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"ABSTRACT

This thesis ié concerned wibth the thermo-magnetic
properties of natural énd synthetic‘titanomagnetites,
part 1 dealing With.synthetic samples and part 2 with
natural samples. A review ﬁas made 6f the methods of
preparation of synthatic titanomagnetites and samples
were prepared by a sintering process. The'effect of
oxidation on samples in the ulvospinel-magnetite serieg
was investigated and a thermal chemical remanent magneﬁisation
obtained. | '

Thermal and partial thermal remanent magnetisations'
were measured for unoxidised samples and samples oxidised
to varying degrees, and a region of oxidation was found
in which reversal of the partial thermsl remanence occ@&ed.
The dependancé'on composition, degree of oxidation and .
- other parameters was found and different possible
mechanisms discussed. It was concluded that the effect
was due to negative interéction probably of magnetostatic
origin between two phases caused by a different degreé&
of oxidation in large grains or between a metastable B
oxidised state and a highly oxidised state.

It was found possible to reduce synthetic titano-
mnagnetites by heating above 800°C in the absence of air.
Exsolution agd pomogenisation problems were reviewed and

invesatigated.



Fart 2 deals with tae thermel treatwment of rocks.
One sill was investigated in detail and a lowering of the
curie point was observed c¢n heabt treasvment. The dependence
on positior in the sill, temperaturc and time of heating
was found and petbtrological changes cuserved. Reduction
of oxidised titanomagnetites’was found to be the probable
cause.

Thermal demzgnstisation curves cof rocks in alr and in
the absence of air were measured and suppert found for a
metastable oxidised state. A theoretical explanation of
the proposed metastablc state was discussed. Weak field
behaviour of rockse was investigated and reversal tendencies
similar to those shown by synthetic samples were observed.

Finally a comparison of the thermomagnetic properties

of natural and synthetic samples was made.



3.2+ Comparison of thermal demagnetisation curves

in air and in vacuumn.,
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1.
CHAPTER 1.

Introduction

l.l Rock Magnetism

Rock megnetism is concerned with the measurement of
the fossil magnetisation of rocks., The fossil magngtisation
can be due to thermal remanent mag;netisationl’2 (T.R.M),
chemical 1:-emanent§v"4 magnetisation (CsR.M) or depositional
magnetisation.

On the assumption that the earths magnetic field
has remained almost a ddépole and that the rocks have
faithfully retained their direction of magnetisation,
the latitudes of the rockslon acquisition of their remanent
magnetisation can be found. Resglts were shown to support
the theory of continental drift®, It has been shown that
the ancient field was probably about the same magnitude
as the earths field toda;y'6 and many tests of stability
have been introduced to test the second assumption.

Another result which emerged from the measurement of
fosslil magnetisation was that almost 500/0 of all rocks
measured, both igneous and sedimentary were found to have
their magnetic moment in the opposite direction to the
other 50°/o. Often this would occur in a succession of

lava flows. Such cases of normal and reversed remanent
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magnetisation have been reported by Roche7 (l?ﬁl),vHosperSB
(1954)7énd many other workers. There Weré two theories
to account for these observations bgth consistépt with
the earths field remaining & dipole. Either the earths
field had remained in the same direction as at present
and the rocks were all self reversed or the dipole field
had at times in the past reversed. The second theory
implied some of the reversed rocks were not self reversed.
and that the earths field had changed direction many times.

N6619 (1951) considered the theoretical possibilities
of self reversal and postulated four ways by which a rock
could acquirse a_reversed remanent magnetisation and since
then other possible mechanisms have been suggested by
Verhoogenlo (1956). These theories and their applicability
will be discussed in detail later, together with the
interactions which may cause reversals. ‘The discovery
of rocks which selftrevarsed in,thellaboratory by Nagatall
et al (1951) and Carmiéhéeilg (l961),lthe’rever8al'of the
direction of magnetisation of a'crystél of magnetite at
. low temperatures by Négatal3-(l965) and the reversal of
synthesised lithium ferriteé by Gorter et alll+ (1953)

seen to support the theory of self reversal. But for no

field reversal to have ‘taken place all reversed rocks



Se
must be self reversed and'as yet most of the reversed
rocks have not been shown to be self reversed.

Graham;5 (1949) found sedimentary rocks of the same
age with normal and reversed directions and %anardsl6
(1963) investigated the properties of an iron grit 6 inches
thick which contained normal and reversed polarifies and
which phanged in a few ﬁillemeters from normal to reversed
and ba&k again. Using the accepted rates of sedimentation,
time of deposition was 103 years and estimates of the
time between field reversals given by Coxt7? et al (1963)
were of the order of 106 years it seemed likely that this
was a case of self reversal. Yet Edwards carried out
almost every conceivable laboratory test but found no
difference between normal and reversed specimans and the
problem remained unresolved.

Convincing evidence was given by Wilsonl® (1962)
in support of field reversal. He made a survey of thé
direction of magnetisation of rocks baked by dykes and
sills and found in 49 cases out of 52 the baked county
rock was magnetised in the same direction as the dgke or
sill, whether it was normal or reversed. Th&i seemed to
support field ;eversal and showed self-reversal to be a

rare occurgnce.
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Recently Ade~Hall and Wilsonl® (1963) have found
petrological differences in the series of.normal and
reversed Mull lava.flows and in other cases reversely
magnetised rocks - -havé been found which differ strikingly
in petrological properties from normal rocks. Petrology
seéms to be a somewhat unexplored tool in helping to
.elucidate_the question of field or self reversal. The
probablg truth is that both field and self reversal has
6ccq&ed and new techniques may be able to identify much
more clearly than is at’ present possible which rocks
belong to each class..

It is clear that ﬁefore rodk magﬁetism can proﬁbd$
any further a clear understanding of the mechanism of
acquifing the remanent magnetisation ‘has to be understood
and to do this a knowledée of the'properties of the

magnetic constituents in rocks has to be known.

1.2. Magnetic minerals; S '

It has been found that there are three main groups
of magnetic mineyals present in varying forms in varying"
amounts in rocks. These are the cubic titanomagnetites
having the general chemical formula (lQX)Feéo4axF§éTiOA‘*

(and their oxidation prodﬁcts);'the rhombohedral
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imenchasmetite saries (1~y) Fo,0z45F8FH0z acd the iron
sulphides, pyrite and pyrrhotite. A review of their

minerology was given by Nicholls2? (1955).

1. Titanomagnetites.

The solid solution series between magnetite (Fe504)
and ulvbspinel (FegTioq) produces probably the most
important magnetic constituent as it comprises 90°/b
of the magnetic minerals in rocks. It is almost com~
pletely responsible for the remanent magnetisation in
igneous rocks. The titanomagnetites are ferrimagnetifCes
with an inverse spinel type crystal structure. The
difference between a ferro~ and a ferrimagnetic material
lies in the fact that a ferrowmagnetic material has a
parallel alignment of all the atomic magnetic moments due
to exchange interaction but in the ferrimagnetic the atomic
magnetic moments belong to two sublattices A and B which
are interwoven and interact negatively. All the moments
of sublatiice A are aligned parallel to each other but
antiparallel to the ones on the B sublattice. The

. smallest cell with cubic symmetry consists of eight

molecules of F9304. The two types of interstital sites,
the A (tetrahedral) and the B (octohedral) are surrounded



by 4 znd 6 oxygen atoms as nearesh qelqhboups respectively.
In the unit cell there are 64 A sites with 8 occupied and
32 B sites with 16 occupied. Magnetite has been shown

to have an inverse special structure in which the F65+
ions occupy the A sites and half the B sites and the Fe2+

are on the reuwaining B sites. As Py 4 ions enter the

lattice with lnecreasing percentage ulvospinel the Ti4+

enter the B3 sites and the valancy balance is maintained
~

, + + -
by an increase of Fe“ at the expense of Fe5 . oilnce
. At . . . + 24 Ak =2
- Ti has no magnetic moment pure ulvospinel Fe2 (Fe™ Ti )OLL

is non megnetic. Thus we get an intermediate cowpound

2+ e A+
[Fel oy Fo . Til ] 0, for x < 1/2
3+ 4o - .
and Fey . We2£ 1 [Fe g Ti) ¢y for x > 1/2.

The spontaneous magnetisation, curie point and cell size
vary approximately lincaorly with composition as shown

by Akimoto-t

(1957). The series exhibits cowmplete solid
solution at high tesaperature and there have been two

solvus curvss suggested for the sub-solidus rsgion below
600°C. Phillips and Vincent=2 (1954) suggested an eutectoid
curve in their sarly work but later Vincent et al55 (1957)

decided on a hoop shaped solvus curve similar to that
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suggested by Kawai et a124 (1954). Kawai placsd the
maximum at 800°C but laterc? corrected it to 600°C. The
phase splitting below this temperature is reported to be
very slow and at room temperature is on a geological time
scale, It does explain wvery nicely the occuﬁhnce in
nature of rocks with two curle points.

Natural titanomagnetites are often found in an oxidised

stat926

but still retaining their spinel structure. In

these cases there are more F93+ ions present and the

valancy balance is maintained by vacancies in the lattice
sites as in pure maghemite. It has been shown by Henry and
Boehm®/ (1956) that vecancies occur on octahedral sites for
maghemite and it can be expected therefore that in the -
oxidised titanomagnetites the vacancies will be on the octa-
hedral sites. Some of the effects of oxidation on ths
properties of synthetic titanomagnetites-... have been investi-~

128 ang

gated by the Japanese workers including Akimoto et a
they have investigated the change of curie point, cubic cell
size and saturation moment with oxidation. The possible effect
~of oxidation producing an unstable remanent magnetisation
has also been discussed by Akimoto29 (1960).,

It has been suggested mainly by mineralogists that

there may be a solid solution between magnetite and

ilmenite. The discussion.of such a possibility is
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20 2ng Vincent®?. e possibility of a

given by Nicolls
cubic form of ilmenite y]ﬁ‘e&‘i()_5 has also been considercd
as a possible end member by Banerjeeao (1963). It
is clear that the oxidised region covers the region of
‘this supposed solid solubtion except near the ilmenits
end where no cubic spinel has been identified. Crystallo-
nraphic arguements wake a solid solution between cubic
magnetite and rhombohedral ilmenitve unlikely though
Chevallier et al”® (1950) has reported suck a solution
up to 37°/o

Thus in nefbtural samples it seems likely they may be
found in an oxidised state, containing vazancies on the

octahedral sites.

2. Ilmenite~Haematite series.

‘ This series has as its end members rhombohedral

haematite (Fegoa) and either rhombohedral or hexagonal ilmenite
(FeTiOED in whi?h the position of tha oxygen:abtoms.gré’slightl
distorted. Its interest is contzined in the variation

: of magnetic properties through the seriesaz, The general
formula is (l—y)Fe205 y FeTiOB, Ilnonite (y = 1) is
antiferromagnetic above 55°K and .in the region 1>y > .45

it is ferrimagnetic, caused by the Ti ilons occupying one
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of the sublattice sites» only. -Botween .45”> y > &it is
antiferromagnetic with a weak parasitic ferromagnetism
superimposed. This is similar to pure haematite where
the two sublattices are not perfectly balanced.
The inmportant magnetic properties associlated with
this sefies are the cases of =roversed +thermal remansence

reported by Nagata et alll

on the famous Haruna dacite.

They found a‘reversed T.R.M. near the region of y = o5,
Uyeda32 (1e58) has also found a region giving a reversed
T.R.M. between «5 < y < .65 in synthetic specimans. _
Viasov and other Russilan Wo:kers55 (1963) have also reported
reversal of the T.R.l. in a synthgtic sample which was

empirically 500/0 FeT10 A new reversal region was found

3
by Carmichael™® in the range 25 to 15°/0 ilmenite in
haematite.

Carmichael also confirmed a hoop shaped solvus diagram
and shpwed complete solid solution at tenperatures above

1000°¢C.

P Iron sulphides.

The only ferrimagnetite sulphide is pyrrhotite,

FeS where X goes from O to 0.14. This can exist in

1+x
many forms at room temperature but it is not of great



10

importance to rock magnetism. It does show self reversing.
properties54555’56 similar to those found by Carmichael
in the Allard Laké ilmenohaematites and is of interest

from this point of view.

1.%. Thermomegnetic properties of rocks.

In order to reduce the scatter of results and obtain
a more accurate result for the direction of the true
fossil magnetisation techniques of alternating field .
deﬁagnetisation and thermal dewmagnetisacion .have been
used. Using these techniques it 1s hoped that secondary
.magnetisation may be removed and the fossil magnetisation
unmasked. Wilson2? (19€62) has described an instrument
for measuring the thermal demagnetisation of natural
specimens in three directions.

Measurements of curie points and therwal demagunetisation
~axves have been used extensively to give information on
the magnetic constituents. This has becen done by AkimotoBS,'
Cox and Doell59 and other workers and it has préved‘an |
important tool in investigating the magnetic materials
and their nagnetic state. Kawai®® first suggested his
: jn e Fezo, - Fo,Ti Oy Seties

hoop shaped solvus curve(after measuring the distribution

of curie points in natural rocks. He also bsgan to heat-treat
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samples al temperatures much grazbter thawn their.curie point
and began lavestigating solid phase transformations and

40

exsolution problems ~, &nd their effects on rock wmagnetisum,

The formation of the megnetic phases in igneous
rocks has been the cause of much discussion. Ramdohr's™t
book shows the wany types of different intergrowths which
can be found and with the increased linking of petrology
and rock magnetism, the origin and effects of different
intergrowths and exsolution lamsllase and theif thermal
properties has become & very interesting but difficult
problen.

Intergrowths of magnetite-ulvospinel, magnetite~
ilmenite, magnetite~ilmenite-ulvospinel have been repgrted
in natural titaniferous magnetites by Vincent et a123.
They heat-treatcd these samples in a vacuum at high
temperature and attempted to homogenlige the different
intergrowths into the host. This they succeeded in
doing in the case of magnetite-ulvospinel but found difficulty
in the case of ilmenite-magnetite. They also produced
heating curves of the samples heated for different times
showing the changes in the curie point and measured the

cell size of the cubic magnetite, which also varies

approximately linearly with the increase of titanium in
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the lattice. Nickel™® (1961) has published electron—
microscope photographs of ulvospinel showing that 1t
exists as a very fine nicrotexture. New techniques such
as tkxe electron probe microanalysé% will be of great
assistance in solving these problems.

In igneous rocks free ilmenite also appears after
magmatic crystallisation but there are conflicting ideas
on the presence of ilmenite intergrowths in the magnetite
host. Direct exsélution from the magnetite host is one
possibility similar to the suggested mechanisms for the
ulvospinel intergrowths, or the ilmenite intergrowths
may arise frou oxidation of the ulvospinel intergrowths. }

At least two oxidising reactions have been considered.

3Fe,T10,+0 :} 5FeTi05+Fez0,
and

PepTi0,+Fas0y =) Foz0,+Felily
According to Vincent the ilmenite present is almost
100°/0 FeTiOy and so mo contribution is made to the magnetic
moment of the rock.

The question of oxidation in fhe wagmatize cooling
process is very complicated. Vincent22 et al discussed

the possibilities but the conditions determining whether

an oxidising or reducing atmosphere is present have not
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yet been couwpletely elucidated. However many workers
have reported the existance of titanomaghemites
(oxidised titanomagnetites) in nature and Verhoogen44
(1962) has shown it is likely that iron oxides in the
magnetite-ulvospinel-ilmenite range undergo oxidation
during cooling in the presence of magmati¢c gases or air.

A knowledge of the thermal properties of the magnetic

minerals in the rocks is vitally imporbtant in establishing

the validity of the results of rock magnetism.

l.4. Thermomagnetic properties of synthetic material.

In order to iunvestigate the thermomagnetic properties
of titanomagnetites without the added complications due
to other minerals being present many workers have prepéred
and used syunthetic samples. The largest contribution
in this field has been by the Japanese workers and

2 . g . .
8 et al have measured the variation of cu¥¥e point,

Akimoto
cubic cell size and saturation magnetisation with composition
and oxidation. The most recently published curves are

45 claimed to have confirmed his

shown in Fig. 1. Xawal
hoop shaped solvus diagram with synthetic specimens and
obtained exsolution down %o BOOOC. LindsleyA6 investigated

the phase relation between various members and showed that
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ilmenite ilntersrowths ars formed by the oxidation of
ulvospinel. Ishikawa47 et al prepared, nmeasured and
discussed. the properties of the ilmenite-haematite series

and also48

discussed order disorder rhenomena in this
series.

It was therefore decided to prepare synthetic samples
in the magnetite ulvospinel series and further investigate
the thermomagnetic properties of the series, especially
with regard to oxidation and its effect on the magnetic
properties and to measure properties of the series in
weak fields. In the light of these experiments on

synthetic materials it was hoped to eludiate the results

obtained from thermal treatment of natural igneous rock.
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CHAPTER 2.

