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ABSTRACT

Examination of the opaque minerals in an intrusive sheet
of analcite dolerite shows that they consist partly of a
cubic solid solution, referred to for brevity as
'magnetite', and partly of a rhombohedral solid solution
referred to as 'ilmenite!

Systematic variation of the properties of the 'magnetites'
indicates an increase in titanium dontent towards the
more slowly cooled central part of the sheet,

'Ilmenite' usually occurs as oriented intergrowths in
'magnetite' crystals and contains 10-20% ferric oxide in
solid solution. Less commonly, 'ilmenite' also occurs as
a discrete phase believed to have crystallised before the
formation of the 'magnetite'-'ilmenite' intergrowths, and
this seems not to contain ferric oxide in solid solution.
'Magnetite'='ilmenite' relationships are considered in
terams of an Pe 04-FeTiO phase diagram constructed from
the experimentgl data oé previous workers.

The content of opaque minerals decreases regularly from
9% in the marginal rocks to less than 1% at the centre of
the intrusion,

The intensity of natural remanent magnetization decreases
systematically away from the margins of the sheet and is
clearly dependent on the content of 'magnetite! in the
intrusion, ‘

The intrusion is reversely magnetized and has a mean
direction of magnetizgtion that confirms its age as
Tertiary in agreement with geological data. However, there
is considerable variation in the palacomagnetic directions
within the sheet due to the multiple nature of the
intrusive processes. This is especially clear in the
inclinations.

The contact relations of the intrusion suggest that the
reverse magnetization is a primary feature although the
possibility of self-reversal cannot be ruled out entirely.
Constructional details are given of instruments designed
for the accurate automatic measurement of the Curie
temperature of a minute ferromagnetic sample, and for the
determination of the saturation magnetization of such
samples at room temperature,
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Introduction

The chief iron-titanium oxide minerals are magnetite, hematite,
ilmenite and ulvBspinel. Solid-solution relationships exist between
these, and the present investigation is concerned mainly with those
minerals known as the titaniferous magneti‘bes or titanomagnetites. The
term titaniferous magnetite is applied to minerals intermediate in
composition between magnetite and ulvospinel and also to non-stoichiometric
phases which may be regarded as the oxidised equivalents of these solid-
solutions.

Previous investigations of naturally occurring titaniferous megnetites
have concentrated either on those which exist in plutonic rocks or in lavas,
and 3o far as is known, there have been no detailed studies of those phases
vhich crystallise under hypabyssal conditions. An important objective of
the present research, therefore, has been to study the mineralogy of these
intermediate phases, and in particular, the nature of the magnetite-ilmenite
relationship.

Since, however, titanomagnetites are ferrimagnetic and are the main
carriers of rock megnetism, it has been considered not unreasonzble to combine
this mineralogical investigation with a study of the palaeomagnetism of the

parent rock.

Titaniferous megnetites are normally associated with basic or ultrabasic
igneous rocks, and for the purposes of the present study, a basic hypabyssal
int.rusion has been chosen as the source of material.

The so-called Clauchlands "sill" in the Isle of Arran, Scotland, is

particularly suitable in this connection. It has the form of an inclined
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sheet about 130 feet thick and a continuous section from top to bottom

is exposed at Clauchlands Point, north of Lamlash Bay. In general, the
rock is a coarse-grained analcite-dolerite, but nevertheless, there is a
wide variety of material which ranges from the fine-grained marginal rocks
to very coarse segregations of doleritefpegmatite. _

The Clauchlands "sill®, hoﬁever, is but one of three intrusions of
analcite~dolerite which outcrop around Lamlash Bay and which together
probably form a cone-sheet with a focus beneath the bay. Therefore, strictly
speaking, the "3ill" is best regarded aé the Clauchlands sheet since this
emphasizes the nature of its origin.

Haterial for the present studies has been obtained from the Clauchlands
sheet at Clauchlands Point and it forms a collection representing a vertical
4section through the intrusion, with an average of about 4 feet vertically
between each sample. This collection has been examined petrographically
and episcopically and the iron-titenium oxide minerals have been analysed
by X-rays and by magnetic methods. |

A vertical section has been chosen tor these investigations since this
gives a cross—sectioﬁ of the crystallization history of the minerals, those
at the margins having formed earlier and gooled more rapidly than those at
the centre of the sheet. This method of examination, therefore, should
indicate the nature of any exsolution ielationships.

Oriented samples have also been obtained from Clauchlands Point and
these form a collection which closely parallels that used for the mineral-
ogical investigations. The direction and the intensity of magnetization in
these samples has been measured and in this way it has been possible to |

atudy the palaeomagnetism at different levels within the sheet.

2.



As. a part of the mineralogical investigations it has been necessary
to measure two magnetic properties of the titaniferous magnetites, namely
the Curie point and the intensity of saturation ma@etization, since these
give a useful indication of the chemical composition.

Two instruments have been bu:.lt in order to measure these properties.
One, a therzﬁomagnetic balance for the accurate and automatic measurement
of Curie points, incorporates a number of features hitherto not included
in instruments of this type. The constructiox; and calibration data for
this instmument are presented fully in Part IT of the present work. The
other ftor the msasﬁrement of saturation magnetization at room temperatiure
is described in Part III of thls work and essentially follows a design of

Chevallier and Mathieu (1943).
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Part I.

Iron-Titanium Oxide Minerals in some Igneous Rocks of Arran



Chapter I. Field Relations

A. Introduction

Material for the present investigations has been obtained from an
intrusive sheet of analcite~dolerite in the Isle of Arran, Buteshire,
Scotland. This, somewhat rare, rock-type outcrops around Lamlash Bay
as three inclined sheets which are referred to by Tyrrel (1928) as the
Clauchlands sill, Monamore sill and Kingscross sill, and are considered
by him to have originated from an inferred focus or foci lying somewhere
to the east under the Firth of Clyde. The annular outcrop pattern of
these rocks s however, immediately suggests that they belong to a single
ring intrusion which may have originated under Lamlash Bay.

Surprisingly, however, it is only recently that the concept of a
Lamlash cone-sheet complex has been put forward. Tomkeietf (1961) recog-
nises two sets of cone sheets around Lamlash, an earlier basic set consist-
ing of the analcite-dolerites which is intersected by a later set of acid
sheets with foci somewhat further to the north.

The present study, however, is concermed only with the basic sheets,
and more especlally with their functions as carriers of the iron-titanium
oxide minerals and their rock msgnetic properties.

Material for the present research project has been obtained exclusively
from the Clauchlands sill, and since this intrusion has the superficial form
of a 8ill, it has been considered necessary to undertake a general field
survey of the analcite-dolerites in order to decide whether they are indeed
8ills or whether, as Tomkeieff has proposed, they belong to a single intrusion

of cone-sheet type.
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Figure Te

Map showing the general field relations of the
Lamlash Cone-Sheet. The Claudhlands Sheet in
the north, the Monamore Sheet in the west and

the Kingscross Sheet in the south.



B. General Field Relationg

The general field relations are summarised in ¥Figure 1 and they show
‘how the analcite-dolerites form inclined sheets which appear to originate
from beneath Lamlash Bay. |
The sheets are about 100 feet thick and dip on average at about 3)0 into
the bay. They, therefore, form a saucer shaped intrusion which is best
described as a cone sheet.

Cone sheets were first described from Skye, Mull and Ardnamurchan,
respectively, by Harker (1904), Bailey et al (1924) and Richey (1920). In
these areas the sheets are generally 70 - 40 feet thick and dip 45° towards
a common centre. The present intrusion, therefore s 1s considerably thicker
than these but is comparable in size to some cone sheets of Northern Nigeria,
examples of which are up to 200 feet thick. (Jacobson, Macleod and Black
1958) « |

The form of the intrusion is not due to any structural basin in this
region, for the Permo-Triassic sediments (Lamlash - Machrie Sandstone) into
which it is intruded have a regional dip which is consistently to the south;
hence, although the Clauchlands "gill" is more or less concordant with the
strata, the Kingscross "sill" and especia.].‘l.y the Monamore "sill" are undoubtedly

transgressive.

It appears, therefore, that the analcite~dolerites were emplaced from
a common magma chamber somewhere beneath Lamlash Bay, Hence, in the present
work, these intrusions are referred to as the Clauchlands sheet, Monarﬁore
gheet and Kingscross sheet, and it is proposed that, together, they form the

Lamlash cone sheet.

The Kingscross sheet is the southern member of the cone sheet and reaches
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its maximum development on the Kingscross peninsula. Here, it consists

of three sheets, each about thirty feet th:.ck, dipping about 20° to the
north and separated from each other by sandstones which are dipping gently
| in the opposite diz;ection. ‘

The same three sheets must continue across the bay for they also appear
on the southern shore of Holy Island where, likewise, they are intruded into
sandstones.,

Exposures of the upper two sheets, however, are very poor on the Kings-
cross shore and are not particularly good on Holy Island. As a éonseqwance,
the lowest of the three sheets is the most important for it is well exposed
on both shores. | |

The top of this sheet is exposed on Haly Island where isolated patches
of hard sandstone lis on top of the dolerite and are all that .remains of the
original cover. The base of the sheet, however, is not exposed on the Island
although the dense nature of the rock at the strand line indicates that the
contact cannot be far below water level.

The base of ﬁhé sheet, however, is well exposed on the Kingscross shore
along that stretch of the coast line which extends southwards for about a
quarter of a mile from the Point. Along this section, hard baked‘ sandstone
outcrops beneath the dolerite and also appears as rafts within ‘bﬁe lower
layers of the intrusion. Although the dolerite dips north and the sandstone -
dip south there is no marked discordance because the angles are small in
both cases. |

The Kingscross sheet can be traced westwards by means of exposures in
the Kingscross burn and Knockenkelly burn, but it then appears to fray out

into a number of thin sheets at its western extremity and does not connect

with the Monamore sheet further to fhe west.
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Exposures of analcite-dolerite also occur along the ridge known as the
Knowe which mms slightly north of the main exposures of the Kingscross sheet.
The Knows appears to be tormed of a horizontal sheet which, although now
isolated from the main intrusion, is clearly related to it and may, in fact
be the equivalent of the uppermost of the three sheets exposed on the shore.

The Kingscross sheet is cut in a number of places by basalt dykes of
the Arran dyke swarm, which are Tertiary in age, and these are well exposed
in the shore sections and in Kingscross bhwrn. Rarely, thin sheets of quartz
dolerite also cut the sheet on the Kingscross and Holy Island shores.

A prominent felsite dyke cuts the sheets on the Holy Island shore, and
| felsite also cuts the intrusion towards its western extremity, where in this
case they probably beiong to the system of acid cone sheets postulated by
Tomkeieff. |

Holy Island itself is formed largely of a mass of riebeckite trachyte
(Tyrrél 1928) which overlies a basement formed of the Lamlash - Machrie
Sandstone Group. In the south this basement is intruded by the Kingscross
sheet(s) and by the Tertiary dykes. It is clear, however, that all these
intrusions are earlier than the trachyte for none of them penetrate it. It
ig therefore generally considered that the riebeckite trachyte represents
the last phase of igneous activity in the area, and indeed probably in Arran
as a whole. (Tyrrel 1928).
| Radioactive dating (potassium - argon) by Miller and Harland (1963)
has suggested that the whole range ofA later igneous activity in Arran took
placé within Palaeocene and Eocene times, (55 —‘65 million years ago). The |
age of the Kingscross sheet (and hence of the Lamlash cone sheet) is, there-
fore, probably early Tertiary, for it intrudes sediments of Permo-Triassic

age and is, itself, cut by rocks of Tertiary age.
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The Monamore sheet is the western member of the Lamlash cone sheet and its

outerop ext;énds ﬁorhh\vards from Squiler to Cnoc Dubh. This intrusion takes
its name from the Monamore burn along which a reasonably complete section
is exposed.

The average dip appears to be some 20° to })o to the east and since
the regional dip of the country rocks is to the south there must clearly be
a marked discordance. Unfortunately, although the contacts of the Monamors
sheet can be delimited tor mapping purposes, they are never well exposed
and such a discordance camnot be seen.

Unlike the Kingscross sheet, this member of the cone gheet consists
only of one intrusion which in many places is cut by sheets of felsite.
These felsites are well exposed in the Monamore bturn and belong to the acid
cone sheets proposed by Tomkeieff.

The southern boundary of the intrusion runs along the southern flanks
of Squiler and the top can be traced arownd wntil it nerges with the base.
Likewise at the northern boundary fhe top and bottom coincide around the
sumit of Cnoc Duba. This must mean, therefore, that the sheet is lenticular
in cross section.

The exposures at the summit of Cnoc Dubh are also cut in many places
by numerous fine whitish veins (Plate I €.) which by analogy with similar
sections in the Clauchlands sheet (see later) indicate that they lie close
to the base of the intrusion.

A subsidiary sumit some %0 yards wes;c. of Cnoc Dubh is also formed
of extensively veined. analcite dolerite and appears to be a small dowvnfaulted
section of the intrusion which now lies isolated as a result of erosion.

The Monanmore sheet is responsible for the high ground which lies to the west

of Lamlash and which has Squiler (1300%). The Ross (992!) and Cnoc Dubh

9.



Plate I

Segregation of dolerite pegmatite in the Clauchlands sheet
at Clauchlands Point.

Basaltic xenolith in the Clauchlands sheet at Clauchlands Point.,

Zeolitic wveins cutting analcité—dolerite near the base of the

Monamore sheet at the summit of Cnoc Dubth.







(1003!) as its prominent summits and is dissected by the Monamore and
Ben.'l_i;ter burns.

‘The summits of Squiler and Cnoc Dubh are formed of analcite dolerite
. which can be readily recognised in the field, but although analcite-dolerite
also clearly makes up most of the Ross, the nature of material exposed at
the summit cannot be identified in situ. Even in thin section, Tyrrel (1928)
was unable to say whether thais 'material really was a continuation of the
Monamore sheet.

Petrographic examination of material couecteci from this locality in
the present survey, shows however, that it is part of the same intrusion
which in this region (Chapter II Petrography) has been severely attacked by

hydrothermal sgencies.

The Clauchlands sheet is the northern member of the cone sheet and is
. probably the best lcnown of the three. It takes its name from the Clauchland
Hills which rise to about 800 feet above Lamlash, and separate Lamlash Bay
from Brodick Bay. |
Analcite dolerite outcrops along the top of these hills and the bease
of the sheet.,. although rarely seen in this region, can be readily traced along
the Clauchland escarpuent westwards from Dun Fionn as far as the main
Lamlash-Brodick road. The relationships to the west of this road are obscure
but the sheet may be terminated by a fault.
The top of the sheet can be traced along the southern flanks of the
Clauchland Hills and may be seen in gsome 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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is given under C, below, since it is from this section that all the geological
and ~palaeomagnetic samples have been collected.

Like the Monamore sheet, this intrusion forms a single sheet and is
cut by a number of besalt dykes and also, on Dun Fiomn, by felsite. It has
been intruded more or less parallel to the strata and hence has many of the
agpects of a sill. The contacts, however, are generally slightly transgressive
and, moreover, it is now apparent that the Clauchlands sheet cannot be
considered in isolation from the other analecite-dolerites of the area, which

are decidedly transgressive.

C.. The Field Relations at Clauchlands Point

A conig;le"l;,e sectlon 't.hrough “l;hé Clauchla.nds sheet is exposed along the
shore for a quarter of a mile north of Clauchlands point, and analcite-dolerite
is also seen in the Hamilton Rock just off the point.

The sheet is intruded into sandstones which dip, on average, about 40°
to tae south west. The sandstones immediately overlying the intrusion are
grey in colour, hard and laminated. The country rocks, however, which here
form the Lamlash Sandstone, are generally dull-red flaggy sandstones and
form a scarp six foot high above the contact.

The upper contact is exposed opposite the Hamilton Rock and is slightly
transgressive, plunging at 50° beneath the sandstones. The chilled margin
is basaltic and a xenolith of sandstone, one foot thick, is incorporated in
the upper layers. These relations are illustrated in Figure 2.

The dolerite coarsens rapidly away from the contact and develops prominent
~ Jointing parallel to t;he marging of the intrusion. These joint planes, which
are characteristic of all members of the cone sheet, provide excellent

surfaces on which 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/dolerite
relationships at Kingscross point. A basalt
dyke (black), having failed to penetrate the
dolerite (stipled), has spread laterally
along prominent joint planes in the lower

layers of the sheet.




Towards the base of the sheet the dips steepen abruptly and at the
contact, which is exposed on the shore, they appear to be overturned as
shown in Figure 3. This, however, is not the true bese but is the contact
against an exposed xenolith of sandstone. Below this xenolith lies a sheet
of basalt two feet thick and more or less concordant with the underlying
country rock, which represents the real base of the intrusion.

The lower margins of the intrusion are traversed by a large number of
white, zeolitic, veins which also extend into the wmderlying 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, is 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 segregaﬁons of dolerite~pegmatite
further supports this.

‘These segregations are conspicuous for their large, black crystals of
augite (Plate I.B.), 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 produéts and thus
establish where consolidation last took place.

A final important relationship seen in the Clauchlands section is exposed
in the lower thirty feet of the intrusion. Here are found rounded xenoliths
of basalt surrownded by the coarse analcite-dolerite. These xenoliths are
- generally oval in shape and have a marked preferred orientation such that

their long axes lie parallel to the margins of the intrusion. They are quite
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Plate IT

Basalt/dolerite relationships exposed at Kingscross Point.







large towards the base of the sheet, some being three feet long, but decrease
in size away from the margin wmtil they are only a few inches long and then
disappear (Plate I b.)

The xenoliths have clearly been caught up within the intruding magma
and have acquired their preferred orientation under the influence of the
inti‘usive pressures, and possibly also to some extent as a result of settling.

Petrographic examination (Chapter II Petrography) has shown that the
xenoliths are related to the main intrusion and hence this leads to the
conclusion that the Clauchlands sheet is multiple. Thus after the initial
magma had chilled against the comntry rock, more magma was intruded with
sufficient force to dislodge portions of the solidified margins.

The history of the Clauchlands sheet, therefore, is well preserved in
this area and hence this section forms an excellent source of material for

the work to be described in the following pages.

The Field Relations at Ki

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

D.

dolerite is extensively penetrated by thin sheets, enastomosing veins and
shreds of basalt, (Plate II), and a numbsr of thin sills 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 is the most obvious explanation,
eSpeciallj as many of the veins have ‘tachylitie rims in contact with the
dolerite.

Recently, however, Tomkeieff and Longstaff (1960) have concluded that
the reverse relationship is in fact the true one and that the basalt exists
as relicts within a later dolerite, while the tachylitic contacts are the
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result of rheomorphic melting of the basalt.

This iﬁterpretation, however, appears to be unneccessarily complicated
and, moreover, fails to account for the restricted distribution of the
basalt.

The zone in which the veining occurs is only about thirty yards wide,
end veining is most intemse only at the centre of this zone and then fades
laterally. Likewise, the veins are restricted to the immediate base of the
sheet and do not eitend more than a few feet vertically within it. |

Further, the basalt tends to be distributed more or less horizontally
along the joint planes within the analcite-dolerite. This evidence together
with thé exlstence of the thin sills beneath the sheet suggests the following
interpretation for the origin of these relationships.

It seems probable that basalt has b.een intruded vertically beneath this
zone to form one of the many dykes of the Arran swarm, except that in this
particular case the intrusion has failed to cut the analcite-dolerite, and
instead the magma has squirted out laterally, taeking the lines of least
resistance, which are namely beneath the sheet and along the joint planes
(Figure 4).

Further evidence is discussed btriefly in Chapter II (Petrography) which
supports Tyrrel!s original interpretation that the besalt veins are later than
the dolerite, aithough in the context of-the present study, this is but a

digression to consider an intriguing observation.

E. Sumnary
The Clauchlands analcite-dolerite sheet has been selected as the source

of material for the present research project because it is well exposed and

its geological history can be ascertained.
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Although superficially it has the form of a sill it has been shown{
| in fact, to be but one member of a single conical or saucer-shaped, intrusion
which is best described as the Lamlash cone sheet.

The age of the intrusion is considered to be early Tertiary because it
is intruded into Permo-Triassic sediments and is itself cut by dykes and
felsite sheets of undoubted Tertiary age.

It is considered that the failure of one such basalt dyke to cut the
Kingscross sheet has resulted in the complex basalt-dolerite relationships

at Kingscross Point.
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Chapter II Petrography

Ao Introduct.io;z

Tyrrel (1928) in describing the rocks which are now included in the
Lamlash cone-sheet refers to them as crinanite. However, the two terms
crina.nite and teschenite are often loosely applied in order to describe basic
igneous rocks containing analcite. Various aspects of the use of these
terms have been discussed by Wilkinsén (1955) and he concluded that ".. the
re‘bention of the term crinanite'is ﬁmdmnentally m:.sleadj.ng inasmuch as the
~ terus teschem.te end crinenite as used by many wr:.ters are virtually synonymous'.
He favoured retention of the term teschenite, because:

"g) It has priority of definition.

b) In general its chemical and mineralogical affinities are such

that it constitutes a well recognised and widespread rock species.

¢) Uniform designetion as teschenite of hypabyssal or plutonic basic
rocks of alkaline character carrying analcite as an essential constituent
lends true emphasis to the frequent field association picrite-teschenite
and focusses attent:.on on an important petrogenetic prohlem.

The tern teschenite was first used in 1861 by Hohenegger who applied it
in a very general 'sense to certain igneous rocks intrusive into Cretaceous
strata in the neighbourhood of Paskau, Moravia. Tschermak (1869) used the
seme term to descm'.ﬁe a crystalline granﬁlar‘rock composed essentially of
\_feldspar, hornblende, augite and analcite. Walker (1923) proposed the
definition that "teschenitestare rocks consisting of plagioclase feldspar
(which is partly or wholly analcitized), titanaugite and analeite. Barkevikite

is often present, sometimes in greater abundance than the titanaugite, and
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olivine is a frequent constituent!.’ Wilkinson (1955) has recommended théﬁ
the usage of this term be continued and has suggested that intrusive alksline
basic rocks with minor analcite (2-3% by volume) are adequately covered by
the term !analeite-bearing olivine-doleritest.

Using the above criteria, then, the rocks of the Lamlash cone-sheet
cannot be described strictly as tesche’nit;es because analcite is a minor
constituent, being a late stage interprecipitate that has crystallised in
the avail#ble spaces which }riemained', and it rarely forms more than a few
percent of the whole rock. The term analcite-dolerite,. however, is considered
to_be fully descr'ipt;ive of these focks and is used throughout this work. The
tern olivine;-ana.lcite;-dolerit'e is not used because frequently olivine is not

abundant and then titanaugite forms the major mafic mineral.

B. General Petrography -of ‘the Lamlash Cone-Shset

The bulk of the cone-sheet congists of a coarse analcite-dolerite in
which the major minerals are plagioclase, olivine, titanaugite and ore minerals.
(Plate III a.). Analcite is ubiquitous but generally is present in only
small amownts forming wedge-shaped or irregular "infillings" in the spaces
between plagioclase laths. Apatite is always present as minute crystals but
is quentitatively unimportant, and other minor constituents are biotite and
amphibqle.

Aﬁ important feature of these rocks is that the analcite has all the
appearance of a primary mineral which has crystallized at a late stage. The '
lath-like habit of the plagioclase crystals results naturally in the formation
of wedge-shaped cavities between them, and it is in these cavities that the

analcite has generally crystallized.

In fresh material the analcite is clear and colourless, isotropic or

17.



feebly birefrigent, and is clearly not derived by zeolitization of the
plégioclase. In the more usual sections, however, where alteration has taken
place, then the analcite tends to be replaced by radiate fibrous aggregates
show:i.ng brilliant interference colours. Such aggregates also appear to invade
crysﬁals 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.

' Frequently the olivine constituent of the rocks is partly or even wholly
repleced by a heterogeneous assemblage of chlorite-serpentine minerals, and
such alterations aré also regarded as the products of a deuteric stage of
activity. |

The textures of the rocks are typically ophitic or sub-ophitiec, with
relatively large platey crystals of purplish titanaugite containing many laths
of plagioclgse'.

Polysynthetic twinning is strongly developed in the plagioclase crystals,
and extinction angles of about 3)0 measured on albite twins suggests that
the composition is that of labradorite. (Rogers and Kerr 1942 p.242). However,
since zoning is strongly developed as well as twinning, 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, 24.47% olivine, 8.81% titansugite, 2.88%
ore minerals, 3.59% chlox;ite-serpentine minerals derived from the olivine
0.%6% biotite and 2.28% zeolites. This figure for the zeolites includes
secondary fibrous zeolites and in fact the content of primary analcite is

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

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

Mineral Counts Percentage Error
Plagioclase 2882 57.59 t 1.
Olivine 1225 24.47 ¥a.3
Titanaugite 441 8.81 X 0.7
Opaques 144 2.88 ¥ 0.4
Chlorites 180 ) B i
Biotite 18 6423 ¥ 0.6
Zeolites 114
5004 99.98

Errors estimated after Barringer (1953).




of the rock consists of plagioclase, olivine and titanaugite. The qualitative
examination of other slides has shown that the relative amownts of olivine

and titanaugite are highly variable.

C. Deta:.led Petrograghx of -the Clauchlands Sheet

A det&led collection of materia.l has been obtaaned from the section
through the Clauchlands Sheet at Clauchlands Point. Samples from this
collection have been polished and sectioned, and the remaining material has
been crushed and separated for the purposes of the further analysis of the
ores. It has thus been possible to correlate detailed petrographic va.riaj:ions
with the eplscopic, X-ray, thermomagnetic and other data which have a bearing
on the nature of the ore minerals.

The value of such a petrographic investigation is not only that it
establishes firmer foundations on which to interpret the field relations
but also that it 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 is that the chilled matérial is a microcrystalline

distrbwieol
basalt and that it contains only a few sporadically disturbed phenocrysts of
plagioclase. This indicates, therefore, that the magma was in an essentially
liquid form when intruded and that crystallization had barely started.

Sample 525 ;Ls representative of this chilled material and comes from
two feet below the top of the intrusion where it is in contact with a xenolith
of sandstone. In thin-section the rock is seen to be a dense porphyritic
basalt. (Plate III b.). Isolated phenocrysts of broad plagioclase laths
are partially replaced by calecite é.nd occur in a dark microcr&sta.lline matrix

which is composed almost exclusively of a plexus of minute plagioclase laths
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Plate III

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

b)

c)

Twinned plagioclase laths occur intergrown sub-ophitically with
titanaugite (top left). Subhedral crystals of olivine and

euhedral opaque crystals are also visible. Magnification X32.

Crossed nicols.

Thin section of chilled material from the Clauchlands sheet

showing the abundance of the opaque minerals. Magnification X32.
Plene-polarised light. |

Thin section of analcite dolerite from the Clauchlands sheet
showing emphibole (light-grey) moulded round a euhedral opaquse

crystal. Magnification X32. Plane-polarised light.







a.ndlablmda.nt minute crystals of the ore minerals together with green
chlorite, probably after olivine. Relatively large flakes of biotite are
also digtributed through this section.

The large amount of ore minerals in this material is gignificant in
that (1) it shows that the ores are an early crystalline phase appearing at

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

is apparently absent at this stage it suggests GEEERENNNINERGE
- i that the subsequent appearance of pyroxene in the dolerite may be
the result of reactions between the ores and the magma.

The rock coarsens rapidly away from the margins of the sheet passing
through fine to a coarse grained analcite~dolerite which characterizes most
of the intrusion. Although this transition is rapid at both margins, it is
more rapid from the bottom than from the top; 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 Naj0 .A1203.4=3102.2H20. (Dana 1958), and
. its presence as a primary mineral in igneous rocks is generally taken as
evidence that the magma retained considerable amounts of soda and water vapour.
From a detailed examination of the thin-sections, it is clear that as
crystallization proceeded, an association developed between the ore minerals
and a reddish~brown amphibole. This association first appears about seventeen
feet above the baée of the sheet and continues throughout much of the intrusion,
althogh it is absent at the margins.

