5.0791 S . CQ = 14.1350 X. 

Subsequent calculations have then been made on the newly obtained a x i a l 

r a t i o s . 

The values of sirg and cos 0 have been obtained from nine f i g u r e t a M e s 

and have been read to the 5th decimal p l a c e . 

Calculations have been made vising a Madas e l e c t r i c a l l y operated calculator 

and^uare roots have been determined using ^-figvre logs. 
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0 COS 0 

Sample A/C/3/42. Film 
s i n 0 h k . l 

5947. 

c 

20.811 0.87 0.35529 11.0 4 0 5.0387 
37 .790 0 .62 0.61277 30 .0 12 0 , 5.0600 
50.782 0.40 0.77474 31 .4 17.3* 2.066 5.0897 

Extrapolated value 5 « 1 3 0 

4,Cv2 
3^a^ ^ 

23.819 
31 .479 
53.318 

0 .84 
0 .73 
0 .56 

0.40385 
0.52219 
0.80196 

11.3 30.979 9 14.0140 
11.6 30.979 56 14.0282 
22 .6 123.92 36 14.1147 
1st Extrapfcitated value 14 .167 

" 30.505 9 13.9300 
" 30.505 36 13.9786 
" 122.02 36 14.0304 

2nd Extrapolated value 14 .120 

30.503 9 13.8950 
30.303 36 13.9573 

" 121.21 36 13.9946 
3d Extrapolated value 14 .090 

" 30.175 9 13.8724 
" 30.175 36 13.9442 
" 120.700 36 13.9717 

4th Extrapolated value 14 .076 

" 30.115 9 13.8616 
" 30.115 36 13.9446 
" 120.46 36 13.9610 

5th Extrapolated value 14 .076 

R e s u l t :- 5.130 I 
14.076 £ 



Sample A/C/3/59. Film : 5937. 

e cos^e sine hk.i L a 
j> c o 

20.728 0.87 0.35393 11.0 4 ..0 5.0580 
57.720 0.62 0.61180 30.0 12 0 • 5.0680 
50.878 0.40 0.77580 31.4 17.3* 2.066 5.0817 

Extrapolated value 5.100(5) 

4^Cv2 ^2 
3 a 0 

23.732 0.84 0.40246 11.3 30.979 9 14.0623 
31.392 0.73 0.52089 11.6 30.979 36 14.0618 
53.201 0.36 0.80074 22.6 123.92 36 14.1362 

1st Extrapolated value 14.182 
" " " 30.926 9 14.0532 
" " 50.926 36 14.0581 

" " " " 123.70 36 14.1264 
2nd Extrapolated value 14.173 

" " " 30.885 9 1 4 . 0 4 5 9 
" " " 30.885 36 14.0538 
•I ri n !i 123.54 36 14.1191 

3d Extrapolated value 14.170 
" " " " 30.872 9 14.0436 
" " " " :30'.5?2 36 I4'i0522 
" " " " 123.488 36 14.1169 

4th Egtrapolated value 14.170 

Result :- a_ = 5.100(5)5 
14.170 S 

o 
c o 



Sample S36. Film : 5935. 

2 
cos 0 sm hk.l |s 

57.776 
45.000 
68.404 

50,946 
53.203 
63.111 

I I 

ti 

11 

I I 

I I 

I I 

I t 

11 

I I 

11 

I I 

I I 

I I 

0.62 0.61258 
0.50 0.70711 
0.13 0.92180 

0.40 
0.36 
0.20 

I I 

ti 
n 

I t 

ti 
I t 

I I 

I t 

I t 

I I 

I t 

I I 

I I 

TI 

I t 

0.77655 
0.80076 
0.89188 

t t 

I I 

I t 

I I 

I t 

I t 

t t 

I t 

I t 

I t 

I t 

I t 

30.0 12 0 5.06159 
22.0 16 0 5.06343 
41.0 28 0 5.09354 

Extrapolated value 5.1034 

4,c^2 -2 
x^r^ s i 
3 a 0 

31.4 134.24 16 14.1180 
22.6 123.92 36 14.1312 
31.8 13.4'i-24 64 14.1411 
1st Extrapolated v5Lluel4.1685 
" 133.60 16 14.0982 
" 123.324 36 14.1091 
" 153.s60a':- 64 14.1077 

2nd Extrapolated valuel4.ia35 
" 132.75 16 14.0582 

122,54 36 14.0747 
" 132.75 64 14.0771 

3d Extrapolated valuel4.1035 
" 152.38 16 14.0408 
" 122.19 36 14.0592 

132.38 64 14.0643 
4th Extrapolated valuel4.0956 
" 132.04 16 14.0247 
" 121.88 36 14.0452 
" 132.04 64 14.0519 