Preparation of synthetic samples

2.1. Methods of Preparation.

Ironlies in the middle of a transition series in
the periodic table and because of this the crystal
chemistry of the iron oxides is very complicated. The
method principly used in producing iron~titanium oxides
over a wide range of composition has been a sintering
process but it is not surprising to find impurities
present in the form of higher oxides because of irons
couplicated crystal chemistry.

When Pouillard49 synthesised titanemagnetites with
up to £42°/0 ulvospinel he used two methods. Mixtures
of TiO2 and FGBOA were heated 1n an svacuated furnace
at 9OOOC for one hour and he also tried reduping a nixture
of Ti02 and Fe205 with hydrogen gas abt 450°C. In both
cases his product contalned other pheses and he attempted
to estimate the amount of TiFeZO4 from the cell size.

Akimoto°S

and his co~workers used a sintering
process and used Fe203, TiO2 and electrolytic iron as
their starbing point. A mixture in the correct proportion

was sealed in an evacuated silica tube and guenched from
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llBOOG after a six hour heating. A gsingle phase spinel
resulted and impurities due to the ilmenite-~hacmatite
series, when present, wers less than 10°/o. Chemical
analysis of the samples showed that most of the samples
prepared were slightly away from the ulvospinel~-magnetite
series, towards the oxidised region.

The method used for preparation by Kawai45 was slightly
different. He started with T102 and powders of Fe504 and
FeOs The lattcr two were prepared by reduction of
haematite by CO--CO2 mixture at lBOOOC. The appropriate
mixturés was sealed in an evacuated silica tube and given
a prolonged heat treatment at 900°C.

A more involved method was used by Lindsley46 to
prevent oxidation of the iron sponge used. He analysed
his iron sponge for oxygen and corrected fpr this when
preparing his mixture of FesFeEO5 and TiOE. The material
was mixed by grinding under acetone or toluene to make |
sure the sponge iron did not further oxidise at this stage.
He then sintered the samples at 1000°C in an evacuated
silica tube or at 1200°C in an atmospherec of nitrogen
and hydrogen.

Although the ulvospinel magnetite series is the

primary concern, it is intsresting to note Vlasov'sj3 method
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-ef preparing gynthebtic specimens. He began with Fe, Fe2-3,,
and T102 and the mixture wes briquetted and maintainsed at
1200 C for a few hours. The speclmens were formed into
prisqs under high pressure (1500 Kg./cm®) and heated to
over 1;5006 in a‘evacuatedquartszrnace for a further
8,hours before being slowly dooled,‘ But they still found
two phases present, one cubic -and fairly close_to pureil

' magnetite and one rbomboh@dral. Ishikawa and Akimoto-O
simply mﬁxad haématitg and ilmenite together and sintered
the miitﬁrd at high temperafures in an evacuated tube to
obtaln thulT samples for thelr work on the 1lmen1te-

haematite SEYiEeS.

2.2. Method of preparation used.

It was decided to use the sintering process énd to .l '
use as the starting maferial Ti0,, Ee,;O3 énd:irdn sponge.
:The three constituents were pure to 300 p.p.m. in the
i ese of ‘I‘J.O2 and 50 p.p.m. for Fe and I‘e205 The cal- .
culated mixture of total weight one gram was mixed in an
agate morter and when thofoughly mixed.éealed inQan evacpated_
quartz tubs. Care was téken during the svacuation to.Shaké

the powler up, making sure no alr pockets exist, before

packing the material with gquartz wool and sealing under a
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vecuum of 10~30m. Mercurya The temperaturé of sintering
used in the first set Was.900°C and samples were heated
to this temperature for 48 hours. The furnace was specially -
constructed so that the samples could be quenched by
dropping them into weater. HEleven samples along the series
were made in this way.

The samples appeared as fine grained black powders
and the following experiments were carried out to verify
that spinels had been produced. Thermal demagnetization
curves of the saturation moment Jsat. were measured in
a vacuum to determine the curie points and X-ray photographs
taken and the cell siz¢ determined. It was found from
the X~ray photographs that a single cubic spinel had been‘
produced and also lines due to a rhombohedral phase appeared.
The amount of rhombohedral phase present varied from less
than 5°/0 in the case of pure magnetite to 10-15°/0 for
pure ulvospinel. There were not sufficient lines present
to be able to calculate the rhombohedral cell size but
an approximate estimate of the position in the ilmenite-
haematite series was made by comparing with films of pure
haematite and ilmenite. However a corrcction for the
presence of the rhombohedral phase to this extent only

changed x in the expression (l—x)Fe304xFe2TiO4 by up to .0%.
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The cubic lines were very sharp and there were no uorse
additional, lines and therefore alumost all the TiO2 and
Pe was éénsidered homogenised. Only one curie point was
observed in every case and so the small -amount of rhom-
bohedral phase present 4did not éeem to‘éffect the
maénetic properties in any way and could be peglected.
" The curise points plotted against x all appegred higher
tﬁén'ﬁhe accepted values repdrted.by Akimoto=C, This
Was‘almost certainly due to the fact that ?he very fine
sponge . iron o;idised very quickly in ‘air even in the
short time between the weighing, mixing and sealing the
‘ samples. The cell size also verified that the samples
‘were sllghtly oxidised. It was & very difficult problem
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samples made in a. similar
"Way were also found to be Jjust off the ulVOSplnel
'magnetlte line and Lindsley went to great pains to avoid

~ troublse from oxidation. .Further anneallng at 7500 for

.7 days brbught all the curie poinfs mich closer to the
~accepted vaiﬁe,and further heating-fpr 80 hours at 900°C

- on two samplés brought the cﬁrie éoints very close fo the -~
accepted valués. Fig. 2 shows these results. These

poinfs'are discussed later.

Polished surfaces of a few samples were mde by



22

setting the grains on an organic resin and polishing
in the usual Waj. The grain size varied from 200
microns down to a few micfons. The most striking feature
| Waé the fact that many appeared isotropic,on the perfphery
and anisotropic in the centre. Fig, % shows photographs
taken'of a typical grain (magnified x450) +taken in
ordinary‘light and with the nichbls almost crossed.
The anisotropic areas can diearly be seen.

The same polished surface was then examined by the
. electrén probe microanalyser and spot tests taken of
the percentage iron and ftitdnium in the isotropic and
anisotropic material. The aniédtropic material was found
to Be'exactly 100°/0 ilmenite and the isotropic mabterial
between x = .50 and .55 compared with the corrected value
'of-x = ,57. The large er;or‘was dué to the relatively
low amount of ﬁitanium_prééeﬁt. Also found in the
matefiallwere a féw very small regions which corresponded
o* In the sintering process small
pockets of TiOZ.Were left and this would also have the

to almost pure Ti0

effec% of increasing the curie point above the accepted
‘value and on further heating as all the titanium went
. into the lattice then the curie point reached the accegpted

value. The amount of free Ti0, must have been small as
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it did not appear in x~ray photographs.

Thus although the samples preparsd seemed to contain
a few percent rhombohedral naterial it appeared that it
did not contribute to the uwagnetic properties and could
be neglected. The cubic material which was the series
of spinels of interest appeared to be slightly oxidised,
due to iron contamination during preparation but as most
of the experiments to be performed involved oxidation
to a much greater extent, the samples and the method
of preparation were considered to be good enough and
more elaborate methods and technigues in preparation of
synthetic samples were not considered to be worthwhile,

The samples along the ilmenite-hasmabite series
" were preparad in a similar way again starting with TiOE,
Fe205 and iron sponge. The only differences were that all
the ilmenite-haematites were sintered at 1150°C for six
hours and allowed to cool slowly in the furnace. X-ray
rhotographs, and heating curves of the thermal remanent
magnetisation generally showed only one rhoubohedral
phase but in one sample a largs amount (25°/0) of cubic
material, corresponding to zlmost pure magnetite was

found.
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 CHAPTER 3.

Thermal Demagnetisation and oxidation.

| A5;l. Experimental Procedure.

.

The thermeal demagnetising curves of saturation moment

Jsét

measured for the 1l samples prepared in the ulvospinel-

and also the corresponding cooling curves' were

magnetite series under two conditions. The samples were
measured after being sealed in an evacuated quartz tube
and also curves taken of the samples heated in air. Somne
typical curves are shown in fig. 4& to 4f. The heatingi‘_’. 
~and cooling curves were .measured on a curile balance

designed by Willson and Smith which allowed the change

sat
obtained in this instrument was 5000 oersteds and specially

of J._, to be followed from - 190°C to 600°C. The field
éhaped pole pleces ensured a large fieid gradient.

The calibration was by means of a small coil of known area
~and number of turns but could not be considered accurate
'ﬁo more than 5 to 10°/0 as the position in the field

was critical and the number of turns small. It took

30 nimutes to reach 600°C at a steady rate of heating and
the samples varied from ;Ol graﬁ for magnetite to

.03 gram for the sample WithA97o/O ulvospinel.
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The rate of oxidation of the synthetic samples was
also measured by heating samples with low curie points
to a given temperature in air and with thé temﬁerature
held constant the moment was observed to grow with time.
This is similar to an eXperimecnt by Nagata5l and he called
+ the moment so acquired thermochemical rcmanent magnetisation.
The new curie point was determined by cooling the sample
to room btemperature, scaling in an evacuated quartz tube
to prevent. further oxidation taking @lace and recheating
JS. Curves are shown in Fig. 5a to 5f. This series of
experiments was carried out in curie balance designed by
Kawai which unfortunately could not be calibrated
absolutely. On this instruwnent it agailn took 30 minutes
to reach 600°C and again samples of approximately .0l

to .02 grams were usacd.

3.2, Comparison of thermal demsgnetisation curves in air

and vacuun.

Curves for six of the synthetic specinens are shown
in Fig. 4a to 4f, and the remaining specimens gave similar
results and fell into the same general pattern. MNany
important observations can be made from -a study of these

CUrvese.
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Both the heating curves in air and in vacuum were
identical up to sbout BOOOC and it was above this tenm~
perature that oxidation seffects began. The two curves
sometimes had different room temperature values of Jsat
e.Ze« Fig. 4c and this was due to the slightly different
positions the samples were placed in the instrument.

This was quite critical and the descrepency in the
- roadings gave an idea of the accuracy of the calibration,
and was about 5 to 10°/o.

The curves obtained for the samples in a vacuun
repeated exactly on cooling in all cases and sucdessive
heatings gave the sawme curves. In all cases there was
only one curie point and tuis implied that the small
percentage of rhoabohedral material, shown to be present
in x-ray photographs, had no effect on the magnetic
properties. Ths curves for x = .97 fell slightly at
low temperature and this was compatible with the idea
that purce ulvospinel Fe2+[F92+Ti4+]O4 should have no
moment at 0°K in a perfectly ordered state.

In air however the moument above BOOOC was affected
by oxidation and depending on the original curiec point,
fell less quickly (x = .2) leveled out or even increased

i.6. X = 57 and x = ,77. This was due to ferrimagnetic
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oxidised titanomsgnevites being produced with a curie
temperature greater than the ox1d¢51ng tvmperature.
Tbus curves similar. to the ones for = .57 did not.
'Vcdrresgond o two compononts belng p¢esent orlglnally
but to the original low curie temperature component be]\_ng'_ -
oxidised to'a high temperature;cémponent. 

In the case of x = 0 and .1 another Drocess was

happening. The cooling curves" showca thut both samrles B

were non—magnetic and when hested in air the moment fo11

'fmore quickly than in vacﬁuﬁ._ In both these cases the

ox1dlsed magnetlte has been converted to- haematxte. w,u,‘ -

X~-ray photOg;apha»taVen after heatlng for x = 0 and -
x=glcshowed. only haematite lines. |

In the other cases from.x = .2 to .97 the curie |
point had risen to 5500—60000 as shown:by,the éooling
durves andeas\independeﬁt‘of the comppsition. This has
important ﬁonsequenéés_és it:may éxplain in1many cases
the large grouping of curie points of‘natu;al specimens
around 500° +to- 600°C, iffeépécﬁiVe of couposition. The
vaiue of J ot of the oxidised :sample was interesting.
The case of x = O and ..1 has been discussed. For X = 42
and 295 the wmoment acqu1red wes less than the orlglnel.

J at 20° but for samples with X grcater than .395

sat
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the moment had increased. In nany cases (4 out of 7)
x-ray photographs showed a‘second rhoubohedral phase tp
be present up to 5 to lOo/o and so the résult for x = .2
and «295 uight be due to the decrecase in éubic material
_present but it was only by about lOO/o and as the dropr
in the unoment is 400/0, the effect seemed real. .So
oxidation caused J .4 atAZOOG to increaée for x 5 »35

and decrease for x € 35,

3.3, The Rate of oxidation at different temperaturss.

As in the previous section the heating curves werse
found to’lgvel out or evenrise'during heating and when
 held at a fixed temperature thié increase in moment could
be observed with time. Various bemperatures from 2500'
to 55000 were used and suffidiently long times used to
give a large increase in moment and curie point. At
225°G‘the rate of oxidation.Was too slow to be of interest
but from 300°¢C upwards the r ate of oxidation was ou da
laboratory time -scale. The moment acquired was due to
the prdduction’of a ferrimagnetic oxidised fitanomagnetite
with a curie point above the oxidation temperature Bs
explained pfeviously and the moment was found to grow
éteadily at first but the rete dropped and the incrsase

became much slower, as if. it was reaching a liniting
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degree of oxidation at e given temwperature. The curves
obtained are shown in PFig. 5a to 5f and the results

tabulated in Table 1.

Table l« Oxidation at different temperatures.

Original Oxidising Oxidi§1ng ew

curie Tenp ©C Time in Curie
Boint in mins. point.
C .
100 225 2580 150°
' (43 hre)
290 300 1950 420
290 250 1050 500
290 400 275 500
340 450 157 ¢ 540
370 500 30 530
- 370 550 6 550

The only annomaloﬁs}?urve obtained was the one
for oxidising at 55006. Here the moment grew for 3
ninutes but aftér 5 winutes was feducing again, because
after three minutes the scmple began to revert to a

rhombohedral form with increased oxidation.

3.4, Conclusions.

It is clear that above 300°C when heated in air,
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oxldation effects are important. The curié points
g6 on oxidation and irrespective of coumposition will
reach 500o - 600°¢ except in the case of pure or nearly
pure magnetite which reverts to haematite. The umoment
Jbat ot 20°C for oxidised samples is greatedythan for
unoxidised samples for x > .35 but is less for x < .35.
The oxidatlon time varies frowm 15 to 17 hoﬁrs at
BOOOG to a few minutes abovs SOOOC and prolongsd heating
at the higher temperature has the effect of producing
& rhombohedral phase. This was for finc graindd powders
up to 100 microns and in natural samples may not be as
rapid. The results of this chapter agrse fairly well
with the results obtained by the Japanese workers
and Fig. 6 shows the continuation of the lines of constant
curie point to meet the oxidation lino of ulvospinel, and :
also shows the region where oxidised uagnetite reverts

to rhombohedral hacuatits.
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CHAPTER 4.

Thermal rcmanent magnetisation and partial

thermal remanent magnetisation of synthetic

titanomagnetites.

4,1« Introduction.

Although titanomagnetites and oxidised btitanomagnetites
form a large percentage of the megnetic constituents of
rocks and the remenent wagnetisation of igneous rocks
is usually thermal remansence, very little work seeus to
have been carried put on low field thermal remanent
magnetisation (T.R.M.) and partial T.R.ll. of synthetic
titanomagnetites. Partial T.R.M. (P.T.R.}.) occurs
when a saumple is cooled through its éurie point to a
temperature Ti in a field and cooled from Ti to room
temperature in different or zero field. Bhinasankaram55
and Charmichael have shown that low field interactions
between two wmagnetic phases can cause reversal of the
P.T.R.M. in the case of pyrrhotite and il®bhaematite and
Lewis52 has shown a similar effect to be present in
natural titanomagnetites from an Indian lava in thg |
Deccan Traps. It was decided to investigate the T.R.l.
and P.T.R.M. in low fields of unoxilised and oxidlised

samples.
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4.2. Bxrerimental procedure.

In order to be able to wsasure the T.R.M. and
P.T.R.M. while cooling in e ficld and hesating in zero
field a new instrument was constructed and placed at the
side of an astatic system allowing the moment to be
measuraed by a vertical movement of the sample.

A detailed description is given in Appendix 1.

To avold further oxidation taking place during the
measurément of the heating curve all the specimens
used were sealed in evacuated tubes. The samples
weighed up to 0.1 grame It took 30 minubes to heat to
600°C and it was possible to cool the sawmples in a field
of up to 2 oersteds.

