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Conventional methods of analyses of palaeomagnetic data, leave

a Ìot to be desired. Fisher statistics, by far the most popular

technique, is a method that was developed long before computers were

widely available. Understandably, it is not specifically a computer

application. Furthermore, the necessary selective procedures used

to identify "vaJ.id" palaeomagnetic samples, introduce a subjective

form of analysis. In order to answer to these shortcomings in cur-

rent analysis, two digital computer methods were developed. In one

method, Gaussian distributions representing the probability of a

position corresponding to the true value were fitted to measurements

made at each cleaning field strength. The most probable orientation

was taken from the location of the highest amplitude. In the second

method, the same measurements were summed using vector addition.

The final vector sum yras assumed to the most probable orientation.

Rock core samples used in this study were obtained from the

Leaf Rapids area and are of mid-proterozoic age ( 1 800-1 900Ma ) .

These samples were analyzed in the laboratory and the results were

used to test the above methods. The equipment used was a Schonstedt

model DSM-'1 spinner magnetometer, while magneÈic cleaning was done

by using an alternating frequency demagnetizer. The rock samples

were collected during a reconnaissance survey carried out in 1974.

The methods used in this study offers a better interpretation of the

results than fisher statistics would allow.

- ii -
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This study rras done on a set of rock core samples obtained from

outcrops in the Canadian Shie1d in Northern Manitoba. The original

intent of the study was to determine Èhe apparent pole positions

indicated by this sample set and to interpret the results. The

author, in the early stages of the study, made investigations into

the potential for resolving multiple components of remanence in

individual samples. À significant amount of information is avail-

able describing the use of eigenvalue methods to accomplish such

tasks in palaeomagnetic studies.l However, the conditions necessary

for the success of this approach are very restrictive, and the

resuLts are very limited. In anticipation of applying an eigenvalue

analysis, the samples rvere cleaned at intervals of field strengths

that were finer than are usually applied. The intent of this was to

provide more data and, potentially better information on the sample.

In resolving multiple components in palaeomagnetic samples, one

must take great care that the individual components have some geo-

logical significance. There can be th'o sources of pitfaIls. First,

a resolved remanence may be due to an event that does not have any

associated geological cause that would be considered interesting in

Chapber I

INTRODUCTION

1 Eigenvalue lechniques are
mathematics rthe physical sciences,
a very general formulation. When
restricted to the specific case of

widely applied in the fields of
and engineering sciences. it has

applied to palaeomagnetics, it is
geometric forms in three-space.
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a palaeomagnetic study. Remanences that are due to one or more

lightning strikes, or due to weathering would be cases of no inter-

est lo the palaeomagnetist. Secondly, a remanence may be due to a

flaw in the method by which the sample rvas analyzed. The resolved

"apparent" remanence, may be the resultant partial sums of component

remanences. Such a remanence would have no geoJ.ogical significance

and would lead to faulty interpretations.

In consideration of the complexity of the general problem of

resolving multiple components in palaeomagnetic samples, this thesis

reviews the broader subject of material magnetizations, the behavior

of the earth's magnetic field through history, and other general

ideas on the topic of palaeomagnetics. This is particularly impor-

tant for samples from Precambrian rocks that have had a complex geo-

Iogical history. This is both a detailed look that considers the

immediate environment of the samples, as well as a broader picture

that considers the behavior of the cratons and blocks in which the

geological setting is located. Events occurring on both these

scales can have profound effects upon the positions of the final

apparent poles.

This thesis also presents and applies a nerv approach for the

analyses of palaeomagnetic data. It was originaìly conceived as a

nethod to represent palaeomagnetic data by using computer methods.

It was later found, by application to the real data, to have signif-

icantly different computational results. Às with any new method,

until it has been repeatedly tested on real data and found to

produce results that are consistent with both the palaeomagnetic and



the geological

certain degree

perceptions, this

of scepticism.

method can only be accepted with a



Chapter II
THE MÀGNETIC PROPERTIES OF SOTIDS AND ROCK MÀGNETISM

2,1

The study of magnetic materials is a quantum mechanical study.

This is due to the fact that the magnetic properties of solids are

primarily derived from Lhe electron spins of orbiting electrons, the

orbital angular monentum about the nucleus and changes of these

motions due to externally applied fields. Contributions due to sub-

atomic particles are insignificant (nittet, 1976).

Microscopic principles of magnetic behavior have macroscopic

expressions in the magnetic properties of materials. These include

such things as spontaneous magnetic material, described in terms of

its "magnetization" per unit volume (¡l), the magnetic susceptibility
(X) of the sample, which is the ratio of the magnetic moment to an

applied external field as well as other properties. If X<0 then it
is termed as negative susceptibility and the sample is considered to

be a "diamagnetic". Ii x>0 it is termed as positive susceptibility,

and the material is considered to be "paramagnetic" (Cracknell,

1975).

Paramagnetic behavior is exhibited by materials made up of

atoms or ions with permanent magnetic monents. These momenLs are

due to spins of unpaired electrons, the orbital motions of lhe elec-

trons, or a combination of both (Cracknell, 1975).

lfa nnct i ¡ ÞrancrÞ i ¡c af (a'l ì åc
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Ferromagnetic materiaLs are materiaLs that exhíbit a spontane-

ous magnetic noment for sufficiently Iow temperatures. This can

occur both with or without an external magnetic field being applied.

Ferrites are materials composed of moments from two types of

sources that co-exist on different sub-lattice planes. The align-

ment between planes is anti-pararlel. if the magnetization of the

moments are different then there will be a net magnetic moment over

the entire sample.

Àntiferromagnetic crystals are similar to ferrimagnetic materi-

als with the exception that h'ith antiferromagnetic materials, the

net contribution between pranes is zero. This behavior is often

temperature dependent.

À particularly useful property of ferromagnetic materials is

that they can be ordered into domains of paralleÌ alignment. These

regions are defined by their "bloch waIIs". Magnetic behavior of

the material can then be considered in terms of the behavior of

these domains (wiffiams, 1966).

2.1,1 ldaonetic tlinerals

There are many forms of magnetic materials in nature. The par-

ticurar minerals that are abundant, which are included in this

class, are the oxides and the sulfides of iron. These mínerals gen-

erally are found in compounds with titanium, but this is not neces-

sarily the case (Parkinson, 1983). often these minerals can be

found in ore bodies in sufficient quantities and strengths that

their fields dominate the local magnetic field.



0f all magnetic minerals, magneÈite is the nost common, and is

arso the dominant mineral where magnetic properties are concerned.

Magnetite (Feso¡) contains iron in both ferrous and ferric oxidation

states. Other frequenÈly occurring magne!ic minerals include

tit,ano-magnetites, oxidized titanomagnetites, hematite, titanona-

ghemite, and pyrhotite.

When discussing optical and electron beam methods for studying

magnetic materials, it should be noted that magneLic minerals can

general-Iy be easily detected. However, single domain grains can

occur down to dimensions of .5 microns and these are barely within

range of easy detection.

2.2

2,2,1

Rock tlaqnetism

Þaman¡nÞ lfaanoli r¡li an

Àlthough there are many forms of remanent magnetization, the

primary and most useful form for geological palaeomagnetic analysis

are the thermal remanent components. This is the most common rema-

nence found in igneous rocks and is directly related to thermar his-

tory of the rock formation.

The "blocking temperature" is that temperature at which the

decay time of the remanence moment is at a macroscopic leve1.2 The

curie temperature is lhal Èemperature above which the alignment of

the nagnetic dipoles become random (wirriams, 1966), in the case of

most igneous rocks, the blocking temperature is of the order of

50oC below the Curie temperature.

2 It can be measured in a time frame of minutes (at 1east).



The actual processes which magnetically influence the rocks

internally, are very complex. Às they cool, reactions occur which

change the crystal structures of the component minerals. Minerals

which were stable at high temperature may become unstable and break

down. Exsorution takes pJ.ace at different rates. It is difficult
to predict the properties of the individual. samples as they undergo

these changes. Às far as the remanence is concerned, orientation of

the domains is related to the external fields which are present

while the rock nass cools below the blocking temperature. Long

period cooling tends to average out short term fluctuations. Gener-

a1ly speaking, remanence grows as crystals grow beyond the blocking

volume.

The remanence found in igneous rocks can usually be successful-

Iy applied to palaeomagnetic studies. Since igneous rocks generally

have a less complex thermal history when compared to netamorphic

rocks, it is safer to assume that the remanence refrects the earth's

field at the time of emplacement; if the remanence has been correct-

ly determined.

2.2,2

There are many terms used to describe remanent magnetization in

rock samples. These terms relate to the way the magnetization was

originally acquired.

Forms of Renanent l,laqnetization

Thermal remanent magnetism (t.R.M) is
erature of the material is raised above the

subsequently lowered to below the blocking

Curie point, the magnetic domains are purely

acquired when the temp-

Curie point, and then

temperature. Above the

random ( superparamagne-



tism). Às the sample is cooled to below the blocking temperature, a

magnetic ordering may be imprinted on the sample.

Many subaqueous sediments have weak remanences. This is due to

the orientation of magnetic arains, by an external fie1d, that was

applied during the settling process. Once deposited, the orienta-

tion is preserved by cementation. This particular form of remanence

is called detrital remanence (0.n.u. ).

A material undergoing a chemical reaction in the presence of a

magnetic field, often acquires a remanence parallel to that field.
À material may acquire an individual moment in this manner which is

due to a nev¡ crystal structure. This is called chemical remanent

magnetism (c.R.M. ).

Viscous remanent magnetism (v.R.M. ), can be viewed as a change

in the remanence under normal conditions of temperature and pres-

sure. If the sample is left in an environment such as is found

under field conditions or under laboratory conditions, then the

remanence will change as it is subjected to the subtle influences of

a magnetic and thermal origin. These changes may be rapid and large

as would be the case for a "poor" palaeomagnetic sample, or small

and over large geological time spans as would be found in a good

palaeomagnetic sample. This change involves nagnetic fields which

have an inlernal or external origin. Since it is a change which is

occurríng in a rock sample under common in-situ conditions, its
presence masks the primary remanence which is the renanence of

interest. The "cleaning process" (which is to be discussed later),

is directed prirnarily lo lhe removal or identification of this par-

ticular form of remanence.



Two other forms of rernanence are anhysteretic remanence

(e.n.u. ) , and isothermal remanence (l.n.u. ). They are commonly

formed under laboratory conditions. Ànhysteretic remanence is

acquired by a sample which is subjected to simultaneously applied

A.C. and D.C. fields. The À.C. field tends to imitate thermal agi-

tation while the D.C. fietd provides an alignment that is favoured

through energy considerations. Isothermal remanence is acquired due

to the influence of an imposed D.C. fie1d. Basically, this is simi-

lar to À.R.M. where thermal agitation at low temperature provides

the impetus for change (room temperature is considered low in this

context ) .

2.2,3

A

to processes

ers upon it.
in samples.

fields.

S¡aanáaru lfaancli zal.i an

rock with a primary magnetic remanence, is further subjected

that alter this magnetic remanence or superimposes oth-

Viscous remanence is the alteration most often found

It has a tendency to align itself with current magnetic

tightning strikes represent intense localized magnetic effects.

The radius of alteralion is of the order of 20 metres. Therefore,

individual strikes have a minimal range of influence (Tar1ing,

1971).

Both mechanical and chemical weathering can form secondary mag-

netic remanences. Mechanical weathering produces Iittle effect

beyond the upper few rnillimelers. Chemical weathering, however, can

cause extensive alterations to depths of hundreds of meters in

porous material due to extensive solution and recrystalization. The

primary chemical reaction is the oxidation of magnetic minerals.



2.2,4 t{etamorphic Ef f ects

Rocks that are subjected to pressures and/or temperatures which

are sufficiently severe, will not retain their primary remanence.

