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ABSTRACT

As & %reliminary study, relating to the regional
magnetic ahomalies in Manitoba and Northwestern
Ontario, a reconnaissance sampling survey has been
made over the flank of a regional anomaly in the
Whiteshell area of Southeastern Manitoba.

Thermomagnetic curves and Curie transition
temperatures have been_defermined for 70 samples‘over
the 14 mile traverse. The Cﬁrie.teﬁperatures are
closely grouped about & mean of’573QC;  It is considered
improbable that the magnetic minérals found at the
surface are directly reiated to a possible Curle level .
at the bases of the regional magnetic anomalies,

The design and construction of the fécording
fhermomagnetic balancé 1s described. A'commercial
electrébalance is coupled with an air-céred coil systenm
and a furnace to provide sub-saturation thermomagnetic
curves between 200 and 700°C., in air. The heating and
cooling cycle may be completedfinfabout one hour.

indicétionsvére that fapid‘héating fo 61090;
produces no significant changes in~Cﬁrié temperatures,
bﬁt heating to 70660. may}éauseia-decrease in Curie
voint, for the magnetic phases'present in these rqcks.
This latter effect is considered not to be due to the
‘presence of»air. | |
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CHAPTER I
INTRODUCTION

The present study is part of a contihuing program
of geophysical investigation into crustal structure in
the Canadian Shield, being conducted by the Department
of Earth Sciences, University of Manitoba.

Quantitati?e interpretations have been made of .
regional magnetic anomalies in North Western Ontario
and Ménitoba (Hall 1968, McGrath and Hail’l969,
Bhattacharyya and Morley 1965). It is.apparent that
these aanaly systems are closely related to crustal
structure, and the concept of crustal magnetic units has
been used (Hall 1968). Pakiser and Zeitz (1965) have
briefly.considered the possibiiities‘of,regioﬁal anomalies,
with respect to crustal structure, in the U;S.A. |

Studies in rock magnetism have indicated a close
connection between the magnetic prOperties of rocks and -
their chemical and physical history (Nagata 1961).
Inveétigétion_of the magnetic properties may be used
therefore as an aid to disciosing.at least some parts of
the physical and chémical history of the crust, and
theréby its present structﬁre¢ 'Howevér, magnetic

properties are controlled by a number of physical,
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chemical and petrologicélvfactors and although in many
cases the boundaries of magnetic units may coincide with
lithologic boundaries,:they need not necessarily do so..

’Interpretations of some Of‘the regional magnetic
" anomalies in the Canadian Shield indicate that‘the
- magnetic units whichvgive rise to the anbmalies lie in
the uppef crust. The lbWer boundaries have been interpreted f
by Bhattacharyya and Morley (1965) as representing the
mean depth of the Curie point geotherm, and by Hall (1968)
as being related to the intermgdiate‘seismic~dis¢ontinuity.
Thé meén'depth of the lower boundaries-éf the anomalies
discussed is about 20 km.

The rocks at 20 km. depth are not directly accessible
for laboratory analysis, and one can only sample surface”
rocks in the relevant areas, in order to study the probléms '
of the Curie isotherm and of the origins of the'maghetic
anomalies. Analyses made on'surface rocks will assist
in the chstruction of a petrological model of the crust
which would accouht for.the maghetizations of the magnéﬁic
units.

The object of the present work has been to make a
preliminary reconnaissanqe'survey‘of Curie'temperatures
of surface rocks in the viciﬁity of a régional magnetic .

anomaly in South Eastern Manitoba (McGrath and Hall 1969).




Determinations of Curie temperatures willl assist
one in deciding whether rocks of the magnetic type found
at the surface could be responsible for the magnetic
anomalies with bases at about 20 km. However, the rooks
found at the surface may continue at depth, but with
significant changes in thelir magnetic minerals. such
that the Curie level differs from that estimated from
surface measurements. On the other hand, a significant
change in overall rock type With changes in magnetic_
minerals might occur at about this depth.

Estimates of temperatures in the Canadian_shield
have Eeen givén hy Birch (1955), who, under different
assumptions, suggéstsvthat at 20 km. depth, the temperatﬁre
might be as low as 230°C or as high as bh0%c, Such
estimates are, by thelr nafure, véry approiimate.

A\No means of determining thermoﬁagnetic CUrves were
available at the beginning of this study, and part of
this ‘thesis describes the design and construction of

equipment for this purpose.




CHAPTER II
MAGNETISM IN ROCKS

Magnetism in matter

It will be useful to outline some relevant features
of magnetic properties of mattéf in general, prior to a
discussidn of magnetism in minerals and rocks. When
matter is placed in a magnetid field, it‘experiences a
magnetiZation, the nature of which is dependent on the
material. We define a magnetic susceptibility, as the
ratio of the magnetization, to the applied field;

Diamagnetism is a property of all matter, and is

g present only when an external field is applied. Temperature

‘does not enter explicitly into the diamagnetic susceptibility,

which is always negative.

Paramagnetism (positive susceptibility) is found

where the total spins of the atoms are not zero, i.e. the

atoms have magnetic moments. Magnetization results from the

orientation of the magnetic moments in an applied field
while thermal disorder resists the tendency of the field
to orient the moments. The temperature dependence of
the suéceptibility x of normal péramagnets is given, to
a first apprbximatioh, by . the Curie ng.

. - C
X =7

where C is the Curie constant, and T is the temperature.
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Discussions of diamagnetism and paramagnetism may
be found, for example, in Morrish (1965).

A\small number of materials exhibit ferromagnetism,
which is characterized by a spontaneous magnetization in
the absence of an applied field. It is nOijéll established
that there exist small domains,'éach spontaneously
magnetized, the magnetizapion of the whole specimen beiﬁg
the vector sum of the magnetizations of the domains. Since
the directions need not be parallel, the resultant
magnetization may be zero. Application of a field changes
the domain arrangement, énd hence ah appreciable magne-
tization»appears. |

Ferromagnetism is.brought about by the strong
interactions between uncompensated spins in neighbouring
atoms, such that the Spins become'alignéd in a parallel
manner. Other forms of strong coupling occur; The
phenohenoh of antiferromagnetism in its‘simplest form
consists of>twb sub~lattices, one.of whose spins tends
to be antiparallel to those of the other (with no net
- spontaneous magnetizétion). In the case of ferrimagnetism,
an asymmetry eiisté eithef in the cryétallographic positions
of the sub—lattiées, or in the presence of ions of
‘differing magnetic momentS‘in the sub-latﬁices,’or both.
There is a net spontaneous magnétization in the case of

ferrimagnetism.




The spontaneous magnetization is a function of

temperature, and becomes zero at the Curie temperature.

Rock magnetism

The magnetic properties of rocks are the results
of the effects of the minerals which'comprise them.
Four kinds of magnetic effect are found in rocks:
diamagnetism, paramagnetiSm, ferrimagnetism and
antiferromagnetism. Minerals which are composed of ions
Which have no permanent magnetic moments are‘diamagnetic,
whereas those which contain ions such as Fe2+, Fe3t, Mn2+,
may be paramagnetic, ferrimagnetic or antiferromagnetic.
If there is no effective interaction bétween the magnetic
ions, the mineral is paramagnetic, while‘if strohg
interactions exist, the mineral may be ferrimagnetic or
antiferromagnetic. Thus in the magnetic sense, rocks are
comprised of a number of paramagnétic, ferrimagnetic and
' antiferromagnetic grains in a diamagnetic matrix. |

" The only significant magnetic ions in rocks are

Fe?*, Fe3* and Mn?*, althoﬁgh others may be present in
small amounts in some minerals. The other common ions
sik*, a13*, mg?*, ca?*, Na*, k¥, Tik*, P5* have no
permanent magnetic moment. Nagata (1966) lists some of
the more common paramégnetic minefals: olivines, pyroxenes;_

garnets, biotite, amphiboles, cordierites.




Ferrimagnetic minerals in rocks may be divided
into two small groups: certain metallic oxides and
certain metallic sulphides; Ferrimagnetic oxides such
as magnetite, titanomagnetites, titanomaghemites,
hemoilmenites are found in the majority'of rocks.
Ferrimagnetic sulphioes, pyrrhotites of varyihg compositions,
are much more restricted in occurrence. To illustrate the
relative abundance of the ferrimagnetic oxides, Akimoto
(1957) . considers that the ferrimagnetism of‘over 99% of
Japanese igneous rocks at atmospheric-temperature‘comesv
from that of the titanomagnetites,'and the remaining 1%
or less originates in the ferrimagnetic portion of the
hematite-~ilmenite series.