The general order of events was ag follows. The
sample was heated to 56000 in zero Tfield and cooled in
a field of .4 oersted to room tempersture, thus acquiring
a T.ReM. The variation of T.R.i¥. wivh tTewmperature was
then measured in a zero field up to 56000 and the sample
cooled in .4 cersced to a teuperature Ti’ which was
always approximately 100°C velow the curie point. At
Ti the field was changed to zero and the sample cooled
to room temperature. The variation of ths acquired

P.T.R.M. with temperature was then measured in zeroc field
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up to 56000 and the process repeated using different

fields below Ti if necessary. It was found that repeated

heatings and coolings gave identical curvss.

4,3, T.R.M. and P.T.R.M. 0of unoxidised sawmples.

The samples used had a renge of curie points from
below room temperature to 560°C and Ti was chosen 100°
below the curie point in most cases. Two sets of curves
are shown in Fig. 72 and 7b. In both cases the variation
of T.R.M. and P.T.R.M. with teuwperature was very similar.
The P.T.R.Ms @acquired was less than the T.R.M. acquired

THELHERS B
and using Negatas addition law for P.T.R.ll. a slight
spread of blocking teupsratures below Ti can be inferred
from the result. The P.T.R.ide acquired by cooling in a
field of .2 oérsted below Ti was between the T.R.M. and
the P.T.R.M. in zero field and agreed with the result

THELLIETRS '

obtained using Magedbas law. Similar curves to those

shovm in Fig. 7a and 7b were obtained for asll sanmples

measured., (All samples with curie points > 200°C.)

4.4, T,R.M. and P.T.R.le of oxidised samplese.

Samples which had been heated to 600°C in air and
then sealed in evacuated quartz tubes were also measured
in a similar way, T; being 400° in all cases. Whereas

all the unoxidised samples gave similar results the curves
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obtained from ths oxidised sét of specimens fegll into
three groups. |

Five samples gave similer curves to the unoxidiseq
sampleg with the P.T.R.M. acquired lesé than the T.R.M.
(Fig. 8a). Three samplcs acquired P.T.R.M.'s which
werg identical to the T.R.MN. irrsspoctive‘of the field
‘applicd below Ti. Clearly in these cases there was no
blocking temperatures below 400°C. However two samples'
acquired P.T.R.M.'s in zero fieid beld% Ty which decreased
op cooling below Ti aﬁd’the corresponding heating curve
showed a maximum (Fig. 8b). For this sample the P.T.R.M.-
acquired in .2 ocrsted belbw Ti'remained constant on
cooling. |

No real pattern'emerged from the values of x in
the different cases. The\P.T.R.M. curves which feil'
on cooling, occqged for x = .2 and «77 and the curves
which coincided with the T.R.M. for x = v48, .57 and .87

The dropiin'the P.T.R.M. can only 5@ due to some ‘

negative interaction causing the woment to fall,

4,5, T.R.M. and P.T.R.M. of partially. oxidised sampleS.

A similar series of experimcnts was carried out on
samples oxidised at lower tewperatures for longer

times. These were called partially oxidised to différsntiate
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then from the samples heated to 600° which were previously
discussed.

Three samples with X = .77 were hsated to BOOOC for
950 minutes, 350°C for 1050 minutes and 400°C for 250
winutes and the T.R.M. and P.T.R.M. heating curves were
nmeasured after sealing in an evacuated quartz tube. The
P.T.R.M. of the sauple heated at 400° was similar to the
unoxidised samples but the other two were found to hgvg'
reversed P.T.R.M. One is shown in Fig. 9a. The T.R.M.
curves showed that two components were present and the
P.T.R.M. curves ;howed that the negative.interaction between
themrwas about 0.2 ogrsted since the P.T.R.M. in a field
of 0.2 oersted did not rise or fall below Ti'

The samples with x = .57 which were heated to 50000
for 17 minutes and 550° for 6 ninutes also showed a
reversed P.T.R.M. and both differed from the previous
case in that the T.R.}M. showed a negative 1lnteraction
to be present. The T.R.M. heating curve fell with teumperature
up to BOOOC and then rose sharply before disappearing at
55000. The curve for the sample heated to 500O for
17 nminutes is shown in Fig. 9b. The other sample was
very similar but the rise at'BOOO less pronounced. The

TeR.M. in 1 oersted on this sanple again showed this effect
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and the reversed P.T.R.M. was reproducable after a number
of heatings. Z¥ig. 10 shows the P.T.R.l. acquired by
cooling in a field of 0.4 oersted applied over 50°

_gieva Yau.'fmkhi oxidised cawple wdk X257,
intervalg( It shows +the distribution of blocking ten-
peratures and very clearly shows the existance of tw

phases.

4.6, Variation of P.T.R.M. with composition.

The last section has shown reversal of the P.T.R.M.
to have taken place for samples heated at temperatures
between 300o and 55000. for hours and a few minutes
respectively. Samples having a wide range of compositions
were heated for various times in air at different
temperatures and the most interesting results werec obtained
on the T.R.M. and P.T.R.il. of samples heated between
450° and 50000. for up to 10 minutes. Table 2 gives
the list of compositions, time and tempergture of o
oxidation and information about the T.R.M. and P.T.R.l.

curves for interesting cases.
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Table 2.1 ’

T.R.M. and P.T.R.U. ' of partially oxidised samples
oxidation Time PTRM coollng ‘TuRe MTAOD New Curie
p o temp. and in ° below T, point
in OC. nins. zero fl%l heating in ©C .
2 500 2 levels out falls 540
' ’ steadily
+596 450 6 falls falls 500
slightly steadily
«57 360 1020 reverses two compon- 250, 460
: ‘ ents seen
67 450 10 falls to two compon- 250,470
. _ - Zero ents seen
o7 490 10 falls to mnaximum at 500
. almost zero 260
67 550 10 increases falls 530
as TRM steadily
o 77 350 720 falls falls 425
slightly steadily
« 87 500 2 falls two compon~ 250,400
. ents
«87 500 10 just two coumpon~ 300,500
.. reverses ents
« 87 500 20 levels out falls 500
steadily
.97 500 1 reverses maximum at 550
, 370
«97 500 2 reverses maximum ab 550
. %60
.97 500 5 levels out falls 560

steadily




48
It ic nlear frem this bable and the previous
section that reversal of the P.T.R.i. has’been'found in
all samples with x¥.5 and that a negetive interaction,
although not large enough to always cause a reversal,

occurs in all samples with x¥.2.

‘4.7. Variation of P.T.R.M. with oxidation.:

It was decided to inveétigate moré»fﬁlly,the
changes of P.T.R.M. with the degrec of oxidation and
a series of experiments was carried out on a sample with
x = +57+« TFlrstly a suitéble temperature had to be used
so that oxidation did,ﬁot take place too quickly. Samples
Wére~heated to-5OOO for 1 minute and 30 nminutes and the
curves for the first sample showed the P.T.R.M. Lo have
fallen to zero at roon témperature and theAT,R.M. heating
curve to level out between 200 ahd 500o before falling
Yo an upper curve ﬁdint of 5000. After 30 minutes.heating'
in air the P.T.R.M. curve was similar to the T.R.il.
'curve %hiqh fell steédily:to an upper curie point of'55000.
" Heating %o 500° for 5 minutes produced an inﬁermediate
result with the P.T}R.M},still'decreasing below T, on
'cooling but not reversing.. The T.R;M. still 1evelléd
out between 250 and BOOOO,but this was iess pronounced than

in the first case.
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'Iicfoscopic examinatioq‘of the grains showed a
size distribution up to 200 microns and in order to obtain
2 more uniform rafe‘of'qxidation it was decided. to
separate the grains into large and small grain sizes.
'Thé grains were separated by a sedimentation process
and the large gréins obtained were between 50 and 200u
and the small grains between 1 and 50u. |
| Samples frowm each size‘range.weie heafed to 50000
for 2 nminutes and measuiéd. The P.T.R.M.'of the'large
grains was found to just reverse while thaf df.the small
grains just levelled out below Ti,<Fig' 1la and llb).
The small gfains had a higbef curieApoint showing that
they are more oxidised than the lafger grains és aight.
be expected. It was not known whether thiS‘difference
in the P.T.R.l. was due to the.difference"in size or Jjust
to the fact that smaller grains oxidised more quickly.
In order to investigate this and the effecf.of oxidation
it wes decided to carry out a series of experimeﬁts
gt 4500 and to supcessively oxidise the same saumple and
measare the T.R.M. and P.T.R.M. (in &n evacuated quartz
tube every time) at every stage in the oxidation. -Theli”
oxidation took place too quickly‘aﬁ:BOOA0 so"450°_waé

used to enable the time scale‘to be extended. However it

.
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was found that even at 450O oiidation tcok place fairly
rapidly but interesting and ‘informative CUrves were
obtained.

At first the larger grains gave a P.T R.M. which
decreased with i1ncrease of oxidation time and reverses
after 2 minutés. The R.P.T.R.M. increased with oxidation
time up.tolio minutes but then began to decrease and the
P.T.R.Me bcoame normel again. After heating for a total
of 60 minutes. at 450° the P.T.R.l., no longer fell when
cooled‘belew Tl‘. Fig. l2aand 12b show the T.R.M. and
P.T.R.M. for the sample heated for 4 uminutes and 60
ninutes and Fig., lB:showe a graph of thoe roon temperatufe
value of the P.Iﬁg.m.'against oxidation time. The
.maXimum'R.P.T.R.M. occurs after lQ~minutes and clearly
there is a region where a R.P.T.R.H. is produced. A
blocking tenperetufe diagram for the reversing_sample:
oxidised for 4 ninutes is shown.inAFig.'l4‘and cleariy
shows the existance of two phases. |

Thermal demagnetising curves of . in a curie
balance are shown - in Fig. 15 for the unoxidised, partially
‘oxidised reversing semple and the oxidised sample which
-.no.longer feversed.‘:No'indication of two couponents or

any negative interaction was seen in thesc curves..
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Tﬁe curie polnt wse seen to rise with oxidation.

The small grained moterial was also given a sinilar
oxidation treatment at 450°. Fig. 162 and 16b show
the T.R.M. end P.T.R.¥. for the sample after heating for
4 minutes and 10 minutes. The variation of P.T.R.il.
at rooum tewpercture with oxXidation time is shown in
Fig. 17. The nost significant points about this curve
are that the P.T.R.M. just reversecs after 4 ninutes
but after 10 ninutes it does not even fall on cooling
below Tl. On conmparison with the curve for large grains
it can clearly be seen that the reversal properties are

more pronounced in the large grains.

S

4,8. Variation of P.T.R.M. with geoustric configuration.

4 sample with x = .87 showed a drop in the P.T.R.M.
below T, on cooling after being partielly oxidised ot
500O for 2 minuteg. The sample wes nixed with three times
its volume-of non-magnetic nagnesium oxide and heoting
curves of the T.R.M. and P.T.R.M. remeasured. 1t was
then mixed with nine tines its volume and the curves
repeated. All three sets of curves were practically
identical and the conclusion drawn tGthat the interaction

did not depend on the geometric positions of the grains
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with respect to each other but occured inside the indiv-

idual grains.

4,9, Comparison with the ilmenite-hasmatite series.

The reversal of the T.R.M. in synthetic ilmenite=-
hasmatites containing 600/0 ilmgnitg hag been fepOrted
by Uyeda52 and Vsélov53 and a R«.P.T.R.}ls has been
r@ported.by Carmichael in the region of 20°/0 ilmenite.
It was decided to prepars synthetlic samples in tpis
seriss and to investigate the TfR.M. and P.T.R.M.
to see if the reversals found had similar features to
those alreadj described for the ulvospinel-magnetite
series. | S

Ten samples were prepared and the T.R.M. and P.T.R.M.
thermal demagnetising curves measured. A reversal of thé
T.R.M. was found for the samples containing 60 and 70°/o
ilmenite. The heating curve of the T.R.M. for 60%/0
iluenite is shown.in Fig. 18a. This is the region in
which the Japansesc and Russian workers obtained their
reversals. Unlike thefmagngtite ulvospinel series tbg
TeR.M. reversed and‘the heating curve showed the R.T.Re.M.
to fall from 386 x 1072 emu/gram at 20°C and’ becane
normal at 200°C but only to reach a value of 2.8 % .'LO"3

emi/gran  before reaching the curie point at approximately
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250°C. In low fields up to 2 ogrsteds the R.T.R.M.
increased with field and after mersuring in = ballistic
nagnetoneter the T.R.M. was plotted against applied field
(T'ig. 19a). 4 field of 200 cersteds wes reguired to produce
a normal T.R.M. 2nd so the interaction causing this reversal
was tmuch stronger than the .1 to .2 osrsted in the oxidised
titanomagnetites. An x-ray photograpi showéd only one
rhombohedral phase and no cubic phase present. .

The sample witn 700/0 ilmenite aléo shoﬁed a reverssd
T.R.M. with a 200° curie point.l It just.became positive
in a similar way to the semple with 60°/0 iluenite but
the intensity was nuch legs ab shown in Fig. 18b. In-
this case & field of less than 10 osersteds prbduded a
normal T.R.M. (Fig; 19b). «The existance of_é snail
positive wmonent near the curie point is very important
as it suggests that 2 two conponent system with the curlie
points of the couponents differing by only 10 to 20°C

p , .

and with a large negative interaction, is responsible
for the reversed T.R.M.. A

The interadt;on pitoducing this effect was clearly
very sensitive to cowmpositional changes. The Russians
found 25 oersteds and the Jepanese over 1600 cersteds was
neéesséry to produce a normal T.R.M. Yet it is extrowmely

uanlikely that one small compositional range around



N
{=
]

600/0 ilmenito can have wore than one raversal mechanisn
so the dependence of this interaction on counposition is
critical. It is impossible to rule out this mechanisn
when considering the possible umechenism which may be the
cause of the R.P.T.R.ll. in the ulvospinel nagnetite
series but it does appear unlikely to be the cause.

The rest of the series had nornsl T.R.M. and
P.T.R.M. and the scuples with more than 85°/o0 ilmenite

were nom-umagnetic at room tenperatures.
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:4.10. Sunnary and discussion of results.

A reVierof the factors and'garaﬁeters which
influence the P.T.R«M. and the R.P.T.R.M. must now’be
made before the possible nechanisns causingithis effecﬁ
can be discussed.
1. The completely'unéxidised gnd,highly oxidised sambles
have a‘normal P.E.B.M.‘which doeé'nop decroase onlcodling'
below Ti. The T.R.M. heating curve and x—réy.data
showionly one cﬁbic‘cqmponeﬁt to be pyeSent in both cases.
2. There exists a rcgion of partial oxidation wherc the
sauple is partially oxidised when the P,T.R.M..ié reversed.
Around this region of oxidisation the.P.T;R.M; failS'on
cooling below.TllButidoes not reverse. o
%e ‘The. TeR.M. curves and blocking tempaféture-diagrams
'ind;cate clearly the'prasence of tﬁo componepts in the
-samples having'R.P.TfR.M,.although the.ofiginal titano-
‘magnetite and the end product of oxidation show only one.
4. The reversals seen to occur whon the highest cuawelure
point is about BOOOG and the lower component betwéen 220°
and 350°C. "' o o | |
Se This effect does not appear to 'be vei-y critically

dependent on the original compositioﬁ of the titanonagnetite
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and reversals are found in the compositional range X > «5
and the negative interaction in the range x > ,2.

6. The reversals do not appear vo be dependent on the
rate of oxidation. It doestnot appear to matter whether
long times at low tGemperatures (15 hours at 300°C) or a
few minutes at 50000 are -used. Only the degree of oxidation
appears critical.

Ve The interaction does not appear to be dependent on
the geonetrical position of the grains. Mixing the |
powdered titanomagnetite with nine timeé‘tho voluuwe of
magnesium oxide has no effect on the P.T.R.lM. Thus both
the interacting components must be contalned within
individual grains. | |

8. A considerable dependence on graio si;e was found.
For instance the production of a ReP.T.R.M. was much more
" pronounced in samples with a large grain size,-(BO to

200 u) than in samples with small grain sizes (1 to 50u)
and the dffference could not be accounted for siﬁply-by
the fect that the small grain oxidise more quickly. The
interaction was not\absent.in small greins but itﬁwas
considerably weaker.