5th Extrapolated value14.0730 
'< 131.81 16 14.0137 
" 121.67 36 14.0365 

131.81 64 1 4.0435 
6th Extrapolated valuel4.073 

Result :- 5.10342 
= 14.073 S 



e COS^ 0 

. F i l m : 5956. 

h k . l | s (̂ ) V c a 
0 

11.0 4 0̂^ 
30.0 12 00 
31.4 17.5':^ 2.066 

I s t EXitrapolated value 

5.002 
5.006 
5.095 
5.150 

I I I I 

I I I I 

I I I t 

2nd Extrapolated 

0 
0 
2.110 

value 

5.002 
5.006 
5.100 
5.119 

11 I I 

I I I I 

0 
0 

5.002 
5.006 

20.969 
37.755 
50.700 

0.87 
0.62 
0.40 

0.35786 
0.61229 
0.77384 

I I 

I I 

I I 

I I 

I I 

I I 

I I 

I I 

I I 

11 

11 

11 

I I 

I I 

I I 

I I 

I I 

ti I I » 2.093 
3d Extrapolated value 

a taken as mean of 2nd and 3d extrapolations o 
4^Cj2 s -^c 
3 a 

5.098 
5.123 

= 5.121 

23.877 
31.541 
53.197 

0.84 
0.73 
0.36 

0.40493 
0.52311 
0.80070 

11.3 
11.6 
22.6 

30.979 
30.979 
123.92 

9 
36 
36 

13.9769 
14.0039 
14.1369 
14.180 

I I I I 11 30.324 9 13.8618 
I I I I I t " 30.324 36 15.9550 
I I I t I t " 121.30 56 14.0204 

2nd Extrapolated^ lvalue 14.152 
I I I I I t " 30.572 9 15.9050 
I I I I 1: I I " 50.572 56 15.9610 
11 I I I I " 122.29 56 14.0645 

3d Extrapolated value 14.152 
I t I I I I " 50.548 15.9012 
I I I I I I " 30.548 56 15.9585 
I I I I I I " 122.19 56 14.0601 

4th Extrapolated value 14.150 

R e s u l t :- 5.121S 
= 14.150^ 



Appendix 3. 

Numerical Data used for Determining Saturation Magnetization. 

jMagnetg 

amps Oe 
•1 "2 
amps 

^1^2 F 
dynes 

dH 
dX 
Oe/cm 

1, Pure Fe^O^ (Guillaud). m = 0 
0.6 
0.8 
1.0 
1.2 
1.4 

7000 
7440 
7740 
7970 
8l80 

2 
2 
2 
2 
2 

0,202 
0,210 
0,210 
0.215 
0,220 

,00030g. Temp, = 20°C, 
1.12 38.6 0.404 

0.420 
0.420 
0.430 
0.440 

1.20 
1.20 
1.22 
1.26 

41.4 
42.7 
43.9 
44.9 

M = 0.0288. 0= 96.00 emu/g. 

2. Pure Fe^O^ (Guillaud). m = 0 .00088g. Temp. = 20*'C. 
. .. 3 0.393 1.179 3.30 • 
. . 3 0.406 1.218 3.42 • 
as above 3 0.417 1.251 3.50 as above 
. . 3 0.428 1.284 3.60 • 
. . 3 0.439 1.317 3.70 • 

M .= 0.0820. 0= 93.17 emu/g. 

Sample S2. m = 0.00136g. Temp, = 26°C. 
2 0.330 0.660 1.86 • 
2 0.348 0,696 1.98 • 

as above 2 0.361 0.722 2.02 as above 
• . 2 0.370 0.740 2.10 • 

2 0.382 0.764 2.14 • 

M = 0.0424. 0= 31.18 emu/g. 

Sample S2. m = 0.001l4g. Temp. = 26°C. 
2 0.274 0.548 1.56 . . 2 0.287 0.574 1.62 

as above 2 0.30G 0.600 1.70 as above 
2 0.306 0.612 1.72 
2 0.313 0,626 1.78 
M = 0.0368. 0= 32.28 emu/g. 

