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ABSTRACT 

Orientated samples were collected from 88 sites 1n the marginal, 

lower, critical, main and upper zones of the layered sequence of the 

Bushveld Complex. Apart from measuring the remanent magnetization 

of these samples, the magnetization of the samples was subjected to 

detailed analyses, using alternating field and thermal demagnetization 

techniques. This was supplemented by various heating experiment£ ind 

tests to establish the stability and origin of the observed 

magnetization. 

The critical zone yielded six sites with stable and consistent 

magnetization directions, forming a group with a corresponding 

palaeomagnetic pole at 37°S, 135°W. With the igneous layering in a 

horizontal position, the group statistics improve, but not 

significantly at the 95 per cent confidence limit. However, the mixed 

polarity of this group, which becomes significantly more antipodal 

after correction for the dip of the layering, is considered to be an 

indicator that the critical zone could have acquired its remanent 

magnetization with the igneous layering in a horizontal position. The 

pole position corresponding to this corrected group is situated at 

39,5°S, 133°W. 

Heating experiments and mineralogical evidence suggest the possibility 

that the magnetic polarity of the critical zone could be due to a 

self-reversal of magnetization. This is further supported by the 

position and polarity of the palaeomagnetic pole of the critical zone 

on the apparent polar wander (APW) path for Africa. 

Magnetization directions from the main zone in the eastern Bushveld 

Complex form two groups, approximately antipodal to each other. The 

majority of sites are situated in subzone B, forming a group with a 

reversed magnetization which improves significantly with the igneous 

layering in a horizontal position. The palaeomagnetic pole of this 
\ 

group is situated at 17,3°N, 35,7°E. The second group represents sites 

from the top of the main zone (subzone C) which again yield greatly 

improved results when a fold test is applied. The group is magnetized 

in a normal direction with the corresponding palaeomagnetic pole at 
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28°S, 161 ,7°W. The polarity difference between the two groups is 

considered to be due to a geomagnetic field reversal towards the end 

of formation of the main zone. 

With the exception of two sites, the magnetization directions from 

all the sites in the main zone in the western Bushveld Complex group 

together and are reversely magnetized. Rotation of the layering to 

a horizontal position improves the grouping, which indicates that the 

main zone could have acquired its remanent magnetization with the 

igneous layering in a horizontal position. The corresponding pole 

position is at 9,2°N, 27,3°E. The two sites situated in the lower 

part of the main zone have normal magnetization directions similar to 

those of the critical zone. 

Consistent normal magnetization directions from sites 1n the upper 

zone were obtained after alternating field and thermal demagnetization 

of specimens. Structural folding failed to improve group 

statistics, suggesting that the upper zone acquired its remanent 

magnetization with the igneous layering in its present attitude. The 

palaeomagnetic pole representing the upper zone is situated at 16,1°S, 

148,5°W. 

The layered sequence exhibits a magnetic polarity pattern, which allows 

the subdivision of the sequence into three magnetic polarity zones. 

The lower- and uppermost zones have normal magnetization directions 

with respect to the present-day geomagnetic field. The third, 

situated between the former two, is reversely magnetized. 
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SAMEVATTING 

Georienteerde monsters is versamel by 88 lokaliteite in die rand-, 

laer-, kritieke-, hoof- en bosones van die gelaagde opeenvolging van 

die Bosveldkompleks. Behalwe die meting van die remanente magnetisasie 

van die monsters, is die.magnetisasie van hierdie monsters volledig 

geanaliseer deur gebruik te maak van wisselveld en termale demagnetisasie= 

tegnieke. Dit is verder aangevul met verskeie verhittingseksperimente 

en -toetse om die stabiliteit en oorsprong van die waargenome mag= 

netisasie te bepaal. 

Ses lokaliteite in die kritieke sone het stabiele en bestendige 

magnetisasierigtings gelewer, wat 'n groep vorm met 'n ooreenstemrnende 

paleomagnetiese pool by 37°S, 135°W. Met die stollingsgelaagdheid in 

'n horisontale posisie verbeter die groepstatistiek,maar nie betekenis= 

vol by n 95 persent betroubaarheidsvlak nie. Die gemengde polariteit 

van die groep, wat betekenisvol antipodies word na die korreksie vir 

die helling van die gelaagdheid, word beskou n aanduiding te wees dat 

die kritieke sane sy remanente magnetisasie verkry het met die 

stollingsgelaagdheid inn horisontale posisie. Die poolposisie van 

hierdie gekorrigeerde groep is gelee by 39,5°S, 133°W. 

Verhittingseksperimente en mineralogiese getuienis dui op die moontlik= 

heid dat die magnetiese polariteit van die kritieke sone moontlik te 

wyte kan wees aan 'n self-omkering van magnetisasie. Dit word verder 

ondersteun deur die posisie en polarit.eit van die paleomagnetiese 

poolposisie van die kritieke sone op die skynbare poolswerfkurwe 

(SPS) vir Afrika. 

Magnetisasierigtings van die hoofsone in die oostelike Bosveldkompleks 

vorm twee groepe, wat ongeveer antipodies ten opsigte van mekaar is. 

Die meerderheid lokaliteite is in subsone B gelee, en vorm TI groep met 

n omgekeerde magnetisasie, wat betekenisvol verbeter met die stollings= 

gelaagdheid in TI horisontale posisie. Die paleomagnetiese pool is gelee 

by 17,3°N, 35,7°0. Die tweede groep verteenwoordig lokaliteite aan die 

bokant van die hoofsone (subsone C) wat weer verbeterde resultate lewer 

wanneer n plooitoets uitgevoer word. Hierdie groep is normaal 

gemagnetiseer met 'n paleomagnetiese pool by 28°S, 161, 7°W. Die 

l.V 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



polariteitsverskil tussen die twee groepe, word beskou as die resultaat 

van 'n geomagnetiese veldomkering te wees. 

Met die uitsondering van twee lokaliteite, groepeer die magnetisasie= 

rigtings van al die lokaliteite in die hoofsone van die westelike 

Bosveldkompleks saam en is omgekeerd gemagnetiseerd. Rotasie van die 

gelaagdheid na ~ horisontale posisie verbeter die groepering, wat aan= 

dui dat die hoofsone moontlik sy rnagnetisasie verkry het met die 

s to 11 ingsge laagdhe id in 'n hor isontale pos isie. Die ooreenste.mrnende 

poolposisie is by 9,2°N, 27,3°0. Die twee lokaliteite wat gelee is 

in die onderste gedeelte van die hoofsone het normale magnetisasie= 

rigtings, gelyksoortig aan die van die kritieke sone. 

Bestendige magnetisasierigtin~s van lokaliteite in die bosone is verkry 

na wisselveld- en termale dernagnetisasie van monsters. Strukturele 

rotasie lei nie tot~ verbetering van groepstatistiek nie, wat o~nskynlik 

daarop dui dat die bosone sy remanente magnetisasie verkry het met die 

stollingsgelaagdheid in die huidige stand. Die paleomagnetiese pool 

wat die bosone verteenwoordig is gelee by 16,1°S en 148,5°W. 

Die gelaagde opeenvolging vertoon ~ rnagnetiese polariteitspatroon wat 

die onderverdeling van die opeenvolging in drie polariteitsones toe= 

laat. Die onderste en boonste sones het norrnale magnetisasierigtings 

met be.trekking tot die huidige geornagnetiese veld. Die derde sone, 

wat tussen die vorige twee gelee is, is omgekeerd gernagnetiseerd. 

V 
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I INTRODUCTION 

Recent palaeornagnetic investigations on certain layered intrusions 

such as Sudbury (Morris, 1980, 1981) and Skaergaard (Schwarz, et al., 

1979) have shown that palaeomagnetic data can be an important 

indicator of the tectono-intrusive history of layered intrusions. 

One of the first palaeomagnetic investigations in South Africa was 

undertaken by Gough and Van Niekerk (1959) on the rnafic layered 

sequence of the Bushveld Complex. With data from five sites in the 

main zone these authors calculated a pole position for the Bushveld 

Complex and provided strong evidence that the magnetization of the 

main zone was acquired with the igneous layering in a horizontal 

position. Although their study was highly significant, it was not 

exhaustive. Firstly no alternating field (AF) or thermal 

demagnetization techniques were employed and, secondly, the study 

was restricted to only a few sites in the main zone of the layered 

sequence. 

This investigation was initiated in order to extend the study of Gough 

and Van Niekerk (1959) and to relate the new palaeomagnetic results 

from the layered sequence to more modern concepts on the genesis and 

structure of the Complex (Hunter, 1975a; Hunter and Hamilton, 1978; 

Sharpe and Snyman, 1978; Von Gruenewaldt, 1979; Sharpe, 1980; 

Sharpe and Babat, 1981). 

For the purpose of this investigation 88 sites of all zones of the 

layered sequence of both the eastern and western Complex, 

including the marginal zone were sampled. Several samples were found 

to be extensively altered and yielded inconsistent palaeornagnetic 

data at site and sample levels. Magnetization directions were, 

however, recovered from 69 sites. 
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II THE LAYERED SEQUENCE 

The mafic and ultramafic rocks of the layered sequence or Rustenburg 

Layered Suite (South African Committee for Stratigraphy (SACS), 1980) crop out 

in three separate large lobate areas, referred to as the western, 

eastern and northern parts of the Bushveld Complex (Fig. 1, see Folder). Near 

Nietverdiend in the western Transvaal, a fourth occurrence is exposed, 

which may represent a discrete intrusive that was emplaced simultaneous= 

ly with the Bushveld Complex. The exposed parts of the layered 

sequence cover an area of 12 000 km2 and attain a thickness of 9000 m 

in the eastern Bushveld and 7750 min the western Bushveld 

(SACS, 1980). The sequence comprises a variety of rock types ranging 

from dunites, pyroxenites, harzburgites, anorthosites, gabbros, norites 

to magnetite gabbros and diorites. 

Subdivision of the layered sequence into zones was first proposed by 

Hall (1932) and subsequently altered by Lombaard (1934), Wager and 

Brown (1967), Willemse (1969) and Cameron (1970). Schwellnus et al., 

(1962) and Coertze (1974) departed from this and used a litho= 

stratigraphic subdivision. In 1980 the South African Committee for 

Stratigraphy (SACS) abandoned the zonal subdivision in favour of a 

lithostratigraphic one. The well-entrenched zonal subdivision, which 

is based largely on petrogenetic considerations, was retained as an 

informal subdivision. For ease of correlation between the eastern and 

the western Bushveld, as well as clarification, the informal, zonal 

nomenclature has been adopted for this study. Both subdivisions are 

shown on the lithostratigraphic columns of the layered sequence in the 

eastern and western Transvaal in Figures 2 and 3 respectively. 

Early radiometric age determinations on the granite and mafic rocks 

of the Bushveld Complex (Schreiner, 1958; Nicolaysen et al., 1958, 

and Davies et al., 1970) indicated an age between 2100 m.y. and 

1830 m.y. Hamilton (1977) studied the Sr isotope ratios of the 

layered sequence and arrived at a weighted mean age of 2095 ± 24 m.y. 

for the mafic rocks. He also found the 87 srJ86sr ratios to increase 

in a step-wise manner upwards in the sequence and from this he 

concluded that the layered sequence was emplaced as a succession of 

magma influxes, each of which had a higher 87sr/86sr ratio than its 

predecessor. 
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Geological events leading to the emplacement, present structure and 

siting of the layered sequence have been debated in detail by 

numerous authors (Daly, 1929; Hall, 1932; Van Biljon, 1949; 

Truter, 1955; Cousins, 1959; Willemse, 1964, 1969; Hamilton, 1970; 

Hunter, 1975; Sharpe and Snyman, 1978; Von Gruenewaldt, 1979; Sharpe 

and Bahat, 1981, and Sharpe, 1982) to name but a few. Modern theories 

on the emplacement of the Bushveld Complex all consider tectonic 

events in the Kaapvaal craton, coupled with the deposition of the 

Transvaal Sequence into which the Bushveld magmas intruded, as major 

parameters in the evolution of the Complex. 

The interpretation of gravity and magnetic data (Cousins, 1959; Smit 

et al., 1962 and Hattingh, 1980) does not support the earlier view of 

Daly (1929) and Hall (1932) that the Bushveld Complex is a lopolith, 

with mafic material present underneath the centre of the Complex. The 

more modern concept, according to which the Bushveld Complex consists 

of a number of separate, overlappin~ intrusions (Hunter, 1975a, 1976; 

Sharpe and Snyman, 1978) is generally accepted. 

The dip of the igneous layering in the western and eastern lobes is 

generally towards the centre of the Complex at fairly low angles 

(Hunter, 1975a). To the east of the Dennilton dome (Fig. 1) dip 

directions are away from the central area. This feature was inter= 

preted by Hunter (1975) to be the result of tectonic processes which 

also led to the emplacement of the layered sequence. Von Gruenewaldt 

(1979) extended the above theory by postulating the existence of the 

Pretoria-Zebediela anticline, part of which is manifested by the 

Dennilton dome. He further suggested that this anticline was active 

before, during and after the emplacement of the Bushveld Complex. 

The origin of the igneous layering has been attributed mainly to two 

possible processes: differentiation in depth with subsequent intrusion 

of different fractions with or without further differentiation in place 

or emplacement of essentially one batch of magma followed by differen= 

tiation in situ (Hunter and Hamilton, 1978). More recent research has 

clearly indicated that multiple magma injections have given rise to 

the layered sequence (Hamilton, 1977; Von Gruenewaldt, 1979; and 

Sharpe, 1980, 1982). 
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III COLLECTION AND PREPARATION OF ROCK SAMPLES 

A. The distribution of sampling sites 

The dominant cause of variation of direction of remanent 

magnetization in surface exposures in igneous rocks in southern 

Africa is due to a variable isothermal remanent magnetization (IRM) 

caused by magnetic fields associated with lightning discharges to the 

ground (Gough, 1967). This, coupled with the absence of 

Pleistocene glaciation and prevailing climatic conditions favourable 

for chemical weathering (Brink, 1979) generally render surface 

exposures in southern Africa unsuitable for palaeomagnetic sampling 

(Gough, 1956, 1967; Graham and Hales, 1957; Gough and Van Niekerk, 

1959). 

Sampling sites for this study were therefore confined to quarries, 

road cuttings, mines and, where no such sampling sites were available, 

streambeds. Unfortunately this procedure led to an uneven 

distribution of sampling sites over the layered sequence, in that 

the position and number of sites were dictated by their 

availability. 

The distribution of sampling sites in the layered sequence is 

shown in Figure 1, and the position of the sampling sites in the 

stratigraphic columns of the layered sequence of the eastern and 

western Bushveld Complex is shown in Figures 2 and 3. Two sites 

are in the marginal zone, three in the lower zone, twenty in the 

critical zone, fifty-four in the main zone and nine in the upper 

zone. 

Samples collected initially from the marginal and lower zones in 

the eastern Bushveld Complex yielded inconsistent magnetization 

directions at specimen, sample and site levels and were subsequently 
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proven to be magnetically unstable. Consequently no samples were 

collected from the equivalent marginal and lower zones in the western Bush= 

veld and the palaeomagnetism of these two zones is not discussed further in 

the text. 

B. Sampling techniques 

Sampling was done with a commercially available, petrol driven, 

portable core drill. This drill produced core samples 25 mm in 

diameter and up to 200 mm 1n length. Thirteen sampling sites were 

underground where this drill was unsuitable due to the emission of 

exhaust gases from the petrol motor. Initially, the block method of 

sampling (Gough, 1967) was employed at four of these sites, but 

this proved to be unsatisfactory, especially when sampling hard, 

unjointed rock. Consequently, a core drill, driven by an Atlas 

Copco air motor, was designed by the author and built by the 

Technical Services Division of the University of Pretoria. This 

drill performed excellently at underground sites in mines where 

compressed air was readily available. 

Orientation of core samples in the field was done with a sun 

compass (Creer and Sanver, 1967). At underground sites 

orientation was done relative to the mine survey networks with 

an open sight alidade. The precision of orientation was higher 

for cores orientated by means of the .sun compass than for 

alidade orientated cores. The former can be orientated reliably 

with a precision of 1° (Gough, 1967), but orientations relative 

to mine survey networks were found by repeated orientations, to 

be reproducible within 2° and 3°. Block samples usually had only 

a rough plane surface and the uncertainty of orientation is 

probably more than 3°. 

The number of samples taken at each sampling site, varied between 

four and six, with four core samples being the average. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



8 

C. Sample preparation 

Core samples usually consisted of a number of separate pieces, 

which were carefully matched for a given core and glued together 

with a non-magnetic glue. Block samples were first set in concrete 

with fiducial marks in a horizontal position. A Seco diamond 

drill in the laboratory was then used to drill vertical 25 mm 

diameter cores 

D. Measurement of dip and dip directions of the igneous layering 

With the exception of sites at mines where the dip and dip 

directions of the igneous layering are accurately known, an attempt 

was made to measure dip and dip directions at each sampling site. 

This was done with a clinometer and magnetic compass. 

However, at many sites no visible layering is present, and in these 

instances the orientation of natural fracture planes in the rock was 

measured, with the assumption that these planes follow the pseudo­

stratification. A number of these directions were later found to 

be incompatible with the regional dip and dip directions of the 

layered sequence. For these sites the measured values were 

rejected and replaced with regional dip and dip direction values 

given for their respective areas by Hunter (1975b); 

Von Gruenewaldt (1973), Molyneux (1970) and Coertze (1974), as 

well as the dip indicated on the 1:50 000 mapsheets of the area 

northwest of Pretoria (Geological Survey of South Africa, 1975). 

However, at sites where the measured dip and dip directions were 

compatible with the regional values, the former were considered 

to be more accurate. 

The estimated accuracy of the dip values and dip directions used 

in this study for structural fold tests (Graham, 1949) can only 

be considered accurate to the nearest five degrees. 
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IV LABORATORY MEASUREMENTS AND PROCEDURES 

A. Laboratory instruments 

The remanent magnetization of specimens was measured using a Digico 

"Complete Results" fluxgate spinner magnetometer. This instrument 

spins a core specimen at 7 Hz to produce an output signal, the 

amplitude of which is proportional to the intensity of magnetization 

of the specimen. The phase of this signal relative to a fiducial on 

the rotating shaft, indicates the angle of the vector of magnetization 

in a plane perpendicular to the axis of rotation. Six successive 

measurements were made with the specimen in different orthogonal 

positions in the sample holder; this allowed the three orthogonal 

components of the remanent magnetization vector to be determined. The 
-3 -1 

manufacturers of this instrument claim a sensitivity of 0,01 x 10 Arn • 

In practice, however, it was found that to measure a reliable direction 

of magnetization to within one degree a minimum intensity of magnetiza= 
-3 -1 tion of 0,5 x 10 Am was required. 

Continuous thermal demagnetization was done with a slightly modified 

form of this instrument. It was possible to measure remanence at high 

temperatures, without the need for cooling the specimen in a field 

free space. Operating the instrument in this mode led to a decreased 

sensitivity as a result of the positioning of a heater element as well 

as a water jacket between the specimen and sensor coils of the 

magnetometer. With repeated measurements the minimum intensity of 

magnetization that could be measured reliably was found to be in the 

10-3 Am-1. region of 4 x The temperature of the specimen was continuous= 

ly monitored with a chromal-alumal thermocouple positioned 2 mm from 

the core specimen. The temperature difference between the specimen 

the thermocouple could never be established accurately, but according 

to the manufacturers of the instrument, this difference does not 

exceed 10°C in the temperature range 200-600°C. No correction for this 

difference was applied to the thermal data. 

Alternating-field (AF) demagnetization of specimens was done with an 

apparatus built at the Geological Survey of South Africa following a 

description by McElhinny (1964a). The specimens were tumbled with a 

three axis tumbler situated in the centre of a coil, through which a 
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decaying 50 Hz current flowed which demagnetized all magnetic domains 

with coercivities below the maximum field produced by the peak current. 