Certain end members'of the above solid solution
series of oxides are antiferromagnetic:'hamelyvhematite,
ilmenite, ulvospinel (at low temperatures); although
hematlte and ilmenite, to a lesser extent, show a weak
para31tlc ferromagnetlsm Wthh may be due to lack of
perfect antlparallellsm of vectors (Stacey 1963).

The ferrlmagnetlc mlnerals possess a strong spontaneous
magnetlzatlon and are the most significant 1n rock magnetlsm.
" The spontaneous magnetization 1s_dependentaon temperature
'ih a manner which varies with the eomposition of the
mineral Its magnitude at a particular temperature is
characterlstlc of the mineral, as 1s the temperature at

Wthh it becomes zero, i.e. the Curie temperature.




An outiine of the theory of ferrimagnetism
The theory of~£efrim&gnetismVWas first discussed

by Néel (1948), (reviewed by Smart 1955).  Néel considered
in some detail the magnetic properties of simple inverse
ferrites. These have the inversé spinel crystal structure,
~where the lattice has per unit molecule one tetrahedral A
site surrounded by 4 oxygen atomé,_and‘two octahedral B
sites surrounded byvé_okygen atoms. The ferrites may have
the formula'MFezoh, where M is a divalent ion. The inverse
spinels, of which magnetite Fe30, "is one, have an Fe3* ion
~on the A site, with an M ion on one B site and an.Fe3+ ion
on the othér. The interactions between A and B sites are
strong and negative, and the A-A and B-B interactions are
weak, causing antlparallel allgnment of spins, with an
1nterdependence between the spontaneous»magnetlzatlons O
and g, of the two sub-lattices.

' Neel's theory of ferrimagnetism, in terms of the
modlfled molecular field theory, glves the relations for
the spontaneous'magnetlzatlons, i.e. when the external field

is zero, (adaptgq from Staéey 1963? Smart 1955).

% = B ( XGRO‘Q + MO'A )
.ﬁ‘o>~ . kT
Ss . BL( Yap On * ZQBGE')

T, ST




where Oy and 0O, represent values at complete

| Xsa L Xnn Xss

alignment, ¥

pg ! [}

represent the interactions, k is Boltzmann's constant
and Bg is the Brillouin function appropriate to a total
electron spin 's' per cation:

B (a) = 25+ 2541,y - 1L a )
- B (a) >*L coth( > a) 5 coth(ZS)

Since 37%,, ng are negative and equal, 0, and Oy
are oppositely directed and the net magnetization is |
(o; - 0,). In thé_case of magnetite, the theory predicts;
a value_of L, Bohr magnetons per molecule, or 92 emu/gm.
which‘agrees well With experiment (Nagata 1961).

The reciprocél susceptibility at high temperatures
is éivenvby: '

4 T = Chsde+mBITaAuC YA =P 1)

X © CLT = ApuC Bgl2 + ¢ +8))]

(21)

Whefe~T is absolute température
N is a number of magnetic ions per unit volume
A is the fraction of magnetic ions on A sites
2 ==X is fraction of magnetic ions on B sites |
C is Curie consténtAfor N magnetic ions

: Xnﬂ ng
oL = P2 o= ISR
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The 1 - T curve is a hyperbola (Smart 1955).

X ,
The numerator in equation(2]) may be factored into

(T =T NT -10)

Te :%C Cro( e + /“/3 ~C(ae ~ ) 4)‘/,,]"‘)
Tc ="_12'C Xm;(x* +pB v e -pB) ""‘4)\/*]"‘)

At T = Tc, the suééeptibility becomés infinite, which
on the molecular field theer.ihdicates~a Curie point.

(Tre répresents the Curie point for Yae D 0 parallel
alignment of spins). The above theory consideredvonly‘one
type of magnetic ion. If more than one type is present,

the general principles and results remain the same, althoughv
the‘anainis is more difficult.

Techniques have been discussed by Néel.(19h8) Smart
(1955), Morrish (1965) by which the spontaneous | magnetl—'
zatlon as a functlon of temperature may be obtained by
‘graphlcal and numerical methods.

Further developmenbs have been noted by, among othefs,
Morrish (1965), Belov (1965). For éxample, Belov‘discﬁ§Ses
the region near the Curie transition in terms of the

thermodynam*c theory 1ntroduced by Landau and I 1fsh1tz.
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He has found that in both simple and mixed ferrites, the
magnetization curves near the Curie point obey quite well
the same thermodynamic equation used for ferromagnetic

substances, namely

where 0 is the resultant magnetization of the sub-
lattices of the ferrite, H is the applied field, <, and B,
are thermodynamic coefficients, dependent on pressure and
temperature. <, and B, are related to an ordering parameter i
such that when d”% 0, 7=10 (B>0 at all temperatures).
Since the Curie transition is one from order, 7 =1, to
disorder,q = 0, a determination of «(T) will define the
Curie tempera'ture. | ‘O<.< 0, T<Ti e=0,T=Tc Do, > 0,

T T | | |

In the strict sense, the Curie temperature is only
applicable in the absence of an external field, When a
field is applied, the Curie transition occurs through a
range of temperatures.

It is found in general that the .temperature
dependence of magnetization exhibits a "tailﬂ(fig.l).
It.is-proposed by Belov (l965),~for-example5\that the
"tail" is probably due to fluctuations of the chemical '
composition through‘the voiume of the specimen;ior to |
inhomogeneities.in,the laﬁtice strueﬁure. He quotes'
results which suggest that the "ail" is Shorter.for more

homogeneous materials.




Fig.Al. Temperature Dependence of the Spontaneous
Magnetization of Ferrites.

- An ldealized representation of the . dépendénéewof,

the spontaneous magnetizatlon o' on tenperature T, as
determined by two methods: _ .

“'. method of thermodynamic coefficients

A method,of lines of.equgl magnetization.

12
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From a practical -standpoint, one has to reach a
decision as to what to take as the Curie temperature. In
the absence of a field‘the Curie temperature has greatest
significance and methods are available by which one may
extrapolate from measurements in an external field to the
situation at zero field (e.g. Belov 1965, Williams 1966).
However, in methods in which great precision is not
required, or not pdssible, empirical definitions of the
Curie point have arisen. A commonly used definition has
been to take the point'of inflexion of the measured curve
to represent the Curie'ﬁoint (e.g. Bozorth 1951, Selwobd
1956). Another definition used is to let the point of
maximum concave curvature represent the transition point. .
(Ade-Hall et al. 1965). ‘Neither of these is precisé, and
in some situations may be far from the true transition
- point (e.g. in certain'ferfomagnetic alloys, Belov 1965).
However, for the present purposes, as a ﬁorking definition,
the point of inflexion on the measured thermomagnetic curve

will be considered to represent the Curie point.




CHAPTER IIY

THERMOMAGNETIC ANALYSIS

Geolog 1cal and geophysical 81gn1flcance

Thermomagnetlc analysis in its broadest sense refers
to any experiment which measures the change of a magnetic
parameter as a function of temperature (Wasilewski 1969).
In the restricted sense, in which it is generally used in
rock magnetism, it means the measurement of the magneti;
zation of a specimen over a raﬁge of temperatures, which
usually includes the Curie point.

The results of studies in rock magnetlsm have numerous
applications.» Information has been gained regarding the
past history of the geomagﬁetic field, of the evolution of
crustal featﬁres such as the continents and ocean basins,
and on a smaller scale, the development of the crust within
the continents.

Many of these stﬁdies have involved measurements of
the natural remanent magnetizations which are assumed‘to
carry information relating to the past histories of the
rocks. Thermomagnetic analyses may be applied to the rocks

to test for stability of the magnetic minerals.

Thermomagnetic analyses, ih the restricted sense, may
be used in i;dentiinng magnetic minerals,.since the Curie
temperature, and also the saturation magnetization, are
chéracteristicfproperties of a mineral.