The processes involved can "wipe" the rocks clean of any of the

original magnetic ordering, and then superimpose a nevl remanence

âssociated with this latest event. This remanence can be considered

primary in itself. Metamorphic influences can impose secondary

remanences in a sample. Although lhere is no limit on the number of

remanences that a sample can contain, general.ly the number of rema-

nences that can be resolved is limited by the effectiveness of the

laboratory and analytical procedures.

This research project found that some statistical methods can

in many cases, resolve multiple renanences in single samples. it
seems possible that the more severe the conditions were under which

the particular remanence was imposed, the harder and more stable

that remanence is (to a limit determined by the physical properties

of the sample). This can be an extreme]-y important property for the

resolution of multiple components of remanence in a single sample.

Since the Lotal energy state of the Earth has decreased continually

throughout history, the chance that an o1d remanence will survive

increases with time. Às well, the chance that the severity of the

conditions under which the remanence is imposed is less, also

imcreases with time. This increases the likerihood of resolving

order remanences even though the sample has been reprinted with a

new remanence. since the energy of formation of a sample is usually

the highest, subsequent remanences can usually be cleaned while

10



still leaving the primary remanence. 0f course it is loca1 condi-

tions alone determine the palaeomagnetic characteristics of a sam-

pre.

2.2.5 Self-Reversals

Generally speaking, the orientation of the primary remanence of

a sample is aligned with the externally applied field that r+as

present at the time of its imprinting. This is not the case for all
mineral assemblages. It has been predicted that the orientation

could be anti-paralleL in particular cases. This prediction was

made by NeeI (1955), based on theoretical considerations, and is

called "self-reversals". It has been supported by actual findings

of such cases for example, Uyeda (1958). This is an effect which is

due to a "negative exchange interaction". One phase of the sample

is magnetized parallel to the external field, which causes the sec-

ond phase to magnetize in response to this arrangement in an anti-
paralleI orientation. Às the crystal evolves, the magnetic contri-

butions due to the second phase dominate the magnetic properties of

the sample.

'11

2 "2.6

There are several ways to determine the stability of magnetiza-

tion in a sample. One test, for example, is to compare rock speci-

mens before and after storage in the laboratory. The time scale

involved in cornparison to the geoJ.ogical scale is very small, and

any change in the rnagnetic properties of the sample will indicate

gross instabilities (Tar1ing, 1971).

Stabilitv of Remanence



À particularly revealing test is to compare lhe orientations of

rocks of a similar age and from a similar region. Because of lheir
temporal and spatial correlaLion, their thermal and magnetic history

and hence magnetic remanences can generally be expected to be simi-

1ar. This comparison indicates a stability in the samples that bet-

ter corresponds to the geological time scale which is involved in

palaeomagnetic measurements.

Demagnetization processes can be used to study stability. More

stable materials show smaller changes due lo these processes. There

are several types of demagnetization processes that are commonly

used. Alternating fierd (À.F.) demagnetization utilizes an alter-
nating fierd to cause random disordering of the magnetic moments.

Thermal demagnetization utilizes the thermal effect to provide the

disordering influence, while steady field demagnetization involves a

D.c. field which opposes the direction of a particurar remanence.

The characteristic behavior of a stable remanence is very distinct
when compared to an unstable remanence. when a "magnetically sta-

ble" sample is demagnetized, using an A.c. fierd, it maintains its
direction and magnitude at stronger cleaning field strengths. A

unstable sampJ.e shows a great deal of random fructuations even at

low cleaning field strengths. conventional analysis requires the

selection of one (or possibly lwo), magnetization vectors to repre-

seni the magnetic orienÈation(s) of a sample. In the case of unsta-

ble samples, it is difficult to select a particular vector in an

objective manner and in the past such samples were discarded. How-

ever, this study has produced a method that effectively utilizes
these sarnples. This method is described in Chapter III.

12



3.1 Princioles of PaLaeonaoneties

3.1.1

The most fundamental principle underlying the use of palaeomag-

netic measurements, is that the earth's geomagnetic pole provides a

point of reference on the surface of the earth and that this refer-

ence point is consistent for observations made for any position on

the earth's surface at a particular time. Measurements which do not

correlate in time can be compared by using the apparent polar wan-

dering paths to determine motion relative to this reference. Àccom-

panying this principle are many assumptions that are necessary to

make it use feasible. The value to determine is the virtual pole.

This is the field source, axial dipole position, that by definition,

is aligned with the axis of rotation; the geographic pole at that

time.3 The virtual pole is considered in terms of its position in

tfre present-day geographical reference frame. It is described rela-

tive to the present location and orientation of the sample's magnet-

ic moment. However, there are assumptions made as to the relation-

ship which existed between the dipole component of the magnetic

field and the axis of rotation, namely that they are, on average,

3 The geomagnelic pole is the vector sum of the "axial" dipole
and the "equatorial" dipole.
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co-linear. However, it is not critical to abide by these assump-

tions to obtain significant results. The choice to use the present

day geographical reference frame provides a generally available

frame of reference to describe the "Apparent Polar Wandering Path"

(¡pwp).

À particularly intriguing feature of the palaeomagnetic rnethod

is that it provides information throughout the geological record.

Rock magnetizations can be found that have been stable over time

long periods (from as far back as the early Archean). In associat-

ing these remanent magnetizations with acceptable polar positions,

it is critical to assume that over geological time, lhe magnetic

field possessed many of the properties which are observed at the

present time.

The current model of the magnetic field being considered when

discussing the earth's magnetic field is one that consists of an

axial dipole, a non-axial dipole, and higher order multiple compo-

nents. ÀI1 of which are superimposed to make up the total magnetic

field. The axial dipole dominates the other two components,

although they all contribute significantly to the total field.

Since it is the axial field which is of interest, methods have been

devised to isolate that particular component (parkinson, 1 983) .

Conlributions due to the other sources are considered as dispersions

in the statistical sense. Removal of their influence is done using

statistical analysis which assumes that they are random over an

acceptable time frame and an acceptable spatial frame.

14



It is not essential to have a fuIl underslanding of the behav-

ior of the equatorial dipole. If its influence can be removed by

whatever mannerr then the remaining dipole component can be related

to the geographical pole position (present at the time of magnetiza-

tion). This particular component is referred to as dipole wobble

about the axial position (Mcelhinny and MerriIl, 1975\. It has been

shown that in recent time this particular component does average to

zero (Bullard et aI,'1950) but it is questionable as to whether this

observaiion applies over geological time. It will remain an open

question until the relationship which exists between the dipole

moment and the axis of rotation is fu1ly explained.

Variations of the non-dipole moment are also currently

observed. These are both variations in intensity and direction,

where changing directions are observed as drifting behavior (ucnt-

hinny and Merrill, 1975). The behavior of these higher order compo-

nents are understood better than the behavior of the equatorial

dipole. Àccording to sone authors, the ratio of the non-dipoJ-e to

dipole field intensity has not shown much variation from ils average

value over the last two billion years: for example, Beck,1970. For

nore recent time, time periods of approximately 10,000 years are

sufficient, according to some authors, to statistically remove the

higher order components (Creer, 1962a). Other authors, however,

report that considerably more time is required (Doel1, 1969)" Gen-

erally speaking, given sufficient time, variations due to both lhese

effects will average of zero , leaving an axial dipole model repre-

sentation (¡lcnlhinny and Merrill, 1975).
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The axial dipole exhibits variation of its own, although "wob-

b1e" which in other representations is accounted for by changes in

the equatorial dipole component (¡lcnrhinny and Merri1l, 1g7s). con-

siderable fluctuations in magnitude are recorded throughout geolog-

ical time, including periods of reversal. Reversals are not signif-
icant in discussing Lectonic activities using palaeomagnetic

results, although they must be recognized for what they are. They

can still be used in determining the apparent dipole orienlation as

opposed to actual apparent pole locations.

Palaeomagnetic results usually assume to be significantry

influence by the effects of dispersion, including errors in measure-

ment. The approach in dealing with this is to obtain a large number

of samples taken over a long geological time frame and a rarge spa-

tial area. Às the sampling increases, so will the confidence in the

results. Two factors that are commonly used to provide a measure of

this confidence are dispersion (k), and angular dispersion (s),

defined as follows (wilson, 1959);
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k - (H-r )/ (H-n)

whereR=0for

andR=N for

o g = arcos(n/H)

For the fisherian

standard deviation.

Palaeomagnetic results do not incorporate the complete tectonic

history of the sample, nor do they consider the complete behavior of

the sample in terms of its crystalline properties. The specific

observations randomly distributed.,

perfectly parallel observations

distribution, S is

1)

2')

the best estimate of the



details of the magnetic fields that were present when remanence was

acquired, cannot be delermined with the method. Instead, by using

statistical reasoning based on workable assumptions, a virtual pole

can be determined. Àccuracy of any individual pole that is based on

results from samples that are up to five million years oId, cannot

be considered to be more accurate then five degrees from the true

nean, although statistically, the resul.ts can be greatly enhanced

(ucnlhinny and MerriLl , 1975). As the age of the rock increases and

errors in dating increase, confidence in a measurement will degrade.

In spite of all these complicating factors, information can be

obtained from samples that have been magnetically unaffected since

the early Precambrian.

3.1.2

Palaeomagnetics can play a very enlightening role in geological

studies. In general, as the data base increases in size, the amount

of information that can be obtained increases. Although there is

considerable controversy over the validity of Lhe reference frames

which are used, paraeomagnetism provides an accurat,e measure of re1-

ative motion between geological units. This is particularly impor-

tant in considering the behavior of "p1ates" in the "prate tectonic"

model of the Earth.

Using palaeomagnetic data to represent a time profile of pole

positions, an ÀPWP can be constructed. when the APWp 's associated

with the units correspond, the bodies can be considered to have not

undergone any relative motion (cavanaugh, 1977). If there is diver-

gence, then the plales have undergone relative motion.

Àpplicalions of Palaeonaqnetisn
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These observations can lead to deductions regarding plate

boundaries and plate-to-plate interactions. Zones where convergence

or divergence phenomenon were occurring can be identified, and lhe

tectonic effects can be idenÈified as well (t'tcnlhinny and Merri11,

1975). closely grouped palaeomagnetic directions in widespread old-

er rocks may indicate that there were no occurrences of any deforma-

tionai. events after remanence was acquired (Evans and Bingham, 1975;

1973). Furthermore, the age that is determined from ApWp paths can

be compared to isotopic ages, or it can be used to provide a date

where one is not available (fahrig and Larochelle, 1972). Both

approaches could yield valuable infornalion to be used in recon-

structing the geological history of the area (Dunlop, 1979').

À superficial analysis of palaeomagnetic observations deter-

mined from Precambrian rocks, and the subsequent conclusions based

upon these observations, does not inspire nuch confidence in palaeo-

magnetic methods (Dunlop, 1979],. Basing conclusions upon the com-

plicated sequence of events and conditions the rock samples were

Iikely subjected to, strongly offends most scientific instincts. It
is because of the success of statistical analysis that palaeomagnel-

ic resurts have proven to be consistent between studies. These

methods have given researchers the continuing ability to reproduce

results and produce a general, although sparse,a picture of the tec-

tonic history of a rock unit. once a complete data base is con-

structed, questions related to prevalent geological conditions and

global positions of the unit can be answered.

4 The term sparse is used in consideration of the fact lhat the
very complicated tectonic sequences of events, that can be deter-
mined in a geological analysis, are not revealed.
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In order to provide an accurate data base, close coordination

between geochronologists, geologists, and palaeomagnetists is

required. Àccurate age determinations of the sanrpted sites are nec-

essary to minimize dating errors. palaeomagnetic results provide an

overview of a situation that is free of the focused perspective

inherenL in geological observation. Palaeomagnetic results cannot

provide a complete model of the loca1 history of an area, however,

they can furnish information to complement other studies.

