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PREFACE 

The present investigation was undertaken at the instigation of Prof. H. V. 

Eales. It was originally conceived as a M. Sc. project involving a 

comparative study of composition, cell dimensions and optical properties of 

ilmenites from a variety of igneous rocks together with a comprehens i v ~ 

literature review. The writer was fortunate in obtaining a NIM post-

graduate bursary and the ilmenite investigation was carried out at Rhodes 

University between January, 1972 and August, 1973. Following the advice 

of Prof . Eales the scope of this project was then expanded to include the 

co-existing titaniferous magnetites. 

presented in Part 2 of this thesis. 

The results of these studies are 

The writer commenced work as a mineralogist at NIM in September, 1973 and 

continued these investigations into the iron-titanium oxides during his 

term of employment at that Institute. A great deal of interest was shown 

in the possible utilisation of South African titaniferous iron ores at that 

time and a study of these ores was undertaken with a bias towards information 

that would be of use in ore dressing and extractive metallurgy. 

studies form the basis of Part 3 of this thesis. 

These 

The literature on the iron-titanium oxides is very extensive, disseminated 

and, at times, conflicting. A thorough literature study and synthesis of 

these data became necessary ln order to understand the complex phase relation

ships and microstructural developments exhibited by this mineral group. 

This review forms the basis of Part I of this thesis. 



ABSTRACT. 

Part I consis ts of a detailied review of the available literature on the Fe-

Ti oxides and their solid solution relationships. Particular attention is 

glven to the microstructures exhibited by these oxides and the hypotheses put 

forward to explain them. These data are synthesised and model s are pre-

sented in which the micros tructural development s in titaniferous magnl, t.i tes 

amd ilmenites are explained 1n terms of current ideas on the influence of 

oxygen fugacity, exsolution mechanisms and crystal chemistry. Thes e models 

have direct application to the microintergrowths observed in the naturally 

occurring Fe-Ti oxides from a wide range of igneous rocks. 

The available data on the m1nor and trace element chemistry of the Fe-Ti 

oxides are reviewed with particular reference to their variation in these 

minerals from different host rocks. The behaviour of the Fe-Ti oxides 

during secondary oxidation is discussed with particular reference to the 

oxidation of titaniferous magnetite and the weathering of ilmenite. 

The results of a mineralogical investigation into the co-existing Fe-Ti 

oxides from a range of igneous rocks including kimberlites, gabbros, dolerites, 

diabases, syenites, granophyres, granites and pegmatites are presented in 

Part Z together with data on the ilmenites present in certain Eastern Cape 

beach sands. The kimberlite ilmenites are chemically distinct and can be 

readily distinguished on the basis of their relatively high MgO, FeZ0
3 

and 

CrZ0
3 

contents. They can also be distinguished from ilmenites fr om other 

igneous rocks on the basis of unit cell dimensions, d-spacings, r eflec tivities 

and micro-indentation hardness. 

The ilmenites from a wide range of basic to granitic igneous rocks exhibit 

a limited compositional range in which the MnO content app ears to 1ncrease 
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with increasing 8i0
2 

content. Relatively insensitive indirectly determined 

parameters such as unit cell dimensions, reflectivities and micro-indentation 

hardnesses cannot be used to distinguish between the ilmenites from the 

different rock types in these classes. 

The titaniferous magnetites exhibit progressively decreasing Ti02 contents 

from a maximum in the basic igneous rocks to a minimum ~n the granitic types. 

The titaniferous magnetite typically exhibits varying degrees of deuteric 

alteration, while the microstructures developed can be interpr eted 1n terms 

of the models presented in Part 1. 

Part 3 represents an extension of Part 2 and deals with a mineralogical 

investigation of the titaniferous iron ores in five South African basic 

intrusions. The Bushveld and Kaffirskraal ores consist of multi-phase 

titaniferous magnetite grains containing crystallographically oriented 

ilmenite, ulvospinel and pleonaste microintergrowths. }1inor coarser-

grained ilmenite is also present. The Usushwana ores are texturally similar 

but contain abundant lamellar ilmenite in place of the ulvospinel. The 

primary features are well preserved in the unmetamorphosed Bushveld and 

Kaffirskraal ores. The Usushwana ores have been slightly metamorphosed 

resulting in the extensive replacement of the titaniferous magnetites by 

sphene and chlorite aggregates. The ores from these three complexes cannot 

be beneficiated by conventional ore-dressing techniques and require direct 

metallurgical treatment for the recovery of Fe, Ti02 and V20
S

' 

The metamorphosed Mambula and Rooiwater ores have been recrystallised to a 

varying degrees and consist of multi-phase titaniferous magnetite grains con-

taining modified ilmenite and pleonaste microintergrowths. These modified 

microstructures differ from those encountered in titaniferous magnetites 

from unmetnmorphosed basic rocks and their degree of modification can be 
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related to the degree of met amorphism. Variable amounts of coarse granular 

ilmenite are also present and their development is related to the metamorph-

ic grade and degree of recrystallisation. These ores can be partially bene-

ficiated to yield ilmenite- and l ower-Ti0
2 

magnetite concentrates in which 

V
2

0
S 

contents of the magnetic fractions are higher than those of the origin

al ores. 

The Trompsburg ores differ from those of the other complexes in that they 

are Mg-rich and are characterised by the presence of abundant olivine. 

The titaniferous magnetites typically exhibit well-defined ulvospinel cloth 

textures and are often surrounded by small amounts of graphite. They show 

evidence of a variety of extensive late-stage alteration features. 

The ores from the five investigated complexes are compared with similar ores 

from the Bushveld Complex. The ores from each complex can be readily 

distinguished on the basis of their chemical compositions and textural re-

lationships. These features can be related to their crystallisation his tor-

ies and, in some cases, to post-crystallisation processes. The microstruct-

ural evolution of the ores from each complex is interpreted in terms of the 

models developed in Part I. 
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PART I 

LITERATURE REVIEW 

1. INTRODUCTION 

Iron-titanium oxides are ubiquitous in the eart~s crust. Accessory 

amounts of these minerals are present i n the majority of igneous rocks, 

while larger concentrations are often developed in certain gabbroic 

rock types. They are occasionally concentrated in discrete layers 1n 

certain stratiform basic intrusions. The iron-titanium oxides are 

released during weathering of their primary host rocks and become in-

corporated into a wide variety of sediments as detrital grains. They 

may also become concentrated in distinct heavy-mineral layers. 

Subsequent metamorphism of both their primary and secondary host rocks 

accolmts for their presence in a wide range of metamorphic rock types. 

A portion of these metamorphic iron-titanium oxides may also have form

ed from the breakdown of other pre-existing iron-rich minerals. 

Mineralogical studies of the iron-titanium oxides commenced towards the 

end of the last century, but were hampered by the lack of suitable 

microscopes and other analytical apparatus . Considerable progress was 

nevertheless made in these studies during the first half of this cent-

ury as microscopes and analytical techniques were improved. These 

studies resulted in the development of an extensive, but often conflict

in!}, .I iterature us the progre:J~;ively fiu....:"r-{];rained microintergrowthH 

were discovered. 'rhe introduction of the electron probe microanalyser 

and the development o~ more sophist icated ore microscopes during the 
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last 15 years, together with more accurate experimental data, have 

contributed markedly to an increased understanding of the complex 

relationships exhibited by this group of minerals. These factors 

have, in part, decreased the amount of confusion that existed in the 

earlier literature, 

Mineralogical investigations of the iron-titanium oxides prior t o 

1913 were essentially of an academic nature and developed during the 

petrographic examination of their host rocks. These studies were 

aimed largely at the characterisation of the iron-titanium oxides. 

Subsequent levels of investigation have fluctuated over the years with 

each pulse of renewed interest often being initiated by developments in 

other branches of geology. These developments can be broadly divided 

into seven areas of geological interest, each of which has contributed 

substantially to the understanding of this mineral group as a whole. 

Research is currently being undertaken in each of these branches of 

geology and considerable amounts of data on the iron-titanium oxides 

accumulate annually . 

follows:-

1. The economic aspect: 

The major areas of current interest are as 

The iron-titanium oxides are important sources of Fe, Ti and V and 

were first investigated microscopically by Singewalcl. (1913a, b) in order 

to gain information that would be of use in ore-dressing and extractive 

metallurgy • Studies of this nature were subsequently carried out 

world-wide on a large number of deposits and have contributed substan

tially to our understanding of the mineralogical relationships in this 

group of oxi des. Research In this dirt~etion l! outinuen Mrl is bf-~coming 

incrl'u: d. tl Bly importunt in view of the l'lI.l'io. d~plet. 'i ufl of thl: wur.ltl'r. 

rutile: reserve,; aHd t he increascd demutld I'or 'l ' c0
2 

(Roskill, 19'11). 
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2. The academic aspect: 

The first detailed mineralogical studies and experimental investigation 

of the iron-titanium oxides were carried out by Ramdohr (1926) . This 

study was followed by that of Edwards (1938) and research in this direc-

tion has continued up to the present time. This category, in part, 

overlaps with the other six areas of interest. 

3. Palaeomagnetism: 

These studies were commenced ~n the early 1950' s and were mainly con-

cerned with detailed mineralogical and crystal-structure determinations 

aimed at elucidat ing the magnetic properties of these minerals and 

their behaviour during alteration. Nicholls (1955) has summarised the 

earlier literature in this field of research. These studies on the 

iron-titanium oxides have contributed to the understanding of their 

crystal structures, cation distributions and behaviour during both low 

and high temperature oxidation. 

4. Petrogenetic indicators: 

Buddington and Lindsley (1964) demonstrated that the compositions of 

co-existing titaniferous magnetite and ilmenite are dependent largely 

on oxygen fugacity and temperature with the result that this informa-

tion can be used to determine the conditions prevailing during certain 

stages of magmatic crystallisation. This feature has attracted wide-· 

spread interest and petrologic studies are now rarely undertaken with-

out analyses of the co-existing iron-titanium oxides being made. The 

substitution of foreign ions in these minerals will obvious l y affect 

their phase relationships while re-e~uilibration during sub- solidus 

cooling will also influence the results obtained. These factors are 

currently being investigated and evaluated. A number of recent and 
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current experimental investigations have direct application 1n this 

field of research. 

5. Kimberlite studies: 

The occurrence of magnesium-rich ilmenites has been known for many 

years, but it is only since the late 1960's that they have been invest

igated mineralogically as a result of an increased interest in theSe 

rocks and their mantle-derived inclusions. The incorporation of 

large amounts of Mg into the ilmenite crystal structure is problematic

al and numerous pUblications on these ilmenites have appeared. 

Research into the nature and origin of these ilmenites and their 

associated materials is an important area of petrological interest. 

6. Lunar studies: 

The investigation of lunar rocks commenced in 1969 and their titanium

rich nature initiated a series of detailed mineralogical studies of 

their iron-titanium oxides . These investigations are amongst the 

most sophisticated and detailed yet undertaken on this mineral group 

and have produced a large amount of data. 

7. Microstructure studies: 

Transmission electron microscopy was first applied to the study of fine-

grained intergrowths in certain of the iron-titanium oxides during the 

early 1970's, This field of study is well-established in metallurgy, 

but its application to mineralogy is still in its infancy. It, 

however, promises to yield a great deal of information on the nature 

of the SUb-microscopic intergrowths, exsolution mechanism and other 

microstructural features of the iron-titanium oxides. Research in 

this field is only now commencing and should provide answers to a 
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number of unsolved problems ln this mineral group. 

The diverse nature of the fi elds in which iron-titanium oxides have 

been, and are currently being investigated, reflects their importance 

in geology. These studi'es also highlight the need for a thorough 

understanding of the mineralogical phase relationships and behaviour 

of these minerals under the wide range of physico-chemical condit ions 

that are encountered in nature. Considerable progress has already 

been made in this direction, but accurate determinations of many of 

their phase relationships, similar to those carried out in other mlner

al systems, cannot normally be undertaken since the oxides are extrem-

ely sensitive to changes in oxygen fugacity. Suitable buffers are, 

unfortunately. not currently available for the control of oxygen 

fugacities in many of the hydrothermal temperature and pressure ranges 

that require experimental investigations (Lindsley and Lindh, 1974). 

The phase relationships exhibited by the various co-existing iron

titanium oxides are complex and the situation is compounded by the 

wide range of ionic substitutions that are possible with other elements 

The last major literature reVlew 

of phase relationships in this system was compiled by Nicholls (1955), 

while data on the individual minerals were summarised by Deer, Howie 

and Zussman (1962b). Buddington and Lindsley (1964) summarised import-

ant aspects of the additional data that accumulated up to this period, 

but since then no detailed synthesis of the available data has been 

published apart from a summary by Elsdon (1975a). 

Reliab l e mineral analyses of the iron-titanium oxides were rare prl0r 

to 1966, but since then t he electron microprobe has been introduced 
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as a routine analytical instrument in many laboratories and a large 

number of analyses have been published. Additional experimental data 

have also accumulated and numerous detailed microscopic studies have 

been made with the result there is a need for a new compilation of this 

data. The aim of this literature survey is thus not only to summarise 

the historical development of ideas on the phase, relationships in the 

FeO-Fe20
3
-Ti02 and related systems, but also to present a coherent 

framework within which the chemical composition and microstructural 

development of these minerals can be interpreted. 

2. THE MINERALS OF THE FeO-Fe20
3
-Ti02 , SYSTEM 

2. 1 Introduction 

The theoretical compositions of the common iron-titanium oxides are 

illustrated on the FeO-Fe20
3
-Ti0

2 
ternary diagram in fi gure 1. The 

naturally occurring minerals only rarely approximate their theoretical 

end-member compositions and are commonly members of more complex solid 

solution series that are discussed further in the following sections. 

The minerals magnetite, ulvospinel, titanomagnetite, maghemite, hematite 

(rnartite) and ilmenite are of particular interest to this study and 

their mineralogical data is slurunarised in this section. The remain-

ing phases (the Ti02-polyrnorphs, pseudobrookite, ferropseudobrookite 

and wUstite) are only of peripheral interest and are not discussed. 

2.2 Magnetite 

Magnetite is a member of the spinel mineral group and is cubic with 

It is commonly found as 

, octahedra or dodecahedra and the purest, naturally occurring mater

ial has cell dimensions of a=8,394 + 0,0005 ~ (Tombs and Rooksby, 

1951; Abrahams and Calhoun, 195 '3) • 

+ 0,0005 R. 
Basta (1957) obtained a = 8,3963 



FeO 

9 

Ti02 
Rullle,Anata •• , Brookite 

Fe20 3 
Hematite 

MaQhemii. 

FIGURE 1 Theoretical end-member phases in the system FeD-Fe D -
2 3 

Tio (from Buddington and Lindsley, 1964). 
2 . 

Bragg (1915) first elucidated the spinel structure and showed that 

the unit cell contains 32 oxygen ions and 24 cations. Eight of the 

cations are tetrahedrally co-ordinated (A-sites) while the remaining 

16 are in octahedral co-ordination (B-sites). Barth and Posnjak 

(1932) demonstrated the existence of two structural types of spinel, 

the so-called normal and inverse types. that exhibit differences in 

their cation distribution between the A and B sites. Verwey and 

Heilmann (1947) confirmed that magnetite is an lnverse spinel and 

2+ 3+ 3+ 
has a general formula RS Rl6 032 in which SR occupy the B sites and 

S A sites. The magnetite crystal structure consists of alternating 

layers of oxygen ions and cations that are arranged perpendicular to a 

3-fold axis. The cation layers themselves are made up of alternating layers 
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in which the cations are distributed between the A and B sites ~n the 

ratio of 2A~lB. 

A wide range of ionic substitutions u possible in the magnetite 

structure and it forms extensive solid solution series with other 

spinels at elevated temperatures. In particular, complete high temp-

erature solid solutions exist between magnetite and hercynite (Atlas 

and Sumida, 1958; Turnock and Eugster, 1962) ; chromite-magnetite-

hercynite and spinel-hercynite (Cremer, 1969 ; Navrotsky, 1975a); as 

well as between ulvospinel-chromite-hercynite and spinel-hercynite 

(Haggerty , 1972a, b). The magnetite formula can conse'luently be 

written more generally as: 

Jf+ y3+ 04 

where X F 2+ 2+ 2+ N· 2+ C 2+ Ca2-t = e , Mg , Zn , ~ , o , 

and Y F 3+ Cr3+ 3+ V3+ Si 4+ = e , ,AI , , 

. . 4+ .. 
Apprec~able amounts of T~ may also be present ~n the magnetlte, but 

the substitutions are more complex and involve coupled substitutions 

of the type 2Fe3~ Fe2+ + Ti 4+ (Annersten et a1.. 1973). Homo-

geneous Ti -rich magnetites are essentially i ntermediate members of 

the magnetite~ulvospinel solid solution series that exhibits complete 

miscibility at elevated temperatures (Kawai et al., 1954; Vincent et 

al ., 1957) and are known as titanomagnetites. 
. . 4+ 

M~nor amounts of S~ 

may also substitute in the magnetite structure (Vincent and Phillips, 

1954) . 

Shull "t 0.1. (1951) ~h<)wed that the magnetic moments of the caLi ollG 

HI Ule II alld B ,;ites of rrtu{l;llctite ar" antipar!ille l witll till' r""".It thai; 

it is a typical ferri-magnetic material. The Curie point of magnetite 

~s at 578°c and it has a saturation magnetisation of 92-93 e.m.u./g 
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at room temperature, (Nicholls, 1955 ) . 

Magnetite is opaque in transmitted light except when developed as very 

thin flakes such as those present in micas. It has a moderate reflect-

ivity of 21 per cent in air and is grey, occasionally exhibiting a 

light brownish tint in air (Ramdohr, 1969). Ramdohr (1969) also 

noted that a high unexsolved Ti content produces a brownish-pink t i nt 

in the grey , while an increased Mn content produces a duller colour 

that enhances the grey colouration. The colour tints may, however, 

vary without any obvious relationships to the chemistry. Magnetite 

is expected to be isotropic on account of its cubic symmetry, but 

Ramdohr (1969) reported that it is sometimes distinctly anisotropic. 

The Vickers hardness number varies between 440 and 1100 (Uytenbogaardt 

and Burke, 1971) and probably reflects slight compositional differ ences. 

The name magnetite is thought to be derived from the locality Magnesia 

in Thessaly. Pliny. however, suggested that the min~ral was named 

after its discoverer, Magnus, a shepherd who f ound that the nails of 

his shoes and the iron ferrule of his s~aff adhered to the ground at 

places where this material is present (Palache et al ., 1944) . 

2.3 Ulvospinel 

This is also a member of the spinel mineral group and is cubic with an 

It was synthesised by Barth 

and Posnjak (1932) and found to have an lnverse spinel structure that 

. .. 1+ . lS analogous t o that of magnetlte wlth two Fe- ions be lng r cpL1 ced by 

" + 4+ 
}'ec.:. + 'ri . .11. was also subsequently synthesised t,y Ernst (1 ~)4l). 

Forster and Hal l (1965) confirmed that the ti tani um lOnG preferentially 

occupy the octahedral s ites, but noted that the ordering lS incomplete 

with the result that some titanium ions are also present In the tetra-



12 

hedral sites, The unit cell edge of synthetic ulvospinel is glven as 

8,535 R by Taylor et al. (1972) which ~s slightly greater than the 

earlier values of 8,50 R (Barth and Posnjak, 1932) and 8,49 R (Ernst, 

1943) • Vincent et al. (1957) reported values of 8,489 and 8,491 : 

0,005 R respectively for two natural ulvospinel microintergrowths. 

Ulvospinel is only stable under very low oxygen fugaciti es (Verhoogcn, 

1962a) and 1S extremely rare on earth as a discrete mineral. Rice 

et al. (1971) reported the occurrence of discrete equant ulvospinel 

gra1ns co-existing with skeletal pseudobrookite in a rapidly chilled 

dyke, but interpreted this as being due to rapid disequilibrium 

crystallisation, Although rare as a discrete mineral, it is commonly 

found as an important solid solution component of other spinels, 

particularly magnetite and chromite as discussed in sections 2.2 and 

2.4. It is characteristically present as micrometre-sized exsolution 

lamellae in titaniferous magnetite and was f irst r ecognised in nature 

by Mogensen (1946) who named it after the locality at S8dra Ulv8n in 

Sweden, 

Ulvospinel-rich spinels are present in certain mafic replacement peg

matites in the eastern Bushveld Complex (Frankel, 1942; Camer on and 

Glover, 1973) and in a basaltic lava-lake (Evans and Moore, 1968). 

Ulvospinel -rich ·spinels, particularly chromian types are also widely 

developed in lunar basalts (Haggerty, 1972a, b; Smith and Steele, 1976). 

Ulvospinel is only stable under low oxygen fugacities (hence its 

relati ve abundance in lunar materials) and de compo~"s to ilmenite and 

magnetite on oxidation (Ramdohr, 1953; Verhoogen, 1962a). The Curie 

temperature of ulvospinel is 5620 C and it has a saturation magnetism of 

35 e.m.u.!g so that it exhibits no ferro- or ferrimagnetism (Akimoto et 
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al.,1957a). Ulvospinel is essentially non~magnetic and acts as a 

diluent on the magnetic properties of magnetite in magnetite-ulvospinel 

solutions (Vincent, 1960). 

Ulvospinel appears darker brown in incident l ight than its associated 

magnetite, but this is not a safe criterion for its recognition under 

the microscope. This is because it is difficult to distinguish between 

ulvospinel and ilmenite in extremely fine-grained intergrowths when 

the anisotropy cannot be clearly seen (Ramdohr, 1953). The ul vospinel 

lamellae are typically oriented parallel to the cubic planes of their 

magnetite hosts, but may have been pseudomorphously oxidised t o ilmenite 

and retain their original orientation. 

2.4 Titanomagnetite 

This represents a homogeneous, titanium-bearing, iron-rich spinel that 

is normally only encountered in rapidly cooled igneous rocks. Titano-

magnetites are essentially quenched, high temperature, unexsolved 

members of the magnetite~ulvospinel solid solution series and consequen-

tly exhibit a range in composition between almost pure magnetite and 

up to approximately 80 mole per cent ulvospinel. The naturally occurr-

, "of Mg2+, 2+ 2+ ing ml.nerals normally also contal.n ml.nor amounts Mn , Zn , 

ca2+, Nl.,2+, Cr3+, A13+ and v3+. ' , 1 (' h' h Magnetl.te and ulvospl.ne l.n w l.C 

,4+ 2+ Tl. and Fe are in octahedral sites) both exhibit the inverse spinel 

structure (Barth and Posnjak, 1932), but the cation distribution in the 

intermediate members has not been fully determined (Annersten et al" 

1973 ; Stout and Bayliss, 1975). 

Akimoto (1954) noted that there is an increase in the unit cell para-

meter as the Ti0
2 

content of the titanomagnetite increases and suggest-

th 
3+, 

ed that e Fe 1S 

octahedral sites. 

equally distributed between the tetrahedral and 

Neel (1955) and Chevallier et al. (1955) 
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3+ concluded that more Fe was present in the tetrahedral 

sites than in the octahedral ones in accord with the empirical rule 

of Verwey and Heilmann (1947) which requires that Fe3+ preferentially 

enters the tetrahedral sites. Akimoto et al. (1957) synthesised 

intermediate members of this solid solution series and noted an essent~ 

ially linear variation in cell dimensions between magnetite and ulvospin-

el. 

O'Reilly and Banerjee (1965) prepared synthetic polycrystalline titano-

magnetites over the whole range between magnetite and ulvospinel by 

sintering suitable mixtures of Fe, Fe
2

0
3 

and Ti02 pressed into bars. 

They confirmed, by means of x-ray and magnetic measurements, that the 

cation distribution followed that of the Neel-Chevallier model and is 

governed by the preference of Fe 3+ for the tetrahedral sites. They 

noted that this tetrahedral preference ~s, however, partly outweighed 

by the increase in electrostatic energy obtained by the substitution of 

Fe2+ in the tetrahedral sites in members of intermediate composition. 

Banerjee et al. (1967) reported a slight deviation ~n the linearity of 

cell dimensions between magnetite and ulvospinel. They concluded that 

F 2+ . .4+. . the new e ~on,produced by T~ subst~tut~on,enters the tetrahedral 

3+ sites contrary to the known preference of Fe fo r tetrahedral sites 

with the result that both sublattices are occupied by ions of mixed 

valency . They suggested the followed three cation distribution patterns 

for the titanomagnetites based on their compositions: 

1) . x = ° - 0 , 2 

1"e 3+ [ 3+ F ?+ T·'I+ ] °'1 tet Fe l-" "l+x 1 x 0(' L . c- X 

:.1) • x ;; U,2 - O,S 

[ "e3+ 2+ ] [ 3+ F 2+ Till+] 0 
1,2-x Fex_0 ,2 tet FeO,8_x e1 ') x oct 4 , ~ 
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3) • x = 0,8 - 1,0 

[ Fe~~2X 2+ J Fe
2x

_
l tet [ 

2+ Fe
2

_
x 

Ti4+] 
x oct 

Stephenson (1969 ) suggested that the cation distribution of iron in 

titanomagnetite is dependent on the temperature of formation of the 

spinel. He concluded that random distribution occurs b etween both 

octahedral and tetrahedral sites at high temperatures, but that ol'der-

3+ ing takes place on slow cooling due to the preference of Fe for 

tetrahedral sites . The cation distribution is consequently controlled 

by the temperature of quenching. These results were confirmed by 

Bleil (1971) who found that Fe 3+ statistically occupies more of the 

. . .4+ 
tetrahedral s~tes at lower temperatures, wh~le T~ shows a preference 

f or the octahedral positions. 

Jensen and Shive (1973) reported a s i milar cation distribution in titan-

omagnetite to that reported by Akimoto (1954), but noted that the titan-

~um was present in small titanium-rich clusters surrounded by a magnetite 

matrix. They suggested that this feature might be due to incipient ex-

solution, but noted t hat it is also a known characteristic of sintered 

samples and might be due to the preparation procedures used. They con-

cluded that it is impossible to preserve a high temperature cation dist-

ribution at low temperatures as proposed by Stephenson (1969) and Bleil 

(1971) because of rapid electron transfer that takes place to produce an 

averaged oxidation state and an approximately equal ferrous/ ferric ratio 

in both sites, even at low temperatures . 

Annersten et al. (1973) also found a non- l inear relationship in cell 

parameters in solid sol utions between magnetite and ulvospinel. On 

the basis of x-ray studies and M8ssbauer spectroscopy they concluded 

. . 3+ 2+ .4+ . that subst~tut~on of t he type 2Fe __ Fe + T~ occurred ~n the 

octahedral sites for up to 15 mole per cent ulvospinel. They noted 
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. 2+. . 
that at between 15 and 20 mole per cent ulvosplnel, Fe wl11 begln 

3+ 2+ to enter the tetrahedral sites so that replacements of Fe ___ Fe 

.. . F 3+ .4+ . wl11 occur ln the tetrahedral sltes and e _Tl wl11 take place 

ln the octahedral sites. They suggested that this form of substitution 

lS operative up to between 70 and 80 mole per cent ulvospinel . 

Annersten et al. (1973) noted a less rapid increase in cell volumes 

above 70 mole per cent ulvospinel and suggested that this might be 

due to the sUbstitution of a smaller ion into a tetrahderal site or 

substitution entirely within the larger octahedral site. 

Stout and Bayliss (1975) investigated the cation distribution i n a 

natural titanomagnetite containing minor amounts of other elements. 

. ·b· F 3+ 2+ TIley concluded that the dlstrl Utlon of e and Fe between the 

octahedral and tetrahedral sites followed that of a normal spinel ln 

which Fe2
+ occurs in both tetrahedral and octahedral sites ln the 

" . 3+ ra"tio of 2:1 whl1e Fe occupies only the octahedral sites. The 

Ti4+ is located only in the octahedral sites and is consistent with 

the cation distribution in an inverse spinel. Most of the minor elem-

ents (A13+. Cr3+, Mg2+, V3+ and Ca2+) are present in the octahedral 

.4+ 2+ sites while Sl and Mn are located in tetrahedral sites. 

The titanomagnetite solid solutions are metastable and exsolve on slow 

cooling. The ulvospinel component is also extremely sensitive to 

oxidation and is only stable under conditions of low oxygen fugacity 

(Verhoogen, 1962a). This oxidation can take place either above or 

below the magnetite-ulvospinel solvus (Buddington and Lindsley, 1964; 

Duche3ne, 1970) and resultR i.n the dC!velopm"nt of a wide vllriety 01' 

ilmenite and ulvospinel microintergrowths. 'I'he nature of the inter-

growths developed is a function of the oxygen fugacity and cooling 

histories of the samples concerned and is discussed in sections 4.4 
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and 4.5. 

Titanomagnetite is opaque in transmitted light and appears white with 

a distinct brownish tint in reflected light 1n a1r. Its reflectivity 

is approximately 17 per cent in air and the mineral is normally isotrop-

ic, although it is sometimes slightly anisotropic. The Vickers hard-

ness number ranges between 715 and 734 (Uytenbogaardt and Burke, 1971) . 

Data on the spectral reflectivity of an exsolved and homogenized 

titaniferous magnetite are given by Halfen (1976). 

2.5 Maghemi te 

TIlis is cubic gamma-Fe
2

0
3 

that exhibits a defect inverse spinel struct

ure in which one in nine of the iron ions is absent (H~gg, 1935). 

There are consequently two and two thirds vacant cation sites per unit 

cell of 32 oxygens and recalculations of various maghemite analyses on 

this basis have shown that the number of cations present is less than 

the theoretical 24 for pure Fe
3
04, being 21,33 for the pure end-member 

(Deer et aI" 1962b), 

Verwey (1935) demonstrated that the vacancy ions are probably omitted 

from the octahedral sites (B positions). Haul and Schoon (1939) 

suggested that a regular arrangement of the vacancies exists in the 

lattice and that a portion of the ferric ions must also be tetrahedrally 

co-ordinated in maghemite in contrast to their occurrence in octahedral 

sites in alpha-Fe20
3

, These findings were subsequently substantiated 

by Henry and Boehm (1956), Sinha and Sinha (1957) and Ferguson and 

Hass (1959). Katsura and Kushiro (1961) demonstrated that the cell 

dimensions of naturally occurring titanomagnemite can be related to 

till' munDcr of vacanCles present in the crystal structures. 
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Maghemite is a low-temperature oxidation product of magnetite and 

this aspect is discussed further in section 6. Basta (1959) report-

ed the existence of a series of natural minerals having compositions . 

intermediate between magnetite and maghemite and that reflect succ-

essive degrees of oxidation. He termed these intermediate compounds 

magnetomaghemite (less than 50 per cent magnetite) and maghemomagnetite 

(more than 50 per cent magnetite). Maghemite is metastable and ;nverts 

to the more stable alpha-Fe
2

0
3 

(hematite) on heating to temperatures 

o above 550 C (Basta, 1959). 

Maghemite proper contains less than 2 per cent Ti02 , but small amounts 

2+ 2+ .2+ 3+ 3+ of Mg ,Co ,Nl ,Al and Cr may also be present (Basta, 1959). 

Maghemites containing more than 2 per cent Ti02 are termed titano

maghemites and are formed by the low temperature oxidation of titano-

magnetites. They consequently exhibit the charact eristic minor ele-

ment contents of these minerals (Basta, 1959) . 

Maghemite is opaque ln transmitted light, except ln the thinnest plates. 

It is isotropic and has a moderate, but variable reflectivity of 

between 18 and 24 per cent in air in incident light (Ramdohr, 1969). 

It varies from white to greyish-blue in colour, but Ramdohr (1969) 

noted that weathered grains exhibit a complete range in colours inter-

mediate between that of unaltered magnetite and maghemit e . This 

feature sugges t s the existence of various intermediate members and 

that the oxidation process must be of a gradational nature . This is 

also reflected in the Vickers hardness number that ranges from 357 

to 988 (Vytenbogaardt and Burke, 1971). 

The term maghemite was introduced by Wagner (1927) in order to distin-

guish it from hematite and martite that both have the same bulk 
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2.6 Hematite 

This is rhombohedral alpha-Fe
2

0
3 

and represents the stable form of 

this oxide. The hematite crystal structure was determined by Pauling 

and Hendricks (1925) and is of the corundum-type, consisting of alter

nating layers of oxYgen and iron ions that are arranged perpendicular 

to a 3-fold axis. The oxYgen 10ns are arranged in a slightly dis-

ordered hexagonal packing while the cation layers consist of octahed-

rally co-ordinated ferric ions. This structure thus differs from the 

spinel structure in which two thirds of the cations 1n alternate layers 

are 1n tetrahedral co-ordination. 

Hematite forms a complete solution series with ilmenite at elevated 

temperatures (Ramdohr, 1926; Posnjak and Barth, 1934), but exhibits 

only limited miscibility at lower temperatures (Lindsley and :Lindh,. 

1974). Analyses indicate that hematite is essentially pure Fe20
3

, 

but minor amounts of Ti0
2

, MnO, A120
3 

and Si0
2 

may also be present 

(Deer et al" 1962b). 

Hematite is found both as a pr1mary and secondary mineral in nature. 

It is an uncommon phase in igneous rocks and is usually present as a 

secondary oxidation product of magnetite. It is, however, a common 

pr1mary phase in many metamorphic rocks that have formed under condit-

ions of relatively high oxYgen fugacity. Hematite that is formed by 

the oxidation of magnetite and is pseudomorphous after it is termed 

martite. 

Hematite exhibits a dark blood-red colour 1n thin flakes in transmitted 
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light and m~ exhibit dichroism from brownish-red (0) to yellowish-

red (e). It also shows very strong dispersion. Hematite is an-

isotropic and has a moderate reflectivity of between 21 and 28 per 

cent in incident light In alr. It exhibits a weak reflection pleo-

chroism from white (0) to pale grey-blue (e) in air and may show 

distinct blood-red internal reflections (Ramdohr, 1969). 

The name hematite is derived from the Greek "haema", meanlng blood, 

from its resemblance to congealed blood (Palache et al., 1944). 

2. 7 Ilmenite 

This lS essentially rhombohedral FeTi0
3 

and has a crystal structure 

that is similar to that of hematite, but In which there is some dist-

ortion of the oxygen layers resulting in a decrease in the mean 0-0 

distances (Barth and Posnjak, 1934; Posnjak and Barth, 1934). Pairs 

. . .. 2+ . 
of Tl lons alternate wlth palrs of Fe lOnG along the 3-fold axes and 

this paired cation distribution results in an uneven distribution of 

2+ . . .. . 
Fe and Tl In succeSSlve catlon l~ers perpendlcular to the 3-fold 

axes. Hamos and Tscherbina, 1933 (reported in Posnjak and Barth, 

1934) concluded that the titanium in the ilmenite is in a tetravalent 

state on the basis of measurements of the K-absorbtion edge of the Ti 

atoms . This implies that the iron in the ilmenite is in the ferrous 

state. 

Complete solid solution exists between ilmenite and hematite at elev-

ated temperatures (Ramdohr, 1926; Posnjak and Barth, 1934), but this 

system exhibits only limited miscibility at lower temperatures 

(Lindsley and Lindh, 1974). Posnjak and Barth (1934) reported that 

MgTi0
3 

(geikielite) and MnTi0
3 

(pyrophanite) are isostructural with 
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ilmenite. Mg
2+ 2+ 2+ 

Considerable substitution of and Mn for Fe can 

consequently occur in natural ilmenites. 

Ilmenite is opaque in transmitted light, except in the thinnest flakes 

and exhibits distinct anisotropism in incident light. The reflect-

ivity is moderate and varies from 18 (e) to 21 per cent (0) in air and 

the colour is greyish-white with a light brownish tint (Ramdohr, 1969), 

The gra1ns exhibit a characteristic reflection pleochroism that varies 

between white and rose brown (0) and a rich brown (e) in oil (Ramdohr, 

1969) • The Vickers hardness number ranges between 501 and 752 and 

reflects compositional variations (Uytenbogaardt and Burke, 1971). 

Cervelle (1967) and Cervelle et al. (1971) have demonstrated that the 

reflectibity of magnesian ilmenite is dependent on its MgO content, 

but Morton and Mitchell (1972) have shown that microindentation hard-

ness is dependent on both MgO and Cr20
3 

contents. 

Ilmenite is named after the locality in the Ilmen mountains while 

geikielite is named after Sir Archibald Geikie (1835-1924), Director 

of the Geological Survey of Britain. Pyrophanite is derived from the 

Greek words meaning "fire" and "to appear" which allude to its red 

colour (Palache et al., 1944) . 

3. NOMENCLATURE 

3.1 Introduction 

The names used for the end-member minerals in the FeO-Fe20
3
-Ti02 

system are shown in figure 1 and follow the scheme presented by 

Buddington and Lindsley (1964). A variety 0 f names has been given 

to the numerous intermediate solid solution members of this system 

and their useage has varied with time. The terminology used in this 
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thesis for the natural minerals and their intergrowths is based on 

the system of Buddington et al. (1963), while their oxidation products 

are named according to the scheme of Basta (1959, 1960). In keeping 

with these authors' useage, hyphenated words refer to a micro inter

growth in which the prefix corresponds to the volumetrically smaller 

intergrowth, while single words refer to homogeneous mineral phases. 

3.2 Terminology 

1) Titaniferous magnetite; This is a general term for a titanium

bearing magnetite with no implications as to whether the grain is 

homogeneous or contains titanium-rich microintergrowths (Buddington 

et al., 1963). 

2) Multi-phase titaniferous maseetite (MPTM) : The majority of ex-

solved titaniferous magnetite grains contain a variety of ilmenite, 

pleonaste andulvospinel microintergrowths that cannot be adequate-

ly covered by the existing nomenclature. 

referred to as MPTM (this thesis). 

These grains are simply 

3) Titanomagnetite: This is a homogeneous, single phase, cubic mineral 

whose analysis can be recalculated essentially 1n terms of Fe
3
04 

and 2FeO.Ti02 , or FeO.Ti0
2 

or both, with Fe304 as the significant 

component (Buddington et al., 1963). 

4) Ilmeno-magnetite: This is magnetite that contains microintergrowths 

of ilmenite (Buddington et al. , 1963) 

5) Ferrianilmenite: This is a homogeneous phase consisting es"entiall y 

of FeO.Ti02 with 6 to 13 per cent Fe
2

0
3 

and up to 3 or J, per cent 
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excess Ti02 ln solid solution (Buddington et al., 1963). 

6) Hemo-i lmenite: This is a Fe-rich ilmenite that contains titano-

hematite or ilmeno-hematite microintergrowths (Buddington et al., 

1963) . 

7) Ilmeno-hematite: This is a 'Ti-rich hematite that contains micro-

intergrowths of ferrianilmenite or hemo-ilmenite (Buddington et al., 

1963) • 

8) Titanohematite: This is Fe20
3 

that contains 5 to 10 per cent Ti02 

in solid solution (usually as Feo.Ti02 with a little excess Ti02 ). 

Buddington et al. (1963) used the term titanhematite, but Buddington 

and Lindsley (1964) introduced the term titanohematite which is more 

in keeping with the other names in this system. 

9) Magneto- ilmenite: This is an i l menite containing microinter growths 

of magnetite and the term i s used without any genetic implication 

(new definition). 

10) Martite: This is alpha-Fe
2

0
3 

(hematite) that has formed from the 

oxidat ion of magnetite (Balsley and Buddington, 1958). This term 

is used in order to distinguish magnetite oxidation products from 

other forms of hematite. 

11) Titanifer ous martite : This is a general term for a titanium-

bearing martite and is used without any implication as to whether 

the mineral is homogeneous or contains titanium-rich intergrowths 

(new definition). 

12) Maghcmite: This is gamma-Fe20
3 
containin~ less than 2 per cent 

TiO" in Golid solution and lS an oxidation product of magnetite 
L 
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(Basta, 1959). 

13) Titanomaghemite: This is ' a homogeneous , single phase, gamma-Fe20
3 

containing more than 2 per cent Ti02 in solid solution and is an 

oxidation product of titanomagnetite (Basta, 1959). 

14) Titaniferous maghemite: This is a general term for a titanium-

bearing maghemite and is used without any implications as to whether 

the mineral is homogeneous or contains Ti-rich intergrowths,(modif-

ied definition). The term was introduced by Deer, Howie and Zuss-

mann (1962b) to describe cubic oxidation products of titaniferous 

magnetite and is used in an analogous sense. 

15) Pseudobrookite:. This is an optically homogeneous, orthorhombic 

iron-titanium phase with an oxide stoichiometry. near R
3
0

5 
and 

having a mole per cent of Fe
2
Ti0

5 
greater than 50 (Anderson , 1968a). 

16) Ferro~pseudobrookite: This is the same as pseudobrookite, but the 

mole per cent of Fe
2

Ti0
5 

is less than 50 (Anderson, 1968a). 

4 PHASE RELATIONSHIPS IN THE FeO-Fe20
3
-Ti0

2 
SYSTEM 

4.1 Historical Note 

Investigation of the iron-titanium oxide began towards the middle of 

the last century. but most of the data obtained were of an indirect 

nature and accumulated during mineralogical and petrological studies of 

their host rocks. Many of the early references are, unfortunately, 

not available in this country and this historical note has been com

piled from earlier reviews by Singewald (1913b), Warren (1918) and 

Dunn and Dey (1937). This information, however, provides a useful 

introduction to the more detailed studies that followed, and it is 

interesting to note that many of the early observations and conclusions 

have been sUbstantiated by later investigators using far more sophist-
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icated equipment and techniques. 

The initial mineralogical studies in this system were of a macroscopIC 

nature and were initiated by Rammelsberg (1858) who concluded that 

the titanium-bearing magnetites consisted of titanium-free octahedral 

magnetite and rhombohedral ilmenite. Knop (1862) reported the pre-

sence of 24,95 per cent Ti0
2 

in magnetite octahedra from Meiches In 

the Vogelsberg. Seligmann (18r7) described regular macroscopic inter

growths of rutile in magnetite while Cathrein (1884 ) detected similar, 

but microscopic intergrowths of rutile in magnetite after dis sol-

ving the magnetite in HCL. Neef (1882) etched a thi n section with 

hot HCL which dissolved the magnetite and revealed the undecomposed 

ilmenite latticeworks. Kuch (1885) reported s imilar intergrowths in 

a plagioclase-olivine-augite rock while Teall (1884) concluded that 

similar intergrowths were developed in the Ti02-bearing magnetites of 

the Whin Sill. 

Becke (1886) undertook the first microscopic examinat ion 0f the ilmenite

magnetite intergrowths and described the presence of ilmenite tablets 

that are intergrown parallel to the octahedral faces of the magnetite. 

Cathrein (1887) described similar intergrowths and concluded that the 

tabular ilmenite bodies are crystallographically oriented >lith their 

basal planes parallel to the octahedral planes of the magnetite. He 

also presented chemical analyses t hat demonstrated that the inter growth-

free magnetite contained no titanium. Rosenbusch (1892) reported that 

the lamellar ilmenite intergrowths in magnetite intersect each other 

at 600 in sections parallel to (111) of the magnetite and at 900 in 

sections parallel to (100) . Similar incergrowths were described In 

titanium-bearing magnetites from other rock typeu by Adams (1893) and 

Rosenbusch (1896). 
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Kemp (1899) reported that magnetite from the Adirondacks contained up 

to 18 per cent Ti02 as well as small amounts of vanadium. Lacroix 

(1901-1909) concluded that the titanium content of titaniferous mag

netite is due to both the presence of ilmenite in magnetite and to the 

substitution of some Ti20
3 

for Fe
2

0
3 

in the magnetite. Intergrowths 

of ilmenite and rutile in magnetite were also described by MUgge (1903). 

The first detailed microscopic investigations of polished sections of 

titaniferous iron ores were undertaken by Hussak(1904). He etched 

the polished section surfaces with HCL which attacked the magnetite 

and produced a dull black surface while the ilmenite remained un-

affected and could be easily observed. He reported that the ores 

consisted of magnetite and ilmenite aggregates and that the magnetite 

contained both regular and irregular ilmenite intergrowths. He 

found that the regular lamellar intergrowths varied considerably in 

size and abundance and published the first photomicrographs of these 

intergrowths. 

The microscopic study of these minerals in polished sections was sub-

se~uently taken up by other investigators and Warren (190fr) ,also re

ported lamellar intergrowths in titaniferous iron ores from Rhode Is-

land, These developments led to a mineralogical investigation of the 

United States titaniferous lron ore deposits by Singewald (1913a, b) 

and ultimately to the more detailed mineralogical and phase-relation

ship studies that are reviewed in the following sections. 

4.2 Introduction 

The complex phase relationships in the FeO-Fe20
3
-Ti02 system are 

r eflected in the wide range of microstructures that are developed in 

the iron-titanium oxides. 'These relationshi ps have been inves tigated 
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~n detail and three sol id solution series are known to exist in this 

system at elevated temperatures (MacChesney and Muan, 1959; Webster 

and Bright, 1961; Taylor, 1963, 1964). The phase relationships at 

13000 C are illustrated ~n figure 2 and show the following three solid 

solution serles~ 

i) ferropseudobrooki te~pseudobrookite (orthorhombic) 

ii) ilmenite~hematite (rhombohedral) 

iii) ulvospinel-magnetite (CUbic) 

Weight percent 

FIGURE 2 Isothermal section at 13000 C in the system FeO~Fe203-Ti02 

showing the three solid solution ser~es ferropseudobrookite~ 

pseudobrookite; ilmenite-hematite and ulvospinel-magnetite 

( from Taylor, 1964) 

Restricted solid solution also exists between these three serles at 

elevated temperatures, but the composition bands between the three 

solid solution series become narrower on cooling and exsolutiun commen~ 

ces. These relationships are illustrated in the 12000 C isothermal 
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section (figure 3). Only limited solid solution exists in these 

three serles at low temperatures . 

. WeiQht percent 

FIGURE 3 Isothermal section at 12000 C in the system FeO-Fe20
3
-Ti02 

showing the phase relationships (from Webster and Bright, 

1961) . 

The oxidation state of the iron in these three solid solution serles is 

sensitive to changes ln oxygen fugacity during cooling and this con

sequently influences the nature of the phases produced (Buddington and 

Lindsley. 1964). The phases in this system also show varying degrees 

of solid solution with other related MgC-, Cr20
3
-. Al20

3
-. and MnO

bearing systems with the result that the naturally occurring minerals 

(>"hibit " wide ru.nge of chemical composition:; "tid mic:rointergrowthn. 

These features combine to produce the extraordinary variety of mlcro

intergrowths and phase relationships that are reviewed in the follow-



29 

lng sections. The rhombohedral ilmenite~hematite, and the cubic mag-

netite-ulvospinel series are of particular interest in this study since 

the bulk of the microstructures exhibited by the investigated iron~ 

titanium oxides are controlled by phase relationships in and between 

these two systems. 

4.3 The Rhombohedral Ilmenite~Hematite Series 

4.3.1 The ilmenite-hemat ite microstructures 

Naturally occurring ilmenites from a wide range of slowly cooled 

igneous rocks commonly contain several per cent of hematite that is 

present as fine-grained intergrowths. These lamellae are 

invariably oriented parallel to the basal planes of their host and may 

be locally abundant in hemo-ilmenites from certain rock types . The 

intergrowths generally exhibit distinct elongated, lens~shap~d forms 

having gently tapering ends when viewed ln sections cut parallel to 

(0001) of their hosts. The morphology of the intergrowths varles 

between these two extremes in randomly oriented sections and they have 

the overall appearance of flattened lenses. 

Hematite containing essentially similar ilmenite microintergrowths is 

also found, but is far less common in igneous rocks, being more abundant 

in metamorphic types. A complete gradation between hemo~ilmel\itE' con~ 

taining only minor ilmenite intergrowths and ilmeno-hematite containing 

only minor ilmenite intergrowths is found in nature. Intermediate 

members, consisting of approximately equal proportions of ilmenite and 

hematite, in which it is difficult to distinguish between the host and 

intergrown phases , are developed in some Precambrian anorthosites. 

A !lecond spnes of similar, but very much filler hematite intergrowths 

tLrtJ cunutl~IIlI.\' IH'l~s~nt in Lhe ilmenite ]fl un~a: : , Ul!twt:l.!U the larger 
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hematite bodies. The larger hematite intergrowths themselves also 

commonly contain a serles of similar, very much finer ilmenite inter-

growths that are oriented parallel to (0001) of their hosts. the 

ilmeno-hematite grains exhibit essentially similar relationships with 

respect to their ilmenite microintergrowths. The composite hemo-

ilmenite and ilmeno-hematite grains occasionally exhibit twinning and 

there is a marked change in orientation of the intergrowths across the 

twin planes which reflect their crystallographic control. 

A series of photomicrographs illustrating many of the ilmenite-

hematite microstructure features are given in Ramdohr (1969) " p. 960-

969. Additional photomicrographs are presented in Parts 2 and 3 of 

this thesis. 

4.3.2 Mineralogical investigations of the FeTi0
3
-!e

2
0

3 
system 

. The first photomicrograph of an ilmenite-hematite microintergrowth was 

published by Singewald (1913a, fig. ViIh), but he identified the hem-

atite as magnetite, even though he reported that it was more resistant 

to acid etching than is usual for magnetite. Warren (1918) described 

microintergrowths of both hematite in ilmenite and ilmenite in hematite 

as well as optically homogeneous ilmenite grains that contained a high 

On the basis of the homogeneous grains he con-

cluded that a wide range of miscibility existed between Fe2+Tio
3 

and 

He noted that ilmenite and hematite are probably miscible at 

high temperatures, but suggested that their isomorphous mixture would 

.become unstable on cooling and would unmix to form the ilmenite ruld 

bematit.e microintergrowths. He also reported the presence of mallnetite 

intergrowths in ilmenite and noted that some of the hematite intergrow-

ths might form .via the oxidation nf this magnetite. 
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Ramdohr (1926) investigated the phase relationships in this system 

microscopically by comparing observations of natural minerals with 

products obtained by heating ilmenite-hematite intergrowths both in 

air and nitrogen. He recognised the presence of two distinct size-

ranges of ihtergrown hematite discs in certain ilmenites and s t ressed 

the absence of intermediate sized bodies. He regarded these discs 

as exsolution bodies and referred to the larger-sized series as 

"generation 1" while the smaller bodies were termed "generation 11". 

Ramdohr (1926) succeeded in homogenizing the hematite-ilmenite inter

growths by heating them at 10000C in air for 12 hours and noted that 

solution of the "generation 1" bodies commenced at approximately 700oC. 

No solution of either "generation" . of intergrowths was evident after 

heating at 5000C i n air for 12 hours, but solution of the "generation 

o 6 0 11" bodies commenced at temperatures between 500 and 00 C. 

Ramdohr (1926) prepared a qualitative phase diagram for the FeTi0 3-

Fe
2

0
3 

system on the basis of his experimental results (figure 4) which 

indicates that the ilmenite and hematite are completely miscible at 

high temperatures. On slow cooling the solvus is intersected and the 

solid solution unmixes to form the "generation 1" exsolution bodies. 

Exsolution continues on slow cooling, but a temperature is reached at 

which Ramdohr (1926) assumed that the ilmenite transformed from its 

higher symmetry and became tetartohedral. He postulated that the solu-

bility of both Fe20
3 

in FeTi0
3 

and of FeTi0
3 

in Fe
2

0
3 

decreased abrupt

ly at this stage leading to the exsolution of the "generation 11" 

bodies. lie tentatively assigned a temperature of 215°C to this trans-

forrn~tion temperature (based on earlier el ectrical conductivity studies), 

but suggested in a footnote (1926, p. 375) that this temperature might 

be closer t o 675°C. 
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The ~ualitative phase diagram of the ilmenite-hematite 

system presented by Ramdohr (1926). Note the absence of 

any temperature or other details. He originally placed 

o the transformation temperature at 215 C, but later changed 

Ramdohr (1926) noted that the presence of foreign ions would also 

alter the phase relationships and temperatures in this system. He 

stated that exsolution would not take place under conditions of rapid 

cooling thus resulting in the formation of homogeneous ilmenites with 

Rrundohr (1926) concluded that ilmenite can con-

tain up to 6 per cent Fe20
3 

in solid solution at normal temperatures . 

Osborne (1928) reported the presence of two ser1es of hematite inter-

growths 1n ilmenite from titaniferous iron ores and also concluded 

that there 18 considerable miscibility 1n this system. He also con-
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firmed that the hematite bodies are oriented with their basal sections 

parallel to (0001) of their hosts and noted that twinning in ilmenite 

is parallel to (1101). Knopf and Anderson (1930) applied Ramdohr's 

results on the FeTi0
3
- Fe20

3 
system as a geothermometer to determine 

the temperature of fo r mation of the Engels copper deposit. They 

concluded that the presence of two generations of hematite exsolution 

bodies in exsolved ilmenites indicated a minimum temperature of 675
0

C. 

This led to the pUblication of an extensive criticism of certain aspects 

of Ramdohr's work by Greig (1932). 

Greig (1932) demonstrated certain technical errors in the construction 

and operation of Ramdohr's phase diagram (figure 4) and pointed out 

that his two~stage exsolution mechanism had not been experimentally 

substantiated. He suggested that the disappearance of the smaller 

hematite bodies at a lower temperature ln Ramdohr's experiment was 

merely due to their small size which made the changes more obvious 

and concluded that minor solution of the larger bodies must also have 

occurred. Greig (1932) concluded that Ramdohr's experiments had only 

shown that the diffusion rate was dependent on temperature and that 

these types of inter growth could conse~uently not be used as geotherm

ometers. 

Posnjak and Barth (1934) synthesized a homogeneous solid solution with 

a composition midway between ilmenite and hematite by heating suitable 

mixtures in evacuated silica tubes at l2000 C for a few hours. They 

demonstrated an approximately linear increase in the volume of the unit 

cell from hematite to ilmenite du~ to the compensating effects of 

changes in the unit cell uimensions and the rhombohedral angle. 

Edwards (1938) als.o investigated the ilmenite-hematite intergrowths 
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microscopically and carried out heating experiments that confirmed 

Ramdohr's conclusions about the existence of a continuous solid solu-

tion series at temperatures above 70o-8000 c. Edwards (1938) reported 

that this high temperature solid solution breaks down on slow cooling 

into two solid solutions, one rich in FeTiO, and the other rich ~n 

Each of these solid solutions then continues exsolving as 

cooling progresses. 

Edwards (1938) recognised the typical crystallographic orientation of 

the intergrowths and reported that the earlier-formed exsolution bodies 

are distinctly larger than the others and that the spaces between 

them contain smaller bodies. He noted that there is a continuous 

range in s ize of the smaller bodies ("generation 11" of Ramdohr, 1926) 

and that the largest of these occupy a median position between the 

rows of coarser "generation 1" exsolution bodies as far as possible 

away from their sphere of influence. The spaces between the "gener-

ation 11" bodies also contain very much smaller exsolution bodies that 

range in size down to the limits of optical resolution. 

Following the suggestion of Greig (1932) that the exsolution might be 

a continuous process over a range of t emperatures, Edwards (1938 ) 

postulated that these conditions would allow the titanium-bearing 

hematite that precipitated during the early stages of cooling to 

segregate and form the larger exsolut i on bodies. During later stages 

of cooling, the diffus ion rates would become much slower, resulti"ng 

in an increase in the number of centres of precipitation so that prog-

ressively smaller exsolution bodies would be formed . The continuing 

decrease in the amount of exsolvable hematite available would also 

contribute to their diminishing size. 
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Edwards (1938) also .reported that exsolution of ilmenite had continued 

in an identical manner within the earlier exsolved hematite bodies 

that were able to hold less and less Ti02 in solid solution as the 

temperature decreased. The largest ilmenite exsolution bodies are 

formed in the central portions of the earlier hematite bodies and grade 

into finer bodies towards their margins which are generally free from 

even the finest intergrowths. Smaller ilmenite exsolution bodies are 

also developed in the areas between the larger ilmenite bodies. 

Edwards (1938) ascribed these features to the effects of decreasing 

solid diffusion and consequent increase in the numbers of centres of 

nucleation. He concluded that the decrease in size towards the mar-· 

gins is due to the hematite in these areas having ·exsolved at a lower 

temperature than their earlier-formed cores and consequently holding less 

Ti02 in solid solution . 

Edwards (1938) rejected Ramdohr's postulate that the finer exsolution 

bodies are formed by a sudden decrease in solubility and noted that the 

size of exsolution bodies in any specimen would depend on both the rate 

of cooling and the composition of the original solid solution. In 

particular, he noted that slow cooling of a solid solution containing 

only minor amounts of solute would produce small exsolution bodies 

while a similar texture would be produced by the relatively rapid cool-

ing of a solid solution of more intermediate composition. He cOllclud-

ed that the presence of l arge exsolution bodies is indicative of slow 

cooling, but that the chemical composition of a fine-grained intergrow

th would have to be determined before its rate of cooling could be as

certained. 

Edwards (1938) also described simi lar ilmenite intergrowths in hematite, 

but noted that there was a continuous gradation in size between the ex-
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solution products. He noted that the i ntergrowths of ilmenite in 

hematite and vice versa were always oriented parallel to their (0001) 

planes. He concluded that this was due to the (0001) plane having 

a wide atomic spacing and being common to both ilmenite and hematite, 

He placed the limit of solid solution of Ti02 in Fe20
3 

at ordinary 

temperatures at between 5,6 and 11,3 per cent and that of Fe20
3 

in 

ilmenite at slightly less than 5,6 per cent, 

Edwards (1947) restated his earlier Vlews on ilmenite-hematite inter-

growths and concluded that their capacity to form such an extensive 

solid solution was due to their structural similarity, He noted 

that both minerals are rhombohedral with the corundum structure and 

that it is possible to derive the ilmenite structure from hematite by 

replacing half the iron atoms by titanium in a strictly ordered sequ-

ence. On this basis he concluded that the substitution of Ti for 

Fe was simplified since "the ionic radii of the two atoms involved 

, th ' b" 3+ 6 0 ' 3+ 6 0 , , ln lS su Stl tutJ.on - Fe 0, 7 A, TJ. 0, 9 A - are sufflclently 

close to cause little distortion of the lattice", (Note that Hamos 

and Tscherbina, 1933 (quoted in Barth and Posnjak, 1934) conclude that 

the Ti is tetravalent and Fe divalent in ilmenite at normal temperatur-

es). 

Pouillard and Michel (1949) synthesised members of the ilmenite-hemat-

ite solid solution serles by heating mixtures of Ti0
2 

and FeO in vacuo 

and found that two series were present, one being limited towards the 

composition 2Fe20
3

,FeTi0
3 

and the other towards 2FeTi0
3

,Fe20
3

, 

They noted that the Fe20
3
-rich solid solutions are ferromagnetic while 

the FeTi0
3
-rich solid solutions are paramagnetic. Pouillard (1950) 

reported the preparation of members of the ilmenite-hematite solid sol-

o 
ution series at 950 C and concluded that there is a compositional gap 
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at this temperature that extends from 33 per cent FeTi0
3 

to 66 per 

cent FeTi0
3

• Chevallier et al. (1955) prepared a series of hematite-

ilmenite solid solutions by reducing mixtures of Fe20
3 

and Ti02 at 

10000C and confirmed the existence of the miscibility gap between 33 

and 66 per cent FeTi0
3

• They expressed the solid solution in the 

form 2Fe20
3

, (l- Z) FeTi0
3 

and noted that the range of Z between ° and 

1/3 represents the ferrianilmenites whether they are ferromagnetic or 

not. The values of Z between 2/3 and 1 represent the ferromagnetic 

titanohematites while the range between 1/3 and 2/3 r epresents the 

miscibili ty gap. 

Akimoto (1955) presented analyses of 12 phenocrysts separated from and-· 

esitic and dacitic lavas that are naturally occurring members of the 

ilmenite-hematite solid solution serles. He also noted that there is 

an almost linear increase in the rhombohedral a-cell edge from hematite 

(5,42~) to ilmenite (5,538 ~). He r eported that certain of these 

solutions are ferromagnetic. 

Nicholls (1955) reviewed the available data on the Fe20"-FeTiO" system 
.) .) 

and discussed unpublished data of Basta (1953, Ph.D. thesis, Bristol 

University) who found complete solid solution in this system at temp-

o eratures above 1050 C. Basta (1953, quoted in Nicholls, 1955) also 

reported a steady increase in cell dimensions from hematite (a-

hexagonal 5,029~) to ilmenite (a-hexagonal 5,083 ~). He concluded 

3+ 2+ 4+ that the replacement of 2Fe by Fe + Ti must take place continu-

ously since there ~s no discontinuity in the variation of cell dimen-

sious between the I'nd members. 

Nicholls (1955) prepared a phase diagram for this system based on the 

available data (Figure 5), but noted that insufficient data are avail -
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able for the a.ccurate positioning of the solvus curve. He concluded, 

however, that the overall shape of the solvus would not deviate from 

that shown in this diagram. 
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FIGURE 5 Sub-solidus phase diagrams for the ilmenite-hematite system 

from Nicholls, 1955 (dotted line) and Carmichael, 1961 

(solid line). 

Ramdohr (1956) denied the existence of a miscibility gap between 

33 and 66 per cent FeTi0
3 

at high temperatures as shown by Pouillard 

(1950) and Chevallier et al. (1955). He also noted that the abrupt 

change in solubilities at low temperatures was lower on the Fe
2

0
3 

side 

of the phase diagram than on the FeTi0
3 

side, but gave no further 

details . 

Investigations of the magnetic properties of the ilmenite-hematite solid 

solution series commenced in the mid-1950 's as a result of their recog-

nit ion as carriers of magnetism ill palaeomagnetic studies. These 
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investigations were mainly undertaken in Japan and provided informat-

ion on the solid solution relationships and crystal structures of the 

intermediate members of this series. Only the broader aspects of 

this work that are relevant to the phase relationships in this system 

are, however, summarized since this study i s not specifically concern-

ed with the magnetic properties of these minerals. 

Nagata and Akimoto (1956) and Akimoto (1957) synthesised homogeneous 

solid solutions over the whole range between ilmenite and hematite at 

They classified solid solutions of the type xFeTi0
3

.(1-x)Fe20
3 

into the following groups on the basis of their magnetic properties 

under atmospheric conditions: (i) a feebly ferromagnetic region for 

values of x between 0 and 0 ,55 (ii) a ferromagnetic reglon for values 

of x between 0,55 and 0,75 and (iii) a paramagnetic reglon for values 

of x between 0,75 and 1. They also noted that the ferromagnetism of 

natural minerals appears more intense than that of their synthetic 

equivalents and suggested that this might be due to heat i ng effects and 

. 2+ .4+. . 
the orderlng of Fe and Tl lons In the crystal structure. 

Ishikawa and Akimoto (1957a, b) confirmed these observations within a range 

of solid solutions synthesised at 11000C and noted that the largest 

intensity of magnetization corresponds to the most ordered crystal stru-

cture. They also reported that the degree of ordering (and hence mag-

netisation) could be improved by heating at 12000C for more than 12 

hours before quenching. They concluded that the magnetic properties 

. .4+ . 
are dependent on the orderlng of the Tl lons and suggested that they 

always uc c; upy one uf two ~~ublo.ttices in :Jpl~ei.lnellc wi.th value:: 0J' x 

'llhey a.l.so concluded tllut.. 'Pi. emu Fe 1011:; UI 'I' Jis -

ordered III solid solutions with the range of x uetween 0 and 0 , 5. 
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Ishikawa and Akimoto (1958) investigated other ilmenite-hematite-type 

solid solutions and drew attention to the substitution problems invov-

ed. In particular, they noted that the unit cell volume increases 

linearly with composition between hematite and ilmenite in spite of 

the Fe2+ ion being larger (0,75 ~) than those of Ti4+ (0,68 ~) and 

Fe 3+ (0,60 ~). They also noted that the crystal symmetry changes 

from R3 (ilmenite) to R3c (hematite) at some intermediate composition 

ruld suggested that the R3 symmetry corresponds to a structure in which 

the Ti and Fe ions are ordered, while the R3c symmetry corresponds to 

a disordered structure in which the Ti and Fe ions are randonuy distr-

ibuted. 

Ishikawa and Akimoto (1958) suggested that complete solid solution in 

this system was, however, possible since the activation energy requir-

.. T· 4+ . -ed for the mlgratlon of the l lons would be lowered due to the pro-

2+ F 3+ . . . cess whereby the Fe and e lons can change thelr arrangement Slm-

ply by electron transfer. This process would consequently reduce the 

repulsive force between Fe and Ti ions during their migration to other 

lattice points. They concluded that the electrostatic energy due to 

the re-arrangement of the Ti ions might be reduced by this mechanism 

and that the order-disorder transformations between the R3 and R3c 

symmetries might be due to a similar process. 

Ishikawa (1958) and Ishikawa and Syono (1963) noted that the cation 

distribution in ilmenite-hematite solutions might be either ordered 

or disordered for values of x near 0,5 and concluded that the state of 

order ic 11 function of til{; thcrrnlil history 0[' the sample concern<!,L 

The ',rder-d·;sorder· re1atiollchj pc: i" the ilmenite-hematite s"lid ::olll-

tion series were subsequently inves tigated and their existence estab-

lished by neutron diffraction (Shirane et al., 1959) and by both 
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neutron diffraction and MBssbauer spectroscopy (Shirane et al., 1962). 

Additional data on the magnetic properties of this solid solution 

series were also publ ished by Hargraves (1959), Ishikawa (1962) and 

Reithler and Bolfa (1963). 

Carmichael (1961) examined the magnetic properties of natural exsolved 

hemo- ilmenite crystals from Allard Lake and determined their subsolvus 

phase relationships by means of a series of heating experiments ln 

sealed silica tubes containing a little air. He reported that com-

plete resorption of the lamellae, as determined by x-ray diffraction, 

Curie point and microscopic observation, was attained by heating at 

o 1250 C for 4 days. He noted that the homogenization times were slow, 

particularly at low temperatures, and heated a serles of natural ex-

o 0 4 solved crystals at between 300 and 1000 C for 3 days. A second 

series was run between 4000 and 9000 C for 100 days. Two series of 

previously homogenized hemo-ilmenite crystals were also heated under 

the same sets of conditions in order that the approach to equilibrium 

at a given temperature could be observed from both the exsolution and 

resolution sides. 

Carmichael (1961) analysed the heating products by means of x-ray 

diffraction and Curie point determinations and noted that the crystals 

o 
heated above 600 C for lOO days were much closer to equilibrium than 

those of the 34 day series. He reported that 100 days was insuffic-

ient time for complete resorption of the lamellae at temperatures of 

(> 

600 C and below. Carmichuel (1961) construcLed the first quanti ta.t-

iv" plla"L' diagram for the ,wlv,,:; of this syet"m on the basi.; uf these 

data and i. t is reproduced in fie;ure 5 for comparison with the. earlier 

version of the solvus position prepared by Nicholls (19 55 ). 
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Webster and Bright (1961) investigated the phase relationships in the 

system Fe-Ti-O at 12000C over a range of oxygen fugacities (figure3) 

and reported the existence of complete solid solution in the alpha-

Fe20
3
-FeTi0

3 
sUb-system which they termed the "alpha-series". They 

noted that this series exists as a single phase over a range of Fe/ 

(Fe + Ti) ratios for a given oxygen fugacity (f0
2

) in two different 

regions of figure 6. 

FIGURE 6 
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o Phases present in the system Fe-Ti-O at 1200 C as a 

function of the Fe/(Fe + Ti) atom ratio and the oxygen 

fugacity. The shaded areas indicate the ilmenite-

hematite solid solution stability fields and the line 

between a and b, has a narrow, but undetermined width 

( from Webster and Bright, 1961). 

Webster anrl Bright (1961) also reported that a single phase ilmenite-

hematite solid solution is stable over a c01l3iderable range of oxygen 

fugacities for a given Fe/(Fe + Ti) ratio. In particular, they 
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noted that a small change in the f0
2 

at about log f02 = -4 in the 

reglon Fe/(Fe + Ti) between 0,65 and 0,85 results in a large change 

in the Fe/(Fe + Ti) ratio of the ilmenite-hematite solid solution 

(figure 6). They concluded that this phenomenon would be expected 

to occur under conditions immediately above the consolute temperature 

of the miscibility gap in this system and noted that the two solid 

solutions on either side of the gap would have the same oxygen fuGacit-

ies. 

Lindsley (1962) reported that attempts to determine the ilmenite-

hematite solvus hydrothermally (in order to speed up sluggish reaction 

rates) had been unsuccessful since no buffer was available with an 

f02 at which hematite (solid solution) and ilmenite could co-exist. 
58 S5 

He reported that initial compositions of hem
50

ilm
50 

were oxidised to 

hematite + pseudobrookite (or hematite + rutile) by the magnetite-
58 58 58 

hematite buffer (MH) while they were reduced to magnetite + ilmenite 
58 S8 

by the nickel-nickel oxide buffer (NNO) (figure 7) . 

Lindsley (1962) concluded that if both ilmenite and hematite solid 

solutions can co-exist at equilibrium at a given temperature, there 

must be an overlap of the f02 ranges over which each is stable. This 

zone of overlap must also lie between the oxygen fugacities of the MH 

and NNO buffers. He also noted that the corresponding f02 range of 

mutual stability would probably decrease on cooling as the compositions 

of the co-existing hematite and ilmenite solid solutions moved further 

apart. 

Linds l ey (1962) noted t.hat many low-grade metamorphic rocks contain the 

assemblage magnetite + rutile which is chemically equivalent to hemat-

ite + ilmenite and can be represented by the reaction: 
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He noted that this reaction has a very small positive free energy of 

o 0 
between 1 and 2 kcal over the temperature range of 100 to 1200 C 

(Verhoogen. 1962a) . which accounts for the stability of the magnetite 

+ rutile assemblages. Lindsley (1962) suggested that there is no 

f0
2 

at which hematite and ilmenite solid solutions can exist between 

approximately 2000 and 4000 c and that the intergrowths might form, 

however, since less energy would be re~uired for the migration of Fe 

and Ti in the inherited oxygen framework of the original phase than for 

complete reorganisation into new phases such as magnetite + rutile. 

He suggested that the free energy of mixing of Fe20
3 

would become 

large enough to favour the stability of ilmenite-hematite solid solu-

tions over the magnetite + rutile assemblages at higher temperatures. 

FIGURE 7 
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Plot of oxygen fugacity versus temperature for the buffer 

assemblages used during investigations of the FeO-Fe
2

0
3
-

Ti02 system ( from Lindsley, 1962) . 
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Lindsley (1963) determined the compositions of hematite-ilmenite solid 

solutions in equilibrium with magnetite-ulvospinel solid solutions in 

a series of hydrothermal experiments in which the oxygen fugacitie s 

were controlled by the buffers shown in figure 7. He reported that 

the phase relationships are not markedly influenced by pressure and 

concluded that the composit ions of hematite-ilmenite solid solutions 

co-existing with magnetite-ulvospinel solid solutions are a func tion 

of temperature and oxygen fugacity as illustrated in figure 8. 

FIGURE 8 
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Projection parallel to the composition aX1S of the surface 

1n f02-T-X space of the hematite-ilmenite solid solution 

series that co-exists in equilibrium with magnetite-

ulvospinel solid solutions ( from Lindsley, 1963). 

Taylor (1964) investigated the phase relationships in the F'= ()- I"e;/! .~ 

Ti02 system at 1300
0

C (figure 2) and noted the existence of " svmpl ete 

solid solution series between ilmenite and hematite. He also r~port-

ed that oxidat i on of a magnetite-ulvospinel solid solution at temper-
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o 
atures above 900 C results In the immediate formation of a hematite-

ilmenite solid solution, 

Rumble (1971) studied the co-existing Fe-Ti oxides in regionally meta-

morphosed rocks and noted that the phase relationships of the natural 

ilmenite- hematite solid solutions did not correspond well with those 

determined in the laboratory . In particular, he stressed that the 

ilmenite -hematite sol vus should be redetermined since the solubility 

of FeTi0
3 

in hemat i te believed to have formed at relativel y moderate 

temperatures was greater than that permitted by Carmichael's (1961) 

data. As an example he noted that hematite with up to 30 per cent 

FeTi0
3 

in solution was present in rocks of the sillimanite zone that 

probably formed at temperatures of less than 600oc. Carmichael's 

data required a temper atur e of at least 8500 C for this degree of 

solubility. 

Kretchmar and McNutt (1971) i nvestigated hemo- ilmenite gra1ns contain-

ing two sizes of exsolution lamell ae as discussed in section 4.3 .1. 

On the basis of el ectron mic r oprobe analyses they concluded that no 

compositional differences existed between the two sizes of exsolution 

lamellae and reported that the compositions of the exsolved phases were 

Kretchmar and McNut t (1971) based their interpretation of the hemo-

ilmenite intergrowths largely on the exs olution mechanisms discussed 

by Brett (1964) , Yund and Hall (1970) and Yund and McCallister (1970) . 

They suggested that the elongated, narrow, crystallographically orien-

ted hematite lamellae in an ilmenite host are the result of "coherent" 

exsolution (Brett, 1964) or a discontinuous exsolution mechanism (Yund 

and McCaJl.istcr, 1970). The large hematite patches are pre c:umed to 
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to have formed from a "non~coherent" type of exsolution resulting 

from a discontinuous exsolution mechanism which led to the breakdown 

of the lamellae and ultimately caused the r ecrystallisation of their 

ilmenite hosts, 

Kretchmar and McNutt (1971) deduced the position of the hematite~ 

ilmenite solvus on the basis of their analytical results and on cer-

tain other assumptions. The shape and consolute point of their 

proposed solvus is essentially the same as that of Carmichael (1961), 

but is shifted more towards the ilmenite-rich side to fit their "end-

member" analyses of exsol ved lamellae. 

Matsuoka (1971) reported the synthesis of intermediate members of the 

ilmenite-hematite solid solution series under hydrothermal conditions 

o 0 at temperatures of 600 and 700 C and a water pressure of 2,5 kb. 

Warner et al. (1972) synthesised a complete range of members of the 

ilmenite-hematite solid solution series at 5 per cent intervals by 

o heating in vacuo at 1150 C. They studied these samples by Messbauer 

spectroscopy and confirmed the existence of order-disorder relat ionships 

in certain compositional ranges in this series. In particular, they 

noted that heat-treated samples with a value of x between 0,55 and 

0,60 exhibited a more ordered cation distribution than their quenched 

equivalents. 
. 2+ 

They also noted that all Fe ions participate in elec-

t f "th 1 b F 3+ " " tron rans er W1 an equa num er of e 10ns and that th1s process 

continues up to values of x of 0,6. No electron transfer was noted 

for values of x between 0,75 and 1 and they concluded that this was due 

to an (Jrdering of the cations in Buch a way that elec t ron transfe r is 

i.nhibiLvd. 

Lindh (1972) noted numerous discrepancie s 1n the ilmenite -hematite solvus 
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and investigated the phase relationships in the FeO-Fe 0 ~·Tio system 
2 3 2 

at temperatures ranging between 300 and 7000 C. The experiments were 

carried out under hydrothermal conditions so that the oxygen fugacity 

was influenced by the activity of water and he reported that the cond-

itions could be considered isobaric since different applied pressures 

caused no significant differences in the equilibrium conditions. The 

oxygen fugacities were buffered during experimental runs by using the 

NNO, MnO-Mn
3
04 and MH buffers (figure7). 

Lindh (1972) reported that hematite and ilmenite co-exist as a stable 

o assemblage at temperatures below 550 C and that the assemblage magnet-

ite + rutile is unst able under these conditions. In contrast, he 

noted that the assemblage magnetite + rutile and either ilmenite or 

hematite becomes stable above this temperature with the result that 

hematite and ilmenite are no longer able to co-exist stably. 

On the basis of his experimental work, Lindh . (1972) determined that 

the consolute point of the hematite-ilmenite solvus curve should be at 

o about 660 C. The upper part of this curve would, however, be anomal-

ous since an oversaturated rhombohedral phase would not unmix into 

hematite and ilmenite, but would preferentially form one of these oxides 

plus magnetite and rutile instead . He prepared a phase diagram indic-

ating the position of the ilmenite-hematite sol vus (figure 9) , but not-· 

ed that "it is 'inaccurate since there are great uncertainties in its 

derivation" . He indicated that the inflections on the curve corresp-

ond to the change of .equilibrium assemblage and stressed t he differences 

between his diagram and the earlier version of Carmichael (1961) , (fig-

ure 5). 
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FIGURE 9 Solvus diagram f or the ilmenite-hematite system ( from 

Lindh , 1972). 

Lindh (1972) noted that the existence of a miscibility gap in the 

ilmenite-hematite solid solution series represented strong evidence 

for non-ideality in this system. He reviewed the available data on 

the nature of the ilmenite-hematite solid solutions and concluded that 

the intermediate members are inhomogeneous and consist of small "dom-

a ins" of hematite and ilmenite that are too small for r esolution by 

x-ray di ffraction techniques. He noted that this theory required 

the ordering of cations and that this would r esult in a non-linear 

variation in unit cell volumes between the end- members in this ser~es 

in contrast to the results of many earlier investigations. 

Lindh . (lY72) also discussed the exsolution mechanisms proposed for the 

ilmenite-hematite system and noted that the instability of co- existing 

hematite and ilmenite at elevated temperatures below the solvus intro-
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duced additional complications. The formation of a magnetite + rutile 

assemblage from a pre-existing intermediate rhombohedral oxide would 

consequently require the destruction of the original lattice and the 

formation of new lattices. Lindh (1972) suggested that this did not 

. .. ... .4+ 
occur, however, Slnce the reqUlred lntracrystalllne dlffuslon of Tl 

would be too slow on account of its high charge and the small galn ln 

free energy involved. He concluded that the formation of hemati~~ 

lamellae in ilmenite and vice versa would be favoured by epitaxial 

nucleation and noted that his "domain" structure for the solid solution 

would facilitate the metastable growth of one rhombohedral oxide in 

the other. 

Lindh . (1972) suggested that a large supersaturation would be necessary 

before nucleation could occur since the exsolving phase is unstable 

and that this would lead to the formation of only a few nuclei that 

would in turn grow into a few large lamellae (the "generation 1" of 

Ramdohr, 1926). He concluded that the required supersaturation 

would become much less when the temperature fell below the 5-phase 

point and this would lead to the formation of many nuclei, resulting 

in the abundant small lamellae of the "second generation". Lindh 

(1972) noted that the compositions of the larger lamellae ("generation 

1") do not correpond to the inflections of the solvus curve with the 

result that further exsolution must occur during cooling if his model 

is appli cable. 

Lindsley (1973) also noted discrepancies between the subsolvus phase 

relat ionships in naturally occurring minerals of the ilmenite-hematite 

system and relationships predicted by Carmi chael (1961) (figure 5). 

He stresse,.1 that the miscibility gap should be redetermined, possibly 

by the lISC: of hydrothermal experiments in order' that reaction rates 
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He pointed out, however, that the fO, of the 
" 

fluid would have to be maintained within a range over whicl, both rhom-

bohedral phases are stable during the experiments and that no suitable 

buffers are currently available for this purpose (see discussion of 

Lindsley, 1962). He concluded that the accurate determination of the 

miscibility gap would consequently have to await the development of 

suitable buffers or new experimental techniques. 

Lindsley (1973) reported that his limited experimental data based on 

the available buffers cast serious doubt on the validity of Carmichael's 

(1961) curve. He published these results merely as a shaded area to 

indicate the possible position of the miscibility gap instead of in the 

form of solvus (figure 10) and stressed that it does not represent the 

form of that gap. He also concluded on the grounds of experimental 

evidence that the consolute temperature must lie at or below 8000C. 

Lindsley (1973) discussed Carmichael's (1961) results and suggested that 

the most likely source of discrepancy between their results l ies in the 

different experimental techniques used. Lindsley (1973) concluded 

"the published miscibility gap for the hematite-ilmenite system (Car-

michael, 1961) should be rejected. I regret that I cannot offer a 

better one at present". 

Lindsley and Lindh (1974) re-examined the phase relationships in the 

FeO-Fe20
3
-Ti02 system under hydrothermal conditions and concluded that 

hematite + ilmenite assemblages could in fact exist at temperatures 

above 5;00c since a narrow range of f02 existed within which they are 

stable. They concluded that these conditions were not attained during 

Lindh's (1972) earlier experiments and they discussed the problems in-

vol ved in obtaining sui table buffers for the control of oxy gen fugaei ties 
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during experimental runs. 

FIGURE 10 
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The shaded area r epresent s the region within which the 

miscibility gap should l i e and its irr egular shape 

emphasises that it merely delimits the possibl e range 

of the miscibility gap and does not represent it (from 

Lindsley, 1973) . 

Lindsley and Lindh (1974) devised a new series of experimental de ter-

minat ions involving the use of the assemblages magnetite + hematite 
S8 58 

+ ilmenite and hematite + ilmenite + rutile as oxygen b~ffers. 
S8 55 S8 

They noted t hat these assemblages are invariant in the 3-component 

Fe-Ti -0 sys t em so that all iutensi ve variables, including fO" are 
'-

fixed wi th tlw result that they call be m'ed as oxygen buffer s 1111villg 

the '-"'lui ,",~d range for the re!J.(' t ions of i ntere8t. 
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Lindsley and Lindh (1974) reported that these buffers would permit the 

delimitation of the hematite-ilmenite miscibility gap, and that they 

were proceeding with these studies, although a great deal of work re-

mained to be done. Their preliminary results, however, indicated 

that the assemblages hematite + i lmenite or a single homogeneous 
S8 S8 

o 0 phase is more stable than magnetite + rutile at 650 and 700 C contrary 

to Lindh's (1972) earlier findings. They concluded that the miscibil-

ity gap was consequently incorrectly positioned in Lindh's (1972) phase 

o diagram in the range 550-650 C and that positions at lower temperatures 

should also be viewed with caution. 

Marnier and Bolfa (1974) investigated the crystal structures and magn-

etic properties of the ilmenite-hematite solid solution series and 

presented a magnetic model which covers the whole solid solution range. 

They concluded that the magnetic properties can be correlated with the 

composition and degree of cationic order ln the solid solution. They 

noted that an excellent agreement exists between the calculated order 

ratio obtained from the magnetic measurements of Ishikawa (1962) and 

the neutron diffraction data of Shirane et al. (1962). 

The application of transmission electron microscopy techniques to de-

tailed studies of exsolution bodies and structural relationships in 

the ilmenite-hematite system was initiated by Christie et al. (1971), 

quoted in Cullen et al. (1973) who noted that the interface between 

the hematite precipitate and ilmenite matrix is semi-coherent. Cullen 

et al. (1973) carried out a detailed transmission electron microscopy 

study on the nature of the misfit dislocation network at the ilmenite-

hematite interface. They reported that this network consists of a 

3-fold array of half-partial dislocations and that the morphology 

of thi" network is such that the stacking f"ult energy associated with 
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the extended half-partial dis locations is minimised . 

Lally et al. (1976) investigated precipitation in the i lmenite-hematite 

system by means of transmission electron microscopy and noted that the 

hematite exsolution bodies have the form of flattened l enses i n which 

the lens axis is parallel to the c- di r ection of the hexagonal unit 

cell. They reported that this morphology is consistent with the 

nature of the lattice mismatch between matrix and precipitate which 

is greates t in t he c-direction and least in the basal plane. They 

also noted that the i nterface separating the exsolved hematite part

icle and the ilmenite matrix is composed of 3 sets of misfit disloca

tions arranged in a hexagonal gr id pattern that apparently accomodates 

the differences i n lattice parameters between the two phases. 

4.3 . 3 Discussion 

The nature and diversit y of the investigat ions carried out on buth nat

ural and synthetic members of the ilmenite-hematite system, as well as 

the variety of results obtained, clearly illustrate the complexities 

that exist within this subsystem of the larger FeO-Fe
2

0
3
-Ti0

2 
ternary 

system. In spite of repeated investigation since 1926, the subsolidus 

phase relationships are still only vaguely defined, and the only gen

erally accepted feature is that ilmenite and hematite from a co!,tinuous 

solid solution series at elevated temperatures above approximately 

lOOOoC and that thi s homogeneous phase exsolves on slow cool i ng to pro

duce the characteristic microintergrowths. 

Minor amounts of ot her cations, particularly Mg, ~In, Al, Cr and V are 

commonly present in the naturo.lly occurring minerals of th" ilmellitc-
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hematite series and can be expected to influence the phase relation-

ships. These aspects have not yet been investigated in detail and 

studies of this nature cannot be contemplated until the phase relation

ships of the synthetic end-members are fully underst ood. 

The slowly cooled, intermediate members of the ilmenite-hematite so~id 

solution series are characterised by the development of a variety of 

exsolution textures as described in section 4.3.1. The nature of the 

exsolution mechanisms operating in this system has not been investi

gated in detail in spite of the recent interest that has developed in 

this field (Brett, 1964; Yund and Hall, 1970; Yund and McCallister, 

1970; :Champness and Lorimer, 1976), The application of transmission 

electron microscopy techniques to this problem as reviewed by Champness 

and Lorimer (1976) should provide many of the answers once studies 

have been carried out on a wide range of synthetic and natural crystals 

exhibiting all stages of exsolution. 

It has been recognised that exsolution can proceed in var10US stages 

due to heterogeneous nucleation and growth, homogeneous nucleation and 

growth,and spinodal decomposition processes. These mechanisms operate 

under progressively decreasing temperature conditions and varying de

grees of supersaturation while large regions of metastability can exist, 

(Yund and McCallister, 1970; Champness and Lorimer, 1976). These 

features do not only have application in microstructural st udies, but 

suggest that the actual recognition of equilibrium conditiolls in <oxp-

erimental studies might be extremely difficult. The operatiun of 

these various exsolution mechanisms is also a fllllcti on of the couling 

rate with the result that microstructural interpretations r equire cau

tion unless information is available on the. compos ition of the co-
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existing phases and their thermal history. 

The similarity in crystal structure and cell-dimensions between ilmenite 

and hematite suggest that exsolution might take place via the spinodal 

decomposition mechanism (Cahn, 1968; Hilliard, 1970;Christie and Olsen, 

1974) under suitable cooling conditions. This mechanism would be 

particularly applicable if the solid solutions are inhomogeneous ar d 

consist of Fe- and Ti-ri ch domains as suggested by Lindh (1972). 

Heterogeneous and homogeneous nucleation and growth mechanisms might, 

however, be more important at higher sub-solvus temperatures. 

4.3.4 Conclusions 

Ilmenite and hematite form a complete solid solution at elevated temp

eratures, but although the consolute temperature of the miscibility 

gap lS not known, it is certainly below 8000 c and might possibly be as 

low as 7000 C (or even lower). The members of this series are sensitive 

to changes in oxygen fugacity and are only stable over a relatively 

narrow range of oxygen fugacities. It is, however, possible to set 

limits on their stability field since ilmenite-rich solid solutions are 

oxidised at conditions along the HM and MnO-Mn
3
04 buffers while hematite

rich solid solutions are reduced under conditions along the NNO buffer 

(Lindsley, 1962, 1963). 

Members of the ilmenite-hematite solid solution serles commonly co-exist 

in e~uilibrium with members of the magnetite-ulvospinel solid solution 

series in nature and Lindsley (1963) has shown that their compusitiull 

is largely a function of oxygen fugacity and temperature. This Lnfor-

mation can conse~uently be used to delimit the approximate stability 

field of the intermediate members of this solid solution series as in-

dicated by the shaded area in figure 11. A more detailed version of 
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this diagram is presented as figure 8. 

FIGURE 11 
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Plot of f02 versus temperature showing the approximate 

stability field (shaded area) for intermediate members 

of the ilmenite/hematite series (modified after Lindsley, 

1963). 

The nature of the micro intergrowths produced in the intermediate memb-

ers of the ilmenite-hematite solid solution series is dependent larg-

ely on the initial composition of the solid solution and the rate of 

cooling. Homogeneous minerals can be p~oduced over the whole comp-

ositional range between ilmenite and hematite by quenching from high 

temperatures, but slower cooling rates r esult in exsolution. The low-

temperature solid solution limits have not been firmly established, 

but values of approximately 6 per cent Fe20
3 

in ilmenite and 10 per 

cent FeTi0
3 

in hematite given by Ramdohr (1926) and E<lwar ds (1938) 

still appear to fit the available data. 
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Intermediate members of the ilmenite-hematite solid solution serles will 

exsolve on slow cooli ng and the nature of the exsolution mechanisms in

volved in the formation of their intergrowths can be interpreted ln 

terms of current views on this subject as summarised by Yund and 

McCallister (1970) and Champness and Lorimer (1976). The first ex-

soluti on bodies will be formed at a slight undercooling below the sol

vus by the heterogeneous nucleation and growth mechanisms at dislcc ',

ions and other discontinuities along grain boundaries and within the 

crystals. This process gives rise to a small number of widely spaced 

nuclei that are able to grow into large lamellae .or discs due to the 

higher degree of ionic mobility at elevated temperatures. Concentra-

tion gradient will build up in the areas between the large lamellae 

and the ionic mobility will continue to decrease as the temperature 

decreases. Areas of sufficient supersaturation will ultimately arise 

between the large lamellae and a further set of nuclei will in turn 

grow into a set of more abundant, but much smaller lamellae and concen-

tration gradients will also be set up between them. Similar processes 

would also be operative within the larger, earlier formed lamellae as 

they also continue to adjust towards more equilibrium compositions. 

Ionic diffusion will continue to slow down with decreasing temperature 

so that concentration gradients will again build up in the areas be-

tween the smaller exsolution lamellae. The supersaturation might 

ultimately become high enough for the formation of a further, even fin

er set of exsolution lamellae, ei the r by homogeneous nucleation and 

growth or spinodal decomposition. Exsolution would then continue at 

a progressively slower rate until the diffusion rates become so slow 

that the process effectively ceases. Similar processes would also 

operate within the earlier-formed lamellae. The largest exsolution 

bodies will be formed towards the centres of these earlier lamellae 
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slnce migration of unwanted lons would take place out of their marginal 

areas into their hosts . 

Exsolution lamellae might not have the opportunity to form Vla either 

the heterogeneous or homogeneous nucleation and growth mechanisms under 

conditions of rapid cooling so that the intergrowths might form only 

by spinodal decomposition at lower temperatures. The nature of t l' e 

intergrowths developed under various intermediate cooling rates would 

form Vla combinations of these three processes. 

These mechanisms can account for the various size-ranges and relative 

abundance of exsolution bodies ln this system, but they do not necess

ary account for their decrease in Slze towards grain boundaries. It 

is possible that external exsolution may have occurred ln their marg

inal areas at places where these grains are ln contact with other 

Fe-Ti oxides, but the explanation is not so obvious when they are in 

contact with silicates. Edwards (1938) suggested that this feat-

ure might be due to compositional zoning, but this is unlikely to be 

the case ln slowly cooled rocks. Grain boundary dis locations provide 

ideal sites for heterogeneous nucleation and result ln the growth of 

either external granules or or exsolution lamellae that develop in-

wards into their hosts. These features are apparently rarely develop-

ed in exsolved hemo-ilmenites which suggests that this mechanism might 

not be as important as the others in developing exsolution lamellae in 

this system. 

This literature survey indicates the need for a detailed examination of 

the sub-solidus phase relationship" ill the ilmenite-hematite "ystem 

whkr suitably buffered hydrothermal conditions and for the compilation 

of an ac curate phase diagram. The ' effect of minor amounts ,,1' foreign 
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ions on the phase relationships also requires investigation while 

studies of the exsolution mechanisms that give rise to the wide var

iety of microstructures are needed to provide additional data on 

the subsolvus phase relationships. It can consequently be concluded 

that the past 50 years of research into the ilmenite-hematite solid 

solution seri es has provided an understanding of many of the problerr~ 

involved in studying this system, rather than ln providing the requir

ed answers. 

4.4 The Titaniferous Magnetites 

4.4.1 Introduction 

Titaniferous magnetites from slowly cooled igneous rocks commonly con

tain crystallographically oriented microintergrowths of ilmenite or 

ulvospinel or both. The relationships between these microintergrowths 

are complex and depend largely on oxygen fugacity and cooling rates . 

The ilmenite microstructures were recognised long before ulvospinel 

was discovered so that it is pertinent to consider the magnetite

ilmenite subsystem before dealing with the magnetite-ulvospinel system 

and their mutual relationships. 

4.4 . 2 The titaniferous magnetite microstructures 

Naturally occurring titaniferous magnetites from slowly co~led igneous 

(and some metamorphic) rocks exhibit the development of a wi de range 

of titanium-bearing microintergrowths. Two extreme types can be re-

cognised, one characterised by the presence only of lamellar ilmenite 

and the other by the development of micrometre-sized ulvospinel micro-

interGrowths. The majority of titaniferous magnetites , however, gen-

erally exhibit varying combinations of these two types of intergrowths. 

A series of photomicrographs illustrating vario~s aspects of these 
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microstructures is glven in Ramdohr (1969, p. 899-904), and in Parts 

2 an~ 3 of the present work. 

Titaniferous magnetites commonly show the development of narrow ilmen

ite lamellae that are oriented parallel to their octahedral planes 

and form a well-defined trellis networ k. These lamellae are commonly 

present in two or more distinct Slze ranges. The ilmenite lamella<' 

may intersect each other without any marked change In thickness at 

their intersections, but they often narrow towards their mutual con-

tacts and display lens-shaped forms . The sets of smaller lamellae 

occupy the areas between the larger, more widely spaced ones and very 

small, rounded to i rregular-shaped ilmenite grains are sometimes In 

turn developed In the areas between the finer ilmeni te lamellae. 

A small number of rel atively large and sparsely distributed ilmenite 

lamellae that extend to the grain boundaries of their magnetite hosts 

is also sometimes present. These lamellae are also oriented parall

el to (111) and often show a slight thickening towards the graln boun-

daries of their hosts . Numbers of small, irregularly shaped ilmenite 

gralns are also commonly developed around the periphery of the titani

ferous magnetites and are occasionally connected to the large 18111ellae. 

Ulvospinel is characteristically present in micrometre- sized, lamellar 

networks that are oriented parallel to the cubic planes of their hosts 

and form cloth-like textures. These networks exhibit 3- fold axes of 

symmetry when viewed perpendicular to (111) of their hosts. The ulvo-

spinel microintergrowths may be developed throughout the magnetite 

crystals, or may be confined to relatively small areas between larger 

ilmeni te lamellae. The areas of ulvospinel development also sometimes 

merge impt.:!t'Ct~ ptably wit.h Iln:u:; 111 which exL!'(-~m(!ly fine illllenj te ll.l.w-
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ellae are present. 

4.4.3 Mineralogical investigations of the Fe
3
0

4
- FeTi0

3 
system 

The first detailed ore-microscopic investigations of titaniferous mag

netites were carried out by Singewald (19l3a, b) who also published 

a series of photomicrographs illustrating many of their relationships. 

Singewald (19l3a, b) reported the presence of both regular i lmenite 

lamellar intergrowths and irregular ilmenite grains in the magnetite 

and noted that the lamellae are oriented parallel to the octahedral 

planes of their hosts. He also noted a wide variation in the size 

and distribution of these lamellae, and concluded that they were 

normally too fine-grained to allow for their complete separation. even 

during fine grinding . He also reported the presence of homogeneous 

titanium-bearing magnetites which he termed titanomagnetites and con

cluded that "the magnetite molecule itself may carry ti tani um" . 

Warren (1918) described ilmenite intergrowths in titaniferous magnetites 

from numerous areas and concluded t hat limited solid solution with a 

eutectic existed between ilmenite and magnetite. Lindley (1925) des-

cri bed homogeneous skeletal titaniferous magnetite from basalts and 

noted that grains containing lamellar ilmenite intergrowths parallel 

to (111) are less common. He concluded that ilmenite and magnetite 

form a continuous solid solution series at high temperatures and that 

the solid solutions would not exsolve if cooling was rapid enough . 

He suggested that sUb-microscopic exsolution bodi es were formed during 

slightly slower cooling and that this accounted for the distinct an

isotropy shown by some magneti tee;, while t he lame l lal' ilmenite j 111-"0 c

growths formed during slow cooling . 

RrullJohr (1926) describeJ ilmenite-ma8nc tit e inteT(;rowth~ frum " .Large 
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number of localities and carried out heating experiments, in both air 

and nitrogen, on titaniferous magnetites containing ilmenite lamellae 

oriented parallel to (111) . He reported that resorption of the fin-

est lamellae commenced at 600 0 e and that the intergrowths were homo-

genise d at 8000 e. He concluded that there was considerable mutual 

solubility of ilmenite in magnetite above 8000 e and that exsolution 

"f ilmenite took place on slow cooling to betl,een 7000 and 800
0 e. 

He noted that the solubility of FeTi0
3 

in magnetite and Fe304 In 

ilmenite at low temperatures amounted to only a few per cent. 

Osborne (1928) studied titaniferous magnetites from numerous localities 

and observed that the basal planes of the ilmenite lamellae are orlen-

ted parallel to (111) of the magnetite. He concluded that ilmenite 

showed considerable solubility in magnetite at the crystallisation 

temperatures of these minerals and that the apparently constant relation-

ship between the amount of Ti02 and Fe in magnetite might be the result 

of .limited solubility of ilmenite in magnetite at their temperatures 

of formation. 

Kamiyama (1929, quoted in Dunn and Dey, 1937) reported that typical 

ilmenite intergrowths were produced in an originally homogeneous mag-

netite during heating experiments. He also reported that the ilmenite 

lamellar network in another titaniferous magnetite became more promln-

.. 0 . . 
ent dunng heatlng up to 1150 e, but then decreased III Slze as t ile 

temperature was increased to 1 3900 e when melting commenced . He con-

eluded that titaniferous magnetite is metastable at ordinary i;emp.o ra-

tures and that magnetite and ilmenite form a solid solution series 

above 11500 e with a eutectic at a composition of about 25 per cent 

ilmenite, 75 per cent magnetite. 
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Gruner (1929a) confirmed that the basal planes of the ilmenite lam

ellae are oriented parallel to the octahedral plane s of their m~gne-

tite hosts . He concluded that this orientation is structurally 

controlled since every third and seventh (111) structure plane of 

magnetite consists of oxygen ions while every third plane parallel 

to (0001) in ilmenite alGo consists only of oxygen 10ns. The inter-

growth is thus stabilised by the sharing of a common oxygen plane 'r •• 

both ilmenite and magnetite. 

Odman (1932) reported the presence of homogeneous magnetite gralns 

exhibiting brownish-violet colours ln volcanic rocks which he inter

preted as being due to the presence of ilmenite in solid solution. 

Dunn and Dey (1937) reviewed the a.vailable data on ilmenite-magnetite 

microintergrowths and concluded that it was doubtful whether any true 

solid solution of ilmenite and magnetite could exist under normal 

temperatures and pressure conditions. They suggested that the suppos-

ed solid solutions were in fact extremely fine-grained intergrowths. 

They suggested that ilmenite might exist in a cubic form analogous to 

gamma- Fe
2

0
3 

(maghemite) at high temperatures and postulated that the 

original high-temperature titaniferous magnetite might cons ist of a 

They conclud-

ed that the Ti ions would concetrate along the octahedral planes on 

cooling and that the cubic FeTi0
3 

would become unstable and invert 

to form rhomohedral ilmenite. 

Edwards (1938) reported that ilmenite and magnetite form a soli d solu

tion series at elevated temperatures and that it unmixed on slo>1 cool

ing. II" """eluded that the exsolution takc~ place at higher ternpcra-

tllrt::' ~·; LlllUI tll L.: ullmixin~ of hematite and .iIJlI!~llj Lc !lll'] thut, !Jurt~ end-
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members are produced rather than further solid solutions. He also 

ascribed the more regular shapes of the ilmenite lamellae to their 

having formed as a pure mineral at high temperatures under conditions 

of more rapid diffusion. 

Ramdohr (1939) reaffirmed the existence of high temperature miscibil~ 

ity between ilmenite and magnetite and reported that exsolved titani~ 

ferous magnetites can be readily homogenised by heating. He also 

reported the presence of fine ilmenite lamellae parallel to (100) in 

FeTi03~rich magnetites that crystallised at high temperature. 

Ramdohr (1940) repeated his earlier views on the existence of extensive 

miscibility between ilmenite and hematite at elevated temperatures. 

Chevallier and Girard (1950) synthesised cubic solid solutions of the 

type yFe
3
04 (1~Y)FeTi03 that contained up to 37 mole per cent FeTi0

3 

and concluded that they were intermediate members of the magnetite~ 

ilmenite solid solution serles. Basta (1953, unpubl. Ph.D, thesis, 

Bristol Univ., quoted in Nicholls, 1955), however, reported that mlX~ 

tures of magnetite and ilmenite could not be homogenised, even after 

heating at 11000C for 48 hours. He concluded that very limited mis~ 

cibility exists between magnetite and ilmenite at magmatic temperatures, 

and is less than 5 per cent of either end~member in the other at 1050oC. 

Wilson (1953) reported that an ilmenite~bearing bitaniferous magnetite 

o from the Bushveld Complex was homogenised by heating at 970 C for 3 

hours followed by quenching. He concluded that the titaniferous mag~ 

netite precipitated as a cubic spinel and that the ilmenite separ~ted 

out on cooling. Roy (1954) also reported that magnetites cOlltaining 

lamellar ilmenite intergrowths were completely homogenised by heating 

in air at 12000 C for 24 hours. He reported that the quenched homo~ 



66 

geneous products represent "titanomagnetites" with optical properties 

that are intermediate between those of ilmenite and magnetite. 

Chevallier et al.. (1955) extended their investigations into the mag

netite-ilmenite solid solutions. They noted that rhombohedral ilmenite 

would probably not form a solid solution series with cubic magnetite, 

because of differences in crystal structure . They synthesised a 

series of homogeneous titanomagnetites that appeared to be intermed

iate members of theilmenit~magnetite solid solution series and postu-

lated that ilmenite might exist in a high temperature cubic gamma-

form analogous t o cubic gamma-Fe
2

0
3 

(maghemite). This would enable 

it to form a solid solution with magnetite. Exsolution of this solid 

solution would then occur 1n the normal manner on slow cooling and .the 

gamma-FeTi0
3 

would invert to its more stable rhombohedral form to form 

the characteristic intergrowths. 

Nicholls (1955) reviewed the available data on the Fe
3
04-FeTi0

3 
sub

system and concluded that limited miscibility existed between these two 

minerals at magmatic temperatures. He compiled a schematic phase dia-

gram for this series under dry conditions (figure 12), but noted that 

the liquidus and solidus might be depressed 1n the presence of volat-

iles with the result that the maximum range of possible solid soluti on 

would be restri cted even further. Nicholls (1955) concluded that 

attempts to homogenise magnetite-ilmenite intergrowths by heating 

would most probably be unsuccessful since the solid solutions from 

which the intergrowths formed are probably metastable intermediate 

duced by heati ng rhombohedra L i.Lme" i l, , '. 
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04-FeTi0
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system (from Nicholls, 1955). 

Buddington et al. (1955) noted that titanium compounds (ilmenite and 

ulvospinel) normally occur as microintergrowths in magnetite from 

plutonic rocks, but that they remain in solid solut ion i n magnetite 

from compositionally equivalent volcanic rocks. They concluded on 

this basis that the typical ilmenite and ulvospinel intergrowths formed 

by exsolut i on duri ng slow cooling. Buddington (1956) reaffirmed his 

Vlews that extensive solid solution existed between ilmenite and magn-

etite and concluded that their intergrowths are formed by exsolution. 

Vincent et al. (1957) conducted an extensive series of heating experl-

ments on a titaniferous magnetite from the Skaergaard Complex that 

contai ned extremel y fine lamellar ilmenite intergrowths. Heating 

was carried out under vacu\~ in sealed silica ampoules with as little 

free space as possible. No changes were noted in samples heated at 600" 

for 12 hours. They failed to homogenise the samples even after heating 

o 
at 950 C for 3 weeks, and concluded that the original ilmenite lamella" 
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change in composition towards hematite on heating to produce members 

of the rhombohedral ilmenite-hematite solid solution serles. Samp-

o 0 . . . . 
les heated to between 1250 and 1300 C under slmllar condltlons also 

failed to homogenise, but showed slight oxidation to pseudobrookite. 

Vincent et al. (1957) considered that ilmenite might exist as a high-

temperature cubic gamma-form that might possibly form solid solutions 

with magnetite, but noted that it had not been identified in nature or 

even synthesised. They concluded that a homogeneous spinel intermed-

iate in composition between magnetite and ilmenite could possibly 

exist and that it would initially unmix into two spinels. The one 

spinel would be close to a member of the FeTi0
3
-Fe

2
0

3 
binary series 

in composition and would rapidly undergo a monotropic inversion to a 

rhombohedral phase that would then change in composition towards 

FeTi0
3 

on slow cooling, while the other spinel phase would change 

towards Fe304' thus forming the typical magnetite-ilmenite intergrowths. 

MacChesney Muan (1959) investigated the phase relationships in the iron 

oxide-titanium oxide system, but did not report any miscibility between 

ilmenite or magnetite" although they reco(jnised the existence of the 

other 3 solid solution series. 

Akimoto and Katsura (1959) reported the presence of homogeneous titano-

magnetite of a composition intermediate between magnetite and ilmenite 

in volcanic rocks from Japan. They also reported analyses of numerous 

natural homogeneous titanomagnetites that pl otted on either side of the 

magnetite-ilmenite join on the Ti0
2
-FeO-Fe

2
0

3 
ternary diagram and suggested 

that their composition might be related to their degree of oxidation. 

Basta (1960) pointed out that many reports of the successful homogeni-
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sation of magnetite"ilmeniteintergrowths during heating (Ramdohr, 

1926; Kamiyama , 1929; Wilson, 1953; Roy, 1954) were based only on 

microscopic observation and that no attempts were made to check on 

the homogeneity of the samples by x~'ray diffraction or other tech-

niques. In view of this Basta (1960) carried out a series of heat-

ing experiments on both natural ilmenite-magnetite intergrowths and 

synthetic materials. Heating was carried out under vacuum in sealed 

silica tubes and the products were examined by x-ray diffraction . 

Basta (1960) reported that a titaniferous magnetite containing lamellar 

ilmenite intergrowths, and with a composition on the Fe
3
04 -TeTi0

3 
join, 

failed to homogenise after heating at 11000C for 72 hours. He estim-

ated that not more than 5 per cent of the ilmenite had dissolved in 

the magnetite under these conditions. Similarly, he was unable to 

obtain homogeneous minerals by heating suitable artificial mixtures 

of finely powdered magnetite and ilmenite in vacuo at l0500C for 

between 24 and 48' hours. He concluded that not more thall 4 per cent 

of FeTi0
3 

had dissolved in the magnetite under these conditions. 

Basta ' (1960) reviewed the available data on t he ilmenite-magnetite 

intergrowths and concluded that only very restricted solid solution 1S 

possible between magnetite and ilmenite (alPha-FeTi0
3

) at magmatic 

temperatures. He suggested that not more than 5 to 10 per cent alpha-

FeTi0
3 

would be soluble in magnetite in view of the difficulty in 

accomodating the rhombohedral ilmenite in solid solution in the cubic 

magnetite. 

Basta (1960) noted the possibility that some ilmenite might enter i nto 

solid solution with magnetite in the form of the hypothetical cubic 

gamma-FeTi0
3

, but stressed that the existence of this phase had not yet 
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been proved, He also reviewed the available data on the chemical 

compositions of naturally occurring homogeneous titanomagnetites and 

concluded that samples which were intermediate in composition between 

Fe
3
04 and FeTi0

3 
probably did not exist in nature. 

Wright (1961) concluded that the granular aggregates of ilmenite and 

titaniferous magnetite that are commonly present in basic rocks are 

the products of exsolution from high temperature solid solutions. 

He postulated that the original mineral separated from the magma as 

a single crystalline phase which then exsolved and could thus account 

for the clustering of smaller ilmenite grains around larger titanifer-

ous magnetites. 

Experimental investigations into the FeO- Fe20
3
-Ti02 systems at 12000 e 

( Webster and Bright, 1961) and at 13000 e (Taylor, 1964) showed extrem-

ely limited solid solution between ilmenite and magnetite at these 

temperatures. Verhoogen (1962a) calculated that the free energy tran-

sition of alpha-FeTi0
3 

to the hypothetical gamma-form would be greater 

than for the transition of alpha-,FeTi0
3 

to gamma-Fe20
3

. He concluded 

that the solubility of FeTi0
3 

in magnetite would conse~uently be much 

less than that of Fe20
3

• The solubility of Fe20
3 

in magnetite is 

about 10 per cent at 12000 C and is negligable at Boooe. The solubi-

lity of ilmenite in magnetite would conse~uently be very small. 

Lindsley (1962) 'investigated the phase relationships 1n the FeO-F"203-

Ti02 syste'm and concluded that the stable solubility of ilmenite in 

. 6 0 0 . magnet1te between 00 and 1300 C 1S much less than that re~uired to 

produce many natural intergrowths. Buddington and Lindsley (1964) 

reviewed the available data on magnetite-ilmenite intergrowths and 
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concluded that titanomagnetites contained only mInor FeTio
3 

In solid 

solution at the time of their formation. 

The conclusions by Vincent et al. (1957) and subseQuent investigators 

that ilmenite~magnetite microintergrowths could not be rehoJ:logenised 

by simple heating, together with demonstrations of limited miscibility 

of ilmenite In magnetite during experimental studies, led to the 

development of other theories on the formation of these intergrowths. 

The proposal that ilmenite could exist in a hypothetical cubic form 

at high temperatures and conseQuently form solid solutions with magn-

etite, has been appealed to, but has not yet been substantiated. 

During the 1950's it became recognised that ulvospinel forms an exten-

sive solid sol ution with magnetite and that ilmenite can be produced 

from it by oxidation. This led to the realisation that the bulk of 

the ilmenite microintergrowths in magnetite might have formed in this 

manner. The development of ilmenite lamellae in titaniferous magnetite 

is discussed further after a consideration of the phase relationships 

between magnetite and ul vospinel . 

4 .4.4 Mineralogical investigations of the Fe304-Fe2Ti04 system 

Ulvospinel made a rather late entry into the mineralogical literature, 

but has since been recognised as an important component In titaniferous 

magnetites and the evolution of their microstructures. Goldschmidt 

(1926) synthesised the compound Fe2Ti04 and noted that it is isomorph-

ous with magnetite. He suggested that titanomagnetite might represent 

a solid solution series between Fe
2

Ti0
4 

and magnetite by analogy with 

the solid solutions of Mg2Ti04 and MgA1204' 

Foslie (1928) described titaniferous magnetites from Storgangen in 

Norway and noted that analyses of this mineral showed 4,49 per cent 
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excess FeO when their Ti02 contents were recalculated in terms of il-

menite. Following Goldschmit's (1926) views that miscibility between 

rhombohedral ilmenite and cubic magnetite is not possible on crystallo-

graphic grounds, Foslie (1928) stated that only limited miscibility 

exists between these two phases at all temperatures. He suggested 

that Fe2Ti04 would form solid solutions with magnetite since the two 

phases are isomorphous at high temperatures and concluded that the ~i02 

contents of the magnetite depended on the formation of Fe2Ti04 at high 

temperatures in the magma. 

Foslie (1928) noted that the f ormation of Fe2Ti04 would be possible 

only if Fe20
3 

is not present In excess compared with Ti02 and FeO 

since it would decompose to yield ilmenite and magnetite as follows: 

He concluded that Fe2Ti04 is unstable at lower temperatures since it 

is not found in nature and suggested that it decomposes to yield ilmen

ite + FeO as follows: 

He concluded that the FeO entered into solid solution in the magnetite 

and accounted for the excess FeO noted in the analyses. 

Barth and Posn.jak (1932 ) synthesised Fe
2

Ti0
4 

and concluded that it has 

OIl in VCrt;" "pinel struct ur" wi t.1l 1.1 cell edg" 0 t' 8,;u R. 

also reported the synthesis of Fc2Ti04 with a spinel structure and D. 

cell edge of 8 , 494 ~ during a study of the phase relationships in the 

FeO-Fe20
3
-Ti02 system. 
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Ramdohr (1939, 1940) described networks of "ilmenite" intergrown with 

magnetite in titaniferous magnetite containing approximately 50 per 

cent by volume of ilmenite. He concluded that these minerals had 

crystallised at high temperatures and reported that this "ilmenite" 

is present as exsolution lamellae parallel to (100) rather than par-

allel to (111) as it is the usual case. 

Mogensen (1946) investigated titaniferaus magnetites from S8dra Ulv8n 

and noted that they appeared inhomogeneous under high magnification. 

He recognised that they were composed of extremely fine intergrowths 

of two minerals in approximately equal proportions. He investigated 

this inter growth by means of x-ray diffraction and found that it con

sisted of two spinels, one having a cell edge of a = 8,40 R and the 

other of a = 8,47 ~. He reported that the inter growth became homo-

o genised during heating at 600 C under vacuum and yielded a single 

spinel with a cell edge of a = 8,43 R. 

Morgensen (1946) reported that the chemical analysis of the ore showed 

an excess of FeO that coul d be accounted for by recalculating the an-

alysis in terms of Fe
2

Ti04 . 

Fe
2
Ti04 (ulvospinel). 

He concluded that the exsolved phase was 

Fouillard and Michel (1949) and Fouillard (1950) syntllesi~ed a series 

of solid Golutions between l'e
3
04 and Fe;,'r i04 by htOating suitab.1e llll>.

tures of T,02 and FeO in vac uo and by reduct lon of '1'i0
2 

and ]0",' ,0, ut 

They expressed these solid solutions by means of t he general 

formula: 

[ 

3+ 
. Fe2_2x ' 
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They also reported a regular variation in unit cell parameter with an 

. . .4+ i • • • 
~ncreas~ng T~ content and noted that the subst~tut~on ~nvolved the 

3+ .4+ 2+ replacement of Fe by T~ + Fe . 

Ramdohr (1953) subsequently described naturally occurring ulvospinel 

microintergrowths in titaniferous magnetites from various localities 

and concluded that it is a much more common mineral than previously 

recognised. He noted that ulvospinel i s characteristically exsol ved 

parallel to (100) of its magnetite host and that it can readily be 

oxidised to form ilmenite according to the equation: 

He reported that the ilmenite formed by oxidation of the ulvospinel 

retained its orientation along (100), but exhibited oblique extinction 

and could thus be distinguished. 

Girault (1953) also reported ulvospinel microintergrowths in Canadian 

titaniferous magnetites and published several exceptionally good photo-

micrographs of these textures which clearly illustrated the orientation 

of the exsolved ulvospinel parallel to (100) of its host. 

Akimoto (1954, 1955) noted that titanomagnetite represented a solid 

solution between magnetite and ulvospinel and reported that analyses of 

naturally occurring titanomagnetites plotted around the Fe
3
04-Fe

2
Ti04 

compositional join. He also reported the approximately linear relat-

ionship between the ll-ttl i ('I': pUl'ametc r, Curl!.: point, int.l!n:::; ity u f' :~<.ltllr-

lition rnagnetisatio!l a.nd compo~itioJ1 in natura l l y occurring t..il a(l ' ~ llu·.L f~n-

etites . 
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Kawai et al. (1954) also synthes ised a serles of Fe304-Fe2Ti04 solid 

solutions and concluded that they formed a continuous series at elev-

ated temperatures, but unmixed on slow cooling. They proposed a 

schematic phase diagram (similar to that in figure 14) in which the 

crest of the solvus is located at approximatelY 7500 C. Intermediate 

solid solutions would exsolve below this temperature to form two solid 

solutions, one ulvospinel-rich and the other magnetite-rich. Each 

of these solid solutions would then continue to change in composition 

towards their end-members as cooling progressed. 

Vincent and Phillips (1954) reported the presence of extremely fine-

grained ulvospinel microintergrowths in the titaniferous magnetites of 

the Skaergaard Complex. They concluded that the fine cloth~like 

microintergrowths of magnetite and ulvospinel are formed by eutectic 

crystallisation and noted their similarity to eutectoids formed in cer-

tain metals. They constructed a hypothetical phase diagram for the 

Fe
3
0

4
-Fe

2
Ti0

4 
system (figure 13) and provisionally placed the eutectic 

point at a temperature of approximately 5000 C and at a composition of 

approximately 40 per cent Fe
2

Ti0
4

• 

Vincent and Phillips (1954) noted that the degree of oxidation of the 

iron would determine whether solid solutions between Fe
3
04 and Fe2Ti04 

or between Fe
3

04 and FeTi0
3

, or mixtures of both types would be form

ed at high temperatures from a given amount of iron and titani~"l in the 

melt. They noted that oxidation-reduction relationships between Fe304' 

Fe
2

Ti0
4 

and FeTi0
3 

might be feasible and suggested that the oxidation 

ilmenite might occur, They concluded that oxidation and the early 

stages of exsolution might proceed concurrently. 
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Nicholls (1955) reviewed the available data on the magnetite-ulvospinel 

series and concluded that they are completely miscible at elevated 

temperat ures. He compiled a sub-solidus phase diagram (figure 14) 

based largely on an earlier version by Kawai et al. (1954) and conclud-

ed that exsolution of an intermediate member of this series would 

commence on slow cooling below 7500 C. 

Kawai (1956) re-examined the phase relationships in the Fe304-Fe2Ti04 

system by studying synthetic materials. He found no evidence for 

the existence of a eutectic as proposed by Vincent and Phillips (1954) 

and produced a modified version of his earlier phase diagram in which 

o he placed the crest of the solvus at 600 C and !12 Inole per cent Fe.,TiO! . 
~ I 

Vincent et al. (1957) heated natural grains containing extremely fine 

and relatively coarse magnetit e-ulvospinel microintergrowths under 
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vacuum and noted that samples held at 500°C for 15 hours showed little 

change. Samples heated at 450°C for 14 days, however, showed a 

slight increase in the amount of exsolved ulvospinel at the expense 

of magnetite. Complete mutual solution of the magnetite and ulvospinel 

was reported in samples heated at Boooc for 12 hours. They also ex-

amined the magnetic properties of these minerals at var10US stages 

of the heating process and compared their results with those obta;nrd 

for synthetic systems. 
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Vincent et al. (1957) concluded that there is no real evidence for 

the existence of a eutectic 1n the sub-solidus phase diagram for the 

magneti te-ul vospinel series as proposed by Vincent and Phillips (1954). 

They noted that magnetite dissolved in ulvospinel during their heating 

experiments without itself taking much Fe
2

Ti0
4 

into solution. 
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produced a schematic phase-diagram showing a hoop-shaped solvus with 

a crest at about 600
0 c (figure 15) . 
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Fe2Ti04-rich side of the diagram i s from Vincent et al., 

(1957) while the solid line is from Basta (1960). 

Vincent et al. (1957) concluded that fairly extensive solid solution 

probably exists over a great deal of the magnetite-ulvospinel-ilmcnite 

compositional field at e l evated temperatures and that intermediate 

members might be preserved as homogeneous titanomagnetites by quenching. 

They concluded that a Fe
3

04 -Fe2TiO)1 solid solution would remain homo

geneous under strongl y reducing conditions down to much lower tempcra-

ture than a Gimilar solution in the Fe304-F"2T.i04 series. ~'h "y noted 

that an original F"304-Fe2Ti04 solid solution might be changed t o a 

member of the Fe
3
04-FeTi0

3 
series by oxidation. They also reported 

that the larger ilmenite lamellae exsolvcd earlier than the ulvospinel 
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intergrowths ln titaniferous magnetites containing both phases. 

Akimoto et al. (1957a) prepared homogeneous solid solutions over the 

whole range from Fe
3
04 to Fe

2
Ti0

4 
by sintering finely powdered mixtures 

of Fe20
3

, Ti02 and electrolytic Fe in evacuated silica tubes for 6 
o hours at 1150 C, They reported a linear relationship between the 

lattice parameter and composition from 8,39 R for Fe
3
04 to 8 ,5 3 R fur 

They also reported an approximately linear relationship 

between Curie point and composition in this series. 

Nickel (1958) described magnetite~ulvospinel intergrowths in ·magnetite 

from Quebec and produced a series of scanning electron microscope 

photographs of etched polished section surfaces showing small oriented 

magnetite cubes set in a groundmass of ulvospinel . He noted that 

these intergrowths are present in the grains right up to their bound-

aries and concluded that the intergrowth had formed from the exsolution 

of a Ti-rich magnetite-ulvospinel solution . 

Wright (1959) described the heating at between 12500 and 13000 C in a 

reducing atmosphere of ·titaniferous magnetite containing ilmenite lame-

l l ae. He reported that the ilmenite growth had changed to a uniform 

pale yellow colour and that x-ray and chemical data indicated that it 

had reduced to an almost pure magnetite-ulvospinel solid solution. 

He also noted that an ilmenite- magnetite intergrowth in a silicate rock 

chip became homogenised when heated to 940°C under vacuum. He conclud-

ed that this occurred because of a reducing atmosphere created ty vola-

tiles released from the rock during heating. 

Akimoto and Katsura (1959) analysed homgeneous titanomagnetit es from 
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volcanic rocks and noted a range in compositions between the Fe304-

Fe2Ti04 and Fe
3
04-FeTi0

3 
joins and concluded that these compositions 

might be obtained by the oxidation of an original magnetite-ulvospinel 

solid solution. 

Vincent (1960) described magnetite-ulvospinel (and ilmenite) microinter-

growths from the Skaergaard Complex and concluded that both magnetite-

ulvospinel and magnetite-ilmenite formed solid solutions at high temp-

eratures. He noted that ilmenite can form from the sub-solidus oxid-

ation of ulvospinel and described various intergrowths displaying these 

features. He concluded that the iron-titanium oxides would be sensi-

tive to local changes in oxygen fugacity either during slow cooling or 

subsequently so that the result ing textures might be difficult t o int-

erpret. 

Basta (1960) synthesised solid solutions belonging to the magnetite-

ulvospinel series by heating suitable mixtures of Fe
3
04 and Ti02 in 

evacuated silica tubes for 24 hours at 10000C followed by quenching 

in water. On the basis of his observations and the available data 

he concluded that ulvospinel could contain up to 20 mole per cent Fe
3
04 

ln solid solution at normal temperatures. He modified the earlier 

sub-solidus phase diagram of Vincent et al. (1957) to take into account 

this feature (figure 15). 

Basta (1960) also concluded (contrary to the restuts of Akimoto and 

Katsura, 1959) that natural titanomagnetite analyses clustered around 

the Fe304-Fe2Ti04 compositional join whi ch supported the natural occurr-

ence of solid solutions of this nature . He also noted that ilmenite 

can be formed via the oxidation of exsolved ulvospinel. 
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Experimental investigations into the Fe07Fe203-Ti02 system by Mac

Chesney and Muan (1959, 1961), Webster and Bright (1961) and Taylor 

(1964) confirmed the existence of complete sol id solution between mag-

netite and ulvospinel at elevated temperatures. 

Lindsley (1962) synthesised a series of magnetite-ulvospinel solid 

solutions hydrothermally at BoOoc and under conditions of the wlis t i".e-

magnetite (WM) buffer (figure 7). He termed these solid solutions 

the beta-series and also investigated the compos i tions of titaniferous 

magnetite in equilibrium with ilmenite for conditions provided by the 

NNO, WM and quartz-f~alite-magnetite (QFM) buffers. He observed that 

the following reactions occurred: 

ulvospinel-rich beta-spinel + 02 = Fe-Ti spinel + ilmenite . • ..•.•.• (1) ss 

magnetite 7 rich beta-spinel + ilmenite = Fe-Ti spinel + ilmenite + 02' (2) 

where ilmenitess = ilmenite with Fe
2

0
3 

in solid solution and 

Fe-Ti spinel = a general term to indicate both the beta- and gamma 

spinel phases. 