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

analcite must, theréfore » be further evidence that the crystallizing magma

2.




retained its water vapour and otheI: volatiles.

The amphibole first appears as thin tenuous rims moulded onto the
opaque crystals and it is difficult to distinguish from the flakes of biotite
which are nea.riy always present in the rocks. Towards the centre of the
. intrusion, however, it becomes more conspicuous and forms plaiey crystals
although still crystallizing against or close to the ore minerals (Plate III)

The mineral is deep reddish-brown in colour is distinct.ly pleochroic
to a straw-yellow colour, and hence strongly resembles sections of biotife.
Howevér, rare sectioﬁs are present which have the amphibole cleavage, and
when this is absent, the distinction can usually be made in terms of the 2V
which is large for the amphibole and very small for biotite. The straight
extinction of bdotite and ohlidus extinction of amphibole sections is. not .
a safe criterion for distinction because the extinction angle of the amphibole
is very sma.]l. However, a distinguishing feature which is of some wvalue is
the fact that the interference colours of biotite invariably show a character-
istic schillerization effect which is not shc;:zm by the amphibole.

As mentioned earlier, the high concez;tration of opaque minerals in the
chilled magma is evidénce that the ore minerals are an early crystallization
phase. Examination of the dolerite sections supports this conclusion, for,
on textural evidence, it is clear that the ores crystallized generally later
than olivine and plagioclase because these latter minerals tend to show
idiomorphic outlines against the ores; but, using this same criterion, it
is apparent that the ores crystallized before the titanaugite for the opaque
crystals tend to show idiomorphic outlines aga.i.nét the pyroxene (Plate IV a)

The fnodal content of the ore ;ninerals has been determined by point

counting and the results are summarized in Table 2 and plotted in Figure 5.



Plate IV

a) Thin section of analcite-dolerite from the Clauchlands sheet.
A large crystal of titanaugite (]j.ghf grey) contains sube
ophitically intergrown laths of plagioclase. The plagioclase
laths show euhedral boundaries against the opagque mineral
(top centre) indicating that they formed earlier. The opaque
mineral is euhedral against the pyroxene indicating that the

pyroxene is the later mineral. Magnification X32. Crossed
nicols.

b) Thin section of material from the Ross. The dolerite texture
can be recognised. The rock is much altered (especially st
left of the field of view) with the introduction of hydrothermal
calcite. Magnification X32. Crossed nicols.







Table 2e

Percentage of Opaque Minerals in the Clauchlands Sheet

Sample .Horizon. Number of Points Counted. % Error
(feet) Opaque Rest Total . Opaques z
S 1 Top 268 3333 3601 7.4 0.8
S 2 126 415 5383 5798 761 0.6
S 3 122 285 5163 5448 5e2 0.5
S 4 118 244 3781 . 4025 6e1 0.6
S5 114 188 4927 5115 3.7 0.5
S 6 110 179 4806 4985 3.6 0.5
S 7 106 278 252 7530 3.7 0.4
s 8 102 240 7506 7746 361 0.4
S 9 98 154 4708 4862 342 0.5
510 94 120 5219 - 5339 2.2 0¢3
S11 90 253 8084 . 8337 3.0 0.4
512 86 50 3472 3522 1.4 0.3
530 82 36 3502 2538 1.0 0.3
531 78 147 8004 8151 1.8 0.2
832 74 428 4990 5118 2.5 0.3
533 .70 196 7304 7500 2.6 0.2
534 66 168 7080 7248 243 0.2
S35 62 103 3324 3427 3,0 0.4
$36 58 159 6784 6943 2.3 0.2
537 54 204 5530 5734 345 0.3
538 50 96 3898 3994 2.4 0.3
539 46 139 3391 3530 3.9 0.4
540 42 154 4261 4415 3¢5 0.3
S41 20 339 6358 6697 51 0.5
s42 17 267 3956 4223 6.3 0.6
543 14 208 7429 7637 247 0.3
. 844 11 231 4437 4668 4,9 0.3
545 8 494 5237 5931 846 0.5
546 5 258 5071 5329 4.8 0.3
S13 40 Pegmatite segregation 8.6
514 30 Basalt xenolith 4.2
815 26 Basalt xenolith 4,1

Errors estimated after Barringer (1953).




Figure 5.

DISTRIBUTION OF THE ORE MINERALS
WITHIN THE CLAUCHLANDS SHEET
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Fz;om this it can be seen that the amount of ore minerals in the rock decreases
fairly reéularly away from the margins of the sheet. Whatever the origin

of this variation, however, its effect on the palasomagnetism of the sheet

is strikingly shown in Fig. 8 (Chapter VI ' Palacomagnetism) which summarizes

the variations in the inténsity of magnetizatioﬁ through the sheet. It is |
clear that the intensity is cont.rolled' in large part by the amount of "magnetite®
in the rock.

Petrographic examination of the !'basaltic! xenoliths mentioned in Chapter
I show that they are fine-grained dol;ritfes coglsi;ting of ophitically inter-
grown plagioclase and titanaugite with chloritised pseudomorphs of olivine
and abundant ore @inerals. Rarely, the ores are rimmed with amphibole, and
hence these rocks are essentially similar to the material of the sheet itself,
except that analcite cannot be certa'inly identified. It seems clear that the
Xenoliths are portions of the intrusion which have been caught up from slightly
lower horizons as a result of later intrusive pulses.

'Thi_n-sections of the country rock above and below the sheet show that
whereas the sandstone immediately above the intrusion contains a high percentage
of ore minerals, the sandstone immediately below the intrusion contains no ore
minerals but qoﬁsists essentially of quartz cemented by carbonate and showing
little evidence of recrystallization.

Episcopic observations (Chapter III) show that the ores in the sandstone
are not related to those of the intrusion but consist largely of hematite
derived by recrystallization of ﬁ ferriferous cement. The absence of such
ores at the lower contact is probably due to the d,gfferent lithology of thé
underlying sandstones for they belong to the t:.op of the Brodick Breccia Group

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

above the intrusion.




D. The Nature of Material from the Ross

-Thé‘3655.is‘a‘ﬁfémiﬁéﬁf‘hili.(ééé.ft.) 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 in some doubt and Tyrrel (1928)
concludes that "without fresh material it is hard to say whether this mass
is really a continuation of the Monamore crinanite (as it is mapped on the
One-Inch Geological Map), or a member of the quartz-dolerite suite."

Two samples have been investigated in 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 originally been analcite-
dolerite.

AA description of Sample S65 is representative of both samples. In thin-
section it is seen to be fundamentally an analcite-dolerite which has suffered
extensive alteration as a result of hydrothermal activity (Plate IV b.). The
basic ophitic texture botween plagioclase laths and titanaugite remains but
both the plagioclase crystais and the titanaugite have been extensively replaced
by calcite, and calcite also forms prominent ﬁtdge-shaped masses between the
plagioclase laths. Fibrous zeolites are also present and have probably replaced
original analcite. The olivine constituent is entirely pseudomorphed by
green chlorite (penninite) and, in fact, the only wmaltered material appears
to be the abundant euhedral crystals of the.ore minerals.

Material from the Ross, therefore, is petrographically similar to the
fresh analcite~-dolerite of the cone-gheet found in the Monamore and Benlister
and hence, the map (Figure I ~, Chapter I) shqws the outcrop of the Monamore

Sheet extending north-south across the Ross.
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E. Relationships at King scross Point

The field relationships at Kingscross Point have been discussed earlier
(Chapter I ¥Field Relations), when it was pointed out that acpording to
Tyrrel (1928) the basalt is the later rock type and occurs as veins in the
analcite~dolerite whilst Tomkeieff and Longsteff (1960) hold the opposite
view and consider that the basalt is the earler rock and that it occurs as
remants within the later analcite-dolerite. The field evidence which is
used_by Tyrrel to indicate chilling of besalt against dolerite is considered
by Tomkeieff and Longstaff to indicate zones of remelting and intrusion of
rheomorphic basalt into the dolerite.

As a result of the pl;e;sent observations it is considered that the view
of Tyrrel is more likely to be correct, namely that the basalt is the later
rock, and its origin has been tentatively explained as arising from a dyke
beneath the sheet of analcite-dolerite (See Chapter I Field Relations).

Three sections of the basalt/dolerite contact have been examined. Two
of these are from the Petrogravhical Collection in the Department of Geology
at Durham, Nos. 42Z36A and 43%B,. and the third Sample S17 was collected
during the course of the present work. All three show essentially the same |
features and a description of S17 is typical.

The two rocks represented a.ré a coarse holocrystelline dolerite and a
dense microcrystalline porphyritic basalt which is tachylitic at the actual
contact.

The dolerite consists essentially of plagioclése and titanaugite with
some olivine and ore minerals. The texture is crudely sub-ophitic, but much
of the rock, especially near the contact, shows marked granulation. Minor
amounts of biotite are present, associated with the ores and typically

oceurring between a crystal of ore and titanaugite. Although analcite cannot
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be recognised this may simply be due to the effects of granulation, for in
its general mineralogy the rock is similar to other material from the cone-
sheet.

The contact between the basalt and the dolerite is sharp and irregular,
and the basalp appears as a black tachylite. Large phenoérysts of distorted
laths of plagioclase occur in the basalt and are clearly derived from the
dolerite margins. Granulation of the dolerite is exfreme. “close to ihe
contact_but the rock rapidly coarsens away from the contact.

The basalt aiso coérsens away from the contact and becomes microcrystelline.
It 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 in colour. Yoder and
Tilley (1962 p.373) have described yellow to lemon-yellow clinopyroxenes
that have déveloped.on heating basalts under oxidising conditions and state
that the colour is indicative of the preseunce of ferric iron.

The dense tachylitic contact and the extreme granulation of the dolerite
is considered to be clear evidence that .the basalt is later than the dolerite
and ﬁhat it intruded the dolerite in fully liquid form which would‘argue

against it being rheomorphic in origin.

F. Summary

The term analcite-dolerite fully describes the rocks of the Lamlash

Cone-Sheet.
Detailed investigations of the Clauchlands Sheet indicate that the
magma retained its volatiles to a late stage of cooling. The ore minerals,

however, crystallized at an early stage, between the plagioclase~olivine

25.



phase and the titanaugite stage.

The modal content of the ore minerals has been found to decrease
fairly regularly away from the margins of the sheet, and this variation is
reflected in the intensity of magnetization of the rocks.

The 'basaltic! xenoliths described in Chapter I are petrographically
similar t; materiai 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 this
hill.

It is considered that Tyrrel's explanation for the complex basalt-
dolerite relationship at Kingscross Point are more likely to be qorrect

than that of Tomkeieff and Longstaff.

26 L]



Chapter III. Ore-Microscopy

A, Introduction

' Thé work of Newhouse (1936) has shown that the commonest opaque minerals
in igneous rocks are oriented intergrowths of magnetite and ilmenite.
Subsequent work, however, .has shovn that these minerals are more complex
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 to those of natural magnetite (F330 4) , and anisotropic minerals
having properties similar to thgse of natural ilmenite (FeTiOS) .

In the present investigation it has been found that in general the
oéaque minerals in the Clauchlands sheet also consist of such oriented inter-
growths between an isoﬁropic mineral resémbling magnetite and an anisotropic
mineral resembling ilmenite. However, the X-ray data and the magnetic datae
discussed in Chapters IV and V have shovm that these minerals are of variable
composition and are not pure FeBO 4a.nd pure FeTin. Therefore they cannot
be described as magnetite and ilmenite except in the imprecise sense used
by Newhouse, and so in the present work‘ it is proposed, for convenience, to
describe them as 'magnetite'! and !'ilmenite!.

B. Iron-Titanium Oxide Minerals in the System IFeO-Fi‘e.2(?)3--‘T:i:.0.2

oxides in terms of the system FeO-13'9203-'.7.':10:2 (Figure 6). The important minerals
in this system are magnetite (Fe0 g)» ilmenite (FeTi0.), hematite (Fe05)

and ulvBspinel (FezTiO 4:) « Rutile (Tioz) may occur in acid igneous rocks but

is apparently absent from basic igneous rocks (Newhouse 1936), and pseudo-

trookite (Fe,Ti0.)1s a rare mineral which is wstatle below about 500°C

5
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Figure 6.
The System FeO-Fe,0,-Ti0, (after Katsura; and
Kushiro 1961) illustrating the range in
composition of Y-spinels. |
Solid circles represent titanomagnetites.
Open and half solid circles represent |
titanomaghemites from Japanese rocks ané

from South Africa respectively.



(Taylor 1961l). The compound Fe’.l.‘i205 does not occur naturally and is wmstable
below 1000°C (Taylor 1961).

The important characteristics of these minerals are described below:

(Uyt.enbogaardt 1951), has a reflectivity in air of 21.1% (Bowie and Taylor
1958), and a Vickers hardness number in the ré.nge 5% - 599 (Bowie and Taylor

1958). It is isotropic.

=I]menite (FeTiO3) is light to dark brown in polished section sometimes
with afaint ‘p:l.n]ﬂ'.sh or violet tint, and exhibits reflection pleochroism from
light pinkish trown (0) to dark trown (E) (Uytenbogasrdt 1951). It has a
reflectivity in air of 19.4% (Folinsbee 1949; Bowie and Taylor 1958) and a
Vickers hardness number witilin the range 519 - 703 (Bowie and Taylor 1958).
It is strongly anisotropic and exhibits light greenish grey or hrownish grey
colours between crossed nicols (Uytenbogaardt 1951). Ilmenite is a rhombohedral

mineral.

'He;matfite (a -FezOB) appears whiter than ilmenite in polished section
and is grey-white in colour with a bluish tint (Uytenbogaardt 1951). It has
a reflectivity in air of 27.5% (Bowie and Taylor 1958) and a highly variable
Vickers hardness number w:.thin the range 739 - 1062 (Bowie and Taylor 19%58).
This variation in hardness appears to depend on the degree of crystallinity,
ranging from 739 - 822 for microcrystalline samples, and from 920 - 1062
for coarsely crystalline samples. (Bowie and Taylor 1958). Hematite is

distinctly anisotropic and exhibits greyish blue or greyish yellow colo'urs.



~ between crossed nicols. Deep red internal reflections are also very common
vhen the specimen is not well polished (Uytenbogaardt 1951) . Hematite is
also a rhombohedral mineral. |

It has long been known that there also exists a cubic form of Fe 03
which is distinguished as maghemite (Y --Fe2 3) . By means of X-rays, Higg
(1935) determined its structure and Verwsy (1935) showed that, compared with
magnetite, it exhibits a lattice defect, 1 in 9 of the iron .ioms being .absent*.
Maghemite is metastable and on heating inverts to O-Fe 03, the inversion
vrobably being monotropic (Mason 1943). Basta (2%) has demonstrated the

‘ existence in nature of all stages in the oxidation of magnetite to maghemite.

Mgghem:l:te (Y "F°203) appears bluish-grey in polished section and is
isotropic (adman 19%2). It has a reflectivity in air of 25.0%4 (Bowie and
Taylor 1958) and a Vickers hardness number within the range 894 - 988 (Bowie
and Taylor 1958).

lUlvﬁsEmel (re Ti0 ) may be difficult to identify in reflected light.
It is cub:.c, and the natural mineral is only known to occur as fine inter-
growths within magnetite. (Mogensen 1946; Ramdohr 1953; Basta 1953; Vincent
and Phillips 1954). In polished section it appears darker brovm than magnetite,
although colour is apparently not a sa.?e criterion for its recognition (Ramdohr
1953), and it forms a characteristic cloth or !petit-point! texture (Plate V)
in which minute lamella;e of ulvBspinel are oriented along the (100) planes

of the magnetite.

Rutile (Ti02) appears grey, sometimes with a bluish tint, in polished
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Plate V

Ulwspinel (dark grey) intergrown with magnetite (light grey)

in a characteristic 'petit-point! texture. The large transparent
hlades (black) are sp;.nel. Polisl‘uad section. Plane polarised
light. Magnification X 400, Sample from Lac de la Blache,
Saguenay Co., Quebec, Canada.






seétion (Uytenbogaardt 1951) and has a reflectivity in air of 20.2% (Bowie

-and Taylor 1958). Therefore » in colouwr and reflectivity it resembles magneti‘be...
Rutile, however, is a strongly anisotropic mineral, although the anisotropy

is usually masked by strong yellow to brown internal reflections (Uytenbogaardt
1951), and it is also much harder than magnetite, having a Vickers hardness

number within the range 1074 - 1210 (Bowie and Taylor 1958).

Pseudobrookite (FezTiOS) closely resembles rutile in polished section,

both as regards its colour and its yellow or brown internal reflections.
(Uytenbogaardt 1951). Values for reflectivity and microhardness are not

known but it appears to have a lower reflectivity than rutile (Uytenbogaardt
1951) .

Three solid-solution series are known to exist in the system FeO—Fe203-Ti02'.
Solid solutions between magnetite and ulvBspinel are cubic » solid-solutions
between hematite and ilmenite are rhombohedral, and solid solutions between
pseuwdohrookite and Fe‘i_l.‘:i.205 are orthorhombie.

Pouillard (1950) first demonstrated the existence of extensive solid~
solution between megnetite and ulvBspinel to form cubic titanomagnetites
having properties intermedié.te between those of magnetite and ulvBspinel.

Later workers have shown that there also exists a wide variety of cubic minerals
having vroperties similar to those of the titanomagnetites, but whose compositions
cannot be expressed simply in terms of magnetite-ulvBspinel solid-solutions.
(Basta 1953; 1959; Akimoto, Katsura and Yoshida 1957; Katsura and Kushiro 1961..)..
Figure 6 shows the known range of compositions of these cubic minerals. It

can be seen that these exbend beyond the FeT:i.OB--FeEO3 join of the rhombohedral

%.



minerals.

Frequently those minerals having compositions close to the magnetite-
ulv&spinei join have been called titanomagnetites (Akimoto, Katsura and |
Yoshida 1957) whilst those minerals having compositions close to the hematite-
ilmenite join have been called titanomaghemites (Basta 1953; 1959; Katsura
and Kushiro 1961). This, however, would appear to be an arbitrary and
wmsatisfactory distinction.

Verhoogen (1962) has proposed that hematite, ilmenite and the rhombohedral
solid=golutions be called oc;phases » and that the cubic iron-titanium oxides
be distinguished as B; phases in the case of magnetite, ulvBspinel and their
solid solutions, or as Y-phases in the case of maghemite and those cubic minerals
which are not simply solid-gsolutions between magnetite and ulvBspinel. Using
this classification, then the term Y-phase would include all those cubic
minerals shown to the right of the magnetite-ulvBspinel join in Figure 6
and would, therefore, avoid any confusion between the terms titanomagnetite
and titanomaghemite.

k It is known that these phases may be formed by oxidation of titanomagneties
(&phases) whose compositions lie on the magnetite-ulvBspinel join (Akimoto,
Katsura and Yoghida 1957; Katsura and Kush:ii‘o 1961), although it is not known
whether this is the only way that they may form. It seems preferable to rder
to these minerals as Y-phases, rather than to apply arbitrary divisions of
terminology.

| It has long been known that solid-solution is continuous between hematite
(a-Fo0) and ilmenite (FeTi0,) at temperatures above 1050°C (Ramdohr 1926;
Posnjak end Barth 1934). Pouillard{1950) first demonstrated the existence

of a gap in the solid solution series at 95000, which extends from about 33%



'r"eTiO3 to 66% FeTiOS, and at normal temperatures, solid solution is much
more restricted. Edwards (1938) has reported hematites containing approximately

0% FeTiO3, and ilmenites containing up to &3 Fe and Basta (1953) has

Py
reported ilmenite containing up to 18% ?eTieg. Fe,03.

Edwards (1938) has called the hematite-rich solid-solutions titan-
hematites. They are more grey-white than pure hematite in reflected light,
have a lower reflectivity and show strong anisotropy. They lack the deep
red internal reflections of hematite and are more resistant to hydrofluoric
acid or mixtures of hydrofluoric and sulphuric acids. (Edwards 1938)}

~ The ilmenit.e;-rich solid-solutions are also strongly anisotropic but are
brovn compared to the titanhematites, and are pleochroic in brownish tints
(Edwards 1938). Such minerals have been called ferri-ilmenites by Basta (1953).

The rhombohedral solid-solutions between pseudobrookite and FeTi are,

25
as yet, imperfectly known, Taylor (1961) refers to them collectively as
~ pseudobroolkite and has found that they are rare in nature because they decompose

 at low temperatures. FeT:i.é)5 decomposes to rutile and ilmenite below lOOOOC,
and Fezfl‘iO5 decomposes to hematite and F8203.
According to Basta (1953), F9203. 3rio, (arizonite) is not a mineral but is

3140, below about 500°C.

)

really a mixture of hematite and anatase with some rutile.

C. The Opague Minerals in the Clauchlands Sheet

Apart from minor amownts of pyrite and chalcopyrite, the opaque minerals
in the Clauchlands sheet consist of an isotropic phase resembling magnetite
and an anisotropic phase resembling ilmenite. Data obtained from the X-ray

analyses and the magnetic analyses (Chapters IV and V) indicate that these



minerals are not pure l"eSO 4 and pure FeT:i.O3 and therefore, in the present
work it is proposed to refer to them, tor convenience, as 'magnetite! and

Vilmenitet.
_ Throll;ghout most of the intrusion, the 'Ymagnetite! and tilmenite! occwr
as 6riented intergrowths (see later) but ‘bo;lards the ;entre of the sl-wet
tilmenite! appears also as a separate phase. Before these relationships are
;onsidereé, however, some episcopic properties of the 'magnetite'! and the

separate 'ilmenite! are presented below.

D. Some Fpiscopic Properties of the 'Magmetites!'.

'a.)- ' ‘ﬁicrohardness. | | - )

A G.X.N. micro-indentation hardness tester has been used to obtain
herdness measurements on ten samples of the 'magnetite! in the Clauchlaﬁds
sheet. |

This instrument, which has been described by Bowie and Taylor (1958),
has a square diamond pyramid indentor with a 136° included angle between
oppbsi’c.e faces producing square indentations.

The hardness value, which is a fumction of load over area, can be calculated

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

H = 2Psin 6

D2

where H is the diamond pyramid hardness number, P the load in kilograms, D
the length of the diagonai in millimeters and §is half the included angle
between opposite pyramid faces.

In practice the hardness numbers for different values of the load P




have been tabulated against the diagonal length, and thus are readily
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 this instrument are Vickers Hardness
Numbers and must be distinguished from Knoop Hardness Numbers which are
obtained from a diamond indentor in which one diagonal is about seven times
the length of the other, (Cameron 1959), thus producing a diamond;shaped
indentation. The sources of error associzted with microhardness determination
have been discussed by Nicholl (1962).

Measurements have been made using a 100g load in order to investigate
(a) the variation in hardness within an individual grain and (b) the variation
in mean hardness of the 'magnetite! throughout the intrusion. The results
are summarized in Table 3 and plotted graphically in Figure 7.

The mean hardness values are higher than those of magnetite and lie
intermediate between the values quoted for magnetite and those given for
maghemite. (Bowie and Taylor 1958). This might indicate that the minerals
are Y;phases but the presence of impurities such as Al"imi within the 'magnetitet.
nigat also result in hardness wvalues higher than those of magnetite, so that
firm conclusions are not juétifj.ed.

Hardness measurements made within individual grains do not show significant
variations which could be interpreted as inhomogeneity nor do the means for

2

single graing differ significantly from those obtained from different grains.

b) Reflectivity
The reflectivity of a mineral is defined as the percentage of ﬁormally

incident light that is reflscted from the surface, and it is a property which




Table 3.

Microhardness Values of the 'Magnetites!

Sample Horizon  Hardness Values
(feet) Mean

s 2 126 1048 1115 1064 1076 .., hFee measurements
on a single grain.

1097 1115 1033 1082 ...single measurements on
- three different grains

S 3 122 698 707 649 685 ...zﬁr:esgzgigr;fzzzf

724 554 835 704 ,..single measurements on
three different grains

— three measurements
56 110 657 772 988 806 ***on a single grain.

813 1048 519 793 ...single measurements on
three different grains
three measurements

S30 82 870 847 920 879 ***on a single grain.

894 920 858 891 ...single measurements on
three different grains
three measurements

531 78 824 803 946 858 “**on a single grain.
858 920 642 807 ...single measurements on
three different grains.
534 - 66 673 642 566 627 ...single measurements on
- three different grains
336 58 690 792 858 280 three measurements
‘**on a single grain.
’ 724 803 824 784 ,...single measurements on
three different grains
540 42 762 858 613 744 ...single measurements on
three different grains -
‘C41 ” 62 882 907 850 three measurements
**‘on a single grain.

673 762 792 742 ,..single measurements on

three different grains
547 23 282 835 824 814 ...single measurements on

three different grains

..

Microhardness range for
540-600
890-990 (Bowie and Taylor 1958).

Magnetite

Maghemite
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Figure 7
Microhardness (VHN) of some 'magnetites’
in the Clauchlands Sheet. The ranges for
magnetite and maghemite (according to Bowie

and Taylor 1958) are shown for comparison.




may be measured accurately (i 1%), by photoelectric methods. (Bowie and
Taylor 1958; Nicholl 1962; Gray and Millman 1962). It is the most fundamental
property of an isotropic mineral that caﬁ be determined by reflection
microscopy. (Cameron 1959).

The equipment used in the present investigation has been described by
Nicholl (1962) and consists of an eleven-stage photomultiplier, E.M.I. type
60948, powered from a 2Kv stabilized power pack, the current from the
collsctor being recorded directly on a spot galvanometer (Cambridge Instrument
Co. Ltd.) having an internal resistance of 450 ohms. |

The reflectivity in white light has been determined for 'magnetite! from
eight samples, by comparison with a pyrite standard of 54% (Bowie and Taylor
1958), and these results are given in Table 4.

The variation in reflectivity within an individual sample does not
excéed about 2% and, indeed there appears to be no appreciable variation in
reflectivity within the intrusion as a whole. The values obtained, however,
are much lower than would be expected for magnetite. (Bowie and Taylor 1958).

The white colour of a mineral, however, depends on the nature and
distribution of its absorption bands, the medium of observation, and the spectral
response of the observer's-eye. (Gray and Millman 1962). If, therefore,
the reflectivity is determined for incident light of different wavelengths,

a spectral reflectivity profile may be constructed which is characteristic
of the mineral.

Only cubic minerals, however, show a single spectral reflectivity
profile that is constant in shape regardless of orientation. Minerals of
lower symmetry are bireflecting and hence the charadter of the spectral
reflectivity profile changes with orientation.

The spectral reflectivity profiles of the 'magnetite! in four samples

35



Table 4,

Reflectivity Values of the 'Magnetites'’

1. Reflectivity in white light using pyrite as standard at 54%.

Sample R% R%

Different Grains Mean
S 2 17.0 16.5 16.5 16.7
S 7 19.5 17.0 16.5 1742
511 20.5 20,0 18.0 19.5
532 16.5 18.0 17.0 19.5
534 1645 19,0 17.0 17,8
536 19,5 17.0 19.0 18.5
539 175 17.0 170 17.2
547 18.5 19,0 18.5 18.7

2. Dispersion of the reflectivity.

Sample 610@» 470mp 520mu  575mp  600mp 700mp
blue. green. yellow.orange.red.

Pyrite‘ 54.8 4600 52.0 54’05 54‘.8 56.0

s 7 1648  15.7  17.4 16,0 16.3 18.0
511 173 15,2 15.1 17.3 17,8 17.5
832 16,8 15.5 15.6 16.5 15.8 17.5
S39 178  17.5  17.4  16.3 17.8 17.7

3439** ., 16.5 15,0 15,1 15.3  16.3  17.5
Magnetite** 20.0 24.7 22.3 18.6 18.9 18.4
Magnetites 21.1 27.6 25,0 22.1 21,9 19.5

* Pyrite reflectivity as given by the National Physical
Laboratory. (via Bowie 1963),
** Magnetite/ulvBspinel ore from Lac de la Blache,Quebec

Canada.
# Data from Gray and Millman (1962).




have been determined by measuring the reflectivity at wavelengths of 470@p,

(blue), 520mp (green), 575mu (yellow) 600m}1 (orange), 700mu (red) and 610mp,
usihgTSchott continuous band interference filter, with a half value width
of 2508 supplied by Bellingham and Stanley, London.