3.1 .3

Palaeomagnetic results from samples within the early precambri-

an leave themselves open to considerable question. The most funda-

mental assumption, that statistical analysis exposes significant

geological information in all casesl côrl lead to pitfalls for the

unaware. As rock samples increase in age, the probability that sig-

nificant complicating events have nagnetically influenced them

increases in likelihood. Geological dispersion5 for example,

increases in likelihood while significant individual tectonic events

may go undetected. Metamorphic events may have occurred causing

partial or complete remagnetization and thus problems in associating

an age to a particular event (Creer, 1962b).

The Precambrian contains problems that are characteristic of

the early tirne periods associated with it (Roy, 1993). These time

ranges are considerabry larger than any other and the density of

measurements is much less. There are also considerable gaps in the

palaeohistory due to a lack of data. since plate boundaries are

19
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generally considered to have been regions that are more tectonically

active, this is where the bulk of the data must be obtained. On the

other hand, this causes more complications for palaeomagnetic analy-

sis since reworking will complicate Èhe magnetic properties of the

rocks. Sedimentary rocks that provide the best conditions for

palaeomagnetic work are present, (Burke et aI, 1976, Engle et al,
1974, Sutton and Watson 11974) however, they are rare since most

strata have undergone major netamorphism. Àlthough these are po!en-

tial problems in working with palaeomagnetic samples of any time

period, this is especially true when considering data from the early

Precambr ian .

There are problems inherent in the technique itself (Creer,

1952a). Experimental errors account for a small portion of the dis-

persion. Arthough this is a probrem, proper statistical techniques

will minimize it. Inhomogeneities in the distribution of the mag-

netic material within the sample can cause significant error. This

can be avoided by using proper experimental techniques. In the par-

ticular case of the spinner magnetometer, increasing the distance

between the sensor coil and the the sampre causes the non-dipole

signal of the sample to decrease disproportionately in comparison lo

the dipole field source. Errors that are incurred also incrude

errors due to non-alignment of the samples' moment to the ancient

geomagneLic fieId. Correct statistical analysis also minimizes this

factor.

Lightning strikes can be significant events when considering

localized magnetic properties (nunlop et a1,1984). The particular
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problem Ì{ith a sanple that has been struck by lightning is that the

coercivity is nuch larger and so cleaning only enhances the compo-

nent due to the strike. tightning events can be recognized by the

properties within the specimen that cause the divergence of the mag-

netic vector during A.F. cleaning to be much greater than between

specimen scatter at a given À.F. level. As well, remanences imposed

by lightning strikes have a high intensity.

À very significant factor in the determination of polar posi-

tion and the A.P.w path can be the error in the isotopic age of the

rock unit under investigation (Laroche11e, 1958). Methods that are

currently used have errors in the range of tens of millions of years

for samples obtained from rocks of early to nriddle precambrian age,

for exanple. Isotopic ages obtained by different methods from indi-
vidual rock units can be found in the riterature that vary by much

more than this (ningham and Evans, 1976), This introduces a consid-

erable time error in mapping the porar wander path, as werl as in
using these results in making confident interpretations. Ðiscordant

ages from different isolopic methods are common because metamorphism

may affect the isotopic systems in different !¡ays.

À1so, inconsistencies between isotopic and palaeomagnetic ages

may arise in cases where tectonic motion may have occurred without

re-heating the sample to a temperature that was adequate enough to

reset, or parlially reset the isotopic clock. This provides one of

the rnost useful properties of palaeomagnetics. characteristic fea-

tures observed in dispersion can sometimes identify the type of

motion. where motion is apparent, or where the ÀpÌ{p is not werl
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known, the isotopic age would be considered more appropriate then

the age indicat,ed by the ÀPWP.

À particular problem that is frequently observed ín the Canadi-

an Shield, is the recurrent nature of igneous activity" This makes

long distance correlation belween palaeomagnetic settings very haz-

ardous. The difficulty in this is that it is unlikely that suitable

units can be found in close proximity thal span the large time

interval-s necessary to provide adequate analysis of secular varia-

tions (Creer , 1962b).

Although successful enough, there are major shortcomings in the

methods currentJ-y used in palaeomagnetic analysis. Fisherian tech-

niques, by which the majority of the data is analyzed, is based on

representing the observations as a gaussian density distribution

about a mean position on the surface of the sphere. Technically,

this perception is invalid (Beck, 1970). The distribution due to

dispersion of a dipole field is not azimuthally symnetrical, but

will be oval in a manner that is latitude dependent (Creer eL aI,

1959). The resultant area of uncertainty will be cent,red on the

mean value with major axis dD and minor axis dI oriented paralIel

and perpendicular to the meridian respectively. These values are

determined by the relationships (Creer, 1962b);

o dD = l/(l + 3sin**2L)**1/2 and dI = À/ (1 + 3sintt2L')

where tr is the radius of the area of certainty.

Fisherian analysis does not allow for non-symmetries in the

sampling processes. The resultant distribution is one that has sym-

metry about the mean value which may not be representative of the
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sampling population. Even assuming axial symmetry is generally

invalid, since irregularities in lhe sample set can produce rnany

kinds of dispersion. Dispersion along a path would be probable, due

to polar and plate wandering.

There are inconsistencies in the approaches used to obtain nean

values. Different weighting schemes are available in determining

the virtual pole. Data pre-processing based upon geological infor-

mation may be done. The parLicular problem introduced in this case

is that an overall analysis of the data base is difficurt since a

determination of each position may be based on a different premise

(Creer, 1 962b) .

currentry, the reliability of the Àp}rp for the precambrian is

at issue (Roy, 19s3). what is required is the development of a sor-

id data base founded on information concerning local tectonic condi-

tions, thermal history, accurate isotopic ages, and a consistent and

accurate analysis. A world-wide data base is necessary to provide a

spherical harmonic anarysis to determine the earth's field, and thus

a11ow a complete understanding of the palaeomagnelic fietd (creer,

1962b). Motions of less than a few hundred kilometers are not ]ike-
ly to be resorved (ounlop. 1979), which means that there is consid-

erable uncertainty in the ÀPWP's. The result is that there is a

inaccurate smoothness in the paths due to these uncertainties. This

smoothness is most likely not a valid representation (Beck, 1970).

Palaeomagnetism is as yet a long way from being a completely effec-

tive approach in determining Precambrian tectonic history. I.lhat is

necessary to make it a generally well respected study in this
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respect, is a consistent and solid approach to the analysis of

palaeonagnetic data.

3.1 .4

Resolution and identification of individual componenLs of rena-

nences in a rock sample is a difficult procedure. The presence of

multiple components which are the result of multiple events, can

lead to difficulty in associating a particular palaeomagnetic event

to a direction. If individual events can be associated with direc-

tions, and these directions have an alignment with the palaeomagnet-

ic field at particular times, information about the palaeomagnetic

field can then be inferred. Each component in such a case would

have equal importance. It i.s not appropriate to consider a rema-

nence as being "primary" or "secondary", but rather as 'rcharacteris-

tic" (zijderveld, 1967). If the approach to the problem of multiple

components is not uniform, then lhe results will likely be incompre-

hensible. The lumping of these directions in a single treatment

will lead to confusion.

The problem facing palaeomagnetists is to resolve and identify

the individual components of remanence. unfortunatly, the individu-

aI values that are determined cannot be considered conclusive.

Thus, tests that consider the reliability as a measure of confi-

dence, of these results are necessary (Irving, 1964). If the clean-

ing process produces a stable end-point at which there is insignifi-

cant variation in direction values (orderly variations in magnitude

are acceptable), then the result will probably be associated with a

stable renanence. A verification of a result from several samples

Interoretation of Palaeomaonetie Results
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is necessary (ounlop et al 1984). These must include single site

sanples or samples from outcrops of the same lithologic unit. If
sites have variations in the mineralogy, or are dissimilar in some

other manner, yet lead to similar results, then this would be strong

supporting evidence for the results.

Lack of correspondence does not necessariry inply that one or

both of the results are wrong since a variable geological history

could account for this outcome.6 Even after cleaning, specimens

from a common rock unit may possibly show considerable dispersion.

such dispersion cannot be conclusively identified with either a geo-

rogical event or a minerarogical property of the rock without an

in-depth anal.ysis of the geology of the area, as well as the mineral

composition of the sample. Considerable dispersion can also result

when the cleaning field rises above some minimum íntensity of the

sampLe. If this is the case, the demagnetization vector wilL not

show any kind of regular behavior as the cleaning field is

increased. Instead, it will fructuate randomly and unpredictably in

both magnitude and direction. It seems that at the minimum intensi-

ty, the magnetization is related to the cleaning parameters, and not,

to internal properties of the sample.

Geological settings provide informative tests rerating to the

sampre. if a scheme can be devised to rotate samples that have been

influenced by dispersion such that the remanences closely align,

then it is possible that deformation or reorientation of the core

25
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has occurred since the remanence tvas acquired. In the case of con-

glomerates, if individual pebbles show a lack of correlation, lhen

remanence was acquired before the pebbles were deposited. Relalion-

ships between intrusive bodies and the country rocks can be examined

for clues. Immediately adjacent lo the contacts, the remanence wilr
be consistent with the intruded body. Às the separation increases

further into the country rock, the influence of the heating effect

will diminish and the remanence approaches that of the uninfluenced

country rock (irving, 1964).

The degree of stability of a remanence does not identify it
with primary or secondary events in the history of a rock. A rema-

nence is considered stable in terms of the length of time that it
maintains itself. on the other hand, the hardness or softness of a

sample is related to the release forces that are required to clean

the sample. If the magnetization is removed with fields up to 150

DT, then they are likely to be viscous and unrel-ated to geologicar

events in the history of the rock. Gross physical properties of the

rock can indicate reliability of the determined directions. À high

coercivity suggests that the magnetization is most stable. A1so, if
the distribution of the magnetic material in a outcrop is isotropic,

then this minimizes the potential of a result that is related to the

sampling location and orientation in the outcrop. The absence of

stress effects suggest a reriable sample (zijderveld, 196i). It is

also suggested that the higher the Curie temperature the more stable

the magnetization of the rock (Kawai, 1955, as quoted by Irving,

1964).
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In order to deal with the reliability of palaeomagnetic

results, I rving ( 1 964 ) suggested severaL criteria, three of which

are Iisted here;

1. The determined results must be consistent in 5 or more sepa-

rately oriented samples.

2. The circle of confidence, p = .05, associated with the meas-

urenent must not exceed 25 degrees.

3. Results from samples older then the Tertiary are not adequate

unless the direction diverges significantly from the direction

of the present field. This condition is applied because of

the possible dominance of a remanence that is associated with

the current magnetic field.

The current ernphasis in paJ.aeomagnetics is to resolve individu-

aI components and their associated events. In consideration of the

complexity of Precambrian terranes, and current methods of statisti-
cal ana].ysis, this is a very difficult approach. Às fisher statis-
tics are currently appJ.ied, the behavior of the sample as it under-

goes demagnetization is not considered other then in the procedure

of selecting good from bad samples. More emphasis should be placed

on the statistical analysis of the results, in particularr oD find-

ing a satisfactory method that utilizes all the readings of rema-

nence obtained throughout the cleaning process. À1so, efforts

should be nade during the field work to provide a large number of

samples over a large area that represents a small age range, thus

leading to an effective averaging of the influence of dispersion.

Consistency of methods be!ween researchers would provide a uniform
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method of analysis and provide

ferent authors. It must be a

ations in a consistent manner.

input of a subjective nature

researchers easy understanding

results.

3.2

coherence between the results of

3,2.1

Ànnlvino Þeìaean¡ancl'i ¡ Thaar.rr

scheme Lhat is applied to all
This avoids the possibility

into the analysis, and gives

of the quality and consistency

The properties and response of rocks on the microscopic level,
to physical influence, is very compricated. Àlthough much is known

about the solid state physics of magnetic materials, the case in

palaeomagnetism is complicated by the diverse combination of magnet-

ic assemblages that are found. Those particular properties that are

important in palaeomagnetics are related to the size and stabirity
of the net magnetic remanence. Decay times must be long and block-

ing temperatures high so that the sample retains its remanence over

long geological time periods.