Sample S4. m = 0.00072g. Temp. = 23°C. 
* • 2 0.143 0,286 0.80 • 

2 0.148 0.296 0.84 • 
as above 2 0.152 0.304 0.88 as above 
# • 2 0.156 0.312 0.90 • 
• • 2 0,164 0.328 0.94 • 

M = 0.0186. 0= 25.83 emu/g. 
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^2 ^1^2 
dH 

I H ^2 ^1^2 F dX 

Sample S 4 . m = 0 .00090g. Temp. = 23 "C. . 
• • 2 0.203 0.406 1,16 • 
. • 2 0.210 0.420 1,20 • 
as above 2 0.218 0.436 1,22 as above 
• • 2 0,221 0,442 1.24 • 
. » 2 0.228 0.456 1.26 • 

M = 0.0185. ^ = 20.55 emu/g. 

Sample S 9 . m = 0 .00192g. Temp. = 24°C. 
2 0.519 0.638 1.80 • 

• * 2 0.532 0.664 1,86 • 
as above 2 0.345 0.690 1.94 as above 
. • 2 0 .355 0.710 2.00 • 
• • 2 0.566 0.752 2 .06 • 

M = 0.0454. l9 = 23.64 emu/g. 

Sample S 9 . m = 0 . 0 0 l 6 l g . Temp. = 25°C. 
• • 2 0.255 0.466 1.52 • 
• • 2 0.243 0.486 1.38 • 
as above 2 0.252 0.504 1.42 as above 
• • 2 0.262 0.524 1.48 • 

2 0.268 0.556 1.52 • 
M = 0.0558. ° = 20.99 emu/g. 

Ssimple S11 . m = 0 .00251g. Temp. = 25 

• • 2 0.519 0.658 1.80 • 
• • 2 0.555. 0.666 1.88 • 
as above 2 0.545 0,686 1.94 as above 
• • 2 0.555 0,710 2 .00 • 
• • 2 0.565 0,750 2.06 • 

M = 0.0458. 0 = 18.25 emu/g. 

Sample S11. m = 0 . 0 0 l 6 5 g . Temp. = 25°C. 
• • 2 0.260 0,520 1.48 • 
• • 2 0.273 0,546 1.54 • 
as above 2 0.282 0.564 1.60 as above 
• • 2 0.290 0,580 1364 • 
« • 2 0.296 0.592 1.66 • 

M = 0.0514. 0 = 19,26 emu/g4 

Sample S51 . m = 0 .00198g. Temp. = 25°C. 
2 0.240 0.480 1.36 • 

• # 2 0.249 0,498 1.42 • 
as above 
• • 

2 0.257 0.514 1.44 as above as above 
• • 2 0.265 0.526 1.48 • 
• • 2 0.271 0.542 1.52 • 

M = 0.0240. a = 12.12 emu/g. 
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^2 ^1^2 
dH 

I H ^1 ^2 ^1^2 F dX 

Sample S 31. m = 0,00196g, Temp. = 26* 'C. 
2 0.210 0.420 1.20 • . . 2 0,2l8 0.436 1.24 • 

as above 2 0.222 0.444 1.26 as above . . 2 0,228 0.456 1.28 • 
2 0.237 0.474 1.34 • 

M = 0^222. 0 = 11.32 emu/g. 

Sample S40, 
7— • 
m = 0.00074g. Temp. = 19*C. 

• • 2 0.224 0.448 1.28 • 
• • 2 0.232 0.464 1,30 • 
as above 2 0,240 0.480 1.36 as above 
• • 2 0.250 0.500 1.40 • 
• • 2 0.250 0.500 1.40 • 

M = 0.032. 0 = 43.24 emu/g. 

Sample S40. m = 0,00105g. Temp, = 21 
• • 2 0.400 0.800 2.24 • 

2 0.418 0.836 2.36 • 
as above 2 0.432 0.864 2.42 as above 
• • 2 0.447 0.894 2.50 • 
• • 2 0.450 0.900 2.52 • 

M = 0.0454. a = 43.24 erau/g. 

Sample S43. m = 0.00102g. Temp. =.l8°C. 
• • 2 0.289 0.578 1.64 • 
• • 2 0.302 0.604 1.70 • 
as above 2 0.305 0.610 1.74 as above 

2 0.312 0.624 1.76 • 
• • 2 0.318 0.636 1.80 • 

M = 0.0254. 0 = 24.90 emu/g. 

Sample S43. m = 0.00152g. Temp. = 19 
2 0.430 0,860 2.42 • 
2 0.439 0.878 2.48 • 

as above 2 0.458 0.916 2.58 as above 
• • 2 0.465 0,930 2.62 • 
• • 2 0.478 0.956 2.70 • 

M = 0.0604, 0 = 59.74 emu/g. 