The whole apparatus is contained in Helmholtz coils which annul 

the earth's magnetic field at the tumbler and thus prevent specimens 

from acquiring an anhysteretic remanent magnetization (ARM) 

(Patton and Fitch, 1962). At later stages of this study it was, however, 

found that a residual magnetic field of approximately 500 nT exists in 

the centre of the Helmholtz coils. Subsequent adjustments to the coils 

failed to cancel this field completely. It is therefore possible that 

certain specimens did, in fact, acquire a weak ARM during AF 

demagnetization. The magnitude of the ARM is, however, so small that 

its effect can be considered to be negligible on the magnetization 

directions presented in this study. This demagnetization apparatus is 

capable of creating a peak alternating demagnetization field of 100 mT, 

but due to heat generation in the demagnetization coil and overloading 

of the tuning capacitors in the circuit, 80 mT was considered to be the 

safe peak field. Higher AF values were only used occasionally when it 

was absolutely necessary to glean more information from specimens. 

For a number of specimens self-reversing properties were examined. 

Thermoremanent magnetization (TRM) was imparted to specimens by heating 

them to 700°C in a quartz tube through which nitrogen was circulated. 

A positive nitrogen pressure was at all times maintained in the tube. 

The specimens, still in the quartz tube were then cooled in the Earth's 

magnetic field. In this way it was hoped to minimize chemical changes 

in the specimens which occur when heating in a normal atmosphere. 

An isothermal remanent magnet,ization (IR.""1) was imparted to the specimens 

by placing them in a magnetic field of 500 mT for 15 minutes. 

Lowrie-Fuller tests (Lowrie and Fuller, 1971) as modified by Dunlop, 

et al. (1973) were conducted to investigate magnetic domain 

characteristics of specimens from the upper zone. To do this, specimens 

were given an ARM by placing them in the coil of the AF demagnetization 

apparatus, with the current flow in the Helmholtz coils reversed. In 

this way an alternating magnetic field of 80 mT with a static field of 

0,05mT superimposed on it, was produced at the centre of the coil. 

The possibility of self-reversals of magnetization, or, of specimens 

acquiring a transitional thennoremanence (TTRM) at low temperatures, 
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was investigated by placing a specimen in liquid nitrogen for 

20 minutes. The specimen was then quickly transferred to the high 

temperature spinner magnetometer and the magnetization of the specimen 

measured as it warmed up to room temperature. 

Initially a polished thin section from two specimens from each sampling 

site was made. The opaque mineralogy was then investigated with the 

aid of an ore-microscope. Whenever the grain size was too small to 

allow for positive identification optically the minerals were iden= 

tified with the aid of an electron scanning microscope equipped with an 

energy dispersive spectrometer (EDS) for semi quantitive element 

analysis of minerals. Microprobe analysis and X-ray diffraction (XRD) 

identification of separated minerals were made where necessary. 

B. Laboratory procedures 

The natural remanent magnetization (NRM) of each specimen was first 

measured, followed by statistical analysis of the NRM directions. Sub= 

sequently AF demagnetization of at least two pilot specimens from each 

site in steps at 10, 20, 40, 60 and 80 mT was done and the remanent 

magnetization determined after each step. To find the optimum alter= 

nating demagnetization field to optimize grouping of stable 

remanent magnetization directions, the Briden stability index (SI) 

(Briden, 1972) was then calculated for each demagnetization step, for 

each pilot specimen. Bulk AF cleaning was then carried out on two 

specimens from each core sample at an AF value indicated by the 

Briden SI as being the optimum for a given site. Although the 

measured remanent magnetizations yielded satisfactory results for a 

number of sites, it was found that when dealing with multicomponent 

remanent magnetization it was essential to do more detailed stepwise 

AF demagnetization on randomly selected specimens. The remanent 

magnetization results were then subjected to vector analysis or least 

squares methods (Halls, 1976, 1978, 1979), as well as a modification 

of the latter method by Hoffman and Day (1978) to recover primary and 

secondary magnetization directions. 

At least one specimen per site was retained for thermal demagnetization. 

The specimens were demagnetized thermally in steps of 100°C, and as 

the Curie point was approached, this was reduced to intervals of 20°and 
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1O°C. After each step the remanent magnetization was measured. 

C. Statistical analysis of results 

The directions of magnetization of specimens were first averaged to 

give a sample mean. Samples means were then, in turn, combined to 

yield site mean directions, which were then combined to give the group 

overall mean directions. 

The best estimate of the mean direction of magnetization is the vector 

sum of the unit vectors, having the directions of the several 

observations (McElhinny, 1973). The declination (D) and the 

inclination (I) of each observed direction can be expressed in cartesian 

coordinates by its direction cosines (Tarling, 1971): 

x cos D sin I 

y sin D cos I 

z sin I 

with the z axis vertical and positive in an upward direction and D 

measured clockwise from north. These direction cosines can then be 

summed for a number of vectors to obtain the length of the resultant 

vector (R) and its direction (D, I): 

X 

and D 

fa 
R 

y 

-1 y 
tan =-

x 

Iy 
R 

I 

z LZ 
R 

. -1 -
s1.n z 

Watson's (1956) test for randomness of directions was then applied at 

sample and site levels. Sample or site mean directions, which were 

not significant at 95% probability, were rejected. 

The distribution of points (or directions) on a sphere can be described 

in terms of a probability density (p) given by 

p K 
4TI sinh K 

exp (K cos 0) 

where 0 is the angle between the observed individual directions and the 

true mean direction and K is the precision parameter- varying from 
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0 for a perfect random distribution to infinity for identical direc= 

tions (Fisher, 1953). The best estimate k of the precision K is 

k = N-1 
N-R 

with N the number of observations (Fisher, 1953). 

The reliability of the mean direction can be defined by measuring the 

radius (a) of a circle on the surface of the sphere, centred on the 

observed mean direction, within which there is a particular probability 

(p) of the true mean direction lying in this cone of confidence. The 

radius can, according to Irving (1964, p62) be expressed as: 

a = 
-1 N-R [ - (N~-~f) l 

Cos 1 - R p - 1 _ 

p was taken as, in most palaeomagnetic studies (Tarling, 1971), to be 

0,05, so that there is a 20 to 1 chance of the true mean lying within 

a
95 

degrees of the observed mean. 

The estimate k of the precision parameter Kand the radius (a
95

) of the 

circle of confidence were calculated for each site, as well as for the 

different groups of site directions. 

For any Fisherian group of points on a sphere defined by K, a circle 

of radius~ about the mean can be drawn which encloses a selected 

percentage of points (Tarling, 1971). The radius of this circle will 

be a measure of the scatter or dispersion of directions about their 

mean. The radius of the circle enclosing sixty-three per cent of the 

points is generally known as the circular standard deviation and was 

calculated for groups as follows (Irving, 1964, p60): 

In practice k and not K must be used in the calculation and the upper 

and lower confidence limits of k were calculated using the method of 

Cox (1969a). 

The palaeomagnetic pole positions corresponding to group mean magnetiza= 

tion directions were calcualted using the conventional premise that the 

Earth's field is that of a geocentric dipole (McElhinny, 1973). The polar 

error (dp, dm) is termed the oval of ninety five per cent confidence 

about the pole position. This was calculated from an equation given by 

McElhinny (1973~ p83). 
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V THE PALAEOl~GNETISM OF THE CRITICAL ZONE 

A. Introduction 

Twenty sampling sites are situated in the critical zone. The rock 

types sampled consist of pyroxenites, anorthositic norites, norites 

and pegrnatitic feldspathic pyroxenite of the Merensky Reef. The 

NR..~'s of samples of pyroxenites are characterized by a low intensity 

of magnetization (generally below 10 x 10-3 Arn- 1) with inconsistent 

and unstable magnetization directions at sample and site levels. As 

a result, data from 12 sampling sites had to be rejected. 

With the exception of site 24, which is situated in a shallow road 

cutting, the remainder of the sites, are all situated in platinum 

mines in the western and eastern Bushveld Complex. The eight sites 

whichyielded consistent palaeomagnetic directions are positioned below 

the Merensky Reef, but generally above the footwall marker which is 

usually not more than 10 m below the Merensky Reef. 

Two sampling sites, numbers 82 and 88, are situated on the Merensky 

Reef. The rock material, a coarse-grained feldspathic pyroxenite, 

proved to be unsuitable for palaeomagnetic sampling, because of its 

tendency to crumble during and after the drilling of a core sample. 

Even samples which were recovered in this case, proved to be incon= 

sistently magnetized and data from these two sites also had to be 

rejected. 

B. Natural remanent magnetization 

The mean intensity of the natural remanent magnetization of all the 

specimens from the critical zone is 27 x 10-3 Arn- 1 . A histogram plot 

of these intensities are shown in Figure 4. 

The magnetization directions, with a95 values and the estimate k of the 

precisions for each site, where the in-site grouping of magnetization 

directions is significant at the 95 per cent confidence limit 

(Watson, 1965) are given in Table I. 
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Fig. 4 Histogran plot of NRM intensities of speciMens froM t~e critical zone. 
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Table I. Natural remanent magnetization directions of sites in the 

in the critical zone. 

Site N* Did< P'•** a95 

24 3 28,3° 21 '2 ° 20,0° 

79 4 200,0° -52,4° 20,6° 

80 4 199,0° -60,9° 16,8° 

81 5 201 ,0° -61 ,4 ° 15,5° 

83 5 155,0° -62,0° 10,8° 

84 5 226,3° -62,8° 

85 5 1 ' 1 ° 68,2° 10,7° 

86 5 312,7° -74,8° 1 8' 1 ° 

87 5 3,0° 9,8° 9,9° 

*N is the number of core samples 

**D is the declination of the magnetization direction, measured 

from north in a clockwise direction 

k 

39 

21 

31 

25 

51 

39 

52 

18 

60 

is the inclination of the magnetization direction; downward is 

positive, upwards negative. 

The site magnetization directions are shown in Figure 5. With the 

exception of sites 24, 85 and 87 all ~he sites in Table I 

are normally magnetized and form group Bcz1 with the following group 

statistics: 

Group: Bcz1 N 6 D = 202,9° I -67,2° 16,0° k 18 
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Fig. 5 Stereographic (equal angle) projection of N&~ directions of sites 
24, 7 9, 8'), 31 , 83, .~!~, 85, 86 and 37. A = lower he!:lisphere, • = upper 
hemisphere. Present day magnetic field direction upwards indicated 
by EB. 
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The dip and dip direction of the layered sequence at each site, as 

well as the declination and inclination of the magnetization vectors, 

after rotating the layering to horizontal, are given in Table II. 

The magnetization directions thus corrected for dip are shown in 

Figure 6. 

Table II. Natural remanent magnetization directions of sites in the 

critical zone,with the igneous layering in a horizontal position. 

Site Dip Dip direction* Di~* 

24 1 1 ° N300° 24' 1 ° 

79 30 N 50° 204' 3_0 

80 go N 39° 203,2° 

81 go N 23,5° 201 '5 ° 

83 30 N 6,5° 161,2° 

84 10° N 20° 219,9° 

85 38° N135° 99,0° 

86 20,5° N134° 313,5° 

87 22° N202° 0' 1 ° 

*Dip direction measured from north in a clockwise direction 

**After rotation of the layering to horizontal 

I1d, 

20,5° 

-45,3° 

-52,3° 

-52,4° 

-54,9° 

-53,6° 

62,0° 

-54,3° 

30,5° 

If the sites from group Bcz1 are combined after structural folding a 

deterioration of the group statistics results: 

Group: Bcz1R N 6 D 210,1° I -59, 9° a
95 

= 23,1 k 

C. Bulk alternating field demagnetization 

Alternating field demagnetization of two pilot specimens from each 

site in the critical zone of the layered sequence was done to 

9 

calculate the Briden stability index (SI), (Briden, 1972), from which 

the optimum demagnetization field for each site was determined. The 

twelve sites where the NRM was inconsistent, all proved to be unstable 
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Fig. 6 NRM directions of sites in the critical zone with igneous 
layering in a horizontal position. Plo-ttin7- convention as in Fig. 5. 
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during AF demagnetization, with magnetization directions changing ran= 

domly during each AF demagnetization step. Site 24 yielded a 

consistent NRM direction but immediately on AF demagnetization this 

became unstable and the site was rejected. 

The results of the bulk AF demagnetization of sites are given in 

Table III and the magnetization directions are plotted in Figure 7. 

Table III. Magnetization directions of sites in the critical zone after 

alternating field demagnetization. 

Site Alternating field (mT) D I a95 k 

79 30 190,7° -44,5° 1 2' 1 ° 56 

80 30 184,5° -50,3° 12 '6 ° 54 

81 30 203,2° -47,6° 24,4° 10 

83 30 182,9° -49,0° 20,6° 14 

84 30 229,5° -48,4° 13,5° 33 

85 50 9,5° 80,3° 10,2° 57 

86 20 355,5° -84,0° 11 , 5 ° 43 

87 30 2,7° 14,0° 7,5° 107 

After bulk AF demagnetization, group Bcz1 changes to 

Group: Bez 1 AF N 6 D 1 98, 7 °; . I -56,6° 18,7 k 14 

which is not much different from group Bcz1, but the grouping has 

become weaker instead of improving. Despite this, it is clear from 

Figure 7, that the magnetization direction of site 83 has moved 

towards the group mean direction and that the directions of sites 85 

and 86 tend to group together away from Bcz1AF. The magnetization 

directions of sites 85 and 87 have remained reversed with respect to 

the magnetization directions of all the other sites. With site 86 

excluded from group Bcz1AF, group Bcz2AF forms: 

Group: Bcz2AF N 5 D 198,0° I= -49,2° a = 12,2° 
95 

k 40 
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AF demagnetization. Plotting convention as in Fig. 5. 
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Although group Bcz2AF is an improvement on both groups Bcz1 and 

Bcz1AF, it is only in the case of site 83 where the Briden SI 

(Briden, 1972) located a magnetization component which resulted in an 

improved grouping. 

To evaluate the results of the bulk AF demagnetization fully, a 

structural fold test (Graham, 1949) was done on the magnetization 

directions yielded by the AF demagnetization. The results after 

rotation of the layering to the horizontal position are listed in 

Table IV, whereas the magnetization directions are plotted in Figure 8. 

In Figure 9 the same directions are shown but with the directions of 

site 85 and 87 inverted. 

Table IV. ~agnetization directions of sites 1n the critical zone after 

alternating field demagnetization, with the igneous layering in a 

horizontal position. 

Site D* I* 

79 194,9° -38,1° 

80 189,5° -42,7° 

81 203,2° -38,6° 

83 183,4° -41,0° 

84 225,0° -39,5° 

85 120,5° 56,8° 

86 323,3° -64,7° 

87 359,0° 34 ;5 ° 

*Declination and inclination after rotation of the layering to 

horizontal. 

This gives rise to group Bcz2AFR, which is the corrected equivalent 

of group Bcz2AF, and has the following statistics: 

Group: Bcz2AFR N = 5 D 199,2° I -40,9° 11 , 8 k 42 

which are not significantly better at 95 per cent confidence limit ac= 

cording to the criteria of McElhinny (1964b). This lack of significant 

improvement, however, could be because the dip and dip directions at 
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Fig. 8 Magnetization directions of sites in the critical zone, after AF 
demagnetization, with the igneous layering in a horizontal position. 
Plotting convention as in Fig. 5. 
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the sites included in group Bcz2AFR are very similar. 

After rotation, the magnetization direction of site 87 is 

approximately antipodal to the mean direction of group Bcz2AFR. If 

one includes the inverted magnetization direction of site 87 in group 

Bcz2AF, the following two groups can be established: 

Before rotation: 

Group: Bcz3AF N 6 D 194,4° I= -43,6° k 18 

After rotation: 

Group: Bcz3AFR N 6 D= 195,6°; I -40,0° 10,9° k = 38 

The improvement after rotation is, however, still not significant at 

95 per cent confidence limit according to the criteria of McElhinny 

(1964b). Because site 87 is the only site where the dip and dip 

direction is much different from the other five sites in the group 

Bcz3AFR, one cannot conclude that the result of this fold test is 

totally insignificant. The result is inconclusive due to the lack of 

evenly distributed sampling sites in the critical zone. 

The mixed polarity of group Bcz3AFR, irrespective of whether it is 

the result of a geomagnetic field reversal of or a self-reversal of 

magnetization, can be regarded as an indication of the consistency 

of magnetization (McElhinny, 1973). This further implies that the 

mean direction of magnetization of group Bcz3AFR, represents the mean 

direction of the primary magnetization of the rock units immediately 

below the Merensky Reef. 

The magnetization directions of sites 85 and 86 after correction for 

dip are, however, incompatible with the mean direction of group 

Bcz3AFR. Furthermore, the two directions are approximately antipodal 

after rotation of the layering to the horizontal position (Figs. 8 

and 9). This suggests that the mignetization direction of either site 
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Fig. 9 The same data as Pig. 7 with the magnetization directions of 
sites 135 and 87 inverted. Plotting convention as in Fig. 5. 
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85 or site 86 (or both) is a stable primary magnetization direction of 

the rock unit below the Merensky Reef in the western lobe of the 

layered sequence to the north of the Pilanesberg Complex. Although 

this conclusion is based on data from only two sampling sites and 

should be treated with caution, the question why this magnetization 

direction is different from that of group Bcz3AFR, is still relevant. 

The difference in direction of magnetization can have the following 

possible causes: 

(i) The igneous layering of the critical zone in the southern and 

northern parts of the western lobe had different orientations 

in space when the rock units acquired their primary NRM. 

(ii) The primary NRM's were acquired at different geological times. 

(iii) The difference in magnetization directions is due to experimen= 

tal errors in the determination of the magnetization directions 

of both sites 85 and 86. 

Possibility (iii) can only be proved with more palaeomagnetic data from 

the area north of the Pilanesberg Complex, but seems unlikely in view 

of the consistency of magnetization of sites 85 and 86 after correction 

for dip of the layered sequence. The complex geological structure of 

this area with transgressions of the upper zone on to the critical zone 

is an indicator of a tectonic history which favours the first 

possibility. If remagnetization occurred during the emplacement of the 

upper zone, one can expect the magnetization directions of sites 85 and 

86 to be strung out between the mean magnetization direction of the 

critical zone and that of the upper zone. 

D. Stepwise alternating field demagnetization of pilot specimens. 

The magnetization directions of all the specimens subjected to step­

wise AF demagnetization at progressively higher AF values, changed 

after each successive demagnetization step. Although the patterns 

generally did not follow great circles (called remagnetization circles 

by some authors; Halls, 1976), it is clear that the changes 

are not random, which would indicate a totally unstable NR_~ 

(Figure 10). 
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Stepwise AF demagnetization of specimens from sites 79, 83 
?lotting convention as in Fig. 5. 
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When the changes in magnetization directions during AF demagnetization 

of different specimens from the same site are compared (Figure 11), 

one finds that the initial response to low AF values is a convergence 

of directions, but at high AF values the directions tend to diverge. 

This behaviour led to the investigation of the repeatability of a given 

AF demagnetization step for the same specimen. Specimen 83/Sd was 

demagnetized three times at each AF step value, with measurements of 

the remanent magnetization following each demagnetization run. In 

this way, three separate directional and intensity of magnetization 

response curves were obtained for this single specimen (Figs. 12 

and 13). The different sets of magnetization directions for this 

specimen behaved much the same as directions of magnetization from 

different specimens from a site and, to a somewhat lesser degree, 

similar to behaviour of specimens from different sites. In all these 

cases an initial convergence of directions was observed followed by a 

divergence of directions at high AF values. A further conclusion 

from Figure 12 is that AF demagnetization data obtained at high AF 

values (for specimen 85/Sd anything higher than 30 mT) are unreliable 

and cannot be used in any attempt to delineate a primary or secondary 

magnetization component. 