The crystal properties of rocks (and in particular the proper-

ties of the magnelic domains) best suited for this work is contro-

versial. it has been reported in localized studies (Dunlop, 1g7gl,

that metavolcanics (greenschist facies) are weakly magnetized, as

well as being relatively unstable and that mafic intrusions are more

stable and more strongly magnetized. Dunlop (1979), also found that

it has not been possible to establish a relationship between magnet-

ic intensity and stability, and either rock type or degree of meta-

di f-
situ-
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morphism. Dunlop et al (1984) found that the unusual and distinct

magnetic curves of granites which combine high blocking ternperature

with low coercivities make ideal specimens for use in palaeomagnetic

work.

Il seems possible that small grain size contributes dispropor-

tionally to remanence (ounlop et al,1984). This is possibly due to

single domain behavior having only minor viscous components (Ermano-

vics and Fahrig, 1975). In this sludy, the author was unable to

make any correlation between particular magnetic properties and any

other macroscopic physical property.

It seems, however, that the stability and intensity of the mag-

netic moment does not determine the outcome of a carefully planned

study. It can be assumed Èhat a certain amount of information con-

cerning the remanence is contained in the sample. Thus it can be

assumed that adequate statistical analysis will reveal the "true"

remanence. It has been found that samples that were to be rejected

based on stability criteria caused no more significanl variance than

when these samples were not used in calculating the statistical mean

(ucrlhinny and Merril1, 1975).

3.2.2 l{easurement Devices useil in Palaeomaqnetic Studies

Generally, Palaeomagnetic analysis utilizes either the astatic

magnetometer, or the spinner type magnetometer (cottinson and creer

1967). Both methods have their ov¡n merits. The principles for

their use is elaborated in collinson et al, (1957) cottinson and

Creer, ('1967 ) Helsley, ('1957 ) and Gough (1964 ) . The reader is

referred to Lorrain and carson, (1970) Duckworth, (1965) and pugh
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and Pugh, (1972)

i nvolved.

in regards to principles of electromagnetics
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4.1

Chapter IV

STÀTISTICÀT ÀNÀLYSES OF PÀIÀEOMÀGNETIE DÀTÀ

The statistical method most commonly used in the anaLysis of

palaeomagnetic data is that proposed by Fisher (1953). This method

gives an expression of a measurements about a mean val-ue plotted on

a sphere. The method is an analysis of the gaussian distribution on

the sphere.

Although the statistical distribution of a set of observations

may possess the symmetrical distribution of the gaussian when mapped

into corresponding virtual geomagnetic poles, in general the azimu-

thaJ. symmetry is not present. This, in effect, indicates a weakness

in fisherian statistics.

Fisher ('1953), provides a complete description of his method,

while Creer (1962b) provides an updated version which accounÈs for

Iatitude dependent distortions in the probability distributions.

Statistical l'{ethoils in Data Analvsis

4..2 À New Approach

Current analyses of palaeomagnetic data relies on the mathemat-

ical nethods developed over thirty years ago. The method that has

been developed here, is referred to as the DGTt method.
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4.2.1 Approachinq the Problem

The approach that is pursued here is to consider a set of

observations, each having been assigned an equal probability (or

otherwise weighted).7 There is a considerable degree of uncertainty

that any single observation is the mean value. À probability dis-

tribution associated with an observation expresses this fact mathe-

matically. If a finite set of observations is considered, then each

observation can be written as an element of that set;

where;

o 11Q¡ is the finite sample set of N elements.

o çQ>¡' is the set of all possible measurements.

The set (0) is a subset of a larger set consisting of an infi-
nite number of observations. Statistical analysis of this larger

set will produce the mean value exactly. Àssuming that the allowable

states of the observations are not discrete, the mean value will be

included in this set (lo an infinite degree of certainty). The par-

ticular limitations of obtaining data necessarily requires that an

unlimited set of data will not be available. Consequently, there is

a limit to the certainty of any mean value that is determined.

0(i) € ((O)) e <<O>)'
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Once a single observation is made, that particular value has as

much chance of being the mean value as any single observation that

has been made or subsequently will be made. Àlternatively that

observation has as nuch chance of not being the mean varue as any

other observation of the set. subsequently, in terms of Èhe weight-

ing of that measurement;

1. The degree of certainty of each measurements must be equal

and,

2. The degree of uncertainty expressed as a probabilistic distri-
bution about all observed values will also be equivalent.

The procedure is to associate a unit value with each observa-

tion to satisfy condition (1), and a normalized probability distri-
bution about each potential mean varue to satisfy condition Q). In

principle, the probability contribution due to each observation at a

particular point is considered in the sum. Then as the number of

erements of the set (0l> increases, if there is a statistical group-

ing within the set, the probability density in this area wilr
increase favorably. The "tighter" this grouping is, the higher the

probablity density; in effect, a measure of the degree of certainty.

The user is not limited in this approach to any one particular

weighting scheme which may not accurately reflect the degree of cer-

tainty of particular observations. A scheme that is indicative of

the confidence that the experinenter has upon any particular meas-

urementsr may be effectively and easily introduced.

The user is also not lirnited to any particular form for the

probability distribution. This al1ows toLal flexibirity in intro-

33



ducing symmetry conditíons. conversely, there could be a total lack

of symmetry: individual points may have associated distribulions

unique in that set.

The resulting distribution will contain an expression of the

mean value where the probability densily is the greatest. The

degree of grouping of the density about the mean gives an expression

of the degree of certainty in the mean. Àn expression of the symme-

try of the data set is contained in terms of the symmetry of the

resultant distribution.

The particular difficulty in collecting palaeomagnetic data is

the length of time necessary for each measurement. À singte virtual
pole may represent the final measurement upon a single sample that

required a field excursion, considerable manuaL labour as well as

lengthy analysis. A survey under good conditions may produce as few

as a dozen satisfactory measurements for a week of sampling; partic-

ularly true where Precambrian rocks are involved. s Às far as a pole

position is concerned, it has a distinct value. since influences of

dispersion smear this true position, attempts to determine this
"true value" are mathematically irnpossible. The consequence of this

is that the statistical representation of an observation as a dis-

tinct point is inaccurate and requires alterations before it can be

considered valid.

The probability distribution produces a smearing effect that

reflects the uncertainty of the measurement. As a set of single

observations, each reading occupies a unique position. This is due
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Lwo weeks of

survey
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produced approximatly 20 "good" samples for over
work.



to the mathematical impossibility of the exact repetition of an e1e-

ment of an infinit,e set. As a dislribution representation, each

observation contribules a measure of probability to all positions"

The magnitude of this measure at each position, is dependent on the

distance from lhe observat,ion itself.

4"2"2 Two-Dimensional Representation

The usual approach t,o represenling palaeomagnetic data is to
plot the orientations of the data on a stereo-net projection"s The

virtual pole is the "statistical average" position of mulLiple

observations.l0 Each observation corresponds to the virtual pole

derived from the set of one observation. The measure of confidence

is indicated by a ellipse centred about the point which contains a

standard amount of the volume of probability within (for example,

as5 = 95%, see Fisher, 1953). The limitations of this approach are

obvious (as discussed earlier). In order to represent a three

dimensional distribution in Lhree space the following scheme rvas

developed. tet i

Õ = iÞ(0"d"ÀrxrY)

where;
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0' ,0' = longitude and co-latitude of the virtual pole.

s Usually it will be remanence directions, but may in cases be
a set of apparent pole postions.

10 À virtual pole can be determined from a single sample, a set
of samples from one site, or from a set of sites.



A = magnitude of the probability distribution.

X,Y = are distance of lhe distribution function from the

mean (virtual pole)"

îhe following transformations were made;

0=0t+

ô= ô'+
A=À

À

Y

Q = Õ(0,ó,À)

which were then followed by the transformation;

x= coso*coS$+a

cosO * sinó

iÞ(A,x,y)

y=

Õ-

where a =

36

These series of transformations correspond to the division of

the unit sphere into halves (north and south hemispheres), and with

the probability anplitude values superimposed upon it, placing them

side by side, and then projecting each hemisphere into the plane

(see Figure '1 
) .

The function used to represent the probability distribution or

dispersion, is arbitrary. The more common forms would naturally be

most popular since their properties are better understood. The par-

1

0

if 0'

if 0' >=

90

90
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Fiqure 1: The.positioning of the hemispheres used in this represen-
tation. The upper hemisphere is located on the left
while the lower hemisphere is located on the right. Eastis on the left, while west is on the right. this method
requires an effective way to represent four dinensionaL
data. The posilions on the surface of the globe require
three dimensions, and the magnitude of thé probaUifity
represents the fourth dimension. In polar coordinates
Èhe vecÈor magnitude has unit value since these are posi-
tions on the sphere. This removes one of the dimensions.



ticular parameters that. relate to symmetry (if symmetry is an accep-

table property) and rate that the magnitude drops fron the maximum

(for example the standard deviation) can be assigned based on

experience or insight into the problem (or it can be set to a uni-

versal standard) 
"

The effect of assigning these distributions to each observation

is to "smear" the observation so that each contributes an amount of

probability to each position on the globe. The most probable value,

(the virtual pole) would then correspond to the position of largest

probability density. If the standard deviation of the function is

chosen to be too large, then it may lead to difficulÈy in resolving

the maximum density peak. If it is chosen to be too smal], the

resultant net distribution will indicate an excessively large uncer-

tainLy in the result

4.2.3

Àlthough any function can be used to represent a distribution,

the approach here has been to use the gaussian distribution. The

gaussian or normal distribution is the most logical choice since by

the "Centrat Limit Theorem" (Loveday, 1971l,, all statistical distri-
butions approach the normal distribution for sufficiently large

enough sample populations (20 is considered large enough).

The gaussian distribution can be expressed in the following

equat i on (t¡i 11er , 1964\ ;

iÞ = I / ((z*¡)x*(nl2)*l¡¿l ) * exp(-112(X)M(x' )

where M = covariance matrix

n = number of observations

Probabilitv DisLribution Reoresentation
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Fiqure 2: The gaussian distribution. This particular distributionis perfectly symmetrical about the mean value. There are
no restrictions on lhe symnetry or skewness in the tech-
nique thal is presented here. It is advantageous to be
able to -choose the paramelers that determine the property
of lhe distribution, such as shape, standara aevialionl
as well as other properties.

--ï- -5.00-5.00



and is represented in Figure 2 on page 39" This particular repre-

sentation is azimuthally symmetrical. However, symmeLry is not a

necessary requirement (non-symmetry is allowed in the equation

above ) .

If the distribution is symmetrical when considered on the sur-

face of the globe, the resulting projection onLo the plane will dis-

tort the shape depending on its position on the gJ.obe and on the

particular projection that is used. in the case of lhe projection

used in this thesis, there is positionally dependent distortion,

Figure 3 is a representation of the data presented in Table 1,

Distortion of the function can be observed as the values approach

the edges of the hemispheres where z = 0" The negative hemisphere

is projected onto the right surface while the positive hemisphere is

projected on the ]eft. The values plotted, are the maximum prob-

abilities that are determined for each position. This particular

presentation expresses the forms as they relate to each other and to

locations on the g1obe.

The total probability is represented in Figure 4, the total

contribution at each point, from every observation, is considered in

the sum. it is clear that a "most probable" value has been deter-

mined and can be read from the plot. This value is the position on

the globe where Lhe total probability is maximum. It represents a

most probable position in the usual statistical sense. A simple set

of steps can be written into the computer program that generates the

data for the plot to produce the positional value of the maximum in

the print-out.