The reflectivities have been measured against a pyrite standard, taking
values of the reflectivity/ of pyrite in light of various wavelengths as listed
in Table 5. These values have been supplied by the National Physical Laboratory
(via Bowie 1963), and represent the most recent data on the reflectivity of
pyrite. |

The profiles are shown in Figure 8 and may be compared with the spectral
reflectivity profiles of magnetite which have been drawn from the data of
Gray and Millman (1962). |

Figure 8 also includes the spectral reflectivity profile of a magnetiﬁe/
ulvBspinel ore from Lac de la Blache, Quebec (Departmental Collection No.34%9)
which has been measured as part of the present investigation. This ore is
4 brown in colour and the intergrown ulv#spinel can be clearly seen (Plate Va).

It is é.pparent that the refiection characteristics of the Clauchlands
magnetites! resemble those of the magnetite/ulvBspinel ore. However, the
existence of an 'ulvospinel!-type intergrowth in these minerals has not been
confirmed although there is indirect evidence which indicates that they may
be present in some samples. This evidence is discussed below.

‘¢) Deuteric Alteration of 'magnetite!

Sample 85 is wmilque in the present collection in that it has suffered
extensively from the action of deuterie solutions. This activity has resulted
in the selective etching of the ‘magnetite' whilst leaving the filmenite!

lamellae unattacked (Plate VI). These structures clearly develop inwards




Table 5.

"Pyrite Reflectivity as given by the National
Physical Laboratory (via Bowie 1963)

mp - R%
440 41,2
460 44,3
480 47.5
500 50.2
520 52.0
540 53.2
560 54,0
580 5447
600 54.8
620 55.0
640 55.2
660 5547
680 56.0

700 56,0
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a)
b)
c)
d)
e)

f)

Figure 8.

Spectral reflectivity profiles

'Magnetité' in
'Magnetite' in
'Magnetite'! in

'Magnetite! in

sample S7 from the Clauchlands Sheet
sa_mple S']'] " 1 1" 1n
Sample 532 1} 1" 1" "
Sample 839 1t 1n A 1"

Magnetite/uleBspinel intergrowth from Lac de la
Blache, Canada. (Departmental Collection No 3439).

Magnetite (two

sets of data) after Gray and Millman 1962.




Plate V1

a) "Vlagnetlte‘ from the Clauchlands sheet (Sample S5) that
ha.s been etched by natural agencies, (probably deuteric
solutions). Polished section. Plane polarised light.

Magnification X100,

b) Detail of the etched structure. Plane polarised light.
Magnification X400







from the margins of the crystals and there can be no doubt but that they
have been produced deuterically.

The etched 'magnetite! has a cellular texture that closely resembles
an intergrowth of two cubic phases, and since X-ray analysis shov}s that
two spinels are present in this sample (ao = 8°2944) it is concluded that
they are intergrown in this manner.

A number of other samples are known to contain more than one spinel
phase, and heﬁce this result is of particular value because it indicates
that these spinels are probably interérown, rather than occurring as

separate crystals or as zoned crystals.

E. Some Episcopic Properties of the 'Ilmenites!

&) Microhardness

Microhardness measurements have been made on the separate 'ilmenite!
crystals from four samples within the Clauchlands éheet. The measurements
have been made using a 100g load in order to investigate (&) the variation
in hardness within individual grains and (b) the variation in mean hardness
from one sample to the next.

The results are summarized in Table 6 and they show that the mean
values do not differ appreciably from those given for ilmenite by Bowie and
Taylor (1958) and that there is no significant veriation within individual
grainsg. | |

b) Reflectivity

The spectral reflectivity profiles of the separate 'ilmenite! from four

samples have been determined against a pyrite standard, and these results are

summarized in Table 7.



Table 6.

Microhardness Values of the Separate 'Ilmenites'

Sample Horizon Hardness Values
(feet) Mean
$36 58 924 67% 92 223 three measurements
***on a single grain.
690 752 715 719 ...single measurements on
three different grains
39 46 642 690 620 651 three measurements
. ***on a single grain.
734 634 715 694 ...single measurements on
three different grains
S three measurements
C42 32 673 634 649 655 ***on a single grain.
698 536 716 650 ...8ingle measurements on
three different grains
three measurements

c43 28 724 835 824 794 ...

on a single grain.

Microhardness range for ilmenite : 536-703 (Bowie and Taylor 1958).




Table 7.

a) Reflectivity Values of the Separate 'Ilmenites!

Sample 610mu 470mp 520mp 575mp 600mp 700m1 -
blue green yellow orange red
Pyrite* 54.8 46,0 52.0 54.5 54,8 5640
s12 18.3 19.5 16.3 15.3 16.8 175
530 17.3 2045 18.3 17.3 15,2 18,0
536' 173 17.0 1767 14.8 14.2 175
c42! 18.8 18.5 18.2 17.3 16.2 18.5
Ilmenite a)** 19.3 28.3 26.1 2143 20,0 19.5
b) 22.2 30.0 28,2 23.7 22.1 21.7

* Pyrite reflectivity as given by the National Physical Laboratory
(via Bowie 1963).

11042 is abbreviation for sample number A/C/3/42.

**Data from Gray and Millman (1962)
a) Section perpendicular to (0001).
bb) Section parallel tp (0001).

b) Reflectivity of the Opaque Minerals in the Sandstone

above the Clauchlands Sheet. Sample A/C/3/13.

Sample 610mpn 470mp 520mp 575mp 600mn 700mu
blue green yellow  orange red

Pyrite‘ 54:.8 46.0 52.0 54.5 5408 56.0
'Hematite! 23.9 23,0 25.0 19.9 20.8 22,2
'Magnetite! 1743 19.5 17.2 14,8 15.7 15.9
Hematlte a)*** 22,8 30.3 28,0 " 25.3 22.4 21.0
b) 26.4 31.6 30.3 _28.2 25.7 24.3

* Pyrite reflectivity as given by the National Physical Laboratory
(via Bowie 1963).

***Data from Gray and Millman (1962).
a) Section perpendicular to (0001).
b) Section parallel to (0001).




The spectral reflectivity profiles are shown in Figure 9 where they
may be compared with profiles for ilmenite sections cut parallel to (0001)
and perpendicular to (0001) which have been drawn from the data of Gray
and Millman (1962). |

The present measurements have been made on wmoriented sections and
hence differ from the profiles of oriented sections. The profiles, however,
are surprisingly similar amongst themselves considering the random nature

of the ilmenite sections.

F. The Opague Minerals in the Sandstones above the Intrusion

The sandstones immediately above the intrusion contain abundant opague
minerals, and these rocks have been foumd to have the same revefsed direction
of magnetization as fomd within the intruéion itself (See later). Therefore;
it is important to investigate such material in order to determine whether

" the ores have originated within the sandstone or whether they have been
introduced from the intruding magma.

In polished section the opaque minéra.ls occur as abundant anhedral grains
and as minute specks disseminated throughout the rock. They are white in
colour with a reflectivity of about 23°5% in white light and a microhardness
of about 790, and at high magnification (400 diameters) a faint reflection
pleochroism is clearly visible in which the colour varies from white to a
delicate mauve. Between crossed nicols they show greyish-blue anisotropy
colours and a complex recrystallised texture (Plate VII). X-ray analysis
confirms that the mineral is hematite although the 'characteristic! red
internal reflections are absent.

A spectral profile is shown in Figure 9 where it may be compared with

profiles for oriented sections of hematite drawn from the data of Gray and

.
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c)

d)
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Figure 9.

Spectral reflectivity profileé.
Separate 'ilmenite' in samples S$12 and S30
from the Clauchlands Sheet.
Separate 'ilmenite' in samples S36 and A/C/3/42
from the Clauchlands Sheet.
Ilmenite (oriented sections) after Gray and
Millman 1962.

'Hematite' and 'magnetite' in sample A/C/3/13
from sandstone at top contact of the
Clauchlands Sheet.

‘Hematite' (oriented sections) after Gray and
Millman 1962.




Plate VII

a) Polished section of the baked sandstone above the Clauchlands

b)

sheet. The opague minerals are mostly 'hematite! (white).
Magnetite (light grey) is visible at the centre‘of the field,
;'immed by -'hematite'.. Dar'l;; areas are quartz and the black
areas are inits in tl-le poliéhed surface. Plane-polarised light.
Megnification X100.

As above but viewed between crossed nicols to show the complex

granular texture of the thematite! grains.






and Millmen (1962). This profile probably has little meaning since the
hematite crystals are composed of complex granular aggregates which are
randomly oriented.

However, a amall amount of 'magnetite! is also present among _the ores,
and its spectral reflectivity profile is also given in Figure 9. Compared
with the hematite, the 'magnetite! has a.n appreciably lower reflectivity and
the shape of the profile is closely similar to that shown in Figure 8 for
the magnetites investigated by Gray and Millman (1962) .

The mineral is distinct.iy blue when compared with the bhematite, and
with a microhardness of 776 it is appreciably harder than magnetite so that
it might be an oxidised Y;phase (see earlier). It is isotropic and apparently
homogeneous and occurs typically as the core within hematite grains (Plate VII).

Its presence in this environment may be interpreted as being reliét
crystals of wnoxidised 'magnetite! or, in view of the recrystallized nature
of the hematite it may represent localised dissociation of hematite to
magnetite. Similar textures are known to form in hematite orés that have
been sintered at ZL'!.OOOC - 1%0% (R. Phillips personal commumication).

The sandstones above the intrusion, belong to the Lamlash-Machrie Sandstone
Group in which thé rocks have a characteristic dull reddish colour. Immediately
above the intrusion, however; these sandstones are dark grey, hard and
laminated, and contain the hematite/magnetite assemblage described above.

The X-ray date (Chapter IV) indicates that the hematite contains about
25 mol % iE‘eTiO3 in solid-solution. Detrital hematite grains in red sandstones
commonly contain intergrown 'ilmenite! (R. Phillips Personal Communi.cation)
and, therefore, it seems probably that this assembhlage has been derived from

the sandstone.




G. The Magnetite! ~ !Ilmenite! Relationships in the Clauchlands Sheet

a) Statement of Problem

Oriented intergrowth textures of the type illustrated in Plate ¥ME X
are considered in metallography to be the normal result of wmixing from
solid solution and, indeed, are taken as a definite indication that unnmixing
has occurred. (Mehl and Barret 19%0). Therefore » it is natural when such
textures are observed in ores that they also should be iﬁterpreted as of
exsolution origiﬂ.

Moreover, since oriented intergrowths of 'magnetite! and 'ilmenite! are
the commonest opaque oxides in igneous rocks (Nevhouse 1936), they are
frequently figured in the literature as the typical examples of an exsolution
texture. (Schwartz 1931; Edwa.rfds 1947; Bastin 1950; Schwartz 1951).

However, similar textures are known that are wmdoubtedly the result of
replacement. For example, Lindsley (1962) hes produced the 'magnetite! -
'ilmenife’ intergrowth illustrated in Plate VIII, by oxidation of ulvBspinel.
There can be no doubt, therefore, that such"magnetite' -~ tilmenite! inter-
growths can be produced by the oxidation of a P -spinel,

Gruner (1929) has shown by examining polished sections cut parallel to
the (111) planes that the ilmenite lamellae lie in the (111) planes of the
'magnetite!. He found that in such sections the Hlmenite! occurs as a more
or less complete network of equilateral triangles.

Gruner (1929) has also shown the structural reason for the occurrence
of these intergrowths. Every third and seventh (111) plane in magnetite
‘consists of oxygen ions only, whilst in ilmenite, every third (0001) plane
- also consisf;s of oxygen ions. Therefore, the intergrowths are made possiblg
by the sharing of a common plane of oxyzen ions.

Thus the textures of 'magnetite! - tilmenite! intergrowths generally



Plate VIII

A triangular intergrowth between magnetite solid-solution

and ilmenite solid-solution produced by oxidation of synthetic
ulvBapinel.

Polished section. Plane polarised light. Magnification X 2200 -,

Taken from Lindsley (1962).






are of a type which would be regarded in metallography as being of exsolution
’origin and, moreover, there appear to be satisfactory structural reasons to
accomnt for such intergrowths between a cubic and rhombohedral phase.
However, in recent years reliable data on the synthetic system FeO-
Fe20' --TiO2 has accumulated which leaves little doubt but that even at high

3
temperatures there is only limited miscibility between F930 4 and FeTiO

3
(Schmahl and Meyer 1959; Webster and Bright 1961; Taylor 1961) and that the
maximum amount of !'ilmenite! in such intergrowths should not exceed about
21 wtf if it is solely the result of exsolution (Taylor 1961).

b) The evidence from the Clauchlands sheet

In the present investigation a collection of material has been examined
which represents a complete section through the Clauchlands sheet, the average
interval between samples being of the order of four feet. If exsolution has
taken place, then it might be. expected to show up in this section since it
includes samples ranging from the rapidly chilled marginal facies to slowly
cooled material from within the body of the intrusion.

The ore minerals in the marginal facies appear to be homogeneous 'magnetites!
They are bluish grey or brownish in cgloﬁr, have a moderate reflectivity and
are isotropic. Some are oxidised to 'hematite! showing strong red internal
| reflections and such martitization is especially common at the lower margin
where it is associated with the introduction of abundant hydrothermal calcite.
| The homogeneous 'magnetitest, however, rafidly become oriented infer—
growths of 'magnetite and !ilmenite!, and in sample S46 five feet above the
base, all crystals are of this typé, and many contain a large amount of |
Pilmenite!.

This transition appears to be less rapid at the top margin for in sample




S2, from four feet below the top, the majority of the crystals are still
homogeneous"magnetites':although with pronownced anomalous anisotropy,
and w?ere tilmenite! does appear it forms Eroad irregular lamellarAinter;

- growths. However, twelve feet below the top in sample S4, all the crystals
contain Qriented intergrowths of 'ilmenite! in which the (ilmenite ocecurs
as lamellae parallel to (111) and also as irregular segregations. It is an
abﬁndant coﬁponent, and in some céses, forms at leas£ half of the crystal.

Apart from the narrow marginal zones, the opaque minerals through most
of the intrusion consist predominantly of these oriented intergrowths. The
proportion of 'ilmenite! varies considérably and the intergrowths may form
‘well defined triangular textures (Plate IX) in which the 'ilmenite! occurs as
fine incipient 1amellaé or as well developed laﬁellae, or in vwhich the lamellae
may show a seriate distribution. The ;ilmenite'.may also occur as broad
laths oriented predominantly in one direction and frequentiy showing a seriate
distribution (Plate X), or the intergrowths may contain irregular blebs and
segregations of 'ilmenite! often distributed near to the crystal margins,
(Plate XI). Less commonly, the intergrowths may be of a complex character
as illustrated in Plate XII.

However, 'ilmenite! also exists within the body of the intrusion as
crystals which are cleafly of primary origin. Such !'ilmenite! forms homogeneous
anhedral crystals which may occur quite separately from the 'magnetite! or
they may occur in intimate association with 'magnetite! - !'ilmenite! inter-
giowths (Plate XIII), and indeed the irregular 'ilmenite! illustrated in
Plate X] is probaﬁly of this type.

'Tlmenite! of this type first appears about thirty feet above the base

of the intrusion. 46ft. above the base (sample S39) it appears as but a few

discrete crystals in association with 'magnetite! - !'ilmernite! intergrowths




Plate IX

Magnetitet~'I1lmenite’. Intergrowths in the Clauchlands Sheet

a) Incipient lamellae of 'ilmenite! (light grey) oriented in
triangular texture within 'magnétite'j, (medium grey).
dark grey area at top left_is a sili;:a‘be mineral showing
internal reflections is also wvisible to the right of the
field. Polished section. Crossed nicols. Magnification

X100,

b) 'Ilmenite! lamellae (light grey) intergrown with 'ma@etite'
(da.rk) and forming & well developed WidmanstBtten texture.

Polished section. Crossed nicoll_.s. Magnification 100.

¢) Abundant 'ilmenitet (light grey to white) intergrown vith
tmagnetite! (dark). The lamellae vary in size from fine
to coarse, thus forming a seriate texture. Polished section.

Crossed nicols. Magnification X100.







Plate X

tMegnetitet~tIlmenite! Intergrowths in the Clauchlands Sheet
a) Coarse lamellae of 'ilmenite'! (light grey) intergrown
predominantly in oné directién in 'magnetitet! (black).
A few fine lamellse of 'ilmenite! &e also p::'esent.
Silicates, showing inteénal refl;c'bions are visible at
top left. Polished section. Crossed nicols.
Megnification X100, |

b) Lamellae of 'ilmenite! (liéht grey) intergrown predominantly
in one direction in 'magnetite! (black). Polished section.

Crossed nicols. Magnification x100.







a)

b)

c)

Plate XI

Magnetitet~'Ilmenite! Intergrowths in the Clauchlands Sheet
1I1lmenite? (white and medium grey) occurring as coarse blebs
a.nd mcipient lamellae in 'magnetite' (black). Silicates,
showing internal reflections are visible at top right.
Polished section. Crossed nicols. Magnification X100,
Coarse 'ilmenite! (grey) concentrated at the margins of a
'magnetlte' cryst.al containing intergrown 'ilmenite?.
lamellae. Polished section. Crossed nicol's. Magnification

X160.

Coarse 'ilmenite! (grey and white) occurring in 'magnetite'f

-~

conta:mng a seriate intergrowth of 'ilmenite! lamellae.

Polished section. Crossed nicols. Ma.gnification X100.







Plate XII

1Magnetite!~'Ilmenite! Intergrowths in the Clauchlands Sheet.

A complex intergrowth between 'magnetite! and 'ilmenitet.

tIlmenitet forms a large part of this intergrowth. Polished

section. Crossed nicols. Magnification H.QO..






‘but at 54ft (samplé S37), it forms the principal ore mineral together with
only minor amounts of 'magnetite! - 'ilmenite! intergrowths, whilst at 58f%
(samble S3%6), there are no intergrowfhs and the opaque minerals congist of
homogeneous 'ilmenite' and apparently homogeneous 'magnetite' as separate
erystals with 'magﬁetite'viﬁxéxééés; ﬁoﬁever, ths pfesence of ilmenite as
a fine intergrown phase is indicated by the results of X-ray analysis in
(sample S.34).

This association of separate 'megnetite! and 'ilmenite! persists wp
to at least 66ft (sample S34) but at 74 £+, (sample 532), the 'magnetite! -
tilmenite! intergrowths are once more dominant with only minor amownts of
discrete 'magnetite! and 'ilmenitet!.

Ascending the next twenty feet of the intrusion, the ore minerals consist
of the association intergrown 'magnetite! - 'ilmenite!, separate !ilmenite!,
and rarely some separate 'magnetite', often with the separate tilmenite!
present in appreciable amounts.

Abave 106ft (sample S7), however, the separate 'ilmenite! crystals-
disappear and the ores consist only of Vmagnetite! - 'ilmenite! intergrowths,
which at the top margin are replaced by homogeneous 'magnetite!.

These relationships are summarized in Figure 10. It is tempting at
first to interpret them as indicating the exsolution of ‘ilmenite! from a
homogeneous 'magnetite! in order to form the 'magnetite! - 'ilmenite! inter-
.growths, and then to carry this process one step further in order to obtain
the association separate 'magnetite! separate 'ilmenite'! which appears in
thé slowly cooled centre of the sheet. This, however, cannot be the correct
explanation for the separate !'ilmenites! are clearly earlier than the

tmagnetite! - 'ilmenite'! intergrowths as can be seen in Plate XIII.
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Figure 10,
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Figure 10,
Changes in the relative importance of the phases
'magnetite', 'magnetite'-'ilmenite' intergrowth
and separate 'ilmenite! in a vertical section of

the Clauchlands Sheet; shown diagrammatically.




b)

Plete XIII

tMagnetite'='I1lmenite! ;ntergrowtha in the Clauchlands Sheet
Separate 'ilmenite! (light grey) associated with 'magnetlte'
conta.:.ning an orn.ented intergrowth of *ilmenite? lamellae. The
black area at the lower part of the field of iriew is silicate.
The euhedral margin of the intergrown crystel is seen where
the 'ilmenite! lamellae are terminated. Polished section.

Crossed nicols. Magnification X100.

Separate tilmenite! (grey) and silicate minerals. The latter
show interne.l reflect:.ons. Polished section. Crossed nicols.
Megnification X100, ,







The 'magnetite! - !ilmenite! relationships, therefore, cannot be
explained simply as the results of an exsolution process. However, in the
light of the present data and also that of the subsequent Chapters, an

interpretation of these relationships is attempted in Chapter V;ﬁ.

H. Examination by Replica Electron Microscopy

The 'magnetites’ in the Clauchlands sheet are generélly browa in colour,
and as described earlier, there are some indications that where more than
one cubic phase is present then these may be intergrown in the magnetite/
ulvBspinel mammer. Such intergrowths, however, have not been resolved
optically at magnifications up to 1500 diameters, but this may be due to the
relatively fine grained nature of the host rock as compared with the plutonic
rocks in which such intergrowths have been reported previously. However, by
means of replica electron microscopy it is possible to extend the range of
investigation to much higher magnifications;..

The technigues for obtaining surface replicas are to be found in standard
textbooks on elecﬁron microscopy such as Wyckoff (1949). In the present
investigations collodion or cellulose acetate replicas have been obtained
from etched swfaces and then shadowed with a Au-P4d mixture. The resulting
replicas are negatives so that elevations on the etched surface appear as
hoJlowé and vice versa.

The results of such an examination carried out on known magnetite/
ulvBspinel intergrowths are illustrated in Plate XV. These results were
obtained with sample E.G. 2%08, an ore-rich hypersthene-olivine gabbro from
the Skaergaard intrusion of East Greenland, which had been etched momentarily

in HF. (Vincent and Phillips 1954). The appearance of this etched surface
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Plate XIV

Sample BG2308 from the Skaergaard intrusion of East Greenlend,
after momentery etching with HF. (Phillips and Vincent 1954).
The rhomb shaped crystellites are thought to be ulvBspinel
(Phillips and Vincent 1954). The electron micrographs
illustrated in Plate XV refer to the areas between these

crystallites. Polished section. Plane polerised light. X100,






b)

Plate XV

Electron Micrographs of Sample m23')8

Intergrowth of magnetite, ulvBspinel and ilmenite. The
ilmenite lamellae appear as smooth troughs and magnetite-
ulvBspinel intergrowths form the intervening sreas.

Surface replica of polished section. Mégnifig:ation X4000.

Intergrowth of magnetite, ulvBspinel and ilmenite. Surface

replica of polished section. Magnification X6000.

Intergrowth of magnetite and ulvBspinel, showing that
the two phases are present in roughly equal proportioné.

Surface replica of polished section. Magnification X8000.







at a magnification of 100 diameters is shown in Plate XIV. Apart from
the prominent rhomb shaped crystallites, which are possibly ulvBspinel
(Vincent and Phillips 1954), the surface is also intersected by a few
fine ilmenite lamellae. In polished section, the 'magnetite! between the
ilmenite lamellae is seen to consist of two constituents intergrown on a
fine scale so that at a magnification of 770 diameters it has the appearance
of a closely woven piece of cloth (Vincent and Phillips 1954). Plate XV
shows this texture at ﬁagnifications ranging from 4000 diameters up to 8000
diameters and it can be seen that the areas between the ilmenite lamellae
consists of a regular intergrowth of two phases at right angles and in
roughly equal proportions. This result, therefore, confirms the earlier
investigations and, in agreement with the published chemical analysis (Vincent
and Phillips 1954), indicates that the two phases are present in roughly
equal amowunts. |

Plate XVI shows the results of a similar investigation carried out
on samples from the Clauchlands sheet which on the basis of X-ray and thermo-
magnetic data were likely to contain intergrown cubic phases. Although the
ilmenite lamellae can be clearly recognised in these sections there does not
apﬁear to be any significant microstructure in the 'magnetite'! areas.

| A similar investigation was attempted with the deuterically altered

sample (85), but it was found that even after momentary etching with HF
the resultant texture was too coarse to be satisfactorily identified with
the electron microscope at its minium magnification of 3500 diameters.

In terms of the Clauchlands sheet, therefore, these results do not
indicate the presence of sub-microscopic intergrowths within the magnetites.

However the results with the Skaergaard sample have shown that this method

of investigation is capable of detecting such intergrowths.
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Plate XVI

. Electron Micrographs of 'Magnetite! in the Clauchlands Sheet

Sample S 12.. The oriented 'ilmenite! lamellae appear as

~ smooth troughs. The 'magnetite! between the lamellae has,

been etched by conc. HCL but shows no regular microstructure.

Surface replica of polished section. Magnification X4000'.

Sample S37 . The oriented !'ilmenite' ia.mellae appear &s
smooth troughs. The fact that the lainellae are intergrown

at right angles indicates that fhis is a section parallel

to (100) of the 'magnetite! host. The 'magnetite! tetween
the lamellae has_been etch;d by conc. Hél but sho;vs no regular
microstrﬁc't;ure. Surface replica of polished section.

Magnification X8000 ,







I. Sumery

The opagque minerals in 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
(Fe394) and anisotropic minerals havinglproperties similar to those of
natural ilmenite (FeTiOB). Parentﬁeses have been used since these minerals
may have variahle compositions which cannot be determined in reflected
light.

The 'magnetites' are generally btrown in colour and their spectral
reflectivity profiles closely resemble that obtained from a 'magnetite'/
YulvBspinel! intergrowth.

This result indicates how brown the 'magnetites! are and suggests that
the colour may be due to intergrowths similar to the !'magnetite!/ulvBspinel
sample. Such intergrowths are not visible in reflected light nor have they
been seen using the electron microscope, and therefore, it is concluded
that'the‘magnetites"are generally homogeneous. However, in one sample that
has been etched deuterically, and in which X-ray analysis has shown there is'
more than one cubic phase, the resultant cellular texture would suggest that
such an intergrowth is present.

Microhardness measurements on the 'magnetitest! have shown then to Rewre
hardness values intermediate between those of magnetite and maghemite. This
may indicate that the 'magnetites! are Y-phaées although impurities such as
Al3+ 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.



Exeminetion of a vertical section through the Clauchlands sheet has
shown that the 'magnetite! and 'ilmenite! commonly occur as oriented inter-
growths. 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 toc be earlier than the intergrowths. These relationships,
therefore, cannot be explainéd simply in térms of the exsolution of !'ilmenite?
from an originally homogeneous high temperature 'magnetite!.

The sandstones above the intrusion have been found to contain ebundant
opague minerals but these are mainly 'hematite! grains showing complex
recrystallized textures. The Yhematite! has probably been derived from the
sandstones. Subordinate amownts éf ‘magnetite! are also present but it is

unlikely to have been introduced from the magma.

V. v R



Chapter IV. X-Ray Analyses

A, Introduction

sheet, and the magnetic fraction has been extracted on a Cook separator, as
describgd in Appendix 1. Althoﬁgh this fraction consists largely of
‘magnetite!, some admixed !ilmenite! is usually present as well, since it
occurs as a fine intergrowth in the 'magnetite! (Chapter III) and camnot
" be separated.

The samples have been X-rayed using a Phillips PW1010 X~ray generator
in conjunction with a wide angle goniometer PW1050 and diffractometer unit

_ I 54046 Qo) Bepw ssed
PW1051l. Copper Radiation (K « = Toa73aR) Jand, therefore, a discriminator

unit PW4082 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 which are supplied with the above equipment. However, such
mounts require a relatively large amount of material (about 1-2 grms) and
when such quantities were not awailable, smear mounts have been prepared on
glass slides. In both cases, however, a small amownt of pure silicon haé
been added to act as an internal standard.