14
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In the présent study thermomagnetic analysis is
used to obtain information which will lead, wiﬁh other
information, to'a knowledge of deep crustal structure.
Determination of thermomagnetic curves

A number of experimental'méthods exist which can be
used for.determining Curié temperatures, some of which give
complete thermomagnetic curves. Some methods involve the
Ameasurement of a force in a non-uniform magnetic field,
while‘othérs measure changes in electrical or thermal
propertiés. Déscriptions of.methéds may be found,.for
example,‘in Bateé (1963), Collinson ét-al. (1967). |

A method which has been cdmmonly ﬁéed in rock and
mineral magnetism has been}thé Curie-Chevenau type of
balance, (Larochelle 1961), where the sample is mounted
on a beam suspended by é torsion fibre, ‘and subjected to
a force due to a non-uniform magnetic field. The measurement
of the force has been made by noting the deflection of
the beam, or by nulling the defieCtion by adjusting the
torsion head. Variation of temperature will resdlt in a
thermomagnetic curve. o

’Disadvahtages df thiS'method_are'that the torsion

fibre is Very fragile and unpredictable in life time, and
that the non—ﬁniform‘field'has to be known over a lérge
volume, or alternatively, that confinual read justment of
the torsion head is needed. An advantage is that the dead

weight of the sample is not significant.
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Translation balanges of the null deflection type,
with several fibres, may be used but again difficulties
are likely to arise with the suspension system.

With the advent of sensitive and accurate electrobalances,
the measurement of a vertical force beéame a relatively
minor problem. OSince the electrobalances usé the null
deflection method of balancing, no large region of known
non-uniform field is needed; the sample dées not move, and
is held in boéitién automatically. A disadvantage 1is that
the dead weight of the sample now enters in, but arrange-
ments can be made to allow for this.

A system using.an eledtrobalance may be easily modified
for determinations of other magnetic parameters.such as
coercive force, and remanence; which‘afe not possiblé with
most other arrangements. | )

vThé other methods, e.g. Vollstadt (1968), de Sa (1968),
Petersen (1967), involving thermal capacity, electrical
properties, or changes in characteristics of transducers
with changes‘ih susceptibility were generally discounted
on account of the larger amounts of material needed as
samples and/or because their application was restricted
only to Curie point determination. None was as potentiallj
versétilé>as a magnétic balance method.

The method chosen in the preseht'study has therefore.

been a form of Faraday method using a commercial'electrobalance-
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to measure the force produced on a wsample in a non-uniform

field.

Theory of methéd
The force F on a magnetic dipole m in an applied

magnetic field H is given by

F = ¥(m.H)

to a first approximation (Cheston 196L4).

For a body of volume v, the force may be written:

F ;f'v'(g.ﬂ)dv
v

where d is the.intensity of magﬁetization of the body.

In the cése of a ferromagnetic substance, J is a
complicated function of H,

d = Jo+ J(H)

where io'répresents ahy remanent_magnetization.

For polycrystalline materials, assumed isotropic,
v - (H
F =f\7_f J dH]dv
v >

ouluy = (Ha |
| fvv_HJ fHaHdH]_dv,

]

For the z component of the force,

| . "
F, = JH _Ha) _ 3 [Ha
Z j[ iz Y% | bz[HéC“"Jdv o

\%
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Thus, the force is = non-linear'function of the
field and magnetization.

If we consider a parémagnetic substance where

J = xH, then '%_%‘:X ) "%% = X %}‘;" and
' =S 3H
(—, = XHV;{

for }42?, constant over v .

If, for a ferromagnetic substance, saturation occurs,
H

- then 3J : 3 |
32 —0 , H-a—H—dH — constant inz.
. g4 .
Thus, at saturation, the relation
' ' _ oH
R =g

is approached, fof[{%%i constant over v .

This perides a means of determining Jé, tﬁe saturation
magnetization. |

in the present work, saturation is nqt achieved and
'so equation(3j)zapplies. It is seen that the force givés
a meésﬁre"of the mégnetization but the exact relationship
depends on factérs related to the ferromagnetic structuré.

| In the foregoling, no account has.beén taken of

demagnetizing fields. .These reduée the effective field
to H - DJ, where D is the demagnetizing coefficient. 1In
the present work no precise knowledge_of D is possible,
and no allowance will be considered. The effects will
undoubtedly be different for different graihs in & given

rock sample.
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The sample is to be placed on the axis of symmetry
of the field system; thus the 'x' and 'y' (horizontal)
force components are minimized. The magnetic field and
force measurement directions are both vertical, ('z' axis).
Sub-saturation fields are used here for two reasons:

firstly.a coil system was available in part; secondly,

Curie temperatures are rather more sharply indicated at

lower fields.




CHAPTER IV

DESCRIPTION OF EQUIPMENT

Electrobalance

The force measuring device in the present equipment
is a commercially available electrobalance (Cahn Company,
Model R.G). This unit operates on the null balance
principle, using a photoelectrically operated feedback
system. A change in,eiectromagnetic force equal to the
change in test force is exerted in order to restore the
balance beam to the null position. The gain of the
feedback loop1is high, and the restoring action is fast
enough for the beam to be considered motionless for
present purposes. This léck of deflection is particularly
suitable in this application. The sensitivity‘is better
than 1 microgram force.

One can consider a typical rock as having a volume
susceptibility of-lO‘h or more. As an estimate of the
force exerted on a sample 0.1 c.c. in volume, consider
thg.sample.in’avfield of 200 oersteds, the gradient
being 20 oersteds per centimetre.

Since, following earlier notation,

= oH -
. F —XVH'QZ )
the force is found to be 0.4 milligrams. The balance
is capable therefore of beingvused with samples of even

20
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lower susceptibility.

The'limits of usability lie not with the bélance
itself, but rather with its mounting. |

The beam mechanism is provided with a housing,
which has a sliding door at the front for 1oadihg purposes.
This housing is rigidly mounted on a plywood platform,
which is_boltéd to a framework of angle iron on a.
movable base. The balance platform may be adjusted in
height relaﬁive to the ifon framework.

| The angle iron ffame has three léwer platforms.
The uppermost of these carries the coii,systems which
provide the magnetic field; the next one supports the
D.C. supbly.units, the.ﬁherm0couple cold junction, and
plumbing for the water cooled furnace; the lowest level
is for a furnace controller..

The electrobalance coﬁtrols and the Texas Instruments
"Serviriter-II" strip chart récordér'are mounted on a
separate table to eliminate vibrations and mechanical
feedback, whichvwere found to cause‘problemsj -Also,
during a‘run,vone may wish to‘qperaﬁe switches to change
scales_and ranges; this is more easily accomplished withvv

a separate,SQppbrt.
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Maghetic field system

The force to be meééured is prddﬁced‘by a
non-uniform magnetic field. In systems that ha#e been
built previously, {e.g. Doell and Cox, 1967, Schwarz, 1968),
the more usual method of providing such a field has been
to use a commercially available iron cored electromagnet,
with specially shaped pole pieces.

Such a system haw several édvantages, but also some
disadvantages. On the credit side, high fields (several
kilo-oersteds) may be readily achieved and.the units are

ready-built. On the other hand, such units arévexpensive;
| they require vefy sturdy mduntings,,as their weights are
great; water cobling is needed (though this is not too
- great a problem); because 6f remanence in the iron core,
separate bucking coils and supplies are néeded~to null
the field; Several special pole pieces are also required
for different gradients, and these have to be changed
manually. | |

The advantage of using high fields is that saturation .
of the magnetic material may be more nearly achieved, but‘
it has_been_suggested-(CarmiChael 1965) that use of strong
fields»may tend to overemphasize high susceptibility

materials and mask weaker'substances which might be present;
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In the presentvstudy there is no intention of
measuring saturation magnetization (though at a later
stage such determinations may prove'useful). The
present measurements are made on whole rock samples,
not on separated ferromagnetic. grains, and so saturation
magnetization has leés sighificance quantitatively. Thus
very high fields are not essential. |
As thé measurements are madé while heating in air,
aerodynamic forces will play an important role, and
due allowance must be made. This is done by measuring
the dead weight of the sample at intervals, and from
the difference between the readiﬁgs for magnetic field
on and off a measure of the magnetization is obtained.
,To:do this, of course, the magnetic field must be nulled -
this is possible mofebsimply with an aircored coil system., .
The Départmént posseésed at the outset a Helmholtz
coil System‘which had previo&sly been used as part of
a demagnetization apparatus on a spinner magnetometef
(Hall, personal communication). The coil provides a
reésonably uniform field over a volume of several cubic
centimetres, up to about 400 oersteds. In the present
eqﬁipment, this coil sysﬁem ﬁrovides the uniform
magnetizing field. A second céil system has been designed' 

and constructed to fit inside the Helmholtsz systemQ This
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system consists of two identical solenoidal coils,
mounted end to end on the same former.