The mean normalized intensity response curve during stepwise AF 

demagnetization of specimen 83/Sd is shown in Figure 13. The error 

bars at each demagnetization step represent the standard deviation of the 

mean normalized intensity of magnetizution calculated from the three 

sets of data. From this it can be seen that the repeatability of this 

curve is not good and any attempt to draw conclusions from this curve 

regarding the magnetic characteristics of the specimens would be 

futile. Because of similar behaviour during stepwise AF demagnetiza= 

tion specimen 83/Sd can be taken as representative of all specimens 

from site 79 to site 87, and on this basis any attempt to recover 

magnetization directions with the aid of vector analyses, was 

abandoned. 

There are three possible causes for the non-repeatability of the AF 

demagnetization data at high AF values: 

i) After demagnetization with an AF value of 30 mT the intensity of 

magnetization of specimens is in the general order of 0,5 x 10-3 Am-1 
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Fig. 11 Ste~wise A~ de~agnetization of three specimens from site 83. 
?lotting convention as in Fig. 5. 
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(with the exception of specimens from site 85, which have a 

slightly higher intensity), which approaches the maximum sen= 

sitivity of the spinner magnetometer. At higher AF demagnetiza= 

tion values with a smaller intensity of magnetization could lead 

to faulty data 

ii) It is possible that the AF demagnetization apparatus imparted an 

ARM (Patton and Fitch, 1962; Doell and Cox, 1967) on the 

specimens, which can cause the apparent divergence of magnetiza= 

tion directions at high AF values. 

iii) Specimens could have acquired a viscous remanent magnetization 

(VRM) after removing them from the field free space at the AF 

demagnetization apparatus to place them in the spinner 

magnetometer. 

The last possibility was thoroughly investigated with repeated measure= 

ments on specimens after moving them from the AF demagnetization 

apparatus to the spinner magnetometer. Measurements were also repeated 

at different time intervals, the longest interval being eighteen 

months. These measurements of magnetization were always repeatable 

with no indication of the acquisition of a VRi~ by the specimens. Bear= 

ing in mind the limitations of the instruments, it is possible that 

both possibilities (i) and (ii) together contributed to the non­

repeatability of magnetization directions at high AF demagnetization values. 

The Briden SI (Briden, 1972) is based on both the change in 

magnetization direction and intensity of magnetization between 

successive AF demagnetization steps. To some extent the calculation 

of the Briden SI is in fact a form of vector analysis. Any 

inaccuracies in the AF demagnetization data will be reflected in the 

Briden SI value and will make it a less reliable parameter to 

determine the optimum AF value at which bulk AF demagnetization of 

specimens should be carried out. It is interesting to note that the AF va= 

lue indicated by the Briden SI for bulk demagnetization of specimens 

from each site, was generally around 30 mT (Table III) with the 

exception of site 85, where 50 mT was indicated. At approximately 

this AF value one finds that magnetization directions of specimens 

from a site tend to converge (Figure 10). However, from the relatively 
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unchanged mean magnetization directions of sites after bulk AF 

demagnetization, one must conclude that the application of the Briden 

SI, with the possible exception of sites 83, 85 and 87, was not 

successful due to the unreliability of the AF demagnetization data at 

high AF values. 

E. Thermal demagnetization 

Because of the low intensity of magnetization of specimens, thermal 

demagnetization of only a few selected specimens with slightly higher 

intensities of magnetization, was attempted. In Figure 14 the 

intensity responses of the demagnetization at progressively higher 

temperatures for two specimens are shown. The two curves differ 

substantially. However, this difference does not necessarily indicate widely 

different blocking temperature spectra, but rather the effect of 

using the high temperature spinner magnetometer with a weaker sen= 

sitivity than the normal spinner magnetometer. This again gave rise 

to data which may not be exactly repeatable. In broad terms one can, 

however, draw two conclusions from the shape of the intensity response 

curves: 

i) It appears as if both specimens have thermally distributed 

blocking temperatures; 

ii) The final Curie point of the specimens is in excess of 500°C. 

The change of magnetization directions of one of the specimens 83/SF 

(Figure 15) at progressively higher temperatures is a movement towards 

the mean magnetization direction of group Bcz1, but at temperatures 

above 520°C the change in direction becomes random, indicating that 

the Curie point has been reached, or simply that the remaining 

intensity of magnetization is too low to measure accurately. The 

direction of magnetization of the other specimen 86/4E changes very 

little up to 500°C; thereafter it exhibits the same tendency as 

specimen 83/SF and the magnetization directions at temperatures higher 

than 500°C cannot be considered reliable. 

One specimen was given a TRM in the Earth's magnetic field in a nitrogen 

atmosphere and was subsequently thermally demagnetized. The intensity re= 

sponse· curve (Fi'g-. 16) is in broad agreement with the curves from the thermal 
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Fig. 14 Normalized thermal demagnetization response curves for 
specimens 83/SF and 86/4E. 
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Fig. 15 The change of magnetization directions of specimens 33/SF and 
36/4E during continuous thermal demagnetization. Plotting convention 

as in Fig. 5. 
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Fig. 16 Normalized thermal demagnetization of speci□en 87/4B which 
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demagnetization of the NRM of specimens. Because the intensity of the 

artificial TRM was 300 per cent higher then the intensity of the NRM 

in the specimens, the intensity response curve is better defined, and 

a Curie point between 550° and 580°C is indicated (Fig. 16). A Curie 

point between 550°C and 578°C suggests that the source of magnetization 

is magnetite (McElhinny, 1973). The increase in intensity between 

520° and 540°C is attributed to the low intensity of magnetization, 

which at that temperature was 5 x 10-3 Am- 1 , and the apparent increase 

is regarded as a spurious effect. 

F. Mineralogy of opaque minerals 

The investigation of polished thin sections with an ore-microscope 

revealed the presence of several different sulphides and chromite in 

the specimens. 

A large percentage of the sulphide grains consists of pyrrhotite. 

Pyrrhotite has a Curie point between 300°C and 325°C (Nagata, 1953) 

and although the thermal demagnetization intensity curves 

(Figs. 14 and 16) indicate a thermally distributed spectrum of blocking 

temperatures, it is clear that the pyrrhotite cannot be the main source of 

remanent magnetization. 

Pure chromite is normally antiferromagnetic, but when small amounts of 

Ti 4+ and/or Al 3+ are substituted for chrome atoms in the crystal 

lattice, chromite becomes a ferrimagnetic mineral (Banerjee, 1972). 

Qualitative analyses with a scanning electron microscope, confirmed 

the microscopic identification of the chromite and further indicated 

the presence of Al and small amounts of Ti in the chromite. Vermaak 
t 

and Hendriks (1976) found that the chromites of the Merensky Reef 

contained as much as 2% Ti0 2~ According to Schmidtbauer (1971) the 

Curie point of chromite decreases with an increase in Ti content, 

with a maximum Curie temperature in the region of 400°C. From this 

again one can conclude that the chromite in the specimens possibly 

contributes to theremanent magnetization, but it is definitely not the 

major carrier of remanent magnetization, because it cannot explain a 

Curie temperature above 500°C. 
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A thorough search with a scanning electron microscope, revealed the 

presence of magnetite grains in the polished thin sections, but this 

could never be confirmed with an ore-microscope, due to the small 

grain size and scarcity of the magnetite grains. The presence of 

magnetite would, however, be compatible with a Curie temperature of 

between 550°C and 580°C and magnetite must be regarded as a major 

carrier of remanent magnetization in the specimens. 

G. Mixed polarity 

The fact that sites 85 and 87 have magnetic polarities which are 

inverted with respect to magnetization directions from all the other 

sites, can be attributed to one of the following causes: 

i) The geomagnetic field was reversed and during the cooling of that 

part of the critical zone from which the sites originate. 

ii) The observed mixed polarity is the result of a self-reversal of 

magnetization of the samples. 

Possibility (i) is difficult to support, because this would imply that 

the Merensky Reef at sites 85 (Union Section of Rustenburg Platinum 

Mines and 86 (Amandelbult Section of Rustenburg Platinum Mine) 

was not formed simultaneously. Furthermore it would suggest that the 

magnetization at sites 85 and 87 (Atok mine) were acquired during one 

polarity event, while the magnetization at sites 79, 80, 81, 83 

(Rustenburg area) and site 86 were acquired during a different polarity 

event. With reference to the geological and geographical distribution 

of the sites (Figs. 1, 2 and 3), this seems highly unlikely. 

The second possibility is supported by the presence of pyrrhotite in 

the specimens. Self-reversals of magnetization attributed to the 

presence of pyrrhotite with another magnetic phase in specimens, 

have been reported by a number of authors (Almond et ai~, 1956; 

Everitt, 1962; Robertson, 1963; Bhimasankaram, 1964). In these cases 

the specimens had Curie points at approximately 310°C and at a higher 

temperature, which indicated the existence of more than one magnetic 

phase in the specimens. Everitt (1962) found that he could reproduce 

the self-reversals in the laboratory by thermal demagnetization of 

specimens with pyrrhotite present. 
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Fig. 17 Normalized AF demagnetization response curve of a specimen which 
was given a TRM in the earth's magnetic field. 
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Fig. 18 Normalized thermal response curve of specimen 86/1B over a 
temperature range from -67°C to 452°C. 
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acquired by the chromite curing the thermal cycle to which it was 

subjected to in the laboratory or, alternatively, it can represent a minor 

partial self-reversal of magnetization. 

However, not in one of the experiments could a total self-reversal 

of magnetization be produced. If the specimens are, in fact, capable of 

self-reversal it must be classified at this stage as a non-reproducable 

self-reversal (Merril, 1975), thus the possibility of a self-reversal of 

magnetization cannot be totally excluded. 

In spite of the inconclusive evidence from experimental work the following 

facts do favour a self-reversal of magnetization to explain the observed 

mixed polarity: 

i) A field reversal cannot readily be explained in terms of the geology. 

ii) Pyrrhotite is a mineral which in other investigations was identified 

as the cause of self-reversal. 

iii) Chromite cannot be excluded as a possible factor relating to a self­

reversal of magnetization. 

iv) The presence of at least three magnetic phases in the specimens, 

create circumstances which are conductive for a self-reversal to take 

place. 

v) The position and polarity of the pole of the critical zone on the 

apparent APW path for Africa (as described later, Chapter IX, 

Section B). 

From this it must be concluded that there is a possibility that the observed 

reversed polarity of sites 85 and 87 is the result of a self-reversal of 

magnetization. 

H. Summary of results 

Although all specimens were characterized by a low intensity NRM, a 

stable and consistent magnetization direction has been established for 

that part of the critical zone immediately below the Merensky Reef. 

The best estimate of this mean direction is given by group Bcz3AF: 

,N = 6 D 194,4° I -43,6° 16,0° k = 18 
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with the corresponding palaeomagnetic north pole position: 

latitude 37°S longitude 135°W 
with polar error (dp, dm) : 12,5°, 19,9°respectively 

The same group with the igneous layering in a horizontal position 

(group Bcz)AFR) gives the direction: 

N 6 D 195,6° I -40,0° 10,9° k 

and the palaeomagnetic north pole position: 

latitude 39,5°S longitude 133°W 
with polar error (dp, dm) 7,8° ; 13,1°respectively 

38 

with the result of the fold test (Graham, 1949) regarded as inconclusive. 

The mixed polarity of these two groups is provisionally accepted to be 

the result of a self-reversal of magnetization, with the mean direction 

quoted for each group corresponding to the polarity exhibited by the 

majority of sites in the respective group. The mean directions both 

differ in polarity with respect to the magnetization direction given by 

Gough and Van Niekerk (1959) for the main zone of the layered sequence. 

However, if the mean direction of group Bcz3AFR is inverted, the 

direction not only lies close to the direction given by Gough and Van 

Niekerk (layering horizontal), but also there is an overlap of the circles 

of 95 per cent confidence of the groups (Fig. 20). This shows that the 

two groups are approximately antipodal. 

Two s~tes in the critical zone to the north of the Pilanesberg Complex, 

yield magnetization directions incompatible with groups Bcz3AF and 

Bcz3AFR. These two sites are the only sampling sites situated in that 

particular area, and one cannot calculate a reliable mean direction for 

that portion of the critical zone. It is, however, possible th3t tectonic 

events which took place in this area, are responsible for these observed 

magnetization directions. 
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Van niekerk (1959) for the main zone of the layered sequence. 
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VI THE PALAEOMAGNETISM OF THE MAIN ZONE IN THE EASTERN BUSHVELD 

COMPLEX 

A. Introduction 

Gough and Van Niekerk (1959) presented palaeomagnetic data from 

one sampling site in the main zone of the layered sequence in the 

eastern Transvaal. From this site, situated near Roossenekal, 

23 core samples were obtained, which yielded a mean palaeornagnetic 

magnetization direction with a declination (D) of 36,8° and an 

inclination (I) of 55,3° (Gough and Van Niekerk, 1959, p.131). 

The rock unit which was sampled 1s now formally known as the Leolo 

Mountain Gabbro-Norite(S.A.C.S., 1980) or informally, as subzone B 

of the main zone (Fig. 2). 

The sampling pattern of the present study yielded twenty sampling 

sites, covering subzones A, Band C of the main zone in the 

eastern Transvaal. Gabbro, norite and anorthosite, exhibiting 

very little, if any, alteration, are the main rock types. The 

relative freshness of the samples is due to siting all sampling 

sites in quarries or road cuttings. 

With the aid of AF and thermal demagnetization techniques, 

magnetization directions from eighteen of the twenty sampled sites 

were recovered. Data from only two sites had to be rejected 

because of inconsistency in the magnetization directions. 

B. Natural remanent magnetization 

The mean intensity of the NRM of all specimens from the main zone 

in the eastern Bushveld Complex is 3395 x 10-J Am- 1 . A histogram 

plot of the intensitiesof these specimens is presented in 

Figure 21. 
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Five sites had random NR!.'1 directions at sample level according to the 

criterion of Watson (1956) at 95 per cent confidence limit. The NR11 

data of the remaining sites are listed in Table V and the NR.M direc= 

tions of these sites are shown in Figure 22. 

Table V. Natural remanent magnetization directions of sites in the 

main zone, eastern Bushveld Complex. 

Site N Declination (D) Inclination ( I) a95 k 

3 4 34,5° 58,1° 1 , 9 ° 2330 

4 4 29,9° 59,6° 4,3° 461 

5 3 30,0° 60,0° 6,5° 351 

6 4 29,5° 59,7° 5,5° 281 

7 3 28,5° 65,2° 11 '3 ° 120 

9 4 33,2° 60,7° 8,2° 127 

12 4 30,6° 59,7° 4,0° 537 

19 4 195,0° -58,8° 21 '5 ° 34 

20 4 16,7° -41 '2 ° 8,9° 195 

21 4 353,7° -14,0° 7,0° 1 71 

22 4 220,0° -80,0° 9,7° 90 

32 4 21 , 0° 43,0° 4,4° 432 

36 4 354,0° 61 , 9 ° 4,2° 496 

37 4 8,7° 39,5° 6,9° 177 

38 4 358,7° 4.1 , 7 ° 8,6° 114 

Sites 3, 4, 5' 6' 7, 9 and 12 group well together in the first quadrant 

(Fig. 22) with the following group statistics: 

Group: Bmz1 N 7 D 31 , 0° I 60,4° 1 '8 ° k 1065 

There is however, no reason to exclude other sites with positive 

inclination of magnetization directions from this group (sites 32, 36, 

37· and 38) and with these sites included: 

Group: Bmz2 N 1 1 D 20,4° I= 56,2° k = 44 
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To evaluate the effect of the dip of the igneous layering, a fold test 

(Graham, 1949) was applied to the data in Table V. In Table VI, the 

NRN directions of all the sites listed in Table V are presented, with 

the igneous layering rotated to the horizontal. 

Table VI. Natural remanent magnetization directions of sites in the 

main zone, eastern Bushveld Complex with the igneous layering in a 

horizontal position. 

Site Dip Dip direction•'• D-1,i, 

3 30 N282° 21 '5 ° 

4 30 N280° 16,0° 

5 10° N275° 12,3° 

6 12° N274° 8, 1 ° 

7 30 N270° 11 , 0 ° 

9 12° N278° 10,9° 

12 1 2 ° · N278° 9,3° 

19 26° N285° 166,7° 

20 24° N295° 37,8° 

21 22° N301° 0,5° 

22 26° N310° 151 ,9° 

32 11 ° N245° 12,3° 

36 18° N120° 29,0° 

37 30° N175° 23,9° 

38 30° N175° 3,8° 

*Measured from north in a clockwise direction 

**Declinations and inclinations corrected for dip 

I** 

60,3° 

61 , 4 ° 

62,8° 

62,8° 

67,9° 

63,7° 

62,3° 

-44,2° 

-40,2° 

-26,4° 

-62,3° 

50,4° 

67,5° 

67,7° 

71 , 0 ° 

In Figure 23 the magnetization directions corrected for the dip of the 

igneous layering are shown and group Bmz2 now becomes group Bmz2R with 

the following statistics: 

Group: Bmz2R N 11 D 14,3° I 63,6° 3,5° k = 165 

The increase of k (the estimate of the precision K) from 44 to 165 1s 
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significant at even the 99 per cent confidence limit, using the method of 

McElhinny (1964b). This implies that at least that part of the main zone 

represented by the sites in group Bmz2 acquired its observed NRM with the 

igneous layering in a horizontal position. 

C. Bulk and stepwise alternating field demagnetization 

Bulk AF demagnetization of specimens was done at optimum AF demagneti= 

zation values indicated by the Briden SI (Briden, 1972) for each site. 

The results are listed in Table VII and the magnetization directions 

are shown in Figure 24. 

Table VII. Magnetization directions of sites in the main zone, eastern 

Bushveld Complex after bulk alternating field demagnetization. 

Site Alternating Field (mT) D I a,95 k 

3 10 36,2° 57,6° 2,2° 177 5 

4 20 29,6° 59,3° 4,4° 444 

51, 20 27,5° 58,2° 

6 10 26,4° 60,6° 6,2° 219 

71, 20 32,6° 60,8° 

9 20 35,7° 64,4° 8,7° 11 1 

11 Ai- 40 1 , 4 ° 65,0° 

11 B* 40 182,4° -58,4° 

12 60 38,4° 64,2° 4,8° 695 

14 60 35,8° 71 , 5 ° 19,4° 23 

1 9 20 198,6° -62,9° 17,0° 53 

20 40 13,8° -37,2° 7,6° 258 

21 20 348,7° -19,3° 11 , 0 ° 70 

22 20 211 ,5° -77,5° 9,9° 86 

32 10 13,8° 41 , 9 ° 8,4° 120 

33 20 202,7° -14,7° 26,0° 23 

36 0 354,0° 61 , 9 ° 4,2° 496 

37 10 6,7° 39,5° 7,8° 140 

38 20 352,5° 40,8° 10,5° 76 

*N 2 
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Three sites 11, 14 and 33, which had inconsistent N~i directions at 

sample level, grouped significantly after AF demagnetization of 

specimens. The directions from site 11 are bipolar and the site has 

correspondin~ly been split into two sub-sites, 11A and 11B. 

Thirteen sites are reversely magnetized (positive inclinations). These 

sites form group Bmz3AF: 

Group: Bmz3AF N 13 D 18,8° I 58,5° 7,0° k = 36 

The mean magnetization direction of this group does not differ much 

from that of group Bmz2. Apart from two new sites (11A and 14) 

included in Bmz3AF, it is evident that the bulk AF demagnetization 

failed to improve the grouping of the majority of the magnetization 

directions from the different sites. The stepwise demagnetization of 

specimens from this group produced very little or no change in the 

magnetization directions with the behaviour of specimen 36/4C, shown 

in Figure 25 as a typical example. 