As described in Chapter III, a separate 'ilmenite! phése appears towards

the centre of the Clauchlands sheet as well as the 'magnetite/'ilmenite!.

intergrowths. Such 'ilmenite! is not megnetic and, therefore, is not retained

with the magnetic fraction, and since it forms less than 1% of the residus ’
its extraction would be very difficult. However, 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’
(sample S2) from the Clauchlands Sheet.
Record from 26 = 16° to 26 = 60° made at a
scanning rate of 2°/min., with a chart speed
of 800 mm/hr, using CuK, radiation with a
discriminator. 'Magnetite', intiergrown
tilmenite' and silicon peaks are present.
Record from 26 = 55,5° to 2 € = 57.75° made
at a scanning rate of 1/8° /min., with a
chart speed of 400 mm/hr, using CuK
radiation with discriminator. Silicon

internal standard.




obtaining a powder photograph.

This technique has been described by Sorem (1960), and although long
exposures (up to 70 hrs) are required the method has the advantage of
giving results which apply wnambiguously to the separate 'ilmenite! phase
and not to the intergrown !'ilmenites!.

These results and also those for the 'magnetite!/!ilmenite! intergrowths

are discussed in the following sections.

B. 'Magnetites'! and Intergrown 'Ilmenites!

The reflections for both these phases appear on the same diffractometer
| record (Figure 11), and after correction with reference to the silicon internal
standard, they may be used to determine the cell parameters.

a) 'Maghetitesl

Twenty one samples have been analysed,and the results represent the
unit cell edges of the 'magnetites! throughout the Clauchlands sheet.

The unit cell edge haé been determined from the 511/333 reflection which
for pure magnetite appears at 28 = 57.06o Table 8) and thus may be corrected
with reference to the 311 reflection of the silicon standard which appears
at 56.174° . (Table 9).

The position of the 511/333 reflection changes with variation in the
mit cell edge as can be seen in Figure 12 and the unit cell edge can readily
be calculated from the corresponding d-spacing, since there is a simple
relationship between d333 and a_ as sh§wn in Figure 13.

The results, which are summarized in Table 10 and shown graphically in
Figure 4, indicate a regular increase in the unit cell edge away from the

margins of the intrusion reaching a maximum value of a = 8.48553 ¥ 5.0028

at approximately the centre of the sheet.
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Table 8 .

X-Ray Data for Magnetite from Bisperg, S.
Sweden. (Basta 1953). CoK , Radiation,

I d 26 hkl
R o
30 4,847 18,31 111
70 . 2,966 30.13 220
100 24530 35.48 311
10 2.419 37.16 222
60 2,096 43,16 400
40 1.712 53453 422
80 1.614 57.06 511/333
90 1.483 62464 440
15 1.327 71,02 620
20 1.279 74,14 533
10 1,264 75417 622
15 1.2112 79,05 444
20 1.1214 86476 642
40 1.0922 89.79 731/553
25 1.,0498 94,52 «, 800
94,65«
94.85,
10 0.9890 102.29 %, 822/660
5 102.66 D‘l
30 0.9692 105,28 %, 752/555
20 105466,
20 0.9386 110,38, 840
15 110473 %
25*  0.8794 122.30 %, 931
122,81
35*  0.8565 128,14, 844
20* 128.74
30*  0.8113 143,42 ~ 951
15% 144432 %

* These values obtained from powder photograph

using CuK radiation.
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Table 9,

X-Ray Reflection Data for Silicon - Phillips Labs. Inc. N.Y.
I 20 hkl

1 d
T, X

100 3413537 254654 £ 111
28.44’5°(I
28,466 x
28,514
60 1.92001 42,512 p, 220
47,302 ,
47,344 ~
47,428y
35 1463739 50.316 @, 311
560122 &,
564174 <
564275 %,
8 1.35766 61.290 f, 400
69.130 «,
69. 196 %
69.326 N&.
13 1.24587 67.934 ¢ . 331
‘ 764376 %,
76,600~
17 1.10852 77796 p,
‘ 88.030 ¥,
88,124
88,306 Xa.
9 1.04512 83.524 511/333
94,952
95.058 <
. 95,264 3
5 0.96001 92.952 { 440
106.708
106838 <
107,092 5,
11 0.87194 984630 @ 531
114,092 <,
114,240 X
1144534 %a.
9 0.85866 108.322 @ 620
127.544 1,
127,740
: 128,126 %a,
5 0.82816 144.390 533
136.892 =
137,138 &
137.622 %3
0.78384 125,256 @ 444
188.628 «,
159,146

160,200 Xa |




Figure 12

333 DIFFRACTION PEAKS FOR TWO T!ITANOMAGNETITE SAMPLES
WITH SILICON AS STANDARD
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Figure 12.
Variation in the position of the 333 peak
of 'magnetite' according to the size of the
unit cell. Scanning rate 1/8° /min., with a
chart speed of 400 mm/hr, using CuK

radiation. Silicon internal standard.
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Figure 13.
Relationship between the d-spacing obtained
from the 333 peak of 'magnetite' (d.,,) and
the unit cell edge a_ . '

333




Table 10 .

Unit Cell Edges of 'Magnetites' in the Clauchlands Sheet

Sample Horizon Unit Cell Edges
(feet) £

S 1 Top 843716 843774
S 2 126 843641 .
S 3 122 8.4085 8.4139
sS4 118 8.3900
S5 114 - 8.3861 8.3940
S36 110 8.4033 8.4139
S 7 106 8.4085

.89 98 8.4595
510 94 8.4314
s12 86 8.4232 8.4310 8.4378
S31 78 8.4569
S33 66 844491 8.4543
S35 62 8.4855
536 58 8.4543%
sS40 40 8.4320
541 20 843660 8.3764 8.3816
S43 14 8.3894
S45 8 8.3993
546 5 8.3904
847 23 8.3920
S13 40 8.3868

pegmatite.
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Seven samples contain more than one 'magnetite’.
In these samples, a_ has been plotted for the
principal component only.




Figure 14,
Variation in a, of the 'magnetites' in the

Clauchlands Sheet.




If the 'megnetitest were simple solid solutions between magnetite and
ulvBspinel (‘i.e.B -spinels Chapter III) this would indicate increased
substitution of T102 away from the intrusive margins up to a maximm content
corrgspondj.ng to & composition of 27%Fe3Q L 63%Fe2TiO 4 (applying Vegard!s
laws~ linear change in lattice pafamefer with composition), since the umit
cell edge of 'magnetite! is 8.3963 (Basta 1953) and the unit cell edge of
ulvoépinel is 8.5348 (Pouillard 1950). However, these ‘magnetites! are
unlikely to have such simple compositions, and in particular, the existence
of samples with cell edges less than that of magnetite may indicate the
presence of 1&1203 and C)r203 or of oxidation toy ;-spinels.

The X-ray analysis of 'magnetites!, however, does not, by itself, provide
wique solutions as to their compositions (see later). Nevertheless, the
mked increase in the unit cell edge towards the centre of the intrusion
when considered in conjunction with a sympathetic decrease in the Curie points
(see Chapter V) is an indication that the substitution of T:i.O2 is greater
within the sheet than at the margins, although in view of the wnknown extent
of substitution by other cations and/or the possible effects due to oxidation,
it is not possi_ble to define any precise limits to such changes.

Of the 21 samples a.naiysed, only seven clearly contain more than one
'magnetite! phase and only in one such case, S5, is there any evidence to
indicate that such phases are intergrown. (Chapter III).

The minimum difference between the wmit cell edges of the coexisting
magnetites is 0.00528 and the maximum is 0.01543. When it is considered
| that.in terms of éven the simple system Fezo 4-Fe2TiO 4 ® change in the unit
cell edge of 0.014f indicates a change in composition of only 10 mol%, it

can be seen that the compositionai differences between these coexisting .

magnetites will only be very small.

£



b) intergrown !Ilmenitest

Of the 21 samples gnalyseé, 11 contain 'ilmenite! in quantities sufficient
to appear on the diffractometer records.

In terms of a hexagonal wnit cell the lattice parameters a and ¢ are

related to the Bragg angle by the equation:

2

s:i.n29hk 1 «"—h-e 552 (h2 + hk + 12) Peiser, Rooksby
* 4c Za Wilson (1955)

and they may be determined by solving simultaneous equations.
Reflections having indices 10.4; 10.8 and 20.4 have been used in

the present analysis and the appropriate equations for these reflections are:

2 6_052 ...............
. 2 L2
4si0915,8 = 5186 .4 \
[ - ﬂ | s;.'.'.”.‘..‘-.T."‘\.‘:.\;:.‘...2
.2 . :
$11910.8 " sin 10.4

2 _ A2 .

..'...'......'....3
3PsinB 1, g - 16 9)

o
{

These results are summarized in Table 11 where the lattice parameters
are also given on the basis of a rhombohedral unit cell. The conversion
from hexagonal parameters to rhombohedral parameters was acheived by using

the relations:

51.



Table 11 .

Lattice Parameters of the Intergrown 'Ilmenites’.

Sample H?gizg? Hexagonal Cell Rhombohedral Cell Mole%
° a c - % a a FeTiO3
s 2 126 5.069 14,01 2.76 5,511  54°%46! 80
S 3 122 5.093 14,01  2.75 5,518  54°58¢ 87
S5 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
510 94 5,020 14.09 2.80 5.520  54°06¢ 87
S34 66 5.091 14,02 2.76 5.521  54°571¢ 87
543 14 5.076 14,01 2,77 5.513  54°49¢ 80
S45 8 5,069 14,02 2.77 5.514  54°38 80
547 23 5,076  14.02 2.76 ' 5.516  54°471 87
S13 40 5.090 14.01  2.76 5.518  54°56¢ 87
pegmatite

Hexagonal and rhombohedral lattice parameters are related by the

following equations : —
VACRE
3a + C eeooe 1

=1
8 T3
o
Sin'2'= 33. XXX 2
2 /32" + ¢

Mole% FeTiO3 has been determined from ah (see Figure 15), after

Akimoto (1957).




a = l Mﬁz + C2 ..‘I.l..l.l..‘.4
rh 3
Henry, Lipson and

Wooster 1951.

00.‘0..0......5

sin-(26 = 3

2 2 \/38.2 + 02
The composition of the ilmenite has. been determined from & using
 the ar]:/ _composition curve of Akimoto (1957) which is shown in Figure 15.
These compositions are plotted in Figure 16 and it can be seen that, in
contrast to the 'magnetites! with which they are associated, they show no
systematic variation through the intrusion, but in general contain about
10-20mol% Fe203 in solid solution, so far as.reference to Akimoto!s curve

is concerned.

C. Separate 1 Tlmenite!.
'Ilmenite! appears as a separate phase within the central part of the

intrusion, occurring in association with the 'magnetite’/tilmenite' inter-
growths. Powder samples have been drilled out from the polished samples
and mounted on gelatin fibres following the method described by Soren (1960).
Gelatin is a particularly suitable mownting medium because the powder
readily adheres to the fibre without the need of an adhesive, the fibre can
be prépared with a very fine point, and it produces virtually no amorphous
" gcattering of the X-rays'. '
Such samples have been mownted in a 57 cm diameter powder camera and
X-reyed with COKO(. radiation () =1.79028). However, because of the small
size of the samples it has been necessary to make long exposures of up to

70 hours before the powder photographs showed measwurable .lines in the back

. reflection region.

B9,
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Figure 15.
The relationship between the composition of
the rhombohedral solid solutions FeTiOB-FeZO3
and a, . (after Akimoto 1957).
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‘Figure 16.
Compositions of the intergrown 'ilmenites'
in the Clauchlands Sheet, determined from

Figure 15.



Four samples have been analysed in this way and their diffraction
patterns are shown in Plate XVII, with the corresponding d-spacings listed
in Table 12. In each case, these patterns confirm that the mineral is

'ilnienite‘:.

On the basis of an hexagonal wnit cell, the lattice parameters a,
and c, have been determined graphically following the method of successive
approximations described by Klug and Alexander (1954 p4Sl).

This method, which requires a preliminary Imowledge of the approximate
axial ratio a/c, utilizes the quadratic form of the Bragg equation, which

for the hexagonal system is either:

A 2 o\
a.o - —m—— é S + (E) 12> 00000006
2sin @ 3 ¢
or
c = _..}.\..._. <é(g) 23 + 12 """" 7
o eeede S
23in® 3'a

where s = (h2 + hk + k2)

Lines with relatively large h and k indices are used to extrapolate
to a preliminary value of a, and lines with relatively large 1 index are
used to extrapolate to a preliminary value of ¢. A new axial ratio a/c
is thus defined which can be used 1n equations 6 and 7 to obtain new values
for a and ¢, and the process of successive approximations is continued
until these extrapolated values become constant.

The extrapolation data for the four samples have been summarized in

Table 13 and the calculations from which these have been derived have been
included in Appendix 2. In the case of the samples, however, the value
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Table 12.

X~Ray Data for the Separate 'Ilmenites’

CoK. Radiation = 1.7902§
Sample S36. Sample S34.

9 d hk.1 I 2 d hk.1 I
14,097 3.67 10.2 s 19.290 2.71 10.4 vvs
19,264 2,71 10.4 vvs 20.969 2.52 11,0 s
20.819 2,519 11.0 vvs 23,877 2.212 1.3 m
23,804 2,218 11.3 s 28,911 1.851 % ~ 20.4 ms
28.946 1,818 20.4 5 31.541 1.711  11.6 ms
31.555 1.170 1146 vs 33,596 1.618 %¥: 10,8 w
33,562 1.619 10,8 w 364727 1,497 % 21.4 m
36,722 1,534 21.4 s 37755 1,462 30,0 m
37,776 1,461 30,0 s VW
42,240 1.331 1010 . m " bl w
45,000 1.266 22,0  ww not measurable VW
47,886 1,206 31.2 vw vvw
49,190 1.181w, 20,10 vw 50,700 1.156%, 31.4 vvw
504946 1.152% 31,4 vw 53,197 1.117 %, 22.6 vvw
534203 1.117%,  22.6 W 56379 1.074 % 21.10 vvw
560539 1.072“; 21.10 vw .

58.345 1.051 - vw
63.111 1.003 X, 31.8 vw
66,021 0.979«, 101.4 vw
67.124 0.971s,  32.4 vw
68,404 0,962 41,0 vw
75,929 0.922%  31.10 vw
Sample A/C/3/42 Sample A/C/3/39

2 d hk.1l I 8 d
17,305 3,01 W 14,019 3,69
19,258 2.715 10.4 5 19.626 2,665
20,811 2.52 11.0 ms 20,728 2.529
23.819 2.217 113 wm 23,732 2.223
25.494 2,08 vvw 53,802 2.218
28.825 1.857«  20.4 m 31392 1.718 g,

31.479 1.714% 11.6 m 33,414 1,625 &,

36.739 1.4:96 i 21.4 w 360699 10498 &

37.790 1.461% 30,0 w 37,720 1.463 <
not measurable vvw
vvw

506782 1.155 %, 31,4  vvwW not measurable

53,318 1.,116% 22.6 vvw

564317 1.075%  21.10 vvw 50,878 14153 v,
532,201 1.117 &
56.435 1.073 ¥,




Table 13,

Determination of the Lattice Parameters of the Separate 'Ilmenites!
by Successive Extrapolations.- Summarised Results.

Sample AZC/3/42a

c

Assumed
values. 50791 14,1350

(ASTM Card 3-0799)
Extrap. 1 5130 14,167
Extrap. 2 n 14,120
Extrap. 3 " 14.090
Extrap. 4 " 14, 076
Extrap. 5 n 14,076
Sample S36

a c
Assumed
values. 5.0791 14,1350
(ASTM Card 3-0799)

Extrap. 2 " 14,1235
Extrap. 3 " 14,1035
Extrap. 4 " 14,0956
Extrap. 5 n 14,0730
Ixtrap. 6 n 14,0730

Sample A/C/3/39

C

Assumed
values. 5.0791 14,1350
(ASTM Card 3-0799)
Extrap. 1 5.1005 14.182
Extrap. 2 [ 14.173
Extrap. 3 " 14,170
Extrap. 4 n 14,170
Sample S34
: a ¢
Assumed
values. 5.0791 14.1350
(ASTM Card 3-0799)
Extrap. 1 5.150 14.180
Extrap. 2 5.119  14.152
Extrap. 3 5.123 14.152
Extrap. 4 5.121* 14.150

*Mean of Extraps.2 and 3.




a)

b)

c)

d)

e)

PlateHXVII

X-Ray Powder Patterns

Separate 'ilmenite' in
CoK, . radiation.
Separate 'ilmenite! in
CoK, « radiation.
Separate 'ilmenite' in
C OKd + radiation,

Separate 'ilmenite!' in

CoK, « radiation.

-sample

sample

sample

sample

S36.

A/C/3/39.

S34.

A/C/3/42.

'Hematite' from the baked sandstone above

Clauchlands sheet. CoKu . radiation.

the







of a has been obtained directly by using lines with indices 3.0, 22.0 and
2
41.0, since in eguation 6, (%') is zero, 80 that the initial extrapolation
"requires no further refinement, and therefore the further extrapolations
apply only to c. '

- The lattice parameters are summarized in Table 14 where they are
given for both the hexagonal and rhombohedral wit cells. The wvalues of
%h ) i
intergrown !ilmenites!, and by reference_;._to the arh/ composition curve of

are consistently higher for the separate 'ilmenites! than for the

Akimoto (1957), Fig_qié 15, it cen be seen that the separate 'ilmenites!.
appear to be free of dissolved ‘F9203. -
However, it has been noted that :L'lmenitgs which occur in agsociation
with magnetites tend to be preferentially enriched in Mn°' (Deer, Howie
and Zussmsn 1962). Such substituted ilmenites will have larger values for
& and smaller values for o¢ depending oﬁ the amount of subsftitution,
since the lattice parameters of py.t"ophanite (Mi?B)_ are &, = 5.623;
& = 54%161. (Barth and Posnjak 19%4). Hence the results of the present
investiga‘bion may indicate that the separate ilmenites contain some Mn2+,
whereas the lattice parameters of the intergrown ilmenites would indicate

that they are solid solutions between Fe'I‘iO3 and Fe203.

D. Opsgque Minerals in the Sandstones above the Intrusion

As described in Chapter III, the opaque minerals in the sandstones
above the intrusion appear to consist largely of 'hematite!. In polished
section, however, the mineral does not show the red internal reflections

which are characteristic of 'hematite! and hence confirmation of its identity
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Table 14.

Lattice Parameters of the Separate 'Ilmenites!

Sample Horizon Hexagonal Cell Rhombohedral Cell Mol%
(feet)
a .

a c P a, o FeT:LO3

s34 66 50121  14.15 2.26 5.57  54°46! 2100
S36 58 5.103  14.07 2.75 5.54  54°521¢ 98
£39* 46 5,100 14.17  2.77 5.57  54°32! 2100
{c42+ 32 5.130 14,08 2.74 5.55 55°04! 2100

* Abbreviations for samples A/C/3/39 and A/C/3/42.

Table 15.

X=-Ray Data for 'Hematite' in Sandstone above the Bheet

0 ' d hk.1l
14.216 3.64 10.2 'hematite!
16518 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!
27530 1.937 - calcite
29,107 1.840 20,4 'hematite!
31,895 1.690 1.6 'hematite!
324711 1.657 1261 thematite!
34,037 14599 10.8 'hematite' + calcite
364966 1.489 21.4 ‘hematite' + calcite
37.992 1,454 30,0 ‘hematite! + calcite
43,197 1.308 11.9 'hematite' + calcite
44,975 1.267 22.0 thematite!
46.427 1.234 30.6 ‘hematite! + calcite
52.434 1.128 - calcite
53.735 1.109 22.6 'hematite!
57.364 1,062 - ?
67.851 0.966 - calcite

CoKy radiation. = 1.7902%
a, = 5:478. o= 55°23"

r




is dependent upon X-ray examjnatiori.

Material has beeﬂ drilled out of the polished sample following the
same procedure used for the separate !ilmenites', and this has been X-rayed
using CoKa radiation. The powder pattern is shown in Plate XVII and the
d—spacings are given in Table 15. The results confirm that the mineral
is thematite! and the powder pattern also includes lines attributed to
‘caleite of hydrothermal origin which is knowm to be present in these rocks.
(Chapter II).

The hexagonal lattice para.meteré of the thematite! have been determined
by the method of successive approximations and then converted to rhombohedral
iattice parameters. The relevant data are summarized below and the calculat-
ions on which they are based have been included in Appendix 2.

a) Extrapolation Datas

a c .
Assumed value _ 5.039 13.76 (Berry and Thompson
Extrap. 1 5.081 1%.824 1962)
2 13.836
3 ; 13.839
1 - 12.8%8

b) Tattice Parameters:

Hexagonal Unit Cell - a =5.0818; ¢ = 13.848; c/a =2.72
Rhombohedral " " - a, =5.47 + 0.018
o = 55723
In terms of Akimoto!s arh/ composition curve, this result would suggest

that about 35mol% FeT:i.O3 may be present in the mineral.
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E. The Effects of Substitution on the Lattice Parameters of
Se=ssornne ot oubsLltution on the Lattice Parameters of
Magnetite and Ilmenite

X-ray analysis by Bragg (1915) first'showed magnetite to have the
spinel type structure in which .t.he mit cell is based on a cubic face
- centered lattice and contains 32 okygen ions and 24 cations. 8 cations
oceur in 4-fold co-ordination on A-sites and 16 in 6-fold co—ordination
on B-sites, as illustrated in Figure 17.

In magnetite, two thirds of the cations are Fe} and one third are
Feo' - (Fe0.Fe 03) - Barth and Posnjak (1932) have shown that half the Fe'
a.nd all the F92+ ions occur on the B-sites whilst the A-sites are occupied
by the remaining Fe3+. This structure, th?refore, is to be distinguished
from the normal spinel structure, as fownd in MgAl20 & in vhich the divelent
ions restricted to the A-sites and the trivalent ions to the B-sites, and
hence ‘it is kmown as 'the iﬁverse spinel structure (Figure 17).

In terns of the generel formule 383*.11132.032 these two structures are

characterised by the following dlstnbution of the cations:

& in A-sites; 1687 in B-sites .. osesoNormal
8> in A_gites; g2t ) .
; in B-sites «sesolnverse

However, many cations may'substitute for the F62+ and Fe?”' in magnetite

resulting in a wide variety of substituted magnetites. Such magnetites
may contain monovelent ions such as Na' and K (Michel 1937) ) divelent ions
such as Mn 2+, Mg2+, el and Co-' (Benard and Chaudron 1937), trivelent
ions such as 17" and Gr>' (Pouillerd 1950) or the tetravalent fon Ti%*

(Pouillerd 1950). A given unit cell size may result from more than one




Figure 17




Figure 17,
Spinel structures

a) Normal spinel = MgA1204.
b) Inverse spinel-‘FeFe204.



combination of. substituting elements.

Hence, although the wmit cell edge of a magnetite is known accurately
(8.3963 t 0.00058 Basta 1953; 1957), the wnit cell edge of most natural
magnetites will differ from this depending on the amount and type of sub-
stitution so‘ that no simple relation exists between lattice parameter and
composition. | |

Data on the unit cell edge, and the Curie point, of various substituted
magne'_bites are summarized in Tahle 16, and it can be seen that substitution
by Mn0 or TiO2 appreciably increases the wnit cell edge and decreases the
Curie point, substitution by Mg has little effect on the cell edge but
decreases the Curie point, and substitution by 1&11.203 or, Cr203 appreciably

lowers the wnit cell edge and also lowers the Curie point slightly. Substitut-

203
Substituted magnetites containing Na+, K+ or 002+ can be prepared in

ion by V0. probably also decreases the cell edge (Table 17).
the laboratory, but these elements do not seem to appear in natural magnetites.
(Table 17). Similarly, although N12+ can readily be substituted experimenté.lly
into magnetite, the iron-nickel spinel trevorite (NiFe0,) - Table 17 No. 324)
is only known from the Scotia talc mine, Transvaal, South Africa. (Deer,
Howie and Zussman 1962), and §i%* is generally absent from natural magnetites.
Likewise, franklinite (ZnF920 4) is known only from the one locality, in
~ association with zine ore deposits, at Franklin and Sterlin?,Hill, New Jersey,
and Zn2+ is generally absent from natural ma.gnetites‘.

Most na'bln'al magnetites, however, are titaniferous, and as can be seen
in Table 17, they contain such large amounts of Ti02 relative to the other

'ca.tions s that the variation in wnit cell edge and Curie point may generally

be correlated with the Tio‘2 content, with probably only minor modifications




Table 1 60

Substituted Magnetites

8.3963 ¥ 0,00058. (Basta 1953).
585°C (Brailsford 1960).

Natural Fe_,0, - a
374 )
Synthetic " =~ 0,

Substitution by Divalent Ions. (Benard and Chaudron 1937).

Oxide Added Parameters of the Limiting
Solid Solution
a

R [o] [o4
Co0 8,388 55076
NiO 8435 600
MgO 8.40 - 420
MnoO 8.54 140

Substitution by Al.0. :- (Feg:yA13+Fe2+)O (Pouillard 1950).

23 4
0.00 0,03 0.09 0,15 0.21 0.30 0.30

y

575 571 560 548 545 535 535
a = 8.413 8.403 8.390 8.381 8.375 8.365 8.365

3: Cr;+Fe2+)O

- (Fe2 v (Pouillard 1950).

Substitution by Cr

2% ¢ 4

¥ 0.00 0,135 0.30 0.36

575 569 565 560
8.4:1 8.38 8.34 8.31

o
it

Substitution by TiO (Pouillard 1950).

2

Mol% TiFe,0, 0 8 10 8 25 42 100

. = 979 524 485 475 68 230 -
8.41%3 8,420 8,428 8.43 8.44 8.46 8.534
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due to substitution by other cations such as Mg2+, AJ.3+ V3+.

However, although it is known that substitution by TiO2 increases the
wmit cell edge (and decreases the Curie point) of magnetite (Pouillard 19%0),
Akimoto, Katsura and Yoshida (1957) have shown that a knowledge of the wunit
cell edge does not lead to a wnique Solution for the composition and that,
in fact, as can be seen in Figure 18, there remains considerable ambiguity.

Such ambiguities arise because titaniferous magnetites may oxidise
in varying degrees to form spinels with a defect lattice structure similar
to that of maghemite,Y Fe 03, and hence their compositions may plot over a
large part of the system '.Fe.O-Fe203-Ti.02.

Maghemite is cubic with a, = 8.222 (HHgg 19%35). Like magnetite it is

" en inverse spinel, but exhibits a defect structure such that 1 in 9 of the

iron ions are absent. (Verﬁey 19%5). Both Basta (1959) and Katsura and
Kushiro (1961) have shown that there exists a series of similar minerals
o 3-TiO s which t.hey have called titanomaghemites and
such minerals have been designated asY -phases by Verhoogen (1962).

in the systein Fe0-Fe

Both hematite end ilmenite are rhombohedral minerals and they have
closely similar structures (Barth and Posnja.k 1934; Posnjak and Barth 1934).
The lattice paremeters of hemstite ave a, = 5.4218; « = 55%161, and the
lattice parameters for ilmenite are a, = 5 588; o = 54%48.5¢ (Berry and
Thompson 1962) .

| Solid-solution is complete between hematite and ilmenite at temperatures
above 105000 (Ramdohr 1926; Posnjek and Barth 1934), although at 950°C there
is a gap in the solid;-solu‘bion series which extends from 3%% ‘r"eT:i.O3 (Pouillard
19%0), and at normal temperatures the solid-sclutions are even more limited

(see Chapter III).




Figure 18.
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Figure 1 8 .

The system FeO-Fe -TiO2 showing lines of

2%
equal a, as determined by Akimoto,Katsura

and Yoshida (1957).



Akimoto (1957) has demonstrated a continuous change in the lattice

parameters (arh) of such solid-solutions (Figure 15) and, therefore, it is

‘possible to estimate the composition of the 'ilmenites! on the basis of.

their lattice parameters. Although Mg2+ and Mh2+ may substitute for Fe2+
in ilmenite, it is more usual to find only small amownts of these cations
occurring in natural ilmenites so that the effects of such substitution
are likely to be small.