The coilé are in series electrical connection, with
the current flowing such that the magnetic fields oppoée.
each other. There exists along the axis of the coils
a point X at which the total field strength is zero but
the field gradient:is a maximum, and reasonably uniform
in the vicinity. The coils were designed to prbvide as
large a gradient as possible, within the‘space avéilable.'
The maximum gradient which can be préduced is about 140
oersteds/cm” correspondihg to a current of about 6 amperes.
Much smaller gradients have normaily been used in practice.

By placing the sample at the point X the magnetizing
field and the gradient fleld may be adJusted 1ndependently
51mply by varylng the respectlve currents.

& feature of this coil system is its flexibility.

By interchangingvconnections to the coils the "Helmholtz"®
and "gradient" systems may'exchangg roles; thé former
prbviding now a émall gfadieﬁt, the latter a region of
uniform'SOlenoidal field.' In this arrangement, fields
up to ahout 1200 oersteds have been_achieved for'short
pefiods of time. |

A pulsing device is used to switch on and off the

currents to both coil systems at intervals. This enables
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the dead weight to be recorded as well as the magnetic
force, and also reduces the heat generated in the coils.
The pulser provides a choice ofv"fields normally on" or
"fields»normally off", and the "mark/space" ratio of
pulses is governed by a motor driven cam, which may be
changed if required.

The power supplies for the coil systems are identical.
Each consists of a variable transformer feeding a full-
wave bridge rectifier followed by a 1,000 microfarad
capacitor in parallel with the coils. The ripple
voltage across the coils is of the order of 300 millivolts,
which is acceptable for present purposes. Meter readouts

of output voltages and currents are provided.

Sample suspension

The sample in a quartz bucket is suspended from
the balance by means of the reguiar nichrome stirrup
‘and two}quartZ'fibres.‘ The fibres have hooks at each
end, one fibre extending from the bottom of the balance
stirrup to a point a few centimetres above the coil
units; the second is suspended from the first~and‘Carries
the quartz bucket at its‘lowér end. Thés arrangement -
provides for easy loading procedures.

The suspension,is enclosed in a Vycor glass tube

' during operation, to shield it from air.éurrents;
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Furnace

The furnace is positioned inside the coil units,
symmetrically about the sample position, and the Vycor
tube fits inside the heating element. The 22 gauge
alumel wire heating element is 21 feet in length,
wound non-inductively, and is mounted inside an
alundum former 6 inches in length. The element is set
in fused alumina cement.‘ On the outside of the alundum
former is a 6 foot length of 36 gauge platlnum w1re,
non-lnductlvely wound ; thls is the temperature sensor
for a furnace controller.

End plates of transite fit in the alundum and these
also hold in position an outer ca31ng con31st1ng of a
2 inch I.D. copper pipe 6 inches in length, on the
outside of which is soldered coiled 1/8 inch 0.D. copper
tubing for water cooling. Between the alundum'and the
copper pipe is calcined magnesium oxide. ‘

Water cooling is used in order that the- furnace
- may have low thermal 1nert1a, and yet have a safe outer
surface temperature. This latter is important'since |
the coils surround the furnace. A low thermal inertia
allows for rapid heating and coollng rates. The
maximum permitted power dissipation is about 550 watts.

the maximum temperature attainable in the furnace is 790°C.
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Temperature measurement

Temperature measurement 1s by meansvof>é
platinum - platinum 13% rhodium thermodouple, which
is embedded in a small plece of dolomite and positioned
0.5 em. below the sample. The purpose of the dolomite
is to provide a medium which will have thermal properties
akin to those of the éample, so that the thermdcouple
will register a temperature which should be close to
that which exists in the sample. The magnetic effect of
the dolomite is considered to be negligible.

The thermocouple is supported by an~a1undum‘tube
mounted in the base of the Vycor tube. The cold junction
-extends below the Vycor tube 1ntb a vacuum flask containing
ice. Coppér extension leads from the coldvjuﬁction are
taken to one channei of the strip chart fecorder. The
input circuit of the recorder has anwll step attenuator
which converts the rangevof the recorder to 10 millivolts
for the therchouple. Although the attenuator does notn
§r6V1de a truly potentiometric input at 10 mv., the error
introduced 1n‘meaSuring the EMF 1sﬁless‘fhan 0.01%, since
thé inputvresistance is of'theuorder of 100,000 ohms.
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Calibration procedures

Calibration of the thermocouple system was
performed using the ice point and boiling point of
water, and the fusion temperatures of certain inorganic
salts, up to 770°C.

The_calibration.points were: ice point 0°C;
boiling point of pure water 100°C; fusion of sodium
hydroxide 318°C; fusion of potassium dichromate 392°C;
fusion of lithium.chlgfide 613°C; fusion of potassium
chloride 770°C. ' (The temperatures were taken from the
Handbook of Chemistry and Physics 1967).

The hot junction was placéd in thé salt énd a
cooling curve recorded dn the chart recorder. This
procedure was repeatéd at least thfee times;. The
plateau on thefcurve.régistered the fusion/freeziag
tempergtufe._

Interpblation was performed using the above fixed
points and the standard scale for platinum - platinum
13% rhodium thermocouples. (Handbook of Chemistry and
Physics 1967). ‘ | |

The accﬁracy'of_calibration,is limited by the
‘accuracy of the recbrder'énd.the readability of the
chart. The chart can be read to 0.0lmw under optimum

conditions, which represents approximately one degree.
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" The accuracy of the recorder is quoted as £0.025mv.

The internal calibration of the temperature channel on
the recorder was checked using a standard reference EMF,
and found to be well within this limit. |

The spread of the several millivolt readings for
each of the fixed points amounted to about X0.0lmv.,
giving an accuracy in degrees of about 1. Temperature
measurements are considered accurate to within I3 degrees.

This is the temperature recorded by the thermocouple.
Further tests were made to ¢heck the validity of the
assumption that this is the.temperature of the sample.

A nickel sample was used and the Curie point
determined from the thermomagnetic curve. Within the
accuracy of the measurement, the observed value agreed
with the published value of 358°C (e.g. Bates 1963).

A further check was made using a sample of synthetic
magnetite. A Curie temperature of 581°C was obtained |
on each of three runs with the same sample. This is in
close agreement with thé‘highest Qalue‘quoted for
natural magnetite} 583°C, by Che?allier et al (1954).
Nagata'(l961) gives 578°C for the Curie point for
mégnetite, and other values below‘583°C are recorded
in the literature. It is possible that the mineral |

samples investigated were not pure.
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The mégnetic fields were measured and calibrated
against current values, using a Bell 110 Gaussmeter,
with a Hall effect probe which was inserted into the
coils, the ¥ycor tube and furnace being in place.
Vertical profiles for both coll systems were obtained.

A calibration of the magnetiziné field at the sample
position was made; and an approximaté measure of the
gfadient in the region waé téken; The absolute accuracy
of the magnetizing field calibration is estimated at
*5%, but the repeatability of field settings i$ better
‘than *4 ocersteds in the 200 oersted region. _

Fig. 2 and 3 show the profiles and the field
calibration. |

The calibration procedures for the electrobalance
and the chart recorder are standard and are described in
detail in the respective manuals.

The_literaiufe provided with the electrobalance
indicates that the mechanism is not affected by external
hmagnetic fields. However, it has been found that a zero shift
occurs dn:application»of the maghetizing'field. The
differential force calibration of the balance is not
affected. Since allowance-has to be made for thé
effects of the magnetié fiéld on the quartz suspension,

the further correction of the zero shift presents'no
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additional problem.

The furnace element is non-inductively wound,
and carries alternating current, but checks were
made for any magnetic force effects on the sample.
No force was detectable under the conditions of

operation.