Lindsley (1962) concluded that ilmenite is only sparingly soluble in 

magnetite. He noted that, although his data did not disprove that 

ilmenite intergrowths could form by exsolution from a primary magnetite-

ilmenite solid solution, they strongly supported the hypothesis that 

these intergrowths may have formed from the oxidation of magnetite-

ulvospinel solid solutions. He also reported the synthes i s of magne-

tite-ilmenite intergrowths via the controlh' J oxidat ion of ul vc)spinel 

o 
wut lUv0:Jpin8.L-mu'[;lletite t501id sulutions ut t~l:lpt:!l'utures betwct.!u ()lIt) 

and 10000C and noted that til" process is reversible upon reduction. 

Verhoogen (1962a) demonstrated thermodynamically that ulvospinel 1S more 
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readily oxidised at all temperatures than magnetite, He not ed, how-

ever, that a solid solution of magnetite and ulvospinel of the type 

(Fe2Ti04)q(Fe304)1_q would oxidised less readily than would be pre

dicted from a linear interpolation of the data between the two end-

members since the free energy of mixing would lower the free energy 

in the solid solution. 

Lindsley (1963) provided additional data on the magnetite-ulvospinel 

solid solutions and demonstrated that the compositions in this series 

in equilibrium with ilmenite-hematite solid solutions are also funct-

ions of temperatures and oxygen fugacity (figure 16). He noted that 

these data can be applied to natural systems if the assumption is made 

that the Fe-ITi oxide pairs formed in equilibrium did so during the 

crystallisation of the rock and that the minor impurities present do 

not markedly influence the phase relationships. He concluded that 

the bulk of the ilmenite present in titaniferous magnetites probably 

formed via the sub-solidus oxidation of ulvospinel. 

Buddington and Lindsley (1964) evaluated the available data on magnet-

ite-ilmenite and magnetite-ulvospinel solid solutions and concluded 

that miscibility between magnetite and ilmenite did not have to exist 

since all the observed intergrowths could be accounted for by the oxid-

ation of ulvospinel. They calculated that an original titaniferous 

magnetite (Mt50USP50) in equilibrium with an ilmenite-hematit e solid 

solution at lOOOoC 1n a cooling magma would become oxidised to a ferr-

ian ilmenite and a titaniferous magnetite richer in magnetite than 

They concluded that this oxidation mechanism 

would operate over a variety of magmatic conditions and could account 

for the wide variety of magnetite-ilmenite and/or -ulvospinel inter-

growths encountered i n nature. 
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Buddington and Lindsley (1964) reported that unusually reducing condi-

tions are required to maintain the Fe2Ti04 in solid solution during 

slow cooling down to the magnetite-ulvospinel solvus. An ulvospinel-

rich phase is then either exsolved along the cube directions of the 

host magnetite at sub~solvus temperatures during slow cooling or else 

remains in solution when the cooling is too rapid. They suggested 

that the low oxygen fugacities required for the magnetite-ulvospinel 

stability might possibly result from high concentrations of hydl'ot~"n 

ur sulphur i ll Ltw illtcrstiti.uJ l'luidu or frum an excess u1' Vev rcJ"t-

i ve to fluids. They concluded, however, that under more "normal" 

conditions where water-rich fluids are abundant relative to ferrous 

minerals in cooling magmas, a great deal of the Fe
2

Ti04 in solid solu-
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tion would be oxidised directly to ilmenite and magnetite The 
56 58 

Fe2Ti04 would remain in solution at temperatures above the magnetite~ 

ulvospinel solvus, but the i lmenite would "exsolve" as lamellae ss 

parallel to the (111) planes of the host., They concluded that i t i s 

therefore possible to develop"both ilmenite lamellae parallel to (111) 

by partial oxidation and ' ulvospinel lamellae parallel to (100) by true 

exsolution under conditions of intermediate oxygen fugacity. 

Buddington and Lindsley (1964) also concluded that the small ilmenite 

grains present around the periphery of titaniferous magnetites might 

have formed at high temperatures by the oxidation of an original homo-

genous ulvospinel-magnetite solid solution. They noted that the 

amount of granular ilmenite as sociated with titaniferous magnetite in 

igneous rocks is , however, highly variable and that both these phases 

would cOTprecipitate during the crystallisation of most magmas. 

Buddington and Lindsley (1964) concluded that the microintergrowths in 

natural Fe-Ti oxides can be divided into the following five classes on 

the basis of increasing degrees of diffusion and oxidation: 

1). a single-phase homogeneous spinel; through 

2). trellis intergrowths of thin ilmenite lamellae In all sets of (111) 

planes of the hosts; 

3). sandwich intergrowths of thick ilmenite lamellae predominantly HI 

one set of (111) planes; 

4). granules of ilmenite within the magnetite, termed "internal 

granule exsolution"; 

5) . granules or occasional lamellae of ilmenite on the external border 

of the magnetite, termed "external granule exsolution", or recryst-

allised granular aggregates of ilmenite and titaniferous magnetite . 



85 

Buddington and Lindsley (1964) noted that the different "exsolution" 

intergrowths are probably formed at variable temperatures and depend 

on the rate of cooling, the activity of volatile components and other 

factors, They suggested that external granule "exsolution" might 

effectively cease at temperatures between 7600 and 8900 C, while the 

development of the trellis or sandwich intergrowths might continue to 

lower temperatures, possibly below 5000 C, They concluded that ex-

solution would effectively cease at temperatures of "several hundred 

degrees". 

Wilkinson (1965) acknowledged that ilmenite-magnetite intergrowths 

could be formed by the oxidation of magnetite-ulvospinel solid solu

tions , but nevertheless, concluded that the bulk of these intergrowths 

are formed via the exsolution and inversion of gamma-FeTi0
3 

from Fe
3
04-

gamma-FeTi0
3 

solid solutions. Rao and Rao (1965) also ascribed the 

formation of magnetite-ilmenite intergrowths to both of these mechanisms. 

Basta and Takla (1968), in contrast to the prevailing Vlews, described 

ilmenite trellis intergrowths in titaniferous magnetites from Abu 

Ghalaga and suggested that they had formed from the direct exsolution 

of an original magnetite-ilmenite solid solution. They also described 

coarse sandwich- and internal granule-intergrowths as well as composite 

magnetite-ilmenite grains and concluded that they could not be account

ed for by any exsolution process and must consequently have formed via 

a late-stage, contemporaneous crystallisation of ilmenite and magnetite. 

Anderson (1968b) investigated the mineralogy of titaniferous magnetites 

from the LaBlache Lake Deposit in Canada and undertook oxygen isotope 

studies with the aim of elucidating the causes of oxidation-exsolution 

'of ilmenite from titaniferous magnetites in plutoni c rocks. He noted 
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that about 0,5 weight per cent excess oxygen can be contained in tit

aniferous magnetite at 13000 C (Taylor, 1964) and less than 0,3 weight 

per cent at 12000 e (Webster and Bright, 1961) which correspond to 

about 15 and 8 per cent ilmenite respectively. He concluded that a 

maximum of about 10 per cent ilmenite could therefore exsolve (sensu ss 

stricto) from igneous titaniferous magnetites. He calculated that the 

LaBlache Lake titaniferous magnetite contained the equivalent of ab("~t 

5 weight per cent of ilmenite as excess oxygen. 
RS 

He noted that this 

would be exsolved as ilmenite at temperatures above about 800oe, result-

ing in an ideal R
3
04 stoichiometry in the titaniferous magnetite. 

Anderson (1968b) concluded that an additional 7 per cent of ilmenite 

might have formed via oxidation-exsolution of a magnetite-ulvospinel 

solid solution by trapped water during cooling from .approximately 

11000 to about 8000 e in a closed system. He noted that ilmenite in 

excess of approximately 10 weight per cent would have resulted from the 

action of either an introduced oxidising agent or by hydrogen loss 

from entrapped water, He also concluded that all the ilmenite in the 

deposit could be accounted for by the oxidation of an original magnetite-

ulvospinel solid solution . 

Duchesne (1970) concluded that the ilmenite intergrowths In titanifer-

ous magnetites are formed via t he oxidation of ulvospinel and suggested 

that the wide variety of textural types might be due to the oxidation 

having occurred at different temperatures. He assumed that the ulvo-

spinel oxidation can occur a wide range of temperatures, either ahove 

or below the magnetite-ulvospinel solvus. When the oxi dation of Fe2Ti04 

in solid solution occurs at supersolvus temperatures, supersolvus ilmen-

i te is formed and migrates to form a trellis-like pattern of lamellae 

parallel to (111) of the magnetite. Under condit ions of partial super-
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solvus oxidation, the non-oxidised Fe2Ti04 residue exsolves parallel 

to (100) of the magnetite host on slow cooling below the solvus. 

Conditions are not favourable for ionic diffusion at relatively low 

subsolvus temperatures with the result that ilmenite forms from the 

ulvospinel that has already exsolved, preserving the (100) orienta-

tion. Ionic diffusion is greater under higher sub-solvus temperat ores, 

and the ilmenite formed from the ulvospinel oxidation is able to 

migrate and form lamellae parallel to (111). Duchesne (1970) con-

cluded that the wide variety of microintergrowths developed in titani~ 

ferous magnetites could be accounted for by various combinations of 

these processes. 

Lindh (1973a) reported difficulties in the experimental exsolution of 

homogeneouL magnetite-ulvospinel solid solutions. He noted that 

magnetite-ulvospinel intergrowths produce poorly defined x- ray diffra

ction peaks and suggested that the compositions of the two phases are 

not clearly defined, possibly due to slow diffusion rates. 

Lindh (1973b) reported that the oxide minerals are, however, transform

ed into stable low-temperature assemblages (magnetite + ilmenite) under 

lower temperature conditions and higher oxygen fugacities, while the 

co-existing silicates remain unaffected. 

Lindh (1973a) reported that the form of the magnetite-ulvospinel solvus 

curve prepared by Basta (1960) (figure 15) is essentially correct and 

1S 1n agreement with his own data. He also noted that ulvospincl in-

tergrowths are preferentially developed in magnetites from basic to 

ultrabasic rock types that are of high-temperature magmatic origin. 

He concluded that temperature is an important factor governing the 
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formation of ulvospinel and that other factors must also be involved 

since synthetic ulvospinel~magnetite solid solutions can be prepared at 

o temperatures as low as 700 C. He also noted that the oxygen fugacity 

of the magma would influence the crystallisation paths of the oxide 

minerals and suggested that a depletion of Ti in the spinel phase 

would result under conditions of relatively high oxygen fugacity 

according to the equation: 

These conditions would give rise to the crystallisation of ilmenite and 

a titaniferous magnetite with a low Ti~content. 

Lindh (1973a) and Annersten et al. (1973) suggested that some of the 

Ti in ulvospinel might be in the form of Ti 3+ since, although Ti4+ 

ions have no d~electrons (and consequently have no octahedral crystal 

field stabilization energy) 90 per cent of the Ti atoms nevertheless 

occupy octahedral sites (Forster and Hall, 1965). T · 3+ h 1 , however, as 

one d~electron and its presence in octahedral sites can be explained 

by its octahedral crystal field stabilization energy (Burns, 1970). 

Lindh (1973a) also suggested that the line broadening observed in Mess~ 

bauer spectra of these minerals observed by Banerjee et al. (1967) and 

Annersten et al. (1973) might be due to the presence of some Ti 3+. 

Lindh (1973a) noted that the formation of a natural magnetite-ulvospinel 

solid solution required two conflicting process es, namely the presence 

.. 3+ . 
of suff1c1ent Fe to form the Fe304 component and s1multaneously low 

oxygen fugacities to allow for the Fe2Ti04 stability. He also noted 

2+ that the iron in ilmenite is present as Fe and that the titaniwn is 

. .4+ 
1n the form T1 . He suggested that since iron and titaniwn are the 
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only maJor elements present that can be expected to occur in more than 

one oxidation state in magnetite-ulvospinel solid solutions, the foll-

owing electron exchange might take place: 

Fe3+ + Ti 3+ F 2+ T· 4+ = e + ~ 

( ) . . T· 3+ .4+ Anners.ten et al. 1973 suggested that the ox~dat~on of ~ to Tl 

might proceed at very low oxygen fugacities and might explain the sen-

sitivity of ulvospinel to oxidation. Lindh (1973a) concluded that the 

. . .3+ . . . 
ev~dence for the ex~stence of Tl ~n the magnet~te-ulvosp~nel sol~d 

solutions had not been proved, but that it should be investigated fur-

ther , Lindh (1977, personal communication) reported that he is contin-

uing with investigations into the magnetite-ulvospinel series using 

more sophisticated equipment. 

Bowles (1977) stressed that the mechanism of lamellar ilmenite format-

ion in magnetite ·is not yet fully understood, and in particular, posed 

the question as to why distinct size-ranges of lamellae are commonly 

developed when the cooling is an essentially continuous process. He 

suggested that an "oxidation threshold" might have to be exceeded be-

fore ilmenite could be produced from a magnetite-ulvospinel solid sol -

ution. Bowles (1977) noted that the cooling path followed by a normal 

magma through the temperature-oxygen fugacity field exhibits an extrem-

ely rapid decrease in f02 for a small fall in temperature. This 

oxygen must consequently either escape from the system or be taken up 

by the lron oxide phases. He concluded that continuous cooling would 

imply a continuous oxidising influence that woul d n!:llllt in the l'urrna-

tion of ilmenite in di stinct generat ions if an oxidation thresh" .! d had 

to be exceeded before the ilmenite could be formed. 
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4.4.5 Discussion 

The nature and diversity of investigations carried out on both natural 

and synthetic members of the magnetite- ilmenite, magnetite- ulvospinel 

and magneti te~ilmenite-ulvospinel series clearly indicate the corr," _ex-

ities that exist within these mineral groups. The later studies also 

indicate that assumptions based purely on microscopic observations of 

textures alone are not necessarily valid and should at least be substan

tiated by x-ray diffraction procedures. 

The members of the magnetite-ulvospinel series are extremely sensitive 

to changes ~n oxygen fugacity with the result that they cannot be in

vestigated ~n many of the temperature and pressure ranges required for 

the complete elucidation of their phase relationships. Their sub-

solidus relationships are not known with any accuracy and the schemat

ic phase diagram of Basta (1960) (figure 15) should be used with caut

ion until the position of the miscibility gap has been more clearly 

demarcated. 

The degree of miscibility between ilmenite and magnetite is very low, 

even at elevated temperatures and this has been demonstrated experimentally · 

on numerous occasions. In order to overcome this it was postulated 

that ilmenite could exist as a cub ic, high temperature gamma form 

analagous to maghemite. This phase has , however, not been synthesised 

or recognised in nature. Its existence must be doubted and it has not 

been considered in the literature as a possible solid solution compon-
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ent since Basta and Takla (1968). The recognition that ilmenite can 

be formed by oxidation of ulvospinel has also obviat ed the necessity 

to invoke this hypothetical phase as the explanation for lamellar 

ilmenite intergrowths. 

4 . 5 The Microstructural Evolutionof the Titaniferous Magnetites 

4.5.1 Introduction 

The titaniferous magnetites from slowly cooled igneous rocks display a 

wide variety of microstructures as outlined in section 

4.4.2. The bulk of these intergrowths can be interpreted as having 

formed either by the exsolution or oxidation -exsolution of an original 

magnetite-ulvospinel solid solution, the nature of the intergrowth be

ing controlled by both changes in oxygen fugacity and rate of cooling 

(Buddington and Lindsley, 1964; Duchesne, 1970). The formation of 

these intergrowths is, however, also governed by the factors controll

i ng exsolution in minerals and any proposed mechanism for their devel

opment has also to account for the following features: 

1. The wide variety of microstructures developed , often within a single 

titani ferous magnetite grain. 

2 . The various combinations of microstructures developed ln a particular 

grain and their significance. 

3. The presence of distinct size ranges (or "generations") of exsolution 

·bodies in a particular grain. 

4. The relationship between the degree of oxidation and the microstruct-

ures. 

5. The relationship between the stage at which oxidation occurs and the 

microstructures produced. 

6, The cxsolution mechanism by which the intergrowths developed. 

7. The tem~eratures at which the various microstructures developed. 
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4.5.2 Composition of the initial magnetite~ulvospinel solid solution 

The nature of the exsolution bodies that will develop depends initial-

ly on the composition of their original magnetite- ulvospinel solid sol-

ution, Buddington and Lindsley (1964) have shown that this ranges 

from approximately 25 to 80 mole per cent ulvospinel for a wide range 

of basic rock types. The lower values for basic rocks are, however, 

regarded as "suspect" by these authors because of the effects of ex-

ternal granule exsolution. A lower limit in excess of 35 mole per 

cent might consequently be more appropriate. Publ ished analyses of 

titaniferous magnetites also rarely show Ti0
2 

values exceeding 25 

per cent (corresponding to 70 mole per cent ulvospinel). This suggests 

that solid solutions containing more than approximately 80 mole per 

cent ulvospinel are unstable under magmatic conditions and do not form .. 

The lower Ti02 limit appears rel ated to lower crystallisation tempera

ture in the more Si0
2
-rich rocks (Buddington and Lindsley, 1964). 

The initial composition of the majority of magnetite-ulvospinel solid 

solutions probably lies between 35 and 70 mole per cent (equivalent to 

12,.5 to 25 per cent Ti02 ). These values also correspond reasonably 

well to the range of bulk analyses of titaniferous magnetite ores 

presented in Part 3 of this thesis. Solid solutions in this composi-

. . 6 0 tl0nal range would be expected to exsolve on slow coollng below 00 C. 

4.5.3 The effect of oxidation 

The magnetiterulvospinel solid solutions are extremely sensitive to 

changes in oxygen fugacity and the ulvospinel component becomes 0xidis-

ed to ilmenite which exsolves along (lll) u1" the hust. (Buddingtvll alld 

LindsJey,J964). The latter authors recognised 5 classes of microintergrow-

ths on the basis of incr easing degrees of oxidation and diffusion. This scheme 
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was extended by Duchesne (1970) who concluded that the oxidation of 

ulvospinel can occur over a wide range of temperatures, either above 

or below the magnetite- ulvospinel solvus and he recognised that a 

greater variety of intergrowths could be developed in this manner. 

The actual variety of intergrowths encountered in the titaniferous mag

netites are far more complex than those outlined by Duchesne (1970) 

and their development can also be ascribed to variable degrees of oxid

ation occurring at different stages of cooling . 

4.5.4 Exsolution mechanisms 

Exsolution in the magnetite-ulvospinel-ilmenite system 1S complicated 

by the role of oxidation which results in the formation of ilmenite 

lamellae by a complex oxidation-exsolution process that is not well 

understood. In view of the lack of evidence to the contrary, it is 

assumed that if the magnetite-ulvospinel solid solution is oxidi sed at 

temperatures above the magnetite-ulvospinel solvus, the ilmenite that 

is f ormed will exsolve parallel to (111) since it is only sparingly 

miscible with magnetite. At sub-solvus temperatures, the exsolving 

ulvospinel-rich phase can be either oxidised as it exsolves and the 

resulting ilmenite migrate to form lamellae along (111) or else it 

can be oxidised after exsolution and maintain its orientation along (100). 

The "oxidation threshold" mechanism of Bowles (1977) suggests that the 

oxidation of ulvospinel and conse~uent exsolutions of ilmenit e is a dis

continuous process although the cooling rate is itself continuous. 

The distinct size ranges of ex solution bodies can, however, be accounted 

for by the usual exsolution mechanisms reviewed by Brett (1964); Yund 

and McCallister (1970) and Champness and Lorimer (1976). Only the 

broader aspects of the exsolution mechanisms . necessary for the under-

standing of the propos ed processes are discussed here. Readers are 
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directed to the original papers for a more detailed synthesis of the 

factors involved, 

The crystal structures of ilmenite (rhombohedral) and magnetite (cubic) 

are very different so that exsolution can proceed only by nucleation 

and growth mechanisms. The formation of a nucleus is, however, an 

energetically unfavourable process that involves the formation of a 

critical-sized particle of the exsolved phase that can subsequently 

grow with a decrease in free energy. Champness and Lorimer (1976) 

have shown that the free energy change accompanying precipitation, 

AGtotal ' is composed of 3 terms: 

AG = AG + AG +AG. 
total volume surface stra1n 

where AG 1 = volume free-energy difference between the parent and 
vo ume 

product phases: this is the driving force for the 

reaction. 

AG = the free energy 1ncrease accompanY1ng. the creation of surface 

an interface between the matrix and the precipitate. 

AG . = strain energy due to the difference in volume between stra1n 

the precipitate and matrix. 

Champness and Lorimer (1976) not e that both AG f and AG t . sur ace s raUl 

are positive terms and oppose the nucleation event. The variation 1n 

AGtotal as a function of the size of the nucleus, r , is illustrated 

in figure 17 Cfrom Champness and Lorimer, 1976). 

It can be seen from figure 17 that the nucleus has to reach a critical 

size, r*, which is an energetically unfavourable process before further 

growth Crul proceed with a decrease in free energy. The initial value 

of AGtota.l =AG* represents ttl.., activat ion -ener",y barrier to precipitate 
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nucleation that has to be overcome before homogeneous nucleation can 

occur, This is normally achieved by a large amount of undercooling 

uf the supersaturated solid solution. 

FIGURE 17 Schematic variation in free energy change, 6G, as a 

function of the radius of the nucleus. 6 G* represents 

the activation barrier to nucleation and r*. is the crit

ical size of the nucleus (from Champness and Lorimer, 

1976) • 

Nicholson (1970) has shown that when the misfit between the matrix and 

precipitiate is more than about 2 per cent, .the strain free-energy will 

be so large that it will be impossible to form a critically sized 

nucleus of the equilibrium phase, even for large undercoolings with the 

result that homogeneous nucleation cannot occur. This prohibitively 

high energy-barrier can, however, be overcome by heterogeneous nuclea

tion at either planar or linear defects (Champness and Lorimer, 1976). 

Champness and Lorimer (1976) also noted that a graln boundary (an in

coherent planar interface) represents a potunt nucleation site SlllC~ 

the strain free-energy can be reduced because the misfit between the 

precipitate and matrix can be accommodated ln the disordered structure 

of the boundary. The surface free-energy can also be reduced if the 
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the precipitate "wets" the grain boundary, Dislocations (linear 

defects) provide less favourable nucleation sites than grain boundaries 

since they can only relieve strain in one dimension, but are in turn 

better sites than the matrix. Champness and Lorimer (1976) concluded 

that heterogeneous nucleation will occur at grain boundaries at under-

cool ings. of a few degrees C, but undercoolings of several tens or hund-

reds of degrees C might be required for the initiation of homogeneous 

nucleation. Nucleation on dislocations will take place under condit-

ions of intermediate undercoolings. 

Anderson (1968b) concluded that a maximum of approximately 10 per cent 

ilmenite could conceivably exsolve from titaniferous magnetites due ss 

to the expulsion of excess oxYgen . He estimated that approximately 

5 per cent by mass of the ilmenite in the LaBlache Lake Deposit formed in 

this way. By analogy, it might be assumed that up to 10 per cent, 

but probably less ilmenite can form by true exsolution from titanifer-

ous magnetites depending on the crystallisation temperature and excess 

oxYgen content of the primary spinel. This process would most likely 

be initiated at points along the grain boundaries via the heterogeneous 

mechanism giving rise to external granules and occasional large lame-

llae that nucleate at graln boundaries and grow inwards into their hosts 

along their (111) planes . 

The formation of these lamellae depletes their immediate surroundings 

of suitable ions and sets up a concentration gradi ent in which the re-

(J.uired ions must migrate over a certain distance to reach the exsolved 

phase. Ionic mobility, however, decn'<.Ises with fal l ing tempel'atllre 

so that long range diffusion processes slow down and the supersaturation 

again increases in the median areas furthest away from the exsolved 

lamellae. Champness and Lorimer (1976) have also noted that growth 
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perpendicular to the length of the exsolution bodies is an energetically 

unfavourable process (hence their relatively thin nature) with the re~ 

sult that the slow acceptance of suitable ions from regions parallel 

to the lamellae will also contribute to the increase in supersaturation 

in these areas during cooling. 

Additional evidence for the existence of concentration gradients is 

afforded by the general absence of other finer-grained titanium-rich 

phases from narrow zones surrounding the larger-sized lamellae. The 

ilmenite lamellae also commonly taper towards their mutual intersect

ions and exhibit the overall classic "oleander leaf" exsolution form 

described by Schwartz (1931). 

A sufficiently large degree of supersaturation (and hence under cooling) is 

necessary in the regions between the large lamellae before the activa

tion energy barrier can be overcome and a further episode of nucleation 

and growth can be initiated. This results in a time lag during which 

the supersaturation lncreases so that when nucleation occurs, a second 

series of exsolution lamellae is formed. These lamellae will be dist-

inctly smaller than the earlier-formed set because they have formed at 

much lower temperatures under conditions of l ower ionic mobility. The 

exsolution process will thus be of a cyclic nature and can theoretically 

occur several times during the slow cooling of a s olid solution giving 

rise to several sucessivily smaller sets of exsolution bodies, each set 

developing in the areas between the next larger set. 

The presence of more than approximately 5 per cent lamellae and external 

granule ilmenite in a titanifercUsmagnetite indicates that oxidation of 

the ulvospinel component has occurred. Ilmeni te formed in this way, 

particular ly at lower temperatures , will be virtually immiscibl e in the 
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magnetite and it is conceivable that the exsolution processes wi ll con~ 

tinue in essentially the same manner even though an oxidation stage is 

involved. The high degree of immiscibility between these two phases 

suggests that the nucleation activation-energy barrier might be over

come at relatively low supersaturations thus accounting for the common 

development of several distinct size ranges of ilmenite lamellae in a 

single titaniferous magnetite grain. 

A slowly cooled magnetite-ulvospinel solid solution will exsolve at sub-

solvus temperatures. In view of the similarity in crystal structure 

and unit cell dimensions between these two phases it is conceivable 

that exsolution might occur either via the homogeneous nucleation and 

growth process, or even via spinodal decomposition. The development 

of concentration gradients between the earlier-formed ilmenit e lamellae 

(particularly the closer-spaced sets) might favour spinodal decomposi

tion since this process involves compositional fluctuations within a 

solid solution (Cahn, 1968; Hilliard, 1970; Christie and Olsen, 1974). 

4.5.5. Proposed se~uence of microstructural development. 

Exsolution is an essentially continuous process that is initiated during 

slow subsolvus cooling, and continues down to temperatures that are too 

low to allow for effective ionic migration, even over geological time. 

Growth or precipitate coarsening will normally continue throughout the 

entire cooling period of solid solution, but the amount of growth will 

decrease as the re~uired diffusion distances increase and the i onic 

mobilities decrease with falling temperature. Conse~uently it c~n be 

reasoned that the bulk of any exsolution body will be fOl'm€'d over n 

limited period following nucleation and that growth then slows down 

drastically once suitable ions have been removed from the immediate 

surroundings. Subse~uent long-range diffu~ ion of ions from further 



99 

afield will take place, but at a progressively slower rate with fall-· 

ing temperature, The ilmenite formed during the supersolvus oxidation 

of ulvospinel is immediately available for exsolution and will continue 

to exsolve as cooling continues. Should the oxygen fugacity be lower-

ed for some reason during this period the ulvospinel might no longer 

be oxidised and the exsolution of ilmenite will conse~uently cease. 

In view of this feature and the foregoing discussion on the genera+-j)n 

of distinct size ranges of exsolution bodies, the exsolution process 

can be conveniently divided into a number of distinct stages. It 

should be noted, however, that there will be a certain degree of 

overlap between the end of one stage and the be ginning of the next 

and that growth of each exsolved phase will continue at successively 

slower rates down to the freezing temperature. 

The nature of the titanium-bearing bodies produced in the titaniferous 

magnetites depends not only on the changes in oxygen fugac ity and init-

ial composition, but also on the cooling rate. Homogeneous titano-

magnetite crystals can be formed via the ~uenching of a high-tempera

ture solid solution, whereas slow cooling results 1n a wide range of 

microstructures. Intermediate cooling rates result in the telescop-

ing of the various stages and make the interpretation of the resulting 

microstructures more difficult. The following scheme is presented for 

titaniferous magnetites from slowly cooled rocks and is based on the 

available literature and the results of microscopic examination of a 

wide range of titaniferous magnetites described in Parts 2 and 3 of 

thir. thesis. This scheme takes into account most of the morc cOlllmonly 

observed micros tructures In the ti taniferous magneti tes. 

Stage 1. The crystallisation of a high temperature magnetite-ulvospi ne l 

solid solution, probably containing between 35 and 70 mole per cent 
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or more ulvospinel. 

Stage 2. This is represented by the exsolution of ilmenite due to the 

expulsion of excess oxygen and results in the formation of approximately 

5 per cent by mass of ilmenite. Ionic mob iIi ty is extremely high 

at these elevated temperatures and ilmenite granules are formed by 

heterogeneous nucleation and growth at 'grain boundaries while occasional 

large lamell ae grow inwards into the grains along (Ill). The frequency 

of lamellae 1S essentially a function of the original oxy-

gen content of the spinel. They are rarely present in sufficient num-

bers to form trellis networks and sandwich textures are more common. 

This process continues down to temperatures of approximately 8000 e 

(Anderson, 1968b) by which time expulsion of the excess oxygen is com-

plete. 

FIGURE 18 

These features are illustrated schematically in figure 18. 

I mm 

Schematic representation of stage 2 showing the devel opment 

of sparsely distributed ilmeni te lamellae oriented p~rallel 

to (Ill) and several external granules (shaded), 'i il ~ 

wiclths of the lamellae have been eX~l~gerated fOi' clarity, 
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Stage 3. This stage encompasses a wide temperature range from the 

commencement of cooling down to the magnetite~ulvospinel solvus at 

. 6 0 
approx~mately 00 C. It consequently overlaps with part of stage 1. 

The ionic mobility is high and the nature of the microstructures 

produced depends largely on the prevailing oxygen fugacities. A 

number Gf possibilities exist and are illustrated schematically ~n 

figure 19. 

(b) o.e m," (e) o,e •• 

FIGURE 19. Schematic representation of stages 3(b) (left) and 3(c) 

(right) showing the development of a second set of finer 

ilmenite lamellae parallel to (111) in the areas between 

the earlier-formed exsolution bodies. The lamellar 

development is much more pronounced under higher oxygen 

fugacities and a smaller set of external granules may also 

develop. The widths of the lamellae have been exaggerated 

for clarity. 

the magnetite-ulvospinel solid solution rema~ns stablc 

and no exsolution occurs. 

b) Intermediate f02 : some oxidation of the ul vospinel will occur 

resulting in the formation of ilmenite which will exsolve. The amoW1t 
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of ilmenite produced will be function of the degree of oxidation and 

at the highest temperature will probably contribute to the formation 

of the sparse ilmenite granules and lamellae of stage 2. The growth 

of these earlier bodies will slow down as the temperature decreases 

and once the nucleation activation~energy barrier has been exceeded, ·a 

further set of smaller ilmenite lamellae will be formed parallel to 

(111) of their hosts. The size, frequency and spacing of the lamellae 

1S a function of the oxygen fugacity . Only a few sandwich lamellae 

will form at relatively low f02 , while there will be a more abundant 

development of t r ellis networks under more oxidising conditions. The 

exsolution will take place via the heterogeneous mechanism at elevated 

temperat ures • It is possible that both heter ogeneous and homogeneous 

nucleation and growth processes might be operative at lower temperatures. 

The unoxidised ulvospinel will remain 1n solution on cooling down to 

the solvus. 

complete oxidation of the ulvospinel-magnetite solid sol-

ution occurs resulting in the formation of abundant lamellar ilmenite. 

This ilmenite will initially contribute to the growth of the sparsely 

developed lamellae and granules of stage 2. At lower temperatures a 

further set of well~defined, but very much smaller , trellis lamellae 

will be formed as discussed above. It is also possible that a sec-

ond series of finer external granules might be formed when oxidation 

occurs at higher temperatures. Exsolution occurs via the heterogen-

eous mechanism at higher temperatures, but the homogeneous mechanism 

might become operative at lower temperatures. 

It is conceivable that a further, smaller set of trellis lamell ae might 

form during the closing stages of this lengthy cooling interval from 

magmatic temperatures down to approximately 6000 c. The development 
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of these lamellae could take place under conditions of intermediate to 

high oxygen fugacity and they would develop in the areas between the 

earlier formed lamellae via the mechanisms discussed above. Three 

size-ranges of supersolvus ilmenite lamellae are present in some titani~ 

ferous magnetites, but this number is not commonly encountered in the 

materials examined during this study. 

Stage 4, This stage operates in the higher-temperature reglon immed-

. .. 0 
lately below the solvus and may contlnue down to approxlmately 500 C. 

It might also conceivably overlap slightly with stage 5. The 10nlC 

mobility is still moderately high under these conditions and a number 

of possibilities of microstructural development exist depending on the 

oxygen fugacity. The major types are illustrated schematically in 

figure 20, 

exsolution of ulvospinel commences along the (100) direct-

ions of the host after a suitable degree of undercooling has been 

achieved, The exsolution mechanism might well operate via spinodal 

decomposition, but heterogeneous and homogeneous processes are more 

likely to be operative in the higher sub- solvus region. The ulvospinel 

network will be developed in the magnetite in the areas between the 

pre-existing ilmenite lamellae, or if none is present, the ul vospinel 

development will be uniform throughout the graln. 

The initial, and coarser ulvospinel exsolution, commonly takes place 

in the immediate vicinity of earlier formed transparent spinel lamellae 

that are oriented parallel to (100). It develops as a characteristic 

box-like structure around the spinel lamellae as described by Ramdohr 

(1953). This ulvospinel is never in direct contact with the transpar-
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ent spinel, but its location and relative coarseness suggests that it 

may have been the earliest exsolution of this phase. It most probably 

forms via the heterogeneous nucleation and growth mechanism at dis~ 

locations caused by the presence of another phase. 

b) Intermediate f0
2

: some ulvospinel exsolves, possibly along (100), 

but is oxidised directly to ilmenite which migrates to form a set of 

very fine ilmenite lamellae oriented parallel to (111) under these 

temperatures. It is also possible that portions of the ulvospinel 

remaining in solid solution under these conditions might be oxidised 

and exsolve directly as (111) ilmenite lamellae . The abundance of 

lamellae and the density of the trellis network is aga1n a function of 

the degree of oxidation . 

both the exsolving ulvospinel and that portion of it 

remaining in solid solution are oxidised to form ilmenite which exsolves 

as a well-developed trelli s network parallel to (111). Small internal 

ilmenite granules might be formed under the highest oxygen fugacities 

and small internal/external granules will be formed along cooling cracks, 

fractures, partings and other permeable features that traverse the gra1ns. 

Exsolution takes place V1a the heterogeneous- and homogeneous-nucleat-

ion and growth processes. 

Stage 5. The boundary between this and stage 4 is not clearly defined 

and is a result of a progressive reduction in the ionic diffusion rates. 

o It is operative over the temperature range from approximately 500 C to 

o 
400 c, but may extend to considerably lower temperatures over long per-

iods of time. A number of possibilities exist for microstructural 

development depending on the prevailing oxygen fugacity. The major 

types are illustrated schematically in figure 21. 
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(a) 20 .... m 

(b) 0,215 mm (c) O,211mm 

FIGURE 20. Schematic representation of stages 4 (a), (b) and (c). 

(a) Ulvospinel begins exsol ving parallel to (100) under 

low f02 . The ulvospinel is oxidised to ilmenite with 

increasing f02 resulting in a finer set of lamellae. 

(b) and (c) The relative abundance of ilmenite lamellae 

produced is a function of the oxygen fugacity. The widths 

of the larger ilmenite lamellae have been exaggerated for 

clarity. 
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ulvospinel continues to exsolve along (100) but at a 

slower rate than before. A certain degree of precipitate coarsen~ 

ing occurs and the magnetite breaks up into a myriad of tiny, mlcro

metre-sized cubes that are set in a matrix of ulvospinel. 

b) Intermediate f02 : pre-existing exsolved ulvospinel along (100) 

will become oxidised or partially oxidised to form ilmenite. This 

ilmenite is, however, not in its stable (111) lamellar arrangement. 

Breakdown of the (100) lamellae will consequently occur and there 

will be a tendency for the ilmenite to migrate towards the octahedral 

planes. The degree of ionic mobility will have decreased so that 

the development of completely lamellar inter growth is not attained. 

The result is an irregular area of micrometre-sized ilmenite grains 

that form a sieve-like mass containing abundant cubic- to r ounded-

magnetite inclusions. The degree of alteration of ulvospinel and the 

breakdown of the original cubic microstructure is also a function of 

the oxYgen fugacity and temperature. Any ulvospinel remaining in 

solid solution will be oxidised to ilmenite which will exsolve and 

cont r ibute to the formation of these irregularly shaped bodies rather 

than form lamellae. 

the ulvospinel remaining ln solid solution will be 

oxidised resulting in ilmenite exsolution. The conditions of ionic 

mobility might, however, not be suitable for lamellar growth with the 

result that the ilmenite forms large numbers of internal granules in 

the areas between the earlier lamellae rather th3Jl the usual fOrEls. 
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(a) 

.,' . 

. : . 

(b) 20Jlm (c) 
0,1 mm 

FIGURE 21. Schematic representation of stages 5 (a), (b) and (c). 

(a) The (100) ulvospinel lamellae become coarser through 

continued exsolution under low fD
2

. 

b) Under higher f0
2 

conditions the ulvospinel previously 

exsolved parallel to (100) becomes oxidised to ilmenite, but 

this arrangement is crystallographically unstable and recrystall-

ization occurs under the prevailing conditions. This leads to 

the development of tiny irregular ilmenite grains as shown. 

c) Internal ilmenite granules are formed in the areas between 

lamellae under the highest oxygen fugacities. 
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Stage 6. This represents the lowermost sub- solvus temperature range 

from approximately 4000 C down to the temperatures at which ionic 

diffusion becomes infinitely slow and exsolution effectivel y ceases. 

a) Low f0
2

; the final stages of precipi tate coarsenlng occur and the 

ulvospinel network reaches its maximum development, displaying the 

characteristic cloth microtextures. 

b) Intermediate f0
2

: oxidation of the pre-existing ulvospinel lamellae 

occur s, but the resulting ilmenite lamellae preserve their original cubic 

arrangement since the ionic mobility is too low for migration. Mo st of t he 

ulvospi nel remaini ng in solid solution oxidises to ilmenite which ex

solves in the form of internal granules. 

c) High f02 : Most of the ulvospinel r emaini ng in solid solution is oxidi sed 

and exsolves in the form of ilmenite granules. 

Stage 7. Low temperature oxidation of the exsolved ulvospinel can 

occur at any stage during the subsequent history of the titaniferous 

magnetite. This results in the oxidation of the ulvospinel micro-

inter growth , but its crystallgraphic orientation is retained. Sub-

sequent oxi dation of the titaniferous magnetite during weathering is 

dealt with in section 6. 

4.5.6 Application to natural microintergrowths. 

Tile foregoing scheme can account for the development of a wide range 

of the titanium-uca.ring mierointergrowtll:J t:llC0wlter0d in titani f\'l\)\1:"'; 

magnetites , but it must be noted that eonditions in nature are commonly 

more complex than outlined here. The COmmon co-existence of titani-

ferous magnetite and ferrian ilmenite in a wide range of igneous rocks 

suggests that the pr evailing oxygen fugacities were largely 
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buffered in the range between the magnetite-wlistite and Mn
3
04-MnO buff

ers (figure 7) according to the data of Lindsley (1963). This 1S 

supported by data on the Skaergaard Complex suggesting that the oxygen 

fugacities were buffered near the QFM buffer (Buddington and Lindsley, 

1964; Williams, 1971). Similar results were reported for the Dufek 

Intrusion (Himmelberg and Ford, 1977), but Mathison (1915) concluded 

that the oxygen fugacities in the Somerset Dam Intrusion were nearer 

the NNO buffer curve . 

In spite of the overall buffering of oxygen fugacities during cooling 

1n the intrusions, considerable local variation in oxygen fugacity can 

exist over small distances within the same complex. Bowles (1976) 

reported variations of this nature in the Freetown Complex. Changes 

in oxygen fugacity can occur at any stage of the cooling process as 

discussed in section 4.5.5. Equilibration will also take place be-

tween the various exsolved phases at successively lower temperatures. 

The results of these oxygen fugacity variations are reflected in the 

wide variety of microstructural combinations observed in natural titani-

ferous magnetites. An example of this is afforded by the presence of 

narrow zones of very fine, stage 5 ilmenite lamellae that are commonly 

developed on either side of narrow fractures or along grain boundaries 

of titaniferous magnetite while the interiors of the grains exhibit 

well-defined ulvospinel textures. The development of internal granules 

also often occurs in t hese marginal areas while the interiors of the 

grains show the development of lamellar intergrowths . These features 

suggest that higher oxygen fugacities exist in the interstitial fluids 

during these stages resulting in a higher degree of oxidation in the 

neighbouring areas. 
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The larger-scale fluctuations in oxygen fugacity also control the nature 

of the microintergrowths. For example, relatively high oxygen fuga-

cities might exist at elevated temperatures during stage 2 leading to 

the formation of a well-defined set of large ilmenite lamellae. 

Should the oxygen fugacity be lowered sufficiently at this stage, ex

solution of ilmenite will cease and the solid solution will remain 

s table until cooled below the solvus when ulvospinel will exsolve. 

By analogy, fluctuating oxygen fugaciti es during cooling can produce 

an extremely wide range of textural types based on various combinations 

of the. processes outlined in stages 2 to 6. 

Naturally occuring titaniferous magnetites form complex solid solutions 

with other spinels and minor amounts of MgO and Al20
3 

are commonly 

present. These oxides generally form a transparent spinel that. also 

exsolves on slow cooling and furt her serves to complicate the micro-

structural development. This topic is discussed further in section 

5.6. 

The titaniferous magnetites of .igneous rocks contain a detailed re

cord of the various changes in oxygen fugacity that occurred at differ-

ent stages during their cooling history. Some of this information 

will inevitably have been lost or blurred due to external granule ex

solution and re-equilibration at lower temperatures, but the preserved 

microstructures will contribute a great de3.1 of petrogenetically 

important information once their development 1S completely understood. 
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This synthesis of exsolution behaviour is based largely on the avail

able published data and on the microscopic examination of a wide range 

of titaniferous magnetites, largely from rocks of basaltic affinity. 

It is intended to illustrate the petrogenetic significance of these 

microstructures ----- a hitherto neglected field of research . 

4.6 Oriented Intergrowths of Magnetite in Ilmenite. 

4.6.1 Introduction. 

Small magnetite platelets are occasionally developed along the basal 

planes of certain ilmenites , but are normally present in relatively 

small numbers. These bodies can be distiguished from hematite inter-

growths on the basis of their colour, isotropic properties and morphol

ogy. They are distinctly more platelike in contrast to the lensoid 

hematite. This magnetite may also occasionally exhibit various degrees 

of martitisation and the completely oxidised martite pseudomorphs can 

normally be distinguished from hematite on morphological grounds 

(personal observation). 

The occurrence of these intergrowths has been noted from numerous loca

lities , but they have not been investigated in as much detail· as the 

other micro intergrowths in this system. The experimental data review-

ed in secti ons 4.4 . and 4.5 indicate that only l imited solubility exists 

between magnetite and ilmenite, even at elevated temperatures . The 

development of these intergrowths is conse~uently problematical and 

re~uires further investigation. 
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4.6.2 Mineralogical investigations • 
. . 

Warren (1918) described a magnetic ilmenite from Arendal, Norway and 

reported that its magnetic properties were due to t he presence of thin 

intergrown magnetite plates. Ramdohr (1926) als o reported the 

occurrence of magnetite platelets in ilmenite and suggested that it 

might, in part, have formed from exsolved hematite. Ramdohr (1939) 

reported that ilmenites contain up to 5 per cent exsolved Fe
3
04 , but 

noted that these intergrowths are not developed in ilmenites containing 

between 5 and 50 per cent Fe
3
0

4
. He noted the existence of rare 

cases of ilmenites containing more than 5 per cent intergrown magnetite, 

but concluded that they had, in all cases, formed from pre-existing 

hematite. He also reported that the magnetite is oriented with its 

octahedral planes parallel to (0001) of the ilmenite hosts. 

Ramdohr (1939) concluded that the formation of magnetite from exsolved 

hematite lamellae in ilmenite might be more common than previously re-

cognised. He concluded that the magnetite forms from hematite under 

reducing conditions and noted that the original lens- and disc~shaped 

hematite bodies are transformed to magnetite platelets. 

Ramdohr (1956) suggested that between 5 and 10 per cent Fe
3
04 might 

dissolve in ilmenite at high temperatures and this would account for the 

very thin magnetite lamellae having formed by exsolution. He also 

re-affirmed that some of the magnetite bodies are formed from hematite 

and noted that it is extremely difficult to distinguish between genuine 

exsolved magnetite and that formed by reduction . 

Buddington et al. (1963) described the local occurrence of magnetite 

platelets in ilmenites from regionally metamorphosed gneisses. They 

concluded that these intergrowths do not normally f orm during crystall-
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isation of these minerals, but might be produced by the contemporaneous 

reduction of exsolving hematit~ lamellae. They suggested that this 

would take place locally under lower oxygen fugacities by the following 

reaction: 

reduction 
2(FeO,Ti02 ) + 3Fe203--------------~· __ 

during exsolution 

Buddington et al . (1963) reported in support of this mechanism that 

magnetite intergrowths developed in ferrianilmenite during high temp-

erature contact metamorphism in a gneiss adjacent to a basaltic dyke. 

He concluded that magnetite intergrowths were formed in the ferrian-

ilmenite by the partial reduction of exsolved Fe
2

0
3 

that was origin

ally dissolved in the ilmenite. 

Buddington and Lindsley (1964) reported the synthesis of magnetite 

lamellae in ilmenite by reducing Fe
2

0
3
-rich ilmeni tes in f02-buffered 

hydrothermal experiments. They reported that this magnetite develop-

ed along the basal planes of the magnetite and concluded that magnetite 

lamellae would develop ln ilmenite by the contemporaneous subsolidus 

reduction of exsolving Fe
2

0
3

. 

Czamanske and Mihalik (1972) described the occurrence of magn~tit e lam-

ellae in ilmeni tes ln granodiorite and granite from the Finnmarka 

Complex in Norway . They based their interpretation of these micro-

structures on the data of Vincent et al. (1957) and Taylor (1964 ). 

These data suggest that cooling in a closed, water-bearing system will 

result in the reduction of the Fe20
3 

component of the hematite-ilmenite 

solid solution series while oxidation of theFe
2
Ti0

4 
component of the 

co-existing magnetite-ulvospinel solid solution serles occurs. 

Czamanske and Mihalik (1972) concluded that the magnetite rodlets ltl 
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the central areas of ilmenite gralns are formed by reduction of ilmen-

ite crystals containing Fe20
3
-rich cores. 

Gasparrini and Naldrett (1972) described the presence of fine magnetit e 

rods confined to the central areas of ilmenite grains from the South 

Range of the Sudbury Irruptive. The marginal areas of these grains 

contain finer hematite lamellae. They noted that the magnetite would 

occur along grain margins and near fractures in the ilmenite if it 

formed by a reduction process since the removal of oxygen from the ex-

solution sites would be facilitated. They suggested that the presence 

of magnetite might imply that the Sudbury ilmenites were not stoichio-

metric at high temperatures. Gasparrini and Naldrett (1972, p. 613) 

reported in a footnote that D.H.Lindsley (in a personal communication) 

had objected to the postulate of a cation excess or deficiency in the 

high temperature ilmenite. He suggested that the cores of the origin-

al ilmenites had originally been richer in Fe20
3 

and were therefore 

more susceptible to reduction. 

4.6.3 Discussion. 

Any mechanism invoked to account for the formation of magnetite plate

lets in ilmenite must account, not only for their generally sparse 

distribution, but also for their characteristic development in the 

central areas of their hosts. The available data suggest that these 

bodies can be developed from pre-existing exsolved hematite by reduct

ion during metamorphism or even by reduction of Fe
2

0
3 

in solid solution 

(Ramdohr, 1939; Buddington et al., 1963; Buddington and Lindsley , 1964). 

The magnetite bodies developed near the marginal areas of these grains 

might migrate externally during this process, provided temperatures 

are high enough, and have contributed to the development of other Fe-rich 
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minerals. This process would conceivably produce magnetite-free r~ms 

around the ilmenite grains. 

The development of magnetite lamellae in ilmenites from slowly cooled, 

unmetamorphosed igneous rocks is more problematical. Lindsley (1963) 

and Buddington and Lindsley (1964) have shown that the compositions of 

co-existing ilmenite-hematite and magnetite-ulvospinel solid solutions 

are functions of both the temperature and oxygen fugacity. These 

minerals co-exist in a wide range of igneous rock types and suggest 

that cooling took place within these rocks under closely buffered 

oxygen fugacities that generally lie somewhere in the region demarcated 

by the MnO-Mn
3
04 and QFM buffers (figure 7) (Buddington and Lindsley, 

1964). The compositional ranges of the co-existing ilmenite- hematite 

solid solutions are clearly defined under these conditions as illustrat-· 

ed in figure 8. The fugacities required for the stability of the 

different ilmenite-hematite solid solutions are much lower than those 

required for the reduction of hematite to magnetite (figure 8). 

The conditions prevailing in cooling igneous rocks imply that the 

exsolved hematite in an ilmenite-hemat ite solid solution cooling to

gether with co..-existing members of the magneti te-ul vospinel series under 

suitably buffered f02 conditions might conceivably be reduced to mag-

netite. This would most probably occur at temperatures that were too 

low to allow for large scale ionic migration and the main ten-

ence of compositional equilibrium between the co-existing spinel and 

rhombohedral phases. The previously exsolved hematite-rich solid sol-

ution would no longer be within its stability field with respect to the 

prevailing oxygen fugacity and would be reduced to magnetite. 

This process might also operate at higher temperatures with the result 
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that portion of the Fe
2

0
3 

in solid solution would be reduced to in

soluble magnetite which would in turn "exsolve" via a contemporaneous 

reduction/exsolution process. The magnetite produced at higher temp-

eratures might migrate out of the ilmenite, particularly from the mar-

ginal areas and become incorporated into the co-existing titaniferous 

magnetite or other mafic silicates. The overall iron content of the 

ilmenite would therefore be reduced . 

The operation of this contemporaneous reduction/exsolution mechanism 

during sub-solidus cooling indicates that these magnetite intergrowths 

In ilmenite might be more common than previously recognised~as suggest-

ed by Ramdohr (1939). The ilmenites from many igneous rocks are, 

unfortunately, not normally very iron-rich with the result that mlcro-

intergrowths of either hematite or magnetite are not common . 

This feature might be due, in part,. to the preferrential incorporation 

f th F 3+ . . Of" . o e e lon requlred for Fe2 3 ormatlon lnto the magnetlte crystal 

structure during crystallisation of these co-existmg phases. 

The existence of both magnetite and hematite microintergrowths In ilmen-

ite co-existing with titaniferous magnetite indicates the very delicate 

control exerted by the oxygen fugacity on phase rel ationships in this 

mineral system and serves to emphasise the complexities. The reduct-

lon of an exsolved hematite microintergrowth in an ilmenite depends 

not only on the oxygen fugacity and temperature, but is also controlled 

by diffusion rates, the composition of exsolved hematite-ilmenite solid 

solution, the presence of volatiles and the effect of impurit i es . The 

data of Lindsley (1963) indicate that the more ilmenite-rich the exsolved 

hematite phase is, the lower the oxygen fugacities under which it will 

be stable at a given temperature (figure 8). 
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The possibility that a minor amount of magnetite might be soluble ln 

ilmenite at elevated temperatures should also not be overlooked. 

Cooling of a solid solution of this nature under suitable oxygen 

fugacities would certainly produce several per cent of exsolved 

magnetite in the ilmenite host. 

4.6.4 Conclusions. 

'fhe occurrence of crystallographic ally oriented magnetite lamellae 

along the basal planes of ilmenite crystals is difficult to interpret 

in view of the low degree of mutual solubility that exists between these 

two phases. The presence of these lamellae in ilmenites from meta-

morphic rocks can be ascribed to a solid-state reduction of original 

exsolved hematite lamellae or Fe
2

0
3 

in solution during metamorphism 

under sufficiently low oxygen fugacities. 

The occurrence of these intergrowths in primary ilmenites from un

metamorphosed, slowly cooled igneous rocks is more problematical . 

They might conceivably be produced by the reduction of earlier ex

solved hematite lamellae during sub-solidus cooling under low oxygen 

fugacities. This process might also operate at higher sub-solidus 

temperatures resulting in the reduction of portion of the Fe20
3 

in 

solid solution which would then "exsolve" as lamellae. 

A lack of data exists on the natural occurrence of magnetite lamellae 

in ilmenites and the phase relationships in this respect have not yet 

been thoroughly investigated. The possibility that up to several per 

cent (less than 5) of magnetite might be present as a true exsolution 

product should also not be overlooked. 



118 

4.7 Titaniferou8 Magnetites: Overall Conclusions. 

The phase relationships in the magnetite-ulvospinel-ilmenite serles 

have not yet been clearly defined, but it is known that limited misci

bility exists between magnetite and ilmenite at all temperatures 

(Webster and Bright, 1964; Taylor, 1964; Buddington and Lindsley, 

1964), Magnetite and ulvospinel, however, form a continuous solid 

solution series at temperatures above approximately 6000 c (Basta, ~36o; 

Buddington and Lindsley, 1964). The magnetite-ulvospinel solid solu-

tions are unstable under conditions of relatively high oxygen fugacity 

and decompose to yield less Ti-rich magnetite solid solutions and Ti

rich members of the hematite- ilmenite solid solutions series according 

to the following equation (Carmichael et al., 1974). 

cubic ulvospinel-magnetite 
ss 

rhombohedral ilmenite-hematite ss 

Members of the magnetite-ulvospinel solid solution serles commonly co

exist in equilibrium with members of the ilmenite-hematite solid solu

tion series in nature and Lindsley (1963) has shown that their compo

sitions are largely functions of oxygen · fugacity and temperature. 

These data can be used to delimit their approximate stability fields as 

indicated in figure 16 . 

The nature of themicrointergrowths produced ln the intermediate members 

of the magnetite-ulvospinel solid solution series 18 dependent largely 

on the initial composition of the solid solution, the prevailing oxygen 

fugacities at different stages of cooling and the rate of temperature 

decrease. Homogeneous minerals (titanomagnetites) can be produced 

over the whole compositional range between magnetite and ulvospinel by 
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CJ.uenching, but terrestrial minerals containing more than 80 mole per 

cent ulvospinel are rare in nature. Slower cooling rates result in 

the exsolution of ulvospinel or the contemporaneous oxidation-exsolution 

of ilmenite as described in section 4.5 . The low-temperature solid 

solution limits of magnetite in ilmenite and vice versa are negligable, 

while those of magnetite and ulvospinel have not been firmly established. 

Values of 20 mole per cent Fe
3
04 in ulvospinel and approximately 6 per 

cent Fe2Ti04 in magnetite given by Basta (1960) represent the most 

recent estimate. 

The titaniferous magnetites are extremely sensitive to changes ln oxygen 

fugacity and temperature during cooling and these features are reflected 

in the wide range of microstructures that are developed. These mlcro-

structures conseCJ.uently contain a detailed record of the cooling hist

ory of their host rocks and represent an important key to the petro-

genesis of the rocks concerned. The conditions and mechanisms involved 

in the formation of these exsolution bodies are too imperfectly under

stood at present for more than their quali tati ve use as petrogenetic 

indicators. More detailed studies might, however, result in the 

CJ.uantitative application of this microstructural evidence to petrogen

etic studies as envisaged by Bowles (1977). 

This literature survey indicates the need for a detailed examination of 

the sub-solidus phase relationships in the magnetite-ulvospinel system 

under suitable buffered hydrothermal conditions and for the compilation 

of an accurate phase diagram. The complex oxidation/exsolution process 

reCJ.uires investigation and this should be extended to cover the varlOUS 

exsolution mechanisms operating in this system. These studies should 

provide aliclitional information that would be of use not only in understand

ing the phase relationships, but would have important applications in 
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petrogenetic studies. The effects of both major and minor impurity 

ions also have to be evaluated in order that the available data can 

be applied to natural mineral systems. 

A vast amount of data has accumulated on the titaniferous magnetites 

during the past 50 years, but it is only really since the pioneering 

work of Lindsley (1962, 1963), and Buddington and Lindsley (1964) that 

their nature and behaviour has been appreciated. Tbe basic ground-

work has been completed, but a great deal of detailed study on both 

natural and synthetic systems is re~uired before the mineralogical 

relationships are fully understood. 

4.8 Tbe Orthorhombic Pseudobrookite-Ferropseudobrookite Series. 

Complete solid solution exists between Fe2Ti0
5 

(pseudobrookite) and 

FeTi20
5 

(ferropseudobrookite) at temperatures above 11500C (Akimoto 

et al., 195Tb; Haggerty and Lindsley, 1969). Ferropseudobrookite 

decomposes to FeTi0
3 

+ Ti02 at 11400 + 100C on slow cooling and 

pseudobrookite breaks down to yield Fe
2

0
3 

+ Ti02 at 5850 ~ 100C 

(Haggerty and Lindsley, 1969). Tbe intermediate members decompose at 

o 0 temperatures between TOO and 800 C, but the decomposition curve i s 

not linear between the end members. 

Members of the pseudobrookite solid -solution s er~es are typically found 

as high temperature oxidation products of titanomagnetite and ilmenite 

~n igneous rocks (usually lavas) (Haggerty and Lindsley, 1969) . Min-

erals of Fe2Ti0
5
-FeTi20

5 
solid solution series were not encount~red 

during this study and their phase relationships are not discussed. 

Readers requiring additional information are directed to the articles 

by Akimoto et al. (195Tb), Lindsley (1965b), Wilson and Haggerty (1966), 
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Watkins and Haggerty (1967), Haggerty (1971a), Johnson et al. (1971), 

Lipin and Muan (1974), and Navrotsky (1975b). 

5. SOLID SOLUTION BETWEEN THE IRON~TITANIUM OXIDES AND OTHER RELATED 

SYSTEMS. 

5.1 Introduction. 

Chemical analyses of the iron-titanium oxides invariably indicate the 

presence of small, but variable amounts of elements other than Fe and 

Ti (e.g. the analyses of various Fe-Ti oxides presented in Deer et al., 

1962b) . These additional elements are normally only minor constituents, 

but they can occasionally become major components of the mineral in 

question. These analyses indicate that a wide range of ionic sub-

stitutions is possible in the various Fe-Ti oxides and that extensive 

solid solution exist between them and certain other related mineral 

systems. A detailed consideration of the factors governing lonlC 

substitutions in minerals is beyond the scope of this review and only 

the major features are outlined here. Readers requiring additional 

information are directed to the references mentioned in section 5.2. 

5.2 The Features Governing Ionic Substitution in the Iron-Titanium Oxides. 

The factors . governing ionic substitution in minerals are complex and 

have not yet been fully determined. Goldschmidt (1937) presented a 

set of empirical rules governing the distribution of elements in rocks 

and minerals based largely on ionic radius and electronic charge. 

' Wilson (1953) demonstrated that Goldschmidt' s rules could be used to 

explain many of the ionic sUbstitutions observed ln the iron-titanium 

oxides as well as their order of crystallisation from magmas. He 

-
concluded that extensive ionic substitution would occur if the ionic 

radii of the elements did not differ by more than 15 per cent. Sub-

stitution of elements with ionic radii differing by more than 15 per 
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cent could take place,but only at elevated temperatures. 

Further investigations led to the recognition of numerous cases in which 

Goldschmidt's rules did not hold and various modifications were made. 

Among the more important contributions was that made by Ringwood (1955) 

who recognised that the electronegativity of the ions is also an import

ant factor governing their distribution and substitution properti~c. 

Lister (1966) reviewed the available literature and concluded that the 

amount of cationic substitution in the iron-titanium oxides is largely 

governed by the following factors: 

1). The crystall isation temperature of the oxides. 

2). The amounts of suitable cations available in the medium from which 

the minerals are precipitated. 

3). The re l ative electronegativity of the cations. 

4). The Slze and charge of the ions relative to the iron and titanium 

ions. 

5). The oxygen fugacity during and after crystallisation. 

6). The structure of the minerals being formed. 

7). The cooling history. 

Burns (1970) . published an extensive criticism of the application of 

Goldschmidt's and Ringwood's. rules to the distribution of elements in 

minerals and noted the existence of numerous exception to these rules. 

He proposed that the crystal field theory could be used more satisfact

orily to expl ain the observed element distribution, particularly in the 

more complex silicates. He also demonstrated that the distribution of 

transition elements in minerals is governed by their octahedral site 

preference energies. Both the rhombohedral and cubic iron-titanium 

oxides contain octahedral sites in their crystal structures with the 

result that the octahedral site preference energy will also be an import-
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ant factor governing ionic substitution in these minerals. 

Ionic substitutions invariably take place in the same structura: 3ites 

in individual iron-titanium oxides with the result that ionic Slze, 

charge and electronegativity would also exert some control on the sub-

stituting ion. Burns (1970) noted that the crystal field stabilisation 

energy contributes less than 10 per cent to the total energy of a trans~ 

ition metal compound. He stated (1970, p. 112) "It cannot be assumed 

that the crystal field energy is the sole determiner of cation distri-

bution in the spinel structure, but it evidently cannot be ignored". 

It can be concluded that the ionic substitutional processes involved in 

the iron-titanium oxides are complex and involve the interplay of num-

erous factors. The seven controls given by Lister (1966) are certainly 

applicable to these ionic substitutions and it is possible to add a 

further one, namely the octahedral site preference energy for the tran-

sition metal lons. The more important ionic substitutions in the Fe-Ti 

oxides are discussed in sections 5.3 to 5.7. 

5.3 The Ilmenite-Geikieli te-Pyrophanite Series. 

5.3.1 Introduction. 

Ilmenite (FeTi0
3

), geikielite (MgTi0
3

) and pyrophanite (MnTi0
3

) are 

isostructural (Posnjak and Barth, 1934) with the result that consider-

2+ 2+ 2+ 
able substitution of Mg and Mn for Fe can theoretically occur in 

'natural ilmenites. In spite of this, towever, ilmenites from a wide 

variety of igneous rocks contain only minor amounts of Mg and Mn while 

the two end-members are in fact extremely rare (Deer et al., 1962b). 

Numerous electron microprobe analyses of ilmenites have been published 

since the data compilation of Deer et 'al. (1962b), but their conclusic.n 

that these minerals normally only contain minor Mn and Mg remains valid. 
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5,3.2 The MnO content of ilmenite and its distribution between co-

existing ilmenite and titaniferous magnetite. 

Only limited experimental data are available on the solid solution re-

lationships between FeTi0
3 

and MnTi0
3

, but it is usually assumed that 

extensive substitution of Mn2+ for Fe2+ can occur (Deer et al., 1962b). 

Grey et aI, (1974) reported that complete miscibility exists between 

MnTi0
3 

and FeTi0
3 

at 12000 C. The ilmenite-pyrophanite solid solutions 

appear to be stable at low temperatures and no exsolution features have 

been reported·. Ilmenite forms a complete high temperature solid solu-

tion with Fe20
3

, but Ishikawa and Akimoto (1958) reported the presence 

of a mis cib ility gap between pyrophanite and hematite over the composi-

. tional range between 40 and 60 mole per cent pyrophanite. 

Naturally occur1ng, optically homogeneous, intermediate members of the 

ilmenite-pyrophanite solid solution series have been reported over the 

whole compositional range as shown in Table 1. These analyses are all 

of ilmenites from igneous rocks, but it should be noted that ilmenites 

with values of MnO greater than 5 per cent are relatively rare. This 

rarity does not reflect any bias in the selection of analyses, but 

appears to be a common feature of this solid solution series. 

The first investigation into the MnO contents of ilmenites and their 

significance was undertaken by Buddington (1964) who noted that the 

amount of MnO in igneous rocks decreases from gabbroic through to 

granitic types. The MnO contents of the silicate and oxide min~rals 

in contrast, increase over this compositional range because of tht'~ 

rl~<.:rease ill the qllullti ty of mafic milleral~j in these rock typ~s thu t 

can accommodate the MnO. He "Iso reported that the MnO is preferent-

ially incorporated into the ilmenite rather than into the co- existi ng 

titaniferous magnetite. 



TABLE 1 

SELECTED ANALYSES OF MANGANDAN ILMENITES 

OXIDE 2 3 4 5 6 7 8 9 10 1 1 12 13 14 

Ti02 52,65 48,79 47,77 52,00 47,90 52,02 49,10 51,60 52,97 48,17 51,06 52,86 51,50 52,97 

FeO 47,35 38,83 37,65 40,40 31,15 33,05 29,34 31,40 26,29 22,38 17,14 16,25 6,60 

MgO 1,60 0,13 0,04 0,03 0,03 0,01 0,07 0,10 0;07 0,07 

MnO 2,16 5,01 6,94 10,80 12,77 14,70 17,20 19,83 20,49 28,43 30,20 41,00 47,03 

Fe
2

0
3 

7,94 9,90 8,94 5,51 0,00 8,32 2,69 0,00 

Al
2

0
3 

0,00 0,00 0,04 0,00 0,36 0,00 0,00 0,00 0,00 0,00 

TOTAL : 100,00 99,32 100,46 99,42 99,82 98,20 98,68 100.21 99,16 99,46 99,39 99,38 99,10 100.00 

========= b==================================================~a================================================' 

Sources of analyses and the nature of their host rocks 

1. Theoretical ilmenite 
14 . Theoretical pyrophanite. 

2,3,9,10,11,12 . Olivine monzodiorite to granite (Neumann,1974) 

4,8. Adamellite . (Tsusue, 1973) 

5,7. Granodiorite. (Czamanske and Mihalik, 1972). 

6. Granite (Elsdon, 1975b). 
13. Nepheline syenite pegmatite (Neumann and Bergstol, 1964). 

N 
\.n 
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Buddington (1.964) summarised the situation as follows: "the data show 

that there is in general a successive systematic increase in the ratio 

of MnO in ilmenite to MnO in the titaniferous magnetite of igneous rocks 

from a low in diabase and gabbro through intermediate value s for pyroxene, 

quartz-bearing· syenite and granite to a high in granite pegmatite". 

He also reported that the MnO contents of ilmenites in metamorphosed 

igneous rocks are systematically higher than those in their unmeta-

morphosed equivalents. He concluded that this is due to the decrease in 

MnO of the co-existing titaniferous magnetites during recrystallisation . 

Buddington (1964) concluded that the increasing MnO content of ilmenite 

is related to a decrease in the temperature of crystallisation and that 

the distribution of MnO between co-exi sting ilmenite and titaniferous 

magnetite is also temperature dependent . He also noted that oxygen 

fugacity might also play an important role i n controlling the MnO 

distribution, but mentioned that Mn2+ is stable over a much wider range 

. . 2+ 
of oxygen fugacltles than Fe • On this basis he concluded that 

temperature is a more important controlling factor than f0
2

• 

Anderson (1968b) reported that a fair correlation exists of the distri -

bution of MnO between ilmenite and titaniferous magnetite in the LaBlache 

Lake Deposit and the minimum oxidation temperature. He suggested that 

this relationship is. however, fortuitous and could be explained by the 

fractionation law . He concluded that Fe
2

Ti0
4 

would be oxidised at a 

lower oxygen fugacity than Mn
2
Ti0

4 
with the result that fractional 

oxidation of a manganese-bearing titaniferous magnetite would lead to 

an enrichment in MnO in the unoxidise d magnetite. 

Snetsinger (1969) described manganese-rich ilmenites (up to 14,4% MnO) 

from an adamellite and concluded that their formation is associated with 
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late~tage magmatic processes . He suggested that the larger s~ze of 

2+ 0 2+ 0 2+ 0 
the Mn . ion (0,80 A) relative to Fe (0,74 A) and Mg (0,66 A) would 

result in its concentration in the later, more silicic residual liquids 

according to Goldschmidt's rules , This manganese becomes incorporated 

2+ into the late-·stage ilmenite in the absence of sufficient Fe • 

Evans and Moore (1968) reported that the MnO contents of ilmenite 13.mellae 

in titaniferous magnetites of the Makaopuhi basaltic lava lake are 

systematically higher than those of the co-existing coarse grained ilmen-

ites. They concluded that this ~s consistent with the changing dist-

ribution of Mn between co-exi sting ilmenite and magnetite with decreas-

ing temperature. Smith (1970 ) noted a similar relationship in the 

opaque oxides of a diabase sill and reported that the Mn contents in-

crease towards the margins of the ilmenite lamellae, reaching their 

maximum values at the contact . These values fall noticeably on pass-

ing into the magnetite host and remain much lower than the corresponding 

values in the lamellae. Smith (1970) concluded that these compositional 

gradients built up during exsolution, but became " frozen in" as the 

temperature dropped, 

Dasgupta (1970) reviewe d the available data on MnO distribution between 

co-existing ilmenite and magnetite. He was unable to show ru'Y clear 

relationship between the temperatures and oxygen fugacities and the 

distribution of MnO between the co-existing. cubic and rhombohedral phases. 

He concluded that the MnO distribution is, however, a reflection of its 

temperature dependence . 

Lipman (1971) reported the preferential incorporation of Mn into ilmen-

ite co-existing with titaniferous magnetite i n a series of volcanic 

rocks ranging from quartz latites to rhyolites . The MnO cont~nts of 
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these minerals are unusually high. ranglng from 1.29 to 4.65 per cent 

in the magnetite and between 1.55 and 8.97 per cent in ilmenite. He 

also demonstrated that increasing Mn content in both minerals is relat-

ed to decreasing temperatures of crystallisation from approximately 

9500 C in the quartz latite to 6500 C in the rhyolites . He also noted 

that MnO contents of ilmenite lamellae are higher than those of the 

co-existing ilmenites. 

Czamanske and Mihalik (1972) reported the strong enrichment of MnO in 

ilmenite relative to co-existing titaniferou,3magnetite with increasing 

oxidation in the Finnmarka Complex . They noted that enrichment of 

Mn relative to Fe in ilmenites occurred progressively in the more 

silicic rock units that crystallised under high oxygen fugacities. 

They concluded that the Fe2
+ is more readily oxidised out of the ilmen

ite structure than Mn2+ and postulated that oxidation and subsequent 

2+ extraction of Fe from the ilmenites would be reflected in the Mn-

enrichment of a steadily decreasing amount of ilmenite in the succeeding 

differentiates. 

Czamanske and Mihalik (1972 ) also explained the preferential fractiona-

tion of MnO into co-existing ilmenite on crystal chemical grounds and 

noted the following pertinent features in support of their model: 

1). Complete solid solution exists between Mn
3
04 and Fe304 above 1160oC. 

but is reduced to 46 mole per cent Fe
3
04 and 54 per cent Mn

3
04 at 

room temperature (Mason. 1943; van Hook and Keith. 1958) . 

2). Fe304 has a cubic . inverse spinel structure in which Fe 3+ occupies 

, , 3+ 2+ 
the tetrahedral sltes whlle Fe' and Fe share the octahedral sites. 

3). Mn
3
04 is tetragonal, but inverts to the spinel structure at elevated 

temperatures , 

4). FeTio
3 

and MnTi0
3 

are both rhombohedral and contain only octahedral 
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cation sites ln which the e~uivalent (Mn, Fe) and Ti sites are 

ordered into like-atom layers. 

5). They used the following ionic radii for octahedral co-ordination 

from Whittaker and Muntus (1970): 2+ 0 
Fe = ° 86 A' , , 3+ 0 

Fe = 0,73 A; 

2+ 0 Mn = 0,91 A; .4+ 6 0 and Tl = 0, 9 A. They also used the radius of 

3+ 0 2+ 0 Fe = 0,57 A and Mn = 0,75 A for tetrahedral co-ordination. 

6). Fe3+ and Mn2+ both have identical electron configurations with 5 

7) • 

electrons in their 3d orbitals and 0,0 crystal field stabilisation 

energy ln either the octahedral or tetrahedral sites. 

2+ Fe has a relatively low crystal field stabilisation energy and an 

octahedral site preference energy of 4,0 kcal/mole. 

8) Th tah dr l 't f f F 2+. ft' . • e oc e a Sl e pre erence energy 0 e lS 0 grea er Slgnl-

ficance in the spinels since Fe304 is an inverse spinel while 

F ° 
. . 2+ 8 f Mn e2 4 lS a near normal splnel wlth Mn occupylng 1 per cent 0 

its octahedral sites (Hastings and Corliss, 1956). 

Czamanske and Mihalik (1972) noted that although extensive solid solu-

tion is possible in the series Mn
3
04.-Fe

3
04 and MnFe204 -Fe

3
04 , the diff

erences in crystal symmetry and spinel type must reflect a less ideal 

solid solution for these series than for MnTi0
3
-FeTi0

3
• The result 

of this is that the Mn exhibits a preference for a phase with a rhombo-

hedral structure and will partition into this phase when conditions 

are favourable. They reported a written communication by C.O .Hutton 

h t d th t h Mn
2+ .. .. 

W 0 sugges eat e .. larger 10n mlght be more readl1y Subst l tuted 

in the ilmenite structure because the symmetry elements re~uire only 

one plane of metal ion close-packing . The spinel structure of magnetite, 

in contrast, re~uires that four distinct planes of metal ion close-pack-

ing be maintained. Czamanske and Mihalik (1972) concluded that the 

dominant control is one of relative ionic radii constrained by the 
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2+ preference of Fe for octahedral co~rdination. They also noted that 

if the Mn2+ must dominantly occupy tetrahedral sites in the magnetite 

. . 3+ ( 0) Mn2+ structure, the result1ng m1smatch between Fe 0,57 A and 

(approximately 0,75 R) would disrupt the magnetite structure. The 

2+ 
Mn would consequently be incorporated into the ilmenite structure 

where the metals are in octahedral co~ordination and have similar ionic 

radii (Fe2+ = 0,86 5l.; Mn2+ = 0,91 5l.). 

Duchesne (1972) also reported the preferential enrichment of MnO in 

ilmenite relative to co-existing titaniferous magnetite from an anortho-

2+ 2+ . 
site-mangerite suite and noted that the Mn /Fe rat10 1n ilmenites 

1ncreases as differentiation proceeds. He concluded that the MnO 

distribution between co-existing ilmenite and magnetite is temperature 

dependent and that the distribution factor 1S exponential rather than 

linear as suggested by Anderson (1968b). 

Prins (1972) reported the presence of higher MnO contents in ilmenites 

co-existing with titaniferous magnetites in carbonatites. He noted 

that MnO is strongly enriched in ilmenite lamellae in titaniferous 

magnetite. Elsdon (1972) also reported increased MnO contents in 

ilmenites from the upper layered series of the Kap Edvard Holm Intrusion 

and noted that the manganese distribution might be a function of equi-

libration temperature. He also mentioned that the MnO distribution 

might be related to fractional oxidation since Fe
2
Ti04 is oxidised at 

lower oxygen fugacity or increasing temperature. He noted that his 

data might support a slight fractionation of MnO into magnetite with 

increasing temperature. 

Ts~sue (1973) described the occurrence of manganoan ilmenites from 

granitic rocks in Japan. He noted that the MnO content of the ilmenite 
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~ncreases with an increase in the differentiation index (normative Q 

+ or + ab + ne + Ie + ks) of the host rocks while the actual amount 

of ilmenite present tends to decrease with an increase in the same index. 

He also reported that some of the ilmenite grains are compositionally 

zoned and that their Mn/Fe ratio increases regularly from the core 

outwards, 

Neumann (1974) reviewed the available data on the distribution of Mn2
+ 

and Fe2+ between ilmenites and magnetites in igneous rocks and investi-

gated this phenomenon ~n a suite of rocks ranging from olivine mon-

zodiorite to granite. She noted the following features that are a 

common feature of these minerals: 

1). Ilmenites in silicic rocks are often strongly enriched in manganese 

compared to their co-existing magnetites; 

2). The concentration of MnO in ilmenites often differs markedly from 

grain to grain within single samples of silicic rock even though 

each grain is homogeneous. 

3). Exsolution lamellae of ilmenite in magnetite are generally richer 

in MnO than separate co-existing ilmenite grains with the result 

that the magnetite host is depleted in MnO relative to the assumed 

original homogeneous magnetite. 

2+ 4). There is a definite relationship between the Mn/Fe ratio ~n 

ilmenites and the same ratio in their host rocks. 

5). The Mn/Fe2
+ ratio in the ilmenites increases with increasing differ-

entiation index of their host rocks. 

6). There is no clear relationship between the Mn/Fe2+ ratio in what 

is assumed to be the original homogeneous magnetite composition 

and the Mn/Fe2
+ ratio of the host rocks. 

Neumann (1974) based her investigation into the MnO distribution on a 
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method described by Jensen (1973) who plotted the partition coefficients 

for certain minerals/rocks against their ionic radii in various silicates 

(Onuma diagrams), Jensen (1973) demonstrat ed that elements of the 

same valency fallon a fairly simple curve and that the different val-

ency curves for one mineral all peak at the same point or points against 

ionic radii ~ She concluded that these peaks define the optimum Slze 

of the cations entering a cert ain structure and that the optimum s1 ".e 

of a structural position is determined by the silicate or oxygen frame-

work. The valency and effective size of the cations competing for a 

structural position are conse'luently' the dominant factor in determin-

ing the partioning of elements beween co-existing phases. The peak 

positions remain constant, irrespective of the nature of the ions sub-

stituting in the mineral structure, 

Neumann (1974) plotted the partition coefficients (ilmenite/rock) 

against the ionic radii for divalent elements for 6 ilmenites (2 of 

her own, 2 from ~he Skaergaard Complex (Williams, 1971) and 2 manganoan 

ilmenites (Tsusue, 1973)) and demonstrated that the apex of the peaks 

fall between 0,89 and 0,90 2. She noted that the peaks might, however, 

be slightly low due to uncertainties in the Mn2+ plot. She concluded 

that the Mn2
+ ionic radius of 0,91 2 would fit into the available 

octahedral site better than Fe2
+ (0,86 ~) and is conse'luently preferent -

ially incorporated into that structure. 

Neumann (1974 noted that the peak heights and slope curves in her plots 

lncrease with increasing differentiation index and/or decreasing temp-

erature. She concluded that this indicates that the Mn pref~rence 

increases strongly with decreasing temperature. She also noted that 

the increasing Mn content towards grain boundaries in zoned ilmenites 

. . 2+ 2+ . . . 
lndlcates that the preference for ~n over Fe lncreases wlth de-
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creaslng temperature. The increase in MnO/FeO ratio in the host rocks 

.. . 2+ . 
might be due to the preferentlal lncorporatlon of Fe In other cryst-

allising minerals. 

Neumann (1974) reported that insufficient data were available to pro-

duce similar curves for the titaniferous magnetites, but concluded that 

Mn fits more readily into the ilmenite structure than into magnetite 

at the conditions of formation of her analysed samples. She noted 

that her results are inconclusive in respect to the controls exerted 

by oxygen fugacity, but suggested that only very limited amounts of 

Mn
2

0
3 

would be able to enter into solution in ilmenite . She concluded 

that Mn 3+ in tetrahderal co-ordination would have a radius between 0,58 

o ... 3+ ( 0). and 0,59 A whlch lS only sllghtly larger than Fe 0,57 A wlth the 

result that it can be readily accomodated in the ma~etite structure. 

3+ . On these grounds she concluded that the amount of Mn would lncrease 

in magnetite with increasing oxygen fugacity. 

Neumann (1974) concluded that ·the Mn~+ . /Mn2+ . ratio will be 
llmenlte magnetlte 

higher for oxides crystallising at a given temperature and oxygen 

Mn2+/Fe2+ fugacity from a magma with a relatively high ratio than 

2+ 2+ 
.for oxides crystallising from a magma with a lower Mn /Fe ratio. 

2+ / 2+ .. . The Mn. l .t Mn t·t ratlo would also lncrease more strongly w1th 1 menl e magne 1 e 
. . 2+/ 2+ .. an 1ncrease 1n the Mn Fe rat10 1n the magma at low temperatures 

than at high temperatures. 

Mathison (1975) reported higher MnO contents in ilmenites co-existing 

with titaniferous magnetite,; in the Somerset Dam Layered Intrusion. 

He noted that the Mn content decreases in magnetite from the b~se to 

the top of a zone whereas i t increases inthe co-existing ilmenite. 

He demonstrated t hat the MnO content of secondary ilmenite (derived by 
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oxidation/exsolution) is higher than that in the primary ilmenite. 

He also examined the Mn distribution between titaniferous magnetites 

and the contact with a large ilmenite lamella by means of electron 

microprobe analyses, The Mn content exhibits a steady decrease in the 

magnetite towards the ilmenite contact and a depletion zone 1S developed 

immediately adjacent to the ilmenite interface. The Mn content reaches 

a maximum in the ilmenite at the magnetite interface and then decreases 

towards the centre of the · ilmenite lamella. He reported that the 

concentration gradients are steepest in a 20-30 micrometre wide zone 

parallel to the ilmenite-magnetite contact. He concluded that this 

distribution is a result of oxidation of the magnetite and reflects 

the different preferences of this element for the two phases. He 

also concluded that the concentration gradients are caused by the 

homogenisation processes becoming increasingly difficult during progressive 

oxidation .. 

Elsdon (1975b) described manganoan ilmenites from a granite and noted 

that their occurrence could not be satisfactorily explained on the 

basis of late-stage manganese-enrichment or as a result of oxidising 

conditions during crystallisation or the post-crystallisation history. 

Himmelberg and Ford (1977) also reported that the MnO contents of the 

ilmenites are greater than those of their co-existing titaniferous 

magnetites in the Dufek Intrusion. They furthermore demonstrated 

that the highest MnO contents are shown by the ilmenite lamellae 1n the 

titani ferous magnetites. They refer to a written communication by 

D,H .. Lindsley and state "the manganese content of successive generat ions 

of ferrian ilmenite is consistent with the experimentally-determined 

distr ibution of MIlO between magnetite and il",enite with decren~ing 
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temperature, and suggests that each generation of ferrian ilmenite was 

closed and did not re,-e'l.uilibrate during later stages". 

Bohlen and Essene (1977) and Bowles (1977) also reported higher MnO 

contents in ilmenites relative to their co-existing titaniferous magne-

\ . 
tltes. They also reported higher MnO contents in the ilmenite 

lamellae than in the larger co-existing ilmenite gralns. These authors 

offered no explanation for the phenomenon. 

5.3.3 The MgO content of ilmenite and its distribution between 

co-existing ilmenite and titaniferous magnetite. 

Ilmenite and geikielite form a complete solid solution series above 

13000 C (Johnson et al., 1971) and also above 11600 c (Speidel, 1970). 

The ilmenite-geikielite solid solutions appear to be stable at low 

temperatures and no exsolution features have been reported (Cervelle, 

1967; Cervelle et al., 1971). Ilmenite forms a complete high temper-

ature solid solution with Fe
2

0
3

, but Ishikawa and Akimoto (1958) 

reported the presence of a miscibility gap over the compositional range 

between 50 and 80 mole per cent MgTi0
3

• Woermann et al. (1969) also 

noted the presence of a gap in the solid solution serles in this 

range and reported that it breaks down to yield spinel plus pseudo-

brookite. They concluded that two rhombohedral solid solutions 

(ilmenite-geikielite) and hematite would probably co-exist in e'l.ui-

librium at temperatures below approximately 700oC. The presence of 

this gap in the solid solution series has been noted by Speidel (1970) 

at 1160
0 c and by Johnson et al. (1971) under higher temperatUl'c condi

tions. 

Naturally occurring, optically homogeneous, intermediate members of the 

ilmenite-geikielite solid solutions have been reported over the whole 

composi tional range as depicted in Table 2. Analyses of i}menites 

fl'OIll the U!.~ ua.l range of ie;neous rocks c(JII!lnonly :Jhow the fJresence of lr.'cs 



TABLE 2 

SELECTED ANALYS.ES OF MAGNESIAN ILMENITES 

OXIDE 2 3 4 5 6 7 8 9 10 II 12 13 14 15 

Ti0 2 47,92 52,20 53,10 51,90 52,29 49,48 51,75 54,61 55,90 56,40 57,52 60,70 64,61 64,9 66,46 

FeD 39,76 41,00 40,10 36,45 33,77 28,72 26,40 21,79 16,59 19,90 12,30 8,40 5,68 1 ,4 

MgO 2,00 3,30 4,32 5,76 7,07 8,72 II , 16 15,14 18,86 20,23 21,57 24,40 27,90 31,8 33,54 

MnO I , 13 0,59 0,52 1,27 0,91 0,4 

Fe 20
3 8,33 1,68 1 , I I 6,39 6,07 11,68 8,82 5,30 6,78 1 ,91 2,82 6,20 2,50 

A1
2

0
3 

0,60 0,77 0,26 0,02 0,13 0,18 0,38 0,34 0,25 0,30 1,22 I ,3 

Cr20
3 

0, I I 0,05 0,05 0,17 0,92 0,40 2,05 0,49 1,13 0,65 

TOTAL : 99,85 99,00 98,89 100,57 100,09 99,70 98,91 99,23 98,87 100,39 97,35 100,61 100,69 99,8 100,00 

=========== ================================================================================================================ 

Sources of analyses and the nature of their host rocks 

I. Troctolite (Mathison, 1975) II . Serpentinite (Efremov, 1954) 

2. Nepheline hawaiite (Wass,1973) 12. Magnesium Marble (Hounslow and Chao, 1967) 

3,4. Alkali olivine basalt (Wass,1973) 13. Gem gravels, Ceylon (Crook and Jones, 1906). 

5. Titaniferous iron ore, Kaffirskraal Complex (this thesis) 14. Magnesian marble (Murdoch and Fahey, 1949). 

10. Kimb "rlite (Haggerty, 1973b) 15. Theoretical geikielite. 

w 

'" 
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than 4 per cent MgO (Thompson, 1976) although this may occasionally 

reach as high as 6 per cent (Wass, 1973) . Anderson (1968a) has re

ported values up to 10 per cent in ferrian ilmenites intergrown with 

titaniferous magnetites in trachybasalts. Ilmenites from kimberlites 

typically contain between 8 and 20 per cent MgO and these features 

are discussed more fully in Part 2 of this thesis. Ilmenites ex-

hibiting higher MgO contents are extremely rare and have only been 

reported from Mg-rich marbles or serpentinites (analyses 11-14, 

Table 2). 

Sahama and Torgeson (1949) investigated the stability of ilmenite and 

geikielite in rocks and concluded that geikielite in association with 

olivine or orthopyroxene represents a high temperature paragenesis. 

They noted that ilmenite is, however, more common since the Mg/Fe 

ratios in most rocks favour the formation of ilmenite under the pre-

vailing crystallisation temperatures. They suggested that Mg-rich 

ilmenites might be more common in dunitic or peridotitic rocks than 

previously recognised. 

Chemical analyses indicate a preferential partitioning of Mg into the 

ilmenite rather than the co-existing magnetite, but this feature has 

not been studied ln as much detail as the MnO distribution. The 

first systematic study of minor element variations in co-existing 

ilmenite·s and titaniferQus magnetites was undertaken by Vincent and 

Phillips (1954) on the Skaergaard Complex. They noted the MgO contents 

are consistently higher in the ilmenites than their co-existing titani-

fero us magnetites. They also noted that there is an overall decrease 

in MgO contents in both of these phases with increasing height in the 

complex. 
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The preferential incorporation of Mg into ilmenites co~xisting with 

titaniferous magnetites from a wide range of igneous . rocks was also 

reported by Carmichael (1967a, b). Anderson (1968b) also reported 

similar partitioning of MgO between co-existing cubic and rhombo-

hedral phases in the LaBlache Lake Deposit. 

Smith (1970) reported higher MgO contents in coarse grained ilmenite 

than in titaniferous magnetites from a diabase sill. He also noted 

that the MgO contents of both phases decrease with progressive crysta

llisation and that the ilmenite lamellae in the titaniferous magnetites 

contained more MgO than their corresponding coarse-grained ilmenites. 

He presented data on a one micrometre-step microprobe traverse across 

a portion of a titaniferous magnetite grain containing a broad ilmenite 

lamella. These data showed that the Mg content of the magnetite is 

low, but decreases towards the ilmenite interface where it increases 

dramatically. It continues to increase, but less steeply over the 

first 20 micrometres of the ilmenite after which its content increases 

less markedly until the maximum value is obtained at the centre of the 

lamella. 

Lipman (1971) reported higher MgO values in ilmenites co-existing with 

titaniferous magnetites in a variety of rocks ranging from quartz latites 

t o rhyolites, He indicated that the ilmenite lamellae in the co-

existing titaniferous magnetites contain the highest MgO contents. 

Essentially similar relationships have been reported for MgO distribu

tion between co-existing cubic and rhombohedral phases by Wass (1973), 

Mathison (1975), Bowles (1976, 1977), and Himmelberg and Ford (1977). 

This behaviour is essentially the same as that of MnO and appears to 

be a typical feature of these co-existing oxides. 
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Lovering and Widdowson (1968) reviewed the available data on the MgO 

contents of ilmenites from a variety of rock types and demonstrated 

a crude relationship between this and the MgO/FeO ratios of 

their host rocks •. They concluded that this distribution is not in-

fluenced markedly by temperature and pressure conditions. Mitchell 

(1973) noted a variation of between 6 and 19 per cent MgO in kimber

litic ilmenites and concluded that this ilmenite crystallised from 

melts unusually rich in Ti and Mg. 

Speidel and Osborn (1967) investigated the phase relationships in the 

MgO-FeO-Fe
2

0
3
-8i02 system and noted that the composition of olivine, 

pyroxene and magnesioferrite (spinel) in e~uilibrium with vapour at 

sub-solidus temperatures changes as a function of temperature and 

oxygen fugacity. They concluded that the Mg/Fe. ratio would increase 

in olivine, and also to a lesser extent in orthopyroxene, but would 

simultaneouslv decrease in ma~netite. 

Speidel (1970) extended these experiments to include Ti0
2 

and noted 

that the MgO content is higher in the spinel phase than the co

existing rhombohedral one at high te~peratures and moderately high 

oxygen fugacities. He demonstrated that this relationship is, however, 

reversed at lower oxygen fugacities and corresponds to the situation 

~n naturally occurring minerals. He also suggested that the presence 

of minor AI, V and Mn might also be important in controlling the 

partitioning of Mg between co-existing phases. 

Haggerty (1972a, b, 1973a) reported the presence of Mg-rich ilmenites 

in lunar materials returned by Luna 16 and Luna 20. Hagerty (1973a) 

concluded that the high MgO contents of certain lunar ilmenites are 

due to crystallisation from an ultrabasic li~uid under high pressures. 
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Brett et al. (1973) reported the presence of up to 8,1 per cent MgO 

in lunar ilmenites and suggested that they may have formed by early 

precipitation from a melt relatively rich in Ti0
2

, or by l ater 

crystallisation from a melt rich in MgO. Nehru et al. (1974) also 

reported high MgO values in certain lunar ilmenites and noted that 

the MgO content of the ilmenite increases with increasing Mg/(Mg + Fe) 

In the bulk rock. They concluded that the MgO content of the ilmenite 

is controlled by the composition of the magma from which it cryst allised 

rather than by high pressure. Haggerty (1975) described a variety of 

MgO-rich ilmenites from kimberlites and concluded that the MgO content 

is related to high pressure during crystallisation. 

Wass (1973 noted that the high MgO contents (2-6%) of ilmenites from 

basalts _of low-pressure origin are related to the high MgO/FeO ratios 

of their parent magma, She noted that the lower MgO contents of the 

co-existing titaniferous magnetites might be due to restriction by a 

partitioning factor with the associated ilmenit e . She reported that 

the high MgO content of megacryst spinel phases of high pressure origin 

would. however, imply that pressure favours the introduction of Mg 

into the spinel l att ice. 

Studies of lunar ilmenites by Steele (1974) and Nehru et al. (1974) 

have shown that a systematic relationship exists between their MgO/FeO 

ratios, those of their co-existing minerals and their host rocks. 

Smith and Steele (1976) reviewed the available data on lunar mineralogy 

and concluded that the Mg/Fe ratios of the ilmenites increases with an 

increase in the Mg/Fe ratios of their host rock. They also noted that 

Mg is transferred to the ilmenites from the co-existing silicates with 

increasing temperature. 
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Mathison (1975) reported the preferential incorporation of Mg into 

ilmenite co-existing with titaniferous magnetite in the Somerset Dam 

Intrusion and noted that the intergrown ilmenite lamellae contained 

the highest concentrations of this element. He concluded that a 

redistribution of Mg must occur during the oxidation of magnetite 

due to the different preferences of the two phases for this element. 

Green and Sobolev (1975) synthesised ilmenites at temperatures between 

900
0 

and 11000C under pressure conditions that varied from 21 to 40 kb. 

They used an olivine basanite and a pyrolite (less 40 per cent olivine) 

with variable water contents as their starting materials. They re-

ported that the synthesised ilmenites display compositions similar to 

those in kimberlites and have distinctive ranges of Mg and Cr when 

produced from the two parent materials. They also demonstrated that 

the Mg/Fe ratios of the crystallised ilmenites vary systematically with 

temperature and display a constant relationship to the Mg/Fe ratios of 

the co- existing garnets. 

Thompson (1976) investigated the chemistry of ilmenites crystallised 

within the anhydrous melting range of tholeiitic andesite at pressures 

between 5 and 26 kb and noted variations in their MgO contents. He 

demonstrated that the MgO contents of the crystallised ilmenites are 

not related to either their temperatures or pressures of formation. 

He noted that the Mg/(Mg + Fe2+) ratios of the ilmenites decrease 

during equilibrium crystallisation at a given temperature and concluded 

th t th O b h' . t 11 d 1 1 b th M /F 2+. . . a lS e aVlour lS con ro e so e y y e g e dlstrlbutlon 

between co-existing ferromagnesium minerals and the interstitial liquid. 

Mitchell (lYTi) examined the geochemistry of magneslan ilmenitcs from 

kimberlite,; in more detail and concluded that their differing Fe/Mg 
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ratios do not refleet large Fe/Mg variations in the liquid. He 

suggested that this variation might be due to the change in some 

other parameter such as temperature • oxygen fugacity or silica act~ 

ivity. 

No attempt has been made to interpret the distribution of Mg between 

co~xisting ilmenite and magnetite ~n terms of crystal chemistry as 

has been done in the case of Mn. The Mg content of magnetite is 

variable and the experimental results of Speidel (1970) indicat~ 

that this content will decrease on cooling. The data of Speidel 

and Osborn (1967) indicate that oxygen fugacity might play an important 

2+ 
role, while a number of authors note that the Mg/Fe ratios of the 

original liquid might also be important. 

Magnesium is not only present ~n the ilmenite associated with titani-

ferous magnetite, but also in a wide variety of t~ansparent spinel 

intergrowths (see next section) with the resUlt that the sub-solidus 

partitioning of Mg between co-existing rhombohedral, cubic and silicate 

phases is probably more complex than is the case for Mn. 

Complete solid solution exists between MgFe204 (magnesioferrite) and 

magnetite at o temperatures above 160 C (Muan 'and Osborn, 1956; 

Speidel, 1967; Speidel and Osborn, 1967). Deer et al. 

F 
2+ (1962b) noted that extensive replacement of Mg by.e can occur ~n 

this system. Both magnetite and magnesioferrite exhibit the inverse 

spinel structure (Barth and Posnjak, 1932) with the result that sub-

2+ 
stitution of Mg for Fe occurs in the octahedral sites (Verw~y and 

Heilmann, 1947). The cation sites in the ilmenite strUl!tul'C are all 

octahedrally co-ordinated with the result that the substitutioll of 

Mg2+ 2+. . ... ...t for Fe w~ll also occur ~n th~s poslt~on ~n the ~lmen~ e-
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geikielite series, 

The Onuma diagram of Neumann (1974, p. 1085) indicates that t he size of 

the octahedral site in ilmenite is approximately 0,895 R. The S1Ze of 

the corresponding site in magnetite is not known and cannot be accurat-

ely determined from the available data (Neumann, 1974). The ionic 

radius for Mg2+ in octahedral co-ordination is g1ven as 0,80 R by 

2+ 
Whittaker and Muntus (1970) which implies that Fe would fit into 

. . . 2+ 
the 11men1te structure more read11y than Mg . The S1ze of the octa-

hedral site in the magnetite structure is uncertain, but by analogy 

with the behaviour of Mn (Neumann, 1974), the Mg2+ might be less well 

accomodated at lower temperatures on account of its smaller size. 

This Mg2+ is subsequently expelled into the co-existing ilmenite and 

other spinel phases on slow cooling. This mechanism is supported by 

the experimental data of Speidel (1970). 

5.3.4 Discussion. 

Virtually no information is available on the solid solution relation-

ships between geikielite and pyrophanite and there are no published 

analyses of intermediate members in this series. The analyses in 

Tables 1 and 2 indicate an almost antipathetic relat~onsh1p between 

Mg and Mn in ilmenites. TIlis is easily understood in terms of the 

fractional crYstallisation of magma in which these two elements are 

often mutually exclusive since the early formed mafic minerals are en-

riched in MgO whereas the later formed crystals are relatively depleted 

in Mg, but may show an increased Mn content. 

This feature is clearly demonstrated by ilmenites from rocks rang1ng 

in composition from ~abbroic throu~h to granite types as shown by 

Buddin~on (1964). TIJis is also reflected in the crystallisation 
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trends of co~xisting ilmenites and titaniferous magnetit es that ex~ 

hibit de creasing MgO and increasing MnO values with the increas ing 

stages of differentiation of their host rocks. 

Members of the ilmenite-pyrophanite solid sol ut ion series appear more 

common than those of the ilmenite-geikielite series (excluding kimber-

lites) and this might also, in part, reflect the smaller differences 

. . .. Mn2+ and Fe2+. 1n lonlC Slze between 
2+ 

The smaller size of Mg might 

be an important factor in its incorporation in ilmenites formed under 

high pressure conditions as for expample in the typically Mg-rich 

kimberlitic ilmenites. The Mg-content of titaniferous magnetites 1S 

discussed further in the following section. 

5.3.5 Conclusions. 

Complete solid solution is theoretically possible between ilmenite-

geikielite-pyrophanite, but naturally occurring ilmenites from igneous 

rocks that contain more than 6 per cent MgO and 5 per cent MnO are rare. 

Kimberlitic ilmenites typically contain between 8 and 20 per cent MgO. 

Magnesium and manganese also apear to exhibit an antipathetic relation-

ship in that high Mg-ilmenites are generally low in Mn and vice versa. 

Both Mg and Mn are enriched in ilmenites relative to their co-existing 

titaniferous magnetites. The Mn and Mg contents of ilmenite lamellae 

are generally higher than those of the associated coarse-grained ilmen-

ites and are very much higher than those in their titaniferous magne-

tite hosts. These features indicate that considerable migration of 

Mg takes place from the titaniferous magnetite into the co-existing 

and "exsolving" ilmenite lamellae during sub-solidus cooling. This 

partitioning becomes more marked with falling temperature. Certain 

2+ 2+ .. 
amounts of Mn and Mg may be accomodated 1n the sp1nel structure 
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at high temperatures, but these ions are expelled dUring sub~solidus 

cooling and become incorporated in the co~existing or "exsolving" 

b 1 h .. .. F 2+ rhom ohedra p ases. It also 1S poss1ble that some m1grat10n of e 

from the rhombohedral phase to the cubic phase might occur in order to 

maintain the stoichiometry of the phases. (Note that Johnson et al. 

(1971) report large departures from stoichiometry for all phases in 

the MgO-"FeO"-Ti02 system). 

The preferential incorporation of Mn into the rhombohedral phase 

rather than into the cubic phase has been explained in terms of crystal 

chemistry by Czamanske and Mihalik (1972) and Neumann (1974). There 

is also a large amount of data to support Buddington's (1964) hypoth-

esis that the Mn distribution is a function of temperature. The MnO/ 

FeO ratios of the host rocks and relative abundance of opaque oxides 

together with other mafic minerals are also important controls, part-

icularly in the more silicic rocks. Oxygen fugacity might also be 

an important factor, but its role remains to be thoroughly investigated. 

The preferential incornoration of M~ into ilmenite rather than the co-

existin~ titaniferous ma~netite is not as easily explained as in the 

case of Mn. It is more difficult to account for on crystal chemical 

grounds in view of the larger difference in ionic radius between Fe2+ 

2+ . . . .. 
and Mg 1n octahedral co-ord1nat10n, but certa1n analog1es can be 

drawn between its behaviour and that of Mn. The low Mg values common-

ly reported for ilmenites and titaniferous magnetites 1n a wide range 

may be largely due to the preferential incorporation of this element 

into co-existing mafic silicate phases as suggested by the experimental 

data of Speidel and Osborn (1967) and Speidel (1970). '!he MgO !FeO 

ratios of the magma also influence the compositions of the oxide phases 

thut crYGtallise from them. 
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The effect of pressure may be important in the formati on of high Mg-

ilmenites , particularly 1n kimberlites and associated mantle~derived 

nodules, but additional experimental data are re'luired to clarify this 

point. The oxYgen fugacity might also influence the amount of MgO 

partitioned into the ilmenite, since portion of it .might be present 

in the form of Mg2Ti04' 

gation. 

These features also re'luire further investi~ 

5.4 Ilmenite: Solid Solutions with Other Phases. 

Ilmenite analyses normally show the presence of small, but variable 

amounts of other oxides, notably Al20
3

, Cr20
3 

and Nb
2

0
3

• The presence 

of smaller amounts of Si02 , V
2

0
3

, CaO and Zr0
2 

has also been reported. 

Limited experimental data are available on either the solubility of 

these phases, or the solubility of solid solutions containing these 

oxides, in ilmenite. 

The highest Cr
2

0
3 

contents (up to 5,6%) and Al
2

0
3 

contents (up to 1,3%) 

have been reported from kimberlitic ilmenites (Haggerty, 1975). 

Ilmenites from slowly cooled basic intrusions also occasionally contain 

transparent Al
2

0
3
-rich spinel lamellae oriented parallel to their basal 

planes (Gierth and Krause, 1973; this thesis, Part 3). These inter-

growths have also been reported in i lmenites from pegmatites (Mukherjee 

et al., 1972 ) . Danchin and D'Orey (1972) and Haggerty (1975) reported 

that the solid solubility of Cr
2
0

3 
or Al20

3 
in FeTi0

3 
i s small accord-

ing to one-atmosphere experimental phase e'luilibria studies. Haggerty 

( ) , " 3+ ,+ 1975 noted that a tr1valent Subst1tut10n of the type Cr~ Fe- or 

2C 3+ F 2+ T, 4+, . , hIt d h t ! • e + 1 m1ght occur 1n the r ombohedra s ructure an t a 

it might he pressure dependent. The possibility of pressure control 

and limited solubilities might account for the low A1
2

0
3 

and Cr
2

0
3 

reported for ilmenites from a wide range of igneous ~ocks (excluding 
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kimberli tes l. Al
2

0
3 

and Cr
2

0
3 

are preferentially incorporated into 

titaniferous magnetite relative to the co-existing ilmenite (Gj elsvik, 

1957; Mathison, 1975). 

Niobium is known to sUbstitute in the ilmenite structure, but data are 

limited. Whitney and Stormer (1976) reported up to 4 per cent Nb20
3 

in ilmenites from granites while Mitchell (1977) reported that ki mber

lite ilmenites are "unusually rich in Nb" (up to 6024 ppm). The 

presence of small amounts of Nb in granites and other late-stage 

differentiates can be ascribed to the concentration of this element in 

the late-stage crystallising phases. Mitchell (1977) reported that 

increasing Nb contents in kimberlite .ilmenites "increase with increas-

ing FeO and decreasing MgO and Ti02 as might be expected if the nod

ules were formed by crystal-liquid differentiation". 

Wet chemical analyses of V
2

0
5 

(often expressed as V20
3

) indicate that 

. it is preferentially incorporated into the cubic phase rather than into 

the co-existing ilmenite (e.g. Vincent and Phillips, 1954; Gjelsvik, 

1957; Lister, 1966; Duchesne, 1972) . The determination of vanadium 

in the presence of appreciable titanium by electron microprobe or x-ray 

fluorescence techniques is made difficult by the interference of the 

k-beta line of Ti with the k-alpha line of V. Analyses of V 1n the 

presence of Ti can,. however, be made provided the necessary corrections 

are made (Carmichael, 1967a; Snetsinger et al., 1968; Cameron and Glover, 

1973). Numerous microprobe analyses of V20
3 

in co-pxisting ilmenites 

and titaniferous magnetites are given in the l iterature and they also 

illustrate the preferential partioning of V into the cubic, rather than 

the rhombohedral phase, even when allowances are made for possible 

analytical inaccuracies (e.g. Carmichael, 1967a , h; Evans and Moore, 

1968; Lipman, 1971; Elsdon, 1972 ; Mathi son, 1975 ; Himmelberg and Ford, 
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1977) • 

The partitioning of vanadium into the cubic, r ather than the rhombohedral 

phase, ,and its presence in only small amounts in ilmenite indicate the 

limited nature of any poss ible solid solutions between ilmenite and any 

vanadium-bearing phases. The minor substitution t hat occurs is prob-

ably of the type 3+ 3+ 3+ 2+ .4+ 
V----Fe or 2V~Fe + Tl. • The V20

5 
contents 

of these minerals vary according to the degree of fractionati on of 

their parent magma and must reflect its vanadi um content and rate of 

depletion. The trend of decreasing'V
2
0

S 
content with progressive fract-

ionation is also one of decreasing temperature which suggests that the 

V20S content and distribution might also be temperature dependent. 

The Zr0
2 

content of ilmenites was firs t recognised in lunar samples 

(Arrhenius et al., 1971) while Brett et al . (1973) have reported contents 

of up to 0,47 per cent Zr02 • " Taylor and McCallister (1972) reported 

that the Zr content of the lunar ilmenites is always higher than in 

their co-existing phases (chromian ulvospinel) . They also noted that 

values are higher than those in t errestial ilmenites. 

Taylor and McCallister (1972 ) experimentally investigated the partition-

ing of Zr between ilmenite and ulvospinel. They reported that Zr02 

\ contents are always higher in ilmenite and that the ratio (Zr in ilmenite)/ 

(Zr in ulvospinel) is strongly temperature dependent . They also noted 

that this ratio increased with decreasing temperature and suggested that 

it might be a s~nsitive indicator of differences in cooling histories 

of' lunar r ockr. . ~'Iley reported that the ioni c si::e of Zr 4+ is I\\Jl'roxi

mately 20 per "",ut greater than that of Ti 11+ wi til ehe res ult that it 

. .11+.. . 
would be expL!cted to be lL<1rnl. tted by Tl. -bearlllg ml.llerlils J ,Url llg crysta-

llisution. 
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Mitchell et al. (1973) reported on enrichment of Zr in kimberlitic 

ilmenites (up to 1190 ppm.) relative to a value of 300 ppm. 1n all 

terrestial ilmenites as reported by Arrhenius et al. (1971). Mitchell 

(1977) reported up to 1950 ppm. Zr in additional analyses of kimber-

litic ilmenites. He noted that Zr increases with increasing FeO and 

decreasing MgO and Ti0
2 

as might be expected if the ilmenites were 

formed by crystal-liquid differentiation. The behaviour of Zr during 

fractional crystallisation (Carmichael et · al., 1974) and its tempera-

ture-dependent distribution between co-existing cubic and rhombohedral 

phases (Taylor and McCallister, 1972) suggest that it · might prove to 

be an important petrogenetic indicator. 

Minor amounts of Si and Ca are commonly reported in both ilmenite and 

titaniferous magnetites and cannot always be ascribed to the presence 

of silicate impurities. Vincent and Phillips (1954) reported similar 

relationships for these minerals from the Skaergaard Complex and noted 

.4+ .4+ 2+ 2+ 
that a minor amount of substitution of Sl-T1 and Ca_Fe 

could concievably occur. 

5.5 Trace Elements in Ilmenite. 

Limited data are available on trace element contents of ilmenite and 

titaniferous magnetites and their distribution between these phases. 

Vincent and Phillips (1954, p. 22) presented graphical data on the 

variation of Co, Ni, Zn and Cu 1n both phases and noted that the Zn 

content of magnetite is very much higher than in the co-existing ilmen-

ite. Co and Ni contents decrease with progressive crystallisation as 

would be expected while ell increases initially and t.hen de,,),,'''::''"' 

Gjelsvik (1957) reported that Cr is strongly concentra.ted in mu.gneti t', 

relati ve to co-existing ilmenite and that Ni and V are distributed 

between magnetite and ilmenite in a ratio close to 4:1. Duchesne (1972) 
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noted that Zn and Ga are always distinctly less abundant in ilmenite 

than in co.,.existing titaniferous magnetite. Vincent and Nightingale 

(1974) also reported that Ga is strongly enriched in magnetite relative 

to ilmenite and concluded that "the more or less octahedral cation sites 

3+ in ilmenite appear singularly unreceptive towards Ga ". Mathison 

(1975) also reported details of Ni, Go,Cu and Zn contents of co-existing 

ilmenites from the Somerset Dam Layered Intrusion. His data indicate 

that Ni shows no clear partitioning relationship, but that Co and Cu 

are preferentially incorporated into ilmenite while Zn is partitioned 

into magnetite, 

Mitchell (1977) reported Ni contents of between 173 and 1285 ppm. for 

kimberlitic ilmenites and noted that they are enriched in this element 

relative to ilmenites from the other igneous rocks. He reported a 

strong positive correlation of Ni contents with MgC in these minerals. 

He also presented data for Cu, Zn and Co contents of kimberlitic 

ilmenites. Data on Sc, Hf and Ta in kimberlitic ilmemites are given 

by Mitchell et al. (1973). 

It lS obvious that there is a lack of data on trace element distributions 

in ilmenite and co-existing titaniferQUs magnetite from a wide range 

of igneous rock types. The minor element fractionation trends and the 

available trace element data suggest that studies of this nature should 

provide valuable petrogenetic information that would be of use in petro-

logical studies,. particularly if analyses of their host rocks are also 

available. The distribution of trace elements between the various 

exsolved phases should also provide data that might reflect the mag-

matic processes that are operative during crystallisation and the 

conditions under which they occur. 
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5.6 Solid Solution Relationships between Magnetite and Other Spinels. 

5 . 6.1 Introduction. 

The spinel group of minerals is characterised by an extremely wide range 

of ionic substitutions that can take place in the octahedral and tetra~ 

hedral sites in both their nor mal and inverse structural types (Verwey 

and Heilmann, 1947; Deer et al., 1962b; Navrotsky and Kleppa, 1967 , 1968). 

Magnetite forms extensive solid solutions with a number of other spinels 

at elevated temperatures and transparent exsolved spinel bodies are 

commonly developed in magnetites from slowly cooled igneous rocks. 

The commonly occurr1ng sDinels in 19nenus rocks exhibit a wide cnmpo~ 

sitional range and are complex solid solutions that are compos ed larg~ 

. 2+ 3+ 
ely of the oX1des of Fe , Fe , Ti, Mg, Mn, Al, Cr , and V. These 

features are reflected in the analyses of essentially homogeneous, un~ 

exsolved titaniferous magnetites from a variety of igneous ro cks pre~ 

sented in Table 3. Bulk chemical analyses of exsolved titaniferous 

magnetites (nos. I O~ 1 4 ) that have been separated from their host rocks 

and electron microprobe analyses of the magnetite between ilmenite 

lamellae in complex grains (nos. 15~ 18) are also given in Table 3 for 

comparl.son . 

5. 6.2 Solid solutions between magnetite and the aluminous spinels. 

Titaniferous magnetites from a wide variety of slowly cooled 19neous 

rocks commonly contain transparent spinel microintergrowths. These 

spinels are present in a variety of forms ranging from distinct gra1ns, 

commonly associated with ilmenite lamellae , through to lamellar inter~ 

growths that are oriented parallel to cubic planes of their hosts. 

They are also present in various s ize ranges and exhibit complex re~ 

latiollships towards the other intergrown Ti~rich phases as discussed 

in section 5.6.3. 



T~LE J 

SELECTED TITANlFEROUS MAGNETITE ANALYSES 

HOMOGENEOUS TITANOHAGNETITE 

OXIDE I 2 3 4 5 6 7 8 9 

Si02 0,21 0,2 - 0,28 0,05 0,13 0,05 0,05 0,18 

Ti02 26,70 21, I 19,5 17,62 15,70 12,60 10,30 7,10 23,80 

A1
2
0

3 1, 06 2, I 2,7 7,50 1,97 0,94 - 5,88 3,14 

Cr2o) - 1,3 0,1 0,00 0,05 0 ,0 ) - 0,05 0,01 

VZO) 1,01 0,7 - 0,31 1,80 - - 0,16 -
Fe 2o) 1),70 23,4 30,2 30,71 35,60 43,50 49,00 50,04 20 ,80 

"0 Sl,90 49,1 42 . 4 35,99 42,90 41,90 40,30 32.33 48, ]0 

",,0 1,03 0,' 0,3 0,52 0,42 0,86 0,40 0,23 0,63 

,,"0 0,22 0 , ' 4,3 3,02 1,18 0,18 0,05 4,02 3,40 

ZoO 0 ,08 - - - 0,08 0,17 - - -
C.O 0,36 0,1 - 0,15 0,01 0,02 0 ,0 1 0,14 -

TOTAL: 98,27 99,4 99,5 96,10 99,76 100,31 100,11 100,00 100 ,06 .. _ ...•..••••••.•....•... _-_ ..... _-.... -.---_ .. -._ .... _._---.... _--_ ..... _---
Sources of analY'es and nature of their hOlt rocks 
I . Tholeiite (Carmichael , 1967b) . 

2. Alkali olivine basalt (Stout and Baylils, 1975). 

). Fractionated blliit (Anderson and Wright, 1972). 

4 . Trachyandesite (Aoki, 1966). 

5. Dacite (Carmichlel, 1967a). 

6. R:hyolitic oblidian (Carmichael, J967a). 

7. Quartz: Iyeniu (Whitney and Stormer, 1976). 

8. Plutonic blocks (plag ioclase, olivine, salite and hastingsite) (Levil, 1970). 

9, Tholeiit i c andesite (ThO!llp80n, 1975). 

BULK ANALYSES OF "EXSOLVED" MICROPROBE ANALYSES OF TITANIFEROUS 
TITANIFERQUS MAGNETITES MAGNETITE BETWEEN IUlENlTE LAMELLAE 

10 II 12 13 14 15 16 17 18 

0,23 - 0,58 0,23 1,00 - 0,7 1 0 ,56 -

23,74 12, I 2 15,40 12,38 8,00 16 ,&2 9,44 5,42 2,53 

0,91 2,23 0,90 11,52 3 ,5 1 0,06 0,15 2,17 1,68 

NIL 0,52 0,09 0,00 - 0,02 0, 02 0,64 -
0,40 1,24 1,59 0,65 0,36 - - - -

3] ,26 44,67 42 , 14 41,00 52,47 37,10 50,00 52, 80 62,40 

4] , 69 36,82 37,23 30.03 30,57 45,80 40,80 35,90 32 , 90 

0,45 0 ,46 0,33 0,28 0,59 1,03 0,43 0,27 0,18 

1,12 2,16 1,23 3,90 3,30 0,07 0,01 0,20 0,58 

" - - - - - - - -

" - 0,30 0,03 0,10 - 0,04 0,11 -

99,80 100,22 99,79 100,02 99,90 100,90 101,60 98,07 100,27 -_._-_._ .. _-_ ... _--_.-.. -._ .. _-_ ...... ..••...... -.-............... --...... ~ . 
10. Hortonolite ferrogabbro (Vincent and Phillipl, 1954). 

11. Titaniferous magnetite plug It Kennedy'. Vale (Molyneux, 1972). 

12. Hypersthene olivine gabbro (Vincent and Phillips, 1954). 

13 . Trachyandesite (Aoki, 1966). 

]4. Ironsands derived from volcanic rocks (Wright,1964). 

15. Micropegmatite (Claparrini and Naldrett, 1972). 

16. Granophyre (Himme lberg and Ford , 1971). 

17. Plagioclase-cumulate (Himmelberg and Ford, 1977). 

18 . Leucopbbro' (Mlthiaon, 1975). 

en 
tv 
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Electron microprobe analyses and other mineralogical determinations of 

the transparent spinel microintergrowths indicate that they are normally 

in the compositional range between pleonaste and hercynite (e.g. Nickel, 

1958; Wright and Lovering, 1965; Lister, 1966; Anderson, 1966, 1968b; 

Hollander, 1968a, b; Lister, 1966; Molyneux, 1970a; 1972; Cameron and 

Glover, 1973; Basta and Shalaan, 1974; Mathison, 1975 ; Bowles, 1977). 

The available data suggest that these spinels might be compositionally 

closer to pleonaste than hercynite, but their compositions might con-

ceivably vary according to the nature of their hosts. Other compo-

sitional variations have also been reported and Bose and Roy (1966) 

noted the presence of spinel (MgAl204 ) microintergrowths in titanifer-

ous magnetites from norites and anorthosites. Duchesne (1972) 

reported the development of Zn-bearing pleonaste in titaniferous 

magnetites from the Bjerkrem-Sogndal Massif, while Prins (1972) noted 

the presence of spinels with a wide compositional range in titaniferous 

magnetites from carbonatites. Prins (1972) noted that the most common-

ly developed types are either Al-poor hercynite or magnesioferrite 

while a Mn-rich spinel lS present in one magnetite. The probable 

distribution .of Mg and Al In the magnetite structure has been discussed 

by Creer and Stephenson (1972 ) . 

Complete solid soluti on exi sts between magnetite (inverse spinel struct

ure) and hercynite (normal spinel structure, FeAl
2

04 ) above 10000C 

(Richards and White, 1954; Atlas and Sumida, 1958). Turnock ~d Eugster 

(1962) investigated the phase relationships amongst the Fe-AI oxides 

at temperatures below 10000C and reported the presence of a misc i bility 

gap between magnetite and hercynite at temperatures below 860oC. They 

al~o noted that portion of the magnetite-hercynite solvus curve is sen

si tive to oxygen fugacity and that hercyni te-bearing ti tani ferous mag

netite assemblages are oxidised to corundum-bearing magneti te and 
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hematite-ilmenite assemblages under high oxygen fugacities. 

A continuous replacement series exists between hercynite and spinel 

2+ 
(MgAl204 ) and the intermediate members of t his series having an Mg/Fe 

ratio between 3 and 1 are termed pleonaste (Deer et al., 1962b). 

These minerals all have the normal spinel structure. Complete solid 

solution exists between magnetite and magnesioferrite (MgFe204) 

(Muan and Osborn, 1956 ; Speidel, 1967) and it is conceivable that an 

analogous extensive high temperature solid solution series exists be-

tween pleonaste and magnetite. The development of pleonaste lamellae 

in aluminous titaniferous magnetite and the analyses of "exsolved" 

titaniferous magnetites, however, indicate the presence of an extensive 

miscibility gap between magnetite and pleonaste at lower temperatures. 

Kwestroo (1959) and Ulmer (1969) reported the presence of a miscibility 

o gap between magnesioferrite and spinel at temperatures above 1250 C. 

Fleischer (1965) reviewed the available data on magnetites from carb-

onatites and noted that large amounts of Al20
3

, MgO and MnO are common-

ly present in these minerals. Aoki (1966) reported the presence of 

high Al20
3 

(6,6-11,5%) and MgO (2,3-4,5%) contents in titanomagnetite 

phenocrysts from Japan. He concluded that these abnormally high values 

are due to the presence of spinel-hercynite components in solid solu-

tion in the titanomagnetite. He suggested that these titanomagnetites 

might have crystallised from a trachyandesite magma under higher water 

vapour pressures and lower temperatures than usual. 

Lewis (1970, 1973) r eported the occurrence of homogeneous titanomagne-

tites containing up to 6 per cent Al20
3 

and 43 per cent MgO in ejected 

plutonic blocks from the Soufriere Volcano. Lewis (1970) reviewed 

the available data on aluminous magnetites and noted the lack of 

published analyses of similar materials. He concluded that "extensive 
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sUbstitution of Al, Mg and Ti might be expected i n magnetite separat-

ing at a high temperature from a polycomponent system such as a natur

al bas al t magma". 

Wass (1973) has r eported high A1
2

0
3 

and MgO contents in titanomagnetite 

phenocrysts in lavas of an inferred high-pressure origin . She suggest-

ed that the Al substitution in these ulvospinel~titanomagnetites might be 

extremely pressure-sensitive. She discussed the Al-rich titanomagnetites 

described by Aoki (1966) and Lewis (1970, 1973) and stated that "both 

these types of magnetite are inferred to be products of deep intratelluric 

crystallisation, allowing considerable amounts of A1 203 to be incorporated 

in the titanomagnetite lattice". Wass (1973) also noted that the spinel 

phases from rocks with an alkali basalt affinity contained significantly 

larger amounts of A1 20
3 

and MgO than those from tholeiites. 

Carmichael et al. (1970, 1974) reported that t itanomatpet ites from 

basic lavas of low silica activity frequently contain more A1
2

0
3 

(3-5%) and MgO (1-3%) than those from tholeiitic l avas (1-2% Al
2

0
3 

and 0,5-1,5% MgO). In contrast to the pressure controls postulated 

by Wass (1973), they suggested that , the Al
2

0
3 

content of titanomagne

tite is governed by a reaction of the type:-

spinel glass pyroxene component 

where MgAl.
2
Si06 is 10 solid solution in the pyroxene. They concluded 

that the formation of pleonaste is favoured in magmas of low si.lica 

activity and that titanomagnetites crystallising under these conditions 

would be relatively enriched in MgO and Al
2

0
3

. Ridley (1977) noted 

that the Al20
3 

contents of spinels are reduced by a peritecti c reaction 

during the crystallisation of plagioclase. He noted that the A1
2

0
3 
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content could also be reduced by reactions involving the intercumulus 

liquid. 

5.6.3 The development of aluminous spinel microintergrowths In 

titaniferous magnetite. 

Transparent aluminous spinel bodies are commonly developed in titani-

ferous magnetites from a wide variety of slowly cooled rocks. These 

bodies have been described by numerous investigators as indicated in 

section 5.6.2 and have been illustrated by Ramdohr (1969 p. 892-911). 

Numerous illustrations are also given in Part 3 of this thesis . 

The transparent spinel micro intergrowths appear to have formed Vla the 

exsolution of a member of the pleonaste-hercynite solid solution series 

from an originally homogeneous high-temperature titanomagnetite. The 

compositions of the exsolved spinels are variable and might reflect 

differences in composition of their host titaniferous magnetite phases. 

The exact phase relationships are uncertain and are complicated by the 

large number Of ionic substitutions that take place. Certain analogies 

may, however, be made between the behaviour of these solid solutions 

ruld the magnetite-hercynite solid solution series described by Turnock 

and Eugster (1962). 

The nature of the solid solution mechanisms operating in this system 

and the processes involved in the formation of the various morphological 

types of spinel microintergrowth have not been investigated in detail. 

Wright and Lovering (1965) noted that exsolved transparent spinels are 

only developed in titaniferous magnetites that have been oxidis ed to 

some extent. They noted that these spinel grains are commonly located 

close to rhombohedral ilmenite lamellae and suggested that, in at least 

some cases, the exsolution of spinel closely fo l lowed the commencement 
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of oxidation. They concluded that the exsolution of transparent 

spinels might be dependent on the cooling history of their titanifer

ous magnetite hosts, rather than on their composition. 