It is clear, therefore, that the relations between the Z-ray data and
the compsoitions of natural 'magnetites' are complex and that although the
wmit cell‘edge is probably lérggly a function of the TiO2 content, substitut-
ion by other catioms may sometimes have an appreciable effect. Even when
such cations are absent, however, the wnit cell edge is not wniquely related

to composition since it is lmown that titanomagnetites ( P-phases) can oxidise,

< in varying degrees to giveY -phases, and that Y -phases with the same wnit

cell edge can represent different degrees of oxidation according to the Ti02-
content.

In the case of the rhombohedral® —phases it does appear possihle to
estimate their compositions in terms of the X-ray data since the complex

relationships characteristic of the cubic phases are absent.

F. Sumnary

The lattice parameters of 21 titaniferous magnetites have been determined
and the results répresent a cross-section through the Clauchlands sheet.

The wnit cell edge has been found to increase systematically away from

the margins of the intrusion and this result indicates an overall increase

in the TiO2 content within the body of the sheet.
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However, the existence of 'magnetites' with unit cell edges less than
8.3963 indicates that other ions, especially A13+, are likely to be present
in the lattice, although oxidation to.Y;spinels nay also decrease the cell
edgé .

O0f the analysed samples, only seven contain more than one cubic‘ phase
and in view of the small differences in the wnit cell edges of these 'magnetites!.
they probably differ only slightly in composition. ‘

The lattice parameters of the !'ilmenites! intergrown with the 'magnetites!
‘have been determined and although they do not show any systematic variation
through the intrusion, the results do indicate that the minerals contain
about 10-20mol% Fe 0. -
| The lattice parameters of the separate 'ilmenites! have also been determined

~and the results would indicate that little or no ‘r"ezo3 is present in these
minerals but suggest that Mn2+ mey be presenﬂ.

X-ray examination of the opague minerals in the sandstone above the
intrusion have confirmed that the predominant mineral is thematite!, and
on the evidence of the rhombohedral lattice parameters it is concluded that

the mineral contains about 35mol% FeTi0 in solid solution.




Chapter V. Magnetic Analyses

4. Introduction

As discussed in Chapter IV, the X;ray enalysis of the iron-titanium
ox:’:de minerals is of only limited value when 'Envestigating their compositions
owing to the effects of substitution and/or oxidation. These effects are
particularly serious in the titaniferous magnetites and Aki.mbto y Katsura and
Yoshide (1957) have shown that considerable ambiguity remains as to their
compositions even when the wnit cell edge is knowm (see Figure 18 Chapter
Iv). |

Natural magnetites, however, are generaily strongly magﬁetic 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 important for they depend on the chemical composition of the mineral.
Their meaéu'ement, therefore, provides data that is complementary to that
obtained from the wnit cell edge (NB. The exact significance of some of the
terms used in this Chapter ié explained later, p 67 ).

Although ilmenite is common in igneous rocks it is not usually ferrimagnetic
and even when present the amownts of ferrimagnetic iimenite are usually very
small as compareci with the amownts of titaniferous magnetites and maghemites.
In volcanic rocks from Japen, for example, the amounts of ferrimagnetic
ilmenite are less than one tenth the amowmnts 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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disﬁinguished. by their lower Curie points and smaller saturation magnetizations,
whilst hematite or titanhematites may be distinguished by their high Curie
points and weak ferromagnetism (see later).

As with other methods of investigation, of course, the results of these
analyses may not be considered in isolation but must be related to X-ray,
chemical and ﬁxicroscopic data in order ‘bo be fully exploited.

Thermomagnetic analysis is a particularly useful method of investigation
at the qualitative level for i'b. provides information as to the number of
magnetic phases present and their approximate compositions which cannot be
obtained in any other way.

Thermomagnetic curves showing the variation in magnetic moment of a
sample as a function of temperature in constant field H may be expected to
have the general forms shown in Figure 19. (after Chevallier, Mathieu and
Vincent 1954).

The presence of a sinéle homogeneous 'magnetite! will give rise to an
abrupt change in the slope of the curve at the Curie point, whilst if more
than one 'magnetite! is present the curve will either have a step-wise appear-
ance, or will show a gradwal slope if the composition varies continuouslj.

On the other hand, the thermomagnetic curves of ferri-ilmenites may be
expected to change more or less linearly with temperature (Nagata 1961),
providea that their presence is not masked by the more inteﬁsely magnetized
‘spinels. - |

A further advantage of these analyses is that they may be carried out
on wnseparated rock samples since the results are independent of the non-
magnetic minerals in the rock.

A measure of the saturation magnetization, is in general, less easily

obtained than the Curie point and requires that the ferromagnetic material

-
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Figure 19.
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a)
b)
c)

Figure 19,
Idealised thermomagnetic curves of 'magnetites'
(after Chevallier, Mathiéu and Vincent 1954),
Single phase with Curie point of 6 .
Two separate phases with Curie points of G] and 92 .
Continuous change in composition between solid

solutions having the Curie points 91 and 92 .



be separated from the rock.

It has been found -(Akimoto, Katsura and Yoshida 1957) that if the
ferromagnetic mineral is a. homogéneous cubic phase with a composition in
the system FesO-’E‘e?_OB--TiO2 then knowledge of the Curie point and saturation
nagnetization together enables this composition to be determined, since lines
of equal Curie point in this system intersect lines of equal saturation
magnetization. (Figures 20 and 21).

Chevallier, Mathieu and Vincent (1954) also state that the measured |
saﬁn‘ation megnetization, 0., of a heterogeneous 'magneti‘be". sample (at 20°C),
can be used in conjumction with the Curie point in order to determine the
amount of FeBD 4 in the 'megnetite!, whatever the nature of the other oxides
in solid solution.

Their results show that, knowing the Curie i:)oint, it is possible to
evaluate the concentration, f, and the saturation magnetizationaq, of the

°1

spinel responsible for the ferromagnetism. Further, the expression 100 Seo

gives the proportion of the ferfpmagnetic spinel present in the titaniferous
magnetite and the expression £ % gives the percentage of F330 4 in the mineral
as a whole.

Using this method, Chevallier, Matﬁieu and Vincent have found that there
is good agreement between the % FeBO 4 calculated and that obtained by chemical

enalysis (Table 18) in the case of magnetites from the Skaergaard intrusion,

B. Thermomagnetic Andlysis

Curie points have been determined for separated ferromagnetic fractions
of the rocks extracted on a Cook magnetic separator as described in Appendix

1, but in some cases, wnseparated rock fragments have been used.
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Figure 20,
The system FeO-FeZOB-TiO2 showing lines of
equal Curie temperature of 'magnetites' as

determined by Akimoto,Katsura and Yoshida (1957).




Figure 21,
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Figure 21.
The system FeO-FeZOB—TiO2 showing lines of
equal saturation magnetization at room
temperature of 'magnetites' as determined

by Akimoto,Katsura 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

374

2307 5145* 5640
2308 37.2* 3543
3661 55.3* 5763
2574 60.0* 59,7
2569 40,5+ 39.9
4147 63.1* 61.5
1974 37.6* 41,8
4142 54.2* 5543

* Calculated as £ °1/ o
Data from Chevallier,Mathieu and Vincent (1954).




The analyses have been made with an automatically recording thermomegnetic
balance the construction and calibration data for which form Part II of this
thesis. This instrument can measure accurately the Curie point of about 1
mgm of powder.

The gccuracy has been checked using samples of pure synthetic Fe394
prepared by M. Guillaud at Bellevue, France. The results indicate that an
accuracy 6f t 1% nay be expected for the Curie points of titaniferous magnetites.

The results of the present investigation are summarized in Table 19
and show graphically in Figure 22. In general, the Curie point is sharp and
marked by an abrupt change of slope in the thermomagnetic curve as shown in
Figure 23. The results show that the Curie points are highest towards the
margins of the'intrusion and decrease towards the centre. This variation
correlates well with that shown by the it cell edge of the 'magnetites!.
(Chapter IV).

However, Figure 24 shows the relationship between the Curie points and
the unit cell edges and it is clear that although an inverse relationship
exists between them this cannot be explained in terms of simple solid-solutions
between Fe,0, (a, =8.%9 &; T, = 585°C) and TiFe 0, (a, = 8.53 £; T, =
about - 150°C, slthough theoretically paremegnetic). Instead, the Curie
point decreases much less rapidly with increase in ay9 thus indicating that
spinels with wit cell edges less than 8.39 2 are also present in solid-solution
(see later).

The sandstone at the top contact of the intrusion has a single Curie
point of 5l9°C (measured on a rock fragment)} This is almost certainly due
to the small amount of 'magnetite! contained in this rock. However, investigat-

ions with the ore microscope have shown that 'hematite! is the major ore
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Table 19,

Magnetic Properties of Clauchlands 'Magnetites!'

Sample Horizon Measured ' Calculated
(feet) _
6 91 o T 0L TR
°c  em/g emu/g % % % 9% %o
521 130 537 - - - - -
S 1 130 547 - - - - -
sa22 129 577 - - - - -
525 127 .. 526 - - - - -
s 2 126 549 31,73 81.5 91.5 38493 3546
S 3 122 516 - - - - -
S 4 118 556 23,19 83,0 92.5 27.94 25.8
S5 114 470* - - - - -
s 6 110 510 - - - - -
: 526
S 7 106 472 - - - - -
59 98 488 22,31 67.0 80.5 334,30 26.8
510 94 467 - - - - -
S11 90 488 18.75 . 67,0 80.5 27,98 22.5
S12 86 503 - - - - -
464
443
397
530 82 445% - - - - -
S31 78 474 1.7 6440 7845 18.30 14.4
S34 66 468 - - - - -
S35 62 332% - - - - -
536 58 405# - - - - -
540 42 509 43,24 7145 84.0 60,60 50.8
S41 20 533 - - - - -
C 7+ . 16 509 - - - - -
543 14 495 32,22 68.0 81.5 47,40 38.6
C 6** 12 502* - - - - -
545 8 512 - L - - - -
363
S46 5 . 522 - - - - -
547 23 495  26.62 68.0 81.5 39.20 32,0
513 40 589 - - - - -

(pegmatite) 536

* Samples showing a range of Curie points ~ lowest value recorded.
**+ Abbreviatidns for samples A/C/1/7 an& ABC/1/6.

Addendum :
Sample Horizon 6,
514 30 485 ) basalt xenoliths,

815 26 484




Figure 22.

Curie-Points of the Titanomagnetites

in the Clauchlands Sheet
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Four samples show more than one Curie point,
Only the highest Gc has been plotted for these,



Figure 22.
Variation in Qc of the 'magnetites' in the

Clauchlands Sheet,




Figure 23.
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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
unit cell edges of '‘magnetites' from the
Clauchlands Sheet. The dashed line extends
from pure Fe;0, with a Curie point of 585°C
to pure FeaTiO4 which, ideally, should have

no Curie point.



mineral in this rock (Chapter III), and X-ray analysis hes indicated that

it probably conteins about 35 mol% FeTiO_ in solid-solution (Chapter IV)

3
and, therefore, should exhibit a parasitic ferromagnetism (Nagatae 1961).
Furthér, according to Akimoto (1957) the Curie point of the hematite;ﬂmenite
solid~solutions varies linearly with composition (Figure 25) and a Curie

| point of 520°C would correspond to hematite containing about 20 mol% FeTiOB-.
Therefore, the possibility exists that the measured Curie point is due to the
thematite!, This is considered unlikely to be the case, because although the
'magnetite! is only present in small amounts, it will have a spontaneous
magnetization about 100 times that of the thematite! and may be expected to
dominate the magnetic propertiesAof the rock. Further, the atrupt loss

of magnetization at the Curie point is characteristic of 'magnetites! whereas

it is kmown that the magnetization of the hematite-ilmenite solid-solutions

decrease ‘more or less linearly with increase in temperature.

C. ‘Saturation Magnetization at 'Room Temperature.

Measurement of the saturation magnetization et room temperature has been
carried out on 8 of the ferromagnetic powders, but time has been insufficient

to allow this to be done on all,
- The analyses have been made with a magnetic balance of the translation

type the construction and calibration data of which form Part IXI of this
thesis. The accuracy of the measuremenfs have been checkéd using saniples of
pure synthetic Fe30 4 prepared by M. Guillaud, and these results indicate
that errors of ¥ 1% to 2% may be expected.

Measurenents have been made on two specimens from each sample and the

mean values recorded. The results are summarized in Table 19 and the data
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" Figure 25,
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Figure 25.
The relationship between the composition of
the rhombohedral FeTiOB-FeZO3 solid solutions

and the Curie point.



on which they are based have been included in Appendix 3 .

The % F3304 in the 'magnetites! has been calculated from the Curie
points (Figure 26a) following the method used by Chevallier, Mathieu and
Vincent, and these results are given in Table 19 .« They show a general
decrease in the FeBD4 ~content away from the margins of the intrusion.

- Knowing the content of F3394 in the 'magnetite!, the value of the
satwation magnetization cqrrespondiﬁg to this composition has been obtained
from Figure 26b. The pércentage of 'magnetite',%? the inhomogeneous 'magnetite';
'ilmenite':sample'has then been calculated as loq;} where °1 is the measured
saturation magnetization.’ It has been assumed théz the remainder of the '
sample consists of intergrown 'ilmenite!.

- These results are given in Table 19 and they show that the amownt of
tilmenite! in the 'magnetite!-!ilmenite! intergrowths is in the range 40 -
80%. There is a clear increase in the amount of intergrown !'ilmenite! away
from the top margin of the intrusion, but in view of the limited data it is
not certain whether this same trend takes place from the bottom margin.

The %F33P4 in the 'magnetites! expressed as a percentage of the 'magnetite!-
tilmenite! intergrowths, has been calculated as é%} and these results are
given in Table 19. These values have been plotted against Curie point in
Figure 27 and, taking the Curie point of 100% FGEP4 as 58500, the results
show that even for 0% F3394 there still remains a magnetic constituent of the
intergrowths having a Curie point in the limits 440°C to 530°C.

The intergrown !ilmenites! are known to contain 10 - 20 mol% Fe203 in
solid-solution (Chapér.IV) and according to Akimoto (1957), these would have
Curie points in the region of -JOOOC (Figure 25). Therefdre, this other

magnetic constituent cannot be the 1ilmenite?t..
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Figure 26,
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a)

b)

Figure 26.
The Curie point as a function of %Fe304 in
natural 'magnetites', plotted from the data
of Chevallier,Bolfa et Mathieu (1955), but
modified slightly by taking the Curie point
of pure Fe304 as 585°C not 578°C.
The saturation magnetization at room
temperature as a function of %FeBO4 in natural
'magnetites', plotted from the data of
Chevallier, Bolfa et Mathieu (1955).
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Figure 27.
The %FeBO4 in the 'magnetite' samples from
the Clauchlands Sheet, calculated from the
magnetic constants, plotted against the

Curie points of these samples.



It is known that MgFe 0, has a Curie point of 240°C (Brailsford 1960),
so that is suggested that this may be the other constituent present in solid-

solution in the 'magnetite!.

D. Magnetic Nature of the Iron-Titanium Oxide Minerals
Since a clear understanding of the megnetic nature of the iron-titanium

oxide minerals is essential to an understanding of'the above results and also
‘,to tlhe discussion in the following Chapters, some fﬁnda.mental aspects of this
megnetization are reviewed below.

1) The Origin of Magnetic Moment (Ref. Brailsford 1960; Nagate 1961)

Magnetism in ité most elementary form is due to electrons. The magnetic
moment of an atom is cause either by the orbital notion or the spin of its
electrons or by a combination of both.

An orbitihg electron is equivalent to a circular current and this in
turn is equivalent to a magnetic shell having a magnetic moment m. The value
of m correéponding to this orbital motion is given by:-

m=1eh e i

47Xm_c
o)

where e = the charge of the electron.

mo = +the rest mass of the electron.
c = velocity of light
h = Planck's constant

1 = the asimuthal quantum number, which gives the orbital angular
momentum of the electron and indicates its sub-shell in the
Bohr atomic model. |

The ratio of the angular momentum N of the orbiting electron to the
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regnetic moment m is given by:-

\ 2n ¢
‘ . N _ 0 N T
ro = - = o .............2)
m e

whilst the ratio of the angular momentum of the spinning electron to the
magnetic moment is given byi~

mc

r = —-2 A o‘do'cooo.ooc‘.’cz)

s
e

and thus half that due to the orbital motion.
The relative contributions to the magnetic moment of an atom made by
the spin and the orbital motions are given by Landé's factor, g, which appears

~in the expression:-

where 18 2, and r is the ratio of the magnetic moment of the atom to
the angular momentum of the electrons within it.

According to the classical atomic theary of Bohr (1913), electrons
can only revolve arownd a nucleus in certain definite orbits, or shells,
Acorresponding to certain allowed energy states.

These shells are showvm in Table‘ 20 for the ferromagnetic elements Mn,
Fe, Co and Ni together with the electron configuzta‘bion for the corresponding
ions. They may be compared with the non-magnetic elements Mg, Al, Ti, Cu
and Zn.,

In copper, for example, the 3d sub-shell is complete with 10 electrons

68




Table 20,

The Electron Configurations of some Common
Magnetic and Non-Magnetic Atoms and Ions.

Shell K L M

Sub-shell 1s 2s 2p 3s 3p
Zeo
12 Mg 2 6 2
Mg2+ 2 - -
13 Al 2 2 6 2 1
Aot 2 2 6 - -
22 ™4 - 2 2 6 2 6
a4 2 2 6
25 Mn 2 2 6 2 6
M=t 2 2 6 2 6
26 Fe 2 2 6 2 6
Fest 2 > 6 2. 6
Feot 2 2 6 2 6
27 Co 2 2 6 2 6
coo* 2 2 6 2 6
28 nNi 2 2 6 2 6
L2+
Ni 2 2 6 2 6
29 Cu 10
cut 10
30 Zn 10
2+ 10

Zn




but in Mn, Fe, Co and Ni, this subshell is incomplete to the extent of
( 5y 4, 3 end 2 electrons respectively and hence the atoms have umcompensated
spins. These uncompensated spins give rise to atomic magnetic moments of
5 4, % and 2},1]~3 respectively, where J)uB is the magnetic moment due to a
single spinning electron and is known as the Bohr magneton. From equation
1), the velue of the Bohr magneton is given as:-

1pg = ¢h = 0.927¢ 10" %m Veveresb)

c
4Am

Similarly, the ions Mn2+, F62+, Fe3+, 002+ and N:1.2+, have spin magnetic

moments of 5, 4, 5, 3 and 2 Mp respectively, whereas the ions Mg2+, A13+,

Ti4+ s Cu+ and Zn2+ are non-nagnetic.

Experiments have shown that the Landé factor for these atoms is nearly
2 thus indicating that their magnetic moments are due largely to the spin of
the electrons rather than to their orbital motions (Greenwald, Pickart &
Grannis 1954).

For elements coming higher in the periodic table than nickel, the M
shell is complete with 18 electrons and since a completed shell is magnetically
neutral the atoms have no net magnetic moment. Thus, only atoms with incomplete
electron shells can have a magnetic moment.

2) Diamegnetism, Paramagnetism and Ferromagnetism.

Diamagnetism is a property fundemental to all substances although its
effects may be hidden when the substance contains atoms having magnetic
moments .

If a field H is applied at some angle to the plarein which an electron
is orbiting, then Larmor has shown that the whole orbit precesses with the

direction of H as axis, and that the direction of the precessional rotation
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is such as to set up an opposing field to that applied,
This is the phenomenon which 'gives, diamagnetic substances a nogative
susceptibilitys-
k = «N f; Lroi | " seesseessnassb)
.C
o
wvherea N = the number of atoms in unit volume.
.4 = the radius of the orbit of an electron from the .centre of the
nucleus, |
Paramognetic substances , on the other handk, contain a large number of
atoms having & mognetic moment, such as Fe, Mn, Hi, Co, but since the interacticn
among them is very small these moments are randomly oriented and hence the
substance has no net megnetic moment,
. However, undex* the effect of a field H, the -substa.ﬁce takes on a magnetic

moment M which, at temporature T, is given approximately by:-

C nu o
E = "‘"“o"" . . ' w.h_bnuénuu?)
Mo RT

where Mo = the sum of the magnetic moments of all the atoms in wit
volume,. '
R = Boltzmenn's universal gas constant,

The paramsgnetic susceptibility per mol is thus given byt

2
me

== R =

1o

' M
-Xm.ol."'
E 3 T

‘,'OQO."'OOC..QCG)

and this relation is lknown as Curie's law. It states that for a paramagnetic

0.




substence )anl is inversely proportional to the absolute temperature.
The constant C = Mﬁ / R is called the Curie constant; it should not,
however, be confused with the Curie temperature (or Curie point) of ferromagnetic
substances.

In a ferromagnetic substance the interaction among neighbouring atoms is
80 strong that the magnetic moments of all the atoms tend to be parallel and
a magnetization (J’S per unit volume) exists evén vhen there is no external
field. This magnetization is known as the spontaneous magnetization.

The épontaneous magnetization decreases with increasing temperature
according to the Curie-Weiss laws- | |

2

M ' : '
l f e et e
. %mol - ...o.. T n————— o..o.oonioc.l9)

R T - Tc

and becomes zero at the Gufie temperature Tc’ above which the substance
behaves as a paramegnetic and follows Curie!s law (Equation 8). It can
thus be seen that Curie's law corresponds to the extreme case where Tc is
absolute zero.

| %) Antiferromagnetism and Ferrimagnetism

Some magnetic substances have properties which cannot be classified as

either ferromagnetic or paramagnetié) Although they have susceptibilities of
the order of 10-3 emu which would indicate that they are paramagnetic they do
not follow Curie!s law. Instead, the susceptibilit& takes & maximum value at
a temperature known as theA.-point, 6r Néel temperature, and at higher tempera-

tures it varies according to the Curie-Weiss law:-

N o= L




vhere 8, the Curie point, is generally positive.

The magnetic state at temperatures below the Néel temperature can be
attributed to the condition that the spins of the neighbowring atoms are
antiparallel to one another owing to a negative exchange reaction (cp positive
exchange reaction in ferromagnetic substances), and hence this phenomenon is
known as antiferromagnetism (Van Vlieck 1945).

When an antiferromagnetic coupling occurs between atoms having different
magnetic moments, then the substance exhibits a net magnetié moment, as with
ferromagnetic substances, and has a spontaneous magnetization, Js’ due to the
difference betwéen the opposing magnetic moments.

The magnetic pfoperties of such substances are, therefore, very like
those of ferromégnetic substances and hence this special case of antiferro-
magnetism has been called ferrimagnetism (Néel 1948).

Ferrimagnetic substances have a Curie temperature, as with ferromagnetic
substances, at which the spontaneous magnetization becomes zero, but above this
temperature their paramagnetic susceptibilities do not follow Curie's law

(Equation 8) but vary according to a hyperbolic function:-

i ] o 2 N
= _']_'_ 4 E Ll Tt et 1 U Lttt it Oc..ooooo-u)

1
Y ¢ Yo o1 - 0

where C = +the theoretical Curie constant of the ions present.
9 = the Curie temperature.
g = the saturation magnetic moment at absolute zero.

The values of}j,b and Odepend on the magnitude of the magnetic interactions.
()
4) The Ferrimagnetic Iron-Titanium Oxide Minerals
The silicate minerals which form the greater part of most rocks are

either paramagnetic 6r diamagnetic depending on the presence or absence of
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mesgnetic ioﬁs such as Fe2+, F93+ and Mn2+. Thus quartz and the feldspars
are typically diamagnetic minerals whereas, olivine, pyroxenes and biotite,
are paramagnetic.
Certain of the iron-titanium oxide minerals, however, are ferrimagnetic

, gnd have properties analogous to those of the ferrites MF9204, where M is a
divalent ion such as Mn, Fe, Co, Ni, Zn, Hz.

| T@g_magnetiq fefrites are generally cubic and have an inverse spinél
structure (Chepter IV) so that, ideally, the M ion occupies one of the B-
sites and the two Fe3+ ions are divided between the A-site and the remaining

B-site:-
Feor  (M°F Fed) 0,

A B

Three sets of interatomic forces exist in such a structure those between
ions on A-sites, those between ions on B—sifes and those between ions on the
A- and B-sites, that is A-A, B-B, and A-B interactions.

The interaction in these ionic compounds occurs via the adjoining anions
(oxygen) . A theory of this so-called super-exchange has been given by
Anderson (19%0), whose calculations show that for F93+ and other ions with
five or more 34 electrons, these interactions are negative and the two metdi
lons have éntiparallel spin, whereas for Cr3+ or other ions with less than
five 3d electrons these interactions are positive and the two metal ions
have parallel spin. The theory also indicates that the interaction is strongest
for a collinear configuration M - 0 - M and weakest for a right-angle

configuration ! -

= -0
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In the spinel structure the A; and B-sites are relatively close
together and make an angle A-0-B of about 1250, whereas adjacent A-sites.
and B-sites are much further apart and make angles A-O-i and B-0-B of
‘about 80° and 93° respectively (Gorter 1957). Therefore A-A and B-B
interactions are weak as compared wifh the strong A-B interactions. The
theory of super-exchange also indicates that the A-B interactions are negative
in the ferrites.

Tbis result was postulated independently by'Néel in order to explain
the magnetic properties of ferrites and it has been confirmed by neutron
diffraction studies on a number of ferrites (Shull et al 1951; Hastings and
Corliss 1953; Corliss et al 1953).

Thus at low temperatures, when the thermal disturbance of the ions is
small, the magnetic lattice of a ferrite may be regarded as divided into
two sublattices A and B whose spbntaneous magnetizations JA and JB are oriented
in opposite directions. (Néel 1955). The net magnetic moment is then the

difference between the moments on the A- and B-sites:-

—_— <« <«
re?t (M ET ) 0,
I s

and_since the moments of the Fe3+ ions cancel out, the magnetic moment of
the ferrite is given by the moment of the M ion.

Data on the magnetic properfies of some common ferrites have been
summarized in Table 21 and it can be seen that there is in general a close
agreément between the measured magnetic moments and those calcplated from
the theory. Thus for M = Ni’T, Co’T, Fe and Mn" the molecular magnetic

moments of the corresponding ferrites are close to 2, 3, 4 and S}ﬁBwhich are
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Table 21.

Properties of some Ferrites ¢ after Brailgford 196,0_-,*

?e;‘z‘ite- Structure Magnetic Hbment : cuﬁe '
| ? I - '. Théaretiéal Measured ‘.I'emperature
HOF$,0, 3 *y (m2+ Fe3 "') ¢4 - 5P :" ‘4,6';19 » 300°c
FeFo,0, 3‘* (po2* Poo*)i0,  fp, sy sBsPC
CaFe,0,  Foo*s (o™ ¥e®),0, By | 3Ty 520%
Kiﬁ‘;eﬁ_ e, (m Fa}"‘)-@ca45 g - 293}‘1’3 . 585%
CuPe,( 0, F"e}*,a, (™ 7?0,  Mpp .tz 455°
MgFo,0,  Feo', (g™ FPNio, 0 aap . as0%
ZAPe,0,  Zn°*s (Fe o Fe3*) 0 0 .o . -




the values of the spin magnetic moments of these ions (Table 20). The
slight remaining differences are probably due to residual orbital moments

(Néel 1955).