9.  The production of the R.P.T.R.M. by oxidation ig -

not a reversible chemical process. In Chapter 6 which
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deals with the prooess’of reduction, it is shown that
ofter belng reduced by heating at 800°C for 92 hours in
an evacuated quartz tube three samples, oriaglnally
partially oxidised and showing a drop in the P.T.R.I.
on copling below Ty had identicel nornal TeRelle and P.TeRalMa
10. The raversal of the T.ROM.‘in the 1 menite—ﬁ%maﬁite
series appears to be of an entirely cdifferent nature.
It is very critically dependent on conposition and the
nagnetitude of the mnagnetic interaction can vary by orders
of magnetitude for small compositional changes.
1l. The R.P.T.R.il. of synthebic partially oxidised
titanomagnetites aprears to be sinilar Go that found in
pyrrhotite and ilmenohaematite (20°/0 ilmenite). This
suggests the mechanism is of a general nature and not due
for instance to specific crystal structures. Such general
mechanisms may include nagnetilc interaction between rcgions
ot order and disorder or between regions with differcnt
distribution of vacancies or regions of varying cation
conposition and so on. S

The results summerised for the R.P.T.R.M. indicate
very strongly the existence of two components A and B
with a negative interaction. Defining B as having the

iigher curlie point, on cooling component A acquires a



58,

nonent due to the resultant of the externzl field and

the reversed ficld due to B. This is similar to Neel's
mechanism. Fowever before a detalled discussion of the
probably mechanisn can take place o review of the possible
roversal mechanismg already postulated and their
applicability +to the ulvospinel magnetite series will

be nade.
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CHAPTER 5,

Theories of self-reversal apvlied o the ulvospinel-

tuagnstite series

5.1, Introduction.

Now that reversal properties in gencralised synthetic
titanomagnetites have been found it becoues increasingly
important to understand the wmechanism of such an effect
in order to decide whether the mechanism may‘be applicable
to natural saunples., It is very iuportant to rock
magnetism to decide whether a rock is self reversed or
reversely nagnetised by field reversal. The reports by

ot et al of a correlation bhebtween reversed and

Wilson
altered rock ewurhasises the inportance even mora.

Many theories have been suggested to account for
self reversing rocks and there will now be reviewed and

" their applicability to the oxidised titanounagnetites

discussed. )

5.2. Neels two component models,

Neel9 put forward in 1951 possible mnechanismgfor
a two component systenrr A and B to have a reversed magnetic

moment .
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1, The two magnetic materlals A and 3 have curie points
TA and TB with TB > TA and are closely abttached in layers
or some other sinilar geometrical arrangenent. Cooling
through TB in a field H produces a moment in B only and
if the two components have a negative interaction a back
field is set up on A. 4t T, this may exceed the applied

A
field H and A acdquires a negative moment. DTroviding the

room tewperature value of JA ié greater than JB the nett
result is a reversed T.R.i{. Fig. 20 shows the required
curves for A and B to produce a reversal.

2e JA need not excoed JB but chemical action can remove
part of Jg agaln leaving the nett nmoment negative.

3. Again JA is less than JB but B losces nagnetic ions
apd gains non-uagnetic ones.

4, After formation of J

A
another magnetic mineral I3 which becomes magnetised in

chentical action produces

a nett negative field due to A and the applied field.
When A has disappeared B remains reversely magnetised
and no trace of a reversal mechanism remains.

All except nuuber 3 have been found to exist. A
theory based on a nixture of nuuber 1 and 4 seons to lend
itself in many respects to the case of oxidised titanomagne—

tites and a model on thesse lines will be discussed lator,
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5.3. lieels N type.

The interaction due to two sublattices of the sams
material can cause reversal of the thermal remanence
under the right conditions. Taysicaslly the theory can
be described as two labttices with the same curie point
but different thermal demagnetising curves, one rising
sharply and levelling out at room temperature aand one
rising steadily bto room temperature as in Fig. 21, The
sum gives a negative room temperature moment. To find the
applicability a closer look at the theory is needed. TNeel
found a family of curves critically dependant on the ratio

X

ié'Where Xy and Xp are the amounts of ions on each latbtics.

B

Defining a as the ratio of the interaction between AA and
AB sites and 8 the ratio between BB and AB sites the
family of curves and their dependance on £ and o were

found. The reversing region shown in Fige. 22 lies between

x X
A 1 and :é'= 8 . It is possible for a change in vhe

Xg N Xz  1ta

ratio of ié to cause a self reversal but in practice a
and B are small and so only a very limited region, the N
region shows reversals. Although this mechanism has been
found in ferrites it does not seem applicable to the

results of Chapter 4.
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5.4. Reversal by exsolution.

155 ’

also considered the effect of slow exsolution

Nee

of a second magnetic phase B from a magnetic phase A,

B will become magnetisad under the influence of A with

A's demagnetising field probably heving greatest efiect.,v
Thus given suitable cond}tions a reversed wmonment can be
produced. But if exsolution takes place in particulér
planes other forces such as Weiss-Helsenburg forces can
have a great influence and for small intergrowths the local
demagnetising field can be large.

Exsolution does occur in the magnetite ulvospinel
gseries and the ilmenite-hsematite serics but only very
slowly below 600°C. In the oxidised region exsolution has
been suggestaed by rhillips and Ponillard but liftle is
known about exsolution in this area. The oxidation curves
of Chapter 4 do not however seem 0 indicate any exsolution
pheomena and as the temperaturs of exsolution is much
higher than the oxidétion temperatures ageq this mechanism
is again unlikely to explain the R.P.T.R.M.

5.5. Ionic ordering.

5. 1
Verhggen}o

has discussed the poSsibility$of reversal

due to ionic ordering. Verwey56 et al have shown.that
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certain ions have preferenete for Gerkaif siteg. Thv reason
for this is not understood but the results show there is
increasing affinity of B sites in the saeries

FeoT oot ugSt aedt mitt mit

prefer A sites prefer B sites

At high temperatures a random distribution is
obtained and by quenching to room temperature this is
preserved. If ionic ordering takes place reversal of
the magnetitg moment can take place in samples having a
mixture of iron and nonmagnetic lons. Tonic ordering is
complete at 0°x énd at intermediate temperatures the

distribution for a molecule of the type MF9204 is given by

x(1rx) e"E/kT where x is the °/o of one
(1-x)® : |

component and B the energy required to interchange two

ions. A proof is given in Appendix 3. Also the rate

of ordering has to be considered and it was found that for

most ilons the rate was given by the diffusion equation

D(cms./sec) = Doe—E/kT

D, 102%cms./sec. and E is about 80 cals./mol. This

means ordering takes place in 2 days at 500°C and



2 x 104 years at BOOOC.

of F62+

D64

The exception is the ordering

with Fe3+ which only needs an electron transfere.

The generalised formula for a cubilc magnetic mineral

2+ A+ 44
isg Fe Feb M O4

Also at+b+c = 3

el,(t&d o
where M ispnonmognetic ionk aaé vacancEsSﬁ-

and 2a+3b+ac = 8 (charge conservation).

Take plfet):=5, ylre®)=4

In dlsordered state

A sites
2+ Bt g
Fears Too/3 Mo/
Nett moment p = 4a§5b

B sites

[Feéz;a)a Feé?a)b Mé/ﬁc] Oy

Tn the ordered state at O°K there are two cases to consider

1. b>1

A B

3+ 2+ 3t Q1n°
Fe7 [Fe o Fey_ lMc]O4
Moment u = 4a+5b-10

b is negative if

10>4a+5b

Restriction on ¢

2+Db
c > -

But b>1 .. C_>_"75

2. b <1
A B
2+ 1A
Pel " FEY [Pei 1410,
L = 4a+3b-8

i is negative if

8>4a+3b

Eestriction on c¢

4D
C>T

But b <1 4% ¢ > .75



Thus ¢ must bs > .75 for a revergal to take place.

Restriction ¢

il
o -

2a+3b+qge
at+b+c = 3
© o = 27D
.o a:'z
Upper limit
b >1 b<1
- 2+b LD
¢ Z == | e 2 =
» 12-2b ' ‘ 16-6b
4L Sr -

But b > 1 q < 10/3 for b=1 b < 1 Juq < 10/3 for b=l
<afor b>2 , <4 forb=0

The lower limit is q > 2

Thue for example Mg”'Fe3' 0, (L11+ Feg+504) cannot self

reverse but F92+F63+A65+O4 can self reverse.

Fig. 2% shows a diagram of q againét c aﬁd‘the
reversing region is clearly shown and_also Some of theb
main serles known. Curveg of constant @ for ordered and
disordéred states have been drawn. It is.seen.that-
oxidised.titanomagnetites fall into 'the reversiﬁg region
‘fof X > 5. This is seen more clearly in Fig. 24 where

x is plotted against the total ordered moument for different
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degrees of oxidation. (Proof is given in appendix 2).

With x > .5 reversal due to lonic ordering can occur in

an oxidised titanomagnetite. Another interesting possibility
is the oxidation of a titanomagnectite with x > .5 at

a temperature where iocnic ordering proceeds at the same

rate as the oxidation. This is followling the line AB

in Fig. 24 in the diagram. Under these conditions a

reversal of the moment can occulr.

Since ionic ordcring tekes days even at 5000 the
process does not seem to explain the mechanism in Chapter 4_
as the reversals can be produced at much lower temperatures.
Gorter has shown that this rhenomena occurs in 1\I:i_Fed€u’,QLL
and this mechanism may be of considerable importance in
reversal of ignseous rocks whers they have been cooled
fairly rapidly to temperatures around BOOOC and cooled

over theusands of years to room temperature.

5.6. Order and Disorder.

Two . ordering parzmeters can be defined

Lon% range order parameter s

.(No. A's on A site in state s)~(A's on A sites when
S = randomly ordered)

_-(No. A's on A.sites when _ (A's'on A sites when
perfectly ordered) randouly ordered)




79

s=? 1 for perfect order and s~} 0 for random (disordered) état&

Short rengs order parameter

_ a(instate 8) - a(random)
g(ordered ) — q(random)

where q is the fraction of nearest neighbours of
opposite typc.

During oxidation it éeems probablg (from x-ray
photographs) that the crystal lattice undergoes a great
deal of disordering. Interactions between ordered and
disordered states cannot be ruled out when considering the

interactlion in Chapter 4.

- 5.7 Magneﬁostatic interaction.

Stacey57 has put forward arguements to show that
nagnetostatic interactions between multidomains and single
’doméins with two different minerals A and B cannot produce
a reversed T.R.M. But in-many cases the two components
A and B have a large spread of curie.points and. vther
propexrties due to oxidation or compositional differences
énd mean values must be used.

Let A have the low éu:ie point. In a field H at
the mean blocking temperature of B the moment isﬁg;

B

where ﬁB is the mean demagnetising factor. At A's blocking
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temperature the moment of B has increased by a factor

R,p and exerts a feversed field on A due to the mean

negative interaction coefficient NAB’ equal to

~f B Ryp Myp

where fB is the
It
B

fraction of constituent B and fa is similarly the froction
of A.

The moment at room temperature is

iRy RN LR
Trln T mm, T
"B A "B A5
l. 2. 5.
1, is due to H on B
Ca is due to the reversed field of B on 4
3 ig dvue to H on A.

The following assumptions can be made
By~ R AR, and ¥ AN, end £ .21,

: 2 NAB
Then the moment is HE l -5 ———+ 2
B > Wy

1. 2¢ 3
With N,z Just greater than Ny then the P.T.R.H.

can reverse but the T.R.M. will not do so, nseding an
interaction three times as strong to cause reverscl of the

TeReMe
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This mechanism seems to be opplicable to the cese
of the oxidised titonomagnetite grain but the interaction

may be due to some effect other than maognetostatic interac-—

tion.

5.8. BExchange anisotropye.

inother form of coupling between two adjacent
components which can cause revsrsal is exchange aniso-
tropy. THere one of the componcnts is antiferromognetic
and one ferro- or ferrimagnetic., The lorge anisotropy
field of the antiferromagnetic can influence the ferri-
magnetic and fix its spin directions and hence its
direction of magnetisation. This type of interaction can
be rccognised by a sin © term appsaring in the btorque
curve and a shift along the H axis of the B-H hysterisis
loop. Jacobs58 et al give an account of the effect first
discovered in a Cobalt - cobalt oxide system and BanerjeeB5
claims to have found this effect in some Lrish rocks.
It seems unlikely to produce results similar to those in

Chapter 4.

5.9. Other intceractions.

Dua to the fact that both iron znd titanium lie in

a transition series in the periodic teoble the crystal
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chemistry of thsir compounds anﬂlchanges with oxidatibn'

is extremely complex, TUnder certein conditions quantum
exchange interactions can.be set up ond these are almost
cértainly the cause of thelreversals in the ilmenife;
haematite series near 60°/o_ilmenite. Local demagnetising7
fields can be set up and can be véry large and crystal

- fields can influence the diréction of spins of neighbouring
ions. Little information is gvoilable on this complex
subject however. ° |

5.10. Probable mechanism causing the R.P.T.R.H.

Now that the different reversal mechanisms and
interactions have been reviewed it is possible‘to discuss
the most probable mechsnism causing the R.P.T.R.M. of
synthetic titanomagnetite. The results of Chapter 4
showed thet ﬁwo magnetic componenté WQre present in the
pertislly oxidised somple showing a R.P.T.R.}M. but only
one in the in%tially unoxidised and final highly oxidiéed
samples.‘ This suggests sowme trensitional étate'of partial
oxidation ié probably the origin‘oi the interactibn?
components providing ﬁhe R.P.TeReM. Since.small.grains
do not shdw this effect as wmarkedly as large grains the

mechanism of oxidation wmost likely depends on grain siz&.
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Differant chewmical mecheniazmzs of ocxiddtion nf magnetite
depepding on grain size have been found by Egger59 but the
mgximum grain size investigated was only a few wmicrons

and here the grain sizes arc of the order of 100 microns.
ige. 25 shows a possible moaal of the - -

maghetic’ moments: ih a large. ¢riain and shows five hypothetical
stages of initial oxidatio .A Veriation of curie point
across tnp grain, blocklng teuperatures, T.R.ll., P.TeRel.,
gnd P.T.H.M. Spectra ars also shown for the five stages.
Stage 1. The grain is unifofﬂ in composition and its |
P.T.R.M. is uniformly magnetiééd in the direction of the
applied‘fiel He There is only = sllght runoe of blocking
teiperatures, (due to differcnt groin sizes and compowltlon)
and a corresponding nerrow and low PoTeRelie spectrum.
Oxidetlon, causing-vgcancies in the lattice has

N

token ploce slightly on the periphery of the grain and a.

Stage Z.
higher curierpointbis seen on the edge of the grsin. Near
the edge there is a back field set up by the oxidised
region B as shown in Fig. 25b. Thus the woument is rcvoroed
in the region near the oiidation boundary but still only
influenced by T in the interior. Thus the T.R.M. is normal
but hes a maximum in the heating curve becausa of bhe

negative interection between the oxidised region B and its
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neighbouring unoxidised roegicn .i. Ths PiT.R.M. ‘is also
normal because the oxidised periphery has a larger moment
' then reversed reglon winich experiences a back field.
Stage 3. Further oxidation has taken place and has
given a curie point distribution as shown in Fig. 25c.
The interaction has increased and the rcgion affected by
the back field incressed. The T.R.M. is still positivs
because the reversed region (in & reversed field of
Hyaek ~ Happlied) has a moment less than that from the
oxidised region in the field H. is the curie teumperature
of the oxidised region B has risen and is spread out the
maximum now tends to appsar as an inflexion in the‘ |
heating curve at intermediate temperatures. The P.T.R.l.
is now reversed because the moment of i region in the pack
field of B ;s greater than the mouent of B in Happlied‘
The P.T.R.M. spectrum shows this and also that below a
certain temperature only a normal componcnt is seen becauss
the oxidising region causing the back field now has no
moument, the field belng applied below its curie point.
Stage 4. The majority of the grain is now oxidised but
there is still a low curle point in the centre of the

grain and this region experiences a back field. The

T.R.M. is normal with little sign of the inflexion at
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intermediate temperatures snd the F.T.R.M. no longer
reverses but still falls on cooling below Ty, showing
a slight negative interaction between i and B still
exists.

Stage S5« The grain is now completely oxidised and a
fairly uniform high curie point exists throughout. Only
one component B 1s now present and the T.R.ll. decreases
regularly with tewperature. The P.T.R.ils is siwmilar to
the T.R.l.

The wmechanism is very similar to a combination of
Neel's first and fourth mechanisu, which have an L.B.
negative interaction and oxidised scmples in the field
of the unoxidised region. WHere the unoxidised region is
in the field of the oxidised region. The interaction is
of the order of 0.2 oersteds for Hext <0.5 oersteds.

The mechanism is not very dependent on composition and

an extreme limit of quantum exchange, similar to that
found in the ilmenite haematite serics seems unlikely.
Magnetostatic interaction between regions of varying
curie points due to varying degrees of oxidation or
between a metastable oxidised state and a highly oxidised
state is the most probebly explanation.