The development of transparent spinel exsolution bodies does appear to 

be related to the Al
2

0
3 

contents of their host titaniferous magnetites , 

at least in the case of magmatic titaniferous iron ores (Part 3 of this 

thesis) . The spinel exsolution bodies can be broadly divided i nto 

three types as follows: 1) External granules, 2) internal granules, 

and 3) lamellae. Each of these categories in turn exhibits a varia-

tion in size and morphology. The following descriptive generalisations 

are based on published descriptions and the autho~s own observations 

(Parts 2 and 3 of thi s thesis). 

5.6.3.1 External granules of transparent spinel. 

Numbers of small rounded to subhedral transparent spinel gra~ns are 

commonly present around the peripheries of exsolved titaniferous magne

tite grains and most probably represent externall y exsolved material. 

The interfaces between co-existing ilmenite and titaniferous magnetite 

gra~ns are commonly spinelliferous and contain large numbers of round-

ed to more irregularly shaped grains. Duchesne (1970 , 1972) has 

describe d these intergrowths in detail and concluded that they form 

by exsolution from the titaniferous magnetite in the immediate vicinity. 

5.6.3.2 Internal granules of transparent spinel. 

These vary from rounded, through all intermediate types, to completely 

euhedral graius and are present either as independent grai llS or in 

close association with ilmenite intergrowths. Numbers of small round-

ed grai.ns are commonly arranged along the interfaces between the larger 

ilmenite lamellae and the titaniferous magnetite. Smaller sized grains 
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are found less fre~uently in a similar association with the smaller 

ilmenite lamellae that might be present. 

Large euhedral spinel gra1ns are commonly present in the titaniferous 

magnetite 1n areas away from ilmenite lamellae and are most commonly 

developed 1n grains showing extensive ulvospinel development. The 

larger spinel grains occasionally contain small lath-shaped sulphide 

crystals (normally pyrrhotite) and appear to have precipitated around 

these nuclei. 

5 .6. 3 . 3 Transparent spinel lamellae. 

Aluminous titaniferous magnetites commonly display the developme"lt of 

well defined transparent spinel lamellae that are oriented parallel to 

the cubic planes of their hosts. These lamellae vary in size and 

spacing and appear to reflect the overall Al20
3 

contents of their hosts . 

These lamellae reach their maximum development in titaniferous magnetite 

grains that are largely devoid of ilmenite lamellae and are character

ised by ulvospinel mi crointergrowths. 

The spinel lamellae decrease in Slze and become closer spaced towards 

grain boundaries and a very much finer set is s omet imes developed in 

the areas between the larger lamellae. The lamellae are also gener-

ally absent from a narrow zone surrounding larger spinel grains . 

5.6.4 Exsolution of aluminous spinel in titaniferous magnetite. 

The various spinel microintergrowths are all commonly encountered 1!1 a 

single titaniferous magnetite gra1n and any exsolution mechanism must 

be able to account for this feature as well as their common association 

with ilmenite lamellae. The development of these bodies can be inter-

preted in terms of the current developments in exsolution theory as 
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reviewed by Brett (1964) , Yund and McCallister (1970), and Champness 

and Lorimer (1976). Exsolution is an essentially continuous process, 

but the nucleation and growth of the variousbodies occur at different 

times. The arguments put forward in section 4.5.5 with regard to the 

exsolution processes occurring in a number of distinct stages are also 

applicable here. It is consequently proposed that the microstructural 

evolution of transparent spinel microintergrowths in ti taniferous mag- · 

netites can be accounted for by the following model. 

Stage 1 . The crystallisation of a titaniferous ma~netite containing 

more than approximately 5 mole per cent of pleonaste-hercynite solid 

'solution • 

. Stage 2. Cooling of the homogeneous titanomagnetite solid solution 

results in the development of Ti- rich exsolution and oxidation/ ex-

solution bodies as discussed in section 4.5.5. The transparent spinel 

would , however , probably remain in solid solution until much lower 

temperatures, possibly down to 7000 C (Lewis, 1970) during which time 

vari ous sized ilmenite l amel lae have commonly developed. 

The transparent spinel supersaturation increases on cooling belo" 

the titaniferous magnetite-spinel solvus and exsolution will be init -

i ated. This will normally occur at small undercoolings Vla the hetero-

geneous nucleation and gr owth mechanism resulting in the developrnent 

of external granules . This depl etes the rnarginal areas of the grain 

in spinel and sets up concentration gradients that cause migration of 

the required ions towards the grain boundaries. 

Grain boundaries are also present between the ilmenite lamellae and 

their hosts and these also provide suitable nucleation sites. Trans-
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parent spinel grains consequently deve l op along the ilmenite/titanifer

ous magnetite interfaces le ading to the development of the typical 

spinelliferous ilmenite lamellae as i llustrated in f igure 22 (a). 

Concentration gradients are also set up in the areas around these grains. 

Ilmenite lamellae are not always well developed in titaniferous magne

tite grains at this stage and it is possible that nucleation and 

growth of spinel bodies will occur at dislocations that are irregularly 

distributed within the gralns. This leads to the formation of small 

euhedral spinel grains at these points as illustrated in figure 22 (b). 

External granules are developed in the normal manner. 

-
• • 

• • 

• • • 

B lmm b -
I mm 

FIGURE 22. Stage 2 (a). Schematic representation showing the 

development of external spinel granules and spinelli

ferous ilmenite lamellae (black). (b). Schematic 

representation showing the development of spinel grains 

in areas devoid of ilmenite lamellae. 

ternal grains are also present. 

Several ex-
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The spinelliferous ilmenite rims develop during this stage and can be 

regarded as a special case of external granule exsolution. These grains 

develop in the normal manner along the interface between co-existing 

ilmenites, but grain-boundary adjustment takes pl ace between these phases 

and the ilmenite grain continues to grow due to_the addition of suitable 

material being expelled from the titaniferous magnetit e. 

The spinel grains interfere with graln boundary migration. Coble and 

Burke (1963) reported that a grain boundary has difficulty in migrating 

past an inclusion because an area of boundary equal to the cross sect

ioanl area of the inclusion has to be reformed in the boundary on the 

far side of the inclusion. The inclusion impedes grain boundary move-

ment since the surface energy of this area of boundary has to be pro

vided by a decrease in the area of the res t of the boundary. The 

spinel grains thus tend to remain along the ilmenite/titaniferous mag

netite interfaces and varying degree of complex grain boundary con

figuration arise due to the pinning of one component of the interface while 

continued growth of the next segment occurs as illustrated i n figure 23. 

Stage 3. The transparent spinel supersaturation increases in the areas 

away from the varlOUS spinel grains with falling temperature and decreas

ing ionic mobilities. Additional smaller ilmenite lamellae developing 

through these areas provide suitable nucleation sites which lead to 

the development of a smaller series of spinel grains along these 

lamellae ~s illustrated in figure 24(a). 

Nucleation might also take place at varlOUS structural discontinuities 

In areas devoid of i lmenite lamellae, also leading to the development 

of small equant spinel grains. These grains are commonly oct'ih'"dral 

and their apices commonly develop into lamellae that are oriented 
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along the cubic planes of their hosts as illustrated l.n figure 2Jj (b). 

FIGURE 23. 

0,1 mm 

Schematic representation of the development of a spinelli

ferous ilmenite rim between ilmenite and titaniferous 

magnetite. The position of the original grain bound-

ary is .indicated by the dashed line. The ilmenite is 

shaded and the spinel grains are black. 

Stage 4. Development of small spinel gral.ns along newly formed ilmen-

ite lamellae continues, but this stage is characterised by the develop

ment of lamellar spinel intergrowths parallel to the cubic planes of 

their hosts. This form of exosolution probably takes place via the 

homogeneous nucleation and growth mechanism. Concentration gradients 

have already been established between the previously formed spinel 

exsolution bodies. The supersaturation conse~uently attains critical 

levels in the areas furthest away from the pre-existing exsolution 

bodies resulting in the formation of relatively large, and more widely 

spaced lamellae. 

these lamellae. 

Concentration gradients subse~uently develop between 
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FIGURE 24. Stage 3: (a) Schematic representation of a further series 

of smaller spinel exsolution bodies (black) oriented 

along ilmenite lamellae. (b) The formation of equant 

spinel grains and occasional lamellae in areas devoid of 

lamellar ilmenite. 

Critical supersaturations are reached at lower temperatures in areas 

containing smaller amounts of spinel in solid solution with the result 

that . smaller and more closely spaced spinel lamellae are formed. This 

results in a variation ln size and relative spacing of lamellae as 

illustrated in figures 25 (a and b) that reflect not only the original 

concentration gradients in their host grai ns , but also the lower 

temperatures and ionic mobilities under which the smaller lamellae 

developed. 

Stage 5 . Continued cooling might conceivably result in the develop-

ment of a further series of extremely fine spinel lamellae in the areas 

between the larger and more widely spaced spinel lamellae due to de-
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creased ionic mobility. Small spinel grains will also continue to 

develop along newly formed ilmenite lamellae. These processes rema1n 

effective until the temperature conditions are reached at which ionic 

diffusion becomes too slow and exsolution effectively ceases. Spin-

odal decomposition mechanisms might be operative during this stage of 

lamellar development. 

a 

FIGURE 25. 
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Stage 4 (a and b): Schematic representations i~lustrat-

ing the development of lamellar spinel intergrowths and 

their size distribution. 

5.6.5 Application of the exsolution model to natural transparent spinel 

microintergrowths. 

The above model can account for the majority of features displayed by 

transparent spinel microintergrowths in titaniferous magnetites and 

is consistent with their having developed by exsolution during slow 

cooling. The relative abundance of exsolution bodies reflects the 

original spinel content of the titaniferous magnetite which 1S highly 

variable as indicated by the analyses in Table 3 and Part 3 of this 
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thesis. The relative abundance of lamellar and granular spinel ex-

solution bodies is partially gover ned by the presence of i lmenite lam

ellae that act as nucleation sites. 

The effect of oxidation on the development of the spinel exsolution 

bodies is not easily evaluated. Oxidation results in the development 

of ilmenite lamellae which provi de suitable nucl eation sites for the 

transparent spinel and favour the growth of exsolution bodie s . This 

feature corresponds to the model proposed by Wright and Lovering (1965) 

in which exsolution of spinel follows oxidation of the titanife rous 

magnetit e host . This process will operate at lower supersaturations 

(hence at hi gher temperatures) when ilmenite lamellae are present, 

since it involves the heterogeneous nucleation and growth mechanism . 

5 . 6.6 Soli d solutions between magnetite and the chromium-bearing spi nels. 

Naturally occurring titaniferas magnet ites from a wide range of igneous 

rocks normally contain onl y minor amounts of Cr (Table 3). Analyses 

of spinels from several plutonic environments (e.g. Frankel, 1942 ; Stevens, 

1944; Beeson and Jackson, 1969; Henderson and Suddaby, 1971; Frisch, 1971; 

Cameron and Glover, 1973;Henderson, 1975) and volcanic basalts (e.g. 

Evans and Moore, 1968 ; Gunnet al., 1970; Thompson, 1973; Arculus, 1974 ; 

Ridley, 1977) have indicated the existence of minerals intermediate 1n 

composition between magnetite and chromite. These minerals are, 

in most cases, not primary cryotallisation products, but appear to have 

formed via the reaction of early-crystallised chrome-spinel with late-stage 

or other fluids. A large degree of miscibility has, however, been found 

to exist between magnetite and a wide range of Cr-bearing spinels at elevated 

temperatures (Irvine, 1967; Ulmer, 1969; Cremer, 1969; Navrotsky, 1975a) . 
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Katsura and Muan (1964) reported the existence of complete miscibility 

between magnetite and chromite at 13000 C and noted that an extensive 

cation~deficient solid solution is al so developed between these two 

end-members. Cremer (1969) reported the complete miscibility between 

magnetite and chromite at 9000 C. He experimentally determined that 

exsolution commenced bel ow this temperature and his data indicate 

that magnetite can hold approximately 10 mole per cent FeCr204 in solid 

solut ion at 5000 C. 

Irvine (1967) concluded that chromite, spi nel and picrochromite (MgCr204) 

exhibit extensive mutual solubi lity but noted that solid solutions 

between these three end-members and the magnetite-magnesioferrite series 

are not common 1n natural systems . Cremer (1969) reported that chrom-

i te and he r cynite form a complete solid solution series above 9500 C. 

Ulmer (1969) reviewed the available data on Cr-rich spinel solubilities 

at 1 3000 C and concluded that complete solid solution exists between 

magnesioferrite, spinel , picrochromite, magnetite , hercynite and chrom-

i te . He noted that these solid solutions might , however, involve 

defect spinels that contain trival ent ions in excess of the 1: 2 di-

valent to trivalent ratio . 

The complex phase relationships between the various Cr- bearing spinels 

have been reviewed by Muan (1975). He noted that a miscibility gap 

originates at the titanate-aluminate join bel ow 14000 c in each of the 

He also reported that the miscibilit y gap gradually closes 

as chromite is added as a third component . Navrotsky (l975a) also 

reported complete miscibility between magnetite-chr omite-hercyni t e 

o above 1000 C, but noted that exsolution would be initiated on slow 

cooling. He reported that the behaviour of this system is complex 
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and concluded that chromite, magnetite and hercynite can co-exist 

stably at low temperatures. 

Analyses of lunar spinels have shown the existence of an exceptionally 

wide compositional range in this group of minerals, and in particular, 

they suggest the presence of extensive solid solution relationships 

between chromite and ulvospinel (e.g. Haggerty and Meyer, 1970a, b; 

Haggerty, 1971b; 1972a ,b;1973a; Busche et al., 1972; Nehru et al., 

1974; Smith and Steele, 1976). These spinels often appear to be 

primary crystallisation products of the lunar lavas and their abundance 

is in direct contrast to the 

in terrestrial basalts. 

apparent scarcity of similar phases 

Thompson (1973) described the occurrence of titanium chromite and 

chromian titanomagnetite from a basalt and suggested that they might 

represent terrestrial analogues of the lunar spinels. He concluded 

that the original chemistry of these spinels was preserved by the rapid 

quenching of their host rock and that they were not involved in any 

post-precipitation changes. The absence of spinels of intermediate 

composition between chromite and magnetite is a common feature of the 

more slowly-cooled basic igneous rocks and has been ascribed to react

ion between the spinel and liquid (e ,g. Irvine, 1967; Henderson, 1975). 

Hill and Roeder (1974) investigated the experimental crystallisation 

of spinels from a basaltic liquid as a function of oxygen fugacity and 

succeeded in synthesising spinels that are intermediate in composition 

between chromite and magnetite. They reported that "the continuous 

variation in colour, morphology, modal amount, and composition of the 

spinel all suggest there is continuous solid solution between what ~s 

called magnetite and chromi te at basaltic liquidus temperatures ". 
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They concluded that the compositional gap between chromite and titano-

magnetite in basalts or basic layered intrusions is due to a reaction 

relation between chromium spinel , clinopyroxene and liquid. This 

topic is not reviewed here and readers are also directed to papers by 

Busche et al. (1972), Nehru et al. (1974), and Ridley (1977) for 

additional information. 

The available analyses and experimental data indicate the existence of 

a large degree of mutual solubility between magnet ite or ti tanomagneti te 

and a variety of Cr-bearing spinels. The presence of minor amounts 

of Cr20
3 

in the titaniferous magnetite analyses can therefore be 

. .. 3+ 3+ accounted for and 1S a result of a Subst1tut1on of Cr __.__Fe or 

'bl C 3+ Al3+. .. . POS S1 Y even r__.__ 1n the more alumlnous varlet1es. 

It might be expected that the Cr20
3 

content of titaniferous magnetite 

would decrease with progressive fractional crystallisation in a similar 

manner to V 2°5' This feature is, however, not as marked and has not 

been well documented. The titaniferous magnetites of the North Range 

of the Sudbury Nickel Irruptive show a progressive decrease in Cr
2

0
3 

content from 9,03 per cent at the base to 0,04 per cent near the top 

(Gasparrini and Naldrett, 1972). Analyses from other intrusions such 

as the Skaergaard (Vincent and Phillips, 1954), Bushveld (Schwellnus 

and Willemse, 1943; Molyneux, 1970a, 1972) and Dufek (Himmelberg and 

Ford, 1977) Complexes do not show such a marked trend, although they 

do exhibit a slight overall decrease in Cr
2

0
3 

with increasing height. 

Mathison (1975) reported a decrease in the Cr20
3 

contents of titanifer- . 

ous magnetites with increasing heights in zones 2 and 4 of the Somerset 

Dam Layered Intrusion. 
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5.6.7 The presence of vanadium in titaniferous magnetite, 

Titaniferous magnetites commonly contain small amounts of vanadium 

and it i s occasionally present in sufficient concentrations to warrant 

recovery (e.g. the Main Seam of the Bushveld Complex). · Dunn and Dey 

(1937) described some Indian vanadium-bearing titaniferous iron ores 

and noted that the vanadium.is largely present in the titariiferous 

magnetit e.. ·They reported that the vanadium is concentrated in cer-

tain areas of the magnetite grains and that it is optically simil ~r 

to maghemi te. They proposed the name coulsonite for this phase and 

concluded t hat it might have a formula FeO . (Fe'V)203 which i s analogous 

to that of magnetite with part 3+ 3+ of the Fe replaced by V . They 

also noted that the formula (Fe, V) 203 would be applicable if the 

element is present in a vanadiferous maghemite. 

These phases were . subsequently searched for in numerous vanadium-

bearing titaniferous magnetites, but were never unequivocally identi-

fied. For example, Frankel and Grainger (1941) suggested that the 

vanadium 1n the Bushveld titanifeDous iron ores might be due to the 

pres ence of vanadiferous maghemite, but Schwellnus and Willemse (1943) 

failed to detect the presence of any discrete vanadi um mineral in these 

ores. Subsequent investigations of these ores also failed to detect 

any vanadium-rich phases (Hiemstra and Liebenberg, 1964; Willemse, 

1969b; Molyneux, 1970a, b). Discrete vanadium-bearing phases were not 

identified in titaniferous magnetites from five other South African 

basic intrusions or from ·a wide range of igneous rocks (t his t hes is, 

Parts 2 and 3). 

Mathewson et al. (1931) reported ·the synthesis of FeO. V20
5 

wh i ch exhibits 

a spinel structure. Radtke (19 (; ;» re ported the presenc" of' u vnnalii urn-

rich spinel, FeV OJ ' and suggested that i t be termed coulson i Cc after 
2 + 
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the original proposal by Dunn and Dey (1937). The phase relationships 

between FeV
2

0
4 

and magnetite have not been investigated experimentally, 

but the published analyses of titaniferous magnetites indicate that up 

.to 2,5 per cent V20
5 

can be accommodated in titaniferous magnetite at 

low temperatures (this thesis, Part 3). 

Cameron and Glover (1973) reported an analysi s of an optically homo

geneous vanadium-rich spinel (10 , 2% V20
5

; 6 , 2% Al20
3

; 5 ,3% Cr20
3

; 

10,4% Ti02 ; 41,8% FeO; 27,4% Fe20
3

) in a mafic replacement pegmatite 

from the eastern Bushveld Complex. This analysis suggests that a 

large degree of miscibility might exist between coulsonite and 

magnetite as well as between various other spinels. 

The vanadium content of titaniferous magnetites can be used as a 

petrogenetic indicator in the study of suites of differentiated igneous 

rocks. Schwellnus and Willemse (1943) reported that the V20
5 

contents 

of the titaniferous magnetite-rich seams in the Bushveld Complex de~ 

crease with increasing height in the intrusion. This feature was 

subsequently confirmed by Molyneux (1964, 1970a , b, 1972) and Willemse 

(1969b) • Similar trends in the V20
5 

contents of titaniferous magnetites 

were also reported from the Skaergaard Complex (Vincent and Phillips, 

1954),- certain zones in the Somerset Dam Layered Intrusion (Mathison, 

1975), the Dufek Intrusion (Himmelberg and Ford, 1977) and t he Rooiwater 

and Mambula Complexes (this thesis, Part 3). 

The behaviour of vmladium during the fractional crystallisation of a 

wide . range of igneolls rocks is w"ll ,1ocwneIlkd (e.g. Wager all.! ~litcl1"_Ll, 

1951; Wager and Brown, 1968; Carmichael et al., 1974). The vanadi wn 

is preferentially incorporated into the opaque oxides during crystalli

sation with the bulk entering into the spinel rather than the 
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rhombohedral phases. Minor amounts enter the pyroxenes and possibly 

the plagioclase (Wager and Mitchell, 1951). 

The V~content of the residual magma begins to increase after cessation 

of chrome-spinel crystallisation, since vanadium is not readily in-

corporated into the major rock-·forming minerals. This vanadium then 

becomes incorporated into the titaniferous magnetite once precipitat-

ion of this phase commences, thus depleting the residual magma of this 

element. The amount of vanadium incorporated into the titaniferous 

magnetite will depend not only on the concentration of vanadium in 

the magma, but also on the amount and rate of magnetite precipitation. 

A decrease in the vanadium contents of titaniferous magnetites with incr·eas-

ing fractional crystallisation in a differentiated basic intrusion is thus 

expected. 

5,6.8 Magnetite: solid solutions with other phases._ 

Magnetite and titaniferous magnetite analyses commonly show the pre-

sence of small, but variable amounts of other oxides, notably NiO, ZnO, 

MnO, CaO and Si02 (Deer et al., 1962b). · The presence of smaller 

amounts of CD and Cu has also been reported (e.g. Vincent and Phillips, 

1954; Mathison, 1975). 

The spinels trevorite (NiFe
2

0
4

) (de Waal, 1972), franklinite (ZnFe
2

04 ) 

and jacobsite ,(MnFe20J are rare, but have been reported to occur 

naturally (Deer et al., 1962b) . These phases together with CoFe
2

04 

and CuFe204 (tetragonal below 760
0

C, Dunitz and Orgel, 1957), have 

been synthesised and shown to have the spinel structure (e . g . Verwey 

and Heilmann, 1947; Gorter, 1957; Dunitz and Orgel, 1957; Navrotsky 

and Kleppa, 1967; 1968) . The high~temperature phase relationships 

between these spinels have not been investigated in detail and their 
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degree of mutual solubility with magnetite or titaniferous magnetit e 

is uncertain. 

Substitution of minor amounts of Ni, Zn, Mn, Co and Cu into the titani-

ferous magnetite would be expected to occur readily in v~ew of the 

~on~c substitutions that can take place in the spinel structure. 

Stout and Bayliss (1975) reported that Fe2
+ occupies both tetrahed.ral 

and octahedral sites in natural titanomagnetite with the result that 

2+ 
substitution of Fe by Ni, Zn , Mn, Co or Cu can take place. The 

site preference data of Navrotsky and Kleppa (1967) indicate that 

2+ 2+ 2+. . .. 
Zn , Mn and Co w~ll preferent~ally subst~tute ~n the tetrahedral 

. ·1 .2+ 2+ ·11 .. 
s~tes wh~ e N~ and Cu w~ enter the octahedral pos~t~ons. 

Duncan and Taylor (1968) noted that the octahedral site preference 

energ~es of Ni2+ and Co2+ exceed that of Fe2+ and concluded that these 

elements will be enriched in the early crystallising titaniferous 

magnetites relative to the later crystallising magnetites. 

The analytical data of Vincent and Phillips (1954) indicate that Mn 

contents of the titaniferous magnetites increase sharply in the later 

crystallisat ion. products of the Skaergaard Complex. This is the usual 

behaviour of this element (see section 5.3.2). The data of Vincent 

and Phillips (1954) indicate that both Ni and Co contents of the magne-

tite decrease upwards in the titruiiferous magnetites of the Skaergaard 

Complex, but that the Ni-depletion occurs much earlier than that of 

Co. Zn and Cu contents of the oxides increase with increas ing height ~n 

the Skaergaard Complex and then decrease rapidly in the later crystalli-

sation products. Mathison (1975) also reported a decrease in Ni aIld 

Co contents in ti taniferous magnetites with increasing height ill certain 

zones in the Somerset Dam Layered Intrusion. 
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5.6.9 Trace elements in ma~netite, 

Very little published data are currently available on the distribution 

of trace elements in magnetites and titanferous .. magnetites from igneous 

rocks. The elements analysed by Wager and Mitchell (1951) and Vincent 

and Phillips (1954) have been largely discussed above. Vincent and 

Nightingale (1974) reported that Ga is preferentially incorporated into 

, ,, 3+ 3+ , 't magnet1te and 1S due to Subst1tut10n of Ga for Fe 1n the magnet1 e 

structure. 

5.6.10 Conclusions . 

The minor element variations in titaniferous magnetites r eflect changes 

in the magma from which they crystallised. The magnetite compositions 

provide additional petrogenetic data that can be used in an analogous 

way to plagioclase and pyroxene analyses in tracing the crystallisation 

history of fractionated igneous rocks. This aspect of the titanifer-

ous magnetite compositions has not been used to any extent in this 

manner and the . subject re~uires further investigation. 

It is concluded that the Ti02 and MnO contents of the titaniferous 

magnetites of basic igneous rocks will increase during progressive 

fractional crystallisation whereas MgO, NiO, Co, A1 Z0
3 

and VZ05 will decrease. 

The behaviour of trace elements in these minerals has not been studied, . 

but should also provide information that would be of use in petrogenetic 

studies. 

6, OXIDATION OF THE IRON-TITANIUM OXIDES. 

6.1 Introduction. 

The iron titanium oxides are sensitive to changes in oxygen fugacity 

and any marked increase in f02 causes their oxidat ion. This oxidation 

may take place at various stages during the cooling of an 19neous complex 
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as illustrated by the sub- solidus oxidation of magnetite-ulvospinel 

solid solutions discussed in section 4. It can also occur in other 

ways, the most important being: 

1). Low temperature oxidation that occurs during weathering under 

surface and near-surface conditions. 

2) . High temperature oxidation that occurs 1n sub-aeriall y erupted 

lavas when the hot magma comes into contact with the atmosphere. 

3). High temperature oxidation that occurs in sub-aqueous eruptive 

lavas when the hot magma comes into contact with oceanic "ater. 

4). Oxidation· during metamorphism. 

5). Late-stage deuteric oxidation due to the action of interstitial 

fluids during the final stages of crystallisation. 

6.2 nle Low-Temperature Oxidation of Magnet i te and Titaniferous magnetite. 

6.2.1 Introduction. 

The oxidation of magnetite and titaniferous magnetite has been the 

subject of considerable debate 1n the geological literature and a 

degree of confusion still exists. The debate has largely centred 

around the degree of solubility of Fe20
3 

in Fe
3
04, the presence of 

maghemite as a possible intermediate phase in the oxidation of Fe
3
04 

to Fe
2

0
3 

(martite) and the various oxidation mechanisms involved. 

6.2.2 Magnetite oxidation microstructures. 

The oxidation of magnetite produces certain distinctive microstructures 

and the following descriptions are based on published descriptions as 

well as the author'.s own observations • The textures have be~n illustr-

ated by Ramdohr (1969, p. 904- 911) while numerous illustrations are 

also given in Part 3 of this thesis. 

Magnetite 1S commonly oxidised directly to martite and this process 
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produces a very distinctive texture . Oxidation commences around 

grain boundaries, along fractures and more rarely around inclusions or 

intergrowths such as ilmenite lamell ae and moves inwards into the grain. 

Oxidation takes place preferentially along the octahedral planes of the 

magnetite and results in the formation of narrow Fe
2

0
3 

lamellae that 

appear to migrate into the magnetite and resemble exsolution l~mellae. 

These lamellae thicken and coalesce until the entire magnetite grain 

is ultimately converted to martite. 

THe martite (hematite) is readily distinguished from the magnetite on 

the basis of its white colour, anisotropy and other optical properties. 

The direct martitization of titaniferous magnetite is most commonly 

observed in grains that are r elatively free from extremely fine-grained 

micr ointergrowths. This oxidation process also tends to disrupt the 

finer-grained intergrowths. 

The oxidation of magnetite to maghemite is not as distinctive as in the 

case of martitization. Maghemite 1S slightly lighter coloured and 

has a distinct bluish colour, but is isotropic and otherwise micros cop-

ically indistinguishable from magnetite. Maghemitization also 

commences at grain boundaries and fractures, but moves into the magne~ 

tite in an irregular fachion that does not appear to be crystallo-

graphically controlled. The interface between the magnetite and 

maghemite is diffuse and appears to be gradational. A narrow trans~ 

i tional zone that varies 1n colour from that of magneti te to maghemi te 

generally separates the two phases. 

Maghemitization is most frequently observed in titaniferousmagnetites 

containing abundant fine-grained micro intergrowths (e.g. ulvospinel 

cloth textures). These delicate microstructures are not disrupted by 
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the maghemitization process and are in fact more readily seen because 

of the lighter colour of the maghemite groundmass. 

The maghemite in turn often shows alteration to martite and this also 

takes place in an irregular fashion commencing at grain boundaries 

and along fractures. Composite grains consisting of an unaltered 

magnetite core surrounded by an intermediate maghemite zone and an 

outer martite zone are commonly encountered in weathered rocks. 

6.2.3 Mineralogical investigations. 

Sosman and Hostetter (1916) investigated the phase relationships in 

the Fe203-Fe304 system and concluded that extensive, if not complete, 

solid sol ution exists between these two end members. They also noted 

that oxidation of Fe304 results in the formation of Fe20
3 

that is 

indistinguishable from hematite. 

Sosman and Hostetter (1918) reported that many natural iron oxides are 

solid solutions between Fe20
3 

and Fe
3
04 and concluded that thei r mag

netic susceptibilities are a function of their FeO contents. They 

noted that the high temperature oxidation of magnetite resulted in the 

formation of Fe20
3 

(martite), b,ut that a magnetic ferric oxide (Fe203) 

was produced when the oxidation was carried out at normal temperatures. 

The magnetism of this phase was, however, destroyed on heating at 750
0

C. 

They also reported the natural occurrence of a magnetic ferric oxide 

and concluded that the oxidation of magnetite to form martite would 

only occur at elevated temperatures in nature. 

'I'he first ore-microscopic observations of the relationships between 

naturally occurring magnetites and hematites were published by Broderick 

(1919) . He criticised the work of Sosman and Hostetter (1918) on the 
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grounds that they had not checked the homogeneity of their postulated 

magnetite-hematite solid solutions by means of microscopic examination. 

Broderick (1919) reported that microscopic examination had shown that 

many minerals of intermediate composition between magnetite and hema-

tite in fact consisted of intergrowths of these two phases. He con-

eluded that the most common inter growth is repre sented by a replacement 

of magnetite by hematite that takes place along the octahedral planes 

of the host. 

Gruner (1922) reported that the alteration of magnetite to hematite ~n 

the Mesabi ores is caused by the action of meteoric water. He ex-

pressed doubts as to t he existence of a solid solution series between 

magnetite and hematite. Gilbert (1925) described the presence of 

microscopic hematite lamellae oriented parallel to (Ill) of magnetite. 

He noted that these lamellae increased in size and abundance towards 

the grain boundaries where a continuous zone of hematite was often 

present. He concluded that these hematite intergrowths were formed 

by the hydrothermal replacement of magnetite. 

Sosman and Posnjak (1925) partially oxidised synthetic magnetite in 

o . . 
air at 105 C and by us~ng a solution of NH4S04. The chocolate-brown 

oxidation product was deficient in FeO, but remained highly magnetic 

and produced an x-ray diffraction pattern that was identical to magne-

tite .. This material remained stable under normal conditions but in-

verted irreversibly to hematite when heated at between 5000 and 6oooc. 

They also reported the natural occurence of magnetic oxidised magnetite 

in a gossan fr om Iron Mountain, California. 

Welo and Baudisch (1925) heated synthetic magnetite in a stream of 

oxygen at 2200 C and produced a material .that contained no ferrous iron, 
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but remained magnetic. Further heating of this oxidised material to 

5500 C in a nitrogen atmosphere resulted in the inversion of the oxida-

tion product to hematite. They concluded that the oxidation of magne-

tite involved a two-stage process in which the magnetite was first 

o converted to oxidised magnetite containing no FeO at about 200 C and 

that this material inverted to hematite at 5500 C. They demonstrated 

that the low-temperature oxidised magnetite retained the spinel struct-

ure and concluded that the extra oxygen ions introduced during oxida-

tion could be accommodated without due strain. . 00 Heatlng at 55 C 

resulted in a collapse of the spinel structure and inversion to the 

hematite structure occurred. 

Gruner (1926) investigated the oxidation of magnetite by heating polished 

sections of this mineral in air at temperatures between 1500 and 2000 C 

for periods of up to 330 days. He confirmed that oxidation occurred 

and r ·esulted in the formation of hematite (martite) lamellae that migrat-

ed into the magnetite along its octahedral planes. He confirmed that 

martite and hematite are identical by means of x-ray diffraction. He 

concluded that oxidation occurred along the octahedral planes of magne-

tite because of the atomic arrangement and that it led to a volume in-

crease of 5 ,2 per cent. The introduction of additional oxygen re-

sults .in a distortion of the cubic structure with the result that its 

symmetry changes to the rhombohedral form of hematite. 

Ramdohr (1926) disagreed with the conclusions of Sosman and Hostetter 

(1918) and concluded on crystallographic grounds that only limited 

solubility could exist between magnetite and hematite. He suggested 

that the intermediate compositions between magnetite and hematite 

represent magnetites in various stages of martitization. He further 

reported that martitisation of magnetite is a very common feature of 
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these minerals. 

Twenhofel (1927) investigated the oxidation of both natural and arti~ 

ficial magnetite by heating the material in steam of oxygen at differ~ 

ent temperatures for variable lengths of time. She conc luded that 

oxidation first resulted in an oxidised magnetic phase and that this 

process occurred over a range of temperatures. She noted that the 

oxidised artificial magnetite inverted to hematite at 500oC, but that 

the natural magnetite did not invert until BOOoC was reached. She 

noted that the oxidised magnetite is always formed as an intermediate 

phase in the oxidation of magnetite and that its rate of formation and 

stability is dependent on the temperature and duration of the oxidation 

event. 

Gilbert (1927) discussed the available data on magnetite oxidation and 

stressed the need for a thorough investigation of the processes involved. 

Newhouse and Callahan (1927) reported the natural occurrence of a brown

ish magnetic oxidised magnetite from several loco.li ties and noted that 

it replaced portions of pre-existing magnetite crystals. They also 

noted that this material could be produced artificially by heating 

portions of the unoxidised magnetite in the oxidising flame of a blow 

torch at very low red heat. 

Gruner (1927) discussed the r~sults of preVlOUS investigators and stress

ed that he had not yet identified magnetic oxidised magnetite. He 

concluded that oxidised magnetite would be "unstable except under very 

special conditions and for short periods of time, such as obtaiued in 

the laboratory". Wagner (1927, 19;!1l) reported that the bulk of the 

titaniferous magnetite from surl'"ce expCJf;ure" i.n the BllShv".ltl C"mp.l<!x 

has been replaced by a very strongly magnetic form of ferric ()xLde. 
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He noted that this mineral is structurally identical to magnetite, but 

has the chemical composition and physical properties of hematite . He 

concluded that it is the product of the normal atmospheric weathering 

of magnetite and proposed the name maghemite in order to distinguish 

it from martite. This term was adopted and has become firmly en-

trenched in the geological literature (Basta, 1959). 

Newhouse (1929) examined a large number of lodestones (natural material 

exhibiting polarity) from var i ous localities and reported that they are 

almost a l l composed of magnet i c ferric oxide rather than magnetite as 

he had initially assumed. He concluded that lodestone is generally 

formed from oxidised magnetite which has a higher magnetic remanence 

than ordinary magnetite. Gruner (1929b) criticised Newhouse's (1929) 

work and presented data that suggested that certai n lodestones are in 

fact composed of magnetite. 

The first detailed crystal structure determination of maghemite was 

carried out by Thewlis (1931). He synthesised the maghemite and 

termed it gammaTFe203 by analogy to gamma-A120
3

. 

maghemite 1S cubic and has a cell edge of 8,4 ~. 

He concluded that 

He reported that 

the iron and oxygen atoms occupy the same positions as in the unit 

cell of magnetite, but that 4 additional oxygen atoms are present. 

The structure . could consequently be regarded as intermediate between 

magnetite and hematite. 

Odman (1932) reported that maghemite i s a common alteration product of 

magnetite 1n the lavas of Mount Elgon, He described the optical prop-

erties of this mineral and suggested that it might be a common al tera-

tion product of magnetite in lavas. He also reported the alteration 

of magnetite to hematite and described the association of maghemite and 
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hematite as alteration products of the same magnetite graln. 

Welo and Baudisch (1934 ) presented a historical reVlew of research into 

gamma-Fe20
3 

over the period 1838 to 1925. They repeated their earlier 

conclusions (Welo and Baudisch , 1925) on the two-stage transformation 

of magnetite to hematite via the formation of intermediate maghemite. 

They also supported Thewlis's (1931) interpretation of the crystal 

structure of maghemite . 

Grieg et al. (1935) published the results of an extensive investigation 

into the phase relationships between Fe
3
04 and Ee

2
0

3 
at elevated temp-

eratures. They reviewed the earlier experimental work in this system 

(data largely not discussed here since they are not relevant) and con-

cluded that only limited miscibility exists between magnetite and 

hematite, e.g. magnetite can contain only 8 mole per cent Fe
2

0
3 

at 

l075
0

C. 

The crystal structure of maghemite was re-examined independently by 

H~gg (1935), Kordes (1935) and Verwey (1935). They concluded that 

maghemite differs from magnetite in having a defect lattice in which 

1/9 of the iron positions in the crystal structure are vacant. The 

unit cell conse~uently contains 32 oxygen ions and 21 and 1/3 cations, 

while 2 and 2/3 vacant positions are statistically distributed over the 

24 cation positions in the inverse spinel structure. H~gg (1935) 

demonstrated that the cell edge decreased continuously from 8,330 R 

for Fe304 to 8,322 R for gamma-Fe20
3 

and concluded that the oxid~tion 

is also a continuous process. 

Newhouse and Glass (1936) reported the results of further investigation.; 

into maghemite and concluded that it is cubic and has a crystal structure 
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similar to magnetite, but with a smaller cell edge. They suggested 

that it might range in composition from (Fe,Ti)203 to Fe20
3 

in order 

to include the titaniferous varieties described by Wagner (1927, 1928). 

They concluded that it forms as an alteration product of titaniferous 

and non-titaniferous magnetite and that it is commonly, but not always, 

a weathering product. 

Newhouse (1936) reported the presence of fine hematite exsolution 

lamellae oriented parallel to the octahedral planes of magnetite in 

basalt from Mount Edna. He concluded that their morphology and 

distribution indicated an exsolution rather than an oxidation origin. 

The crystal structure of maghemite was · investigated further by Haul and 

Schoon (1939) who noted the presence of several additional weak lines 

on the x-ray powder photographs of this mineral. They suggested that 

this might indicate either a lower symmetry or larger unit cell than 

had been previously deduced for this phase. 

presented by Starke (1939). 

Additional data were 

Mason (1943) reviewed the available data on the system Fe
2

0
3
-Fe

3
04 and 

concluded that gamma-Fe20
3 

is a metastable phase with respect to hema

tite. He noted that maghemite cannot be formed from hematite, but 

that maghemite readily inverts to hematite under suitable temperature 

and ,pxessure conditions. He noted a common association between mag-

hemite and limonitic material and suggested that oxidation and hydration 

worked together in the alteration prooess. He also noted that oxida-

tion of magnetite to hematite can take place directly, usually along 

the octahedral planes, but that maghemite formation occur,ud in an 

irre6ular fashion. 
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Edwards (1949) described a fine intergrowth of hematite lamellae along 

the octahedral planes of a waterworn magnetite pebble and in magnetites 

from some beach sands. He concluded that they r epresented exsolution 

lamellae rather than oxidation products since they were evenly developed 

throughout the· grain. Baker (1952) reported similar intergrowths in 

magnetites in peridotites and amphibolites. Both these authors noted 

that the temperatures required for the formation of these intergrowths, 

based on the data of Grieg et al. (1935), were much too high for ,the 

formation of magmatic rocks. They concluded that some other factor 

must therefore have been involved. 

Schmidt and Vermaas (1955) investigated the oxidation of natural magne-

tite by means of DTA. They concluded that the oxidation of magnetite 

in air is a two-stage process. The first stage involves the surface 

oxidation to hematite while the second stage involves complete oxida-

tion of the sample to hematite. They did not detect the formation of 

David and Welch (1956) studied the oxidation of magnetite under a var-

iety of conditions. They noted that magnetite which produced gamma-

Fe20
3 

invariably contained appreciable percentages of water, while 

oxidation of magnetite under dry conditions never resulted in gamma-

They concluded that t he gamma- Fe20
3 

itself contained a small 

percentage of water which could not be removed without destroying the 

characteristic spinel structure. 

Lepp (1957) also examined the oxidation of magnetite by means of DTA 

and concluded that the proces s involved the following three stages 

during rapid oxidation: 1) The formation of gamma-Fe20
3 

which commences 

at approximately 2000 C and culminates at about 375-4000 c. 2) The 
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o inversion of gamma-Fe20
3 

to alpha~Fe203 which commences at about 375 C 

. 2 0 0 and term1nates between 5 5 ~550 C, 3) The oxidation of magnetite to 

hematite that commences at between 5500 and 5750 C. He noted that the 

rate of oxidation of magnetite at a given temperature and oxygen fug-

acity is a function of the specific surface .of the material and the 

degree of perfection of the crystal lattice. The finer grain size of 

the synthetic magnetite would therefore account for its oxidation at 

lower temperatures. 

Finch and Sinha (1957) reported that the . transition from alpha-Fe
2

0
3 

o to gamma-Fe20
3 

would take place above 700 C under ·suitable conditions. 

They suggested that intermediate beta-Fe
2

0
3 

might also exist. 

Basta (1959) reviewed the available data on magnetite oxidation and 

presented his own results. He concluded that the oxidation of magne-

tite to maghemite is a continuous process that involves the removal of 

iron atoms from the magnetite lattice. The oxidation of magnetite to 

hematite is, in contrast, a discontinuous process and involves a diff-

erent mechanism. He noted that both maghemite and martite were not 

developed together 1n any of his samples. He also suggested that the 

presence of impuri ty .. atoms might influence the forma.tion of these phases. 

Gokhale (1961) investigated the oxidation of magnetite and concluded 

that it changes continuously to maghemite of variable composition. 

The maghemite then alters to hematite via a discontinuous change. He 

suggested that the oxidation of magnetite could be considered as a 

gradual SQlid solution of magnetite with hematite, the hematite increas-

ing at the expense of the magnetite. 

Katsura and Kushiro (1961) reported the natural occurrence of titano-
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maghemite in a variety of Japanese volcanic rocks. They concluded 

that it formed via the oxidation of titanomagnetite during cooling of 

the lava. They suggested that this phase might be more common than 

previously recognised and noted that the titanomagnetite contains two 

or three metal ion vacancies per unit cell. 

Verhoogen (1962a) reviewed the available data and concluded that part-

ial oxidation of magnetite-ulvospinel solid solutions is a complicated 

process that involves the formation of unstable or metastable gamma-

phases as an intermediate step. 

Colombo et al. (1964, 1965) examined the oxidation of both synthetic 

and natural magnetite and reported that hematite is always formed at 

temperatures above 6000 c. They noted that synthetically precipitated ' 

magnetites are altered to gamma-Fe20
3 

at temperatures below 4000 c via 

a topotactic oxidation to a solid solution of gamma-Fe
3
0

3 
in Fe

3
04 . 

They concl uded that oxygen is absorbed and ionised by electrons de

rived from the oxidation of Fe2
+ to Fe 3+. This oxidation causes a 

diffusion of Fe ions fr om the interiors of the magnetite crystals thus 

forming a solid solution. They noted ' that the spinel lattice is stabil-

ised by reticular impurities and other crystalline imperfections with 

the result that oxi dation occurs rapidly in the i mperfectly crystalline 

precipitated magnetites. 

Colombo et al. (1964, 1965) suggested that the natural magnetites are 

less imperfect than the synthetically precipitated types. Oxidation 

of these grains at temperatures between 2000 and 500
0

C results in the 

formation of an outer protective layer of hematite that forms via the 

disproportionation of a previously formed solid solution. They also 

noted that the surface areas of the grains (i.e. grain size) might also 
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be an important factor 1n the oxidation process. 

Elder (1965) investigated the particle-size effect in the oxidation of 

magnetite by ball-milling natural magnetite in a water slurry and then 

oxidising the various size fractions. He , reported that the less-than-

one micrometre-sized material was oxidised to maghemite by heating in 

alr 
o at 250 C. The same material with a grain size of more than 25 

micrometres was partially converted to hematite below 400oC. He 

concluded that the maghemite formed from the fine-grained material 1S 

stabilised by adsorbed or hydrated water since similar material pro~ 

duced by grinding under acetone oxidised directly to hematite. 

O'Reilly and Banerjee (1966) extended the oxidation mechanisms proposed 

by 'Colombo et al. (1964, 1965) to include the titaniferous magnetites 

and discussed the probable cation distributions in the phases. 

O'Reilly and Banerjee (1967) also carried out oxidation experiments and 

concluded that "single-phase oxidation products are only obtained for 

very small grain sizes, usually produced by precipitation from an 

aqueous solution, and that in such cases oxidation proceeds rapidly 'at 

low temperatures due to large specific surface areas, high degree of 

crystalline imperfection and possibly absorbed water". 

Ozima and Larson (1967) reported that naturally occurr1ng titanomaghem-

, ites are often intermediate in composition between titanomagnetite and 

ilmeni te~hemati te., They noted that pure titanomaghemite decomposes 

to the alpha phase on heating, but that the alteration of titanomag-

hemite of intermediate composition at elevated temperatures requires 

some form of internal redistribution. They postulated that the oxygen 

vacanc1es 1n the intermediate titanomaghemite migrate freely to some 

concentration centres to form groups of molecules of nearly pure 
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titanomaghemite that would decompose to the alpha-phase at elevated 

temperatures. The Fe ions would simultaneously migrate and fill the 

positions left by the migrating vacancies to produce essentially un-

oxidised t itanomagnetite. They concluded that this results in a final 

product consisting of a relatively pure titanomagnetite in which a 

fine inter growth of the alpha-hematite- ilmenite serie s is developed. 

Sakamoto et al. (1968) reported the formation of cation-deficient spinels 

by oxidation of fine-grained synthetic titanomagnetite that had been 

wet-ground to a grain size of less than 1 micrometre. They noted that 

.0 . 
the gamma- phases are formed at approx1mately 300 C and that they 1n-

o verted to the alpha-form at about 500 C. Schult (1968) noted that the 

various heating experiments probably did not represent natural oxidation 

conditions and suggested that natural titanomagnetites and titano~ 

maghemites should be studied. 

Gallagher et al. . (1968) reported that maghemi te is always produced when 

pure magnetite grains smaller than 3000 ~ are oxidised at temperatures 

o below 220 C. They noted that larger particles are first oxidised to 

a composition intermediate between Fe
3
04 and Fe20

3 
and then undergo 

disproportionation into Fe304 and alpha-Fe20
3

. 

appeared is oxidised directly to alpha-Fe
2

0
3 

in the last stages of 

the reaction. They concluded that the met astable gamma-Fe
2
0

3 
trans

forms to the thermodynamically stable alpha-form at temperatures above 

Colombo et al. (1968) and Gazzarini and Lanzaveccia (1969) 

criticised the results of Gallagher et al. (1968) and presented addit-

ionaJ. experimental cviJ.ence which inJ.icntcs that stoiChiometric mab'lle-

tite can be oxidised to maghemit" when it" crain size is J.arger than 

3000 ~. They concluded that magnetite containing stacking faults 

would oxidise partially to hematite, via solid solution, even when the 
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particle s~ze is less than 3000 ~. They stressed that the grain s~ze 

of the magnetite only plays a kinetic role and that it is the presence 

of nuclei or crystals of alpha~Fe203 that determine the low temperature 

oxidation of magnetite to hematite. 

Davis et al. (1968) examined the atom positions and symmetry details of 

the magnetite and hematite structures. They concluded that the oxida-

tion process consists of initial iron atom diffusion through an oxygen 

framework that remains essentially intact resulting in the formation 

of maghemite. The maghemite subseQuently inverts to hematite result-

ing in the development of distorted octahedra. The iron from the 

diffusion process is oxidised and precipitates around the margins of 

the grains. 

Prevot et al. (1968) investigated a crystal of ti fanomagneti te that ex-

hibited a rim of titanomaghemite. They noted that the amount of Fe 

decreased in the oxidised zone, but that the contents of Ti and Mn in-

creased. They concluded that the maghemitisation is not a simple 

process,. but involves the diffusion of some cations and results in a 

partial occupation of some theoretically vacant positions in the crystal 

structure. (These features might also be interpreted as normal compo-

sitional zoning in the original titanomagnetite, see section 5). 

Creer et al. (1970) investigated the oxidation of titanomagnetite to 

titanomaghemite and suggested the following mechanisms. "Two ferrous 

ions at the edge of the crystal become oxidised to ferric when an 

oxygen atom from the surroundings adds it s el f to the cl ose packed 

oxy"en structure of the spinel. As t i me goes by, the Fe ions migrate 

within the larger lattice so as to distribute the vacancies uniformly 
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and the Ti atoms also distribute themselves uniformly so creating a 

new homogeneous phase ll
• 

Readman and O'Reilly (1970) and Sanver and O'Reilly (1970) examined the 

oxidation of titanomagnetites in more detail and confirmed that differ-

ent oxidation products are obtained when the same materials are wet-

and dry-ground. They concluded that coarse-grained titanomagnetites 

might oxidise to cation-deficient spinels at low temperatures over 

geological time. Such changes cannot be observed in the laboratory 

because of extremely slow oxidation rates at low temperatures. 

Readman and O'Reilly (1971, 1972) confirmed their earlier observations 

and calculated that the oxidation of coarse-grained titanomagnetite 

. . 06 00 would requlre approxlmately 1 years at 2 C. They noted that burial 

to a depth of a kilometer under slightly elevated temperatures and the 

presence of water would accelerate this process considerably. 

The magnetic properties of titanomagnetite and its varlOUS oxidation 

products have also been examined in detail. A review of this topic 

is beyond the scope of this review and readers are directed to papers 

by Dzima and Larson (1970),· Ozima and Sakamoto (1971), Readman and 

O'Reilly (1971, 1972), Johnson and Merril (1972, 1973, 1974) and Kropacek 

(1974). 

The writer has observed the formation of both titaniferous martite and 

maghemite as oxidation products in titaniferous magnetites from a wide 

variety of igneous rocks that have been subjected to atmospheric 

weathering. 'l'he oxidation preferrcntially uccurs via th", for",,,tiofl of 

intermediate titanomaghemite in samples containing abundant fine-

grained ulvospinel intergrowths. In contrast, titaniferous magnetites 

containing larger intergrowth-free areas (i.e. absence of micrometre-
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sized intergrowths) oxidised directly to martite along their (111) planes. 

Similar relationships have been reported in titaniferous magnetites from 

the Bushveld Complex (Molyneux, 1970a). The diffuse boundary between 

the magnetite and maghemite suggests that the oxidation is a gradual 

process and that members intermediate in composition between these phases 

exist, 

The fine graln Slze of the magnetite cubes (often micrometre- to 3ub

micrometre-sized) in the ulvospinel-type microintergrowthsmight render 

them. more susceptible to maghemitization as suggested by the experimental 

evidence of Colombo et al. (1964, 1965), Elder (1965), and Sakimoto et 

al. (1968). Water is freely available in the zone of weathering and 

fulfils another apparent requirement for maghemite stability. The 

presence of minor impurities in the original titanomagnetite structure 

might also contribute to the stabil ity of the oxidised defect cubic form. 

The presence of the abundant fine-grained Ti-rich lamellae will also 

impede the development of hematite lamellae along the (111) planes of 

the titaniferous magnetite since these intergrowths disrupt the crystal 

structure. This feature is illustrated by the. titaniferous magnetites 

of the Kaffirskraal Complex (Part 3 of this thesis). In this case 

the titaniferous magnetites exhibit a typical ulvospinel cloth texture and 

on weathering become oxidised to martite via the intermediate formation of 

maghemite. Veinlets of optically homogeneous magnetite cutting across the 

same grains are, however, oxidised directly to martite. Compositional diff-

erences between the two types of magnetite might also be important in this 

respect. Willemse (1969b) suggested that the presence of oxidised ulvospinel 

(ilmenite) might strengthen the magnetite against the formation of martite. 
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6.2.4 Conclusions. 

The magnetite oxidation mechanisms remain a topic for debate in spite 

of the extensive amount of research that has been carried out in this 

field. The natural occurrence of titaniferous maghemite is well 

established and it is generally accepted that it represents a meta-

stable, low-temperature, cation~eficient, oxidation product of titani~ 

ferous magnetite. It forms as an oxidation product at temperatures 

below 2500 C and this appears to be favoured by the presence of water 

and an extremely fine- grain size. The presence of impurities and 

structural defects might also contribute to the stability of this phase. 

Maghemite inverts irreversibly to the more stable rhombohedral form on 

o 0 heating at temperatures between 250 and 300 C. Maghemite can also 

invert to martite at much lower temperatures as illustrated by an 

examination of titaniferous magnetite weathering products. 

Rhombohedral martite (hematite) is the common high-temperature oxida-

tion product of magnetite and forms either directly on oxidation at 

o temperatures above 300 C or via the inversion of previously formed 

maghemite. Martite can also form directly from magnetite during 

oxidation at low temperatures. The direct martiti zation of magnetite 

occurs via the formation of hematite "oxidation lamellae" along grain 

boundaries and other permeable features of the magnetite. These 

lamellae migrate into the magnetite along its (Ill) planes, broaden and 

coales ce until the whole grain is transformed. 

6.3 The Weather ing of Magnetite. 

The weathering of magnetite initiall y involves oxidation as discussed 

in the foregoing sectiotf. "" The subsequent aHerati'm and hydration of 

magneti te has, hm,ever, l'ec'ei ved only limited attention. Bachmann 

(1954) reported the formation of goethite as a weathering product of 
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martites from Taberg, Sweden . Deer et al . (1962b) also reported that 

goethite 1S a common weathering product of magnetite. 

The Ti-bearing components of titaniferous magnetites are altered to 

leucoxene (see section 6 . 5) while the martitised magnetite becomes 

ty,lrated to Goethite (Molyneux , 1970a). This behaviour 1S con~irmed 

by the writer's observations on weathering products from a ,,,ide !'ange 

of 19neous rocks and titaniferous iron or es (Parts 2 and 3 of t : . ~ 5 

thesis) . Fi tzpatrick and Ie Roux (1975) reported that the weatilering 

of titaniferous magnetites results 1n the formation of titano-he:natite. 

They also noted that goethite forms from these oxi dation products 111 

the soil , but that increasing amounts of Ti inhibit the formation of , 

this phase . 

6 . 4 The High- Temperature Oxidation of Titaniferous Magnetite. 

The high temperatur e oxidation o~ titani ferous magnetite usually occurs 

during the sub-aerial erupt i on of lavas . The high atmospheric oxygen 

fugac i ties and cooling lava temperatures r esult 1tl the oxidation of the 

iron- titani um oxides and the formation o f hematite and pseudobrookite 

assemblages (Lindsley, 1962 , 1963) . Oxidised titaniferous maGnetites 

of t his t ype were not enCoillltered duri ng this study and readers are 

directed to the following papers for a detailed discussion of this 

topic: Wilson and Haggerty (1966) , Watkins and Haggerty (1961 ) , 

Hilson et al. (1968), Ade- Hall et a1. ( 1968) , Gromme et '11. (19CJ) , 

Ozima and Larson ( 1970) , Ade- Hall and La>rley (1970), Ade- !-iall et al. 

(1971) , Negendank (1972) . 
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6.5 The Low Temperature Oxidation and Weathering of Ilmenite . 

6 . 7.1 Introduction . 

Ilmeni te is present ln economically important concentrations 1'1 mc..ny 

~edi,"e:1tary heavy mineral deposits, particularly beach sar:d.s. ·:;:'".e 

ilmenite in these deposits (and in many weathered igneous re:::ks 

commonly exhibits varying degrees of low- temperature alteration due 

to the effects of weathering under atmospheric conditions. This 

alteration of ilmenite has been the subject of considerable deb c te ln 

the 1;eological literature and the subject has been recently re" i ewed 

by Dimanche and Bartholome (1976) . The debate centres both Oll the 

altcration mechanism and the nomenclature of the alteration products. 

6.5.2 Mineralogical i nvestigat i ons. 

The term leucoxene was introduced by Gumbel in 1874 in order to define 

a greyish mineral that was associated with ilmenite , titaniferO"lS mag!le-

tite and rutile (Tyler and Marsden, 1938) . The term has subsequ<ontly 

!Jean loosely applied as a descript i ve name for dull , fine-grained , 

y<o l lowish t o b r own high-ti tania alterat ion products that are formed from 

the !Jreakdown of a variety of titanium mi nerals such as ilmeni te , sphene 

and perovskite (Palache et al ., 1944) . This terminology lIas persis t ed 

to the present , although several detailed investigations have been 

undertaken in order to determine the true nature of these alteration 

products. 

Palmer (1909) described a monoclinic mineral with the composition 

He also reported the ru1alysis 

of a " titanic iron sand" from Brazil that approximated his arizollite 

analYHi::.; . He thus concluded that arizonit e was the dominant phase in 

tile concentrate. The name arizonite consequ"ntly became entrenched 

in til t ~ .Li.te['atllr ~ and has been reported H.S a eOllstituent in n'..un(~rous 
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ilmenite deposits even though it has never been positively identified. 

Attempts by Ernst (1943 ) to synthesize this compound also failed. 

Numerous attempts have since been made t o discredit it as a distinct 

mineral species, but the name , like the proverbial bad penny, keeps 

re - appearing in the literat ure. 

McCartney (1931) inves t igat ed the occurrence of leucoxene in sandstones 

and reported that i t cons i s ts of amorphous calcium titanium silicate 

which altered to brookite, anatase and rutile . Coil (1933) inv"sti-

gated the optical pr operties and chemical composition of leucoxene in 

sandstones and concluded that it is an amorphous, hydrated titanium 

oxide. 

TYler and Marsden (1938) carried out x-r ay powder diffrac t ion studies 

ruld detai led microscopic examinat ions on leucoxenes f r om a wide var -

iety of rock types. They reported that the leucoxene consisted of 

microcrystalline Ti02 in the form of rutile , anatase and possibly 

brookite and- sugges t ed that these phases develop at t he expense of 

leucoxene. They concluded that leucoxene forms as an alteration pro-

duct of titanium- bearing minerals (generally ilmenite) and that it 1S 

often related to the surface weathering of igneous and sedimentary rocks. 

Miller (1945) described ilmenite concentrates from Florida beach sands 

and noted that their chemical analy-ses were similar to those r 0ported 

for ari zuni te. He examined these ilmenite concentrates by means .of 

x-ray diffraction and concluded that the Ti-rich alteration pr":kc~s 

: I.l'~ e~;:,l!tJtilt l l.y H.mo [·phOIl!.i and are there fore structurally di f t\'!l·,~ . l t. 1'1'L'::: 

u.r i :', 1 Ill -j Lt.! • c "cit:,_ ,-wrl McVay (191,9) aLo studi ed the opaq"" mitl';l·alc 

in t il" noriun beach ::ands and concluded that they are leucDxenes th, t 

var'ierl bc'tll in specific _-;rs.'"it:,r and titania content. They noted that 
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the amount of iron present in these minerals was less than that contain-

ed in either arizonite or ilmenite and suggested that they might be de -

rived from the weathering of ilmenite. 

Al.len (1949) concluded th:lt leucoxene is an amorphous material th9.t var-

ies in both chemical and mineralogical composition. He demor,strated 

that x- ray powder patterns of leucoxene are similar to those of anatase, 

sphene and rutile and that small amounts of water are present. He 

proposed that the term leucoxene be retained as a petrographic tern: f",r 

the alteration products in which titania occurs in rocks and tll "t it 

should not be used as a mineral name implying a definite mineral species. 

Overholt et al. (1950) reported that the physical properties of ar1zon-

o . ' ite could be duplicated by heating ilmenite sand to 900 e overn1ght. 

This treatment destroyed the ilmenite structure. They also reported 

that pseudobrookite and rutile are produced when finely ground ilmenite 

is oxidised and that the final products depend on the oxidation temper-

ature. They concluded that Fe20
3 

and anatase would be furmeJ at low 

temperatures. 

Overholt et al. (1950) re-examined the ori ginal x-ray da'ta on arizonite 

and demonstrated that it consisted of an impure mixture of hematite, 

ilmeni te, anatase and rutile. They concluded that arizonite is weath-

ered ilmenite and suggested that ilmenite oxidation would occur 1n 

months at 1000e and in years at room temperatures . They ilso supported 

the idea that arizonite might occur in beach sands that are exposed to 

stron{\ly oxidising conditions. 

Lynd et "l. (1'154) examined ilmenite concentrates from North Carolina, 

l"l~)ridu, Brazil and India. by means of ore microscopic and x- ray powder 
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diffraction techniques. They described the progressive nature of the 

ilmenite alteration as seen in polished sections and reported that the 

ilmenite decomposes to form hematite and finely crystalline aggresates 

of anatase and rutile. They noted that the Ti02 contents of the ilmen-

ite concentrat es increased with progressive oxidation due to the re -

moved of iron by leaching . They concluded that "there ~s !10 reason 

tu postulate the existence of the hypothetical compound, arizonite", 

s ince the various properties of the concentrates could be acco~~ted for 

by the progressive alteration of ilmenite. 

BailcOY et a1. (1956) reco~tlised three succeSSlVe stages i n the altera-

tion of i1meni tes in beach sands. The,- noted that progres ,ave alte,'-

at.i.on 18 accompanied by a decrease 1n magnetic suceptibility and un 

1{lcreaSe 1n the ratio of Ti02 to 1ron oxides. They reported that the 

ilmenite initially dec omposes to a lighter- coloured compound consistin;:; 

of either an amorphous iron-titanium oxide or a mechanical mixture of 

amorphous Ti0
2 

and iron oxide (stage 1) . Once this process is com-

plete (stage 2) , the iron is removed and the amorphous material alters 

progress i vely to leucoxene (stage 3). 

Bailey et a1. (1956) noted that the alter at i on is progressive and that 

all three stages are often observed in s i ngle gr ains . They concluded 

that 1eucoxene commonly consists of ori ented a ggr ega t es of fine l y 

crystalline r utile , and in some cases, brookite . They noted that the 

alterat i on of the i l menite grains occurred during the final stages 

of transport or perhaps even after deposition. They also reported that 

no evidence had been found to substantiat e the exi stence 01' the mLnera! 

ariZollit e . 

Allen (1956) reviewed the available data on 1eucoxene compositions and 
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reported that x-ray powder patterns of leucoxene are similar to those 

of rutile, anatase, sphene and brookite. He also noted that leucoxene 

1S commonly amorphous and contains a small amount of water. Allen 

(1956) concluded that "the chemical and mineralogical variability of 

leucoxene indicates it is not a definite mineral species, but is an 

alteration product in the same sense as clay". 

Bailey and Cameron (1957) provided additional data that illustrate the 

compositional variablility of l eucoxene alteration products of ilmenite. 

They noted t hat rutile is the most common constituent of leuccx21'2 a"d 

that anatase is less common. They r eported that brookite had also 

been identified as an alteration product and that some leucoxenes con-

sist of mixtures of rutile and anatase or rutile and brookite. 

Flinter (1959) investigated the alteration of ilmenite gra1ns from 

Malaya and confirmed t hat ilmenite can alter in the solid state t o form 

leucoxene in the manner envisaged by Bailey et al. (1956). Flinter 

(1959) reported t hat the alter ation results in an 1ncrease of Ti02 , 

Fe20
3 

and H20 in the decomposition products, while FeO decreases. He 

attributed the decrease in FeO contents to the development of Fe
2

0
3 

and 

possibly FeO(OH) as a result of oxidat i on . He also noted that a cer-

tain amount of leaching of the iron oxides occurred and that the final 

alteration products are commonly amorphous. He suggested that this 

altered i lmenite be termed "hydroilmenite". 

Flinter (1959) attempted to recrystallise the amorphous Ti0
2
-rich 

ilmenite alteration products by heating and reported that mixtures of 

rutile and pseudobrooki te are formed at temperatures of 1100oC. He 

suggested that the pseudobrookite represents an unstable hieh-tempera-

tUl·e form that would eventually decompose to yield hematite and :.matase. 
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He considered that the amorphous ilmenite alteration products mir,ht 

themselves recrystallise to form n,ixtures of rutile, anatase and 

hematite over long periods of time. He s ugges ted that the tern; 

arizonite be retained to indicate these recrystallised phase s which 

wocld represent an end-product consisting of rutile and/or anatase 

and/or brookite and hematite . 

KarkhWlavala et al. (1959) examined a leucoxene concentrat" fn'": the 

b~~u.ch sands of Quilon , India by means of x-ray diffractior~ stu,:ies 0~1 

various hand-picked gr aIns. They recognised three types of al t crati,:m 

products consisting chiefly of rutile + ps eudobr ookite , rutile + 

p:.3eudobrooki te + minor ::matas.:! , and rutile + anatc-se . They intcrpl'etl..~d 

the! lack of ilmenite in the leucoxene concentrate s as being due to the 

early destruction of the ilmenite lattice during alteration. They 

also reported the presence of hematite in all samples and concluded that 

it is a definite constituent o f leucoxene. 

Karkhanavala and Momin (1959a) investigated the alteration of i lmenite 

o 
experimentally by heating ilmenite samples at temperatures between 30 

They reported that heating ilmenite at 650
0

C for periods 

of up to 72 hours produced cryptocrystalline mixtures of hematite "'i th 

small amounts o f rutile. . 8 0 . Heatlng at 50 C produced pseudobrooklte, 

rutile and hematite . They concluded that these heating products are 

identical to naturally occurring leucoxene and suggested that the slow 

oxidation of ilmenite might occur in a "few hundred years" under the 

sl i ghtly elevated temperature conditions prevailing on tropical beaches . 

Karkhanavala and Momin (1959b) investigated the phase relationships in 

the Fc
2

0
i
- Ti0

2 
system under both dry and hyJrothermal conditions and 

They failed lo sYllth-
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esise this phase under dry conditions, but reported the formation of a 

phase identical to arizonite under hydrothermal conditions . They con~ 

cluded that this phase is unstable under atmospheric conditions at 

o temperatures above 500 C and noted that it would also probably be un-

stable at lower temper atures . 

Karkhanavala (1959) reported that the x-ray powder diffraction d,,+.a of 

the synthetic arizonite prepared earlier (Karkhanavala a~d Momin , 1959b) 

compared favourably with that of the or i ginal material. He cor.cluded 

that there is no just i fication for regarding the x- ray pattern of nat -

ural arizonite as b"ing composed of a mixtur e of hematite , anatase, 

rutile and ilmenite. He noted that the limited success he had obtainel 

in synthesising ar izonite under hydr othermal conditions supports ics 

uccurrence as a rare mine ral in nature. 

Kar khanavala (1959) suggested that ari zonite might exist only over wi thin a 

limited stability fie l d since the hydrothermal products obtained d'lring 

He concluueci that arizi)nite Jot}s !hJt f l ' t'i!l 

US .'1 normal atmospheric weatherinf product , but might form duri :1g hyJr ___ , -

thermal alteration. 

Hartman (1959) investigated the alteration of i l men i tes in bauxite de-

posi ts and noted that the process does not operate in the s a'll'" !ean"e r 

as in beach sands. He recognised at least three types of alte rac ioll 

arid reported that the leucoxerw consists of amorphous material , armtase 

and ruti.lc. He di d not ide nti.fy nrizonite in his samplG:~ uut suggestt::!d 

Ltw.t lIl(·c:lumjc::t.l lII.ixturl~:J of finely di.vi.aed 'rio,.) and hematite j, t: tilL' l~~u -, 

COX~!lC Cl'nins might be chemically equivalent to tht:! hypotbf:-ticaJ formuli..l. 
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Lynd (1960a) published a criticism of the papers by Bailey et al. (1956), 

Flinter (1959) and Karkhanavala and Momin (1959a). He noted that the 

starting materials used by Karkhanavala and Momin (1959a) were already 

highly weathered. They contained 59 per cent Ti0
2 

and could consequen-

tly not be regarded as "ilmenites" in the heating experiments with 

the result that the value of the reported work is in doubt. 

Lynd (1960a) proposed that the terms "altered ilmeni te'" or "weathered 

ilmenite" should be used in preference to Flinter's (1959) suggested 

name of "hydroilmenite". He noted that the chemical and mineralogical 

composition of these products would vary according to the degree of 

alteration and that only minor amoWlts of water are present. He 

emphasised that the term arizonite should be restricted to the phase 

Fe
2

0
3

.3Ti0
2 

as originally defined since other uses would be misleading. 

Lynd (1960a) also recommended that the term "leucoxene" be used as a 

general term for alteration products containing titanium. 

Lynd (1960b) investigated the mechanism and r ate of ilmenite weathering 

by determining the effect of various dilute reagents on originally fresh 

ilmenite at temperatures between 45 and 500 C. He demonstrated that 

the weathering process is extremely slow and appears to be favoured by 

low pH conditions. He noted that the ilmenite is most readily attacked 

by acid solutions along twin lamellae and the crystallographic ( 'JOOI) 

directions . He concluded that the most effective weathering agents 

are likely to be humic and sulphuric acids in rain and ground water. 

Sea water and other weakly alkaline solutions do not attack ilmenite 

appreciably. 

Flinter (1960) re-affirmed that the term "arizonite" should be applied. 

to the final recrystallised stages of leucoxene formation. 
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suggested that the pseudobrookite present in the leucoxene samples de~· 

scribed by Karkhanavala et al. (1959) is not an alteration product, but 

might be a primary phase derived from the source area. 

Dyadchenko and Khatuntseva (1960) reviewed the Russian contributions on 

the subject of ilmenite weathering and concluded that alteration occurr~ 

ed according to the following scheme: ilmenite __ hydrated ilmenite __ 

arizonite--.leucoxene __ rutile (anatase or brookite). They presented 

chemical data which indicates that arizonite might exist as an inter~ 

mediate phase in the alteration process. They suggested that leucoxene 

might be formed as a colloid and that the Ti02 polymorphs formed dur i ng 

the crystallization of this phase. 

Golding (1961) reviewed the nomenclature and genesis of leucoxene and 

suggested that the unqualified term " leucoxene" should be restricted to 

"material containing at least 75 per cent Ti0
2

, and consisting pre~ 

dominantly, say 90 per cent by volume , of particles having a maximum 

short diameter of 5 microns". He noted that the leucoxinization pro~ 

cess usually involves decomposition and differentiation under weather~ 

lng , deuteric or hydrothermal condit i ons. He concluded that the pro~ 

cess will be controlled by weathering factor s ;such as environmental 

hydrology , pH and Eh as well as the crystal structure , physical and 

chemical properties of the ilmenite crystal. 

De la Roche et al. (1962) examined ilmeni tes from south eastern Madaga~ 

scar Leach sands and compare<l them with ilmenites in the country rocks 

in the hiuLer-land .. 

cxtreme.1y slow process that invol ves the oxiuation and remo val of' tile 

iron while the Ti02 is retained in an a:!lorpho lls state. 
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Teufer and Temple (1966) investigated grains of altered ilmenite from 

commercial ilmenite concentrates by means of single crystal x-ray 

diffraction techniques. They identified a new phase with a composit -

ion approximating Fe
2
Ti

3
0
9 

which they named pseudorut.ile . They re -

. ported that it exhibited hexagonal symmetry and is the major co,-,stit~ 

uent of the alteration products. They also noted that the small 

amounts of co-existing ilmenite and rutile could easily be di stinguished 

on the basis of their x-ray diffraction patterns. 

Templ e (1966) investigated the alteration of ilmenite by means of ore

microscopy , elect ron microprobe and x-ray diffraction techniques. 

He noted that the process involves oxidation and progressive removal 

of iron so that the residual product consists essentially of Ti0
2

• 

He reported that the alteration process commences along grain boundaries 

and structural discontinuities in the ilmenite resulting in oxidation 

and partial removal of the iron from the ilmenite lattice. Thes~ 

changes result in the formation of pseudobrookite which contains be

tween 65 and 70 per cent Ti02 . 

Temple (1966) reported that continued alteration resulted in the com

plete removal of iron from the pseudorutile lattice and the formation 

of rutile crystallites. He noted that x- ray powder diffraction patterns 

of altered ilmenites can all be indexed 1n terms of three minerals: 

ilmenite, rutile and pseudorutile and this accounts for all the lines 

present. lle did not identify anatase , brookite or pseudobrookite i n 

hiD 3arnplt.!s. 

Temple (1966) established that the l1"on 1S removed along structural 

disconti.nuities during weathering , but noted that the iron miglIt also 

migrate tlIrou{r,h the lattice. He conclud~d that "the removal of iron 
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from the gra1n 1S caused by a migration gradient initiated at the 

structural interface and facilitated by the slight reduction in size 

of the Fe atom due to oxidation from the ferrous to the ferric state". 

Gibb et al . (1969) examined ilmenites s howing var10US degree s cf 

alteration by means of Mes sbauer spectroscopy and concluded that their 

degree of alteration could be determined by this technique. They 

also reported the presence of a phase with an x-ray pattern appj:oximat-

ing that of Fe20
3

. 3Ti02 amongst the alteration products. 

Dimanche (1972) investigated the alteration of ilmenites in South African 

beach sands . He concluded that the process is continuous and recogn i s-

ed four distinct stages of alteration . Each stage is represented by 

a. marked increase in the Ti 0
2 

content of the alteration product and a 

change in the optical properties . He reported that the cryptoc rysta-

lline intermediate materials give the major x- ray diffraction peaks of 

ilmenite , rutile, goethite and possibly pseudorutile . 1'he final 

alteration products consist of rutile containing more than 90 per cent 

Rao and Ri gaud (1974) reviewed the available data on the oxidat:'-on and 

w~atherinG of ilmenite . They experimentally oxidised sample s i n air 

and dry oxye;en over the t emperature r ange between 500Q and 9000 e and 

investigated the oxidation products by means of x-ray diffracti .lIl . 

'f h,-,y r"ported that the assemblages hematite + rutile' fo r me j bet"een 

( 0 • "Ooe . d 'l h ° S ,) . jO,) and () ; hemat1te + pc-eu orut1 e over t e range 770 - :)0 C Wh11" 

.. 0 
p"eudobrookl te and rut11e formed at temperatures allove 900 c . 

Grey and Reid ( 1975) investigated the crystal structure of nat ural 

pseudorutile t hat ha.d been scparat~d from ilmenite concentrate, s . They 
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confirmed that it occurs as a maJor constituent in certain altered 

ilmenite deposits and represents a distinct intermediate alteration 

product of ilmenite. All the iron has been oxidised to the trivalent 

state in this material and one-third of it has been leached out re -

Grey and Reid (1975) suggested that the stability of pseudorutile 1S 

due to the fact that its stoichiometry corresponds to the maximum re-

moval of iron from the ilmenite structure without concomitant removal 

of oxygen. 2+ 3+ They noted that oxidation of all Fe t o Fe can occur 

and that the change in composition can be accounted for by metal i on 

diffusion and oxidation at the crystal surface as follows: 

....•.............. ( 1) 

ilmenite pseudorutile 

They further noted that the continued removal of iron by leaching to 

produce rutile must also involve the removal of oxygen as follows: 

•...•.•.. • .•••••. • •• ( 2 ) 

pseudorutile rutile 

Grey and Reid (1975) concluded that reaction (1) might occur topo-

tactically via the diffusion of iron through an essentially unaltered 

oxygen lattice while reaction (2) involves a disruption of the anion 

lattice as both iron and oxygen are removed. They further suggest 

that reaction (1) occurs predominantly in ilmenite situated below the 

water table while reaction (2) takes place under conditions prevailing 

above the water table. They proposed that an electrochemical corrosion 

model could account for the initial alteration of ilmenite to pseudo-

rutile in the zone of saturation while the alteration to rutile in the 

oxidutjon ~olle ocelU'S via a dissolution lUld reprecipitutioll proces s . 
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6.5.3 Conclusions. 

It is evident that the alteration products of ilmenite encompass a wide 

variety of mineral assemblages, the formation of which is governed 

largely by the prevailing conditions in each locality. The extremely 

fine-grained, and often amorphous, nature of the ilmenite alterat i on 

products has led to a number of conflicting reports. It is evident 

that further investigations using electron microprobe and ore-microscope 

techniQues are necessary before theproblem can be satisfactorily solved. 

It is generally agreed that the alteration process is essentially 

continuous and involves the progressive oxidation and removal of iron 

from the decomposing ilmenite. This results in a breakdown of the 

ilmenite crystal structure and the formation of amorphous or finely 

crystall ine Ti02-rich products (usually rutile and/or anatase). 

Pseudorutile might be formed as an intermediate phase in this process 

under certain conditions, but the uni vers$l occurrence of this mineral 

has yet to be demonstrate d. The alteration process commences along 

grain boundaries and other permeable features and migrates into the 

ilmenite, often along (0001). The areas of alteration increase at 

the expense of the ilmenite until the original grain is completely 

destroyed. 

No universally acceptable system of nomenclature has yet been evolved 

for the ilmenite alteration products. The existing terminology, 

especially the word "leucoxene", has been used by various authors to 

describe various materials. It is suggested that the term "leueoxene" 

should be retained for use in the widest possible sense to describe 

fine-grained, Ti02-rich alteration products as proposed by Allen (1949, 

1956). The actual mineral phases present ln an ilmenite alteration 

product should, however, be used whenever their identification is 
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possible . 

7. THE IRON TITANIUM OXIDES AS PETROGENETIC INDICATORS. 

7.1 Introduction. 

The non titanium oxides are minor, but important consitutents of the 

majority of igneous rock types. Their importance has been summarised 

by Buddington and Lindsley (1964) who stated that "the iron- titanium 

oxide minerals also provide important paragenetic information on the 

rocks contai ning them, and can serve as a useful geological thermo-

meter and oxygen barometer '''. Many aspects of the behaviour, compo-

sitional variation , microstructural development and mutual relation

ships between these minerals and their petrogenetic sienificance have 

already been discussed in the foregoing sections. This review is 

confined to a discussion of the Buddington-~indsley geothermometer 

which is receiving increasing attention in the geological literature. 

7.2 The Buddington- Lindsley Geothermometer. 

The phase relatiouships between co-existing ·titaniferous magnetite and 

ilmenite were investigated experimental ly by Lindsley (1962 , 1963) who 

demonstrated that their compos itions are essentiall y functions of 

temperature and oxygen fugacity. Buddington and Lindsley (1964) re-

viewed the compositions of co-existing iron-titanium oxides in a 

wide variety of igneous rock types and concluded that Linusley's 

(1962 , 1963) experimental data could be used to determine the temper

atures and prevailing oxygen fugacities under which the oxides crysta

llised, 

Buddington and Lindsley (1964) reported that their inferred t emperatures 

were "i.rni.lar to those obtained by other techni'lucs, but noted ti,at the ; r 

tcmpe r'atltrc: r esults fCIl' gabbros were too low. Ifhey cone luded that thi.s 
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was due to post-crystallisation, external granule exsolution of ilmenite 

having taken place. They assumed that the minor amounts of foreign 

elements such as Mg, Al and V present in the oxides would only have a 

small effect on their phase relationships . 

7.3 Application and Criticism of the Buddington-Lindsley Geothermometer. 

Amongst the first practical· applications of the Buddington-Lindsley 

geothermometer was that of Carmichael (1967a). He determined the 

temperatures at which silica-rich volcanic glasses were Quenched on 

the basis of electron microprobe analyses of the iron-titanium oxide 

phenocrysts. He assumed that the Fe-Ti oxides do not re - eQuilibrate 

rapidly with the result that any interaction between ilmenite, titani-

ferous magnetite and the magma would cease at the time of Quenching . 

Carmichael and Nicholls (1967) investigated the application of the 

Buddington-Lindsley geothermometer to a variety of volcanic rocks and 

noted that it would only be applicable l n cases where the oxidation 

state of the Fe i$ controlled only by the oxygen fugacity. They 

. 3+ 2+ 
r eviewed the avallable data and concluded that the Fe /Fe ratios 

in natural magmas are also controlled by their bulk composition and 

alkali content in addition to the oxygen fugacity . They noted that 

this would also influence the compositions of co- existing oxide phases. 

They suggested that the Buddington-Lindsley geothermometer would have 

to be calibrated for magmas of varying composition . They noted that the 

geothermometer might be applicable to a narrow range of basaltic magmas, 

but that the largest corrections would have to be made for the oxide 

assemblages in sialic volcanics, particularly the peralkaline rhyolites 

and phonolites. 

AnderBon (l968a) applied the Buddington-Lindsley geothermomc ter HI an 
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investigation of the oxygen fugacities and crystallisation temperatures 

of alkaline basalts and related magmas from Tristan da Ccmha. He 

determined the compositions of the co-existing oxides by means of the 

electron microprobe. He based his conclusions on the assumption that 

any reaction between the phenocrysts and magma that occurred after 

eruption, but prior to solidification occurred without commwlication 

with outside oxidising and reducing agents . He noted that this 

assumption is consistent with the subsolidus temperature range over 

which oxidation was shown to occur in Hawaiian and Icelandic b~salts 

by Sato and Wright (1966) and Watkins and Haggerty (1967). 

Anderson (1968a) noted that the temperature, f02 and Ti02-activity 

might vary from place to place within a basaltic magma with the result 

that it cannot be assumed that separate crystals of ilmenite and 

titaniferous magnetite crystallised Wlder identical conditions. He 

also noted that the geothe~mometer could only be applied if the co-

existing oxide phases are in equilibrium. He concluded that mutual 

saturation and reaction (i. e . equilibrium) would only be attained at 

the interface between neighbouring opaque oxide s so that analys~s of 

these oxides should be made within 10 micrometres of these points . 

Anderson (1968a) noted that the iron- titanium oxide phenocrysts changed 

in composition away from their mutual grain boudnaries and concluded 

that i t 1S i ndicative of disequilibrium in terms of f0
2

, and Ti02-activity 

or both if the temperature remains constant. He stressed that the 

textural relationships should also be examined 1n detail before analyses 

are made :3ince misinterpretations might easily a r1!J l!. An an eXUluple 

he described the relationships in certain trLLr:hybasalLs HI whit'll tile 

ferrian ilmenite appeared to be Wlstable with re3pect to the magm:J. . 

He noted that this ilmenite is never in direct contact with the eroWld-
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mass or glass , but is separated from it by titaniferous magnetite or 

augite. He reported that the ilmenite contains magnetite intergrowths 

which he interpreted as r educed hematite. The hematite content of the 

ilmenite dec r eases towar ds thetitaniferous magnetite contact indicating 

that partial adjustment to relatively reducing conditions had occurred . 

He concluded that this i l menite was introduced into the trachybasalt 

magma as xenocryst s or phenocrysts inherited from a more Qxidised magma. 

The ferrian ilmenite subsequently reacted with the trachybasalt r..a.gma 

and titani fe rous magnetite grew as a product of the reduction of the 

ferrian ilmenite while the magma also gained Ti0
2

. Utilisation of 

the analys es of these co- existing, non-equilibrium, oxide phases would 

obviously y i eld incorrect results on the Buddington- Lindsley geotherm

ometer. 

Anders on (1968b) also investigated the applicat i on of this technique 

to oxide mineral s in the plutonic LaBlache Lake t itaniferous magnetite 

deposits . He noted that the oxide assembl age in most pluto~i c rocks 

is either three-phase (magnetite + ulvosp i nel + ilmenite) or two-phase 

(magnetite + ilmenite) or relict two- phase (ilmenomagnetite + i l menite). 

He pointed out that interpretatio~ of equi librium relationships between 

the various co- e xisting and exsolved phases is difficult . He noted 

that it is necessary to determine whither the disc r et e or granular 

ilmenite in a rock last equilibrated with a homogeneous magnet ite 

rulcestor or whet he r equil i brium was attained between the granular ilmen 

ite and the magnetite phase of the complex titaniferous magnetite 

i.ntergrowths . 

Antler-son (1~6ill» ;,-eporteu that the hematite content:; of the r:r""l'll.·lr 

ilmenite and lamell ar ilmenite ir,tergr owths are id-entical and t hat thei r 

oxygen-isotope ratios are also the same. He suggeated that the cooling 
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rates of plutonic rocks are sufficiently slow for the maintenence of 

equilibrium between discrete granular ilmenite , ilmenit e lamellae In 

titaniferous magnet i te and the magnetite phase of titaniferous magne-

tite. He concluded that it is the r efore not possible to establish the 

hemat i te content of the discrete granular ilmenite that was the 

equilibrium associat e of the homogeneous ancestral titaniferolls magnetite . 

Anderson (196Bb) noted that the hematite content of ilmenite co-existing 

with titaniferous magnetite will decrease if cooling taked place in 

a closed system devoiQ of other oxidising agents. The result of this 

is that the hematite contents of the ilmenites represent mlnlma so that 

the apparent temperatures and oxygen fugacities are also ml nlma. He 

concluded that the LaBlache Lake deposit had cooled under closed condi

tions and obtained temperatures close to BaaoC for many of his ilmenite-

poor samples us i ng the geothermometer. He consequently suggested that 

the cl~sed system exsolution and/or oxidation-exsolut i on of ilmenite 

from titaniferous magnetite ceased at temperatures above Baaoe . 

Anderson (196Bb) reported that oxi dised speclmens of the opaque oxides 

are very much mor e difficult to interpr et since the hemati te content of 

the ilmenite might be augmented. He noted that the augmented hematite 

content of the ilmenite will give· fictitiously high temperat ures and 

r elative oxygen fugacities when all the ilmenite derived by oxidation

exsolution is retained as intergrowths in the titaniferous magnetite. 

Conversely , the deduced temperatures will be too low , while the corre

sponding relative oxygen fugacities will be apparently variable when 

most of the ilmenite derived by oxidation- exsolution forms granular 

ilmenite . He noted that this would depend on the relative importance 

of exchange reactions with the titaniferous magnetite and the amount 

of hematite produced by oxidation of the magnet ite. He concluded that 
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the application of the Buddington-Lindsley geothermometer to plutonic 

rocks containing external granule ilmenite will produce evidence of 

the recrystallisation conditions rather than those of igneous crysta-

llisation. 

Gromme et al. (1969) investigated the application of the Buddi!1,:ton-

Lindsley geothermometer to basaltic complexes collected from the cool -

ing Alae and Makaopuhi lava l akes. The s~mples were collect2d by 

core-drilling into the solid and semi- solid lava. The drill i ng fluid 

E:ffecti vely quenched the s ample.s which . were representative of a temp-

erature range from 25
0

C to 1050
0

C. The correspondi!1g tenperatures 

and oxygen fugacities were determined by measurement down the boreh01e, 

The co-existing oxides were analysed by means of electron microprobe 

and the experimental temperature and oxygen fugacities compared with 

the true .values. 

Gromme et al. (1969 ) noted that the experimentally d~termined tempera

tures were approximately 1000C ( and up to 4000C) higher than the 

dire ctly measured values. They concluded that the re- equilibration 

temperatures o f the oxides exhibit a lag of approximate l y 1000C behind 

the temperature as the lava cools. They also noted that the content 

of opaqLle oxides in many lavas is too low for the ilmenite to have 

reactecl wi t h the ti tanomagneti t e to buffer the oxyger, fugacity. 

Spei Jel (1910) investigated the phase relationships between co-existin ~; 

rhombohedral and spinel phases in the MgO-FeO-Fe
2

0
3
-Ti0

2 
systen, at 

temperatures between 13000 and 11600c under various oxygen fugacities. 

He noted that small amounts of MgO influence the phase relat i onships 

ln this system at elevated temperatures and noted that 4 per cent by 

mass of MgO in titanomagnetite at 11600c is sufficient to change the 



212 

oxygen fUgacity by one order of magnitude. This suggests that the 

presence of small amounts of other elements might not be negligable as is 

usually assumed. He noted that the effect is less apparent at lower 

temperatures and can be partly offset by allocating the Mg to both 

MgTi0
3 

and Mg2Ti04 in the mineral calculations. 

In spite of the problems inherent in uSlng this geothermometer numerous 

attempts were made to apply this technique to volcanic (e.g. Evans and 

Moore , 1968; Smith and Carmichael, 1969; Lipman, 1971; Anderson and 

Wright, 1972; Wass, 1973; Fodor, 1975) and plutonic rocks (e. g. Gasparrini 

and Naldrett, 1972; Duchesne, 1972; Elsdon, 1972; Grapes, 1975; Barker 

et al., 1975; Mathison, 1975; Buchanan, 1976). Very much lower temp

eratures than expected were obtained for the plutonic rocks and the 

authors concluded that they represented temperatures at which re 

equilibration between the oxide phases ceased. 

Thompson (1975) examined the one atmosphere liquidus oxygen fugacities 

of some tholeiitic intermediate, alkalic and ultra- alkalic lavas ex

perimentally and compared the results with those obtained using the 

compositions of natural oxides. He concluded that the iron- titanium 

oxide phenocrysts in lavas undergo partial sub- liquidus re-equilibration 

during the further crystallisation and quenching of the rock, even when 

it is very fine grained. He discussed various aspects of the applica-

tion of the Buddington- Lindsley geothermometer and concluded that the 

compositions of phenocrysts cannot be used without reservation to de

termine the liquidus conditions under which they formed. 

Bowles (1976) obtained different t emperature results for several ilmen

ite-titaniferous magnetite pairs in the same polished section. lie 

concluded that different oxygen fugacities can exist, at least locally 
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within an igneous r ock . He suggested that this might be due to the 

existence of small pockets of residual fluids in the interstices between 

grains after the bulk of crystallisation and these would control the 

oxygen fugacity directly. He noted that many of the earlier reports 

had assumed that the compositions of theco-existing oxide phases in a 

rock were identical and should be regarded with caution. 

Whitney and Stormer (1916) compared the r esults of the Buddington-Lind

sley geothermometer with those obtained uSlng a two-feldspar technique 

in epizonal granitic intrusions. They obtained similar results from 

both those techniques and concluded that the oxides re-equilibrate 

on cooling to the solidus . 

Bohlen and Essene (1911) obtained comparable results using both the 

oxide and feldspar techniques in an investigation of granulites. They 

reported that the titaniferous magnetites contain ilmenite intergrowths, 

but they successfully calculated the bulk compos itions of these grains 

by analysing the two phases and determining thei r relative amounts by 

point counting. Gasparrini and Naldrett (1912) had also used a 

similar technique to determine the bulk compositions of the Sudbury 

titaniferous magnetites. 

Himmelberg and Ford (1911) examined the co-existing oxide assemblages 

in the Dufek I~txusion and obtained a range of temperatures usi~g the 

Buddington-Lindsley geothermometer. They attempted to determine the 

original compositions of the high-temperature unexsolved oxide phases. 

These attempts were generally unsuccessful and they concluded that 

reconstructions of this sort are very difficult due to th" complex 

post-crystallisation changes that occur in the oxide minerals. 'rhey 

noted that the lower tempera.tures reflected equilibration at different 
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stages during cooling in agreement with other results on plutonic rocks 

(e . g . Anderson, 1968b; Duchesne , 1972 ; Mathison, 1975). 

Bowles (1977) suggested that the compositions of different sized 

ilmenite lamellae in an exsolved titaniferous magnetite grain might be 

useful i n determining the temperature conditions unde r which they 

formed . His technique involves modal analys es and microprobe analyses 

of the var i ous phas es and then a reconstruction of the ir compositions 

at different stages of the cooling process . He determined the compo-

siton of a grain of granular ilmenite and calculated the bulk compo-

sition of a co- existing titaniferous magnetite . He concluded that the 

corresponding t emperature represents the temperature at which exte r nal 

granule exsolution ceased . Similarly he determined the compositions 

of coarse lamellar ilmenite and the bulk composition of t he remainde r 

of the titaniferous magneti te host. This gives t he t emperature at 

which coarse lamellar development ceased . 

'rhe accuracy of these results is in doubt because of t he inherent pro

blems associated with modal analyses of these fine-grained intergrowths 

and the limited number of gruins in a polished section. Similar l y 

certain assumpti ons have to be made regarding what represented original 

co-existing grains . Bowles (1977) mentions a discussion of probable 

.errors in thi s method that is "in the press ", but this is unfortunately not 

yet available. He also pointed out that various schemes can be used 

t o recalculate the electron microprobe analyses and that the temperature 

and oxy gen fugac ity values obtained can differ depending on the re-

calculat10n procedure used. 

of results difficult . 

This feature makes the direct comphl'lson 

Powell and Powell (191'() noted that the intersecting contours on the 
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widely-used temperature-oxygen fugacity diagram of Buddington and Lind

sley (1964) intersect at low angles and are almost sub-parallel in 

places. This results in uncertainties, particularly in the cas e of 

co-existing FeTi0
3
- rich ilmenites and Fe

2
Ti0

4
-rich magnetites. They 

reformulated the experimental data of Buddington and Lindsley (1964) 

on a thermodynamic hasis in s uch a way that this problem is largely 

overcome. They produced a graphical determination method in which the 

concentration of ulvospinel in magnetite is plotted against the concen

tration of ilmenite in the ilmenite- hematite solid solution. The 

temperature is indicated on the graph by means of sets of univariant 

isotherms and the system 1S independent of oxygen fugacity. They 

also produced a similar diagram tha t 1S independent of temperature 1n 

which the oxygen activity is plotted agai nst the mineral compositions . 

Powell and Powell (1977) stressed that their results are strictly only 

applicable to binary solid solut i ons and should only be used for Fe-Ti 

oxides t hat are close to the theoretical end- members 1n composition . 

They also commented on the possiblety of obtaining different results 

when uS1ng different methods of recalculating the electron microprobe 

analyses . They suggested that the analyses be re calculated in such 

a way as to yield maximum and min i mum values so that the differences 

between them can be taken as an indication of the maximum uncertainty 

in the determinations. 

7.4 Conclusions. 

The Buddington- Linds l ey geothermometer represents a petrogenet ically 

important method for determining the temperature and oxygen fugacities 

i n i gneous rocks . The method suffers from the same i nherent problems 



216 

as many other techniques that require the extrapolation of experiment

ally determined data on simple systems to more complex , multi-component 

natural situations. The technique is most easily applied to pheno-

crysts or microlites in quenched lavas , but even here, equilibrium 

problems arise as discussed by Carmichael and Nicholls (1967), 

Anderson (1968a) and Thompson (1975). 

The application of the technique to more slowly cooled oxide gra~ns 

requires assumptions as to what were co-existing equilibrium assem-

blage s at various stages during cooling . The lack of sui table methocis 

for determining bulk mineral compositions of complex grains with tne 

microprobe provides added problems. The temperature results obtained 

from plutonic rocks are inevitably low and are usually inferred to 

represent t emperatures at which re - equilibration ceased (usually between 

6000 and 80aoC). 

Results obtained by t he Buddingt on- Lindsl ey geothermorneter are being ~n

creasingly reported in petrologic studies and it can now be regarded 

as a standard technique. Unfortunately there is a tende~cy to quote 

the determined temperatures and oxygen fugacities without presenting 

the analytical data, let alone a detailed mi croscopic description of 

the opaque oxides. It is apparent from the foregoing review that many 

pitfalls await those who attempt this technique without a thorough 

understanding of the behaviour of the iron-titanium oxides durinG sub

liquidus cooling of igneous rocks. 

8. CONCLUDING REMARKS. 

This literature review has highlighted some of the complex problc,ms 

posed by the i r on-titanium oxides encountered during the investigations 

reported in Parts 2 and 3 of this thesi s. It conveys some idea of the 
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present state of knowledge about certain aspects of these minerals and 

it is evident that a great deal of research is necessary before this 

system is completely understood. 

The theoretical models of microstructure development proposed in this 

review have direct application to natural systems and form the fr ame

work within which interpretations in the following sections are based. 

The nature and behaviour of the iron-titanium oxides in a wide variety 

of igneous rocks are interpreted in terms of their development being 

controlled, not only by the initial crystallisation conditions, but 

also by various post-crystallisation processes. 
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PART II 

THE CO-EXISTING IRON-TITANIUM OXIDES IN SOME SOUTH AFRICAN INTRUSIVE IGNEOUS 

ROCKS AND BEACH SANDS. 

1. INTRODUCTION. 

The iron-titanium oxides occur as primary accessory phases in a wide variety 

of igneous rocks. Ilmenite and titaniferous magnetite are the most common-

ly encountered primary members of this mineral group and are present 1n a 

wide range of intrusive igneous rock types ranging from ultrabasic through 

basic to Si02-rich types. The high-temperature oxidation products of these 

minerals (pseudobrookite and hematite) are encountered in some sub-aerially 

erupted lavas while their secondary alteration products (hematite and 

leucoxene) are common in the zone of atmospheric weathering. 

The iron-titanium oxides are becoming increasingly important as petrogenetic 

indicators, 'but surprisingly little is known about their compositional varia-

tion and mutual relationships in certain igneous rock types. The aim of 

this section is to present new data and summarize the available information 

on the co-existing iron-titanium oxides (largely ilmenite and titanife rous 

magnetite) in a variety of igneous rock types ranging from kimberlite to 

granite. 

2. THE ECONOMIC SIGNIFICANCE OF THE IRON-TITANIUM OXIDES. 

Ilmenite is the most economically important iron-titanium oxide in many 

igneous rocks, but it is only rarely present in sufficient concentrations to 
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warrant consideration as an ore. Ilmenite is, however, released during 

weathering and it is incorporated as a common detrital heavy mineral con

stituent in many sandstones and other sedimentary deposits as it is rela tive-

ly stable under normal transportation and weathering conditions. Natural 

processes often concentrate this ilmenite along with other heavy minera ls 

to such an extent that their exploitation becomes economically feasible. 

An increased demand for ilmenite as a r aw material for Ti02-pigment manu

facture (Roskill, 1971) has led to the investigation of many ilmenite-

bearing sedimentary deposits in South Africa. Interest has been focussed 

largely on deposits in the Ecca sandstones of the Transvaal and Free State 

(Behr, 1965) as well as the coastal sand dunes that are developed in certain 

localities (Coetzee et al., 1957; Nel and Koen, 1960; Dimanche, 1972). 

The coastal dunes contain the most economically viable deposits. Ilmenite 

has been produced at Umgababa on the Natal South Coast (Nel and Koen, 1960) 

and at Morgan's Bay in the Transkei. Production of high-titania slag and 

and p1g iron from ilmenite concentrates has recently commenced at Richard's 

Bay and utilizes material recovered from coastal dunes in the vicinity. 

The presence of minor quantities of Cr, Mn and Mg 1n the ilmenite concentrates 

is undesirable since these e l ements, particularly Cr, can adversely effect the 

colour of the Ti0
2
-pigment and consequently decrease the value of the ore. 

These elements are often present in the ilmenite and can not always be 

ascribed to the presence of other associated minerals such as chromite, with 

the result that they cannot be removed by conventional ore-dressing techniques. 

A knowledge of the compositional range of these ilmenites and their probable 

source rocks would consequently be of importance in the appraisal of benefic

iation tests on ilmenite concentrates produced from secondary deposits. 

The ilmenites from kimberlites are characteristically Mg-rich and, although 
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they are of no economic importance 1n themselves, they are widely used as 

indicator minerals during prospecting operations (e.g. Besson, 1967; 

Cervelle et al., 1971; Frick, 1973a). A thorough knowledge of the chemical 

variablity of ilmenites from a wide range of igneous rock types is also 

essential in this context. 

Titaniferous magnetite also becomes concentrated along with ilmenite in these 

heavy mineral deposits but is not usually of any econom1C significance. 

Primary titaniferous magnetite is found concentrated in discrete layers in some 

stratiform basic intrusions and this topic is covered in Part 3 of this thesis. 

3 SCOPE OF THE PRESENT INVESTIGATION. 

The principal aim of this study is to investigate the nature and occurrence 

of the iron-titanium oxides, in particular ilmenite, in a variety of South 

African intrusive igneous rocks. The co-existing opaque oxides in a number 

of rock types ranging from kimberlite to granite pegmatite were investigated 

microscopically using incident light techniques. The compositional ranges 

of the ilmenites from the different rock types were established by means 

of wet-chemical and electron microprobe analyses. 

obtained from the literature. 

Additional data were 

The ilmenites from the various rock types were characterized by means of 

reflectivity and micro-indentation hardness measurements while their unit 

cell dimensions were determined using x-ray diffraction techniques. The 

possibility of determining the chemical composition of the ilmenites by means 

of one or more of these properties was also investigated. The small 

compositional range shown by the ilmenites from most common igneous rocks 

prevented the application of these indirect measurement techniques except 

in the case of the kimberlitic ilmenites which can readily be distinguished 
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on the basis of a number of parameters. 

The co-existing titaniferous magnetites are, 1n contrast, characterized by 

the extensive development of complex microintergrowths. These intergrowths, 

often on a micrometre scale, interfere with the measurement of reflectivity 

and lnicro-indentation hardness so that the value of the measurements is doubt

ful. These properties were consequently not determined. These grains were 

not analysed by means of electron microprobe in view of the problems present-

ed by the extremely fine-grained intergrowths. Bulk chemical analyses of 

titaniferous magnetite concentrates, although desirable, were not undertaken 

in view of the large number of analyses presented in Part 3 and the costs 

involved. 

The analytical data presented in this section are confined largely to the 

discrete ilmenite grains in the various rock types. The data presented 

for the co-existing titaniferous magnetites are largely of a descriptive 

nature and are concerned mainly with microstructural development in view 

of the difficulties in determining their other parameters accurately . 

This study was confined to the mineralogical investigation of the opaque 

oxides in the rocks examined. Thin sections of rocks were examined in 

transmitted light in order to confirm their identity and check for possible 

post-crystallization alteration. The co-existing sili~ates were not 

examined in detail since the compositional variations and optical properties 

of the major rock-forming silicates are already well known. The composition-

al variations between the ilmenites from the basic and Si0
2
-rich rock types 

also proved to be much less than those exhibited by their co-existing feld-

spars and pyroxenes. No attempt was made to relate the compositional var-

iations of the Fe-Ti oxides to similar changes in their co-existing silicates 
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ln view of the large number of mineral analyses that would be required and 

the costs involved. 

Trace element studies, particularly of Ni, Cu, Co, Zn, Zr and Nb would have 

been invaluable in this study since these elements might be expected to show 

a much greater · variation than the major and minor elements for which analyses 

were made. Analyses of this nature were, unfortunately, beyond the scope 

of this study. 

4. METHODS OF INVESTIGATION. 

1). Samples of suitable host rocks were collected from surface outcrops during 

field excursions or were obtained from reliable sources. Iron-titanium 

oxides from the following rock types were examined: kimberlites (ilmenite 

only), gabbros, norites and gabbronorites, Karroo dolerites, diabases, 

syenites, granophyres, granites, and pegmatites. 

Eastern Cape beach sands were also investigated. 

The ilmenites in ten 

2). Thin . sections were prepared for microscopic examination ln transmitted 

light in order to confirm the identity of the host rock and check on the 

possible presence of post-crystallisation alteration features. 

3). Polished sections of the host rock were prepared for microscopic examina-

tion ln incident light . These sections were used to examine the mutual 

relationships between the co-existing opaque oxides and their mlcro

structures . 

. 4). Repre~entative portions of the rocks were crushed and ilmenite and 

titaniferous magnetite concentrates prepared as described in Appendix 1. 

5). Polished sections of the ilmenite and some of the titaniferous magnetite 

concentrates were prepared. These sections were used for reflect ivity 

and micro-indentation hardness determinations as well as for e lec tron 

microprobe analyses. 

6). Wet chemical analyses were carried out on 38 of the ilmenite concentrates 
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for which sufficient material (more than 0,5 g) was available. 

7). The unit cell dimensions of the Karroo dolerite and kimberlite ilmenites 

were computed using x-ray powder diffraction data. 

5. TECHNIQUES, APPARATUS AND OPERATING CONDITIONS. 

5.1 Introduction. 

The experimental and analytical studies embodied in this section were largely 

carried out at Rhodes University and at the National Institute for Metallurgy 

(NIM) over a period of five years. Additional microscopic investigations, 

ref lectance and micro-indentation hardness determinations were made at 

University of Port Elizabeth. The nature and types of apparatus available 

at these three institutions differ and only results that were obtained on 

similar equipment under similar operating conditions have been compared. 

5.2 X-ray Diffraction Studies and the Determination of Unit Cell Parameters. 

5.2.1 Introduction. 

The objective of the x-ray powder studies was to determine the unit cell 

parameters of the ilmenites and investigate any dimensional changes caused 

by compositional variations of this mineral. The possibility of utilising 

certain peak positions (two-theta angles) as an indicator of ilmenite 

composition was also investigated. Qualitative x-ray determinations were 

carried out at Rhodes University while quantitative measurements were made 

at NUL 

5.2.2 Qualitative x-ray diffraction studies . 

Purified ilmenite concentrates covering the range of samples investigated in 

this study were analysed at Rhodes University using the G. E. C. XRll 3 

x-ray diffractometer with a xenon detector available at that time. Fe

filtered Co radiation was used and the samples were run at a scan speed of 

10 2-theta per minute. The rating of the Co-x-ray tube required operation 
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at low kV and rnA settings in order to keep the output below 600 watts. The 

diffractometer was calibrated using a pure quartz sample on the basis of 

the published d-spacings of Frondel (1962). The optimum operating condit-

lons were determined by means of an extensive series of investigations 

involving the evaluation of variables such as kV, rnA, time constant, count

ing rate, different beam, soller- and receiving-slits and chart speed. 

The utilised operating conditions yielded only be tween 8 and 10 useable 

reflections, mostly in the low two-theta angular range that correspond to 

the most intense ilmenite peaks on the diffractogram. Determinations 

of the weaker high 2-theta reflections were also complicated by the high 

levels of background caused by secondary radiation and inadequate pulse-

height discrimination circuitry. The k-alpha doublet was only poorly 

resolved, even at the highest 2-theta angle for which useable reflections 

were obtained (hkl = 2,1,10). The possible use of quartz as an internal 

standard during the diffractometer runs was investigated, but without 

success. The presence of the quartz merely reduced the intensity of cer-

tain ilmenite peaks so that they were not adequately resolved. 

quartz peaks also overlap with those of ilmenite. 

Certain 

The unit cell dimensions of the analysed ilmenites were calculated by means 

of the least-squares refinement of the diffraction data using the computer 

programme of Appleman and Evans (1973). The results obtained were un-

satisfactory and indicated an unacceptably high standard deviation between 
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the measured d-spacings and those calculated on the basis of the determined 

unit cell parameters. A relatively large variation in the unit cell 

parameters of ilmenites that are chemically very similar was also noted, 

e.g. a variation of 0,008 R in the a-direction and 0,017 R in the c-direction 

was noted for ilmenites from Karroo dolerites. The main reasons for the 

poor results are ascribed to: (1) the l ow intensity of the Co x-radiation 

used and the resulting small number of peaks that were obtained; (2) the 

limited number of d-spacings particularly in the important high 2-theta 

range, used in the unit cell calculations; (3) the poor resolution of the 

measured peaks in the higher 2-theta ranges and the problems involved ln 

their interpretation, and (4) the lack of an internal standard with which 

the peak positions could be accurately accertained. 

The results obtained during these x-ray diffraction studies indicated that 

the d-spacings and unit cell parameters of the kimberlite ilmenites are 

different from those of ilmenites from a wide range of other igneous rocks 

and might serve as a basis for distinguishing between them. The measured 

d-spacings of the i1menites from the whole range of other investigated 

igneous rock types showed a limited variation. Their calculated unit cell 

parameters also differed by a maximum of 0,01 R in the a-direction and 0,02 R 
in the c-direction. These variations could not be related directly to 

compositional differences between the ilmenites and are not significantly 

greater than the range of values shown by the Karroo dolerite ilmenites. 

It was concluded that the range of calculated cell dimensions obtained for 

the non-kimberlite ilmenites is due largely to inaccuracies in the x-ray 

diffraction studies as discussed above. This conclusion is supported by 

the chemical analyses of these ilmenites which show only minor compositional 

differences between those minerals from different rock ·types. These results 

also showed that it would not be possible to dist inguish minor compositional 
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differences in the ilmenites on the basis of x-ray powder data . The larger 

compositional differences exhibited by the kimberlite ilmenites, are, 

however, reflected by noticeable changes 1n the position of their x-ray 

refl,ections (two-theta angles) and unit cell dimensions. This aspect 

appeared sufficiently interesting to warrant a more detailed study and 

this investigation was shelved until a diffractometer capable of 

greater resolution became available. 

5.2.3 Quantitative x-ray diffraction studies. 

5.2.3.1 Introduction. 

It was decided on the basis of the earlier x-ray diffraction studies to 

confine this investigation to ilmenites from kimberlites and one other 

19neous rock type. Karroo dolerite ilmenites were selected for this study 

since they had been characterised by the other mineralogical techniques 

and are compositionally close to the theoretical ilmenite end-member 

composition. Their compositional range is also typical of ilmenites from 

a wide range of basic igneous rocks. The co-existing titaniferous magnetite 

and its intergrown ilmenite were also subjected to detailed x-ray powder 

diffraction studies. 

5.2,3.2 Apparatus. 

. ' d1'ffract1'on studies were carried out using equipment The quant1tat1ve x-ray 

in the Mineralogy Division at NIM. A Philips PW 1140/00 3 kw x-ray genera-

tor fitted with a Philips RW 1050/25 wide angle goniometer having a tolerance 

of : 0,00250 two-theta and a reading accuracy of 0,01
0 

two-theta was used. 

The x-radiation was produced by a Philips 2 kw PW 2256/00 broad focus Co 

x-ray tube with the instrumentation being provided by a Philips PW 1325 

- ---_. 
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instrument panel. The radiation detector was fitted to an x-ray focussing 

monochromator using a curved graphite crystal and manufactured by Advanced 

Metals Corporation, Burlington, Massachussetts. 

5.2.3.3 Calibration and operating conditions. 

7he graphite monochromator was fitted to the diffractometer and the entire 

instrument was carefully aligned and checked by a trained Philips technichian 

immediately prior to these series of determinations. The equipment was 

calibrated using the standard pressed silicon disc supplied with the 

diffractometer for this purpose. The resolution of the k-alpha doublet 

for the (311) Si peak at 66
0 

two-theta was checked by comparison with a 

standard diffractometer trace supplied with the monochromator and made 

under optimum condi tions . The monochromator was adjusted until comparable 

results were obtained in which the k-alpha doublet was clearl y resolved with 

the intensity of the k-alpha} peak being twice that of the k-alpha 2 peak. 

The resolution of the k-alpha doublets and their correct intensity ratio 

represent a sensitive indicator of the correct alignment of the monochromator. 

This feature was checked repeatedly throughout the course of the determina

tions which were carried out over a period of approximately three months. 

The use of the graphite monochromator resulted in a significant improvement 

in intensity, resolution and peak to background ratio. This was particularly 

important in the high two-theta reglon where it became possible to measure 

peakR that could otherwise not be reHolved. The improvement could be 

clearly seen when the mono chroma ted x-ray diffractometer traces were compar ed 

with those made earlier on the same equipment and under identical operating 

conditions, but using the standard Fe-filter and slit assemblages. 
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The x-ray focussing monochromator can be considered as a narrow band pass 

filter which is set so that it transmits a band of wavelengths slightly 

wider than the k-alpha doublet (manufacturer's handbook). The increas ed 

peak intensity is due to the use of unfiltered x-radiation and different 

slit assemblages. The improvement in peak to background ratio and 

resolution was the direct result of the monochromator which effectively 

discriminates against secondary fluores cent and scattered radi ation from 

the specimen (background radiation). 

The optimum operating conditions were determined by experimentation. 

Unfiltered Co radiation was used and was generated at .a setting of 40 rnA 

and 45 kV. A goniometer scan speed of lO two-theta per minute was used 

since this produced a good resolution of the k-alpha doublet for two-theta 

o . angles above 50 and represented a reasonable speed. A chart speed of 

10 mm/min was selected to produce a spacing of 10 units per degree on the 

chart paper for easy measurement. 

A time constant of 8 was used in accordance with the operating instructions 

for the instrument which state that the time constant should be equal t o 

2/scan speed in O2 e per min for optimum conditions. The counting rate 

was adjusted for each peak in such a way that the entire peak was recorded 

on the chart paper at its maximum possible size. 

Optimum resolution of the k-alpha doublets was obtained by using a 10 

divergence slit and a to (0,125 mm) receiving slit in conjunction with 

the graphite monochromator (manufacturer's handbook) and these conditions 
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were used for all 2-theta angles below 900
• The peak intensities are 

generally very low at higher two-theta values and the use of a 40 divergence 

slit resulted in an incr ease in intensity of approximately 45 per cent 

without any loss 1n resolution. The intensity could be further increas ed 

by using a !o receiving slit when necessary and these conditions were used 

o for two-theta angles above 90 . 

The mineral powders were firmly pressed into glass-backed Philip s aluminium 

sample holders that had been ground down to approximately 0,2 mm in thi ckness. 

These holders held approximately 0,2g of sample and care was taken to ensure 

that the surface of the mineral powder was level and flush with the surface 

of the surrounding aluminium holder. No problems associated with the 

preferred orientation of the mineral grains were encountered with either 

ilmenite or titaniferous magnetite. 

5.2.3.4 Internal standard. 

The peak positions on the diffractometer traces were checked by means of an 

internal standard and corrections were applied where necessary. Silicon 

powder purchased from the United States National Bureau of Standards was 

used as the internal standard. This represents the official x-ray 

diffraction standard (SRM 640) that is prepared from electronic grade 

float-zone prepared silicon boules that are more than 99,99 per cent pure 

(Hubbard et al., 1974). 

The d-spacings and two-theta angles of this silicon standard were calculated 

for Co radiation using the following wavelengths from Fang and Bloss (l969) : 
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Co k-alpha = 1,79021 R 
Co k-alpha = 1 1,78892 R 
Co k-alpha = 2 1,79278 R 

The two-theta values calculated for the silicon standard showed no significant 

o variation in the second decimal place over the range between 20 and 138 

when compared with the values supplied with the standard Philips pressed 

silicon disc. The diffractometer could thus be calibrated using either 

the pressed silicon disc or the standard reference material when necessary. 

The silicon standard is in a finely ground form and approximately 20 per 

cent by mass of it was added to the ilmenite and titaniferous magnetite 

samples prior to analysis. The samples were then thoroughly mixed with 

the standard by grinding in an agate mortar under acetone. The samples 

were packed into the sample holders once the acetone had evaporated. 

5.2.3.5 Measurement of peak positions, ac curacy and preclslon. 

Measu rements of the peak positions of both the Si standard and the ilmenites 

or titaniferous magnetites were made according to the method suggested by 

Swanson et al. (1968). The pattern peaks were measured in the centre at 

a position averaging about 75 per cent of the peak height for low two-theta 

values. The two separate peaks were measured in the same way when both 

the k-alpha
l 

and k-alpha2 peaks were resolved at higher two-theta values. 
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The k-alpha
l 

was measured and an averaged k-alpha value determined in 

cases where k-alpha
l 

was resolved,but k-alpha2 was imperfectly resolved. 

The internal standard correction appropriate to each region was then 

applied to the measured two-theta values. Linear interpolations were 

used for regions between the standard peaks 'n cases where the internal 

standard correction varied along the length of the pattern. 

Slight peak overlap occurs between the silicon standard and ilmenite peaks 

The k-alpha
l 

peak of both these phases is, however, 

usually resolved and can be measured. Values for both k-alpha
l 

and 

k-alpha2 of ilmenite were obtained at these angles by first measuring the 

pure ilmenite without any internal standard and using the Si as an external 

calibration medium. These values were then corrected in the normal manner 

and were added to the more accurately determined values for computation. 

The (800) reflection of titaniferous magnetite overlaps with the 1170 peak 

of the silicon and this was handled in the same way as for ilmenite. The 

(311); (444), (642) and (555) reflections of titaniferous magnetite at 41 0
, 

o 0 0 95 , 106 and 134 respectively also overlap with their intergrown ilmenite 

peaks in these reg,ons. Attempts were made to measure either their 

k-alpha
l 

or k-alpha2 peaks in places where they were resolved. 

The coarse-grained ilmenites produce well defined x-ray diffraction peaks 

showing very good k-alpha doublet resolution above 720 two-theta. The 

fine intergrown ilmenite in the titaniferous magnetite, in contrast, exhibits 

fairly marked peak broadening, particularly in the higher two-theta ranges. 

The titaniferous magnetite exhibits an even more marked peak broadening and 

o resolution of the k-alpha doublet is rarely achieved at angles below 110 
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two-theta. The ma1n reasons for this line broadening are as follows: 

I). lattice distortion and strain caused by the grinding process, 

2). the small crystallite size of the two phases since the magnetite 1S 

broken up into sub-micrometre sized cubes due to the presence of an 

ulvospinel "cloth structure" (now largely altered to ilmenite), 

3). a small amount of unoxidised ulvospinel might be present as a second 

spinel phase, 

4). partial oxidation (maghemitization) would be responsible for a slight 

change in magnetite cell dimensions. 

5). broadening of the ilmenite peaks might also reflect compositional 

differences between the "exsolved" ilmenite lamellae and those formed by 

the oxidation of exsolved ulvospinel. (as illustrated by Mathison (1975), 

in the Somerset Dam Intrusion). 

The peak positions (two-theta values) were measured directly to the first 

decimal place on the diffractometer trace while the value of the second 

decimal place was determined by interpolation. A series of duplicate 

measurements indicated that they are readily reproducible to within 

o :!: 0,01 . The use of the silicon internal standard provides the necessary 

control on the accuracy of the measurements which are considered to be 

within 0,02
0 

two-theta of the true values. Hubbard et al. (1974) state 

that the use of the silicon x-ray standard should result in a reproducibility 

of 2 parts in 10
5 

when using goniometer and interpolating angles to 0,0025
0

• 

The accuracy achieved cannot be greater than that allowed by the measur1ng 

o technique which is + 0,02 two-theta. 

5.2.3.6 Computation of unit cell dimensions. 

The problems involved in the determination of unit cell parameters from 

diffractometric measurements have been reviewed by Klug and Alexander (1974). 
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They note that the major sources of error are: 1) instrument misalignment, 

2) slight inaccuracies in the gearing of the goniometer drive,3) errors in 

the zero degree two-theta position , 4) flat specimen error , 5) specimen 

transparency, 6) axial divergence, 7) specimen displacement, 8) rate meter 

recording, and 9) dispersion and the Lorentz factor. The diffractometer 

goniometer and other settings were carefully checked while the other errors 

are significantly decreased by the use of the x-ray diffraction standard 

(Hubbard et al., 1974). 

The unit cell parameters were computed by means of a least-squares 

refinement of the diffraction data (Appleman and Evans, 1973). This 

programme automatically indexes the x-ray reflections, but this facility was 

not used. Ilmenite is trigonal and can consequently be indexed according 

to either rhombohedral or hexagonal axes. The ASTM powder diffraction 

file data card for ilmenite (3-0781) is indexed according to hexagonal 

axes and this procedure was followed in this study. It should be noted, 

however, that the hexagonal cell determined by this method is triply 

primitive and certain lines that would be present if the lattice were 

truly hexagonal are absent since the underlying lattice is rhombohedral 

(Henry et al., 1960). The magnetite reflections were indexed according 

to the scheme of Basta (1957). 

The least-squares refinement requires the maximum available data in order 

to determine the unit cell constants. An average of 37 values (obtained 

from 19 reflections) were used for the coarse-grained ilmenites while 

an average of 32 values (obtained from 18 reflections) were used for the 

titaniferous magnetites. The number of usable values was decreased to 

34 (obtained from 18 reflections) for the fine grained intergrown i lmeni tes 

~n thetitaniferous magnetites. 
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The refinement program operates v~a the following steps (Appleman and 

Evans, 1974): 

I) d-spacings are calculated for all allowable hkl values for the space 

group and approximate unit cell g~ven in the input, 

2) each d (calc.) is compared with the d (obs.) from the input. A 

match is accepted if and only if there is no other observed reflection 

and no other calculated reflection with a Bragg angle theta less than 

a specified tolerance different from that of a given reflection, 

3) delta-theta values are calculated for the accepted relections and 

are used to obtain corrections to the unit cell parameters by least-

square analysis, 

4) the tolerance is set equal to twice the standard error for an observation 

of theta of unit weight(provided that this is not less than a minimum 

resolution value, ~n this case 0,02 0 ), and the program is returned to 

(I) for another cycle. 

The standard errors calculated for the unit cell dimensions on the basis 

+ 0 + .. of the measured two-theta values vary between -0,00012 A and - 0,00024 A 

for the a-dimension of the ilmenites and between ~ 0,0005 R and ~ 0,001 R 

for the c-dimension. The larger degree of uncertainty in the c-dimension 

is due to the low number of reflections with indices of 001. It is 

consequently estimated that the determined a-unit cell dimensions for both 

ilmenite and magnetite are correct to within: 0,0005 R at 25 0 C. The 

uncertainty in the c-unit cell dimension of ilmenite ~s greater, being 

~ 0,001 R. 

5.3 Reflectivity Measurements 

5 .3.1 Introduction 

The objective of this study was to determine the effect of compositional 
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variations on the reflectivity of ilmenite. The possibility of using 

reflectance measurments as a method of distinguishing between different 

types of ilmenite was also evaluated . The reflectiviti es of the co-

existing titaniferous magnetites were not measured in view of their 

highly exsolved nature and the abundance of micrometre-sized intergrowths 

in these minerals. 

Reflectivity measurements were carried out on ilmenite from kimberlites, 

Karroo dolerites, gabbros, syenites, granites and beach sands at Rhodes 

University. The results obtained indicated that the Mg-rich kimberlite 

ilmenites could be readily distinguished from the other types by this 

technique. This method was, however, not sensitive enough to de tec t 

the minor compositional differences between the ilmenites from other 

sources. These studies were consequently not extended to include the , 

ilmenites from other rock types that were subsequently investigated. 

5.3.2 Apparatus and operating conditions 

The reflectivity measurements were made on a Zeiss MPM-OI photometer 

that was fitted to a Zeiss Universal Research Microscope equipped for 

incident light microscopy as described in Eales and Viljoen (1973). The 

light source was highly stabilised and the values captured by chart 

recorder. Measurements were made in modulated monochromatic light 

at various wavelengths using a Zeiss band-type running filter with. a half-

height width of 12 nm. Reflectivity values were determined by comparison 

with a SiC reflectivity standard calibrated by Firma Carl Zeiss and having 

a reflectivity of 20,8 per cent at 546 nm in air. 

5.3.3 Measurement of reflectivity : accuracy and pr,ecision . 

Ilmenite is uniaxial negative with the result that it has two principal 
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reflectivities in which the one that corresponds to the ordinar y vibration 

(R ) is constant for any given wavelength of light in any orientation of 
o 

the grain (Cervelle, 1967 : Cervelle et al. 1971). R can consequently 
o 

be determined simply by rotating the microscope stage to obtain the maximum 

reflectivity for any grain without having to determine its orientation. 

The reflectivity corresponding to the extraordinary ray (R ) 1S a m1n1mum 
e 

and can only be determined from sections cut parallel to the optic axis 

and measured at 900 from R 
o 

All other sections will produce a m1n1mum 

reflectivity that has some value intermediate between Ro and Re and that 

varies from a maximum (~R ) in perfect basal sections to a minimum that 
o 

corresponds to R in parall e l sections. 
e 

Measurements were consequently 

made on sections showing the strongest reflect ion pleochroism (parallel 

sections). R was measured as described above and the minimum reflectivity 
o 

measured at 90 0 from this position. A second value of R was measured at 
o 

180
0 from the first and a second minimum value was obtained in the same way. 