The intensity response curve of the same specimen (Fig. 26) during 

stepwise A.F demagnetization, revealed a stable and very "hard" 

magnetization,with more than 40 per cent of the magnetization remain= 

ing after demagnetization in a field of 80 mT. This type of "hard" 

stable magnetization has been found by other authors e.g. in the 

Modipe Gabbro (Evans, McElhinny and Gifford, 1968) and in the 

Lambertville diabase (Hargraves and Young, 1969). The source of this 

stable "hard" magnetization was in both cases shown to be single 

domain magnetite grains, showing extensive shape anisotropy. 

It is interesting to note further that all the sites in group Brnz3AF, 

with the exception of site 11A, are situated in subzone B of the main 

zone, i.e. the Leola Mountain Gabbro-~orite. Site 11 is situated at the 

base of the main zone within subzone A i.e. the Winnaarshoek Norite­

Anorthosite. 

At three sites (11B, 19 and 22) where the magnetization directions are normal 

(negative inclinations) the magnetization directions converge du= 

ring step-wise AF demagnetization (Fig. 27) and a fourth site (33) 
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shows a significant sample grouping of magnetization directions 

(negative inclination) after bulk AF demagnetization. 

These four sites form group Bmz4AF: 

Group: Bmz4AF N = 4 D 197,8° I -54,3° k = 9 

With the radius of the circle of 95 per cent confidence of this group 

being 32,8° and an estimate of the precision of 9, the grouping is 

very weak, but this may be due to the effect of the dip and dip 

directions of the layered sequence at the sites. 

Two other sites, 20 and 21, also show magnetization directions with 

negative inclinations. These directions changed very little during 

stepwise AF demagnetization, and after bulk AF demagnetization 

failed to group with the sites in goup Bmz4AF. The reason for this 

is not apparent, especially because with the exception of site 11B, 

all the sites normally magnetized are situated in subzone C of the 

main zone. 

The magnetization directions obtained with bulk AF demagnetization 

and then corrected for the dip at each sampling site, are listed 

in Table VIII. 

Table VIII ~agnetization directions of sites in the main zone, eastern 

BushvelJ Complex after alternating field deP.1agnetization, with the igneous 

layering in a horizontal position. 

Site Declination(D) * Inclination(I);'-

3 23,6° 60,0° 

4 15,9° 61 ' 1 ° 

5 1 l , 0 ° 60,7° 

6 4,2° 63,0° 

7 18,6° 64,3° 

9 9,3° 67,5° 

11 A 339,2° 63,7° 
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11 B 172,6° -58,2° 

12 12,3° 67,8° 

14 0,3° 75,0° 

1 9 156,4° -54,0° 

20 32,6° -37,9° 

21 41 , 8 ° -16,5° 

22 155,0° -59,7° 

32 4,6° 48,2° 

33 191 ,2° -48,7° 

36 29,0° 67,5° 

37 19,9° 68,2° 

38 349,3° 70,0° 

*Declinations and inclinations of magnetization directions after the 

igneous layering has been rotated to horizontal. 

These directions are .plotted in Figure 28 and group Bmz3AFR with the 

following statistics forms: 

Group: Bmz3AFR N 1 3 D 10° I 64,7° 4,2° k 100 

The equivalent of group Bmz3AFR, uncorrected for dip, is group 

Bmz3AF, and from a comparison of the group statistics it is clear that 

the fold test has resulted in a much better grouping of magnetization 

directions in group Bmz3AFR. The increase in the value of k from 36 

to 100 is significant ateven the 99 per cent confidence limit according 

to the test of McElhinny (1964b). This confirms the previous results 

of fold tests carried out on NRM data. 

The circular standard deviation of group Bmz3AFR is 8,1° with upper 

and lower limits of 11 ,3° and 6,3° at the 95 per cent confidence limit 

(Cox, 1969), against an expected value of 11,7° for a palaeolatitude 

of 46,6° (Brock, 1971). According to Opdyke (1972) 27 000 years are 

needed in relative recent geological times to average out 
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palaeosecular variation. If one assumes a similar time span for the 

Precambrian, it follows that the Curie isotherm must have moved through 

that part of the main zone represented by the sites in group Bmz3AFR 

over a period of less than 27 000 years. 

After rotation, group Bmz4AF has the following statistics: 

Group: Bmz4AFR N 4 D = 169,8°; I 12,6° k 54 

The improvement ink from 9 to 54 is significant at the 95 per cent 

confidence limit (McElhinny, 1964b) and this fold test (Graham, 1949) 

confirms the results from previous fold tests on data predominantly from 

subzone B of the main zone. There can be little doubt now, that 

the main zone of the layered sequence in the eastern Bushveld Complex, 

acquired its present dip and dip direction only after cooling, to a 

temperature below its Curie point. 

D. Thermal demagnetization 

The stable behaviour exhibited by specimens belonging to group Bmz3AF 

during AF demagnetization was manifested by different specimens from the 

same group during continuous thermal demagnetization (Fig. 29). 

The intensity response curves of two specimens (Fig. 30), which can 

be regarded as typical of all these specimens display distributed 

blocking temperature spectra but show a well defined Curie point 

at 575°C. This Curie point indicates magnetite as the primary 

source of remanent magnetization in these specimens 

(McElhinny, 1973). 

The magnetization direction of two sites, (11A and 14), from group 

Bmz3AF, which became consistent with directions from other sites 

in this group only after AF demagnetization, as well as the 

magnetization directions from site 13, which up to this stage of the 
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Fig. 29 The change in ~agnetization directions of two speciMens from 
group Bmz3AF, subzone B, main zone, eastern Bushveld Complex, during 
continuous thermal demagnetization. Plotting convention as in Fig. 5. 
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investigation had been rejected due to inconsistency of sample 

directions, converged during continuous thermal demagnetization 

towards the mean direction of group Bmz3AF (Fig. 31). This is 

additional evidence that, although uncorrected for dip of the 

layered sequence, the mean magnetization direction of group Bmz3AF 

represents a primary magnetization direction. 

The intensity of magnetization of specimens from sites 11B and 33 

are too low to allow thermal demagnetization of the specimens with 

the present equipment. In Figure 32, however, the directional 

response to thermal demagnetization of specimens from sites 19, 20, 

21 and 22 are shown. The remanent remagnetization direction of 

sites 19 and 22, which grouped well with group Bmz4AF, display a 

tendency to move closer together during thermal demagnetization 

(Fig. 32). The movement is not much and does not follow circles of 

remagnetization. From this it would seem that the thermal 

demagnetization succeeds in removing numerous very small viscous 

remanent magnetizations (V&~'s) resulting in a closer grouping of 

magnetization directions at high temperatures. 

The remanent magnetization directions of two sites (20 and 21), 

which proved to be stable during AF demagnetization, but incompatible 

with either group Bmz3AF or group Bmz4AF, change rapidly at high 

temperatures (Fig. 32). Although the change of the vector 

directions does not describe circles of remagnetization, it is 

clear that the directions move towards the mean direction of 

magnetization of group Bmz4AF. This behaviour during demagnetization 

(thermal and AF) can only be explained by the presence of 

magnetization components with high coercivities and low blocking 

temperatures, which mask the primary magnetization direction at low 

temperatures and during AF demagnetization. 
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Fig. 31 The change in magnetization directions of specimens from sites 
11A, 13 and 14, during continuous thermal demagnetization. Plotting 

convention as in Fig. 5. 
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Sites 19, 20, 21, 22 and 33 are situated in subzone C of the main 

zone. The mean magnetization direction is obtained by grouping directions 

from sites 19, 22 and 33 together (obtained by AF dema7,netization) which 

represents the mean magnetization direction of subzone C, or the Mapoch 

Gabbro-Norite as it is formally known. Uncorrected for dip, this group 

of three sites yields the following rather poor, statistical data: 

Group: Bmz5AF N 3 D = 202,7° I -52,3° 54° 

However, with the layering restored to horizontal, the statistics 

improve considerably to: 

Group: Bmz5AFR N 3 D 168,9° I -55,0° 20° k 

k 6 

37 

For this last group the fold test (Graham, 1949) is significant at the 90% 

confidence limit. It is further clear that these two groups can only 

be accepted on the basis of the additional evidence supplied by the 

thermal demagnetization of specimens from sites 20 and 21. 

The thermal intensity response curves of two specimens, 20/3D and 

21/3B (Fig. 33) are fairly typical of a multicomponent remanent 

magnetization. The curve of specimen 20/3D suggests the existence of 

two Curie points, one at 525° and the other at 550°C. This feature is, 

however, absent on the curve of soecimen 21/3B, which indicates a Curie 

point at approximately 570°C. 

E. Mineralogy of opaque minerals 

Specimens from subzone B of the main zone are 

characterized by the presence of magnetite, ilmenite and various 

sulphide minerals. A preliminary investigation of polished thin 

sections with an ore microscope, however, failed to identify any 

opaque grains as magnetite. If magnetite were not present it would be 

very difficult to explain the observed Curie point of 575°C of these 

specimens. This combined with the previously described "hard" (Fig. 34) 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



c 
a., 
u 
'-
a., 
Cl. 

0 ...., 
......._ 
-:, 

68 

.,..,..,..,,,, ......... -.... 

100 --'\ 

\ 
\ 

\ 
\ 
\--21/3B 90 \ 

\ 
\ 

\ 
\ 

80 \ 
\ 

\ 
~ 

70 \ 
\ 

\ 
\ 

\ 

60 \ 
\ 

\ 

\ 
50 \ 

\ 
\ 

\ 
\ 

40 \ 
\ 

\ 
\ 
\ 

30 \ 
\ 
\ 
\ 
\ 

20 \ 
\ 
I 
I 
\ 

10 \ 
\ 
\ 

l 

0 1-

100 200 300 400 500 600 

TEMPERATURE °C 

Fig. 33~ Normalized intensity response curves of two specimens 
from sites 20 and 21 during continuous thermal de~agnetization. 
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Fig. 34 Nonnalized intensity response curve of specimen 7/3B fro□ 
subzone B, main zone eastern Bushveld Complex during AF demagnetiza= 
tion. This curve illustrates the "hardness" of magnetization which 
is typical of most of the specimens from subzone B. 
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magnetization, which in other studies was found to be due to the exis= 

tence of fine magnetite needles in either pyroxenes (Evans et al., 

1968) or in plagioclase grains (Hargraves and Young, 1969), led to a 

more detailed examination of the pyroxene and plagioclase grains under 

maximum magnification with reflected and transmitted light microscopy. 

The result of this was, that opaque, needle-like grains were indeed 

found in both the pyroxene and plagioclase crystals (Figs. 35 and 36). 

The opaque grains in the pyroxene crystals are typically needle-like 

with an average width of approximately 1 ,5 µm) and a length to width 

ratio of 3: 1, but occasionally larger lame l lae are present. ~./hat 

appear to be long thin needles in some cases, can also be thin plates 

being looked at edge-on. The opaque grains observed in the plagioclase 

crystals are very similar, apart from being a little smaller with an 

average width of approximately ~m, and more elongated with a length 

to width ratio of up to 10:1. 

The identification of these lamellae proved to be very difficult 

because of their small size, and only some of the larger opaque grains 

in the pyroxene crystals enabled their positive identification as mag= 

netite with the aid of a scanning electron microscope. The presence 

of magnetite as needles in plagioclase crystals of the gabbros from 

the main zone of the layered sequence in the eastern Bushveld Complex 

was amongst others recognized by Groeneveld (1970) and Scharlau (1972), 

although earlier workers argued that these opaque grains could possibly 

also be needles of rutile and ilmenite (Brandt, 1946; Willemse and 

Viljoen, 1970). It was further observed, that the more abundant 

these needles appeared in a thin section, the higher the intensity of 

remanent magnetization of the specimen. Dunlop (1981), pointed out 

that this type of very "hard" remanent magnetization can only be 

explained by the presence of single domain grains (grain size~ 1 µm; 

Soffel, 1971), which are characterized by a high degree of 

shape anisotropy. From this evidence it is concluded that the main 

carrier of remanent magnetization in these specimens, is the observed 

magnetite lamellae in the pyroxene and plagioclase crystals. 

The genesis of magnetite needles in pyroxene crystals from the Gren= 

ville province is described by Fleet et al., (1980), who argue that the 

needles exsolved from the parent pyroxene crystal at high temperatures. 
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Fig. 35 Magnetite lamellae in a pyroxene crystal, main zone, eastern 
Bushveld Complex. Transmitted light, magnification 870X. 

Fig. 36 Magnetite lamellae in a plagiocl ase crystal, main zone, 
eastern Bushveld Complex. Transmitted ligh~, magnification 
870X. 
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Similarly,for the opaque grains in the plagioclase crystals from the 

Bushveld Complex, Scharlau (1972) describes an exsolution process 

at high temperatures which took place shortly after crystallization of the 

plagioclase from the magma. This indicates that the remanent magnetization of 

these exsolution lamellae is a primary magnetization, associated with 

the crystallization and subsequent cooling of subzone B of the main 

zone. 

Ilmenite occurs as discrete grains up to 0,5 mm in diameter. The 

ilmenite is generally unaltered, and the presence of haematite 

exsolution lamellae in ilmenite is very rare. The total ilmenite con= 

tent is estimated to be less than one volume per cent. Electron micro= 

probe analyses of ilmenite grains indicated a composition of 

approximately 85 per cent FeTi0
3 

and 15 per cent Fe 2o
3

. In the corn= 

position range 45 to 95 per cent ilmenite the haerno-ilrnenites are 

ferromagnetic (McElhinny, 1973) but with Curie temperatures generally 

below room temperature. 

Several types of sulphides are present in the specimens, some of which 

have been identified as pyrrhotite. These grains are smaller and less 

abundant than the ilmenite grains. Pyrrhotite is a ferromagnetic 

mineral with a Curie point between 300°C and 325°C (Nagata, 1953), and 

will contribute to the remanent magnetization of specimens. 

The three sites (19, 22 and 33) in group Bmz5AFR as well as sites 20 

and 21, which are compatible with this· group on the basis of results 

from the thermal demagnetization, are characterized by a very similar 

opaque mineralogy and to a certain extent the same "hard" NRH 

(Fig. 37) as sites in group Bmz3AFR. ~agnetite exsolution lamellae 

are present in both pyroxene and plagioclase crystals~ although less 

abundant, whereas discrete grains of magnetite are very rare. 

Ilmenite, as well as pyrrhotite are present as smaller grains. In 

the case of subzone C, however, more ilmenite grains with hematite 

exsolution larnellae are present. 

Although the magnetization direction of site 11B can be grouped with 

group Brnz5AF, it has a marked different opaque mineralogy to both the 

sites in groups BrnzSAF and Bmz3AF including site 11A. The specimens 
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Fig. 37 Nonnalized intensity response curve of specimen 20/1C 
of subzone C, main zone, easrern BushvelJ Complex during AF 
demagnetization. 
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are characterized by a lack of opaque minerals and neither tiny mag= 

netite rods nor discrete magnetite grains could be found in the polished 

thin sections with an ore microscope. The absence of magnetite correlates 

well with the observed low NRM intensity. Pyrrhotite grains are present in 

small quantities; however, more striking is the presence of chromite grains. 

Chromite could actually be identified in a hand specimen. 

The chromite grains are generally very small and semi-quantitative 

analyses with an energy dispersive X-ray spectrometer attached to a 

scanning electron microsope revealed these to be very iron-rich, with 

an iron-chrome ratio larger than 1. 

Table IX. Semi-quantitative analyses of chromite grains from the main 

zone~ eastern Bushveld Complex. 

Oxides 

LFe as FeO 

Cr
2
o

4 
Ti0

4 
Al

2
o

3 
MnO 

Total ~ 

Specimen 11B/5C 

60 

33 

<0,3 

5 

99,3 

Specimen 11B/5D 

63 

28 

<2 

<0,5 

6 

99,5 

Although very little Ti and Al are present in the chromite, these elements, 

can again be relevant to the magnetization of the specimens for the same 

reasons stated previously in the section dealing with chromite in 

specimens from the critical zone. Furthermore, the high Fe content 

may have a pronounced influence on the remanent magnetization of the 

specimens, as virtually no information is available on the remanent 

magnetization of iron-rich chromites in the literature. A thorough 

magnetic investigation of chromite, which is beyond the scope of this 

study, is required to determine the magnetic behaviour of this type of 

chromite. 

Magnetite was never identified optically in the polished thin sections, 

but in search of suitable chromite grains to analyse,opaque grains 

were found which contain no Cr but a fairly high percentage of Ti, 
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which indicates that the grains are either magnetite or ilmenite. 

The presence of chromite is further a possible indicator that the 

geological location of this site (subzone A of the main zone) has been 

wrongly identified, and that the site could be situated in the critical 

zone. Both Prof G von Gruenewaldt and Dr MR Sharpe(personal 

connnunication), confirmed the site position as being near the base of 

the main zone and definitely not in the critical zone. 

F. The mixed polarity of site 11 

Specimens from site 11 (sub-sites 11A and 11B) exhibited a complex 

change in magnetization directions during stepwise AF and continuous 

thermal demagnetization. With the aid of the Briden SI (Briden, 1972) 

alternating demagnetization fields were found for the bulk AF 

demagnetization of specimens from the site. The bulk AF demagnetiza= 

tion successfully located two magnetization directions. The first 

direction in core samples 11/1 and 11/3 is in agreement with the mean 

magnetization direction of group Bmz3AF, and is now referred to as the 

A magnetization direction. The second magnetization direction, which 

can be called the B direction, was isolated in core samples 11/4 and 

11/5, and this magnetization direction is in agreement with the mean 

direction of group Bmz5AF. For grouping purposes site 11 was then 

split into two sites, 11A and 11B, representing the A (reversed) and B 

(normal) field magnetization directions respectively. 

In an attempt to decide whether the approximately antipodal A and B 

magnetization directions represent a geomagnetic field-reversal or a 

self-reversal of magnetization, extensive analyses of thermal and AF 

demagnetization data, as well as various experiments were undertaken, 

the results of which will be presented and analysed in the following 

paragraphs. 

The change in magnetization directions of specimen 11/JB during step= . 
wise AF demagnetization and the difference vector removed after each 

step, are shown in Figure 38. In the initial AF demagnetization steps, 

a magnetization component is removed with a direction approximately 

parallel to the NRM directions of the specimen (say the C direction). 

This, however, changes rapidly as the AF values increase, and at the 
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Fig. 38 AJ demagnetization response of specimen 11/3B (site 11A). 
Resultant and difference vectors are shown. Difference vectors repre= 
sent the magnetization vector destroyed between each AF step. Plotting 
convention as in Fig. 5. 
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40 mT to 60 mT step a direction broadly corresponding to the A 

direction is removed. At this stage the resultant and the difference 

vectorsconverge, indicating that only one component is removed. The AF de= 

magnetization intensity curve of this specimen is shown in Figure 39, from 

which it is clear that two more or less opposing vectors are removed 

during AF cleaning. The first vector is destroyed at low AF values, 

manifested by a sharp decrease in the intensity of magnetization, but 

from 10 mT the intensity actually increases, reaches a maximum at 

20 mT, from where, at higher AF values, the second component is 

destroyed. These data clearly indicate that two magnetization 

directions C and A reside in the specimens from site 11A, the C 

direction being the lower coercivity component. 

The directional response of specimen 11/4C (site 11B) with the dif= 

ference vector removed during stepwise AF demagnetization is shown in 

Figure 40. Again, at low AF values a magnetization direction is 

removed, which broadly corresponds to the NRl~ direction of the specimen 

and which is similar to the C direction removed in specimen 11/3B. At 

higher AF values the resultant vector changes rapidly, whereafter it fol= 

lows a circle of remagnetization converging to the B magnetization 

direction. The difference vector indicates that at intermediate AF 

values a direction corresponding to the A magnetization direction is 

removed, and only at 60 mT do the difference and resultant vectors 

converge, indicating the removal of the B magnetization direction. 