40



41

Fiqure 3: Preprocessed data used to illustrate the DGTL analysis.
The representation presented here is of the data con-
tained in Table'1 Note the distortion effecting the gaus-
sian distributions due to the projection used. this is
apparent as the data values approach the edges of the
plols.



Tab1e 1: RaH palaeomagnetic data used to illustrate the DGTû
approach.

The data that is considered in this report was obtained by the
author using samples cored in northern ManiÈoba. A small degiee of
preprocessing was done by the simple averaging of multiple measure-
ments at individual values of the "cleaning" spectrum. 

- 
The sample

used to illustrate is 801, sample 1 taken from ðore b.

X_VALUE

-91 88 -6
-i680 -6
-901 4 -7

1 959 -6
tJl¿ -b
2036 -6
1 946 -6
6818 -6
6702 -6

-1700 -6
-2297 -6
3403 -6
2352 -6
3029 -7

-5218 -7
5709 -7
9199 -7
8434 -6
8704 -6

SIGM-X

9144 -6
38 s2 -6
1 700 -6
5417 -6
1233 -6
4189 -6
5922 -6
5267 -6
5073 -6
5837 -6
584 5 -6
1311 -5
1 469 -5
4648 -6
4543 -6
1012 -5
1 030 -5
6582 -6
8049 -6

Y-VÀËUE

-4276 -6
-61 63 -6
2422 -'7

-6612 -6
-6181 -6
-2030 -6
-1317 -6
6026 -6
6208 -6

-3694 -6
-3489 -6
3367 -6
3867 -6
7155 -7

-7451 -8
4105 -6
383s -6
2802 -6
2407 -6

SI GM-Y
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1 828
1 303
1335
941 0
8755
9880
9800
1 497
1532
1017
1017
1 809
1725
1802
1917
2134
20 54
984 s
9886

The val.ues labulated contain multiple readings for individual cleaning
tield strengths. There are actually 11 unique observations in this
data set; multiple readings are averaged. The components are un-
nornalized cartesian vectors. The second integer in each colunn
represents the power (base 10) of the reading while the first integer
in each column has been multiplied by 1000.

Z -VÀtUE

-5
-5
-5
-6
-6
-6
-6
-5
-5
-5
-5
-5

-5
-5
-5
-5
-6
-6

1967 -6
-2346 -6
-1406 -5
-1403 -5
-1412 -5
-2673 -5
-2672 -5
-1 408 -s
-1 388 -s
-1126 -5
-1144 -5
-3258 -s
-3321 -5
-1 999 -5
-201 3 -s
-1290 -5
-1326 -s
-7612 -6
-7355 -6

SI GM- Z

1122 -5
1326 -5
1957 -5
1210 - 5
1347 -5
1 860 -5
1824 -5
1 089 -5
'1 145 -5
7557 -6
7535 -6
2047 -5
2192 -5
2269 -s
1184 -5
1 541 -5
1 633 -s
6338 -6
7316 -6
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Fiqure 4: TotaI probability.
contribution fron
The mean value is
referred to as the

The presentation here is of the total
Èhe individual distribution functions.

clearJ.y represented. This plot is
total probability distribution.
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Fiqure 5: HaIf maximum of the total probability density distribu-
tion. This represents the area of confidence of the mean
value. Às can be clearly seen, there are no symmeÈry
restrictions in the approach. It is allowab1e to have
conf idence in readings that are apparently otherwise
unconnected to the mean value. This plot can be used to
determine resolvable components in a sample set: once an
acceptable criterion has been established.



Figure 5 on page 44 is a plot of the half-maximum value of the

cumulative probability. It represents the degree of certainty of

the reading. As can be seen, a considerable portion of the total

probability is grouped about the mean value. However, there are two

other groupings that can be observed for this data. This grouping

does not absolutly determine the position of the true value but

indicates an "area of confidence" in the conventional sense sur-

rounding the nean value. it is importanl to note as a feature of

this method of analysis, that this area is not restricted by the

symmetry properties of conventional analysis, but has full freedom

to represent the inherent propert.ies of the data used. It is also

important to note that this area of confidence does allow confidence

in values that are not contained in the principle area that surround

the mean val-ue. It is a very simple matter to write into the com-

puter programs steps to determine the percentage of total probabili-

ty contained in this area and then to print it out as output. The

particular value for this data set is 3% (not particularly good).

The failure to produce a single grouping about the mean value

can be explained by inadequacies in the sampling set or by the pres-

ence of multiple components within the set of observations.
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4,2,4

A

Mean Meonetization hv Vcctor Àddition

tion of the conventional approach. The behavior of the magnetiza-

tion vecLor (in particular, for soft components), tlas very erratic

in many cases. Most samples did not reach a clearly defined stable

end point. Instead, even at sufficiently high field strengths, the

second method was used here that represents a novel applica-



direction and magnitude fluctuated in an apparently random manner.

This makes it impossible to define any kind of objective approach in

selecting the field strength that will represent the remanence of

the sample. The question remains, "Is significant information con-

tained in such a sample?" À repeatable method is necessary for suc-

cessful resolution of this question.

Fisherian statistics deals with dispersion on a sphere. If in

the statistical analysis of poLe positions, the demagnetization vec-

tor directions are handled with fisherian statisticsr âD objective

and well understood melhod is available. This particular approach

is referred to here as the CNVL approach. This approach shares a

common principle with the DGTL method. That is that each measure-

ment for each field sÈrength is composed of a vector component that

represents the true magnetization, and a vect,or component that rep-

resents the dispersion in the measurenent. As the statistical base

increases, the random nature of the noise will average itself out,

thus emphasizing the true va1ue. The significant noise in each

measurement will be due to instrument error and so it can be expect-

ed that this particular component will be random in nature.
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4.2,5

The relationship between the physical behavior of maLerials and

their representation by current methods is fairry well understood.

Às the sample is cleaned by À.F. demagnetization, the less stable,

unwanted remanence is removed leaving a rernanence that is due to a

single natural remanence that can then be related to an event, in the

samples' history. This event could be extreme heating in-situ, or

Consideration of this Method on the Phvsieal Levcl



injection of magma into the local rocks (as examples). If the

cleaning process indicates that there are no apparent remanences in

the sample, then the sample is useless from a paraeomagnetic stand-

point. À1so, if the character of the demagnetization, indicates

that multiple remanences are present in the sample, and the demagne-

tization spectrams overlap, then only under speciar circumstances

can this sample be used for palaeomagnetic analysis (the special.

cases are discussed below). The physical features and behaviors of

the sanple that are being considered in this nerl approach to paraeo-

magnetic anarysis, are the same as those considered by conveni:ional

analysis. The chief advantage of this method is that statistical
analyses is applied before a sampre is evaluated. This analysis

enhances the neasurements done on the sample thus improving the sta-

tisticar density of the points. samples that would normalry be dis-

carded, can be used. This method is stilr subjected to the same

pitfalls of conventional methods. If demagnetization spectrams of

multiple components within a sample overlap, then the investigater

needs to be ar,rare of this and make the necessary adjustments. This

problem applies to both the conventional and this nerv method.

cleaning a sample to the full extreme of the instruments'range and

finding that the sample behaves "in an acceprable manner", ie, the

initial remanence appears to be hard enough to be considered TRM, or

that it appears to have reached a stable end point, does not imply

that the sample has been fully cleaned of allr or a1l but a single

component of remanence.
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4.3

The issue of resoLution in palaeomagnetics is a very important

one. Multiple components can co-exist in single sampres (as primary

and secondary magnetizations). Às wel1, multiple components can co-

exist in sample sets. In order to accurately consider the resultant

observations, it is important to recognize the presence of lwo sepa-

rate directionsr âs opposed to inadequate sampling of a set dis-

persed about a single mean direction. If the former is encountered,

additional information has been made available to the experimenter

regarding the geologicar and magnetic history of the sample (such as

the influence of multipre metamorphic events). Additional informa-

tion is also available as to the history of the earth's magnetic

f i eId.

The DGTL approach being developed here is well supported by the

mathematicaL theory related to optics. However, the analogy is not

complete when using a gaussian distribution since it does not allov¡

for the property of destructive interference (onIy constructive).

As a result, optical theory can only be used with caulion. In spite

of this, the terminology of optics applies very we]l in considera-

tion of such phenomenon as resolution.

In regards to resolution, the criteria used are arbitrary
(we¡u,1969). It is enough to say that if two systems are indívidu-

a}ly discernable, then they are said to be resolved (Hecht and

zajac, 1974). Beyond this, there are generally applied criteria.
The most conmonly considered crilerion in optics is that when the

central maxinum of one pattern is no closer to the nearest dark

Resolution of l,Íultiole Comoonents
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fringe than it is to another maximum, then the images are lhan said

Lo be resolvable (Slater, 1980)" The problem in applying this par-

ticular criterion to the case of gaussian distribuLions is that

there are no diffraction characteristics such as dark fringes.

Hecht and Zajac present Rayleigh's criterion that is based on

naximun amplitudes. For multiple peaks, if the saddle point is less

than 8/r2 times the maximum, then they are considered resolvable

(see Figure 6). Criteria that are based upon extreme vaLues are

particuJ-arIy attractive to computer techniques since the programming

requires very simple procedures to determine their values.

Important to the issue of resolution is the particular repre-

sentation that is used for an observation. "Sharply" defined dis-

tributions introduce a higher degree of distinction between observa-

tions. This may or may not be indicative of the properties of the

observations in the set. The particular rate of decay of the func-

tion that best represents characteristics of the sampling set will
depend on properties of the set, such as in the sampling, density of

observations, and distribution of the data set (indicative of uni-

dentifiable riispersion in the set).

Figure 7 is a plot of the half-maximum distributions. This

applies the condition that a half-maximum separation is required for

the resolution of two individual peaks. Às can be seen, the eleven

peaks of the data reduces to five resolvable peaks. The half-

maximum condition is not the only condition that can be introduced

in this mannerl other criteria can be easily introduced into lhe

ca 1c ulat i on s.
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Fiqure 5: Suggested criterion of resolveability. The relative
positioning of multiple peaks. The saddle point at "a"
must be of magnitude 8/rz less then the maxinum at "b".
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that the maximum used would be the largest peak va}ue.
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Fisure 7: Half-maximum distributions. This representation of the
sample dala is of the half-maximum values. This presen-
tation is important in considering the resolution of
individual observations. Observations that cannot be
resolved can be considered to indicate the same observa-
lion.



4.3.1

Both fisher statistics and the DGTL method incorporate an area

of certainty in their results. This is a measurement of area where

the size of Lhis area relates to the confidence in the result that

it is associated with. There is no direct or easy way to relate the

certainties of the two techniques. For a perfectly symmetrical

gaussian distribution (as is the case for a fisher analysis), lhe

half maximum contains 66% of the total probability and so corre-

sponds to the åsg ârêâ of confidence. In consideration of the con-

verse relationship, since for the probability distribution of the

DGTL approach, the unlimited shapes and forms that are possible

means that there is no general relationship between the amptitude of

the maximum value and the closeness of the grouping of the distribu-

tion. There is in fact, no relationship between the position in the

area of certainty of the maximum, and the properties of that area.

ì1GTf. and Fi chcr Àns'l rrci c ! framn¡rì can af lha llnaorÞ¡ i nÞ i ¡a

4,4

There are a host of different sources imposing a magnetic

noment upon any particular rock. For practical purposes when deal-

ing with samples, only a few, and usually only one, component is

present. However, samples exist where multiple components are

encountered. where only one component exists, then the ideal

demagnetization vector will map out a line which is collinear with

the origin. This is also the case for samples where the coercivity

spectrums do not overlap. In lhis case, the line will not be colli-
near rvith the origin. Where multiple components overlap, simple
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vector analysis does not apply, and more intricate techniques are

required (Ha11s, 1976),

The next level of simplicity occurs where two components exist,

but the coercivity speclrums overrap. The remagnetization circle
wil], in this case, lie in a single plane. If samples from olher

sites contain the the same component, then the common magnetization

component lies at intersection of the planes defined by the remagne-

tization planes. A certain amount of rotation, which is due to the

imposition of a magnetization unique to each sample, is necessary to

define this line. This requires that both components share a cer-

tain similar part of their history, as well as having a portion that

is unique.