Natural magnetites, however, rarely contain appreciable amounts of

2+ 2+
or

co?¥, Ni Mn2* (Chapter IV) so that these ferrites are nlikely to con-
tribute significantly to the ‘magne'bic properties of substituted magnetiteé.
On the other hand, Mg2+, may sometimes occur in a.ppréciable amounts and

~ although magnesioferrite should ideally, be non-magnetic:-

—_ -<—
Feot  (Mg?T et ) o0 .
3 I

it generally has a molecular moment of about 1.2!%/,3 which can be explained by
a formula Fe; Mg (Mg, Fe ) 0, with x = 0.11 (Gorter 1957). Hence, the
presence of MgF‘920 4 may sometimes influence the magnetic properties of magnetite'.
The great majority of natural magnetites, however, are titaniferous and
are either solid solutions between FéFezo 4-TiFe20 4 °F their oxidised equivalents.
Thus, it is the magnetic effects associated with the substitution of Ti4+ that
are of primary interest.
These effects have been investigated by a number of research workers,
Barth and Posnjak 1932; Ernst 1943; Pouillard 1950; Chevallier and Girard
1950; Chevallier, Bolfa et Mathieu 1955; Akimoto 1954, 1955, 1957, 1962;
A]ci.motq, Katsura and Yoshida 1957; Akimoto and Katsura 1959; Katsura and
Kushiro 1961.

Ti4+ is a non-~magnetic ion with the electron configuration:-




Shell K L it
1s o 2 35_, ”'3p4 jd

it therefore acts ag a diluent to the magnetic properties of magnetite and
causes a decrease in the saturation magnetization and Curie temperature as
the substitution of Ti4+ increases.

UlvBspinel TiF320 4 is paramagnetic at room temperatures and at lower

temperatures it should be antiferromagnetic (Nagata 1961):-

—_— <
re? (1% Fe™) o,
Iy IB

According to Akimoto (1962), the Curie points of the synthetic solid-
solutions between Fe30 4 and TiFeZO 4 decrease with increasing TiFe20 4 content
as shown in Figure 28 and reach room temperature at a composition of 20%
Fe30 4;. The extrapolation of this curve indicates that pure TiFe2O 4 has.a
Curie point of about -15000, and therefore the ideal antiferromagnetic arrange-
ment shown above does not hold.

Chevallier, Bolfa and Mathieu (1955) have shown that the Curie points
of natural titaniferous iagneﬁtes decrease with Fe30 4 content as shown in
Figure 263. For compositions in the range 6 - 100% F630 & this curve agrees
with that given by Akimoto for the synthetic solid-éolutions. For compositions
less than 60?% FeBO 4 however, the results diverge increasingly from those
givén for the synthetic solid-solutions and at room temperature there is a
difference of about 16% FeBO 4 Petween the composition given by Akimoto's curve

and that given for the natural minerals. It would seem, therefore, that the

relationship between the Curie point and the composition of natural magnetites
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Figure 28.

600

%:ékh\ihb\ck&\
400 : U\
200 - » \

\‘{\

<
]
B
; .
\\ |
-200 : —
TiFe.0s mol %
Figure 29.
4.0
Ms 0
(o]
T 30
g . |
(«] ‘\9
[ ‘o
c 2-0 {
2 o
B R,
3, “l
m 0 \ | “’\o\
~\\\\\\!Ei&‘°~*l*mji

0
Fe,0s 20 40 - 60 80 TiFe,0q
TiFe,0, mol %




Figure 28.
The Curie point as-.a function of composition
in the cubic Fe304-Fe2Ti04 solid solutions.
(after Akimoto 1957).

Figure 29.
The saturation magnetization at absolute zero
as a function of composition in the cubic

Fe;0,~Fe,Ti0, solid solutions. (after Akimoto 1957).




(which contain other oxides such as Mg0, A1203, V293

different from those for the synthetic solid-solutions, although these

etc.) are somewhat

differences are apparently not great for minerals having Curie points higher
than about E)OOG'.

';‘ha saturation magnetization at absclute zero of synthetic F630 4—TiFe20 4
solid-solutions decreases more or less linearly with increase in TiF620 4

274
1962). Both Nicholls (1955) and Gorter (1957) have suggested that this

frbm about % for Feso 4 to zero for TiFe.0, as shown in Figure 29 (Akimoto

variation indicates one or other of the following cation distributions in

©

these solid-solutions:-

3o b Db o B pn o
Fey Ti™ . (Fe & 1 onrall x—a.) . 0,

with a saturation moment of 4 - 6x + 10a or:=-

2-
4

o op e (pett ity o

5t
Fe Fo 2=xta” TX-8

2-2% O2x-1-a - a’

.um.th a saturation moment of 2 - 2x + 8a.

Thus, if titaniférous magnetites were simply solid-solutions between
magnetite and ulvBspinel, 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 compounds and rarely
do they have compositions that plot directly on the Fe30 4-TiF320 4 join in the
-TiO but instead, they may have compositions that plot well

23
to the right of this join as shown in Figure 6 (Chapter IV). It is known that

systen FeO-Fe 0




such Y-phosss may forn by oxidation of Fo.D,-Tife 0, suiid-soluilons { B-phases)
(see Chaptos IT1}, snd cxiacto, Katowrs and Yeshide (1597) heve samz fhob
as ouddation proceeds, tae Curie joints beesme higher (Pigure 20), uiile for
magnetitos huving a low content of i‘i‘é‘ego 4 the sgﬁzmat;cn monsat dacreases,
and for negnoitites having  high content of TiFe20 T the culwration noment
increstes ac oxidution .rocceds {Figure 21},

8) Hagnetic Propertics of tho Ruscabohediel Iron-Titenium Oxide Hinerals

Ilnenite is ontifervonmcgaotic et very loy tenjoraturos, teles the Liguid
nitrogen tomperature, and has & Néel tempcrature of 5501{. (Isnikeuva exd Aldmoto
1957). Siivane eb al {1955), have demonstrated tils antiferromagnstic structure
by means of noutron diffraction studies. Atove the temorature of liquid
nitrogen, ilmenite becomes paramsgpetic.

However, the mugnetization of sume antiferromagnetic substances at temperature
T in a field H ean be represented by the formuias- |

g = 00 +%H ...s_.n....u.iE)

where the srecific suscertibility has & maximum valus as with ordinary anti-
forromognotics, but the substance elso has a weal spontaneous megnetizetion o
of aboutb 107 3072 Py /mol which is much less than thet of ordinary ferrimagnetic
substances. This spontaneous magnetization disappears at the Curis point and
_ 't.his phencomenon has been called purasitic ferromagnetiom. (I\ie’e_l 1953)..

Hematite F0203 is a typical example of a substance with parasitic ferro-
magnetism (Nésl ard Pauthonet 19523 Noel 1953), end it has a Curie point of

67?00_ at which the weak ferromagnotian disappears.
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The magnetic properties of the ilmenite-hematite solid-sclutions ﬂ‘eTiO.é.
<

(1-x)Fe vary according to composition. Pure ilmenite ( x = 1.0 ) is

23
antiferromagnetic, below the Neel temperature, solid solutions in the range

1> x > 0.45 ( i.e. ferri-iluenites) are ferrimagnetic, end solid-sclutions

in the range 0.5>x> 0 (i.e. titanhematites and hematite) have a parasitic
ferromagnetism superimposed on antiferromagnetism (Akimoto 1962).

X-ray enalysis (Ishikawa and Akimoto 1958) and neutron diffraction
studies (Shirane et al 1959) have shown that the ferrimagnetic ferri-ilmenites
have an ordered structure and that the transition to the antiferromagnetic
titanhematites is accompanied by a change to a disordered structure.

Ilmenite with symmetry R3 corresponds to an ordered hematite structure,
with symmetry RZC (Posnjak and Barth 1934). In the ordered state the Ti4+
ions selectively occupy every other cation layer perpendicular to the triad
axis whilst in the disordered state the Ti4'+ and Fe2+ ions are distributed
equally through all the layers; Therefore, in the ferri-ilmenites a net magnetic
moment appears due to the presence of Fe3+ (from FeéO_B) distributed in the
ordered structure. '

Akimoto (1957) has shown 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 mol% Fe’l‘i03
(Figure 25). Chevallier Bolfa and Mathieu (1955) have 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.

The Curie points and saturation magnetization of samples from the Clauchlands
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sheet have been measuréd.

-The Curie points have been found to vary systematically through the
intrusion. They are highest towards the margins ( 6,V 500°C) and decrease
towards the centre of the sheet where they fall as low as 33206.

'The relationship between the Curie points and the wmit cell edges of the
‘magnetites! has been found to be an inverse one. However, the rate of change
of lcurie péint with mit cell edge is much less than would be expected if the
'magnetites! were simple solid-solutions between Fezp4 and TiFe204.

The % F9394 in the 'magnetites! has been calculated from the Curie points
and the saturation magnetization velues following the method used by Chevallier
and Mathieu and Vincent (1954). In general, the F6394-content has been found
to decrease away from the margins of the intrusion.

The % F3394 in the 'magnetites' has been calculeted from the Curie points
and has been found to decrease by abéut 10%¢ towards the centre of the intrusion.

Knowing the %FQZO 4 in the 'magnetites!, the values ofg, have been calculated
and the ratios 100;% have been calculted to give the percentage of 'magnetite'
in the 'magnetite!-!ilmenitet!intergrowths.

The ratio fg; has been calculted to give the %Fe394 expressed as a
percentage of the ;ﬁtergrowths. A plot of these values against Curie point
has indicated that a magnefic constituent other than FeBO4 is also present
in these intergrowths, and it is thought that this may be as MgFe204 in solid-

solution in the 'magnetites!.




Chapter VI. Sumary and Discussion of the Mixiezfalogical Data

A. Introduction

Examination of thin-sections of material from the Clauchlands sheet
has shown thet the rock is best described as an analcite-dolerite. Opaque
minerals form an important constituent of this rock and appear to have
crystallised after the formation of plagioclase and olivine but before
precipitation of the pyroxene which latter, in view of its purplish brown
colours, is considered to be titaniferous augite.

Samples representing a wertical cross-section of the intrusion have
been investigated in thin-section and the results have revealed a syﬁ'bematic
variation in the content of opague minerals within the sheet such that
whereas the marginal rocks contain more than 9% of opague constituents, less
than 1% is present in rocks at the centre of the sheet (Figure 5). There

. 1s'no evidence to suggest that crystal settling has occurred towards the
bage of the sheet.

In polished sections the opaque minerals consist largely of an isotropic
mineral resembling magnetite (F030 4) and an anisotropic mineral resembling
ilmenite (FeTiO3) (Chapter III). However, measurement of reflectivity,
microhardness, wnit cell parameters and magnetic properties has indicated

that the minerals are not pure Fe30 4 OF pwre Felil and hence they have been

3
described as 'magneﬂite' and 'ilmenite! respectively.

The opeque minerals in the sandstones at the top contact of the intrusion
consist predominantly of !hamatd.t.e' and ~subordinate' magnetitet that appear
to have formed from an original ferriferous cement (Chapter III). They have
a distinctive recrystallised texture (Plate VII) which is similar to those

observed in sintered hematite ores and a temperature of formation in the
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range llOOOC to 13)000 is suggested (Chapter III)., This was probably
the temperature of the magma on intrusion. The 'hematite! is not pure
in solid-solution (Chapter IV).

@ <Fo,0. but contains about 35 mol$ PeTiO

3 3

B. Propertiss of the ! etites!
The properties of the 'magnefites' indicate that they have compositions
that are significantly different from those of pure F930 4} The values for
the wmit cell edges (a.o) and the Curie points (Tc) ~ Tables 10 and 19 - are
in general agreement with those reported for natwrally occurring minerals
that are known, from chemical analyses, to be titaniferous magnetites, i.e.
essentially solid;-solutions between F930 o 80d FgaTiO 4 (Figure 6). It seems
probable, therefore, that the 'magnetites! in the Clauchland sheet are also
titaniferous, especially as the pyroxene appears to be titaniferous augite.
It is lnown that substitution of T0

2
effect of increasing the wnit cell edge and decreasing the Curie point

in magnetite (F330 4) has the

(Chapters IV and V). For solid-solutions between F93-0 4 3nd Fo Ti0, there

should be a simple inverse linear relationship between these two properties
- — o — y . —

varying from a = 8.3963, T, = 585 C for pure Fe304 toa = 8.533, T, = about

413300 for pure Fe,T10, The present investigation has shown that this

2774
simple relationship does not hold for the 'magnetitest in the Clauchlands
sheat. Although there is an inverse relationship between a and T, (Figure 24),
it cannot be explaiQed simply in terms of solid-soliution between Fe3b 4 and
FazTiO 4 2ud, therefore, it is concluded that other constitusnts are pregent
.in sol{.d solution as well as T:!.Oé. !

It is knovn that many cations may substitute in the spinel lattice of
magnetite (Tables 16 a;zd 17) but, apart from TiD,, those fownd in greatest
abundance in natural 'magnetites! are Al203, v203 Mg0 end Mn0. Of these,
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A1203 and 7203 cause a decrease in the wnit cell edge of the substituted
'magnetite!, MgO has no appreciable effect and Mn0, like ‘1‘102, causes an
:i.ncrease in the wnit cell edge. Substitution by these cations (with the
exception of V203 for which no data is available) is known to decrease the
Curie point of the substituted 'magnetitet.

The relationship between a‘; and Tc ahown in Figure 24 can be understood
if the assumption is made that constituents such as those mentioned above
are present in the minerals; i.e. if it is considered that the minerals are
essentially titaniferous 'magnetitest. whose properties have been modified
by these other constitmnfe. In ’sunl_l a situation, the effects due to substit-
ution by ‘rioé are partly cownteracted by the effects dus to substitution of
the other cations. Assuming that '.l'c is determined largely by the concentration
of Fe30 4 in the minersal, then Figure 24 shows that the measured cell size cor-
responding to & measwred Curie point is smaller than would be the case if the
minerel were simply a Fe30 4-FeaTiO 4 sollid-solution. This requires, therefore,
that components are present which tend to reduce the unit cell edge of the
substituted 'magnetite!. |

A few of the 'mag;zetites' have unit cell edges that are less than that
of pure F930 4 (Tabie 10). Siﬁce Ti0, is normally the dominant substituent
in natural 'magnetites' (Table 10) it seems improbeble that there would be a
cqncentratﬁn of compoﬁents such as A1203 and V203 sufficient to reduce the
cell size to this extent because the effect of the '1'102 is to increase the
cell edge. However, such components may be expected to be present in the
minerels and therefore to contribute to the reduction of the cell edge.

It is known that the low temperature oxidation of titaniferous magnetites
results in the formation of cublc phases of variable composition (Figure 6)

having smeller unit cell edges than the corresponding stoichiometric phase
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(Figure 18), end that such phases can have cell sizes less than that of pure

F930 4 oven thovgh they contain Tioz. Verhoogen (1962) has called such
mineralsY -phases since they have defect lattices similar to that of maghemite,

Y -FeaO3, (for which & = 8.228). It is possible, therefore, that the ‘magnetitest
in the Clauchland sheet areY -phases of this type. However, this is not to -
say that they have formed by oxidation for, although it is known that they
may form in this way, it is not certain that tbis is the only mode of formation.
In view of the complex relationships in the FeO-F6203-T102 system, it seems
not impossible that such phases might have formed metastabily without the advent
of oxidising conditions, as is discussed in Section F.

Measurement of the microhardness of some of the Clauchlands tmagnetites!
has shown that they have values that are intermediate between thoée of magne‘i:d.te
and those of maghemite (Figure 7); i.e. they are harder than magnetite but
softer than maghemite. This result tends to support the identification of
these minerals asy -phases. However, little is known about the hardness of
substituted 'magnetites! and it may well be the case that the presence of
such moleculés as MgAlaé 4 also tends to increase the hardness of the minerals
since it is well known 'izhat spinel is considerably harder than magnetite.

Hence this data should be treated with caution.

There is indirect evidence indicating that MgO is present in the Clauchlands
'magnetitest. This is tentatively based on the results of a few magnetic
i;leastn'ement;.- The Curie point and the saturation magnetiza_tion at room temperat
of samples of the 'magnetites! have been determined and from these values the
%Fe39 4 in the sampies has been calculated using the method of Chevallier, Mathieu
end Vincent (1954) described in Chapter V. A good inverse relationship has
been found to hold when the %Fe304 so determined is plotted against the Curie

point (Figure 27). .




If FeBO 4 Were the only magnetic constitusnt of the samples, then for a
composition of‘o %Fa30 4 the above rela.f.ionship should give a Curie point of
absolute zero. H;mever, it is clear that this is not the case and, taking
the Curie point of pure Fe30 4 as 58596, that Figure 27 indicates a Curie point
in the range 440°¢ to w% even when no FaZG 4 is present. It is concluded,
therefore, that another magnetic constituent is also present in the samples.

X—my examination of such samples has shown that 'ilmenite! is normally
present, this hav:.ng been reteined as a fine intergrowth with t};e tmagnetitest.
However, the ldattice parameters of such 'ilmenite! indicate that tl;e m:!nerals-

contain about 10-20 mol% Fe0_ in solid~golution (Chapter IV) and, according

2’3
to Akimoto (1957), such minerals would have Curie points of about -100°C
(Figure 25) and therefore, would be non-magnetic at room temperatures. Hence,
this 'ilmenite! cannot be the other magnetic constituent of the samples.

X-ray emmination of the 'magnetites' has shown that a number of samples
contain more than one 'magnetite' tut that in such cases the coexisting minerals
are likely to have closely similar compositions (Table 10). As measurements
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 X-rey data, it is concluded that the oo-ezlstjjg phases represent slight
variations in composition within the powder samples, and are not intergrowths.
This seems especially likely when it is considered that the powders have been
concentrated from fairly large lhand-sized rock specimens.

Thus, the data does not indicate the presence of an intergrown megnetic
_phase within the 'magnetite' samples, and therefore it is concluded that the
‘ unlmown magnetic constituent is present in solid-solution in the 'magnetites'
Mg0 is normally found in natural 'magnetites' where it may be regarded

as ocewrring as MgFe (magnesioferrite) in solid-solution with the 'magnetit.e‘
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It is kmown that magnesioferrite is a ferromagnetic spinel with a Curie point
of 440°C 80 th:it its presence in tﬁe Clauchlands 'magnetites' might account
for the results shown in Figure 27, hence it is c;mcluded t.hét MgO is &
component of the 'magnetitest. |
However, the“ above resuit cen give no indication as to the amount of MgO'
in the 'magnetites' The relationship shown in Figure 27 indicates only the
presence of a magnet:.c constituent, probebly HgFe 204 having a Curie point
;n the range 440 % to 5% %. This Curie point has been obtained by making an
extrapolation to the unlikely condition that the minerals contained no F930 4°
The Curie point, however, is independent of the amowunt of the constituent.
Indeed, it is probable that the concentration of Mg0 (present as MgFe )
is quite small judging by recorded chemical analyses of natural ‘magnetitest.
Summerizing, it is concluded that the 'magnetites! in the Clauchlands ‘
sheet are essentially titaniferous, in common with o_th;}r naturally occurring
'nmagnetites!. However, the properties of these minerals are not those of

simple solid-sclutions between Fezo 4 and Fez'.l’io but may be explained if it is

4
considered that the properties of the simple minersals hav{e been modified by
other components. Alzoz, \7203 a.nd MgO may be expected to be present and to
contribute to such modifications of the properties. However, it is also
concluded that the 'magnetitas' may be non-stoichiometric Y-phases (i.e.
the oxygen content may be variable) and it seems probahle that this factor
may be more effective than the others in determining the properties of the
'magnetites' However, it is not implied, nor considered necessary to consider

that the nrl.nerals have been oxidised at low temperatures.

Both the Curie points end the 1attice parameters of the 'magnetitest.
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have been found to vary systemaﬁically within a vertical section of the
intrusion. As the Curie points decrease towards the centre of the sheet
(Figure 22), the unit cell edges increase (Figure 14). Thus the composition
of the 'magneti‘bes' is not wmiform but varies systematically. Since the '
mineralé at the cel;tre of the sheet have crystallised later, and cooled more
slowlj, than those at the margins, this variation in composition 1s presumsbly
relatgd to the rate of coeling} and indicates changes in composition as
equilibrium is approached.

It has been concluded that the 'magnetites! are essentially titaniferous,
elbeit with their properties modifieé by other ;:onstituents , and therefore
it seems probable tﬁat the observed variations indicate changes in the Ti.O2
content of the minerals, such that there is an increase in the '.I'i.O2 content
towards the centre of the sheet. Thus the trend of crystallisation is one
of increasing Ti0, content as equilibrimm is approached. As is discussed
in Section F below, this trend is to be expected during the development of
the 'magnetit.e' 'ilmenite! relationships in the sheet.

It is not possible to state the variat:.ons in Ti02 content within the
sheet, although the variations in a, and T would indicate that it is appreciable.
This is because the 'magnetltes' are clearly not simple minerals formed by
| solid-solutions between FeBO 4 a.nd Fe2T10 a°

There is, however, an alternative mechanism which could cause e, end T e
to vary. It has been concluded earlier that the minerals are non-stoichiometric
Y-phases. Thus, the variations might indicate that the 'magnetites* have
a constant titanium content throughout the sheet but the.£ the F32+/F—‘33+ ratio
increases w:.th:.n the sheet so that the composition changes towards a stoichio-

metric composition represented on the F930 4-Fe2TiO 4 join in the FeO-Fe203-4m2

system (Figure 6).




The mit cell edge of the 'magnetites' varies from 8.3643 to 8.4852
(Tatle 10), and the Curie point varies from 577°C to 352°C (Table'19).
Although there is no data on the values of these parameters in the FeBO 4-Fezo3
region (Figures 18 and 20) of the system, it would seem possible for minerals
containing about 20% T102 to ahow the above range in parameters simply by .

a change in the Feai'/Fe} ratio, assuming that the lines of equal a  and T,
(=6 ) continue the indicated trend of increasing curvature into the Fe30 e

‘Fe, 0., Tegions of Figures 18 and 20.

23
' Such a mechanism, however, does not accownt for the observed tmagnetite!=-
tilmenite! relationships in the Clauchlands sheet, whereas if the ;zariations-
.’Ln properi'.ies are taken to indicate a trend of increasing T102 content in
the 'magnetites! then it is possible to understand how these relationships
mighi have deveioped (see Section F). For this reason, therefore, it is
congidered that the data indicate changes in T102, rather than a varying

Fea+/Fe3+ ratio with constant Ti0

2.

In pol:.ahed sections the 'magneta.tea' generally have a brownish colour
gimilar to that of knowm magnetite':-ixlvﬁspinel intergrowths. This colowr has
been demonstrated by measuring the spectral reflectivities of the minerals,
and the results have shown that the spectral refiectivity profiles are closely
similai" to that obtained from a magnetite-ulvBspinel intergrowth but are
totally different from that of pure magnetite (Figure 8). However, no such
:.ntergrowths have been seen in the Clauchlands 'magnet:.tes' and although
it has been found possible to examine known intergrovrhhs of this type by
means of replica electron mlcroscopy, the application of this technique to

the Clauchlands minerals did not reveal an intergrown cubic phase. It has
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been concluded, therefore, that exsolution of ulvBspinel-type has not

occurred in the Clauchlands 'magnetites', even on a sub-microscopic scale.
This conclusion is suppc—)r'bed by the X-ray results which, although

indicating the presence of more than one 'ma@et:.te' in some samples, in

general only reveal one such phase. Where more than one 'magneta.te' is present

the lattice parameters are very similar (Table 10) and indicate that the

minerals have similar compositions. Thermomagnetic analyses of such samples
'(ua;';ng much less material than for an X-ray examination) in general do not
correlate w:.th the X-ray results in indicating the presence of two 'magnetite!
phases. As suggested earlier, therefore, it seems probable that wht;re coe:d.si:ing
'magnetites' are indicated in a sample, this is due to slight variations in
composition vithin the sample caused by the concentration of the 'magnetite'
fraction from relatively large rock specimens. It is not considered that

the nagnetites?. occur as intergrowths.

-~

E. Dro;geri;ias iof ~the ';lmeni‘bes

The 'ilmemte' in the Clauchlands sheet has been found to occur in two
forms. Most commonly it occurs as fine to coarse oriented intergrowths within
crystals. of 'magnetite' Such tilmenite! occurs throughout most of the intrusion
except at the extreme contacts of the sheet. However, towards the centre of
the sheet 'ilmenite' crystals, comparable in size to the 'magnetite'-'ﬂmenite'
intergrovrbha, appear as well as the intergrowths. The mode of occurrence of ‘
such ‘ilmenite’ is quite distinct from that of the intergrown !ilmenite! and
it appears t.om—ards the slowly cooled centre of the intru:ion. It may O;BOLE'
either as separate crystals or appear as :eregular segregations intergrown
with the 'megnetite’-'ilnenite! intergrovths, and 1t can be shown to be earlier

than such intergrowths,
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X-ray examination of the intergrown 'ilmenites' has shown no systematic
veriation in properties (cp. the marked v;.riations in the 'magnetites!). The
composition of the minerals has been determined from the curve relatix;g &y
to composition (Figure 15) as given by Akimoto (1957), and the results indicate
that 10-20 mol% F92 3 is present in them. ' With such compositions the
"ilmenites! would have Curie points of about -100°C (Figure 25). The results
;:f the thefmomagnetic enalyses support this conclusion since the thermomagnetic
records show no Curie points attributable to an 'ilmenite! phase.

The composition of the discrete 'i;menite' has also 1.:>een determined from
the X-ray data. Using &, 88 an indiéa_.tor (Fiéure 15), this date suggests
that the minerals contain little or no Fe0O. in solution but may contain some

23

MnTi0 There appears to be no systematic variation in composition.

3.

Since the samples examined i.n the present investc\gation form a vertical
_saction through the Clauchlands sheet ranging from rapidly chilled contact rocks
to slowly cooled pegmatitic facies, the data obtained from these should reflect

the crystallisation trends in the minerels under consideration end from this

it should be possible to derive information as to the nature of the 'magnetite!-

tilmenite! system. )
Recently, experimentel data haes become available on the. synthetic system
FeO-FeZOB-Tiea from which it is possible to oonst.ruct the probable form of the
Fe3ﬁ e’l'io diagram. This diagram is shown in Figure 3. The liquidus has
been drawn from the data of Taylor (1961). Taylor has also shown that the
gsolubility of FeTiO in Fe30 4 is limited to about 24 mol% Fdl'io (22 wtf%) at

1300 % end that the solub:!.lity of F930 4 1in FeTi0, is probably only about 2 mﬁ




Figure 30.
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Figure 30.
Probable phase diagram for the Fe304-FeTiO3

system, based on the experimental data of
Taylor (1962) and Webster and Bright (1962).



‘at this temperature. These points hawve been represented as solid circles

in Figure 3 and labelled 1. Data for a temperature of 1200°C has been

obtained from Webster and Bright (1961) who have found that the aolﬁbility

of FeTiO3 in F030 4 8% this témperature is about 16 mo1§ (13 wt?) and this

point has been labelled 2 in Figure 0. The data of Webster and Bright also
indicate that the solubility of Fe,0, in Feli0 at 1200%C 1s negligible.

Below about 1000°C the solubility of FeT10 in Fe.0, is also probably negligitle.

The most interesting feature of the F930 4-FeTiO diagram constructed

3
from this data is that the solvis is markedly assymetric, and it is thus
possible to account for the existence of 'ilmenite' in'two modes of occurrence

in the Clauchlands sheet and also for the fact that the 'magnetites! are

probably Y —chases.

Consider the conditions of cooling and crystallization that are likely
to exist in an intrusion such as the Clauchlands sheet. Jaeger (1956) has
shovn that on intrusion of a sill, the margins chill rapidly to about 650°C
(see Chapter VII) and thereafter, the intrusion cools slowly over an extended
period. The composition of any solid-solution minerals crystallizing in the
marginal rocks, therefore, will bear no relation to their true equilibrium
compositions owing to their having been precipitated from a supercooled melt.
However, the extent of such supercooling will decrease ‘away from the margins
and, theretfore, the composition of these minerals will tend to change towards
the egﬁilibrilm composition as the centre of the intrusion is approached. In
an intrusion of the size of the Clauchlands sheet, however, it is unlikely that
the rate of cooling even at the centre of the sheet was ever slow enough for
true equilibrium cooling to ocowr, so that the minerals throughout the sheet

may be regarded as non-equililrium assemblages.
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Consider, therefcre, how the 'msgnetite' 'ihnenite’ relations might
develop within the sheet, assuming that Figure 0 is valid. For the sake of
argument, let the melt from which the ores crystallize have some arbitrary
composition X.