Present in this specimen there are three magnetization components, 

C, A and Bin order of their relative stability. The AF demagnetization 

intensity curve is shown in Figure 41, and this curve also indicates 

the removal of opposed magnetization directions. 

The C direction of magnetization can be regarded as either an IRH or a 

VR...~, because it is easily removed at relatively low AF values, but the 

A and B directions must, at this stage, be regarded as primary 

magnetization components of sites 11A and 11B respectively. This 

indicates then that the bipolarity of site 11 is due to primary 

magnetization directions. 
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Fig. 39 Nonnalized intensity response curve of specimen 11/3B 
(site 11A) during AF demagnetization. 
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7ig. 40 AF response of specimen 11/4C (site 11B). ~esultant and difference 
vectors shown. Plotting convention as in Fig. 5. 
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Fig. 41 Normalized intensity response curve of specimen 11/4C 
(site 11B) during AF denagnetization. 
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The directional response of specimen 11/3C to thermal demagnetization 

is shown in Figure 42. The difference vector here again indicates the 

presence of two magnetization directions C and A, similar to that 

indicated by the AF demagnetization. The C direction is a low 

temperature component, while the A direction emerges just before the 

Curie point of the specimen is reached. The same data for specimen 

11/1B (Fig. 43) again show two magnetization components, an A 

direction, and a direction corresponding to the C direction, but with 

the inclination changed from negative to positive. Either this 

illustrates the capability of specimens from sample 11/1 to undergo a 

partial self-reversal of magnetization, or it is possibly due to an 

IRM, caused by lightning which affected samples 11/1 and 11/3 

differently. 

The intensity of the NF!--1 of specimens from site 11B (samples 11 /4 and 

11/5), is too low to allow thermal demagnetization of the specimens, 

and consequently no further information on the blocking temperature 

spectra is available. 

One specimen from each sample at site 11 was heated in the presence of 

nitrogen to 650°C and allowed to cool in the earth's magnetic field. 

All the specimens, with the exception of 11/5E, acquired a magnetization 

parallel to the magnetic field in which they cooled. Specimen 11/5E 

acquired a magnetization direction of which the declination differed 

by 180° to the field in which it cooled, but the inclination was in the 

same direction as that of the magnetic field in which it cooled. 

The AF demagnetization response of the artificial TRM given to this 

specimen is shown in Figures 44 and 45. The change in vector direction 

during stepwise AF demagnetization of the specimen, shows that the TR~ 

was acquired in such a way that it represents a multicomponent 

magnetization. The intensity response curve (Fig. 45) has a shape 

broadly similar to the intensity response curves obtained by AF 

demagnetization of the NR.~ of specimens from site 11B (Fig. 41). A 

possible conclusion here is that a partial self-reversal of 

magnetization had been reproduced in the specimen. It was later found 

that this specimen contains macroscopically visible chromite grains. 
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Fig. 42 Thermal demagnetization response of specimen 11/3C (site 11A). 
Resultant and difference vectors shown. Plotting convention as in 
Firr. 5. 
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Fig. 43 Thermal demagnetization rPsponse of specir.,en 11 /1B (site 11A). 
Resultant and difference vectors shown. Plotting convention as in 
Fig. 5. 
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Fig. 44 AF demagnetization response of specimen 11/SE (site 11B), after 
the specimen had been given an artificial TR~I in the earth is magnetic 
field. Plotting convention as in Fig. 5. 
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Fig. 45 Norr1alized intensity response curve of specimen 11/SE 
(site 11B) during AF demagnetization, after the specimen had 
been given an artificial TRH in the earth's magnetic field. 
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Another specimen from site 11A with an artificial TRM, was thermally 

demagnetized. Because this specimen had acquired a magnetization 

parallel to the field in which it cooled down it was thought that the 

magnetization direction should change very little during thermal 

demagnetization. This was not the case, and during continuous thermal 

demagnetization the magnetization direction exhibited a swinging 

behaviour (Fig. 46). The reason for this observed behaviour is not 

clear, but it is possibly an indication of the ability of specimens 

from site 11, to acquire magnetization components which are not 

parallel to the field in which they acquire a TRM. 

To test the stability of magnetization of site 11 further, the 

measurement of the NRM of a number of specimens was repeated after 

12 months. All the magnetization directions remained the same, except 

for one specimen from site 11B. In this case the inclination of the 

magnetization relative to a fiducial mark on the specimen, changed 

from -45° to +45°. Although it is possible that the specimen had 

acquired a VRM in the laboratory during the twelve months, no 

indication of it could be found, because the intensity of magnetization 

remained exactly the same. 

Despite the previous slight evidence in favour of a self-reversal of 

magnetization, the fact that all the measured specimens from site 

11B also contain the A magnetization direction of site 11A, can be used 

to argue in favour of a geomagnetic f~eld-reversal. If a field reversal 

had taken place immediately after the Curie isotherm had passed through 

site 11B, it is conceivable that the samples from site 11B, at that 

stage at a relatively high temperature, could have acquired at least a 

component of magnetization parallel to the new (reversed) ambient mag= 

netic field. A similar argument to explain mixed polarities at one 

site in the Limpopo belt, is used by Morgan and Briden (1981) in support 

of a geomagnetic field-reversal. However, these authors give no 

details on the mineralogy of the specimens, which in the case of sites 

11A and 11B do differ. 

It can therefore be concluded that evidence supporting both a geo= 

magnetic field-reversal and a self-reversal of magnetization exist, 

and that neither possibility can be completely discarded. 
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Fig. 46 Thennal demagnetization of specimen 11/3A (site 11A), after the 
specimen had been given an artificial TRH in the earth 1 s magnetic field. 
Plotting convention as in Fig. 5. 
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G. The polarity difference of magnetization between subzones Band C 

The mean magnetization direction of subzone g of the main zone in the east= 

ern Bushveld Complex is reversed as given by group Bmz3AFR, and that of sub= 

zone C is normal as given by group BmzSAFR. These different polarities 

can be regarded as approximately antipodal. This immediately gives rise 

to the question whether this feature is due to a self-reversal of 

magnetization or to a geomagnetic field-reversal. 

The opaque mineralogy of specimens from the two groups is similar the 

only difference being the amounts and relative proportions of the 

minerals present in the specimens. For this reason, the opaque 

mineralogy of the specimens does not support the possibility of a 

self-reversal of magnetization. 

Heating and cooling experiments on specimens from both groups always 

resulted in the specimens acquiring an artificial TRM parallel to the 

magnetic field in which they cooled. The same results were obtained 

by imparting an IRM to the specimens and at no time was any evidence 

whatsoever found to support a self-reversal or even partial self­

reversal of magnetization. 

With lack of evidence to the contrary, it must be concluded that the 

polarity difference between subzones Band C is due to a reversal 

of the earth's magnetic field which took place approximately 2000 m.y. 

ago. 

H. Summary of results 

All the fold tests carried out on palaeomagnetic data from the main 

zone in the eastern nushveld Complex, improved group statistics. This 

implies that the main zone acquired its present dip and dip direction 

after cooling to below its Curie temperature. 

The investigation succeeded in establishing magnetization directions 

for subzones Band C of the main zone, which are as follows: 

subzone B: 

Group: Bmz3AFR N 1 3 D 10° I 64,7° 4,2° k 100 
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with pole position: latitude 

longitude 

and polar error (dp, dm) 

subzone C: 

Group: Bmz5AFR N 3 D 

with pole position: latitude 

longitude 

and polar error (dp, dm) 

89 

17,3°N 

35,7°E 

5,4° and 6,4° respectively 

168,9°; I 

28°S 

161, 7°w 

-55,0° 20° 

20,1° and 28,6° respectively 

k 

The polarity difference between groups Bmz3AFR and BmzSAFR strongly 

suggests a reversal of the earth's magnetic field. 

Subzone A at the base of the main zone, is represented by only one 

37 

site, which contains mixed polarities of magnetization. One direction 

is approximately parallel to the mean of group Bmz5AFR, and the other 

direction parallel to the mean direction of group Bmz3AFR. Experimental 

evidence exists which supports both a geomagnetic field reversal and a 

self-reversal of magnetization as cause for the observed mixed polarity. 
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VII THE PALAEOMAGNETISM OF THE MAIN ZONE IN THE WESTERN BUSHVELD COMPLEX 

A. Introduction 

The part of the main zone under discussion in this chapter, extends from north 

of Pretoria westwards, towards Rustenburg and the Pilanesberg Complex (Fig. 1). 

Although the main zone exists in the area to the north of the Pilanesberg 

Complex (Fig. 1), no suitable sampling sites could be located in that area. 

Sampling was done at thirty-four sites, the majority of which are situated 

in quarries. The resultant relatively unweathered samples enabled the 

extraction of consistent and stable magnetization directions from all 

sampling sites and it was unnecessary to reject any data. 

Gough and Van Niekerk (1959) had four sampling sites in this area,which 

yielded a mean NRM direction with D = 4,5° and I= 73,5° (calculated from 

the data presented by Gough and Van Niekerk, 1959, p131) uncorrected 

for the dip of the layered sequence. If the site directions are corrected 

for the dip, using dip and dip directions given by Gough and Van Niekerk 

(1959, p129) the mean magnetization direction of the four sites changes 

to D = 8,6°; I= 58,9°. The estimate k of the precision parameter K 

(Fisher, 1953), increases from 32 to 54, but this is not significant at 

the95 per cent confidence limit, according to the criterion of McElhinny (1964b). 

B. Natural remanent magnetization 

With the exception of specimens from sites 75 and 76, specimens from all 

the sites have a fairly high intensity of NRM. The average intensity of the 
-3 -1 · NRM is 2078 x 10 Am , (Fig. 47), which is slightly lower than the average 

intensity of the NRM of the main zone in the eastern Bushveld Complex. 

The NR.~ directions of thirty two sites, together with the site statistics, 

are listed in Table X, while the magnetization directions are shown in 

Figure 48. Magnetization directions of specimens from sites 48 and 51 were 

random at 95 per cent confidence limits, using the test by Watson (1956); 

accordingly, these two sites were rejected from the analysis of NRM data. 

Table X. Natural remanent magnetization directions of sites in the main 

zone, western Bushveld Complex. 

Site N1t Deel ination (D) Inclination (I) a95 k 

4 215,3° 64,8° 9,6° 167 

2 4 319,9° 81 '8 ° 2,6° 1259 

45 4 270,6° 87,6° 3,7° 612 
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46 4 274,2° 87,2° 5,7° 180 

47 4 143,5° 86,9° 3,0° 893 

49 4 313,6° 89,0° 9,7° 1 61 

52 4 12,9° 66,8° 10,9° 72 

53 4 326,6° 85,0° 5' 1 ° 582 

54 4 342,8° 82,3° 3,6° 663 

55 4 321 '0 ° 85,6° 3,9° 554 

56 4 43,4° 77,0° 3,0° 956 

57 4 348,5° 82,5° 4,7° 381 

58 4 0,5° 72,3° 5,5° 280 

59 4 1 '4 ° 69,6° 4,0° 526 

60 4 46,6° 66,6° 6,8° 183 

61 4 346,9° 67,7° 6,3° 216 

62 4 346,1° 67,2° 3,8° 582 

63 4 358,9° 73,8° 7,7° 142 

64 4 299,8° 82,4° 4,6° 402 

65 4 336,2° 72,0° 6,4° 204 

66 4 342,2° 68,3° 0,6° 9839 

67 4 332 ,3 ° 68,0° 6,0° 233 

68 4 326,5° 75,4° 3,4° 743 

69 4 356,7° 73,5° 3,0° 953 

70 4 325,7° 80,5° 2,7° 1201 

7 1 4 314,8° 79,0° 2,0° 2094 

72 4 336,4° 75,7° 4,8° 366 

73 4 329,5° 77,7° 4,5° 343 

74 4 345,7° 69,9° 3,3° 772 

75 4 153,4° -54,0° 5,9° 257 

76 4 182,3° -49,8° 5,7° 257 

78 4 75,4° 83,8° 13,9° 79 

*N 1S ,the number of core samples taken at each site. 

There are thirty sites with NRM directions reversed (positive inclination). 

These sites form group Bmz6: 

Group: Bmz6 N 30 D = 345,8° I 7 9, 5° ; 3,7° k 52 

Group Bmz6 exhibits a smeared distribution in a mainly north-north= 

westerly direction, but a number of magnetization directions lie along 

a north-northeast trend (Fig. 48). This may be due to the dip and dip 

direction of the igneous layering at each site, or due to a multi-
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component NRM. 

The magnetization directions of two sites have negative inclinations 

(sites 75 and 76, Table X and Fig. 48) and lie in a roughly antipodal 

position to group Bmz6. There is no obvious explanation for this, 

especially because both sampling sites are situated, like many of the 

other sites, in the Pyramid Gabbro-norite unit of the layered sequence. 

The NRM directions of the sites, with the igneous layering rotated to 

a horizontal position, as well as the dip and dip direction of the 

layering at each site, are listed in Table XI. 

Table XI. Natural remanent magnetization directions of sites in the 

main zone, western Bushveld Complex with the igneous layering in a 

horizontal position. 

Site 

2 

45 

46 

47 

49 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

Dip 

20° 

20° 

25° 

25° 

25° 

14° 

15° 

10° 

10° 

10° 

25° 

25° 

10° 
go 

50 

50 

6,5° 

10° 

15 ° 

50 

50 

Dip direction* 

N10° 

N10° 

N10° 

N10° 

N10° 

N10° 

N355° 

N350° 

N35O° 

N350° 

N355° 

N05° 

N03° 

N20° 

N20° 

N20° 

N22° 

N25° 

N20° 

N25° 

N25° 

D I 

264,0° 79,0° 

355 '5.0 64,0° 

4,3° 65,3° 

4,3° 65' 1 ° 

15 '7 ° 67,0° 

6,7° 75,0° 

6,4° 53,0° 

342,2° 75,3° 

346,8° 72,3° 

34 1 '1 ° 76,0° 

12,0° 55' 1 ° 

1 '0 ° 57,8° 

2,0° 62,3° 

6,3° 61 , 9° 

42,0° 62,0° 

352,2° 62,4° 

353,4° 61 '7 ° 

8,5° 64,5° 

354,9° 72,0° 

8,5° 64,5° 

345,8° 68,4° 
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67 70 N30° 344,5° 63,6° 

68 so N30° 347,4° 70,5° 

69 80 N30° 7, 1 ° 66,4° 

70 7,5° N35° 355,4° 75,9° 

71 10° N40° 354,4° 74,5° 

72 15 ° N40° s,2° 65,2° 

73 10° N40° 0, 1 ° 71 , 7 ° 

74 10° N40° 2,3° 62,9° 

75 20° N70° 180,0° -51, 6° 

76 20° N70° 199,0° -39,5° 

78 20° N05° 20,2° 67,2° 

"-Measured from north 1.n a clockwise direction. 

The magnetization directions listed in Table XI are shown in Figure 49. 

After correction for dip, group Bmz6 now becomes group Bmz6R with the 

following statistics: 

Group: Bmz6R N 30 D 0,5° I 67,6° 3,0° k 78 

The ratio of the estimates of the two precision parameters of groups 

Bmz6 and Bmz6R, k 1/k2, is 1 ,5 and this improvement ink after 

application of the fold test (Graham, 1949), is not significant at the 

95 per cent confidence limit according to the criterion of McElhinny 

(1964b). However, if the improvement {s tested at the 90 per cent confidence 

limit, the improvement 1.n k is significant. Because the dip values 

and dip directions used 1.n this test are only accurate to within a few 

degrees, it is reasonable to accept the result of the fold test as an 1.m= 

provement, which implies that the igneous layerino acquired its present 

orientation after the main zone in the western Bushveld had cooled to a 

temperature below its Curie point. 

C. Bulk alternating field demagnetization 

As 1.n previous cases, bulk AF demagnetization of specimens of each site 

was done at an optimum AF value indicated by the Briden SI (Briden, 1972) 

for each site. The results of the bulk AF demagnetization are presented 
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1n Table XII and the magnetization directions of the sites are shown 

in Figure 50. 

Table XII. Magnetization directions of sites in the main zone, western 

Bushveld Complex, after bulk AF demagnetization. 

Site 

2 

45 

46 

47 

48 

49 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

Demagnetization field (mT) D 

20 214,8° 

40 193,1° 

60 209,9° 

40 182,7° 

50 141,3° 

60 352,5° 

30 87,2° 

30 11 ' 1 ° 

30 27,0° 

10 303,0° 

20 320,0° 

20 185,5° 

30 61 ,0° 

20 334,0° 

40 353,6° 

20 5,0° 

60 25,2° 

70 330,2° 

30 336,0° 

50 354,6° 

20 270,0° 

30 328,6° 

30 342,2° 

30 323,2° 

30 319,5° 

30 332 '4 ° 

30 323,4° 

30 312,3° 

30 317,2° 

30 317,8° 

30 325,9° 

I 

77,8° 

86,4° 

79,6° 

83,9° 

84,1° 

71 '8 ° 

85,8° 

73,5° 

68,8° 

86,6° 

82,7° 

89,6° 

76,6° 

84,0° 

78,7° 

69,5° 

80,4° 

74,6° 

72,7° 

80,6° 

85,9° 

75,0° 

72,1° 

70,6° 

77,8° 

79,4° 

79,2° 

76,4° 

74,2° 

76,7° 

70' 1 ° 

a95 

8,0° 

4,7° 

4,2° 

4,7° 

3,9° 

1 3' 1 ° 

1 '6 ° 

20,6° 

5,6° 

4,9° 

3,9° 

3,7° 

3,6° 

2,9° 

4,7° 

3,4° 

2,6° 

6,3° 

1 '8 ° 

6,6° 

2,2° 

6,0° 

1 '3 ° 

2,4° 

2,9° 

3,0° 

2~2° 

2,4° 

3,3° 

4,9° 

5 '1 ° 

k 

236 

386 

483 

256 

555 

50 

2970 

20 

268 

358 

532 

605 

640 

973 

388 

731 

1226 

213 

2650 

197 

1778 

231 

5304 

1425 

950 

892 

1676 

1503 

775 

346 

314 
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76 

78 

30 

30 

30 

98 

153,5° 

165,8° 

243,0° 

-52,1° 

-56,3° 

84,9° 

14,0° 

4,5° 

12., 0° 

43 

414 

57 

After AF demagnetization, the magnetization directions of sites 48 and 

51 are consistent at sample and site levels. Group Bmz7AF now forms, 

which includes directions from sites 48 and 51. 

Group: Bmz7AF N 32 D 336,1° I= 82,0° 3,4° k 58 

Although two additional sites are included in this group, it is not a 

significant improvement on group Bmz6. This is further reflected by 

the tendency of some sites to show weaker in-site grouping of mag= 

netization directions after bulk AF demagnetization, which is apparent 

from smaller k values in Table XII. It is therefore uncertain at this 

stage whether the Briden SI (Briden, 1972) succeeded in locating 

primary magnetization components at the majority of sites. 

Before such a statement can be accepted, however, the effect of the dip 

of the igneous layering on the obtained magnetization directions 

has to be evaluated. The magnetization directions corrected for the 

dip at each site are listed in Table XIII and plotted in Figure 51. 

Table XIII. Magnetization direction~ of sites in the main zone, 

western Bushveld Complex, after bulk alternating field demagnetization, 

with the igneous layering in a horizontal position. 