CHAPTER V
GEOLOGY AND SAMPLING

The area presently under consideration is in a zone
of regional anomalies of high»relief in and around the
Whiteshell Provincial Park, Manitoba. A tfaversé has been
made 6ver the flank of one of the anomalies, as a
reconnaissance, preliminary to further more extensive
surface investigations of the whole area. The actual
location of the traverse is shown on the maps in figs. 4
and 5 . It follows a dirt road along the boundary between
Ranges 12 and 13 northward from Provincial Highway L4l4, with
two slight deviations, to intersect the boundary between |
Townships 12 and 13. From this point, the road, and
traverse, trend N3AOW to meet Provinciéi ﬁoédv307, 100
y:=ards wést of the Whiteshell Park Gate. The length
of the road is 14.6 miles. | | _' ,

In thi§ part of the Precémbrian Shield,’the relief
is low; amodnting to no moré‘than 20 or 30 feét between
hills and intervening valleys. Most of the low lying areas
are filléd with swamps, with an extensive swamp about one -
mile in width south of the boundéry between Townships 12
énd 13. South of this swamp, for a further 1.8 miles, no
outcrop is'viSible closevtq the road. In the southern section
of the traverse outcrops -are quite ffequent. |

b’3u
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This part of the éhield is a portion of the Superior
geological province. No detailed geological reports are
available on this localized area, although more detailed
work hasvbeen done to the_norph and east. Wright (1938)
in his summary states that the bedrock in the south
eastern district of Manitoba is divisible into two ma jor
groups:

1) sedimentary and volcanic strata; 2) intrusives ranging
from peridotite td granite. He adds that the areas of |
sedimentary and volcanic rocks are comparatlvely small,

the most widespread rocks being granite and granite~-gneiss.

The rocks presently under consideration are mainly
granitiqﬁn character, with many cfosscutting pegmatite dykes.
In the more northern parts, more‘mafic intrusions and
inélusions become common, and the structures of the rocks
indicate much mixing of thé rock types.

TheuteXtures fange from medium grained to very coarse
and pegmatitic. There aré abundant quartz and potassium |
feldspar, with biotite and some plagioclase, the relative
amounts varying from site to site. An important accessory}
is a strongly magnetic mineral, which is often v151ble with
the unalaed eye in drill cores and hand =specimens. In some
areas the rocks are slightly foliated, but elsewhere appear
massive. | |

Oriented drill core samples were taken at sites

-spaced-approximately -at .4 to 3 mile intervals over a
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distance of about 14 miles, with the exception of

a stretch of 2.8 miles, previously mehtioned, and a

section of about 1.2 miles near the norﬁhern end, where

no outcrop was visible. The sites are indicated in fig. 3.
At least two samples were taken at each site, chosen to be as
representative of the outcrop as could be ascertained from a
superficial examination prior to drilling. The drill cores

were about 5 inches in length, on average.
Y




CHAPTER VI
MEASUREMENT TECHNIQUES

Procedure ’

Preliminary susceptibility measurements were made
on the cores, using a Geophysical Specialties M33 |
susceptibility bridge. Slices were then taken from the
cores and placed in a vacuum desiccator at about 100°C for
3 or 4 days.. This was considered advisable since early -
tests with non-desicecated samples éhOwed appreciab1e’
weight decrease during the early stages of heating.
>There is also a possibility of erronéous temperature
readings if any moisture is present.

Small chips were taken from the slices for'use'in
the equipment described in Chaptér IV. The mass of each
test sample, usually 2 or 3 small chips, was within the
range 200-300 milligrams.

| The measurements were made with a field strength
of 210 % 10 oerSteds, the field gradient being adjusted
to a suitable value for each sample. The effective
milligram range of the recorder was also'adjuSted for
each sample., |

It has been found that over several'hours of"
continuous operation, the temperature rise'in_the

magnetization field coils is excessive. To reduce the

39




Lo

heat dissipation the pulser for the coils was arranged
in the "field normally off" position, until about 100
to 50 degrees below a Curie point. The frequency is
about one pulse per 100 seconds, each pulse lasting
about 15 seconds.

As a Curie Point is approached, evidenced by a
slight reduction in force, the pulser is switchéd to
"field normally on" and this mode is retained until.the
temperaﬁure returns to well below the Curie point.

‘Thﬁs; at lower temperatures, a déad weight curve
is recorded, with the magnetic force measured at intervals,
while at higher temperatures the magnetic forceris
continuously monitored, with the dead weight checked at
intervals. With a less intensive series of measurements,
the coils may be operated in the "fields normally on"
modé at ail times.  Sufficient cooling will occur during
breaks in operation.

The average rate of heating was of the order of 20
degrees per minute. The'range'of temperatures used for.
the present group of samples was frOm'about 20°C to 610°C,
with a few sampleslbeing heated to near 700°C, On}cooling,
the samples were rémoﬁed'at a.littie below 100°C, since

further cooling time was considered excessive.
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Preparation time for eacﬁ sample was about 10
minutes, and'each run to 610°C and back occupied
approximately 65-70 minutes.e

The furnace was controlled manuaily‘to provide
an approximately linear‘temperature increase. Manual
control entailed adjusting a variable transformer at
about 5 minute intervals. Checks on coil currents were
also made; slight adjustments were found necessary only .
at very 1nfrequent intervals, |

When sensitive mllllgram ranges had to be used
noticeable changes in apparent dead welght were found.
These were due to aerodynamie forces caused by_eenVection
currents'oceurring in the Vycor tube, and also due to
actual changes in weight of the sample through oxidation -
and/or vapour loss.

In’many cases, these changes caused the need for
repositibning of the trace on the chart. This could be
done readily during a run by adJustlng the calibrated
Mass Dlal on the balance control unit.

Frequent cheeks were made of the tempefeture channei
zero apd;also of the baiance calibration. It wae also
found éd#isable'to measure the force on the sdspension
separately for eech sample, as a precaution against

changes Which.might otherwise go undetedted. The force
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on the suspension is s;btracted from the ﬁotal force
recorded to givé the force on the sample. ~.

From the chart produced by the recorder, temperature and
force data were extracted, and plots of "magnetic force
ratio" against temperature ﬁére made. ("Magnetic force
ratio" equals force at tOC/férée at 20°C). In some

cases slight extrapolation back to 20°C was necessary.




Comments on techniques

A number of investigators have had misgivings
concerning the heating of samples in air, during
thermomagnetic analyses. It has been suggested that
in some-cases, at least, the results may not truly
represent the unheated material, especially where slow
heating was used.

Ade-Hall et al. (1965) have considered the problem
of chemical change during heating,.and conclude that no
significant changes occur if the heating is sufflciently
rapid. They suggest less than 20 mlnutes for heating
to 650°C. This is possible in the present equlpment,
but the reliability of temperature determination decreases
somewhat. A 30 minute heating time is found to give
adequate temperature accuracyr

Second chips from several‘semplee, whose Curie
Points-had_previously been.determined at this latter
rate, were subjected to a determination at a faster
initial.heating:rate, slowing near the Curie Point to
allow more aCcurete temperature measurement. ‘The‘time
taken to reach 63OCC Waslabout 13 minutes. No signifi--
cant differences in Curie‘Point were founa'on comparing'

the two determinations on each sample.
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This helps to justify the presently'usedmtechnique,
for the present series of samples, but does not guarantee
the technique for other series, particularly rocks
containing titanium-rich magnetites. The work of Ozima
and Larson (1970) suggests that changes may occur with
titanium-rich titanomagnetites; however in their
discussiohs, the rates of heating were not disclosed.
Further tests would be advisable in these cases.
Wasilewski (1969) has aiso considered alterations during'
thermomagnetic analyses and‘presents a number of factors |
which should be noted when_evaluating thermomagnetic
data, »
| LoWrie and Fuller (1969) discuss some effects of
annealing atrmedium'and highttemperatures on magnetites}_
Their results 1nd1cate a net decrease in Curie temperature
W1th annealing. Although not stated exp11c1tly, their
results suggest that the effect may become significant
at about 5009C. Their high temperature anneals each
'lasted one- hour, during Wthh time, from their results,
slight reductlons in Curie temperatures occured. In
the present measurements, the samples were above SOOOC
for from 15 mlnutes to 30 minutes approximately, depending
on the maximum temperature used. If the effects described

by Lowrie_and.Fuller occurred withothe preSentvsamples,
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then slight differences in Curie points as shown by
heating and cooling curvés might be detectable. If
’élower heating and coolingvrateS'were_used. and higher
maximum temperatures, it would be expécted that the
effects would be more prominent;

A synthetic magnetite sample was subjected to a
thermomagnetic analysis, firstly to 6btain a value for
the Curie temperature of magneﬁite; and secondly to
investigate any changes whiéh might occur durihg the
| heating in air. The sample was heated to 700°C, cooled,_
twice reheated to 620°C and cooled, reheated to 670°C
and finally cooled. The total time spent over ASQOCH‘
was about 60 minutes. No change of Curie temperature
was found, although evidence‘of inversion of a small
amount of maghemite was found on the initial heating
cycle, and siight réddening of the powdéf was observed
at the end.' Thus it may be expected that very slight
changes might occur to near pure magnetite'phaSes, but

that the Curie temperature would be unaltered.