Only measurements in which the two maximum values and two minimum values 

are identical were used. R was taken as the lowest reflectivity measured 
e 

from a series of sections showing strong reflection pleochroism and having 

acceptable values for R . 
o 

This is,however, not necessarily the true value 

of R , but should be very close to it. 
e 

The problems involved in obtaining accurate reflectivity measurements have 

been reviewed by Piller and von Gehlen (1964) • Piller (1967) and Galopin 

and Henry (1972). 

The major sources of error and the steps taken to minimise them are as 

follows: 

I. Errors caused by the mechanical properties of the microscope. The 



237 

equipment should have outstanding mechanical stability since the photo-

electric equipment is sensitive to vibrations. The highest quality 

Zeiss ~quipment was used and the extent of vibration during measurements 

reduced by the use of a cable operated shutter release 1n order to 

transmit the reflected beam to the photomultiplier. 

2. Errors caused by the optical properities of the microscope. These are 

largely due to the scattering of light and reflections (primary glare) 

as well as deflection by optical elements that are out of alignment. 

The width of the photometer field was stopped down to measure an area 

5 micrometers in diameter and the illuminator field was stopped down to 

twice this value by the use of special diaphragm stops supplied with 

the photometer. The optical adjustment and centering of the microscope 

and photometer were checked at regular intervals while the sharpness of 

the focus on the specimen or standard was checked before each measurement. 

The primary glare was corrected for by the use of a "black box" reading, 

but was negligible at the correct settings. 

3. Errors caused by the properties and operation of the supplementary 

devices. This is largely due to fluctuations in current for the light 

source and amplifier. The light source was highly stabilized and 

measurements were only made after the apparatus had been switched on 

for at least one hour. The stability of the apparatus was checked by 

observing the base line of the recording apparatus in between measurements. 

The meas urements were recorded for a minimum period of 10 seconds to 

allow for the photomultiplier output to stabilize. 

4. Errors caused by the specimen. The polished surface to be measured 

has to be perfectly flat and free from imperfections, even at the highest 

magnifications. This represents t:,e largest source of error in these 
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determinations, but was minimized as far as possible by the following 

procedures: 

i) The samples were given a final polish using 0,25 micrometre diamond 

paste on a Hyprocell Pellon pad and the quality of the surfaces checked 

under high power magnification. The samples were buffed for I 

minute on a silk-covered lap immediately prior to measurement using a 0,05 

micrometre gamma-alumina aqueous suspension . 

ii) The sample was attached to a glass slide with a large lump of 

plasticine and then carefully levelled using a Leitz levelling press. 

iii) Areas in the central portions of the grains ,.ere selected for 

measurement in order to avoid possible curvature of the polished 

surface towards grain boundaries due to polishing relief. 

iv) The measured area was standardized at 5 micrometres in diameter 

and was carefully selected so as to avoid polishing scratches Dr 

other imperfections. 

v) Two sets of measurements were made on different areas of five grains 

in each sample. Each set of measurements consisted of two R 
o 

measurements at 1800 to each other and two R. values at 1800 to mln 

each other, thus giving a total of 40 measurement s per sample. The 

reflectivity of the standard was measured between each se t of 

determinations . The value of R used is taken as the average 
o 

of ' the measurements of R while R is assumed to be the mlnlmum 
o e 

value. 

vi) The reflectivity measurements were made using monochromatic light 

with a wavelength of 546 urn in accordanl.:e with the reconunend.1tions 

of the International Mineralogical Association (Galopin and Henry, 1972). 

viij The reflectivity values of the calibrated SiC standard (20,8%) are 

very close to the range of values ,measured for the ilmenites (18-29%), 

thus obviating the necessity for dubious extrapolations. 
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The accuracy of qualitative reflectivity measurements on titanomagnetite 

over a similar range of values to these ilmenites using the equivalent Leit z 

apparatus has be en calculated by Halfen (1976) . He concluded that a 

relative accuracy of ~ 1 per cent was obtained in his measurements . A 

similar accuracy in this s tudy is assumed in view of the nature of the 

apparatus us ed and the pre cautions taken. 

The refractive index (n) and absorbtion coefficient (k) of ilmenite can 

be calculated from measurements of reflectivity in air and in oil for a 

specific wavelength (Pille r and von Gehlen, 1964). Determinations of 

this nature were not made,however, since von Gehlen and Piller (1965) 

demonstrated that a relatively small error in the measurement of either 

R. or R '1 for ilmenite would result in a relatively large change in 
alr 01 

the calculated n or k values. This is due to the relatively high 

refractive index and low absorbtion coefficient of ilmenite which lie 

close to the limiting values of possible R . and R '1 pairs . 
alr 01 

(Piller 

and von Gehlen, 1964). 

5.4 Micro-Indentation Hardness 

5.4.1 Introduction 

The micro-indentation hardness measurements were carried out on the ilmenites 

whose reflectivities had been determined with a view to their possible use 

(in conjunction with some other parameter such as reflectivity) as a method 

of distinguishing between the .different types of ilmenite. This technique 

was successful ~n distinguishing between the Mg-rich ilmenites from 

kimberlites and other igneous rock types, but was not sensitive enough to 

determine minor compositional differences . These determinations were 

consequenty not extended to cove r the ilmenites investigated at a l ater stag~ 

and which only showed minor compositional variations . The micro-indentation 



240 

hardness of the co-existing titaniferous magnetite grains were not 

determined in view of their complex exsolved nature. 

5.4.2 Apparatus and operating conditions 

Measurements were made using a G.K.N.micr0~indentation hardness tester 

using a Vickers diamond indenter. The diamond indenter was lowered 

manually and the indentation time standardized at 15 seconds as suggested 

by the International Mineralogical Association (Galopin and Henry, 1972). 

Measurements were also carried out using the recommended standard load of 

100g. 

5.4.3 Determination of the Vickers Hardness Number 

The subject of micro-indentation hardness measurement has been reviewed by 

Galopin and Henry (1972) who noted the following pertinent points: 

~. There is always a range of values, even for cubic crystals, although the 

extent of the range varies widely from one substance to another. 

ii.The values can vary with the method of polishing used. 

iii. The values will depend on load, within limits. 

iv.Different values can be obtained with different orientations of the 

indenter on a given crystal face. 

Point (ii) was minimized since all the sections investigated were polished 

in the same manner. Point (iii) was minimized by expressing all measurements 

as VHN
IOO 

where 100 refers to the standard 100g load. The average VHN 

values for each sample were obtained by measuring the micro-indentation 

hardness in 10 grains showing random orientation in each polished section. 

The indents produced by the 100g load are rarely perfect and one 

diagonal is always slightly longer than the other. The ilmenite invariably 

displays a slight amount of fracturing at the corners of the indentation while 

the sides are generally concave. This aspec t was c hecked using a Leitz 
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"Mini-load" micro-indentation hardness tester using a hydraulically 

impelled indenter. The nature of the indentations produced by both the 

manually and hydraulically lowered diamonds are comparable. The im-

perfections in the indentations are consequently interpreted as reflecting 

the brittleness of the ilmenite and might be a characteristic feature of 

this mineral. Morton and Mitchell (1972) reported that perfect indentat-

ions were produced in only 4 of the 24 ilmenite grains that they investigated . 

Indentations that resulted in excess fracturing of the grains or were 

poorly -shaped were not measured . . The value of the longest diagonal 

was taken as the lowest micro-indentation hardness for a particular grain 

while the shortest diagonal represented the highest. The lengths of the 

indent diagonals were measured in micrometres and the corresponding VHN 

values obtained from tables supplied with the instrument. 

+ The length of the diagonals can be measured to an accuracy of - 0,2 

+ micrometres which is equivalent to approximately a VHN variation of - 30 

in the range of values measured. The technique is not as sensitive or 

accurate as other determinative methods (Galopin and Henry, 1972) and the 

average values reported generally show a variation of approximately : 50 

in the VHN for an individual sample. The technique is not suitable for 

detecting small compositional differences between ilmenites in view of the 

range of values obtained for single samples. Morton and Mitchell (1972) 

demonstrated that a linear relationship does not exist between the VHN 

and MgO-contents of magnesium ilmenite from kimberlites . 

5.5 Mineral Analyses 

5.5. I Introduction 

The ilmenite analyses presented in this section of the thesis were carried 

out 1n order to establish the compositional range of this mineral 1n the 
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various igneous rocks examined . The relationships between chemical 

composition, unit cell dimensions, reflectivities and micro-indentation 

hardness were also investigated with a view to their use as possible 

indirect means of determining mineral compositions . The analyses are of 

two types: (1) bulk wet chemical analyses of ilmenite concentrates and 

(2) electron microprobe analyses of discrete ilmenite grains. 

5.5.2 Wet chemical analyses 

5.5.2.1 Introduction 

Electron microprobe facilities were not available at Rhodes University 

when this study was commenced (1972) with the result that it was necessary 

to analyse purified mineral concentrates in the manner described by Vincent 

and Phillips (1954). Thirty e ight ilmenite concentrates of which 

sufficient material was available were analysed using semi-micro techniques 

involving rapid analytical procedures. The determinations were made in 

duplicate on 100 to 150 mg portions of sample using mainly color imetri c and 

volumetric methods. 

5.5.2.2 Sample preparation 

The kimberlite ilmenites were in the form of ovoid grains between 10 and 20 

mm in diameter. The outer surfaces of some of these grains were coated with 

various light-coloured, perovskite-rich alteration products which were ground 

off on a diamond cup wheel. The grains were then crushed to less than 85 

mesh in a mortar after which they were sealed in sample tubes 

until analysis. 

The beach sand ilmenite concentrates with a grain size between 85 and 120 

mesh were further purified by repeated passes through the electromagnetic 

separator. The resulting concentrate was then further purified by means 

of heavy-liquid separations using warm saturated Clerici solution with a 
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specific gravity slightly in excess of 4,2. The concentrate was then 

washed thoroughly with copious quantities of hot water and finally oven 

dried at 80
o

C. 

The ilmenite concentrates with a gra1n size between 120 and 200 mesh 

obtained from the various igneous rocks were selected for analysis. These 

grains were also generally cleanly liberated and free from all but minor 

silicate impurities. These samples were also further purified by means 

of heavy liquid separations using warm saturated Clerici solution. 

All samples were finely ground under acetone in an agate mortar 

imme diately before analysis. 

5.5.2.3 Purity of samples 

The kimberlite ilmenites represent either simple "xenocrysts" or poly-

crystal line aggrega t es. Considerable care was exercised in removing any 

secondary alteration products with the result that the analysed material 

is virtually pure. The beach sand ilmenite concentrates were examined 

microscopically prior to analysi s and grain counting showed them to be more 

than 98 per cent pure. The major source of contamination in these samples 

is due to minor intergrown silicate phases. A minor amount of chromite 

with a similar magnetic susceptibility to the ilmenite mi ght be present, 

but was not detected in the polished sections examined. 

values obtained, however, indicate that only very minor amounts, if any, of 

chromite are present. 

The ilmenite concentrates prepared from the various crushed igneous rocks 

contain the highest proportion of impurities in the form of intergrown and 

imperfectly liberated silicate minerals. This feature is particularly 
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noticeable in the case of Karroo dolerite ilmenites where the sample 

purity is sometimes as low as 95 per cent as determined by grain counting 

and based on visual estimates of the volume of unliberated silicates. 

The sample purity is generally between 97 and 98 per cent as determined 

by these methods. 

The silicates remain relatively unaffected during the potassium 

pyrosulphate fusions and their content can be largely determined as an 

insoluble residue. This aspect was checked by carrying out duplicate 

potassium pyrosulphate fusions on samples of finely ground labradorite 

and bronzite. The insoluble residue was determined gravimetrically 

after fusion and dissolution in dilute H2S04 . The labradorite showed 

a loss of 6,2 per cent and the bronzite 1,6 per cent when the fusion was 

carried out for the same length of time normally required for the complete 

dissolution of an ilmenite sample . 

A sample containing equal proportions of plagioclase and pyroxene as 

contaminants would only lose a total of approximately 4 per cent by mass 

of these components during fusion. The largest amount of insoluble 

residue found was 5,4 per cent from a dolerite ilmenite concentrate while 

the majority of samples contained much less than this. In this extreme 

case, the maximum contamination of the sample by decomposed silicates 

would only be in the order of O,2per cent of the total . At least half 

of this contamination would be made up of Si02 while the bulk of the 

remainder would consist largely of Na
2
0, CaO and Al 20

3 
from the plagioclase. 

Only minor amounts of FeO and MgO (less than 0,02%) would be introduced 

from the pyroxene. The effec t of these small amounts of impurities on 

the final analytical results >. thus very minor and can be neglected. 
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5.5.2.4 Analytical methods 

i) Decomposition of the sample : low temperature fusion carried out 

in a Pt crucible using potassium pyrosulphate. Fusion cake 

dissolved in dilute H2S0
4

, 

ii) Insoluble residue: determined gravimetrically. 

iii) Ti0
2

: determinedcolorimetricallyusing tiron (disodium-I,2-

dihydroxybenzene-3,5 disulphate) (Maxwell, 1968, p382-383). 

iv) MnO: determinedcolorimetricallyusing potassium periodate 

(Maxwell, 1968, p387 - 389). 

v) Fe
2

0
3

: total iron determined colorimetrically as Fe
2

0
3 

using 

o-phenanthroline (Maxwell, 1968, p 424 - 425). 

vi) Cr
2

0
3

: determinedcolorimetricallyusing s-diphenyl carbazide 

(Sandell, 1959, p 388 - 397). 

vii) CaO: determined volumetrically using EDTA (Maxwell, 1968, 

p370-372). 

viii) MgO: determined volumetrically uS1ng EDTA (Maxwell, 1968, 

p376-377). 

ix) FeO: determined by hot acid decomposition followed by titration 

with potassium dichromate (modified Prat t method) (Maxwell, 1968, 

p416-418). 

5.5.2.5 Analytical standards 

No completely characterized international ilmenite reference standards, 

against which the accuracy and precision of the analytical methods employed 

could be checked, are available. Four kimberlite ilmenite samples and one 

beach sand ilmenite sample were submitted to the South African Geological 

Survey for wet chemical analysis. These samples were analysed by the 

General Superintendence Co. S.A. (Pty) Ltd., and served as the primary 

standards against which the various analytical techniques were evaluated. 
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These samples were analysed in duplicate together with the unknown ilmenite 

samples and served as a check on the accuracy of the determinations. 

A sample of analysed hemo-ilmenite from the Lac Tio deposit in Quebec was 

kindly supplied by Dr Z.Katzendorfer of the Quebec Bureau of Natural 

Resources, Canada and this was also used as a standard. Two partially 

analysed (Ti02 only) ilmenite samples and a rutile sample (Ti0
2 

and 

Cr
2
0

3
0nly) were purchased from the Bureau of Analysed Samples, Middlesborough, 

England and were also used for this purpose. 

5.5.2.6 Analyses of Standards : accuracy and precision 

The compositions of the analytical standards used are given in Appendix 2 

together with the averages of duplicate analyses of those samples carried 

out during the routine ilmenite analyses. Comparison of results indicates a 

close agreement between the standard values and those obtained during 

the analytical runs with the exception of FeD and Fe
2

0
3

. The values for 

total iron, expres·sed as Fe
2

0
3

, are, however, comparable. The general 

agreement of the results with the standard values and their reproducibility 

as indicated by duplicate analyses indicate the validity of the analytical 

methods used. 

The discrepancy between the FeD and Fe 20
3 

values reported for the standards 

and the values obtained are due to problems encountered in the FeD 

determinations (Fe 20
3 

is determined as total iron less FeD xl,1 1113). The FeD 

was determined using the modified Pratt method (Maxwell, 1968) in which the 

finely ground sample is decomposed by boiling in a mixture of H
2

S0
4 

and HF 

for 10 minutes. The boiling period should not be extended since this leads 

to the evaporation of excess acid and oxidation of the ferrous to ferric iron. 

This period of boiling was insufficient for the decomposition of the entire 

sample and a small amount of black residue remained in the crucible causing 
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determined FeO content to be low. 

The optimum conditions were determined by using slightly smaller quantities 

of sample and boiling for progressively increasing intervals of 5 minutes. 

The best results were obtained after boiling for 17,5 minutes, but they 

remained approximately 1,8 per cent lower than those reported for the 

standards. Variations in the amounts of acids used in the decomposition 

did not affect the results to any marked extent. 

The persistently low values for FeO recorded in these analyses may be due 

to one or more of the following reasons: 

i) Numerous problems are associated with the determination of the 

valence states of iron in a rock or mineral and the results obtained 

are not always perfect (Maxwell, 1968). 

ii) Oxidation of the FeO in the samples may have commenced during the 

decomposition step of the determination before all the ferrous iron 

had been taken into solution. This is the most plausible cause for 

the resulting low FeO values. 

iii) The samples were oven-dried at 95 0 C for an hour prlor to analysis and 

this may have resulted in slight oxidation. 

iv) The samples were finely ground in an agate mortar and immediately 

prior to analysis with the result that a minor amount of oxidation may 

have occurred during this stage. 

The FeO and Fe
2

0
3 

values reported in the analyses have been recalculated 

assumlng stoichiometry using the values obtained for total iron. The total 

iron was converted to FeO and the calculations carried out as described in 

section 5.5.3.5 for the microprobe analyses. 
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5.5.3 El ectron microprobe analyses 

5.5 . 3.1 Introduction 

The electron microprobe analyses were carried out in two batches on the same 

equipment , but separated by a pe riod of two years. The first batch 

r epresents the bulk of the microprobe analyses presented in Part 2 with 

t he exception of the diabases and several other analyses that are indica t ed 

as s uch in the re levant sec tions. The second batch is r epres ent ed by the 

diabas es, the balance of other analyses and a ll the microprobe analyses 

r eported in Part 3. 

5.5.3.2 Apparatus and operating conditions 

The analyses were made on an ARL microprobe in the Mineralogy Division at 

NIM. The first batch of analyses were carried out under the supervision 

of Mr.P .Mihalik using an acceleration potential of 25 kV, sample current 

of 0,02 micro-A on brass and an integration time of 10 seconds. Ten points 

were measured on each sample and the average values computed. The raw data 

were corrected for background, dead time, absorbtion, atomic number and 

fluore scence effects by means of a computer programme devised by Beeson 

(1967) . 

The second batch of samples was analysed on t he same equipment at 15 kV 

acceleration po t ential and a sample current of 0,1 micro-A on brass 

under the supe rvision of Mr.E.A.Viljoen. The raw data were corrected using 

the EMPADR VI I computer programme of Rucklidge (1967). Ten points were 

measured on each sample and the average values computed. Both sets of 

analyses were made us i ng the same s tanda rd s. 

5.5.3.3 Ana lytical standards 

The following four standards were used: 
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i) A well analysed ilmenite standard (A236) was kindly supplied by 

Dr.K.Snetsinger of NASA, Moffett Field, California and was used 

for Ti, Mn and Fe. 

ii) An analysed Mg-rich ilmenite from the Naizees 4 kimberlite, Poffadder 

obtained from Dr.C.Frick of the Geological Survey . 

for Cr, Mg, Ti and Fe in the Mg-rich ilmenite •. 

This was used 

iii) A well analysed chromite from the Merensky Reef, supplied by 

Dr.S.A . de Waal. This was used for Si, AI, Mg. 

iv) A Mg-rich kimberlite ilmenite standard kindly supplied by the 

Anglo American Research Laboratories and used to check the Mg

contents of the high MgO ilmenites present in the Kaffirskraal and 

Trompsburg titaniferous iron ores. 

Analyses of these standards are given in Appendix 3. 

5.5.3.4 Microprobe analyses : accuracy and precision 

The quality of a microprobe analysis depends to a large extent on the 

standards used and the accuracy with which they have been characterized. 

Ilmenite standards were used where practicable in order to facilitate 

comparison and eliminate possible sources of error. Mg-rich ilmenites 

from kimherlites provide good standards since they are often compositionally 

homogeneous and are large enough to be analysed several times by conventional 

methods. They are, unfortunately, not ideally suited to analysing ilmenites 

that are closer to the end-member composition. This represents a ser~ous 

problem since ilmenite · standards in this compositional range are not easily 

produced. 

Microprobe analyses in which the oxides total between 98 and 102 per cent 

are usually regarded as "good" and the accuracy of the results is considered 

to be within 2 per cent of the values obtained. The analyses reported in 
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this thesis all lie within this range and duplicate analyses have 

indicated that the results are reproducible. 

5.5.3.5 Calculation procedures 

The electron microprobe is unable to distinguish between the oxidation 

states of the iron present and the total Fe content is generally expressed 

as FeO. The Fe
2
0

3 
content of the ilmenites can be calculated if 

stoichiometry is assumed (Buddington and Lindsley, 1964) and this procedure 

is widely used in the case of these minerals. Various recalculation 

schemes are in use and this subject has been discussed by Bowles (1977). 

The following recalculation scheme is used in this thesis: 

i) the chemical formulae of the ilmenites are calculated from the 

analyses according to the number of ions on the basis of six oxygens 

following the procedure set out in Deer et al. (1966). 

ii) the allocation of oxides 1n the mineralogical calculations follows 

the scheme of Buddington and Lindsley (1964), with additional 

assumptions regarding the treatment of the minor oxides following 

the procedures of Carmichael (1967a) Anderson (1968b) and Lipman (1971) . 

The method used is as follows: 

a) The molecular proportions of Ti02 and Si0 2 are combined (where SiOZ 

values are available). 

b) MgO and MnO are allocated to Mg Ti0
3 

and Mn Ti0
3

. 

c) Al, Cr and V are allocated to A1
2

0
3

, Cr203 and V203 · 

d) The remaining Ti is calculated as Fe Ti03 and, if necessary, additional 

FeO is formed from Fe20
3 

assuming ilmenite stoichiometry (Buddington 

and Lindsley, 1964). 

e) Any excess FeO is recalculated as Fe
2
0

3
• 

f) Fe 20
3

, A1 Z0
3

, CrZ0
3 

and V
2
0

3 
are combined as R

2
0

3
. 
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g) In the case of the electron microprobe analyses, total ir,)U is 

expressed as FeO and any excess is recalculated to Fe
2

0
3 

following 

the procedure of Carmichael (1967a). 

h) The ilmenites f r om the beach sands show variable amounts of alteration 

to "leucoxene" and this is reflected in an excess of Ti02 and Fe
2

0
3 

,n the analyses. Leucoxene does not have a fixed composition so 

that this excess is simply combined and expressed as "leucoxer 1\ 

i) The molecular percentage of hematite present in the ilmenites is 

calculated as 

mol. prop R
2
0

3 
+ mol. prop. RTi03 

5.5.4 Comparison of wet chemical and electron microprobe analyses 

The major obstacle to using wet chemical methods for the analyses of minor 

mineral phases in igneous rocks is in the preparation of sufficiently pure 

concentrates. The purity of the analysed samples is better than 95 per 

cen t (section 5.5.2.3), but small smounts of silicate impurities are 

presen t as intergrowths and cannot be readily removed. The method also 

requires a fairly large number of small grains (or portions of larger grains) 

so that fine-scale compositional fluctuations due to zon,ng cannot be 

detected. Similarly, compositional differences between individual grains 

in the same piece of rock cannot be detected and the values obtained merely 

represent the average bulk compositions of the minerals present. 

The electron microprobe can, in contrast, be used to analyse small areas 

of individual grains and is suited to the investigation of compositional 

zoning. Numerous grains in the same sample can also be analysed and 

checked for compositional homogeneity. A difficulty with this technique 

arises when only a limited number of analyses can be made (as in this study) 
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and a large number of grains cannot be analysed in each sample. 

The samples examined are largely from plutonic rocks and it has been 

assumed that their crystallization conditions were sufficiently slow to 

allow continued re-equilibration down to low .temperatures. Compositional 

zoning, if present, should be of a limited nature and the individual 

ilmenite grains in each polished section should have a similar composition. 

(Bowles, 1977, has shown that this assumption is not always valid). 

The compositional variations exhibited by ilmenites from a wide variety 

of igneous rock types are fairly limited (Part I). This feature is also 

reflected in the analyses made by both technique s during this study. By 

analogy, the range of compositional zoning shown by individual ilmenites 

in relatively slowly cooled igneous rocks might also be expected to be 

limited. All microprobe analyses were made as close as possible to the 

cores of the ilmenite grains in order to standardize the comparison of 

results and minimize the effects of possible zonation. 

The Karroo dolerite ilmenites are considered to be the most likely to 

exhibit compositional zoning since they are from hypabyssal intrusions 

and were more rapidly cooled than those from plutonic sources. In this 

case a reasonably good agreement exists between the wet chemical analyses 

and the values determined by microprobe as shown in Table 8 Five of 

the analyses were performed by each method and only minor variation is 

evident between samples. This feature is also r e flected in the unit cell 

dimensions and reflectivities of these samples. 

6. THE CO-EXISTING IRON-TITANIUM OXIDES IN KIMBERLITES. 

6.1 Introduc tion 

limited published informatioll on the opaque oxides in kimberl ites was 
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available in the Western literature pr~or to 1972 when this investigation 

was commenced. The classic works of Wagner (1914) and Williams (1932) 

provided very little data on these oxides as did the later pioneering 

articles by Dawson (1962) and Nixon et al. (1963). The Mg-rich natur.e 

of kimberlite ilmenites became widely recognised at this time and these 

minerals were studied in more detail (Besson, 1967 Cervelle, 1967 ; 

and Cervelle et al. 1971). Considerable progress in kimberlite research 

was also made in Russia during this period and the data on the opaque 

oxides has been summarised by Sobolev (1959) and Frantsesson (1970) while 

additional information is given by Ponomarenko et al. (1972). 

Interest in the opaque oxides in kimberlites developed during the 

International Upper Mantle Project and a number of important publications 

appeared between 1973 and 1977. The publication of the book "Lesotho 

Kimberlites" (Nixon, 1973) and the proceedings of the First International 

Kimberlite Conference (Ahrens et aI., 1975), in particular, have 

contributed a wealth of data on these phases. The bulk of the published 

information deals with the compositions of the kimberlite ilmenites and the 

only detailed studies specifically concerned with the Fe-Ti spinels ~n 

these rocks are those of Haggerty (1973b,1975) , Smith and Dawson (1975) 

and Mitchell and Clarke (1976). 

The published information indicates that the phase relationships exhibited by 

the spinels and various smaller-sized ilmenites in kimberlites are extremely 

complex and require further detailed studies that . are beyond the scope of 

this thesis. The present study was consequently restricted to the 

characterization of 10 ilmenite xenocrysts from various South African 

kimberlites in order to facilitate their comparison with ilmenites from 

other sources. 
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Cervelle (1967) and Cervelle et al. (1971) suggested that the MgO content 

of kimberlite ilmenite might be obtained indirectly by means of reflectivity, 

micro-indentation hardness and unit cell determinations. The relationship 

between micro-indentation hardness and the composition of kimberlite 

ilmenites was investigated further by Morton and Mitchell (1972) who demon-

strated that there is no direct relationship. Frick (197.3a) presented the 

composition of kimberlite ilmenites in terms of their molecular percentages 

of MgTi0 3 ' FeTi0 3 and Fe 203 as a function of their a-unit cell dimensions 

·and densities. He suggested that this might represent a cheap, yet 

effective method for identifying kimberlite ilmenites. 

have been further evaluated in the present study. 

6.2 Literature Review 

These aspects 

The ilmenites 1n kimberlites are characteristically Mg-rich, containing 

between 6 and 24 per cent MgO (Mitchell, 1977). They commonly contain 

fairly large amounts of Fe20
3 

(up to 20%) in solid solution and are 

characterized by the presence of unusually large amounts of Cr
2

0
3 

(up to 

5%) and Al203 (up to 1%). A compilation of analytical data by Mitchell 

(1977) also indicates that there is a wide compositional variation in 

ilmenites from a particular kimberlite occurrence . Mitchell (1973,1977) 

has also suggested that the range of MgO contents exhibited by the 

ilmenites might be characteristic for each p1pe (Table 1). 

The ilmenites are present 1n the kimberlite as discrete grains and 

polycrystalline aggregates as well as in a variety of associations with 

silicates, ultramafic ·nodules, alteration products and in the kimberlite 

groundmass itself. Each of these ilmenite types can be distinguished on 

the basis of their mode of occurrence ond Haggerty (1975) has recognised 

tllv following six type s as usua1ly b<., jllg prl' !; cnt in kimberlit< · : 



fABLE I 

TYPICAL ANALYSES OF KIMBERLITE ILMENITES 

: i 
lLMENITES FROM : "~ENOCRYSTIC" ILMENITES ILMENITES FROM 

ULTRAMAFIC NODULES LAMELLAR INTERGRDWl1lS 

l'XIDE I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 

Sill , - - 2,00 - 0,48 - - 0,40 0,10 0,02 - - 0,12 0,19 0,07 0,22 0,11 - 0,04 

riO., 53,79 49,27 50,00 49,32 45,80 48,26 49,35 47,97 46,33 50,60 49,67 48,87 51,70 49,61 56,63 53,01 49,30 48,77 50,22 

FeD 29,34 28,18 28,80 28,18 19,15 27,12 27,57 28,00 26,29 21,42 25,55 29,53 29,70 25,70 26,65 19,42 27,00 28,65 30,18 

j Mgu 8,87 9,00 9,00 9,00 15,84 8,65 7,75 9,00 8,60 13,40 10,59 7,44 13,80 10,49 13,52 15,74 9,64 11,82 8,31 

I !lnO 0,29 - - - - 0,26 0,95 - - 0,24 0,25 9,26 0,20 0,18 0,23 0,26 0,20 0,23 0,23 

1 CaO 0,13 - - - - - 0,20 tr tr 0,01 - - 0,02 - - - 0,02 0,08 -
Fei3 7,05 11,27 10,80 14,30 15,56 17,10 13,71 13,15 17,96 10,53 11,34 11,87 - 8,97 2,93 5,20 13,10 9,63 8,30 

cr
2

0
3 - 0,63 - - 2,63 - ., 0,75 0,41 3,17 0,57 ' 0,14 3,10 2,17 1,40 5,04 0,08 0,08 0,07 

Al
2

0
3 - - - - - - 0,33 - - - - - 0,70 0,69 0,47 1,41 0,61 0,50 0,55 

V
2
0

3 - - - - 0,57 - - - - 0,62 - - - - - - - - -

I :::~l_::~~: __ ::~:: __ ~::~:: __ ~::~:: __ ~::~~: __ ~:~~:: ___ ::~:: ___ ::~:: ___ ::~:: __ ~::~:~ ___ ::~:: ___ ::~~~ ___ ::~::_ 98,00 101,90 100,30 100,06 99,76 97,90 

-""::: .... """"""'".""-="" "''''=''''',,====''''''''= -""======== ... ""=.= .. ,.==., ........... 

not reported tr - trace 

Sources of Analyses 

I. Kimberley Mine. Wagner (1914) 

2. Mukerub Mine, S.W.A. Wagner' (1914). 

3. Monastery ~line. Williams (1932). 

4. Frank Smith Mine. Williams (1932). 

S. Wesselton Hine. Wi I Iiams (1932). 

?, Thaba Putsoa Pipe, Lesotno. Dawson (1962). 

7. Kao pipe, Lesotho. Nixon et a1.(1963). 

8. Zarnista pipe, Siberia. Sobolev (1959). 

'I, !-fir pipe, Siberia. Sobolev (1959). 

10. Sloan diatreme, Colorado. McCallum and Eggler (1971), 

II. Kao pipe, Lesotho. Mitchell (1977). 

12. Sekameng pipe, Lesotho. Mitchell (1977). 

13. Sloan diatreme, Colorado. McCallum et a!. (197)). 

14, Nodule in Thaba Putsoa pipe. Boyd and Nix(ln (1~71). 

IS. Nodule in Matsoku pi pe. Boyd .JnJ Nix('IO (1 4 71), 

16. Ilmenite in an olivine crystal, Kentud,.v, U.S.A.Ullyd .ll1d ~ixon 
(1 4 73) , 

17. Enst3tite-ilm(.·nite intergrowth, Monastery Minl', Boyd (1971). 

lB. Pyroxene-I Imeni te intl·rgrllwth. Ringw.wd ,md 1.\)Vt'rlllt-! (lll7()). 

19. pyroxene-i Impnitt.· intt.·rgn'wth. P.I1.,P·i"1l .inJ R.·id \ ]'jl'U}. 

N 
V1 
V1 
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1. xenocrystic ilmenite 

2. groundmass primary ilmenite 

3. subsolidus oxidation ilmenite in titanomagnetite 

4. ilmenite-spinel-perovskite mantles on xenocrystic ilmenite 

5. recrystallised ilmenite pseudomorphs after spinel 

6. ilmenite-rutile and ilmenite-rutile-armalcolite intergrowths. 

Several other types of ilmenite-bearing silicate inclusions,not studied 

by Haggerty (1975), are also commonly present in kimberlites and have 

been described by Boyd and Nixon (1973) who distinguished five types, the 

three most important being 

I. megacrysts or discrete nodules, with inclusions 

2. lamellar intergrowths 

3. granular intergrowths. 

The bulk of the published information on kimberlite ilmenites deals with 

the "xenocrystic" types and limited data (other than that of Boyd and Nixon 

(1973) and Haggerty (1975»are available on the other types of ilmenite . 

An exception is the case of the lamellar intergrowths of ilmenite and 

pyroxene which have at tract ed widespread interest (e.g. Williams, 1932 

Ringwood and Lovering, 1970 

Dawson, 1972 ; -Frick, 1973b 

Dawson and Reid, 1970 ; Boyd, 1971 ; Boyd and 

Boyd and Nixon, 1973 ; Gurney et al. 1973 ; 

Mitchell, Carswell and Brunfelt, 1973 ; Ilupen et al., 1974 , MCCallister 

et al. 1975; Wyatt et al. 1975). The nature, occurrence and possible 

origin of these intergrowths has been reviewed by Wyatt (1977) and is not 

discussed further. Data on the compositions of ilmenites in discrete 

ultramafic nodules in kimberlites are given by Boyd (1974) and Boyd and 

Danchin (1974). 
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The ilmenites investigated in this study are of the "xenocrystic" type 

and this summary is concerned largely with these types. They are generally 

present as discrete rounded to ovoid grains that are set 1n a matrix of 

finer-grained kimberlite and range in size from less than O,05mm up to 

more than 10 cm. These "xenocrysts" are either portions of large single 

crystals or are composed of polycrystalline ilmenite aggregates (e . g. Frick, 

1973a , Mitchell, 1973 , 1977). These authors' also reported that these 

ilmenites commonly exhibit deformation features such as undulose extinction, 

kink banding and deformation twinning. The polycrystalline aggregates 

either exhibit well-defined equilibrium grain boundaries with triple 

junctions or are characterized by disequilibrium grain boundaries that are 

similar to those developed in highly deformed rocks. The ilmenites of bot h 

types sometimes exhibit varying stages of re-crystallization. 

The rounded ilmenite "xenocrysts" are commonly surrounded by light-coloured 

reaction rims of sphene and perovSkite (Frick, 1973a). These rims are of 

variable width and the reaction products are also present along fractures 

in the single crystals as well as along the grain boundaries in the 

polycrystalline aggregates. Frick (1973a) recognised four stages in the 

essentially progressive process of ilmenite reaction -resorbtion that .led 

to the formation of these rims. Haggerty (1975) described the presence of 

ilmenite-spinel- perovskite mantles around certain xenocrystic ilmenites. 

The ilmenites are generally opitcally homogeneous and free from exsolved 

phases (Frantsesson, 1970 , Cervelle et al. 1971 , and Danchin and d'Orey, 

1972). The grains commonly contain excess Fe
2

0
3 

(more than 6%) and the 

absence of hematite exsolution lamellae is notable. Frick (1973a) described 

the presence of hematite lamellae in ilmenites from meta-kimb erlite in thl 

Premier Mine, but commented on their extreme rarity in oth~r kimberlites. 

, 
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Mitchell (1973) suggested that the lack of exsolution lamellae might be 

due to their formation at high temperatures in the mantle followed by 

rapid quenching of the crystals during transport of the kimberlite magma 

towards the surface. Frick (1973a) reported that he had artificially produced 

hematite exsolution bodies in these ilmenites by heating them at 1200oC. 

for 36 hours in an argon atmosphere. He concluded that temperature alone 

was not the controlling factor in inhibiting the exsolution of hematite 

and suggested that the rapid decrease in confining pressure during 

emplacement might be an important factor. 

Other types of exsolution lamellae are also rare.Danchin and d'Orey (1972) 

described the development of chromium ulvospinel parallel to (0001) in an 

ilmenite from the Premier Mine while Mitchell (1973) reported the presence 

of magnetite lamellae in an ilmenite nodule from the Monastery Mine. 

Haggerty (1975) reported the presence of titanium chromite and possible 

titanomagnetite exsolution lamellae in ilmenites from the Kao pipe in 

Lesotho. 

Ilmenite is present is variable amounts up to 40 per cent ln the various 

types of ultramafic xenoliths present ln the kimberlite (e.g. Boyd and Nixon, 

1972 , 1973 , 197.5 ; Frick, 1973a ; Mitchell, 1973 ; Boyd, 1974 ; Harte and 

Gurney, 1975 ; Meyer and Boctor, 1975 ). This ilmenite is compositionally 

similar to the ilmenite in the "xenocrysts ll and is present both as discrete 

grains and in granular aggregates. A portion of the "xenocryst" ilmenites, 

particularly in th~ finer-grained .sizes, is probably derived from the 

fragmentation of this type of material. The bulk of the large grains are, 

however, not generally considered to have been derived from this source . 

(e.g. Boyd and Nixon, 1973 ; Frick, 1973a ; Mitchell, 1973 , 1977). 
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The "xenocrystic" ilmenite is generally accepted as having originated 

in the upper mantle (e.g. various papers in Nixon , 1973, and Ahrens et al. 

1975), but there is no consensus on the stage at which it is formed or 

its relationship to the kimberlite magma. The larger ilmenites are 

usually assumed to have been brought up by the kimberlite magma, but are 

not in equilibrium with it under near-surface conditions as shown by their 

well-defined reaction rims. The debate centres around whether these 

ilmenites are genetically related to the kimberlite magma (i.e. cognate 

inclusions) or are true xenoliths, having been acc idently i ncorporated 

into the magma during its ascent. 

Boyd and Ni xon (1973) suggested that the ilmenite megacrysts might have 

originally been present as phenocrysts in crystal-mush magmas t hat 

developed in the upper part of the low Velocity Zone in the Upper Mantle. 

These ilmenites were then picked up together with other materials by the 

erupting kimberlite magma. 

Mi tchell (1973) pos tulated that these essentially monomineral ic i lmeni te 

aggregates formed as cumulates during the high pressure differentiation 

of a proto-kimberlite magma. This ilmenite cumulate would become 

sheared, broken up and randomly mixed with the kimberlite magma as it 

began its ascent from the mantle. 

Frick (1973a) concl uded that these ilmenites cry stallized intratellurically 

under high confining pressures from a silicate magma ~n a cotectic 

relationship wi th or t hopyroxene and clinopyroxene . He noted that t his 

ilmenite fractionation probably took place under high oxygen f ugacities 

resulting in their high F0
2

0
3 

contentR. He also reported that these 

ilmenites displ ay a gcikielite-hematitc variation trend and suggested Lhat 
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this feature is a direct result of c rystallization differentiation. Frick 

(1973a) postulated that the ilmenites are the last phases to crystallise 

prior to eruption. 

Boyd and Nixon (1975) reaffirmed their earlier views tha t the discr e te 

ilmenite nodules are not indigenous to the kimberlite, but were picked 

up by the erupting magma in the same manner as the other mantle xenoliths. 

Mitchell (1977) presented additional geochemical data on kimberlite 

ilmenites and reviewed the major hypotheses regarding their origin. He 

favoured the view that these ilmenites are phenocrysts since each intrusion 

is characterized by ilmenites of a distinct compositional range. He noted, 

however, that the available data a r e insufficient to prove conclusively 

whether or not these ilmenites are true phenocrys ts. He stressed that 

additional data are required before final conclusions can be r eached. 

The ilmenites in the ultramafic, mantle-derived nodules have been less 

well studied than their discrete "xenocrystic" counterparts. Boyd and 

Nixon (1973, 1975) suggested that these nodules are derived from an 

ilmenite-bearing zone at the top of the Low Velocity Zone in the upper 

mantle. Harte and Gurney (1975) indicated that some of these ilmenit·es 

might have been produced by Ti-metasomatism of garnet lherzolite. These 

secondary ilmenites, however, appear to be compositionally different to 

the "normal" kimberli te types. 

The high, but variable, MgO-contents of the kimberlite ilmenit e s are also 

the subject of debate. Lovering and Widdowson ( 1968) suggested that the 

high MgO/FeO ratios of kimberlitic ilmenites could be directly related to 

high MgO/FeO ratios 1n the kimberlite magma itself. Fri sch(1970) reported 

a wide variation in the MgO contents of different ilmenite grains 1n a 
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single kimberlite hand specimen and concluded that they had not formed 'n 

equlibrium with their enclosing rock. 

Mitchell (1973) noted that ilmenites within a particular kimberlite pipe 

exhibit a continuous range in composition which he interpreted as being 

due to the fractional crystallization of a magma unusually rich ,n Ti0 2 

and MgO . Frick (1973a ) also suggested that the MgO/FeO ratios of the 

kimberlite ilmenites are functions of the MgO/FeO ratios of the kimberlite 

magmas rather than the prevailing pressures during crystallization. 

Haggerty (1975) in contrast, favoured pressure as the major factor 

controlling MgO distribution. 

Mit chell (1977) noted that the total amount of ilmenite formed is small 

in relation to the volume of magma. He suggested that the variable 

Fe/Mg ratios are consequently not a result of large variations in 

Fe/Mg ratios ,n the magma, but are influenced by some other variable 

parameters such as temperature, oxygen fugacity or silica activity. The 

MgO content of ilmenite is discussed further in Part 1, section 5.3.2 and 

Part 3, section 10.7. 

6 . 3 Samples Investigated 

Ten ovoid ilmenite "xenocrysts" from various kimberlite occurrences 't.Je r e 

examined and their localities are given in Table 2. The bulk of these 

samples were kindly supplied by Prof . H. V.Eales who originally ob t ained 

them from Mr.J.B.Hawthorn of de Beers Consolidated Mi nes . 
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TABLE 2 

THE KIMBERLITE ILMENITES INVESTIGATED 

Sample Number Locality 

KI Klipfontein Mine 

K2 Frank Smith Mine 

K3 Kaal Vallei Pipe 

K4 Taylor's Kopjie 

KS Kamfersdam Pipe 

K6 Newlands Pipe 

K7 Riverton Pipe 

K8 Kameeldraai No.2. Pipe 

K9 Bull Hill Pipe 

KID Monastery Mine 

In addition, a singl e ilmenite-rich, phlogopite nodule (UNI) was obtained 

from Mr.B . Kokkinn who found it "propping up a fence post" at the site of 

the old Bultfontein "floors" where the mined kimberlite was left to 

weather prior to treatment. 

6.4 Description of Samples 

The ilmenites are all of the "xenocryst" type, and with the exc eption of 

two samples,are all single crystals. They exhibit no marked exsolution 

textures and do not exhibit undulatory extinction although st ress twin 

lamellae are occasionally present. The ilmenites are strongly 

anisotropic in incident light and exhibit colours that are distinctly 

greyer than the ilmenites from non-kimberlite sources. Several of the 

gralns showed the development of whi t e sphene - and perovskite-rich 
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reaction rims, but their nature was not investigated. 

The ilmenite in the phlogopite nodule is in the form of granular aggregates 

that are restricted to the areas between large phlogopite grains and appear 

to be transgressive veinlets. The individual ilmenite grains are 

approximately 0,5 rom in size and the aggregates exhibit an overall 

polygonal texture with well-defined triple junctions having interfacial 

. . 0 
angles that approxlmate 120 . This ilmenite appears to have been 

re-crystallized and shows no undulatory extinction. 

6.5 Unit Cell Dimensions, Reflectivity and Micro-Indentation Hardness 

The experimentally determined values for these parameters are presented 

in Table 3. The values obtained for the unit cell parameters are within 

the range reported by Cervelle (1967 (a=s,06R ;c=14,10-14,13R) and Frick 

(1973a) (a=s,066-s,073R) for magnesian ilmenites covering this 

compositional range. 

The reflectivity values are not easily compared, but they also fall 

within the range given by Cervelle (1967) (R =17,1-18,8 ; R 
o e 

15,6-17,0) 

in air at 546 nm for Mg-rich kimberlites containing between 7,3 and 15,6 

per cent MgO. Cervelle et al. (1971) also reported a linear relationship 

between MgO content and reflectivity for these ilmenites in air in white 

light. They reported that the reflectivity (R ) ranges from 18,5 to 
o 

16,4 per cent for the compositional range between 7,5 and 20 per cent 

MgO. Snyman (1974) reported that the reflectivity of kimberlite ilmenites 

ranges from 15,5 to 21,5 per cent, but gives no corresponding chemical 

analyses. 

Cervelle (1971) reported that the Vicker's Hardness Numbers vary between 



TABLE 3 

KIMBERLITE ILMENITES : UNIT CELL PARAMETERS, REFLECTIVITIES AND VICKER'S HARNESS NUMBERS. 

Sample Unit cell dimens ions Calculated 2-theta anglE Reflectivity in 
number (Hexagona axes) d-spacing for co- air at 456 nm 

volume (R3) 
for (2.1.10) radiation 

a ! 0,0005 R c! 0,001 R (~) K-alpha) for Ro(%) R (%) 
(2 . 1 .10 e 

K1 5,0723 13,969 31 1 ,248 1,0689 . 1 13,61 17,6 13,6 

K2 5,0689 14,025 312,067 1,0711 113,25 17,6 14,3 

K3 5,0729 13,963 311,184 1 ,0687 1 13,64 18,5 15,2 

K4 5,0734 14,038 312,930 1,0721 1 13,09 18, 1 14,9 

K5 5,0711 13,965 311,015 1,0690 1 13,65 17,5 14,3 

K6 5,0718 13,963 311,064 1,0686 1 13,66 18, 1 14,5 

K7 5 ,0726 14,019 313,266 1,0718 1 13,51 18,3 14,9 

K8 5,0728 14,022 312,496 1,0713 1 13,21 18,3 14,8 

K9 5,0731 13,968 31 1,345 1 ,0690 113,60 18,7 15,1 

K10 5,0720 13,965 311,118 1,0687 113,64 18,4 15,2 

UNI - - - - - 17,5 14, 7 

-

Vicker's hardness 
number 

(VHN 100) 

948 - 1005 

723 - 747 

825 - 896 

860 - 916 

968 - 1030 

912 - 982 

766 - 845 

763 - 848 

753 - 781 

854 - 911 

859 - 977 

tv 

'" " 
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690 and 1020 for magnesian ilmenite s and his data compilation s uggests that 

the micro-indentation hardness increases with increas ing MgO content. 

Morton and Mitchell (1972) invest igated this aspect 'n more detail and 

reported VHN values of between 639 and 1084 for kimberl i te ilmenites contain-

ing between 6,5 and 19,5 pe r cent MgO. They concluded that no l i near 

relationship exists between the MgO content and VHN. The va l ue s obtained 

during thi s study also fall within this range and appear to be typi ca l of 

this type of ilmenite. 

6.6 Chemical Compositions. 

The chemical compositions of the kimberlite ilmenites are presented in Table 

4 and can be compared with the analyses of typical kimberlite ilmenites 

given in Tab l e I. The wet chemical and eleetron mi croprobe analyses are 

comparable and 'fall within the typical compositional range of kimberlite 

ilmenites. Haggerty (1975) investigated the composition of large numbers 

of kimberlite ilmenites and noted that they typically contain between 10 and 

70 mole per cent Fe20
3

, up to 5,6 per cent by mass Cr20
3 

and up to 1,3 per 

cent by mass Al
2

0
3

. 

6.7 Discussion of Results. 

A plot of R against MgO will illustrate that no linear relationship exists 
o 

between these parameters, in contrast to the conclusions of Cervelle et al. 

(1971). The presence of magnesium has the effec t of decreasing the overall 

reflec tivity of the kimberlite ilmenites, but this relationship is complicat-

ed by the presence of variable amounts of Fe
2

0
3

, and to a lesser extent 

Cr
2

0
3

, in solid solution. Ramdohr (1969) noted that the presence of Fe
2
0

3 

in solid solution increases the ref lectivity of ilmenit e and this effect 

is also evident in the case of these magnesian ilmenites. 



~ 

ANALYSES OF UtmERLlTE ILH£NlTES 

, 
" ..,. KJ· ... '" K6 " " " "0 '" '" l:SI I 

TiO
Z 

52,81 53,16 48,86 52,53 53,H 51,16 51 ,85 50 , 10 52,44 51,11 52,84 51,96 52.74 

.. 0 2 1,80 23,28 28,80 27,28 22 , 63 2] ,95 a,52 26,23 32,68 210. 12 32,16 24,62 27,51 

",0 111,24 13,65 8,42 JO,99 110.13 13, 36 11,49 10 , 44 8,02 12,07 8,41 12,02 10,':14 

... 0 0,26 0,1 1 0,11 0,21 0, J3 0,] 1 0,15 0,18 0,12 0,08 0,61 0,23 0,17 

Cao 0,11 - - - 0 , 03 0, J) 0,38 0,02 0,03 0,12 - 0 , 32 0,20 

pel3 7,05 9,98 13,89 5,43 6.66 12,91 9, J) 1 1.82 4,54 12,02 10 , 81 8 ,N 5,79 

Cr
2

0
3 

3,14 0,42 0,26 4,17 2,00 0,21 0 , 20 0,54 1,02 0,12 0,07 1,64 1,81 

A1
2

0
3 - 0,68 0,55 - - - 0,67 0,20 - - 0 ,1 3 - -

V
Z

0
3 

- - - - - - 0,26 0,20 - - - - -

TOTAL: ....... ..!~~: ....... !~~~ .. _ ... !~:~: .. _ .... !~~!.._ .. _ .... ~:~~ __ .... !!:~!_ ........ !!:~:_ .. __ .. !!::~ .. _ .... _!~:~: ... _ .. !!:!~ ____ .!!:~! .......... !!::~ ........ !!:!~.J -_ .. -._-._ .. -... -.... -
NUKBU or IOtIS 0It Til! 8.\515 OF 6 OX'l'CENS 

," 0 , 017 0,01 I 

A13+ 0 , 038 0,028 0 ,0)8 0 , 011 0,006 

Cr3+ 0,114 0,0 16 0,0 II 0,151 0 , 012 0,010 0,005 0 , 023 0 , 040 0 , 001> 0 , 001> 0,061 0,068 

,.,3+ 0,242 0,331> 0,493 0,189 0,234 O,U8 0,318 0,417 0,160 0 ,4 26 0,172 0,)07 O,20Z 

Ti4+ 1,822 1,805 1,131. 1,830 1,8U 1,17 1 1,81 I 1,169 , ,900 1,781 1,908 1,816 1,865 

feZ. 
0,831. 0,880 ! ,Il6 1,058 0 ,870 0,843 0 ,990 1,030 1,318 0,941 1,2U 0,959 1,082 

K, 0,971 0,920 0,592 0,161 0,97 .1 0,916 0,79) 0,731 0,576 0,831 0,598 0,832 0,166 

1m 0,0 1 ] 0,005 0,006 0,011 0,006 0 , 006 0,006 0,008 0,006 0,00) 0,026 0 , 008 0,001> 

C. 0,006 0,006 0,022 0,001> 0 , 011 0, 01 1 

.... _:~~~ .. _______ J, .. _ ... ~:~~ __ ... __ ~:~~ ____ .. _~:~~~. __ ... _~:~~ .. _ .... _ .. !:~~~ ..... _ .. !:~~ .... u .. ~:~~~ .... _ .. _~:~~~ . . .... ~:~~ __ _ .. _~:~~_ ...... _~:~~~ ......... ~:~~ ...... _ .. :;~~_ 
NORMATIVE COMPOSITION (MOLE PER CEN1") 

re~~~) 41,79 64,08 56,80 52,92 4),51 42 , )0 50,00 51,48 1>5, 80 47 , 19 61.,18 ~8,)I '", ~'l l 
MSTiO

l 
48,69 46,Il 29,60 38,02 48 , 55 45,91 40,]4 )1> , 53 28,84 41 , 99 29 ,94 ~I ,97 38,49 1 

MnT i0
3 

0,55 0 , 27 0,28 O,H. 0,280, 280,28 0 ,420,290,141 ,290,420,.' 11 
" 2° 3 B, 97 9,52 11 t H 8,50 1 , 60 II, ~! 9 , 58 I ' ,n 5 , 0 7 10 ,1>8 4,59 9,lO ",111 
TOTAL: . IUO,oo 100, 00 100 , 00 luO , OO 100,00 100, 00 100,00 (00, 00 100 ,00 100-;00 ]00 , 00 100 , 1)0 Irlo ,iiil 

~ .......................................................................................................................................................... , 
S.Il. r,.o and h

2
0, Iln,~ly~(" !l31,,· bun r"(" . I(",,I .. 't'd u~ ..,nin~ il_nlte u ·oi ch i" .. ..rry. 

, i ndi,:n .. . "'<"Ir,," .,i~ rupr<'l>~ unJiysi •. 
'·11 bul k :I nalhi ~ "r 0"1" i! ... ·nit.· , · "n, ~ruru .. fr ,.", til .. <I,. SN·r.. !olin ... 
.: ,: '",lit a" .. iy ~ i~ "f 3n il",,·n i (,· , ·un,· ,· ntr.1(' fr o .. ( I,,· 1o:, ·. ,,·lr o n Mi ne. 

N 
a-. 
a-. 



267 

A survey of the published analyses indicates that both the Fe
Z

0
3 

and MgO 

contents of kimberlite ilmenites vary between wide limits. Furthermore, 

there is no apparent direct relationship between these two variables. 

The presence of the Fe
2

0
3 

( and poss ibly Cr
2

0
3

) also influences the reflect

ivity of the kimberlite ilmenites with the result that this property cannot 

be used to determine the MgO content of these minerals in the pre sence of 

these solid solution components in the manner envisaged by Cervelle et al . 

(1971) . The reflecti vi ties of the kimberli te i Imeni tes are, hOl,ever, 

consistently lower than those of ilmenites from other igneous rocks and this 

property might still be useful as an aid in the identificat i on of this 

type of ilmenite. 

Th e micro-indentation hardness does not show a linear relationship towards 

the MgO, although there is an overall increase in VHN with increasing MgO 

content . This feature is in accord with the findings of Morton and Mitchell 

(1972) and can also be ascribed to the variable amounts of MgO, Fe
Z
0

3 
and 

Cr
2

0
3 

in so lid solution in these minerals. Morton and Mitchell ( 197 Z) 

unfortunately only provided analyses of ~!gO and Cr 20
3 

for the ilmenites that 

they investigated with the result that an eva luation of the effects of Fe,L', _ J 

on this property is thus hampered by a lack of data. 

The unit cell dimensions are distinctly smal le r than those recorded for 

ilmenites that are nearer the theoretical end-member composition. This 

2+ 3+ . 
feature is due t o the combined effect of the presence of Mg and Fe 10ns 

ln the il'menite crystal structure. Geikielite has a smal l er unit cell 

(a = 5,054 R) than ilmenite (a = 5,079 R) and Cervelle (1967) has shown that 

the unit cell dimension decreases with increasing Mg content. Similarly, 

the unit cel l dimension decreases from ilmenite to hematite (a 5,029 R) 
with increasing Fe

2
0

3 
content (Part 1, section 4.3). The use of this 

method for determining the amounts of MgO or FeZ03 in solid so lution can 
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only be used when dealing with essentially pure members of the ilmenite-

geikielite or ilmenite-hematite solid solution series. It cannot be used 

effectively in the case of the more complex solid solutions as typified by 

the kimberlite ilmenites which can be regarded as members of the ilmenite-

geikielite-hematite solid solution series. The presence of up to 5,6 per 

cent· CrZ0
3 

(Haggerty, 1975) will, in addition, further complicate the 

observed cell variations. 

The combined effect of the presence of MgO and FeZ0
3 

is to decrease the unit 

cell dimensions of the kimberlite ilmenites and they are consistently small-

er than those recorded for ilmenites from other igneous rocks. This feature 

can thus be used in a qualitative way (preferably in conjunction with some 

other parameter such as reflectivity or micro-indentation hardness) to 

identify kimberlite ilmenites in concentrates containing ilmenites from 

other sources. 

The smaller unit cell dimensions of the kimberlite ilmenites are reflected 

1n their d-spacings and the two-theta angles of x-ray reflections. This 

is particularly noticeable in the high two-theta range where the measurement 

of a single reflection should be sufficent to indicate the smaller unit cell 

size . The (Z.I.IO) reflection is particularly well suited to this purpose 

. since it is the most intense reflection 1n this high two-theta range and 

is easily measured. The k-alpha, peak position of this reflection ranges 

from 113,09 0 to 113,660 Z 8 in the samples examined, which is distinctly 

larger than that obtained for the ilmenites closer to the end-member 

o 0 composition (IIZ,59 to IIZ,70 ). 

Limited data are currently available on the trace element content of kimber-

lite ilmenite, but studies of this type should provide additional parameters 

by which they can be recognized (e.g. Mitchell et a1., 1973, Nixon and 
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Kresten, 1973). 

6.8 Conclusions. 

I). The kimberlite ilmenites can be distinguished from other igneous ilmenites 

on the basis of their chemical compositions. They typically contain 

large amounts of MgO (6-Z4%) and FeZ0
3 

(0, I-ZO%), while their CrZ03 

(0,1-5,6%) and AI Z03 (0,1-1,0%) contents are also unusually high. 

Z)., The compositional , range of these ilmenites is such that they can gener-

ally be distinguished from ilmenites from other igneous rock types. A 

slight overlap is evident in the MgO contents of kimberlite ilmenites 

and magnesian-rich ilmenites from certain titaniferous iron ores 

(e.g. Kaffirskraal and Trompsburg complexes, this study, Part 3). 

The hematite content of these ilmenites is, however, often very much 

lower than those of the kimberlite ilmenites and generally forms 

exsolution lamellae when present in excess of 6 per cent. 

3). The unit cell dimensions, reflectivities and micro-indentation hardness 

of the kimberlite ilmenites are influenced by their chemical compositions. 

These properties are sufficiently different from those of ilmenites from 

a wide range of common igneous rocks and can be used either independently 

or in various combinations as an aid in the recognition of kimberlite 

ilmenites. The independent and wide variation in MgO and Fe Z0
3 

contents 

of the kimberlite ilmenites renders these techiques unsuitable for the 

determination of either MgO or Fe
2

0
3 

contents. 

4). The lack of hematite exsolution lamellae in the Fe Z0
3
-rich kimberlite 

ilmenites is consistent with their having been quenched from high 

temperatures. The possible effect of pressure on this process is 

difficult to evaluate Slnce hematite and ilmenite form a complete solid 

o solution series at temperatures above 600 C under low pressures (Lindsley 

and Lindh, 1974). 
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7. THE CO-EXISTING IRON-TITANI UM OXIDES IN KARROO DOLERITES. 

7.1 Introduction. 

The Karroo dolerites are encountered over a wide area in sou t hern Africa 

and have been described in detail by Walker and Poldervaart (1 949). 

They are connnonly pre s ent in the form of typically hypabyss a l intrusions that 

form sills , dykes and inclined shee t s. Th ey are considered to be tIle 

intrusive equivalents of the considerable t hickness of Karroo basil l ts that 

were once present over large areas of southern Africa and in s ome cases 

the dykes might r epresent the original fe eder syst ems of the lavas. 

The emplacement of these intrusions and t heir associated volcani sm has been 

related t o the early stages of the Gondwana l and fragmenta tion (e.g. Cox, 

1970, 1972). 

The associated Karroo basalts have been studied in far greater de tail than 

the dolerites in recent years (e.g. Cox and Hornung, 1966; Manton, 1968: 

Cox, 1970, 1972; Rhodes and Krohn, 1972; Lock et a1., 1974). Some of the 

larger basi c intrusions of this period show evi dence of fractional crysta ll

ization and have begun to attract increasing attention (e.g. Maske, 1966; 

Eales and Booth, 1974; Eales and Robey, 1976). The Karroo dol erites 

themselves have, however, remained rather neglected. 

The dolerites are typically tholeiitic in composition and usually contain 

between I and 5 pe~ cent of opaque oxides as acces sory phases. These 

minerals are generally located inter s titially between the larger sil i cates or 

are found intergrown with them. As far as the author is aware, no detailed 

study of these minerals in the Karroo dolerites has been published. 



271 

7.2 Samples Investigated. 

The twelve Karroo dolerite samples investigated were obtained from the area 

between the towns of Cookhouse, Middleburg, Tarkastad and Adelaide in the 

Eastern Cape. The samples were collected from road cuttings in order to 

obtain the freshest material for investigation. Microscopic examination 

of these rocks has shown them to be relatively unweathered and they normally 

only exhibit incipient alteration. The dolerites consist essentially of 

pyroxene and plagioclase and exhibit typical ophitic textures. Small 

amounts of quartz in the form of micropegmatite are present in samples D6, 

D6A and DID. Sample DI3 represents a coarser-grained dolerite pegmatite. 

7.3 The Nature and Occurrence of the Opaque Oxides. 

The opaque oxides in the Karroo dolerites consist essentially of ilmenite 

and titaniferous magnetite. The twelve dolerites examined are texturally 

and mineralogically similar, but their opaque oxides exhibit a wide range in 

relative abundance and morphology. The titaniferous magnetite is usually 

subordinate to the ilmenite and is,in some cases, virtually absent. 

The titaniferous magnetite is invariably found in close association with the 

ilmenite and these two phases commonly form complex aggregates that are 

located interstitially between plagioclase and pyroxene grains (Plate A (I 

and 2». Discrete titaniferous magnetite grains showing no direct associa-

tion with large amounts of ilmenite are rarely encountered. Ilmenite, 1n 

contrast, is commonly present as discrete skeletal grains that commonly 

enclose silicate inclusions (Plate A (3»). 

The ilmenite and titaniferous magnetite aggregates are commonly penetrated 

by plagioclase laths (Plate A (I, 2 and 4)) and contain abundant small sub-

hedral to rounded silicate inclusions. A narrow reaction rim of biotite 1S 

occasionally developed between the opaque oxides and the plagioclase. 



PLATE A. 

THE OPAQUE OXIDES IN KARROO DOLERITES. 

1). Granular aggregates of ilmenite (white) and titaniferous magnetite 

(slightly darker, mottled appearance) showing typical relationships 

with pyroxene and plagioclase (grey). Incident light in air. 

2). Similar to (1) but showing a much larger amount of ilmenite (white). 

The minor titaniferous magnetite (grey, mottled appearance) shows 

signs of alteration. Incident light in air. 

3). Typical ilmenite grain (white) showing an almost euhedral outline 

and containing minor rounded silicate inclusions. Incident light 

in air. 

4). Titaniferous magnetite grain (grey) containing a broad band of 

ilmenite (white) and set in a pyroxene-plagioclase groundmass. 

Incidel)t light, partially crossed nicols in air. 

5). The upper portion of the grain represents a completely altered 

titaniferous magnetite 'grain in which the "skeletonll of ilmenite 

lamellae (white) remains set in a matrixo~ chlorite, sphene and 

other alteration products. The lower portion of the grain repre

sents a typical skeletal subgraphic-to vermicular-ilmenite inter

growth (white) with hydrous silicates. Incident light in air. 

6). Similar to (5), but showing a greater degree of modification of the 

ilmenite lamellae to form graphic and vermicular morphologies. 

Incident light in air. 

7). Typical skeletal ilmenite grains (white) showing various subgraphic 

and vermicular forms. This ilmenite is intergrown with secondary 

hydrous silicates. Incident light in air. 

8). Similar to (7), under higher magnification showing the nature of the 

sub-graphic and vermicular ilmenite intergrowths (white) with 

. secondary hydrous silicates. Incident light in air • 
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Tiny euhedral hexagonal prisms of apatite up to 30 micrometres in size are 

occasionally present as inclusions in the ilmenite. 

The ilmenite exhibits a much greater morphological variation than the titani-

ferous magnetite and is present in a variety of skeletal forms that can be 

described as subgraphic or vermicular (Plates A (5-8) and B (1-2)). These 

ilmenite grains are sometimes associated with altered titaniferous magnetite 

whose former identity can be recognized by the presence of narrow oriented 

ilmenite lamellae set in a fine grained groundmass of alteration products 

(Plate A (5-6 )). There is often no direct association between these 

ilmenite grains and titaniferous magnetite and they are conunonly intergrown 

with fine~grained secondary silicate minerals such as biotite, hornblende 

and sphene (Plates A (7-8) and B (1-2)). 

7.4 The Titaniferous Magnetite. 

The titaniferous magnetite is usually present as small"grains, less than 

0,25 nun in size. They are generally subhedral to anhedral with their 

external morphologies being dictated by the shapes of the surrounding silicat

es. The titaniferous magnetites generally show the development of straight

to slightly curved-grain boundaries at places where they are in contact with 

large ilmenite grains. The titaniferous magnetites characteristically exhibit 

varying degrees of secondary alteration and invariably contain a variety of 

exsolved titanium-bearing phases. 

The titan~ferous magnetite is commonly traversed by numbers of narrow arcuate 

fractures and incipient maghemitization is usually evident in the "narrow zones 

bordering these fractures. Maghemitization is also commonly evident in 

regions adjacent to grain boundaries and lamellar ilmenite intergrowths. 

The titaniferous magnetite also conunonly exhibits varying degrees of 

dissolution and replacement that is also particularly noticeable in the areas 

adjacent to these fractures and along contacts with silicate minerals. 



PLATE B. 

OPAQUE OXIDES IN KARROO DOLERITES AND BUSHVELD GABBROS. 

1) and 2). Various forms of skeletal ilmenite (white) showing the ulti-

mate stages in development of subgraphic and vermicular intergrowths. 

Incident light in air. 

3). Titaniferous magnetite containing trellis networks of narrow ilmenite 

lamellae in 3 orientations. The ulvospinel in the surrounding titani

ferous magnetite has been altered to ilmenite that is in optical con

tinuity with the nearby ilmenite lamellae. This produces the "an 

isotropicll effect illustrated. Incident light, partially crossed 

nicols, oil immersion. 

4). Similar to (3) but under higher magnification showing the extremely 

fine-grained nature of the oxidised ulvospinel (ilmenite) in optical 

continuity with nearby ilmenite lamellae (darker grey). Incident 

light, partially crossed nicols, oil immersion.' 

5). A typical hemo-ilmenite grain (grey) from the Hendriksplaats norite 

showing abundant hematite lamellae exsolved parallel to (0001) 

(white). Incident light, oil immersion. 

6). TitaniferQus magnetite grains (grey) meeting in well defined triple 

junctions and showing extremely coarse ulvospinel cloth textures in 

an ore-rich Bushveld gabbro. The mottled effect is due to partial 

maghemitization. Incident light, oil immersion. 

7). Typical ulvospinel cloth texture in a Bushveld titaniferous magnetite 

(the ulvospinel has been oxidised to ilmenite (dark grey». Incid

ent light, oil immersion. 

8). Similar to (7), but showing the presence of several transparent spinel 

lamellae (black). Note the development of coarser ulvospinel "frames" 

around,the spinel lamellae. Incident light, oil immersion. 
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The commencement of this alteration is characterized by a slight lightening 

in the colour of the magnetite and the development of micrometre-sized dark 

mineral aggregates (possibly finely crystalline sphene) in the titaniferous 

magnetite. This produces a t exture with an overall porous appearance. 

This solution and replacement of titaniferous magnetite by these fine

grained aggregates then progresses to the s t age where the original titanifer-

ous magnetite grain is completely destroyed. The ilmenite lamellae appear 

more resistant to the alteration and are commonly pr eserved ln their original 

orientation in the alteration products as illustrated ln Plate A (5-6). 

The amount of titaniferous magnetite in the dolerites is invariably less 

than that of the associated ilmenite and reaches its maximum ln samples 

exhibiting the relationships shown in Plates A (1-2). A continuous range 

of textural types exists in which the amount of skeletal ilmenite increases 

while the titaniferous magnetite decreases until it is virtually 'absent. 

This de crease in the titaniferous magnetite content appears to be the result 

of increasing degrees of alteration rather than any significant decrease 

in the amount of magnetite that originally crystallized. 

The alteration of the titaniferous magnetite can also be seen in thin 

section, but the fine-grained alteration products are not easily identified. 

They appear to be largely secondary hydrous silicates such as biotite and 

amphibole, while sphene is evident in at least two samples. Incipient 

alteration isnoticeable'along the contacts between the opaque oxides and the 

sur~ounding silicates even in the specimens in which the silicates otherwise 

appear completely fresh and unaltered. Thi s is also evident in the 

corresponding polished sections where the titaniferous magnetite shows 

incipient alteration (Plate A (1-2)) along grain boundaries with silicates. 

When the complete sui te of samples is examined in thin section it is apparent 
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that the amount of secondary hydro us silicates increases at the expense of 

t he titaniferous magnetite . The ilmenite morphology a ls o changes from the 

simple granular form exhibited in Plate A (I, 2 and 3) to the more complex 

skeletal and poikilitic forms illustrated in Plates A (5-8) and B (1-2) and 

i s related to the decr ease in magnetite content. The secondary hydrous 

si lica t es are generally confined to the areas immediately surrounding the 

opaque oxides. The plagioclase ~n the immediate vicinity may show some 

alteration to saussurite and the pyroxene some alterati on to hornblende . 

Moderately extensive alteration of the silicates is only evident in sampl es 

D5, D6, D6A, and D13· 

The titaniferous magnetite is charac terized by the vi r tual absence of trans -

parent spinel exsolution bodies. When present, they form tiny micrometre-

sized grains that are l ocated along the interfaces between the titani ferous 

magne tite and the larger ilmeni te lamellae Dr di scr e te ilmenite gra~ns. 

The. titanif erous magnetite generally cont a ins minor, but vari abl e amount s of 

l amellar ilmenite and i s characte ri zed by an extreme ly fi ne micrumetre- to 

sub-mic romet r e-s ized ulvospinel c loth texture . This texture is of ten devel-

oped on a scale that is at the limit of optical resolution and it . fine scale 

i s presumably related to the more rapid cooling rate of the hypabyss al doler

ite intrus ions . 

The unit cell dimensions of the titaniferous mageti te are g~ven in Table 5 

together with the corresponding parameter obtained for pure magnetite by 

Bas ta ( 1957). 

The titanife rous magnetite exhibits peak broadening in the high 2 fl r a ngC', 

This is in part due to the small particle size of the magnetit e r"used by 

the fine-grained ulvospinel exsolutions. It is a lso partly due to changes 
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Ln the cell parameter caused by the presence of some ulvospinel in solid 

solution, the possible presence of some discrete unoxidized ulvospinel and 

the incipient maghemitization which have all contributed to small changes in 

the unit cell dimensions. The unit cell parameters of some titaniferous 

magnetites are larger than those of pure magnetite and this can be ascribed 

to the presence of small, but variable amounts of ulvospinel in solid solu-

tion (Basta, 1957). The remaining magnetites exhibit smaller unit cell 

dimensions and this is due to the effects of maghemitization whi ch results 

in a decrease in cell size (Basta, 1957). 

TABLE 5. 

UNIT CELL DIMENSIONS OF EXSOLVED TITANIFEROUS MAGNETITES FROM KARROO DOLERITES. 

Sample Number a(:!:0,0005 R Degree of Altera-
tion of the sili-
cates around the 
oxides 

Pure magnetite 8,3963 -

D3 8,3950 slight 

D4 8,3967 slight 

D5 8,3950 moderate 

D6 8,3956 moderate 

D6A 8,3960 mode r ate 

D7 8,3953 slight 

D8 8,3951 slight 

D9 8,3993 slight 

DID 8,3998 incipient 

DII 8,3987 incipient 

DI2 8,3950 slight 

DI3 8,3950 moderate 
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7.5 The Ilmenite. 

The ilmenite is present as discrete grains, ~n skeletal forms and as lamellar 

micro intergrowths in titaniferous magnetite . 

7.5.1 Granular ilmenite. 

This is the most common type of ilmenite and it is present both as anhedral 

grains associated with titaniferous magnetite (Plate A (I and 2» or as 

discrete euhedral to subhedral grains that commonly contain small rounded 

silicate inclusions (Plate A(3». It is completely free from exsolution 

lamellae of any kind and does not generally show any secondary alteration 

features. This type of ilmenite is also present ia small amounts in the 

samples containing the skeletal forms. 

The experimentally determined unit cell dimensions, reflections and m~cro-

indentation hardness values for these ilmenites are given in Table 6. The 

measured cell dimensions are very close to those given by Deer, Howie and 

Zussman (1962b) for ilmenite (a 5,089 R, c = 14,163 R). They also 

fall within the range of values for coarse grained ilmenites ~n the Bushveld 

Complex (a = 5,074-5,090R, c = 14,02-14,065 R) investigated by Molyneux 

(1970, 1972). 

The reflectivity measurements are within the range of values reported by 

Cervelle (1967) for ilmenites containing no Mg (R = 19,5-20,1%, R = 16,7-
o e 

17,6%). The VHN
IOO 

values obtained also fall within the same general range 

(VHN
IOO 

= 560-700) given by Cervelle (1967) for these ilmenites. 

A comparison of Table 6 with Table 3 indicates that the kimberl ite ilmenites 

can be readily distinguished from the dolerite ilmenites on the basis of 

anyone of these properties or combinations of these properties. The 

relatively small variation in each of these parameters between the ilmenites 



TABLE 6 

DOLERITE ILMENITES UNIT CELL PARAMETERS, REFLECTIVITIES AND VICKER 'S HARDNESS NUMBERS 

-
Sample Unit cell dimensions Calculated 2-theta angle Reflectivity in air 

(Hexagonal axes) d-spacing for Co- at 546 nm 
number 

a~ 0,0005 R c~ 0,001 R volume R3 
for (2.1.10) radiation 

(R) K-alpha
l 

for R (%) R (%) 
(2. I . 10) 0 e 

D3 5,0883 14,074 315,561 1,0750 11 2,62 19,5 17, I 

D4 5,0892 14,074 315,673 1,075 1 I 12,61 19,4 16,8 

D5 5,0869 14,066 315,216 1,0745 I 12 ,70 19,5 16,7 

D6 5,0883 14,068 314,434 1,0747 I 12,66 19,7 16,9 

D6A 5,0883 14,073 315,547 1,0749 I 12,63 19,6 16,5 

D7 5,0874 14,072 315,41 I I ,0748 112,65 19,7 17, 2 

D8 5,0882 14,072 315 ,5 20 1,0749 112,63 20,0 16,6 

D9 5,0874 14,071 315,378 1, 0747 I 12,66 19,5 16,4 

DIO 5,0885 14,070 315,519 1,0749 I 12,64 19,7 16,5 

DII 5,0885 14,074 315,560 I, 0750 112,62 19,5 16,4 

DI2 5,0892 14, 073 315,657 1,0750 I 12,62 19,6 16,4 

DI3 5,0889 14 ,077 315,701 rl. I 12,59 19,6 16,8 
I 

I i I -

Vicker's hardness 
number 

(VHN 100) 

544 - 574 

550 - 587 

538 - 565 

564 - 590 

546 - 583 

566 - 598 

587 - 640 

572 - 616 

563 - 595 

556 - 583 

559 - 612 

565 - 595 

I 

N ..... 
-0 
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from different dolerites is also reflected 'n their relatively small 

compositional variation. 

7.5.2 Skeletal ilmenite . 

The bulk of the dolerites are characterized by the presence of skeletal 

ilmenite gra,ns that exhibit complex subgraphic or vermicular intergrowths. 

These grains are either associated with titaniferous magnetite that sr.ows 

advanced stages of decomposition (Plate A (5 and 6» or occur in ar eas that 

are devoid of other opaque oxides. They are characteristically surrounded 

by a narrow alteration zone of irregular and variable width that 

contains fine-grained secondary hydrous silicates. Amphibole and biotite 

can often be recognised and fine-grained sphene aggregates have been noted 

in at least two samples. These alteration products are also present in the 

areas between the individual portions of the grains and form the matrix in 

which they are set. 

The gra,n boundaries of this ilmenite appear smooth and curved under low 

power magnification, but under high power they are more irregular and show 

evidence of replacement. This is particularly noticeable in the samples 

in which a narrow zone of sphene surrounds the ilmenite. 

The proportion of this type of ilmenite present 'n any sample is related to 

the degree of alteration that has taken place in the associated titaniferous 

magnetite. This type of ilmenite is rare in samples containing abundant 

titaniferous magnetite, but its relative content increas es as the degree of 

magnetite alteration increases and the overall magnetite content decreases. 

The individual portions of the complex grains are often elonga ted and are 

arranged in a parallel fashion as shown in Plate A (5-8). These individual 

portions are generally ,n optical continuity and combine to form large grains 
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that have overall dimensions of up to 2 mm, although the average size is ~n 

the region of 0,5 mID. The elongated portions of the grains are sometimes 

present in two or three distinct intersecting orientations, but this type of 

arrangement is not as common as the parallel kind. 

The individual portions of these gra~ns tend to coalesce into larger, more 

continuous grains in places where they are ~n contact with altered titanifer-

ous magnetite (Plate A (5 and 6» . These bodies are also very often in 

optical continuity with the ilmenite lamellae that form the "skeletons" of 

the altered titaniferous magnetite grains as illustrated in Plute A (5). 

The margins of the skeletal ilmenite grains also show evidence of alteration 

~n the more highly altered samples. The ilmenite appears slightly lighter 

l.n colour and has a slightly bluish colour similar to that developed during 

the normal weathering of ilmenite. This appears to be due t o the removal 

of iron from the ilmenite structure and the ilmenite itself shows signs 

of resorption. Small amounts of sphene are also commonly developed around 

the peripheries of these ilmenite grains. 

7.5.3 Lamellar Ilmenite. 

Various size ranges of ilmenite lamellae are present ~n the titaniferous 

magnetites. The large relatively unaltered titaniferous magnetites 

commonly contain two or threee very broad lamellae or sometimes more 

irregularly shaped ilmenite bodies as illustrated in Plate B (4). The se 

might, in some cases, be very large sandwich lamellae, but ~n others they 

have developed as a result of simultaneous crystallization of i lmenite and 

titaniferous magnetite. 

The majori.ty uf titaniferous magnetite graIns contain several sparsely 

distributed broad ilmenite lamellae that sometimes extend across the· enti re 
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width of the grain. These lamellae are usually less than 15 micrometres In 

width, but are up to 0,15 mm in length. They appear to have nucleated at 

grain boundary imperfections and to have grown into their hosts. They are 

developed along all the octahedral planes in the magnetite, but they very 

often show preferential development along a particular octahedral plane to 

form typical candwich textures. They are rarely present in sufficient 

quantit ies to form typical trellis networks. 

Smaller-sized ilmenite lamellae are only rarely developed and 

they are never present in sufficient quantities to form well defined trellis 

networks. They are generally between 1 and 4 microme t r es in I<idth, but 

commonly exceed 0,1 mm in l ength (Plate B (4 and 5)). These lamellae are 

commonly slightly lensoid in shape and are occasionally arranged in a closely 

spaced en echelon fashion as illustrated in Plate B (4). 

The bulk of the intergrown ilmenite is represented by the fine-grained 

oxidised ulvospinel intergrowths that are ubiquitously developed in the 

areas between the larger lamellae. The abundance of this material produces 

a distinct anisotropic appearance in the titaniferous magnetite when viewed 

between crossed polars. The ilmenite oxidation products have maintained the 

original morphology of the ulvospinel cloth texture and have developed in 

optical continuity with neighbouring ilmenite lamellae. This is particular-

ly noticeable between crossed polars where irregularly shaped areas of "an

isotropic" magnetite bordering the ilmenite lamellae also appear to be In 

optical continuity I<ith them (Plate B (3 and 4)). 

The unit cell dimensions of the intergrown ilmenite in the titaniferous 

magnetite are presented In Table 7. The values obtained represent 

averages of the various size ranges of ilmenite present since there is no 

physical method for separating the various fine-grained types. The ilmenite 
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produced by ulvospinel oxidation is the dominant phase present and the values 

obtained are probably those of this material. The ilmenite peaks exhibit 

a distinct broadening in the high 2 8 range which can be ascribed to the 

extremely small ilmenite particle size. It might, in part, also reflect 

minor compositional differences between the different size ranges of ilmenite 

lamellae. 

TABLE 7 

UNIT CELL DIMENSIONS OF INTERGROWN ILMENITE LAMELLAE IN TITANIFEROUS 

MAGNETITE. 

Sample Unit cell dimensions Calculated 28 angle for Co-
(hexagonal axes) d-spacing radiation 

number a + for k2.1.10) k-a lpha
l 
for 

0,00-05R c:!:o,ooIR volume R3 ( ) (2. I . 10) 

D3 5,0875 14,073 315,444 1,0749 I 12,64 

D4 5,0885 14,079 315,679 1,0752 I 12,59 

D5 5,0891 14,070 315,570 I ,0740 112,64 

D6 5,0891 14,077 315,732 1,0752 I 12,59 

D6A 5,0889 14,076 315,687 1,0751 I 12,60 

D7 5,0895 14,073 315,670 1,0751 I 12,61 

D8 5,0886 14,076 315,662 I ,0751 I 12 ,60 

D9 5,087 14,063 315,162 1,0743 112,72 

DIO 5,0880 14,073 315,516 1,0749 I 12,63 

DII 5,0881 14,074 315,543 1,0750 I 12,62 

DI2 5,0887 14,075 315,646 I ,0751 I 12,61 

DI3 5,0889 14,079 315,754 1,0753 I 12,57 
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These cell parameters are essentially the same as those obtained for the 

coarse-grained ilmenite concentrates (Table 6) which consist of a mixture 

of granular and skeletal ilmen i te types. This feat ure suggests that the 

var10US size ranges of ilmenite, both intergrown and granular, are composi t -

ionally similar. A similar relationship was noted by Molyneux (1970, 1972) 

between the coarse- grained and intergrown ilmenites in the Bushve ld Complex. 

In his samples, the unit cells of the intergrown ilmenites are ofte '" s lightly 

larger than those of their corresponding coarse-grained varieties. The 

variation in the corresponding Karroo dolerite ilmenites appears to reflect 

no direct relationship and is probably partly due to minor experimental 

errors. 

7.6 Ulvospinel. 

The original presence of abundant ulvospinel is clearly illustrated by the 

development of well defined ulvospinel cloth textures. This has , however, 

been almost entirely oxidized to ilmenite and it is doubtful whether any 

u l vospine l is actually pres"nt in tile samples investiga ted. The uni t cell 

dimensions of the titaniferous magnetite hosts (Tilble 5) indi ca te that at 

least some ulvos pinel has r emained in solid solution in the magnetite. 

The maghemitization of many of the titaniferous magnetites has resulted in 

a compensating decrease in unit ce ll parameters with the r es ult that the 

ulvospinel solid solution content of these minerals cannot be det e rmined by 

this method. 

7. 7 Chemical Composition of the Ilmenites. 

The chemical compositions of individual granular ilmenites w~ re determi ned 

by electron microprobe, while lhl' bulk c ompositions of ilmenite c o nC" c ntrutcs 

were determined by wet e.ill'mi c.a l Iltl·thuds. 'J'he r ~su lts ubtailled are prl!~l 'rltl'(l 

in Table 8. The literatlln' ("()Ilt; l ill!-i nUI\l{' r OllS an :llyses of i IlIll'n i t(' f rom 

gabbros Clnd hus.11ti.c lavas, I)(ll l'(IlHpll'll ' OlIl,JlySps u[ i. Lmenill's from cioll'ritcs 
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ANALYSES OP OOl.ERllE llJiENll!S 

Ol' 1>'. " 06 ",. ". oe. " DlO 0" '" ,n Il.K!NITlS Fila! TIlOl.EIITlC B.ASALT5 
(CAJIl([CKAEL 1967b) 

Si0
2 

0,72 1,26 1,08 0 , 21 I,!W 0." 0,10 0,10 0,09 0,07 0,17 

Ti0
2 

5 I ,79 50,90 49,85 50,60 5 1,26 50,49 50,9 I 48,11 49,46 49,92 49,65 49 , 37 50,30 ~9.80 ~9,40 50,50 49,80 49 ,50 

, , 0 H,59 45,9) 44,02 44,15 45,30 44,95 45,81 43,00 43,42 44,25 43,83 43,50 43,80 42,00 .UtOO 42,70 4 I ,90 H,IO 

",0 0,10 0,22 0,22 0,26 0, 16 N.' 0,20 0,29 0,12 o,n 0 ,08 0,22 0,49 1,17 1,00 1,21 1,28 1,09 

1In0 0,40 0,44 0,27 0,79 0,41 1, 38 0,89 0,21 0,43 0,21 0 ,60 0 , 49 0,50 0,47 0,47 0,43 0,53 0,49 

,.0 0 ,08 0,11 0,05 0,05 0,1>' 0,05 0,08 0,07 0,27 0,25 0,19 0,1 ] 0,16 

"'20
3 

4 , 42 ),01 1,28 1, ]5 5,10 4 , 36 5 , 46 5,44 4,40 5,80 6,60 4 , 80 6,10 6, 40 

C'"' ZO l N.' 0,01 N.D . 0,02 0 , ," 0 , 04 N.D. 

~:1::~~._.:~:~ .. :~~~_:~~~_:~=~ ... :~~ ... :::::._::~:_.:::~ .. .::: .. ~:::~.~:~~. ')9 ,6 2 9<1,61 99,82 99 , 92 99,19 99 , 91 -_ .... _ .... _ .. _-_ .... _ ............ _ .... -....... _ ..... 
NUKBE:R OF IONS ON THE BAStS OF 6 ortCZIIS 

'e J. 

Fe)· 0,112 0,116 0,064 0,275 0,220 0,166 0,208 0,210 

5i 4• 0,0)6 0 , 064 0,055 0 , 009 0,096 

Ti 4• ] ,964 1,9" 1,9 ]4 1,942 1,964 1,959 1,916 ] ,863 ] ,890 1,911 1,896 1,895 

F,,2. J ,no 1,950 1,881 1,884 1,9)0 1,911 1,922 1,829 1,845 1,880 1,863 1,856 

H, 0,052 O,OIS 0,018 0,0]8 0,012 0,015 0,021 0,024 0,028 0 , 006 0,0 15 

lin 1 0 ,0 18 0,0]8 0,012 0, 0 )4 0 , 0 18 0,031 0,039 0,009 0,0 18 0 , 006 0 ,024 0,021 

" 0, 00) 0,00< 0,00) 0,00) 0,00 ) 0,00) 0,00) 

tor"-
4 ~~ ..... !!::~ .... ~~~ .... ::~_ .. ~~::~ ..... :~~~~ ..... ~~:~~_..!~~ .... ::.~ ...... ::~~_ .... :~~ ... ~:~~.J 

NOMATIVE COKPOSIlION (MOt.! PER CENT) 

hTi031 96. 51 98,30 94 , 18 9 ~ ,48 98, 4] 9),54 91,26 9 1,59 92 , ]6 94 ,1 8 91,28 92 .95 

KlliO)! 2,58 o,n 0 , 92 0 , 92 0,63 U,76 t ,O~ t , 22 1,38 0, ) 1 0 , 11 

ItnT iO) i 0 ,91 0, 9) 0 , 6 1 1,69 0 ,94 2, 85 1,98 0 ,45 0, 9 2 0,)0 1, 22 1, 01 

1
2
0

3 4,29 2 .91 3.1>1 I> ,8Q 5 . ~O 4.14 5 ,1 9 5 ,2 1 

!~~~~l~~~~~ ... ~~:~~ ... ~~~:~~ .... ~~~:~ .... ~~:~_.:~~:~~ __ ~~~:~~_.~~~~~~_ .. ~~:~~ .. _~~~:~~ __ ~~~~~ __ ~~~:~ 
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with which direct comparison can be made are not available. Partial 

analyses of these types of ilmenite by Jensen (1966) and Smith (1970) 

indicate the same range of minor element variation. 

The microprobe and wet chemical analyses are comparable except that no 

excess Fe203 is apparent in the recalculated analyses for samples D3,4,6A 

and 8. This feature is due to the slightly larger Ti02 values reported in 

microprobe analyses and the small, but variable amounts of Si02 that have 

been added to the Ti02 during the mineral calculations. The values for 

Si02 reported in the microprobe analyses are probably nearly all too high. 

Vincent and Phillips (1954) concluded that a maximum of 0,50 per cent Si02 

might be present as a replacement of Ti4+ in the crystal structure of i Imen-

ite. 

The small amounts of Fe203 reported in the analyses can be readily held in 

solid solution in the ilmenite as indicated by the absence of hematite 

exsolution lamellae. The minor element contents of these ilmenites are 

also small with the result that they are very close to the theoretical end 

member composition for ilmenite. 

There does not appear to be any direct relationship between the minor 

compositional variations shown by these ilmenites and their unit cell 

dimensions, reflectivities or micro-indentation hardness. 

7.8 The Development of Subgraphic and Vermicular Ilmenite Intergrowths. 

The presence of discrete ilmenite grains displaying subgraphic to vermicular 

intergrowths in gabbroic rocks of the Bushveld Complex has been reported by 

Ramdohr (1969) and Molyneux (1970). Jensen (1966) reported the occurrence 

of similar ilmenite intergrowths with pyroxene that had been altered to 

biotite in dulerite dykes. He noted that tIl(' elongated ilmenite plates were 
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developed paralllel to (0001) and concluded that they represented a form 

of skeletal growth caused by rapid cooling. 

Davidson and Wyllie (1968) described an essentially similar series of 

ilmenite grains showing varlOUS stages of development in a diabase

granophyre suite from Pennsylvania that is ~n many respects analogous to 

the opaque oxides in Karroo dolerites. They also presented a seri 0' of 

photomicrographs that are essentially similar to those in Plates A (1-8) 

and B (1-2) and noted that the titaniferous magnetite is partially oxidised. 

They reported that the skeletal ilmenite is invariably and intimately 

associated with hydrous mafic silicates (biotite and hornblende) that also 

fill the interstices between the ilmeni te arms and noted that all stages of 

associated titaniferous magnetite alteration were present . 

Davidson and Wyllie (1968) suggested that an aqueous fluid developed within 

the crystallizing magma during the iron-enrichment stage of the different

iation sequence and that this was capable of dissolving iron from the titani-

ferous magnetite leaving skeletal crystals of ilmenite . The ilmenite plates 

become enlarged during the removal of the iron and they lose their regular 

straight-sided outlines and assume the typical form of the skeletal grains. 

They concluded that some or al l of this iron was redeposited as a second 

generation of Ti-poor magne tite within the host rock or else it escaped to 

be deposited elsewhere. 

Haselton and Nash (1975) described the occurrence of a similar orthopyroxene

ilmenite intergrowth from the Skaergaard Complex and reviewed the available 

data on the development of these types of intergrowths with parti cular 

reference to their occurrence in kirnberlites . They concluded that the 

texture in the Skaergaard gabbro was formed by the sub-solidus oxidation of 

titanomagnetite that was present as inclusions in the pyroxene . They 
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estimated the equilibration temperature for this ilmenite-orthopyroxene 

pair at approximately 700 0 C. 

The dissolution of titaniferous magnetite and its replacement by sphene

chlorite aggregates was noted in Usushwana Complex gabbros and has been 

widely reported in the literature. 

section 8.8. 

This topic is reviewed in Part 3, 

The titaniferous magnetites and skeletal ilmenites found in the Karroo 

dolerites are strikingly similar to those described by Davidson and Hyllie 

(1968), although no discrete Ti-poor magnetite has been recognised. The 

increase in skeletal ilmenite is related to the increasing alteration of 

titaniferous magnetite and an increase in the amount of secondary hydrous 

silicates in the immediate vicinity. The ilmenite is not present 1n an 

eutectic-type intergrowth with pyroxene or other silicate, but appears to be 

located interstitially between both pyroxene and plagioclase laths. The 

alteration of the magnetite is widespread and must have occurred during the 

later stages of magmatic crystallization (deuteric alteration) since these 

dolerites have not been metamorphosed. 

The alteration appears to have taken place at temperatures below the magnetite

ulvospinel solvus since the altered magnetites exhibit typical ulvospinel 

cloth textures, even in the areas in direct contact with the alteration 

products. The maghemitization appears related to the alteration of the 

titaniferous magnetite rather than to surface weathering effects and implies 

the existence 0", at least locally, high oxygen fugaci ties during altera-

tion. This would have caused extensive oxidation of the ulvospinel remain-

ing in solid solution resulting in lamellar ilmenite or internal granule 

development, had it occurred at higher sub-solvus temperatures while the 

pre-existing ulvospinel lamellae would also show evidence of re-arrangement . 
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The nature of the solutions responsible for the alteration is not known, . 

but they probably represent late-stage volatile-rich fractions left after 

the bulk of the crystallization has been completed. Their abundance is 

highly variable as shown by the different amounts of alteration exhibited 

by the titaniferous magnetite and they are presumably operative at relativ-

ely low temperatures, possibly below 350-400
0

C to allow for the development 

of the unmodified ulvospinel cloth textures. The incipient and restricted 

degree of alteration in many cases suggests that the fluids responsible 

might represen t the final aqueous crystallization products that are entrapped 

in the interstices between mineral grains. 

The dissolution of the iron in the magnetite leads to the liberation of Ti 

which is precipitated along with some of the lron as ilmenite overgrowths on 

the pre-existing ilmenite lamellae and grains and a llows for their continued 

growth to produce the vermicular intergrowths. These secondary ilmenite 

overgrowths are in optical continuity with the original lamellae and their 

parallel development can be ascribed to the "sandwich"arrangement of the 

original ilmenite lamellae . The arms of these intergrowths are also found 

in two and three different orientations, but they are not as common as the 

parallel types and this corresponds with the paucity of ilmenite "trellis" 

networks in the titaniferous magnetite. 

Portion of the liberated iron lS incorporated into the fernie hydrous s i licates 

(biotite and hornblende) that are invariably associated with the a l terat ion 

products. A minor amount of sphene might also be formed during this process 

2+ 
from Ca released during the alteration of plagioclase ot augite. Anv 

remaining excess iron would presumably be removed in solut iun and be deposited 

elsewhere, but no secondary Ti-poor magnetite was r ecognised in the samples 

examined. The more highly altered samples typically contain several percent 

of finely disseminated s ulphides, usually pyrrhoti::e ,nd chalcopyri te, and 
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it 1S possible that some of this 1ron might be precipitated as sulphides. 

The oxidation of the titaniferous magnetite and the exsolved ulvospinel lam

ellae probably took place during this late stage as a result of the relative

ly high oxygen fugacities associated with the aqueous fluids. This is further 

s upported by the incipient alteration of the skeletal ilmeni te grains in the 

more altered samples. This is not due to atmospheric weathering since the 

silicates appear fresh in areas not affected by the secondary alteration and 

there is no evidence of hematite, goethite, clay minerals or other typical 

weathering products. Moreover, the rock samples were coll ec ted from road 

cuttings and represent the "freshest" material available for study. 

7.9 Conclusions. 

J). The opaque oxides in the Karroo dolerites consist essentially of titani-

ferous magnetite and ilmenite. The titaniferous magnetite exhibits 

variable degrees of late-stage alteration that has contributed t o the 

development of skeletal ilmenite grains with subgraphic and vermicular 

morphologies. 

2) . The ilmenites exhibit a restricted compositional range that 1S also 

reflect'ed in the relatively small ranges in their unit cell parameters, 

reflectivities and micro-indentation hardnesses. These ilmenites are 

very near to the theoretical end member in composition. 

3). The dolerite ilmenites appear to be chemically similar to ilmenites from 

a wide range of basic igneous rocks (section 9) and can readily be 

distinguished from the MgO- and Fe 20
3
-rich kimberlites. They can also 

be distinguished from the kimberlite ilmenites by means of unit cell 

dimensions, d-spacings, reflectivities or mi cro-indentation hardness 

measurements. 
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8. THE CO-EXISTING IRON-TITANIUM OXIDES IN DIABASES ASSOCIATED WITH THE 

BUSHVELD COMPLEX. 

8.1 Introduction. 

The Transvaal Supergroup along the southern and southeastern margin of the 

Bushveld Complex has been intruded by large numbers of hypabyssal basic 

intrusions that are often in the form of sills. These intrusions are 

diabases (i.e. altered dolerites) and are regarded as being genetically 

related to the Bushveld Complex. Willemse (1969a) referred to them as the 

"Sill Phase" of the Bushveld Complex and suggested that they were intruded 

prior to the main mass of Bushveld basic magma. He noted that t he sills 

commonly consist of saussuritized plagioclase and clinopyroxene that exhibits 

varying degrees of alteration to green hornblende and chlorite. Biotite, 

"iron ore ll and a quartz-potassium feldspar mesostasis are also conrrnonly 

present. He also noted that "comparatively little research has been carried 

out on these diabase sheets specifically". 

Frick (1973c) investigated the "Sill Phase" of the Bushveld Complex in 

eastern Transvaal and recognised the presence of an older dioritic group 

and a younger doleritic group of differentiated s ills. He also noted the 

abundant development of a variety of diabase sills composed of green fibrous 

amphibole, some quartz, plagioclase, biotite and opaque minera ls. He 

concluded that these diabases represent metadolerite and noted that the 

dolerites are typically tholeiitic in chemical composition. Frick (1973c) 

also noted that the "Chill Zone" of the Bushveld Complex i s tholeiitic In 

nature and suggested that a genetic relationship exists between these sills 

and the basic portion of the Bushveld Complex. 

The diabases characteristically display variable degrees of alteration that 

is in part due to the thermal metamorphic effects associa ted with the intru

sion of the Bushveld Igneous Complex, and in part due to any low grade 
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regional or burial metamorphism that might have subsequently occurred. 

The diabases are typically tholeiitic hypabyssal intrusions and can 

consequently be compared with the very much younger and unaltered Karroo 

dolerites described in section 7. The opaque oxides in these diabases · 

were investigated in order to determine the nature of any possible changes 

that might have occurred during the alteration of their host ro cks as well 

as to provide data on the compositional range of their ilmenites. 

8.2 Samples Investigated. 

Diabase sills are commonly encountered in the Transvaal Supergroup sediments 

around the southern and southeastern margins of the Bushveld Complex. 

Samples were collected from road cuttings in the area between Pretoria, 

Delmas and Bronkhorstspruit as well as along the National r oad between 

Belfast and Waterval Boven. The rocks exhibit varying degrees of alteration 

and are characterized by the presence of saussuritized plagioclase and 

uralitized pyroxene. Several samples contain variable amounts of quartz 

in the form of micropegmatitic intergrowths, but in others it is virtually 

absent. 

8.3 The Nature and Occurrence of the Opaque Oxides. 

The diabases generally contain less opaque oxides than their Karroo dolerite 

counterparts and some samples are almost devoid of them. The oxides <.1n~ 

invariably associated with secondary hydrous silicates and the diabas es arc 

characterized by the virtual absence of titaniferous magnetite. The ilmen-

ite also shows varying degrees of alteration to sphene and in some cases 

rutile. 

The suite of samples examined exhibits a complete range. of opaque oxi de 

assemblages and relationships that vary from types that are simtlar to 

those present in the more altered Karroo dolerite samples to samples in which 
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only a few highly altered ilmenite gra~ns are present. The increasing 

degree of alteration and modification of the primary opaque oxide rela tion

ships is also related to increasing amounts of alteration of the associated 

silicates. 

8.4 Titaniferous Magnetite. 

Titaniferous magnetite ~s a relatively rare constituent of the diabas es and 

is only present in the least altered samples. It is invariably associated 

with granular ilmenite and usually exhibits extensive alteration 

to extremely fine-grained aggregates of sphene, chlorite and other fe@ic 

hydrous silicates. The magnetite normally contains sparsely distributed 

broad ilmenite lamellae and they are commonly preserved in their original 

orientation in the magnetite alteration products. 

The original nature of the titaniferous magnetite is difficult to establish 

on account of its highly altered state. The presence of ilmenite lamellae 

and its preferential association with larger ilmenite grains suggest that it 

may have been similar to the titaniferous magnetite present in the Karroo 

dolerites. The alteration would thus be the result of two episodes, the 

one associated with late magmatic-stage processes, and the other related 

to the metamorphism responsible for the larger-scale alteration features 

exhibited by the diabases. 

The late-stage processes would presumably have produced relationships very 

similar to those exhibited by the Karroo dolerites while the later meta

morphism would have been responsible for their extensive alteration and 

replacement by sphene and other hydrous silicates. The replacement of 

titaniferous magnetite by sphene and chlorite aggregates has also been notpd 

in gabbros from the Usushwana Complex and has been widely reported in the 

literature . This topic has been reviewed by Oesborough (1963) and is 
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discussed further in Part 3, section 8.8. 

8.5 Ilmenite. 

The ilmenite is present as small discrete grains or as skeletal forms ex

hibiting sub graphic and vermi cular intergrowths that are similar to those 

developed in the Karroo dolerites. The skeletal grains are thought to 

have developed in essentially the same way as proposed for their counterparts 

in the Karroo dolerites (section 7.8). The titaniferous magnetite is con-

spicuously absent in samples containing these skeletal intergrowths and 

the ilmenite is usually surrounded by aggregates of secondary biotite, 

chlorite, and amphibole. 

The ilmenite grains (both discrete and skeletal) usually exhibit 

corroded outlines and have been replaced to vary1ng extents by sphene-rich 

aggregates of secondary hydrous silicates. The amounts of sphene increase 

at the expense of the ilmenite with increasing degrees of alteration while 

the skeletal forms of ilmenite are progressively replaced until they are 

finally eliminated. The surv1v1ng larger ilmenite grains exhibit extensive 

alteration to sphene-rich materials and the most highly altered grains are 

extensively fractured and show the development of secondary rutile. The 

rutile is present in small irregularly shaped masses within the ilmenite and 

is usually separated from the sphene-rich areas by a narrow zone of ilmenite. 

The interfaces between the ilmenite and rutile are diffuse and a transition 

zone is present between the two phases. 

Several size-ranges of sparsely distributed ilmenite lamellae an' prese nt ,n 

the ultered titaniferous magnetilCti. These lamellae typlL'ally show l'vidl'l1Cl-' 

of solution and partial replacement by sphene. The magnetites helve been 

eliminated from the more altered specimens, but several small lamellar ilmen-

ite grains are occasionally found enclosed by hornblende. These might re-
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present relicts of intergrown ilmenite in original titaniferous magnetite 

grains. 

8.6 Microprobe Analyses of the Ilmenite. 

Electron microprobe analyses of discrete ilmenite grains from eleven diabases 

are presented in Table 9 and should be compared with the analyses of Karroo 

dolerite ilmenites (Table 8). The analyses are very simialr with the ex-

ception of MnO which is generally between two and four times higher in the 

ilmenites from the diabases than in those from the Karroo dolerites. This 

feature is in accord with the observations of Buddin~ton (1964) who noted 

that the MnO-contents of ilmenites from metamorphosed igneous rocks are ,n

variably higher than those of ilmenites from corresponding unmetamorphosed 

igneous rock types. 

8.7 Alteration of the Opaque Oxides in the Diabases. 

The behaviour of the iron titanium oxides in basic igneous rocks during 

progressive metamorphism has not been studied in detail. Buddington et al. 

(1955, 1963) reported the formation of sphene and hydrous femic silicates 

at the expense of titaniferous magnetite and ilmenite in regionally 

metamor phosed gneisses. Wilcox and Poldervaart (1958) reported the develop-

ment of granular sphene rims around titaniferous magnetites in metadolerites 

and noted that the sphene commonly takes the place of magnetite in some amphi-

bolites. Desborough (1963) reviewed the available literature on the devel-

opment of sphene at the expense of iron-titanium oxides in diabases and con

cluded that the process would occur under regional metamorphic conditions. 

Abdullah and Atherton (1964) reported that the content of ilmenite exceeds 

that of titaniferous magnetite by a factor of ten or more in metamorphosed 

basic igneous rocks (do1erites) containing hornblende. They also noted 

that titaniferous magnetite is often completely absent and suggested that 
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TABLE 9. 

MICROPROBE ANALYSES Or ILHENITES FROM DIABASES. 

SPI SP 2 SP 3 SP 4 SP 5 SP 6 SP 7 SP 8 IR 213 IR 214 IR 215 

I Ti02 
50,07 49.56 49.18 49,27 49,18 51,05 48,93 50,61 50,61 50 , 40 49,87 

, FeD 43,52 40,32 39,23 39,92 40,46 42,25 40,71 42,51 41,40 41,82 40 ,11 

HgO 0,21 D,70 0,61 0,63 0,67 0,70 0,70 0,63 0,64 0,70 D,70 

HnO 1,16 3,00 2,48 3,25 2,60 2,42 2,06 1,67 2,91 2,29 3,45 

reZo) 4,63 5,67 6,94 4,95 6.14 3,35 6,9.4 3,g1 1,84 4,39 5,11 

AI 2O) 0, 08 0,13 0,12 0,12 0,13 0,12 0,14 0,13 0,21 0,12 0,12 

CrZO) 0,07 0,19 0,19 0,19 0,22 0.21 0,17 0,17 0,17 0,19 0.18 

TOTAL 99,74 99,57 98,75 98,33 99,40 100,10 99,ft5 99.68 97,78 99,91 92,54 

NUMBER or IONS ON THE BASIS OF 6. OXYGENS. 

AI J + 0,006 0,006 0,006 0,006 0,006 0,006 0.006 0,006 0,006. 0,006 0,006 

Cr3+ - 0,006 0,006 0,006 0.006. 0,006 0.006 0,006 0,006 0.006 0,006 
Fe)+ 0,176 0,212 0,260 0,190 0,230 0,128 0,262 0,146 0,068 0,164 0,194 
Ti4+ 1,909 1,888 1,864 1,899 1,879 1,930 1.863 1,921 1,960 1,912 1,897 

Fe2+ 1,845 1,708 1,653 1,708 1,114 1,176 1,723 1.796 1,783 1,764 1,696 

Hg 0,015 0,052 0,045 0,049 0,052 0,051 0,052 0,052 0,050 0,051 0,052 

Hn 0,049 0,128 0,166 0,142 O,ll3 0,103 0,088 0,073 0,127 0,097 0,149 

TOTAL 4,000 4,000 ~,ooo 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 

NO&~TIVE COMPOSITION (MOLE PER CENT). 

FeTi0
3 

92,24 85,39 82,60 85,38 85,69 88,82 86,17 89,83 89,15 88,18 8:',80 

MgTiO) 0,76 2,59 2,27 2,46 2,59 2,57 2,58 2,58 2,48 2,58 2 , 5:3 

:-1nTi01 2,44 6,39 8,32 7,06 5,63 5, 14 4,41 3,64 6 , 37 4,85 7.:' 5 

R2O) 4,56 5,63 6,81 5,08 6,09 3,47 6,a4 3,95 2,00 4,39 5,17 

OTAL 100,00 100,00 100,00 100,00 100,00 100,QO 100,00 100,00 100,00 1QO,00 100,00 
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the breakdown of pyroxene to hornblende would result 1n the absorbtion of 

a considerable amount of the magnetite, thus leaving the ilmenite as the 

dominant oxide. They also stated that "the metamorphism of ilmenite seems 

limited to breakdown and the formation of associated products such as sphene, 

rutile et cetera" (sic). 

The experimental data of Schuiling and Vink (1967) indicate that the sphene 

stability field lies within the temperature range encountered both during 

the sub-solidus cooling of basic igneous rocks and during low grade meta-

. 0 
morphism (less than 500 C). Hunt and Kerrick (1977) also noted that sphene 

can be formed from ilmenite during metamorphism, but comment on the lack of 

published experimental data on the possible mechanisms involved. This 

topic is discussed further in more detail in Part 3, section B.B. 

The reasons for the increased MnO content of the diab~se ilmenites in relat-

10n to their Karroo dolerite equivalents is not altogether clear since they 

do not appear to have been recrystallized. Buddington (1964) also noted this 

feature and it appears that the small amounts of Mn released during the dis-

solution of the titaniferous magnetite and the alteration of the surrounding 

mafic silicates might become incorporated into the rema1n1ng ilmenite rather 

than the secondary hydrous silicates. The MnTi03 component also appears to 

remain in solid solution in the ilmenite in grains where alt eration of the 

ilmenite has occurred, thus raising the overall MnO content of this phase. 

The temperatures at which this MnO re-equilibration takes place are uncertain, 

but this process is operative at relatively low sub-solvus t emp eratures as 

shown by the MnO-enrichment of ilmenite lamellae in titaniferous magnetites 

(Part 1, section 5.3.2). The MnO- enriched nature of the diabase ilmenites 

indicates that the MnO rp-equilibration can take plae,' in thl' solld state 

under low grade metamurphic conditiolls, possihly ,It It.'mpl'r;}lllrl's II.-' s S L!1 ; ln 
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Rumble (1971, 1973) reported that no detectable Mn is present in 

magnetite co-existing with ilmenite in a wide range of metamorphi c r ocks 

unless the host rocks are unusually Mn-rich. He a l so noted that the Mn is 

preferentially incorporated in the rhombohedral phase. 

The presence of rutile as an alteration product of the ilmenite i s also in 

keeping with the . metamorphosed nature of these rocks. The formation of 

hematite + rutile assemblages as high temperature oxidation products of 

ilmenite is well known (e.g. Haggerty, 1971), but these reactions have not 

been widely studied in metamorphosed basic igneous rocks . Rumble (1971, 

1973) has reported the presence of rutile-ferrianilmenite assemblages 1n 

amphibolites formed during the metamorphism of basic volcanic rocks. 

The usual reaction would require the breakdown of ilmenite to form hematite 

+ rutile, but no secondary hematite (or magnetite) is present in the altered 

samples. Lindsley (1962) noted that many low grade metamorphic rocks contain 

the assemblage magnetite + rutile which is chemically equivalent to hematite 

+ ilmenite. 

The presence of an intermediate alteration zone between .the ilmenite and 

rutile suggests that the process is progressive and that the iron content of 

the ilmenite might be preferentially lowered during reactions leading to the 

formation of the secondary hydrous silicates (e.g. biotite, chlorite or 

amphibole). This process would be analogous to the leaching of iron from 

ilmenites during atmospheric wenthering (leucoxene formation) and would 

almost certainly be accelerated by the higher temperatures of metamorphism. 

The slightly altered rims of the skeletal ilmenite grains referred to in 

section 7 would represent the incipient stage in this type of alteration 

process. 
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8.8 Conclusions. 

I). The titaniferous magnetite and ilmenite in the least altered diabases 

resemble those in the unmetamorphosed Karroo dolerites, and they ex

hibit essentially similar modes of occurrence. 

2). The opaque oxides in the diabases exhibit varying degrees of alteration 

that commences with the progressive alteration of titaniferous magnetite 

to sphene-rich aggregates. The titaniferous magnetite is gradually 

eliminated and the co-existing ilmenite in turn shows alteration to 

sphene and is also eliminated. The ilmenite also becomes partially 

altered to rutile in some cases. 

3). The ilmenites in the diabases are chemically similar to those in the 

Karroo dolerites, but contain between two and four times as much MnO. 

This MnO-enrichment is interpreted as being due to the concentration 

of the available MnO in the remaining rhombohedral phases rather than 

its incorporation in the secondary hydrous silicates during dissolution 

of the opaque oxides. 

4). The nature of the alteration processes exhibited by the opaque oxides of 

basic igneous rocks during progressive metanlorphism are imperfectly 

understood and require detailed studies. 

9. THE CO- EXISTING IRON-TITANIUM OXIDES IN THE GABBROIC ROCKS OF THE 

BUSHVELD IGNEOUS COMPLEX. 

9.1 Introduction. 

The iron-titanium oxides of the gabbroic rocks of the Bushveld Complex were 

studied in order that their properties might be compared with the opaque oxides 

from the other rock types presented in this report. An extensive literature 

has developed on the vanadium-bearing titaniferous magnetite ores of the 

Bushveld Complex (see Part 3, section 6), but considerably less attention 

has been given to their occurrence as accessory phases in the Bushveld 

gabbroic rocks. Molyneux (1970a, b, 1972) has provided some data on the 
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ilmenites in these rocks although his studies have been primarily concerned 

with the ore-rich horizons. The results presented in Part 3 indicate that 

differences, particularly in the microstructures and ilmenite compositions, 

exist between the accessory opaque oxides and those present in the ore-rich 

seams . 

Titaniferous magnetite and ilmenite are present 1n the chill Zone r the 

Complex and are then rarely found until their entrance as cumulus phases 

at the top of the Main Zone (Willemse 1969a, bf Holyneux, 1970a, b, 1972). 

They reach their maximum development in the Upper Zone where more than 21 

discrete titaniferous magnetite-rich seams are developed. Titaniferous 

magnetites are also present in discordant plugs, but these are not discussed 

here. 

9.2 Samples Investigated. 

The samples investigated were all collected from the eastern lobe of the 

Bushveld Complex and represent a suite of gabbroic rocks that cover the 

range from the first appearance of cumulus titaniferous magnetite at the top 

of the Main Zone to approximately the level of seam number 13. The samples 

were collected in the vicinity of Roossenekal and along a traverse in the 

Magnet Heights area. Several samples of the so-called "Hendriksplaats 

norite" were collected in the vicinity of Steelpoort station and are taken 

to represent the chill zone of the Complex as suggested by Willemse (1969a). 

The opaque oxides from the discrete ore-rich seams were not investigated. 

9.3 Nature and Occurrence of the Opaque Oxides. 

The opaque oxides are present as accessory phases and consist essentially of 

titaniferous magnetite and ilmenite. They are usually present 1n amounts 

ranging from 1 and 10 per cent. Discrete ilmenite grains very often form 

the dominant phase which is in contrast to the situation in the ore-rich 
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layers where titaniferous magnetite is dominant. 

The oxides are located interstitially between the larger silicates, but 

may occasionally be interconnected to form larger masses . Narrow reaction 

rims of biotite or other secondary hydrous silicates are sometimes developed 

along the contacts between the opaque oxides and the silicates, but the more 

advanced stages of deuteric alteration noted in the Karroo dolerite opaque 

oxides were not observed in the Bushveld samples examined. 

Distinct differences exist between the oxides developed in the Hendriksplaats 

norite and those present in the Upper Zone gabbroic rocks. The Hendriks-

plaats norite is characterized by the presence of abundant hemo-ilmenite 

grains whereas the gabbroic rocks contain variable .proportions of titani

ferous magnetite which is texturally similar to that occurring ~n the ore

rich horizons, and abundant granular ilmenite. 

9.4 The Hendriksplaats Norite. 

These rocks are generally finer grained than the Upper Zone gabbros and are 

characterized by the presence of abundant hemo-ilmenite. This phase is 

present as elongated, irregul arly shaped grains up to I mm in length and is 

characterized by the abundant development of fine hematite exsolution 

lamellae parallel to (0001) of the host ilmenite (Plate B (5». The samples 

examined are virtually devoid of titaniferous magnetite . The hemo-ilmenite 

exhibits embayed outlines and is commonly surrounded by reaction rims of 

biotite and other hydrous fernie silicates . 

The highly exsolved nature of the"e grains prevented the determination of 

their reflectivities and micro-indentation hardnesses. The chemical 

compositions of two ilmenite concentrates were determined by wet chemical 

methods and these results are presented in Table II. Attempts were made 
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to analyse two additional grains by means of electron microprobe (IR 107 

and 108), but this was complicated by the presence of the hematite lamellae 

with the result that the totals are anomalous. 

The lack of titaniferous magnetite and the abundance of hemo-ilmenite suggest 

that these rocks crystllised under relatively high oxygen fugacities. 

Duchesne (1972) reported that hemo-ilmenite is the only oxide preser t in the 

lowermost rocks of the Bjerkrem-Sogndal anorthositic massif and noted that 

the oxygen fugacities decrease with increasing height in the Complex as 

r eflected by a decrease in the degree of oxidation of the opaque oxides. 

He recognised five rhythms in the noritic phase of this intrusion and noted 

that the base of each rhythm is characterised by the presence of hemo-ilmen

ite. No other data are available on the nature of ilmenites from the bases 

of large basic intrusions with which comparisons can be made. The data of 

Mathison (1975) indicate the opposite trend with the Fe20
3 

content of the 

ilmenites increasing during fractional crystallisation. 

9.5 The Bushveld Gabbroic Rocks. 

The microstructures exhibited by the iron-titanium oxides are very similar 

to those displayed by the t itaniferous iron ores that have been described 

by Molyneux (1970a, b, 1972) and are not here discussed in detail. The tit-

aniferous magnetite shows the development of particularly coarse-

grained ulvospinel c loth textures as illustrated in Plate B (6 and 7). 

Broad ilmenite lamellae are only sparsely developed in titaniferous 

magnetites while the various finer ilmenite lamellae are also comparatively 

rare. 

The titaniferous magnetite is relatively AI-poor and transparent spinel 

exsolution bodies are completely absent in many samples. When present, 

they commonly show well-defined lath-like forms that are characteristically 
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surrounded by a "frame" of coarser-grained ulvospinel (Plate B (8». Small 

rounded spinel grains are also developed along the boundaries of the larger 

ilmenite lamellae at places where they are developed. 

The titaniferous magnetite characteristically exhibits varying degrees of 

oxidation to maghemite while the associated ulvospinel is typically altered 

to ilmenite (Plate C (]». The maghemite in turn shows varying deg!~, , of 

oxidation to martite in the more highly weathered samples. Titaniferous 

rragnetites showing the development of only lamellar intergrowths of varying 

size ranges are occasionally present in some of the samples and these chara-

cteristically show direct oxidation to martite (Plate C (2». 

The coarse-grained ilmenites are typically homogeneous, although extremely 

fine magnet~te platelets are developed along the basal planes of certain 

ilmenites. The reflectivities and micro-indentation hardness of these 

ilmenites were determined and are prese~ted.in Table 10. 

The ranges ~n reflectivities and Vicker's Hardness'Numbers are essentially 

the same as those recorded for the dolerite ilmenites and reflect their 

similarity in chemical composition. 

The chemical compositions of the ilmenites are given in Table]] end are 

essentially similar to those reported for the Karroo dolerite il~enites. 

The high Fe 203 values for samples IR 9, ]0, and 65 reflect the slightly 

weathered nature of these samples which has resulted in the oxidation 

.' 2+ F 3+ of port~on of the Fe ' to e • The HgO values are consistently lower 

than those reported by Molyneux (]970a, ]972) for discrete ilmenite grains in 

the titanifl'rl.1US m;lgnetitc seams :ll1d reflvcl .1 trend that is ;)1:;0 SllllWII by 

ilmenite$ from other basic intrusiuns (this thesis, Part 3). 



PLATE C. 

HISCELLA...\fEOUS OPAQliE OXIDE-BEARING ROCKS. 

1). ~~ ulvospinel cloth-textured titaniferous magnatite (medium grey) 

showing irregular oxidation to maghemite (lighter). There is a 

large ilmenite grain on the right (dark grey). Incident light, 

oil immersion. 

2). Bushveld titaniferous magnetite surrounded by ilmenite (grey). 

3) • 

The titaniferous magnetite shows extensive oxidation to martite 

(white lamellae parallel to (lll»and also contains ilmenite 

1aoellae in the same orientation (dark grey). 

oil immersion. 

Incident light, 

Syenite, Leeufontein Complex: titaniferous magnetite '(white) 

exhibiting a well defined sandwich texture of ilmenite lamellae 

(grey). Incident light, oil immersion. 

4). Syenite, Leeufontein Complex: ilmenite lamellae and internal 

granules (grey) in.titaniferous magnetite. Incident light, oil 

immersion. 

5) • Granophyre, Bird's River Complex: composite ilmenite/titaniferous 

magnetite grain in which the magnetite has been altered leaving a 

well defined ilmenite sleleton. Incident light in air. 

6). Granite, Nelspruit area: the remains of a hig~ly altered ilmenite 

grain surrounded by secondary silicates. Incident light in air. 

7) • Dimani granite: complex partially reduced hemo-ilmenite grain. 

Hematite is white, ilmenite, dark grey and magnetite, a lighter 

grey. Incident light, oil immersion. 

8). A rounded ilmenite grain from an eastern Cape beach sand showing 

moderate alteration to leucoxene around grain boundaries and fract-

ures. Incident light, partially crossed nicols in air. 
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PLATE C 

0,075 mm 

0, \5mm Q,15mm 

O,25mm 

0,1 mm 
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TABLE 10. 

REFLECTIVITIES AND VICKER'S HARDNESS NUMBERS FOR DISCRETE ILMENITES FROM THE 

BUSHVELD COMPLEX. 

Sample Numbe Reflectivity (546nm) Micro-indentation 
R (%) R (%) Hardness (VHN 100) 0 e 

IR 92 19,2 16,4 N. D. 

IR 9 19,5 16,4 587-647 

IR 8 19,9 16,9 N.D. 

IR 65 20,2 17,0 621-674 

IR 5 19,6 16,3 613-675 

IR 4 19,0 16,2 598-671 

IR 10 20,2 17,0 593-632 

IR 61 19,7 17,0 603-663 

N.D. not determined 

The ilmenite analyses are also comparab,lf ... with the analyses of ilmenites 

from a wide range of basic igneous intrusions e.g. Skaergaard (Vincent and 

Phillips, 1954), the Somerset Dam Intrusion (Mathison, 1975), the Freetown 

Complex (Bowles, 1976) and the Dufek Intrusion (Himmelberg and Ford, 1977). 

The ilmenites from a wide variety of basic igneous rocks thus appear to 

exhibit a relatively narrow compositional range . 

9.6 Conclusions. 

I). The ilmenites present as accessory phases in the gabbroic rocks of the 

Bushveld Complex are compositionally similar to those present in Karroo 

dolerites and are characterised by similar reflectivities and micro-

indentation hardness. 

2). The ilmenites from a wide variety of basic igneous rocks exhibit a re-

stricted compositional range in which the MnO content is generally less 
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than 1,5 per cent while the MgO content is less than 3,5 per cent, 

although it occasionally reaches 6 per cent. 

generally less than approximately 6 per cent and hematite exsolution 

lamellae are characteristically developed when it is higher than this. 

3). The typical ilmenites from a wide variety of basic igneous rocks and 

their metamorphosed equival ents can readily be distinguished from 

kimberlite ilmenites, not only on the basis of composition, but by the 

use of parameters such as unit cell dimensions, selec ted d-spacings, 

reflectivities and micro -indentation hardnesses. 

10. THE CO-EXISTING IRON-TITANIUM OXIDES IN SYENITES. 

10.1 Introduction. 

There is virtually no published information on the nature of iron-titanium 

oxides in syenitic rocks which commonly contain large amounts of sphene 

(e.g. Ramdohr, 1956). Samples of syenite from the Pilanesberg (IR 162) and 

Leeufontein (IR 16) Complexes were examined and found to contain both titani

ferous magnetite and discrete ilmenite grains. 

10.2 Nature and Occurrence of the Opaque Oxides. 

The opaque oxides are present in granular aggregates of titaniferous magne

tite and ilmenite that are invariably associated with larger grains of 

amphibole and biotite. The external boundaries .of both the i lmeni te and 

titaniferous magnetite exhibit evidence of replacement by sphene and second

ary hydrous silicates. 

The titaniferous magnetite is characterised by the development of abundant 

broad ilmenite lamellae that are commonly developed in a typical sandwich 

pattern (Plate C (3)). These lamellae are up to 0,02 mm wide, commonly 

traverse the entire width of the grain and protrude beyond the present mar-

gins of the grain into the alteration products. The titaniferous magnetite 
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between these broad lamellae also typically contains several sets of ilmenite 

trellis lamellae and fine ilmenite granules (Plate C (4». These ilmenite 

lamellae have a typical "oleander leaf" shape and taper markedly at their 

mutual intersections. 