Sample S47. m = 0,00113g. Temp. = 20 
2 0,288 0.576 1.64 • 

# • 2 0.299 0.598 1.70 • 
as above 2 0.305 0.610 1.72 as above as above 

2 0.312 0.624 1.76 • 
• • 2 0,322 0.644 1.80 • 

M = 0.0284. a = 25.13 emu/g. 
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H ^1^2 
dH 
dX 

2 . Sample S47 m = O.OOIO^g. Temp. = 20°C. 
2 0.270 0.540 1.54 . . 2 0.276 0.552 1.56 

as above 2 0.286 0.572 1.60 . . 2 0.292 0.584 1.64 
2 0.298 0.596 1.70 

M = 0.0298. 0 = 28.11 emu/g. 

as above 

N.B. Since measurements have been made vd.th magnet currents of 

0 . 6 , 0 . 8 , 1 .0 , 1.2 and 1.4 amps (see page 159)» these fixed 

values of I and the corresponding values of H and ~ are only 

l i s t e d at the beginning of the above table. 
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Appendix 4. 

The Measurement and Representation of Palaeomagnetic Directions 

Techniques 
1. Collection of Samples 

Oriented rock samples have been collected using a Brunton compass 

and the simple instrument illtistrated ijn, Figure 65. This instrument, 

designed by Dr. R.¥. Girdler, consists of a triangular table of perspex 

having a s p i r i t level inset parallel to the base, and standing on three 

brass screws of equal length. 

The sample i s f i r s t hammered out of the rock and then carefully 

replaced in i t s original orientation. The triangle i s then placed on the 

sample and i t s position adjusted until the s p i r i t level i s horizontal. 

I n this position the base of the triangle defines a uniqtie' direction on 

the surface of the sample. This direction i s marked on the sample and, 

using the compass, i t s bearing i s takai. The slope of the table in a 

direction at right angles to the horizontal datum i s also measured and 

recorded on the surface of the sample and f i n a l l y the orientation of the 

table i s defined by marking the positions of the legs on the sin-face. 

The markings on a f i e l d sample are illustrated in Figure 66 where the 

arrow indicates the bearing of the hoilzontal datum line and the short 

line at right angles to this i s the direction of slope. 

2. Measurement of the NBM. 

The directions of the NRM have been measured using an astatic magnetometer, 

I n this instrument the magnetic fiel d caused by the sample deflects a 

168. 



Figure 65. 

5.5. 

Figure 66. 



F i g u r e 65. 
T r i a n g l e used f o r obtaining oriented samples. 

Figure 66. 
O r i e n t a t i o n marks on a sample. - Diagrammatic. 



a sensitive magnet system hanging on a weak fibre. By measuring the 

deflections with, the sample i n different positions the declination (D) 

and Inclination ( I ) of the magnetization can be determined, and by 

considering the amplitude of these deflections the intensity (J^) can be 

determined, 

A comprehensive discussion of the astatic magnetometer has been 

given by Blackett (1952) and Collinson, Creer, Irving and Runcorn (1957). 

Briefly, however, the condition for equilibfrium of an astatic magnetometer 

i n which two magnets of nearly the same magnetic moment and Pg are 

set horizontally and antiparallel to each other (Figure 6?) i s given bys-

(P^H^^gSpsln 9 = (P^ - P2)Hsin9 =r(»e»-G) . 

where 0=s the angle between the axis of the magnet and the horizontal 

direction of the magnetic fi e l d . 

H = the horizontal component of the geomagnetic field. 

T' = the torsional constant of the suspension x-dre. 

I f the additional magnetic f i e l d , h, due to the magnetization of the 

sample i s perpendicular to H, and affects only the P^ - magnet, then the 

sensitivity of the system i s given l y : -

dG _ ^1 
dh i?-^ - Pg)^ cos 9 + P-ĵ h sinG + r 

and when ^ —G, then:-

dG = — 

Thus when P^ = Pg the sensitivity d G /dh becomes P^/f and provided that 

H i s uniform in the neighbourhood of the P^ - and Pg- magnets then the 
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The A s t a t i c M a g n e t o m e t e r 

Figure 67. 

I X 



F i g u r e 67. 
The elements of an a s t a t i c magnetometer, ( a f t e r 
B l a c k e t t 1952), 



equilibrium state of the suspended system i s not influenced by fluctuations 

in H. 

In practice, however, fluctuations i n H do tend to disturb the 

magnetometer. These fluctuations are usually of a heterogeneous nature 

and their effects can generally be ignored when measuring the NBM of strongly 

magnetized rocks. However, when measuring weakly magnetized sedimentary 

rocks, this noise can be a serious complication and special precautions 

are required to eliminate i t s effects. 