The error that must be associated with the intersection of the

planes is dependent on the amount of dispersion in the magnetization

vectors, and on the experimental errors. This requires that partic-

ular criteria are to be met in order to define an acceptable resull.

Às wellr âD error or standard deviation shourd be assigned Èo the

results.

À partícularly useful criterion is the "least-squares-best

fit". This approach demands that the squared value of the distance

from the real data to the theoretical model be minimum. Allhough

this can readily be determined for a plane, the stationary point is
more difficult to determine. The variational principal lends itself
well to this problem.

The method of variations is widely used and thus the theory is

very well developed. Its use in problems relating to thermal con-
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ductivity, leads to solutions that are boundary value dependent and

free of spatial derivatives (giot, 1970). It is also used as a

method for fitting approximately co-planar sets of atoms in solid

state and chemistry problems (Schomaker et al,1959). The problem is

equivalent to finding the principle plane of least inertia. it also

has a very important application in the mechanics of physical bodies

as it leads to Lagrange's eguations (Goldstein, 1950).

When the coercivity spectrum of two components of magnetization

are similar, the process of demagnetization does not resolve these

components in an orderly fashion. Instead, the resultant vectors

map a path in three space where all_ the points lie on a plane.

There is considerable dispersion involved in the resultant plane due

to dispersion and errors so it is impossibre to match a perfect fit.
À least-squares criterion can provide the condition for a best fit.
when best-fit planes from various sampre sites are compared, inter-

section lines define common vector components, if they are present.

Once identified, vector addition will determine the second vector

component in a two component case. For a complete discussion of the

details of least-squares analysis and the calculus of variations,

the reader is suggested to consult Arfken (1970). schomaker eL al
( 1 959 ) , di scuss the problem as i t refers to posi tions in three

dimensions in physical problems.

Kirschvink ('1980), provides an excellent reference regarding

the issue of resolution of multiple components of remanence as it
applies to palaeomagnetic data. This particular paper discusses the

general limitations of current nethods such as the limited use of

the data available and lhe data that ís potentially avaiiable. Also
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provided by this paper is a numerical criterion for determining lin-
earity or planarily. if a section of the path through space that

the remanence vector maps out in three- space is linear, then this

can be interpreted to be characteristic of a single component of

remanence, and subsequently used to determine a characteristic rema-

nence of the sample by vector translation of this section to the

origin. Àlternatively, if a portion of the path lies on a p1ane,

then by an eigenvalue analyses as described above, it can be used to

resolve components of remanence. À particular feature of these

approaches is the identification of geometric objects. They provide

criteria by which an object is determined to have been identified,

such as the maximum angular deviation, as discussed by Kirschvink

(1980). Schmidt (1982), has further refined this approach to

resolve almost paraIlel components by the simultaneous analyses of

multiple samples; provided the samples were obtained from a honoge-

neous source. This has the particular advantage that it eliminates

the step of incorporating the results of multiple samples which may

allow the introduction of subjective input by the researcher.

The first thing to note in comparing these approaches to the

method developed here, is that the DGTL and CVNL methods are not

geometric methods. They do not depend on any kind of geometric con-

figuration. This can be extremely critical in the analyses of poor

palaeomagnetic data as was the case for the samples used here, and

as is often the case for data fron the Precambrian. The methods

described by Kirchvink place a error based upon the deviation of the

palh from that of the ideal path or pLane and so necessary requires

samples that are "geometrically good".
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5.1 Secular Variations

A excellent and comprete reference regarding the earth's magnetic

field can be found in Parkinson (1983). A brief discussion follows

as is relevant to this thesis.

The steady change that is occurring in the magnetic field over

long periods (years) of time is referred to as secular variation.

Rough compass measurements taken as earry as the 15th century indi-
cated that the earth's magnetic field varied in time at particular

locations.

Although local fields vary due to local conditions, securar

variation refers to changes associated with the earth's main field.
This change can be adequately described by changes in the magnetic

moment of the dipole component of the fieid, by westward drift of

the non-dipore components, by northward shift of the axial dipole,

and/or non-drifting secular variations (Hagata,'196S).

Àreas of rapid rates of change (fractions of degrees each year)

have been found. These are classed as isoporic foci and generally

have a westward drift. Alternately there are areas of considerable

stability, as are found over in the Pacific ocean. To use westward

drift exclusively to exprain secular variations is an approach which

is too simplistic since there exists eastward moving components"

Chapter V

TTIE EÀRTHIS MAGNETIC FIEID
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The first measurement of declination was made in china in 720

À.0. (parkinson, '1983). The first neasurement of inclination was

made in Europe in 1544. The secular variations in local fields were

first discovered in 1634 by H. Gellibrand, based on measurement,s

done in 1580, 1622, and 1634. Gilbert, in 1600, presented the

notion thal the earth could be viewed as a giant magnet yet it
r{asn't until 1849 that the first observations showed that rocks

could be magnetized. chevallier, (1925) took this one step further

to initiate studies of the secular variation in the earth's fie1d.

The sources of these variations are not clear. it is certain

that the variations in the field are tied up with the fiel-d's source

mechanism so it involves complicated interactions in the earth's

interior. variations could be due to the transfer of angular nonen-

tum between the earth, moon, and sun. Ànother possibility is that

it is connecled with the coupling between the core and the nanl1e.

Because of energy considerations, secular variations must involve

more rearranging of the magnetic lines of force than a process that

creates or destroys them (Hide, '1 966 ) .

For the last million years, the motion of the dipole has had a

reduced rate of acceleration. Recent variations can be determined

using dated lavas and archaeological material. Material found in

archaeological sites that have proven useful include kilns, furnac-

es, tiles, and pott.ery, In these cases, hematite constituents pro-

vide the nagnetization, while dating using 1ac methods on the ashes

have been accurate to about 100 years.
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5,1.1 Reversals

Major events in the earth's dipore field are represented by

field reversars (parkinson, 1983). These reversals are supported in

the geological record and are part of the popular dynamo moder used

to explain the earth's magnetic fieId. Instabilities trigger these

reversals (cox, 1969, Nagata, 1965). Anarysis of magnetic anonalies

in marine sediments show that such reversals in the field occurred

as far back as 170 million years. particularly striking are the

magnetic stripes that are observed paralleling spreading oceanic

ridges. OIder events have been deduced from magnetostratigraphic

reconstructions of sedirnentary rock sequences.

Palaeomagnetic studies have provided some of the best evidence

supporting plate tectonics during the precambrian. Lack of correla-

tion in the polar wander paths from various plates indicate relative
motion. This conclusion is not dependent on the fundamentar assunp-

tions of the earth's magnetic field, past or present. Apparent

polar wandering does not, in itself, conclusively indicate plate

motion; singular lack of correspondence between the paths of indi-
vidual plates does.

Periods where the polarity remains constant almost all the time

(60-10OMa), are called normal polarity, or reverse polarity. peri-

ods of mixed polarity occur where the field alternates nore fre-
quently.
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5.2

Although higher order terms of the magnetic field show consid-

erable motion, the geomagnetic poles move in reratively smal1

regions close to the geographic poles. The field is relatively sta-

ble in magnitude and predominantly dipole in nature. However, peri-

ods have occurred in which there have been significant deviations

from this model (tlarrison and Ramirez 197b).

when a mean pole position is determined for several sites they

trace out a path. This path represents time variations of the ori-
gin, and is carled lhe apparent polar wandering path. This path may

differ from region to region, indicating relative motion between

these regions.

Ànnar¡nl Þol¡r E¡nd¡rina
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Chapter VI

GEOIOGY OF TI¡E ST'I'DY ÀREA

5.1 Reqional Settinq

The sanples used in this study were collected in the teaf Rap-

ids area of north eastern Manitoba, canada. The study area ries

along 101 degrees west longitude between 56 degrees N latitude and

57 degrees N latitude. The survey was conducted along Manitoba pro-

vinciar Highway 391, between Àdam Lake and suwannee Lake. A total

of 148 samples were anaÌyzed, mostly taken fron outcrops of granitic

and tonalitic intrusions.

The study area lies in the churchill province, approximatry one

hundred and fifty kilometers northwest the ChurchilL-Superior bound-

ary. The Churchill Province of Manitoba and Saskatchewan has been

further divided into separate lithological and tectonic domains.

These domains in Manitoba are shown in Figure B. This particular

lithotectonic partitioning has been devised by Lewry et at (1978,

1981,1985), Ray and Ï{anless (1980), Lewry and sibbald (1980), Lewry

(1981 ), Fumerton et al (1984) and Green et aI (rggs). The study

area is within the Leaf Rapids domain.

A generalized geological schematic of the Iocal geology is

included in Figure 9.
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Fiqure 8: The Geological Domains of Manitoba. The following.fig-
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clark and schwediwitz, 1986). The Study area is marked

by the shaded area "
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The unit boundaries were determined from Barry and Gait (1966),

Frohlinger ( 1 979) , schledewitz (1972) , Kendrick (972) , campberl

(1972), and Hinds (11972). A considerably large number of geological

studies (..g., SchIedewitz,1972, Barry and Gait, 1966, Kendrick,

1972) have been done in this area. The study area is predominantly

underlain by gneisses and granites containing belts of greenstones

of supra-crustal rocks that are cut by high level granitoid plutons.

The granitic rocks generally show a gneissic or migmatitic layered

gneissic structure on one hand, and nebulitic and homogeneous grani-

toid structure on the other. The predominant characteristic of the

rocks in the region indicate that they were empraced during the Hud-

sonian orogeny (1800 to 1950Ma ago), under conditions of fairly uni-

form regional tectonic forces. It is generally agreed that the geo-

logical- history of the study area is most closely related to the

Hudsonian orogeny.

6.2 Isotopic Àqes

The oldest rocks in the region appear to be metavolcanic rocks

which yietd U-Pb zircon ages ranging f rom '1 .93 to '1 .91 +15 -10 Ga,

(saldwin et al, '1985) while ages ranging f rom 'l g4o +/-75 to 1935 +/-

75 Ma have been obtained in these zones using Rb/sr methods (as

reported by tapoint et aI, 1978).

Àge determination of composite plutons emplaced into the Lynn

take volcanics give ages of 1876 +6/-4 and 1876 +91-7 Ma. (galdwin

et al, 1985). Post-sickle inÈrusions are also reported to being of

Age 1765 +/-100 Ma (cIark, '1980) using Rb/Sr methods.
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Approximately 120 samples were obtained for this survey. They

vrere cored from the Precambrian shield along Highway 391 in northern

Manitoba, in the Leaf Rapids area (see Figure 10). The survey rlas

strictly an initial reconnaissance survey with sampling completed

where exposure of the bedrock arlowed. The density of sample points

varied dependent upon the terrain.

The fierd work was done during the summer of. 1974 (by Tang and

McGowan). The samples then remained at the University of Manitoba

until cleaning and analysis in the autumn of 1984.

The method in sampling was to drill two cores at each site,
then cut three samples from each core. In many cases this was not

possible and so there were sites where fewer than six samples vrere

available. Along with the cores, a sunsight reading vras taken along

with the local time, a compass bearing was taken, and the core was

oriented relative to magnetic north and the vertical. The location

was determined by odometer readings from the vehicle, and landmarks

along the road.

The convention used in identifying the samples is to assign a

three digit number to the sample site. The next single digit iden-

tifies the sample from each core while the final attached letter
(either an A or a B) i.dentifies the core.