The titaniferous magnetite appears free from extremely fine-grained ex-

solution bodies and only shows the development of minor transparent spinel 

exsolution bodies. The magnetite alters directly to martite without the 

formation of intermediate maghemite. 

The discrete ilmenite grains appear optically homogeneous and show incipient 

alteration to sphene and hydrous silicates around their marg1ns. The 

reflectivities of these ilmenites are given in Table 12 and their chemical 

compositions are presented in Table 13. These data indicate that they are 

similar in composition to the ilmenites 1n basic igneous rocks, but addition-

al information is required before definite conclusions can be reached . 
. _ - -------
~. 

IUUCTIy!ral AJIIl VlCU!.', 14.Ul*'I1, HUMaUS till. IUClllin. 1lI0II fTlMtns IJID A !;.IU(Ip1TU . 

'0(1 ) _, eu • r ...... (I'l0l\00) 

U I. .,.d .. Lt .' 16,1 nJ ... n 
II. '61 . , ... i ' e It,l 11,) H)-US 

NY!: n/)~ ~r.no'~J<' 19,1 16 •• )U-"o 

Barker et al.(1975) presented analyses of co-existing ilmenite and titanifer-

ous magnetites from a fayalite quartz syenite that indicate a Mn content of 

between 2,6 and 7,0 per cent in the ilmenite. These values place the 

syenite ilmenites in the same compositional range as ilmenites from granites 

(section 12). 

The extremely coarse and well-developed broad ilmenite lamellae in the mag-

netite indicate the presence of relatively high oxygen fugacities during 

sub-solidus cooling at temperatures above the magnetite-ulvospinel solvus. 

The sets of smaller ilmenite lamellae indicate that the oxygen fugacities 

remained constantly high throughout cooling. This 1S also supported by 

the presence of fine internal ilmenite granules. The oxygen fugacities 

may even have been high enough to cause the partial oxidation of the magnetite. 
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II. THE CO-EXISTING IRON-TITANIUM OXIDES IN GRANOPHYRES. 

II. I Introduction. 

The amount of published information on the co-existing iron-titanium oxides 

1n granophyres is also fairly limited . Himmelberg and Ford (1977) have 

described the oxide mineral assemblages in the granophyre of the Dufek 

Intrusion and it appears that they are not markedly different from those 1n 

the associated basic rocks which consist of discrete ilmenite and multi

phase titaniferous magnetite grains. 

11.2 Samples Investigated . 

Granophyres from the Bushveld and Trompsburg Igneous Complexes were examined 

and proved to contain no titaniferous magnetite or ilmenite. Opaque oxides 

were found 1n three samples of granophyre from the following localities: 

(a) the Bird's River Complex (H.V.E 71/34) supplied by Prof . H.V. Eales, 

(b) a small occurrence of granophyre west of Bronkhorstspruit (BHP-G) and, 

(c) the Usushwana Complex (IR 236). 

11.3 Nature and Occurrence of the Opaque Oxides . 

The opaque oxides in the Bird's River granophyre closely resemble the ilmen

ite-titaniferous magnetite aggregates in the Karroo dolerites in which the 

magnetite has been largely replaced by sphene and hydrous silicates . The 

titaniferous magnetite typically contains extremely well developed ilmenite 

trellis networks and these are commonly present as "skeletons" in the replac

ed magnetite (Plate C (5» . 

The larger ilmenite grains are optically homogeneous and contain no exsolved 

phases . They also generally show varying amounts of alteration and 

sphene development around their margins. 

The remaining two samples are virtually devoid of titaniferous magnetite due 
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to extensive alteration and the ilmenite shows advanced replacement by 

sphene and rutile so that they resemble those in the highly altered diabases . 

Both these samples appear to have been slightly metamorphosed wi th the result 

that their primary features have been largely destroyed and the effects of 

deuteric alteration are not readily recognizab le. 

The chemical compositions of the ilmenites in these three granophyre s are 

presented in Table 13. The composition of the ilmenite from the Bird's 

River granophyre is similar to the ilmenites from basic igneous rocks 

while the MnO contents of the other two are closer to the range shown by 

granitic ilmenites. The reflectivity and micro-indent ation hardness values 

of H.V.E 71/34 are also in the same range as those for ilmenites from basic 

igneous rocks (Table 12). 

The absence of iron-titanium oxides in many of the granophyres examined can 

be attributed to a combination of factors including the low Fe and Ti contents 

of these rock types, the conditions of crystallisation of which may have favour

ed the crystallisation of other phases (e.g. Carmichael· et al., 1974), the 

deuteric alteration of these phases and their replacement by sphene and 

hydrous fernie silicates. Additional data are also required before definite 

conclusions can be reached on the nature and compositional variations of the 

opaque oxides in granophyres. 

12. THE CO-EXISTING IRON-TITANIUM OXIDES IN GRANITIC ROCKS. 

12.1 Introduction. 

Iron-titanium oxides are present as minor accessory phases in a wide range 

of granitic rocks. The magnetite in these rocks is typically Ti-poor 

(e.g. Buddington and Lindsley, 1964), while the ilmenites commonly contain 

several percent MnO. The MnO contents of these ilmenites have attracted much 

attention and the literature contains many analyses of MnO-rich ilmenites 
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(e.g. Czamanske and Mihalik, 1972, Tsusue, 1973, Neumann, 1974, Elsdon, 1975b). 

The normal compositional range of the ilmenite is, however, less well known 

and the data of Whitney and Stormer (1976) indicate the presence of both 

ilmenites with lower ~lnO contents and others containing as much as 4 per cent 

Numerous analyses of opaque oxide phenocrysts from Si02-rich volcanic rocks 

are also available in the literature (e.g. Carmichael, 1967a, Lipman, 1971). 

These analyses also show that the magnetites are characteristically Ti-poor 

and the ilmenites, Mn-rich. Limited data are available on the microstruct-

ural relationships exhibited by the opaque oxides in granitic rocks. 

The most detailed studies of the iron-titanium oxides in a wide range of 

granititc rocks are those of Buddington et al., (1955, 1963) and Balsley 

and Buddington (1958) . Buddington and his co-workers have provided a wealth 

of data on the nature of these phases, but unfortunately only presented part-

ial analyses the oxides. Their pioneering work did, however, serve to focus 

attention on the relationship between the degree of oxidation of the iron

titanium oxi des and the nature of their associated silicates. 

Buddington et al. (1963) noted that the least oxidised iron-titanium oxide 

assemblages are present in igneous granitic rocks of the green pyroxenic 

facies while the most highly oxidised types occur 1n granites of the pink 

K-rich microperthitic microc line facies . They also noted that the oxide 

assemblages i n granitic orthogneisses are more highly oxidised than those 

of corresponding syenitic and quartz-syenitic types . They also recognised 

the replacement of ilmenite by sphene-bearing assemblages in certain gneisses. 

12 . 2 Samples Investigated. 

Iron-titanium oxides are usually very ffilnor constituents of granitic rocks 
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and are not present in certain granites. A wide variety of granites were 

examined but relatively few were found to contain opaque oxides. Dr. E.J. 

Oosthuyzen of NlM kindly provided heavy mineral concentrates from a number 

of granites which he had investigated during routine age determinations 

carried out at the C.S.l .R. in Pretoria. Only the ilmenites in these 

concentrates were examined and no data are presented regarding their mutual 

relationships as this aspect could not be studied. 

Sample ' G1 is from the Woodville granite pluton near George; G5 is from a 

quartz prophyry that is present as cobbles along the coast near Port 

Elizabet~ (this might represent ballast from a wrecked 17 tho century Portugese 

ship, believed to be the Sacramento); G9 is a gneiss from Mapumulo in Zululand 

and lR 54, a Bushveld granite. The remaining samples represent the heavy 

mineral concentrates from various granites in the eastern Transvaal supplied 

by Dr. E. Oosthuyzen. 

An ore microscopic investigation of the opaque oxides ~n a much larger suite 

of granites than that shown in Table 13 indicates the existence of an extrem-

ely large degree of variability in the nature of the oxides present. This 

variability is much greater than that shown by the opaque oxides of the basic 

igneous rocks and their microstructures indicate that at least some of the 

granites have undergone complex post-crystallisation histories. A detailed 

examination of their oxides should therefore ideally be carried out ~n 

conjunction with detailed petrographic studies. These would allow for the 

classification of the granites into various compositional types with distinct

ions being made on the basis of their possible mode of origin and subsequent 

metamorphic histories so that the nature of their opaque oxides can be better 

assessed. The data in the following section are included in order to present 

at least some information on their opaque oxides for comparative purposes, 

but it is stressed that a very much more deta i led study is required before 

definite conclusions can be reached . 
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12.3 Nature and Occurrence of the Opaque Oxides. 

The opaque oxides in granitic rocks are commonly present as ·small grains 

that are preferentially associated with other hydrous mafic silicates such 

as biotite, hornblende or chlorite. The grains are typically xenomorphic 

and often very much smaller than their associated silicates. They usually 

exhibit varying degrees of secondary alteration that can in part be related 

to deuteric effects and in part to metamorphism. 

Magnetite is present both as discrete grains and as tiny veinlets. The 

grains are generally xenomorphic in outline, but at least one sample contains 

euhedral magnetite octahedra that are optically homogeneous and exhibit 

no alteration features. Magnetite was only noted in a small number of 

samples and is Ti-poor, normally containing only a few sparsely distributed 

ilmenite lamellae of varying sizes. Minor amounts of tiny transparent 

spinel granules are occasionally developed along the margins of these lam-

ellae. The groundmass magnetite is optically homogeneous and free from 

fine-grained exsolution products. These magnetite grains ·are commonly found 

as discrete minerals and are not necessarily associated with ilmenite grains. 

A minor amount of external granule ilmenite exsolution is also sometimes 

evident in the clustering on several small ilmenite grains around the peri

pheries of larger magnetites. 

The magnetite generally exhibits varying degrees of martitization which takes 

place directily along the octahedral planes. This process can normally be 

ascribed to the effects of atmospheric weathering, but oxidative effects 

during deuteric alteration are not discounted. The development of goethite 

a t the expense of the martite occurs in the more highly weathered samples. 

Ilmenite is far more commonly encountered 1n the granites than magnetite and 
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generally displays varying degrees of alteration, mostly to sphene 

and hydrous silicates (Plate C (7» . The process is particularly noticeable 

in samples completely devoid of magnetite which has presumably been completely 

replaced. The ilmenite commonly contains variable amounts of hemat ite 

lamellae that are exsolved along (0001) in the usual manner. 

Hemo-ilmenite grains characterised by intergrowths of' approximately equal 

amounts of hematite and ilmenite, are present in several granites . The 

ilmenite grains contain large areas of apparently exsolved hematite that 

in turn contain a finer series of ilmenite lamellae and vice versa. Fine 

rutile exsolution lamellae are occasionally developed 1n the hematite-rich 

areas. Primary magnetite is not associated with the hemo-ilmenite and 

ilmeno-hematite grains that are indicative of crystallisation under relatively 

high oxygen fugacities. 

An extremely interesting variation of the typical hemo-ilmenite microstruct

ural type was noted in a sample of the Dimani granite that is associated with 

the Tugela Rand Mafic Intrusion. Portions of the oxide grains in this rock 

still retain the typical features of hemo-ilmenites, but other portions 

appear to have been partially reduced resulting in the conversion of the 

original hematite to magnetite (Plate C (7). This reduction has caused the 

original ilmenite lamellae to segregate to form long continuous bands of 

ilmenite that separate the unreduced hematite from the magnetite. The 

magnetite is nowhere in direct contact with the relict hematite and is 

always separated from it by a veneer of ilmenite . The magnetite ln turn 

shows incipient alteration to martite along its octahedral planes. 

12.4 Reflectivity and Micro-Indentation Hardness Determinations. 

The reflectivity and micro-indentation hardness for ilmenites from several 

granites are given in Table 14 for comparison with ilmenites from other 

rock types. 
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TABLE 14. 

REFLECTIVITIES AND VICKER'S HARDNESS NUMBERS FOR ILMENITES FROM GRANITIC ROCKS. 

Sample number Reflectivity (546nm) Micro-indentation 
R (%) R (%) hardness (VHN 100 ) 

0 e 

G 1 19,8 1 7 , 1 N.D. 

G 5 19,5 17 ,2 612-664 

IR 54 19,3 16,7 599-664 

7326 19,8 17,0 N.D. 

7388 19,6 16,9 N.D. 

7391 19,6 16,6 N.D. 

2N51 19,6 16,9 N.D. 

801A2 19,6 16,9 N.D. 

801D2 19,6 16,8 N.D. 

N.D = not determined - gra1ns are too small, highly altered or full of 

inclusions to allow for meaningful determinations of micro-indentation 

hardness. 

The reflectivities are within the range of values obtained for the basic 

igneous rocks while the VHN ranges are also similar. These features 

suggest that no great compositional differences exist between the ilmenites 

from these two groups of rocks. 

12.5 Chemical Compositions of Ilmenites from Granitic Rocks. 

The analyses of 10 typical coarse-grained ilmenites from granitic rocks are 

presented in Table 13. These ilmenites are characterised by slightly higher 

MnO contents that range up to a maximum of 6 per cen t . This feature is con-
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sistent with the published analyses of ilmenites from SiOZ-rich rocks. The 

lower MnO values overlap in part with the higher range of values exhibited 

by ilmenites from basic igneous rocks and diabases . The MnO content alone 

can thus not be used as a criterion for distinguishing between ilmenites 

from these two group of rocks. 

IZ.6 Conclusions. 

I). Iron-titanium oxides are sparingly present in granitic rocks and encompass 

a range of types ranging from discrete Ti-poor magnetite and ilmenite 

through to hemo-ilmenites . 

Z). The opaque oxides, in particular ilmenite, commonly exhibit extensive 

alteration to sphene and hydrous silicates. 

developed. 

Rutile is also sometimes 

3). The granitic ilmenites are 1n some cases characterised by slightly higher 

MnO contents than ilmenite from basic igneous rocks, but this does not 

represent a safe criterion for distinguishing between these two types. 

4). The reflectivities and micro-indentation hardness of these granitic 

ilmenites fall within the same range as that of ilmenites from basic igneous 

rocks and cannot be used as a means of distinguishing between ilmenites 

from granitic and basic igneous rocks. 

5). The Ti-poor nature of the titanomagnetites can be ascribed to their 

having crystallised at lower temperatures as suggested by Buddington 

and Lindsley (1964) and also to the depletion of SiOZ-rich magmas in TiO
Z 

and Fe. 

6). The presence of hemo-ilmenite grains in certain granites indicate cryst

allisation under higher oxygen fugacities as would be expected from H
2
0-

rich granitic magmas. 

7). The extreme variability 1n the nature of the iron-titanium oxides and 

their degree of oxidation in granitic rocks indicate that a very much 

more detailed study of many different types of granite is urgently required . 
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13. THE CO-EXISTING IRON-TITANIUM OXIDES IN PEGMATITES. 

13.1 Introduction. 

Iron-titanium oxides are occasionally found as accessory phases in certain 

pegmatites, but are apparently absent from the majority. Puffer 

(1972, 1975) investigated the occurrence of these oxides in pegmatites and 

noted that large euhedral octahedra of Ti-poor magnetite containing sparse 

ilmenite lamellae represent the dominant phase in many North Americ~n 

pegmatites . He also noted that hemo-ilmenites and ilmeno-hematites are 

also frequently developed. 

Puffer (1975) reported that the Ti-poor magnetites exhibit a very narrow 

compositional range and contain only minor amounts of other cations. The 

hemo-ilmenites, in contrast, exhibit a wide range of intermediate composi-

tions between the hematite and ilmenite end members. The ilmenite-rich 

members also contain notable amounts of MnO and he reported a maximum value 

of 5,6 per cent. Virtually no other published information is available on 

the iron-titanium oxides in pegmatites. 

Puffer (1975) suggested that the Fe-Ti bearing pegmatites may have been 

formed from iron-rich vapours derived by re-equil ibration of hydrous 

ferromagnesian silicates in response to metamorphism in deep-seated 

environments. He concluded that the oxide minerals had crystallised at 

temperatures between 600 0 and 700 0 C under conditions of high water pressure. 

He also noted that oxidation and r ecrystallisa tion commonly continued down 

o to temperatures near 500 C. His data indicated that the hematite-bearing 

pegmatites crystallised under very much higher oxygen fugacities than the 

hemo-ilmenite-bearing types. 

13.2 Samples Investigated. 

Grains of opaque oxides from a variety of pegmatites developed 'n the region 
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between the confluence of the Swakop and Khan Rivers in South West Africa 

were kindly supplied by Dr. R.E. Jacob of Rhodes University. A large quantity 

of heavy mineral concentrates prepared from pegmatite samples collected in the 

N.W. Cape was also placed at the author's disposal by Mr. C. T. Logan of NIM, 

but these were found to be largely devoid of iron-titanium oxides. 

The relationships between the opaque oxides and their hosts were not ex

amined since the majority of samples were in the form of mineral sepa rates. 

The identity of certain phases was confirmed by x-ray diffraction. Only 

one sample (REJ 287) was found suitable for analysis and the microprobe 

analysis of this grain is presented in Table 13. The remaining samples 

were too highly exsolved to obtain any useful analysis by means of the 

microprobe. 

13.3 Nature of the Oxides Present. 

The samples investigated consist predominantly of ilmeno-hematite grains in 

which small, but variable amounts of ilmenite lamellae or discs are developed 

along the basal planes of the hematite hosts . Small, but variable, amounts 

of exsolved rutile are also present as thin plates oriented parallel to 

(2243) of the hematite- (Ramdohr, 1956, 1969). The nature of the oxides 

present in the samples examined are summarised in Table 15. 

The magnetites examined are all optically homogeneous and free from inter-

grown phases. This magnetite exhibits varying degrees of oxidation to 

martite which takes place directly along their octahedral planes. The 

ilmeno-hematite grains could not be analysed by microprobe on account of 

their complex exsolved nature. The analysis of the hemo-ilmenite was 

made on an area relatively free from hematite lamellae and is comparable 

with the analyses presented by Puffer (1975) (Table 13, A and B I, 
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TABLE 15. 

NATURE OF THE OXIDE PHASES PRESENT IN TEN PEGMATITES . 

Sample number Oxi de present 

REJ 197 Ilmeno-hematite with rutile intergrowths. 

REJ 234 Ilmeno-hematite with rutile intergrowths. 

REJ 287 Ilmeni te with exsolved hematite . 

REJ 454 Ilmeno-hematite with rutile intergrowths. 

REJ 459 Optically homogeneous magnetite . i 
REJ 470 Ilmeno-hemati te with rutile intergrowths . 

REJ 471 Ilmeno-hematite with rutile intergrowths. 

REJ 490 Ilmeno-hematite with rutile intergrowths. 

REJ 711 Optically homogeneous magnetite, strongly martitized. 

R 1+ Martite + rutile . 
. 

-
+ 

Sample from the N.W. Cape ex. C.T. Logan, National Institute for Metallurgy. 

13.4 Conclusions. 

1) . Insufficient data are available on the iron-titanium oxides in pegmatites 

to draw definite conclusions, but the dominant phases are generally ilmeno-

hematites and hemo-ilmenites. Ti-poor magnetite is also present, but no 

magnetite containing ilmenite lamellae was noted. 

14. THE ILMENITES IN SOME EASTERN CAPE BEACH SANDS. 

14.1 Introduction. 

The beach sands along the South African coast contain variable 

amounts of ilmenite that have been derived by the weathering and erosion 

of rocks in the hinterlarid . These ilmenites oc~asionly become concentrated 

in the coastal dune sands to such an extent that they become economically 

significant as in the case of the deposits currently being exploited near 
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Richard's Bay. The South African ilmenite deposits of this type have been 

recently reviewed by Hammerbeck (1976). 

The beach sand ilmenites were investigated with a v~ew to determining their 

properties in the hope that these might yield information on their provenance. 

The ilmenites in the beach sands represent both primary-cycle grains re-

leased by the weathering of igneous (and metamorphic) rocks and secondary 

cycle grains released from the sediments ~n which they had become incorpor-

ated during an earlier cycle of deposition. 

14.2 Samples Investigated. 

Natural heavy mineral concentrates were collected from present-day beaches 

at various localities along the Eastern Cape coast as indicated in Table 16 

and figure 1. 

TABLE 16 . 

LOCALITY OF BEACH SAND SAMPLES. 

Sample Number Locality 

BS I Jeffrey's Bay 

BS 2 Maitland River Mouth 

BS 3 Swartkops River Mouth 

BS 4 East of Fish River Mouth 

BS 5 Morgan's Bay, Transkei Coast 

BS 6 Nahoon, East London 

BS 7 Boknes Beach 

BS 8 Bushman's River Mouth 

BS 9 Kasouga 

BS 10 Port Alfred 

FIGURE I. 

BEACH SAND LOCALITIES 
Morgans Boy 

EAST LONDON 
(Nohoon) 

Fish River Mouth 

Port Alfred 

Kosougo 
Bushman's River Mouth 
Boknes 

Swortkops River Mouth 
PORT ELIZABETH 

eiflend River 
Mouth 

~OKm 
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The ilmenites exhibit variable degrees of alteration and only the ilmenites 

that were separated at a current strength of 0,2 amps on the electromagnetic 

separator set with 25
0 forwards and sideways tilts were examined. Higher 

current strengt hs resulted in the separation of increasing amounts of garnet 

which could only be removed from the ilmenite concentrates with difficulty . 

14.3 Nature of the Opaque Oxides Present in the Beach Sands. 

Titaniferous magnetite is present in only minor amounts and generally 

displays advanced oxidati on to martite . Ilmenite is the dominant opaque 

oxide while small, but variable amounts of rutile, leucoxene and Zlrcon are 

also present. Garnet represents the dominant heavy silicate mineral in the 

sands and a variety of types was noted, but not studied. 

The ilmenite gralns are sub-rounded to well-rounded and are gener-

ally free from silicate inclusions. They generally exhibit incipient altera

tion to leucoxene which commences around their grain boundaries and along 

fractures (Plate C (8». The alteration is progressive in nature and moves 

inwards in an irregular manner and involves the oxidation and removal of 

iron from the ilmenite as discussed in Part I, section 6 . 5. This 

process eventually results in the conversion of the original ilmenite into a 

mixture of amorphous and finely crystalline Ti02-rich products, largely ana

tase and rut ile. 

14.4 Reflectivi ty and l1icro-Indentation Hardness . 

The reflectivities and micro-indentation hardnesses of 10 grains in each 

polished section were determined for comparlson with the values determined 

for ilmenites of known orlgln. The results obtained are present ed in Table 

17. The range of values obtained is comparab 1" wi th tha t obtained for the 

ilmenites from Karroo dolerites and other gabbroic types. The reflectivity 

values of certain grains are slighly low and this might be due t o the effects 
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of incipient alteration and leaching of iron from the ilmenite. 

TABLE 17. 

BEACH SAND ILMENITES: REFLECTIVITIES AND MICRO-INDENTATION HARDNESS VALUES. 

Sample number Reflectivity at 546 nJ Micro-indentation 
R (%) 

0 
Hardness (VHN 100) 

Range Average 

BS I 19,1-19,7 19,5 559-604 

BS 2 18,8-19,2 18,9 553-608 

BS 3 19,3-19,9 19,6 577-628 

BS 4 19,2-19,6 19,3 582-632 

BS 5 19,3-19,9 19,6 583-651 

BS 6 19,3-19,6 19,5 572-632 

BS 7 19,0-19,8 19,3 587-640 

BS 8 19,4-19,6 19,5 574-632 

BS 9 9,3-19,7 19,5 560-606 

BS 10 9,2-19,5 19,2 569-629 

14.5 Chemical Composition. 

The bulk chemical compositions of the purified ilmenite concentrates are 

presented in Table 18. These analyses are characterised by the presence 

of relatively large, but variable, amounts of Fe203 due to the slightly oxid-

ised and altered nature of the majority of grains in each sample. Both 

MgO and MnO values are low and show relatively little variation between the 

samples from different localities. No titaniferous magnetite is present in the 

analysed ilmenite concentrates. 

The overall minor element content of the ilmenite concentrates places them 

wi,thin the range typical of ilmenites from basic igneous rocks. The 

possibility of the preferential leaching of Mg and/or Mn from the ilmenite 



TABLE 18 

ANALYSES OF ILMENITE CONCENTRATES FROH EASTERN CAPE BEACH SANDS 

'51 BS2 '53 '54 ' 55 '56 '57 BSB '59 BSIO A , C 

Ti0
2 

49,53 50,26 50 ,68 49,54 49,16 50,41 51,08 51,29 50,91 49,17 46,00 49,1 50,0 

F.O 35,23 31,51 38,45 40,36 39 ,21 39,92 40,43 40,30 38,25 37,1 I 33,81 36,6 38,0 

MgO 0,21 0,31 0,30 0,51 0,36 0,33 0,22 0,33 0,32 0,23 0,76 - -
... 0 0,50 0,43 0,42 0,48 0,40 0,39 0,42 0,46 0,40 0,44 0,85 - -
C.O 0,04 0,04 0,06 0,10 0,03 0,05 0,06 0,04 O,Ot. 0,04 - - -

h 20
3 

13,88 11,14 9,10 8,36 9,91 7,96 7,14 7,04 9,62 11,18 13,12 II ,I 13,1 

Cr 20
3 0,08 0,10 0,06 0,04 0,04 0,04 0, II 0,02 0,04 0,03 0,00 0,19 0,05 

-
TOTAL: 99,47 99.85 99,67 99,45 99,77 99,16 99,46 99,48 99,64 99,40 94,60 97,59 101,15 

.. .. ............ .......... -... -...... -.... -... -.... -.... --...... ----.. -------.. ---~---...... _----_ .. _ .... _-----_ .. __ .. _--_ .. _----------_ .. --_ .. _-----_ .......... _.----_ ..... 
NORMATIVE COHPOSITlON (HOLE PER CENT) 

FeTi0
3 

69,35 74,61 77,02 83,17 79,85 81,68 82,33 81,93 76,35 75,90 

HgTiO
J 

0,71 1,29 1,01 2 , 09 1,31 1,17 0,73 I, J1 I. J 5 0,87 

HnTi0
3 

0,99 0,86 0,86 1,05 0,88 0,73 0,88 0,87 0,86 0,87 

R20
3 

12,43 la, ]4 8,90 1,14 9,05 1,33 6,72 6,41 8,60 10,10 

Ti0
2 

16,52 13,10 12,21 5,35 8,91 9,09 9,34 9,62 13,04 12,26 

L 
I ... :::~~j .... :~~:~~ .... :~~:~~ .... ::::~~ .... :~~:~~ ... :~~:~~ ... :~~:~~ ... :~~:~~ ... :~~:~~_ ... :~~:~~ .... ::~::: .. 
S.H. Tht' (' I( f" US Ti0

2 
is due to the leaching of Fe from the iICDenites duTing alteration (leueo)!:ene formation) while the high Fe 203 

conti·or s arE' due to oxidation. The mineral formulae cannot be cal cu l ated in the normal manner due to their 8lter~ c ~ 3ture. 

;, ilmenite concentrHe froro the we lt coalt in t.he Vanrhynadorp District (Coet1:ee et a1., 1957). 

IS i lrot·nitl.' conCt'ntr3te from Horgan' .. BIY (Ham:aerbeck (1976) 

C i lmt·nitp coonct'ntratc fr,lm Richard'l Bay (H3l11111erbeck ( 1976) 

'" N 

'" 
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structure should, however, not be overlooked as a reason for the uniformly 

low values obtained for these components in the analyses. Low Cr
Z

0
3 

values 

are attributed to the presence of minor amounts of Cr in the ilmenite 

crystal structure , since no chromite was noted in the analysed 

concentrates. 

14.6 Conclusions. 

I). The ilmenite concentrates prepared from beach sands along the Eastern 

Cape coast exhibit only minor compositional variations that are related 

largely to their degree of oxidation and secondary oxidation. 

2). The chemical compositions of these ilmenite concentrates are similar 

to those shown by ilmenites from basic igneous rocks. Caution must, 

however, be .xercised in ascribing a basic igneous rock origin for the 

bulk of these i lmenites since the effect of leaching on the Mg and Mn 

contents of these ilmenites is not known . The abundantly developed 

Karroo dolerites of the Eastern Cape hinterland would provide suitable 

source rocks for much of this ilmenite, but a certain amount will also 

be of the second-cycle type derived from older sediments. 

3). The reflectivities and micro-indentation hardnesses of ilmenite grains 

randomly selected in the polished sections fall within the ranges of 

values obtained for ilmenites from a wide range of basic and granitic 

igneous rocks. 

4). The beach sand ilmenites are more altered than their counterparts in 

unweathered igneous rocks as reflected in their higher Fe
Z

0
3 

contents. 

Their TiOZ contents are, however, not significantly higher and indicate 

that little iron leaching has occurred in the grains showing incipient 

alteration. 
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15. CONCLUDING REMARKS. 

15. I Titaniferous Magnetite. 

The titaniferous magnetites from a wide variety of basic and granitic igneous 

rocks characteristically display varying degrees of alteration that can be 

ascribed to deuteric and in some cases, metamorphic alteration. This feature 

indicates that the accessory titanife rous magnetite in many igneous rocks does 

not represent a stable phase with respect to the entrapped late-stag~ volat iles. 

This resul ts in its partial oxidation and replacement, with the degree of 

alteration being related to the relative abundance of both titaniferous magne

tite and late stage fluids. 

It is interesting to note that evidence of late-stage deuteric alteration of 

the titaniferous magnetite generally becomes less evident as the amount of 

oxides present in a particular rock increases (see Part 3 of this thesis). 

This can be ascribed to the increased amount of oxides present, in relation 

to the volatiles present , and which exert a strong buffering effect on oxygen 

fugacities. 

The late-stage alteration of titaniferous magnetite requ1res additional study, 

parti cularly with respect to the development of the skeletal subgraphic and 

vermicular ilmenite grains. The author has commenced a more detailed study 

of this phenomenon in Karroo dolerites and basalts with particular refer

ence to the associated sulphides . 

The titaniferous magnetites in the various rock types examined display all 

the various microstructures discussed in Part I, sections 4 and 5 and their 

development 1S interpreted in essentially the same way. The overall Ti02 

contents of the titaniferous magnetites also decrease with increasing Si0
2 

contents of their host rocks from basic through to granitic rock types as 
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described by Buddington et al. (1955, 1963) . 

15.2 Ilmenite . 

Ilmenite is often the dominant phase in a wide range of igneous rocks rang-

ing from basic through to granitic types. This ilmenite is characterised 

by a fairly limited compositional range in which the MgO content is rarely 

higher than 6 per cent or the MuO content higher than 10 per cent . The 

majority of ilmenites are, however, generally much closer to the theoretical 

ilmenite end-member composition . This feature, combined with the degree 

of MgTi03 , MnTi03 and Fe 20
3 

substitution that can theoretically take place, 

imply that the use of relatively insensitive parameters such as reflectivity 

measurements, micro-indentation hardness and unit cell dimensions or d-spacings 

cannot be used to determine the composition or origin of ilmenites in this 

compositional range. 

The ilmenites from kimberlites are chemically distinct and are characterised 

by relatively high MgO, Fe203 and Cr203 contents. The effect of these 

components in solid solution in the ilmenite is to decrease the unit cell 

dimensions and reflectivities, and to increase their micro-indentation 

hardness. These parameters can thus be used to distinguish the kimberlite 

ilmenites from those of the usual range of igneous rocks . They cannot be 

used as indirect methods for determining the compositions of these ilmenites, 

however, since the MgTi03 , Fe203 and Cr20
3 

content s are highly variable and 

show no direct relationship between themselves . The trace element variation 

in the ilmenites from both kimberlitic and non-kimbe·rlitic sources should be 

studied since this might yield parame ters which can be used to characterise 

the ilmenites from particular rock types. 

The i l menites in a wide range of igneous rocks also exhibit varying degrees 

of deuteric alteration, but this is not as marked as 'n the case of the 
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co-existing titaniferous magnetite. 

to be a common occurrenc.e, but the reactions involved hHve not been in

vestigated in detail and warrant further study. 

Th 0 01 0 stud'ed are summarised in e compositions of the major ~ men~te groupS • 
o d f h coarse gra~ned ilmenites f~gure 2 together with the same ata or t e • 

from the titaniferous iron ores described in Part 3. 

FIGURE 2: 

! 
10 MnTi03 

to RzD, 
\ 
C::) Kimberlite. 
C::) Bu", .. 1d aabilro 
e::~ OoIerltn = Dlabcnft 
~Gtanlte 

to MgliD,--

<1m> Roolwater- RM Slate _ 
• Roolwater- Letlltele HOm 

<:> u...hwana 
C·~:-> Mambula 
C::::::> Kafflrlkraal 
.. Trompsbura 

Variation in chemical composition of the ilmenites described 

in Parts 2 and 3 of this thesis. The data are presented ~n 

terms of the molecular percentages of normative FeTiD
3

, 

MgTi03 , MnTiD3 and R203 (essentially Fe20 3). 

The compositional differences between the ilmenites from the different 

igneous rock types can be clearly seen in the FeTiD
3

-MgTi0
3
-MnTi0

3 
field. 

There is generally only minor overlap while the kimberlite ilmenites are 

distinctly different. The ilmenites from the titaniferous iron ores 

effectively bridge the compositional gap between the kimberlite ilmenites 

and those from basic igneous rocks. These analyses illustrate the pre

sence of complete solid solution series between MgTi0
3
-FeTiD

3 
and MnTiD

3
-

FeTiD
3 

over the compositional ranges shown, and highlight the limited 

extent of MgTi0
3

-MnTi0
3 

solid soluti'ons in naturally occurring ilmenites. 

It can be concluded that Mg-rich ilmenites exhibit increasing Fe-enrich

ment with fractional crystallization while Fe-rich ilmenites exhibit 

Mn-enrichment. 

The kimberlite ilmenit~s typically show high Fe20
3 

contents, but con

siderable overlap occurs in the values shown by the other ilmenites. 

The FeTi0
3

-MgTi0
3
-R

2
0

3 
diagram illustrates the presence of a complete 

solid solution series between ilmenite and hematite over the compositional 

range shown. 
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PART 111 

A COMPARATIVE MINERALOGICAL STUDY OF SOME TITANIFEROOS IRON ORES FRCN 

THE ROOlliATER, MAMBULA., USUSHliANA, KAFFIRSKRAAL AND TROMPSBURG IGNEOUS 

COMPLEXES 

1 • INTRODUCTION 

The iron-titanium oxides contain appreciable quantities of Fe and Ti as 

well as lesser amounts of V. They are important potential sources of 

t hese commodit ies and they are present in significant concentrations in 

many mafic igneous rocks. In addition, they are concentrated in 

discrete, well-defined, and easily mineable layers in certain stratiform 

basic intrusions. The numerous titaniferous magnetite seams of the 

Bushveld Igneous Complex constitute the largest reserves of this type of 

or e in the world. A number of smaller, but less well-studied South 

African basic intrusions also contain large deposits of a similar nature. 

In partioular, ore-rich concentrations that have potential economic 

significance are developed within the gabbroic rocks of the Rooiwater, 

Mambula, Usushwana, Kaffirskraal and Trompsburg Igneous Complexes . 

The titaniferous iron ores of layered basic intrusions are essentially 

monomineralic rocks that are analogous to the dunites, pyroxenites, 

chromitites and anothosites that are commonly developed in igneous 

complexes of this nature . The origin of these ore-rich layers is 

consequently related to the various processes operating during fractional 

cr ystallisation of the igneous complex concerned. 

The iron-titanium oxides in the ore-rich horizons exhibit microstructural 

relationships that are similar to those developed in these minerals when 

t hey are present as accessory phases in gabbroic rocks . The theoretical 

considerations discussed in Part 1 regarding their microstructural 

development are thus equally applicable. The relative abundance of the 

iron-t itanium oxides in these ores, however, focuses on their mutual 

intergranular relationships and compositional variations . 
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2. THE ECONOMIC SIGNIFICANCE OF TITANIFEROUS IRON ORES 

The development of economically viable processes for the recovery of Fe, 

Ti02 and V
2

05 from vanadium-bearing titaniferous iron ores has been the 

subject of intensive research during the last 150 years. It is only 

recently, hOwever, that progress has been made in this direction. It is 

appropriate to re-evaluate the potential of these deposits since they are 

not only capable of supplying a large portion of the world's Ti02 and V
2

0S 
requirements, but can also make a substantial contribution to iron and 

steel production. 

The vanadium-bearing titaniferous iron ores of stratiform basic intrusions 

typically contain 48-60% Fe, 10-25% Ti02 and 0,2-2,5% V
2

0
5 

(Tables 1 and 

2) and can be regarded as low- to medium-grade ores. They cannot normally 

be economically utilised unless more than one saleable product is recovered 

because of the high production costs involved. They are of metallurgical 

interest, however, since extremely large tonnages are present in a readily 

recoverable form in certain basic intrusions. 

Titaniferous iron ores cannot be utilised for large-scale iron production 

in conventional blast furnaces since the Ti present necessitates extremely 

high operating temperatures and also forms infUsible products that 

interfere with furnace operation. Numerous unsuccessful attempts were 

made to smelt or beneficiate these ores during the latter part of the 

last century (Rossi, 1890) and similar investigations have been carried 

out sporadically since then (Elliot, 1959 j Rose, 1969). Recent 

developments have, however, resulted in the limited exploitation of these 

resources in various parts of the world. 

The nature and behavior of these ores was not understood until Singewald 

(1913a,b) published the results of an ore microscopic investigation of 

titaniferous iron ores in the United States. He noted that they consist 

of magnetite together with lesser amounts of granular ilmenite and gangue 

minerals. The magnetite typically contains abundant microscopic lamellar-

and granular-ilmenite intergrowths that are the major cause of unsuccessful 

benefication. Mineralogical investigations during the follO\,ing 75 years 

have added many details to Singewald' s deGcriptions, but his conclusions 

that Ti-free magnetite cannot be produced from these ores by conventional 

ore-dressing techniques remains valid. 

The development of the electric arc furnace made the smelting of these 
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ores tecbnically possible, but bas not resulted in their "'idespread 

utilisation for iron production because of the high energy consumption 

required. The many significant advances made in the utilisation of 

these ores during the first two-thirds of this century have been 

summarised by Rose (1969). 

The bulk of the world's Ti02 production is used in pigment manufacture 

for which rutile is the most suitable ralf material. The high cost and 

the rapid depletion of the world's rutile reserves has, however, Ie';' 00 

an increased interest in alternative Ti02 sources (Roskill, 1911 ; Sinha, 

1913). Ilmenite (48-53 % Ti02) is the next most abundant titanium 

mineral and it is widely used for pigment manufacture, although its high 

Fe content makes it unsuitable for use via the chloride process. In 

recent years intensive research has bee~ carried out into the produotion 

of synthetio rutile or other high titanium produots from ilmenite (Beoher, 

et al., 1965 vlalker, 1961 ; Marshall and Finch, 1961 ; 0' Brien and 

~~rshall, 1968 Gaskin, 1969 ; Judd and Palmer, 1913 ; Mackey, 1974 

Rolfe, 1973). Numerous prooesses have been patented and the subjeot 

bas been extensively reviewed by Hartly (1965) , Henn and Barolay (1910) 

and Kothari (1914). The South Afrioan titaniferous ore deposits have 

been reviewed by Hammerbeok (1916). 

The titaniferous iron ores contain less Ti02 than ilmenite, but they also 

",arrant attention since the higher production oosts oan be offset by the 

reo overy of iron and possibly V
2
0

5
• Many of the processes for upgrading 

the Ti02 oontent of ilmenite can also be modified to suit these ores. 

MaoMillan, Heindl and Conley (1952) have desoribed a soda sinter process 

for the recovery of Ti02, Na
3
v0

4 
and iron as well as other by-products 

from vanadium-bearing titaniferous iron ores ·containing between 18 and 

The electric aro smelting of similar ores has been 

investigated by Holmes and Banning (1964) who produced pig iron and high 

titania slags from ores containing between 1,63 and 22,5 % Ti0
2

• Elger 

and Stickney (1911) , Oden et al. (1915) and Elger et al . (1914) have 

produced synthetic rutile from high titania slags . 

Research oarried out at the National Institute for Metallurgy (NIN) on 

tit.aniferous iron ores from the Tete district in Mocambique containing 

51,5 % Fe, 19,1 % Ti02 and 0,5 % V20
5 

has shown the teohnical feasibility 

of recovering pig iron as l1ell as Ti02 and V 205 (McRae et a1. , 1913 ; 
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Faure et al., 1973 ; Yom Tov et al., 1973 ; Faure et al., 1974 ; McRae, 

1974) • Cost estimates of this process indicate that the recovery of 

both TiO;> and V 205 is necessary (\l ilson, 1973). No Ti02 i 8 currently 

recovered from South African titaniferous magnetites, but their cost of 

treatment migT,t be lower than that of the Tete District, especially if' 

the pig iron is converted to steel. 

South Africa is a.lready the major interational producer of V 2°5' but the 

Horlel market is fast approaching saturation (Roskill, 1975) so that V~05 

recovery from addHional. sources Hill be (,f little interest unles, new 

to'u'kets (',an be d. evel oped • Vanad.ium pent oxide is presently recovered in 

!:;lae form from Bushveld Main Seam ores mined neC1r Roossenekal in the 

eas1; ern Transvaal. It is also prorluced fron; similar ores to t h e north 

ani lde"t of Pretoria by the soiium metavanadate process. The South 

African vanadium resources have been revie"ed by Luyt (1976) ano. "n 

a,ccount of vanadium rnineraloe;y and recovery has been given by Rose (1973). 

3. TITANIFEROUS 14AGNEUTE SElu"lS IN' STRATIFORJ.1 BASIC INTRUSIONS 

3.1 Introduction 

'I'he preRence of \;ell elE,fined layering in many lare-e, differentia'Ged 

baei.c intrusions ),as been reported from numerous localitieH allll th;"; 

mll)ject has been reviewed l ,y Waeer (1967) and Hager and BroWl' (1968). 

ri[onornjnernJ ie ]ayer~ cansi.st ine; of more than 90 per cent plaeioclase, 

pyroxene or olivine are commonly present i.n these intrusion". 

Econornico.lly intere~t ine layer£; 0 (' ti taniferollB maeneti te or c}11'omi te 

m<.-..y also be deveJc!ped. The~e ore-rich l ayers are eharacteri.st"ically 

thin (0,1-10m) ,·,hen compare(l to t h e overall thickness of the intrusion€; 

in whic); they occur, but they nevertheless often exJlibit a r..,,,,,,rkablp. 

I ".teral coni.inui t.y. 

i.n the Bushveld Ieneous Complex varie8 bet~ .. JEH~n 1 ani 2,i};1 in t})i('.~ne8 8, 

tut has b(~en trar.ed alona; stril(e for appro:xi :Il(-~tely 120 kn:: in t.l ~.-> (·~a.stern 

'J'r;:i.'n~·rva.al c:t.1'!el for ?no Jrrn in t.he wet--:tern !.rI ':~=tnEv: " ,-~l C:ille:T·:e, 19~91)). 

Lr: :' : __ (~Tl';(.:.m f;jve titc~njferou;'~ i'laGUetite-riol -, :,:l;h ··U oJ": ri, s i ",d.}ar nat~n~e ~ '~ rE' 

;~ltio flreBeni; in the basic rocks of t }: (,.: H ooh·J":tl . (~rf ~:c.l lbu1a, U~')lslrl'J C1..I:la, 

KaJ:I':i. rokY'8.a l a.:nd rrrompsburc; I L,'11B Oll f' COI : 'plexe~~. 

3.? .1?a.<..:tOI'FJ Inflllenei:n{,; t he POl'rnation of rri taniferonn iI1a!'·',"'')r1ti to 0car,\1l 

Tl.e forJo<1.tion of Inonorniner'i. I,Jic: Jityeru vlitLirJ ~:.;trat.j earn ba:.;; r, illi.ru~-:iOiJ . · 

h;j.R b8en "t .he f:~ubjec~; of cOTIcideruble ,-tebat.e :in tLR i::uo1.oC;i0.:t.l ] iter;·~turp. 
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and a co,nprehensive :r.evievl of this topic 'is beyorhl thp. SCOP(:; of -this 

theu5s. Only oertain aspects that have a ·'.i r ect 'uea.ring en the nature 

and orici.n of the titaniferoufi rna.enetite-l'j d'-l IH.yers H.re cons:lrlerE'.d 

hern and. rea.:lers are directe.1. to thB boo¥ of l"lul,.;er ll.nd. ErOHYJ (19GG) for

aUdit-ioE inforJ.!ation. 

The {Sl-!neral consensus is tl1at these rocks are formed by nat' '!atic 

8ed.irnentn.tj on :prOC8RS8f1 tha.t res1l1 ted in thp. accumulation (.'; I'Irecipi tat.,:yl 

cryr;tals in layers on the magma chamber floor C:iadGHorth, 1973). r ,ese 

layers ,nay have formed by a simple proce:ss of crystal settJ.ing Or by a 

variety or other mechanism" inclwline a convective overturn prooess 

(Hess, 19(,0), crystallisaHon from a stagnant sheet of maerna near the 

n .oor of t be intrusion (Jack~)on, '19(1), convectiC!ll al'u"L turbidity cnrremtg 

(lIa:;er, 19(7) , ,be effects of contamination by a Halic melt formeil frcn 

the roof ],Clr.j.", (Irvine, 1974, 1975b), or by the influx Or additional 

tmfractionated rn"-ema (Irvine, 1977). The settled mineral,: are knOHn a ,· ., 

cumulur; crystitls and. crystallisation of the intercllmullls l:i.'luid can 

follo" various paths, each of Hhich results in the formation of a rock 

",i tll a charactflristic texture as describp.d by Hager et a1. (19GO). 

\Jager ani Brolm (1968) oommented On the presence of large ti taniferous 

magnei;j te concentratiom: in n[any stratiform basic i.ntrusions, po.I'ticularly 

,,;nonB'flt the later' crystallisation pro:lucts. This featm'e can be accounted 

for by iron cnrir:hrneni.; of th8 residual l i! ... utd havine i..alu.:'rn plaee 'luring 

fro.ctionaJ crystallisati.on and it is necessa.ry to consirler the factors 

tllat may h8.ve ccntrolle.,,1 this process • 

. Numerolls analogies can be drawn between the, oCCU.rrer.ce of chromit&-rich 

'~l1il ti taniierous magneti t&-ri.ch layers in Htratifo~l1 basic intrusions 

"lhioh f:;Uceest that essenti8.11y gj rnilCl.r ),l er.hanif';TJS rmst have opeI'ated. during 

t] 'eir formation. The ohromitites have been 110re extensively stt<d.ieil t,.an 

the tHaniferoulO ,"",gneti t&-rich layers beca.use of their greater econoT'lic 

importance. !rhe many simila.rities bet\~een i.hel1 ~ , hm'lever, inciic::lte that 

at leu.nt BO,.l e Oi~ the conclusionu reaciled OYl the :f'orl:lat ioll of chrOfi'ite-

rici ! ); ~yerf.i shouJd ah-1o 11e Clpplica.ble to tbe titaniferou:3 ;ilh.L,'11eti-le seams. 

Chl'omitl~ a,. 01 Hay: : ul lpeur D tc cl'yGta11 j ~'t1 early dnrin~ the coolin1.j his"l.ory 

of ,,,crati LCI',n lliHd c intrusions and resultn in the accumulation or chrornHe-

rich layer,: near their bases. After a certain crystallisation period the 

chromi tc preoipi tation CeaFI:!8 ani. a.n eS8fJrti0711J y ohror"ite-free ::""oone is 
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formed. Titaniferous magnetite preoipitation OOmmenoe~ to"ards the 

later orystallisation stages of the igneous oomplex and distinot layers 

are also formed where oonoentrations of this mineral are suffioiently 

high. This pattern of initial ohromi te orystallisation folloHed by 

],,;tBr titanoJnagnetite preoipitation is a cOlllmon feature of basaltio 

me .. " "a orystallisation (Evans a.nd .100re, 1968). 

Irvine (1967) postulated that the (lisappearanoe of ohromi te is due to a 

liquid-spinel-pyroxene reaotion that produces a slightly chromiferous 

pyroxene at the expense of the spinel phase . Titaniferous magnetl ' e i8 

able to orystallise as the spinel phase when the iron and ti taniUOl 

concentrations in the residual liquid rise to a sufficiently high level 

during the l ater stages of orystallisation. 

Oxygen fugaoi ty plays an important role during the orystallisation of 

a basaltio mavna sinoe it influenoes the oxidation state of the iron 

present and so determines the nature of the iron-bearing phases that will 

be preoipitated. Follm,ing the work of Kennedy (1948), Osborn (1959, 

196;» suggested that- ohanges in oxygen fugaoity during the fractional 

orystallisation of a basal tio magma might be an important faotor in 

determining the clistribution of iron oxide and silica in the residual 

fraotions. Osborn (1959) showed experimentally that the fraotional 

crystallisation of a simplified basaltio liquid under oonditions of 10" 

oxygen fugaoity produoed an iron-enriohed residual liquid. No iron-

enrichment of the residual liquid oocurred ",hen orystallisation ;1as 

carried out under oondi tions where the ox~'gen f'ugaoi ty was maintained or 

inoreased. Roeder and Osborn (1966) carried out similar 

experiments on mixtures that more olosely approximated natual basalt in 

oomposition. They also observed an iron enriohment trend in the residual 

lirjuid under oonditions of low oxygen fugaoity. No iron enricluYlent 

ref:mlted when fractional orystallisation was carried out under hisner 

oXYL~n fu~dcities. 

studies of phase relationships in basaltio and oth er related syste:ns by 

J~uan and Osborn (1956), Presnall (19(,6) and Hamilton and And erson (1967) 

a l so 3how thai. oxygen -l\1.e'dOity exerts a strong influenoe on the composition 

of the residual liquid proouced during fr-dctional crystaUiRation. Kuno 

(19G5) also noted that the degree of iron enrichment in maCnas is largely 

determinel by the (lUantity of maenetite that separate" from the lnagllla and 

at what stae-e this separation takes place. 
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The formation of magnetite is controlled by oxygen ~lgacity and Hyalman 

(1977) concluiled that iron would be largely present as Fe
2
+in magmas 

2+ :?+ 
under conditions of 101< oxygen fugacity. ~!g rather' than 7 e would, 

however, be preferentially incorporated into the early-formed mafic 

silicates during the early stages of crystallisation. This l-IOuld resuH 

in the bulk. of the Fe2+ remaining in the mae,."a an,l its concentration 

would increase during the course of fractional crystallisation. Portion 

of the Fe 2+ wauld become oxi,lised to r'e3+ under conditions of higher 

oxygen fugacity, so tha.t magnetite would precipitate along with the 

magnesian silicates. This process results in a relatively even re ,,, .. val 

of iron from the liquid during crystallisation so that iron-enrichment of 

the residual liquid cannot occur. 

Tl'e available data suggest that the forma.tion of an iron-enriched 

residual liquid is necessary before titaniferous magnetite can be 

precipitated in sufficient quantities to form monomineralic layers. Even 

if this stage of iron enrichment is reached, it is evident that abundant 

titaniferous magneti.te precipitation cannot occur unless the oxygen 

fugacity is increased to a level at which substantial oxidation of Fe
2
+ 

to Fe3+ can take place, i.e. the precipitation of titaniferous magnetite 

must be triggered by an increase in the oxygen fugacity of the magma. 

If partial oxidation of Fe
2
+ to Fe3+does not take place at this late 

stage, the iron enrichment will result in the ferrous iron being 

incorporated into other mafic silicates such as iron-rich clinopyroxene 

or fayalitic olivine. Ulmer (1969) and Cameron and Desborough (1969) 

have also shol'ln that oxygen fugacity is important in controlling t",e 

precipitation and chemical characteristics of chrome spinels. ill 0 lyneux 

(1970a, b) also noted the possible effect of oxygen fugacity in 

controlling titaniferous magnetite precipitation in the Bushveld Igneous 

Complex. 

Experimental investigations by Hill and Roeder (1974) into the 

cI"",{stallisation of spinel as a. function of oxygen 

earlier observations 

fugacity in natural 

of Osborn (1959) and basaltic liquids support the 

Roe,ier and Osborn (1966). Hill and Roeder (1974) concl.uded that the 

lower the oxygen fug-d.cities are during fract.ional crystallisation, t.he 

greater will be the i.ron enrichment in the residual liquid and the lower 

the temperature at which the iron-rich phases ' lill crystallise. Under 

higher oxygen fug.>ci ties ferric oxide is produced "hich co.uses tLe early 

precipitation of spinel and rhombohedral phases so that iron enrichment 
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of the residual liquid is not attained. 

Irvine (1974, 1975b) proposed that the chromite-rich layers of stratiform 

basic intrusions are precipitated on occasions I-,hen extensive contamination 

of the basic parental magma by granitic liquid, melted from the salic roof 

rocks, occurs. He also suggested that this hypothesis might be extended 

to include the formation of titaniferous magnetite-rich layers. He 

mentioned that precipitation of the titaniferous magnetite layers may 

have resulted from a sudden oxidation of the magma and noted that thts 

contamination mechanism provides a convenient method for suddenly 

introducing oxygen into the system at this stage. The infl ux of fresh, 

undifferentiated magma into the system might produce similar results 

(Irvine, 1977). 

A study by Irvine (1975a) of the phase relationships indicates that the 

salic contamination of subalkaline basaltic magma would tend to enhance 

the crystallisation of Ca-poor pyroxene relative to both olivine and 

plagioclase. This feature is in accordance with the abundant development 

of orthopyroxene cumulates associated with chromite layers in many 

stratiform basic instrusions. In the Bushveld and 

however, the titaniferous magnetite-rich layers are 

with anorthosites and troctolites. Irvine (1975a) 

many other oomplexes, 

often interlayered 

has shown that 

abundant plagioclase can be precipitated by mixing contaminated basic 

liquid that has crystallised sufficient pyroxene with relatively fresh 

liquid. Fractional crystallisation of this liquid of intermediate 

composition would then yield abundant plagioclase precipitates to form 

anorthositic layers. By analogy, these findings of Irvine may have a 

direct bearing on the formation of titaniferous magnetite layers in 

stratiform basic intrusions. 

3.3 Grain-Boundary Relationships in Titaniferous Magnetite Cumulates 

The constituent grains in many of the monomineralic layers in stratiform 

basic intrusions are often unzoned and characteristically exhibit a fair 

degree of polygonalisation showing the development of triple junctions 

with interfacial angles appr oximating 120°. These features are normally 

associated with granoblastic metamorphic rocks that have formed under -

conditions of medium to high grade metamorphism and their presence in 

primary igneous rocks has not received much attention. 

Hess (1939) concluded that these textures were formed by the enlargement 



337 

of settled crystals by some form of diffUsion controlled growth that 

occurred at the same temperature as that at which the crystals were 

originally formed. DiffUsion of suitable ions from the overlying magma 

reservoir into the intercumulus liquid is necessary to ensure the 

continued growth of the original crystals, while the unwanted ions diffUse 

back into the magma reservoir. This process can only operate near the 

top of the accumulated crystal pile where diffUsion can take place freely 

while the intercumulus liquid would be gradually eliminated by continued 

growth of the settled crystals. 

Wager et al. (1960) introduced the term " adCUlJllllus growth" to describe 

the enlargement of the cumulus crystals by material of the same composition, 

the resulting rock being termed an adCUlJllllate. Adcumulus growth can take 

place only when the free diffUsion of ions between the magma and int er

cumulus liquid is possible. Additional growth of the original crystals 

tends to force out the intercumulus liquid thus reducing pore-space. 

In cases where the diffUsion of ions between the overlying magma reservoir 

and the intercumulus liquid is prevented, crystallisation of the 

intercumulus phase would contirme resulting in the development of 

different textural types (Hager et al . , 1960) . 

Voll (1960) examined the grain boundary relationships i n monomineralic 

layers from various basic layered intrusions and concluded that many of 

their features were not produced solely by contemporaneous growth into 

pores. He noted in many cases, particularly in the chromitites, that 

grain boundary curvatures at triple junctions are indicative of solid 

state adjustment. Voll (1960) conoluded that these textures are formed, 

at least in part, by the sintering together of crystals under the 

influence of interfacial tension. 

Heedon (1965) reported the presence of equilibrium grain boundary 

relationships in layered ultrabasic rocks and suggested that they may have 

formed via a mechanism similar to that proposed by Voll (1960). Vernon 

(1970) also noted the textural similarity between single phase 

adcumulates from igneous rocks and metamorphic grarmlites , both of which 

consist largely of polygonal grains with smoothly curved interfaces. 

In a discussion of Voll's mechanism, Vernon (1970) added that the 

interstitial liquid would be gradually expelled during sintering, 

initially through pore networks and later by a solid-state diffUsion 



338 

process. The mineral grains would thus grow together urder the 

influence of interracial free energy to produce a space-filling 

aggregate of polygonal grains having interfacial angles of approximately 

120°. This process involves the movement of interfaces by diffusion 

and should be possible provided that enough heat is available. Vernon 

(1970) noted that these factors might operate if cooling of the intrusion 

is slO>1 enough and that this mechanism obviates the delicate diffusion 

balance and connection with the overlying magma reservoir required by the 

Hess model. 

Powders are consolidated into dense polycrystalline aggregates during 

sintering by heating at temperatures below their melting points. The 

process has been reviewed by Coble and Burke (1963) and when applied to 

oxide and metal powders, results in the formation of foam-like 

micro textures in which the polygonalised constituent grains have 

boundaries that meet in triple junctions having interfacial angles that 

approximate 120°. These intergranular relationships are indicative of 

equilibrium conditions. The subject of grain boundaries and their 

. relationships has been reviewed by Harker ani Parker (1945) ani Smith 

(1948, 1964). 

Stanton (1964) synthesised various sulphide aggregates showing similar 

grain boundary relationships by sintering the required constituents in 

vacuo at temperatures well below their melting points. Grain gr01ith 

took place in the solid state ani the resulting polygonal texture was 

produced by the attainment of grain boundary equilibrium. 

The available data on the sintering of oxides and sulphides suggest that 

this process might playa mineralogically important role in the 

development of the grain boundary relationships observed in essentially 

monomineralic titaniferous magnetite layers. In support of this view, 

Stanton (1965) stated that the iron-titanium oxides should also conform 

to normal principles governing the shape of polycrystalline aggregates. 

He also not<!d that iron-titanium oxide aggregates from the Skaergaard 

Intrusion consist of approximately straight- sided polyhedra having well 

defined triple junction points. 

Cameron (1969) examined post-cumulus changes in rocks associated with 

chromitites in the eastern Eushveld. He noted that at least half or 
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more of the final crystalline products consist of material precipitated 

during the postcumulas stage. A partial, or greater, equilibration 

bet",een cumulus crystals ani liquid appears to have taken place ani 

Cameron (1969) concluded that the resulting textures were produced by 

a process of re-crystallisation supplemented by adcumulus growth. 

Subsequent work by Cameron (1975) also indicated that a certain amount 

of post-cumulus and subsolidus equilibration has taken place in the 

cumulate rocks of the eastern Bushveld . 

The mechanisms involved in the formation of the characteristic gra~n 

relationships exhibited by monomineralic titaniferous magnetite layers 

in stratiform basic intrusions are not Hell understood and require 

further study. Vernon (1970) concluded that these textures might be 

accounted for by the partial post-cumulus enlargement of settled crystals 

by adcumulus growth according to the Hess mechanism, followed by grain 

boundary adjustment during slow cooling. The available data suggest 

that this combination of processes might well account for the development 

of the grain boundary relationships exhibited by these ores. 

3.4 The Mineralogical and Chemical Compositions of Titaniferous Iron 

~ 
Titaniferous iron ores have been described from numerous areas and their 

mineralogical associations are well known. The early reports of 

Singewald (19 1}a,b), Warren (1918), Ramdohr (1926) ani Osborne (1928) 

outlined most of the important features of these ores with the result 

that subsequent studies have merely served to add the finer descriptive 

details. They also provided explanations that were in keeping with the 

theoretical developments current at the time as outlined in Part 1 of 

this thesis. 

Titaniferous iron ores can be classified into a wide variety of types 

as suggested by Lister (1966), each of which can be ascribed to a 

different mode of origin. The South African examples investigated 

during this study can be classified as concordant deposits that are 

located within gabbroic intrusions. Only information concerning 

deposits of a similar nature is discussed here. ' Readers requiring 

additional information are referred to publications on Iniian deposits 

by Dunn and Dey (1937) and Roy (1954); on North American deposits by 

Lister (1966) and Anderson (1968b); on Scaniinavian deposits by Gjelsvik 
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(1957) Vaasjoki and Heikkinen (1962), Duchesne (1970, 1972) and Gierth 

and Krause (1973) ; and on the Bushveld Igneous Complex by Schwellnus and 

Willemse (1943) Coertze (1966) Hillemse (1969b) and 140lyneux (1970a,b). 

The vanadi~bearing titaniferous iron ores of gabbroic intrusions are 

composed essentially of variable amounts of titaniferous magnetite and 

granular ilmenite together with variable amounts of silicate impurities, 

normall y plagioclase, pyroxene or olivine. The proportions of these 

gangue minerals vary widely in the different deposits and only rocks 

containing more than 60 per cent by volume of iron-titanium oxides will 

be referred to as "ore" in this thesis. 

The proportions of coarse-grained granular ilmenite vary considerably 

with respect t o the amount of titaniferous magnetite prssent in the 

different d eposits. The magnetite itself characteristically displays 

the development of a wide range of titani~and alumini~bearing micro-

intergrowths. The larger ilmenite grains commonly contain minor 

cryst allographically oriented hematite or magnetite intergrowths. 

In contrast tc the large number of published microscopic descriptions 

of various titaniferous iron ores,there is an extreme paucity of 

complete chemical data. Numerous complete analyses of individual 

co-existing ilmenite and magnetite grains or concentrates~ details 

of total iron and Ti02 ,are,however,available for these ores from many 

areas. Comparisions based on bulk chemistry and minor element 

variations are therefore not easily marle in view of the lack of 

published data. Selected analyses of essentially pure titaniferous 

iron ores and mineral concentrates from various localities are 

presented in Table 1 for comparison with analyses of SOme typical 

South African ores (Table 2). 

On the basis of the available analyses it can be concluded that the 

chemical compositions of titaniferous iron ores from gabbroic rocks 

(largely stratiform basio intruSions) will lie within the follOWing 

limits: 
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AlU.L15ES OF TYPICAL TITAllIF'EROOS IRON ems (II' aAlmROIC ASSOOllTIC!f 

Referenoe 

llumb e r 1 2 3 4 5 6 7 8 9 10 11 

No. of 

Analy"seB 1 1 1 1 1 1 1 4 3 3 3 

5102 1,10 0,57 9,76 1,00 2,44 ',1}) 11,8 B. R. B. R. H.R. 'B.R. 

TiOZ 1),06 13,84 16,84 10,20 16,40 18,20 18 ,6 25,24 23,47 23 ,74 24,)0 

H 2O) ' ,02 2,8) H.R. 0,75 0,56 2 ,70 7 ,5 0,45 0,26 0,06 0 ,25 

crZ03 R. R B. R R.R R.R R.R 0,70 H.R 0,32 0,10 0,06 0,04 

'.,0, 71,90 72,11 42,88 60,68 66,03 26,80 57,5 H. R '.R B. R R.R 

'00 9 ,00 8,07 24,22 20,01 11,93 45,0 - H.R B. R B.R H.R 

OgO 0,26 0,20 0,94 0,59 0,34 3,00 0, 5 1,76 ',26 0,99 0,81 

IInO O,SO 0 ,14 0,52 0,') 0,13 0,41 I.R 0,41 0 ,39 0,27 0,54 

V2~5 ',90 0 . 59 2,20 1,93 0,59 1,07 0 ,5 0,50 0,41 0,18 0,'4 

Tar~r. ; 98,14 96,41 91,36 95,29 96,42 99,51 96,6 - - - -

TarAL Fe : 57 , 28 56,75 48,82 57 .99 55,45 53,.72 40, 22 51,7 53,5 54,6 52,0 

'------ ------ -
Source of anal ;lBce: N.R. • not reported 

,) Dublabera, :;in cnbhu.'!1, Irrl i a . (Dunn ani Dey, 1937). 8) Dulutb gabbrO B. (Li ster, 1966). 

2) Y.~ubi, Mayurbhanj, India . (Dunn aod Dey, 19]7) . 9) Dul uth gabbro S. (Li8ter, 1966). 

3, :i>u't:labere. , ::; inghbhUIII, Imia. (Dunn and Dey, 1937). 10) Ellen lAke (Lhter, 1966). 

,) Dub!abena., ~ inchbhUC\, India. (Dunn ani Dey , 1931 ) . 11) Pueey Mine ( Lhter , 1966). 

5) iCr..a.riedi L, : i nc:hbhwn, In:lia. (Dunn and Dey, 1937) . 12) Seine Bay (LiBter, 1966). 

C) ~Mra Ul vtln ore (1~ oeenBen, 1946). 13) 74 Fa , Dufek: (Himmelber g e.n::l Ford , 1911). 

7) :a;,a'oIUll ur e ( :!ad~illW1 at a1., 1950) . 14) 17 1 ra, Dufek (Hifl1r.\"lbere fLlld Ford, 197-:-) . 

12 13 14 

, 1 1 

N.R. 0, 54 0,46 

25,80 27,50 23,40 

0,23 1, 18 1,31 

0, 06 0,38 0 , 03 

R.R 28,90 32 .80 

R.R 39,50 42,10 

0 ,66 0,19 0,34 

0,52 0,96 0,39 

0, 23 '.R N.R. 

- 99 , 11 100,83 

52.8 50,64 55 ,66 

--- ~.----. 

w 
" 
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ANALYSES OF SOtrl1l AFlUCAN VAHADl1!1:-BEAl.ING TITANIFEROUS IRON ORES 

IIJSHVELD IGNEOJS CCMPLEx: 

Main Main Middle 

5_ 5_ 5_ 

• • • 
No. of 
Ana.l.y1Ies "TbouBaZlds" 5 3 

Si02 1,22 1,76 1,59 

Ti02 13,05 12,63 16 ,56 

AI203 3,02 3,35 3,36 

Cr20) 0,29 0,42 0,01 

Fe2O) B.R. 69,16 64,09 

PeD If.R. 1,76 10,82 

OgO 0,75 1,04 0,75 

KnO B.R. 0, 21 . 0,25 

V20
5 1,53 1,22 0,53 

TOrAL : - 97, 55 98,02 

TOTAL Fe l 56,70 54,40 53.23 

--"'-" 
:.nalyses hom Luyt (1976) . 

+ Analyses from Sahwellnua and HillemB8 (1943). 

To l:e· ... J.nalyees (this thesis) . 

:;. 2. :;ot r eported. 

HOOIWATER IGNEOOS CCMPLEX 
""oola 

Upper Lawer Upper tl&gnet ite COIIIp1ex 

5..", 5_ Seam Lena Ave"... 

• x x x x 

5 1 5 1 16 

3,59 2,85 1,66 2,09 6,72 

18,20 14,69 22,08 12,23 12,33 

2,84 2,04 3,72 6,12 1,19 

0,02 0,75 (0,05 <0,05 (0,05 

59,86 66,13 44,89 55,11 43,62 

10.09 11, 51 25,65 22,97 24,76 

0,10 0,56 1,15 1,18 3,14 

0,37 0,19 0,.\0 0,'9 0,27 

0,24 1, 35 0,81 0,86 0 ,68 

95 ,91 100,01 100,86 101,35 99,31 

49,71 55 , 20 51,34 56,40 49 ,68 

-

[attire-
Uou_ "'-. 
Compl ex COIDplu 

A..".... A..".... 

x x 

12 5 

1, 80 1,38 

14,04 12,98 

1,54 2,41 

<0,05 <0,05 

60,60 64, 19 

21,36 15,92 

0,)1 2,20 

0,23 0,26 

0,31 0,81 

100,19 100,15 

58,99 51,27 

Trc;qps bur g 

Ccarpl a 

''''''''' 
x 

18 

2, 55 

16,)6 

4,55 

0,.\0 

)5,09 

35,11 

4,43 

0,39 

0,70 

99,48 

51,83 

I 
I 

i 
, 

W 
.0-
N 
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~!no 0,1 - 1,0% 

MgO 0,2 - 4,0% 

Fe (total) 48 - 60% 

The Si02 values reported in the various analyses largely reflect the

presence of minor silicate impurities. In part, some of the reported 

MgO and A120
3 

will also be due to the presence of silicates. The 

variations in Fe20
3 

and FeO can be ascribed to oxidation that might, in 

part, occur during deuteric alteration and which normally occurs during 

weathering. 

Schwellrrus and Vlillemse (1943), Vlillemse (1969b) and Molyneux (1970a,b, 

1972) have shown that the V20
5 

contents of the titaniferous iron ores 

decrease progressively upwards in the Bushveld complex, while the Ti02 
content increases (Table 2). Similar oompositional trends were 

reported for the acoessclYtitaniferous magnetites in the Skaergaard 

Complex (Vincent and Phillips, 1954) and the Dufek Intrusion 

(Himmelberg and Ford, 1977). 

Ti02 inorease appears to be a 

This V20
5 

depletion and corresponding 

characteristio feature of the progessive 

crystallisation of titaniferous magnetites and similar trends have been 

reported from a teschenite sill (Wilkinson, 1957),alkali basalts (Prevot 

and Mergoil, 1973), and certain zones within the Somerset Dam Layered 

Intrusion (Mathison, 1975). These authors also report decreases in 

I~gO and A120
3 

contents with progressive differentiation. 

3.5 Genesis of the Titaniferous Magnetite-rich Layers 

The formation of essentially pure titaniferous magnetite layers within 

stratiform basic intrusions is the result of a complex interplay of 

factors related to fractional crystallisation and magmatic sedimentation 

processes. The COmmon occurence of several t i taniferous magnetite 

enriched zones and separate ore-rich layers Hi thin the same complex 

indicates that the correct physico-chemical conditions for large-scale 

titanomagnetite precipitation were reached on more than one occasion 

during orystallisation. 
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Bateman (1951) and Lister (1966) reviewed the possible mechanisms by which 

titaniferous iron ore deposits might be formed. Bateman (1951) stressed 

that the well defined seams in stratiform basic intrusions are formed by 

the late-stage gravitative accumulation of an i ron oxide liquid. He 

suggested that this liquid might crystallise in place under quiescent 

conditions to form the seam or be forced into the surrounding rocks t o 

fOlm discordant deposits. Lister (1966) concluded that the titaniferous 

iron ores are formed by various combinations of the following three 

processes: 

1) the accumulation of a Fe-Ti-rich liquid, 

2) injection of a Fe-Ti-rioh liquid and 

3) injection of a Fe-Ti-rich basic pegmatite 

The phase relationships and minor element variations in the titaniferous 

iron ore seams of stratiform basic intrusions also reflect the 

differentiation trends exhibited by titaniferous magnetites from a wide 

variety of igneous rooks. This indicates that their formation can be 

related to normal magmatic crystallisation prooesses and that they are 

an integral part of their host rocks. The nature of the individual ore

rich seams and their relationships towards their surrounding rocks are 

also consistent with their having formed by various "magmatic sedimentation 

processes" as reviewed by Wadsworth (1973). 

In acoordance with the available data it is proposed that the formation of 

titaniferous magnetite-rich layers in stratiform basic intrusions and the 

development of their charaoteristio textural features should be divided 

into several well-defined stagss as follows: 

1. The formation of an iron enriched residual liquid towards the closing 

stages of crystallisation of a stratiform basio intrusion. This iron 

enrichment is probably oontrolled by fractional crystallisation under 

low oxygen fugaoities during the earlier stages of precipitation. 

2. The precipitation of titaniferous magnetite in sufficient quantities 

to form a concentrated layer. Partial oxidation of the iron 

enriohed liquid appears to be the simplest mechanism that aocounts 

for this phenomenon. The quantity of titaniferous magnetite produced 

and the rate at which it is precipitated in relation to other silicates 

will also be controlled by the oxygen fugacity. The relative 

proportions of titaniferous magnetite and silicates crystallising 
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from the magma at this stage will be an important factor in 

determining whether monomineralic titaniferous magnetite layers or 

merely titaniferous magnetite-bearing silicate rocks are produced. 

3. The formation of a titaniferous magnetite cumulate layer (at the 

top of the crystal pile) on the magma chamber floor . This layer of 

crystals and intercumulus liquid may form either by simple crystal 

settling or by one or other of the magmatic sedimentation processes 

invoked to account for the formation of layered igneous rocks. 

When silicates are precipitated together with the titaniferous 

magnetite, certain magmatic processes such as differential settling 

or current action might be responsible for the concentration of 

titaniferous magnetite into well-defined layers. 

4. Adcumulus growth of the precipitated titaniferous magnetite crystals. 

This process will take place by the Hess mechanism for as long as a 

free diffusion of ions between the intercumulus liquid and the 

overlying magma reservoir is maintained. Adcumulus growth will 

become progressively les6 important as this diffusion becomes 

restricted due to a reduction in pore-space caused by crystal growth 

or by the burial of the titaniferous magnetite layer beneath a thick 

pile of accumulating crystals. Some of the intercumulus liquid will 

be expelled by pore-space reduction during adcumulus growth. 

5. Grain-boundary adjustment towards or after completion of adcumulus 

growth. Once diffusion of ions between the intercumulus liquid and 

the overlying magma reservior has effectively ceased,the remaining 

trapped intercumulus liquid will crystallise to form post-c~ulus 

phases as cooling progresses. At this time, however, and before 

crystallisation of the intercumulus liquids commence, the eintering 

mechanism of Vol I might become operative resulting in the adjustment 

of the opaque oxide grain boundaries under the influence of surface 

energy. The reduction in pore space during this process will cause 

the continued expulsion of intercumulus liquid until an essentially 

monomineralic rock is produced. The final product will be a space

filling aggregate of polygonal titaniferoue magnetite grains having 

interfacial angles approximating 1200 • 

6. Subsolidus changes in the titanomagnetite caused by cooling of the 
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igneous mass. As cooling takes place from the elevated temperatures 

of titanomagnetite precipitation, various solid-state exsolution and 

oxidation/exsolution processes are initiated. The microstructures 

produced in the originally homogeneous titanomagnetite reflect not 

only the composition of the initial phase and the rate of cooling, 

but also the influence of oxygen fugacity in determining the nature 

of the phases produced as discussed in Part 1 . Solid state ionic 

diffusion decreases with a lowering of temperatures and it is 

thought to effectively cease at approximately 3000 C in the iro .. . 

titanium oxides. Grain boundary adjustment would likewise ·oe 

operative at high temperatures, but the process would become 

progressively slower as temperatures decrease . The microstructural 

developments in the co-existing iron-titanium oxides will be 

essentia lly the same as that outlined in Part 1 for iron-titanium 

oxides from slowly cooled basic igneous rocks. 

7. Any thermal metamorphic event would reactivate these solid-state 

processes, resulting in a modification of the primary igneous 

microstructures. The nature and appearance of the new microstructures 

woul d depend largely on the temperature and duration, and ar~ 

applied stress, as weli as the oxygen fugacity and cooling 

rate, during the metamorphic event . 

4. SCOPE OF THE PRESENT INVESTIGATION 

The bulk of the mineralogical investigations embodied in this part of 

the thesis >lere undertaken in the Mineralogy Division of the National 

Institute for Metallurgy (NIM) whilst the author was in the employ of 

that Institute. The data presented here also form the subject of a 

separate NIM report that will be issued in due course (Reynolds, 1978, 

in preparation). 

This study represents the logical evolution of an interest in iron

titanium oxides as acoessory phases in a variety of igneous rocks, 

into a study of their development as ore-rich concentrations in basic 

intrusions. 

the future. 

These deposits might have considerable economic value in 

This investigation into the South African vanadium-bearing 

titaniferous iron ores was initiated in view of the research orientation 

at ND! regarding the application of mineralogical studies to problems in 

extractive metallurgy. Considerable data are currently available on 
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the titaniferous iron ores of the Bushveld igneous complex, with the 

result that the present investigation was directed mainly at the 

deposits in the Rooiwater, Hambula, Usushwana , Kaffirskraal and Trompsburg 

Igneous Complexes since virtually no published information exists on them. 

The principal purpose of this otudy was to characterise the nature of each 

of these deposits by means of chemical analyses and to determine whether 

any potential exists for their economic exploitation. The mineralogical 

investigation was carried out in order to determine the nature of --1 _ 

phases and intergrowths present in the ores in order that their response 

to beneficiation could be assessed. A large amount of the data 

collected during this study is, hO'lever, of a more academic interest and 

forms the basis of this section. Considerable differences were found 

to exist between the various deposits, and an attempt has been made to 

interpret the accumulated data within the framework of the phase 

relationships and microstructural developments outlined in Part 1 of this 

thesis. 

Field trips were made to the Roohlater, Mambula, Usushl<ana and Kaffirskraal 

Igneous Complexes for the collection of material used in the laboratory 

studies. The field work was restricted to the collection of 

representative iron-ores and associated rock types. Sample localities 

were determined by means of published maps and the earlier descriptions. 

Mapping and other field stUdies were not undertaken since they were 

beyond the scope of this project and are also beyond the terms of 

reference of mineralogical investigations Qarried out at NIM. Mr. R. 

Fouche, of General Mining, kindly gave permission for borehole core 

samples from the Trompsburg Igneous Complex to be used in this study. 

The present mineralogical investigation was confined to an examination 

of the coexisting iron-titanium oxide phases, their mutual relationships 

and microstructural developments. The co-existing silicates were not 

studied in detail since they are only present as relatively minor phases 

in the bulk of the ores examined and rarely exceed 5 per cent by volume. 

Any study of the co-existing silicates would also have been further 

complicated by the weathered nature of many of the samples collected 

from surface exposures. The original silicates in these ores are 

commonly decomposed to clay minerals and other alteration products. In 

addition to the weathering effects, the silicate minerals in the 
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Rooiwater and Usushwana Complexes have been extensively altered to 

chlorite, while the Trompsburg olivines have been largely serpentinised. 

The bulk chemical analyses of the ti taniferous iron ores Here restricted 

to the determination of the nine most abundant oxides, in view of the 

large number of samples analysed and the costs involved. Minor amounts 

of CaO, Na20, and K
2

0 are also probably present in the analysed ores and 

had they been determined their values Hould reflect the presence of minor 

silicate impurities. Trace element studies, particularly of Ni, Cu, Co, 

Zn, Zr and Nb >lOuld have provided some of the valuable additional data 

required to elucidate the crystallisation history of these ores. 

Investigations of this nature were, unfortunately, also beyond the scope 

of this study. 

Quantitative electron microprobe analyses \~ere confined to the large 

co-existing ilmenite grains in each chemically analysed sample and the 

larger-sized ilmenite intergrowths developed in the Rooiwater and 

Kaffirskraal titaniferous magnetites. Analyses of the co-existing 

titaniferous magnetites were not undertaken in view of the large number 

of analyses required for the ilmenites and the costs involved. The 

complex and extremely fine-scale intergrown nature of the exsolved 

titaniferous magnetites investigated and the consequent difficulties 

involved in obtaining good, reliable analyses under these conditions also 

contributed to this decision. Compositional data obtained for the 

groundmass areas of these titaniferous magnetites would also have been 

of limited value in view of the complex cooling histories reflected by 

their microstructures as discussed in Part 1 of this thesis. 

5. METHODS OF INVESTIGATION 

1 ) Representative suites of samples were collected from each complex 

for detailed laboratory investigations . 

2) The ores were sawn into slabs for examination under a binocular 

microscope in order that their macroscopic features could be 

observed. 

3 ) Polished, and thin sections of suitable material >!ere prepared for 

microscopic examination under both incident and transmitted light. 
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4) Mineral identifications ",ere made by optical inspection and x-ray 

powder diffraction techniques, lihile the identity of certain phases 

was confirmed by qualitative electron microprobe analyses . 

5) Representative samples >lere crushed to less than 200 mesh and were 

submitted to the Analytical Chemistry Division of NUl for analysis. 

Ti02,Si02 , A120
3

, Cri3' Fe20
3 

(as total Fe) and MnO >lere determined 

by x-ray fluorescence ",hile FeO, MgO and V 205 c18re determined by Het 

chemical methods. 

6) ~uantitative electron microprobe analyses were made of the co

existing ilmenite grains using an A.R.L. microprobe under the 

supervision of Mr.E.A.Viljoen of the Mineralogy Division . The 

standards and operating conditions are discussed in Part 2 of this 

thesis. 

7) Laboratory-scale benefication tests involving crushing, screening, 

heavy liquid-and electromagnetic-separation techniques were carried 

out on selected samples. 

DESCRIPTIONS OF INDIVIDUAL DEPOSITS 

6. THE TITANIFEROUS IRON ORES OF THE BUSHVELD IGNEOUS COOLEX 

Only a brief summary of the main characteristics is given here and readers 

are directed to papers by Wagner (1928) , Hall (1932) , Schwellnus and 

I'lillemse (1943) , Hiemstra and Liebenberg (1964) , Coertze ( 1966) , 

I'lillemse (1969 a,b) ,Hammerbeck (1970) ,Molyneux (1970 a,b) (1972) , 

von Gruenewaldt (1973) and Buchanan (1976) for further information. 

]!olyneux (1970a) reported the presence of 21 titaniferous magnetite seams 

in the eastern Bushveld ranging in thickness from 0,12m to 10m. Numerous 

titaniferous magnetite plugs are also present, but, with the exception of 

that at Kennedy's Vale, they are generally too small for exploitat i on . 

The economically important Main Seam ores (Table 2) are composed of large, 

closely packed, multi-phase titaniferous magnetite grains with minor, but 

very muoh smaller, int~rstitial ilmenite grains. This ilmen i t n accounts 

for only a small portion of tho Ti02 reported in tho oro auu I.ho bulk of 

it is present as microscopic, crystallographically oriented , ilmeni te and 

ulvospinel intergrowths that cannot be separated by mechanical means . 

Minor exsolved pleonaste is also present . Molyneux (1910a, 1972 ) reported 
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the increase in lame~lar ilmenite in the titaniferous magnetite towards 

the upper seams of the complex. 

The Upper Group of seams are mineralogically similar to the Main Seam, 

but contain a higher percentage of silicates. They are characterised 

by a low V
2

05 content (0,24%) and do not represent potential vanadium 

ores. Their high Ti02 content (18,2%) suggests that they might be 

suitable for high-Ti02 slag production. 

T.he Bushveld ores are extensively weathered in surface exposures and 

have been largely altered to titaniferous maghemites. The more highly 

weathered samples exhibit extensive martitisation and the concomitant 

development of secondary goethite that is present along cracks and forms 

botryoidal coatings on exposed surfaces . The original ulvospinel has 

been largely converted to ilmenite while the different sized ilmenite 

grains and intergrowths show varying degrees of alteration to leucoxene. 

The total ore reserves for the Main Seam to a depth of 30m have been 

calculated at 1 030 million tons by Von Gruenewaldt (1977). Luyt (1976) 

has summarised the vanadium potential of the complex and reports proven 

reserves of 232 million tons with a V
2
0

5 
content of between 1 , 5 and 2,0%. 

Potential reserves are probably very much greater . 

7. THE TITANIFEROUS IRON ORES OF THE ROOIWATER IGNEOUS COMPLEX 

1.1 Introduction 

The Rooiwater Igneous Complex consists of an elongated mass of 

metamorphosed gabbroic rocks that strike parallel to the northern margin 

of the Murchison Range schist belt in the north eastern Transvaal. The 

complex has been briefly described by Hall (1912) and van Eeden et al. 

(1939) and consists of a variety of rocks types ranging from coarse, 

hornblende-rich pegmatites, through both quartz-free and quartz- bearing 

gabbros to diabases. The complex is intrusive into the Murchison Range 

schists and has itself been intruded and partly engulfed by the Basement 

Granite. The gabbros are altered and have been extensively 

saussuritized and uralitized. Large amounts of titaniferous magnetite 

and apatite are present in certain zones while two parallel titaniferous 

magnetite seams are also developed. The seams are each approximately 
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8m thick and can be traced over a strike distance of more than 16 km in 

the eastern portion of the complex. No published age determination of 

the Rooiw~ter rocks are available, but the geological relationships suggest 

that they are probably more than 3,0 x 109 years old. 

The titaniferous magnetite seams dip very steeply and are almost vertical 

in many are as. Exposures are generally poor in the area investigated, 

the presence of the ore-rich seams being indicated by abundant rounded 

residual pebbles of iron-ore rubble. The titaniferous magnetite seams 

are shown to terminate near the western margin of the area mapped by 

van Eeden et al. (1939), but the presence of a seam immediately south of 

Letsitele station indicates their reappearance westwards. It is 

conceivable that the titaniferous magnetite seams outcrop westwards for 

a greater distance and the abundance of magnetite surface rubble suggests 

that additional narrower seams are also present in the area. 

7.2 Sample Localities 

Samples were collected from exposures immediately south of Letsitele 

station on the main road to Lydenburg, on the farm Free State 763 in the 

Gravelotte District, and from a magnetite lens to the north of Rubbervale 

station. The sample localities are shown on the accompanying geological 

map (Map 1). The samples from the three areas differ appreciably and are 

referred to as the "magnetite lens", "Letsi tele" and "Free State" samples. 
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(AFTER THE 1,1000000 GEOLOGICAL MAP OF SOUTH AFRICA 1970 EDITION) 

MAP 1 - Sample localities in the Rooiwater igneous complex. 

7.3 - Description of the Ores 

The two major titaniferous magnetite seams are present as massive, steeply 

dipping layers, each approximately 8m thick. The ores are well jointed 

and relatively pure, containing only minor amounts of chloritic impurities 

that appear more abundant towards the top and bottom of each seam. Minor, 

but variable amounts of apatite are also present . 

The ores from surface exposures are moderately to highly weathered and show 

the development of variable amounts of secondary hematite (martite) and 

goethi teo They vary from black to reddish-brown in colour and are weakly 

to moderately magnetic. These properties are largely dependent on their 
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degree of weathering, oxidation and hydration. They exhibit all 

gradations from relatively fresh through to completely decomposed 

material. 

The Rooiwater titaniferous iron ores exhibit a grain size of between 2 

and 4 rom and are characterised by the presence of abundant granular 

ilmenite. They exhibit varing degrees of recrystallisation and their 

exsolution processes have continued to a much greater extent than is 

usually encountered in ores of this nature. Their primary microstructures 

have been modified and their present appearance is due to the effects of 

a later thermal metamorphio event. The titaniferous magnetite seams are 

located at varying distances from the intrusive granite contact so that 

they have been metamorphosed to varying degrees in different areas of the 

complex. The ores from the three areas differ both texturally and 

chemically from each other and are described separately in sections 7.3.1 

to 7.3.3. 

7.3.1 The magnetite lens samples 

Samples fi!oI 1-8 were oollected from the area to the north of Rubbervale 

s1;ation and marked as a "magnetite lens" on the map of van Eeden et al. 

(1939). This lens lies very close to the contact between the granite and 

the Rooiwater rocks and is isolated from the two eastern titaniferous 

magnetite seams by a slight southerly bulge of the intrusive granite. 

Direct correlation of this exposure with either of the titaniferous 

magnetite seams to the east is not possible on either chemical or textural 

grounds. 

The titaniferous ·iron ore is present as a compact, fine-grained and well 

jointed rock that is composed of more than 95 per cent opaque oxides. 

The grain size varies between 0,5 and 1 ,Omm and is much finer than the 

other Rooiwater ores. 

The ores exhibit a high degree of polygonalisation and are oomposed of 

numerous small polygonal ilmenite grains that are located interstitially 

between slightly larger and more abundant magnetite grains as illustrated 

in Plate 1 (A-E). Smaller, very much more rounded, ilmenite grains are 

also occasionally present and are sometimes completely enclosed by the 

magnetite (Plate .1(C)). 
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Small, elongated, lath-shap~l ilmenite grains that resemble exsolution 

lamellae are sparingly present in the magnetite and are often connected to 

the larger interstitial ilmenite grains as illus·trated. in Plate 1 (A-C). 

These lath-like grains are sometimes more irregular in shape and appear 

to coalesce vlith one another to form larger grains as shown in plate 1 (D). 

The larger ilmenite grains commonly con~ain numerous small magnetite 

lamellae that are oriented. parallel to their (0001) planes. These 

lamellae are generally less than a microm~tre in width, but may occa~i)nally 

be thicker, and are up to 40 micrometres in length. They are confined. to 

the central portions of the larger ilmenite grains and are absent from the 

~arginal areas as illustrated. in Plate 1 ( E and F). This lamellar 

magnetite commol;lly shows oxidation to martite in the more weathered. 

samples. 

Small, but variable amounts of transparent spinel are present as irregularly 

shaped. grains that vary between 0,05 and· 0,10mm in size. Qualitative 

electron microprobe analyses indicate that the spinel consists largely of 

Mg, Fe and Al with only minor Mn, Ti and Cr and is close to pleonaste in 

composition. The pleonaste grains are located interstitially between the 

larger magnetite and ilmenite grains as illustrated in plate 1 (A-E) e 

Micrometr&-sized lamellae of an iron-rich spinel that is close to magnetite 

in composition are oriented along the (100) planes of the larger pleonaste 

grains. The pleonaste shows incipient alteration to chlorite and other 

clay minerals in the .more highly weathered samples. 

The pleonaste grains are generally located along the boundaries between 

the opaque oxides and often occur together with slightly smaller euhedral 

to subhedral apatite, and lath-shaped chlorite grains. These three 

minerals commonly contain small rounded inclusions of ilmenite, and more 

rarely, magnetite. 

The magnetite that forms the dominant phase in the "magnetite lenstt 

samples is generally optically homogeneous and free from fin&-grained 

intergrowths other than those already mentioned, even at the highest 

magnificiatiol;l (approximately 2000X, oil immersion). This magnetite 

shows varying degrees of oxidation to martite that commences at grain 

boundaries and moves inwarus along the octahedral planes of the magnetite 



PLATE 1 -
Rooiwater Titaniferous Iron Ores 

All photomicrographs taken in incident light using oil immersion objectives. 

A) Magnetite lens : Typical sample containing abundant polygonal ilmenite 

(dark grey) distributed interstitially between larger 

grains of magnetite showing extensive martitization 

(lighter grey and mottled). Small amounts of 

chlorite, transparent spinel and apatite are present 

(black) • 

B) Magnetite lens: Portion of the same field in (A) under higher 

magnification showing the martitization (light) of 

magnetite (medium grey) and the nature of the 

ilmenite grains (dark grey). Small numbers of 

ilmenite lamellae are also present. 

chlorite are black. 

Spinel and 

C) 111agnetite lens: Relict ilmenite lamellae in a large magnetite grain 

near centre of field. Incipient martitization 

(light) is developed along fractures and grain 

boundaries. 

n) I-iagnetite lens: Similar to (C), but the relict ilmenite lamellae 

exhibit more irregular shapes. 

E) Magnetite lens: Completely recrystallised ore consisting of polygonal 

ilmeni t e grains (dark grey) and magnet it e showing 

incipient martitization. 

hedral (black). 

Spinel grains are sub-

F) Magnetite lens: Grain boundary relationships between co-existing 

ilmenite grains. Note the sparse magnetite lamellae 

in the top right-hand and bottom left-hand grains. 

G) Free State seam: Relict microstructures in titaniferous magnetite core 

(dark grey) containing exsolved transparent spinel 

(black). Outer portions of the magnetite are now 

mattite (light) revealing the presence of abundant 

. ilmenite trellis lamellae. Small ilmenite grains 

towards top left-hand corner (dark grey). 

H) Free State seam: Martitized titaniferous magnetite with well defined 

ilmenite trellis networks (dark) showing considerable 

variation in size. Numbers of short, stumpy spinel 

intergrowths are also present (black). Note the 

large ilmenite grain on the left-hand side (dark grey). 
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as illustrated in Plate 1 (A-E). The martiti~tion takes place directly 

without the formation of intermediate maghemite. 

These ores have been extensively recrystallised and exhibit none of the 

usual microstructural features typical of titaniferous magnetites from 

slowly cooled basic rocks. The degree of recrystallisation and 

polyonalization varies slightly between the samples examined resulting in 

minor microstructural differences. Occasional irregulav-and lath-shaped 

ilmenite grains are present in some samples (Plate 1 (A-D», while they are 

virtually absent from others (Plate 1 (E». The samples that do not 

contain the irregulal'oand lath-shaped ilmenite grains exhibit an overall 

granoblastic polygonal texture with straight to slightly curved grain 

boundaries that meet in well defined triple points. The ilmenite grains 

exhibit a close approximation to equilibrium conditions (Plate 1 (F». 

The spinel and apatite are also generally more euhedral in the more highly 

recrystallised samples. 

7.3.2 The Free State samples 

Samples RW 9-25 were collected from a thick titaniferous magnetite seam 

on the farm Free State 763 and from iron-ore rubble in the same area that 

might have been derived from other narrower and more poorly exposed seams. 

Field relationships are somewhat obscure, but this material appears to 

represent the northernmost seam mapped by van Eeden et al. (1939) and is 

the lo\;ermost major titaniferous magnetite seam exposed in that part of 

tne complex. 

The titaniferous magnetite seam in this area is a massive, well jointed 

and steeply dipping body approximately 7m thick. Its central portion 

consists almost entirely of iron-titaniUm oxides, but it becomes 

increasingly chlorite-rich towards its upper and lower contacts. The 

chlorite i s present in variable amounts reaching a maxinrum of about 15 

per cent and is located interstitially between the larger opaque oxides. 

The chloritic material exhibits a preferred orientation and is commonly 

segregated into na=ow bands that alternate with bands of more massive, 

silicate-poor ore. The chlorite-bearing ores consequently display a 

sheared and slightly schistose appearance. 

The massive, chlorite-poor ores- have a grain size that varies between 

2 and 3mm, but the ohlorite-rich zones display a wider range of grain sizes. 
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The opaque oxide grains in the chlorite-rich areas are generally smaller 

than 1mm in size and are commonly fractured and slightly sheared. The 

residual titaniferous iron ore rubble in the surrounding area is 

generally of the chlorite-poor, massive type and is similar to material 

from the massive portion of the 7m thick seam. 

The Free state samples exhibit a much greater textural variation than the 

ores from the magnetite lens and are generally much coarser grained. 

There is also a marked variation in microstructural development, not only 

between adjacent samples, but also over very short distances, down to the 

scale of a microscope field as illustrated in Plates 1 (a), (H) and 2 

(A-F) • 

The ores are composed of large, multi-phase titaniferous magnetite grains 

and smaller, polygonal ilmenite grains. Minor, but variable, amounts of 

chlorite, pleonaste, and apatite are also present and are generally 

located along the grain boundaries between the very much larger opaque 

oxides. A wide range of microstructures are developed in the titaniferous 

magnetites and they differ from those normally encountered in these minerals 

from plutonic basio intrusions. They have been modified by variable amounts 

and illustrate successive stages in the continued exsolution and 

recrystallisation of these minerals beyond that which occurs during their 

normal slow cooling. The modification of the primary microstructures is 

an essentially continuous process and all possible gradations between the 

different textural types are present, often over a distance of only several 

millimetres. The microstructures are divided into four types for 

descriptive purposes and are dealt with in sections 7.3.2.1 to 7.3.2.4. 

7.3.2.1 Relict mi=ostructures 

Microstructures displaying only incipient modification are preserved 

locally and indicate the possible nature of the primary titaniferous 

magnetite microintergrowths. They are confined to small areas near the 

centres of large titaniferous magnetite grains that exhibit greater degrees 

of modification towards their margins as illustrated in Plate 1 (a). 

The relict microstructures consist of well-developed trellis networks 

of fine ilmenite lamellae that are oriented parallel .to the octahedral 

planes of their magnetite hosts. The lamellae are generally between 2 

and 4 micrometres .wide and are up to 30 micrometres long. Larger and 

more sparsely distributed ilmenite lamellae are also occasionally present 
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but in insufficient InUabers to form trellis networks. 

A portion of the smaller ilmenite lamellae have the appearance of typical 

oxidation/exsolution lamellae, but others are slightly broader than usual. 

in relation to their length as illustrated in Plate 2 (A-C). These 

lamellae often coalesce "lith their neighbours, especially at places where 

they intersect and form large~more irregularly-shaped grains. They 

exhibit complex morphologies and commonly pinch and swell along their 

lengths. The lamellae sometimes vary in thickness over a short distance, 

but this might be due, in part, to orientation effects tr,at arise lJhen 

the magnetite octahedral planes intersect the polished section surface 

at small angles. 

Short, stumpy, crystallographically oriented pleonaste laths are also 

present along the cubic planes of the magnetite hosts as illustrated in 

Plates 1 (G,B) and 2 (A). They are also wider in respect to their length 

than usual and commonly coalesce to form larger, more irregularly-shaped 

grains. The spinels are generally between 1 and 3 micrometres wide and 

are up to 15 micrometres long. The pleonaste laths are often developed 

along only one of the ma.gneti te OIlbic planes and form a linear or 

"sandwich" pattern instead of their normal grid-like arrangement. 'Jlhe 

relationships between the pleonaste laths and ilmenite lamellae are 

complex as shown in Plate 2 (A). The spinel grains cut across the 

ilmenite lamellae in some areas, but in others, often within the same 

microscope field, they are themselves OIlt by transgressive ilmenite 

lamellae. 

The raagnetite between the ilmenite lamellae is optically homogeneous 

and free from inclusions other than spinel, even at the highest 

magnification (approx. 2000X oil immersion). Oxidation of the 

homogeneous magnetite to martite takes place directly along its octahedral 

planes and progresses inwards from grain boundaries and fractures. The 

crystallographic orientation of the tiny pleonaste lamellae becomes 

disupted during martitization and they are not as abundant in the oxidised 

area:::; (Plate 1 (0)). The pleonaste intergro\rrths in the martitil'.ed areas 

are also more equant than lath-lJhaped, but the Eize, shape and. orientation 

of thfl ilmenite lamellae remain::; una 1 teredo 
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PIATE 2 

Roohlater Titaniferous Iron Ores 

All photomicrographs taken in incident light using oil i~nersion objectives. 

A) Free state seam: Slightly mQlified ilmenite trellis network 

(dark grey) in n~rtitized titaniferous 

magnetite (light). Transparent spinel 

exsolution bodies (black) are oriented 

parallel to (100) of their host. Small 

triangular areas of unoxidised magne"tite 

(grey) are present bet\"leen the ilmenite 

lamellae. 

B) Free State seam: Similar to (A) but with ilmenite lamellae 

(dark grey) showing greater modification. 

Transparent spinel absent. 

c) Free state seam 

D) Free State seam: 

E) Free State seam 

F) Free state seam 

H) Letsitele seam . . 

Slightly modified ilmenite lamellae 

developed on a coarse scale. The 

differences in colour intensity'of the 

,3, ,.setsis' due ito' reflection pleochroism. 

Incipient martitization of ' the' magnetite 

is ,'also noticeable. rrransparent' spinel' 

.,:grains-· (black) have become more ~ecrdarit ~:pd . 
show evidence of segregation into elongated 

grarn.llar clust ers. 

J8:oderately modified'ilmenite lamellae (dark) 

showing characteristic thickening, coale-scence 

and blunt terminations in martitized magnetite matrix. 

Highly modified microstructure consisting of a 

large central grain of titaniferous magnetite 

containing abundant lamellar ilmenite and 

surrounded by granular aggregates of magnetite, 

ilmeni te (dark) and chlorite (black:). 

Similar to (EY sho~ling the typical t;,'Tanular 
" 

appearance of the highly modified microstructures. 

Irregular ilmenite (grey) and spinel (black) set 

in a matrix of martitized magnetite. Note the 

morphology of the lamellar ilmenite. 

Typical appearance of the symplectite-like ilmenite 

intergrowths sh01ving variable size ranges and 

orientation in at least 3 crystallographically 

controlled directions. 
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7.3.2.2 Slightly modified microstruotures 

These microstructures are characterised by well Qeveloped lamellar 

ilmenite trellis networks in the titaniferous magnetites that vary 

considerably in size over short distances, even on the scale of the 

width of a microscope field as illustrated in Plate 1 (H). The 

lamellae show evidence of ooarsening and are typically thicker than 

usual in relation to their length. They are up to 10 micrometres 

wide, but are generally less than 50 micrometres long and have 

coalesced in places to form larger, irregularly-shaped grains. 

The pleonaste is not present as lamellae, but forms larger, more 

equidimensional grains. A small amount of the pleonaste replaces 

portions of the ilmenite lamellae, particularly at the intersection 

of two differently oriented lamellae as illustrated in Plate 1 (H). 

The magnetite forming the groun:lmass in which the ilmenite am pleonaste 

are developed is optically homogeneous and free from other fine~grained 

inclusions. 

7.3.2.3 Moderately modified microstructures 

These microintergrowths are the most widely developed types in the 

titaniferous magnetites from the seam in this area. The ilmenite 

la.mellae are very muoh larger than those in the other two microstructural 

types am are also oriented along the octahedral planes of their hosts. 

They vary between 0,01 ani 0,02rrun in width ani 0,1 to 0,8rrun in length 

am form well defined, but wider spaced trellis networks. They are 

generally very much thicker than normal in relation to their length 

and terminate abruptly without tapering. Their thickness is variable 

and they rarely exhibit straight grain boundaries (Plate 2 (D)). 

Numerous micrometr~sized, roun:led ilmenite am sub-angular pleonaste 

grains are present in the optically homogeneous magnetite between the 

olose~spaced ilmenite lamellae. The areas between the coarser-and 

wider-spaced lamellae contain finer, originally lamellar microintergrm;ths, 

that have been considerably disrupted. These ilmenite lamellae are no 

longer as continuous and well defined as before, but thicken, ccalesce, 

and pinch out. In the more extreme cases,the ilmenite lamellae are 

virtually absent and have been replaced by numbers of irregularly_shaped 

ilmenite grains that vary between 0,01 and 0,2mm in size. These grainc 

are typically present in clusters or form stringers with simila~sized 

pleonaste grains within their magnetite hosts. Stringers of these 
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grains are also present along the titaniferous magnetite grain boundaries. 

The small ilmenite grains exhibit a moderate degree of polygonalization 

at places where they are in contact with other ilmenite grains in the 

clusters. Their interfacial angles tend towards 120° , but complete 

equilibriUlll is rarely attained. The isolated grains exhibit more rounied 

or elongated morphologies when surrounded by magnetite, but have relatively 

straight interfaces with their neighborouring pleonaste grains. 

The pleonaste microintergrowths have also lost their former lath-like 

habit and are more equant or irregularly shaped. They exhibit a variable 

distribution, being relatively abundant in the areas of fine ilmenite 

trellis networks, but less common in the areas between the larger, wider

spaced ilmenite lamellae. The pleonaste grains in these areas appear to 

have segrated to form larger-sized grains that are associated with the 

ilmenite clusters and stringers. A lesser amount of pleonaste is present 

as smaller grains that are located along the interfaces between the 

intergrovm ilmenites and their magnetite hosts. 

7.3.2.4 Highly modified microstruotures 

These microstructures are developed only in samples that contain more than 

10 per cent ohlorite and are characterised by the appearance of numerous 

small rounied to polygonal ilmenite grains. These ilmenites vary between 

0,02 ani 0,1mm in size and are generally separated from each other and 

similarly sized, but more irregularly shaped magnetite grains, by a thin 

veneer of chlorite 90S illustrated in Plate 2 (E ani F). The small 

magnetite grains contain numerous small, equant pleonaste grains, but 

granular or lamellar ilmenite is generally absent. Occasional, very much 

larger, elongated magnetite grains oontaining modified ilmenite lamellar 

intergrowths are also present amongst the smaller grains as illustrated 

in Plate 2 (E). The margins of these larger grains are highly irregular 

ahd some dissolution'of the magnetite has occurred so that the ilmenite 

lamellae extend beyond the magnetite grain bouniaries into the chlorite. 

Minor amounts of very fine-grained sphene are occasionally intergrown 

with the chlorite in these areas. The ore hus a brecciated appearance 

and a preferred orientation has developed in the chlorite-rich areas. 

The lareer magnetite grains appear to be the rer.lains of pre-existing larg~ 

titaniferous magnetites that were fractured to yield the numerous small, 

irregularly shaped grains. 
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7.3.2.5 Coarse grained ilmenite 

The ores from the Free State area contain between 10 and 15 per cent of 

coarse granular ilmenite irrespective of the type of microstructure 

developed. The grains vary between 1 and 2mm in size and are located 

interstitially between the larger titaniferous magnetite grains. They 

generally exhibit irregular grain boundaries and numbers of small 

pleonaste grains are typically located along their interfaces with 

titaniferous magnetite as illustrated in Plate 1 (C) and (H). 

The large ilmenite grains are normally surrounded by a narrow zone of 

ilmenit~free magnetite, and are occasionally connected to some of the 

larger ilmenite lamellae. Small polygonal ilmenite grains displaying 

different crystallographic orientations are occasionally present in 

clusters around the peripheries of the larger ilmenite grains. 

Small numbers of magnetite platelets are characteristically present 

along the basal planes of these ilmenites. They are normally less 

than a micrometre wide and are between 10 and 20 micrometres long. They 

have the appearance of exsolution lamellae and are confined to the central 

portions of the larger ilmenite grains. These magnetite lamellae are 

generally ma.rtitized in the more highly weathered ores. 

The large ilmenite grains occasionally display a poorly developed lamellar 

twinning that is present in two directions. Micrometr~sized tabular 

magnetite bodies are developed at places where the two sets of twin 

lamellae intersect. The crystallographically oriented magnetite 

lamellae described above are deflected aoross twin boundaries and display 

a different orientation. 

7.3.3 The Letsitele samples 

Samples 1M 26-42 were collected . from exposures approximately 300m south 

of Letsitele station on the main road to Lydenburg. This is the 

stratigraphically highest major seam in that part of the complex and is 

more than 5m thick, although the upper and lower contacts are not exposed. 

A 0,3m thick seam (EW 26-28) is present approximately 10m below the +5m 

thick seam while titaniferous iron ore rubble (m~ 43) is present 150m 

further to the south of the main outcrop and probably indicates the 

presence of another narrow seam. 
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The Letsitele ores are characterised by the presence of abundant coarse 

granular ilmenite. These ilmenite grains vary between 1 and 2mm in size 

and are located interstitially between titaniferous raagnetite grains that 

are generally 2 to 3 times larger. The ores exhibit a high degree of 

polygonalization and the opaque oxide grain boundaries are gently curved 

with interfacial angles that approximate 1200 • 

The ilmenite and titaniferous magnetite grains are generally in cirect 

contact with each other, but a thin chloritic veneer is developed 1etl'Ieen 

them in certain areas of the seam. 

The granular ilmenite content varies between 15 and 20 per cent, but may 

locally reach as high as 30 per cent. The larger ilmenite grains 

occasio~lally sh01.v the development of lamellar twinning and. contain small 

numbers of crystallographically oriented n~gnetite platelets. 

The titaniferous magnetites exhibit microstructures that differ from those 

developed in the areas already described. The bulk of the grains contain 

complex myrmekite-like intergrowths of small, rounded, elongated ilmenite 

grains set in a groundma.ss of optically homogeneous magnetite as illustrated 

in Plates 2 (G-H) and. 3 (A-H). They display a considerable size range, 

even over very short distances, as illustrated in these plates. They vary 

between several micrometres and 0,05mm in size and. exhibit a variety of 

external morphologies that range from roughly lamellar through flame-like 

forms, to more rounded shapes. 

The ilmenite intergrowths are also crystallographically oriented parallel 

to the octahedral planes of their titaniferous magnetite hosts, even 

though they are more irregularly shaped than the usual lamellae. Groups 

of similarly oriented iYl~;':n\,.rowths are commonly optically continuous 

over large areas up to k', across. These sets of optically continuous 

grains have a three-fold axis of symmetry \·Jith respect to each other and, 

are oriented at approximately 1200 to one another. This orientation 

oorresponds to the octahedral planes of their hosts and the effect can 

be clearly seen by rotating the microscope stage under crossed nicols. 

'11he groups of optically continuous f,lTains commonly exhibit a preferred 

orientation parallel to the plane in which they are located as illustrated 

ill Plate 2 (n). 



I;:Lil.TE .J 
Rooiwater Titaniferous Iron Ores n:.-_ :111><' =-" .... ~ 

All photomicrographs taken in incid.ent light llsing oil immersion objectives. 

A) Letsitele seam! Typical appearance of myrmekite-like intergrowths 

of ilmenite (dark) in martHe (light)~ Note the 

transgressive veinlet of optically homogeneous 

magnetite, cutting d.iagonally across the 1eft

r~nd side of the photomicrograph~ 

B) Letsitele seam 

c) 1etsite1e seam 

Similar to (A), but showing the development of a. 

mesh-like array of ilmenite grains t01rlaros the 

JGOp right-haul corner. 

Similar to (A), but shCl'.'ling the development of 

stringers of snJ,3.11 polygonal ilmenite (grey) 

and spinel ('black) grains. 

D-H) Letsitele seam A series of photomicrographs illustr~ting the 
J 

progressive breakdown ar~ spheroidization of 

originally lamellar ilmenite inte:rgrovrths~ The 

ilmenite exhibits various shades of grey due to 

the slight reflection pleochroism characteristio 

of this mineral. Srnall rou.nd.ed grains of 

transparent spinel (blaok) are also present. 
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0,15 mm 

0,07mm 

0,07.mm 



365 

Relict ilmenite lamellae are rare and when present they commonly display 

all stages of transformation into more rounded grains as illustrated in 

Plate 2 (a). The lamellae retain their orif,'"inal orientation along the 

maenetite octah~lral planes, but become progressively shorter and wider 

until they have broken dOim completely and have been transformed into rounded 

grains. The progressive nature of this process is illustrated in Plates 

3 (D) through to 4 (C). 

The larger ilmenite intergrowths are commonly surrounded by a narrow 

zone of ilmenite-free magnetite as illust~Gted in Plate 3 (C). They 

appear to have formed from the coalescence of numbers of smaller grains 

in certain areas and display evidence of polygonalization. The larger 

grains are also more widely spaced than the smaller ones and are commonly 

arranGed in stringers along grain boundaries or gently curved zones within 

their titaniferous magnetite hosts. In corrtrast, these grains occasionally 

form mesh-like bodies composed of numerous polygoYl..al ilmenite grains that 

enclose areas of magnetite as illustrated in Plate 3 (B). 

The appea~d.nce of the finer ilmenite intergrowths are illustrated in Plate 

4 (D). The grains illustrated are all in optical continuity and many of 

them are connected at the level shovm in the photomicrograph. They exhibit 

an overall preferred orientation, but are lnuch more irregularly shaped than 

the usual lamellar intergrowths that they have been derived from. They 

exhibit all intermediate stages in a continuOils breakdown and spheriodization 

process thr').t ultimately results in larger, and more rou:r:iLed forms such as 

those illustrated in Plate 4 (c). 

Small, irregular shaped pleonaste grains are randomly distributed within 

the titaniferous magnetite and are present in stringers along the opaque 

oxide grain boundaries. They also vary betl"Teen several micrometres and 

O,5mm in Ei~~e and are commonly associated with the ilmenite intergrovlths 

as illustrated in Plates 2 (G and H) and 3 (A-D). There is a sympathetic 

relationship between the size of the pleonaste intergTowths and the size 

of their associated ilmenite &rains. The larger pleonaste grains also 

appear to have grown at -the expense of numbers of sman er grairw an.l show 

evidence of polYGonalization. 

The magnetite between tbe ilmenite and pleonaste grains is optically 

homogeneouE and free from other very fine-grainecl intergrm'Tths. It 
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Roo~Nater Titaniferous Iron Ores 

_II:1II: r=M'" .... It:""'" f &JilllIP' • =-

All photomicrogTaphs taken in incident light using oil immersion objectives~ 

A-C) Letsitele seam: Continuation from plate 3 (H) showing the 

final stages of progressive spheriodization 

of original ilmenite lamellaew Note the 

presence of ~1ell-defined. martite lamellae 

(light) in Plate 4 (c). 
D) Letsitele seam: The detailed appearance of the fine~ 

grained ilmenite intergrOiV'ths (dark) 

shm-fing their morphologies and mutual 

relationships" 

E ) Rooiwater meta

gabbros 

F ) Rooiwater meta

gabbros 

G ) Rooiwater meta

gabbros 

B ) Rooiwater meta

gabbros 

A cluster of hemo-ilmenite grains showing 

irregular outlines. Minor titaniferous 

magnetite is present (small, slightly 

lighter gTains)~ 

A corroded ilmenite gre.in (light) showing 

the development of sphene armUld its 

periphery. 

Triangular pattern of ilmenite grains 

(~vhite) set in a silicate (hornbleme) 

matrix that possibly represent the 

ilmenite if skeleton'1 of a pre.-existing 

titaniferous magnetite grain. 

Similar to (G), but showing numbers of 

small ilmenite radlets in the silicate 

matrix adjacent to a larger ilmenite gra.in 

(White)>> 
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oxidises directly to martite along its octahedral planes without the 

formation of intermediate maghemite as allustrated in Plate 4 (C). 

Narrow transgressive veinlets of later, inclusion-free, magnetite 

occaSionally cut across the samples as illustrated in Plate 3 (A). 

7.3.4 Weathering of the Rooiwater titaniferous iron ores 

The ores typically exhibit varying degrees of secondary oxidation and 

hydration due to near-surface weathering processes that have resulted 

in the formation of abundant martite, goehite, secondary hematite, 

leucoxene and minor amounts of lepidocrocite. The degree of alteration 

is highly variable and irregularly distributed throughout the ore, being 

related to the proximity of grain boundaries, fractures, joints, exposed 

surfaces and other permeable features. All possible gradations between 

relatively fresh and completely decomposed materials are found in the 

Rooiwater ores. 

The weathering process is progressive and commences with the oxidation 

of the titaniferois magnetite. Martite oxidation lamellae are formed 

along grain boundaries and fractures and migrate into the titaniferous 

magnetite grains along their octahedral planes as illustrated in Plates 

1 (C-E). These lamellae increase in size as oxidation proceeds and 

penetrate further into the magnetite. They ultimately coalesce to form 

large continuous areas of martite that commonly contain small triangular 

"islands" of unoxidised magnetite. The partially oxidised titaniferous 

magnetites eenerally have unaltered cores and are surrounded by martite 

zones of varying width as illustrated in Plates 1 (A), (B) and (G) . 

The martite formation ~kes plaoe directly without the production of 

intermediate titaniferous maghemite. The larger-sized microstructures 

are preserved in the martized areas, but the finer ones, particularly 

the small pleonaste lamellae, become disrupted during the martitization 

process. The martite becomes hydrated and is in turn altered to 

~oethite as weathering proceeds. 

Volume-changes ~ssooiated with the titaniferous magnetite oxidation 

commonly result in fraoturing of the ores and goethite becomes 

precipitated along the fractures to form transgressive veinlets. The 

goethite veinlets commonly d.isplay delicately banded, oolloform 

textures and show the local development of second~ry hematite. Botryoidal 

t(oethite coatings are also commonly developed along open joints and on 

exposed surfaces. 



368 

The pleonaste grains are variably altered to fine reddish-brown 

aggregates of chlorite and clay minerals in the more highly weathered 

samples. The ilmenite shows varying degrees of alteration to leucoxene 

at grain boundaries and along fractures. This alteration proceeds into 

the grains in an irregular manner and results in the formation of 

amorphous Ti02 produots and poorly-crystalline anatase. 

7.4 Ilmenite and Apatite in the Rooiwater Basic Rocks 

van Eeden et al. (1939) reported the presence of appreciable apatite "nd 

magnetite concentrations in certain zones in the Rooiwater Igneous 

Complex. The metagabbros in the vicinity of the titaniferous magnetite 

seams were investigated and contain variable amounts of opaque oxides 

and apatite, the highest conoentrations being noted in samples collected 

immediately south of the magnetite lens. 

The metagabbros immediately south of the magnetite lens are composed of 

hornblende, andesine and opalescent blue, rutilated-quartz togetr.er with 

accessory ilmenite, titaniferous magnetite and apatite. The ilmenite 

is generally very J1IUch more abundant that the ti taniferous magnetite and 

is present as large, irregularly-shaped grains that vary between 1 and 2mm 

in size. The ilmenite is generally present in amounts between 5 and 10 

per cent, but may locally reach 15 to 20 per cent. 

The ilmenite grains commonly exhibit corroded, cuspate outlines and are 

often surrounded by narrow reaction rims of chlorite and sphene or 

hornblende (Plates 4 (E and F)) hematite, and more rarely, magnetite. 

Narrow platelets are oriented along their basai planes and are more 

abundant than the magnetite bodies in the grarrular ilmenites of the ores. 

These ilmenites also occasionally exhibit lamellar twinning. 

Numerous very much smaller, rod-shaped ilmenite grains that are generally 

arranged in an intersecting triangular pattern are often present in the 

silicates in the vicinity of the larger ilmenite grains. They are oft en 

set in a fine-grained matrix of sphene and chlorite and represent the 

ilmenite "skeletons" of completely altered exsolved titaniferous maenetit e 

grains. These ilmenite networks are more rarely enclosed in hornblende 

and also exhibit slightly corroded embayed outlines (Plates 4 ( G and H)), 

Titaniferous maenetite is generally present in only minor amounts and 
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is largely altered to sphene and chlorite aggregates. The unaltered 

grains exhibit a fine, well developed ilmenite trellis network similar 

to that described in section 7.3.2.2. The surviving titaniferous 

magnetite grains are generally completely martitized, most proba.bly as 

a result of nea~surface weathering processes. 

Apatite is present in the metagabbros as small hexagonal prisms and 

locally reaches concentrations of up to 4 per cent. The grains range 

in size from 0,1 to O,5mm and are present in the silicate matrix as wdl 

as being associated with ilmenite. Euhedral apatite inclusions are 

commonly present in the larger ilmenite grains (Plate 5 (A)). The 

apatite was not analysed, but is most probably the normal fluorapatite 

that is associated with basic igneous rocks and should be similar to the 

apatites in the Skaergaard complex (Brown and Peckett, 19(7) . 

The metagabbros decompose on weathering to produce a deep clay-rich soil 

that contains abundant ilmenite. This ilmenite is identical to that 

occurring in the underlying rocks, but is generally more highly altered. 

The alteration commences around the periphery of the grains and moves 

inwards along fractures and other permeable features and results in the 

formation of anatase ani other poorly crystalline Ti02-rich products that 

are known collectively as leucoxene. Large amount s of ilmenite are 

present in the Rooiwater SOils, particularly in the vicinity of ilmenit&

rich zones. In contrast, the titaniferous magnetite content of the soil 

is low, reflecting in part the low magnetite content of the metagabbros 

and its more rapid decomposition ~er weathering conditions. 

7.5 Sulphides in the Rooiwater Ores 

Pyrite, chalcopyrite ani pyrrhotite are present in very minor amounts in 

the Rooiwater ores. They are almost always in the form of small, rounded, 

droplgt-like grains that are completely enclosed by the larger, coarse 

grained ilmenites. The droplets vary in size from several micrometres 

uP . to 0,03mm, but are usually less than 10 micrometres across. The pyrite 

grains occasionally exhibit euhedral outlines and are also generally larger 

than the other sulphides (Plate 5 (B)). 

The sulphides are only rarely present in the titaniferous magnetite 

groundmass where they are generally assooiated with smaller ilmenite 

grains or lamellae. Sulphides are notably absent from the martitized 

areas, having been oxidised and hydrated to form goethite. Goethite 
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pseudomorphs of ,sulphide grains are sometimes recognisable and their 

apparent paucity might be a result of their destruction during weathering. 

7.6 The Chemical Composition of the Rooiwater Ores 

The chemical compositions of typical Rooiwater Ores are given in Table 3 

together with several analyses from the literature. The Free State and 

Letsitele samples can be readily distinguished between on the basis of 

t heir TiO? and V;J0r, contents. The variation in bulk chemical composition 

of the titaniferous magnetite ores with increasing height in the Free State 

and Letaitele seams is illustrated graphically in Figure 1 . 

The Free State samples were collected from the lowermost seam in the 

complex and are characterised by moderate Ti02 (14,4-15,1%), and 

relatively high V205 values (1,}-1,4 %). They also contain a significant 

amount of Cr20
3 

that reaches an anomalously high value of 1,39% 

approximately 2 metres above the base of the seam. No chromite is present 

in the samples and it is concluded that the Cr20
3 

is in solid solution in 

the titaniferous magnetite and pOSSibly in one of the intergrown phases. 

The composition of sample RW 17 differs slightly from the other Free State 

analyses, in that it shows lower V20
5 

and Cr20
3 

values and higher A120
3 

and S102 contents. These chemical differences also suggest that this 

sample is derived from a minor, poorly exposed seam that is stratigraphically 

higher than the thick Free State seam in this area. 

The Letsitele samples correspond to the southernmost seam of van Eeden et 

al. (1939), and represent material from the uppermost thick seam in the 

complex. They are characterised by high Ti02~ (20,8-24,6%) and low V20
5 

contents (0,76, 0,86%). They also differ from the Free State samples in 

that they contain virtually no Cr20
3 

(less than 0,05%) . They also exhibit 

marginally higher MnO and lower MgO contents. 

The majority of samples from both areas contain only minor silicate 

impurities as reflected by the low S102 values reported in the analyses. 

The "Jariation in Si02 and Al 20
3 

can be correlated directly with variations 

in the amounts of silicate and pleoneste in the flamples. Portion of the 

MgO is also present in the silicate impurities (largely chlorite) as sh~ 

by sample RW 17. This contains 7,46 % Si02 , 6,37 % A120
3

, 1,75, % MgO, 

but the removal of the bulk of the silicates during benefication has 

reduoed these values to 1,67 % Si02 , 1,66 % A1 20
3 

and 0,32 % MgO (Table 7). 



TABLE 3 

AliALYSES CF R00I:1ATER TITANIFEROOS IRON ORIS 

FREE STATE SAMPLES LEll'SITELE SAIIPL>S 

"" 17 Rtl 16 l!d 19 &l 20 l!d 22 l!d 23 Roi 24 &; 25 l!d21 ,., 32 l!d 33 

Si02 7,42 1 J 76 2,92 1,53 3,18 4,67 3,60 2,26 2,66 2,21 1,09 

TiOZ 15,20 14,62 14,93 14,42 14,66 14,48 14,64 15,14 20,63 21,52 22,)0 

A120
3 

6,37 2,68 2,34 2,90 2,13 ',37 1,64 1,23 3,83 4,08 3,11 

Cr2O) 0,22 0,80 1 t 19 1,39 0,51 0,46 0,47 0,45 <: 0,05 <0,05 <0,05 

F02D) 54,06 66,05 61,82 65,34 63,2) 66,02 66,45 14,00 48,37 52,00 50,50 

FeO 13,76 l' ,09 14,00 11,59 14,78 11,71 11,83 5,58 22,50 11,06 20,57 

lInO 0,17 0,21 0,18 0,19 0,20 0,22 0,18 0,14 0,32 0,27 0,)0 

MgO 1,75 0,60 0,86 0,42 0,61 0,41 0,67 0,27 1,68 2,34 1,12 

V20
5 

1.08 , ,41 ',37 1,32 ',32 ',33 1,32 1,35 0,80 0,84 0,80 

TOl'AL : 100,03 99,24 99,61 99,10 100, 68 100,67 100,80 100,42 100,99 100,32 100,39 

TOrAL Fe , 48,51 54,82 54,12 54,70 55,71 55,28 55,67 56,10 51,32 49,63 51,31 

--- --- ---,"--
• Analysis of ore !'rom the southernmost seam ot ths Rooiwater oomplex (van Eeden at a1. I 1939). 