On intrusion of the sheet, the liquid is supercooled to about 650°C at
the contacts' with the cowmtry rock and a metastable phase -a- is precipitated.
Liquid further from the margins will not cool to such a low temperature and,
therefore, metastable phases such as -b- and -¢- will precipitate towards
the centre of the éhee'b.

After the initial act of intrusion and rapld fall in temperature throughout
the sheet, the rock then cools slowly dovn to normal temperat_m'es. These
conditions will favour the breakdown of such metastable phases as -a-, ~b- and

-c- into the assemblages al-az, bl—'bz, cl-a2 etc., where al, bl and cl are

cubic phases resembling magnetite, and a2, b2 and c2 are rhombohedral phases
close to l.i'e'.l?:!.()3 in composition. Thus examination of a cross-section of the
intrusion will show a nearly pure ilmenite phasé associated with a 'magnetite'.
phase, and that the 'magnetite' becomes increasingly titaniferous towards the-
centre of the sheet. However, this association might not be expected at the
extreme contacts of the intrusion where the metastable phase initially precipitated
is wnable to dissociate due to the low temperature to which it was quenched.
Consider now the composition of the 'magnetites! that form with the almost

pure FeTi0., in the above association. In terms of the system FeO-FeZOB-T:i.O‘2

3
these minerals appear in the area between the Fe30 4~ FooTi0 4 join and the
Feaoz-FaTiO3 Join since, in fact, they are located on the FeTiO.j-FeBD 4 Join.
Cubdc minerals in this area, however, are non-stoichiometric Y-phases.

(Figure 6), and Verhoogen (1962) has shown theoretically that suchY -phases
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should be metastable to the association G~phase/ P-phase, where the O-phase is

a rhombohedral Fe‘l‘io3 F5203 aond—golution, and the P-phase is a cubic Fez'l‘io 4
F330 4 solid-solution. Therefore, the 'magnetites’ should themselves hreakdown
to an®-B association. - )

Lindsley (1962) has shown experimentally that the oxidation of ulvSspinel
can give rise to an oriented intergrowth between an ilmenite solid-solution
¢ -phase) and a megnetite solid-solution (p-phase) typical of those observed
in nature (Plate VIII), this presumably taking place by way of an intermediate

Y ~phase. It seems probable s therefore, that the 'magnetite' ‘Yilmenite! inter-
growths in the Clauchlands sheet have developed by the hreakdown of such Y~phases,
with the 'ilmenite! in these intergrowths being Fe’l.‘io3 ) 03 solid=-solutions
in contrast to the a.lmost pure FeT103 of the discrete 'ilménite!.,

The 'magnetites' in these intergrowths should become more 'bita.niferous
towards tne centre of the sheet since this trend is shown By the initial Y-phases
from which they are derived. Ideally, the *'magnetites’ should also be B-phases,
i.e. have compositions on the FezTiO 4-Fe30 4djoin. It .’;.s conceivable, however,
that in an intrusion such 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 Ct=phase - B,-pha’se, o that in the
final assemblage the spinel-phase might not have reached the composition of
B —phases but might still have compositions that plot away from the Fe Ti0,-

F930 4 Join. Thus the 'magneta.tes' might still remain as y~phases, albeit not

of the same compos:.tion as the initial Y-phea,ases.

It has been concluded that the 'magnetites!® in the Clauchlands sheet are
probabl,y Y -phases and that these become inczfean:.ngly titaniferous towards the

centre of the intrusion. It has also been found that 'ilmenite! occurring

intergrown with the 'magnetite' is a solid-solution conta.im.ng li‘ezc)3 whereas a
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sepa.ratg 1ilmenite! phase associated with the intergrowths is almost pure.
Further, ;c.he pure ;ilmenite' “has crystallized before formation of the inter-
growths. In hrc.md~ owbli.ne,& therefore, these relations agree with those indicated
in Figure 3,

It should be noted, however, that the experimental data of Taylor (1961)
obtained at 1°G indicate that, under conditions of equilibrium, the system

E‘e30 4-FeTiO is not binary. Thus, a melt of composition X would not split into

3
& pure ilmenite phase and ay-phase lying on the Fdrio3-F330 4 Jjoin as considered
~Fo,.0., join) and ap = ﬁase

e Feli0;Fo,05 Join) end ap

(on the Fe,Ti0 4-Fe30 4f Join) with compositions determined by the line of constant

here, but would split into an g~phase (on the FeTi0

oxygen pressure passing through X. (see Figure 9 of Taylor -1961-).

Such experimental data, however, refers to assemblages in equilibrium,
whereas the minerals in the Clauchlands sheet are considered to be manifestly
the products of non-equilibrium. It seems probable, therefore, that crystal-
lization wunder the non-equilibrium conditions found in the Glauchl,apds sheet
is responsible for the development of the observed mineral assemblage due to
the Initial formation of metastable phases of varying composition throughout
the sheet, |

According to the results of the magnetic measurements, the amount of
'1Imenite! in the intergrown crystals varies from about 40 wif to as much as
éo wib (Té.hle 19), there being an apparent increase in contenf towards the
centr;a of the sheet. This trend is to be expected since, according to Figure
7, the amount of Fe’].‘j.o3 present in the original Y-phase 1is greﬁter at the
centre of the sheet. However, Figure 7D also indicates that amownt of intergrown

FeTi0, should not exceed about €0 wif. Only one sample gives a result as

3 .
high as 80 wt# 'ilmenite' (Table 19), and this may, therefore, be an error
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caused by impurities in this sample.

Petrographic examination of the chilled contacts of the Clauchlands
sheet indicate that the magma was almost entirely liquid on intrusion. However,
the presenoe of recrystallised 'hematite' grains in the sandstones at the top

contact has been taken to ind:x.cate that the temperature of the intruding magma

was of the order of 1100% to 1300% (Chapter III), which is appreciably
lower than the liquidus shown in Figure 30 for the Fe30 eT:l.O3 system. Clearly,
therefore, the simple relations suggested in Figure 3 must be considerably
modified in the magma itself such that the liquidus i3 depressed, and presumably
the solvus is also affected, but to an wnknown extent.

‘The ‘field evidence (Chapter I) has indicated that the Clauchlands sheet
i3 a multiple intrusion and this may therefore accownt for the complex seriate
nature of many of the 'magnetite' '1lmenite' intergrowths (Plates IX to XII).
In such intergrowths the 'ilmenite' mey vary fromminute incipient lamellae to
broad laths within a single grain. Such textures may have developed during
the alternating 'hot!. and tcold!. phases through which the intrusion must have
passed as it cooled to normal tempere.tm'es. Under these conditions, the fine
lamellae may have formed during periods of relatively rapid cooling whilst the:
coarser laﬁhs may be the producf;s of long continued growth when the rate of

cooling was slow,

conclusions based on the mineralogical data are that:-
1. The properties of the 'magne‘bltes' are essentially those of titaniferous
magnetites, although with modifications due to the presence of cations other
than T102.
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2. The relationship between the Curie point and the lattice parameter
indicates the presence of components that tend to reduce the mit cell edge
of the substitubed méghe‘bite. AL O3 and V¥ 03 probably contribute to this
effect although the fact that some of the 'magnet:.tes' have cell edges less
than that of pure Fe30 4 suggests that the minerals are also Y-phases.

3. The fact that the 'magnetites! are harder than pure magnetite (F030 4) but
softer than maghemite (Y-F320 ) a.lso suggests that they are y-phases. However,
the presence of components sucq as MgA12 4 might also accownt for this result.
4. The relationsﬁip between %F930 A in the 'magnetites' (deduced from magnetic
measurements) and the Curie p&int suggest tixat Mg0 mayA be present (in the
form of MgFe,0 4) .

5. 'Ilmenite! occurs in two forms in the intrusion. Most commonly it forms
oriex;ted intez:'grovrbhs with 'magnetite'. Such 'ilmenite! is a solid-solution
containing 10-20 mol% Fo 0 3 However, a separat.e 'ilmenite' phase also
exists that is earlier than formation of the intergrowths This 'ilmenite'
appears not to contain 15‘e203 in golution,

6. The variation in properties of the 'magnetites! indicates that they become
more titeaniterous towards the centre ofAthe sheet.n This trend and also the
observed 'magnetite' ilmenite! rélationships may be understood in terms of
the system F930 4---Fe'1.‘:l.03 when this is considered in relation to the non-eqlﬁ.hbrim
conditions likely to exist within the Clauchlands sheet.

7. The complex gseriate nature of the 'magnetite'-' ilmenite?. intergrowths may
be due to fluctuations in the rate of cooling, since the Clauchlands sheet is
a multiple intrusion,

| Although it is possgible to account for the 'magnetite'-' ilmenite?

relationships in the above genera.l sense, this is clearly only a superf:.cial
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explanation of a complex mineralogy. Howevér, the results do point the way
for futwre investigations of this nature in that measurable migtions are to
be found in intrusions of this size. It is clearly desirable that futiure work
be accompanied by chemical analyses. Unfortunately this has not been
possible in the present examination owing to, lack of time,
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Chapter VII The Palasomagnetism of the Clauchlands Sheet

A. Introduction

Many rocks possess & measurable permanent magnetization knowm as the
natural remanent ‘magnetization (NRM) dus to the presence of ferromagnetic
minerals within them. Titaniferous magnetites and the ‘rhombohedral ilmenite-
hematite minerals are the principal Mers of this magnetization, although
rarely, pyrrhotite ‘(Fesl'l_x) ma& be responsible. (Almond, Clegg and Jaeger
1956e; Fuller 1960; Nagata and Yama-ai 1961; Kawai and Yong-Ho Kang 1962).

Seven types of natural remanence have been recognised (Nagata 1961)
but of these, only thermoremanent magnetization (TRM) and, to a lesser extent,
‘chemical remanent magnetization (CRM) are of importance whén dealing with
igneous rocks.

Chemical remanent magnetization is produced when a ferromagnetic substance
is formed éhemica.lly or by crystallization under the influence of an external
magnetic field Hex' It is magnetization that may be acquired below the
Curie point and is probé,bly an important componén‘b of the natural remanence
of altered, weathered and metamorphic rocks. |

Thernmoremanent magnetization, oﬁ the other hand, is acquired when a
ferromagnatic substance is cooled wnder the influence of an external magnetic
field H . If the substance is cooled from above its Curie point then it
acquires over 98% of its total TEM at a temperature, imown as the blocking
temperature, just below the Curie point, and only 10% is acquired during
subsequant cooling. Such magnetization, therefore, is the dominant component
of the natural remanence of igneous rocks.

The magnitude of both GRM and TRM 1s generally much larger than that

of the induced magnetdization in the present geomagnetic field Ho and it may
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be expressed as a retio Q (KBnigsberger 1938) wheres

i,
J, = Intensity of remanent magnetization
k = susceptibility

Qn.is generally about 2 - 10 for igneous rocks, but values of up to 100 have
been reported from !lodestonet, partially altered to msghemite (Nagata 1961).

The developme:_ﬂ;‘ of such an intense magnetization in an external field of
oniy about 0.5 Oe (the geomagnetic field) is a remarkable phenomenon and its
origins have been discussed theorstically by Neel (1949; 1955), Stacey (1958)
and Verhoogen (1959) in relation to TRM and by Haigh (1958) and Kobayashi
" (1961) in relation to CRM.

Nagata (1943) demonstrated that the natwral remanent magnetization of
fresh igneous material is largely of thermoremanent origins since in wolcanie
rocks of historical ege, the ratio @ is very nearly unity. Thus, in
general, the NRM of igneoua rocks canm:e equated with the TRM acquired as
the rocks cooled.

Nagata (1961) has also sumarized severel important characteristics of
TRM of which the most fundamental is the fact that the direction of TRM is
generally parallel to that of the applied field during cooling. This, of
course, is the basis for the interpretation of the palaeomagnetism of igneous
rockss | |

TRM is also very stable and temds to resist demagnetization vwhother by
AC demagnetization, thermal demagnetization or by applying a reverse field

to destroy it. |
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Some igneous rocks, howsver, have an wmstable natural remanencs, which
~ can probably be explained in terms of CRM rather than TRM. For exampls,
Akimoto and Kushiro (1960} found that the wnstable magnetization of some
dolerites in Japan was restricted exclusively to those rocks which had been
altered hydrothermally so that the titanogmagnetite had been partly replaced
by titanomaghemite. In wnaltered dolerites nearby which contained fresh
titanomagnetite, the magnetiz.ation'was stable.

It may be concluded, therefore, that fresh igneous materisl is the most
likely to possess a stable natural remsnence and that this will be largely
of thermoremanent origin. It is on the basis of this conclusion that the
present investigations are founded.

The study of palasomagnetism deals with the measurement of the directions
of such natural remanence in rocks and the interpretation of these measure-
ments in terms of geological 'history. Lawas are frequently used as the source
rocks for such studies but occasionally intrusive rocks have bean used (Almond
Clegg and Jaeger 1956; Creer, Irving and Nairn 1959), and often sedimentary
rocks are used, (in which case the remanence is a depositional remanent mag-
netization, DRM, with properties not directly related to TRM).

Thé basic assumption underlying all such studies is that the NRM formed
paraliel to the direction of the geomagnetic field at the time of the formation
of the materials a.nd-that 1t has been preserved stably against the later
changes of the magnetic field.
| In the case of lava flows, this assumption is probably justified because
the rocks cool rapidly and hence should !freeze-in! the direction of the
magnetic field. The rapid cooling also results in the formation of hon‘:ogoneoua
titaniferous magnetites rather than heterogeneous mgnetite;ilmenite inter;
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growths and hence a complicated mineralogical (and magnetic?) seguence
tends to be absent.

In intrusive rocks, however, this assumption is probably not justified
because the material cools slowly and hence the magnetic field may change
during the process of acquiring TRM (secular variation), or the NRM may
change as a result of changes in the ferromagnetic minerals. Such material,
therefore, is probably wmsuitable as a basis for palaesomagnetic neasurements.

The present investigation, however, has not been wndertaken in order
to determine the palasomagnetic field direction at the time of instrusion.

The primary purpose of the present investigation has been to study
the natural remanent magnetization of the sheet in relation to its mineralogy
and known intrusive history.

B. The NRM of the Clauchlands Sheet

Thirty'oriented samples have besn collected from the Clauchlands sheet,
at Clauchlands Point (localities 1, 2 and 3), and from the cliffs one quarter
of a mile to the north (locality 4) using the method described in Appendix 4.
This forms a collection which represents a vertical section through the
intrusion with a sampling interwval of about 4ft. and it closely parallels
that used for the petrological and mineralogical investigations described
in Chapters II to V.

Ten samples have been selected from this collection so as to represent
a @oss;aection of the intrusion. These samples have been cored (Collinson
and Nairn 1960) and the resulting cylinders measured with the Newoastle
magnetometer (see Appendix 4). The intensity of magnetization as well as
the direction of the NRM ofb these samples has been maaéuréd and the results
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are sumarized in Table 22,

At a later stage, the Durham maghe'bémeter became available (see
Appendix 4) and Table 22 also includes the directions of NRM in the twenty
samples measured with this ingtrument. However, the intensity of magneti-
zation has not been determined for these samplessince the magnetometer is
not calibrated for such measurements.

Figure 3l shows ﬁow the intensity of magnetization decreases away from
the mai'gins of the intrusion. This trend is caused by a decrsase in the
amount of 'magnetite’ towards the centre of the intrusion (cp Figure 5).

The valussof J, ere of the same order of magnitude (lﬂ"3 Oe) as have
been recorded from other igneous rocks. For example the Great Whin Sill
(Greer, Irving and Nairn 1959), tﬁe Deccan Traps and the Rajmahal Traps
(Deutsoh, Radalrishitamurty and Sehasrabudhe 19584; 1958b) and the Midlend
Basalts (Everitt 1960). '

The high value of J_may be taken as indirect evidence of the stability
of the NRM, for Akimoto and Kushiro (1960) have found that in wnstable
dolerites (containing titanomaghgmites) the intensity, J , is of the order
of 1077 Oe, whilst in adjacent stable dolerites (containing fresh titanomage
netite), J is of the order of 1074 0e.

The directions of the NRM (Table 22) have been plotted on a Schmidt
net and are shown in Figure32. Twenty three samples have a reverse magnet:.-
zation and eight are normally magnetized; the directions, however, show a
wide scatters | |

The direction of magnetization of three of the normally magnetized

samples is close to that of the present field direction (assuming a geocentric

 dipole). However, the Clauchlands sheet is an early Tertiary intrusion
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Table 22,

Natural Remanent Magnetization of the Clauchlands Sheet

Horizon Sample D I Jn How Measured
(feet) 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 1.52 Mean of 6 cylinders
121 A/C/3/16 N 229 =01 = Block
116 A/C/3/47 N 161 =15 - Block
110  4/¢/3/18 N 161 =50 14,01 Mean of 2 cylinders
108 A/C/4/30 N 60 439 0.29 1 cylinder
102 A/C/3/19 N 118 =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
95  A/C/3/23 N 343 475 - Block
92  A/C/3/24 N 171 =11 - Block
88 A/C/3/31 N 191 =20 - Block
84  aA/g/3/32 N 196 =20 0.16 1 cylinder
76 A/C/3/33 N 323 471 - 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 32 426 - Block
42 A/C/4/26 N 54 461 - Block
32 A/C/3/42 N 199 =55 0.39 Mean of 5 cylinders
30 A/C/4/25 N 102 476 0.51 Mean of 3 cylinders
19 A/C/2/08 N 210 =47 - Block
12 A/C/1/06 N 72 409 - Block
9  A/C/1/05 K 352 461 - Block
A/C/1/04 N 172  -10 1433 Mean of 2 cylinders
A/C/1/03 N 216 =20 - ~ Block
3 A/C/1/01 N 215 - 53 - Block

~* Basalt dyke cutting the sheet.




Figure 31.
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Figure 31.
Variation of the intensity of magnetization

in a vertical section of the Clauchlands Sheet.
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(Chapter III), and it is known that the direction of the geé:magnetic field
has changed but little since Tertiafy tiﬁes (Cox and Doell 1960), so that
normally nagnetized samples, if genuine, would be expected to approximate
to the present direction.-

The reqults on the stereogram would suggest that the normal magnetizations
are not the true NRM but that they Are directions resulting from an wnstable
megnetization, originally reversed, which has tended towards the present
field direction, along planes defined by the two great circles shown.

Examples of such,!streaking! along great circles comnecting the ancient
geomagnetic field with the present field direction have often been reported.
(lec;)rn 1956; Creer 1957; Kawai and Kume 1953). Hence it is concluded that
the Clauchlands sheet is reversely magnetized and that samples having normal
magnetization are unstable, such instability possibly being due to weathering
(Nairn 1957) .

The following discussions, therefore, are in terms only of the reversely
magnetized samples. These directions are shown'in Fig'tn"e 33, without the
normally msgnetized directions, and the mean direction has been'included:.

" The mean direction has a declination of N 184° and an inclination of
;-410. The best estimate of the precision parameter is very low, k = 5.8
and %o is fairly large at 12.4°%, both these valuss indicating the wide

scatter of the directions. The data and computation of the mean ere given
| in Table 23 (see Appendix 4 fér definitions of these &;mntities)i.

Nevertheless, despite the wide scatter of directions, the cdmptrbed
mean is in good agreement with results obtained from lavas in this Tertiary
ignebu.é province .except"that 'theAiric]inafion is some 20° shallower. These
results, taken from Cox and Doell (1960) are shown in Figure 24 for comparison.

Figui'e 35shows the direction of the NRM in rocks from the contacts of
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Figure 32.

Figure 34.

Figure 33.
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Figure 32.

Directions of NRM in the Clauchlands Sheet

equal area projection.

Figure 33,
Reverse directions only of NRM in the

Clauchlands Sheet - equal area projection.

Figure 34.
Reverse directions of NRM in Tertiary lavas
of comparable age to the Clauchlands Sheet
and from the same igneous province. (after
Cox and Doell 1960).

Figure 35.
Directions of NRM in the contact rocks of

the Clauchlands Sheet.
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Table 23.

kN

D sinI cosI sinD cosD cosIcosD cosIlsinD
-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 -0.4695 -0.3670 +0.6957
=48 153  0.7431 0.6691 40,4540 -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 40,1392 -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=(x2+ 1 +22)7 = 18.3629
sinl = Z/R = 0,659 I=-41°
tanD = - Y/X =-0,0681 D = 184°
k= N-1 = 5077
N-R
_ 140 _ )
a95 = = 12.4




the Clauchlands sheet. One sample has been measured from the top contact,
one from the bottom contact 13 f£t. below, and two have been measured from
the sandstones 3 ft. snd-9 ft. above the intrusion. These samples have
acquired their magnetization repidly due to chilling of the magma at each
margin and hence have much the same direction of NRM.

It is also noticable that these directions are essentially the same as
thoée found in the Antrim basalts and Lundy dykes in Figure 34. Hence, the
direction of magnetization in these contact rocks is probably more truly
representative of the geomagnetic field direction at the time of intrusion
than is the compu'ped mean.,

The coniputed. mean, however, has not been obtained from a population of
random sampleé, as 1s usually the case in palseomagnetic investigations,
but on the contrary,. it has been obtained from a collection in which the
element of time is importent, the marginal samples having become magnetdzed
before those at the centre of the intrusion. Therefore, secular veriation
mey Vaccovnt for the scatter of the NRM!s and the computed mean may be the
aversge dipole field during the time 'I:J;e intrusion was cooling.

Jaeger (1957a) has shown that after injection of a sill the margins
cool rapidly to about 665°C and thereafter, cocling proceeds slowly:. Figure
%6 shows his results for a sheet of dolerite D metres thick assuming that
the magma was intruded at 1000°C and crysfal]ized in the temperature renge
1000°C - 800°C. These curves show the temperatures T at various points
within the sheet plotted as functions of time after intrusion. The numbers
on the curves are the distences from the centre of the sheet measured as
fractions of the thickness so that O corresponds to the centre of the sheet,

0.5 corresponds to the contacts, and velues greater than 0.5 correspond to
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Figure 36.
Cooling curves for dolerite sheets intruded
at 1100°C. (after Jaeger 195%).
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" temperatures within the adjacent cowntry rock,

These results should be applicable to the Clauchlands sheet because
the microcrystalline nature 'of the contact rocks and absence of phenocrysts
(Chapter IT) indicates that the magma was almost emtirely liquid at the
-time of intrmsion, and therefore was probably at a tempéra’cure of over
1180°C (Turner and Verhoogen 1960 P59) «

Taking the Curie point as about 50000, these curves show that the
contact takes about 0.027D° years to fall to this tempersture and thst the
Curie .point isotherm then takes a further 0.006D° years to progress to the
centre of the sheet. Taking the thickness of the (flauchla.nds sheet as
approximately 40 meters these values become respectively 43 yrs and 10 yrs,
and hence the intrusion may be expected to hawe acquired more than 90% of its
thermoremanent magnetization in a very short time. This being the ca$e then
secular variation camnot account for the scattered directions of the NRM.

However, the Gm'ie-poin"c.s have been found to decrsase away from the
marging of the Clauchlands sheet (Chapter V) and towards the centre of the
intrusion they fall below 400°C. Thus the intrusion probably acquired its
magnetization over a much longer period, of the order of 100 yrs or more,
Yet even such an interval is short in the geological time scale and it, there-
fore, seems improbable that secular variation has inflnenced the directions
of the NRM,.

| However, ﬁhe scatter of the NRM!s is not random as can be seen in
| Fiéure, 37. This ctxt;ve shows how the-inclination variés through the intrusion.
It is steepest at the contacts, -64° at the top and -53° at the bottom, and
then flattens abruptly in the marginal rooka reaching minimum values of
about ~2° 15 £t. below the top and about -8° 10 ft. above the bottom. Away
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Figure 37.
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Fig,‘ure 370
Variation of the inclination in a vertical
section of the Clauchlands Sheet.

Figure 38.
Variation of the declination in a vertical
section of the Claucéhlands Sheet.




from the margins it steepens graduslly and reaches a maximum of about
~55° 3 ft. above the base, so that this central part of the curve is
markedly asymmetric.

The explanation of this variation may be related to the bistory of
the intrusion, for this is well kmown from the exposures at Clauchlands
point (Chapter I). Thus, the existance of comnate zenoliths of 'basalt?.
in the lower: parts of the sheet indicates that the intrusion is. l;mltiplé,
later pulses of magma having dislodged parts of the marginal rocks, and the
existence of segregations of dolerite-pegmatite, limited to an horizon 20-40 ft.
above the base, shows that solidification last took place at this'heighf.}

Petrographic examination (Chapter II) has also shown that the intrusion
cooled asymmetrically, most of ‘the heat having been lost from the upper
surface, and it is because of this that the final solidification occurred
below the central part of the sheet. Thus s 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 finally converging
about 3 ft. above the base.

These isotherms would pass through 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 NRM. However, shortly after
the marginal rocks had become magnetized, further intrusion of magma must
havve occurred. The force of this intrusion was sufficient to dislodge parts
of the lower margin (although not the actual contact rock) and also to deflect
the TRM away from the field direction and towards the horizontal thus

~ producing the observed !edge-effect! in Figure 37.

Very little is known about the'effects of stress on the direction of
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TRM so fhat the mechaniam responsible for this !edge-effect! is umcertain.,
However, Hall and Neale (1960) have reported th; rotation o;‘? TRM wnder stress.
Using samples of a Tertiary dolerite dyke from Skye they have shown that the

" moment of the TBM acquired under the influence of umiaxial pressure is rotated
systematically towards the plane normal to the vertical stress axis by up to
2.5°. Néel also considers that TRM may be deflscted wnder stress and, on
‘theoretical grounds, has deduced that for a directed stress of 500 Kg/c;m2

the rotation of the moment should be about 8° (Nagata 1961).

However, the deflections observed in the Clauchlands sheet are much
greater than these values, and, therefore, although stress may hava contributed
to tixe 1adge-effoct?, it seems probable that actusl rotation of the magnetite
crystal; has also o;cm'red.

The central part of the inclination curve may also be interpreted in
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. It would also seem reasonable
tc; envisage each succeeding pulse as being weaker than the earlier ones and
therefors less effective in deflecting the TRM.

Thus, as cooling continued, and the rocks towards the centre of the
sheet became magnetized, the direction of the TRM would approach more closely
the direction of the ambient field, this direction being given approximately
steepen towards the centre of the sheet, and since the Curie-point isotherms
were moving asymmetricelly through the intrusion the actual trend followed
by the steepening inclinations would also be asymmetric, and the steepest
values would be reached where the rock had solidified last.
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This explanation may therefore account for the general form of the
inclination curve shown in Figure 37, However, s number of the inclinations
deviate markedly from this curve as indicated by the dashed line

These samples have been collected from and adjacent to abasalt dyke
intruded into the sheet. The effect of this intrusion would be to cause
localised heating of the swrounding dolerite, and if the tempexjature rose
above the Cm'ie-point then & new TRM would be acquired on cooling which
would be in the direction of the ambient field.

The Curie~point in the neighbourhood of the dyke is about 47000
(Chapter V) and it seems probable that ﬂhe rocks in the immediate vicinity
would reach this temperature and, therefore, acquire a new TRM with a -
dii'ection roughly parsllel to that in the dyke. However, these effects would
be extremely local and rocks further from the dyke would not reach the:Lr
Curie-points. Nevertheless, such rocks would become remagnetized in verying
degrees, by acquiring a partial TRM.

Partial TRM is acquired during weak-field cooling through only &
limited temperature range. When this temperature range extends from the
Curie~point down to atmospheric temperatures then totel TRM is acquired:. The
addition law of partial TRM says that the total TRM is the sum of ‘b_he partial
TRM's and, further, that the partial TRM produced by weak-field cooling
ﬂlr;ugh a limited temperature range T is independent of the magnetization
produced by field-cooling through other temperature intei'vals. (Nagata 1961).