Chapter VII

PROCESSING ÀND SÀUPIING METHODS
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8012
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8045
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8055

560
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Fiqure 10: The sampling sites for this study. The sampling loca-
tions that were used in this study are contained in this
figure. The sampling was done along highway 391 as con-
ditions allowed. The values indicated at the sites are
the magnetic susceptibility value as measured for each
core. The samples and their associated susceptibitities
are contained in Table 2



The following tabJ.e contains the site identifier, and the suscepti-
biiity of the rock samples from that site. This table can be used
to identify the sample Iocations from t'igure 10.

Table 2: Susceptibiiities of

Site

800
801
802
803
804
80s
806
807
808
809
810
811
812
813
814
8r 5
816
817
818
8r9
820
821
822
823
82[
825
826
827
828
829
830
831
832
833
834
83s
836

Core A

LrlLrzI .r+I r.seI z. o¡I .s¿| .oe
I .11| .04
| .o¿

.55

.96

.08

.26
,94
.08

1 .12
.01
.31.or l.23 

I.01 |.6s Ir.6s I

4.62 I

1.72 I

r .33 I

1.36 I

.17 I

1.60 Il.re I

.q4 I

.02 I

.04 I.04 I

.oe I.s7 I

the rock cores

Core B

fç

.09

.09

.12

.86
,09
,08
,04
,37
,26
,25
,07
,14
92
02
08
01
37
04
23
29
65
t5
21
5l
08
42
33
32
81
/a
02
02
03
09
48

2
2
I

I
1

1

I

Site

I 837I e¡sI arsI aeoI aarI srzI eE¡
I aac
I g¿s

I aae
I e+z

I 848
849
850
851
8s2
853
854
855
8s6
857
8s8
8s9
860
861
862
863
864
86s
866
867
868
869
870
871
873

68

Core À

1

.98
2.11

.11

.49
3.80
1.33
1 .36
1 .38

.13
2 .33
2. 88
2.0s

.03
,22

4.E6
1 .46
2.01

.84
1 .75
3.11
1 .55
4. 36
4 .62
2,+1

.03

.32

.88
,04
.08
.02
.02
.02
.06
.09
.03
.03

Core B

,44
2.43

.77

.86
4 .69

.97
2.17

.19

.73
n/a

2.43
o1

.14
n/a

2.58
1.74
2. s0
1 .25
1 .93
2. r8
2.3'l
2.68
5 .22
3 .01

,02
.72

1 .04
.03
.08
.02
,02
n/a
.06
.06
.03
n/a

1

1

1

1

1

1



Due to the geological age of the samples, a great deal of care

was taken in lab techniquesr âs well as in the computer analysis of

the data. This is in reference to the care in making measurements

on the samples. The samples were cleaned at 100 nT intervals. This

was done for each core where sample one v¡as cleaned on 50 nT, sample

two was cleaned on 75 nT and sample three was cleaned on 100 nTr up

to 975 nT (which is the limit of the instruments). By taking read-

ings on three different vafues, one for each sanple, three samples

from each core, a large density of points was obtained. The origi-
nal intention was to allow the potential for an improved eigenvalue

ana).ysis for resolution of multiple components, and also improve the

statistical density of points. it is felt by this author, in con-

sideration of the apparent success of Èhe method presented here,

that each sample should be cleaned on 25 nT intervals for all sam-

p1es. The large volume of data that must be handled in this case is

best done by improving the link between the PDP'I'1 and the Amdaht.

The spinner magnetometer is controlled using a PDp 11/04 micro-

processor. The software was set up to do six spins for each holder

at different orientations of the sample, printing out the direction

and magnitude of the moment relative to the shaft and then the

inclination and declination of the average moment (from the six

spins). À second reading was then done to verify the originat

result, and to verify that the operator had correctly positioned the

sample holder. If the second measurement did not repeat the first,
then the measurement was repeated until two readings were equal; to
within approximately 40. This criterion was flexible since the

degree of reproducability was magnitude dependent.

59



The final output included Lhe vector values in cartesian coor-

dinates with standard deviations for each component, the same vector

value in spherical co-ordinates r+ithout standard deviation, and an

optional output of the orientation after correction to account for

the orientation of the sample at site. The field sampling procedure

provided this orientation of the core in site, and a sunsight orien-

tation. Às well, a GMT value was determined to correct the compass

reading of the sample orientation.

The principle behind taking three sarnples from each core, and

two cores from each sample site was to verify the magnetic homogene-

ity of the rock body. A second verification on the homogeneity of

the sample was done by the machine based on the sinusoidal form of

the signal output. If the signal was from a rotating dipole source,

then the output would have the same frequency as the shaft rotation.

If it was determined that the signal had significantly higher-order

conponents, then the PDP 11/04 responded with the command to move

the sample further away from the pick-up coil. This then improves

the dipole signal/non-dipole signal (noise) ratio.

In order to avoid static build-up, anti-static dryer sheets

were used to wipe the holder, sarnple and surrounding work area"

Another precaution included cleaning the holder daily before use,

and also measuring the magnetization of the holder regularly

throughout the day (two or three times). No significant component,

could be detecled from these measurements done on the sample hold-

ers. The author rvas careful to avoid inserting any metallic items

into the magnetic shield to avoid static build-up in this element of
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the instrument. As we11, anti-static dryer sheets were inserted

into the shield to minimize this inftuence.

The cartesian values of their vectors were used since they were

output with their associated standard deviations. The principle

behind this was to use the standard deviation as a weighting factor

on the individual measurements. These values, unprocessed in any

tvay, $¡ere then typed into the mainframe tor subsequent calculations.

Due to the weak response of the samples, multipre readings were

used for each sample. It was hoped that any instrument dispersion

wourd be statistically removed in this approach. The number of

readings used for each sample can be used as an indication of the

certainty of the reading. The finite limitations of the demagnetiz-

ing machine requires that readings are only available between that

limit and the point where the demagnetization vector becomes stable.

This range will be variable for each sample, and hence so will the

nunber of data points available in the calculations. Although there

are qualitative measures of the certainty in the reading, they were

not the only criteria used. In cases where the oscillations of the

magnetization vectors were obviously random, t,hese results were

either discarded or appropriately weighted. In cases where the sig-
nal from the sanrple was so weak that the measurement was taking a

significant amount of time, the density of measurements for that

sample was decreased, or the sample was discarded.

The standard deviation was used to weight the pole positions in

determining the final positions of Èhe data set. The factor used

was the inverse of the standard deviation. if the pole position was

determined from n readings:
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This was not the only factor used. À quanlitative measure was

determined by examination of individual plots to determine how

erratically the magnetization vector varied. Considered in this

value was the number of points used" More points represent better

statistics, while fewer points do not give a good perspective on the

behavior of the magnetization vector" Digital plots, where few

points are resolved (one in cases), represent samples where Lhe

cleaning field does not significantly alter the magnetization. Such

a situation must necessarily be weighted very high

The standard deviation produced by the inslruments is as indi-

cative of the magnetic isotropy of'the sample as it is of the error

in the values of the readings. Multiple moment distributions in the

sample lead to large sbandard deviations.

The data processing involved operator interactive procedures.

Once the data was entered into a "ManLes" file on the Àmdahl 5850 at

the University of Manitoba, a plot of the demagnetization vector and

the magnitude of the demagnetization vector as a function of clean-

ing field, was done. The magnitude plots tlere inspected to investi-

gate for regions of interest. This area, it is assumed, indicates

the region where the viscous remanence is removed. This region of

the data was then replotted. As well as this replotting, the mean

value of the magnetization vector was determined for each sample

from the multiple readings. This mean was corrected for compass

error, and tilt of the coring tool. This value was then useil to

determine the apparent pole position for that sample.

o' = nlo
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A mean value using the cleaned vectors was also determined

using the digital plots. These plots were also inspected for nulti-
ple resolvable components. Three particular plots were completed

based upon this technique, a plot of the individual distributions, a

plot of the total cumulative probability, and a plot of the half-
maximum distribution of the total probability (for resolution cri-
teria). The probabitity functions used in these apprications were

gaussian distributions, which are directly analogous to Fisher sta-

tistics with a standard deviation of 1lS. Until sufficient work has

been completed that provides a standard and appropriate standard

deviation, this author found that this value was adequate. Further

calculations produce tire half maximum surface area which provides an

indication of the certainty of the mean value. The result of this

value was dependent on the standard deviation of the probability

distribution function, the number of points used, and the dispersion

of the data set.

In a manner similar to the calculations performed in the Fishe-

rian treatment, the mean value rras corrected, then used to calcurate

an apparent pole position. where the resurts warranted, multiple

conponents were treated as such in the averaging process.

The final calculation involved the determination of pole posi-

tions, each associated with separate magnetic events, as indicated

by multiple components in single samples and groupings in the total
sample set.

The first slep in the processíng of the data was to average

multiple measurements that were obtained at each field strength for
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each sample" Usually there are two readings at each field strength,

though this is not always the case" Where replicaLion of readings

vlas poor, more readings T¡ere taken at the individual field

strengths. The magnetizaLion behavior plots (magnetization vs"

fie1d, and orientation vector vs. field) were then plotted using

these results. The magnitude values were normalized with lhe value

of the uncleaned sample. The demagnetization vector was then plot-

ted by projecting the three-dimensional plot onto the page. The

three-dimensional character was preserved by projecting each vector

into the x-y plane by a straight line, and then mapping the palh of

this projection as the field strength varied.

The mean value for each sample was determined in the manner

presented here. The standard deviation was calculated as (neving-

ton, 1969);

o' = o1 + oz * o3,...

where o' = standard deviation of the total

o1roz.. = the component o's

Each individual component was then used to produce an apparenÈ

pole position. This position was then weighted and used to deter-

rnine the mean pole position for the sample set.

The dimensions of the ellipse of confidence was also deLermined

in the calculations. This provides a measure of the confidence of

the reading. Àn area of confidence is associated with the pole from

each sample, as well as the final þole position.



In the application of the digital analysis, three plots were

done. The distributions used vrere norrnalized gaussian distribu-

tions. The first plot was a plot of the remanence vector al each

measurement, where a measurement was considered to be each set of

six spins on the magnetometer. This gives a good perspective of the

distribution of the set at a glance. The second plot is of the

total probabitity. Each point in this plot is the contribution of

the probability from each distribution. This plot produces the mean

value for the sample. It also gives the shape of the probability

distribution of the entire set. The third plot, plots the value;

Val = minimum (tota1 probability, 112 naximum)

The third plot is important in considering the resolution of

murtiple components in a sample. The shape of the frat surface also

provides an indication of the symmetry (or lack thereof), in the

distribution. Produced at this step is the value of area of this

flattened surfacer âs a percentage of the total area of the sphere.

The reader is cautioned to note that the graphic representation is

not indicative of this value since the projection onLo the plane is

dependent on where the distribution lies in the sphere. A way to

avoid this probrem would be to rotate the sphere such that the mean

value is positioned at the po1e.

The mean value produced by these plots provides a pole posi-

tion. Each value weighted by the formula;
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o=NxAlo
where A = area of certainty

N = number of values used to determine

the position

was used to determine the pole positions for the sample set. This

is done by plotting the weighted distributions to determine the mean

value. The certainty of this result is determined simply by deter-

mi n ing t,he area of lhe hal f -max irnum surf ace.

The raw data obtained and used in this study contained in Table

4 in appendix C). The pole positions, (corrections considered) that

vrere determined using CNVL techniques are contained in Tab1e 6,

Table 9, Table 11, and Table 13 in Àppendix D). Sample orienta-

tionsr âs determined by the ÐGTt method presented here, are con-

tained in Table 5, Table S,Tab1e 10, and Table 12, contained in the

appendices. Included in this table are the multiple orientations

contained in separate sannples. Correction factors, the compass

error, and coring tool orientations are contained in Table 14, TabIe

17, and Table 15. The pole positions determined using the oriented

vectors are conlained in Table 7.