+ Ana1;pis ot ore from the middle group of Beams, Buahveld Igneous Complex (SohwellrmB and Wlllemse, 1943) . 

.. Analysis of ore from the l~sr group ot Se&rllB, Bushveld Igneous Complex (Sohwellrme and Wl11emse, 1943). 

7 .\,..alysie of ore ('rom SeAm 11 I Buahveld Igneous Complex (tololyneux., 1970&, 1972). 

Mr. • 
LE!IS 

l!d 37 m;40 ,.,2 x. 53 

1,72 0,64 2,09 1,25 

21,20 24,57 12,23 18,40 

3,93 3,01 6,12 2,12 

< 0,05 < 0,05 < 0,05 t",oo 

36,60 35,20 55," 66,70 

33,92 34,20 22,97 8,77 

0,28 0,)2 0,'9 0,23 

2,00 1,62 1,18 1,01 

0,86 0,76 0,86 0,82 

100,51 100,38 101, 35 99,96 

51,96 51,20 56,40 53,47 

- -

+ • 
R26 R11 

2,41 2,02 

16,tX 13,00 

3,1 4,31 

0,02 0,33 

69,4 73,78 

5,7~ 2,59 

0,2 0,15 

0,67 0,78 

O,7C 1,30 

98,4 98,26 

53,06 53,61 

x 

.22 

0,36 

14,84 

3,25 

0,08 

43,37 

35,92 

0,26 

, ,53 

0,80 

100,41 

58,25 

w ..., 
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The more highly metamorphosed magnetite lens samples cannot be correlated 

directly with either the Free state or Letsitele samples on the basis of 

chemical composition. They do, however, show certain affinities with 

the Letsitele ores in having low (0,86 %) v20S contents. Their Ti02 

\T<J.lues are, however, very much lower. It is possible that this material 

is derived from a minor seam that has not been sampled elseHhere, rather 

than from one of the two major seams. 

The wide variation in Feo/Fe20
3 

ratios reflected in the analyses i s 

largely a result of oxidation during weathering. The Free State samples 

are in general more highly oxidised than the Letsitele ores and 

calculations show there is insufficient FeO to combine with the Ti02 to 

form ilmenite in certain cases. This indicates that at least part of 

the Fe?+ in the ilmenite must have been oxidised to Fe3+ and further 

illustrates the highly weathered and oxidised nature of these ores. The 

effects of possible oxidation during metamorphism or deuteric alteration 

have been masked by the weatherine effects. 

The Free State ores are ohemically similar to ores from the economically 

important, Main Seam of the Bushveld Complex, although they contain on 

average 0,1-0,2 % less V20S• The Letsitele ores are chemically more 

closely related to the ores of the middle group of seams of the Bushveld 

Complex. 

7.7 The Composition of Coexisting Ilmenites from the Rooiwater Complex 

Electron microprobe analyses of the large ilmenite grains present in the 

Rooiwater ores are presented in Table 4 together with analyses of 

ilmenites from three associated Rooiwater basic rocks. Quantitative 

electron microprobe analyses of the smaller co-existing ilmenite grains 

within the magnetite and larger-sized lamellae in the titaniferous 

magnetites are presented in Tables 5 and 6 respectively . The variation 

in composition of these ilmenites with height in the Free State ani 

Letsitele seams is shown graphically in Figure 2. 

It is possible to distinguish between the ilmenites from the different 

Beams on the basis of their MgO contents . The Free State samples have 

relatively high MgO contents (2,01-2,91 %) while those from the Letsitele 

seam are lower (0,90-1,48 %). The magnetite lens ilmenite has a very 

high r.lgO content of 4,35 'f, . The higher MgO values showl! by the Free 
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state ilmenites are also reflected in the corresponding bulk ore analyses 

that also sho., higher MgO contents than those from the Letsitele area. 

The MgO contents of ilmenites from the Rooiwater bas ic rocks are generally 

lower than those from the titaniferous magnetite s eams. 

The MnO values for the Free State, magnetite lens and Letsitele samples 

are all very similar, but they are distinctly higher in the ilmenites 

from the associated basic rocks. 

Recalculation of the analyses, assuming stoichiometry, indicates t he 

presence of several per cent excess FeO in all the samples. This excess 

FeO has been recalculated as Fe203 in Table 4, and is probably present 

in solid solution in the ilmenite. The presence of minor magnetite 

lamellae in these ilmenites also indicates that they contain excess iron. 

The Free State nmeni tes also contain slightly greater amounts of Cr20
3 

(0,19-0,24 %) than the ilmenites from the Letsitele area. The analyses 

of samples RW 19 and RW 20 exhibit high Cr20
3 

values and correlate with 

the bulk ore analyses from this portion of this seam that also show 

higher cr203 contents. 

Only minor compositional differences exist between the large co-existing 

ilmenite grains and the larger rounded ilmenite grains and lamellae that 

are present in the associated titaniferous magnetites. This suggests 

that extensive re-equilibration may have taken place between these phases 

at relatively low &ubsolidus temperatures. 

7.8 Beneficiation 

The various Rooiwater ores are amenable to beneficiation and can be 

upgraded to produce raw materials that would be suitable for the recovery 

of both high- Ti02 and -V 205 products as well as iron. The ores contain 

va·riable amounts of recoverable ·granular ilmenite, while the minor silicate 

impurities can be removed from the ore by crushing foll owed by magnetic 

separation. 

7.8.1 The magnetite lens samples 

'1'hese samples are the most amenable to beneficiation, but ore reserves 

are unfortunately limited. Their V20
5 

contents are too low (0,86 %) fo r 

consideration as potential vanadium ores, but they contain approximately 

20 per cent of recoverable coarse-grained ilmenite . This ilmenite has 
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a grain-size of approximately 0,15 rom, and can be liberated by crushing 

to a grain size of less than 200 mesh. The ilmenite can then be 

recovered by simple magnetic separation while the minor silicate impurities 

can be removed by electromagnetic s eparation or possibly by some other 

gravatitational separation process, 

The vanadium is preferentially incorporated into t he magnetite crystal 

structure so t hat the effect of removing approximately 20 per cent of 

ilmenite from the ore is to increase the V20
5 

content of the magnet i o 

fraction by a similar amount . Microscopic examination has shown that 

the bulk of the ilmenite is present in a recoverabl e form a s l arge 

polygonal grains and that only between 3 anl 5 per cent is present as 

fin~grained intergrowths that cannot be separated by mechanical means. 

Tl-IO samples (ml 2 a nd 1M 8) were crushed to less than 200 mesh and the 

fraction with a grain size between 200 ani 400 mesh ,las subjected to 

magnetic and electromagnetic separations. A magnetit~rich maGnetic 

f raction was obtained by the use of a strong permanent magnet while an 

ilmenit~rich fraction waS obtained by use of a Frantz isodynamic 

separator. Chemical analyses of the magnetic fractions are presented 

in Table 7. This treatment reduced their Ti02 oontents from approximately 

12,3 % to 3,03 and 4,67 % respectively. The reduction in volume caused 

by the removal of ilmenite also increased the overall V
2
0
5 

contents of the 

magnetic fractions to 1,03 and 0,94 % respectively. The beneficiation 

process also slightly reduced the Si02 , A120
3

, NnO and MgO contents due 

to the removal of silicate impurities and coars~grained ilmenite. 

The ilmenite concentrates were not analysed chemically, but microscopic 

examination indicates that they are approximately 98 per cent pure. Their 

compositions should be similar to that indicated by the electron microprobe 

analysis of an ilmenite from the magnetite lens shown in Table 4 (R\'I 2). 



380 

TABLE 1 

Analyses of Beneficiated Magnetic Fractions 

untreated beneficiated 

Oxide 1M 2 R. 17 1M 2 1M 8 1M 17 

Si02 2,09 7,42 0,90 1,06 1,67 

Ti02 12,23 15,20 3,03 4,67 10,08 

Al203 6,12 6,37 2,32 1,89 1,66 

· Cr20
3 0,05 0,22 0,05 0,05 0, ~7 

Fe20
3 55,11 54,06 71,34 78 ,95 74,95 

FeO 22,97 13,76 20,92 11,75 8,88 

lwO 0,19 0,17 0 ,05 0,05 0,12 

MgO 1,78 1,75 0,87 0,63 0,32 

V20
S 0,86 1,08 1,03 0,94 1,42 

Total : 99,31 100,03 99,71 99,99 99,37 

=========================================================================" 

7.8.2 The Free State samples 

These samples are chemically very similar to the commercially exploited 

ores of the Main Seam of the Bushveld Igneous Complex. 

vanadium ores. 

They contain up 

Approximately to 1,42 % V20S and represent potential 

half their Ti02 content is also in the 

ilmeni teo 

form of recoverable coarse grained 

Beneficiation can. be achieved by crushing to less than 200 mesh followed 

by magnetic and electromagnetic separations. These yield a low-titanium, 

vanadium-bearing magnetic fraction and an ilmenite concentrate. 

silicate impurities are removed in the non-magnetic fractions. 

The minor 

Several samples were treated in this manner and relatively clean ilmenite 

concentrates amounting to approximately 10 % by mass of the fe~: were 

prO'luced. 'l'he removal of the coarse-grained ilmenite resulted in an 

overall decrease in the Ti02 contents of the magnetite while the V20
S 

contents were increased by approximately 15 %. An analysis of the 

magnetic fraction produced from the most impure sample, (Rl 17) is 

presented in Table 7. The V20
5 

content was increased from 1,08 t o 1,42 % 
while the Ti02 content was reduced from 15,20 to 10,08 % by this treatment . 

This Ti02 is present as very f ine-grained ilmenite inter{OI'ol.rt;hs that carmot 

be separated. by mechanical means. 
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The majority of samples from this area contain less silicate impurities, 

but are otherwise mineralogically similar. Microscopic examinations of 

separate s preparru from various samples indicate that similar concentrates 

were obtained [luring beneficiation tests. The ilmenite concentrates were 

not analysed chemically, but their overall eomposition is expected to be 

similar to those obtained by el ectron microprobe analyses in Table 4 
(samples R~ 17 ~ RW 25). 

7.8.3 The Letsi tele samples 

These samples contain very large amounts of Ti02 (21 to 25 %), but exhibit 

lower V20
5 

contents (0,76 to 0,86 %). The samples are characteri s ed by 

the presence of between 20 and 25 per cent by mass of potentially 

recoverable coarse-grained ilmenite. These ores are ohemically similar 

to the middle group of seams of the Bushveld Igneous CompleA, but contain 

more Ti0
2

• 

Beneficiation can be achieved by crushing to less than 200 mesh followed 

by magnetic and electromagnetic separation to yield a low-titanium, 

vanadium-bearing magnetic fraction and an ilmenite concentrate. 

silicate impurities are removed in the less-magnetic fractions . 

The minor 

Beneficiation teats indicate t hat an ilmenite concentrate of up to 20 per 

cent by rnass of the sample can be obtained. The magnetic concentrates 

were not analysed chemically, but microscopic examinations indicate that 

their Ti02 contents would be reduoed by between 12 and 15 per cent. 

This implies that the V20
5 

contents of the magnetic fractions would also 

be increased to between 1,0 and 1,1 %. The composition of the ilmenite 

concentrates should be similar to that indicated by the electron microprobe 

analyses present ed in Table 4 (3·/ 27 - RW 4o). 

Although it is possible to produce ilmenite concentrates from these 

samples, their high Ti02 contents suggest that they might be suitable 

for the pyrometallurgical production of high-titania slag product s 

together with iron. 

7.8.4 Tbe Rooiwater banic rocks 

The ZOnes of iLmenite and apatite-rich Rooiwater basic rooks locally 

carry up to 20 per cent ilmenite and represent potential ores that 

warrant fUrther investigation. The coarse-grained ilmenite can be 
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readily recovered by crushing followed by electromagnetic separation 

and any concentrate produced in this manner would have a composition 

similar to that shown by the electron microprobe analyses presented 

in Table 4 for samples m 6, 16 and 41. 

IHnor apatite is present in amounts of up to 4 per cent in these 

metagabbros ani has a sufficiently coarse grain size to be recoverable 

by crushing followed by some form of heavy-medium concentration. It 

could thus present a valuable by-product. 

7.9 Discussion 

The vanadium-bearing, titaniferous iron ores of the Rooiwater Complex 

are chemically similar to ores of this nature from other stratiform basic 

intrusions, but differ in that they contain substantial quantities of 

coarse-grained ilmenite. The development of abunr1.ant ilmenite of this 

type in the Rooiwater ores is problematical since these rock types usually 

contain only minor amounts of granular ilmenite. The microstructures 

developed in the Rooiwater titaniferous magnetites are also markedly diff
erent from those present in similar minerals from slowly cooled, unmeta

morphosed basic intrusions (e.g. Bushveld and Skaergaard Complexes). 

The investigated Rooiwater titaniferous magnetite seams all lie within 

the metamorphic aureole of the granite that has engulfed the complex, but 

are located at variable distances from the contact and have been metamor-

phosed to varying degrees. The Rdoiwater Complex and Murchison Schist Belt 

roclts have also undergone widespread regional metamorphism. In addition to 

the thermal metamorphic effects of the nearby intrusive granite . (Hall, 

1912; van Eeden et al., 1939). The Rooiwater Complex and Murchison Range 

rocks are now present as small remnants in the surrounding Basement Granite 

and Saager and K8ppel (1976) have drawn analogies between them and the more 

intensively studied Archean rocks of the Barberton area. They also noted 

that the Murchison Range represents a strongly metamorphosed greenstone belt. 

These metamorphic episodes have been largely responsible for the modifications 

that developed in the Rooiwater titaniferous magnetite ores. 

The most commOm morphology exhibited by an exsolving phase is plate-or 
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diSD-shaped (Brett, 1964 ; Yund and McCallister, 1970). Uabarro (1940) 

has shown that a plate is the most stable shape for an exsolved phase in 

a n isotropic medi= while a sphere is least stable. These observations 

are in General agreement Hi th the morphologies of exsolution bodies in 

iron-titanium oxides from llnmetamorphosed, slowly cooled, basic rocks 

in ">!hich the eX[lolved phases are invariably lamellar, plat<>-like or disD-

shaped. The microstructures exhibited by the Rooiwater ores, particularly 

those from the magnetite lens and Letsitele areas, depart markedly from 

this relationship and show the development of more complex morphologie s. 

A coherent , interface is generally no longer present between exsoJ.ution 

bodie,; ani. their host (Champness and Lorimer, 1976) once e:csollltion bQUes 

have grown to a microscopically visible size, and they can be regarded 

simply as inclusions within their hosts. The interface between an 

inclusion and its host i s 11 true grain boundary anI its morphology is 

governed by the same factors that determine grain shapes in polycrystalline 

aggregate s (Vernon, 1976) (section 3.3). Vernon (1976) has demonstrated 

that inclusions in minerals also exhibit a tendency to minimise their grain 

boundary energies aro. that their ideal equilibrium form will be a sphere 

\I1'1.en both the host and inclusion a.re isotropic. Approximately spheroidal 

or ellipsoidal shapes will result when the two phases are not markedly 

anisotropic, provided. that gTowth has occurred in the absence of a streE's 

fiel'". .Ihen two or more inclusions are in contact wi thin a host, t heir 

mutual grain-boundary relationships are also controlled by interfacial 

tellsion and polygonal equilibrium boundaries are preferentially dev~loped 

between them. 

J3rett (1964) am Ynnd and lijcC1111ist er (1970) have noted that plate-like 

eY-solution bQl ics represent the stable morphology only up to a certain 

si"~L;e '; urinG' thE: exsolutioll process. Once this stage leaD been reach~d 

it beCOl:leS nccessb.ry to reduce ·the hit>l. c,1.trface energy of t :1e p1. 'l.tc-like 

bodies rend tLere is a tendency for then to break clown in the solic, sta.t,e 

to form spheroidal 1'OoIip.s. Numberc of 8na llel' ".L."Tains . l.8.y coale£ cE: to 

form J.art!er ones durin3" this spheroi:li: ',a.tion proces:3. 

L'mel_la~type intergrowth8 of ilmenite anI ulvoBpinel or bot:·, are 

commonly present in titaniferous magnetite,' from "lowly cooled igneous 

rocks, but they do not eenerally chow evj.<l(mcc of spheroidh',ation (author's 

observation). These lamellar bodies exllibit enercetically nnfavourabl" 

morphologieB, but they cannot reca.dju;1t to a :nore stable form since the 
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ionic mobility is too low to allow any large-scale rearrangement during 

low-temperature stages of exsolution and the intergrowths are preserved 

in e. metastable . state. A subsequent rise in temperature Hauld result in 

an increase in the ionic mobility and the exsolution process wauld either 

continue until the supersaturation at that particular temperature Has 

eliminated or else resorption of the lamellae would occur depending 

011 the sub-solvus phase relationships. 

The effects of an increase in te~perature on an exsolved titanifer(uL 

magnetite would depend not only on the temperature attained, but also 

on the oxygen fugaoity. In the case of a titaniferaus magnetite heated 

to above the ulvospinel solvus under suitably buffered f02 conditions, 

the previously exsolved ulvospinel would dissolve together with any 

exsolved pleonaste. Ilmenite is only sparingly soluble in nBgnetite 

so that only minor dissolution of any intergrown ilmenite I<ould occur. 

At temperatures below the ulvospinel solvus, less dissolution of 

ulvospinel and pleonaste wauld oc= while the ilmenite would remain 

virtually insoluble. Since the ilmenite cannot dissolve in magnetite 

to any appreciable extent during heating under BUitably buffered oxygen 

fugacities, the resulting increased ionic mobility might instead lead to 

the breakdown and spheroidization of the energentically unfavourable 

ilmenite lamellae. Subsequent slow cooling of the titaniferaus magnetite 

will reBUlt in renewed exsolution, the nature of the phases produced being 

dependent on the oxygen fugacity and cooling rate as discussed in Part 1 

as well as the composition of the host minerals. 

The .. ide variety of microstructures exhibited by the Rooiwater titaniferous 

magnetites reflect BUccessive stages in the breakdown and spheroidization 

of the original microstructures. These processes appear to have been 

controlled largely by the temperatures and oxygen fugacities prevailing 

during the metamorphism of these ores as well as their post-metamorphic 

cooling history. The differences in microstructural development betHeen 

the ores from the different areas examined can be related to differences 

in the grades of matamorphism that were reached in different parts of the 

complex. Differences in bulk chemistry between the Free State and 

Letsitele ores might also have played an important part in controlling 

their microstructural development. 

In addition to these various intragranular relat ionships, the individual 
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large titaniferous magnetite and ilmenite grains exhibit a high degree of 

polygonalization. The presenoe of similar textures in unmetamorphosed 

ti taniferous iron ores has been discussed in s ection 3.3, but t he 

metamorphism would also have provided suitable conditions for additional 

grain boundary migration. 

The nature of grain boundary relationships in metamorphic rocks has been 

studied by Voll (1960), Stanton (1964), Ycretz (1966) and Vernon(1968 , 

1970 , 1976). These authors all noted that these textures are also 

characterised by the formation of essentially polygonal grain boundaries 

in which interfacial angles approximating 1200 are developed between 

relatively isotropic minerals. Similar relationships exist between 

the coarser opaque oxides in the Rooiwater ores, but it is not possible 

to determine to what extent the original grain boundary relationships 

have been modified. The presence of abundant granular ilmenite in 

certa.in samples together with the recrystallised nature of the more highly 

modified ores indicates that considerable grain boundary migration has 

taken place during metamorphism. 

The nature of the pre-metamorphic Rooiwater microstructures is not known, 

but small areas containing relicts of an earlier microstructure are 

present in certain Free State samples. The majority of titaniferous 

magnetite Reams from unmetamorphosed layered basic instrusions are composed 

largely of multi-phase titaniferous magnetite grains showing the 

development of intergrown ulvospinel and variable amounts of lamellar 

ilmenite. Coarse-grained intergranular ilmenite is generally present 

in only minor amounts in ores of this type. e. g. the Bushveld, (Schwellnus 

and Willemse, 1943; Molyneux, 1970a, b; 1972), Kaffirskraal and Trompsburg 

Igneous Complexes (this report). By analogy, the original titaniferous 

magnetite microstructures developed in the Rooiwater ores may have been 

similar, but probably contained greater amounts of lamellar ilmenite . 

Ho ulvospinel or ulvospinel-type microintergrowths were noted in the 

samples examined and it is not kno;m whether this phase was originally 

present. Ulvospinel is soluble in magnetite so that any ulvospinel 

orieina1ly present would have been resorbed during a metamorphically 

induced temperature rise, provided that the oxygen fugacity remained low 

enough. The absence of ulvospinel indicates that the. oxygen fugacities 

were too high for its existance a s a stable phase in the microintergrowths 

and any present durine this staee would have been oxidised to ilmenite. 
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The oxygen fugacities were also not high enough to cause oxidation of 

the titaniferous magnetite and the presence of magnetite lamellae in 

the coars~grained co-existing ilmeni tes provides furthEr evidence for 

the existence of intermediate oxygen fugacities during the period of 

microstructural development. These lamellae are generally interpreted 

as being formed by the solid-state reduction of originally exsolvel 

hematite lamellae in the ilmenite rather than by exsolution (Budclington 

ot a1., 1963 j B1ll'ldington and Lindsley, 1964). This suggests that, 

although the oxygen fugacities were too low for hematite stability, they 

were also too high for ulvospinel development. In ceneral, the large 

amounts of titaniferous magnetite and other oxides in the ores 'Iould 

have buffered the oxygen fugacities to Iii thin olosely controlled values 

in the seams during metamorphism so that widespread fluctuations would 

not be expected, . except perhaps locally. 

'l'he Free state ores are the leaGt metamorphosed of the Rooiwater samples 

and contain sIlJall areas that resemble relatively unmodfied primary 

microintergrowths. 'l'hese areas are confined to the oores of large 

titaniferous magnetite grains and possibly represent relict microstructures 

that have survived because of their isolated positions and distances from 

grain boundaries. Should these represent tl"Ue relicts of the original 

Rooiwater microstructures, then the ores liould have had an overall primary 

appearance similar to that of the Usushwana titaniferous iron ores (thi s 

report). This liould indicate that they crystallised under conditions of 

relatively high oxygen fugacity. Should ulvospinel have been present in 

the oriv.nal Rooiwater titaniferous magnetite microintergrowths, these 

textures could conceivably have formed during an early stage of 

metamorphism by the oxidationjexsolution of ilmenite, derived from the 

original ulvospinel that was either present in solid solution or as an 

exsol ved phase. 

The least-modified Free State microstructures indicate that the breakdown 

and spheroidisation of the pr~existing ilmenite lamellae had commenced 

under the influence of increased temperature. This is evident i~ a 

thickening of the lamellae "hile curved, irregular sur:fa.ces are comnonly 

developed along their boundaries so that the regular nature of the original 

trellis network becomes disrupted. Many of the larger ilmenite lamellae 

have (,'TOIffi at the expense of small er ones and they oft en exhi bit a 

thickening at their mutual intersections. Any ilmenite procluoed by the 
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oxid.ation of either dissolved. or exsolved. ulvospinel during this stage 

would have segregated. towards the ilmenite bodies already present ani!. have 

contributed. to their growth. 

The numerous small ilmenite grains developed. around the peripheries of 

the titaniferous magnetites represent externally exsolv~l material 

(external granule exsolution). A portion of this ilmenite would also 

have contributed. to the growth of favourably situated intergranular 

ilmenite grains. This growth \<ould also result in grain-boundary migration 

beh/een the ilmenite and the magnetite grains leading to the development 

of larger amounts of coarse-grained. ilmenite. 

The behaviour of the exsolved pleonaste during metamorphism differs from 

that of the Fe-Ti oxides since the various spinel solid solution solvi 

close at higher temperatures (approximately 800-1000·C as discussed. in 

Part 1). Only a small portion would consequently be dissolved. at the 

lower metamorphic temperatures and exsolved. pleonaste plates and lamellae 

would readjust to more stable morphologies. This results in the formation 

of more equant pleonaste grains by a solid state (liffusion process. 

On slow cooling after the metamorphio thermal peak the small amount of 

red.issolved. pleonaste would again exsolve. This material would initially 

contribute to the growth of existing pleonaste grains, but at lower 

temperatures and lower ionic mobilities, the diffusion would take place 

over shorter distances giving rise to the smaller and more widely spaced. 

lamellae present in the Free state titaniferous magnetites. 

The Letsitele ores exhibit higher degrees of modification than those from 

the Free state seam and are characterised. by the large-scale spheroidization 

of ilmenite intergrowths. Their generally rounded. forms indicate that 

widespread recrystallisation of their magnetite hosts has, h owever, not 

yet occurred.. 

It is uncertain what percentage of the coarse-grain~l ilmeni tein the 

Letsitele ores represents a primary precipitate. It is unlikely that 

more t han approximately 6 per cent of coarse-grained. ilmenite was 

originally present by analogy with other unmet>l.r,lorphosed. t i taniferous 

iron oreG. This implies that the original grains not only increased. 

in s i ze , 1Jut that nCN grains '-Iere also formed. dUl!ing i'letamorphi"," by 
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the external diffusion of ilmenite fr om the marginal areas of neighbouring 

titaniferous magnetites. Considerable grain boundary mi&Tatioll al so took 

place during the gro,rth of these ilmenites. 

The higher temperatures apparently reached by tLese ores would have been 

more favourable for annealing ani they exhibit " particularly well

d eveloped p olygonal texture. The titaniferous magnetite grains are 

slightly larger that the cc.-existing interstitial coars&-grained ilmenites 

and the samples have a uniform grain size. Grain boundaries a r e relatively 

straight or slight ly curved, and their int erfacial angles approximate 120°. 

These features iniicate a close attainment of equjJlibrium between the lare;er

sized opaque oxides, but although extensive spheroidi ",ation of their 

intergrowths has occurred, complete equilibrium was not reached and their 

hosts did not recrystallise. 

The magnetite lens ores are located apprOximately 100m from the intrusive 

granite ani have been metamorphosed to a greater extent than those from 

the other areas. As a result, they display the' greatest degree of ' 

microtextural modification and have been almost completely recrystallised. 

The higher temperatures reached during metamorphism apparently resulted in 

the almost complete spheroidisation of the contained ilmenite and pleonaste 

phases. External granule exsolution would have proceedect under these 

conditions of very much higher ionic mobility while the ilmenite ani 

pleonaste spheroids would have coalesced to form larger grains. 

Folygonalization of these spheroids would then have occurred under the 

influence of interfacial free energy ani the magnetite matrix would 

ultimately have recrystallised to form equilibrium gFdin-boundary 

relationships with the enclosed phases as envisaged by Brett (1964). This 

would then result in a much finer-grained, highly polygonalized texture 

that would in turn become progressively coarser-grained as t he annealing 

prooess oontinued. 

The macnetite lene samples appear to have reaohed this staee, but the 

proces s \'laS halted before ooarser textures oould. be developed. The ores 

oontain only' occasional mod ifiecl reliot lamellae and rounied grain,; whioh 

indicate that equilibrium 'JaS very nearly attained. 

The textural differenoes bet;;een the ores from d ifferent area ::; refleot ' , 

va.riat.ions in metamorphio gFa.ile. It is unlikely that equilibrium 
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conditions were ever completely attained since the cres from each 

locality contain certain relict textures that are characteristic of an 

earlier stage of deve l opment. Large-scale textural variations are 

pre ~ent between different samples fr om the same area anLl are even 

noticeable within the same grain. In gene~dl, the outer portions of 

the titaniferous magnetite grains are more modified than their interiors 

which appear t o have been isolated from the metamorphic chan"es. 

The overall effect of increasing metamorphic grade has resulted in a 'l 

increase in tL~ relative amount of coarss-grained, int ergranular il.ilenite 

in the ores in addition to the modification of the primary microstructures. 

The higher metamorphic grades led to the ultimate recrystallisati on of the 

ores resulting in the development of pOlycrystalline ilmenite and 

intergrowth-free magnetite aggregates. The process is essentially 

continuous and the ores from the three areas clearly illustrate successive 

Rtaees in its development. 

In contrast to is occurrence in . the ore-rich seams, titaniferous ma"netite 

is generally present in lesser amounts tJ~n ilmenite in the associated 

fiooiwater basic rocks and is, in s ome cases, virtually absent. This 

titaniferous magnet ite shows extens ive resorption and alteration to 

s phene and chlorite. Hornblende may also develop at the expense of the 

titaniferous magnetite in the more highly altered specimens, while the 

'co-existjng ilmenite also shows signs of resorption. Buddington et al. 

( 1963) noted the progressive disappearance of titaniferous magnetite and 

partial resorption of Hmeni te is regionally metamorphosed gabbros and 

conclu(led that this was a resul.t of a metamorphic reaction leading to 

the formation of hornblende. These authors also noted the formation of 

sphene at the e}~ense of titaniferous magnetite during regional 

metarnorphi sm. 

'fqe Rooiwater ores exhibit the same minor element varia t i on trends as tt 0 

1lushveld ores. The Free State ores are the lowermost preserved 

titaniferous ITIGl.gnetites l.n this part of t h e Rooiwater Complex and contain 

!,Teater amounts of V2()5 am Cr20
3 

than tl;e Letsitele ores that are 

stratigraphically higher up in the basic sequence. This J.ecrease in 

V
2

0
5 

and Cr20
3 

content u;)wards in t h e complex is similar to the trend 

shown by the Bushveld titaniferous nagnetites in which there is a mark~l 

decrease in V205 c ontent upwards in the s equence (Molynem" 1970 a,b,1972). 
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Similar relationships were found in the Skaergaard Complex (Vincent and 

Phillips, 1954) and in the Dufek Intrusion (Hirrunelberg and, Ford, 1977). 

The lowermost Rooiwater seam contains moderate amount s of Ti02 while the 

uppermost seam contains substant ially more. MnO shows a Similar, but 

less marked variation. Both these trends are again s imilar to thOSe 

exhibited by the Bushveld ores and the titaniferous magnetites of the 

Skaergaarcl and Dufek Intrusions. 

The MgO increases sli&htly in the uppermost seam of the Rooiwater Complex 

relative to the lowermost one which is in contrast to the Bushveld trend. 

Portion of the MgO reflected in the analyses is present in chlorite so 

that the higher values can be ascribed to a slightly higher chlorite 

content in the upper seam, rather than to the ~!gO content of the 

titaniferous magnetite. 

The economically important result of the Rooiwater metamorphism is the' 

uevelopment of abundant ooarse-grained ilmenite in the ores. The amount 

or-'ilmenite formed is related to the grade of metamorphism reached, the 

prevailing oxygen fugacities, the original Ti02 content of the are and 

the subs equent cooling history, so that variable concentrations are 

developed in different seams in different areas. A large proportion 

of this ilmenite is recoverable by standard ore-dressing techniques and 

pOBsibi l ities exist for the beneficiation of the Rooiwater ores. Very 

little is known about the titaniferous iron-ores in other parts of the 

Rooiwater Complex and this preliminary study indicates that a thorough 

rreological investigation is necessary. 

Numerous titaniferous magnetite seams are present in the Bushvelcl Complex 

(up to 26) which surrgests that several thinner s'eams the,t are not well 

exposed remain to be discovered in the Rooiwater Complex. In particular, 

any seams that are lower down in the sequence of basic rocks than the Free 

State Seam would be expected to contain higher V20
5 

contents and would be 

of economic interest. 

7.10 Genesis of the Rooiwater Ores 

The overall similarity in minor element chemistIJ' and distribution between 

the Rooiwater ores aml thos" of the Bushveld Complex suggest an essentially 

similar mooe of origin. Hillemse (1969) and Holyneux (1970 a,b, 1972), 
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regarded the Bushveld titanifer~ls magnetites as igneous cululates, but 

acknowledge .. '- that the original textures have been modified by post-cumulus 

grol'lth ani other factors. The formation of titaniferous magnetite seams 

and associated silicateo in the Bushveld Complex was review",l by von 

Gruenewaldt (1973) who noted that periodic increases in oj:ycen fugacity 

would enhance the crystallisation of titanomagnetite. He concluded that 

the cOI,centrotion of ti taniferous magnetite into layers was probably 

assisted by it. having a faster settline velocity than other precipii;atinc 

silicates. The possible mechanisms whereby ror:ks of this nature can be 

formed are ,1 iscuElsed further in section 3. 

The world-wide occurrence of titaniferous magnetite layers or titaniferous 

magnetit&-rich silicate layers in certain stratiform basic intrusions 

supports the view that the formation of these rock types is controlled 

by the lat&-stage iron-enrichment of a strongly fractionated basic magma. 

van Eeden et al. (1939) considered that the Rooiwater titaniferous 

magnetite ores are "pegmatitic" intrusions into, and probable partial 

replacements of the original gabbro. They recognised three stages in 

the formation of these orea: 

i) the emplacement Df titanomagnetite from which the ilmenite 

lamellae eXBolved. Various ilmenite and magnetite intergrowths 

were also formed at this stage -

ii) Emplacement of the later granular ilmenite that partially 

replaces a nd veins the original titanomagnetit~ anl 

ii:l.) the emplacement of later ilmenite-free maenetite. 

wn Eeden e·t al. (1939) did not recognise the microstructural and 

textural differences that exist between the Rooiwater titaniferous 

magn8tites and similar ores from unmetamorphosed stratiform ba~ic. 

intrur:: ions, nor did they reCOGnise the tex tural variatiol'lB bet\';e (~ll ores 

from different parts of the complex. In the :i.uthor' s opinion, tbe;je 

ore(3 al'e typical of magmatic titanifermu; magnetite luyer~' developed. in 

stra.tiform basic intrusions that have be en texturally mo1ified during 

subse'JUent metamorphism. Tr"e e;enesis of tl ·e itGo il·ra ter ores ca11 be 

considered to have taken place as fo11oI<G:-

1) The two major titaniferouf; l'Iaenetite sea '"s , and possibly several 

other thinner layerH, ;Jere cOrmc<l as cuJJmlus rocks by nor:'l"l 

cryst>, llisation ;;.nd Jifrerentiation processefl during the solidif;.cat ion 
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of the Rooiwater rocks. The minor elements, V and Cr, were 

enrichai in the earlier-fornai lower seam relative to the later

formai upper seam in which Mn and Ti were enric:hai. 

2) The titaniferous magnetite-rich layers were formai by th8 accumulation 

of an initially homogeneous spinelli" phase containine Fe, Ti, V, Nr., 

,\.1, Cr and ~Ig together with miner co-precipitated silica1;es and 

poscibly ilmenite. Factors such aG post-cumulus gro\lth, removal cf 

ir,terc;ranular fluids by fil teI'-pressi:'1E; and armeal.ing may a l so have 

pJ ayed an important role in t)".e fo"mat ion of the ore-rich layers . 

3) Durine COOling, ex.solution of a titanium-rich phase Houlo. have been 

initiated resulting in the d.evelopment of ilmenite eX8olution lamellae 

and external granules. Fu.rther cooling "ould have re sulted in the 

GYsollltion of pleonaste and other Ti-rich phases. The nature of t he 

Ti-rich phases would have been controlled hy the prevailine oxygen 

fugacitje s and a number of possibilities exist. Either octahedrally 

oriented i1t.,eni te oxidation! exsolution lamellae would have been 

formed under high oxygen fugacities or cubically oriented ulvospinel 

bodies woul.a. have formed under lO1{ oxygen fugacities. Variolls 

combinations of ilmenite and ulvospinel would have developed under 

interme'.iate oxygen fugacities. The exact nature of the prir.Bry 

microstructures is not known. Armealing processes would also have 

been important in the development of grain-boundary relationships. 

4) The exsolution processes would have effectively ceased once 

·'emperatures dropped low enough to prevent ionic o.iffusion ·taking 

place and the titaniferous magnetites would have exhibited 

microstructures that are typical in unmetamorphosed rocks of this 

nature. 

5) The Rooiwater Complex was engulfed and metamorphosed by granitic 

intrusions at a later stage and the associated elevated temperatures 

rebulted in a modification of the original microstructures. A 

variety of textural types were produced that reflect variations in the 

metamorphic grade reached in different are.,," s . The ores exhibit 

successive staees in the breakd01{TI and spheroidization of orieinal 

lamellar microintergrcl-lths and the polygonalization of their 

constituent opaque oxides. Continued oxidation/exsolution resulted 
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in the growth of coarse-grained intergranular ilmenite while complete 

recrystallisation of the ores occurred in areas of higher-grade 

metamorphism. 

6) Minor microstructural modifications and small amounts of further 

exsolution ,/Ould have occurred during the post-metanorpr,ic cooling. 

7) Oxidation and hydration of the ores in the zone of surface Heathering 

has resulted in their partial martitization and the development of 

abundant secondary goethite and hematite. 

7.11 Conclusions 

1. The presence of the Rooiwater titaniferous iron ores in discrete 

layers to,mrds the upper parts of a large gabbroic intrusion is in 

accord with their development by normal crystallisation-differentiation 

processes that are operative in stratiform basic intrusions. 

2. The Rooiwater .titaniferous magnetites are chemically similar to ores 

of this nature that are typically developed in layered gabboic 

complexes. Their minor element variation with inoreasing height 

in the Complex is also in accord with the normal differentiation 

trends exhibited by titaniferous magnetites during fractional 

crystallisation. 

3. The ores are characterised by an unusual abundance of coarse-grained 

ilmenite, whiie the titaniferous magnetites display a wide ranee of 

microstructures that are not normally developed in ores of this type. 

These unusual mineralogical relationships and microstructural 

developments reflect changes that were brought about in the ores 

during metamorphism. 

4. The metamorphic event was initiated by the intrusion of a nearby 

granite that also engulfed large portions of the Rooiwatcr Complex. 

The oreG examined are located at variou[; tl.istances from the contact 

anI consequently exhibit varying dee"ncs of metamorphism. The highest 

grade reached · i s represented by the magnetite lens sample3 t hat were 

collected from very close to the granite contact. The least mod.ified 

ores are represented by the Free State samples that "'ere collected at 

a greater distance from the contact. The Letsitele ores appear to 
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have been metamorphosed under intermediate conii tions. 

5. The metagabbros immediately " auth of tbe ma&!letite lens consist of 

andesine, hornblende ani rutilated-quartz and a re typica~ of 

amphibolitE's formed U11<ter c oniitions of medium grade meta:norphism 

(;Hnkler, 1976). The metagabbros from the Free State and Letsitele 

areas are extensively saussuritized ant uralitised, reflecting lower 

grade metamorphic conditions. 

6. The increas~l temperature conditions during metamorphism resulted in 

the breakdoHn and spheroidisation of the original lamella r ilmenite 

anl pleonaste microin-terero>lth s. Extensive external cramlle 

exsolution processes were :11so operative ani resulted in t he formation 

. of abundant intergranular ilneni teo Complete recrystallisation of the 

. ores occtll'red under the highest grade of metamorphic coniitions reac!:ed 

reb~lting in the formation of polycrystalline aggregates of polygonal 

ilmenite and intergrowtr_free, Ti-poor magnetite. 

7. The nature of the modified microstructures produced in the titaniferous 

magnetites was dependent on the initial composition of their host gr'ains, 

the nature of the primary microstructures developed, the temperature anJ. 

duration of the metamorphic heating event, the subsequent cooline rate 

a nd the prevailing oxygen fugacities during all stages of the process. 

8. T'w compositions of the coars E>-grained ilmenite grains and the large~ 

sized granula~ani lamella~ilmenite intergrowths developed in their 

co-existing titaniferaus magnetites are similar. This suggests that 

considerable solid-state rE>-equilibration tool place between these 

phases durinc the metamorphic event. 

9. The Rooiwater ores are essentially pure and contain only minor silicate 

impurities that can be readily removed by coventional ore dressing 

technicfU8s. The abundant coarse-grained ilmenite can be largely 

liberated by crushing to less than 200 mesh anI can be concentrated by 

electromagnetic separation techniques. 

10. The ore£ of the lowermost seam are chemiCAlly similar to the economically 

important iron ores of the Main Seam of the Thlshveld Ig7Jeaus Complex 

and represent potential V"d.nadium ores. Their vanadium content can be 
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further upgraded to approximately 1,5 % by beneficiation involving 

separation of the co-existing coarse-grained ilmenite. 

11. The ores of the uppermost seam exhibit high Ti02 values of up to 

24,5 % and might represent suitable raw material for higr~titania 

slag production. They contain between 15 and 20 % by mass of 

coarse-grained ilmenite (locally reaching up to 30 %) that is largely 

recoverable by conventional ore dressing techniques and can be 

regarded as potential ilmenite ores. 

12. In spite of its large size (strike length of over 90 km), the 

Rooiwater Complex has not been investigate1 in any detail. 

Comprehensive geoloeical studies and detailed mapping are necessary 

to determine the nature of the Complex, the number and extent of the 

titaniferous magnetite seams present, and the distribution of the 

different textural types of ore. 

13. Th8 Rooiwater Complex represents an interesting area for research 

into the be!~viour of stratiform basic intrusions during regior~l 

metamorphi sm. In particular, the co-existing iron-titanium oxides 

are sensitive indicators of both the oxygen fugacities and temperatures 

reached during metamorphism and this aspect requires further study. 

A detailed study of the differences in behaviour between the 

co-existing iron-titanium oxides in the metagabbros and those in the 

ore-rich horizons is also indicated. 

14. The Rooi>~ter Complex represents one of the most attractive areas for 

further investigation by anyone interested in the production of one 

or more of the following commodities : 

ilmenite, high-titania slag, V205, iron or steel. 
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8. THE TITANIFEROOS IRON ORES OF THE USUSHWANA crnpLEX 

8.1 Introduction 

The Ususlmana Ieneous Complex is situated along the South African-

Swaziland boro. er in the area north and east of Piet Retief. It consists 

of a large mass of gabbroic rocks that were intruded along the contact 

between thB Basement Granite-Gneiss and the overlying Pongola rocks . The 

Complex does not generally show any "ell...a.efined igneous layering apart 

from the titaniferous magnetite seams and is capped by a granophyric zone. 

The occurrence of titaniferous magnetite ores in the Complex near Piet 

Retief has been knOl-ln since the last century, but no detailed descriptions 

have been published. No published maps exist of the area in which the 

titaniferous magnetite seams occur, although the area imm~liately to the 

south was mapped ani described by Humphrey anl Krige (1931). The 

Usushwana rocks in Swaziland ,Iere described by Hinter (1965) and Hunter 

(1970). The Complex i s Archean in age and has been dated at 2784 + 30 

million years by Davies et al. (1970). 

The titaniferous iron ores from this area have been briefly ,lescribed by 

;1:1.€;ner (1928) who stated that "the maenetic iron ore is found at several 

places on the farms Belfast No.7 4, Derby No.54, and Ish1elo No.7, north 

of Piet Retief. It ocours in disseminated veins or lenses near the 

upper boundary of the gabbro, which, togeth er with the overlyinc; 

(,"I'anophyre, forms an intrusion in the rocks of the Pongola series. The 

outcropfl occupy a line running approximately Nli-SE, its two extremities 

being distant 7 and 15 miles respectively from Piet Retief". 

Hagner (1928) noted the presence of nine seams that vary in length from 

snveral hundred metres up to s lightly less than two kilometers. The seams 

range from approximately a metre up to 15 metres in thickness and tJeey dip 

towards the east or north-east at approximately 30 degrees on Ishlelo. 

':Iinter (1965) and Hunter (1970) also reported the presence of a mrnber of 

titaniferous maenetite-rich layers in the Swaziland portion of the Complex. 

Nwnberous layers of titaniferous magnetite are present along tllc south 

we stern flank of the complex in that area and a particularly \"Iell d efined 

layer crops out ov"r a strike length of 2 , 4 1<,n. The~e titaniferouo 

Jro.e;neti te layerR pinch and swell, reaohing maximum thickness of 1,5 m 

and oontain oet"el'n O, ? and 0,3 per oent V;<05. 



MAl' 2 

397 

THE USUSHWANA IGNEOUS COMPLEX 

~ 

lliBl 

Younoer Cover 
( undlfferentlatld) 

Pon;ola and Insu%1 rocks 
( undlfferlntlatld) 

Archean Rocks 
( undifferentiated) 

Ba.ement Granite 

i 
i 
i 
i 
i 

[ill .... . . . . ..... . . . . 

• 

SWAZILAND 
(;101091 not shown) 

U.ulhwan a C omple. 

Oranophyre 

Granite 

Sample Lacallty 

( AFTER THE 1;1000 000 GEOLOGICAL MAP OF SOUTH AFRICA 1970 EDITION) 

Th e Usushwana Igneous Complex. 
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8.2 Sample Locality 

The general geology of the area as well as the sample locality is shOlm 

in the accompanying map (i.lap 2). The southern part of the area in which 

the ores are present is afforested and lias not investigated. The 

country becomes [;lore open towaros the north, but outcrops are eenerally 

poor, the presence of the or&-rich seams beinc; il'rlicated by ti taniferous 

magnetite rubble. A ti taniferous magnetite seam approximately 10 r,1 

thick, herein termed the Main Seam, forms a prominent scarp On the farm 

1shelo Ho.7, while a narrow and, less-pure seam, is exposed in a stream 

section below the main outcrop. 

Samples 1R 240-251 were collected at approximately 1 m intervals across 

the 10 m thick seam while samples 1R 252-253 were collected from the 

thinner seam. 

the thick seam. 

Or&-rich gabbros were also collected 50 and 100 m above 

8.3 Description of the Ores 

The 10m thick titaniferous magnetite seam on 1shlelo No.7 Qips eastwaros 

at approxi~~tely 25 degrees and is an essentially monomineralic rock 

consisting of titaniferous magnetite with only minor silicate impurities. 

The lower contact of the seam is not sharply defined, but grades into a 

titaniferous rnagnetit&-bearing gabbro ,tue to a progressive increase in 

tlle amount of silicates present. The footwall rocks are highly 

'weathere-l and decomposed so that their original nature could not be 

accertained. 

A highly weathered titaniferous magnetite seam approximately half a metre 

thiok is present 2 metres below the main seam while the intervening rock 

contains large, but variable amounts of titaniferous magnetite. A 

further titanifer.ous magnetit&-rich zone is present about 4 metres below 

the Main Seam. 

,feathering processes have exposed the upper surface of the thick seam 

over r. fairly wide area to form an or&-paveraent similar to t.hose 

developed by the ~lain Magnetite Se.a.m of the Bushveld Complex in the 

eastern Transvaal between Maenet Heights and 100Bsenekal. The upper 

contact of the titaniferous magnetite seam anl the overlying gabbroic 

rocks is not exposed in the area investigated and its nature could not 

be determined. The fairly even nature of the exposed surface of the 

-.... ~ .. " 
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seam suggests that the transition from an essentially monomineralic 

titemiferous magnetite rock -to a silicate-rich type might be fairly 

~har:p. 

The Usushlr!ana ores are generally highly lrleathered a.nd exhibit the 

extensive development of secon-:'ary oxidation anrl hy.:lration products. 

The ores vary from reddish-bro1rm to purple in colour and are generally 

only weakly magnetic as a result of their 11ighly weathered ptate. The 

m,)re hieL1y weathered samples are commonly traversed by irregular goethite 

vehllet s, ana. are soft and fria.ble l'1i th the result that they can be 

rea.3 ily (lisaggre6,ated int 0 their constituent grains. 

associate,l vlith the titaniferous magnetite-rich zones have been largely 

altered to fine-grained, chlori tic aggregates. 

The fila in Seam is a massive, dense rock that ex...'hibits a 1I1e11 ieveloped. set 

of clol.lely spaced. horizontal a.nd vertical joints and breaks up readily 

into small rectangular blocks. On a smaller scale, the samples have a 

hig~hly fraotured appearance and are traversed by numerous small irregular 

fractures as'illustratecl in Pla.te 5 (0) and (D). These fractures are 

not always related to the cleaV'd.ge directions of the titaniferous 'llagneti te 

aY~rl in many ('..ases they are continuous for several centimetres, cutting 

across both titaniferous magnetite and matrix. Some of these fractures 

might in part be related to volume changes that occur during oxidation 

and subsecIUent hydration of the magnetite. 

The ore is composed of small polygonal titaniferous magnetite grains that 

are generally separated from each other by a narrow veneer of chloritic 

material as illustrated in Plates 5 (C-H) and 6 (A-B). The chlorite is 

in the form of finely crystalline aggregates and is co~nonly iron-stained, 

con-taining variable amounts of eoethite and secondary hematite. Extensive 

alteration of t}le titaniferous magnetite has taken place at gTain boundaries 

and along fractures where it is in contact 1,vi th the chlorite resu.lting in 

the formation of Gphene. This sphene is present as aegTegates of fine 

lrlE.,lge-shaped crystals that show alteration to leucoxene-like product;; 

havinG yellm,rish internal reflections in the more weathered sampler;, 

(Flatt; C (C) amI (n)). Minor amounts of Gibbsite are also presont in the 

w(>.athered 8;;I,mplen together with oecondary Ti02-rich ilmenite alteration 

product~ (leucoxene). 



FLA.TE 5 

Photomicroc;ra,phlJ talc Oll in inc:i.clent li~ht using oil immersion objectives. 

G &. J) ~;d.Ye:n lL3ill~ levI power, !lry, inci1.ent-li.cht oljectives. 

l33.8a.1 sections of "livTO eLLledral apatHe crystals 

(black) enclosel by ilmenite (lieM erey). 

E.'uheclral pyrite ("Thite) anl transparent spinel 

(black) cry-stals present within ti tanifero1.1E' 

mae;netite containing partiaEy cpheroidized 

ilmenite intere:rmiths (d.ar}: t,Tey). 

U;:;US}T:TA1JA TIT.A.lITFEROUS IROn OFl.DS 

c. 'rhe typical appe3.I"d.nce of the Us-ushw;,ma. ores consh;ting of an 3.cgreCd.te 

of PO~YCOl1a.J. titaniferous maglleti te t.,Tains separated from each other by 

a tLin r.hlori te ve,neer. note the 1.miform size and. fractured. nature of 

the {:,Ta.ills. 

D. Similar to (C), but showing the presence of a titaniferous mae;ne-tite 

Cl'"d.in that i.E. very nTIlch larger than the surroundine .:;rains. 

E. El.ongated. ilmenite era ins (dark grey) located along the 1)ourrlaries 

. bet'ileen titaniferous magnetite grains. Hate the fractured 11ature 

of the titaniferous magnet-ite and ti,e presence of intergranular 

chlorite (olac1<). 

F. 3imilar to (E), but showing pc:;.rtial Jl1o.rti th;ation of the magnetite 

(light) in area::: wljacent to fractures and grain bound.aries. Notice 

the cores of 1.IDo:ddisel magnetite (darker grey) in the areas away 

from the fractureD. 

G. Similar to (F), but illustratine the corroded. nature of the titanifero1::'s 

;;jc.l.b"lletite alone the fractures ana. bTain boul1c1.aries. 

H. A 1ar.:;0 multi-phase titaniferous r.m,Gnetite V'ain traverf~ed by chlorite-

lil18,1 fro,cturw~ (llark ,',Tey). T~").I'titi.,·,o.timl of I;]H~ Ina::",'1H~tite ha~; 

DCC'lJrrod adjacent to t1J8 fra.cturel-l (lie-hi) leaviliG "iclands" or 
<letrker, unoxidisctl f'1agnetite. 
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Minor, but variable amounts of relatively cou.rf-~e .::;rainel ilmenite are 

present and are located interstitially bet'veen the larger titaniferous 

mac;netite vains (Pla.tes 5 (E-G)). Grain boundaries t'Lat are not 

ob[;GureJ by t}le presence of chlorite and other alteration products appear 

;,Ughtly cl.lrv811 ani -they e:x:hibit a tendency to form triple junctions 1'lith 

interf'acial anLles approximating 120°. 

The USlwhwana ores are charactericed by complex mineralogical 

relatiom;},ips anu 8y..hibit a vJid,e range of microstructural (levelopnent. 

These fe.-3.tures are described more fully in the followine; sectiolls. 

8.3.1 The titaniferous magnetite 

'11i taniferous mat.,'neti te is the clominant ofaque phase in the U~'Usllwana ores 

and it is characterised by tLe presence of abundant intererown titanium-

rich pha:c;es. The ti taniferouG maenetites have a remarkably lU1iform grain-

si:Ge of approximately 1mm,although very rrru.ch larger grains up to 10mf'l 

acruss may occasionaUy be present as illustrated in Flate 5 (:u). 

Grain boun:laries between neiehbouring titaniferous maenetites tend to 

be rather straieht, but where they are in contact with intergranular 

ilmenite they are more irregular. The titaniferous maenetite-chlorite 

grain boundaries are highly irregular and the magnetite has a corrodel 

appearance as illus'l;rated in Plates 5 (E-G) and 6 (A-D). 

The titaniferous magnetite me.rgins are characteristically fractured and 

corroded, while the grains the'nf;elves are occasionally completely 

traversed by irregular fractures. No large-scale clisplacement of the 

fragments is apparent and the irulividual pieces have only bee:n pullect 

apart very sliehtly. Extensive alteration of the opa(lUe oxides has 

occurre<l in ther;e fractured areas reb1l1 ting in the formation of finely 

crystalline sphene. A narrow selvage of sphene is also often present 

bet1tleen the "titaniferous magnetite anI chlorite aggregates. The 

titcl.l!ifervus magnetite e;rcdns are more rounded in outline at. places 

vlhere the chlorite is more abundantly uevelopod as illustratel in Plates 

5 (B-G) ~nd 6 (A~:U). 

The magnetite-rich P3.rts of the ftlul ti-phase ti taniferous magnetite c;raim: 

are preferentio.lly altered to sphene, while the ilmenite intert"TO~lths a.re 

less 3.ffected. Thi[i proo,uce:::; a. serratel <-J.ppea.rance araun::.1. the T:1argins of 



PLATE 6 

AU photomicroeraphs taken in incident light using oil immersion objectives. 

USUSHVIANA. TIT1UlIFEROUS IROn OREE, 

:'... A typical rourrled titaniferous magnetite grain (centre) surrounlel by 

chlorite (black). }Tote the rmmerous fractures in the era,in:3. 

B. Typical Usush~rana titaniferous iron ores eJ("I~ibiting incipient 

mariitization (ligh-t). note the presence of a transgressive veinlet 

of delicately banded goethite. 

c. Ii highly co.rrodE->d titaniferous magnetite e;rain showine the (levclopment 

of' Hedge-shaped. sphene crystals (light) around its mareins. The 

intergranular chlorite is black. 

D. Similar to (C), but showing the sphene crystals under hieher 

magnifi cat ion. The bright internal reflections in the sphene are 

largely due to secondary alteration to leucoxene. 

E. Usu.shwana basic rocks A rrmlti-phase titaniferous magnetite grain 

showing erlensive alteration to fine ere-ine(l 

sphene and chlorite aggregates. Notice the 

presence of unaltered ilmenite lamellae in the 

altered portions of tbe host grain. 

F. Usushvra.na basic rocks: II corroded titaniferous ma.t,lletite gra.in (lieht) 

surrounded by abundant p.econdary Ellhene (dark 

·.grey). 

G. Coa,rse inter6,Tanular ilmenite (,lark gTey) surrounrlerl by ".lU.riithed 

l1ID.lti-pl1aGe titaniferous magnetite ancl_ containinG' small mae,netite 

platelets (light) oriental. parallel to (0001). 

E. Similar to (G), but shovlinE' h<'10 lc,rce, e 1 onGel. ted ilmenH f;) G-r:'~ilU; 

located irfithin a titaniferous maenetHe r:rc.in. 
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the htaniferous magnetit es containing abundant broad lamellar ilmenite 

since the lamellae project beyond the new limits of their hosts into the 

surrounding chlorite- and sphene- rich areas. This relationship is more 

clearly observed in the gabbros from above the ].lain Magnetite Sear. in which 

the titaniferous magnetites have been extensively altered to fine-grained 

aggregates of turbid sphene (Flate 6 (E anl F). The original 

crystallographically oriented broad ilmenite lamellae are btill present in 

these grains and show only incipient alteration to sphene. 

Narrow, irregular veinlets of optically homogeneous, intergrowth-free 

magnetite are occasionally present in the samples. These veinlets 

exhibit a transgressive relationship to the titaniferous maenetit,_" but 

are not evident in the chloritic matrix. This magnetite alters directly 

to martite and also appears more susceptible to the oxidation process since 

it often exhibits incipient martitization even when the surrounding 

titaniferous magnetite shows no s ign of oxidation. 

The Usushwana titaniferous magnetites contain complex ilmenite intergrowths 

of various types as well as an exsolved spinel phase. 

are described fUrther in sections 8.3.2 and 8.3.3. 

8.3.2 Ilmenite in the Usushwana ores 

These relationships 

Six distinct types of ilmenite, each characterised by differences in grain 

size and morphology are present as individual grains and intergrown phases 

in the Usush\;ana ores. These intergrowths were developed at different 

stages Quring cooling of the complex and represent various stages in an 

essentially continuous oxidation/exsolution process. The various 

microintergrowths are discussed separately for descript ive purposes althoueh 

a complete gratlation exists between the various types. 

8.3. 2.1 Coarse intergranular ilmenite 

Large, elonga.ted, irregularly shaped, ilmenite grains are located 

interstitially between the lnrger titanifercus magnetite erains as 

illustrated in Plate 5 (ErG). These ilmeni te8 are generally i n t he for", 

of single crystals, althou(l"h aegret;ates of several irregula.rly shO-l,ed grains 

may occasionally be present. They range between 0, 1 anl 0, 4mm in 1_engtl; 

and a.re ) ocated along the grain baundarieo beh/een the larger ti taniferou~ 

magneh t es. They are also oceabionally present as inclusions within the 

The intergranular ilmenite content varies between 
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3 and 7 volume per cent, but their tlistribu-tion is extremely variable. 

There is a slight increase in their abundance with increasing height 

in the seam. 

Very small magnetite platelets are sparingly present in the central 

portions of the l a rger ilmenite grains as illustrated in Plate 6 -(0-5). 

They are oriented alone; tlle basal planes of the ilmenite and, although 

they are generally less than a micrometre thicle, they are up to 15 

micrometres in length. They are uniformly thicle ani have characteristi-

cally sharp terminations. These magnetite platelets are martitised 

tn the mOre highly weathered samples, but exhibit various staees of 

martitization in the less-weathered ores. The martitization proceeds 

directly along the octahedrol planes of these ma.gnetite bodies B,S in 

the case of the larger titaniferous magnetite gTains. 

Small, rounded- to oval-shaped titaniferous ma[:netite inclusions up to 

0,02m'o in ~d.?e J are also occf\.sionally present in these ilmer.i tes anl 

"lJpear to be accidental inclusions. Th»y are te"'turaUy ,-,illlilar to the 

surroun:line; larcer t i t;;,ni ferous magnet it e grains. 

'1'h" intere;ranular ilmenites show virtually nO signs of polygollalL"tion, 

but are rather elongated, ani are characterised by highly irregular 

t,Tain bour:daries. Their location is almost al.\;ay s controlled by the 

ti taniferous magnetite grain boundaries. They are also occasionally 

connected. to broad, sparingly present ilmenite lamellae that are oriented 

a] cnlO" the octahedral planes of their titaniferous magnetite hosts. 

8.3.2.? Broad ilmenite la,mellae 

Broad ilmenite lamellae up to 0,5mm in length and between 0,01 ani O,02nl~1 

'en widtl-t are sparingly present as intergrowthn within the t i taniferous 

They are Drie"ted alone the octahedral planeR of their hosts 

anl occasionally extend to the margins of the ti taniferous ma{;TIetite gr"j ns 

\-Ihere they become broader a8 illustmted in Plate 7 (B). 

These lamellae com'll only extend slightly beyorut the pres ent bourubry of 

their ti taniferou8 rnagneti te hosts into the reeionR of sphene and cLlori te 

development. They are alBo occ>t Gicnc;lly conn8cted to the coars e inter'-

LrranulCLr i lllleIli"L (: gr<J.ins a.nd al'p. af"ter j (,pt ic:J.lly c ant inuoun with them. 
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ThesH lamellae are erratically distributed., \1[i thin the titaniferou8 

magnetites, but become progressively more common in the ores tm·Jards 

the top of the lI1ain seam. 'llhey are developed_ alon£.' all the octahedral 

planes of the titaniferous magnetites, but are too sparE:ely distributed 

to form t~'l)ica}_ trell"is patterns and t1r6 more often present as ~'~l,:rlvTir.}i 

lamellae. 

8.3.2.3 ,[ine interrenular ilmenite 

A second type of intergTal1ular ilmenite is preferentially developed 

along the numerous irregular cracks and fradures that traverse the 

titaniferolls ma.gnetites rather than along their original grain bound8.ries. 

These grains are generally rather equant in shape, although Borne are 

slightly elongated. Irhey ranee from 0,04 to O,01mm in size a.YI!J have an 

avera.ge diameter of approxima;~ely 0,02mm. 

The fine granular ilmeni tes are generally aligned in stringers along the 

fracturen and are intimately mixed with chlorite antI sphene as illustrated 

in PIl;..te '7 (A). They also oc:casionally form gram1lar agt,'regateG, but do 

not exhibit the development of polygonal gTain bountb.ries. Stl'ineers of 

these STains arf) also occasionally developed along the peripheI"J of the 

ti taniferons ma.gneti te grains at places where they are in contact with 

chlori teo 

These ilmenite grains are often connected to the ends of fine ilmenite 

lamellae that extend beyond the present ma.rgins of the ti taniferolls 

magnetite e;ra.ins into the chlorite and sphene-rich area.s. These graJ.ns 

are optically continuous ,vith the lamellae i;'l come cases, lmt in others 

they are not. 

8.3.2.4 Fine ilmenite lamellae 
• I 

The Ulmshvmna titaniferous na[,"rletites are ch<:u;),cteri~3EX1_ by -~,hf; \·Jidespread 

dev810pment of fine ilmenite trellis lame] 1ae. They vary in \1idth from 

1 tc.~ 3 micrometres, but are up to O,06mm in 1 eneth and are generally 

uniformly thick with gently tapering enels. They are oriented along the 

octahedra} planes of the host titaniferous mag"netites and form a vIell 

defined., intersecting, trj.angular, trellis pattern as illustrated in Plates 

7 (c and n). 

The ti taniferouG mA.e;neti te between closely 8pacerl ilmenite lamellae i8 



·H~·~!':::; 7 
il.l1 p>t()'.,icr()Graljh~ td.~,f~l; iL incilent lie}!t u:;ine; oi1 

. . 
1.:.':aerGJ. on objectivG2. 

B. ~",. (:o1'ru1.81 titD.nifeJ'C1JG :]la.::;netite c;ruin containillC ~;everal broad 

i1~Mmite lJ.li1elJ.i..cf:' (~~.r.1rk cTOY) 0.rul :m.rrounrled by clJlc.ritf:; (black). 

C. ;~r\ r::.::tre'lwly 'den developed trl31liu network of fine i:.r'lellite JarnelJ.ae 

(Jr"rk csrey)ievplopPt.l :J,long tIle octabedral planes of a titaniferauE' 

~~'::'L.:;'.letJ.te gTain. 

\ 

:J. :irr:ilar to (C), but shm·ring small numbers of very fine ilmenite 

interna.l granuleb (Ilark grey) that are developecl in tlle areas 

be\;i;jeen the iJ.m(-~ni.te lamellae. 

E. Ilmenite trellis lameJ.lae (dark grey) with abundant very fine-grainErl 

j lmenite internal granules (dark grey) developed in the areas bet"'ieen 

tte lamella.e. 

F. Fortion of a titaniferous magnetite grain illustrating tlle abrupt 

tr-cl-TIsition from an urea of extensive irree;ular ilmenjte internal 

Granule developn;ent (left 11anrl side) into an area of ilmenite trellip 

d E'velopment. 

G. 2>imilar to (F), but lJ.nrler higher mar.:nifica.tion showing the abrupt 

transition betv-wen the two morphological types of ilmenite (dark STey). 

L 711'8 ilr.1enite lamelJ.i:l.e (d.ark. zrey) shov-ring eviclence of thickening 

·tnd. coalescence. 
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usually free from other intergrowths and is optically hOOlogeneous as 

illustrated in Plate 7 (c). The ilmenite lamellae often enclof'e areas 

of titaniferous 'nagneti te containing very small, irregularly sJJapecl 

ilmeni te eTa-ins in places "here they are coarser and more Hidely spaced 

as illu strated in Plate 7 (E). 

The I<ell defined trellis network occasionally changes abruptly into a 

zone consiting of an apparently disordered array of irregular, elongated 

ilmeni te granules as illustrated in Plate 7 (;!') and (G). The 

relationships between the ilmenite trellis networks am these more 

irregular areas is described further in section 8.3.2.5. N Ore rarely, 

the ilmenite lamellae ShON signs of breaking down into more irregular 

Rhapes am coalesce Hi th their neighbours as illust rated in Plate 7 (H). 

The fine Hmenit" lamellae "enerally taper slightly toward s their mutual 

intersections and. are evenly distributed throughout their hosts, beinG 

present right up their r,1B.rgins. They do not decrease in size or abundance 

towards the titaniferous maenetite grain margins anI commonly extend 

~lightly beyond the present boundaries of their hosts, partioularly in 

areas where fractures containing chlorite and sphene are developed. These 

lamellae are sometimes connected to the fine intergranular ilmenite that 

is present in the chlorite-rich areas. 

These lamellae are occasionally developed on a slightly coarser scale 

am are slighi.ly spinelliferous. Small numbers of micrometre-si~ed 

rourrled, transparent spinel grains are located along the ilmenite/ 

titaniferous magnetite interfaces, in these intergrowths, particuJ.arly 

Hhere the lamellae are larger and more widely spaced. 

3.3.2.5 Very fine intragranular ilmenite 

numerous very small, irregularly shaped ilmenite grains ranging from 

sub-micrornetre sizes up to more than 5 micrometres are present in 

restricted z ones within the Usushwana titaniferous magnetites. The 

fine trellis microstructures occ~sionally clllinge character abruptly 

over the Hidth of a microscope field to form numerous irregularly 

shaped ilmenite grains in certain areas as illustrated in Plate 7 (F and G). 

They are also sometimes sliGhtly elongated alonlO the octahe(lral planes of 

their hosts as shown in Plate 8 (A). These granular zones exhibit 

ill-defined boundaries and are areally ,~maJ.l in comparison ,;i th the typical 
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trellis networks. They are irregularly distributed throughout the 

titaniferous magnetite and are present at all levels within the seam. 

~.'hey are more commonly developed at grain boundaries and in the vicinity 

of fractures than in the central parts of titaniferous magnetite g=ins. 

The orientation of these grains is crystallographically controlled and 

they are often optically continuous with neighbouring ilmenite lamellae. 

Three sets of grains are present in lamellae-free areas, each set 

consisting of a cluster of optically continuous grains. Each set 

extinguishes in turn On rotating the microscope stage between c.rossed 

nicols and the sets are orient~l at approximately 1200 with respect 

to each other. This indicates that they are also oriented along the 

octahedral directions of their titaniferous magnetite hosts. 

'the fine ilmenite granules occasionally coalesce to form slightly 

larger, but also irre~llarly-shaped, ilmenite grains. They are typically 

surrounded by a narrow zone of intergrowth-free magnetite and commonly 

contain small rounded inclusicns of optically homogeneous magnetite 

(Plate 8 (B)). 

A similar, but finer, type of irregular granular ilmenite, generally less 

than 3 micrometres in size, is present in the areas between the coarser 

ani more widely spaced ilmenite lamellae (Plates 7 (E) ani (A)). These 

grains are not crystallographically oriented, but their extremely fine 

grain size makes determinations of this nature difficult. 

8.3.2.6 Ilmenite derived from the oxidation of ulvospinel 

No typical exsolved ulvospinel microstructures were noted in the samples 

A microtexture consisting of very fine-grained, elongated 

ilmenite b~iies forming an approximately cubic pattern in titaniferous 

magnetite is present in the sample from the lowermost part of the }lain 

Seam as illustrated in Plate 8 (C). This texture appears to represent 

seconiary ilmenite derived from the oxidation of exsolved ulvospinel 

in which coarsening of the original oxidised intergrowths has occurred. 

This textural type is rare and was only noted in the lowermost part of 

the I,lain Seam. 

8.3.3 TranSparent Spinel Intergrowths 

A transparel't , aluminiUJo-rich "pinel, probably pleonaste, is r-resent as 
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a minor intergrown phase in the titaniferous magnetite. It is probably 

close to pleonaste in composition and is present as extremely small gralns 

that are sparsely distributed throughout the titaniferous magnetites. 

'·linor amOlmts are associated with the larger ilmenite lamellae where it is 

present as small rounded grains between 1 and 5 micrometres in size, that 

are arranged along the ilmenite/titaniferous magnetite interfaces . 

The bul.k of the pleonaste is present as micrometre-to sub-micrometre 

sized, rounded grains that a.re intergrown with the magnetite in the 

areas between the ilmenite lamellae. It is less frequently present as 

fine lamallae that are oriented along the cubic planes of the host 

titaniferous magnetites. These lamallae are less than a micrometre wide, 

but are up to 5 micrometres long. They become disruptai and destroyed 

during the martitization process and are not generally present in the 

martitized portions of the titaniferous magnetite grains. 

8.3.4 1,eathering of the Usushwana ores 

The Usushwana ores typically exhibit varying degrees of secondary 

oxidation fl.nil. hydration due to near surface weathering processes. This 

has re&ulted in the formation of abundant martite, goethite and secondary 

hematite together with lesser am=ts of leucoxene and titaniferous 

maghemite. The degree of alteration is highly variable and irregularly 

distributed throughout the ore, being related to the proximity of grain 

boundaries, fractures, jOints, exposed surfaces and other permeable 

features. The ores are generally highly weathered, but all gradations 

between completely decomposed and only moderately cxidised samples are 

present. 

The weathering process is progressive and commences with the oxidation 

of the titaniferous magnetite. Martite oxidation lamellae are formed 

along grain boundaries and fractures and migrate into the titaniferous 

Magnetite grains along their octahedral planes as illustrated in Plate s 

5 (E-H) and 6 (A-D). These lamellae increase in size as oxidation 

proceeds and penetrate further into the magnetite. They ultimately 

coalesce to form la.rge continuous areas of marti te that cOrnr.lonly contain 

small triangular "islands" of unoxidi sen maeneti teo The partially 

oxidised ti taniferous magnetites usually exhibit ,malteraJ. "ores and are 

surrounlal by martite ~ones of varying width (Plate 5 (B-H). 
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'1'11e martite formation normally takes place directly, but small amounts of 

tHaniferous maghemi te are developed locally bet.ween the martite and 

unoxidised. areas. The titaniferous maghemite for mation also commenceR 

along fractures arrl grain boundaries, but migrates into the titaniferous 

ma,,'1lcti te ill a more di1'fuse al:<1 irregular manner. l'1here developEY1, the 

titaniferous maghemite is eenerall.y present as a narrow, diffuse ~ one that 

separates the magnetite from the martite. The inversion of titaniferous 

maghemite to martjte takes place in an irregular fashion and boundaries 

between these phases are not well defined. The martite becomes hyd.:mted 

and is in turn altered to geothite as weathering proceeds. 

Volume changes associated with the oxidation processes commonly result in 

fracturing of the ores and goethite becomes precipitated along the 

fractures to form transgressive veinlets. The geothite veinlets commonly 

display delicately banded, colloform textures as illustrated in Plate 6 

(B). The veinlets commonly show the development of secondary hematite 

and botryoidal goethite coatinrrs are commonly developed a long open joints 

and on e:.:posed surfaces. 

The pleonaste crains are generally decomposed and have been removed from 

the more highly weathered samples while the ilmenites show varing <1-egrees 

of alteration to amorphous Ti02-rich products and poorly-crystalline 

anatase (leucoxene). Minor amounts of secondary rutile are also d.eveloped 

locally. 'rhe ilmenite alteration also COmmences along grain boundaries 

and fractures and migrates into the grains in an irregular manner. 

The chloritic matrix becomes stained with secondary iron hydroxides and 

sho,/S alterati.on to clay minerals. !<linor gibbsite is present as a 

s econdary alteration product and the sphene shows varying degrees of 

alteration to leucoxene-like aggregates having yellowish internal 

reflections. 

8.4 Chemical Composition of the Usushwana Ore" 

The Usushwana ores were not all analysed as typical whole rock specimens 

,lue to their highly weathered nature. The presence of abundant secondary 

geothite and other oxidised and hydrated products wouli!. have resulted in 

low totals since combined water was not determined. 

Titaniferous magnetite concentrates containing lower percentaees of 
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oxidised material were prepared for analysis. Several samples of 

untreated ore were, hO~lever, analysed in order to furnish information on 

the bulk chemistry of the Ores and for use as a check on the 

effectiveness of the sample preparation procedures. The analyses of 

typical untreated , weathered ores from the U sushwana complex are given 

in Table 8. 

TABLE 8 

Bulk analyses of Usushwana titaniferous iron ores 

Sample 
Element IR 243 IR 246 IR 249 IR 250 UF 177'" UF 191 ... R 7+ 

Si02 3,63 3,73 3,85 3,;>4 7,05 8,77 5,12 

TiD? 13, 30 13,08 12,27 13,32 15 ,64 13,16 15,17 

A102 3,77 2,79 3,33 3,03 3,66 4,01 3,99 

Cr20
3 

0,12 0,08 0,04 0,05 0,02 0,01 0,02 

Fe20
3 

62,72 67,40 64,98 49,66 39,56 39,60 56 ,69 

FeO 15,38 12,10 13,88 29,64 29,14 28,78 11,50 

J~nO 0,36 0,35 0,38 0,43 0,26 0,56 0,40 

~lgO 0,42 0,93 0,97 0,75 0,82 0,08 0,80 

V20
5 

0,29 0,29 0,28 0,29 0,22 0,05 0,40 

TOTAL : 99,99 100,75 99,98 100,41 96,37 95,0? 94,09 

... Analyses of titaniferous magnetite from the Usushwana complex (l-linter,1965) 

+ Almlysis of titaniferous magnetite from the upper eroup of seam of the 

Bushveld Igneous Complex (Schwellrms and t/illemse, 1943). 

The high purity of the Usushwana ores is reflected in the relatively low 

f>i02 values shown in the analyses, These SiO" values, together with a 

portion of the Al?03 and J~gO, are due largely to the presence of 8 1:1",11 

amounts of ohloritic material in the ore. 

'rIle TiO" values are in the normal range for rocks of this type and can 

be largely accounted for by the eranlllar and intererown ilmenite. The 

"ecol1Jlary sphene an'1. i lm"nite alteration pr()(lucis would account for the 

reil1ainint' Ti02, The V 205 contents of the ore ,., are e:ctremely 10,1 ani the 

Usushwana titaniferous :!1aE;rret. i,tes cannot be ree;ard ed as potential vanadi1...' 

ore!:). 
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The high Fe20
3 

values reflect the hi.ghly oxi,lised nature of tbe ores which 

hus resul tel from n.ear surface weathering processes. The poseibJe effec'I.;o 

of lat~stage deuteric o:;;:i,lat.ion have been obscured by the weathering 

process. 

The Usus)ulana ores are chemica11y similar to tl~ e ti tCl.nifeJ'ou~ iron orHS 

of the Upper Sea>;, of the Bushveld. Compl,,;;:, but contain J.ee.8 ",iC~. 

j.n;),ly~8s of tHO Uf..'Usnv:RI'l8. iii+'aniff--)rous 1i1i3.gJ,eti tes from S-"'Tdi':ilanl (.Jil1ter, 

19f)5) are Cj ven for 00mpariRoll D·nel it 0V;1 be Geen th .. 9.t they aJ so r1- '~1 i"ld t 

very 10,' V;>05 contents. These two samples (W 177 and 191) contain 

L:reater amountCl of Si02 and A1 20
3 

whicl) inilicate a hi,,11er content .of 

silicate ill1purities. 

8.5 Chemical Analyses of Usushwana Titaniferous Magnetite . 

'rit1>niferOlls magnetite concentrates were prepared by disaggregating 

sampl (-H::J usinG eentle presf.mre in a cer,-1.mj 0 ~:lortar. The clisacgre@ted 

s;1["ples we",e then stirred vigorously in water for 15 minut~s using a 

mechanical stirrer. The samples were allo<;e:l to stand for one minute 

a.fter which the material in suspension was decant",i. Thi s procesE: was 

continued lmtil no red colouration of the water was apparent ani no fine 

material remained in suspension after stirring. 

The suspended solids in the decanted .rash water were sedimented by 

centrifu~tion and the phases present identified by x-ray diffraction. 

This material consisted largely of chlorite, together with smaller amount" 

of poorly-crY8talline goethite and hematite as well as minor ilmenite and. 

magneti teo 

The titaniferous magnetite concentrate was prepared by repeated magnetic 

separations under acetone using a powerful permanent nagnet. A non-

magneti.c residue >Tas generally present in small, but variable amounts and 

consisted largely of secondary hematite containing fine :i.lmenite lamellae, 

goethite, 

indicate:l 

ch1 ori t e and ilmenite. X-ray ,iiffr-d.ction investigations 

th8 presence of poorly crystalline hematite and goethite 

together with ilmenite and some chlorite. Analyses of the titaniferous 

magnetite concentrates are given in Table 9 and are also presented 

graphically in figure 3. 



TABLE 9 

Al!Al"lllrn OF U5lJl!ll!IAJI.I. TITABIFERCXJS 1IA!II!!lr= 

m 240 IR 241 m 242 IR 243 IR244 m 245 m 246 IR 24'/ IR 248 IR 249 

5i02 ',12 0,87 1,39 1,63 1,92 2,44 1,24 1,41 2,48 2,62 

Ti02 14,10 14,35 14,51 14,61 13,80 13,88 13,59 14,31 14,06 13,61 

H 203 1,43 1,22 1,45 1,14 1,92 1,81 1,15 1,50 1,54 1,79 

Cr203 < 0,05 <: 0,05 <.0,05 0,13 < 0,05 <: 0,05 0,10 <: 0,05 <: 0,05 <0,05 

h:!°3 52,77 53,!7T 62,30 62,08 63,93 56,08 71,74 58,75 66,32 66,90 

1'00 30,58 28,46 20,10 18,54 18,77 25,11 12,09 22,57 15,26 13,76 

lIllO 0,30 0,28 0,20 0,22 0,22 0,23 0,22 0,25 0,19 0,23 

IlgO 0,37 0,32 0,36 0,38 0,32 0,36 0,27 0,31 0,30 0,31 

V20
5 

0,26 0,27 0,31 0,35 0,30 0,30 0,29 0,30 0,)2 0,)0 

TorAL 1 100,93 99,74 100,62 99,08 101,18 100,21 100,69 99,40 100,47 99,52 

TOrAL Fet 60,77 59,87 59,20 51,83 59,30 58,74 59,57 58,63 58,25 57 ,49 
----

+ Sample of Ut&n1ferou8 magnetite f'l'om the upper Beam of the Buahveld Complex (Molyneux, 1970&, 1912). 

IR 250 m 251 

3,04 1,48 

13,73 14,01 

1,75 1,72 

'< 0,05 < 0,05 

51,80 60,59 

29,82 21,30 

0,23 0,23 

0,21 0,20 

0,35 0,)1 

100,93 99,64 

59,41 58,93 
------ ------

m 252 

2,29 

16,67 

1,07 

0,10 

44,75 

33,36 

0,32 

0,54 

0,2) 

99 , 33 

57 ,23 

- -

.600. 

1,Ia 

18,92 

2,31 

0,03 

42,07 

33,50 , 

0,27 

0,71 : 

0,23 : 

99,22 

55,46 

.". 

W 
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The beneficiation process removed only a portion of the chlorite 

impurities, a minor amount of ilmenite and some completely altered 

titaniferous magnetite grains. The analyses of the separated 

titaniferous magnetites 110 not differ substantially from the analyses of 

untreated ores apart from lower SiO?, A1 20
3 

ami Me\) values. In particuli.Lr, 

the :>lightly higher TiO? values in the separated samples are !lot um'i.erst ocxl, 

since a portion of the coarl'&-grained ilmenite lias lost during the 

ben~ficiation process. This loss would have been expected. to balance the 

increase in TiO~ in the samples after the removal of up to 6 per cen'. 1,y 
<, 

maRS of chloritic impurities. 'rh" V20
5 

content of the ores is only 

narginally improved by the beneficiation process. 

The overall Fe20
3 

content of the titaniferous magnetite concentrate is 

lower than that of the untreated ore since the magnetic grains generally 

have cores or small areas of unoxidised magnetite. In SOme cases the 

tnacnetic character of the oxidiBed grains is due to the presence of 

maghemite. 

The low Fer) contents of the samples reflect their highly oxidised nature. 

]hneralogical calculations indicate that once all the Ti02 haG been 

combined with FeO to form ilmenite 

can be asoigned to magnetite. In 

only minor amOlmts of FeO remain which 

the extreme case (e.g. IR 246) there is 

even ins1J.fficient FeO to form 

inlicatp.s tbat some oxidation 

ilmenite with all of the TW? present 
2+ 3+ . 

and thi" 

of Fe to Fe must 0.1 so have occurred in the 

ilmeni te. 

The titani,ferous magnetites from different levelG within the ~!ain Seam 

are all compositionally similar. Sample IR 252 represents a 

titaniferous magnetite concentrate from a narrow, silicat&-rich seam about 

50m below the J~ain Seam and is characterised by a slightly higher Ti02 
content. The Si0

2 
values obtained for these samples are largely due to 

the presence of minor chloritic impurities that were not remov~l during 

the separation process. Analyses of titaniferous magnetites commonly 

shot., the presence of somewhat less than 0,5 per cent Si02 in whi ch the Si 

is probably present in solid solution in the magnetite. (Vincent and. 

Phillips, 1954). The A1 20
3 

values are al~o lower than in the untreated 

ores and are in part due nnainly to the presence of the chloritic 

impurities. The remaining A1 20
3 

can be accounted for by the tran~parent 

spinel lamellae in the titaniferous magnetite. The 10" A1 20
3 

content of 
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the titaniferous magnetite is reflected by the very small si~e and 

paucity of spinel eXBolution lamellae. 

Both ~ie0 and l'lnO exhibit 101< values in the titaniferous magnetite and 

there i ~ no si(l1lificant variation between different levels in the Main 

seam. The V,,0
5 

values are marginally hirrher in the titaniferous 

magnetite concentrates that in the ore as a whole, but are nevertheless 

too low to warrant recovery. 

8.6 Analyses of Co-existing Ilmenites from the Usushwana Complex 

Electron microprobe analyses of co-existing coarse grained int ergranular 

ilmenites f rot" the Usush1;ana Complex are given in Table 10 and are also 

expressed graphically in figure 4. The ilmenites exhibit higher values 

fo r both MnO and NgO than thei co-existing ti taniferous magnetites. 

ir,dicates the preferential incorporation of these elements into the 

Thit.; 

r hombohedral rather than cubic phase during crystallisation. The two 

analysed ilmenites from the stratigraphically hi gher gabbros (IR 255-256) 

show higher MnO values than t he ilmenites from t he main s ea,., but have 

,'imilar MgO contents. 

Re,calculation of the analy8es assuming stoichiometry indicates the 

presence of small amounts of excess Fe in the il,enit e. Th is Fe is 

p:cobably in the form of Fe20
3 

in solid solution in the ilmenit e. 

8.7 Beneficiation 

The Usushwana titaniferous iron ores from the main seam contain less than 

6 per cent of s ilicate impurities, and as such, require only limited. 

beneficiation. Their Ti0
2 

contents are probably too low for high-titania 

S.li~g production \;hile their V 205 contents are al~o very 10>1 and would not 

warr~nt recovery. 

It is possible to produce an ilmenite concentrate from the Usushwana ores 

by crushing to a grain-si~e of less than 350 lr,esh, followed 10y 

electromagnet ic separation. 'rile amount 01' ilmenite with a suffi ciently 

large (7ain-:.;ize for recovery is, however, limited and it it unlikely 

that a.n ilmenite concentrate consisting of more than 3 per cent by mas" of 

the total ore can be prepared. in this way. COlnpariHon of analyses of the 

beneficiated -titnniferouf; Irk'lt:;netites in Table 9 with those of the 

corresponlinc; untren.t",l. orOB in 'Pable 8 inrl iC1,t ~·, tba.t l it tle co.n 10e 



TABLE 10 

:~-~':::;:, : .:~:',. ~orrI...D: MICROFRClBE ANALlSrn (F CQA.BSE CIRlIJlED luaJIlTGS 

C:x1.! e IR '40 IR 241 m 242 I IR 24\ IR244 m'" m2.46 IR '(/ 

TiC~ 50,52 50,18 SO,01 49,53 51,55 50,13 50,59 50,95 

FeO 43,12 42.99 43.32 42.'16 44.34 43,00 43.43 43.S1 

."" ° 6S 0.S5 0.59 060 ° 61 062 06] 063 

""0 1 15 1 14 ° 84 0.89 0.90 0.91 0.87 0.89 

• ..,°3 
3,5') 4,95 5,75 5,43 2,63 4,55 3,6'7 5.43 

H 2O, 0,24 0,12 0,12 0,12 0,13 0,12 0,14 0,13 

Cr20
3 0,17 0,18 0,19 0,2) 0,18 0,17 0.17 0,17 

1'OUL • 99.44 100 11 100 82 99.36 100.34 99 . 50 99 . 50 101.71 

1!!!'!2?! tI IQIS or 'l'HB BlSl§ !J' 6 CIt'Itl§BS 

il3• 0.012 0.006 0.006 10.006 0.006 0.006 0.006 0._ 

Crl~ 0.006 0 .006 0 .006 0.006 0.006 0.006 0.006 0.006 
,,3. o 134 0 .188 0.216 0.208 0.096 0.1'10 0."0 0.202 .... 1.924 1.900 1 886 1.890 1.946 1._ 1._ 1.8n 
.,..2~ 1 826 1 810 1.805 1 80S 1.862 1 823 1839 1.799 

.k 0.049 0.042 0.045 10.046 0.04'l O~046 0.0C!l n.nn .. 0.0" 0.048 0~0J6: ,0.0" 0.0" 0.n40 0.016 O.IID 

!ORL I 4,000 4,000 4,000 4.000 4.000 4.000 4.000 4.000 

mAW! caqwm(l gUM P!!l ePf> 

.... 03 91,12 90.(1 90.27 90.24 91.01 91.17 91.95 89.92 
11#103 2.44 2,12 2,25 2.29 2,28 2.28 2.43 2.37 

.... 0, 2,44 2.42 1.80 1,98 1,98 1,9.S. 1,82 .' 2,31· 

"2°3 3.80 4.99 5.68 5.49 2,73 405'1 ).80 5.34 

TOUL I 100.00 100,00 100.00 100.00 100.00 100.00 100.00 100.00 

+h20
3 

calatLla"ted assuming ilmenite trtoiohiomatr:r. 

)(600 ooueo-gra1nod. llmeni to trom S-.m 21, Bu.Bhveld Coarpla: (lol1nwx, 197Cla, 1972). 

!i.?. not reported. 

SILICATE· 0,"""""", :&::::".-:..:':> 
RICH SF.UI MSIC Ro::Y.S :CJU·:...u. 

III 248 m 249 IR '0;0 IR ,S1 IR ,,, IR ,,, IR ,,, . • GOC 

49,88 50,72 50,16 51,29 50,68 49,14 51,J( 51,9 

42.8S 4360 43,19 44,05 43.32 ". ,6 42,6 ,e.4 

0.60 ° 61 0.60 0.64 065 065 0.6- 3.4 

0.91 0.90 0.92 0.92 1.04 , 17 ,." •• Ii.. 

4.07 4.2) 5.19 4.87 5.99 6,)1 2.T! 5.8 

0,15 0,12 0,1) 0,1) 0,13 0,13 0.' 0.) 

0,17 0,16 0.17 0,18 0,18 0,17 0.' ".ll. 

9863 100.34 100.36 102 08 101.99 100.53 100 0 99.80 

0.006 0.006 0 . 006 0.006 0.006 0.006 0.006 

0.006 0.006 11.006 0 .006 0.006 0.006 0 .006 .,. 
0.1'" 0.1'16 0.200 0.1'18 0.226 0 • ..., 0.102 .... 
1.917 1.916 1.894 1.905 1.881 1.874 LOA> 

1.831 1.832 1.810 1 819 1,789 '~m 1.""8 

.0.046 0.04' 0.01.' o.nn O.on 0.048 0.048 

0 .0," 0.0" 0.030 0.0" 0.04. 0.093 0 .097 

4.000 4,000 .4,000 4,000 4.000 4,000 4.000 

91,55 91.56 90.50 90.95 89.(1 86,62 89,86 

2.)0 2,26 2,26 2,37 2,37 2,41 2.42 

2,00 1,96 1.96 1,93 2,23 4,66 4,84 

4,15 4,22 5,28 4,75 5,93 6,]1 2,88 

100,00 100,00 100,00 1001.00 .199.1.90 100 00 100 00 
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achi eved by beneficiation, apart from the rer,lOvnl of a portion of the 

silicate8. 

The rel,lOval of the ,;mall amount of chlorite and COarse erained i }.meni te 

remlt r..; in a r;)8.r gir..al increc.'1.f:e in V?Cr::: in t he ma[:;netic .~ract ioll, but tLi ': 
. - J 

increase i n im;ufficient to \·rarrent trea.t",ent. The bulk of the Ti0
2 

i ~ 

pre::~cnt in t.he ferrll of nU,;1erO'u.S fine-grained ill7leni te int(.rt.:,Towths that 

a re taCo fine- (;T'dined. to be l.iberated to any ",---tent by conventional 

Trl8chanical uepi;I.ration process88. Any masnetit03 concentrate prod.uc"l. 

(lurine beneficiation Houlel. have a Ti0
2 c ont ent of at least 1(l per c<.lnt. 

8.13 Discussion 

~.'he Usushwana ti taniferous iron ores can be distinguished both cLemically 

and textur",] ly from the ores of the other complexes investigatal. They 

8.re c],emically similar to the upper magnetite seam of the Bushveld Comp].",.: 

(seam ?1) anu. might also be texturally similar since Jiolyneux (1970 a) 

reports an increase in the proportion of lamellar i lr:1Ard te in this seam. 

'J1be miCl'os"tructureH a.nd mineral associations preBent in the U8Usbwana. 

ores reflect a complex post-crystallisation history. In particular, the 

fracture<l naturp- of the titaniferous masneti te graills ,lid t r.e as,;ocia.teu. 

s econdary sphene and chlorite ,levelopment is problematical. Ther<e 

alteration featureR could have developed. either during l".te ina(7l8.tic 

procesBer: (deuteric alteration) or are possibly the result of a later 

lo',- erade lnetamorphic event. 

Humphrey and Kriee (1931) reported the extens ive uralitization of pyroxene 

and c«.1lssuriti ?,ation of plagioclase in the UsushIJana rock" in the area 

ilnmeii~,t ely to th& south of the ore deposit s. They also mention that the 

..;abbroB further to the north (i. e. the area of present intp-rest) are 

similarly altered. Hinter (1965) also reported the "ii deBpreai1. aJ.teration 

of pyr oxene to arr,phibole in the Swaziland. portion of the Usus]'Ma!1? Comp}.,,:. 

·rh." gabbroic rocks associ8.ted !;ith the tit aniferous ma.gnetite ;, (t'cis s tudy) 

'~;.JO'. variablo d.eereer: of pyroxene amphilboliti :<ation. 'l'te alteration 

of the UHuHfJ\"rana lS"d.bbrOB l ias not been inveGti~c;lteU. in detail, but their 

fea t.urcn arv r;on:;j frt,ant. with low gra.cJ.e metal llt'rphiGlIl. 

The ror:l\atiul~ cf !:phene and other neconrla:cy ;"it lcr3.1 r. ;J.t ~ 11 (. e~:p(mse of 

j: it"nit~roJl." '.!8. .. netites ]-.0. ,: been report"" in t1:e literature, bnt ]"'G not 
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been investigated in detail. ilarrdohr (195G) stated that spbene is 

present as an alteration prcduct of ilmenite in motamorphic rocks formed 

above 400°C and is also forme:l 1\" a hydrothermal ",lteration prcxluct in 

certain basic rocks. A revie,1 of the literature also iniicateu that 

sphene can be developed. at the expense of titaniferous rnaenetit.e, both 

Ul1IJ er late-<!tage magmatic conii tions and durine metamorpr,isr,). 

Campbell d a1. (1932) reported that the titaniferous iron oxirles in a 

bal'ic crill r,ac1, bE'en partially repla.ced by "granules of brown crystal' i,le 

sphene" • They noted that the sphene alteration is ,"ost pronounced in 

rocks that ShO,' evidence of "calcification" and is associated ",ith 

chloritiv.ation. Gorn",all (1951) report~ that the magnetite and ilmenite 

in thick Ke"eeTh'l.>lan basaltic lava fl(MS are moderat ely to intensely 

veined and irreGUlarly replacEd by chlorite, sphene and hematite. He 

concluo,el that this alteration was the result of volatile e.ctivity in 

the cooling ,oB.er'la . ;iilkinson (1957) reported that, the htanomaenetites 

in a tescheni te sill often exhibit internal rleuteric i'.lteration to sphene 

I1rm 1 eucoxene. 

Baragar (1960) noted the presence of turbid, ophitic masses of granular 

sphene containinC'trianeularly, or rectangularly arranged ilmenite 

lat.lellae in Cd.bbros. He concluded that they \-rere altered titaniferous 

llaenetite O'ains containing exsolved ilmenite. He suggested. that t;le 

",lteration >laG presumably faGilitated by the presence of exsolv8<l 

'~lv08p ineJ. since it weakened the resistance of the magnetite to 

replacement anl provided the titanium nec8sBary for sphene formation. 

Desborough (1963) described the alteration of maenetit.e-ulvospinel to 

spl"cne aggree;atet: in differentiatel basic rocks and noteJ that the ilmenite 

commonly remained unaffected d.uring this process. He reported that the 

replacement of magnetit&-ulvospinel by sphene (>pparently occurred 'Iithout 

a volume change resulting in the preservation of the delicate ilmenite 

lamellae within the ophene aggree;ates. He noted that an stages of the 

replacement procesc coul(l be observed wi thin the same specimen and that 

the co-existinlO olivine also showed alteration to chl.orite. The 

a s[loc iatecl plalOiocl(>se i s only olie;ht ly sauGsu.riti'·',eJ Hhile the aut;i te is 

rarelyalterecl. 
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wi th the alteration of ti tanomaenetite and note'! ·'hat this phenomenon 

micht be more common than previously recoenisRC1 .• He investigatei t.he 

altera"ion of magnetite-ulvospinel. intergrowths to turbirl sphene ill 

altered rlifferentiated basic rocks and_ sug(l"ested tLat it was eausecl. by 

fluid" d·eri.ved from the basic magma. These fluids were report ",1 to be 

in the temperature ranee of hiehe.r-temperature hydrothermal "olutions 

anl \-Jere active duri ng the later-stages of crystallisation. 

Jensen (1966) reported the alteration of both titanomagnetite and ilmr nite 

to turbid s phene in dolerite dykes. He concl.uited that the alteration was 

'l.ue to the action of highly penetrative hypergene sol.1Jtions 6xpell.ed froc;;. 

the residual molten pa.rts of the magma. 

Davidson and ;iyJlie (1968) reported the cli n»oluti on of mac,'Tletite and the 

l",recence of' s)-eletal ilmenite <:;rai.ns that WAre intimately a<:.c;ociated wi.th 

hydrous rl1afi c minera l s in a granopliryric o.ial)ase. They concluc1et.i. that 

this il,~enite WaG originally present as J.amellae iI' tl,e mae;netite t.'.at 

had been rlisoolva:l by the act;.on of later s ol.utions. Tl-jese s olut ions 

"ere also responsible for the formation of the 8econd.ary hydrous nlafic 

,"ineral c ,,;,ich erystallised at high temperatures, pos~ibly above th, 

">', . .:met i te-ulvo:;pine 1 S ol.vus. 

'i:i.ll.,,"sP (1969b) am Molyneu:( (1970 a,b) reported minor late =[,'11latic nt<.c" 

rep l ac"" ,en;; of 3ushveld t i taniferous maer.et it es by sphei1e "lI'i other eant,''' ·: 

mineralG. " "conIine to ':;:iUc·.lse (1969b) chlorite, biotite, amp'nibcle, 

I.mlp;\i.,les "ni , possibly Rphp.ne, are forrne l. at the expense of t i taniferouE 

IflaQ.let i. t e by late stage 

Pt'lsinsl':a and Jasienska 

volatile activity ,luring 

(1971) reported that the 

1 . COO .. lng. Hubicka-

alteration of 

ti.tanomagneti te to ':pllen" taLes place via the formation of il'ter'.laliate 

- h' 1· 1 til· fA_· f ~?+ r· 4+ 1 '". 4+ ~ . tltanomag em1te .;11)( lnvo V8G '1 e C 1 . .Ll).f:~lOn 0 - IJ 1. ,;:.)1 ,anc "1.1 ca",lons 

from t 1.0 fturronnli.ng IIdneralr: wl~ile Fe3+if: rcr,lc'\.Tel from the titar!iferou.s 

""'enet it e. 

~l ",lon (197 2) noted that the titanomaenetit"l: il! the ;:a1' ;;;'lvanl ii01 '1 13a,s ic 

Intl"UGion ~ometime8 8hovl considerable latE:.-stat.:;8 n1. teration ·~o chlorite 

intcrcrowl1 \.,rith u.n uydJenti['ie-l, e~r!;remely fi!le-t'rairle3., clark brOvH1 

r:lB.terial (pOI :Si11ly sphene?). 

:-.',phene (,,, ",n al!3o for:lI fl'olll tita:d.ferouD mac netit.e ;)"vd i J. mel'lite {lur inG 
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regional metamorphism (Ramohr, 1956). Bud.dine-t;on et al. (1955,1963) 

reported its forma.tion at the expense of these minerals in regional ly 

metamorphosed eneisses. Hilcox and Poldervaart (1958) reported the 

development of granular sphene rims round titaniferous magnetite in 

metadolerites and noted that sphene commonly takes the 

Noble (1959) also 

place of magnetite 

reported. the common in SOme amphibol i tes. Ruckmick and 

occurrence of su1>-hedral to euhedral sphene in intimate association >lith 

magnetite in a saussuriti~ed metagabbro. Desborough (1963) noted that 

the iron-titanium oxides in diabases and related rock types would a" ' c be 

converted to sphene under regional metamorphic conditions. 

According to the experimental (lata of Schuiling and Vink (1907), the 

sphene stability field lies 1;ithin the temperature range encountered both 

during the subsolidus cooling of 

metamorphism (less than 500oC). 
basic rocks and (luring low grade 

Hunt and Kerrick (1977) also noted that 

sphene can be formed from ilmenite during meta,eorphism, but comment on 

the lack of published experimental data on the possible mechanisms 

involved. 

The exact mechanism by which sphene, chlorite and o·~her hydrous silicates 

can be formed from titaniferous magnetite is uncertain, but the foregoing 

literature review suggests that it involves the presence of a solution or 

at least of some volatiles. The process is also operative at elevated 

temperatures both during the late stages of magmatic crystallisation or a 

sub secruent metamorphic event. The reactions involving the formation of 

sphene from ilmenite or ulvospinel can be represented schematically as 

-('ollows: 

3 FeTiO, 
.) 

+ 

ilmenite 

OR, 

3 Fe;>Ti04 + 

ulvospinel 

3 CaO + 3 Si02 + 2 02--' 3 CaTiSi0
5 

+ 
(from plagioclase) sphene + magnetite component 

3 CaO + 3 8i02 + 

(from pla.giocl~se) 

02- 3 CaTiSi0
5 

sphene + 

+ 

magnetite component 

1'10 experimental data are available on the for,nation of sphene f rom 

titaniferOlls magnetite, but Fe and Ti ions would become liberated ,luring 

its dissolution, while the Ca anI Si ions rerrnire1 to form sphene can be 

obtained from either the original interprecipi tate liquid, plaV.oclase or 

Ca.-rich pyroxene. The pl'esence of a fluid phase at elevated ·Lemperaturec 
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woul"_ fu.cili tate the ionic mobility and possible introduction of oxygen • 

. , portion of the Fe lil)erate<l <luring reaction might be incorporate<l 

into secondary chl orite or hornbleme while any excess mi ght have 

contributed to the formation of occa,:ional tranSCTessive ma,;n etit e 

veiJ'11ets in the manner envisaeed by Davidson and \,yllie (19 (,3). 

'rrans CTessive j,lagnetite veinl et:-.: apparently originating at t he site of 

abUJ'll.lant AphmlC '1.evelopment -_;erc, hOHever, not note<, i.n thi u s t.uJ.y. 

The nature of the fr'd.ct.uring of the titaniferous Illagnetite grains 

"'" Ceest s that :Lt was caused by s ome pJ:'oces s other tha.n t ectonic stI'E.»S 

since thi " would have result e l in the complete brecciati on of t he grains . 

The fractures woul d then have been continuous both across ind ividual am 

ne ighbourinlS grains while dinpla cement of fr-d.tsments would a 180 have 

occurred. A well defined, preferred orientation Iwuld have d evelope(i 

in the more e:--treme (',,8.ses of ll eformation. 

'rhe fracturing occurred at temperatures that were too low for any marked 

annealinG or healing of the fractures to have taken place. There is 

no evidence of post-fracturing grain-boumary migration or any other 

form of re-adjustment having taken place between the individual fragments 

and their neighbours. The presence of s ma.ll irregularly-shaped ilmeni tc 

c-rail1fl alonlS the marGins of fracture s suGgests that, although the 

temperatures ,Jere suf ficiently high for the small-Heale oxidation/ 

exsolution of ilmenite, they ,Jere not hieh enough for grain boundary 

Ill) tr.ration. 

Many of the8e small ilmenite grains are connected to fine ilmenite 

lamellae that project beyond the margins of the corroded titaniferous 

macneti tes. Thi~ ffilggests that they might represent a second generation 

of 10weI'-temperature "external L'T8.nule" ilmenite oxidati on/ exs oJ.ution 

b(J(li es that have developec.l on a much finer pcale due to t h e ,lecrease:i 

ionic mobili tie" at lowE:r t empera-tures. The f racturing ",ould have 

e;enerated fresh nucleation sit es alone; the newly formed c-rain boun1_aries 

and this tYl)e of eccBolution would al so have been fa.cili tate! by re,ucinG 

the distances over which din 'usion would bp. necessary. It is a l s o 

possible that a portion of this ilmenite might have been formed. f rom the 

Ti and Fe ionf3 releasod (luring titaniferous magnetite dboolution when 

there was insufficient Cs. present to form sphp.ne . 'rhe projectinG en,l" 

of the ilmenite h.Ul€lllae ;, ou1,1 have provi,l.e<l =itabl. p. ""cleo.tion dt.", 
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for growth of this ilmenite. 

The marginal fracturing of the ti taniferous maenet i te grains may have 

occurr€rl during the alteration process which commenced a.t grain 

boundaries and along pre-existing cracks. Dissolution would cause 

the formation of slight embayments and it is pOGsible that slight volume 

changes associated with the sphene- and c}:lorite-forrnation were 

Sll.fficier,t to cause fracturinc of the ti tanife rous magnetite. This 

;loul<1. produce fresh surfaces that would in turn be available for rea."tion 

and woulLl become coated >lith a thin veneer of chlorite and sphene to 

produce the t.ypical Ususll\;-a.M te}::tures. This is contrary to the views 

of Desborough (1963) who suggested that no volume changes are involved 

durine; thi s process. 

1']-'e alteration is generally only incipient in the Hain Seam, but increases 

slightly Hhere there is an increase in chlortic material. The l'[ egree of 

alteration is more extensive in the chlol'ite-rich ore" undel'lying the main 

fOearn ,·,hile the disseminated titaniferous maenei.ite in the overlying 

gabbros has been almost completely altered to turbid. sphene containine 

relict ilmenite lamellae. The pyroxenes in the alteral. gabbros have 

narrO'.'1 outer rims of green hornblende that may have incorporated SOllle of 

the Fe released ,luring the alteration of the associatal. titaniferous 

mac:;netite. 

The alteration of titaniferous magnetite to sphene may have, iT'. part, been 

due to the action of late-stage magmatic fluids. The wiLlespreail 

alteration of the UsuDh",ana basic rocks reported by HU!~phrey "nC!. Krige 

(1931), ,l inter (1965). HUl',ter (1970) and the ubiquitous development of 

c;hlorite in the ores e:lGl.mineu. during thi s study, suggest, however, tilat t Il<> 

bulk of the f<phene ",as developel during a subsequent low grade met8.morphic 

event. The temperatures re"ch&1. during thi s event 1Tn!st have beeu low 

enough to prevent a"" mark€rl. r8crystalli zation of the ores, but ,·wre high 

fmough to allow tl,e observe] reactions to take place. The seeon,l 

eencration of fine-BTained e:',derl1i,."l e;:-al;ule ilmenite may have beer: far(uaJ .. , 

"t least in part, .luring cooline after the therma.l pea], of the I!letccr .orpld.() 

event. 

TL 'J temIJer'd.turc: con:litions re;.\che:l JurinC' tl. i ::: fIlP.t<..Lt'lo x'r>liic epis()le Here not 

hi ell t:"l1OU,:::J ; t.o .I,llo;:~ for -~he ~rl1.8f-;lTrer-·.!1 ml..>«( ific:·:.tion of tl' e Ilro-n:;.:istin[; 
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defined ilmenite trellis networks occasionally show evidence of 

breakdown, but the resulting spheroidization is only of an incipient 

nature. The abundant fine ilmenite granules most probably formed 

during subsolidus cooling under conditions of high oxygen fugacity 

as envisaged by Buddington and Lindsley (1964) (internal granule 

exsolution) • 

The well developed, fine ilmenite trellis miorointergrowths together 

with their enclosed fine ilmenite grains (internal granules) are 

indicative of relatively high oxygen fugacities during cooling at 

temperatures bel ow the magnetite-ulvospinel solvus. The general lack 

of relict ulvospinel textures, except in the lowermost part of the 

thick seam, 

during this 

provides additional evidence for higher oxygen fugacities 

stage of cooling. This is in contrast to relationships 

in the Skaergaard complex in which there is a decrease in oxygen fugacity 

with fa l l i ng temperature (Wi l liams, 1971). 

The co-existing coarse-grained ilmenite grains are only present in minor 

amounts and their morphologies suggest that they are early-stage, external 

granule exsolution products, rather than co-precipitated grains. 

The presence of oriented magnetite lamellae in this ilmenite is also 

problematical. The microstructural evidence suggests that relatively 

high oxygen fugacities existed during the cooling of the Usushwana ores so 

that any iron-rich ilmenite might have been expected to exsolve hematite 

rather than magnetite. Providing that the oxygen fugacities were buffered 

to low enough values during cooling, reduction of Fe20
3

, both in solid 

solution and in the exsolution lamellae would occur to form magnetite. 

This magnetite would then be present as "exsolution lamellae" in the 

ilmenite according to the mechanism of Buddington et al. (1963) and 

Buddington and Lindsley (1964). The reduction of ilmenite to ulvospinel 

requires exceptionally strong reducing conditions, so that even though the 

oxygen fugacities were low enough to reduce hematite, they would not have 

been low enough to have influenced the the other microstructures . Ilmenite 

would have remained as the stable phase in the titaniferous magnetites. 

8.9 Genesis of the Usushwana Ores 

The nature of the Usushwana titaniferous magnetites and their occurrence 
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in well defined layers towards the upper parts of a large basio intrusion 

is consistent with their having formed during the normal crystallisation 

processes that are operative in large fractionated basic intrusions that 

show late-stage iron enrichment . The microstructures developed in the 

Usushwana ores suggest the following sequence of formation:-

1) The formation of cumulate layers consisting essentially of a 

homogeneous high temperature, iron-rich,spinellid phase containing 

moderate amounts of Ti and minor amounts of Mg, Mn, Al and V. A 

little plagioclase and pyroxene may have co-precipitated with the 

spinel in the relatively pure seams , while larger amounts of these 

mineral co-precipitated in the silicate-rich seams. Factors such as 

post-cumulus growth, removal of intergranular fluids by filter pressing 

and annealing may also have played an important role in the development 

of the ore-rich horizons. 

2) At the commencement of cooling, exsolution of a titanium-rich oxide 

phase was initiated resulting in the formation of several per cent 

by mass of intergranular ilmenite and possibly the sparsely distributed 

broad ilmenite lamellae. This ilmenite represents less than 5 per cent 

of the total mass of the are and is probably true exsolved ilmenite 

(Anderson, 1968b). The nucleation and growth of these phases 

oocurred along grain boundary imperfections with the discrete grains 

developing externally and the lamellae growing into the magnetites 

parallel to their octahedral planes. This corresponds to the 

"external granule" exsolution products described by Buddington and 

Lindsley (1964) and this process would have ceased once temperatures 

fell tp below approximately 750°C (Buddington and Lindsley , 1964 ; 
Anderson, 1968b) . Grain- boundary adjustment would have taken place 

under the influence of interfacial free energy during this sta ge due 

to the higher ionic mobility at elevated temperatures. This annealing 

process would have contributed to the development of polygonal grains 

with interfacial angles approximating 120° . 

3) As cooling continued to lower temperatures, t he processes in stage 2 

would have become progressively less important as the ionic mobility 

decreased. Once the amount of exsolved ilmenite had risen above 

approximately 5 per cent by mass of the titaniferous magnetite, any 

additional ilmenite must have formed by a contemporaneouc oxidation/ 
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exsolution prooess (Anderson, 1968b). This process operates under 

conditions of relatively high oxygen fugacity and can take place at 

temperatures both above and below the magnetite ulvospinel solvus to 

prcxl.uce simil ar textures. These conditions led to the widespread 

formation of fine ilmenite trellis lamellae along the octahedral 

planes of the magnetite. This corresponds to the contemporaneous 

oxidation/exsolution trellis intergrowths recognised by Buddington 

and Lindsley (1964) and would have continued at temperatures down 

to approximately 5000 C. 

The titaniferous magnetites also contain some Al-rich spinel in solid 

solution. Exsolution of this in the form of pleonaste would occur 

towards the end of stage 2 (below approximately 9000 ). Dislocations 

and other grain-boundary imperfa.ctions along the interfaces between 

the sparsely distributed, broad ilmenite lamellae would have provided 

suitable sites for the heterogeneous nucleation and growth of this 

phase resulting in the formation of numerous small grains. Minor 

external granule exsolution may also have occurred at this stage. 

Further cooling would have increased the pleonaste supersatu:ra.tion in 

the magnetite in areas away from the earlier-formed- grains. These 

oonditions led to the subsequent nuoleation and growth of the sparsely 

developed fine pleonaste lamellae that are oriented parallel to the 

cubic planes of their magnetite hosts. 

Iron-rich ilmenite can only hold between 6 and 9 per cent Fe20
3 

in 

solid solution at low temperatures and exsolution commences at 

temperatures below 8000 e (Lindsley and Lindh, 1974) . The magnetite 

lamellae now present in the intergranular ilmenite may have developed 

as hematite lamellae during this stage, but were subsequently reduced 

to magnetite, or else they may have formed by a complex reduction/ 

exsolution process. In the latter case, the oxygen fugacities must 

have had intermediate values such that they were not only too high for 

ulvospinel stability, but were also too low for the existance of 

hematite. 

4) Exsolution and oxidation! 6Xsolution would continue during further 

cooling, but diffusion rates would dscrease with lower ionic mobility 

and growth of the exsolved phases would become more sluggish. Grain 

boundary migration and readjustment would also have effectively ceased 
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onoe the temperatures reached "several hundred degrees" (Budding ton 

and Lindsley, 1964). Iron-titanium oxide supersaturations would have 

increased in the magnetite areas between the ilmenite lamellae during 

this period, but ionic mobility would have been too low to allow for 

the migration of this material to the pre-existing lamellae . The 

oxygen fugacities also appear to have remained fairly high during this 

stage (lack of ulvospinel). These conditions led to the nucleation 

and growth of the small rounded to irregular-shaped , micrometre-sized, 

ilmenite grains in the areas between the ilmenite lamellae. Tr j' also 

formed by contemporaneous oxidation/exsolution and correspond to the 

internal granule exsolution textures described by Buddington and 

Lindsley (1964). These textures require high oxygen fugacities for 

their formation and their presence in narrow zones bordering fractures 

indicates the presence, at least locally, of high oxygen fugacities 

in the interstitial fluids during this stage. 

Minor late-stage deuteric alteration may have occurr ed during this 

stage and also possibly towards the end of stage 3. Minor late:-.stage 

alteration of pyroxene to amphibole and chlorite may have oocurred 

while minor sphene developed at the expense of titaniferous magnetite. 

5) Al teration of the opaque oxides and silicates occurred during a later 

low grade metamorphic episode resulting in the formation of sphene and 

abundant chlorite. The temperatures reached were not high enough to 

cause any marked modification of the existing microstructures and were 

probably in the range of the lower part of stage 3 and upper part of 

stage 4. Provided that the oxygen fugacity remained high enough to 

prevent any reduction of ilmenite to ulvospinel, no modification of 

the microstructure would have occurred beyond a possible continuation 

of low temperature exsolution during subsequent cooling. Ionic 

mobilities would have been too low under these conditions for any large 

scale diffusion and recrystallisation. It is possible that the fin& 

grained external ilmenite grains present in the fractures were formed 

during renewed oxidation/ exsolution during cooling through the higher 

temperature stages after the metamorphic thermal peak. The oxygen 

fugaoities were buffered by the abundant oxide assemblage in the ores 

during the metamorphism so that, although they prevented the formatior 

of ulvospinel, they may have been low enough to allow the reduction of 

hematite in solid solution in the intergranular ilmenite . This 
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resulted in the formation of oriented magnetite lamellae in the ilmenite. 

6) The extensive oxidation and hydration of the ores resulted from 

weathering under neaI'-surface conditions and is continuing at the 

present time. 

8.10 Conclusions 

1. The occurrence of the Usushwana titaniferous iron ores in discrete 

layers towards the upper parts of a large gabbroic intrusion is in 

accord with their having developed by the normal crystallisation-· 

differentiation processes that are operative in stratiform basic 

intrusions. 

2. The Usushwana titaniferous magnetites are chemically similar to ores 

of this nature that are typically developed in layered gabbroic 

complexes. 

3. The ores are characterised by the development of abundant ilmenite 

trellis networks and internal granules in the titaniferous magnetites 

that are indicative of subsolidus cooling under conditions of high 

oxygen fugacity. 

4. The ores appear to have undergone low grade metamorphism that has 

resulted in the development of abundant sphene and chlorite at the 

expense of the original opaque oxides and silicates. Extensive 

fracturing of the marginal areas of the titaniferous magnetite grains 

also occurred during this period. 

5. The metamorphic temperatures were not high enough to cause widespread 

modification of the pre-existing microstructures and only incipient 

spheroidization of the lamellar intergrowths occurred. 

6. The Usushwana ores are essentially pure and contain only minor 

chloritic impurities that can be readily removed by conventional ore

dressing teohniques. They contain only minor ooarse grained ilmenite 

that can be recovered by crushing to less than 350 mesh followed by 

electromagnetic separation. 

7. The ores of the Main Seam are ohemically similar to the titaniferous 
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iron ores of the Upper Seam (No. 21) of the Bushveld Igneous Complex. 

Their vanadium oontent is extremely low and cannot be more than 

marginally upgraded by beneficiation procedures with the result that 

they cannot be regarded as potential ores of this element. 

8. The Ti02 content of the ores is also fairly low with the result that 

they do not represent potential raw materials for high-titania slag 

production. The bulk of their Ti02 oontent is present as extremely 

fin&-grained microintergrowths that cannot be separated from th

magnetite by oonventional or&-dressing teohniques. 

9. The South African portion of the Usushwana Complex has not been 

studied in detail. Comprehensive geological studies and detailed 

mapping are necessary to determine the nature of the complex, the 

number and extent of the titaniferous magnetite seams present and 

their V205 contents. 

10. The i,r:cn-titanium oxides of the Usushwana Complex exhibit micro

structures that are indicative of crystallisation and subsolidus 

cooling under conditions of high oxygen fugaCity. These features 

are rarely developed to this extent in rocks of this type and warrant 

further investigation. 

11. These ores are characterised by the widespread development of sphene 

and chlorite at the expense of titaniferous magnetite. Little is 

currently known about the mechanisms involved in this process and 

the Usushwana ores represent ideal materials for an investigation 

into sphene development. 

12. The Usushwana ores do not appear to have any eoonomio potential at 

present in view of their chemical oomposition and limited ore reserves 

of approximately 5 million tons at or near the surface (Wagner, 1928). 

The location of the deposit very near to the main railway line to 

Richards Bay may, however, have a strong bearing on the future economic 

significance of this deposit. 
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9.8 THE TITANIFEROOS IRON OEES OF THE M.Al4BULA CCl>U'LElC 

9.1 Introduction 

The Nambula Igneous Complex is located. at the confluence of the Tugela 

am Mambula rivers in Zululam and covers an area of approximately 25 

square kilometres. It is roughly square in plan and is composed. of a 

variety of basic igneous rocks. The petrology of the complex has been 

described. by du Toit (1918, 1931), and it has also been mentioned briefl y 

by Wagner (1928) and Lambert (1962). 

The Complex is largely gabbroic in nature and consists of a medimT. t,Tained 

gabbro, with or without orthopyroxene, but devoid of olivine (du Toit, 1918; 

1931). Noritea, pyroxenites and coarse grained anorthosites are also 

present, while a well defined ingeous layering is developed in places. 

The complex is intrusive into the metamorphosed Tugela. formations and 

du Toit (1918, 1931) inferred the presence of a nearby intrusive granite 

on the basis of numerous transgressive pegmatitic dykes and veins . A 

number of titaniferous magnetite-rich seams composed of varying 

proportions of polygonal magnetite and ilmenite grains ranging from 0,3-

1,2mm in size are present in the gabbro. du Toit also noted the presence 

of ilmenite lamellae oriented in three directions and interseoting at 

angles of about 120· in the magnetite. 

du Toit (1931) am Lambert (1962) oonoluded. that a genetic relationship 

exists between the mafic Mambula Complex and a wide range of mafic to 

ultramafic rook types that are exposed. in the Tugela Valley. Matthews 

(1972) noted. that these isolated and deformed. masses of intrusive ultra

basic rocks are located within a belt of metamorphosed. rocks (the Tugela 

Gneissio Amphibolite Complex).. They have been highly metamorphosed, 

migmititized. am extensively recrystallised. Their original nature is 

uncertain, but Matthews (1972) concluded. that they were largely derived 

from rocks of basaltiC, and possibly andesitio, composition. This mafic 

to ultramafic association is characteristic of the intermediate layer of 

an ophiolite suite and he proposed that the Tugela Gneissic Amphibolite 

Complex represents an extensive segment of transformed oceanic crust. 

He concluded that the Tugela rocks are an abducted ophiolit suit and that 

they represent a nappe structure that is underlain by a major tectonic 

slide. 

Cain (1975) reviewed the regional geology of the area and concluded that, 
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although, various mafic and ultramafic rock types of the Tugels valley 

might be members of an obiucted ophiolite suit, the bulk of the rocks 

represent a thick sequence of metasedimentary material. He noted that 

many of the mafic to ultramafic intrusive bodies have relatively 

unaltered cores (magnetite-gabbros and norite in the case of the Mambula 

Complex) that grade outwards into massive hornblende gneisses, ortho-

" amphibolites and uncommon dioritic gneisses which all display palimpsest 

igneous teEtures. According to Cain (1975) the Mambula Complex is 

located in a zone of metamorphic rocks of the almandine-amphibolite 

facies. Cain (1975) estimated that the age of the ophiolite suite and 

associated mafic and ultramafic intrusive rooks is in "ths' "region of 2400 

million years and noted that the whole region was invol ved in the wide

spread Natal-Namaqua metamorphic episode that is dated at between 900 and 

1000 million years. 

9.2 Sample Localities 

Numerous seams of titaniferous magnetite and titaniferous magnetite-rich 

gabbro are present within the Mambula Complex and an attempt was made to 

sample each seam. A detailed field examination of the geological 

relationships both within the Complex and between the different ore-rich 

seams was beyond the terms of reference of this investigation and was not 

uniertaken. 

Samples were collected from exposures along a gravel road that traverses 

the Complex in a roughly north-south direction on the western side of the 

Tugela river. The traverse was commenced at the southern margin of the 

Complex and 15 individual ore-rich seams of titaniferous magnetite-rich 

gabbros were sampled. Nine seams were sampled on the south side of the 

Mambula river (samples Mll 1-48) while 6 were sampled on the north side 

(samples Mll 49-68). Samples Mll 69-72 were collected from a thick massive 

titaniferous magnetite seam that crops out on the western bank of the Tugela 

river. The relationship between this seam and the others examined is 

uncertain. Titaniferous magnetite-rioh seams are also present in the small 

portion of the Complex on the eastern side of the Tugela river, but they 

were not sampled. 

The Mambula Complex has been deformed by folding and faulting and it was 

not pcssible to correlate individual seams during the time available for 

sample collection. There appears to be a duplication of several of the 

seams sampled in the traverse and in all, probably no more than 6 



substantial titaniferous magnetite seams are exposed. The structure of 

the Complex suggests that four of the seams on the south side of the 

Mambula river are also present on the north side. The location of 

samples is indicated in the accompanying sketch map (map 3) that has 

been compiled from uncorrected aerial photographs. 

MAP 3. 

SKETCH MAP OF THE MAMBULA 
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Sketch map of the l~ambula complex shOWing sample localities. 



434 

9.3 Description of the Ores 

A detailed report on the magnetic iron ores of the Mambula Complex was 

given by du Toit (1918) and, although his investigation was confined 

largely to field and thin section studies, i t serves as an excellent 

intruduction to a more detailed study of the opaque constituents. 

The Mambula titaniferous magnetite seams outcrop to varying degrees, but 

they are generally not well exposed. Their true thickness or 

relationships with the surrounding gabbros could consequently not be 

determined in many cases. The presence of certain titaniferous magnetite 

seams is indicated merely by abundance of titaniferous magnetite rubble 

on the surface. The individual seams vary from less than a metre up to 

5m in thickness, but are only rarely pure and commonly contain between 

10 and 30 per cent silicate impurities. The co-existing silicates are 

largely plagioclase and pyroxene but smaller and variable amounts of 

hornblende and olivine are also present . The seams are only rarely 

massive and commonly exhibit a distinct layering due to variations in the 

amount of silicates present in certain zones. An example of this layering 

is illustrat ed in Plate 8 (D). 

The weathered surfaoes of the or&-rich seams are covered by a thin coating 

of secondary iron oxides and hydroxides. The decomposed silicates have 

been largely removed producing a rusty, pitted appearance with the result 

that variations in silicate and oxide contents, as well as any mineralogical 

layering, is clearly seen. The surface weathering crust is generally less 

than 10mm thick below which the ores are remarkably fresh and only show 

incipient oxidation. The titaniferous magnetit&-rich ores are also 

strongly magnetic due tc their relatively minor degree of oxidation. In 

contrast, the thick (up to 5m), massive titaniferous magnetite seam that 

crops out on the west bank of the Tugela river is extensively weathered 

and it was not possible to collect fresh material from surface exposures. 