CHAPTER VII
INTERPRETAT ION

As the sambles wére'rock chips, nbt separated
mineral grains, the thermomagnetic curves apply to the
whole mineral assemblage in the rock, not only to the
magnetic minerals. This should be borne in mind in dis-
cussions of the general curves.

The Curie transitions are unaffected by the presence‘
of the non-ferrimagnetic grains, but the net force on the
sample at any temperature is a result of the combihed
effects'of diamagnetism, paramagnetism and ferrimagnetism
in the mineral aggrégate. In some of the samples tested,
where ferrimagnetic grains were féw, the paramagnetic or
diamagnetic effects were prominent. |

Abrupt changes of slope in the curves may be interpreted
as eVidence'of Curie:transitions (Chevallier_et al.1954).
Figure 6 indicates the_types of thermomagnetic curves to
be expected in an anal&sis of this kind. Another possible
interpretation of fairly sharp changes in slope is that
'phase changes or'chemical alterations'may have_occurred
at some characteristic-températufe. An example is the
inversion of maghemitekto hematiﬁe.

From the thermomagneﬁic'curves, the éossible Curie.
transition temperatures were estimated, using the

empirical definition discussed in Chapter II, whereby ‘the

L6
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Fig. 6. Thermomagnetic Curves.

A.
B.
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Single Curie point; homogeneous magnetic phase.
Two Curle points; two magnetic phases,

Range of Curle poinfs; solid solutions of
continuously varying composition.

Single Curie point; homogeneous magnetic phase

1n_paramagnetic matrix,

’Single'Curie point; homogeneous magnetic rhase

" in diamagnetic matrix.

Range of Curie points, with highest one predominant;
sQlid solution of_continuously_varying compbsition,
with larger concentration of high Curie point

end-member,
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point of inflexion is used to represent the Curie point.
The Curie'temperatures of the samples and average
susceptibilitieé of the cores are listed in Table 1. It
can be seen from the tabie that the temperatures are close
to one ahother, and to the Curie-temperature of pure
magnetite (583°). | |
Figure 7 shows the Curie temperatures measured for
the samples. With three exceptions, it is seen that for
é given'site the Curievtempératures are within 3 degrees
of each other. The accuracy of the determinations cénnot
}be considered to be better than %4 degrées. Although it
appears from the plot that there might be a slight decrease
in Curie temperature towards the south; the‘amount is less
than the estimated errors and should not be considered
significant in the absence ofvmore preéise checks and |
.determinations, and more extensive Sampling.
| Aﬁy systematic trend which might have occurred during
the period bf measurements wasveliminated byvtakingvsamples
in a random sequénce from storage; | | |
| In.view of the Curie'temperétﬁres repbrted in Table 1,
 it would bevreasonable_to conclude that the ferrimagnetic
phasesvpreSent wefe largely magnetite in compdsiﬁion,.but7
with some small amounts bf other material in solid solution. .
The most likely materials would be‘ulvospinel Fe,Ti0), or

ilmenite FeTiO3 (Nagaté 1966). The molecular amounts of




Sample

1A
1B
24
2B
2¢
2D
3A
3B
3c
La
LB

3 %

e
SE
68
6B
6C
7A
7B
ga

8B

TABLE 1
SAMPLE DATA
Curie

Temperature
°C

570
569
570
572
571
570
570
570
572

570
568
569
569
565
570
569
571
573
573

Average
Susceptibility
10-6 cgsu.
1300
1220
2140
900 .
157
1050
1000
-(low)
1500
740
530
25
20
150
11200
1410
1720
1080
1490
910
1450
1230
3030
2540

50



TABLE 1. (continued)

Sémple Curie Average
Tempggature SuscigggbéE;EY
9A - 574 1170
9B 575 " 600
10A 572 1290
108 573 1130
11A ; 573 1040
11B 570 | 960
124 573 | (900)
12B soh 1680
12¢ . L ' _ 450
138 56 | 1670
13B ' . 570 670
1A | 57l | 1200
148 577 © (680)
154 - 575 | 1800
15 _ 573 6530
164 | 53 ' | 1420
68 555 1050
174 | 571 : 800
178 573 | 695
188 sz 1880
188 s 2700
194 st 706
198 . s72 00
204 - 573 - 870
20B 572 » 1510

21A 575 | 1270




Samplev

21B
21¢
224
228
23A
23B
24a
24B
25A
258
26A
26B
274
278
284
- 288
29A
298
304
30B
314
318
324
328
33A
33B

TABLE 1. (continuedf

Cufie
Temperature

oC
571
574
573
576
577
572
575
- 572
573

574
575

573
571
571
576

57k

572
574
572
571

573

575
575

+(100 - 620)

573

Avérage
Suscefgzgiiégg.
56
710
1590
1440
1340
1360
1060
1000
3350
3100
885
1460
1340
2100
680 -
980
980
856
1560
1560
3830
1990
2060
90
1260
koo

52
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these titanium minerals would be less than 4%, following B
the work of Akimoto (1957, Chevallier et al (l95h).

The proposition that little titanium is present ih
solid solution does not eliminate the possibility of its
presence in exsolation structures within the titanomagnetite
grains, nor does it discount the existence of separate
ilmenite grains within the host rock.

A further p0531b111ty, which cannot be discounted on
the ba51s of the present measurements, is that the
ferrimagnetic phase might be titanium—rich maghemite.
(’Larson-: et al. 1969). According to these workers,
tltan;um-rlch maghemites decompose at temperatures hlgher
than those reached in the present heatlng experlments.},
They found that-the saturatlon‘magnetization curves were
reproducible on cooling with Curie temperatures in the
500°C - 600°C region. Nagata (1966) discusses titanoma-
gentites and titanomaghemites, and gives their variations
in Curie temperaiure, saturation moment and lattice
constant with composition.' Thus further measurements and -
observations are necessary to ascertaln the composition of
the ferrimagnetic phase in these samples.

A few of the thermomagnetlc curves show a sllght
gradual decrease at temperature below 200°cC, However, this
is at the limit of resolution of the system and cannot be

con31dered as representing another magnetic phase.
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One thermomagnetic curve is of particular interest,
fig. 14. The sample; 32B, was taken from an outcrop, where
numerous mafic inclusions were pfesent. The sample is from
one of these inclusions.' The curve shows a fairly sharp
Curie point at 575°C, but in addition, there is an almost
linear decrease in magnetizaﬁion from a litfle above room
temperature. The curve suggests the existence of a
magnetic phase with Curie temberature near 150°C, and in
addition phases with a range of compositions, and therefore
Curie points, up to about 620°C. However, the initial
susceptibility of the sample ia less than lO"hcgsu., and
- the quantltles of magnetic minerals presen+ are very small

The general shapes of the curves are in fairly close
agreement w1th‘those of the synthetlcrmagnetlte samples,
figures 8 - 15. Deviations are most probably due to |
differeﬁces in grain sizes; small amounts of other magnetic
phases of continuously varying compositions may also cause
siight deviations.l The differences between the "horlzontal"
parts of the curves in general may be attrlbuted tov
thermoremanence effects.”