The latter introduces a two stage oxidation process,



but the mechanism causing reversals is identical to that
described. 1t waé noticed during exp:ariuents on the
oxidation of synthetic materiasls that as well as a component
with a curie point of 500 to 55000, a low temperature
comnponent with a2 curie point between 220 and BOOO was
formed. It is possible that instead of the process
previously described, a metastable state of oxidation
gxists which gives rise to a curie point near BOOOO'for
nearly =ll titanomegnetites with en originel curic point
balow BOOOC. 4 little additionel cenergy is reguired to
leave this nmectasteble state and wove on to a state of
high oxidation and when it does acquire this addition
encrgy the curie point quickly rises to 500-550°C, the
nighly oxidised level. It was noteworthy that only on
very few occasions did a curis teuperature between 5500
and BOOOC occur in the oxidation process which seens
to indicate it is a little difficult to oxidise past the
metasteble state, but once past, it easily oxidises to
a 50000 curie point.

The evidence for a metasteble state of oxidation
giving rise to a 200°C curie point in natural specimens
is discussed in Chapter 11 together with a possible cause

for the metastable state after the thermcol demaznetigation



87
of natural samples has been considered.

It is concluded that the reversal mechanism is a
combination of Feel's first and fourth mecchanisms between
two components 4 and B. B the high temperature curie
point component arises from the fact that all highly
oxidised titanomagnetites have a 500-550° curie point,
and the & component 1s either due to a range of curie
points in grains, parts of which are oxidised to a different
degree or to a wmetastable state of oxidation having a

curie point between 220° and 300°C.

5.11. Interaction between oxidised and unoxidised regions.

The following experiment was perforumed in order
to try and investigate the possibility of a negative
interaction between oxidised and‘unoxidised regions. _
4 sample ‘with a curie point of 58000 was given a TR.l.
in a field of «4 oersted in vacuum and rcheated in alr,
in zero field to 340° and held at this teumperature.
The change of moment with time was then observed and
Figs. 26 shows that at first the wmoment increased but then
fell almost to zero. The initial rise was confirmed on
another sample. The new curie point was found to be 54000.

The apparatihs used was not ideclly suited to this
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experiment as it was difficult to change the =ztmosphere
without disturbing the sample. Interpretation of this
result was also difficult but it did show that oxidising
below the curie point in zero field produced some type

of thermochemical magnetisation due to the internal field
of the unoxidised regions. Similar more controlled
experiments mey prove a very useful tool in elucidating
the problem of low field interaqtions in pertially

oxidised titanomegnetites.

5.12. Inference of R.P.T.R.M.

One of the maln problems in rock magnetisu is the
problem of reversely negnetised rocks and the possibility
of this mechanism existing in nature wust be considered.

The important feature of this mechanism is that a
single magnetic material on oxidation produces ncgative
interactions between regions oxidised to a differcnt
degree which can cause reversals of the P.T.R.M. L rock
with a magnetic constituent in the magnetite-ulvospinel
series ond a couposition giving it a low or intermediate
curie point, may be reheated in air or oxidised‘during
formation by mag%%tic gases (which are shown to be inmportant
in this respect in Chapters 10 and 11). During this

process the oxidised materizl can be influenced by the back
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field of the unoxidised ur partially oxidised material
and become resversely nagnetised. The nett effect is a
reversely magnetised rock, which does not show any rcversal
tendencies in the laboratory. This is an important fact
to be considered.

The time scale for oxidation at 100°C in order to
produce the reversing region can only be crudely cstimated
from the extrapolation of the curve of oxidising time
against oxidising temperature, Fig. 27, but it appears
from such an extrapolation it takes betweecn lO and 100
years at tenperatures between 100° and 15000. An
additional factor 1s the reduced oxygen pressure and this
can increase the time by orders of wmagnitudes. These
figures are conceivable in nature and this reversal
mechanism may be extremely important in deciding which

reversed altered (oxidised) rocks arc self reversed.
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CHAPTER 6.,

Reduction of synthetic samples

6.1, Introduction.

UyedaGO obtained some information about the oxidising
and reducing properties of the ilmenite haematite series
but very little has been reported on the reduction of the
ulvospinel magnetite series. Pouillard49 successfully
used a redyction method to prepare his series of titano=-
magnetitess It is a natural development to know to what
extent the oxidation process is reversible in an attempt
fo understand the change of magnetic properties due to

oxidatiocn.

6.2. Methods used for reduction.

The first method used in an attemmpt to reduce
synthetic samples was to heat an oxidised synthetic specimen
(With an original low curie point) in « reducing atuwosphere
supplied by a stream of coal gas. This was carried out
gt 650o and the sample heated for 5 hours. On remeasuring
the curie point, two curie points were found, 260° and
77OOC compared with 560O for the oxidised sample. X—rayA_
photographs confirmed that the 770° curie point was frea‘

iron. Clearly the reduction had taken place but had gonse
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too far in some regions of the sample.

It had been found during the preparation of samples
that subsequent heatings at high temperature in an
evacuated quartz tube reduced the curie.point slightly, -
and b:ought the curie poilnts throughout the serie; closser
to the accepted values given by Akimotoes. It was sus-
pected the discrepancy between the accepted values and
the observed values of the curie point was due to the
slight oxidation of the sponge iron used in the preparation,
this seemed to indicate reduction could take place by
heating in an evacuated tube at a suitable temperature.

In order to investigate this, samples with x ranging from
+295 tc .97 and so originally having a wide range of

curle temperatures, were heated to 600°C in air and in"
all cases the curie temperature rose to between 500°

and 600°C and the new cell size was determined. The
samples were then sealed in evacuated tubes and heated

to 850° for 20 hours. The curie temperature was
redetermined and in every case it had fallen. The cell
size was agaln determined for one sample and the remainder
reheated to 900O for 48 hours. Agaln the curle points

and cell sizes were determined., MTable 3 shows the changes

of curie point and cell size for this series of heatings.
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It was ciear the curie point had decreased in all

cases and further heating decreased it still further.

Also- the cell sizes had -increased agaln after the heat

treatment, but the new curie points and cell sizes .

were still different from the ‘original ‘ones. -In four

" samples the new curie points were lower t.h,an‘the' original

ones and very close to the accepted unoxidised values

‘but in two cases the curie points were still above the
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accepted value and it appeared that reduction was
incomplete in these twolcases. The reason was unknown
but it brobably depended on the position of the excess
oxygen atoms in the oxidised sample and it was difficult
to explain in great detail,

Another interesting point of information was obtalned
- from a close study of the X~ray photographs. Both the
original and the reduced samples gave rise to a photograph
which had sharp back lines? indicating the crystal structure
Was-higﬁiy ordered. The oxidised sample however had blurred
back lines indicating the crystal structure was more
disordered. The oxidation process succeeded imincreasing
the awount of oxygéﬁ in the lattice, by-changing
Fe2+ to F63+ and V@cancies are set up to‘maintain the
vglancy equilibrium. - During reduction the température
(850° or 900°) Was,sufficiently high for the crystal
structure to'bécqmg perfect and sharp lines appeared

again. Fig. 28 shows'typical films obtained in each case.

6.3, Bffect of reduction on P.T«.R.M.
‘ Four samplés that had been partially oxidised and

whose P.T.R.M. fell on cooling below T. were heated in

1 o
evacuated tubes to 800° for 92 hours and T.R.M, and P.T.R.M.

heating curves remeasured. In all cases the curie temperature
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had dropped considerably and the P.T.R.Me. in three
cases was identical to that of the T.R.M,

Reduction in this process took place at fairly
high temperatures, above 800°C and clearly at this
temperature the catioﬁs had ordered thewmselves and the
crystal structure was perfect again. This gave a single
phase and 1little spread of curie points and hence the
P.T.R.M. acquired was identical to the T.R.M.

Reduction by this method did not produce similar
effects on the P.T.R.ll. as oxidation which was discussed
in Chapter 4 and adds further evidence that the R.P.T.R.M.
in Chapter 4 was due to order and disorder produced in the
crystal lattiée b oxidation and the corresponding production
of a spread of curie points or the setting up of a metastable

oxlidised state.
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CHAPTER: 7.

Homogenigation and exsolutiohn

7.1, Introductiona.

The exsolution into two wagnetic phases and homo-
genization of two phases forms a very interesting part
of rock magnetism but very little precise information is

available. Kawai.E4

first suggested a hooped shape curve

to give a solubility gap in the magnetite ulvospinel series
after studying the distribution of double curie points

in natural rocks. He concluded that the two maxima

obtained were thse room temperature points on such a soivus
curve. More complicated solvus diagrams have been sugges’cedg2
with an eutectic type curve but this does not seem to

have found any experimental support. Vincent et al25
supported a hooped solvus curve but thgir curve rose
sharply near the magnetite end. In recent work by Kawai45
on synthetic material he claimed to have observed exsolution
into {wo phases at temperatures as low as BOOOC and

possiblea . effects of magnetic phases being produced below
their curie point were disgussed. The different solvus

curves are shown in Fig. 29a,b and cC.

Many people considered the ilmenite intergrowths
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found in natural titanomagunetites to be a result of
oXidation of original ulvospinsl intergrowths caused by
exsolution, or altcrnatively by direct exsolution from a
possible ilmenite solid solution.

The question of solid solution series in the
generalised titanomagnetite region also gaverise to some
interesting ideas and possibilities. The homogenization
and exsolution of the different series had been discussed
by Haigh™.

Thus it seemed to be advantagous. to carry out somse
heating experiments on the synthetic samples to try and

elucidate some of the probleums.

7.2, Bxsolution.

Synthetic samples from throughout the magnetite—
ul&ospinel series which had been prepared at 900°C were
heated at succé%ively lower temperatures for long times
and the curie points measured to see when signs of double
curie points appeared and to find the upper limit of the
proposed hooped solvus curve. The temperatures used werse
750°C for 7 days when all the samples showed one curie point,
65000 for 24 days when again only one curie pouint was séen

and 575° for 19 days. At the last temperature the samples
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in the middle of the series showed two curis points as
shown in Fige 29¢. In all cases the samples were quenﬁhed
from the exsolution temperature. The upper curis point
was higher and the lower curie point lower than the original
one. The top of the solvus curve can be considered near
600°C., However sach sample did not go to the same double
curie point and this showed that even after 19 hours at
575° the exsolution was very sluggish and proceeded very
slowly. The results agreed with a hoop shape solvus curve
rising sharply at the megnetite end as shown in Fig. 29d
but the rate of exsolution was much slower than that

reported by Kawail.

7.3. Homogenisation.

It had been found possible25 to homogenige the ulvos-
Pinel and magnetite phases in natural rocks and so it
was declded to mix two very finely ground magnetic materials
with x = .2 and .77 respectively and heat the mixture in a
evacuated tube a2t a given temperature to obtain some idea
of the time taken to produce one magnetic phase. This
was observed by measurement of the.curie point.

It was found that 4 hours at 800°C produces a single
phase and at 75000 after 17 hours only a small fraction

of the upper curie point phase remains and this completely
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disappears after 90 hours at 750°.

It is questionable whether this experiment is very
analogous to conditions in nature where the phases are
very finely divided because here they were Jjust well mixed
but homogenization did seem to be able to take place at

a finite rate down to 65000.

7.4, Conclusions.

The results show that the top of the solvus curve
is at 600° and is very flat in this region. It also
rises sharply at the magnetite end. This is in agreement
with other peoples results but the rate of exsolution
is much slower than reported by Kawai. Homogenisation can
take place at a finite rate between two magnetic phases
down to the solvus region. These results suggest that
exsolutlion and homogenismation are not important factors
in laboratory experiments below 500O and only have marked

effects on a geological time scale.



1O, =Y SUGGESTEDSOLVUS CURVES

|, (3) KAWAIS HOOP
spinel
TC
2 /spihel
300
7
. 10 ‘ £ x> o>
~150 CURIE POIAT = éoo,
&;TCON ) FQSD“

| 400 (C) VINCENT et al,

iy

)

lo X =P

FIG. 29¢e EXSOLUTION AT 575°C

o~ . X=-57
y&z :
S \G : , . )

’ Jg;t’

normalize

% '

X =7 :

+AFTER 19DAYSAT 575

O BEFORE HEATING.

P27



107.

PART TWO

NATURAL SAMPLES
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CIAPTER 8.

Thermal treatment of the Rashiehill Bore

8.1l. Introduction.

The remaining chapters deal with the thermal properties
of natural samples and the first series of experiments aré
concerned with the magnetic behaviour of rocks after
being heated to temperatures in excess of their curie
point in the absence of air. Vincent et a125 have carried
out heating experiments on rocks containing titanomagnetites
and have also studied the corresponding petrological changes.
They found a rcduction of the curie point after heating
at a high temperature for a long time and explained this
occuﬁénce ég homogenisation of the magnetite-ulvospinel
intergrowths.

It was decided therefore to heat-treat rocks in which
the principle magnetic constituent was known to be
titanomagnetite and investigate the changes in magnetic
properties, supported by techniques such as petrology,

X-ray analysis and the elsctron probe analysis of the
minerals.

8.2. The Rashiehill Bore,

The first set of samples investigated was from a

sill at Rashiehill, Stirlingshire which had been previously
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investigzated wmagnetically by Everitt61’62. The sill was
of Carboniferous age and had intruded into limestone coal
beds. In the boring taken at Rashiehill, the sill lay
between depths of 1354 feet and 1742 feet and samples
were available from 15 different places throughout the
sill. ,

Everitt measured the natural intensity of magnetisation
and the dips throughout the sill and found the intensity

5 ¢.m.u. per gram),

lowest near the upper edge (1.8 x 10
fairly constant in the centre (1800 x 107% e.m.u. per g;am)
and a region Wwith greatest intensity (5330 x 10~° c.m.u.
per gram) 30 to 50 feet from the uppermost edge. A simi;ar
distribution was obtained for the saturation moment (Fige 30).
The dips were found to be shallow upwards or downwards,
ayperently randomly distributed throughout the sill. After
many tests he concluded that this was due to some complex
reversal mechanism. He also measured the curie points
throughout the sill and found a curie point of 550°C
throughout the sill, cxcept near the very edge where there
were signs of an additional curie point at 330°C. The

total iron and titanium content was fairly constant through-

out the sill and X-ray pictures of the magnetic fraction

showed magnetite and ilmenite lines.
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These rocks seemed suitable for investigating the
changes in magnetic properties on heat treatment at. high

temperatures.

8., 3. Experimental Procedurs.

The foilowing technigue was used in‘the_heat treat-
ment of samples. Pieces 6f rock Wéighing up to 0.2 grans
were placed inside quartz tubes (5 w.m. internal diameter;
2 m.m. Wall,thickneés) and packed with guartz wool.
Generally a single piece of rock was used. The ﬁubes
were then sealed under a vacuum of lO""3 cms. of mercury.
Larger samples were made up but it was fouﬁd that these:
explpded on heating, generally eiploding between 600O
and 800°C., The fact that these explosions took place
shows the extent to which gas was evolved by the rock on
heating, because it would require considerabls pressurg
to bréak a quartz tube which hal 2 m.m. walls. Witﬁ'o.2»
grams of rock a space equal'to about thfee or four times
the .volume of the rock was left in the tube. This prevented
such a great pressure building up and aléb ensured phe}
sample did nof_get'heated when the tube was belng sealed
off. |

It was found difficult to determine the nature of

the gases evolved but a stroflg smell of sulphur was present
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on breaking open a capsule. The virgin rock was maintained
in a dessicator and a plece weighing 100 grams Waé foupd
to lose .05°/0 in weight over a period of a few months.

Thus the heat treatment can be considered to take
place in an atmosphere of the. rock gases rather than in a
vacuun.

The heat treatment above 700°C was carried out in a
large non-magnetic furnace 1n which the samples were
attached to the twin-bored rod holding the thermocouple.
After beilng held at the required tsmperature for the
required time the samples were cooled in air after
removing them gquickly from the furnace. It was estimated
that they cooled to 200°C in a matter of seconds and
reached room temperature in a few minutes. This
was considered fast enough to preserve the magnetic
state at high temperature. The furnace used in the
preparation of synthetic samples was not then available.
For very long heatings below 650O small vertically elongated
furnaces were used and the samples quenched by dropping
them into water.

The measuremnent of the curie points was carried out
in @ curie balance designed by Kawal and previously des-

cribed in Chapter 3, and heating curves of the strong
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field moment from -180° to 600° were taken with the

sample still in the sealed tube.

8.4, Results of heat treatment.

The héat treatmnent produced two very significant
changes in mognetic propertises. The curie point was
considerably lower and the value of the saturation moment
Js was also reduced for the heat treated samples compared
with the values for the unheated virgin samples.