J.\assive titaniferous magnetite seams that are relatively free from silicate 

-impurities rarely developed in the Mambula Complex, and only the thick 

8eam that crops out on the western bank of the Tugela river would fit this 

description. N~rrow layers of massive titaniferous magnetite, typically 

less than 100m in thickness, are commonly present between silicat&-rioh 

portions of the other seams. All gradations between massive and silicate

rich ores are found) often within the same seam. The tabular plaeiocluse 
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grains exhibit a slight preferred orientation parallel to the layering 

in some of the silicate-rioh portions of the titaniferous magnetite seams, 

but this feature is rarely "ell-developed . 

Aocording to du Toit (1918) at least four of the ore-rich seams are up to 

4,5m thick while a number are slighly thinner. Several narrower, 

lenticular, ore-rioh layers several centimetres thiok and up to a metre in 

length were noted in a stream seotion at places within the otherwise 

unlayered gabbro. 

The Mambula titaniferous iron Ores are charaoterised by the presence of 

abundant granular ilmenite that generally exhibits polygonal outlines. 

The grain size of the ores generally ranges between 0,5 and 2mm, but the 

silicate impurities are very often much larger than their co-existing 

iron-titanium oxides. The ores show evidenoe of recrystallisation and 

have a well developed, granoblastic polygonal texture. The opaque 

oxides generally exhibit a high degree of polygonalization and have 

interfacial angles that approximate 120°, In contrast, the silicate 

impurities are generally sub-rounded, and show the development of narrow, 

well-defined reaction rims or coronas as illustrated in Plate 8 (D and E). 

Grain boundaries between oxides tend to be rather straight or slightly 

curved and irregular boundaries are rare. In general, ilmenite/ilmenite 

and magnetite/magnetite grain interfaces are fairly straight while those 

between ilmenite and magnetite are slightly curved, the ilmenite grains 

being concave. Highly irregular boundaries are present between 

titaniferous magnetite and olivine-rimmed hypersthene, while the 

boundaries between the oxides and other silicates generally exhibit 

signs of embayment. 

A muoh greater degree of exsolution has taken place in the titaniferous 

magnetites than is usual in rocks of this type. This has resulted in 

the modification of their primary microstructures and their present 

appearance is presumably related to the occurrence of a thermal metamorphic 

event since their primary crystallisation. The Mambula Complex is located 

in an area of medium grade metamorphism (Cain, 1975) and evidence of this 

is also reflected in the iron ore microstructures. 

The J.lambula titaniferous iron ores are all microscopically Similar, but 
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miorostruotural variations exist in the ores from different localities. 

In particular, differences are noticeable in the fine-scale microstructures 

developed in the titaniferous magnetites from the seams lying to the south 

of the ~1ambula river and those present to the north. The major 

cUfference is that the titaniferous magnetites from the southern portion 

of the Complex are generally optically homogeneous and .exhibit brovmish""'l 

pink colours in the areas between the various coarser, intergrown pr~ses 

whereas the titaniferous magnetites from the northern part of the Complex 

generally show the development of very fine grained microstructures related 

to the fcrmation of ulvospinel. In addition, the coarse ilmenite grains 

from near the southern margin of the Complex show the development of 

abundant stress-twinning lamellae. 

other parts of the Complex. 

These lamellae are rare in ores from 

The Mambula ores are characterised by complex mineralogical relationships 

a:rJd exhibit a wide range of microstructure development. These features 

are discussed separately in the following sections. 

9.3.1 The associated silicates • . *. . 
The Mambula ores oharacteristically oontain be~veen 10 and 30 per oent 

silicate impurities. Labradorite is the most oommon impurity and is 

typioally present as large tabular grains between 3 and 8mm in size that 

are often several times larger than the assooiated opaque oxides. The 

plagioolase is often sub-rounded and a narrow reaotion rim of fine fibrous 

hornblende between 0,2 and 0,5mm in width is usually developed around the 

plagioolase where it is in oontact with the opaque oxides. 

The pyroxene grains are also characteristically larger than their 

assooiated.opaque oxides, 'but appear to be slightly smaller than the 

co-existing plagioclase. Both bronzite and augite are present and are 

also commonly rimmed by a narrow zone, or corona, of hornblende. A 

narrow reaction rim of iron-rioh olivine or a mixture of olivine and 

hornblende is present in places where the bronzite is present in contact with 

the opaque oxides. The pyroxenes generally oontain oriented inclusions 

of small rod-or plat&-like rutile and possibly ilmenite and / or hematite 

erainn that produce a typical ~lohil1er te:x:tuI'e. 

The reaction rims are normally only presen-t between the silicates and. 

opaque oxides and are not developed along the contacts between silicate 



PLATE 8 

USUS:m-IANA TITANIFEROUS IRON ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

A. Internal ilmenite granules (dark grey) developed in areas between 

ilmenite lamellae and showing their typical morphologies. 

B. The typical appearance of ilmenite granules (dark grey) that are 

developed in the titaniferous magnetite in areas devoid of ilmenite 

lamellae. 

C. Probable modified ulvospinel-type microstructures (dark grey) in 

martitized titaniferous magnetite from the base of the Main Seam. 

MAMBUIA TITANIFEROUS IRON ORES 

D. A polished slab of massive ore from the Mambula Complex viewed in 

reflected light showing the opaque oxides (light) and a narrow 

silicate-rich layer (dark, rounded grains with reaction rims). 

E. Portion of a polished section surface of silicate-rich ore viewed in 

incident light showing relatively large silicate grains (dark grey) 

with well defined reaction rims. The silicates are separated from 

each other by polygonal aggregates of titaniferous magnetite and 

ilmenite (light). 

F. The typical appearance of silicate-poor ore shOWing a polygonal 

titaniferous magnetite grain (centre of photograph) containing 

abundant crystallographically oriented transparent spinel intergrowths 

(black). The magnetite is surrounded by large ilmenite grains (dark 

grey). 

G. The typical polygonal texture exhibited by clusters of titaniferous 

magnetite grains containing transparent spinel microintergrowths 

(black) in the silicate-poor OFes. 
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grains . The individual silicate grains, even in the silicate-rich 

samples, are, however generally separated from each other by opaque 

oxides and consequently appear as isolated grains irregularly 

distributed in a fine grained, opaque oxide matrix as illustrated in 

Plate 8 (D and E). 

Considerable solution of the opaque oxides has taken place along their 

contaots with the silicates so that grain boundaries are highly irregular 

and embayed as illustrated in Plate 8 (E). These features , toget her 

with the well developed reaotion rims, are indicative of extensive post

orystallisation reaction between the opaque oxides and silicates , 

probably during the metamorphic episode. 

9.3.2 The titaniferous magnetite 

Titaniferous magnetite is the dominant opaque phase in these ores and is 

generally present as small, polygonal grains that vary in size between 

0,7 and 1,5mm. On a large scale, the grain boundaries between the 

titaniferous magnetites and other opaque oxides are generally straight-

to slightly-curved and exhibit a tendency to meet in well ';iefined triple 

junctions with interfaoial angles approximating 1200 as illustrated in 

Plates 8 ( F and G). The boundaries between ilmenite and titaniferous 

magnetite are often highly irregular on a smaller scale of 10 to 15 

micrometres due to the presenoe of numbers of small , transparent spinel 

grains that are located along the mineral interfaoes. The grain 

boundaries are highly irregular, embayed, and show signs of corrosion 

in areas where the titaniferous magnetite is in contact with silicates, 

while the grains themselves are less polygonal and more irregularly shaped. 

The titaniferous magnetite grains exhibit a distinot pinkish-brown oolour 

that suggests relatively high Ti02 contents. They also contain a complex 

series of ilmenite and spinel miorointergrowths in addition to inclusions 

of various silicates and sulphides . 

The titaniferous magnetite and assooiated ilmenite grains in certain 

samples are fractured and both minerals are oocasionally traversed by 

small irregular veinlets of magnetite up to 0,05mm wide . This magnetite 

appears optically homogeneous even under the highest magni f ications 

(approx. 2000 x, oil immersion) and is free from inolusions. These 

veinlets are also ocoasionally transgressive across silicates that are 
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enolosed within the fractured titaniferous magnetite grains. 

Very fine, complex myrmekitic or symplectite-like intergrowths of 

magnetite and a silicate, possible orthopyroxene, are occasionally 

present within the olivine corona surrounding silicate impurities (Plate 

9 (A)). The magnetite in these intergrowths exhibits elongated, skeleton-

like, rOtuJded forms in which the width of individual anns ranges from 

between 1 and 5 micrometres and are up to O,04mm in length (Plate 9 (B)). 

Some martitization of this magnetite has oc=ed in the more weatl. ~red 

samples. These intergrowths appear to be confined to samples collected 

from south of the Mambula river. 

Small numbers of very small magnetite platelets are present oriented along 

the basal planes of certain coarse grained ilmenites. These platelets 

are particularly abundant in stress-twinned ilmenite grains and commonly 

exhibit varying degrees of oxidation to martite. 

The titaniferous magnetites generally exhibit incipient oxidation to 

martite. This oxidation takes place directly, commenoing at grain 

boundaries, along fractures and oleavages and moves inwards along the 

octahedral planes of their hosts. This type of oxidation is also 

occasionally· present around the margins of various sized ilmenite lamellae 

that are located well within the ti taniferous magnetite grains are are 

some distance away from areas of grain boundary oxidation. 

The Mambula titaniferous magnetites only rarely show the development of 

titaniferous maghemite as an intermediate oxidation product and it was 

only noted in any quantity in samples ME 68-72 from the highly oxidised 

seam exposed on the western bank of the Tugela river·. This maghemite 

also shows alteration to martite, but the boundaries between maghemite 

and martite are diffuse and not clearly defined. The formation of 

maghemite appears to be confined to titaniferous magnetites containing 

extremely fine-grained, micrometre-sized intergrowths, and is absent from 

those grains containing magnetite that is optically homogeneous on a 

micrometre scale. 

9.3.3 The ilmenite 

Ilmenite· is present: in the· J.iambula or·es in a. wide variety of fcrms that· 

include both discrete· grains and complex microintergrowths >rith 

titaniferous magnetite. There is an almost continuous variation between 
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the different types, but for descriptive purposes it is convenient to 

distinguish seven types, each of which is characterised by differences 

in grain size and morphology. 

sections 9.3.3.1 to 9.3.3.7. 
The various types are described in 

9.3.3.1 Coarse granular ilmen~te 

The bulk of the ilmenite in the Mambula ores is present as small polYB'onal 

groins that range in size between 0,5 and 1,2mrn with an average of 

approximat ely 0, 8mm. Larger grains up t'o 3mrn in size are occasionally 

present. 'rhe amount of this ilmenite in individual samples is highly 

variable, but it generally accounts for between 15 and 25 per cent (,f the 

opaque oxides present and may locally reach as high as 30 per cent. 

The large ilmenHe grains are generally present as single polygonal crystals 

that are located interstitially between slightly larger titaniferous magnetite 

erains (Plate 9 (c)), or form small clusters of several grains enclosed by a 

number of titaniferous magnetite or silicate grains (Plates 9 (D-F)). !Jlhe 

individual crystals in these granular clusters often exhibit different 

crystallographic orientations with respect to one another and there is a 

tendency for the development of well-defined triple junctions at their mutual 

grain boundaries as illustrated in Plate 9 (E). 

Many of these ilmenite grains have spinelliferous outer rims containing 

numerous small, equant, transparent spinel grains that range in size from 2 

to 10 micrometres. These spinels are generally located along the interfaces 

between the ilmenite and titaniferous magnetite grains, but are also occasionally 

comple-I;ely enclosed by the ilmenite. These spinels form rOlrIS of inclusions 

that are arranged close to, and are concentric with, the outer margins of the 

hoct ilmeni tes. These spinelleferous ilmenite/tita.niferous magnetite 

interfaces are highly irregular on a fine scale of 10 to 20 micrometres, 

particularly in places where large numbers of spinel grains are present 

(Plate 9 (G)). These textures are occasionally developed on a coarser scale 

as illustrated in Plates 9 (C,E,F)). The rows of spinel inclusions mark the 

positions of earlier ilmenite grain boundaries, and the more irregular outer 

ilmenite layer in contact with titaniferous magnetite has the appearance of 

later, or secondary overgrowths (Plates 9 C,E, and F). 

The coarse granular ilmenites occasionally show the development of poly

synthetic stress twin lamellae that are commonly developed in two and so~~times 

three directions. These textures are particularly well developed in ore samples 

from near the southerm margin of the Complex and examples are illustrated. in 

Plates 9 (H) and 10 (A). 



PlATE Q 

M.AM:B01A TITANIFERaJS IRON ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

A. A multi-phase titaniferous magnetite grain (light) separated from an 

orthopyroxene grain (black) by a rim of olivine containing a fine 

symplectite-like intergrowth of magnetite (light). 

B. Similar to (A), but under higher magnification showing the nature of 

the magnetite/olivine symplectite-like intergrowth. 

is light grey. 

The magnetite 

c. A polygonal ilmenite grain (centre of photomicrograph) Sllrrounded by 

titaniferous magnetite grains exhibiting typical grain-boundary 

relationships. Note the stringer of transparent spinel inclusions 

(black) arranged parallel -to the ilmenite grain boundary. 

D. A cluster of large ilmenite grains exhibiting relatively straight or 

gently OIll'Ved mutual grain-boundaries. More irregular interfaces are 

developed between the ilmenite and titaniferous magnetite grains. 

E. Similar to (D), but showing the development of a typical triple 

junction between the oentral 3 ilmenite gra.ins. 

F. An ilmenite grain(dark grey, centre of photomicrograph) showing the 

development of a secondary ilmenite overgrowth along its lower boundary. 

G. A typical spinelliferous ilmenite boundary developed between ilmenite 

(dark grey) and titaniferous magnetite (light grey) showing incipient 

martitization (White). Transparent spinel grains (black) are located 

along the highly irregular interface between the ilmenite and. magnetite 

and. are also present within the ilmenite where they mark the position 

of an earlier interface. 

H. A stress-twinned polygonal ilmenite grain (centre of the photomicro

graph) shOWing polysynthetic twin lamellae and. a complex pattern of 

deformation. (partially crossed nicols). 
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Small, plate-like bodies of magnetite up to several micrometres in size are 

commonly developed in the ilmenite at the points of interseotion of twin 

lamellae (Plate 10 (B)). These platelets are crystallographically 

oriented parallel to the basal planes of the ilmenite hosts and marked 

deflections in their orientations occur across the twin composition 

planes reflecting differences in the orientations of their hosts (Plate 

10(C)). The magnetite platelets charaoteristically exhibit va~Jing 

stages of oxidation to martite that takes place directly along their 

ootahedral planes. This magnetite appears more susceptible to 

oxidation since partially oxidised platelets are sometimes found in 

ilmeni te grains that are surrounded by ti taniferous magnetite that shows 

no sign of oxidation. 

Small, c~Jstallographically oriented, magnetite platelets are also 

sparingly present along the basal planes of untwinned granular ilmenites 

from the ore-rich samples (Plate 10 CD)). In contrast, the ilmenites 

from associated Silicate-rich, gabboic rocks oommonly exhibit numbers of 

small hematite exsolution lenses that are developed along their basal 

planes. Small numbers of micrometre-sized spinel grains are occasionally 

developed along the interface between the magnetite lamellae and their 

host ilmenites (Plate 10 (E)). Small spinel lamellae are also occasionally 

developed (Plate 10 (F)). 

9.3.3.2 Fine ~anular ilmenite 

Small, elongated or irregularly-shaped ilmenite grains are commonly 

present as rm7S or stringers along the interfaces between neighbouring 

titaniferous magnetite grains as illustrated in Plate 10 (G). These 

grains range in size from 0,02 to 0,10mm and commonly have numbers of very 

much smaller, transparent, spinel grains arranged around their borders. 

In some cases, the spinel grains are of a similar size to the ilmenite grains 

and are arranged in the rows and stringers with them. 

The fine granular ilmenites are also occaSionally connected to large 

broad ilmenite lamellae that cut across the titaniferous magnetite grains 

and are characteristically surrounded by numerous small spinel grains. 

These ilmenite inclusions are generally surrounded by a narrow zone of 

titaniferouG magnetite up to 0,02mm wide that is free of other ilmenite 

int ergrowths. 

9.3.3.3 Broad ilmenite lamellae 

Broad ilmenite lamellae, usually between 7 and 20 miorometres wide and 

up to 0,3mm long are sparsely developed along the octahedral directions 



PLATE 10 

MAMBULA TITANIFEROUS IRON ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

A. Stress-twinned ilmenite grains sho;'ling polysynthetic twinning 

(crossed nicols). 

B. Stress-twinned ilmenite showing the development of martitized magnetit~ 

platelets (light grey) at the intersection of twin lamellae (medi~ 

grey). 

c. Ilmenite containing abundant martitized magnetite platelets (white). 

Notice the difference in orientation of the magnetite platelets in 

the darker coloured twin lamella that cuts diagonally across the 

photograph. 

D. Typical appearance of magnetite lamellae (light) in ilmenite showing 

their characteristic uniform thickness and sharp terminations. 

E. Similar to (D), but the lamellae contain minute rounded transparent 

spinel grains (black) arranged along their boundaries. Appreciable 

transparent spinel (black) is present in the central magnetite 

lamella. 

F. The typical form of transparent spinel lamellae (black) oriented 

parallel to (0001) of their ilmenite host. 

G. Narrow stringers of small ilmenite grains located along the interfaces 

between titaniferous magnetite grains (centre portion of photograph). 

H. Sparsely developed broad ilmenite lamellae (dark grey) extending from 

the grain boundaries into their titaniferous magnetite hosts. 
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of the titaniferous magnetites as illustrated in Plates 10 (H) and 11(A). 

Several of these lamellae are generally present in most titaniferous 

magnetite grains, but they are rarely developed to the extent where they 

form a typical trellis network. In certain grains these lamellae are 

preferentially developed along a particular octahedral plane of the host 

and produce a sandwich texture as illustrated in Plate (11 A). 

The broad. ilmenite lamellae are typically spinelliferous and large numbers 

of very small, transparent spinel grains are arranged albng the interfaces 

between them and their host titaniferous magnetites. Portion of the 

spinel grains are located within the ilmenite lamellae, but even these are 

situated near the margins of the lamellae. The titaniferous magnetite 

in the immediate vicinity of the ilmenite lamellae is generally devoid of 

other fine~grained ilmenite microintergrowths for a distance of up to 

0,02mm from the lamellae. 

The lamellae often exhibit a slight -thickening towards the . outer margins 

of their titaniferous magnetite hosts in areas where they extend to the 

grain boundary as illustrated in Plate 11 (A). These lamellae reach their 

thickest development at the grain boundary and in a few extreme cases, they 

extend as a small rounded bulge beyond the limits of the host grain into 

the intergranular area. These small rounded grains are often developed 

in the marginal areas of neighbouring titaniferous magnetites as illustrated 

in Plates 10 (H) and 11 (A). 

The broad lamellae that are totally enclosed by titaniferous magnetite are 

generally thicker in relation to their length than is usual in intergrowths 

of this type. They hav'· an overall lens-like shape, but tend to terminate 

abruptly and have sharp, cut off, ends rather than gently tapering ones. 

Incipient mart it izat ion of their titaniferous magnetite hosts is commonly 

evident around the periphery of these broad lamellae, particularly in 

grains where the lamellae extend to the mineral boundaries. 

9.3.3.4 Fine ilmenite lamellae _. . 
A second series of finer ilmenite lamellae are present in the Mambula 

titaniferous magnetites and are particularly abundant in the samples 

collected from south of the Mambula river. They range from 1 to 2 

micrometres in width and are up to 0,025mm in length. They are also 
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oriented alone -the octahedral planes of their hosts and e:.:hibit blunt 

terminations. Uumbers of small spinel grainE are generally located 

along their margins and, in some cases, there is an apparent replacement 

of these ilmenite lamellae by spinel (Plate 11 (B-D)). 

The lamellc.e in the samples from south of the Hambula river are set in 2. 

groundmasG of titaniferous maenetite that is generally devoi,:l of 

intergrolm phD.aes other than cpinel. In the samples from the north of the 

Mambula river the magnetites e;enerally contain finer intergro'lffi tHa.Ll.urn

bearing phases. These intergrowths are characteristically absent from 

a narrow rim surrounding each lamella. 

The fine la8ellae are more abundant than the broader ones, but they are 

only rarely developed in sufficient numbers to form a distinct trellis 

network. Lamellae intermediate in size betvTeen the broa.d and fine types 

are very rare. 

9.3.3.5 Ve~ fine ilmenite lamellae 

The very fine ilmenite lamellae are generally less than a micrometre wide 

and are of variable length ranging up to O,02mm. They are relatively rare 

in titaniferous magnetites collected from south of the r.1ambula river, but 

are more common in samples from the northern side. They are oriented along 

the octahedral planes of their magnetite hosts and occupy the areas between 

the fine ilmenite lamellae (Plate 11 (E and F). They are characteristically 

a.bsent from narrm'T zones several micrometres i'\lide surrounding other ilmenite 

int ergrowths. 

These lamellae are occasionally more irregular in shape, and are present 

along only one of the octahedral planes forming a distinct lineated pattern 

resembling a less robustly developed ulvospinel texture as illustrated in 

Plate 11 (0). The size of these lamellae is at the limit of optical 

resolution and their relationships are not clear. They are often 

associated with similar-sized spinel rodlets that are oriented along the 

cubic planes of their hosts. 

9.3.3.6 Very fine rounded ilmenite, 

Very small, rounded ilmenite crains, generally less than tvJO P.licrometres 

in size, are occasionally present in aggreeates arranged around the periphery 

of npinel bmellae in certain. of the tita.niferous maE,'ileti tes (Plate 11 (R)). 



PLATE 11 

NAlvlBULA. TITANIFEROUS IRON ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

A. Titaniferous magnetite grains containing several sparsely distributed 

broad ilmenite lamellae (dark grey). Notice the increase in width 

of these lamellae towards the grain boundaries and the development of 

small rounded grains at their broadest points. 

B. Fine ilmenite lamellae (dark grey) and transparent spinel lamellae 

(black) in titaniferous magnetite. 

the ilmenite by the spinel. 

Note the apparent replacement of 

c. Fine ilmenite lamellae (dark grey) exhibiting a distinct thickening 

and the development of sharp terminations in titaniferous magnetite. 

Some intergrmin transparent spinel (black is also present. 

D. Fine ilmenite lamellae (dark grey) with small rounded transparent spinel 

grains (black) located along their margins. Other crystallographically 

oriented spinels show up as rows of black lines. 

E. Very fine spinelliferous ilmenite lamellae (dark grey) oriented parallel 

to (111) of their -titaniferous magnetite hosts. 

spinel bodies (black) are also present. 

Larger transparent 

F. Similar to (E), but with a much greater degree of very fine ilmenite 

trellis development. The transparent spinel is black while the 

titaniferous magnetite host is light grey. 

G. Extremely fine ilmenite lamellae (dark grey) derived from ulvospinel 

and tiny transparent spinel laths (black) intergrown ui th ti taniferous 

magnetite. 

H. Titaniferous magnetite containing number of rounded transparent spinel 

grains (black) surrounded by clusters of very fine rounded ilmenite 

grains ( dark grey). 
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These grains are preferentially developed in the titaniferous magnetites 

collected from north of the Mambula river and are oharacteristically 

present in grains oontaining numerous, very fine-grained intergrowths. 

9.3.3.7 Ilmenite de:r:.i~d from
L 

1l;lvospinel 

Sets of extremely fine, miorometre sized,i.lmenite lamellae are developed 

alon~ the cubic planes of their titaniferous magnetite hosts and have the 

typioal appearance of an ulvospinel cloth texture. This material is 

generally only present in the titaniferous magnetites from north of the 

Mambttla river and represents oxidised ulvospinel. It is present in the 

areas between the various other larger-sized, intergrown phases. 

9.3.4 The trans;ezrent spinel 

The Mambula titaniferous iron ores are highly aluminous and are 

characterised by the presence of abundant dark green, transparent spinel. 

It is present both as discrete grains, and as various exsolution bodies 

within the titaniferous magnetites. Qualitative electron mioroprobe 

analyses ~1cate that the larger grains are composed essentially of Mg 

and Al with smaller amounts of Fe and Ti. They are most probably very 

olose to pleonaste in oomposition and are typical of the transparent spinels 

developed in titaniferous magnetites. 

Large euhedral to subhedral spinel grains varying from 0,5 to 1, 2mm in 

size are present in the oxide-rioh ores. They are located interstitially 

between the opaque oxides and exhibit oomplex grain b~ary relationships 

as illustrated in Plate 12 (A). The boundaries are, in part, straight and 

well-defined, but in others they are more irregular and the spinel locally 

appears to replaoe both ilmenite and titaniferous magnetite. The areas 

surrounding these grains oommonly oontain numbers of smaller, often highly 

irregular spinel grains that are sometimes oonneoted to the larger grains 

as illustrated in Plate 12 (A). 

The larger spinel grains oommonly contain fine lamellae of an opaque, iran

rich spinel, probably magnetite, that are oriented along their cubic planes. 

These magnetite lamellae are typically absent from the smaller spinel grains. 

The spinel b~ins are also commonly fractured and incipient alteration is 

evident along these zones. 

Smaller" equant spinel grains, generally between 2 and 10 micrometres in 
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si?e are looated along the interfaces between titaniferous magnetites and. 

coarse grained ilmenites as described in section 9.3.3.1. A series of 

generally smaller, equant spinel bTains are also present along the margins 

of both the broad and fine ilmenite lamellae as described in sections 

9.3.3.3 al~, 9.3.3.4. The spinel lamellae are generally developed along 

all the cubic planes of their hosts as illustrated in Plate 12 (B). They 

may, however, occasionally exhibit preferential development along only one 

of the cubic planes and this leads to the formation of a characteristic 

lineated or sandwich texture as illustrated in Plate 12 (C and D). A 

second set of very much finer spinel lamellae is commonly present in the 

areas between 1he larger lamellae. 

I.,e.mellar and lensoid spinel grains are ubi qui tiously developed along the 

cubic planes of the titaniferous magnetites as illustrated in Plates 

8 (F and G) ; 9 (A,C,D,F) and 10 (~H). These bodies are extremely 

variable in size and. range from sub-micrometre-sized bodies to large 

lamellae over 0,1mm in size. These spinel intergrowths also ,typically 

exhibit a wide range in size within individual titaniferous magnetite 

grains. They are generally largest in the central portions of their 

hosts, but become progressively smaller towards the titaniferOl1.S magnetite 

margins, until they disappear, being absent from the outer 5 -to 15 
miorometres of their hosts as illustrated in the above mentioned plates. 

The larger spinel lamellae are generally slightly curved and are lens

shaped as illustrated in Plates 12 (B and C). The spinel lamellae are 

sometimes arranged in a definite en eohelon fashion as illustrated in 

Plate 12 (B). This feature is particru.larly noticeable in areas where 

the lamellae have developed slightly curved, and. more lenticru.lar forms. 

These lamellae are generally cut by broad ilmenite lamellae (Plates 12 

(B and E)) and are also surrounded by a 5 to 10 micrometre wide zone of 

homogenemls, inclusion free, magnetite. The areas between the larger 

spinel lamellae are generally occupied by a second set of extremely small 

spinel grains that are also oriented along the cubic planes of the 

titaniferous magnetite as illustrated in Plate 12 (B). These spinels 

are generally equant,or lath-shaped and ranee between 0,5 and 1,5 

micrometres in size. Similar sized, but more needle-shaped spinel 

grains are also present in the ulvospinel-type and very fine lamellar 

ilmenite intergrowths as illustrated in Plate 11 (G). 

.,¥\i 



PLATE 12 

M.AMBULA TITANIFEROUS IRON ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

A. A large pleonaste grain (dark grey) containing minute lamellae of an 

exsolved iron rich spinel (light). The surrounding grains are 

titaniferous magnetites. 

E. A well developed set of transparent spinel lamellae (black) oriented 

parallel to the cubic planes of the titaniferous magnetite host. A 

broad ilmenite lamellae (dark grey) cuts diagonally across the 

photomicrograph. 

c. Typical appearance of spinel lamellae (black) in the Mambula 

titaniferous magnetites. Note the "sandwich" texture developed 

by these lamellae in the lower central grain. 

D. Transparent spinel lamellae (black) preferentially developed along 

only one of the cube planes of the titaniferous magnetite host to 

produce a lineated pattern. 

E. Large ilmenite lamellae (dark grey) disrupting a transparent spinel 

bedy (black). 

F. Transparent spinel grains (black) associated with an ilmenite lamella 

(dark grey). other spinel bedies showing markedly rounded to lensoid 

forms (black) are also present. 

G. Transparent spinel lamellae (black) present in rounded lensoid forms 

in the titaniferous magnetite. 

H. Similar to (G), but the original large spinel lamellae show evidence 

of breaking down into numbers of smaller grains. 
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Distinot differenoes exist between the morphologies of the spinel bodies 

developed in the Mambula ores and those present in aluminous titaniferous 

magnetites from unmetamorphosed basic intrusions. The larger spinel 

bodies, in particular, are not developed in the form of oharaoteristio 

narrow lamellae, but exhibit varying degrees of coarsening and breakdown 

resulting in more rounded forms. The degree of modification of these 

microstruotures also varies betvleen different areas of the oomplex. 

The transparent spinel intergrowths from the southern side of the lolaT.r. lla 

river exhibit only minor modifications and are still distinctly lamellar. 

They are, however, often slightly curved and show the development of 

slightly lensoid forms (Plate ' 12 (B and C». They also oocasionally 

break up into a number of short stumpy laths that are aligned along 

their length as illustrated in Plates 11 (D) and 12 (G) . Tr.e spinel 

miorointergrowths in the titaniferous magnetites from the northern side 

of the Mambula river ey~ibit greater degrees of modification. The 

original lamellae are oommonly broken up into numbers of short stumpy 

laths as illustrated in Plate 12 (F), while the bodies themselves are 

definitely more lensoid and have, in many cases, developed 

well-rounded bodies as illustrated in Plates 11 (H) and 12 

into quite 

(G). The 

smaller spinel intergrowths also exhibit lensoid forms in the more highly 

modified samples while the spinels assooiated with the ilmenite lamellae 

coalesce to form larger grains (Plate 12 (H) . 

9.3.5 Sulphides in the Mambula ores 

A variety of sulphides are present in trace amounts in the ~Iambula ores. 

They are generally in the form of small rounded inclusions that are less 

than 20 miorometres aoross and are usually present in ilmenite. Slight l y 

larger grains are oocasionally developed in the titaniferous magnetite 

where they are oommonly assooiated with the larger spinel grains. 

Pyrrhotite, oocasionally oontaining pentlandite exsolution lamellae, is 

the most common sulphide vlhile lesser amounts of pyrite are also present. 

Slightly larger pyrite grains are located interstitially between the oxid e 

groLinS in certain samples and cften show alteration to goethite. Minor 

chalcopyrite is also present as small rounded inolusions in the ilmenite. 

9.3.6 11eathering of the Mambul", ores 

The l~ambula titaniferous iron ore surface exposures are characteristically 

surrounded by a thin crust of highly deoomposed >feathering products below 
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which the ores often show only incipient alteration. The weathering 

crust varies in thickness, but generally consists of an outer centimetre 

of highly decomposed material followed by a narrmi transition zone below 

which is the relatively unaltered titaniferous magnetite. In contrast, 

the seam exposed on the western bank of the Tugela river shows extensive 

arJd deep weathering. 

The titaniferous magnetite has been completely oxidised to martite in 

the more highly weathered portions and this in turn shows extensive 

alteration to goethite. The upper surfaces of the ores are commonly 

coated by a thin layer of botryoidal goethite while the ore is veined 

by narrow, irregular, goethite veinlets. The fineI'-grained ilmenite 

grains show almost complete alteration to leucoxene while the larger 

grains exhibit incipient alteration around their margins and along 

fractures. 

Oxidation of the titaniferous magnetite generally takes place directly 

without the formation of intermediate titaniferous maghemite. It 

commences at grain boundaries and moves inwards into the grains along 

their octahedral planes. Extensive martitization disrupts the fine 

microstruotures and the original fine microintergrowths are not generally 

~Iell preserved in the weathered samples. 

9.4 Chemical Analyses of Mambula Titaniferous Iron Ores 

The chemical compositions of typical Mambula titaniferous iron ores are 

gi ven in Table 11. The analyses have not been expressed graphically 

since the vertical separation and sequence of the seams is uncertain. 

The relatively high Si02 values obtained for some of the samples is due to 

the variable amounts of silicate impurities present. The low totals in 

some samples, particularly those with high Si02 values, reflect the 

incompleteness of the analyses and can be ascribed to the presence of Na
2
0 

and CaO that are largely present in the plagioclase. 

The samples are characteristically highly aluminous as reflected by the 

abundance of transparent spinel that is developed both as discrete grains 

and microintergrowths. Some of the Al 20
3 

ic present in the co-existing 

plagioclase in certain samples. The ores also exhibit relatively low 

Ti0
2 

contents, (with the exception of sampl Ill]) 12), even when allowance 

is made for the presence of several per cent of silicate impurities in 

many of the samples. 



TABLE 11 

lllU;r.3g;; (Ii' KAXB1LA. TITA.1fIFmtCUS IHOR ORES 

5AlIPUS PR(J( 8CllT!! CP JUXlIJLl RIVER SAllPLES FR(JI ROI!I'J! (F lIAX!ULA RIVER 

lIB lIB lIB lIB lIB lIB lIB lIB lIB lIB lIB lIB lIB lIB lIB 

6 12 28 33 36 39 42 44 46 49 52 55 60 62 65 

8102 2.44 1.49 19,10 9,11 13,89 12,22 3,85 6,43 3,31 1.60 4,80 8.33 5,63 8,26 4.07 

T102 13,82 16.30 9,41 11.59 10,50 10,66 12,91 12,50 14,34 13,50 13,19 12,71 11.46 10,91 11,45 

H 203 6,85 5,63 10,08 7.95 8,49 7,80 6,38 8,24 6,46 7,03 8.32 8,19 8,49 8,39 7,84 

cr203 <1),05 <0,05 <0,05 <0,05 <0,05 <0,05 <0,05 <0,05 <0,05 <0,05 0,05 <0,05 <0,05 <0,05 <:0,05 

h:!~ .0,11 62,58 29,74 39,77 34.79 35,66 50,80 40,88 59,73 45,76 44,92 JT,54 45,94 38,96 45,59 

hO 29,86 12,80 22,00 26,38 25,60 25,05 22,76 28,14 12,04 29,03 25,01 27,26 24,24 26,73 27,39 

ItzIO 0,33 0,32 0,27 0,27 0,24 0,24 0,25 0,24 0,30 0,28 0,25 0,27 0,28 0,24 0,25 

1180 2,22 0,53 4,99 3,52 4,69 4,71 1,61 3,05 2,93 2,11 2,81 3,72 3,19 4,24 2,T6 

V205 0,75 0,54 0,53 0,60 0,54 0,63 0,78 0,71 0,64 0,82 0,82 0,75 0,67 0,60 0,68 

TOl'AL 1 99,38 100,19 96,12 99,19 98,74 96,97 99,34 100,19 99,75 100,13 100,17 98,77 99,90 98,33 100,03 

TO'rA.L Fe 1 53,36 53,72 37,95 48,32 44.23 44,41 53,22 50,46 51,13 54,57 50,85 47,44 50,97 48,02 53,18 

Tr _ trace. 

I: R24 t AnalyBiB of titaniferou.a iron ore from the )liMb Group ot B-.ms ot the Buahveld Complex (Sobwellma am. W11l1ma_, 1943). 
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The V20
5 

values are also generally low and vary between 0,5 and 0,8 

per cent. In general there appears to be a decrease in V205 contents 

jn ores that are stratigrap)l~cally higher in the sequence. The Cr20
3 

values are also low, beine below t he detection l imit of 0,05 per cent. 

The samples collected on the traverse to the south of the Mambula complex 

generally contain slightly more silicate impurities that the seams from 

the north side. A certain degree of correlation can however, be made 

between the seams from the two areas on the basis of bulk chemistry as 

follows:-

1 

ME 33 ~ ME 62 

Increasing 1<!B 36 ~ ME 60 

stratigraphic MB 39 ~MB 55 
height ~lB 42 ~ ME 52 

The ~!gO contents are highly variable and are largely present in the 

transparent spinel and orthopyroxene as wel l as in minor amounts in the 

co-existing ilmenite. The distribution of this oxide is largely 

governed by the amount of orthopyroxene in the ore. The MnO values are 

uniformly low in all samples and do not exhibit any marked variation. 

9.5 Analyses of Co-existing Ilmenites from the Mambula Complex 

Electron microprobe analyses of the large co-existing granular ilmenites 

from the ores and a sample from the associated gabbros are given in Table 

12. Quantitative electron microprobe analyses of the fine grained 

ilmenite lamellae and granules also indicate that their compositions are 

similar to those of the laree co-existing grains. 

The ilmenites are characteristically magneSium-rich, although the amount 

of MgO present varies considerably (1,7-6, 6"/» . Direct correlation 

between the amount of MgO present in the bulk ore analyses and its content 

in the ilmenite is not possible because of the variable amounts of Mg-rich 

orthopyroxene in the samples. The co-existing fineI'-grained ilmenites in 

the samples containing MgO rich coarse-grained ilmeni tes are also 

relatively MgO-rich. Several high ~lgO-ilmeni tes were re-analysed in a 

batch of samples containing low MgO-ilmenites as a check on the analyses, 

but essentially similar results ,"ere obta1ned. Analyses were also 

repeated uaj.nc; rlifferent ntandards, but consistently high l~gO values were 

obtained. 
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The ~lnO contents show only a minor variation between 0,8 and 1,0 per cent. 

The very much h igher MnO content in the ilmeni t es compared with the bulk 

analyses of the ore indicates that the ~!nO is preferentially incorporated 

into the rhombohedral, rather than spinel phases during crystallisation. 

Both A1
2

0
3 

and Cr20
3 

are present in very minor, but constant a.'naunts. 

The excess FeO in .the analyses \;as recalculated as Fe20
3 

aSSUJ:ling 

stoichiometry. The small amounts of excess Fe20
3 

shmm (2,63-6,3~) is 

reflected in the small number of hematite (now largely magnetite) 

exsolution lamellae present in the Mambula ilmenites. 

9.6 Beneficiation 

The presence of between 10 and 30 per cent silicate impurities in the 

majority of j,lambula ores would necessitate beneficiation. A high degree 

of lib'erot ion of the major oonstituents is possible due to the relatively 

coarse grain size (2-5mm) of the silicate minerals and the generally 

polygonal shapes of the opaque oxides. Complete liberation of are and 

gangue minerals can generally be achieved by crushing to less than 200 

mesh. Titaniferous magnetite concentrates can be prepar""l by simple 

magnetic separation while ilmenite concentrates oan be prepared by 

electromagnetic separation. The silicate impurities have levier specific 

gravities than the associated oxides and can be removed by gravity 

separation techniques. A portion of the hornblende and olivine might 

overlap slightly in magnetic susceptibility with the ilmenite, but the 

bulk of the silicates >lill be adequately separated during the 

electromagnetic separation of ilmenite. 

The removal of the silicate impurities from the Mambula ores reduced their 

volume by between 10 and 30 per cent ,iepemling on their initial composition. 

This refJlJ,lts in a decrease in 3i02 , A1 20
3

, M{lO and CaO (larcely present in 

silicatec) and an increase in Ti02 and V2C'-5 (present in the oxides) ir. the 

ore. norc than half of the Ti02 reflected in the analyse" is present al' 

CCk'l.rCe ISI'<.<.nular ilmenite ./hDe the bulk 

solution in the tHaniferollo macneti teo 

or the V ...... 0r.: in prescD t in :''101i,-~ ., ) 

:;oparation of the 10-15;: of 

coarBC ilmenite from the titaniferouG mac;netite thus further r u \ucp." the 

Ti0
2 

contcnt ancl, increase" the V
2
0

S 
content of the l1agnetite. 

Microscopic eXdmination of the concentrates indi roatef; that a magnetic 

tita..!liferous magnetite concentrate with a crain size of leS8 than 200 
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mesh .Iill have a Ti02 content of between 3 and 8 per cent depending on 

its initial composition and the nature of the microintergrowths present. 

Calculations based on the · reduction in volume by the remova l of silicates 

and coarse-grained ilmenite indicate that the V20
5 

content of 

titaniferous magnetite will be increased by between 20 and 40 

the 

per cent 

depending on the amount of volume reduction involved. The V20
5 

contents 

of the most vanadium-rich samples (MB 42,49,52,55) would thus be 

increased to approximately 

reduced to bet>leen 5 and 8 

1 per cent 'Ihile their Ti0
2 

contents would be 

per cent. This 

of very fine, microintergrowths that cannot 

ore-dressing techniques . 

Ti0
2 

is present 

be separated by 

i n the f erm 

conventiona1 

The compositions of the ilmenite concentrates can be obtained from the 

electron mi croprobe analyses of the corresponding ilmenites in Table 12. 

These ilmenites generally contain slightly higher 1.lgO contents, but their 

low Cr20
3 

contents render them suitable for use in Ti02 pigMent production. 

The effect of the higher ~lgO contents on their treatment would have to be 

investigated. 

9.7 Discussion 

The 14ambula titaniferous iron oree can be (liGtinguishe<l. chemically and 

textural l y from the ores of the other complexes investi(,"ated. Their 

microstru.ctures and mineralogical relationship~ ind icate that they have 

been modified by vdriable amounts s ince their initial crystallisation 

and this pre~mably occurred during the 1;i<lespread 900-1000 million year 

meta.morphic event (Cain, 1975). 

The a.bundance of coarse grained ilmenite together 'Iith the contrasting 

relati ve paucity of ilmenite microintergr01,[ths in the ti taniferous 

magnetite is problematical. This sugcests that the oxidation/exsolution 

of Ti-rich phaGes to fo rm external grains in the. lIambula ores may have 

IJroerem.,a:d to a much sreater cle[,'Tee than in norll'Kl.l in nnmetamorphosed. or 

even olic;htly modified titaniferous mI1Wletite". 1\ compari e:on can be 

ma.de in thiL' respect between the relative am01Ultu of granular ",,1 lamellar 

ilmeni te in theBe ores and. those of the USll:;}n-l ana. Complex :!~, ,~. e:..; (:ribe..l in 

Section 8 . 

+ 
The UsushHana ore s exhibit similar 'riO? contents to the ;·;amOOla ores (- l . 

per cent), but on average conta.in only 5 per cent of coarue-grained ilmenite 
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together with a further 2-3 per cent of finer grained inter granular 

ilmenite. Approximately 8 per cent of the ilmenite (=4% Ti02 ) is 

present in discrete grains while the remaining 1 ° per cent Ti02 is 

present in the extensively developed ilmenite trellis lamellae . In 

contrast, the Mambula ores contain between 15 and 25 per cent coarse 

grained ilmenite (8-12% Ti02) with the result that only between 2 and 

6 per cent Ti02 is present in solid solution and in the form of Ti

bearing intergrowths in the titaniferous magnetite. This Im.er Ti02 

content is reflected in the relative scarcity and poor developmen. of 

ilmenite lamellae in the Mambula ores . The dark pinkish-brown colour 

of the magnetite might a l so indicate that a portion of the Ti has 

remained in solid solution and this will also have contributed to the 

weak lamellar development. 

Further evidence of external granule exsolution and consequent lowering 

of the Ti02 content is afforded by the stringers of smal l ilmenite 

grains that are located along the boundarieG between titaniferous 

magnetites. In addition, any externally eXGolved ilmenite would 

simply have formed overgro\'lths on the larger ilmenite grains at places 

where they were in contact with titaniferous magnetite, thus increasing 

their size. This is supported by the presence of spinelliferous rims 

that clearly outline the secondary overgrowths on many of the large 

ilmenite grains. These ilmenite grains may, in part, represent 

original co-precipitated material or might have been formed by an 

earlier phase of external granule exsolution during their primary 

cooling. 

Homogeneous, single phase titaniferous magnetites from basaltic 

volcanic rocks invariably exhibit high Ti02 contents that range 

between 11,5 and 27,6 per cent (AnderGon o.nd I,right, 1972 ; Akimoto 

and KaiDura, 1959 ; Ade-Hall, 1964 ; Katllura and Kushiro, 1961, for 

example). These titanomagnetites repre~ent primary unexsolved phaSp.s 

that have been preserved in a metastable state by rapid cooling. An 

analogy can be drawn between them and the composition of the original 

high-temperature spinel s precipitated in the ~1ambula Complex. The 

14 per cent Ti02 reported in the ore analyses can be readily accomodated 

in the magnetite as a high temperature magnetite-ulvospinel solid 

solution and do.es not require the presence of discrete co-precipitated 
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ilmenite grains. The "overexsolved" nature of the Mambula titanifer--

ous magnetites is supported by evidence from other weakly or 

unmetamorphosed igneous complexes that generally contain only minor 

coarse grained ilmenite in silicate-poor, ore-rich layers 

(Trompsburg, Kaffirskraal, Bushveld, Usushl'1ana) . These ores exhibit 

overall Ti0
2 

contents similar to those of homogeneous titaniferous 

magnetites from basic rocks and as far as the author is aware, no 

ores of this type have been reported to contain more than 30 per 

cent Ti02• 

In addition to being more sparsely distributed than usual, the various 

ilmenite lamellae show signs of modification and differ in appearance 

from those present in unmetamorphosed titaniferous magnetites. They 

are broader in relation to their length and have blunt terminations 

rather than gently tapering ones. These features are indicative 

of incipient breakdown of the lamellae, but the process did not 

develop enough to result in any marked spheroidization. This suggests 

that although temperatures were high enough for some ionic diffusion to 

occur, they were insufficient for spheroidization. These lamellae 

resemble those developed in the Free state seam of the Rooiwater 

Complex (section 7) that had been modified during metamorphism, but 

had not yet reached the spheroidization stage. 

The presence of stress-twinned ilmenite grains in certain samples 

particularly from those near the southern margin of the complex, is 

indicative of tectonic deformation. Thin, plate-like bodies of 

magnetite are generally developed at the intersections of differently 

oriented twin lamellae and have probably formed by nucleation and 

subsequent grOlrlh at dislocations associated with the twinning. 

Chakravarty (1961) described similar twinning in sheared ilmenites 

from deformed quartz veins. Ramdohr (1969, p.969 and 970) has 

illustrated similar twinned ilmenite grains shm'1ing the development 

of magnetite platelets at the intersection of twin lamellae. He 

referred to this as "newly formed magnetite" and noted that it might 

have 'formed from hematite, but offered no explanation. Ramdohr 

(1969) reported that shearing takes place in ilmeni tes along tl'lin 

planes parallel to (0001) and (1011). Smith and Steele (1976) also 

reported that shpck deformation of ilmenite produces multiple tl'linning 
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as shown by t he abundant development of these structures in ilmenite 

from lunar breccias. They reported that twinning in ilmenite 

initially occurs on (0001) and that thi s is followed by twinning on 

(1011). 

Cahn (1970) has described the formation of similar textures in annealed 

deformed alloys. The nucleation of these erains taken place at the 

intersection of deformed bands which repr esent regions of hi"h 

dislocation energy. The nuclei preferentially form in ree:;ions ,.here 

the l ocal degree of deformation is the highest, in this case, tl le areas 

of stress-twin lamellae intersection. This mechanism might, by analogy, 

be equally applicable to the Mambula ilmeni tes in the areas that were 

tectonical ly deformed. Recalculation of the microprobe analyses 

asruming stoichiometry, indicates the presence of small amounts of 

excess Fe that would account for the nucleation and LTowth of these 

bodies at the newly formed dislocations. Their cl eve 1 opment as magnet it e 

instead of hematite indicates that oxyeen fueacities must have been 

relatively low during this process. 

The presence of 6riented magnetite bodies within the larger untwinned 

i lmenite rrrains is also problematical as magnetite is reportedly not 

markedly soluble in i lmenite even at elevated temperatures as discussed 

in Par t 1. Elect r on mi croprobe analyses show the presence of minor 

amounts of excess Fe in the Mambula ilmeni tes, but unfortunately the 

oxidation state of the i ron cannot be determined by this meth~l and 

it is uncertain vlhether it is present in solid solution as mao;"etite 

or hematite. In keeping ',lith the current ly available experimeEtal 

data discussed in Part 1 it is conclU<1(~l tHlt the I'1ae"neiite bocUes 

represent original hematite lamellae or Fe,,03 in solution tha.t have 

been reduced, either dur inG post-orystall ico.tion cocline or 8ubs el:uel1t 

metamorphism. . These magnetite bodies also chance orientation across 

'I;"in boundari es 'Ihich sugc;ests that their formation (possibly""» 

hematite) miGht predate the deformational event. 

3pinel cx:colution bcxlies in unmetamorphoGed titaniferous rnaenetites 

normally form narr ow lamell.ae oriented ,d011G the cubic ,'\irections of 

their hont s. r.[,hey are alGo often present ar; small roun~t(d (:rains 

locut ",t alonG the bomul.o.riec; of ilmenite; ],,'ocllae. In cantrar>i, thn_ 
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spinels in the I·:ambula titaniferous magnetites a.re more round8ll and tho~;e 

in the ores from north of the Hambula river have a iI.efinite lensoi,1_ ,-hape. 

l1'h e thickening and rou.rulin& of the lamellae i:·, possible clue to incipient 

spheroi,li;,ation ('-auseil. by hil3ller ionic mobili ties under the iEcrease:i 

metar;'lOrphiG temperatures. 

_'-luhJinous titaniferouG ~~laB11etites from ll1.uTInta:.:orr11OoeJ., E:lc,'Tly eoolet 

bacic i t-neous rocks do not nor .. rally exhibit the sane marked. si~/,e variation 

in exsolved Gpinel lamellae towards grain boundarier;; as developed. ~l. the 

!l1ambula Ores. The hiGhly alUl,1inous titaniferolls mD.[,J'neti-teE.: or tLc 

TrompE.burr; Comple:::, for e~~ample, contain D. variety of abunl.:::.r.t "I; ran cpa.rent 

rpinel microinter[,ToHthn (thiG thesis) 1 but te:-:-t.urcD reserlbl inf~ thoBe in 

t),e I.Ia",bula Complex a.re not ".evelope:i. Bo\-,le,' (1977) 110,[;, it: contrast, 

J' icure(l "tr:3.r1upu.rent Hpinel jntert"Towtbs in titaniferou ;J '·1(l.~~"!letitf;'8 ~rof:l 

tlf} Frcci. O-,rn }i.1.;;rr:r8tl Cor'1p]c;' tl ;a.t are c.inilar to tl)oGC ·-lov(~lop( .... l in t' :e 

Ea. ~ Ibul 0. ()rr:::;;. TIol.vJ.nn, (197i~) mentioned. tlin-l. '11,(] Op~:1.rn.lf: o:: i·.le~~ i!~ 

'Tue:.:tion arc; (level oped in CJ. lx1..Hic peL.,,,natjtic p1 1 [L ;:(~ ;'nJ I.e .1. i ,1 ll ot rC~~Em 

the~3C sD.!npl cG ·:L n havinc beE-m lnetamorphose:i. ~Ph <.~ i..~hapeg uf tloe il l:}C'nite 

lam011a.c in his illustration, ),owever, also 'JUGceet that they have 

underGone a certain decree of modification. 'I'he comlitions involved in 

the formation of the basic pegmatite are uncertain and the spil.el 

intercroHths developed in its titaniferous ma,,'1'leti tes cannot be rej:1I\lei 

as tYl'ical of this microstructural type. 

'I'lle formation of the characteristic transIJarent spinel microilltergro;rths 

in the l,lambula titaniferous magnetites must al.Jo be relateJ to l'rocesses 

that \J ere active during the metamorphisrfl of tlJf~8e ore.~;. 1'he very f ille 

spinel laMel lae would most probably Ilavc bc;cn resorbel1. (lur iYlg Ll:o initi.a1 

tClapf~ra.tu.r(: increase and pa.rtial resorption of tl .... (~ la.re-er lame] l ae 1ll it~ht 

al [j(l rtava oc(mrroo deponrli:ng on tho ternperatur(~ rt~,'J..che;l. The: 

mcnification" to their norr,lB.l lamellar for"" \,wlll,] :ll,-c have been 

initiated ·.luring this "tage. A certain a :oount of U_" remainin~ 

insoluble spinel that was favourably 10Cl1ted near tl,e c:rain boullclaries 

mi{~ht conceivably have migrated out of the tito.niferouf.:; r:'lae,netitec to 

form externa l 6'T8.nules. 

in the marr,ina.l a..:rcan of the8e grainc and set IIp cOllcentra tiOll GTa .. 1ient1:1 

increas inc; tal-TamS the centre of the crains. 
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to,rards the titaniferous magnetite (lTain boundaries reflect s a decreace 

This in the amounts of Al and lie to'Jarcls the marei ns of these grain". 

compositional z oning is unl i k ely to have resulted duriEC; primary 

cry»tallisation since the Sl O>T cooling conditions operatin/! in basic 

plutons 'lOul<i favour the format ion of unzoned erai ns. 

The compositional variation may result partly from the los~, of :.:g and ,\ 1 

from the marGina l areas during e1..-t ernal granule e X301ution processes 

that were operative durin/,: primaI"J coolinc. This mechani3Tn deplete .- the 

mar&inal areas in !.Ig and Al and sets up a compoGitional eradient. The 

ionic: diffusion rates Vlere too slow for mOre tl ,an a minor reduction of 

this (lTa.<lient with the relmlt that nucleation mlll Growth of the larcer, 

more wi<iely spaced lamellae occurred. toward" tLe centres of the !,'"rain" 

once critical supersatura.tion levels were reached i n these areas on 

cooling. 

Continued coolin/,: would result in the nucleation and growth of smaller, 

more closely spaced lamellae at progressively lower temper~tures in the 

areas closer to the erain boundaries as the corresponding critical 

Bupersaturations were reached. The decreased ionic mobilitieB itt 

progressively lower temperatures would also lead to the development of 

COTnpolJitiona] [,'Tad,ients in the areas bet"een the l;:,rcer lamell,w ultimately 

c ivinc; ri sc to a.nother seri"" of fine lamellae. Thece proce::mes waul,l 

produce ti'taniferous magnetite [,TainD contain inc transparent spinel 

inter(lTo;,ths that ' Toulrl Gho", a I~adual decrca"e in Gicoe t OHaI'll::: t he (lTain 

boundaries, depend in/! on the nature of the oric;inal concmltrotlon 

(lTadient. 

Heat ing during metamorphism would conceivably result in resorption of 

portion of the originally exsolved spinel and l.ead to the format ion of 

,"ore equilibriu," grain boundary relationships (spheroidization) in tl~e 

remaininG lamellae. Continued external granule exsolution of the spinel 

micht also occur from the marGinal areas of tlte erains, p c.rticularly during 

8ubscquent cool ing, formine an oven GT«<1ter concentration [~adient. The 

eY.rJolutiol1 proce~;nefJ \-Tould continue an before during clow coolill ~ : 

reG1.l1tin f.~ in the furth(![·l.~()'vrLlt r1llrl. C(K.Lr::C'l l·;lll ~ o[ orit'~inill lame ] lac, 

ultirl1D.teJ,Y ro:.:rultine jn a tTca.tly exa(~~nra.~(!tl 1'\ i0ro~>trnctural i1.cvelopment 

Illlie i'llinor a r:!Olmt of:' spinel 

remaininc in Dolill solutior ~ HOllld exsol vc a~.; .:). cet of very fine 1,~t:1Gllae 

par2.l1el to t!.e octaJo.cdt':J.l pl:J.lles of their bost e: um1.er the lowe"t pos"ible 
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temperature conditions. 

The discrete co-existing spinel grains in the Mambula ores are also 

problematical. Investigations in synthetic and natural spinel sJ'stems 

indicate "Iidespread miscibility amongst the various end members above 

800oe, as discussed in Part 1. The temperature range for the 

cl"Jstallisation of iron-titanium oxides in the basaltic !,lakaopuhi lava lake 

is given at between 1070
0 

and 9800 
C by Evans and Moore (1968). Primary 

crystallisation of the Mambula opaque oxides would have taken place Ulder 

essentially similar or possibly even higher, temperature conditions so that 

the co-precipitation of two (listinct Bpinels 'Iould have been unlikely. 

The presence of munerous small spinel grains along grain boundaries ",nd 

the rel",tive paucity of spinel from the outer portions of titaniferous 

mac;netites indicates the e>.-tensive external exsolution of this phase. 

It is possible that the larger spinel grains have been formed by the 

coalescence of nunlerous smaller, favourably located externally exsolved 

spinels. 

The presence of crystallographically oriented iron-rich spinel exsolution 

lamellae in the larger intergranular transparent spinels s"Uggests that 

their original compocition may have been more towards the hercynite 

compositional side. This also indicates that their temperature or 

formation must have been high enough to allow for this degree of 

miscibility. The smaller spinel bodies, both granular and lamellar, 

do not contain e:csol ved iron-rich spinel and may have formed at lower 

temperatures. 

Thc compoGitions of the various spinel grains and intergTm.-ths "ere not 

determined by electron microprobe, but it i<l conceivdble that compositional 

differences exist between them. For example, Cameron and Glover (1973) 

reported compositional d ifferences bet"lcen -,farious spinel intercrD\'lthc 

d.eveloperl in titaniferous maOletites fro", b<J.oic pe[;!1atites in t~,e eactern 

Bushveld Complex. 

The development of narrOH reaction rims bei>lcp." sil icates anl opa:rue 

oxides, particularly the fO),,'""-tion of biotite around titaniferouD ,,,a cnetite 

in contact vii th plagioclase, in slm..;ly oool(tl i nljeouG roc1n: is a common 

feature. Hcactions bct\-J'ccn co-exj st in£; fernie ~.;i l ic.:"'\teG anr .. opaque oxides 

are, hO\<lcver, rrnlch ra.rer. The !lIambula orcs are cha.racterised by the 
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presence of a variety of well defined reaction rims around the various 

silicates, particularly Hhere they are in contact ,lith opaque o;cides. 

This is indicative of considerablA re-equilibration having taken place 

between co-exiGting phases during metamorphism, but tn e i ncomplete 

nature of the reaction rims indicates that equilibrium conditions were 

not attained. 

The d.evelopment of hornblende rims around ti taniferous magneti tee i n 

metagabbros has been discusr;ecl by Buddington et a1. (1955, 1963). j-,n 

the formation of fayalitic olivine rims bet1>leen brozite and ti t a ni fe rouG 

magnetite is less well documentated and suggests a reaction of the type:-

For the rea.ction to occur, hOHever, some exchange of l.lg0 between the 

brom;ite and other co-existine' phase "ould be necessarJ'. Other 

re-er01ililJration reactions Hould also be proceeding concurrent ly and it 

is possible that some transparent spinel Hould be formed at this stage by 

reaction bet,18en liberated !.Ig0 and AJ 20
3 

(from magnetite and/or plagioclasA). 

Similarly, portion of the intergranular ilmenite may have been formed from 

the Ti released [luring these reactions. 

The reaction: magnetite + Si02 --•• - fayalite iu well-known from 

8:k'"Perimental and metamorphic petrology and taken place at elevated 

temperatures under conditions of low oxygen fugacity aG inrlicated by the 

~! buffer described il'l Part 1. By analogy it can be inferred that the 

fayalitic reaction rims may have developed uru1er similar conditions, 

although t he 1.110 present in the bronzite and the Ti and ).1 in tLe ma[7leti te 

,fQuld effect the stability relationships to Gome extent. The oxycen 

fu68-citi~G required for this reaction to ta1<:e place would be much Im'ler 

than those required. for the reduction of hematite to magnetite i n the 

coarse ilmenite gra.ins and would most probably be near to those of the <!Fl.! 

buffer deccribFYl by Buddington and Lindsley (196~). 

The complex ;nagnctite/orthopyroxene symplectHl'G present in the reaction 

rins surrounding ti taniferous magneti teG ill certain sampl.e" areo diffi cult 

to interpret. ~;imilar tp.:: ture" have been reported from the un".letamorphoGed 

Carr Boyd nockn Ultramafic COI!lple:c in Auetralh by T'urvis et a1. (197:», c_" 

frolll an ,,,,,phiboIitG at Piko l[}-,:elebi by 'iakefieU. (1971;). 
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favour a late r.1agmatic stage for the formation of these intergrowths 

according to the reaction: olivine + 0i---orlhopyroxene + magnetite 

"hich is essentia11y the reverse of the reaction leading to the formation 

of f'ayalitic olivine rims around the bronzite. The intergrowths noted 

in the blambula ores are only developed locally and it is possible that a 

minor fluctuation in oxygen filgacity led to their formation in certain 

areas during metamorphism. Bowles (1976) has commented on the variability 

in oxygen fugacities over very short distances "ithin a rock during 

crystallisation and it seems likely that similar differences will exi c;t, 

at least locally, during metamorphism allowine- for the developenmt of this 

texture. 

The 1·lamOOla titaniferous magnetites contain unusally large amounts of 

A1
2

0
3 

and MeO which must refl ect aspects of the composition and 

differentiation of the 1,lamOOla magma at the time of crystallisation. 

Carmichael et 801. (1974) commented on th~ control exerted by pleonaste 

in solid solution in titaniferous magnetites crystallising as a primary 

phase in magmas of 10>1 silica activity. 

is formed by a reaction of the type:-

They suggested that the pleonaste 

.. 
pyroxene component glass 

Hass (1973) noted that the available chemical data indicate that the spinel 

phases (i. e. mac;neti te ) in rocko >lith alkali basalt affinities contain 

significantly more Al and I~g than those of tholeiitic types. 'l'iticl suggests 

that i.nsufficient silica em alkalies >lere present to form pJ aGioo] ase from 

all the Al;>03 a.vailable at the time of crystalli se.tiO' l so that the excess 

alumina '/8.G incorporated into the spinel phase. 'f he forn,,.tion of 

essentially monomineralic titaniferous magnetite layers in ctratiform 

basic intrusions has been 'liscussal in section 3 and is normally associated 

with late-stage iron enrichment of the basic magma. A late-stae e Si02 
enrichment normally accompanies this high degree of fractionation so that 

the apparent 101-1 Si02 - activity of the Mambula. magma at this ,.;taee appears 

anomalous. 

The small size and strongly fractionated nature of the Mambula Complex 

shol1ine the development of at lead 6 thick ti taniferous Pl8.C:l1 eti te seams iB 
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also problematical. This suggests that the complex may have crystallised 

from an iron-enriched basic magma that might represent a fractionated 

liquid derived from the crystall i sation of a larger basic intrusion at 

deptl1. A certain degree of correlation can be made between several of 

the titaniferous magnetite seams developed in the sout},ern part of the 

Complex and. others in the northern part on the lJaois of bulk chemical 

COr:1posi t ions . The major d i fferences are larecly due to variations i n 

t he proportionG of silicates which are more abundant in the samples fron 

n ear the southern mare-in of the Complex. This feature sur;gests tblt 

compositional variations mie-ht Occur in the individual s~.atlS alon;; s trike 

and that they become pro{,'Teosively silicate-rich ·~o"larC.s t)-,e marr;ins of 

the Complex. 

SpinelHferous ilmenite rims around large ilmenite grains where they are 

in contact Vli tb aluminium-bearing ti taniferous magnetites are cor.1monly 

developed in unmetar.lOrphosed basic intrusions, but they are particularly 

noticeable in the /.\ambula. ores. Humerous small transparent spinels are 

formed along tbe boundaries of the ti taniferous magnetite grains, 

presumably as a result of nucleation at grain boundary imperfections 

foJ lOHed by groHth clue to external exsolution. A certain amount of 

ilmenite external granule I'lxGolution will also ta.ke place and 'Iill add 

to any neir;hbouring ilmenite to form a secondary overgrowth. 

The presence of the spinel gra.ins along the titaniferous magnetite/ 

ilmenite interface, hOH8ver, interferes ;rith the ill'lenite grain boundary 

migration. Coble and Burke (1963) noted t hat a grain boundary has 

d ifficulty in migrating past an inclusion because in order to do so, an 

area of bound.ary equal to the oross-sectional area of the inclusion has 

to be reformed in the boundary on the far side of the incluoion. The 

inclusion impedes grain boundary movement since the surface energy of 

this area of boundary has to be provided by a deO'raase in t h e area of 

the rest of the boundary. 'rhe spinel impuritieH thus tend to remain 

along the ilmenite/titaniferous magnetitl'l interfaces and varying degrees 

of complex {;rain-boundaries configtlration ariue llue to the J'linninc of one 

member of trlc i nterra.ce Hhile contintH .. -·d t~oHtJl of the next !~en!lI.:mt uCCurti. 

'cc: a res"Ul t, very irre[,'u1ar boundarieu "1'0 prcxlucerl in::te3l1 of the expecterl 

~ently curved ones. Sufficient energy has been available in certain ca3e[; 

ani the grain boundary has migrated past the i nc l usions which then remain 

0.8 a relict lille (lemarkatinc the position of an earlier interfac~. 
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The very fine rounded ilmenite granules typically form olusters round the 

peripheries of the larger, lens-shaped spinel intergrowths as shown in 

Plates 11 (H) and 12 (G). The transparent lamellae in titaniferous 

magnetites from unmetamorphosed basic rocks that contain abundant 

exsolved ulvospinel are often surrounded by a rectangular framework of 

coarser-grained ulvospinel. By analogy, it is conceivable that similar 

textures were present in the Mambula ores and that oxidation of this 

ulvospinel to ilmenite occurred at some stage either before or during 

metamorphism. The spinel lamellae became modified during metamorphism 

and the original ulvospinel (or ilmenite) frameworks surrounding the 

spinels broke down to form the clusters of small ilmenite grains. The 

ionic mobilities were too low to allow for complete spheroidization of 

the spinel and rearrangement of the ilmenite to occur under the prevailing 

temperature conditions. 

The primary microstructures are not preserved in the Mambula ores and 

their original nature is uncertain. The general lack of abundant 

lamellar-or modified lamellar-ilmenite intergrowths developed in the 

Mambula ores suggests that these microstructures were also not well

developed in the primary intergrowths. The presence of ulvospinel-type 

microstructures in certain titaniferous magnetites and the development 

of the very fine rounded ilmenite granules around modified spinel lamellae 

suggest the presence of abundant ulvospinel in the primary intergrowths. 

In view of this, it is suggested that the original titaniferous magnetite 

microstructures consisted of sparsely distributed ilmenite lamellae of 

various sizes and that the bulk of the Ti02 was present in well defined 

ulvospinel cloth-textured intergrowths. 

The original spinel microintergrowths were probably similar to those 

exhibited by the titaniferous magnetites of the Trompsburg Complex 

(this thesis). Variable amounts of coarse-grained, co-precipitated 

ilmenite may also have been present, probably beooming more abundant in 

the silicate-rich ores (by analogy with the Trompsburg ores) . Minor 

amounts of fine granular ilmenite were derived from external exsolution 

processes. 

Cain (1975) stated that the Mambula Complex is located in a zone of 

metamorphic rocks that generally belong to the almandine-amphibolite facies. 
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He also noted that the Complex is metamorphosed to a greater extent along 

its margins than towards its interior. Winkler (1916) stated that the 

possible temperature range reached during this degree of metamorphism varies 

between approximately 525 and 100°C at lm~ pressure. The temperature 

range is reduced considerably with increasing pressure and coverges on 

approximately 600°C. These figures thus provide a useful upper limit 

to the temperatures reached during metamorphism and indicate that 

extensive ionic diffusion and resultant modification of microstructure 

was possible. The presence or absence of volatiles might also be 

expected to influence the microstructures developed. 

The original exsolved ulvospinel would have been largely redissolved 

during heating up to temperatures near 600°C provided that the o~Jrgen 

fUgaci ties remained low enough during this stage. The large amount of 

titaniferous magnetite in the seams would have exerted a strong buffering 

effect on the oxygen fugacity and these conditions may well have existed. 

The presence of minor exsolved ulvospinel-type microintergrowths in 

certain samples indicates that at least portion of the original exsolved 

ulvospinel was resorbed and subsequently exsolved again. 

The subsequent behavior of the titanium-bearing phases involves several 

complex processes. The temperatures were not high enough to allow the 

degree of ionic mobility required for extensive spheroidization, but were 

nevertheless sufficiently high to allow for extensive external granule 

exsolution, as suggested by the abundance of granular ilmenite and 

paucity of intergrcwn Ti~rich phases. No data is currently available On 

the mechanisms and solid state processes operative in titaniferous 

magnetites during metamorphism with the result that it is difficult to 

evaluate the significance of the Mambula microstructures. 

Mildly oxidising conditions, either during heating or subsequent cooling 

would have led to the formation of ilmenite from either exsolved or 

dissolved ulvospinel. This ilmenite would have been insoluble and have 

segregated to form typical trellis lamellae oriented paralled to (111). 

The general paucity of these lamellae, however, suggests that other 

processes might have been operative. 

The temperatures necessary for the spheroidization of lamellar 

intergrowths are not kno,m, but they might be near to those developed 
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in the higher temperature range of medium grade metamorphism from analogy 

,lith the Rooiwater ores (this thesis). The metamorphic episode lastecl over 

an extremely l ong period of time (+ 100 million years) (Cain, 1975) and it 

is possible that a large portion of the ilmenite present as intergrowths 

was able to migrate out to form external granules over this period. This 

is supported by the presence of abundant fine grained granular ilmenite 

along titaniferous magnetite grain boundaries and the I1ell defined 

secondary ilmenite overgrowths developed around the larger erains. 

The secondary spinelliferous overgrowths on the larger ilmenites together 

with the external ilmenite and spinel granules indicate that considerable 

post-crystallisation growth of these phases has taken place. Grain 

boundary migration also occurred in order to accomodate these grOl<ing 

phases and led to the development of an overall granoblastic polygonal 

texture in the ores. The highly irregular, spinelliferous ilmenite grain 

boundaries between ilmenite and titaniferous magnetite lfere controlled by 

the pinning of spinel inclusions along their length. 

The lamellar ilmenite and both lamellar- and granular-transparent spinels 

exhibit complex mutual relationships. The larger ilmenite lamellae 

commonly transgress the larger spinel lamellae that remain continuous on 

either side of the ilmenite and exhibit no thinning towards the ilmenite 

contact. These ilmenite lamellae appear to poot-date the spinel lamellae. 

Other, often smaller, ilmenite lamellae are often transgressive across 

areas containing smaller spinel lamellae, but do not cut them. These 

spinel lamellae are present right up to the ilmenite contacts but do not 

continue on the other side. 

the spinel lamellae. 

These ilmenite lamellae appear to predate 

Rounded to irregularly shaped spinel grains are commonl;v located along 

the interfaces between titaniferous magnetite and a variety of different 

sized ilmenite lamellae. This suggests that these grains nucleated and 

grelf via the heterogeneous mechanism at sites of grain-boundary 

dislocations associated with the lamellar development. These spinels 

are also sometimes present as rows of inclusions within the lamellae and 

are oriented parallel to the lamellar grain boundaries. This indicates 

that a certain amount of coarsening of the ilmenite lamellae has occured 

since the formation of the spinel grains. 
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The transparent spinel appears to replace the ilmenite lamellae at places 

where the two types of lamellae intersect. This prooess also occurs, 

but less frequently, in the absence of lamellar intersections and usually 

talces place at the ends of the ilmenite lamellae. These relationships 

appear to be the result of the modifications that occurred during 

metamorphism. The ilmenite lamellae typically become shorter and wider 

during this process and it is possible that the associated spinel may 

have migrated into the "low pressure" areas in the titaniferous magnetite 

formerly occupied by the end of the ilmenite lamellae . This is n a 

true replacement process, but merely a volume for volume readjustment. 

The spinel grains located along the grain boundaries migrate and accumulate 

at the end of the shortening lamellae producing the replacement effect. 

The effect produced at lamellar-ilmenite and -spinel intersections is 

similar. (refer to Plate 11 (B-D)). 

The modification of the primary microstructures during metamorphism is a 

complex process involving a number of variables including temperature, 

oxygen fugacity, the nature of the original microstructures and the mte 

of cooling. The evidence afforded by the magnetite bodies in the 

coarse-grained ilmenite and the fayalitic reaction rims indicates that, 

although oxygen fugacities were low during metamorphism, they were not 

low enough to allow for any large-scale existence of ulvospinel. The 

bulk of ulvospinel in solid solution was thus oxidised to ilmenite and 

contributed to the development of the various ilmenite oxidation/exsolution 

bodies. The "overexsolved" nature of the Mambula titaniferous magnetites 

has already been discussed, and is largely due to continued exsolution under 

mildly oxidising conditions with respect to ulvospinel during metamorphism. 

During the final stages of cooling, the oxygen fugaci ties ~rere low enough 

at certain points within the complex to allow the formation of minor 

exsolved ulvospinel. 

9.8 Genesis of the Mambula Ores 

The world wide occurrence of titaniferous ma@letite layers, or titaniferous 

magnetite-rich silicate layers, in the upper portions of layered basic 

intrusions supporta the vim-r that they are the products of normal 

crystallisation trends characterised by late-sta[;e iron enrichment . The 

Mambula ores are very similar in many respects to other deposits of this 

nature, but differ to a small extent in minor element geochemistry. Their 

overall chemistry is, however, consistent with a magmatic origin and there 
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is a decrease i n V20
5 

content of the titaniferous magnetites 

stratigraphically upwards in the sequence which is in agreement with 

the trends displayed by the Bushveld, Skaergaard , Dufek, and RooiI"Tater 

(this report) Complexes. 

du Toit (1918) drew analogies between the titaniferous magnetite-rich 

layers of the Mambula Complex and those of the Bushveld Complex and 

suggested that they were formed in a similar manner. He rejected the 

idea of a gravitative concentration of the titaniferous magnetite ant 

drew analogies bet"een the behaviour of these ores and those of 

pegmatites. du Toit (1918) ooncluded that the titaniferous magnetite 

layers were formed by the injection from be10l' of a fluid material 

consisting almost wholly of iron and titanium oxides . This material 

was emplaced into the semi-solid gabbro, partly by actual intrusion, 

and partly by a diffUsion process. 

A large amount of data has accumulated on layered basic intrusives since 

du TOi t's paper was published and in the author's opinion the Mambula 

ores can be regarded as a high-alumina variant of the normal type of 

titaniferous magnetites developed in these complexes during fractional 

crystallisation. The textural evidenoe also indicates that their 

original mineralogical and microstructural relations have been modified 

by metamorphism. 

The genesis of the loIambula ores can be summarised as follows: -

1. The various titaniferous magnetite seams were formed as cumulate 

rocks by nonnal fractional crystallisation processes during the 

solidification of the Mambula Complex. The titaniferous magnetite-

rich layers were formed during this process by the accumulation of 

an initially homogeneous spinellid phase containing Fe, Ti , AI, 1,lg, 

V and Mn together with minor, but variable amounts of co-precipitated 

silicates and possibly ilmenite. Factors such ·as post cumulus 6I"o,fth, 

removal of intergranular fluids by filter pressing and annealing may 

also have played an important role in the development of the ore-rich 

layers. 

2. At the commencement of cooling, exsolution of a titanium-rich oxide 

phase waD initiated re[lUlting in the forlnation of several per cent 
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by mass of intergrarrular ilmenite and possibly SOme broad ilmenite 

lamellae. This probably represents true exsolved ilmenite and 

corresponds to the external granule exsolution described by Buddington 

and Lindsley (1964) and is in agreement >lith the data of Anderson 

(1968 b) . This type of exso1ution is thought to cease once 

temperatures drop belCH about 750 0 C. The nature and location of 

this ilmenite suggests that they nucleated at grain-boundary 

imperfections and grew into the titaniferous magnetite in a branching 

manner. Grain boundary adjustment would also have taken pla } under 

the annealing effects of the high temperature leading to the formation 

of polygonal grains having interfacial angles approximating 1200 • 

3. Once the temperature had dropped to below 10000 C, exsolution of the 

aluminous spinel would have commenced . Presumably at the highest 

temperatures nucleation would have occurred at grain boundary 

i mperfections resulting in the formation of external granules and 

portion of the small grains located along the ilmenite lamellae. At 

lower temperatures and higher supersaturations, exsolution of the spinel 

lamellae would occur via the homogeneous nucleation and growth mechanism. 

This stage would thus overlap somewhat with lower temperature portions of 
stage two and would continue down to the temperatures at which exsolution 
effectively·~eases . 

4. Further cooling would result in the oontinued exsolution of titanium

rich phases, but the microstructures developed would depend largl&ly 

of the oxygen fugacity. The microstructures produced during cooling 

through this temperature range slightly below 750 0 C have been 

modified to varying extents during the subsequent metamorphism and 

their original nature i s uncertain. The lack of abundant ilmenite 

trellis lamellae suggests that the original intergrCHths may have 

consisted essentially of sparse, fine ilmenite lamellae and abundant 

ulvospinel forming a texture essentially similar to that displayed 

by the ores of the Trompsburg Complex (this report) . Either hematite 

or magnetite exsolution lamellae would have been developed in the 

coarser-grained ilmenites, while abundant exsolved transparent spinel 

would also be present. 

5. At a later stage the complex was involved in widespread regional 

metamorphism up to almandine-amphibolite facies which resulted in the 
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modification of the microstruotures. Any hematite lamellae in the 

larger ilmenite grains may also have been reduced to magnetite. 

The temperatures reached were not high enough for complete resorp

tion of the exsolved transparent spinel so that exsolution continued 

am large evenly spaced lamellae sho'ling slight tendency towards 

spheroidization "ere formed. External granule exsolut:i!on of the 

transparent spinel was favoured and much of the material favourably 

located near grain boundaries migrated out to add to the exterrml 

grains. The resulting textures would thus show the developm~ •. t of 

large spinel lamellae towards the centre of the grains that would 

decrease in size and number towards the grain boundaries reflecting 

the depletion in Al and Mg in this direction. The lamellae in the 

titaniferous magnetites from north of the Mambula river are more 

rounded and probably reflect incipient spheroidization under tile 

influence of slighter higher temperatures. 

6. The behaviour of the titanium-bearing phases would depend essentially 

on oxygen fugacity, the nature of the original intergrowths and the 

temperatures and duration of heating. The conditions appear to have 

been mildly oxidising with respect to ulvospinel, resulting in the 

gradual oxidation/exsolution of fine ilmenite lamellae with much of 

this material ultimately being expelled externally from the 

titaniferous magnetite grains and contributing to the growth of the 

intergranular ilmenites. A certain amount of grain boundary 

adjustment "ould also have taken place during this stage while the 

re-equilbration of silicate and oxide phases would also have commenced, 

resul ting in the development of well defined reaction rims. 

7. Exsolution of the various phases would continue during cooling after 

the metamorphic thermal peak until the temperatures dropped below 

those at which ionic migration can effectively take place. Hith a 

decrease in temperature and resulting lower ionic mobilitie s, mig.cation 

of the Al-rich and Mg-rich phase to the large lamellae would no +onger 

be able to take place over such a large distance as before, and local 

areas of supersaturation would builcl up towards the centre" of areas 

bounded by large lamellae. This would then result in the nucleation 

and growth of a second series of very much finer spinel lamellae. 

Some precipitation of transparent spinel 'Iould also occur around newly 
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formed ilmenite lamellae and grains. 

8. The nature of the Ti-rich phases produced during the cooling episode 

are largely dependent on oxygen fUgacity. The existence of fine 

ilmenite lamellae and small external granules illustrates that it 

was high enough for some oxidation of ulvospinel to occur. The 

samples from south of the Mambula river contain very fine-grained 

ilmenite lamellae in a trellis network indicating that conditions 

in at least part of the complex were oxidising with respect to 

ulvospinel down to the lowest temperatures. other evidence for 

slightly oxidising conditions towards the closing stages is afforded 

by the local development of magnetite-orthopyroxene symplectites 

from original fayalitic olivine in this area. The samples from the 

north of the Mambula river commonly show ulvospinel-type intergrowths 

indicating that oxygen fUgacities were lower in this area of the 

complex. Numbers of very small ilmenite grains nucleated and grew 

around the margins of larger spinel grains in the areas associated 

with ulvospinel development which suggests that the oxygen fUgacities 

were buffered very close to the limiting value for ulvospinel 

oxidation, thus allOWing for the precipitation of minor amounts of 

ilmenite_ 

9. Oxidation and hydration of the ores in the zone of surface weathering 

has resulted in their partial martitization and the development of 

secondary geothite, hematite and a variety of clay minerals. 

9.10 Conclusions 

1. The development of the Mambula titaniferous iron ores in discrete 

layers towards the upper parts of a gabbroic intrusion is in accord 

with their development by normal crystallisation-differentiation 

processes that are operative in large basic intrusions. 

2. The ores are characterised by the presence of between 10 and 30 per 

cent silicate impurities that were co-precipitated with the opaque 

oxides. 

3. The Mambula titaniferous iron ores are chemically similar to ores of 

this nature that are typically developed in layered gabbroic 

complexes. They are characterised by high Al20
3 

contents and can be 
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regarded as a high-alumina variant of this t ype of ore . 

4. The decrease in V20
5 

content s of the ore with increasi ng 

stratigraphic height in the complex i s in accord with the normal 

differentiation trends exhibited by titaniferous magnetites during 

fractional crystallisation. The variation in MgO and Al 20
3 

contents in the opaque oxides is obscured due to the presence of 

variable amounts of orthopyroxene and plagioclase in the ores. 

There appears to be a decrease in the amounts of these oxides 

upwards in the sequence .. hen allowance is made for the impurities. 

5. The ores are oharacterised by an abundance of coarse grained 

granular ilmenite and a relative paucity of intergrown Ti-bearing 

phases in their titaniferous magnetites. 

6. The highly aluminous nature of the Mambula ores is reflected in 

the abundance of various-sized transparent spinel grains and the 

vlell-developed sets of spinel lamellae in the titaniferous magnetites. 

7. The silicate impurities are characteristically surrounded by well 

defined reaction rims at places where they are in contact \<ith opaque 

oxides. The titaniferous magnetite microstructures have also been 

modified and considerable solid state intergranular readjustment has 

taken place. These features reflect changes that were brought about 

in the ores during metamorphism. 

8. The ores were metamorphosed under conditions reaching the almandine

amphibolite facies during the widespread Natal-Namaqua regional 

metamorphic episode bet .. een 900 and 1000 million years ago. 

9. The increased temperature condi tions during metamorphism allowed for 

the development of abundant coarse-grained intergranular ilmenite by 

external granule oxidation exsolution processes . External granules 

of transparent spinel originated in an analogous manner . 

10. The ~lambula ores contain variable amount s of silicate impurities 

(10-30 per cent) and require beneficiation. These impurities are 

characteristically coars e grained and can be largely separated by 
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crushing to less than 200 mesh followed by conventional magnetic, 

electrcmagnetic or gravity separation techniques. 

11. The bulk of the coarse grained ilmenite can be recovered from the 

ore by crushing to less than 200 mesh follo'led by electromagnetic 

separat ion. This leaves a titaniferous magnetite concentrate 

containing between 3 and 8 per cent Ti02 that can be separated from 

the silicate impurities. It is not possible to produce a magnetic 

fraction with lO.ler Ti02 contents since it is present in the fOM 

of extremely fine ilmenite and ulvospinel microintergro'lths th~t 

cannot be liberated by mechanical separation procedures. 

12 The highest V20
5 

contents of approximately 0,8 per cent were 

recorded in the 10.lermost exposed seams and there is a gradual 

decrease in V 205 upwards through the ti taniferous magnetite layers 

with the lmlest val ues of 0,5 per cent being recorded in the 

uppermost seams. 

V 205 recovery. 

These values are probably too 1m; to warrant 

13. The V20
5 

is preferentially incorporated into the titaniferous 

magneti te during crystallisation and it is possible to produce a 

magnetic concentrate containing approximately 1 per cent V20
5 

from the lO>lermost seams by magnetic concentration. By analogy 

«ith other complexes, it is possibl.e that additional titaniferous 

magnetite seams containing higher V20
5 

values might be located at 

depth in the Complex. 

14. The moderate Ti02 (: 13 per cent) and low V20
5 

(0,5-0,8 per cent) 

contents of these ores makes them unsuitable for us as raw 

materials for the direct pyrometallurgical production of iron and 

steel, high titania-, or V20
5 

-products. Possibilities, however, 

ey~st for the beneficiation of these ores that might yield useable 

products. 

15. The 1,1ambula Complex is rather small, but surface exposures indicate 

the presence of large tonnages of ore. Detailed exploration is 

necessary to determine whether additional higher V20
5 

-bearing 

titaniferous magnetite seams are present at relatively shallow depths 

and for the calculation of ore reserves of the various types of ore. 
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16. Representative samples of Mambula are should be investigated from 

an are dressing point of view to determine the feasibility of 

commercial ilmenite production from the are. The high -V 205 -low 

Ti02 magnetic concentrates should also be examined from a 

pyrometallurgical point of view to determine the feasibility of 

V20
5 

-slag and iron production. 

17. The Mambula Complex represents an attractive area for fUrther 

investigation >lith respect to ilmenite production from a primary 

source. Possibilities exist for the recovery of V?O~ and iron, 

but the relatively small size of the deposit and the limited 

ore reserves will probably preclude its exploitation. 

18. The ~\ambula Complex has not been investigated in any detail in 

spite of its relatively small size (approx. 25 square km). 

Comprehensive geological studies and mapping are necessary to 

determine the true nature of the complex, the number and extent 

of the titaniferous magnetite seams present and the distribution 

of the different are types. 

19. The Mambula Complex shows the development of a wide variety of 

cumulate rock types in addition to the numerous titaniferous 

magnetite seams and must raruc as one of the world's smallest, highly 

fractionated basic Igneous Complexes. The Complex has undergone 

widespread regional metamorphism and should provide the basis for an 

interesting petrographic study. 

20. The phase relation,ships between the co-existing silicates and oxide 

phases in the l~ambula Complex and their behaviOUl".during netamorphism 

require fUrther study and should be investigated in detail . 

10. THE TITANIFEROUS IRON ORES OF THE KAFFIRSKRAAL IGNEOUS Ca~pLEX 

10.1 Introduction 

The Kaffirskra.a.l IgneoulJ Complex is located approximately 16 km southeast 

of Heidelberg on the main road to Vereeniging. It consists of a small, 

pea~shaped mass of pyroxenitic rocks having dimensions of approximately 

1,5 x 1 km. The Complex is intrusive into the Ventersdorp lavas in that 

area and has been briefly described by Rogers (1921, 1922), and Nel and 
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Jansen (1957). A more detailed petrographic and mineralogical description 

of the deposit has been given by Frick (1975) who concluded that it has 

many features in common vIi th zoned layered ultramafic complexes. 

The eomplex consists of a marginal zone of porphyritic norite and a 

central layered zone of magnetite-clinopyroxenite within l1hich is situated 

a thick seam of titaniferous magnetite. The titaniferous magnetite rock 

crops out in the central part of the Complex and is in the form of a shee17" 

like body approximately 8m thick (Frick, 1975). The ore-rich layer 

occupies a roughly circular area having a diameter of approximately 300m 

and with a southerly extension Borne 50m wide and 300m in length. 

10.2 Sample Localities 

The titaniferous magnetite and associated pyroxenites are highly weathered 

and do not outcrop well so that samples could only be collected from 

surface rubble and old shallow prospecting pits. The form of the deposit 

is shown in the accompanying geological map (Map 4) . 

10.3 Description of the Ores 

The ore-rich layer forms a massive, well-jointed rock consisting 

essentially of close-packed titaniferous magnetite grains together with 

minor, but variable amounts of ilmenite and clinopyroxene. The ore is 

composed almost entirely of opaque oxides in places, but in others up to 

15 per cellt of silicate i inpurities may be present. 
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The Kaffirskraal Igneous Complex 

The titaniferous magnetite crystals vary between 1 and 2mm in size, 

having a mean diameter of approximately 1,5 mm. The clinopyroxene 

is generally present as larger, rounded plates up to 5mm across that 

poikilititcally enclose numbers of smaller, rounded titaniferous 

magnetite grains. The clinopyroxene decomposes to a variety of clay 

minerals on 'feathering and is removed from the rock imparting a coarse, 

pitted texture on surface exposures of silicate-rich material. The 

silicate-poor samples are denser and weathering produces a smoother, 

goethite coating on exposed surfaces. 
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The samples vary in colour from black to reddish-brovm and are generally 

only weakly-to moderately-magnetic. These propert ies are l argely 

dependent on the degree of weathering and reflect the highly oxidised 

nature of most of the samples examined. The >Teathering has resulted 

in extensive oxidation and hydration of the ores and they exhibit all 

gradations from r elatively fresh through to completely decomposed 

material. The ti taniferous magnetites typically ShON oxidation to 

titaniferous maghemite and martite vlhile abundant secondary geohite is 

present, both as irregular veinlets and botryoidal coatings. 

The Y~ffirskraal ores have an overall polygonalized texture in which 

the titaniferous magnetites exhibit polygonal outlines and there is a 

tendency for grain boundaries to meet in triple junct ions with interfacial 

angles apprOximating 120°. The co-existing ilmenite grains are much 

smaller and are located interstitially between the larger titaniferous 

magnetites. 

The ti taniferous magnetite grains, particularly those in the more highly 

" eathered samples, are characteristically traversed by irregular cracks 

as illustrated in Plate 13 (A). These fractures do not always coincide 

with the magnetite cleavage directions and their formation is presQmably 

related to volume changes that occur during oxidation. 

10.3.1 The titaniferous magnetite 

Titaniferous magnetite represents the dominent opaque phase in these ores 

and is characterised by the presence of various intergrotill Ti-and AI- rich 

phases as illustrated in Plates 13-15. For descriptive purposes this 

magnetite can be regarded as the matrix in which the various 

microintergrol'lths are located. 

The titaniferous magnetites typically exhibit varying degrees of oxidation 

to martite which proceeds via the formation of intermediate titaniferous 

r:laghemite. The oxidation characteristically commences along grain 

boundarieo and mOves inwards in an irregular faGhion. ~'his two-stage 

oxidation process preserves the delioate micrometre-sized intergrot,ths 

and reGulto in an irregular zonal distribution of martite, ti taniferous 

inaghemite and unoxidised magnetite in the grains. The ,leathered grains 

commonly consi8t of an unoxidised core surrounded by an outer zone of 
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titaniferous maghemite and martite. The unoxidised cores may be absent 

in the more highly weathered samples and the outermost martitized parts 

of the grains commonly ShOlv hydration to geothite. 

In addition to the titaniferous magnetite, the ores are traversed by 

narrow, sparsely distributed, irregular veinlets of optically homogeneous 

magnetite as illustrated in plate 13 (B). A 'vell defined boundary is 

developed between this homogeneous magnetite and the titaniferous magnetite 

in certain areas as illustrated in Plate 13 (B). The contacts are mbre 

diffuse in other areas, particularly near grain boundaries and have the 

appearance of segregations, rather than veinlets as illustrated in Plates 

13 (C-E). This homogeneous magnetite oxidises directly to martite without 

the formation of intermediate titanomaghemite and the process takes place 

along its octahedral planes as illustrated in Plates 13 (B-E). 

The true magnetite veinlets are generally free from ilmenite and other 

inclusions, but the segregations commonly contain numbers of small, 

skeletal and poikilitic ilmenite grains as illustrated in Plates 13 (C-E). 

There appears to be some crystallographic control of the external 

morphology of the ilmenite grains in all cases by the octahedral planes 

of their magnetite hosts. Both types of homogeneous magnetite exhibit a 

slight brownish-pink oolour that might be indicative of the presence of 

minor Ti02 remaining in solid solution. 

10.3.2 The ilmenite 

A wide variety of ilmenite grains are present, both as discrete crystals 

and as various microintergrowths in titaniferous magnetite. For 

descriptive purposes seven types of ilmenite are recognised, each type 

being oharacterised by differences in STain size and morphology. 

10.3.2.1 Coarse granular ilmenite 

Large tabula~to irregularly-shaped, elongated ilmerlite grains are located 

interstitially between the large titaniferous magnetite grains as 

illustrated in Plate 13 (F). The grains range from 0,2 to 1,Omm in 

lenb~h, but are generally less than 0,7mm long. They are commonly 

present as single crystals, but occasionally may form aggregates of two 

or more grains. The ilmenites do not exhibit signs of polyeonalization 

where they are in contact either with titaniferous magnetite or other 
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An photomicrographs taken in incident light using oil immersion objectives. 

A. 'l'he typical appearance of ltleathered Kaffirr-lkraal titaniferous 

maenetites shOiiing the pre8ence of numerous irreeular fractureB 

(black) • 

B. A transgret1sive vejnlet of optically homogeneous magnetite showing 

incipient martitization (white) cutting across ti taniferous magnetite. 

c. Poikilitic ilmenite BTains (dark grey) set in optically homogeneous 

magnetite (Uehter grey) that shows extensive martitization (white) • 

.J.J. Si~nilar to (C) J but with the ilmenite grains (clark grey) sholtring 

grp.ater crystalloe;raphic control. Note the presence of a typical 

ul vospinel doth te:h.'1;ure in the ti taniferous mangeti te on the left 

hand side of the photomicrograph. 

E. Similar to (D), but showing larger, better developed ilmenite grains 

(dark grey). 

F. A cluster of large intergranular ilmenite grains in titaniferous 

magnet it. e. 

G. Numerous fine magnetite lamellae (1.>lhite) in ilmenite (dark grey). 

The white grain is marUti7,ed titaniferous magnetite while the "ihite 

line running diagonally across the ilmenite is a veinlet of 

mart it izecl 1 at e- staee sagnet it e. 

H. A smaH, irregu.larly shaped ilmenite erain (da.rk e;rey) surrounded by 

-ti taniferouR ma.gnetite snol-d.ng the development of very fil1e ilmenite 

lamellae and an ulvospinel cloth texture. The lighter areas in the 

BTOlmdT:lass are clue to the presence of ti taniferous magher.li teo 
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ilmenite grains. 

The amount of coarse grained ilmenite in the samples is variable and ranges 

between approximately 2 and 6 per cent. The ilmenites occasionally contain 

large rounded, to subrounded inclusions of titaniferous magnetite that are 

compositionally and texturally similar to the surrounding grains. The 

larger ilmenite grains occasionally contain very fine, sparsely 

distributed magnetite lamellae (Plate 13 (G)). These lamellae are 

commonly less than a micrometre wide, but may be up to 40 micrometres 

long. They are oriented along the basal planes of their ilmenite hosts 

and are generally confined to the central portions of the larger grains, 

being absent from regions near grain boundaries. These lamellae have 

been oxidised to martite in the majority of samples, but are recognisable 

because of the morphological differences beti'leen them and hematite 

lamellae. _ Magnetite lruaellae exhibiting various stages of martitization 

are also occasionally present. 

10.3.2.2. Fine granular ilmenite 

Small, irregularly shaped, and often elongated, ilmenite grains are 

present as stringers along the interfaces between co-existing titaniferous 

magnetite grains. Similar grains are also irregularly distributed within 

the titaniferous magnetites as isolated grains or as stringers that are 

often aligned along gently curved paths. Typical examples of these 

ilmenite types are illustrated in Plates 13 (H) and 14 (A-B). Their 

irregular, elongated forms suggest that they are in many cases composed 

of numbers of similarly oriented small grains that have coalesced to form 

longer, optically continuous grains. 

Numbers of rounded, micrometre-sized spinel grains are typically present 

around the peripheries of the smaller ilmenites and are commonly located 

within the outer 5 to 10 micrometre wide rims of larger ilmenites. 

Somewhat larger spinel grains are sometimes located along the interfaces 

betvleen the fine granular ilmenite and the titaniferous magnetite. Both 

the internal and external ilmenite grains are often connected to a set of 

large sparsely distributed ilmenite lamellae. 

10.3.2.3 Lar~ ilmenite lamellae 

Numbers of large, sparsely distributed ilmenite lamellae are present 

o~iented along the octahedral planes of the titaniferous magnetites. They 
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vary in width from 5 to 10 micrometres and show extreme elongation 

1'lHh lengths commonly up to 0,2mm and even occasionally as long as 0,4mm. 

They are typically spinelliferous and are characterised by the presence 

of numerous small, rounded spinel grains that are located along the 

ilmenite/titaniferous magnetite interfaces illustrated in Plate 14 

(B-D). The sparse distribution of these lamellae and their wide 

size variation su.ggests that more than one size range might be present. 

The ilmenite lamellae exhibit gently tapering ends at places where they 

intersect or are totally enclosed in titaniferous magnetite as illustrated 

in Plate 14 (D). They are occasionally connected to small granular 

ilmenite grains with which they may be in optical continuity or else 

exhibit different orientations •. 

The lamellae are very erratically distributed throughout the ores, being 

fairly abundant in certain areas, but are virtually absent from others. 

On a smaller scale, within a particular polished section, the lamellae 

might be quite ~rell developed in a particular titaniferous magnetite, 

but are virtually absent from neighbouring grains. The lamellae are 

not sufficiently well developed in any of the samples to form a typical 

trellis network. 

10.3.2.4. VebX fine ilmenite lamellae 

A second set of very much finer ilmenite lamellae is also present as 

illustrated in Plate 14 (E-H). These lamellae are generally less 

than 20 micrometres long. They are also sparsely distributed 

throughout their titaniferous magnetite hosts and are generally developed 

in the immediate vicinity of grain boundaries, cracks and other permeable 

features as illustrated in Plate 14 (G and H). 

The very fine ilmenite lamellae a.re also oriented along the octahedral 

planes of their titaniferous1agnetite hosts, but are only rarely 

developed to the extent that 1'lell defined trellis networks are formed. 

Spinel grains are only rarely associated with these lamellae, but very 

small, irregularly shaped, ilmenite grains are sometimes developed at the 

ends of these lamellae. The lamellar ilmenite development generally 

gives way to a typically coarse-grained ulvospinel-type microstructure 

within 20 to 30 micrometres of the fracture or other permeable structure 

as illustrated in Plate 14 (H). 
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KAli'FIRS1:R.4.AL TIT.AI1Tfi'EROOS IROn ORES 

AJ 1 photomiorog'Tf~p'llG taken in incident lieht usine oil i rllmerniofl objecti ver:' 0 

~~. ;>.811, irreCL1IC1.rly-shCl'1)ecl ilmenite O'ain8 (de,r}:;: grey) cleveloped 

alone the 'boull,1a,ry bet-vleen larger tita-nirercus magfletite grainB. 

:B. Small, irregularly-shaped ilrl'lenHe gra.ins (c.la.rk grey) aligned along 

a :Cracture in ti tanifercus [lagneii te containing lamella.e ilmellit e 

(Qark grey). lifotice -that some of the ilmenite lar:1ellae are cormected 

to the ilr.1enite grains. 

c. 1\ 1aree ilmenite la.mella (dark grey) with nurnber~l of small Rpinel 

grains (bla.ck) developed along its mar~ins. Abund.an·~ 

crys·tallograIlhir.a.l1y oriented transparent spinel intergrowths (black) 

a.re also developel in the surrounding titaniferous rnv,gneti teo 

D. Irl'~ersecting large ilmenite lamellae (a.ark grey) developed in 

ti tanifercus magnetite. 

E. . Very fine ilmenite lamelle'l.e (da.rk grey) in -titaniferous magnetite. 

F. A small, irregular ilmenite grain (dark grey) 'surrounded by very fine 

ilmenite lamellae. 

G. Areas of ti taniferous magnetite containing very fine ilmenite lamella.e 

and grading into areas in which small patches of ulvospinel cloth 

tex~ure are present. Note the ver-J fine ilmenite gra.ins (dark €;,'Tey) 

that are located in stringers along the fractures. 

H. Typical fine-&,'Tained. microstruotural relationships in the Kaffirskraal 

titaniferous ma€;,netites. Very small ilmenite granules (dark grey) 

are developed along the margins of an arcuate fracture (black). 

Ve~J fine ilmenite lamellae are developed. for a sho~t distance on 

either side of the fracture and then grade into a typical ulvospinel 

cloth microtexture. 
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10.3.2.5. Extremely fine granular ilmenite 

A second set of extremely fine-gTain~l, granular ilmenite trat is 

morphologically simila,r to the fine granular ilmenite, is also present 

in tLe titaniferous maeneti tes. These grains are typioally less than 

3 nicrometres across and are generally found as stringers that are alig;'led 

alone fractures and other permea-ble features as illustrated in Plate 

14 (G and H). These grains are commonly connected to the ends of the very 

fille i Imeni te lamellae and are characteristically associated Hi th their 

development. 

10.3.2.6 Ilmenite derived from ulvospinel 

The 1~10St abundant and. widely developed microstructure in the KAffirskraal 

titaniferous ma~netites is the characteristic cloth-like structure formed 

by the subsolvus exsolution of ulvospinel. This texture is particularly 

coarse and vIell developed, consisting of a mesh-like nehrork of micrometre 

and sub-micrometre siZed (originally ulvospinel) lamellae. They are 

oriented along the cubic planes of their hosts and break the magnetite 

up into a myriad of micrometre-sized cubes as illustrated in Plate 15 (A). 

This network is also characteristically r'J.eveloped in the areas between the 

larger ilmenite lamellae, but is usually absent from a narrOw zone several 

micrometres wide immediately adjacent to the lamellae (Plates 14 (B-D), 15 
(3-C)) • 

Exsol ved ul vospinel is readily oxidised to ilmenite, but when this Occurs 

at low temperatures, the orientation of the originally exsolved ulvospinel 

is retained by the oxidation product. The weathering of the Kaffirskraal 

Ores has caused the widespread oxidation of ulvospinel and. no unoxidised 

ulvospinel was noted, even in the freshest samples. These very fine

grained microstructures are preserved during oxidation due to the 

formation of titaniferous maghemite as an intermediate phase. 

The very fine ilmenite lamellae derived from the oxidation of ulvospinel 

appears to break down and a coarser, less well-defined texture is 

developed in certain areas within the titanomagnetite grains. The 

ind.ividual la.mellae swell and coa.lBce with neighbouring lamellae to form 

larger grains that are in optical continuity an illustra.ted in Pla.te 15 

(D and. E). They form a perforated, sieve-type texture consisting of 

abundant rounded inclusions of magnetite and are surrounded by a narrow 



PLATE 15 

:KAFFIRSKRAAL TITAlTIFERClJS IROl\f ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

A. .d. typici;l.l ulvospinel cloth texture developed in titaniferous 

magnetite. The ulvospinel has been oy~dised to ilmenite (dark 

grey lamellae). 

B. Ilmenite lamellae (dark grey) enclosing areas of titaniferous 

magnetite containing finer ilmenite lamellae and ulvospinel 

intergrowths. 

C. Similar to (B), but showing a well developed ulvospinel cloth texture 

in the titaniferous magnetite betlveen two large ilmenite lamellae 

(dark grey). 

D. A typical ulvospinel texture showing evidence of coarsening and 

lamellar breaYAown. The ulvospinel has been oxidised to ilmenite 

(dark grey). 

E. 

F. 

Similar to (D), but showing a more advanced degree of modification. 

Similar to (E), but showing the development of numbers of sieve-like 

ilmenite grains (dark grey). 

Transparent spinel lamellae (black) developed parallel to (100) of 

the titaniferous magnetite host. 

H. A partially oxidised titaniferous magnetite grain containing 

"islandslt of unoxidised magnetite (dark grey) surrounded by lighter 

titaniferous maghemi teo 
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zone of optically homogeneous magnetite in their advancal stage of 

development as illustrated in Plate 15 (F). These areas merge 

imperceptibly into areas of normal ulvospinel-type lamellar development, 

and are commcnly developed near grain boundaries. 

10.3.2.7 Small skeletal and poikilitic ilmenite grains 

This class of ilmenite exhibits a wide range in grain size that varies 

from less than 10 micrometres up to O,1mm. The larger grains typically 

exhibit subhedral outlines and contain abundant poikilitically enc:osed 

grains of rounded, optically homogeneous, magnetite as illustrated in 

.Plate 13 (C) . The smaller grains are more skeletal in form and are 

intergrown with optically homogeneous magnetite as illustrated in Plate 

13 (D and E). In part, the morphologies of the smaller grains are 

crystallographically controlled by the orientation of the oGtahedral 

planes of their magnetite hosts. 

These types of ilmenite are characteristically located adjacent to, or 

are enclosed by a zone of optically homogeneous magnetite within a 

titaniferous magnetite grain, or are present in the narrow transgressive 

magnetite veinlets. It is conceivable that the small poikilitic ilmenite 

grains may have developed from the breakdown of very fine ilmenite lamellae 

described in section 10. 3.2.6, but no grains illustrating intermediate 

stages in this process were noted in the samples examined. 

10.3.2.8 Relative proportions of coarse-and fine-grained ilmenite in the 

Kaffirskraal ores 

The relative proportions of coarse-grained granular, fine-grained granular, 

and lamellar ilmenite present in the Kaffirskraal ores are variable and 

Here determined by point counting. The other fine-grained phases '-Jere 

too small for accurate determination and were included miller tital1iferous 

magnetite. The results obtained are presented in Table 13 and illustra.te 

tI,,, variations in the relative abundance of these minor phases. 
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TABLE 13 

Relative amounts of ilmenite in the Kaffirskraal ores 

Sample No. HEn HE 9 HE 11 HE 12 HE 15 I 

Coarse granular ilmenite 3,2 2,0 4,5 5,5 5,8 

Fine granulaI'- and lamellar 
4,7 4,3 1,0 2,2 2,8 

ilmeni te 

Titanif8rous magnetite 92,1 93,7 9<1,5 92,3 31,4 

TDrAL : 100,0 100,0 100,0 100,0 100,0 

=~============================================= 10======== b========_======== 

The coarse granular ilmenite content varies betl-leen 2 and 6 per cent while 

the amounts of fine granular and lamellar ilmenite are also variable. 

The 101< valu e (1,0 per cent) reported for HE 11 is due to the virtual 

absence of large ilmenite lamellae from this sample. 

10.3.3 TranSparent spinel 

Small amounts of a transparent, aluminium-rich spinel, probably pleonaste, 

are present in a number of forms as exsolution bodies in the titaniferous 

magnetite. This spinel is a very minor constituent of the ore and shows 

a variable distribution, beina more abund=t in certain samples than in 

others. 

The pleonaste is commonly 

that vary bet.reen 2 and 5 

present as small rounded, to sub-rounded grains 

micrometres in diameter. They are 10calisecL 

along the interfaces betvreen the larger ilmenite lamellae and their 

titaniferous magnetite hosts. These grains are occasionally present as 

inclusions ;ri thin the ilmenite lamellae, but are restri cted to a relatively 

narrow area close to the outer margins of t he ilmenite grains. 

The bulk of the pJ.eonaste is present as tiny, elongated micrometre-to 

sub-micrometre-sized laths that are oriented parallel to the cube faces 

01' the titaniferoun m').gnetite in a mcuh-Hke array (Plates 111 (t;) anl 15 

(C). rrhCII:U ]amollau i.l)'(! ubi ' f'\liI.Olllli,y drw(! lo(H:d tLtul arl~ i..n t.r 'J'I:H ~l.i u.te jn 

Di>;c he tween thi1 t of tl,e very I'j nc i.l mmli t., 1 arne 1.1 ac, arul til" ul VO,,!,j ne 1 

textures. They are more rarely slightly coarfler and sometin8s have the 

appearance of elongated chains of octahedra. The s e features are 
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preserved when martitization takes place via the intermediate formation 

of maghemite. 

10.3.4 Weathering of the Kaffirskraal ores 

The Kaffirekraal ores are extensively oxidised and hydrated due to 

surface ,lea thering processes. The ore is fractured and traversed 

by goethite veinlets that often display deli~~te botryoidal and 

concl'etionary features, 'Ihile the exposed surfaces have a. shiny black 

coating of goethite. The titaniferous magnetite shows alteration to 

titaniferous r,laghemite, martite and ultimately goethite a n described 

in section 10.3.2.1. 

The fine-grained ilmenite intergro;rths also show evidence of oxidation 

and decompose to yield poorly-crystalline TiO? compounds. The alteration 

of the ilmenite also CO~nences along grain boundaries and fractures and 

moves imvards lmtil the grains are completely altered. The spinel and 

silicates decompose to various clay minerals and are removed during the 

weathering process. 

10.4 Chemical Analyses of the Kaffirskraal Titaniferous Iron Ores 

The chemical analyses of five typical Kaffirskraal ores are presented in 

Table 14 together with analyses from the literature. The low Si02 
values reported for the samples reflect the small amount of silicate 

impurities present. The Ti02 contents are slightly lower than usual for 

ores of this type, but are nevertheless within the compositional range of 

titanomagnetites from basic rocks. As indicated in Table 13, only a 

small portion of this Ti02 is present as discrete ilmenite grains, the 

remainder being present as very fine-grained ilmenite intergrQl,ths. The 

results are not expressed graphically since the exact stratigraphic 

!losi tions of the analysed samples are not accurately known. 

The ores exhibit moderate Al 20
3 

contents of between 1,9 and 3, 1 per cent 

that can be accounted for by the small amounts of exsolved aluminous spinel 

present in the ti taniferous magnetite. The very high Fe20
3 

values reflect 

the highly oxidised nature of the ores due to surface weatherlng 

processes. Calculations ShOH that there is insufficient FeO to account 

for all the ilmenite present in the most hie-hly oxidised samples, (HB 9 

and lIB 11). 'I'his inc1.icates that extensive oxidation of ~'e 2+ to Fe3+ 



TABLE 14 

ANALYSES OF KllFFIRSKRAAL TITAllIFEllCUS IRON ORES 

EB 6 HE9 liB 11 HE 12 HE 15 J.n. ?30 231 J,: 23 

SiO~ " , 19 1,04 1,70 1,33 0,65 1,00 H.R H.R 0,34 
<-

Ti02 12,61 13,2C 12,43 13,55 13,04 14,50 12,88 14,76 15,18 

-U203 
?,72 1,89 3,14 ", 05 2,29 1,33 3,70 3,08 3,55 

Cr203 < 0,05 (0,05 <0,05 <0,05 < 0,05 - IT.F:. H.R. 0,08 

Fe20
3 

62,61 69,50 70,83 66,53 50,49 67 FU7 70,1 2 50,17 39,11 

FeO 16,49 10,83 9,28 13,74 29,29 10,06 5,85 ?6,?3 39,15 

lInD 0 ,32 0, 21 0,27 0,12 0,36 0,38 0,16 0,6~. 0,27 

!(eO 2,88 ,., ,,0 
t . ,jU 2,07 1,42 3,06 2,5'1 0,82 ? ,72 1,31 

V20r 
. ..I 

0,72 0,80 0,90 0,87 0,78 1,46 n.R. H.R • 0,70 

TO!'AL : 100,54- 100,13 100,62 99,61 99,96 99,16 93,53 97,60 99,69 

T(]IIAL Fe : 56 ,61 57,03 56 ,75 57,21 58 ,08 55,29 53,59 55,/f8 57,7G 
=:=;;;::::;::;::;=::;::;::: ::::=====:;::; =::::====== ~============================~=====================================; 

J.lT. j.nalysis of j(~ffirskraal ore (Nel and Jansen, 1957). 

230, 231 Analyses of KaffirRlc:ra.a.J. ore (Frick, 1975). 

Il23 Analysis of titaniferous l'la(7letite from seam 11 Bushveld Complex (1.!o]yncc\l X, 1970a, 197;:» . 

H.E. Hot reported. 

.".. 

'" a 



491 

must have occurred in the ilmeni tes and confirm13 their altered nature . 

The V20
5 

values range from 0,90 to 0,72 per cent and may reflect a 

slight decrease in V20
5 

content upwanls in the Beam. These values are 

considerably lO>ler than the 1,48 per cent reported by Nel and Jansen 

(1957) and }<'rick (1975) does not report analyses for this element. The 

reason for thi s discrepancy is not kno,m, but internal checks carriei 

oui: during the analyses indicate both an accuracy and a reproducibility 

of ~ 5 per cent for the given value of V
2

0
5

• 

'I'he ~lgO va·lues vary betl<een 

related to the Si02 content 

1,4 and 3,1 per cent and do not 

of the ores. MuO contents are 

appear to be 

generally low, 

but also show considerable variation from 0,1 2 t o 0,36 per cent in the 

neu analyses. 

10.5 Analyses of Co-existing Ilmeni tes from the Kaffirskraal Complex 

Electron microprobe analyses of co-e:ciRting coarse-grai ned ilmcnites f rom 

the J:a~firskraal ores are presented in Table 15 tOGether Hi til h;o analyses 

of ilmenite from the associated ma.gneti te-clinopyroxeni te reportee. by 

Frick (1975). Analyses were also made of the f i ne granular ilmenite a,-rl 

these are presented in Table 16 together with 4 analyses of the smaller 

poikilitic ilmenite grains. 

The ilmenites co-existing with the titaniferous magnetite ores are 

characterised by hi gh MgO contents that range from 6,2 to 9,3 per cent. 

These values are among the highest yet recorded for i eneou8 ilmenites 

from non-k iroberlitio souroes. The samples were re-analyse,l tOGether crith 

additional co-existing ilmeni tes from the ores and consistently high 

values were obtained. As a further oheck on the analyses , several 

previously analyseJ., 10w-MgO ilmeni t es >lere re-analysed together with a 

batoh of Kaffir skraal ilmenites using various standards and the eA~eotee. 

values were obtained, inrlicatine; that these high values do not represent 

an analytical error. Analyses of large ilmenite lamella e in the 

Kaffirskraal titaniferous nagnetites also show charaoteristically high 

HgO values. 

The analyses of ilmenite from the associated magnetite-clinopyrozenite 

also show high MgO values (Frick, 1975), but are nevertheless l'IUoh 

Im'Ter than those reported fo r the ilmen j.tes from the titar:iferolls maVletite 
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i:..:..fFIHSJ...11A..tL CG'.FLEX MICROPR.OBE A1U.L!s~ CF' CQUlSE GR!INED IlXENlTE5 

C':r.i;!e 1!B 6 ""9 HE 11 HE" HE " 

Ti C~ 53, 13 53,55 54.53 52,29 52,05 

r'e(l 33,32 33,09 33.27 33,11 34.83 

"gO 1,75 8,12 8,49 7,01 6,22 

((nO 0,62 0 ,64 0,52 0,59 0,95 

~'20, 4,19 5,91 3,67 6,01 6,18 

.H2OJ 
0,12 0,12 0,12 0,13 o,n 

Cr203 0,17 0,17 0,'1 0,'1 0,'7 

Tar~~_~_ -~~ 101 60 '00 .77 ' 00.09 101 11 

"IMBER OF IONS ON THE J.ASIS OF 6 O:nI%HS 

uJ-t: 0,006 0,006 0,006 0,006 0,006 

c.?' 0,006 0,006 0,006 0,006 0,006 

,OJ' 0, '72 0,208 0,130 0,218 0,242 

T'" 1,908 ',890 ',929 1,885 ',813 

Fe2' ' ,33 ' ',2'98 ' ,310 1,355 1,393 

" 0,55' 0,567 0,597 0,504 0,443 

1<n 0,026 0,025 0,022 0,026 0,037 

'!'O!AL I 4,000 4,000 4,000 4,000 4.000 

POJ!UTIVE CCJU'<.:BI'I'ICIJ (MOLE PDl eDiT) 

FeT103. 66,51 64,88 65,49 67,72 69,64 

l(gri~ 27 .55 28,35 ?9.84 25.22 22,'6 

KrrTiO, ', 29 ',n ',13 ',30 ',87 

1[2°1 4,59 5,~ 3,54 5,76 6,33 

_!£1!~~..;. .. ...!~.?S .. -1??~_1..IJ2..L~ .122.22- .1..IJ2..L~ 
f! ;;'e' <:)j calC\llate<! a8!;'.l.-.1 l",t ll~enite 6toict.io"letry. 

~; .il:. r:o t I"l'portEJ \ . 

HE, HE7 

53,33 52, !!3 

30,64 34,12 

9,30 6.52 

0,66 0,65 

5,91 6,23 

0,12 0,12 

0,18 0,18 

'00 " 1001..65 __ 

0,006 0,006 

0,006 0,006 

0,208 0,224 

',890 1,882 

',210 1,390 

0,655 0,466 

0,025 0,026 

4.000 4.000 

60.43 69 , 50 

32,77 23,31 

1.28 ' , 29 

5.52 5.90 

.222.2£> ~.1~ 

HE8 HB '3 '" '" 
52,16 52,97 48.19 48.12 

34.03 35,13 39,40 42, 26 

1,1} 6,64 ',60 2,41 

0,59 0,65 ',09 0,18 

5,19 3,99 10,10 6,79 

0,12 0,13 I.R. . ... 
0,2) 0,17 :!f.R. >." 

J()().105 99.1~ __ 100.1913_ 101.102 

0,006 0,006 

0,006 0,006 

0,'90 0,'44 

1,899 ',922 

1,364 1,418 

0,509 0,478 

0,026 0,026 

4.000 4.000 

68 ,20 70,87 

25.41 23,9' 

',29 ',30 

5,04 3.92 

..1~ 1... .. '00J.~ 

(.., ~ ar.: ~('i ;,V('Tl> r;t ' j (.~ '.>r"':yoe" r"f two il'nenitei:l frCr.n the Y..arfi rsk.r&a l ::>B.enetitll-c;i::opyroxer.1te (Frick, -,975). 
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;:;"'~"'l?::a:JW.L C()(J>LE.'I; 'UCROPRaB.E AlllLlSES cp_.'DlE __ qR.lBQUJl-AND FOIKlUTIC-IlJIl.mTE CRAm ~; TITiS-:?'E.'!CV: x:..~:!.'I'IT::: 

l'IlIE Q"RA:mJLA.R IUIEIIITrn SJULL POlY.ILlTIC II.JU::!TES 

Chide !lB6 1!ll9 "'" !!B12 HB 15 RB5 HB1 !!B8 HB 13 !lB 6 HB9 l!ll 13 l!B 15 

TiO.., 55.2) 55. ~o 54,86 55.29 54,41 54,08 54.55 54,33 5' .11 54.91 55,54 54,51 5
'

,3::! 

FoO 3),2"7 )0,81 31,91 34,45 36,60 34,21 34,12 3),62 35,05 3~,31 33,99 35,16 36.11 

'gO 8,76 10 ,06 9,49 8,08 6,15 1.70 7,41 8,11 5,55 9,20 8.38 7.35 4,53 

'nO 0,80 0,79 0,66 0,90 1,15 0,79 0,80) 0,76 1,02 0,70 1,05 0,86 1,28 

"'2°3 2,3 1 3.75 2,56 ',36 0,80 3,51 2,7 1 2,40 6,54 3,21 1,28 0,80 5.5' 

112°3 0,11 0, '2 0,11 0,12 0,'3 0,12 0, 12 0,12 0,14 0,12 0,12 0,12 0.1) 

Cr2°.J.. 0,16 0,18 0,'7 0,'7 0,'8 0,19 0,17 0,24 0,18 0,17 0,17 0,16 0,18 

TOUL I 100,64 100,81 99.76 100,37 99.62 100,60 100.5'1 99,58 99,59 100 ,74 100,53 99.02 99,1'2 

!I"UKBDl. CP I ar.; • (II" 'l'HB 3lSIS cP 6 czqaqrs 

u)+ 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,006 0,006 

C,.,- 0,006 0,006 0,006 0,006 0,012 0,006 0,006 0,01 1 0,006 0,006 0,006 0,006 0,006 

Pe)+ 0,084 0,128 0,090 0,050 0,030 0,124 0,096 o,o8? 0,240 0,118 0,044 0,028 0,206 

T" 1,952 1 ,9)0 1 .949 ',969 ',976 1,932 1,946 ',948 ',8'j'4 1.935 1,972 ',960 1,80)1 

Fl-- 1,)08 1,200 1,256- ',36) 1,486 ',359 1,)83 ',340 1,429 1,266 ',)39 1.418 1,508 

'g 0,61) 0.100 0,667 0,569 0,444 0,542 0,526 0,576 0,404 0,641 0,590 0,528 0,330 

lin 0 ,0)1 0,0)0 0,026 0,031 0,046 0,031 0.031 0,032 0,04' 0,028 0,043 0,034 0,053 

rorAL I 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4J099 I !L~_ 

NOOIUTIVE CCMPCEITICli ' .OLE Pm CmI') 

Ft'l' V ... } i5 ,4C (f.;,C·O 6<' ,64 68,'4 74,41 61,90 69,14 67, 05 7',45 63,29 66.95 70,87 75,41 

MgJ'iQ,. )O ,t~ ).1,97 )3,)3 26,45 22,2 21,10 26,29 28,&:1 20,20 32,01 29,50 26,38 16,(9 

¥..r.r!.O~ 1, 55 ~, 5.! :,<,e ',85 2 ,3 , ,51 1, 86 ',58 2,05 1,41 2,13 1,14 2,65 

:' :> '" 1 :' ,4'"..- ! , .:~ <' , 55 1,56 1,0 ).43 2, 71 , ,51 6.)0 3,2) ',42 1,01 5,45 

_ !~~~· .. i_ .1~:"'~ ...... ~~~,l~~ .. .. ~~2a2E ..... !"02.l~_ .. .Log.& __ .. 1!?2.l22. .. ,!,,02.&~ .. !~ 00 100 ')0 12£ 00 ' ex: ~ .- ..12!?",~ L... .. 1~"'~ _ 
, i" " :' ; ca : -::-; :3."'; ')": ' .. " LI'..I.-:ir • .:: il::-.'!r.ite etoicl.iometry. 

:: c. te: :': .-: \ . lu ll e r ... ·;11 LbOn c~. l! ckecl. by repeated analytlu u~bC a variety o f eta..rdardl. 
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seam. The MgO values for the ilmenites are higher than those of their 

corresponding bulk are analyses which indicates a preferrential 

parti tioning of NgO into the rhombohedral phase during crystallisation. 

Recalculation of the analyses assuming stoichiometry indicates the 

presence of ~inor a~ounts of excess FeO that has been recalculated to 

Fe
2

0
3 

and probably represents hematite in solid solution Vii th the ilmenite. 

The MnO values display a slight variation, but cluster around a value of 

approximately 0,6 per cent in the new analyses. This value is also 

higher than that displayed by their oorresponding ore analyses and 

indicates that the IlliO is also preferentially accomcxiated in the 

rhombohedral phase during crystallisation. 

The analyses of the coarse grained ilmenite, fine granular ilmenite 

and small poikili tic ilmenite grains from the Game are specimens sho\'l a 

marked, but constant variation in their l~nO and l~gO contents. The MnO 

values increase prGgressively from the coarse grained ilmenites through 

the fine granular types to the small poikilitic grains. This reflects 

the progresGive incorporation of this oxide into rhombohedral phase 'lith 

falling temperature (decreasing grain size of the two intergrown phases). 

The !ol{,-{) values are more variable. The lowest values are generally 

present in the coarse grained ilmenites while the highest values are 

found in the fine granular ilmeni t es. One of the 14gO values of the 

fine poikili tic ilmenite grains are lower than those in their corresponding 

coarse grained ilmenites (HE 15) while three are hi~ler (HE 6, 9 and 13). 

These features also reflect the partitioning of J.!gO into the rhombohedral 

phases during different stages of crystallisation. 

10. 6 Beneficiation 

The Kaffirskraal ores generally oontain only minor silicate impurities and 

recJUire no beneficiation in thi. s respect. The Ti02 oontents of the ores 

are too low for the prcxiuction of high-ti tania prcxiucts 'lhile the ne" V ;>°5 
analyGes a160 indicate that they cannot be recaruecl aG potential vanadium 

oreG. 

The coarse grained ilmenite present in the samples oan be oonoentrated by 

crushing to less than 200 mesh followed by electromagnetic sepa.ration. 
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This ilmenite is commonly present in amounts less than 6 per cent and 

locally in amounts as low as 2 per cent so that this procedure would 

not be economically feasible. The small amount of beneficiation that 

would result from the separation of this 2-6 per cent ilmenite would 

not bring about any marked improvement in the V 205 content of the 

maL~etic fraction. 