In most cases, the Curie temperatures on the heatlng
and coollng curves agreed, within the accuracy of measurement.
In two cases, samples 154 and 23B, the difference was too
great to be accounted for in this way. It‘isyprobable that
infthese cases some slight alteration took place. For

sample lSA'the‘decreaSe was about 9 degrees. For sample
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23B the decrease was gbout 5ldegrees. and the maximum
«temperature for both was 700°C. Other samples, 3A, 31B,
32B andi33B,»were heated to near 700°C. With the exception
of 32B, which is a special case, no significant changes
occurred. For 32B, the measurements ‘suggest a slight
change in the shape of the "tail" above 5?5°C.
From the above observations, one may deduce that

brief heating to 700°C may inltiate significant changes
iﬁ the Curie temperature, and therefore composition, of
the magnetic phases. Further work is needed to verify.
this. The effect did not occur withiall samples heated
to 700°C and this may indicate differences in the natures
of the minerals preseht. Furthermore, as a decrease in
Curie temperature was etserﬁed, 1t is unlikely that
oxidation due to heating in ailr was the cause, since
oxidatioﬁ results in an ihcreaSe in Curie temperaturev
(Nagata 1966). This may be an instance of the effects
noted by Lowrie and Fuller (1969),esee Ghapter-VI

| The average initial susceptibilities of the cores
are listed in Table 1.  There is a wide range of values,
from 20 x 10-6 to 6530 x 10-6 cgsu. No distinet pattern
of values along the traverse haS’evolved. In fact there .
,is often a wlde range of susceptibilities at a given site.
| The values quoted~in Table 1 are simple averages of the
>twovsusceptibilities measured;by'inserting each end of the:

core into the sample holder_of~the35ridge‘in'turn. In
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some cases, the two readings differed ﬁidely. It is
evident that the distribution Qf the ferrimagnetic

| minerals is not nnifbrm, and may be banded. Closer
Investigations of the rocks and the minerals are

neceséary before any definite conclusions may be reached.




Figures 8 - 15. Examples of Thermomagnetic Curves.
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CHAPTER VIII
COMMENTS AND CONCLUSIONS

Modificationé to équipment

The equipment has been édequate for the present
purpose. However, a number of modifications and -
-additionsvwould render it capaﬁle of other measurements,
and would increase its versatility. |

A vacuum, or,controlledvétmosphere system would
reduce any oxidation effects which might occur in some
samples'(although reductibn‘processés might still be
‘significant). A vacuum arrangement would be the better
of the two,’as it would also eliminate aerddynamic
effects, which do present a minor problem in the
equipment. | |

An alternative, considerably less expensive method
would be to enclose the sample in an evacuated,smallx
quartz ampoule. However,,aniobjeCtion‘is'that gases may
be evolved during heating, with possible - explosion of
the ampoule. The posSible use’of'this method in the
present equipment should be investigated.

| For the present work an air-cored cdil s&stem was

used. However, if at a later stage, magnetlc saturatlon
of samples is requlred, for saturatlon magnetlzatlon or
hystere51s measurements, an 1ron-cored»electromagnet‘

would be required.
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- A furnace controller will be available in the

near future, which will free the operator from frequent
adjustments to the furnace supply. bThe furnace has been
found to be slightly slower in éooling'than anticipated.
Experimentation with smaller amounts of calcined magnesia
insulation may.be worthwhile, if a shorter cooling time
can be obtained without an excessive rise in coolant
temperature. |

For very sensitive work, atﬁention will have to
be given to the support framework, and in fact to the
location of the equipment, éincé building'vibratidns

cause a-noisy trace on occasions.

Future inveétigations

The Curie temperatures determined for the samples,
as discuSsed.iﬁ Chapter VII, would indicate that the
'ferrimagnétic phase might be almost 100% mégnetite, with
little titanium in solid;solution.

: Microscbpic iﬁvesﬁigations of opaque minerals may
well indicate the presencé of exsolved titanidm<minerals,
ilmenite and/or ulvospinel. Chemical analyses and X-ray
diffraction tests may be used to verify the presence or
absence of maghemites and to oBtain a measure of the

titanium content (and other elements, if present).
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It may be possible to correlate the above analyses.
with geophysical measurements. Heating experihents have
been-performed by Vincent et-al.(1957) which suggest.: the
possibility of a method for estimating titanium content.

- Furthermore, heating eXperiments may provide additional
‘information on the possible nature of ferrimagnetic
minerals at depths helow the surface of the earth.

Measurements of natural remanence and the subsequent
determination of paleomagnetic pole positions will serve
to indicate the long-term magnetic stability of the surface
rocks. Demagnetization procedures will be necessary during
| this work, in order to remove any secondary magnetizations.,

Measurements of thermal decay of NRM and TRM may help
to determine the temperature or temperatures to which the
_ rocks have been subgected in the past.

It has yet to be establlshed whether the regional
- anomalies are due to remanent or induced magnetlzation.
If the latter is" so, then Curie peint determinations are
most relevant to the problem.7»If,'h0wever, remanence is
found to be the main contrlbutlng factor, then a/study of
blocklng temperatures may be more 51gn1flcant, since these
govern the thermal dependence of remanent magnetlzatlon.
(Nagata, 1961, Irving l96h, 1970).

| More extensive sampling of surface rocks should be
undertaken over larger areas over the reglonal magnetic

anomalies in the Canadian Shield.
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At this point, it should be added that integrated
studies of heat flow and of the radiocactiviby of the
rocks 1n this region of the Canadian Shleld would be
most relévant to the problems of the Curie isotherm, of
the magnetid anomalies, and of pfustal structmre in

general.

Conclusions
1. It has been shown that a commercial electrobalance,
in conjunction with an-air-cored coll syétem. can.be used
to determine sub-saturation thermOmagnetic curves, and
Curie temperatures, with é minimum of ancillary equipment
and 1in a medhanically noisy environment. |
2. Curie temperatures have been determined fdr a
series of 70vsamp1es,'and these indicate a mean Curie
'temperature.of‘573°c for the rock unit sempled.
3. The ferrimagnetic phase present in these rocks
is most proﬁably a magnetite, with little titanium in
solid solution, but ﬁay be»a titaanéghem;te. |
4.‘If thié.rock.unit continues to depths belbw
20 km. without changes in the naturé of the fefrimagnetic
phase, it is 1mprobable'that the.Curle lefel'wouldJOGCur
at 20 km. | R |
5. Rapid' thermomagnetic analyses in air to 620°C
for-high»curre»pdint_mingréls.have caused no significant

changes. in Curie points.
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6. Brief heating to 700°C may produce alterations
in composition, which are not bxidation processes, of

the ferrimagnetic phases.
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APPENDIX 1
COIL DESIGN

The magnetizing field coils were constructed priof
- to this project. They are a modified Helmholtgz system
.and provide a reasonably uniform field of about hOO‘
oersteds over a volume of about 10 cc.
The gradient field coils were designed specifically l
for this equipment. For a solenoid, the maximum gradient .
occurs at each end of the winding and if two identicél
solenoids are placed end to end, with magnetic fields in
oppoSitioﬁ, the point on the axis at their adjacent ends
will have zero magnetic intensity and'maximum gradient.
The gguation for the fleld intensity at a point on
the axis of a solen01d follows from a standard derlvatlon
(e.g. Cheston 1964).
- For a ring of current, the field dH, at a p01nt P
on the axis is glven by '
ohy - [ Ldlcosd
R S
(Symbols as in fig.16)
By integrating over the whole volume of the coil,

one obtains the field HZ

b+ Bzrd b+/b2]|

_ 2TLmn|
H = =—"—-—|(z+c)log, z log
z 10 - - 'gea+431+(z+c)’ : ‘a+fa 7




_ Fig. 17.  .Ma"gn:etic’Fleld due to Coil -
Dimensions for Equation
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- where I is the cdrrent in amperes; myn, are turns
per unit length and layers per unit length. Other
symbols are shown in fig. 17.

The magnetic field profile along the axis was
computed for a given set ofvdimensions and plotted. The
region near the point Z = O was seen to have a reasonably
uniform gradient.