I f the size of the sample i s small compared with the distance z from 

the lower magnet (P^) of the astatic pair, then the magnetic field of 

the sample at the magnetometer can be represented by the fie l d of a point 

dipole, p. 

Let p l i e on the axis of the magnetometer and at a distance z below 

the' lower magnet, and l e t tlie distance between the two magnets L, be large 

compared with z so that only the loxiev magnet need be considered, . 

I f the dipole p makes an angle 9with the horizontal, then i t s horizontal 

component w i l l be p = pcos^and the horizontal component at P, w i l l be:-

= (~S-x)cos% 

where % i s the angle with Ox made by the projection of p on the xOy plane. 

I f the dipole p i s rotated i n azimuth about the vertical axis, then 

the deflecting fie l d at P^ w i l l be a simple harmonic function of azimuth, 

and from the amplitude of the measured fi e l d , together with the value of 

z and the measured sensitivity of the magnetometer, the value of p^ can be 

determined. I n ih±3 way both the direction and magnitvide of p^ can be 

determined, and similarly, by reorientating the sample beneath the magnetometer. 
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the components and p^ can be determined. 

Two magnetometers have been used during the present investigation, 

one at the Department of Physics, The University, Newcastle and the other 

at the Department of Geology, Durham, 

Samples measured with the Newca.stle magnetometer were f i r s t machined 

to the form of equidimensional cylinders 2,5c!ms high and 2.5cms i n diameter, 

care being taken to preserve the f i e l d orientation marks (Collinson and Naim 

1960), 

The direction of magnetization of a cylinder can be determined by 

rotating i t , f i r s t about a vertical axis m t i l maximum deflection i s obtained 

and then about an horizontal axis, parallel to the magnetic axis of the system, 

toatil zero deflection i s obtained. The magnetization vector i s then vertical 

and i t s direction with respect to the orientation lines on the sample can 

be read directly. (Collinson et a l 1957) > I t i s then a simple matter to 

obtain the direction of the vector with respect to the present north and 

the horizontal plane. 

The intensity of magnetization may be determined by comparing the 

deflection due to the cylinder with that caused by a field of known intensity, 

produced by a solenoid having the same dimensions as the cylinder. For a 

short solenoid, the magnetic f i e l d at the centre i s given l ^ : -
2 

E = 4?fni (1 - - J 

where a = radius, 1 = half the length, n = number of turns and i = current. 

The standard coil used consisted of 9 turns of copper wire wound onto a 

perspexi cylinder 2,5 cms high and 2,5 cms in diameter. Thus a = 1 and 

therefore the above expression reduces to:-

171. 



H = 2Ani 

and for i = 5mA the f i e l d H i s 2.828 lo"^ Oe, 

I n general two or three cylinders have been cored from each fiel d 

sample and the mean valtues of D,I and taken. 

The Durham magnetometer was constructed Isy Dr. R.W. Girdler, and i s 

designed to measure the average NEM of the field sample without the need 

for coring. 

Ideally the samples shovild be spheres so that the magnetometer always 

• sees' the same cross-section irrespective of the orients.tion of the sample; 

furtitier they should be small (hand-sized) and z (Figure 67) should be as 

large as possible so that the magnetization can be reduced to the effects of 

a dipole at the centre. 

In practice, the sample i s trimmed so as to be roighly equLdimensional 

and then mounted in plaster of paris in such a way that i t i s approximately 

at the centre of a cube (Figure 68) • 

The sample i s mounted 30 that the horizontal datum line obtained in the 

f i e l d i s once again hoilzontal and i s parallel to one side of the cubic mount. 

I t i s not necessary to restore the original slope at this stage however since 

this can be introduced into the calculations following the measurements. 

The faces of the plaster cube are identified by the follov/ing, arbitrary, 

convention: 

Face I , , , , - , . , i s the uppermost face and contains the exposed 

surface of the sample (Figiire 68) 

: . Face n,....'* i s the bottom of the cube. 

Face I I I . . . . . are the sides of the cube and are labelled 

IV in clockwise rotation, taking Face I I I as 
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Figure 68, 



F i g u r e 68, 

An oriented sample mounted i n p l a s t e r of p a r i s . 
- Diagrammatic, 



V..... ttiat one p a r a l l e l to the horizontal datum 

VI.._... l i n e and \i±th the slope of the sample a.^a.j 

from i t . 