Figs. 3la,b and c show typical heating curves for
samples fron three different places in the sill after heat
treatuent at 800°C for the times shown and Figs. %2a,b,c
and 4 show the lowering of the curie point for samples
heated to various temperatures for various times. Clearly
the lowering of curie point was greater at high temperature
and after long times. All the curves werc normalised
because it was not possible to measure Jsat absolutely.
However the deflection per gram obtained at 20°¢ gives _
an approximate indifation of the value of Jsat and Figse.
33a,b,c and d show plots of deflection per gram at 20°¢
against curie point for sampleé from four different
positions in the sill. The correlation between curie

point and the deflection was very clear and it was con-

sat decrcased as a result of heat btreatusnt,

cluded that J
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It was found thaot two samples from the same level, even
the same hand sample gave different deflections per gram
before heat trectuent. This was because samples of 0.2
gram wore used and in the centre of the sill, where the
cooling of the magma was slowest, the magnetite grams
were up to 1 mm. in diameter. Thus it was not surprising
to find large fluctuations in intensity per gram for samples
of 0,2 gram. Thus the graphs of deflection per gram againat
curie point had an expected scatter but the general trend
was unmnistakeable.

Before discussing pwssible mechanisms the dependance
on the temperature and time of heating and also the

position of the samples in the sill will be discussed.

8.5, Temperature, time and position dependance.

It is difficult to see the dependence of curie point
on all three varisbles in one diagram so Fig. 34a,b and ¢
have been drawn, plotting curie point against time of
heating for different ranges of quenching temperature,
The dependance in position in the sill is shown by combining
samples within 10 feet of the edge in group A, those near
the intensity peak 30 to 50 feet from the upper edge in
group B and the ones from the centre in group C. Fig,

35a,b, and c ‘show the family of curves obtained by plotting
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curie point against fime of heating for the different
regiong of thg sill. Here the quenching temperatures
9000, 8000, 700°C are differentiated. |

Although a fair amount of scatter takes place (which
is not surprising as the whole sill has been divided ;nto
Just three catagories) the following points are c¢lear.
1. The higher the temperature and the longer the time
of heating the greater is the lowering of curie point.
2e The samples B from the intensity peak have curie
tewperatures falling more -quickly than those from the
centre which in turn fall more quickly than the samples
from the edge at all .quenching teuperatures.
3. The curie point falls to a limiting value for all
regions but this limit varies with different regions, the
peak being lower than the centre which is in turn lowsr
than the edge.
4, The curie point tends to a limiting value at each
temperature but it is a different value depending on
tempe;ature, being lower for heat treatment at 900°C
than 800° which is in turn lower than that for 700007
5 The range of temperature used was 950° to 540°C.
After heating at 9500 for 2 hours the curie point was

lowered to 210°C for a rock from the B region and after
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heating for 39 days at 540°C the curie point was lowered
to 47500 for a rock from the same area. Between these
temperatures at 800°, for example, the time taken is
about 20 hours to lower the curie point to 250°¢.

Thus this effect could be observed for all tem—
peratures down to 540O but at this temperature the time
taken was very long end the limiting wvalues of curie
point could only be estimated for the case of 9000,
800° ana 700°C.

8.6. Other observations.

One important feature of the heating curves is that
no double curie ppints were observed although heatings
were made from -180° to 600°C. A4t very low temperaturgs
(-170°C) a sharp rise was sometimes observed as in Fig.
32¢ but on comparison with the heating curve of a piece
of ilmenite it seemed to be due to the ilmenite in the
rock.

411 the heating curves were repoducable and a repeat
of the heating curve gave identical results. Two pieces
from the same region in the sill after heating to the
same temperature for the same time gave ldentical heating
curves and curie points and so the effect is quite

reproducable and unaffected by heating to 600° during
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the measursment of the curie point.
Before describing further experiments to elucidate
the mechanism causing the reduction of the curie point
the petrological changes caused by heat treatment and X-ray

and electron probe data will be discusseds
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CHAPTER 7.

Tetrolory of the Rashichill bors end X-ray

snd election probe analysis.

9.1. Introdupction.

Fyom a study of the polished surface of a rock
in reflected light it is possible to identify the
diffevent magnetic wminerals present. Magnetites appear
as bright isotropic areas, ilmenite as bright anisotropic
areas and pyrrhotite as;z/bright more ycllow arcas. It
wais decided to make @ study of the maognetic grainsbefore
and after heat treactment to discover changes that visibily
take place during heat trectment., It was possible to use

magnifications of up to 1200 on the microscope available.

" 9,2, Unhcated samples..

Samples from 10 positions in the sill were examiﬁed.
It was found thet the graﬁdsize varied‘from ,Ol mie on the
upper edge to .05 nmm. ten feet éway up to 1.0 nm. in the
 contre of the sill. The area of opague materiél present
varied from 1 to 20/5 ten feet from the edge to 5 to 60/b<
in the centre of the sill. In region B Whepé the natural’

intensity is a maximum the amount of opaque was about 8%/ 0.
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The totsl area invessigated was about 100 squere mm. in
gach case, eamppigin@ of 5 samples of arproximately 20
square mm., and quite large fluctuations in the percentages
-were found in different specimens from the same level.

The sample nearest the upper edge had too small
a greinsize for close study. Ten feet away thevmagnetic
grains were atil; very small and tended to gather in clusters
as shown in Fig. %6. Magnetite and ilmenite grams were
observed separately and some graks contained both isotropic
and aniggtropic areas. .4 small percentage af-pyrrhdtite. was
seen.

The samples from the centre of the sill were very
suitable for study because of the large grain size. They
all seemed to fall into a similar pattern and the main ‘
points are listed below and illustrated in Figs. 36 to 40.
1. Although some small isotropic pieces and some large
anisotropic ilmenite pieceswere seen separaﬁely,'mbst of
the large grajns consisted of areas of isotropic and
anisotropic material. The different anisotropic areas
in a grainwere generally out of phase as shown in Fig. 39
and crystalline registry existed in many plaées between
the isotropic and anisotropic regions.

Ca Crystalline registry also existed between opaque -
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and non-opague rezipns as in Fig. 38 and 39.

3. Generally the ilmenite had a bedter polish than the
‘magnetite.

4o Abcut 2 to 4°/0 pyrite or pyrrhotite was seen,
ggneraliy as small separate pieces.

5. Ab very high magnification (x 1200) traces of a fine
structure were seen in the magnetite, the size'being
approximabgly 1 micron but it was too small to say iflthis
texture was isobtropic or anisotropic.

Ge The large graihs were generally cracked and Fig. %8
shows a typlcal graln. All the grains are observed in‘the
centre of the sill, %0 feet to 385 feet from the upper edge
appeared very similar to this.

7 Very often the grains were ﬁery broken and Fig. 37
shows typical broken up grains which were anisofropic.

It could not be decided if these were being eaten away

or growing. |

8. No oriented lamallae of ~ilmenite were visible except
the possible very fine texture seen. The ilmenite always
appeared as a large free piece or lathes or bars of ilmenite.
This probably means the ilmenite was formed at a later
stage than the magnetits.

%. Phin polished sections were examined and showed the
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very fine btexture, when viewsed at 1200 magnification, to
be probably ilmenite suggesting oxidation processes have
taken place in the rock. But it could not be definately
stated that this was the case.

10. Fig. 41 shows the effect of etching with HF. The
small snisotropic plece was unaltered but some of the
magnetite became very pebbly while some remained rabther

unattacked.

9.3. Heat treated samples.

LEber heot treatment the whole rock appeared‘much
lighter and on breaking the capsules a strong smell of |
sulphur was obtained. The polished sections showed the
foilowing differences.

1. The isotropic material appeared to be very pitted

even after repolishing and the anisotropic pieces comparitivély
unaffected. Fig; 39 shows a grain before and after heating
(which had not been repolished) and it was clear that the
magnetite has been altered much more than the ilmenite and

the pyrrhotite had disappeared after heating.

e In 21l heated sanples examined no pyriteior pyrrhotite

was ever seen.

3 The non-opadques appeared rmuch lighter and with crossed

niichols are almost trénsparent and gave a glossy éppearance



171.

88 thouz: the roek bad melted andg fiowed. IFhis soemed
‘very prominsant 4, the sampLes hested above 800°C.

4, Dark green sreas of npon-opague how sseemed to be
assocliated with the opaques.

5. The amcunt of opacue secmed to have reduced. A4
measurement 0f the parcentage area of opagque present in all
the heaf=d =amples compared with the amount in virsin
samples'confirmed this but in order to bs quite sure the
following experiment was performed. The percentage of
opaques. both isotropic and anisotropic were measured for
four pieces of rock from each of gix different positions

in the sill. The rotks. werc then heat treated at 850°¢C

for 24 hours, the new curie points measured and the
percentage of cpagques remeasured. An estimate of the
accuracy with which the arsas could be measured was that
the discrepcencies between the btotal areag before and after
heating wag 5'per cent. Fig. 42 shows the percentage
isotropic and anisotropic material before and after heating
for the different positions in the sill. Véry clearly

the amount of isotropic material had reduced and the

anisotropic had not changed significantly.

O.4. Petrological Differences.

L. The isotropic material became pitted and altered by
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the heak treatment while the snisotropic material seemed
unaltered.

2f The iron sulphides disappeared on heating.

1S The non-opague minerals had been altered and were
mich lighter and almost bransparent except ncar the
opaque grains where dark green areas werc seen. The
latter mignt be due to transfer of metvallic iouns to the

SUrrounisa.

O:50 X—ray analysis.

X~ray diffraction photographs were taken of six
magnetic separates from different parts of the sill on a
PhilZips 8.5 cm. X-ray camera. The magnetic fractions'were
obtained by grinding the rock to a fine powder and then
making a suspension in water. The magnetic fraction was
removed by means of a hand magnet inside a test—tube.

The process was repeated six times before a suitable
X-ray sample was obtaiﬁed.

The cubic cell-size¢ obtained is.shown in Fig. 4%
plotted against position in the sill. For all the samples
the cell size was almost that of magnetite. Also present
was an ilmenite phase and cell sizes measured show that

it has a cell size of almost pure ilmenite. It was
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noteworthy that nn geecond cubin nhase was detected. The
cell sizes measured were subject to a large error because
the back lines which are the most important ones for accurate
measurement were very blurred as scen from the films in
Tig. 44. The back lines arise from high order reflections
and this shows that the crystal structure was not pexrfect
for mors Ltiran 10 of 12 layers of =ztoms. Dislocations,

e effeck of cxeclad e
-strains&or impurities then enter +to complicate ths
position. This always seemed to be the case for materials
in rocks.:

1t was not possible to extract the magnetic fraction
from the heat-treated material and no comparison of cell
size after heat-treatment could be made.

The important conclusions that can be drawn from the
X-ray rock was that one cubic phase only exiéts and thet
ilmenite although non—magnétic‘still appears in the wmagnetic
fraction because it coexisted so cleosely with the magnetite
in the large grains. The cell sizes were approximately

correct for the curie points found.

9,6. Flectron probe microanalysis.

A limited time was available on the instrumentGa,
which can nmeasure thé percentage Fe, Ti and other elements

above A¢ in the atomic table, over an area of 1 square micron.
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From the iron to + taninm reviec the VQlue of X 1n Uhe
series (l~x) F9504.x Fe2T104 and v in (l-—y)Fe,\O3 b Fe¢105i
can be determlned. ;

An unhe"ted samplo from the cantre of the 5111 gqveﬁ:
hid =_.44 on a 51nwle pot readlng. “On Laklng read1n05~
alopg a‘llne scan of 15 microns variations of X from .42
tb ;51.Were obtained. In the 1Lmenlte-pndse y was found '
to De .90“ In the grain méaéured célcium was tﬁeionly,

other elument present with up to 20/0 in places. This"

lattlcc is unknown, 1.8, does Ca occupy Fe 51tes:or.not.
The.error in x is about,.OE to w04, ,

For the heat treated sumple (after 850 ¢ for 24
houfs and now ha#ing a curié point of 260°C) x was found
to vary‘between 41 to 43 in three spot tests. . The value
of ¥ was {94.

For the positidn in the sill where the maximﬁm'
1nten51ty was observed only o spot readlng of x after
heatlng could be observed and it gave x = .60.

The conclusion to be drawn from these readings ere
that the titanium contént appears, falrly constant to wifhin
10°/0 for a line span of 15 ﬁicrons and as the area of a

spot reading was 1 square micron it can be concluded

'S
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that the_ titanomagr.etite was fai_rly honmogenaons. J‘m:;f
fine texture which would give rise to large ti'bar}ium

varietions, i.e. ulvospinel exsolved i"rém magnetite wmust
‘be amardce~odnapnibuado- less than A micron if they exist

at all.
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CHAPTER 10.

- Purther neating experiments and cxtension to

other igneous rocks.

10.1. Heat freations of oxidised somples.

' In Chapter 8 the dependence on temperéture, time,
and pocition 'in %hé sill‘oﬁ the thermal propérﬁies of the
sill~ﬁas discussed. The next series of experiments
descyibe the offects of hecat treating -oxidised samples.
The following ﬁrocedure'was adopted.l The samples Weré
heat treated at high'temper&tures end their new low curie
pointa remeasured*Witb'the'saﬁples S%ill'in evacuated
tubes. The rock was, not) heated o 600° in air and cooled
slowly. Due to oxidation' the curie point had riscn again.
A further heat treatment in an evacuated\tﬁbe was carried
out and the new curie point again'measured. Fig. 45a,b
and ¢ show the set of curves obtained for three samples,
two near the intensity peak and one in the centre. - The
. same patbtern was repeated in all three cases. The samplg
acquired & low curie point after the first heat treatment.
Then.the curie point‘rosé'to almost 55000 after oxidation
although traces of a low curie_point,ﬁere still seen. |

After the second heat treatment the. curie point fell. egain
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and a very similar curie peoint %o that found after the
Tirst heat treatment was obtained and also a similar
heating curve. Thus an oxidised sample bohaved in a very
similar wey to a virgin sample during heat treatment at
high temperature.

For owe sct the changes were followed petrologically
by having bhrec samples and polishing one after every
stage in order to make a comparisons Thé virgin sample
and the first heated somple appeared very similar to the
samplceas described in Chapter 9. After heafing in air
however many new feabures appeared. The background of
non—-opeques appecred red in‘colour'in nany places Wben
viewed under crossed ‘tiiédhols ond the wasnetite grainsA
although still pitted were very light blue on the cdge
and slightly mors brown in the centre. Alteration was
seen near the cracks and the rocks were clearly oxidised.
After the sccond heat treatment the redness in the back-
ground had disappecred and the mognetite was still pitted
and appeared similar to the rock after the first heat
treatment.

These observations agreed with the observed magnetic

changes.
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10.2. Nagnetic scparafes.
The magnetic separatos frowm four levels werce heat
treated and their curie pcints fcll in a sinmilar way to

thet of *#h¢ whole rock.

10.3. Loadatones.

Befove discussing possible explanations of this
phenomena 1t was decided to see 1f similar effects
occcured in other igneous rocks.

Two loadstone samples from Sweden were heat-trected
but no change was found in ‘the curis point as shown in

o4

Fig, 46. It was known from chemiczl cnalysis that the

magnetic fraction consisted of pure magnetitse.

10.4., Other sills,

Samples were availasble from thrce other sills, the
Whinsill in North East Englend, the Outwmain sill in
Ayrshire, and the Spitzberg sill from Northern Sweden,

All three sills appeared slightly altered petrologically,
especially the Outnain sill and they all had high initial
curie pointsof 55000. |

After s simllar heat treatuent to that given to sauples
from the Rashighill hore, +hz curle pcints were remeasured

and Fig. 47a,b and ¢ show the curves for one sample from
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each sill. TIn 2ll cases the curic points had fallen a greab

deal to values even lower than those obtained from the

Rashiehill sill.

10.5. Discussion and explanation.

There are three possible explanations of these
results, homogenisation, reduction or a combination of

both.

1, Homogenisation.

Homogenisation in the ulvospinel-magnetite series
has been repeated25 and does cause a fall in the curie
point. Homogenisation reguires two phases to be present
and thus two curiec points, which become one phase with an
intermediate curie point. Two curie points movingr
together can be expected. Also because the intensity of
magnetisation increases approximately lirnearly with
curie point, no change iﬁ intensity will be observed, one
phaée decreasing in intensity as the other increases in
intensity. In the rocks measured there was possiblj a
very fine structure but it was less thean lu in size.
However ulvospinel had only been reported ag a fine cloth-

like texture., The lower curic point may have been masked

by the grcater intensity of the upper curie point and
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the X-ray pattcfn explained by‘the fzct that the blurriag
of the lincs was due to a spresad of compositions, oxr tha
Vulvospinel being too fincly divided to be observéd. Thus
the second phass nay be present but was undectable even
by the eleclron probe.