Site 

2 

45 

46 

47 

48 

49 

51 

52 

Declination(D) 

304,0° 

9,3° 

356,8° 

12,4° 

22:, 1 ° 

357,1° 

25,5° 

9,9° 

14,6° 

Inclination(I) 

81 '7 ° 

73,6° 

74,4° 

71 '0 ° 

68,5° 

46,9° 

74,5° 

75,5° 

55,2° 
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53 338,5° 77,4° 

54 337,3° 73,3° 

55 349,2° 80,4° 

56 18,0° 57,3° 

57 358,9° 59,7° 

58 358,8° 68,8° 

59 9,0° 61 '7' 0 

60 23,5° 75,4° 

61 341 , 5 ° 71 '0 ° 

62 347,7° 67,7° 

63 354,6° 80,6° 

64 4,0° 75,9° 

65 34 1 '5 ° 71 '7 ° 

66 350,8° 68,2° 

67 338,7° 67,0° 

68 345,9° 73,4° 

69 356,5° 73,7° 

70 351 '4 ° 75,0° 

71 347,2° 72,9° 

72 356,3° 67 oo 
73 351 '2 ° 72,4° 

74 347,9° 65,5° 

75 178,5° -49,9° 

76 191,4° -49,7° 

78 359,7° 72,2° 

If all the magnetization directions with positive inclinations are 

grouped together, group Bmz7AFR is formed: 

Group: Bmz7AFR N 32 D 357,8° I 70,9° Cl = 2, 8° k 
95 

80 

which is the equivalent of group Bmz7AF corrected for the dip of 

igneous layering. Although the value of k has increased from 58 

(before correction for dip) to 80 (after correction for dip), the 

improvement is not significant at confidence limits as low as 90 per 

cent, using the criterion of McElhinny (1964b). This result then sup= 

ports the conclusion that the Briden SI (Briden, 1972) failed in the 
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majority of cases to locate a primary magnetization direction. 

The above conclusion does not hold true for sites 75 and 76, the only two 

sites where the magnetization directions are normal. Figures 48 to 51 show 

that these two directions grouped closer together after bulk AF 

demagnetization, but it is not certain whether the rotation of the 

igneous layering to the horizontal, has resulted in a significantly 

improved grouping of these two directions. 

D. Stepwise alternating field demagnetization of pilot specimens. 

During stepwise AF demagnetization of specimens at progressively higher 

AF values, magnetization directions from virtually all the sites in 

group Bmz7AF exhibited a slow change in direction. At low AF values 

the magnetization vectors remain stable with very little movement, 

but at AF values higher than approximately 40 mT the directions start 

to change, with the directional change becoming larger as the AF values 

increase. This type of response is illustrated in Figure 52 with the 

aid of specimens from sites 56 and 62. 

From Figure 52 it is further evident that the magnetization direction 

of specimen 56/1B describes a circle of remagnetization during step= 

wise AF demagnetization, which indicates that two magnetization com= 

ponents are removed. Specimen 62/3C, however, exhibits a much more 

complex response, from which it can be concluded that the NRM of this 

specimen consists of more than two components. Perhaps more important 

is the fact that the magnetization directions in Figure 52 diverge from 

each other during progressive stepwise AF demagnetization. From this, 

and from Figures 53 and 54 it must be concluded that the mag= 

netization directions in groups Bmz6 and Bmz7AFR are not primary 

magnetization directions, but rather resultant magnetization directions 

due to primary and secondary magnetization. 

On the basis of the behaviour of specimens during stepwise AF demag= 

netization, the sites from group Bmz7AF have divided into two groups. 

Group A contains sites where the NRH consists essentially of two com= 

ponents, viz. a medium to high coercivity component and a more stable 

high coercivity component. There are seventeen sites in this group. 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



103 

N 

62/3C 

RM 
I 

120mT 80mT 
T 

NR 

120mT 

IOOmT 
--56/18 

OmT 
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to stepwise AF de~agnetization. Plotting convention as in Fig. 5. 
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The second group, group B, consists of fifteen sites, exhibiting a 

response to stepwise AF demagnetization, which indicates that the NRM 

of the specimens consists of more than two components. 

The magnetization of group A can now be studied further. If the primary 

and secondary magnetization components of the sites in group A were 

acquired at different time intervals, but all the elements of the 

primary component simultaneously, and all the elements of the secondary 

component simultaneously, with the dip of the igneous layering in its 

present orientation, one would expect the circles of remagnetization of 

all the sites in group A to coincide. In Figure 53 the remagnetization 

circles of 4 sites in group A are shown. These results indicate that the 

circles intersect and are not coincidental. Similarly, if both magnetiza= 

tion components had been acquired with the igneous layering in a 

horizontal position, one would expect the circles of remagnetization, 

corrected for the dip of the layering, to be roughly coincidental. This 

is not the case (Fig. 54). 

The last possibility, that one component was acquired with the igneous 

layering in a horizontal position and the other with the layering in 

its present attitude, would require, that wherever the dip and dip 

directions at two sites are similar, the respective circles of 

remagnetization should be coincidental. In Figure 53 the remagnetiza= 

tion circles of sites 56 and 57, clearly intersect and have very dif= 

ferent orientations, despite the fact that at these two sites, the 

igneous layering has the same dip value, with the dip directions 

differing by only 10°. Conversely, the remagnetization circles for 

sites 57 and 67, have very similar orientations (Fig. 53), although the 

dip of the igneous layering at the two sites differs by 18° and the dip 

direction by 25°. These examples indicate that there is no obvious 

relation between the positions of the circles of remagnetization and 

the dip and dip directions of the igneous layering at each site. 

The magnetization component responsible for the grouping of the mag= 

netization vectors into group Bmz7AFR, dominates the magnetic 

characteristics of the specimens and this primary magnetization 

component almost certainly was acquired by all the specimens at more 

or less the same time. With this and the previous arguments on the 

effect of the dip of the igneous layering in mind, only one plausable 

explanation for the diverging circles of remagnetization can be 
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Fig. 53 The directional response of four specimens fron sites 56, 57, 
65 and 67 to stepwise AF demagnetization. Solid lines represent circles of 
remagnetization fitted to the respective data sets. Plotting convention 
as in Fig. 5. 
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Fig. 54 Circles of remagnetization fitted to the stepwise AF 
demagnetization data (corrected for the dip of the igneous layering) 
from one specimen of each site in group A. Remagnetization circles 
are shown only on the lower hemisphere of the stereographic 
projection. 
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postulated, namely that the secondary, more stable magnetization 

component was acquired at a different time at each site, resulting in 

a different direction of secondary magnetization for each site. It 

must, however, be emphasized ~hat this explanation is heavily dependent 

on the accuracy of the dip and dip direction values used to rotate 

the igneous layering to a horizontal position. 

The direction of the primary magnetization vector can possibly be 

recovered by the use of intersecting remagnetization circles, 

following the technique of Halls (1978). To do this, a number of 

assumptions are made: 

i) The primary magnetization component was acquired with the igneous 

layering in a horizontal position. 

ii) The primary magnetization component has a lower coercivity than 

the secondary magnetization components. 

iii) Sets of remagnetization circles will always define more than one 

intersection point on a sphere, but in this particular case, 

the correct intersection point yielding the direction of the 

primary magnetization component, will be the point from which 

the magnetization vectors diverge during stepwise AF demag= 

netization. 

Circles of remagnetization (great circles) were fitted with a least 

squares technique (Halls, 1976) to data corrected for dip, obtained 

from one specimen from each site in group A during stepwise AF 

demagnetization. The remagnetization circles are shown in Figure 54 

and the calculated intersection point yields the direction of the 

primary magnetization vector with D 354,7° and I= +72,0°. This 

direction does not differ much from the mean direction of group 

Bmz7AFR, but it is corrected for the effect of the secondary magne= 

tization components. 

Difference vectors, corrected for the dip of the igneous layering, 

representing the removed vector between each successive AF demag= 

netization step, are plotted in Figure 55 for four sites from group A. 

From this it appears that the assumption that there are only two magnetiza= 

tion components present in the specimens, is not correct. At very low 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



-· ·- .---
0-IOmT 

.-----
0-I0mT 

108 

N 

t0-I0mT 
I 
I 
I 
I 

56 

I 0-I0mT 
I 

67 l0-20mTI 

j -~' -- . -·· -~ 

I 
I 
I 
I 
I 
I 
I 
I 
I / 
I / 
I / 
I / 

I /\ 
/ ,,/ 70 
I / 
I / 
I / 
I / 
I / 

•10- 20mT 

I 
I 
I 
I 
I 
I 

),. 20 - 40mT 
/ 

57 

/_ -
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AF values the vectors removed are different for each site; thereafter, 

at progressively higher AF values, the difference vectors converge 

rapidly to a direction which agrees with the mean magnetization 

direction given by group Bmz7AFR. At still higher AF values, the 

difference vectors then move very rapidly away from this position, 

each in its own direction, along circles of remagnetization. This 

pattern of change in direction by the difference vectors at the inter= 

section point, is similar to examples presented by Hoffman and Day 

(1978). According to them, this pattern indicates the existence of 

three magnetization components in the specimens.with marginal 

overlapping of the respective coercivity spectra. Furthermore, at the 

position where the difference vectors converge and sharply change 

direction, only one magnetization component has been removed. These 

positions in Figure 55 were grouped together and yield the following 

group statistics: 

Group: Bmz8AFR N 4 D 357,1° I 69° 5,8° k 248 

and again this mean direction differs very little from that of group 

Bmz7AFR. 

The existence of a third magnetization component in these specimens 

does not invalidate the previous results obtained with intersecting 

circles of remagnetization. This is pecause the third component is 

very small at the low end of the coercivity spectrum, removed with 

an AF value of only 10 to 20 mT. In all possibility, as can be 

seen in Figure 55, this component can be regarded as a VR?-1 acquired 

by the specimens at various stages during their geological past. 

Difference vectors of specimens from sites belonging to group B which were 

initially recognized as having more than two magnetization components, are 

shown (uncorrected for dip) in Figure 56. The patterns these vectors display 

are more complex than the previous set and do not exhibit the tendency 

to describe parts of remagnetization circles. This indicates the truly 

multicomponent nature of the NRM and that the coercivity spectra of 

these components overlap. One aspect in common with the difference 

vectors of group A, is the convergence of the vectors at intermediate 
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AF values, although this lS not readily seen in Figure 56, because 

the difference vectors have not been corrected for the dip of the 

igneous layering at each site. This convergence point lS expected 

be similar to the mean direction of group Bmz7AF, but due to the 

complex nature of the change pattern making the determination of 

primary directions even less reliable, no attempt was made to 

calculate the mean position of these convergence points. 

to 

From these analyses it 1s clear that the NRM directions of sites are 

in effect resultant magnetization directions, but that the resultant 

directions differ very little from the primary magnetization direction, 

because all the secondary components are small compared to the primary 

magnetization component. Furthermore, all directions obtained for the 

primary magnetization component with the previous methods, fall within 

the circle of 95 per cent confidence of group Bmz7AFR; consequently, 

the mean direction of this group is acceptable as that of the primary 

magnetization vector. 

A characteristic of all the specimens from sites 1n group Bmz7AFR, is 

the "hardness" of the magnetization, manifested by the fact that after 

demagnetization in an AF of 120 mT,10 to 20 per cent of the mag= 

netization remains (Fig. 57). This is similar to the behaviour of 

specimens from certain parts of the main zone in the eastern Bushveld 

Complex (Chapter VI). 

Specimens from sites 75 and 76, which -are normally magnetized, have a 

mean NRM intensity of 4,5 x 10- 3 Am- 1
. This made the results from 

stepwise AF demagnetization less reliable, but in Figure 58 the 

directional response of two specimens from these sites, displays a 

tendency to converge during AF demagnetization. The approximate 

convergence zone in Figure 58 is roughly antipodal to the mean 

magnetization direction of group Bmz7AF. There is little doubt that 

the two magnetization directions from sites 75 and 76, obtained by 

bulk AF demagnetization, do represent a stable and consistent mag= 

netization component. 

E. Thermal demagnetization 

The directional response of the NRM vector of specimens from group 

Bmz6 to continuous thermal demagnetization (Fig. 59) is similar to the 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



--C 
CL> 
0 

L.. 
CL> 
a. 

0 
-:, 

' -:, 

112 

70 

60 

50 

40 

20 40 60 80 100 
H (mT) 

Fig. 57 ~ormalized intensity response curve to stepwise AF 
demagnetization 0£ specimen 57/4B. 

120 

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2021.



1 1 3 

N 

Fig. 58 Directional response of ~agnetization vectors from specimens 
76/3A and 75/1C to stepwise AF demagnetization. Plotting convention 
as in Fig. 5. 
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response to AF demagnetization. At low temperatures the magnetization 

directions remain virtually constant, but at higher temperatures the 

magnetization directions start to change, with the change becoming 

larger at high temperatures. The vectors do not describe remagnetiza= 

tion circles as in some instances during AF demagnetization but, as 

during AF demagnetization,the directions diverge more and more as the 

demagnetization process proceeds. From this it appears as if, again, 

there are mainly only two magnetization components. The dominant pri= 

mary magnetization is removed at slightly lower temperatures than the 

smaller secondary component, which is possibly different for each site. 

A typical normalized thermal intensity response curve of a specimen 

from group Bmz6, is shown in Figure 60. The curve shows a thermally 

distributed blocking temperature spectrum, but at temperatures higher 

than 500°C, two separate Curie points are evident. The lower of these, 

at approximately 575°C, indicates magnetite as the source of remanent 

magnetization, while the higher Curie point 1n the region of 600°C, 

possibly indicates haematite (McElhinny, 1973) as the source of the 

magnetization. Apart from the low coercivity VR.J.~'s this site was one 

regarded,on the basis of AF demagnetization,as having only a primary and a 

secondary magnetization component. Evidence from the intensity response 

curve (Fig. 60) suggests that the sources of these magnetization 

components are two separate mineralogical phases. 

The main secondary magnetization component(s) is apparently more stable 

than the primary magnetization in ter.ms of coercivity and blocking 

temperatures. If it is accepted that the secondary component at each 

site differed and was acquired at different time intervals, 

chemical remanent magnetization (CR.J.~) must be considered as a possible 

cause. This is in accordance with the view of Merril (1975), that CRM 

can often be more stable than a TRM. He further states that where the 

CRM is the more stable component, the demagnetization will change the 

directions from the primary to the secondary rather than the reverse as 

is often assumed. 

Thermal demagnetization of specimens from sites 75 and 76 

(negative inclinations), could not be carried out due to the low 

intensity of the magnetization of these specimens. 
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F. Mineralogy of opaque minerals 

All the specimens from sites with reversed magnetization directions 

(positive inclinations, group Bmz7AF) contain similar opaque 

minerals. Magnetite occurs as lamallae in both the pyroxene and plagio= 

clase crystals (Figs. 61 and 62) similar to the magnetite in specimens 

from the main zone in the eastern Bushveld Complex (see ·discussion 

Chapter VI, Section E). Magnetite lamellae seem to be less abundant 

in specimens from the western Bushveld Complex. It must be concluded 

that the lower Curie point of 575°C, observed for these specimens, 

can be attributed to these magnetite lamellae. Discrete magnetite 

grains, although they do occur in the specimens, are very rare. 

Ilmenite generally occurs as discrete grains with diameters up to 

0,1 mm. These grains commonly exhibit haematite exsolution lamellae 

(Fig. 63). No other haematite is present in the specimens and the 

second observed Curie temperature of approximately 600°C, could be the 

result of these exsolution lannnellae in the ilmenite. 

Sulphide grains occur commonly, but are less abundant than the ilmenite 

grains. Some of the sulphide grains were identified as pyrrhotite. 

The opaque mineralogy of sites 75 and 76, differs considerably from 

that described for sites in group Bmz7AFR. No magnetite grains could 

be found in either pyroxene or plagioclase crystals and it is note= 

worthy that the intensity of the NRM .of these specimens is two orders 

of magnitude less than the intensity of NRM of specimens from sites in 

group Bmz7AFR. Small discrete magnetite grains do occur in these 

specimens, but are very rare. 

A similarity of the opaque minerals in these specimens with respect 

to specimens from sites in group Bmz7AFR, is the occurrence of ilmenite 

grains with haematite exsolution lamellae. Although no Curie point 

could be obtained for these specimens due to the low intensity of 

magnetization, it can be expected that the haematite lamellae 

contribute to the remanent magnetization of specimens. Sulphide grains 

are present in these specimens, some of which have again been identified 

as pyrrhotite, but the relative abundance is much less than in specimens 

from other sites. 
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Fig. 61 Magnetite larnellae in a pyroxene crystal, main zone, western 
Bushveld Complex. Transmitted light, magnification 870X. 

Fig. 62 Magnetite lamellae in a plagioclase crystal, main zone, western 
Bushveld Complex . Transmitted light, magnification 870X. 
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Fig. 63 Ilmenite grains with haematite exsolution lamellae, main zone, 
western Bushveld Complex. Reflected light, magnification 1800X. 
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G. Haematite as carrier of the more stable secondary 

magnetization. 

If it were to be assumed that the haematite lamellae are the carriers 

of the more stable secondary remanent magnetization, it becomes very 

difficult to explain why the secondary component at each site is 

apparently different (Section D). According to Haggerty (1976) 

haematite lamellae in ilmenite reflect oxidation of the magma at high 

temperatures. McElhinny (1973) estimated the temperature of exsolution 

to be 900°C, although this also depends on the composition of the 

ilmenite solid solution. The high exsolution temperature compared to 

the temperature of acquisition of a TRM at 680° (Curie temperature of 

haematite, McElhinny, 197~ makes it very unlikely that the 

haematite could have acquired a different direction of TR~ at each site. 

This is supported by the conclusion that the Curie isotherm of magnetite 

seems to have moved very rapidly through the main zone in the eastern 

Bushveld Complex (see Chapter VI, Section B). 

There is a remote possibility that a geomagnetic field reversal could 

have occurred between the acquisition of the two TRM's. A further pos= 

sibility is that the secondary magnetization directions are the result 

of a self-reversal of magnetization resulting from a mechanism operating 

in the haemo-ilmenite grains. Neither of these possibilities can, how= 

ever, readily explain the apparent difference of the more stable secon= 

dary magnetization components between sites. 

The haematite can only be the carrier of the secondary magnetization 

component if one assumes that the dip values and dip directions used 

to rotate the layering to the horizontal, are in error. To test this 

possibility dip values and dip directions for sites 56, 57, 65, and 

74 were calculated so that the magnetization direction of these sites 

would, if subjected to a fold test, be within the circle of 95 per 

cent confidence of the mean direction of group Bmz7AFR. These 

calculated values, as well as the values measured in the field, are 

listed in Table XIV. 
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Table XIV. Measured and calculated dip and dip directions of the 

igneous layering at four sites in the main zone, western 

Bushveld Complex assuming a constant direction of secondary 

magnetization. 

Values measured in the field Values calculated 

Site Dip Dip Direction Dip Dip Direction 

56 25° N355° 15° N332° 

57 25° N 05° 1 7 ° N 03° 

65 50 N 25° 13 ° N 55° 

74 100 N 40° 10° N 70° 

Although the calculated dip values and dip directions differ from those 

measured in the field, it can be seen on Figure 1 and on regional maps 

of the Bushveld Complex (e.g. Hunter, 1975b), that the calculated 

values are still compatible with the regional dip and strike of the 

layered sequence at these sites. The calculated values were then used 

to adjust the stepwise AF demagnetization data of speciraens from these 

four sites. In Figure 64 the resultant vectors at each AF demagnetization 

step, before and after correction for dip in accordance with the calculated 

values, are shown for the four specimens listed in Table XIV. The corrected 

vectors lie roughly on a single remagnetization circle. A remagnetization 

circle was then fitted with a least squares technique (Halls, 1976) 

to the corrected magnetization vectors and the part of this circle on 

the lower hemisphere of the stereographic projection is also shown in 

Figure 64. 