As can be expected from real samples, behavior of the magneti-

zation ranges from very poor to very good. Idea1ly, the magnitude

should maintain itself at Iow cleaning strength (OnT to 200nT). The

magnetization vector should maintain a steady direction. The digi-

taI plots will show clumping of both the observation plot and the

total probability p1ot, with the half maximum area being sma11.

Naturally, the opposite behavior as described here would represent a
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poor sample. For low cleaning fields, the magnetization vector

remains constant. This indicates a very stable magnetic property;

the sample has failed to reflect the influence of recent viscous

remanence.

An example of an excellent palaeomagnetic site is 1ocation 902.

There are two cores from this sample site. The remanence remains

constant in direction as the magnitude drops. The magnitude is rel-
atively resistant to the cleaning effects. This behavior is consis-

tent between samples. The probability distribution shows excellent

grouping in the distribution form plot with the area of confidence

restricted to a tight area about the mean position. Two nagnetiza-

tion readings were used to determine the final pole position.

Another excellent example is site 86'1. For this site, three

samples are available. characteristic of this site, is extreme

hardness of the remanence. The magnitude is extremely resistant to
cleaning for the full range of the A.c. demagnetization unit.

sample site 862 must be considered a poor site by current

palaeomagnetic standards. The magnetization vector exhibits wild

random fluctuations. However, there are six sampLes available from

this site. Both the rnagnitude and unit weighting schemes provide

highly repetitive results. This supports the conclusion that sig-

nificant palaeomagnetic evidence can be obtained from poor samples

by using good statistical techníques.

samples exist which provide only one or two points in a region

of interest in lhe demagnetization spectrum. Dealing with these

cases requires a weighting scheme which reflects the uncertainly
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Fiqure 1 1 :

G

?:

Plots of remanence for sample 80218. This sample site
is an example of an excellent palaeomagnelic sample.
The demagnetizalion vect,or maintains the direction and
strength relaÈively weII. This sample was cut from one
of two cores (coreB) that were taken from site 802.
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Fiqure 12: Plots of remanence for sample 8022B. Às
ed from a good palaeomagnetic core, aII
it must show consistent results. This
core 8028, as shown by sample 2.

must be expect-
samples cut from
is a property of
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Fiqure 1 3: Plots of remanence for sample 86118. Às
of a good palaeomagnelic sample, are
cored at site 861. Different in this
cored at 802 is the failure of a clear
to express itself . In order to use this
ventional analysis, fietd measurements
oscillations developed were ignored.

another example
those that Here
case fron those

stable end point
sample for con-
where the wild
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Fiqure 1 6: Plots of remanence for sample 86218. Samp1e 86218 must
be considered a poor palaeomagnetic sample by current
standards. The magnetization vector drops sharply in
magnitude( 1 ) and flucruares widely in diiection(2)- at
low cleaning fields. The observation distribution func-
t ions are locaÈed at random locations around the
sphere(3) rvithout any significant bunching that would
indicate a magnetization that can be determined by read-
ilg Airectly. from these plors. The roral probãUitity
distribution(4), reiterate these conclusions; the maxil
mum value does not clearly identify a definite mean
magnetizaÈion. The area of confidence(5), does not shori
a good grouping about the mean vaLue. It covers a large
area of the sphere.
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Fiqure 1 7: Plots of remanence
the second sample
drilled aÈ sample
ple reilerate the

for sample 85228. Sample 85228 is
cut from core B, which in turn, was
site 862. The results fron this sam-
observations made for t'igure 15 ).
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Fiqure 1 8: Plots of remanence for sample 86238. Sample
Èhe third sample cut fron core B, which in
drilled at sample site 862. The results from
ple support the observations made for Figure 1

85238 i s
turn, was
this sam-
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Fiqure 1 9: Plots of remanence for sample 8621¡. Sample 8621À is
th9 first sample cut from core À, which in lurn, rras
drilled at sample site 862. The more samples that are
available lo verify a value for an observalion the more
confidence there is in that observation. The results
from this sample reiterate the observations made for
Figure 1 6
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Fiqure 20: Plots of remanence
the second sample
drilled at sample
ple reiterale the

for sample 8622A. Sample
cut from core À, which in
site 852. The results from
observations made for Figure

8522À is
turn, was
this sam-
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inherent in this fact. The more readings available that verífy a

value, or that are involved in determining a value, the more confi-

dent one can be with that value.

Processing of the data followed the approach currentry used in

palaeomagnetic analysis as well as the new approaches developed and

presented here. The analysis can be further divided into subsequent

sets of steps. Each fierd strength reading was given unit weight

and then used in the calculation of the apparent pore for the sam-

ple. The principle of this approach was to arlow all random influ-
ences to cancel themselves out which resulted in a very random dis-

tribution of pole positions. second, the magnetization vectors were

given magnitude weight. The purpose of this was to minimize lhe

error introduced by the magnetometer. The results generally con-

firmed each other, except for one case; that being the DGTL analysis

with magnitude weight.

The demagnetization spectra were divided into lhree regions and

each region $,as analyzed by the methods discussed here. The first
region considered is of the full demagnetization spectrum. À second

analysis was done by selecting that part of the demagnetization

spectrum between 100nT and 300nT. Restricting attention to the

spectrum ranging for the first 300nT, the infruence of purely random

oscillations which are observed at high field strengths can be mini-

mized. The third region analyzed was the specLrum beyond where any

clear remanence could be observed. This region varied with each

sample. The purpose of this was to determine whelher any informa-

tion was located in this region.
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The conventional approach involved selecting samples where the

remanence remained stable over the first several hundred nT. of

field cleaning strength. such samples were picked by examining the

demagnetization vector and their magnitudes to determine a resistant

magnitude and, (more importantly) a steady direction. samples are

present in the set which indicate multiple components with overlap-

ping cleaning spectrums. These sanpres can be recognized by the

sweeping behavior of the path of the demagnetization spectrum, see

Figure 22, and Figure 23. Àn eigenvaLue analysís v¡as done on these

particular samples in order to determine the components contained

within them.

Once a stabre end position was determined for the eigenvalue

analysis, then the second component could be calculated by vector

subtraction. The stable end point is indicated when the demagneti*

zation vector maintains a consLant direction. In many cases a sta-

ble end point could not be determined since the demagnetization vec-

tor fluctuated in an apparently randon manner. in these cases, the

poínt before where these fluctuations started was used.

sample site 801 shows overlapping of tvro remanences. The

sweeping behavior of the magnetic momen! suggests this. Neither of

the component remanences seem to be viscous since lhe pattern is

maintained over a considerable range of cleaning and in both avail-

able samples. No stable end point is available, however, and the

wild fluctuations that are apparent at the high cleaning fields

indicate that there is a point where the remanence is fully cleaned.
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Fiqure 22: Plots of remanence for sample 80118. The samples that
were obtained from this core show sweeping behavior that
is associated with overlapping remanences. The sweeping
behavior referred to is of the magnetizaÈion vector Hith
cleaning field strength. Both the samples that were
available from this core support this conclusion. The
fact that the remanence vector is very strong, and sta-
ble, for even reasonably strong cleaning fields, adds
credence to this conclusion; making this a very good
palaeomagnetic study of overlapping remanences.
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The differences between the unit weight scheme and magnitude

weight scheme r+ere not as expected. The magnitude weighting

approach was intended to account for instrument error as field

strengths decreased. The DGTL approach resulted in excellent group-

ings of the data set when applied using magnitude weight over the

reduced spectrum. It did not reconfirn those poles determined by

using unit weights, (see Figure 41).

Once these sets of poles are determined, conventional analysis

requires that groups be selected as associated with a set dispersed

about a single pole position. This is a very arbitrary and subjec-

tive approach and allows no criterion to be introduced which is

based on resolution. The digital approach, on the other hand,

introduces the option of carrying the analysis further. By using

digital analysis on the data sets produced by al-l methods so far,

murtiple poles can be examined. This aLlows consideration of possi-

ble rotation of the samples, dates of events of metamorphic and

igneous activityr âs well as a finer determination of pole posi-

tions. Such an analysis was done, (poIe positions were weighted) to

produce lhe results contained in Figure 42.

In order to investigate the possible presence of reversals in

the Earth's field, the south pole positions for each sample were

plotted, see Figure 27, Figure 29, Figure 3'1 , Figure 33, , Figure

35, Figure 37, Figure 39 and Figure 4'1. This is done at this sLep

by considering the quality of the the fit of the data to the known.
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Fiqure 24: North pole positions determined by using conventional
methods. This is the plot of the pole positions that
were determined using currently popular statistical
methods in palaeomagnetic analysis. ¡s is clear from
this plot, that the dala set shows a great deal of dis-
persion. Àlthough further criterion could be applied to
remove many of the poles in this set, the fact remains
that at besl, there will be very few observations that
would support any one pole position.
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Fiqure 25: South pole positions determined using conventional meth-
ods. This is the plot of the south pole postions that
were determined using conventional palaeomagnetic tech-
n iques.



96

Fiqure 26: North pole positions for CNVL analysis using unit weight
over lhe full spectrum.
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Fiqure 27: South pole positions for CNVL analysis using unit weight
over the fuII spectrum. The data indicates a great deal
of dispersion in the magnetization. The dispersion fol-
Iows a linear trend that is consistent for aLl the rena-
nences. It is clear that the dispersion in this set
does not clearly identify a particular pole position.
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Fiqure 28: North pote positions for DGTL analysis using unit weight
over the fuIl spectrum. This is the plot of the full
spectrum. It is clear that the dispersion in this se!
does not clearly identify a particular pole position.
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Fiqure 29: south pole positions for DGTL analysis using unit weight
over the full spectrun. This is the plot of the full
spectrun. It is clear that the dispersion in this set
does not clearly identify a particular pole position.
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Fiqure 30: North pole positions for CNVË analysis using magnitude
weighÈ over the fulI specrrum. This is the þtot-of thefull specÈrum. It is clear that the dispersion in this
set does not cleariy identify a particular pole posi-
tion.
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Fiqure 31: South pole positions for CNVL anatysis using magnitude
weight over the fuI1 spectrum. This is the ilot-oi ti,efuI1-spectrum. It is clear that the dispersion in this
set does not clearly identify a particular pole posi-
tion.
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Fiqure 32: North pole positions for DGTL analysis using magnitude
weight over the full spectrum. This is the plot-of tirefuII spectrum It is clear that the dispersion in this
sel does not clearly identify a parLicular pole posi-
tion.
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Fiqure 33: South pole positions for DGTL analysis using magnitude
weight over the fuII spectrum. This is the ilot-ot thefull-spectrum. It is clear that the dispersion in this
set does not clearly identify a particular pole posi-
tion.
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Fiqure 34: North pole positions
tude weight over the
north pole positions

for digital analyses using magni-
reduced spectrum. This plot is the
for the DGTL analysis.
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Fiqure 35: South pole positions for digital analysis using magni-
tude weigh! over the reduced spectrum. This representa-
tion of the south poles is imþortant in considàring thepresence of reversals as indicated by a sample set.
Where these poles _ correspond to the polar wanderingpath' after consideration of rotational influences thaË
have been recognized il is possible to interpret the
remanence as having been imposed during a pèriod of
reversed orientation of the dipole field.
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Fiqure 36: North pole
weight over

positions for CNVL analysis
the reduced spectrum.

using magnitude
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Fiqure 37: south pole positions for CNVL analysis using magnitude
weight over the reduced spectrum.
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Fiqure 38: The North pole positions for CNVL anal.ysis, using unil
weight and the reduced spectrum. The neighting scheme,
used unit weight. The positions correspond to the
apparent north position as determined from each sample,
in the sample set available to this author.
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Fiqure 39: south pole positions for CNVL analysis using unit weight
over the reduced spectrum.