Thus rocks close to the dyke, where T is greatest, would be remagnetized
more effectively than those further away and hence should show a larger
deviation from the inclination curve.

This mechenism, therefore, can accowunt satisfactorily for the observed
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deviations of the inclination shown in Figure 3/. The horizon within the
sheet, at which these deviations occur is purely fortuitous, and it is
anticipated that similar phenomena may occur wherever a dyke cuts the sheet.

Figure 38 ghows how the declination varies through the intrusion. It is
essentially the samé at the contacts, being about N 210° at both top and
bottom, but in the ma.rg.mal rocks it has rotated eastwards and this change may
be correlat,ed with the 'edge-effect' observed for the inclination. The trend
of the declination w11'.h1.n the cent.re of the gheet is not clear, however, so
that further discussion is ngt justified.

Nevertheless, it is clear jbha‘b the inclination has been affected more
than the declination, and this result may be explained in terms of the
Jemplacement. of the lshee‘b.

The Clauchlands sheet is part of a cone-sheet (Chapter I), and therefore
was probably emplaced in reséonse 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

vertical 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
nunber of normally magnetized samples. These latter samples are considered
to be wmstable because they !streak! along two great circles connecting the
anc:.ent. fleld directions w:Lth tha.t of the present geomagnet:.c field.

. The mtens:.ty of megnetization has.been found to decrease systematically
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away from the margins of the intrusion and thisb trend may be correlated with
a decrease in the content of 'magnet:.te' towards the centre of the sheet.

The directions of magnet.izatlon 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 Lundy dykes of kmown Tertiary age.

The NRM!s throughout the intrusion, however, show a wide scatter of
directions a.r-1d their computed mean is sc;me 20° shallower than the inclinations
recorded at the contacts. Since the samples became magnetized in a known
sequence the possibility thﬁt secular variation has influenced the directions
has been investigated. 'This is not considered likely since it can be estimated
that the gsheet acquired its magnetization over.a period of little more than

100 years.

The inclination of the NEM has been found to vary systematically through
the intrusion and to exhibit an 'edge—effect' These variations hawe been
explained in terms of the lmowm 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 remegnetization
of the dolerite where it 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.




Chapter VIII. Discussion of the Reversed Magnetization

There are apparently two possible explanations of the occurrence of a
reversely magnetized rock formation. Either the Earth's magnetic field was
reversed when the rock became magnetized, or the magnefic minerals in tﬁe
rock have a 'self—reversing" property which makes them assume a magnetizatlon

opposed to the applied field.

B. Reversal of the Earth!s Magnetic Field

A large number of roc;k fox:mations from all over the world are knowm to
have a reversed NRM (Blackett et al 1960), and sedimentary as well as igneous
rocks exhibit this phenomenon. It, therefore, seems improbable that the
reversed directions in such"a wide variety of ro‘cks,_“which have acquired their
magnetization by different me%ds, ca.n‘in all cases be‘ attributed to a self-
reversal mechanism, and hence it seems likely that reversals of the geomagnetic
field have occurred in past ages.

The latest epoch from which reversely magnetized rocks have been recorded
is late Pliocene - early Pleistocene. Reversed rocks of this age have been
repc;r'bed on a world wide scale, from Iceland (Hospers 1953, 1954; Einarsson
and Sigurgeirsson 1955), France (Roche 19%56), Japan (Nagata et al 1957 a,b),
Russia (Khramov 1957), Australia (Irving and Green 1957), South America (Creer
'1958), New Zealand (Coombs and Hatherton 1959) and from Africa (Nairn priv.
comm. to Nagata 1961). The global distribution of this so-called Plio-Pleistocene
reversal would indicate the reality of geomagnetic field reversals , and this

conclusion is supported by the conspicuous absence of reversely magnetized
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in a direction consistent with a field of one polarity. (Rumcorn 1962).

Wilson (1962) has discussed the relationships between the NRM of igneous
rocks and the baked contact rocks. If N represents normal magnetization and
R representg. a reversed magnetization, then there are four permutaﬁons of

N and R, between the igneous rock and its contact:-

Igneous Rock Baked Rock
. . . . .
R R
N R
R N

Thus 1f field-reversals are common then the baked contacts should show the
gsame polarity as the igneous rock and thus the relationship NN or RR should
be predominant. If, however, field-reversals are rare (or non-existant) and
self-reversal is 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, 48 show agreement between
the polarities in the igneous and baked rocks, 14 being NN and 34 being RR,
and this preponderance on agreement strongly suggests the. reality of past

reversals of the geomagnetic field.

C. Self-Reversal Mechanisms

Self—reversal mechanisms may be grouped into three categories (Nagata

1961):-




1. Two-constituent mechanisms involving megnetostatic interaction.

2. Two-constituent mechanisms involving exchange interaction.

3. One-constituent mechanisms. ‘

Two-constituent mechanisms involving magnetostatic interaction require
the development of a secondary magnetic iphase during geological time. This
phase will become magnetized under the influence of the demagnetizing field
of the griginal magnetic phase and if its intensity of magnetization is large
enough it may cause a reversal. :

Artificial assemblages of interleaved magnetite and pyrrhotite have been
found to be self-reversing in this way (Grabovsky and Pushkov 1954; Uyeda 1958),
and Kwai, Kume and Sasajima (1956) have suggested that the intimate inter-
growths formed by exsolution of a titaniferous magnetite into magnetite-rich
‘and ulvBspinel-rich components might be natural examples of such an assemblage.
It has also been suggested (Graham 1952) that the partial oxidation of magnetite,
in magnetite-ilmenite intergrowths, might result in a reversal of the magnetization
due to megnetostatic 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 ‘in‘beraction occurs
at the molecular levél. Such mechanisms therefore require not only that the
two phases be intergrown but also that their crystal lattices be intimately
bound together. .

It seems probable that the intergrowths formed by exsolution of titaniferous
magnetite would fit this category rather better than the category of magnetostatic
- interaction and such a mechanism may be more likely to cause self-reversal of

the magnetization in view of the powerful forces acting at the molecular level
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as compared to those acting at the microscopic level.

However, for such mechanisms to operate it is necessary that the two
phases have Curie points rather far apart so that the first component may have
acquired most of its magnetization before the second one becomes megnetized.

Uyeda (1958) has suggested that the self-reversing property of the rhombo-
hedral ore-mineral component found in the Ha:mmé. dacite, may be explained in
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 fownd examples of self-reversing 'ilmenites! which he interprates
in terms of order-disorder relationships.

Detailed discussions of two-constituent mechanisms have been given by
Neel (1952, 1953, 1955) and also by Grabovsky and Pushkov (1954) and Uyeda (1958).
Such discussions are largely theoretical, but Nagata, Uyeda and Ozima (1957)
have reported on the experimental investigation of the magnetic interactions
between ferromagnetic minerals in rocks. They conclude that such interactions
are negative when the two ferromagnetic oonstituents form fine laminar inter-
growths. If however, one of the constituents is non-ferromagnetic, then this
8imply results in an intensification of the TRM which seems to bs related to
an increase in the coercive force of the samplse.

It seems, therefore, that the exsélution phenomena among the iron-titanium
oxide minerals may, under suitable conditions, result in a two-constituent
mineral assemblage with self-reversing properties. However, it is not known
whether such assemblages are common in rocks or whether they can be correlated
with the magnetization.

Much of the data of palaeomagnetism has been obtained from extrusive
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volcanic rocks, mainly basalt lawvas, and in 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 nunber of self-reversal mechanisms have been proposed which do not require

the coexistence of two magnetic phases but which depend upon chemical inhomo-
geneity within a single phase.

Neel (1948) first suggested that some ferrites might exhibdt an unusual
variation of the spontaneous magnetization with temperature such that when the
temperature passed through a critical point the direction of the m)sagnet.:i.zg)xéllON
reversed. Examples of this N-type variation were subsequently discovered in
for values of a between 1.00 and 1.70

a4
(Gorter and Schulkes 1953) and for a group of rare earth ferrités Feztﬂaos

the mixed ferrites Lio 5F‘e Cr 0

where M is the rare earth Gd, Er or Dy Guiot-Guillain, Pauthenet and Forestier
1954) «

When such substance are heated, the spontanesous magnetization decreases
normally and disappears for the first time at a temperatufe 6 o but then begins
to increase again, reaches a maximm and then finally disappears at the
Curie point Gp'. Gc is not a Curie point but only the temperature at which the
spontaneous magnetization changes sign. Below® o the spontaneous magnetization
J’a of sub=-lattice A (see Chapter V), say, is greater than that of sublattice B,
while above © c the reverse is trus. © c is known as the compensation temperature,
and at this point the spontaneous magnetizations of ﬁhe two sublattices are
equal. Thus, if such a substance is cooled to room temperature from above
it-s Curie point it will acquire a TRM opposite to the sense of the field to
which it is dus. However no natural 'magnetites' are known to show this type

of therma.l variation of the spontaneous magnet:.zatlona.
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Néel (1955) has also’ suggested that reversal may occur through annsaling,
and this mechanisms has been demonstrated experimentally with nickel ferrite

NiI"e20 4
cation distribution:-

'
1

(Garter1954) . Nickel ferrite is an inverse spinel and has the

Fe} Ni F33+ Q 4

A B

When A13+ replaces some of the Fe_3+ 30 that the formula .becomes NiFe, Al 0 042
the A13+ ions are known to prefer the B-gites in the equililrium state (Verwey
and Hei?l.ma.nn 1947) . If the equilibrium distributi&n is realised at all times,
then the sponté.neous magnetization should decrease as m increases, become zero
when m = 0.4 and then reappear in the reverse direction for m> 0.4. However
if the’samples are quenched from high temperatures so that there is a disordered
distr’il;ution of the cations then there will be no reversal of the spontaneous
magnetization with increase in m. If on the other hand, a sample with m > 0.4
is annealed then it may be made to reverse on the laboratory time scale, owing
to diffusion of ’Al3+ ions onto the B sites. To produce the inversion in the
laboratory several hours at 400°% a.re needed, but the same effect would
probably oceur at ordinary temperatures in some millions of years (Neel 1955) «

Although similar effects may exist in natural magnetites it is wmlikely
that they could be observed experimentally. The reason that they are observed
in nickel ferrites is because the magnetic moments of the two sublattices A
and B are very close, 5 ) and 7}1Bso that it is much easier for the A sublattice
to have a greater moment than the B than in magnetite, where the moments of

the two sublattices are S5upend 9 ypand thus much less close.

Verhoogen (1956) 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 spontaneous magnetization.
His calculations show that for a magnetite of formuia Fe'?'. Fe?“ McO 4
self-reversal may be expected if ¢> 0.75 provided that M stands for a non-
megnetic impurity with a greater affinity for B-sites than either Feo'
or 'Fe}l' « On the other hand, the mineral must remain electrically neutral and,
therefore, Verhoogen has suggested that the most likely impurities that
may cause gself-reversal are an appropriate combination of'Al}' ’ Ti4+, Mg2+
and vacancies such that ¢> 0.75.

Unfortwnately, little is kmown about the detailed compositions of natural
magnetites, and even less about their relations to the magnetization of
the host rocks;  However, Verhoogen has listed several instances of magnetites
whose compositions suggested that they may be self-reversing. In particular
these magnetites contain appreciable amowmts of ,A],}" and Mg2+ as well as
T

In order that the mechanism outlined by Verhoogen may operate, it is
necessary that the crystal should retain a considerable degree of disorder at
the temperature at which it acquires its magnetization, and hence the rate
of ordering must be slow in comparison to the rate of cooling. It seems
probable that this condition will be satisfied in rapidly cooled lavas and
also in hypabbysal intrusions.
; Verhoogen has estimated that an impure magnetite with inherent self-
reversal properties could not reverse in less than about 1.05 to 106 years.
This may be the reason why no modern lavas have been found to have a reversed
magnetization.

Selferevarsing mechanisms of this type, of course, camnot be demonstrated

experimentally but it doe‘s gseenm likely that meny magnetites have compositions
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such that the mechanism could operate. This problem could best be settled
by the long term accumulation of date on the detailed chemical composition
of natural magnetites and also on the directions of magnetization of the

rocks containing these analyzed minerals.

D. Applications to the Clauchlands Sheet

It seems.ﬁrobaﬁié ﬁhéi fﬁé.diéééfiéﬁs of magnetization in the Clauchlands
sheet are due to a genuine reversal of the Earth's magnetic field during
the early Tertiary, since the baked sandstones above the intrusion have
the same reversed polarity as the igneous contact.

Microscopic examination of the séndstones (Chapter III) has shown
thematite! to-be the predominant ore mineral with only minor amounts of
;magnetit;'. Howéver, the Curie point and intense magnetization of these
rocks woulé indicate that the NRM is due to the 'magnetite! rather than the
thematite! s
| The ;naltered rocks above the intrusion are dull-red flaggy sandstones
and, therefore, it is presumed that the thematite'!, in the baked rocks is
an original constituent. This 'hematite;'occurs ;s complex recrystallised
aggregates and the grains oftenhhave a cére of 'magnetitet. Similar
relationships are known to occur in hematite ores that haﬁe been sintered
at 110000 to 130000 (see Chapter III), and on the basis of the petrographic
evidence (Chapter II) it is thought that the Clauchlands sheet also was
intruded initially at a temperature of about 1100°C so that the 'magnetite?
in the baked sandstones has probably formed by dissociation of 'hematita'.

If this is the case,, then fhe fact that these rocks have the same *

reversed magnetization as the igneous contact must strongly indicate that

the Earth!s field was reversed when they became magnetized. It seems
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improbable that a self-reversal mechanism could have 6perated in both the
Vinagnetite! that crystallised from the magma and the 'magnetite! formed by
éissociati;n of the 'hematite! in the sandstone so as to give tﬁe same
direction of magnetization in both rocks. |

The resglts of the present investigation have provided no positive
evidence to indicate that self-reversal has occwrred in the Clauchlands
sheet. However, the accumulated data has indicated that the magnetic
minerals are 'impure magnetites! and hence they may intrinsically be ‘
capable of seif—reversal by the-type of brdering mechanism outlined by
Verhoogen (1956).

Recently, Ade-Hall and Wilson (1963) havevsuggested ﬁhét there may
be a comnection between revérsely magnetized igneous rocks and the occurrence
6f 'magnetite!-tilmenite! intergrowths. They found that in the Mull lavas

the normally magnetized rocké contain homogeneous pale hrown magnetites

ﬁheréas the reversely magnetized rocks contain oriented 'magnetite'-!ilmenite!
intergrowths in which the 'ilmenite! forms up to 20-30% by volum; éf the -
crystals. | ‘

At'present‘there is not sufticient information properly to assess
such a correlation, but in the case of the Clauchlands intrusion it should
be noted that the intergrown 'ilmenite! contains about 10 - 20 mol$ F9203,
and that according to Chevallier, Mathieu and Bolfa (1955), such ilmenite
is ferromagnetic with Curie points of about 200°c.

Although the results of thermomagnetic analysis have shown only the
high Curie points associated with the 'magnetites', this may be because
fhe analyses have been carried out in relatively iarge magnetic fields of

about 1000 Oe, and analyses in weaker fields might have shown the ilmenites
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to be magnetic. Therefore, the possibility of a two-constituent self-

'~ reversal mechanism cannot be ignored..



PART II
The Design of an Instmmént' for the Measurement of the

Curie Point of Ferromagnetic Minerals




Plate XVIII

General View of the Thermomagnetic Balance

The balance is housed in the turreted box at right centre.

The recording systems are groured at the left of the photograph
and the motor driven veriac is visible at the right of the
photograph. The rheostat, seen at the far left, controls

the current to the electromagnet which is indicated on

the meter situated to the left of the turret. The furnace

current is indicated by the meter on the right of the turret.







Introduotion

The instrument described in the following pages is a horizontal
magnetic balance adapted for the maaaui'ement of the Curie points of small
samples of ferromegnetic minerals and rock fragments (Plate XVIII). The
basic principles governing the design of the instrument are simple and
complications in the actual instrumentation are necessitated mainly by
prohlems associated with making the meagsuring process automatic.

The princirle of the magnetic balance is illustrated in Figures 39
and 40. A ferromagnetic sample placed at point p (Figure 39) so that it
lies on the axls between the poles of a magnet, takes on a magnetic moment
M parallel to the field direction H and experiences a force Fx along the
axis such that:-

= w3 .
Fx = Md"; oooo.occooootcol)
= Vel oH g oocooo—ooc'oo-oboooz)
dx

where v is the volume of the sample and J its intensity of megnetization.
In Figure 40 the sample at p is shown attached to a rigid mobile

system which is suspended at S by a length of fine wire. Under the influence
of the field H the sample experiences & force Fx vwhich causes a torsional
deflection of the suspended system. If, however, the sample is surrounded
by e.n electric furnace and heated, then at the Cwrie point the sponteneous
magnetization becomes zero, F_ dissappears and the suspended system returns
to its equilibrium position. Such a system, therefore, provides a sensitive
means of detecting the Curie point and, suitably modified, can be used for

its accurate measurement.







Figure 39,

Principle of the magnetié 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 in the left hand frame above the Ether 'Transitrol!
Controller. The scale on the Ether galvanometer is
arbitrary and not °C as shown. The chart recorder is
housed at top right with the stabilised power supply below
it. The transistors of the 'Photo-electric Recording

Unit' plug into the small box at the right of the photograph
which contains the Wheatstone's bridge circuit. The out-
put of the transistors can be indicated on the milliameter
in this box when making preliminary adjustments before
starting ancanalysis, and then switched to the Recorder.






A magnetlic balance working on the torsion principle was originally
employed by P. Curie (1895) in order to measure paramsgnetic susceptibilities.
Subsequently this principle has been adapted in order to measure the Curie
points of ferromsgnetic substaences and an instrument of this type has been
described by Chevellier and Pierre (1932).

Chevallier and Pierre used an optical system to detect movements of
.the torsion balance and the instxrument traced a record of the thermomagnetic
curve on & photographic plate. Temperatures were indicated by breaks in
this curve made at intervals of about 100°C (see for example Chevallier,
Mathieu and Vincent 1954).

Larocbelle (1961) has described an improved version of this instrument
in vhich the thermomegnetic curve is traced out by a chart recorder. The
temperature is measured by means of & potentiometer and indicated on the
side of the chart at any desired intervel. This, however, requires the
constant attention of the operster.

In the present instrument the torsional deflection is detected photo-
electrically and automatically recorded on a "Record" Graphic Recording
Milliammeter. At the same time the temperature is measured by a chromel~
alumel thermocouple and this is translated into an intermittent record on
the chart via a marker pen. In this way a permanent thermomesgnetic curve
is obteined from which the Curie point may be determined.

Five basic wnits combine to mske the complete instrument, and these
are described in the following order;-

l. The Suspended System.

2. The Electromagnet.

3. The Photo-electric Recording System.

4. The Electric Furnace.




5 The Temperature Recording System.
Finglly, instructions are given for the preperation of the instrument, its

-operation and the interprefation of the thermomagnetic record.
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1) The Suspended System

S_iﬁce the ingtrument is: intended to analyse small samples, weighed. in
milligremmes, the torsion beam has to be light and have a low moment of
inertia’'so thét it may respond rapidly to the forces acting on the sainplé .
The actual dimensions of the beam are not criticel but it has to be con;-
structed of non-;-magnetic material and"houseci in a non-magnetic Sjb:.'dctm'é .

| The beam itself is in two. parts as shown in Figure 41. A fused silica
tube AB, 2mm in eﬂemﬂ diameter and approximately 15cms long is set at
an angle of 450 to the beam CD, fvhich is a dural .tube 25 cms long and 4mm
in external diameter. A brass bolt screwed into the end of 'the dural:tube
holds the silica béam in position.such that the distance SD is 0cms. S
is a shallow trouéh formed of silver foil and is approximately lem long.
It is attached to the silica beam and acts as a holder for. the samples.
Silver is ﬁsed for tﬁis purpose because of its high melti_ﬁg point (§60.8°G)
and chemical stability and especielly beéause of its large thermal conductivity
(0.992 cols/ sec/cm3/° C 100°C) which ensures a rapid transfer of heat to
the sample,

Silica is used for the bea;m AB because this p‘art of the structure

extends into the pole gap of the electromagnét, M; commerc¢ial dural tubing
may contain ferromagnetic impm‘it.ies in sﬁi‘ficient concentration to influence
the deflection of the system if it wefe used in this positiori.

The beam CD, however, is well away from the magnet and it is therefore
constructed of dural whj.ch is light and yet has the necessary strength that
this structwe needs in order that it may carry the suspension and other

components of the systeni.




Figure 41,

- X
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Figure 42,




Figure 41,
Plancview of the beanm

Figure 42.

Flevation view of the beanm




The point of suspension is at O and is 1l4ems from D so that the angle
03D is 90°. Point S therefore lies on the tengent %o a circle of radius
0S. With these dimensions and an angular rotation of about 4° about 0, the
point S moves along the tangent for about lem without diverging sensibly
from the straight line.

At o, the beam carries a brass collar (Figure 42). A 4en length of
dural tubing is screwed vertically into the top of this coller and a tnfaae
bolt, inserted into the top of this tube, ects as & base to which is soldered
a length of SWG 36 copper wire. This is the suspension wife and is approxi-
mately Fems long. The wire is soldered at its upper end to a Mrass screw s
by means of which the height of the auspenéioh can be varied over a range
of Zcms.

Another 4cm length of dural tubing is screwed in vertically below the
tress collar at O and this carries & brass damping plete which dips into a
beaker of thin machine oil. The beaker stands on an adjusteble platform which
can be raised or lowered so that final settings of the demping can be controlled.
The horizontal attitude of the suspended system is determined by the two trass
counterweights CW. '

The torsion beam is housed in a non-megnetic structure the walls of
which are constructed of eluminium sheeting. A small door situated below

. the suspension turret permits easy access to the damper and to the interior
in general.

The suspension turret T is fomed of a tube of opaqus black plastic Fcms
long and 6 cus in internal diamefer. It is supported on a wooden base securely
bolted to the aluminium frame. (NB. The turret is omitted from Figure 41
énd only the base is shown).

A small perspex window W, has been provided in the side of the frame




and carries horizontel lines engraved at lem intervels. This window is

used for checking the horisontel attitude of the suspended system. Another
perspex window W2 has been inserted in the rear wall of the i:rame and this

is engraved with rectilinear lines at 4 cm intervels. This window is comnected
with the photoelectric recording system and need only be used when initially
setting up the instrument.

The housing for the torsion beam stands on & wooden base which may be
levelled by means of three brass levelling screws I’l L, and I.3 A non-magnetic
clamp links the suspension turret to the base board of the magnet (which is
vertical) and ensures that the whole housing is firmly secured in position.

A general view of the suspended system is 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 is seen in position within the furnace.
Movements of the beam are damped by the damping plate
which is shown immersed in machine oil in the small beaker.
The beaker stands on a metal table the height of which can
be adjusted by rotating the disc. The furnace is supported
on a slide that can move horizontally in the pole gap of
the magnet. Cooling coils cover the pole tips to remove
heat radiasted from the furmace.






2) The Electromagnet

The colls of the electromagnet are wound in series and have a total
resi-stanqe of about 12 ohms. They operate from a 24V DC sﬁpply and the
current can be varied by means of a rheostat.

The field strength has been investigated usiné a search coil formed of
100 turns of SWG 26 copper wire. The dimensions of the search coil are:-

Inner diameter = 1.Z9%5cms ceeeelly = 0.680cns

Outer diameter = 1.510cms vevanel, 0.705czs

Cross-sectional Area coseec8, = 1.45 cm2
ooooooa;) = 1056 @12
Mean cross-sectional Area  ...eee8 = 1.50 a

A Cambridge fluxmeter has been used to measure the field. This instrument
is calibrated such that a deflection 6 of one scale division equals 15,000

maxwell-turns. Therefore the field strength, H oersted, is given by:-
.~. ..o;o ses 0'-03)

where N equals the number of turns on the search coil. For the present coil

this gives:-

H = 100 ©oe.

The field strength has been measured as a function of the current in
the magnet coils and the results are sumarized in Table 24 and shown
graphically in Figure 43.

These results, however, apply for a pole-gap of 4cms. A pole-gap of
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Table 24,

Calibration Data for the Electromagnet

(Pole Gap = 4cms)

Magnet Fluxmeter . Field
Current Deflection Strength
I 0 B
anps divisions oersteds
0.25 2.0 200
0.50 3.1 310
0.75 5.3 530
1.00 741 710
150 8.5 850
2.00 14.7 1470
2.25 15.8 1580




Fig‘ure 43.

1000
QOersteds



Figure 43.
Field strength of the electromagnet as a

function of current.



Sems has been adopted in the final instrument and, therefore, the maximum
field strength will be less than indicated in Figure *Jand is likely to be
about 1000 oe,

The poles are cylinders 48mm in diemeter with the faces machined to the
form shown in Figure 44. This optimum shape has been chosen after concluding
the series of analogue field mapping experiments described below.

It is necessary that the sample should experience a uniform force Fx
when it is in the pole gap and that this force should remain constant over
that region of the pole-gap in which the sample is able to move. In equation
2 (page!2/) the values of v and J are constent for a given sample so that the

equation may be rewritten:-

P = kg ¥ covesscesd)

x dx
and thus the necessary conditions are satisfied when Hg is constant. This
also requires that:- ’

§=‘K :s:!,neef%2 =2H§

dx

&

and this can be rewritten:-

&2 = rax ceveseedsb)
Integrating 5) gives:~

;12' = Kx + C cerscseedd)

where C is a constent. Thus Hg is constant when equation 6) is satisfied.
In Figure 45 are shown lines of equal voltage vhich mey be determined

by enalogue field mapping. The lines a and b are equidistent from the axis
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Figure 44.
Shape of the pole tips.

Figure 45.
Diagram illustirating the principle of analogue
field mapping and showing lines of equal

voltage.



and & distence Al epart. Lines of magnstic equipotential rmm perpendicular
to the voltage lines and the magnetic potential between & and b is given bys=-

b
AfL = fﬂ.dl
a
This equation can be rewritten:-

/ b
H = AQ dl
af

and integrating this givest=

AL
Al

TR
svesnddee 0‘07)

B =
: 2

Hence equation 6) will be satisfled when & plot of (A%) ageinst x 15 a
straight line. | |

In analogus field mapping an electrical model is used to simulate the
megnetic circuit and the required information is derived by analogy. Teledeltos
facsimile recording paper has been used as a conducting sheet j.n these
experiments andAits use is described in the following extract taken from an
article published by the Western Union Telegraph Company, USA.

"Teledeltos facsimile recording paper can be used as a conducting sheet
for analogue field mapping in two dimensions, as a substitute for an electrolytic
tank, sendbed or metellic conducting sheet. The useful part of the material’
‘is the black carbon-filled paper which is the base for the récord:i.ng coating.
Neither the electrosemsitive layer nor the aluminium lacquer coating on the
black surface of the paper enters into the field mapping process since each
of these coatings is relatively non-éonducting. The aluminium protective
coating is quite thin, however, and is moré easily penetrated by probes or

by fixed electrical connections than the recording coating. In field mapping




applications it is customary to apply the reguired comnections to the
aluminium surface with silver conducting paint using acetons or methyl-ethyl
ketone as the solvent, either one usually 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 eny

good lacquer solvent at the site of the comnection.

Mapping on Teledeltos paper should be performed with relatively low
volteges and moderate currents. A max:!._mtm of about one third watt per square
inch dissipation is desirable to reduce heating. Although the paper can
tolerate temperatures well above 100°G without physical demsge. | The resistance
change with drying is the significant factor here.

Probing is best accompiished by a null method using a potentiometer to
determine the voltege line to be ArawNeceeseds? |

Electrolytic iron has been used in the present experiments since silver
was not available. The iron was suspended in acetone and the required pole
shape painted full size onto a large sheet of Teledeltos paper. A potential
difference of 1.5V was applied across the electrodes using a torch battery,
and a potentiometer wes used to determi