The orientation of the dipole i n r e l a t i o n to any one of these faces 

may be determined by placing t h i s face uppermost beneath the magnetometer 

and rotating the sample about the v e r t i c a l a x i s . This causes the deflections 

of the magnetometer to follow a sij cvrve e.g.:-

•Azimuth Measured Deflection Corrected Deflection 

0 +40 Em +4D mm + 
90 +44 mm (+1) +45 mm + 

180 +10 mm (+3) +13 mm 
270 + 3 mm (+5) + 8 mm 

0 +33 mm (+7) +40 mm 

The aboke magnetometer deflections have been amplified o p t i c a l l y and 

measured on a centre-zero galvanometer scale placed about ^ from the 

instrtnnent. The sign of these deflections has been talcen, a r b i t r a r i l y , 

as +ve when to the right of the scale zero and -ve vdien to the l e f t , and the 

eff e c t s of d r i f t , \diich have been assumed to be linear during the measuring 

period, have been eliminated obtaining the deflection of the magnetometer 

with the sample at zero azimuth both at the beginning and end of the measuring 

sequence and then applying the appropriate correction factors. 

I f the face under investigation i s vi s u a l i z e d i n terms of four quadrants, 

i t can be seen that t h e i r arelbur possible deflection patterns for the 

magnetometer, according as to which quadrant contains the dipole, and that 

these patterns may be represented symbollically as:-

Azimuth 

0 + - - + 

90 + + - -
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180 r- + + -

27© - - + + 

ThTos, knovdjog the o3:ientation of the lower magnet.of the a s t a t i c pair at 

equiliTarium, i t la possible to decide into which quadrant the dipole i s 

directed, and hy considering the amplitudes of the deflections i t i s 

possible to determine the angular orientation of the dipole with respect 

to the face i n question. 

I t i s a sin^jle matter, therefore, to construct a table relating the 

pattern of deflections obtained for a given face to the orientation of the 

dipole with respect to that face, and the data applicable to the present 

instrument are summarized i n Table 42. 

The deflection patterns for face I I have been omitted from t h i s table 

because t h i s data cannot be obtained i n practice owing to the irregvilar 

surface of face I . 

The iise of t h i s table can best be explained by considering a s p e c i f i c 

example. 

Figure 69 shows a sample oriented beneath the magnetometer with face I 

uppermost and i n the position of zero azimuth. By definition, the zero 

azimuth for t h i s face i s taken as that position i n which face H I i s p a r a l l e l 

to the geoHnagnetic north-south direction and facing towaards the east. By 

convention, north i s considered as the +X direction, east as the +1 direction 

and +Z as v e r t i c a l l y \5)wards. 

Figure 69 also shows the orientation of the lower magnet of the, a s t a t i c 

p a i r and the orientation of the dipole. Therefore, with the sample i n t h i s 

position, the magnetometer w i l l give a +ve deflection on the scale. I f 
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Table 3:2. 

D e f l e c t i o n P a t t e r n s f o r the A s t a t i c Magnetometer. 

Azimuth Face I 0 + - - + 
dy/dx 90 + + - -

180 - + + -
270 - - + + 

NE SE 

Face I I I 0 + + - -
dz/dx 90 + - - + 

180 - - + + 
270 - + + -

ND OTJ su SD 

Face IV 0 + + - -
dz/dy 90 + - - + 

180 - mm + 
270 - + + -

ED EU WD 

Face V 0 + + - -
dz/dx 90 + - - + 

180 - - + + 
270 - + + -

SD STI ND 

Face VI 0 + + - -
dz^dy 90 + - • - + 

180 - - + + 

270 - + + -
WD wu EU ED 



F i g u r e 69. Figure 70. 

scole scale 

Figure 71* 



Figure 69. 

An or i e n t e d sample seen v e r t i c a l l y beneath the 
magnetometer and at zero azimuth. 

Fig u r e 70. 

An oriented sample seen v e r t i c a l l y beneath the 
magnetometer and at 90° azimuth. 

Figure 71. 

The angular o r i e n t a t i o n of the dipole i n the 
sample - Diagrajnmatic. 



the sample i s rotated 90° anticlockwise (Figure 7©)> the magnetometer 

w i l l s t i l l give a +ve deflection, but clearly, -ve deflections w i l l be 

obtained for the remaining tvro measurements, so that the deflection pattern 

w i l l be: 

-Azimuth. Deflection 

0 + 

90 + 

180 

270 

thus shovrij3g that the dipole i s directed into the north-east quadrant. 