Thé intensity values and the results fron the
cxidised s:mples cannot be explained by a homogenisation
process and the limiting value of curie point should be
the suame for all guenching temperatures but this was not
found to be the case.

If the process wepehomogenisation then &t témperatﬁres'
below 600° where the solvus reglon exists eksolutiop mayosald
be found in somples with a 200 to 300°C curie point. . This
was é%ﬁéﬁ?ﬁ%ﬁ with four such saumples, heating one at 400?
for 39 days and the others at 525, 575° znd 590°C for 1%
days,.but the curie teuwmperaturcs rewmained practically'
unaltered, rising by 10° in three cases but showing no
sign of a second curie poinﬁ. It is poésible;that exsolutiohn
takes place on a much longer time scalé than can be

28 obtained hoﬁo~_

achieved in the laboratory. Wright et al
genisation but failed to produce exsolution.
Thus-hqmogeniéation is not a satisfactory explanation -~

of all ﬁhe facts.
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The results cen be sexplainud by reduction effects,.
These require onc phase and one¢ curie point, with the
titanomagnetite inivizlly in arn oxidised state. after
reduction fhe curis point weuld be lower, the intensity
decrcagnd hut the same iron to titanium ratio as in the
original sample. All these werc found to be associated
with the process.

A 1limit would be reached with heating time and for
different hecating btemperaturss differcnt limits would be
observed because reduction is a chewmical changs due to a
chemical reaction and the equilibriuvw stotes are temperatus
dependent. This is another striking differcnce from
honogenisation.

The behaviour of the oxidised rock was clearly a
repeat of the process and the X-ray pattern due to dis-
order in the crystal lettice similar to that found in
oxidised synthetic titanomagnectites.

The reduction process demands that the rock is in an
oxidised state initially. Wilson et a15 and Acfie--H‘.alZLO‘f
have already shown that the behaviour and properties of
nany igneous rocks can only be explainecd by assuming they

arc in an oxidised state so that the requirement that sills
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are 1n coxidised state is plaugible.

The cause of reduction has to bse discussed. It
is known from the fact that explosions occurred on hesting
too wuch rock in a ssaled evacuated quartz tube that a
of rock gas can be enittsd. Sulphurous material
and water vapour have been found and there were probabloe
other gases as well. Chapter 11 shows the different effects
rock gas can have and it is possible thzt the rock gas
has reducing propertiss in some cases. The question
whether the rock gas is oxidising or reducing is difficult
to answer a&s it depeéends on the preveiling conditions when
the minerals wers formed. HNHowever even in an inert
atmosphere reduction of an oxidised synvhetic titanomagnetite
can take place at the temperatures used fer these heat
treatment. This was shown in Chapter ©6 Uyeda§2 found in
a study of the ilmenite~hacmatite series, hezting in an
evacuated tube had reducing effects.

There is & strong case for reducticn belng the

cause of this phenomena

e Homogenisation and reduction.

If the very fine btexture is ilmenite caused by
oxidation of exsclved ulvospinel then a combination of

both above methods umay be the explanation. The iluenite
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may howogenise dirsctly in®to the hest uesgnetnite buli this
seems unlikely or get reducsd belore houmogenisation
Fakes place.

his has many sinilar crguoments against it as in the
honogenlgahiion oésa and ziz additional one 1s thabt the
largc ilmenite grains appear to be unaffectzd. Reduction

of proposcd ilmenite intergrowbths would surcely affect

all the ilwmenite present.

10.6. Conclusions.

A critical review of the suggested mechanisms in the
light of all the expcrimental Iacts shows that reduction
is the csuse of this phencmena. This explains all the
results and the work orn synthetic material shows it is
possible to reduce oxidised titanowmagnetites in an inert
atwosihere simply by heat treatuent.

This immcdiately leads to the conclusion that the
original sills must have boen in on oxidised state and
this is supported by petroleogical evidence,

. In rockx magnetism many pceople do not like to work
with surfacs rocks because they Pfear weathering (essheeion)
effects may influence the direction of rewmenent nagnetisatio

62

Everitt has shown that mescsursments from sills buried

deep underground still can give unreliable resultg and
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the fact that these sille have been shown to be in an
oxidised state makes the choice of materiel very selective.
The sills and lavas uay bes oxidised any tiwne in theilr
history and so samples with high curie points which appecr

to be oxldised, should be avoidsed for reliable pa;aeomagnetic

data to be obbtaincd.
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CHAPTER 11.

Therumal demegnetisagicn of »ocks.

1l.1l. Experinmertal procedure.

In the last chaepter the importance of the gases:

evolved on heating rocks in an evacuated space was
shown. It was decided to thermally demagnetise different
igneous rocks in air and.in svacuated tubes and to compare
the heating and cooling curves obvained. Rocks used were
from sills, irish lavas, rocent Hewesiiaon lavas and sub-
merine lavas. The curves were neasured on the instrunent
built by Wilson and Snith described in Chapter 3. The
samples weighed epproximately 0.2 groms and again variations
of the sabturation noment JsaJG at 20°C were observed due to
inhomogenity.

Polished thin sections of all the rocks investigated
were studied to see if there were any striking petrological
features which may be used to elucidape the differences

in the thermal demcgnetisation curves.

1l.2. Sills.

Samples were available from four sills.

1l. Whinsill.,

Fig. 48a and b show the results obtained from two of -
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the three samples measured. The curves in alr apd in an
gvacuated tube a2re very similar eicept on.Fig. 48b, which
N

was. for a sample from the centre of the sill.. Here further

oxidation takss plece and the curie point risges. to 600°

from 550°C. Cooling curves follow the heatigg curves

very closely with slight thermzl hystersis | present.
Petrologically the magnetic groins were similar to

the Rashiehill sill in general featurcs, being up to.

nd a

[85]

lum. in size. Sore pieces of isotropic material
few large pieces of free ilmonits were present. .The

large grains had large isotropic and anisotropic areas
and away frow the ilmenite boundary some clothlike texture
was seen. It suggested the Ti ions wmay be drained into

the ilmenite.

2. Roshiehill sill.
' All scnples measured had high curie points (5600)

and cooling cﬁrves followed the heating curves fairly ciosei
as shown in Fig. 492 and be. ‘Thié-has_been discus;ed<

petrclogically in detail in Chapﬁer 9.

3 Spitzberg sill.

The heating and cooling curves all were very similar

to each other and to those fromnm thé Rashishill sill.



Agein free and skeletal ilmenite were zsen znd the unag-

0

netite in the large groins ecpperrzsd altorzd.

4,  Outmain sill.

Fig. 50a shows the set of curves for e sauple 20
feet from the top edge. Thers is slighi oxidation in zir
and the cooling curves ars just significantly loﬁer than
the heatingvcurves, comparing With.the thermal hystersis
from other sills. This piece again had. frec ilmenite
present but the nagnetite appeared mére blue in colour
andAclearlyvhad been maghenmatised. Altered magnetite‘was
a coumon feature. The other two sauples from the centre
of the s8ill had wmore intcresting curves and the curves for
one sanple are shown in Fige 50D, The third is véry siﬁila
On cooling the intensity was below the huating curvé-and&iﬁe-
couponent appears with a 2500'curie point. This'ﬁappens‘
in air and in an evacuated tube. Tetrologically two features
stood out. The megnetitc in the large grains was-altered
especlally at the edge and aiong cracks and up to 10°/o

pyrrhotite and much free ilmenite were present.,

11.3. Irish laves.

The Irish samples were from lavas, dykes and lavas

baked by dykes. = They fall magnétically inbo th groupse
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The baked and badly weathered rocks waich petrologlically
appear altersd have high curie points and gave similar
curves when in air and in evacuated tubes as shown in
Figure Sla. The reﬁainder hed low curie polints and gave
an interesting effect on heating, In alr sbove BOOO

the moment increzses with temperature and gives a similar
curve to that for synthetic specimens with a similar curie
point heated in air (Figs. 44 and 4e). The interesting
feature was that even 1in the evacuated tubes a similar
effect was observed. TFig. 51b shows the heating =znd
cooling curves and also the heating and cooling curves
(which were identical) for a sauple preheated to 600°

in & continuous vacuun before sealing and a heating

curve taken. Fven this does not suppress the oxidation
which must have teaken place inside the rock as the gas
escaped. Oxidation was carried further in air as shown
b& the higher curie point orn cooling in air. Four sanples
showed this effect. TYetrologicelly thesc samples contained
many small titanomagnetite gralns up to 20 microns in

size, showed no exsgolution and possessed no free ilmenite.

ll.4. Hawallan lavas.

Two recent lavas (formed in 1750 and 1950) were

measured. The older lave showed two curie points and little
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differcnce in air or in vacuum. Both exsolved and
unexsolved ilmenits was present and magnefites growing
together with non-opaques were olso sceun. The 1950 lava
had curves sinilar to the Cutman sill. One‘curie point
was seen on heating but on cooling gove a lower intensity
and & trace of a lower curie point. This rock consisted
of very small (1 to 10 microns) well shaped nagnetite

grains.

11.5, Subuarine lavas,

A leva flow frowm the Crozet Isles containing no
ilnenite and small homogensous magnetite grains with a
curie poin% of 100°C repeated perfectly in an evacuated
tube but in air on cooling fron 600° had a curie point
of #00° with traces of the original one at 100°C.

Six submarine lavas from the ocean floor were
measured and fell into two groups. Thrce behaved as in
Fige. 52a, and oxidised in air to a 5900 curie pointv and
"in an evacuated tube oxidised to a 510° curic point. ALl
three had original curie points at 300°C. No exsolution
was found in bthese samples which consisted of predonminently
skeletal magnatite and smell discrete ilmenits grains,
Three other samples of submarine lavas gave curves similer

to Fig. 52b. These all had curie points near lOOO
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(with quite 2 large spread) and curves repeated in an
evacuataed tube‘but oxidation occured in air. These samples
nad very little ilmenite and the wagnetite appeared in

two grain sizes 5 to 20 nmicrons and 1 to 2 microns suggesting

that there is two generations of magnetite present.

11.6. Discussion.

The above experiments show that all igncous rocks
do not behave in the same way and that the rock gases
evolved have far reaching effects on the shape of the
thernal demsgnetisation curve and the corresponding cooling
curve.

Sills, with a high curie point, arc in general
comparatively unchenged after heating in air or in an
gvacugted tubg, probably because they are already in a
state of oxidation. The exception wazs the highly altered
Outmain sill, where a low temperature curie point appeared
on cooling.

The recent Hawaliien lava gave a sinilar effect but
the 200 yecar old one did not do so.

The Irish lava flows and dykes fell into two groupse.
The baked and weathered rocks with high curie points
presunably alrcady oxidised showed little change but the

lava flows with curie points neer BOOOC 211l showed an
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increese in moment above this temperature, a typical sign
of oxidation. A great deal of rock gas was evolved (the
Irish rocks were the wmost likely to explods) and as the
oxidation could not be prasvented sven by continuous puuping
off of the gas it wust be concluded that soumchow all the
rocks of this type from Northern Ircland evolve a strongly
oxidising atmosphere on initial heating Lo above BOOOC.

The subuarine basalts from the ocean floor with curie
points near EOOOG showed a siumilar effect, partially
supressed 1in an evacuated tube but definitely oxidising
even then., These rocks were cocled qulckly on formation,
the petrology confirms this, and have not_been exposed
to the alr since. Yet they still evolve oxidising gases
on heating and the conclusion imust bs drawn that the
gases are trapped when the rock is first formed. However,
the subumerine basalts with a 100°C curie point do not show
this behaviour. The heating and cooling curves arec identica
and repeatablé vhen in an evacuated tube, although the
rocks oxidised in air of coursec.

Thus in this series of experinents on igneous rocks,
some reuain unchangod when heated in an evacuated tube,
some have a low curie point component formed and some

still are oxidised by the rock gas. It is noteworthy
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that all'the last groupimg have origilnal curie points of
300°C which is sounething of a nystery temperature in rock
magnetism. For plateau basalts Ade-Hall®® found that the
majority have a composition corresponding to a curie

point of SO—lOOOC in an unoxidised state, but were found
to have curie points near 300O and 55000. These asre also
the two tenmperatures at which the mexima occur when the
frequency of occuﬁénce of curie point is plotted against
curie point for all rocks ever neasured, Fig. 53a. With
the 5500 curie point maxima accounted for by complete
oxidation the 300°C curie point wmay conceivably correspond
to a metastable partially oxidised state so that oxidation
takes place in two stages.

In the case of synthetic sanples BOOOO agaln appears
as an important temperature, being the cu:ie point of the
low temperature phase causing the R.P.TeR.M. In sone
cases the original curie point was near BOOOO but for phe
samnple containing 97°/b ulvospinel reversal of the P.T.R.M.
was found and the low curie point couponent had its curile
point at 55000. A metastable statec in the oxidation

process nmnay prove to be a very important idea.

1ll.7. Production of a metastable oxidised state.

In all rock magnetic work two ranges of temperature
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appesr to ba especially significant, 500-550°C and
250—52000. The former range is the curie temperature of
fbe end product in the oxidation of a titanonmegnetite
irrespective of composition but the 250—3200’range of
curie point has not yet besen explained. It has been
mentioned in 11.6 that the Irish rocks with a 300°C
curie point have an unusual behaviour and Wilsonsn'et al
in 2 study of basalts found a curic point distribution with
maxima st 550 and 300°C, Fig. 53b. These should have
curie points near 100°C according to composition fron
electron probe ueasursments if they were hownogeneous and
unoxidised. Fig. 532 shows the curie point data for all
rocks measured from a survey of the literature and the
results of this chapter added. The Japanese results do
not indicsate which were double curie points so to avoid
the couplication of double curiec points. Fig. 53c has been
drawn ouwitting the Japanese rssults. The broad maximun
at BOOOC which extends at one side to 100°C is very clear
and pronounced.

Fig. 24 in chapter 4 showed the wmoment of an oxidised
ordered titanomagnetite and the variation with increasing
’humber of ﬁécancies 'c's It undargoes_a‘discontinuous

change of slope along the line x~c = 0.5. This physically
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Z+ '
corraésponds to Fs” lons now sppearing on B sites due to

5+

oxidation with the A sifos full of Te

A+

Now Fe”" ions prefer 4 sites (due to the sizc of the

~ilon) and so it was assuumed that Lho product of Fe5 on

B sites Would need moro on rgy than on A sites, and so

the energy roqulred to cause oxidation would undergo a

finite discontinuity at this point. On this basis the

following curves were compubted. By direct calculation (given

in Appendix 2) the line corresponding to x~¢c = 0.5 was

drawn on a ternary disgram in the generalised titanonagnetite

region Fig. 54. This corresponds to F63+ apbearing on -
B sites provided all vacancies occur in 3 sites. The
vacancles have been shown to prefer B sites.

A180 on the diagram of moﬁent against x (for x
betwean 1L and.B} lines of constant curie points and oxida%ion
have been zdded to the contours of c. Fig. 55. The former
were calculated from data teken from the ternary disgram
Fig. 6 where the Gotted lines represent the author's
exfrapolation of the Japanese results. The oxidation
llnes and contours of ¢ were theoretically calculated.
Also drawn was a dlagraem of X 0rralnst ¢ and lines oI
ox1datlon and curle point cont urs again drawn Fié. 56,

A1l theSu diagrams clearly show that the stage
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where the proposed energy of oxidation discontinuity
occurs corresponds to a cur;evpoint rangs of 220—3200 for
X lying between 0.5 and 0.78 Which.is-the range in which
most natural ssmples occur and tha fange whers the basalts
of Ade-Hall lie. These celculations were made assuning
the vacancies represcnted by E] in the molecular foruula
occur in B sites. PFor oxidation with no drdering a
randon arrengement of vacancies may occur. ‘The critical
line is now x - % ¢ = 0«5 (Proof is given in Appendix) and
is shown in Fig. 54. Fig. 57 shows the plot of moment H
against x for different ¢ values and it is seen that the
self reversing region has considerably decreased. The.
new critical line howsver ;s aven better because in the.'f
range X between 0.5 and 0.8 all compositions meet the
line with curie pgints between 220° and~300°0.

Thus a netastable state of oxidation can éxist in
ti%andmagnétites with x betwecn 0.5 and 0.8 and corresponds
to-a curie point'distribution between 220° and BOOOC
.aé found in naturél somples.

The theory assumes that

1. The energy required to begin oxidation of Feot to

Fe5+ on B sites is greater than on A sites.