The tendency for the corrected vectors in Figure 64 to lie on a single 

remagnetization circle, does not prove that the dip values and dip 

directions measured in the field are faulty, or that the haematite 

is the carrier of the more stable secondary magnetization component. 

It does not, however, exclude the possbility that the field measured 

dip values and dip directions are incorrect, which would 

further imply that haematite may be the carrier of the secondary 

magnetization component. 
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Fig. 64 The directional response of magnetization vectors to AF 
demagnetization of four specimens, before and after the igneous 
layering has been rotated to the ~orizontal. The arrows indicate 
the direction of movement of the vectors during rotation. The re= 
magnetization circle shown is the best fit to all the magnetization 
vectors with the igneous layering in a horizontal position. Only 
the part of the circle on the lower hemisp~ere is shown. All 
symbols represe~t directions with-positive inclinations. 
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It is of interest to note that, if the circle of remagnetization 

(Fig. 64) is drawn on both the lower and upper hemispheres the normal 

magnetization directions of sites 75 and 76 lie in close proximity 

to this circle of remagnetization (Fig. 65). If the haematite lamel= 

lae in the ilmenite of specimens from these two sites are the main 

carriers of a remanent magnetization (reversed with respect to group 

Bmz7AFR) acquired more or less during the same time at which all the 

other sites acquired their magnetization, then one would expect the 

two magnetization directions of sites 75 and 76 to lie, if not on, 

then very near to this circle of remagnetization. Furthermore, the 

magnetization would have had to be acquired through a self-reversal 

mechanism in the haemo-ilmenite grains, rather than prior to a 

geomagnetic field reversal, in order to explain the presence of a 

reversed (with respect to group Bmz7AFR) secondary magnetization 

component in all the other sites in the main zone. 

From the previous arguments, although based on very little evidence, 

one must concede that it is possible for the haematite exsolution 

lamellae in the ilmenite grains to be the carriers of a high stability, 

self-reversed magnetization component in all the specimens from sites 

in the main zone of the western Bushveld Complex. 

H. Summary of results 

Fold tests (Graham, 1949) applied to palaeomagnetic directions from 

the main zone in the western Bushvelcl Complex, yield results indicating 

that the main zone possibly acquired its present dip after 

cooling to temperatures below the Curie points of the respective 

ferromagnetic components. 

The NRM of the main zone comprises a number of magnetization 

components, but the primary magnetization dominates over the small 

secondary components to such an extent, that when corrections for 

these secondary components are applied the mean magnetization direction 
I 

does not change substantially. This mean magnetization (corrected for 

the dip of the igneous layering) of the main zone in the western 

Bushveld Complex is as follows: 

Group: Bmz7AFR N 32 D 357,8° I 70,9° k 80 
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Fig. 65 Magnetization directions of sites 75 and 76 after bulk AF 
demagnetization. The same circle of remagnetization as in Fig. 64 
is shmm on both hemispheres of the stereographic projection. 
?lotting convention as in Fig. 5. 
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with corresponding palaeomagnetic pole position: 

latitude 

longitude 

9,2°N 

27,3°E 

and polar error (dp,dm) and 4,9° respectively 

Magnetization directions from two sites in the lower part of the main 

zone have a different polarity and are approximately antipodal to the 

mean direction of group Bmz7AFR. Although these directions have not 

been incorporated into group Bmz7AFR, one must conclude that the mean 

magnetization of the main zone in the western Bushveld has a mixed 

polarity. 

The main secondary magnetization component from sites in group 

Bmz7AFR is more stable than the primary magnetization component and is 

either due to CRM acquired at different time intervals at each site, or 

is due to TRM acquired by haematite lamellae present in ilmenite grains. 

The microscopic evidence and thermal demangetization data favour the 

latter origin,which1 if correct, will also explain the opposing polarity 

to group Bmz7AFR, exhibited by two sites in the main zone. 
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VIII THE PALAEm-IAGNETIS~-1 QF THE UPPER ZONE 

A. Introduction 

Nine sampling sites are situated in the upper zone of the layered 

sequence. Of these, three sites are in quarries, two in road cuttings 

and the remainder are situated in streambeds. The distribution 

(Fig. 1) and the relatively few sampling sites, compared with other 

zones of the layered sequence covered in this study, reflect the 

general absence of suitable sampling sites in the upper zone. 

Consistent magnetization directions were obtained from seven sites. 

Data from one site had to be rejected due to an error in the 

orientation of the core samples in the field. 

No previous palaeomagnetic work has been done on the upper zone. The 

study of Gough and Van Niekerk (1959) was confined to the main zone 

of the layered sequence. 

B. Natural remanent magnetization 

The average intensity of the NRM of specimens from the upper zone is 

6070 x 10-3 
Arn-

1 . Although this is lower than that of specimens from 

the main zone in the eastern Bushveld Complex (Chapter VI, Section B), 

the range of intensities is remarkably broad and specimens with 

intensities as high as 41 000 x 10- 3 Am- 1 and as low as 800 x 10-3 Arn- 1 

were measured (Fig. 66). 

The ]'{R}1 d·irections of seven sites were consistent at sample level, but 

there is no consistency of directions between sites. In Table XV the 

mean NK1 directions of these sites with the relevant statistics for 

each site are listed, and these NRi.~ directions are stereographically 

presented in Figure 67. 
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Fig. 67 NRl1 directions of sites in the upper zone of the layered 
sequence. Plotting convention as in Fig. 5. 
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Table XV. 

upper zone. 

Natural rernanent magnetization directions of sites in the 

Site N* Declination (D) Inclination ( I) a.95 k 

15 4 264,5° -74,4° 35,0° 7 

1 7 4 335,5° - 3,4° 11 '9 ° 60 

18 4 44,8° -18,9° 22,9° 1 7 

34 4 289,2° -11,9° 46,0° 5 

35 4 223,2° - 4,4° 40,8° 10 

50 5 145,2° -65,4° 9,4° 67 

77 4 158,6° -47,5° 22,4° 18 

*N is the number of core samples per site 

Data from one site (site 16) were rejected, because of a random 

distribution (95 per cent confidence limit, Watson, 1956) of directions 

from specimens. The scatter of mean site NRi.~ directions (Fig. 67) is 

random and cannot be grouped together. 

C. Bulk alternating field demagnetization 

Site mean magnetization directions obtained after bulk AF demagnetization 

at an optimum AF value indicated by the Briden SI (Briden, 1972), are 

listed in Table XVI. 

Table XVI. Magnetization directions of sites in the upper zone, 

after bulk alternating field demagnetization. 

Site Alternating field (mT) D I a.95 k 

15 40 231 '1 ° -71,0° 9' 1 ° 101 

1 6 40 194,8° -52,4° 17,9° 27 

1 7 20 180,5° -75,1° 23,9° 16 

18 40 198,3° -62,9° 6' 1 ° 224 

35 20 196,5° -57,8° 6,7° 184 

so 10 141,5° -62,8° 7,7° 98 

77 50 150,4° -63,8° 35,0° 13 
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During stepwise AF demagnetization the change 1n the magnetization 

directions from one site (site 34) was random and the site was rejected 

from further analyses on the grounds of an unstable magnetization. 

Table XVI further contains one extra site (site 16), which shows a 

significant grouping of magnetization directions of specimens only 

after bulk AF demagnetization. 

The magnetization directions of sites after bulk AF demagnetization 

(Fig. 68), show a grouping of directions with the following 

parameters: 

Group: Buz1AF N 7 D 184,3° I 11 '0 ° k 31 

If a fold test (Graham, 1949) is applied to the magnetization directions 

obtained by bulk AF demagnetization (corrected data listed in Table 

XVII) the corrected equivalent of group Buz1AF is formed: 

Group: Buz1AFR N 7 D 175, 1 ° I= -60,9° 10 '6° k 33 

Tab le XVII. Magnetization directions of sites in the upper zone, after 

bulk alternating field demagnetization, with the igneous layering in a 

horizontal position. 

Site Dip Dip direction* Declination Inclination 

15 18° N277° 168,8° -75,8° 

16 18° N293° 174,5° -46,6° 

1 7 10° N321° 165,2° -66,5° 

18 10° N270° 178,2° -64,4° 

35 15 ° N220° 179,9° -70,7° 

50 15° N 06° 155,6° -50,8° 

77 35 ° N 57° 197,6° -46,0° 

*Measured from north in a clockwise direction 
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Fig. 68 Magnetization directions of sites in the upper zone after 
bulk AF demagnetization. Plotting convention as in Fig. 5. 
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The corrected magnetization directions in Table XVII, are shown in 

Figure 69. The improvement ink from 31 to 33 after rotation is not 

significant and this result is at variance with the 

results obtained from the main and critical zones. Dip 

directions of the igneous layering at sites used in this test vary 

considerably and should have led to a significant improvement ink, 

even though the dip values and dip directions may not be very 

accurate. Unless the Briden SI (Briden, 1972), has failed completely 

to locate a primary magnetization component at each site, one has to 

conclude that the magnetization of the upper zone has been acquired 

with the igneous layering of the upper zone in its present position. 

The circular standard deviation (6) of group Buz1AF is 14,5° with 

upper and lower limits of 23,9° and 10,9° at the 95 per cent confidence 

limit according to the method of Cox (1969a). The expected value of 6 

for a palaeolatitude of 49° is 11,5° (Brock, 1971). This indicates 

that the observed scatter of directions in group Buz1AF, can possibly 

be due to palaeosecular variation, but it is noteworthy that the value 

of L for group Buz1AF is appreciably higher than the expected value, 

which could suggest that there may be other factors influencing the 

observed scatter of directions. The circular standard deviation of 

group Buz1AFR, is not much different (6 = 14,1°) and the above also 

holds true for the scatter of this group. 

D. Stepwise alternating field demagnetization of pilot specimens 

The directional response of specimens from typical sites to stepwise 

AF demagnetization, is shown in Figure 70. During stepwise AF 

demagnetization the magnetization vectors converge rapidly to the mean 

direction of group Buz1AF. At intermediate AF step values the vec= 

tors then move around in the convergence area inJicating a stable mid­

point, before moving away at high AF values. It is clear from this 

that the Briden SI (Briden, 1972) succeeded in locating this stable 

mid-point resulting in the formation of group Buz1AF after bulk 

demagnetization of specimens. 

The intensity response curves to stepwise AF demagnetization of 

specimens from the upper zone all have a very characteristic shape, 
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Fig. 69 Magnetization directions of sites in the upper zone after bulk 
AF demagnetization with the igneous layering in a horizontal position. 

Plotting convention as in Fig. 5. 
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Fig. 70 Directional response of ~agnetization directions fro~ sites 
16, 17, 13 and 35 in the upper zone to stepwise AF de~agnetization. 
?lotting convention as in Fig. 5. 
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exhibited by no other specimens from the rest of the layered sequence. 

Such a typical curve, from specimen 17/2D, is shown in Figure 71. 

The curves all indicate that 80 to 90 per cent of the intensity of the 

NR.M is destroyed in the first 10 mT step during stepwise AF 

demagnetization. At progressively higher AF values the intensity 

decreases very slowly and often shows a marginal increase at certain 

AF steps. This pattern indicates a very "soft", and as seen in Figure 

70, unstable magnetization, which dominates the NRM characteristics 

of these specimens. 

According to Dunlop (1981), the shape exhibited by the normalized 

intensity response curves, indicates that multidomain (MD) particles 

are the carriers of the remanent magnetization of the specimens. There 

is a long-argued about hypothesis that unstable components of NRH are 

preferentially carried by ~D grains (Dunlop et al., 1973). If the 

carriers of magnetization in specimens from the upper zone are in fact 

MD grains, it is important to establish whether the mean magnetization 

direction of group Buz1AF contains a magnetization component carried 

by these grains. To establish this, the Lowrie-Fuller test (Lowrie 

and Fuller, 1971), as modified by Dunlop et al. (1973), was used. 

E. Results of Lowrie-Fuller tests 

Three specimens of one core sample from site 16 were prepared in the 

following manner: Specimen 16/3A was demagnetized stepwise in an AF 

ending at a peak AF-value of 100 mT. · This specimen was then given 

an ARM in an AF of 100 mT with a D.C. magnetic field of 0,04 mT super= 

imposed on it. Specimen 16/3C was demagnetized in an AF of 100 mT and 

then given a saturation IR.~ (Dunlop et al., 1973), by placing it in a 

D.C. magnetic field of 500 mT. The last specimen (16/3B) was heated to 

700°C and then left to cool in a magnetic field of 25 000 nT, to 

acquire a TR.L'1. These specimens with the ARM, IRM and TRM respectively, 

were then subjected to stepwise AF demagnetization. The normalized 

intensity response curves to stepwise AF demagnetization of the above 

specimens are presented in Figure 72. It can be seen that for low AF 

values the weak field TRM is more stable than the IRM, which is in turn 

more stable than the NRM. According to Lowrie and Fuller (1971, p. 6346) 

the stability of TRM increases with decreasing field strength for single 

domain (SD) carriers, and the saturation IRM is less stable than the 
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Fig. 71 Typical normalized intensity response curve to AF 
dema~netization by a specimen from site 17 in the upper zone. 
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Fig. 72 Normalized intensity response curves of specimens with 
a NRM ( - ) , a TRM (-•-·), a saturation IRM ( - - ) , and an 
ARM(----) to AF de□agnetization. All specimens from one core 
from site 16. 
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weak field TRM. For MD carriers, the stability of T&~ decreases with 

decreasing field·strength and the IRM is more stable than the weak 

field TRM. 

In Figure 72 the weak field TRM is more stable than the saturation 

IRM which suggests that the carriers of the magnetization are SD 

grains. However, the original NRM is less stable than the saturation IRM 

which, in turn, indicates that MD grains are the carriers 

(Lowrie and Fuller, 1971, p. 6347). This apparent paradox could, 

however, be due to chemical changes which occurred during the heating 

of the one specimen, or to the fact that the newly acquired NR.~ of these 

specimens is not solely due to a TRM. 

To circumvent this problem the Lowrie-Fuller criteria were then 

applied according to the method of Dunlop et al. ( 1973) to the 

saturation IRM and ARM, rather than to TRM. At low AF values 

(Fig. 72) the saturation IRM is more stable than the AR.~. This 

indicates that MD carriers dominate over that coercivity range. At 

higher AF values this situation reverses, with the AR.~ becoming more 

stable than the saturation IR.~ suggesting that over the higher part of 

the coercivity spectrum SD carriers of magnetization dominate. 

This test was repeated on specimens from site 15 (Fig. 73). Here the 

A&~ is more stable over the whole coercivity spectrum than the 

saturation IRM, indicating that SD carriers dominate. At AF values 

less than 20 mT (Fig. 73), the ARM and saturation IRM response curves 

differ very little and it is possible that MD carriers play a role in 

the lower part of the coercivity spectra of these specimens. 

This type of behaviour, where MD characteristics are exhibited at low 

AF values and SD characteristics at high AF values is not unknown. 

Dunlop et al. (1973) found the behaviour in the Glamorgan Gabbro. The 

results also indicate that the carriers of the magnetization component 

located by the Briden SI (Briden, 1972), as manifested by group 

Buz1AF, are SD domain grains, in view of the optimum AF values 

(Table XVI) used to demagnetize specimens from each site. 

The reliability of these results could be questioned on the basis of 

the observation, that during stepwise AF demagnetization of specimens, 
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Fig. 73 Normalized intensity response curves of specimens with 
an AR1'1 ( - ) and a saturation IR.i:1 (----) to AF 

demagnetization. All specimens from site 15. 
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the intensities measured at each step were only accurately repeatable 

at low AF values. At high AF value~ intensities tended to fluctuate 

when repetitive AF demagnetization at a given AF value was done. This 

fluctuation could also be manifested by the apparent marginal increase of 

intensities of ma~netization observed at certain AF steps during stepwiseAF 

demagnetization of specimens (Fig. 71), and the tendency of magnetiza= 

tion directions to diverge at high AF values (Fig. 70). No data are 

available on the repeatability of intensities measured during stepwise 

AF demagnetization of the ARM and IR.M of the two specimens 16/3A and 

16/3C. These intensities were generally higher at each demagnetization 

step than those of the NRM, and consequently one can expect the Nfu~ 

demagnetization response curve to be affected most by the poor 

repeatability of the intensity measurements. In Figure 74 the average 

normalized AF demagnetization response curve of the NRM of a specimen 

from site 16 is shown, with error bars at each AF demagnetization step, 

indicating the normalized standard deviation from the mean intensity 

value obtained after repeating the AF demagnetization at that step three 

times. From this it can be seen that, although the results of the 

Lowrie-Fuller tests may be influenced by the poor repeatability of the 

AF demagnetization steps, the form of the curves will not change sub= 

stantially, even at high AF values. 

The incongruous repeatability of the AF demagnetization steps can pos= 

sibly be explained by the acquisition of a weak ARM by the ~ID carriers 

of magnetization of the specimen whil~ subjected to AF demagnetization, 

or by the acquisition of a VRM during transfer of specimens from the 

AF demagnetization apparatus to the field free space of the spinner 

magnetometer. Any of these possibilities will cause the primary 

magnetization directions located by the Briden SI (Briden, 1972), 

although carried primarily by SD carriers, to be contaminated to a 

small extent. This will explain the relatively large circular standard 

deviation of the magnetization directions in group Buz1AF, as well as 

the negative results from the fold test applied to this group in 

Section C. 
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F. Thermal demagnetization 

The directional response to continuous thermal demagnetization of one 

specimen from each site in the upper zone is shown in Figure 75. With 

increasing temperature all the magnetization vectors converge. For 

five specimens the convergence paths of the vectors describe parts of 

circles of remagnetization, while in two instances the converging 

paths are made up of two segments of remagnetization circles 

(Fig. 75). The magnetization vector of only one specimen, from site 

50, remained fairly stable during thermal demagnetization, with very 

little movement initially and then reaching a stable end point. 

Magnetization directions of specimens from site 34, which had previous= 

ly been found to become unstable during AF demagnetization, repeated 

this behaviour during continuous thermal demagnetization and all data 

from this site were rejected. 

The magnetization vectors shown in Figure 75 are all resultant vectors 

of two or more magnetization vectors. At very high temperatures, 

before reaching the Curie point of the specimens, the convergence is a 

maximum, indicating that most, if not all the secondary magnetization 

components have been removed by the thermal demagnetization. If these 

end point vectors (magnetization directions measured just before reach= 

ing the Curie point, or in some cases, the last magnetization which 

could be measured accurately at high temperatures) of the specimens 

were grouped together, the mean group direction should yield a value the 

same as or close to the direction of the primary magnetization of the 

specimens. However, it is clear from Figure 75, that the magnetization 

direction from site 17 has not fully converged at 500°C, where the last 

accurate measurement of the magnetization vector was made and conse= 

quently, this site will have to be rejected from a group comprising of 

these end point vectors. The end point vectors are shown in Figure 76 

and constitute the following group: 

Group: Buz2T N 6 D 182,6°; I -62,9° 13,7 k 25 
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Fig. 75 Directional response of magnetization vectors of speci~ens 
from sites in the upper zone to continuous thermal denagnetization. 
Plotting convention as in Fig. 5. 
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Group Buz2T does not differ much from group Buz1AF, which was obtained 

after bulk AF demagnetization; 1n fact, the respective circles of 95 

per cent confidence overlap. This suggests that both the AF 

demagnetization and the thermal demagnetization succeeded 1n 

approximately locating the primary magnetization of the upper zone. 

Because the continuous thermal demagnetization of a specimen 1s com= 

pleted without removing the specimen from the field free space of the 

spinner magnetometer, one would expect adverse effects such as the 

acquisition of an ARM or a VRM by the specimens during demagnetization, 

to be absent. The magnetization directions of group Buz2T should thus 

be more suitable for a fold test than those directions obtained from AF 

demagnetization of specimens. In Table XVIII the end point vectors of 

Figure 76 are listed after correction for the dip of the igneous 

layering at each site. 