The angular orientation of the dipole within t h i s quadrant i s given 

by; 

dy/dx = tan 9 

where dy i s the algebraic difference betv;een the deflections obtained at 90° 

and those obtained at 270°, and dx i s the algebraic difference betv/een the 

deflections at 0° and l80° (Figure 71)• 

One component of the vector i s thus id e n t i f i e d but i t i s not known 

whether i t points up out of the sample or dovm below i t . This can be determined, 

however, by measuring i t s orientation vitth respect to the sides of the cube, 

i . e . faces I I I to V I . 

The procedure adopted for these faces i s the same as for face I , except 

that the position of zero azimuth i s defined as that position i n which the 

ejcposed sample (face l ) faces towards the west. Each face i s measured by 

rotating i t anticlockwise beneath the magnetometer and noting the pattern 
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and magnitude of the deflections produced. These deflections show whether 

tlie dipole i s pointing i^p or down towards the north or ^xp or dovm towai^is 

the south (faces I I I and V) and vdiether i t i s directed up, or down to the 

east or up or down to the west (faces IV and V l ) , The angular relations 

are given by dz/dx for faces I I I and V, and by dz/dy for faces IV and VI, 

where dz i s the algebraic difference betvreen the deflections at 90° and 

270° and dx and dy are the algebraic differences between the deflections at 

G° and l80°. 

The orientation of the dipole vath respect to the whole sample i s defined 

by tlae co-ordinates A x. Ay andAz where these represent the sums of dx,dy 

and dz respectively, obtained for each facis. 

By convention: 

North = +X = + X. 

SoutJa = -Z = - X 

Ea.3t = +1 = + 7 
West = -Y = - y 

= +Z = + z 

Down = -Z ZZ mm z 

Thus, A y A ^ = "ten e= declination v M l s t A Z y^x = tan cf^andA z/Ay = tan 92 

together define the i n c l i n a t i o n . These angular relationships are shown 

stereographically i n Figure 72, They do not, however, give the palaeomagnetic 

dir e c t i o n but must be adjusted i n r e l a t i o n to the f i e l d orientation of the 

sample. 

I n the simplest case, the arrow on the horizontal datum l i n e w i l l 

already point north when face I i s at the zero azimuth position and i n t h i s 

case the angle A y A x = tanG needs no correction for i t i s measured from magnetic 
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Figure 72. 



F i g u r e 72. 

Stereographic r e p r e s e n t a t i o n of the angular 
o r i e n t a t i o n of a d i p o l e . 
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F i g u r e 73. 
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F i g u r e 74. 
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F i g u r e 73. 

Stereographic r e p r e s e n t a t i o n of normal 
magne t i z a t i on. 

F i g u r e 74. 

Stereographic r e p r e s e n t a t i o n of r e v e r s e 
magnetization. 



north. I f , however, the arrow points south then t h i s angle must be adjusted 

by 180° i n order to r e f e r to magnetic north, or possibly the datm l i n e 

w i l l be a t some small angle to the north-south direction when face I i s at 

0° i n v/hich case a d i f f e r e n t correction v r i l l be needed. 

I t i s also most un l i k e l y that the slope Of the mounted sample i s that 

of the o r i g i n a l f i e l d orientation, and hence even \ihen the declination i s 

corrected as above i t w i l l not give the true palaeomagnetic direction. The 

true declination and i n c l i n a t i o n must be obtained ty rotating the sample 

about the horizontal datum l i n e as axis so that the o r i g i n a l slope i s restored, 

and then r e l a t i n g the magnetic vector to t h i s new orientation. 

This may be done stereographically (see P h i l l i p s 195̂ ) by moving the 

vector along a small c i r c l e perpendicular to the bearing of the datum l i n e , 

the number of degrees moved being the difference between the slope of the 

sample as mounted i n pla s t e r and the o r i g i n a l slope as measxared i n the f i e l d . 

When t h i s i s done a nev/ vector i s defined which i s the true direction of 

the NEM, the co-ordinates being related to the present magnetic north and 

to the horizontal. 

3. Representation of the NEI-l. 

The direction of the KEM of a sample may be represented as a point on 

a stereogram. Since the interpretation of palaeomagnetic directions depends 

on the grouping of many such sample directions, hovrever, the simple Wulff, 

or equal-angle, projection (commonly employed i n crystallography) i s not 

generally used because i t i s not area-true. Instead the Lambert equal-area 

projection (Schmidt net) i s customarily employed. 