2. A large degree of preferential ordering exists in -
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natural titanomagnetites. If 4k i8 nmot guite ordered
originally the effect will be to reduce the energy reguired

A+

(as some TFe are alrecady on B sites) and not change
the curile teuperature range. In this case the unebtastable
oxidation state is less stable than in the ordered . state.
The distribution cof vacancies if not ordered only enhances
the effect.

Thus in nature the following scheme can be devised
to account for the curie point distribution. The btitano-
magnetite has a composition corresponding to a 100°¢
curie point initially. The surface lavas and subunarine
laves cool guickly to 100-200°C. Here they are influenced
by wmagnetic gases and undergo oxidabtion. The curie point
rises to 300°C that is o bhe mebestable oxidised stabe
but since the rocks are only at 100°C the thermal energy
of the lattice is not sufficient to overcome the energy
barrier causing the netastable state, and oxidation ceases
and the rock finishes cooling. When heated to above BOOOC
in the laboratory, there is sufficient cnoergy to cause
oxidation. This mekes the energy gap required about

7 x 10”14

ergs (k T). Other rocks cooled more slowly
can oxidise to a 550° curie point during cooling, having

sufficient thermal energy to pass the netastable state.



168.

Some rocks will havs cooled too duickly or will not have
been subjected to oxidising conditions and renain with
a low curie point. Thus a histogrom similor to the one
shown in Fig. 53d would be expected and conpares quite
well with the experimental results Fig. 5%c. An inportant
conclusion erising from this theory is that wost rocks
appear to be in a fairly ordered state,.

?his scheme explains the world survey of curie points
obtained and the behaviour of the rocks ncasured in the

laborotory.

11.8. :EOW' field TeRelMe and PeTeRells

Some of the samples previously mecasured in a strong
flield and described in this chapter were given T.R.H.
and P.TeR.M. in a similar way to the synthetic sanples
in chapter 4 and the thermal demagnetisation curves in
zero field measured. All samples were sealed in evacuated
tubes.

Three types of curve were obtalned. The Whinsill, the
Rashiehill sill and the baked Irish rock showed a continuous
fall in the T.R.M, with temperature and the P.T.R&M.
was similar to the T.R.M. as shown in Fig. 58a. The
Outnain sill gave more interesting results. One seample

15 feet from the upper edge behaved as cbove but two
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samples from the centre of the sill behaved as shown in
Fig. 58Db. The'T.R.M. had 2 mexirmm at 250O and the
P.T.R.M. fell on cooling below Tl and almost reversecd.
Clearly a negative interaction was present betweén two
components in these two cases in & similar ﬁay‘to the
partially oxidised synthetics. These were the‘samples
that acquired a lower curie point after heating to 600°0
in an evacuated tube as described in seétion-ll.2. The
presence of two coﬁponents is difficulst to~exblain but it
might be that reduction of parts of the matefiél was
responsible. f

A ﬁeathered dyke from Ireland showed a similar
effect and agaln the P.T.R.M. just failed to reverse as
shown in Fig. 58c. This rock has been oxidised by wcathering
and the existence of a metastable state of oxidation or
simply some unoxidised grains seemed to be the cause of
the low temperaturs component. o

The third tybe of curve produced is shown in Fige. 58d.
The sémple'from Sudan had not previously been measured in
stroné fislds but was of interest in that iv Was‘found§6‘
that the naturai resmanence reversed on heatingf The T.R.M.

fell steadily with teumperature but the P.T.R.M. decreased

on cooling. below Tl and just failed to reverse. A sinilar
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set of curves was found for one of the Hawaiign lavas.
Lgzin a netastable oxidised stats may be a partner in the
negative interaction.

Lewis52

has shown a sinilar effect to occur in Indian
laves and finds a R.F.T.R.M. is obtained by using the
mnagnetic separates only.

In these experiments 5 out of 12 samplés showed song
form of negative interaction which appéared very siumilaer
to the R.P.T.R.M. of partially oxidised synthetic
titanomagnetites and so this phenomena is by no means a
rare occurance. | nis supports the inferénces in chapter
4 when a R.P.T.R.M. in synthetic samples was discussed

and this type of mechanism can leave far reaching effects

on rock nagnetisn.

11.9. Conclusions.

Three main conclusions arise from this chapter{
1. Heating rocks in evacuated tubes does not always
prevent alteration taking place znd the rock gases can
have important thermal effects.
2. There is support for the ides of a netastable oxidised
state due to the additional energy"required to cause

2+ 3+

oxldation of Fe to Fe on B sites .% 7. -.x than on

¥

A sites. - ThiS‘méy cause a conmponent with a 500O curie

1
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point to be formed on oxidation of a titaniun rich
titanomagnetite.

e Negative interaction which céﬁ cause reversal of the
P.T.R.M., exists in many rocks, between & high curie
temperature component (500-550°C) and a low teuperature
conmponent (220—50000) and may be iLuportant in rock

magnetism,.
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CHAPTER 12,

Comparison of natural and syntvhetic titanomagnetites

and conclusions.

12,1 Oxidation.

Both synthetic and natural samples show similar
properties when heated in alr and after heating to 600°¢C
the curie point rises irrespective of composition.

Samples with an original BOOOC curie point acquire on
heating a moment due to thermochemical magnetisation Which_
corresponds to the formation of a high curie point material.
Oxidisation does take place more slowly in natural samples
which is not surprising considering the synthetic samplgs
are fine powders and the natural samples pleces of rock.

When heated in an evacuated tube however major
differences appear. The synthetic samples are unaltered
but the natural samples can stlll oxidise with a corres-
ponding increaselin curie point, produce a low temperature
component or remain unaltered, depending on the rock

gases evolved.

12.2. Reduction.

It was found possible to reduce oxidised synthetic

titanomagnetites by heating in an evacuated tube at high
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temperatures, (800° to 900°) for a few hours. This type
of process is the most probable explanation of the
results of heat treating, under similar conditions‘to the
synthetic samples, rocks from four different sills. The
curie point and intensity decreased and the evidence
points to a reduction process. Thus both natural and
synthetic samples can be reduced by heabting in evacuated
tubes at high temperatures.

One important inference from this is that the sills
measufed, must have been originally in an oxidised state

and this is an important conclusion.

12.3. Homogenigation and exsolution.
| Experiments on synthetlic samples support a skew
£ov e w wz}c&‘m(uospuwi ©owa
shaped hooped solvus curveLw1 bh 2 meximum at 600°C but
the processes were found to take place so slowly that they
do not appear to have a major influence on laboratory

experiments. Below 50000 a time scale of tens of thousands

of years is required,

12040 To R.Mu and Po ToR.Niu

The important discovery of a reversed P.T.R.l.
was made in partial oxidised synthetic titanomagnetitds.

It only occurs in a limited region of oxidation and is
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not present in unoxidised or highly oxidissod samples. A
mechanism depending on two components with a negative
interaction was found.

In sowme natural samples 2 similar behaviour was
found but the PeTsR.le did not quite reverse. Howsver
a negative interaction betwesn two components was sometimes
present and the conditions for reversal by this mechanism
were satisfied.

Previously reversed T.R.i. or P.T.R,il. has bezsn
teported for the haematifte-ilmenite serises and for
pyrrhotite and now titanomzgnetites which form the most
important magnetic series in rock magnetism have Been
found torpossess reversal properties in the range where
many naturally oocugﬁng titanomagnetites fall.

The conclusion to be drawn is that self reversal
in oxidised rocks may be much more couwmon than at first
imagined.

An interesting follow up to this work is the
production of a thermochemical r¢manent magnetisation by
heating the thermal remanence to a teuperature below the
curie point in zero field, allowing oxidation to take
place and Go observe the moment of the oxidised sample

develop  in the internal field of the original component,.
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It is conceivable that a rock will reverse its direction

of magnetisation during oxidation in a laboratory experiment

in the near future.

12.5., Theories of raversal.

Theories have been exanined for the ulvospinel-
magnetite series and oxidation effects considered. The
reversal of the P,T.R.M, ssems to be explained by a
combination of Neels mechanisms. The two components have
a negative interaction and arise either from a curie point
distribution in a partielly oxidised grain or from a
metastable oxidised state giving rise to a 30000 curie
point. The existance of a metastable oxidised state is
‘supported by the results obtained from synthetic and
natural samples and one possible cause of such a metastable

3+

state mey be the difficulty in producing Fe”' on B sites

in the oxidation process. ’
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APPENDIX 1.

Instruments built for these studies.

1. High temperature furnace.

The furnace consists of thick constanten wers wound
onto a 1 inch diameter, 2 feet long guartz tube and th;s
is mounted vertically in a hlock of insulating meterial
(commercially sold as capsulin). The sample and the
thermocouple are suspended from the top of the tube and the
sample removed by releasing a clip. It falls into a
copper beaker filled with sand and water and can be
cooled in known fields. The temperature is automatically
controlled. The furnace can be used up to 925°C and has

the advantage enabling samples to be quenched very quiékly.

2e Low field thermal demagnetising instrument.

This instrument consists of a specially designed
furnace and an astatic magnetometer. The furnace is
non-inductively wound, water cooled and can reach tem-
peratures of 625°C and is mounted vertically. The sample
moves verbtically at the side of the zstatic system and
stope are set to give maximum deflection with the sample
and the furnace at a given distance from the astatic system.
The sample sits in a guartz holder which has a double

bore stem to allow the platinium~pallador thermocouple to
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be situated close to the szmple. The sensitivity is
adjusted by moving the furnace and holder nearcr the
astatic system and the meximum sensitivity that can be
obtained is 5 x 1077 8.Mm.U. per cm . deflection. To
prevent hect reaching the astatic system one side of the
housing was made of dural, the rest being graphite |
coated perpex but the water ccoled jacket and air gap
proved to be sufficicent thermal insulation. The durael
also acted as the damping plate. Fige 59 shows a diagranm
of the system. Helmholt®s colls were used to give a zeﬁo
figld to better than 1°/0 and the sample can be cooled in
fields up to 2 oersteds. The instrument hes the advantage
that +the sample can be measured on cooling without

having to be rotated to oppose the applied field as happens
when the specimsen is placed underneath the astatic

system.
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FIG 59  LOW FIELD INSTRUMENT (not 10 scace)
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APPENDIX 2,

Theorctical calculations in the TiO,, Fel, Fe.O

275
szstem.

Calculation of the percontage Fe, Fezo5, Tio2 by
weight. On the usual terniesry diasgran (TFig. 6) for Fe0,
39203, T102 any point P can be represented by

P  AFe0; BFegoaz CTi0, by molecular parts (1)
and A+B+C = 1L

But P XFe: §Fe203; 'z"Jzio2 by molecular parts (2)
XFey YFGEOB: ZTi0, by weight (%)

It is required to find X;Y,Z from A,B,C.

Comparing (1) end (2) for Fe, Ti, O contont.

z = G
X+2F = A+2B
3y = A+3B

}=A+3B;§=%

X,Y and Z follow from X, y and z by multiplying by the

respective molecular weights.

Magnetite-ulvospinel.

General formula is Fea_xTiXO4 (l+x)FeO(lmx)Fe203xT102

and moleculer °/o 0 is 4/7.
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Ilmenite-haematite.

General formula is Fe xPeQ( L-x)Fe .0, xT10

TiXO 203 5

2—=X
end moleculer °/o 0 is 3/5.

3

But gensralised titanomagnetites lie between theses
limits and cannot be so esasily expressed.

General formula.

Feb_a Tiao per oxygen atome.

en Fo Tiao AFe0:; BFe,0,: CTiO

b-a 273 2
and molecular °/o 0 is —%3
... = 3
1-b~a

W Q
]

il

2b+a-2 on comparing Fe, Ti and O.

Series linits are given by C = a = 0 (no Ti)

and B = 0 (no F6203>

Thus from a knowledge of a and b only the position on
the terniary diagram and the percentage by weight of

Fa, Fego5 and T7i0, required to give the empirical nixture

2
can easily be calculated.

Also many lines of interest can be conputed and plotted
by writing the wvarious conditions as algebraic expressions
for a and b,

Lines of constent Ti content.

Here & is constant and lines are obtained by varying b
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Constant Fe lines.

Here b-a is constant and uging Aifferent constaunis

a famlly of lines can be drawn.

Oxidation lines.

These correspond to the ratio Fo/Ti=constent.
Thereforo Eéé is 2 constant and the lines can be drawn.

Constant F62+.

The general formula can be written as

3+ 2+ :
Fo Fea—y~x—chx{:% 0y
S 5
[NoB- ""‘"'"4 = b’ 4 - a}

Also for charge conservation y = 2-2X+2¢

++ Rewrite molecule as Fegt2X+2c Fe%ix—ac TiX{:L 04-
per oxygen aton Fe%+ Feif ' Ti (Jer ©
5= 2a+2¢’ -5_+a—30

whers ¢' = ¢/l

s . +
Tiines of constant F92

are lines l/ﬁ+§—50' = constant.
Also in tiﬁanomagnetites Ub+e = 3 Llecs brc' = 3/4
Elininating ¢’ Zb-2-a = constant .

Thus a family of linesg for different constants can be

drawn.
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Lines of degree of oxidotion ¢
s s s . R : 3 1 =
Oxidising equation is Fett =y % Fe?T +-§4J
F

Let g °/o Fe2' be oxidised.

Molecular expression is

et 5"' 5 4 i . )
FO(1-a) (L) To2-2xeEa(ien) Thx Ha/3(1ex) O

or per oxygen atom

ph ) . ' . P o
“Oz/4 < a/3(L/8 + a)-a T, I a/r( 1L/ Ara) ¢

b

So b = 3/4 - @/3(1/4+a) and family of lines for different

valuss of g carn be drawn.

Ling ¥-c = .3

This corresponds to Fe5+ beginning to appoarn on B
sites during oxidation assuming &sll wacancies are-on o
sites,

Here a-c' = ,12%

Dut bre' = .70 for titanomnagnesites.
Je atb = o875 gives the regnired lins.
Line x - % c = a5

This corresponds to Fe3+ beginning %o appear on B

sites during oxidetion assuaming C3 are randomly distributed.



b + ¢! = 075
[ 7 . . 6 v
oo a+ g b = 1 gives the reguirecd line.

Thus the parcmeters a and b allow easy colculetion of all

the interesting iines.

Calculation of uB - p, for ordered oxidised titanomagnetites

1. Assume |1 are 211 on B sites (BExperinentally so if

oxidation is slow)

. . 3+ 2+ . :

Starting with Fey F63~y—x~c TlXE3604 .
Thers are two caoses

y<i y>1
A site B site A site B site

2+ o2+ 2+ . 2+ Z+ 2+ .

Fel Fey . [Fea_x_CTlx;]c] Fo3 [Fey_lFeB“y~X~cT;£:£]
By = 5y+4(1l-y) Ly =5
hg = 4(2-x~-c) Hyg = 5(y-1L)+4(3-y-x-c)
Mg, = felx—lCc—~y pphy = 2+y-i4x~Le

But y = 2-2x+2c from charge conservation

oo HpH, = 2=-2X-6¢ o=k = 4-6¢-2c¢
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. \ + . )
At the boundary when I“ea arcs just cLout wo appear on
N} J

B sites x-c = 1/2 (Equating momcnts)

2, hssume [] arc randomly distributed, i.e. 1/3% on
L sites and 2/% on B sites.

Agaln there arc Two casecss

y<i-oa/3 y>1l-c¢/3

A sites B sitss A sites B sites

j - '% 3 '?.,'5 4 t(-—)*’% 3~j-><(_ 2
by = Syr4(l-y-c/3) L = 5-5¢/3
hg = h(2-x-2/%c) hp = 5{ y=1+c/3)+4(3-y=x~c)
~ 4o _ _ o 2.
bpH, = ll»~4x-—3—- v gk, = y+2 3c: 4x

Again charge is conserved y = 2-2x - 6¢

" 2 i
o HpH, = 2=2X- -95-9 Hg=H, = 4—6c+ -5-c

At the point where Fe5+ begin to appecar on B sites

-2 =3 .
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APPENDIX 3.

o

Tonic ordering at T  Absolute

Consider a general nolecule of the type MFeZO4 where
M is divalent.

This can be written as M Fe, [Fe, M, ] 0

X 1-X 4

For a general thermodynamical system the probability

of finding_ni in state i is

i.ce g log W = éérii(log ng+1l) o

Tet the energy required to interchange M to Fe site be AU,
From thermodynamics AT -~ TdS = O
oo AU+ TklOgW=0

For N atoms in the lattice let X of M be on A site

- T

n, = N--X end for ome M change
ny = WX Jnl = +1 = 5~n5
. n, = N-X 6n2 = =1 = Snu
so 0Tk log TL) - 0 ang x = F
(N-X)®

. ?£l+§% = " M/KT pion is the ionic ordering ab T°
LN Y l_x .

Absolute for MF6204 .
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