Table XVIII. End point magnetization vectors obtained with thermal 

demagnetization of specimens from the up~er zone, with the igneous 

layering 1n a horizontal position. 

Site Declination(D) Inclination(I) 

15 158' 1 ° -71 ,9° 

1 6 134,7° -63,7° 

18 202,9° -61 ,0° 

35 155,2° -63,7° 

so 166,6° -39,8° 

77 194,8° -30,3° 

These vectors are shown in Figure 77 and the corrected equivalent of 

group Buz2T yields the following values: 

Group: Buz2TR N 6 D 172,6° I -57,3° 18° k 15 

The value of the estimate k of the orecision parameter, has decreased 

from 25 to 15. This indicates a weaker grouping of directions with 

the igneous layering in a horizontal position, which suggests that the 

primary magnetization of the upper zone was acquired with the igneous 
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Fig. 77 End point vectors (see text anrl Fig. 75) corrected for the dip 
of the igneous layering at each site. Plotting convention as in Fig. 5. 
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layering in its present attitude. However, the decrease of k is not 

significant at the 95 per cent confidence limit and the magnetization 

directions used in the fold test represent one specimen from each 

site only. Consequently the above result should be treated with 

caution. 

In an attempt to improve the accuracy of the mean magnetization 

direction given by group Buz2T, circles of remagnetization were fitted 

to the data of Figure 76 with a least squares technique (Halls, 1976). 

Where the magnetization vectors from one specimen describe parts of 

more than one remagnetization circle, only the last converging path 

was used to fit a circle of remagnetization. These remagnetization 

circles are shown in Figure 78 with the theoretically calculated 

intersection point (method of Halls, 1978). This intersection point 

yields the following direction for the primary magnetization direction: 

D = 191 ,2° I= -85,4°. This direction is different from the mean 

directions of groups Buz1AF and Buz2T, and in view of the rather poorly 

defined intersection point (Fig. 78), can be considered to be the 

least accurate. 

The intensity responses to thermal demagnetization of all the specimens 

in the upper zone are similar. Two such typical normalized intensity 

response curves are shown in Figure 79. The shape of these curves 

suggests a thermally well distributed blocking temperature spectrum, 

but the average Curie temperature ob~ained from all the pilot 

specimens is 547°C, with a standard deviation from the mean value of 

7°C. A Curie temperature of 547°C indicates a titanomagnetite with 

0,056 mole fraction Fe
2

Tio
4 

(ulvospinel), (McElhinny, 1973) in solid 

solution, as the source of the remanent magnetization. 

G. Mineralogy of opaque minerals 

Magnetite generally occurs in all the specimens as rather large 

grains of up to 1 mm in diameter, although a whole range of magnetite 

particles down to approximately 10 µm, are also present. The Curie 

temperature of the specimens indicates that this is a titanomagnetite 

with a cell dimension (Am)of 0,84 nM. This value is identical to the 

average cell dimensions of titanomagnetite in the upper zone of the 
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Fig. 78 Remagnetization circles on the upper hemisphere obtained by 
fitting circles to thermal demagnetization data presented in Jig. 75. 
Calculated intersection point of renagnetization circles shown by n+". 
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layered sequence given by Molyneux (1972). Opaque exsolution lamel= 

lae in pyroxene and plagioclase crystals are rare, but some were found 

in specimens from sites 16 and 17, which could possibly be magnetite 

(see discussion Chapter VI, Section E). 

The titanomagnetite consists of magnetite with a cloth-like texture 

formed by exsolved ulvospinel. Along the periphery of the titano= 

magnetite grains, but in some cases also throughout the crystal, the 

ulvospinel tends to be oxidized to ilmenite, although well developed 

coarse lamellae of ilmenite do occur occasionally. Haggerty (1976), 

classified the degree of magmatic oxidation into seven stages, from C1 the 

lowest, to C7, the highest, which is characterized by the pseudobrookite­

haematite assemblage. According to this classification the titano= 

magnetite of specimens from sites in the upper zone fall into the C2 and C3 

oxidation stages, which are characterized by magnetite-ulvospinel and 

a small number of ilmenite exsolution lamellae. 

Evidence for low temperature oxidation of the titanomagnetites was 

found in places by the presence of maghemite at the margins of 

titanomagnetite grains. However, subsequent XRD investigation of 

separated titanomagnetite grains failed to confirm the presence of 

maghemite, which could be due to the relative scarceness of the mineral 

in the specimens. The XRD-data confirmed the cell dimension of 0,84 nM 

obtained from the average Curie temperature, for the magnetite. 

The large size of the titanomagnetite grains is consistent with the MD 

characteristics of the AF demagnetization data at low AF values. 

Titanomagnetite grains of only 10 µm will, however, still be MD grains 

(Soffel, 1971) and although smaller titanomagnetite grains could 

be present in the specimens, it becomes very difficult to support the 

evidence for SD carriers on the basis of the observed opaque minerals 

apart from the two sites where opaque lamellae, conceivably magnetite, 

have been observed in pyroxene and plagioclase crystals. 

Apart from occurring as exsolution lamellae in the titanomagnetite 

grains, ilmenite also exists as large discrete grains in the specimens. 
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The average cell parameters (Arh) of the coarse ilmenite grains in the 

upper zone of the layered sequence is 0,553nM(Molyneux, 1972, p. 865) , 

which indicates a mole fraction of 80 per cent FeTio
3 

(~1cElhinny, 1973). 

From chemical analyses by Molyneux (1972, p. 870) the ilmenite contains, 

on average, less than four molecular per cent Fe
2

o
3

, about 80 per cent 

FeTi03 and about 16 per cent HgTio
3

. No haematite exsolution lamellae 

were observed in the ilmenite and with the previously quoted cell para= 

meter which should result in a Curie temperature of approximately 0°C 

for the ilmenite, the ilmenite in the specimens in all probability does 

not contribute significantly to the remanent magnetization 

H. Geomagnetic field reversal or self-reversal? 

The mean magnetization direction of the upper zone (group Buz1AF) is 

normal. It is, however, reversed with respect to the magnetization 

direction of the main zone in the western Bushveld (group Bmz7AF) and 

the magnetization direction of subzone B of the main zone in the eastern 

Bushveld (group Bmz3AF) (Fig. 80). This difference in magnetic polarities 

can either represent a geomagnetic field reversal or a self-reversal of 

magnetization. Although occurrences of magnetic self-reversals can be 

considered rare (~erril, 1975; Tarling, 1971), with evidence over= 

whelmingly in favour of geomagnetic field reversals (Cox, 1969b), it is 

always pertinent to consider the possibility of self-reversal. 

In an attempt to reproduce a self-reversal of magnetization in specimens 

from the upper zone, six randomly selected specimens were heated to 650°C in 

presence of nitrogen gas and then left to cool in the Earth's magnetic 

field. The TRM's acquired by the specimens were in all instances 

parallel to the magnetic field in which the specimens cooled down. 

Further AF and thermal demagnetization of the specimens yielded no corrobo= 

rative information for a possible self-reversal, or even partial self­

reversal of magnetization. The evidence although overwhelmingly against 

self-reversal cannot, however, be considered as absolute proof that a self­

reversal did not take·place, because the chances of reproducing a self­

reversal of magnetization of specimens will depend on the degree to which 

experiments conducted in the laboratory conform to conditions in nature. 

Specimens from the upper zone and subzone C of the main zone, immediately 

below the upper zone in the eastern Bushveld have the same magnetic 
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polarity (Chapter VI, Section I). If the magnetization direction of 

the upper zone is the result of a self-reversal, one must assume the 

same for subzone C of the main zone. The opaque mineralogy of the two 

zones are dissimilar and consequently any self-reversals of magnetization 

would have to have been the result of different mechanisms in each zone. 

Although this is not impossible, such a situation is unlikely in view of 

the general scarceness of self-reversals of magnetization. 

According to Morgan and Briden (1981, p. 164), a geomagnetic field 

reversal occurred at about 1950 m.y. ago. The effect of such a reversal 

of the geomagnetic field with an approximate age not much different from 

that of the layered sequence, may be manifested in the palaeomagnetic 

polarity of the layered sequence and can very well be the cause of the 

change in magnetic polarity towards the top of the layered sequence. 

I . S umrna r y o f res u 1 t s 

No evidence could be found that the upper zone of the layered sequence 

had acquired its remanent magnetization with the igneous layering in a 

horizontal position. This is in contrast to the main and critical zones, 

which, from data presented in previous chapters, apparently had acquired 

their magnetization with the igneous layering in a horizontal position. 

Application of AF demagnetization techniques yielded a mean primary 

magnetization direction for the upper zone. This direction was confirmed 

with results from thermal demagnetization of specimens and has the 

following parameters: 

Group: Buz1AF N 7 D 184,3° I -66,0° 

with corresponding (north) pole position: 

latitude 

longitude 

and polar error ( dp, drn) 

16, 1°S 

148,5°W 

14,7° and 18,0° respectively 

1 1 ° k 31 

The magnetic polarity of the upper zone is different from that of the 

main zone in the western Bushveld Complex and of subzone B of the main 

zone in the eastern Bushveld Complex. No evidence could be found that this 

difference is the'result of a self-reversal of magnetization. 
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IX DISCUSSION OF PALAEOMAGNETIC RESULTS 

A. Palaeomagnetic subdivision of the layered sequence 

The palaeomagnetic polarity pattern is a striking feature of the 

palaeomagnetism of the mafic layered sequence of the Bushveld Complex. 

Although a resemblance exists there is no close relation between 

either the zonal or lithostratigraphic subdivision and the observed 

polarity pattern which is basically a chronostratigraphic subdivision. 

This apparent unconformal relationship may be pertinent to the 

evolution of the layered sequence, but it also lends itself to a clear 

palaeomagnetic subdivision of the sequence. 

Whether any change in polarity is due to a reversal of the geomagnetic 

field, or due to a self-reversal of remanent magnetization, is not 

important in the context of a proposed subdivision. This is because 

any subdivision of a rock sequence based on a magnetic polarity pattern 

need not be concerned with the genesis of the existing and observed 

palaeomagnetic pattern per se. 

The magnetic polarity pattern of the layered sequence in the western 

and eastern Bushveld in terms of either a nonnal magnetization 

direction (defined here as a magnetization direction in the same 

sense as the present-day magnetic field in southern Africa) or a 

reversed magnetization direction is shown in Figure 81. In Figures 82 

and 83 the pattern is superimposed on the simplified lithostratigraphic 

columns representing the layered sequence in the western and eastern 

Bushveld Complex respectively. The positions of the boundaries between 

polarity zones shown in Figures 82 and 83, can only be regarded as 

approximate at this stage. Many more sampling sites will be necessary 

to locate the exact positions. This is especially true for the lower 

part of the critical zone, the lower zone, the marginal zone and to a 

lesser extent the top of the upper zone. 

The layered sequence can be subdivided into three magnetic polarity 

zones, namely A, Band C, (MPzA, MPzB and MPzC), as shown in Figures 

82 and 83. 
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Fig. 81 The zonal subdivision of the nafic layered sequence show= 
irtg the magnetic polarity pattern observed in the western and 
eastern Bushveld Complex CJ=normal ~agnetization defined here as 
a magnetization with t~e same sense of inclination as the present-day 
magnetic field in southern Africa, R=reversed magnetization). 
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B. Palaeomagnetic pole positions of the layered sequence 

The apparent polar wander (APW) path for African cratons for the inter= 

val ca.2300 m.y. - 1900 m.y. as interpreted by McElhinny and McWilliams 

(1977), is shown in Figure 84. the palaeomagnetic pole position of the 

layered sequence on this APW path, based on the data of Gough and Van 

Niekerk (1959) corresponds with an age of ca. 1950 m.y. In view of the 

rapid apparent polar wander for the interval 2100 m.y. - 1900 m.y., it 

is clear that the average age of 2095 ~ 24 m.y. for the layered 

sequence determined by Hamilton (1977), is irreconcilable with the 

palaeomagnetic data. 

In Figure 85 a smaller segment of the APW path for the interval ca. 

2070 - 1700 m.y. is shown, compiled from paleomagnetic directions 

originating from the southern part of Africa. Here again, an age of 

1950 m.y., fits well with the position of the Gough - Van Niekerk 

Bushveld pole, but not an age of 2095 m.y. The position of the Phala= 

borwa 1 pole (Morgan and Briden, 1981) poses a similar problem. With 

an age of 2067 m.y. (Holmes and Cahen, 1957), one would expect from 

Figure 84 to find the Phalaborwa pole position much more to the south 

on the APW path for Africa. Despite these discrepancies, the APW path 

for the interval 2070 m.y. - 1700 m.y. is well defined by several 

palaeomagnetic pole positions, but one must conclude that the absolute 

ages of pole positions on the APW path are questionable. 

The APW path in Figure 85 further displays a magnetic polarity change, 

with poles to the east of the 20 degree meridian predominantly correspond= 

ing to N-seeking magnetization directions and those poles to the west 

of the 20 degree meridian corresponding generally to S-seeking magnetiza= 

tion. This polarity transition on this part of the APW path for Africa 

was first pointed out by Morgan and Briden (1981). 

The positions of the two poles for the main zone in the eastern and the 

western Bushveld (Fig. 86), do not differ substantially from the pole 

position previously determined by Gough and Van Niekerk (1959) for the main 

zone thus the data from this study generally confirm the work of Gough and 

Van Niekerk. One important new aspect, however, is the polarity of pole 
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Fig. 8 4 Apparent polar wan der path for African cratons, 230 0-1 900 n.y. 
Only pole positions originating from southern Africa are s hown: 
UV=Upper Ventersdorp (2380 m.y.), ~L =Abel Erasnus Basalt (2250 n.y.), 
BC=Bushveld Comple x (1 SSO m.y.), (Gou gh and Van Niek erk, 195 9), 
LI=Losberg Intrusion (1 95J m.y.), VG=Vredefort granophyre (1970 n.y.). 
All the poles used to de f ine the AFW path, including those s h.mm here 
and ages are listed in Piper (1976, p.435). Redrawn from McZlhinny 
and l1c~-Jilliams (1977). 
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BrnzSAFR, which has a different polarity and lies slightly to the north 

west of poles Brnz3AFR and Brnz7AFR (Fig. 86). Pole Brnz5AFR (normal) 

represents subzone C of the main zone in the eastern Bushveld and its 

position on the APW path as well as its polarity suggests that this 

part of the main zone is younger than the rest of the main zone. In 

view of the polarity transition observed on this part of the APW path 

by Morgan and Briden (1981), the change of polarity of Bmz5AFR with 

respect to poles Bmz3AFR and Bmz7AFR, is probably due to a geomagnetic 

field reversal. The position of pole Buz1AF, (upper zone, Fig. 86), 

does not confirm its younger age, but with rather large ovals of 

95 per cent confidence around the mean pole positions of poles Buz1AF 

and Bmz5AFR, the change in polarity still corresponds to the observed 

overall polarity change observed on the APW path. 

Pole Bcz3AFR (critical zone), which represents a majority of south seek= 

ing magnetization directions, is positioned on a part of the APW path 

dominated by north seeking magnetization directions. This supports the 

previous conclusion (Chapter V, Sections G and H) that the observed 

mean magnetization direction of the critical zone is possibly due to a 

self-reversal of magnetization. From the APW path it is also evident 

t ·'.at the formation of the critical zone preceded that of the main and 

Uf per zones of the layered sequence (Fig. 86). 

Tc present an overall view of the palaeomagnetic poles of the layered 

sequence, magnetization directions of the various zones must be combined 

in terms of the magnetic polarity division of the layered sequence 

(Figs. 82 and 83). The following groups and corresponding pole positions 

are then obtained. 

Magnetic polarity zone A: 

Group: MPzA N = 9 D 191,5° I 

with (north) pole position latitude 

longitude 

polar error (dp, dm) 

-44,5° 

37,1°S 

138,5°W 

k 

6,9°, 10,9° respectively 

35 
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Magnetic polarity zone B: 

Group: MPzB N 45 D = 2,2° I= 69,2° 2,5° k = 75 

with (north) pole position latitude 

longitude 

polar error (dp, dm) 

Magnetic polarity zone C: 

Group: MPzC N 10 D 178,4° I 

with (north) pole positions latitude 

longitude 

polar error (dp, dm) 

11 , 6 °N 

29,9°E 

3,6°, 4,3° respectively 

-63,1° 

19,8°S 

152,7°H 

9,0° k 30 

11,1°, 14,1° respectively 

The pole positions of the magnetic polarity zones A, Band Care shown 

in Figure 87 together with the APW path from Figure 85. The regrouping 

of the magnetization directions to produce palaeomagnetic poles 

MPZA, MPZB and MPZC, changes the pole distribution of the layered 

sequence on the APW path only marginally, and conclusions drawn from 

pole positions derived from magnetization directions arranged according 

to the stratigraphic zonal division of the layered sequence, remain 

valid. 
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X TECTONIC I~PLICATIONS 

The genesis of a layered igneous sequence normally comprises elements 

such as the loci of emplacement, age relations, the origin of rock types 

present, the origin of layering, the tectonic history of the sequence 

and lastly the origin of mineralization, if present. Of these elements, 

the age relations and the tectonic history are most amenable to elucida= 

tion by palaeomagnetic studies. Instances where palaeomagnetic data 

enabled workers to solve complex tectonic histories are numerous, one 

recent example being that of Sudbury (Morris, 1980, 1981). 

With the exception of that part of the layered sequence to the north of 

the Pilanesberg Complex (Fig.1), the palaeomagnetic results of this 

study do not indicate a complex tectonic history for the layered 

sequence of the Bushveld Complex. However, the palaeomagnetic data 

impose certain constraints on any hypothesis or models which strive to 

explain the genesis and subsequent tectonic history of the layered 

sequence and adjacent geological units. These constraints are: 

1) The emplacement of the critical zone was part of the first phase 

in the intrusion of the layered sequence and occurred slightly 

before or contemporaneously with the formation of the Phalaborwa 

Complex and the onset of the deposition of the Waterberg Group 

sediments (Figs 85 and 86). 

2) The second and third phases invol~e the formation of the main and 

upper zones which took place virtually simultaneously (Fig. 86). 

3) According to Coertze et al. (1977) deposition of early Waterberg sedi= 

ments in the central Transvaal was contemporaneous with late 

Bushveld magmatic activity, represented by the emplacement of the 

Bushveld granite. The palaeomagnetic pole positions shown in 

figures 85, 86 and 87 imply an even earlier onset of the Water= 

berg sedimentation cycle, with older Waterberg sediments the same 

age as the mafic rocks of the Bushveld Complex. 

4) The igneous layering of the main and possibly also the critical 

zones was initially horizontal. The present dip was acquired only 

after these zones had cooled to a temperature below their respective 

Curie temperatures. This does not necessarily hold true for the 
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critical and main zones to the north of the Pilanesberg Complex, 

as insufficient suitable samples were available for investigation 

of this area. 

If the dip directions of the main and critical zones, which at 

certain localities point away from the centre of the Bushveld 

Complex, are the result of dome-like features in the centre of the 

Complex then obviously, these features post-date the main and 

critical zones. Furthermore, these features cannot be components 

of events which led to the emplacement of the layered sequence. 

6) The results indicate that the upper zone had acquired its 

remanent magnetization with the igneous layering of this zone 1.n 

its present orientation. This implies that the central subsidence 

of the whole Bushveld basin took place during or immediately after 

solidification of the upper zone and that subsidence could have 

been in response to the influx of rather voluminous quantities 

of magma at the level of the Thornhill ?yroxenite layer (Fig. 83), 

(Von Gruenewaldt, 1973 and Marais, 1977). 
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