The device of stereographic projection i s a very ancient one, already 

i n use i n Greece by the second century B.C., which has been developed primarily 
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by crystallographers. ( P h i l l i p s 1954)* Only i n recent times has t h i s 

technique been adopted by st r u c t u r a l geologists and others. 

By convention, crystallographers use the projection i n terms of an 

upper hemisphere; however, i t has been found that i n most geological problems 

i t i s preferable to project i n terms of the lower hemisphere and t h i s convention 

has become firmly established both i n the f i e l d s of s t r u c t u r a l geology and 

s t r u c t u r a l petrology. 

The direction of NEM, however, d i f f e r s from ihose elements handled by 

crystallographers and s t r u c t u r a l geologists a l i k e i n that i t i s a vector, 

which i s alv/ays considered i n terms of i t s north-seeking pole. Hence the 

stereographic projection of NBM may be obtained either from the xippev or the 

lower hemisphere depending on the direction of t h i s pole. 

Thus, i f the north-seeking pole i s directed downwards (Figure 73) "then 

i t s projection i s obtained from the lovjer hemisphere, and by convention, i s 

represented as a s o l i d c i r c l e . I f , however, the north-seeking pole i s directed 

above the horizontal then i t s projection i s obtained from the upper hemisphere 

and i s represented by an open c i r c l e . (Figure 74). 

A f a i r representation of the earth* s magnetic f i e l d may be obtained 

by assuming i t to be due to a magnet at the centre with the magnetic poles 

vjhere the axis i n t e r s e c t s the earth's surface. On t h i s basis i t can be seen 

that, a t the present time, the magnetic vector points belov; the horizontal 

i n the northern hemisphere and above i t i n the southern hemisphere. This 

condition i s defined as normal. 

Hence, i f the NEM of rocks collected from the northern hemisphere i s 

directed below the horizontal then the rocks are said to be Normally Magnetized 

and may be represented as s o l i d c i r c l e s on the stereogram, Hoxirever, many 

rocks have been found to have directions of magnetization above the horizontal 
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and these are, therefore, said to be Reversely Magnetized and are 

represented by open c i r c l e s on the stereogram. 

4. Analysis of the Direction of NEM 

Fis h e r (1953) iias developed a method for the s t a t i s t i c a l interpretation 

of palaeomagnetic data. I n t h i s method each direction i s given unit 

weight and there i s no weighting i n favour of more intensely magnetized 

samples. 

I n order rigorovisly to j u s t i f y the use of Fisher s t a t i s t i c s the popialation 

from vAiich the sample i s drawn must s a t i s f y two conditions: 

1. The vectors i n the population must be distributed with a x i a l 

symmetry about t h e i r mean direc t i o n . 

2. The density of the vectors i n the population must decrease with 

increasing angular displacement from the main direction according to the 

probability density function -

exp(K cos 'yjr) 
4:7<3±bh k 

where k describes the tightness of the group of vectors and i s called the 

precision parameter. High values of k indicate 'tight grot5>s and k=0 corresponds 

to a population uniformly distributed over the entire surface of the tmit 

sphere. 

Provided these conditions are s a t i s f i e d Fisher has shown that the 

best estimate of the tme mean direction of the population i s given by 

the direction of the vector sum of the N unit vectors. 

I f the i * ^ unit vector has declination D^ east of north and in c l i n a t i o n 

I ^ below the horizontal, then the mean direction may be calculated from 

179. 



the r e l a t i o n s : 

N 
Z = & i n I 

i = l ^ 

X = Tcos I . cos D. 
i = l ^ ^ 

I = Vcos I . s i n D. 
i = l ^ 

(Dovjnward component) 

(North component) 

(East component) 

tan D, R 
Y 
X 

where Z,X and I are the components of the residtant vector, R i t s unit 

length and "D^ and I j ^ i t s declination and i n c l i n a t i o n respectively. 

The best estimate of the precision parameter i s given liyt 

N - 1 

N - R 
for k> 3 

and the true mean direction of the population, a t a probability l e v e l 

of (1 - P ) , l i e s within a circiiLar cone alwut the resultant vector R with 

a semivertical a n g l e a ^ _ p j , given for k>3, by:-

cosot. = 1 - N - R 
R 

\ 

" 1 

I n palaeomagnetic analysis P i s \:sually taken as O.O5, which means 
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that there i s 1 chance i n 20 that the tnoe mean direction of the population 

l i e s outside the "cone of confidence" specified t y a ^ ^ and the direction of R. 

The followiog approximate relationships are v a l i d for small values of a 

a = §Zl5° (P = 0.05) 
50 m 

(P = 0.05) 
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