The dimensions of the coils were limited by those
of the older coils and of available materials for the
new coil former. In order that the'former would safely
withstand any heat from the furnace, heat resistant
Transite was chosen. The minimum value of 'a' was L.5cm.
as a result of this‘choiee. 'The older coils restricted
"b' to not greater than 1Ocm. and the maximum allowable
value 'c' was con51dered to be about lOcm. By computlng
the field and the ratio of gradient at Z = O'to_volume.of
the coils for various lengths of 'e', it was found that
for C = 10cm. about 90% of the maximum gradient for the
above 'a' and 'b' could be achievedb ‘To use the value
of 'c' for optimum use of eopper (abeut'S.Scm;) would
not have proVided a sufficient range of'gradieﬁt. It -
wasgdecided to use C = lOcm. iﬁ.order‘that the coils
need not normally'be operated near maximum current.

ratings.
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During construction an improved method of 1nter1ayer
1nsulation was used, which reduced the stresses on the
ends of the former. This method reduces‘the number of
turns which may be wound into a given space. In these
- coils, the decrease of about 12% was not considered too
great, és sufficient margin ﬁas availéble,»with ¢ = 10cm.,
for present requirements. Maximum working gradients were
expected to be of the ordei of iOO sersted/cm. and with
a cuirsnt of 4 amperes, & gradient of about 115
oersteds/cm. can be achieved.

,The'ﬁire used was 14 gauge enamelled copper wire,
for Whidh the maximum rated current is 8 amperes and the
resistivity at 20°C is 2.525 ohm per 1000 feet. The
number of turns wound on each coil is 1681, and theA
meaSured resiStance of the coils 1s12.8 ohm.  The power
dissipation at 4 amperes is 200 watt and the colls are
found to be warm after several hours at this rste; |

Using a standard formula (Harnwell 1949. p.472), t
] inductance L was estimated.

L = 0324
b 6a +3b +10c

a,b,c in ¢cm.
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Where n is the total number of turns,
‘a is the average radius of windings,
b is length of coil,
¢ is depth of windings.
A value of about 0.25 henry per coil was obtained.
The coils are cbnneéted in series, giving a total
inductance of about 0.5 henry. The_mégnetizing field‘
coils are connected in parallel, with a combined
inductance of about O;5lhenry.and-combined resistance

of 12.8 ohms.




APPENDIX 2
DESIGN OF THE FURNACE

The basic requirement was’to théin a temperature
of about‘800°C maximum in a time of the order of 30
minutes, and to be able to cool in about the samé time.
Water coolihg was considered advisabie in view of the
Small aﬁount of insulation to be used.

Estimates were made ofkthe'heét budget ‘in the
furnace in order to permit_cqmputation of the electrical
requirements. The design was limited by available -
matériéls."As an outer_sheath,Aa 2 inch I.D. copper pipe
was suitable, and as a refractory a 1 inch I.D. Alundum  -
core, of 3/16 inch wall thickness, 6 inches long was
obtained. AA commonly used high temperature insulation
is_caicined,magnesié.' | |

An estimate of the radial heat loss was made using
the standard radial heat flow equation for a multi-layer

cylinder, as found.in.textbdoks on heat (e.g. Noakes 1957)..

d

[®)

- 0, )ZTTl
Oge( l’n—l-'l /rn )

Q.

t 2}1
n Kn
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—=> is rate of filow of heat

( is’length-of cylinder

6,0, are inner and outer temperatures respectively

r r_ are inner and outer radii of the nth layer

NH''n

kn_ is ﬁhermal conductivity of the nth 1ayer,»

Using thevabove_equation, and the,approkimatev
dimensions and characteristics of the materials, an
estimate of 50 calories per second radial heat loss
was obtained. |

Assuming the use'of a linear rate of increase of
temperature for the furnace, the average radial heat
loss was about 25 calories per second.

An estimate of the heat required by the Alundum
- refactory, which will be at a temperature close to
that at'the centre of the furnace, gave a value of
| B0,000’calories to.reach makimum temperature.

The mass of magne51a was estlmated at 5 grams, the
packing den31ty not belng known. Taklng the average
’temperature of the magne51a to be of the order of 350°C,
an estlmate of 400 calorles was obtained.

Heat is also supplled to the central pertiohﬁof
the quartZ‘hangdewn tube. Accurate estimates would not
be warranted, but a rough estlmate of 20,000 calories

total requirement was made.
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Other losses such as radiation, convection in the
quartz tube and losses from the end plates were not
computed in detail, but were considered to Ee relatively

small. Taking this into consideration, a total heat
requirement for the furnace was estimatéd at 100,000
calories. | .

Uéing this figure for a 30 minute heating period
gave an average electric powef requirement of approxi-

. mately 250 watts, with a maximum of about 500 watts.

The heat to be removed in cooling amounted, on
the_above'estimates, to about 50,000 calbfies.. Assuming
an avérage loss}of 25 calories per second, the cooling
'time would be aboutv35 minutes.

The_electrical power requirements are a maximum"
of 500 watts, operating at 110-120 volts A.C. Alumel
was chosen as a suitablé»resistance wire for the element
and the manufacturerst>tablésIindicéted that for 22-gauge
wire at 115 volts, 500 watts, a'length of 24.3 feet was -
required. | - o | -

The inside diameter‘ofVEhe refactory is 1 inch,
and the-léngth of one turn wbul@ be about 3‘inchéé,'
giving the number of-turhs as.97; The'diaMeter_of the

wire is 0.0253 inch, and with spacing one diameter, the
length of winding would be about 5 inches. The winding

is non-inductive.
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For 500 watts, a current of L.35 amps. is required.
The maximum safe current for 22 gauge Alumel wire is
indicated in the wire tables to be 5 amps. During the
construction of the furnacéfit was found to be safer
to use a-slightly larger spacihg and a compromise of
21 feet of wire was used.A This practical matter is not
serious since the furnace is controlled by a variable
transformer, or a furnace controller. The required power
is still available. | | |

‘The maximum radial heat flow is 50 calories per
second; that is, the heat is.transferredvto the cooling
water at 50 calories per second. For a maximum rise in
temperature of water of 25 degreés the mass flow of

water is giVen by:'

Mass/sec. ¥ 1 x Temperature rise
= Radial heat flow

i.e. Mass/sec = 50/25 gm/séc.,

Thus, the rate offflow-is,2 cc/sec..which is quite
feasible. A much smaller temperature rise can be
maintained in‘practicésvusing a greatér1flow.

N\




APPENDIX 3

USE OF ALTERNATING CURRENT
FOR THE PRODUCTION OF THE MAGNETIC FIELDS

The. idee presented itself that perhaps alternating
current might be used in the presant arrangement to
produce a force on the sample.

 The field H will be of the form H = Hy cos wt
and the gradient ‘3)—7_& = %% Cos wt. |

In the 51mple case, where magnetlzatlon dJ 1s pro—‘
portloned to field strenvth, H,

J = kH, k being constant,

then the force F exerted on the sample, volume V

will be

If the balance and recorder effectively integrate_
this force o#er'a number of cycles; the force recorded
‘will be an average over a cycle, and its_relation with
E may bé calculated.

:In/the more generalVSituation, J =J (H),
the dependence not being known, prior to measurement.

| Then, = v V(H, J)cosaﬂ

J will still be periodic, and if the balance system

can integrate effectively over ell relevant periods, the

force recorded may be related to the true force F.

80
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This method has some advantage in that D.C. N
fectifiCation'and smoothinchiréuits would not be
necessary. Consequently trials were made with A.C.
in the Helmholtz coils, placing a sample‘in a region
of appreciable gradient. Although the.system worked
effectively in producing a force, integrated by the
balance and the recorder,.moreAproblems arose which
precluded the use of A.C. in the system in its present
form. | |

Excessive vibrations occurred inftheAcoils and
were transmitted to the_balancé'and sample suspension,
producihg a noisy trace. The périods of the vibrations
covered a broéd spectrum ahd cbuld not be adequately
filtered out-by.the balance contrqller.' It was considered  ,
unlikely that rigid clamping cduld gffectivelj»eliminate
this. |

A second problem arose with the prbductibn 6f
,eddy‘cﬁrrents-in'metal‘parts.v These currents:caused
‘cohsiderable heating ih certain,piaces and it was felt
thét damage.touelectfonicugquipment]might occur if~A;C.
were to,be used., It was noticed tha§ ohe‘mOVihgiéoil
meter gave false feadingSVWhen'the‘fields were on.

It was concluded that, although not usable in the
present sYstem, alternating-current supplies td air core

solenoids could provide an inexpensive and flexible
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means of producing a force on a magnetizable

sample.
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