The remainder of the Ti02 reflected in the analyses is present as various 

fine-grained ilmenite microintergrOl;ths that cannot be liber-a-ted b:" 

mechanical means. 

10.1 Discussion 

The ti taniferous iron ores of the Kaffirskraal Complex ·can be compared both 

chemically and texturally with the ores of the Middle Group of seams of 

the Bushveld Complex, although they contain slightly less Ti02• 

typically sho" the development of very fine-grained ulvospinel-type 

microstructures that are indicative of slo;1 subsolvus cooling under 

condi tions of low oxygen f'ugaci ty. The ores, although polygonalized, 

do not show evidence of having been metamorphosed. The sparsely 

distributed coarse grained ilmenites might represent a co-precipitated 

pha5e, but their mineraloeical relationships suggest tl~t they might have 

formed as high-temperature exsolution products. They are generally 

elongated along the interfaces between the titaniferous magnetite grains 

and typically erllibit irregular outlines, suggesting an exsolution origin. 

~'he amount of coarse-grained ilmenite does not appear to have any 

relationship to the overall Ti02 content of the ore in which it is 

present. There is approximately one per cent difference between the 

highest and lowest Ti02 values reported in this study lihile the amount 

of coarse-grained ilmenite varies between approximately 2 and 6 per cent 

(e~~ivalent to approximately 1-3 per cent Ti02). In adnition, sample 

HB 9 contains the lowest amount of granular ilmenite, but exhibit s one 

of the highest total Ti02 contents. 

The magnetite lamellae prCBent in theBe ilmenite" are problematical 

since the experimental evidence dis cul3cc<.l in Part 1 ill!iic1ltes that 

magnetite is only sparingly soluble in ilmenite, even at elevated 

t empere tures. This magnetite could conceivably represent a true 

exsolution product since it is only present in minor amounts or else 
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it might represent reduced, previously exsolved hematite. The reduction 

of hematite to magnetite takes place under higher oxygen fugacities than 

that required for ulvospinel stability (Buddington and Lindsley, 1964). 

The presence of abundant exsolved ulvospinel in a sample would therefore 

imply that the o"'-'Ygen fugacities during this reriod of cooling were 101-1 

enou~l to cause the reduction of any exsolving hematite. 

Experimental stwlies by Lindsley and Lindh (1974) indicate that unmixing 

of an ilmenite-hematite solid solution COmmences at temperatures below 

Boooe. For samples containing only limit~l hematite this unmixing 

would commence at much lower temperatures. Precise data on the magnetite-

ulvospinel solvus are not available, but the experimental data of Vincent 

et al. (1957) indicate that unmixing commences at temperatures beloH 

600 0 C. The exsolution of hematite from ilmenite could thus conceivably 

take place contemporaneously with the exsolution of ulvospinel from 

titaniferous magnetite. 

The lower oxygen fugacities implied by the presence .of ulvospinel would 

thus result in the contemporaneous reduction of exsolving hematite which 

would then form the typical oriented magnetite lamellae. It is also 

possible that an essentially stable ilmenite-hematite solid solution 

containing less than 6 per cent Fe20
3 

could be reduced in the solid state 

under suitably low oxygen fugacities. This process might also take place 

at temperatures high enou~ to allow exsolution of the insoluble magnetite 

formed in this manner. 

The fine granular ilmenites are interpreted as having formed by external 

granule oxidation/exsolution. These grains are commonly cOIDlected to 

ilmenite lamellae ·that are related to the same stage of microstructural 

development. The rOWB and stringers of ilmenite grains that are present 

locally along slightly curved paths within the titaniferous magnetites 

are also normally associated with fine ilmenite lamellae. These stringers 

may reflect the presence of ,"ore permeable zones within the titaniferous 

magnetite, possibly related to the presence of cooling cracks. Their 

mode of origin is interpreted as being essentially the same as that of 

the smaller, externally exsolved grains and they are develope-I during 

the same stage in the cooling history. 

The development of a well defined, cloth-like texture of very fine Fe-Ti 
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ma611etite indicates that exter.3ive ulvospinel exsolution oceurred under 

conditions of 10.) oxygen fugacity during cooling at temperatures below 

600oC. 'l'his exsolved ulvospinel subsequently underwent relatively 

low-temperature oxidation to produce ilmenite that has generally 

preserved the original shape and orientation of the ulvospinel lamellae . 

This oxidation may have taken place during a late-stage magmatic event 

(deuteric oxidation) at low temperatures, but it is also likely to have 

resulted from the widespread oxidation caused by weathering under near

surface conditions. 

Oxygen fugacities were not unifomly low throughout the ore during the 

period of ulvospinel exsolution and smal l amounts of extremely fine-

grained lamellar ilmenite were also produced. This lamellar i l menite 

is typically present in a narrm< rim, generally less that 20 micrometres 

wide, t hat surrounds the titaniferous magnetite grains and is present 

along either side of minute cracks that traverse the magnetite. This 

ilmeni te is developed on the same scale as the ulvospinel and although 

it is developed along the (111) planes, it merges with the (100) oriented 

ulvospinel lamellae a slight distance away from the grain margins or 

fractures. This suggests that the ilmenite was formed by an oxidation! 

exsolution mechanism at the same time as the ulvospinel was exsolving 

and indicates that differences in oxygen fugacities existed over very 

short distances. 

Slightly hie;her oxygen fugacities apparently existed in the l.ate-stage 

residual fluids that were present around the magnetite grains during the 

final stages of cooling and ,.hich could also permeate the grains along 

cooling fractures and cracks. These fluids would cause oxidation of 

any exsol vine ul vospinel in their irrunediat e vicinity resulting in the 

formation of ilmenite that would exsolve on (111). The degree t o Vlhich 

this oxidation ,",ould affect the microstructures of the grain concerned 

woulrl depend on the initial oxygen fueacity of the flu .i d aml the 

temperature. 'rhe l1e f act or s " )O Ll} ') j n t urn c ont r ol t h e rate of oxygen 

<liffusion throue;lo U t" cryr:t",l ,Ln,l Hon] ,) ,\eie rminc t h e ,,li L't anr:e over whi ch 

oxi dation >10111d occur. 

The oxicl i. r. , .'~ r j mo rounrl. the Kaff i r"kraa l I;i i.ani ferou (; magl'leti teG a re 

relatively llarrO\" and thi s uuee:cot " tint the l ate- fJtac;e flu id;; "er e only 

mild l y oxi le.ising with respect to ulvospinel . The presence of minute 
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"externally exsolved" ilmenite granules along these oxidised fractures 

suggests that the oxidation process took place at temperatures that 

Here high enough, not only to allow for the development of very fine 

ilmenite trellis lamellae, but also to allo'l the migration of some of 

this material into the fractures and grain boundary regions. 

A slight coarsening of the ulvospinel lamellae which eventually leads 

to their breakdown into more sieve-like texture containing abundant 

tiny rounded inclusions of magnetite is developed locally at places 

within certain of the titaniferous magnetites. This texture is d Gveloped 

to,lards grain boundaries and consists of ilmenite. This ilmenite may 

originally have been ulvospinel and it merges into surrounding areas 

showing normal ulvospinel textural development. 

It is possible that while normal ulvospinel exsolution was taking place, 

small areas of higher oJc;ygen fugacity resulted. in the oxidation of part 

of this ulvospinel to ilmenite. Provided that temperatures were low 

enough at this stage, ilmenite lamellae would not develop, but small 

granules of ilmenite would be formed instead. The oxidised ulvospinel 

lamellae would provide suitable nucleation and growth sites for this 

material which would simply add-on causing the ohange in morphology. 

The reasons for differences in oxygen fugacity within a single sample 

are uncertain, but Bowles (1976) reported variable oxygen fugacities 

over short distances in the Freetown Complex titaniferous magnetites. 

The location of these textures near grain . boundaries might reflect mild 

late-stage oxidising conditions in the residual fluids at temperatures 

below that at which the very fine ilmenite lamellae developed. This would 

account for the relatively narrO>I distance over which the texture is 

developed. 

The larger poikilitic and skeletal ilmenite grains are problematical . 

They are characteristically surrounded by areas of optically homogeneous 

magnetite and at places are present in late-stage transgressive magnetite 

veinlets . The surrounding optically homogeneous magnetite together with 

the complicated morphologies of the grains suggest that they have formed 

by the diffusion of Ti-ions from the surrounding areas, but the conditions 

under which this could have occurred are uncertain. It would have been 

expected that the more typical ilmenite lamellae would have been developed 

had temperatures been high enough to allow for the required degree of 
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diffUsion to take plaoe. 

Small amounts of water or other fluid phases might become locally 

trapped in the late-stage intercumulus liquid in certain areas within 

the ores. Loss of hydrogen from this entrapped water would increase 

the oxygen fUgacities and cause oxidation in the marginal areas of 

surrounding titaniferous magnetite grains. The resulting increased 

oxygen fUgacities might have been high enough locally to cause internal 

eranule oxidation/exsolution of ilmenite in these areas. These 

conditions of higher fluid pressure would exist only locally within the 

ores and might approximate the hydrothermal conditions underwhich ionic 

mobilities are increased at lower temperatures. Lindsley (1962) 

discussed the experimental investigation of the iron-titanium oxides 

under hydrothermal conditions in order to speed up sluggish reaction 

rates at low temperatures. 

The increased lo,,-temperature ionic diffUsion would result in the 

continued growth, coalescence and partial spheroidization of these 

internal grains giving rise to the poikilitic ilmenite grains. The 

breakdown and coarsening of the oxidised ulvospinel networks might also 

have originated in this manner, but under milder oxidizing conditions, 

or perhaps under oonditions of lower ionic mobility. The homogeneous 

magnetite associated with these grains commonly shows varying degrees 

of martitization, even when the enclosing titaniferous magnetite is 

unoxidised. This martitization might, in part, be due to local 

oxidation associated with the formation of the poikilitic ilmenite 

grains. These textures are not commonly encountered in the ores 

examined during this study which suggests that relatively unusual 

conditions are necessary for their development. 

Late-stage, optically homogeneous, transgressive magnetite veinlets 

have been noted in all the ores examined and are particularly well 

developed in certain samples from the Trompsburg Complex (this report). 

They might represent a lower temperature magnetite that crystallised 

from residual, iron-rich late stage fluids. Should this be the case, 

then it is possible that the skeletal- and poikilitio- ilmenite grains 

in these veinlets may have crystallised toeether with the magnetite from 

residual Ti-ions present in the postulated late-stage fluid£>. This 

mechanism \'Ioulcl account for the morpholoeical differences between these 
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ilmenites and those produced by oxidation/exsolution, but its feasibility 

is by no means certain and would require further investigation. Thi s 

mechanism would not account for the se grains developed within the 

titaniferous magnetites. 

Frick (1975) reported that the Kaffirskraal titaniferous magnetites are 

highly aluminous, but when the range of values obtained during this study 

(including Frick's analyses) are compared "lith the values obtained for 

samples from other basic complexes they can be regarded as being only 

moderately aluminous. e.g. Kaffirskraal (1,33-3,70 per cent), Bushvc ' i 

(2,15-5,52 per cent) j Rooiwater (1,23-6,3 per cent); Mambula (5,63-

8,39 per cent) j and Trompsburg (3,41-5,90 per cent). The titaniferous 

magnetites from the associated magnetite - clinopyroxenite, are ho,lever, 

more aluminous (Frick, 1975). 

The high MgO values reported for the co-existing ilmenites are unusual 

and are amongst the highest yet recorded from non-kimberlite sources. 

Ilmenites from basaltic igneous rocks generally contain less than 4 per 

cent MgO (Thompson, 1976), although higher values of up to 10 per cent 

have been reported in ferrian ilmenites intergrown with titaniferous 

magnetites in trachybasalts (Anderson, 1968a). Kimberlitic ilmenites 

are characteristically MgO-rich (up to 19 per cent) (Mitchell, 1973), 

but it is generally agreed that they have formed at great depths, 

possibly Ivi thin the mantle (Thompson, 1976), and are consequently 

different from those in basaltic intrusions. Limited information is 

available on the factors controlling Mg-distribution in terrestrial 

basaltic ilmenites, but studies on lunar and kimberlitic materials may 

have some bearing on this matter. 

A compilation of data from a variety of rock types by Lovering and 

Widdowson (1968) suggested that the MgO contents of ilmenite are controlled 

larL~ly by the MgO/FeO ratios of their host rocks and that they are not 

influenced to any extent by the temperature and pressure conditions. 

Mi tchell (1973) noted a range of 6 to 19 per cent MgO in kimberli'te 

ilmenites and suggested that it resulted from <l. variation in MeG/FeO 

ratios in the kimberlitic mCt(7llCt durinG cryctalli3<l.tion. 

lunar ilmeni tee by Steele (1971) and Nehru et ,,1. (197 ~) :;hol'l<'u. a 

systematic relationship beh/een MgO/FeO ratios in the ilmenites a'"d. co-

existing minerals as well as their host tocks. In a reviel< of lunar 
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mineralogy, Smith and Steele (1976) concluded t hat the Mg/Fe ratios of the 

ilmenite in0rcase with an increase in the bulk 1.IdFB ratio of tnv host rock 

and that ]llg is transferred from the co-existinG silicates to th0 ilmel:i te 

Hith increasing temperature. 

In contrast to these geochemical control G, Iko.gcerty (1973,,) sUGt;ested U"st 

the high ).leO contents of certain lunar ilmenit es are due to crystallisation 

from an ultrabasic l iquid under high prcGsureG. Similarly, Hae;gerty 

(1975) sUGGested that the high MgO content of "imberlitic ilmenitep '8 

also controlled by pressure, rather than temperature 01' ox;y.;en fugc_ ,ity. 

Mitchell (1977) investiGated the geochernictry of kimberlitic ilmenites 

in more detail and concluded that their M1:/Fe I'atios d o not reflect large 

MglFe variations in the magma, but are due to the varia.tion of come 

parameter such as temperature, ox;ygen fueo.cit~' or silica activity . 

Thompson (1976) investigated the chembtry of ilmenites crystallised 

,/ithin the anhycl.rous melting ranGe of 0. tholeiitic andesite at pressures 

between 5 and 26 kb. and noted variationo in minor element (MG, ~ln ,Al) 

contents. These experiments showed that the McO contents of the 

crystallised ilmenites are not related to either their tempe rature or 

pressure of formation. Instead, they appear to be controlled by the 

Me/Fe distribution between the solid and liqui1 phases at various sta(;8c 

of crystallisation. 

The geological relationships exhibited by the Kaffirskraal Complex 

appear to rule out the effects of high pressure crystallisation in 

controlling the formation of Mg-rich ilmenite. The well defined 

chill zone and contact aureole of the Complex (Frick, 1975 ) suggests 

that it was emplaced into the Ventersdorp lavaG in a relatively cool 

geological environment such as exists at a rel~tively hiCh level , .' In ""ne 

crust. Subsequent crys tallisation ,,/Ould thus tal:e place lmo."r 

relatively low pressures, possibly similar to those under which various 

other basic intrusions containing 10w-MgC ilmen1tes solidified. Further 

evidence for the low pressure crystallisation or the K.."1.ffirskre.c.l Complex 

is afforded by presence in the fine-gre..ined mnl'C'in2.1 nori tj c ?,one o~ 

phenocrystic orthopyroxene t hat sho,,,,, si€;TIr: of ""sorption ., Frick 

(1975) suggested that this mineral may have cryot.r,llised D.t prer:sures 

above 5 kb, but on intrusion into areas of lou er presDure it would becom" 

unstable and would thus hc.ve been reaosoroed . 
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The coarse grained Mg'-rich ilmenites in the Kaffirskraal ores are thought 

to have formed largely by exzolution from an original hit;h-temperature 

iron-rich Gpinellid phase so that their compositions must be related to 

that of the ti taniferous magnetite. This is supported by the presence 

of Mf,'-rich ilmenites as internal BTMules Hithin the titaniferous 

macnet i te [l;nu t'lhich Here formed. [':.3 O:.:i lh<.ion/ eX.J olution pro·lucts . The 

compos.itioIJ.s of these smallor interCTOt'm ph2..~wS must 2.180 reflect Cl.spects 

of the oriGinal Gompos it ions of their host;}. 

The e;eochemical anu. minel'uloeica1 0!'viromnent of the KaffirDlcrC:kt1 

titaniferous ma[;neti te is also notably diff~rent from that in other 

layered intruzions. The Kaffirskraal ores are associated essentially 

;;i th clinopyroxene while the ores from other Comples are interlayered 

Hith plagioclase-rich roeks such as cabbro, anorthosite or troctolite 

e.g. 3kaergard (gabbro), Rooil<ater (metaeabbro), Usush"ana (gabbro), 

Mambula (gabbro), Trompsburg (troctolite) and Bushvel<l. (troctolite, 

Gabbro, anorthosite). 

Frick (1975) has suggested that the lack of plagioclase in the magnetite

clinopyroxenite might be due to the effects of high Hater pressure durine 

crystallisation that Hould depress the anorthite field in the diopside-

&northitc system. These hieh water p~c ssures would also imply high 

oxygen fugacities due to loss of hydrogen during crystallisation and 

I"lould account for the abundant development of ti taniferous magnetite. 

The abundant ulvospinel development and paucity of lamellar ilmenite, 

however, indicate that the post-crystallisation cooling occurred under 

conditions of 10;1 oxygen fugacity. 

Fric~, (1975) discussed the mafic nature of the Kaffirskrf1al parental 

magma and axe'l attention to certain geochemical and petrolocical 

similarities betV/een the Kaffirskraal Complex an<l ~one<l ul t.ramafic 

complexes described by Taylor and Noble (1969) that commonly show the 

development of magnetj.te-clinopyroxenite. The analyses of both the 

marginal !lorito 2_nd associated magnetite-clinopyroxenite rocks o:r the 

Ka.ffiI'~h"al Complex (l'rick, 1975) ShOH hiCh McO/To'eO ratios. This 

sue;ccut~ that the l.\f; contcnt~ of thc tttanlf<.)1·ous m"'L"'11ctite "ould h,,"lve 

been contl'ollc,i by the ML/l,,,2+ dbteibut i.on 110 l,lccn the colj.d and 

liquid pha3eo du:ring the cl·ysta.llbation of thc Kaffirskraal ma.gma 

according to the data of 'rhompson (1976). Other factors such as 
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o:x;)'een fugacity and silica activity may also have controlled the MgO 

contents of the opaque oxides . 

The precipitation of the copious quantites of titaniferous magnetite 

necescary to form the 8m thick ore seam must have been preceded by 

extensive iron-enrichment of the residual magma before crystallisation 

of the magnetite-clinopyroxenite and other iron-rich differentiates. 

Precipitation must have been initiated by some oxidation process as 

discussed in section 3 leading to the formation of a high-temperatu r,' , 

iron-rich "pinel containing minor amounts of MG, AI, V and Nn tlk'1.t 

were also present in the residual magma . On coolinG, the exsolution 

of ilmenite commenced "lith the ~lg preferentially mierating out of the 

spinel structure into the rhombohdral phase. Similarly, exsolution 

of 31l aluminous spinel containing some Mg (pleonaste) Han also initiated 

and continued d01ID to low temperatures. 

Laree ilmenite grains in basic igneous rocks characteristically contain 

more J~ than their co-existing titanigerous magnetites (Vincent and 

Phillips, 1954,; Bowles, 1977). The co-existing mafic silicates, 

(olivine and/or either ortho-or olinopyroxene, or both) also contain 

variable, but generally much larger amounts of MgO. This suggests 

that the partitioning of MgO between the various co-existing mafic and 

oxide phases during the crystallisation of 

some factor other than the initial MgO/FeO 

the magma is controlled by 

ratio of the liquid. On the 

basis of experimental studies in the system MgO-FeO-Fe 20
3 

-S i02 Speidel 

and Osborn (1967) noted that the composition of olivine, pyroxene and 

magnesiofe1'rite (spinel) in equilibrium with vapour at sub-solidus 

temperatures changes as a fu..l1ction of temper£1.ture and o:cygen fuge,city. 

They concluded that the l~dFe ratio in olivine, orthopyroxene and 

magnetite might. be significantly different at 101;e1' temperBtures than 

at the time of crystallisation. In particular, they noted that the 

MdFe ratio l;Quld increase in olivine and aloo increase to " lesser 

extent in orthopyroxene, but "ould simultaneously decrease in the 

magnetite. 

Speidel (1970) not.ed in a further series of experiment.n includinc Ti02 

that the 1<lcO content I<a" higher in the spinal phase than in the 

co-existine rhombohedl'al one at hiCh tempe1'aturen and moclnrately hieh 

oXYGen fUL"O.C it iCE:. TlliD f'clL!.tionnhip wau, hOHcvcr, l'cvc:r:Jed at lo \owr 
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oxygen fugacj.ties and corresponds to the situation in naturally 

occurrine minerals. The effects of additional minor phases such as 

AI, V and J;ln might also be important in controllinG l~g partitioninG 

bett.een co-existing phases. 

'rhe occurrence of Mg-rich ilmcni te in the Knffirskraal ores can be 

interpreted in terms of the experimental results of Speidel and 

Osborn (1967) and Speidel (1970) . A small amount of J.Ie; "ould have 

been incorporated into the spinel phase during crystallisation 3t 

elevated temperatures. This amount va:r:ied bet\ieen approximately 1,5 

and 3 per cent (expressed as MgO, Table 14) and "as probably not only 

controlled by the MgO/FeO ratio of the mat;ma, but also by the temperature 

and oxygen fugacity. 

'l'he 1'1t.~ content of the spinel phase >lOuld then begin to decrease on 

slo>1 cooling under suitable oxygen fugacities. The Mg l;Quld norm311y 

be partitioned into any suitable co-existing fernie silicate phase :.mch 

as olivine or pyroxene. These phases are, ho\iever, virtually absent 

in the ore-rich horizons with the result that the Mg "ould have to be 

incorporated into one or other of the oxides present. A portion of 

the Mg would be incorporated into the pleonaste component of the 

titaniferous magnetite. The amount of pleonaste formed liill in turn 

be determined largely by the quantity of. Al
2

0
3 

present. 

Calculation of the normative amounts of pleonaste, (Mg, Fe) 0.AI
2

0
3

, or 

in the Kaffirskraal ti taniferous iron ores 

indicates the presence of at least 0,7 to 1,8 per cent excess MgO. A 

fill:'ther portion of this excesc !.IgO might be present in the extremely 

minor, but variable amounts of associated clinopyroxene. Any remaining 

excess Me >Iould have incorporated into the titaniferous magnetite during 

cryctallisation. According to the data of Speidel (1970), this Mg 

l.auld subsequently become incorporated into :;he rhombohedral phases 

produced either by exsolution or contemporanl'ou:; oxidation/exsolutior .. 

The h igh Me contents of these ilmenites is a result of their occurrence 

in volumetrically small amounts ruld reflects the strong partitioning of 

this element into the rhombohedral phase. The presence of hieh Mg 

contents in the various smaller-sized intergrOl'ffi ilmeni tes also indica-,-'c 

that this proceDs remained operative over a considerable period during 

cooline;. 
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Variable !<IgO values have been obtained for the different ilr,lenites 

because they do not all represent exactly the same stage of exsolution 

or oxi,lation/ exsolutiorl. Differences in size and morphology exist 

betl-Jeen the analysed grains and indicate that they formed under some1-1hat 

d ifferer,t corrli tions, even though they are classified under the same broad 

categoriee;. The relative amounts of the different morphological ilmenite 

types varies from sample to sample as reflected in Table 13 1-1hile the 

amounts of A1
2

0
3

, transparent spinel development and co-existing 

clinopyroxene are also variable . These features l,ould all influence 

the MgO partitioning and the reported variatj ons reflect the complex 

interplay of these proceSGes. 

It is interesting to note that the analyses of co-existing coarse-graine:l 

ilmenites from various titaniferous iron are}] in t he Bushveld Ic;neous 

Cor:,pley. also exhibit rather high l~gO value". 1.1olyneu:c (19'70a, 1972) 

reporte:l !.lgO values ranging between 3,4 and 5,e per cent fOl' ilmenites 

from these ores which are also higher than thooe for ilmenites from 

basic igneous rocks . The l~gO analyses of ilmeni tes from the !<Iarnbula 

Complex are also high (1,7-6,6 per cent) while those from the Trompsburg 

Complex (neA--t section) are even higher (4,9-8,7 per cent). These 

analyses suggest that the Mg contents of the various exsolution product 

ilmenites in these ores are stronl5ly depenJ.ent on the original r-IgO content 

of the titaniferous magnetite. It might be noted in this respect that 

the ilmenites of the Rooiwater and Usush>lana Complexes exhibit more 

"normal" !>lgO contents and that the overall MgO values of the corresponding 

ores are also relatively 10". (it is assumed that the bulk of the ilmenite 

in these ores originated by oxidat i on/ exsolutioll of an original 

homogeneous spinel phase). 

Very much lower IftgO values (1,6 and 2,5 per cent) l'lere reported for the 

co-existine ilmeni tes in the magnetite-clinopyroxeni te of the 

Kaffirskraal Complex by Frick (1975). This feature might be due to the 

preferentia~ incorporation of the l,lg expelled from the ti taniferous 

mac;neti te into the co-existing clinopyroxene on cooling rather than into 

the rhombohedral phase. This behaviour is also in accord >,i th Speidel's 

(1970) experimental data. 

'i'he MnO· reported in the ti talli ,erous magneti to ore analyse" is also lart;ely 
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present in the rhombohedral phases (Vincent and Phillips , 1954) j 

Heum9.nn, 1974) . The parh honing of MnO between the co-existing cubic 

ani rhombohedral phases has been stuclied in det a i l and the subject has 

been recently revie",ed by Neuma.nn ( 1974) . Numerous investic;ators, in 

parhcular Buddington and Lindsley (1964) , Anderson (1968b) , Czamanske and 

Ihhalik (1972), Duchesne (1972) and Elsdon (1972) have reported the 

enrichrilent of MnO in ilmenites relative to their co-exist inc titani ferous 

mae;net ites. 'I'hey also noted that the amount of MnO in tte ilmenite 

increases tm·rards the later stages of crystallisation in variouG 

fract ionated rock ty})es. 

Burl<lington and Lir~lsley (1964), Anderson (1968b) am, Duche,me (197?) 

reported that the NnO content of the ilmenite increased "lith decreasing 

ter,'perature of crystallisation. Neumann (1974) reported that tr.e 1,lnO 

contents of ilmenite exsolution lar"ellae are generally higr.er tl,aJ: those 

in the co-existing separate grains . 

The ilmenite grains in the Kaffirskra.al ores exhibit a distinct 

enrichment in MnO relative to their corresponding bulk ore analyses. 

The l{nO contents of the ilmenites a.lso increase with a progressive 

decrease in their size and suggests tlllit the increase is related to 

decreasing temperatures of formation . These features are in acco:niance. 

wi th the commonly observed behaviour of MnO in these minera 18 . By 

anal oey , the' behaviour of Mn during crystalli nation ami Bubsol.ic1.us 

DOD line- mi ght be ,:imilar to that oj' Mt:: and tlLi." 'wpect requirec. 1'urther 

experimental inveBtic;ation. 

;l portion of the coarse-grained Kaffirskraal ilmenite mieht conceivably 

have been co-precipitated rather than e:.cso1.ved, in which case, their 

hie;h 1.l gO content" can also be inter preted itt the light of Speidel's (1970) 

experimental results. ~3pei,lel (1970) also noted that the amount of 

rhor.1boheclral phase dissolved in the spinel phaGe decreases Hi th an 

increase in ~!i L.-o content and this might accollnt for t he extreme paucity 

of broad i lmeni tc, lamellae (possibly true exs olutiol1 bodies) in the 

Kaff irskraal titaniferous lnat.:,netites . 

10 . 8 Gel'Le:...;i:: uf the Kaf f irokraal Ores 

Frick (197~)) l-mvi::a C;E'.d the formation of thn orc-rich B ee.l ) 'I :-.1.:: rE:sultine 

fro", the in "Hu cry"talJisu.t ion - differ" .o'i. iatiol1 of a second phase of 
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intruded magma that gave rise to the magneti~e-clinopyroxeni te and 

or&-rich layer. The chemical and textural relationships together 'Iith 

small-scale igneous layerinc; are interpreted as beinc; due to crystal 

settling processes. Frick (1975) noted that, al thoueh the comple>: is 

layered 1 it has certaiY1. affinities wi tIl z oned ultraMafic complexes . 

The !;lineraJ.o~ica.J and textural evidence suggests that thn Genesi s and 

IOicrostructural evolutioYl of the j(affirskraal ores can be interpreted 

as follows:-

1. The e.m thick ti taniferolls magnetite seam '.Jas formed as a cu.:TIula. te 

rock by normal fractional crystalli,mtion proc8"ses from an iron-

enriched reeidual magma as envisaged by Frick (1975). 'l'he 

titanif(~rour: magnetite-rich layer' formP.l:l .luring tLis process by 

the accu;nulation of a.n initially homogeneo1l1 ',pj nellid. pho.oG 

:1ClOunts of co-precipitated. ilmenite . Factor1:~ sueL afi post-cun:uluG 

groVJth I ren,oval of interc:ranular flui,ls by filter-pressing and 

annealine may also have played an important role in the development 

of this layer. 

clinopyroxene. 

/.linor ent r apped silicate liquid crystallised as 

2. At the commencement of cooling, exsolution of a titanium-rich 

rhombohedral oxide phase \'las initiated resulting in the formation of 

"everal p er cent by mass of intergranular ilmenite and possibly SO'1e 

of the lareer ilmeni.te lamellae. At sbC;Hly lower temperatures the 

finer-grainCfL intert,'Tanular ilmeni tes anet "pd.rsely distributed 

ilnleni te lamellae .,ere forme'l. These phaGes probably represent 

true exsolvecl ilmenite and correspond to the external granule 

ezsolution described by Buddington and Lindsley (1964) and their 

formation is i n agreement \-lith the datil. of Andereon (1968b). This 

type of exsolutiol1 is thought to cease once temperaturec oJ.rop beloH 

about 750 0 C \<Ihile any ilmenite present in a 'nounts greater than abL,,,t 

5 per cent by mass must have been forl1OO by a contemporaneous 

Gxidation (BudiUngton anil Lindsley, 1964; Anderson, 1968b). The nature 

a!ill location of these lamellae arlll grains suggest that they 

nucleate,l at (,'rain bou)]iary ir:1perfectioYls and that ti,e ,,,,,,inc grew 

m:ternally Hhil" tho larnellac gre·" into the titaniferouG mac;netite . 

Gra ill bOUl1LlaJ'Y <::4.i.just.mp.nt !;1ould fl.lso ]1avc occurred. under t hG annealinG 
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effects of high temperature leading to the formation of polygonal 

erains having interfacial angles approxima,tine; 120°. 

3. Once the temperature h&l <lropped to belm} approximately 900°C, 

exsolution of the aluminous spirwl lrIQuld have commenced . At 

the ,higher temperatures nuclAati.on 'lOul,l helve preferentially 

occurred at g-rain boundary imperfections alone the magnetite 

boundaries and along the interfelces behleen ilmenite lamellae and 

ti taniferous .nagnetite resulting in the formation of small grains . 

At lo;'ler temperatures, lower ionic mobility ";QuId result in an 

i!lCrf:ase in GUpersaturation a\-lay from pre-existing spinel granules 

resulting in the development of fine pleonaste lamellae along 

(100) of their hosts . The period of spinel exsolution would thus 

overlap SOrte"hat with the lower temperature portion of stage 2 and 

Houlo. continue do,m to the temperatures at "hich exsolution 

effectively ceaS80. 

4. The relatively minor development of ilmenite lamellae mtggests that 

cooling through the t emperature interval of approximately 750 to 

600°C took place under conditions of low oxygen fUgacity. These 

conditions favoured the stability of a homogeneous magnetite

ulvospinel solid solution so that virtually no exsolution of 

titaniurr~rich phases took place . It is possible that occasional 

local fluctuations in oxygen fUgacity occurred resulting in slightly 

more oxidising oonditions . Ihnor amounts of lamellar ilmenite 

wov.ld have been produced, parallel to (111) of the ti taniferous 

magnetite hosts during this process . 

5. Viith continued SIOH cooling the magnetite-ulvospinel solvus is 

intersected at approximately 600°C (Vincent et al., 1957), and 

ex::;olution of ulvospinel along (100) of the host cu;:1n,ences under 

corJditions of 10;; oX'Jgen fugacity . These conditions prevailed 

rJurinG cooling down to temperatures of several hundred ,legrees 

resultinG in the development of a well. clei'inel! , ulvospinel clot); 

texture. 

Durinc; cooli.ne; t);l'ouC;h t his temperature ranc;e, e:wolution of any 

exces:a hC:ll3.ti te from ilmenite 1.'Jauld a180 occur. The oxygen 

f'uc;aciti es required for u1 vospinel stabi 1i ty are 10>1er than those 
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required for the reduction of hematite to magnetite so that 

maE71eti te lamellae would be developerl in the coarser-e;rained 

ilmeni tes by a contemporaneous recluction/0,,,-,01ution process . 

Loca l fluctuations. in oxyeen fue;acity, possibly relcted to changes 

in the interstitial fluids, occurred durin[" this phase of coo~ing, 

so that mildly oxidising conditions Gxisted arom:ld ,<;rain boundaries 

and alone fractures. This resu1+.ed in tlie formation of ilmenite 

by a contemporaneous oxidat i on/ exsolution process instead. of 

ulvospinel, in the areas immediately adjcccnt GO the zOnes of hiGl-i er 

oxygen fugacity. Thi s i lmeni t e was then ,,,:sol ved as very fine 

lamellae oriented along (111) ancl occasionally f01'l,ed Grnall 

"external" eranules along the fracturen. '1'hese textured suggest 

that nucleation of this ilmenite co,:unence,l at dislocations alone 

the fractures vIhere oJ...'Ygen f'UlPci ties were i.ighest aM then t:rew 

im;arcls alonG the octrahedral planes for as far as the prevailing 

oxygen fue;acities and rates of diffusioiO_ . lOulo1 allow. 

6. Slieht oxidation of the ulvospinel netv/Ork may have occurred locally 

at lo\;er temperatures due to increased oxygen fugacities. This 

resulted in the conversion of the pre-existing (100) ulvospinel to 

ilmenite ;Ihich represents a crystalloeraphically unstable orientation. 

'remperatures may have still been hieh enough at this stage for 

continued oxidation/ eXGolution of ilmenite to take place which 'iould 

be precipitated around the oxidised ulvospinel lamellae to produce 

the coarsening effect that is d_eveloped locally. Incipient diffusion 

of this converted iJ ,neni te to a more stable crystallographic 

arraneement may also have contributed to the development of -this 

tenure. The areas of poikilitic ilmenite may have formed locally 

uruer the hichest oxygen fue;aci ty condit ion::: . 

7. TransgT8ssive veinlets of optically homogeneons magnetit e ,-.(' re formed 

by precipitation from late-staee residual flui,is durinG the final 

staGGS of crYfJtallisation. The te:dural evidence also GUeecstr. that 

Lhe minor amountr; of poikilitic D.llIl skelet,a ' 'jJmen.itc preu(:!':i 1.11 t.he 

veinlcts lnay have bonn pr",';.p :i.ta-L0,1 1'1'0'" ti, e camo tlllills. 

8. Ox-itlati_on ami. hydrat ion of the Kaffirnkraal orus in the "one of 

Gurf'n.c(' weatllerin~ haG rC:""1J}1.H;l in tl11~ir p.:.l.rlial martit1.:',atiur'l, 
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maghemitization and the development of abundant secondary goethite 

and hematite. Lar~ scale oxidation of ulvospinel to ilmenite 

would have taken p lace during this starre altholtrrh the possibility 

of this oxidation having occurred during stage 7 should n ot be 

overlooked. 

10.? Conclusions 

1. The vanadi~n-bearing titaniferous iron ores of the Kaffirskraal 

Complex can be compared chemically and mineralogically -.. ,ith uimi 'lr 

ores fro'n other Igneous Complexes. There are, hOHever, dif.itinct 

differences in the u;eological environment of this d.eposi t which 

sueeest that it originateil from a slightly different !!laema-type than 

that usually responsible for the formation of stratiform basic 

intrusions. 

2. Tt,e presence of the ICaffirskraal tita.niferous iron ores in a discrete 

layer 1;o\;ards the upper part of a mafic intrusion is in accoru \>l ith 

their development by normal crystallisation-differentiation processes 

that are operative i n Complexes of this nature. 

3. The Kaffirskraal ores are characterised by a well-developed ulvospinel 

cloth texture in the titaniferous magnetite and by a paucity of 

lamellar or granular ilmenite. 

4. The larger-sized ilmenite grains are characterised by relatively high 

MrrO contents that are amonest the highest yet reported in these 

r.1il1erals from non kimberli tic sources. The high 14gO contents reflect 

the cO!!lposition of original hieh temperature spinel phase and 

d.er.1onotrate the preferential partitiolline of !-lIT into the rllor.1bohedral 

pha.se during cooling. 

5. The ores contain only minor quantities of silicate impnritiec< al'-'_ 

as Hue); ;,ould. require no beneficiation. Separation of the very 

small percentage of coarser-grained ilmenite ,rould have no oark"". 

Sit:nificance. 

6. 'rhe ores are characterised by mod.erately 1m. 1'i02 values and contain 

only oetl.e811 2 and 6 per cent coarse-grained ilmenite that is 

recovero.1Jle by Gtandard ore dressing' proceUures. The remainder of 
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the Ti0
2 

is present in £I. variety of o:dre:-tlely fine-grained 

nlicrointer[,TOHths tha.t C,.-q,nnot be separated hy meohanical !i1(:!ans~ 

The V 205 analyses report ell for thc::..e orcs 

the published values al1ll suC:;c,,-L that the 

are a:1. variance vIi t r 

vana.d.iurn cont ent is 

too lo~·: for their consi deration as potential ores . 

8. 'The ""N Ti02 and V 20S contents of these orcs t. oe;ether ,lith their 

limiterl ore reserves sugees-\; tha:t they cio not represent sui table 

ra" 1"'~terial:3 for t he pr-oh,e-tion of ci H.8r Lich-t i tania or V 2()S 

proluct" . Tlieir cJ OGe prrcirnity to tile V"ereeniginrr- Vanclerbijlpark 

area i;lay, however , increase their 8CUI10r.llc llr)t(~ntial. 

9. ~'he Caffirokraa.J_ Complex "houlcl pl'ovicle a suitable suite of 

saClpJcs t.hat can be uS8(l t.o stud_y thG parti.t.io,""cng of r,l t; anI ~~" 

bet Hce: l the co-existing phases, both in the or'3-rich l ayer and 

UYlderlyins silicu.te-ri0h rocks . DetaiJ (~l el.ectron microprooe 

analYGcG of the va.rious intergrolm Ti-rich phases >lould. also provide 

iY,formation on the partitioning of these elements bet>leen cubic and 

rhombohedral phases >lith decreasing temperature. 
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11. Th'E TITAl'!""IFEROOS IRON ORES OF THE TRa'lPSBURG IGNEOOS ca.:p!Z, 

11.1 Intrcduction 

A lar ce positive B,-ravity aEO;\i'll.y Has diGc..:ov~~:r'ul ~i8ar t;1C Orange Free ;3t?te 

tOHll of rr rOrGpSbllrG durine 191\.c anI \"Tar..: r;;ubse'luer: t.l~r il1v(~stiQ1t(>\'l in ~ore 

rletail by Ceophysica.J t edll'liII11es. S8vnn e~plorato:!:y boJ'p., o:i.er; .,;ere 

dril lErl ii'J thQ area dur i!1tj 1;1~~~ pericxl 194() to 1911-8 ;3.n,l, i.he i;~ revealed the 

r:e ophysiCi'i.l f:o.111orati o:n pro[:,T(:l.r:trw hf'Lf> been civet. l)y TIUc1i ~ .. .a.jl'7'i (19(G) . '"til e 

the petroGrapb.y of the conp} ex ha,[' ber:ll d~D~rib8(1 by Ortlcpp (195~, 1. y::). 

It ~_~, lJet',leon 1Con all 1 :00('.' I 

<l evr:l oped. ~jL ' ·;l.ll, local concrnt r ationu \Jf tita)',iferouG i r u:I Ol'~ :~.f>::', 0ciat8d 

"ith [.'abbro ::J.r e. al:.;o preBent. at Greater depthH. 

'j"),,, compl"y i,.- intru"ive into :.1[\rbl" that is cor'relate" with the llall.\a.lli 

(-;' olomice anll iu over]a.in uncon forr:1a.l11y by a sequence of yOlulGp.r Y.aroo 

rocks (Ortlcpp 1955,1959) . The co.nplex has been dated at 13722: 142 

,;:illion yearG by Davie" d al. (1970) and t.hus represents tl ,e"younc;est" 

of t he complexes investigateJ.. 

11 .. 2. Sa!'!})] eu IClvestisatecl 

I-lr. a.poLlch~~ of General 1.iininc },-:inlly cave pernlisr.ion for the ori/.:inal 

=i'rompnl)l.lJ'C borehole core t.o 1)e U'£:8(l i l l t hj f' ~TtU;.ly. 3f!.mr,i.I~:.J T i.n the 

lwrti.on of 1.orf;hol e 'PG ? 

of tIl e (t i etj ('L;'llichine lnart..6 on -t,h~~ Gorl: tl'.:l.~':; kl.vP beco~!l e i l ·!("L ·q,1.F-~ l :1n"1 

:·,li.hO'llt;h 1.110- prese1lce of rn.l:rtOI'OUD ti.tu.nif\~l'()il :· :~3.~?l cti \,e-l~ich la.~'f! rf; · ·e.s 

!;:villent, tLr:ir c}:n .. ct otnJ.tic;r'I'J..r11ic pOGit:iOl) c(,ul 1 not always (;8 (1('·1J~rr;'!in(·rl.. 

rr1l{~ r~la t ivr positlons of ~h~' [a! ':p lc:~ e·;:uai.n()1 .-:.re nlJm·m it : Ta.bJ.r; 17. 

The po~it. i () ."": of sf)vcral fJar:q<l c·: ·: j.G not curtain anl they nrc '!larkf)l \-!i-t.h 
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rnicroGcopi c..aJ_ l y eY.RI:1inro . 

TABLB 11 

THE DISTRIBU'J'IOlJ AND TlITCKtOOS OF TITAllIFEROUS j.u\Gllli'rITE SEAll" IN 

BOREHOLE TG ::>, TRa.!PSEURG IGl'lEaJS Ca.IPLE:>:. 

SEAn TlIT C!GOO S DEPTH OF SE;U~S 

lTInIDER W EE.~,lG BEI,0.i SUfu"'ACE 
(ARBITARY) (K) (n) 

19 " " .', :; 1;"147,) 

18 ~,(, 1~lS9,e 

17 ;! t I~ 126),5 

it16 0,4 1331,C) 

15 1,8 1388,6 

1 !~ ?,O 1399,9 

13 0,5 1401,5 

12 0,6 1421 ,5 

11 1 ,3 1423,7 

10 2,7 1434,0 

9 1,8 1466,6 

8 1,5 1486,1 

7 1,4 1499 ,5 

6 0,8 1550,1 

5 2,4 1515,1 

it4 0,7 uncertain 

3 0,1 tu1certain 

2 0,5 1651 ,9 

1 0,6 1053,2 

Data compilecl froo Buchmann (1960) 

~ Sample positions uncertain 

Sl'.l,lPLE 
lfu1.u3EES 
(thi s report) 

8/1 - 8/5 

8/<;-1/16 

~'4/2-2416 

11/2- 11/5 

1/1- 1/6 

1/1- 7/9 

12/1-12/5 

4/1- 4/~ 
4/8- 4/10 

4/ 13-4/25 

11/1-11/7 

10/1-10/8 

10/10-10/17 

9/1 - 9/3 

3/19-3/28 

2/16 

not 8aitlpled 

15/1- 15/4 

15/r~15/11 

Ortlepp (1955,1959) also reported the occurcnce of massive ti tanifcruuc 

marrnetite la;)'ers in borehole TG 1, and local ore-rich concmltrations in 

1101'1111 ole TG t1-, lmi. thesp. occurrences \'1 nre un t. j t lvest iCC\. t cd (J'J.rj nc: -:' . h(~ 

11.3 DeGcription of the Oren 

llilnet een t i taniferOU8 nla.:;net i t(~-riGh ecar..o rall[ji ne from 150r(JI:1 to 4, 5r' l in 
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,hicY.ness ,·,ere intersected in the upper 300m of borehole 'l'G 2 as 

indicated ill Table 17. '1'he seams arc generally 101el1 developed. an; .. ~_ 

are separat ed by variable thi.cknesses of troct.o1ite. The troctol ite 

consists of plaeioclase '\lith lesser amount.s of olivine, titani f8I'C'J.S 

mal,'1'letite, ih1enite and , more rarely, aUE:ite . 

of the troctolite is hiGhly variable . 

The opaque oxide con tent 

~'hc ores range from essentially pure, silicate-free types to more i:npure 

varieties contailline- up to 30 per cent silicates. ali vine and au,:' t 

are the mont com.mon silicates i n the oren '.rh:i.le plagioclase i::; only 

rarely pres ent. This i s ill marked contrast to its appearance a s a 

dominant phase in t he associated troctoli tes . :3ma.ll, but variable 

amounts bf apatite are prenent in some of th0 >, j licate-rich oren aT", 

their cOllcentrations r:1ay locally rea ch up to 1) per cent. 

Accordine to Ortlepp (19 59) t he plagioclase i:; labrUllorite and its 

composition vd.ries between An52 and All58 in tlle troctolite a.nd associat8ll 

ores. The olivine is unusally magnes ium-rich considering i ts association 

Hi th such iron- rich rocks a.n(i. ranges from Fa
26 

to Fa
31

• Pyroxenes are 

only sparingly present and are usually augitic in composition. These 

mineral compositions are apparently typical for the Compl ex as a Hhole 

and they characteristically display little compositional variation :;ith 

stratigraphic height (ortlepp, 1959) . Textural relationshi ps suggest 

t hat the olivine and plagioclas e crystallised simultaneousl y to for8 an 

allotriomorphic texture »hile the opaque oxi""s crystallise:l in the 

interilticcc at a later stage (Ortlepp , 1959). 

The :::ilicates c;eneral ly appear fresh anl unaltcr ml in the troctolites, 

but in contrast, they are tYI'ically altered . to varying d.egrees ir. the 

ores. 

ali vine is the most abundant s ilicate in the ores and is pre~ent as 

round.ed to sub-rounded grains that are cor,l,"only co,"pletely surrounc.ed 

by opaque oxides. The olivine sometimes ~hom' the developmellt of a 

very narrO,1 outer border of possibly more i r on-rich co:nposi tion , 'l:er8 

it i s in contact wi tll the opaque oxide". T1H.: olivine BTainu are 

cor.1monly extensi'lely serpentinized ann. are traversed by veinletll of 

s econdary magnetite. Volume changes ascociated with the serpentini-

sation process have result ed in the llidespread fracturing of surro\l..'1dine 
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opaque oxides and other silica,tes. 'rhe fractures in the surround inc 

minerals are commonly filled with serpentine and late-stage 8econd~~' 

rn1lcnetite thn.t appears to have migrated fro:n the oerpEontinized olivine 

into the expansion cracks. The serpent ine in the veinlets i::: f inely 

granular and is compose,:> of innumerable tiny lath-shaped crystals that 

have grovlfl tranEversly across the fractul'e~;. 

Tho plagiocln.se in the ores may be ei t)-,er .i're"h or partially altered, 

but it in occasionally completely replaced by fins-grained, scaly 

ae;cregatefi of "ercite, epidote, calcite anrl oiher seconIary ,ninera1, ,. 

The plagioclllse grains are typically separated from neichbourine opa'.[Ue 

Gxio.es by narrow, weJ.l defined reaction rime of biotite and lor bro;1l1 

horr,bleme. The augite is generally unaltcrel and does not usually 

e:dlibi t a rGaction relationship town.rds the opaque oxid.es, althoUGh 

a lli'.I'l'OW zone of amphibole ,1lay sometimes be pl'csent bet',8€n them. 

1'J,o Trompsburg ores also exhibit other forms of late-stage alteration 

in addition to the serpentinization. Many of the ores are fractured 

ani ",.re traversed by irregular veinlets, many of which contain late-

stagE' magnet it e. Certain samples show evidence of late-stage 

d.issolution of titaniferous magnetite from 7,ones parallel to fractures 

which has resulted in a porous texture. The exsol ved aluminous spinels 

in these areas have also been altered to a softer, unidentified phase, 

1'0Bsibly diaspore. 

'fhe titaniferou:< magnetites in the silicate-rich ores occasionally show 

incipient peripheral alteration and r"placer.1ent by fine era in",]. spr.ene 

ant ch10ri te acgregates. This form of n.lteration hus occasionally 

proLrressoo. further to form sphene and cr. Lori te ae;gregatcc; ti'>,Lt contain 

:"elicts of orientEd illoenit e lamellae. 

camples are cO!11 .. monly tr~ver8ed by irre[,oul<;.r '!('inlets of eaJ.cit~, sericite, 

epidote, cLlorite and other fine-grained alteration I'ro:lucts . These veinlets 

cor:mionly eyJ.ibit minor compositional :::'(ll1in~ pct.l'allel t(} tl:ei..r J e:n!::th::J. 

The p1aciocl"-~e in t h e De camples is gener"lly cOClpletely aHera1 to 

SiJ.llf; t.,urite \-/1.i18 thp. aucitc in a.ltered La ul'ill itc ar'kl clllul'"itc. rilhlr 

r1.rnnunt~ c...f ilv<.l.ite are i11E:o presont I II t:n ,!C or the 8ilica.t(~-rj r.1. ~;~l.::lples. 

The Trompsburg ores an0. the -;-"d.rious Eil iC:-.lte-riclt types co:n!Tlonly contain 

mn?ll a~:lounts of sulphide that ('.an locally reach as hie1 ... aH 30 per cent 
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(Ortlepp, 1959). The sulphides are present both as large ;:;rains and 

as s",o.11er irregular veinl et" that exhi bi t various replacement 

relationships. 

The Trompsburg ore s a re characteristically TiO~-rich and exhibit a \ ide , 
rane:e in t.he ratio of coarse grained ilmenite to ti'taniferouD 1"r13t:,1'1etite . 

Coarr:e grained ilrneni te in corru:1only the llominant opaque pha.se in the 

aBfJoeiate:i trocolites and some of the silicate-rich ores, but b!?!comes 

pro[,'I'e ssively subordinate >lith respect to tita ni ferous ma&'11etite a ' tl,e 

wnounts of silicate impurities decreas e . Only minor amount.G of coarse 

gra.nul ar ilmenite are generally present in the ore-rich speCii':1eli.f:. 'i'hc 

t itanife rous maglletite grains are also commonly very much larger in the 

ore-rich layers than in layers where the silicates are more abundant . 

The opa.que oxides occupy the interstices bet"een the s ilicate" in t he 

"ilicatc-rich samples and generally exhibit rounded to smoothly curved 

grain boundaries. The silicates become s eparated f rom eacl'> other as the 

opaque oxide content increases so that they are present a s isolated 

round ed grains that vary from 1 to 5mm in size in the ore-rich samples. 

The grain boundaries between the titaniferous magnet i tes and ilmenites 

are al s o cenerally straight to gently curved, but in detail. the;)' are 

],ighly s pine llife I'ouB and irregular. 

The silicate-poor samples in contrast, consist essentially of very large 

t i taniferous magnetite grains that are commonly more than 1C'mm a·crOS3 and 

ey.J,ibit a well d.et' i ned polygonal relationsl1ip to\,aI'C1s each other. C03.rse 

ilmeni te Grains I generally between 2 fJ.ID JImn in size are sparingly pre sent 

in tlwr:e DreG and. are located interstit ial ly between the larger titaniferous 

marrnetit cc . The ilmenite/ti taniferouG magnet i te gTain boumlari 8[: a re 

genera] ly otraight to c;ently curved on a l::!.rge Dcale, but they a re hie)ly 

"pin£lliferou" ani1 irregular on a fine sC.3.1e. 

rrhe titanifcrous i ron Ort:'f: of th e variol\G r;Ga rY~ G:.:Jlibit ror. JG1,r);B.c)~· ::.: i l lilaJ' 

!.:ir,ro:" i.ruci".urc{ : , ;..Llthouc.'h ttf;re ar(~ ni irlor Jifft">1'( :rl(:C:>s tLl:\' l'P !:'1cci: !:' 1.i ~.:;1:t 

~','.: vt ' r:i.1 '·· (: ' I I:~ ('I 

u.pCLtiLe-rjch · ii.l'LTJut itt-) l'ock u ltJere no-Lc'd ,11 IJ'i l tC :.~1E' :..:tuJy anl o.pl)(;J.l' ~41 L r! 

rcatri ct()~ to 1.1:(: (,ones ubove the uPI'p.rmo:: \, titaniferous ~:lat.nclite :-:8(1.;·" 
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were not. specifically searched for during sampling and it is pcssible 

tlmt they might be more e).'i;ensi vely developed. 

Ortlepp (1955,1959) reported that. ingeous layering t'laB not 'rlell-(Le\Teloped 

in the Trompsburg Complex anI stressed that its constituent minerals llo 

not exhibit any ma.rked compositional trene-l.G vIit:b increas.ing stratic.cap!-!ic 

height. Examination of the Trompsburg cores during the collection of 

the ti taniferous magnetite B<lmples indicatell the presence of a \'lide 

variety of cumulus rock tYlles! particularly in borehole 'I'G 2 lrlhicl 

contained the ore-rich seams. Investit,"8.tion of tt.e titaniferous 

magfleti t 8S revealed the presence of locally abunclant Elulphicle 

mineralization ani a study of this is currently being undertaken by 

Mr. C.T. Logan at NIM. 

Loean (personal communication, 1977) has recognisal the presence of 

numerous macrorhythmic layers 'rlithin certain sections of the Trompsburg 

core. In particular, he has noted the presence of at least 19 cyclic 

units in a single core tray containing approximately 60m of core. The 

uni ts vary in thickness bet'rleen 1 and 3m a.nd consist typical1y of a thin 

oli vine-rich Or duni tic layer ·~hat grades Up1'1anls into a eabbro with a 

decrease in olivine content. l~agnetite then appears as a cunmIus phase 

and may become the dominant phase, in some cases forming a d.efinite 

ore-rich seam Or layer. The magnetite content decreases sharply with 

increasing height and the rock becomes plagioclase-rich, locaJ.ly forming 

an anorthosite. The cycle is then repeated. 

The thickness of individual layers is highly variable and they are not 

alvJays present in each cyclic unit. These features indicate that the 

petrology of the Trompsburg Intrusion is far more complex than sugeested 

by Ortle-pp's reports. Further petrographic and mineralogical 

irJV8Gtig'd.tions of ·this Complex are currently in progress and it is hoped 

that they will provide atlclitional data that will help explain the various 

fev. tures exhi bi ted. by these ore:::. 

Tbe Trompsburg ores are charu.cteristically Ti02, il.1 203 and MgO-rich 

and. their ti taniferous magne ti te ll.isplay a wide range of microstructures 

that have resulted from the exsolution and oxill.ation/exsolution of Ti-and 

A 1-rich phases. The individual components of the ores are discussed :nore 

fully in the following sections. 
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11.3.1 Titaniferous magnetite 

The Trompflburg ti taniferous ma[,'neti tes are characteriseO. by the pre~ence 

of rl1ldlercu:-;, generally veI"J f ine-rrrained, intergrovnl Ti- and Al-riGh 

phases as illustrated. in Plate" 16-20. The Grain size of the 

ti taniferous ;na[7leti te varies behJeen 1 and 2mm in thE: silicil.te-rich 

ores, but appears to increase progressively as the proportion of silicates 

{leCrAaSfn3 so that larger tTains of more than 10mm in size are prefJent 

in the purer samples. 

The titaniferous ma&netite grains tend to exhibit rounded, elongated 

forms in the silicate-rich samples and appear moulded around the 

co-existing silicates. They often completely enclose smaller, rounded 

ali vine erains '''hile wel.l-developed, spinelliferous erain bound.aries 

a.r8 developed betNeen them and co-existinc coarse eranular ilmenite. 

Grain boulldariec: are more difficult to observ>! in the ore-rich 8amplN' 

on aceount of the large size of the titanif,n'ous ma&netite crystals, 

but the enclosecl silicates are generally rounded to sub-rounded while 

the opaque oxides exhibit differing degrees of polygonalization. 

The grain boundaries between the titaniferouB rna&netites and silicates 

appear as smooth curves under 1m" magnification, but in detail they are 

commonly serrated and irregular due to numbers of small transparent 

spin"l erains arranged along the grain boundaries . The grain boundaries 

are ;Jimilar, irrespective of whether a reaction rim is developed between 

the Eilicates and titaniferous magnetites or not. The biotite reaction 

ril.18 that separate titaniferous ma&netite from plae;ioclase conmonly 

cnnt.ain abundant, micrometre-sized, round,d mae;neti te grai ns. 

The Trompsbure titaniferous magnetite j s generally fractured due to 

volume uhanees associated with the serpentini~ation of oliVine, the 

degree of fracturing being clirectly related to the abundance of ali vi!1e 

in a particular sample. The fractures are generally fillecl wi t h 

serpentine, and to a leGser extent, by an optically homogeneous :nagnetite 

(Plate 16 (A). other late-stage processes, in ad.dition to the 

serpentinizat ion e.ffects, have also led. to the J.evelopment of 

distinctive features in the ti taniferous ma(,"l1eti teG. The fractures 

in many of the sample" have been filled "ith eraphite 11hile 80'l1e 

dicsolution of t,le titaniferous magnetite and its exsolved aluminium-
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rich spinels appears to have taken place in adjacent areas. This 

.lissolution has progressed to such an erlent in some samples that the 

titanife:cous magnetite has a distinctly porous appearance (Plate 16 (B 

and e)). Minor amounts of pyrrhotite, and to a much lesser' e,ct en-:O, 

pentlanu.i te, are commonl;)' present alon& the fractures tocetr.er ;Ii th 

gTaphi+.e (Plate 16 (A)). 

Dissolution and replacement of titaniferous ma&netite by fine-I;Tai"led 

s phene and chlorite a&gregates has occurred in oertain samples, 

particularly the silicate-rich ores. This form of alteration is 

confined largely to exposed surfaces along fractures arul L'Tain 

boundaries so that the complete replacement of s~all grains is only 

rarely observed. This form of alteration appears to have preferentially 

attacked the magnetite and the very fine-grained microintergrowths sc 

that the larger ilmenite lamel] ae originally present in the host are 

pr'!s",rved i n their crystallographic orientati.ons in the complex sphene/ 

chlorite aggregates (Plate 16 (e)). ~'he degree of maeneti te dissolution 

can often be determined by the presence of narrow ilmenite lamellae that 

are apparently only slightly affected by this process. After 

(iissolution of the magnetite from the grain boundary areas, these 

lamellae remain projecting into the intergranular area so that their 

lengths give an indication of the amount of magnetite that has been 

dissolved (Plate 16 (D)). 

11.3.2 Homogeneous late-stage maenetite 

narrow, irreeular, lat e- stage veinlets of opt ically homo&eneous rnagl1et it e 

'3.re commonly present in the 1'rompsburg orcs and exhi b i t transgressive 

rel'3.ti.onships tovJards both opaque OXiu. e3 anu. o;i 1 icates. Tl:eoe veinlets 

cut "crOGS the various lamellar structures i.n the titaniferou:J n·agnetites 

artl elearly post-date them. 

coloured than the associated titanifel'ouD varieties and is free from fine 

frrained. inclusions. 

The trJ.lk of this mal,'1letite appears to have been derived from the 

serpentinisation of the olivine and is founl both ill tl,e al terat o:ivine 

and in the serpentine-filled fractures in tl.e aBsociated minerals . In 

Gome casef3 a veinlet "Jhich is lleveloped. in an opatfUe oy.icie can be follo~'leJ 

into a nei chbouring serpentinised olivine where it probably originat.e<l. 
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A small amount of the late-stage magnetite might also have been 

precipitated from iron-rich fluids formed during the dissolution of 

titaniferous magnetite and its replacement by sphene. 

11. 3. 3 Ilmenite 

Ilmenite is present in the Trompsburg ores in a wide variety of forms 

that include both discrete t,'Tains and numerous complex microintergrowtl1s 

with -titaniferous magnetite. The coarser types of lamellar ilmenite 

are generally not well developed while trellis-like ilmenite intercrcMths 

are genera'lly rare and are apparently confined to specific seams. T'!'_e 

various types of ilmenite can be characterised. by clifferences in grain 

size and morphology that are described in sections 11.3.3.1 to 11.3.3.8. 

11.3.3.1 Coarse ~nular ilmenite 

Coarse grained ilmenite is commonly the dominant opaque phase in the 

Inore silicate-rich rocks where it is present as relatively large grains 

that va.ry between 1 and 5mm in size. These grains generally exhibit 

gently curved outlines and appear to be interstitial to the silicates 

about which they are moulded. The amount of ilmenite decreases with 

respect to titaniferous magnetite as the proportions of silicates in the 

samples decreases so that it iscornmoniy only a minor phase in the ore-rich 

seams. Betl-leen 20 and 25 per cent by volume of coarse-grained ilmenite 

is commonly present in the silicate-rich ores while only between 5 and 10 

per cent is developed in the silicate-poor ores. The ilmenite grains in 

the ore-rich samples exhibit a similar grain size to those in the silicate

rich ores, but are generally slightly elongated or show signs of 

polygonalization. 

The ilmehite/titaniferous magnetite grain boundaries are generally highly 

spinelliferous and are characterised by the presence of abundant, small 

ronnded spinel grains Ioea-ted along the interfaces. The spinel grains 

range in size from 1 to 20 micrometres and prQluce highly irregular, 

su·tured boundaries as illustrated in Plate 16 (E-G). These spinel grains 

are more rarely present as a string of impurities tha.t are located wi thin 

.the ilmenite para.llel to their gra.in boundaries, but generally lvithin ;:>0 

micrometres of it. 

These ilmenite grains are also generally highly fractured due to the 



PLATE 16 

TROtlPSBURG TITANIFERaJS IRON ORES 

All photomicroe;:raphs taken in incident light using oil immersion objectives. 

A. Typical appearance of the Trompsburg ores. The titaniferous magnetite 

(left hand side of photomicrograph) contains abundant exsolved 

pleonaste (oriented black radlets). The ilmenite (right hand side of 

the photomicrograph) exhibits a spinelleferous rim along its contact 

\-lith the magnetite. The minerals are traversed by fractures (black) 

containing coarse pyrrhotite (white). 

B. Alteration of titaniferous magnetite (dark) in areas adjacent to 

fractures (black). 

c. Late-stage alteration of titaniferous magnetite (dark grey) revealing 

the ilmenite trellis networks. 

D. Spinelliferous ilmenite lamellae (grey) projecting beyond the margins 

of their titaniferous magnetite host (white) into the silicate matrix 

(black) • 

E. Sub-parallel fractures (black) traversing both ilmenite (grey) and 

titaniferous magnetite (light). Note the spinelliferous ilmenite 

rim developed along the contact between the ilmenite and 

titaniferous magnetite. 

F. Similar to (E) but taken under higher magnification to show the 

finer microstructural details of the spinelliferous ilmenite rim. 

G. A row of pleonaste grains (black) located along -the interface betiveen 

ilmenite (dark grey) and multi-phase titaniferous magnetite (lighter). 

H. Ilmenite (grey) tranversed by numerous serpentine-filled fractures 

(black) • 
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serpentinization of olivine as illustrated in Plate 16 (E and H). The 

grains are also traversed by irregular, late-stage veinlets of 

serpentine, optically homogeneous magnetite, graphite, and more rarely, 

sulphides (Plate 17 (A and B)). The ilmenites only very rarely show the 

development of stress-twin lamellae even though they are extremely 

fractured. 

The larger ilmenite grains typically contain small numbers of narrow 

magnetite lamellae that are oriented parallel to their basal planes. 

These lamellar or plate-like bodies are generally less than 3 micrometres 

in width, but show extreme elongation and may be up to 0,06mm in length, 

although they are commonly shorter. These lamellae generally exhibit 

sharp terminations and occasionally contain small inclusions of aluminous 

spinel. The spinel is generally present as small segments of the 

lamellae and is commonly developed near their ends. Lamellae of pure 

spinel are also occasionally present in the ilmenite. Small, rounded, 

micrometre-sized grains of spinel are occasionally present along the 

interface between the ilmenite and larger magnetite lamellae. Sparsely 

distributed spinel lamellae of a similar size and orientation are also 

occasionally present (Plate l7(B)). 

A second type of very much coarser lamellar intergrowth of titaniferous 

magnetite is also present oriented along the basal planes of some of 

the larger ilmenite grains as illustrated in Plate 17 (0). This 

intergrown titaniferous magnetite is optically similar to that of the 

larger co-existing grains. This magnetite is highly aluminous and 

contains numerous small grains of transparent spinel arranged along the 

ilmenite/magnetite interfaces while narrow spinel lamellae are 

occasionally present along the (100) planes of the magnetite. Various 

extremely fine-grained exsolved Ti-rich phases are also commonly present 

towards the centres of the wider lamellae. 

The titaniferous magnetite lamellae vary in width from 5 to 50 micrometres 

and may be up to 0,2mm long. They are generally of uniform thickness, 

but may occasionally pinch and swell along their length. Their 

terminations are commonly sharp and do not taper gently. Small rounded 

inclusions of titaniferous magnetite are also occasionally present in the 

ilmenite. 



PLATE 11 

TRO·~PSBURG TITANI2,ERWS IRON ORES 

All photomicrographs taken in incident light using oil immersion objectives. 

, 
.n. Fractured ilmenite (grey) showing the development of pyrrhotite 

(light) along some of the fractures. The difference in colour 

of the p~Thotite is due to reflection pleochroism. 

B. Similar to (A), but sme.n numbers of transparent spinel rodlets 

(black) are present in the ilmenite. 

c. 11 plate-like inclusion of multi-phase titaniferous magnetite 

(lighter) in ilmenite (darker) traversed by a serpentine-filled 
fracture .• 

D. An aggregate of small irreGUlar ilmenite grains (dark grey) and 

pleonaste (blacl\:) developed along a permeable zone within a 

titauiferous magnetite gTain. 

E. Similar to (D), but the ilmenite grains have coalesced to form 

a veinlet. 

F. Broad spinelliferous ilmenite lamellae (grey) extending to the 

margins of their titaniferous magnetite hosts where they beoome 

wider. 

G. Ilmenite lamellae (dark grey) containing abtundant pleonaste 

(blaok) • 

H. Sparsely distributed fine spinelleferous ilmenite lamellae 

(dark grey) in titaniferous magnetite (light) containing 

abundarrli exsol ved. pleonast e (black). 
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11.3.3.2 Fine ~nular ilmenite 

Small elongated, or irregularly shaped ilmenite grains are occasionally 

present within the titaniferous magnetite grains or are located along 

the interfaces between neighbouring magnetite grains. These grains range 

from 0,02 to 0,1mm in size and are typically spinelliferous, having 

numbers of very much smaller, transparent spinel grains arranged around 

their margins where they are in contact with titaniferous magnetites. 

These fine granular ilmenites are also sometimes connected to the broad 

ilmenite lamellae that occasionally cut across the titaniferous magnetites. 

The amount and size of the spinel grains associated with the ilmenite 

appears to be controlled largely by their size. The spinel is generally 

abundant around the larger grains, but is less well-developed around the 

smaller grains and may even be absent from the smallest ones. 

Many of the smaller ilmenite grains exhibit highly irregular outlines and 

are sometimes arranged in stringers along curved fractures or permeable 

zones 1rlithin the titaniferous magnetites (Plate 17 (D and E)). These 

ilmenite grains are commonly co:rmected to a set of finer ilmenite lamellae 

that are developed along either side of the permeable zone. These 

lamellae and small ilmenite grains are also generally in optical continuity. 

11.3.3.3 Broad ilmenite lamellae 

Broad ilmenite lamellae, usually between 7 and 20 micrometres wide, but 

occasionally Wider, and up to 0,4mm long are sparingly present along the 

oactahedral planes of the titaniferous magnetites as illustrated in Plate 

17 (F). These lamellae are generally very rare and are only very 

occasionally developed to the extent where they form a distinct trellis 

network. 

These lamellae are highly spinelliferous and are characterised by the 

presence of large numbers of very small, transparent spinel grains. The 

spinels are not only located along the ilmenite/titaniferous magnetite 

interfaces, but are present within the ilmenite and are commonly aligned 

in rows parallel to the lamellar boundaries (Plate 17 (G)). The titaniferous 

magnetite in the immediate vicinity of these ilmenite lamellae is 

generally devoid of the finer grained ilmenite microintergrowths for a 

distance of up to 0,02mm from the lamellae (Plate 17 (G)). 
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The lamellae that are completely enclosed within the titaniferous 

magnetite generally exhibit a well defined, narrow, lensoid shape 

, _T,t.~'J§ltQ.u;. 

with gently tapering ends. In contrast, the lamellae that extend 

to the grain boundaries commonly exhibit a slight degree of thickening 

tovlaro.s the grain boundary, reaching their broadest development at the 

grain boundary itself. These lamellae also occasionally protrude a 

slight distance from their host titaniferous magnetite and may be joined 

to small ilmenite grains. 

Fracturing and displacement of the host ti taniferous magnetites during 

serpentinization of the associated olivine is commonly controlled by 

the lamellae. They provide planes of weakness along which separation 

can preferentially occur. 

Fine ilmenite lamellae -
A second series of finer ilmenite lamellae are sporadically developed 

along the octahedral planes of the titaniferous magnetites, but are 

rarely abundant enough to form a well defined trellis network. They 

range from 1 to 5 micrometres in width and are generally extremely 

elongated, locally attaining lengths of 0,25mm. They are generally in 

the fo~ of flattened lenses with gently tapering ends, although more 

complex morphologies are sometimes developed (Plates 17 (G) and 18 (A~B). 

These lamellae are generally spinelliferous, but not to the same extent 

as the broad lamellae. Rows of small, rounded, transparent spinel grains 

are generally arranged along the ilmenite/titaniferous magnetite interfaces 

in the usual manner. The smaller ilmenite lamellae are generally less 

spinelliferous than the larger ones in tl1is class and in some cases the 

smaller bodies are completely free of marginal spinel. A narrow zorie 

of inclusion-free, optically homogeneous, titaniferous magnetite 

approximately 10 micrometres wide is generally present around these 

lamellae. The titaniferous magnetite present between these lamellae at 

a greater distance typically contains an abundance of other finer 

intergrmm phases. 

These lamellae are generally not well developed in the Trompsburg 

titaniferous magnetites and with the exception of samples 17/2 and 24/5 

they are virtually absent from these ores. Vlhere present, they are 

more commonly located near grain boundaries and along early-formed 
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fractures. They are also occasionally connected to small irregular 

ilmenite grains that are developed along fractures or other permeable 

zones within their hosts. 

11.3.3.5 VeEl fine spinelliferous ilmenite lamellae 

This type of intergrowth represents the common groundmass texture in 

the titaniferous magnetites in samples 4/4-15 and 12/4-5 and is 

characteristic of ore-rich samples from this level in the Complex. 

These textures are very distinctive and are not developed to any e~,Lnt 

in titaniferous magnetit~from other levels in the Complex. They do 

not represent a variant of the fine-grained ilmenite lamellae described 

above since the titaniferous magnetite between these lamellae appears 

optically homogeneous and free from other inclusions even under the 

highest magnification (2000X, oil immersion). These lamellae are 

approximately a micrometre wide and vary between 10 and 20 micrometres 

in length. They generally form a well developed trellis network and 

are oriented along the octahedral planes of their host grains (Plate 

18 (C)). They commonly exbibit a wide range in grain size over a 

small distance within the same grain and merge into areas oonsisting 

of extremely fine-grained, rounded inclusions of spinel and ilmenite 

that are at the limit of optical resolution (nsal t and pepper texture"). 

The ilmenite lamellae are distinctly lens-shaped and have gently tapering 

ends, especially where they intersect each other. Myriads of micrometre

sized rounded spinel grains are typically located along the ilmenite/ 

titaniferous magnetite interfaces and occasionally form part of the lamellae. 

Other coarser forms of spinel are typically absent from grains showing this 

type of microstructural development. 

11.3.3.6 Extreqely fine ilmenite lamellae 

A set of extremely fine grained ilmenite lamellae approximately 1 

micrometre thick and up to 10 micrometres in length are occasionally 

developed in the Trompsburg titaniferous magnetites. They are also 

developed along the octahedral planes of their hosts, but are typically 

free of fino-erained spinel intergrowths (Plate 18 (D)). 

The lamellae are generally best developed along a narrow zone bordering 

grain boundaries and along fractures, but may also be present further into 

the titaniferous magnetites where they are most commonly developed in areas 



PLATE 18 

TRQilPSBURG TITANIFEROUS IRON ORES 

All photomicrographs taken in incid8ut light using oil immersion objectives. 

A. Fine int ersect ing . ilmeni t e lamellae ( grey) pa.rall el to (111) in 

titaniferous magnetite containing abundant exsolved pleonaste 

(black) parallel to (100). 

B. Fine ilmenite lamellae (grey) developed parallel to (111) of 

titaniferous magnetite cut by pleonaste lamellae that have 

exsolved parallel to (100). Note that the pleonaste lamellae appear 

to consist of rows of octahedra. 

c. Very fine spinelliferous ilmenite lamellae (dark grey) in titaniferous 

magneti teo Tiny pleonaste grains are black. 

D. Extremely fine ilmenite lamellae (grey) developed along (Ill) of the 

Ti-magnetite cut by pleonaste lamellae (black) developed along (100). 

E. Typical ulvospinel cloth texture viewed along (100). 

fine pleonaste grains are black. 

Extremely 

F. Same as (E), but viewed along (111) showing the 3-fold symmetry. 

G. :3imilar to (E), but sho~ving the development of several larger 

ulvospinel "boxes". 

H. Similar to (G), but showing a much more pronounced development 

of this ulvospinel texture. 
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between the fine ilmenite lamellae. These lamellae generally merge 

imperceptibly into ulvospinel-type textures and are more common in 

the silicate-rich ores, being virtually absent from some of the pure 

types. Very small, micrometre sized ilmenite granules are occasionally 

developed at the ends of these lamellae where they protrude into 

fra cture s. 

11.3.3.7 Extremely fine granular ilmenite 

Verw small, micrometre sized ilmenite granules are rare in the Trompsburg 

titaniferous magnetites and are occasionally present in narrow stringers 

that are aligned along minor fractures or other permeable features. These 

grains are generally irregular in shape and are commonly connected to the 

extremely fine ilmenite lamellae described above. 

Similar sized, irregular to rounded ilmenite grains are present in the 

areas betv-Teen well-developed ilmenite trellis networks. These textures 

are rare and have only been noted in samples 17/2 and 24/5 that are 

characterised by an abundance of very fine lamellae. 

Aggregates of very small, rounded ilmenite grains are occasionally 

developed around the periphery of the larger and more sparsely distributed 

spinel lamellae. These aggregates are oommonly arranged in a reotangular 

pattern around each spinel lamella at a distanoe of several micrometres 

and. produce the effect of a nframe" surrounding the spinel. 

structures might, in part, represent oxidised ulvospinel. 

11.3.3.8 Ulvos~inel and its oxidation products 

These 

The characteristic cloth-like structure formed by the sub-solidus 

exsolution of ulvospinel is the most abundant and. widely developed 

microstructure in the Trompsburg ores. This microstructure is particularly 

coarse and. well developed in the samples and consists of a mesh-like 

network of micrometre and sub-micrometre sized ulvospinel lamellae. These 

lamellae are orientated along the cubic planes of their hosts and divide 

the magnetite groundmass into a myriad of micrometre-sized cubes (Plate 

18 (E and F». Certain ulvospinel lamellae arc occasionally better 

developed and textures similar to those in Plate 18 (G and II) are formed. 

Frameworks of coarser ulvoopinel are also develop~l around the larger 

spinel lamellae (Plate 19 (A and B». 
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Exsolved ulvospinel is readily oxidised to ilmenite, but when this occurs 

at low temperatures, the orientation of the originally exsolved ulvospinel 

is retained by the oxidation product. Ortlepp. (1959)noted the presence 

of unaltered ulvospinel in these ores, but the present microscopic 

investigation shows that much of the ulvospinel has been oxidised to 

ilmenite. X-ray powder diffraction traces reveal broad, irregular 

magnetite peaks which partly reflect the very fine-grained size of the 

individual magnetite fragments, the present of the aluminous spinel, 

optically homogeneous magnetite and possibly some unoxidised ulvospinel 

that all have similar d-spacings. It is possible that the partial 

oxidation of this ulvospinel may have occurred during 30 years of storage 

under atmospheric conditions. It is also possible that oxidation of 

ulvospinel at the surface of the polished sections may have occurred during 

their preparation. 

The normally very fins-grainedulvc>spinel lamellae are oxidised to ilmenite 

at places within the titaniferous magnetites and 'the texture breaks down 

to yield a less-well defined microstructure. The individual lamellae swell 

and coalesce with neighbouring lamellae to form larger grainsthat are in 

optical continuity. They form a perforated sieve type texture containing 

abundant rounded magnetite inclusions in their more advanced stage of 

development and are surrounded by a narrOw-zone of optically homogeneous 

magnetite (Plate 19 (C and D». This advanced stage is rarely reached, 

however, and these forms of microstructural modification merge imperceptibly 

into the areas of normal ulvospinel-type textural development. 

11.3.4 Spinel and other aluminous phases 

The aluminous nature of the Trompsburg titaniferous magnetite is reflected 

in the abundant development of transparent, aluminium-rich spinels probably 

close to pleonaste in composition. They are present in a wide variety of 

forms and, also exhibit a considerable range in grain size. These 

intergrovrths are extremely well-developed in the titaniferous magne"tite 

from both the silicate-rich and silicate-poor ores, but are virtually 

absent from those in the apatite-rich rocks. 

The spinel is commonly present in various types of spinelliferons ilmenite 

rims as small, rounded grains that range from 20 down to less than 1 

micrometre in size as decribed in the preceeding sections. Numbers of 

small spinel grains, generally between 10 and 15 micrometres in size are 



PLATE 19 

TRa-JIPSBURG TITANIFERCUS IRON ORES 

All photomicrographs taken in incident light usinc oil im.'l1ersion objectives. 

A. Exsolved pleonaste (black) present as lamellae and rows of small 

grains in titaniferous magnetite showing an ulvospinel cloth texture. 

B. Pleonaste lamellae (black) surrounded by boxworks of ulvospinel 

(dark grey) and surrmmded by titaniferous magnetite containing 

small f,TainE of ilmenite (or ulvospinel) and pleonaste (lIsaIt and 

pepper" tenure). 

C. Coarsening of ulvospinel lamellae (dark grey), now oxidised to 

ilmenite developed in titaniferous magnetite. 

D. Similar to (C), but sho1tTing replacement of part of the Ti-rich phase 

by a dark unidentified phase (possibly pleonaste or diaspore). 

E. A large pleonaste grain (black) with skeletal outer margins in 

titaniferous magnetite. 

F. A large, more rounded pleonaste grain (black), containing a blade 

of pyrrhotite (White) enclosed by titaniferous magnetite. 

G. Pleonaste lamellae (black) exsolved parallel to (100) of 

titaniferous magnetite. 

H. Similar to (G), but viewed along (111) showing the 3-fold symmetry 

in this orientation. 
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also commonly present around the peripheries of the titaniferous 

magnetite grains. 

Isolated, generally rounded, spinel grains between 10 and 30 micrometres 

in size are often irregularly distributed throughout the titaniferous 

magnetite in areas devoid of lamellar spinel. These grains are typically 

surrounded by a zone up to 20 micrometres wide that is devoid of other 

fine-grained spinel intergrowths (Plate 19 (G and H». A small proportion 

of these larger grains are slightly greyer in colour than the usual 

exsol ved transparent spinels and they commonly contain a small, la·~b like 

. inclusion of sulphide, generally pyrrhotite, at their centre (Plate 19(F». 

Molyneux (1970a,1972) reported the presence of similar grains in the 

Bushveld titanifercus magnetites and has identified them as diaspore. 

These grains were not identified positively in the Trompsburg ores, but 

they might well be diaspore rather than spinel. 

The transparent spinel is also present as well-defined lamellae that are 

oriented along the cube planes of their hosts to form a grid-like pattern 

(Plate 19 (G and E,A)). These lamellae vary in length from 5 to 40 

micrometres, but are generally only 1 to 3 micrometres in width. They 

are generally less than 20 micrometres long and it is only rarely that 

the longer types are developed. 

Small, octahedral spinel grains are sometimes developed at the intersection 

of two sets of the larger lamellae. The spacing of the lamellae is also 

dependent on size and the larger lamellae are generally spaced further apart. 

The spinel lamellae cut across all types of lamellar ilmenite except for 

the very finest microintergro"rths (plate 20 (B and C». The larger lamellae 

occasionally appear to consist of chains of octahedra that are joined end 

to end (Plate 18 (B)). 

The spinel lamellae and larger grains are absent from some of the 

titaniferous magnetites and their place is taken by a myriad of tiny, 

sub-micrometre-sized spinel grains. These grains are at the limits of 

optical resolution and are intergrown with an extremely fine-grained 

Ti-rich phase that cannot be properly resolved. These areas of magnetite 

have an overall highly speckled appearance under high magnification that 

is perhaps best described by the term "salt and pepper" texture. These 

areas tend to merge into areas showing the development of the more normal 
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types of spinel exsolution bodies within the same grain. This type of 

microstructure is commonly developed in titaniferous magnetites that 

oontain very fine, spinelliferous ilmenite lamellae. 

The spinel appears to have been altered ·to a very much softer phase in 

areas showing signs of magnetite dissolution. This phase is extremely 

fine grained and was not identified, but might possibly be diaspore, 

gibbsite, chlorite or some other secondary AI-rich mineral. 

11.3.5 Graphite 

Graphite is ubiquitously present in the more titaniferous magnetite-rich 

Trompsburg ores and is generally developed as veinlets along many of the 

numerous late-stage fractures that traverse the samples(Plate 20 (C and D). 

These veinlets range from 0,1mm down to several micrometres in width and 

commonly oontain small, but variable amounts of magnetite, serpentine and 

sever~l types of sulphide. The graphite is present as soft flaky 

cr,ystals that exhibit extreme pleochroism and are occasionally bent. 

The cr,ystals are generally oriented with their prominent cleavage 

perpendicular to the sides of the fractures, but they are also found. 

oriented along the length of the fractures. 

Transgressive graphite veinlets are present in both the ilmenite and 

titaniferous magnetite and graphite commonly appears to replace the spinel 

that was originally present in intergrowths in both these minerals (Plate 

20 CD and E). This replacement takes place in the neighbourhood of the 

veinlets and the graphite also locally replaces the magnetite lamellae 

in ilmenite where they are cut by graphite veinlets. Scaly graphite 

aggregates are also commonly developed around. many of the sulphide grains. 

The transgressive nature of the graphite veinlets indicates that they are 

late-stage phenomena while they also cut across the various fine 

ilmenite lamellae which can often be matched up across the veinlets. The 

extremely fine grained ilmenite lamellae are unfortunately too short sO 

that it is not clear whether or not they are cut and displaced by the 

graphite. 

Polishing of the graphite is very difficult in view of its very soft nature 

in comparison with the very muoh harder opaque oxides. Reasonable results 

were obtained in many cases, as illustrated in the photomicrographs. 



PLATE 20 

TR()lPSBURG TITANIFERCUS IRON ORES 

All photamicrographs taken in incident light using oil immersion objectives. 

A. Pleanaste lamellae (black) showing a wide range in size in 

ti taniferous magnetite. lIote the abundance of lamellae along 

certain zones. 

B. Typical pleonaste lamellae (black) in titaniferous magnetite. 

Note the presence of several larger, anhedral pleonaste grains 

(black). 

c.. Typical titaniferous magnetite showing a broad ilmenite lamella 

(dark grey) and exsalved pleonaste (black). An irregular graphite

filled veinlet is present roughly parallel to the ilmenite. No"~e 

the presence of pleonaste lamellae within the ilmenite. . The small, 

lighter coloured and irregular grains t a the left of the veinlet at 

the tap of theph~tomicrogra.ph cansist of graphite. 

D. A transgressive graphite-filled veinlet. The graphite has grm-m 

transversely across the fra.cture and its banded appearance is due to 

the extreme reflect~an pleonchroism~of this mineral. 

E. Graphite (light) replacing a pleonastelamella (centre of 

photomicro~ph). The ather darker caloured badies contain graphite 

and another unidentified phase, possibly diaspore. 

IiI. A pyrrhotite grain (White) showing partial .oxidation to magnetite 

(grey). The sulphide is located between ilmenite (slightly darker 

grey) and titaniferous magnetite (full .of inclusions). The 

transgressive veinlet (black) contains minor pyrrhotite (White) 

and. some magnet it e ( grey) • 

G. Similar to Plate. 19 (0), .but with porti.on .of the .original ulv.ospinel 

or ilmenite being replaced by pyrrhotite (White). 

H. A basal section of an apatite crystal (black) set in ulvospinel clath

·terlured ·titaniferous magnetite canta.ining spinelliferous ilmenite 

lamellae (dark grey). 
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11.3.6 Sulphides 

The Trompsburg ores generally contain small, but variable amounts of 

.sul phide mineralization. Ortlepp (1959) noted that the sulphide 

concentrations locally reached as high as 30 per cent, but these samples 

were no longer available for investigation. 

The sulphides are generally present as discrete grains in the intergranular 

areas between oxides or as trru1sgressive veinlets. Replacement of very 

fine grained spi nel intergrowths by sulphides has also been noted in . one 

of the altered ti taniferous magnetites. 

Pyrrhotite i s the most common sulphide and it is present both as discrete 

rounded grains up to 3mm across and as narrow irregular, transgressive 

veinlets (Plate (F)). , The pyrrhotite is nickel-rich and commonly shows 

the development of pentlandite exsolution f l ames. It also shoHs alt eration 

to magnetite. This process commences along grain boundaries and fractures 

and moves in>~rds into the grain in ru1 irregular fashion. The pyrrhotite 

veinlets also commonly show evidence of alteration to magnetite, but it is 

difficult to distinguish this magnetite from that produced during 

serpentinization unless SOme unoxidised pyrrhotite is present. These 

veinlets also oommonly contain serpentine, late stage magnetite, graphite 

and other secondary minerals as illustrated in Plate 16 (A). It also 

occasionally replaces the fine-grained magnetite in the titaniferous 

magnetite grains (Plate 20 (G)). 

Pentlandi te is probably the next most COmmon sulphide and it is present 

both as discrete grains and as exsolution bodies in pyrrhotite. The 

pentlandite grains are generally associated with pyrrhotite grains, but 

they generally are much smaller and dist inctly rounded. They are commonly 

surrounded by graphite aggregates and are sometimes fractured and veined by 

graphite and l ate-ctage magnetite. 

Chalcopyrite is also present in small amounts as discrete grains and 

is generally associated with the complex pyrrhotite - pentlandite grains, 

although it has been noted on its own. The sulphides >lere not studie<'_ 

in detail, but it is probable that a wide range of Ni-Fe-Co and Cu-Fe 

sulphides might be found if specifically searched for. 
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11.3.7 Apatite 

Several zones of fine-to medium-grained apatite-bearing ore-rich rocks 

were encountered during the course of this study as indicated in Table 21. 

The ratio of silicates to opaque oxides in these samples is approximately 

equal while the apatite i s present in amounts ranging from 5 to 15 per cent 

by volume. This type of material Has not specifically sampled so that 

ores containing higher concentrations of apatite might be present. 

'rhe apatite exhibits a highly variable grain size that ranges from sfveral 

micrometres up to approximately 0,3mm. It is present as prismatic 

hexagonal crystals that are generally sub-rounded to rounded in outline, 

although euhedral grains are occaSionally present, particularly in the 

fine-size ranges (Plate 20 (H»). 

The apatite was not investigated in detail, but it is most probably the 

normal fluorapatite found in basic rocks (Brown and Peckett, 1977). It 

appears to be preferentially enclosed in,or located adjacent to both the 

ilmenite · and titaniferous magnetite grains and is locally abundant enough 

to produce a well--<l.efined poikilitic texture. In contrast to its 

association with the opaque oxides)it is only present ill minor amounts as 

inclusions ;Iithin the associated silicates. Oli vine and augite are 

commonly present in these rocks types while plagioclase is a rare constituent. 

Apatite is generally not present in more than trace quantities in the 

majority of ores examined. 

The titaniferous magnetite associated with the apatite characteristically 

displays a coarse, well-defined, ulvospinel-type microstructure and is 

virtually devoid of fine grained, transparent spinel intergrO\;ths . other 

types of lamellar ilmenite intergrowths are also rarely developed, and 

where present, are only slightly spinelliferous. This is in marked contrast 

to the normal silicate-rich ores that usually exhibit a greater proportion 

of lamellar intergro;rt;hs. 

11.4 Chemical Analyses of the Trompsburg Ti taniferous Iron Ores 

The chemical anu.1YClis of 18 typical Trompuburr; ·OI'8D arc pr(:ccnt",l in 

'l'ablc 11" toeetll( 'l' "j til two Ululyoen from til(, I j Lcruture. 

The small, but variable amounts of SiO;> reflect the minor amounts of silicate 
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impurities, usually serpentinized olivine, in the ores. The Ti02 
contents vary betHeen 13,6 and 20 per oent, but are generally above 

15 per cent and are in the typical range expected for ores of this 

nature. 

The 1\12°3 contents vary between 3,4 and 5,9 per cent and,8ince the ores 

contain only minor plagioclase, the bulk of this is present in the 

various exsolved spinel phases in the titaniferous magnetite. 

values are consistently low, but in some samples values of between ),) 

and 0,6 per cent are report ed. No chromite or chrome-spinel was 

identified in the ores and this oxide is Clost probably held in solid 

solution in the magnetite. 

The Fe
2

0
3 

contents of these ores are low when compared to similar ores 

from surface exposures and reflect their unweathered nature. The FeO 

values a r e correspondingly high and when the analysis are recalculated 

in terms of ilmenite, a small amount of excess FeO remains in certain 

samples indicating the presence of some unoxidised ulvospinel. 

The V20
5 

values range between 0,63 and 0,83 per cent and are very much 

lower than the values reported by Ortlepp (1955,1959). The reaSOn for 

this discrepancy is not known, but acceptable values were obtained during 
+ duplicate analyses which indicate a reproduoability of at least - 0,05 

per cent of the reported value. The V20
5 

values do not show a continual 

decrease upwards in the sequence, but instead ~ppear to indicate the 

presence of 3 broad cycles, each of which is characterised by decreasing 

V
2

0
5 

contents upwards. 

The MgO values vary between 3,7 and . 6, ° per cent and can be account ed 

for by the presence of serpentinized Mg-rich olivine. The values do 

not vary Gystematically with Si02 content, hm·/ever, which indicates that 

some of the l<\gO must be present in one or other of the opaque phases or 

their eXGolution products. The 1'\nO valuen var'j bet",een 0,3 and 0,7 per 

cent, but do not show any marked variation with position in the sequence. 

11.,) 1\naly""" of CoarDe-Grainod Ilmenit e" from the 'l'rornpoburg Complex 

r~lcctron ,nicroprolH .. : analyueD o r thp. C;O-l::~j::till ~ ~ r.o[l.r~;e- f~rainol ilmeni.tc 

from thc chemically analyoo:l 'l'rompcbur(: Or'o" '1l'O prc,amted in '['able 19. 
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The Trompsburg ilmenites are characterised by high MgO contents that 

range from 4,9 to 8,7 per cent and are similar to those present ili the 

Kaffirskraal Compl ex (this report). These values are among the highest 

yet recorded for igneous ilmenites from non-kimberlitic sources. The 

samples >Iere re-analysed in a batch together >Iith several previously 

analysed low~!gO ilmenites using various standards and the expected 

values were obtained which suggests that these results do not reflect 

a systematic analytical error. The MgO v",lues are also higher than 

that shown by the bulk ore analyses which indicates that the l~gO is 

preferentially incorporated in the rhombohedral phase. 

The MnO values are fairly constant in the vicinity of 0,6 per cent, 

rarely reaching as high as 0,8 per cent. 

Recalculation of the microprobe analyses a""uming stoichiometry indicates 

the presence of minor amounts of excess FeO that is recalculated as }'e
2

0
3 

and is regarded as hematite in solid solution in the ilmenite. The iron

rich nature of these larger ilmenites is also reflected by the presence of 

the crystallographically oriented magnetite lamellae. 

11.6 Beneficiation 

The Trompaburg Igneous Complex is covered unconformably by approximately 

1000m of younger sediments so that the utilization of its ores appears 

remote. The new V205 analyses presented in this report also indicate 

that they are too low grade to warrant exploitation. In vieN of this, 

no beneficiation tests >Tere carried out. 

11.7 The Sequence of Ores in the Trompsburg Complex 

One of the problems facing the interpretation of the mineralogical results 

is the positioning of the ore samples in their correct stratigraphic 

sequence in the borehole core. The exact position of certain samples 

is not knmm (as mentioned in section 11. 2), but it >Tas hoped that this 

study might yield information regarding their correct sequence. It 

Has hoped that the V20
5 

content of the . titaniferous magnetites would be 

found to decrease systematically upwards in the sequence as illustrated 

by the SYJl.ergaard, Bushveld, Rooiwater and l~ambula Complexes. No 

s imilar overall trend "a" however apparent from the analyses and Ortlepp 

(1955,195:)) reported a value of 1 ,80 per cellt '1;:>05 in oreB approximately 

halfway up the D,,([Uence while an ore from 130m lower do,Tn in the Gec[Uence 
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has a value of only 1,10 per cent V205, 

Ortlepp (1955,1959) has commented on the lack of compositional variation 

in the Trompsburg minerals with stratigraphic height and this feature is 

also displayed to a certain extent by the titaniferous iron ores. A 

tabulation of the samples >Iith respect to their known or estimated heights 

in the borehole is given in Tables 17 and 21. This reconstruction 

appears to indicate the presence of three zones, or cycles, in which the 

V20
5 

contents of the lowest ore-rich seams are approximately 0,8 pee' Gent 

and decrease systematically upwards to values of approximately 0,65 per 

cent, whereupon the sequence is repeated. 

The apatite-rich zones appear to be located towards the top of the second 

(above seam 15) and third (above seam 19) cycles. No apatite-rich 

samples were found towards the top of the first cycle, but this might 

be due to imperfect sampling. 

It is also possible to group the ores into six basiq types based on the 

nature of the titaniferous magnetite intergrowths. The variations in 

the microstructural development reflect differences in oxygen fUgacity 

during cooling and oertain textural types appear restrioted to definite 

stratigraphic levels. The essential features of the textural types are 

given in Table 20 while their distribution is indicated in Table 21. 
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TABLE 20 

TEXTURAL CLASSIFICATION OF THE TR<l<1PSBURG TITANIFEROOS MAGNErITES 

TYPE 

1 

2 

3 

4 

HELATIVE f02 
DURING COOLING DISTINGUISHING FEATURES NarES 

Very low 

Low 

Low 

Noderate 

Abundant ulvospinel, The most common 

ilmeni te trellis lamellae microstructuI '- . 

virtually absent. Extensively 

Abundant fine-grained d~veloped in 

spinel lamellae. cycle 1 and part 

of cycle 3. 

Extensive coarse-grained 

ulvospinel. Apatite 

crystals of various 

sizes. Virtually no 

aluminous spinel. 

Mcderate amounts of 

Characteristic 

texture in the 

apatitE>-rioh ores 

which are 

restricted to 

the upper portions 

of cycles 2 and 3. 

Relatively rare. 

ulvospinel with a minor Type 1 grades into 

development of fine this type which is 

ilmeni te trellis lamellae commonly developed 

int erspersed ;/i th ~s a local variant. 

ulvospinel. Fine grained 

aluminous spinel lamellae. 

Virtually no ulvospinel, 

minor broad ilmenite 

lamellae, abundant fine 

ilmenite lamellae of 

various types . FinE>

era.ined aluminoun :;pinel 

lamellae. 

A very rare texture. 

Restricted to 

samples near to 

17/2• 



TYPE 

5 

G 
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'rABLE 20 (cont.) 

RELATIVE f0 2 
DURING GOOLING DISTHGUISEIHG FEATURES 

High No ul vospinel, minor 

broad ilmenite lamellae. 

Abundant fine 

Hie-hest 

reached 

spinelliferous ilmeni te 

lamellae set in an 

optically homoGene~ls 

titaniferous macnetite 

e;roundmass. 

Ho lamellar aluminous 

spinel. 

No ulvospinel, minor 

broad ilmenite lamellae. 

Abundant mediutn-siz,ed 

ilmenit e trellis 

lamellae. No very fine

grained groundmass 

textures. Granules of 

fine-grained ilmenite 

developed bet\{een 

ilmenite l amellae. 

Abundant fine-L,'Tained 

lamellae. 

NOTES 

A characteristic 

texture developed 

i n the ores of 

cycle 2 .• 

Not rleve10)e..A. 

elsel'·lhere. 

A very rare 

texture. 

Restri ct ed to 

sample ~4/5. 

The texture£; containing abundant ulvospinel irklicate that tb, Gub-solidus 

coolir,g took place under relatively lOll o:;yeen fugacities at almost all 

levels in the Complex. Certain textural types are however restricted 

to specif i<o z ones as illustrated by type 5 that is typical of cycle 2 

and type 2 , rhich iG found in the apa.tite-rich u.reafl. Samples 17/';' and 

24/5 appcar to have cooled under conditionG of rclatively hiC;h oX"'3cn 

fu[laci ty t;",.t <:tre not characteristic of the Complex a s a ,.h ole. Their 

POSitiO Il <:to the bottom of cycle 3 that otherwise exhibits t ype ·1 textures 

might i )]dicate tha.t they are i.ncorrectly pOGii.ioned. 
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TABLE 21 

VARIATION Hr V 205 CONl'ENT AND lHCROSTRUCTURAL DEVELOPMENT OF THE 

TRCMPSBURG TITANIFERCUS MAGNETITES ,11TH INCREASING HEIGHT 

3E.U~ NUl·IEER V 205 CONTENT DmnTAllT lHCROSTRUCTURAL CYCLE 

(%) TYPE 

Apatite-rich Zone 2 

19 0,65 1 

0,70 1 

18 0,71 1 3 
0,78 1 - 2 

17 0,77 6 

16 0,77 4 

Apatite-rioh Zone 2 
f--

15 - ? 

14 0,63 2 

13 0,65 3 - 5 2 

12 - 5 
11 - 5 
10 - 5 
9 0,87 1 

8 0,63 1 - 2 

0,72 1 - ;> 

7 0,70 1 

0,77 1 

6 0,76 1 - 2 1 

5 0,78 1 

~ 0,80 1 
., 
J - ? 

:' o ,,{6 ' f 

1 0, flo 1 
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The other minor elements do not appear to exhibit any systematic 

variation l,et,;een the ores from different levels and cannot be used 

to refine the sample distri bution to any Olarked extent. Ortlepp (1959) 

concluded that the Complex is a composite body on the basis of a lack of 

Co'"positional variation in the Trompsburt:; minerals and proposed that itE' 

peculiar iron-enriched nature ,/as due to its ,lerivation from the fractional 

crystallisation of ma(;ffia at depth. His data do not indicate t.he pre"e:oc'3 

of relatively small scale cyclic features in the Compl~x, but thin :ni15"-t 

be clue to his samplin15 at rather widely Gpacerl int ervals. 

'fhe analytical data obtained have not been particularly helpful in 

elucidatinG' the correct sequence in the Trolill'::bure oreo and thee l acl: of 

marked mineralo{;'ical variations in the titani ferous ma{;'netites over a 

vertical distance of approximately 300m is problematical. 'fhe 

replenishment of the iron-enri_ched ma(;ffia by successive heaves of 

fractionated magma mieht account for the observed reversals in V 20
5 

content in the three broad cycles and other compos i t ional variations in 

t he ore. The distribution of samples as innicated in Table 21 must be 

reearded with caution and it is hoped that a future drilling programme 

may 88tablish the correct sequence. The recognition of an e,ctremely 

Hell developEd cyclic repitition of units (Loean, personal commnnication) 

irulicates that the relationshipo during cryctallioation uere probahly 

far more complex. 

11.8 Discussion 

The 'f rornprlburG' ores can be distineuished both chemically and texturally 

from those of the other Complexes stujied and tl1ey also d iffer in that 

the serpentinized olivine is the dominant silicate iropurity. Certai!1. 

of the apat ite-bearing silicate-rich ores closely approach the 

composition of the olivine-apatite-magnetitites of the Villa Hora area 

of the Bushvelcl Complex (Grobler and \Ihi tfield, 1970). None or the 

salnplen exar.lined contains more than 15 per cent apat i te, but it i q po~:. s.i b} e 

that ere" cor,tuininc {5I'eater amount s mieht be preseni. . 

The lar{Se iJmeniic ",rains appear to have lleen 'Oo-pr()cipitat<,j t,ol::etllcr 

Hi th the I,i tani lcrmw "uGrtoti te >!hilE> their "'8 lat.i vEl ly :I ar[j" "i,',,, n1,,0 

Gugeestc a. njlnilar mcdc of OGcurE:~nce in thp. r.;il iOJ.te-poor orec. 1.1}lC 

relative Clllunlanc(~ of coarse-[7ainro ilmenite in thfJ silicate-rich orCH 
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and its contrasting paucity in the silicat&-poor ores has also been noted 

in other basic intrusions. Vincent and Phillips (1954) report eel a 

similar relationship in the Skaergaard intrusion and surrgested that 

sufficient oxygen ",as available during the precipitation of the silicate

rich ore to allow for the high-temperature crystallisation of ilmenite. 

During the orystallisation of the ore-rich bands, however, they suggested 

tp-at insufficient oxygen Has available and this resulted. in the formation 

of ulvospinel "Ihich remained in solution in the titaniferous rlae;netite. 

Molyneux (1970a) reported a similar relationship in th" Bushveld ores. 

The f orroation of magnetHc requires the oxidation of SOne Fe,?+ to ]<'e3+ 

"hich il!lplies that the formation of a titaniferous magnetite sea.IO requires 

a large-side O}:illative effect as discussed in section 3. An III voopinel-

:7\1l.t!)1etite solid solution is generally ccrprecipitated t ogether >lith an 

il;nenit&-helna.tite 80licl "olution during the normal crystall.isation of 

basi c rocks and t heir compositions are controlled largely by te"perature 

and oxygen fugacity (Buddington and Lindsley, 1964) . 

The factors controlling the relative amounts of cubic and rhombohedral 

phases that would be precipitated at any particular stage and the 

i'rar:t imw.tion of 'I'i between thom have, however, not been investieated. 

An "xtenaive literature survey has Oh01'ffi that titani.'erous magnetite 

ore;) and titaniferous mae;netites from baoic rocks ( in particular, 

homo(;eneouG single-phase ti tanoma(;l1eti tes from chilled basalt s) invarj.ably 

contain lelJs that 25 per 

nlvospirtel). Annersten 

cent Ti0
2 

(approximately 8'lual to 70 per cellt 

et a1. (1973) stullieI maenetite-ulvospinel solid 

"olutions using x-ray diffraction and ldtissbauer spectroscopy techniques 

and concluded. that the Ti >las inr:orporated in both the tetrahedral and 

oct.ral.c,lral sites in the range 20 to 70 mole per cent ulvol3pinel. At 

hicher concentrations, the substitution takes place mainly i.n the 

octahedr-cl.l ::;ites or the smaller ions may possibly substitute il1 th~ 

t0trahu I.ral sites . Thin re]ationship t-:ugcent:: t}lat tI le j f1corporatio~) 

of rri into the rlla.cnetite .latti.ce Llight take p]uc~/j relat i vely easily up 

to 7:) mole pl~r l'~('nt 1l.1vo:}l1ine1, 1mL vl 0u ld tal. (! plu~ :I! \-1i.Lh L"l'ei.~ ;,el' llff'ic..1Jlty 

1.1h:ir: mi ght tJ.C(:OlJld, for tllC a.PP:'l1·r :ntly 

limitjrlE 11iO:-, r.orrient of ~~) pur cent in tituni ('eronD maLrtle:'ite. 

1 . t ' 0 ~:>+ 1 m ' 1+, , . . , t ' I Tlle:nl e iG :Zor':l€(l J.rom 1.'6 an 11 ant Gall l)e preclplua. e,l once ;na.Ci'lC\. 
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of the appropriat e composition enters the ilr.,eni te "tabili ty field 

OIl cooling. The precipitation of magnetite requires that some 

oxidation of ~'c2+ to Fe3+ Occurs and it is pos8ible that SOme of tile 

available Ti might be preferentially incorporated into the crystallising 

cubic phase rather than into ilmenite. During nOrT!lal crJ'stallisation 

(of basic igneous rocks) the oxygen fuea.cities are such that, although 

some ma(>lletitc i s formed that can accomodate up to 25 per cent Ti0
2

, 

su.fficient Ti remains in the magma to allo\'l ;'01' the co-precipitation 

of ilrneni teo During lare;e-scale oxidation and the formation of am ',, ' 3.l1t 

magnetite, much of the Ti02 might become incorporated into a 'o1acnetHe

ul vospinel soli'1 solution and insufficient rOI'lain available for the 

co-precipi tation of ilmenite . Re-equilibration of Ti0
2 
be~ween the 

co-existint; rhombohedral and cubic phases ,rill subsequently continue to 

take place c111r ine slow cooli"[5 as discussed by Buddington and Lindsley , 
(1~64). 

The hieh-temperature crystalli'ling spinel "lieht concei V'd,l,ly act as a 

TiO::, scavenger and preferentially talce up the available titanium in the 

form of a magnetite-ulvoBpinel solid solution to a limiting value of 

approximately 25 per cent TiO? The rate of thi s magnetite precipitation 

from the iron-enriohe:1 residual liquid is controlled by the prevailing 

o:qeen fuea.city ;;hioh ;rill oonoequently also oontrol the rate of TiO::, 

removal from the magma. The greater the amount of r.1B.gnetite that is 

preoipitated at any part!.cular time, the larger will be the amount of 

Ti0
2 

removed. frol;1 the magma resulting in a deorease in the rate of 

ilmenite precipitation. The possible reasons for the larce-scale ohanges 

in o_:ygen fuea.ci ty in tl':.8 cooling magma have been ,.I iBC118Sed in nect ion 3. 

At ttmeG \'ih(~n copious (Ill.t'J.ntities of maffYle"tite are fornlerl, :,uoh an durins 

i;he prrrcipi tat ion of a ti taniferouG T!1atnetHt> cU'lrllatc 1 ,:.ye l' , i.I. it 

~onceivalJ] ~ 7.hat the bull: of the R.vaila.1)le 'rHI') wi 11 be :illcorpor:.tte:-1. into 

the spinf)l rh:),llfl Hith the reuult that litt.lt: 01' no dincret ., il"'I' .dte ;"';.1.1. 

r.18,&,·netite pr<'oipitation miGht hecOine DO [;,T0..a.t t.I';J.~ t1.e overa.ll TiOZ content of 

"t;!f! ::18.C.1191..it8 ilropf; 11e1m.[ ' 5 per COfi";; due to i ;,:~ ,1eplet :i.on in the ·;:acna 

anl. ther(~ j 1: no co-precipi tn.tion of i lrnt-!l'Ji t~. 

~!v.~ r.riO,., conte!lt 0"" :,~ (~ rl~:::i. '1 I;:\': , 
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increase .. Lower oxygen fugacities >tould allow for the precipitation of 

only relatively minor titaniferous magnetite and ilmenite crystallization 

would again be initiated. Coarse-grained ilmenite and titaniferous 

magnetite are commonly developed in rocks only a short distance above 

the ti taniferous magnetite cumulate layers Hhich suggests that there 

is either a rapid return to normal conditions or else other factors might 

also have been involved in the formation of these layers. It is possible 

that the rate of magnetite precipitation increased so dramatically as a 

result of sudden oxidation that it completely overwhelmed the ilmeute 

>thich continued to precipitate at the normal rate. The ilmenite "ould 

then have accumulated as a minor phase in the resul tin{l" spinel-rich 

cumulate layer and the amount of co-precipitated ilmenite present would 

reflect the rate of magnetite crystallisation. The common occurrence 

of increasing amounts of granular ilmenite Hith a progressive increase 

in silicate content in the Trompsburg rocks also SUe{l"ests that this is 

in part due to the relative decrease in the amount of magnetite 

precipitating at any stage, allowing for the accumulation of other phases. 

This proposed mechanism can account for the apparently antipathetic 

relationship between coarse-grained co-existing ilmenite and titaniferous 

magnetite in basic rocks. Alternatively, the oxidation event responsible 

for the extensive titaniferous magnetite crystallisation might also change 

the physcio-chemical conditions of the melt so that it is no loneer in the 

ilmenite stability field. 

Ortlepp (1955,1959) favoured the vieH that the Trompsburg magma was 

volatile-rich which led to the formation of abundant Fe3+. The resultant 

large amount of oxygen caused the crystallisation of abundant magnetite 

rather than a ferrous silicate (fayalite) 00 that a foresteritic olivine 

~JaS formed in an iror>-rich environment. The experimental data of Speidel 

and Osborn (1961) indicate that a J4g-rich olivine co-exists with an Fe

rich spinel phase and liquid at temperatures above 13000 C and moderately 

high oxygen fugacities. The relationships in the MgO-FeO-Fe20
3
-Si02 

system are complex o.nd are dependent on both temperature and 0XY{l"en 

fugaCity (Speidel and Osborn, 1967). The preDence of additional elements 

such as Al and Ti as I,ell as volatiles would alter the phase relationships 

and might depress the temperatures to levels more acceptable in a 

crystallisinG basic magma. 

Speidel and Osborn (1961) alGo noted that the NC distribution between the 
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various co-existing phases in equilibrium with vapour at sub-solidus 

temperatures also changes as a fUnotion of temperature and oxygen 

f'ugaci ty. In particular, the Mg oontent of the olivine will be higher 

than that in the co-existing pyroxene and spinel phases if the oxygen 

fugacity is held constant during equilibrium cooling or decreases at 

a moderate rate. The olivine l.,i 11 thus exhi bi t an increased 1,lgO 

content on cooling while that of the co-existing spinel will decrease. 

The silica defioient nature of the Trompsburg magma. during the 

orystallisation of the ores is refleoted in the abundance of 

co-precipitat~ . olivine instead of other ferromagnesian silicates. The 

l'\g--rich nature of the olivine is largely a result of the partitioning 

of this element into the silicate rather than oxide phases and is not 

anomalous in view of the experimental data of Speidel and Osborn (1967). 

The chemical composition of the Trompsburg magma must, however, have been 

rather different to that of the other basic complexes investigated and 

would probably fall into the category of a basic magma of low silica 

activity according to the data of Carmichael et al. (1974). 

The co-existing coarse-grained ilmenites are also Mg--rich (4,8-8,7 per 

cent) and the discussion of similar ilmenites from the Kaffirskraal 

Complex in section 10.7 is equally applicable here. The MgO-rich nature 

of these ilmenites indicates its preferential partitioning into the 

rhombohedral rather than cubic phases in accordance with the experimental 

data of Thompson (1976) and Speidel (1970). 

The extensive fracturing of the opaque oxides during volume changes 

associated with the serpentinisa.tion of olivine has increased the 

permea.bjlity of the Trompsburg ores and increased the surface areas along 

which reactions can occur. The variety of late- stage products 

indicate that a complex series of interactions were involved "'hich 

included late-stage magmatic fluids and were controlled by the fugacities 

of oxygen and carbon dioxide. The various alteration and secondary 

mineraliz.ation processes must also have been operative concurrently or 

been rela ted in time because of the intimate association of many of 

their productl3. 

The extensive olivine serpentinization occurred at a late stage after 

the crystallisation of' the ores was largely complete as the related 

fraotures transer-ess all the larger scale microstructures such as 
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ilmenite lamellae. Serpentinized olivine is present in ores recovered 

from a depth of more than 300m below the pre-Karoo surface so that 

the serpentinization is unlikely to be the result of near-surface 

l<eathering processes. The presence of sulphides, graphite and sphene 

along l<ith serpentine and magnetite in the filled fractures indicates 

that the alteration might have occured at slightly elevated temperatures, 

possibly during the later stages of cooling after the majority of 

microstructures had developed in the ores. The serpentinization of 

olivine, particularly the magnesian varieties, takes place readily in 

the presence of water at temperatures below 400°C (Deer et 801., 19 'a) . 

The alteration of titaniferous magnetite to sphene during late-stage 

magmatic processes has been discussed with reference to the Usush,,,,na 

Complex in section 8.8 and is equally applicable here. The formation 

of sphene and associated alteration products is less pronounced than 

in the Ususlmana Complex and is restricted to certain portions of some 

of the ore- and si l icate-rich layers. This is in contrast to the other 

types of late-stage phenomena that are very much more widely distributed. 

This local sphene development and the lack of evidence suggesting that 

the Complex has been metamorphosed implies that the alteration is related 

to late magmatic processes similar to those reported for the Bushveld 

Complex by Hillemse (1969) and Molyneux (1970a). 

The greatest amount of sphene development is associated with the presence 

of secondary veinlets containing sericite, epidote and calcite. The 

plagioclase in these samples is generally extremely saussuritized "hile 

the pyroxene is uralitized and the serpentinized olivine replaced by 

calcite. These factors suggest the presence, at least locally, of a 

carbonate-rich fluid phase during this period of cooling. 

The alteration and sphene development appear" to have taken place at 

some\;hat higher temperatures as suggested by j)osborough (1963) and 

Davidson anll >-Iyllie (1968). Portion of the late-stage magnetite might 

have been precipitated as a direct result of thiD process. The Ti 

rerruired for :.;phene formation can be EnlppJ iC<l Cram the ulvospinol in the 

magnetite while the Ca and ·Si are availabln nither in the a380ciated 

plagioclase or late-stae-e fluid". 

The alteration of the transparent exsol ved spinel generally takes place 
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in the areas adjacent to the sites of sphene development which suggests 

a relationship betl>feen them. The exact nature of the alteration product 

is not known, but it might be a chlorite, diaspore or high-alumina clay 

such as gibbsite. 

The sulphide mineralization appears to encompass both primary and 

secondary types. The larger primary grains of nickeli ferous 

pyrrhotite and pentlandite are locally abundant and resemble the opaque 

oxides in form, being moulded around the earlier-formed silicates. 

These sulphides are commonly surrounded by, and are sometimes veinel by 

graphite. Small amounts of pyrrhotite, and less cor.unonly pyrite, are 

present in the narrOH transgressive veinlets where they are associated 

,lith other lat&-stage phases. The pyrrhotite more rarely shows minor 

replacement of the titaniferous magnetite. These sulphides are 

secondary in nature and their presence indicates that sulphur fugacities 

were also locally important during the late-stage processes. 

Sulphides of the pyrrhotite-pentlandite-chalcopyrite groups are commonly 

found. in basic intrusions. Liebenberg (1970) described their local 

concentration as intercumulus phases in anorthosites i~ediately below 

the Main and Upper magnetite seams of the Eushveld Complex. He also 

reported the presence of srra11 amounts of GUlphide in the other rock 

types including the titaniferous iron ores 

crystallised from the intercumulus liquid. 

and concluded that they 

Von Grunewaldt (1976) 

described the association of sulphides and titaniferous magnetite in 

the Upper Zone of the eastern Bushveld Complex. Many features shown 

by these sulphides are also exhibited by the Trompsburg ores and, in 

particular, secondary sulphides, usually pyrrhotite , are associated with 

secondary magnetite, serpentine and ilvaite while primary intercumulus 

sulphides of the pyrrhotit&-chalcopyrite-pentlandite-cubanite association 

are aleo present. The secondary pyrrhotite occasionally replaces 

titaniferouB magnetite. 

The occurrence of 'mlphides in basic rookc ha,; been reviewed by Maolean 

(1969) anrl Hauehton et a1. (1974), who 3howcd that silicate melts Hith 

high FeO contents are capable of dissolvin" increased amounts of sulphur 

since it forms bonds with the Fe2+in the melt. The sulphur solubility 

is also dependent on oxygen fugacity since as it increases, more 

oxidation of Fe
2
+to Fe3+'lill occur, resulting in the formation of 

magnetite. The crystallisation of magnetite in turn lowers the FeO 
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content of the magma which consequently reduces the sulphur solubility 

causing the precipitation of sulphide. 

The occurrence of sulphide associated with spinel-rich layers in basic 

intrusions has been reviewed by Irvine (1975b) who suggested that the 

addition of silica to a mafic melt might cause the precipitation of a 

sulphid.E>-rich liquid. The mechanism is based partly on the relative 

differences in the crystal field stabilization energies of Fe 2+ in o . . id.e, 

silicate and sulphide structures. The introduction of excess silica 

into a cooling basic silicate melt just saturated with olivine or 

pyroxene and sulphide liquid would reduce the number of octahedral sites 
2+ .2+ 2+ 

in the silicate liquid . The Fe ,Nl and eu that normally occupy 

these sites would thus be preferentially· expell~l. The dissolved 

sulphur in the melt is, hOI-lever, bonded larrrely to those ions so that 

it will also be expelled resulting in the separation of a sulphide 

liquid. 

Buchanan (1976)reported that sulphide concentrations are commonly 

associated with magnetite in Bushveld rocks from the Bethel area. He 

also concluded that the sulphur solubility in iron-rich magmas is 

dependent on FeO activity and the oxidising influence of increasing 

oxygen fugacity. Buchanan (1976) also noted that the sulphidE>-rich 

concentrations are associated with the marker horizon in the Bethel 

area and attributes their formation to an increase in oxygen fugacity 

caused by an influx of fresh magma at this level. Von Grunewaldt (1976) 

concluded that the abundance of sulphide in the Bushveld Upper Zone is 

a result of crystallisation conditions that led to an increase in sulphur 

in the residual melt while fractional crystallisation raised the FeO 

content and so increased sulphur solubility. 'rhe influx of a large 

amount of fresh, undifferented magma. then added more sulphur to the melt 

which beca~e further saturat~l as crystallisation proceeded until 

condi tion" were reached that .. Iere favourable for the separation of a 

sulphide lj~~id. 

Thc presence or larg-e sulphide LTains in the 1'rompsbure- igneous rocks 

and their ussociation with titaniferous maL'1letites is eomparable wit}, 

similar occurrences in other complexes and can be explained in an 

analogous manner. The late-stag-o sulphide veinlets are i.hO\,ever , r.lore 

problematical ad their presence sugGest,,· the presence of sulphur, 
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possibly in the form of 302' as a component of the late magmatic fluids. 

802 i " a common constituent of magmatic gases (Gerlach and Norcl.lie, 1975b) 

SO th;J.t sulphur ... ,ould presumably also be a component of late-sta(le 

",agmatic fluids. The iron necessary for the formation of pyrrhotite or 

pyrite would also be availablP. from the serpentinization of olivine and, 

to a lesser extent, from the dissolution of Qagnetite. Crystalli sat i on 

of late-stage sulphide would thus take place locally alonE the fractures 

where the correct physico-chemical conditions "ere attained. 

Late-stage oxidation of both granular- and vein-type pyrrhotite to c orm 

magnetite is a common feature in these ores and appears to post-datc all 

other features. This oxidation has destroyed portion of the original 

secondary pyrrhotite and it is not possible to distinguish it Ullder the 

microscope from the magnetite produced by serpentinization. 

This type of pyrrhotite may cOnSe'!lwntly have originally been ,oore widely 

distributed. The common association of this pyrrhoti te with secondary 

magnetite and graphite in the veinlets indicates the operation of complex 

crystallisation processes during the later stages of volatile activity. 

The presence of abundant graphite along many of the fractures and its 

replacement of spinel exsolution bodies also indicate that it is a 

late-stage crystallization product. The origin of this graphite and 

its conmon association with titaniferous magnetite and sulphides is 

also problematical, but suggests a complex interplay of late-stage fluid 

processes involving changes in oxygen, carbon-dioxide and sulphur 

fugacities, as ... Iell as composition and temperature. 

The author has not been able to locate any literature dealing specifically 

with the occurrence of graphite and titaniferous magnetite although 

Ramdohr (1969) reported that the association b commonly developed in 

titaniferous iron-ores and that the graphite is "orthomagmatic". It 

Vias not noted in the ores from the other deposits examined while 

Molyneux (1970a,b) does not report its presence in the Bushveld ores 

either. Leibenberg (1970) reported the common association of graphite 

with sulphides in the Vlakfontein nickel deposit in the Bushveld Complex. 

Vermaak (1976) sUGgested that the graphite in the Vlakfontein ores formed 

by the reduction of CO2 in a reducine enviromnent within the vincinity 

of tl,e sulphides. 
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The probable source of the carbon in the graphite of the Tromsburg ores 

was in either CO or CO 2 that was present in the 

gaseous phases. Two possible sources of CO or 

late-stage fluid or 

CO 2 exist j (i) large 

qua.nti ties ,,,ould ha.ve been produced by decarbonation reactions associated 

with the thermal metamorphism of tlle dolomitic country rocks, and(ii) 

they are common components of volcanic gases and are present in small 

amounts in the magma (Gerlach and Nordlie, 1975a, b). The large amount 

of graphite in these ores arrl its apparent absence from other similar 

ores suggests that in this case the carbon '.,as introduced during 

metamorphism of the country rocks. 

The deposition of late-stage I\Taphite in the 'I'rompsburg ores mieht be 

analogous to the precipitation of carbon in the cooler, upper parts of 

a blast furnace . This is a common phenomenon and involves relatively 

10;' temperature (400-500 0 C) reactions involving the reduction of iron 

oxides and the formation of C and CO2 (Ne,non, 1959). The large amou..'1t 

of titaniferous magnetite ,",ould tend to buffer the oxygen and carbon 

dioxide fugacities during cooling ,",hile the abundance of exsolved 

ulvospinel indicates relatively reducing conditions during sub-solidus 

cooling. Carbon monoxide decomposes at temperatures between 400 and 

500°C to yield carbon and CO2 (Habashi, 1969) so that a reaotion of 

this type might also be involved in the graphite preoipitation. 

The extensive serpentinization of 'hhe olivine suggests the presence of 

water-rich fluids at some stage during the late- stage cooling history 

and this ,",ould have also affected the graphite stability relationships. 

Carbon is metastable in the presence of hot water vapour and decomposes 

to yield CO and H20 (Newton, 1959 j Ilabashi, 19(9). The association of 

gTd.phite "ith sulphides and magnetite in the late-stage veinlets thus 

poses numerous problems and highlights the complex interplay of reactions 

that tooY. place during the later stages of the cooling of this COl1plex. 

The preoence of apatite in the Trompsburg ores is not unusual since it 

is commonly present in the late-stage fractionation products of large 

basic intrusions such as the Skaergaard and Bushveld Complexes 

(Wager and Brown, 1968). :'Iillemse (1969a) reported the appearance of 

apatite approximately 900m above the main macnetite seam in the BUllhveld 

Complex. It continueG to be present at higher levels and is locally an 

important constituent " of the rooks. Apati te::rich zones are aiso 
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present in the Rooiwater Complex (van Eaten et al . , 1939) "'hile rocks 

resembling the Trompsburg apatite-rich ores have been described from 

the Villa Nora area of the Bushveld Complex (Crobler and l-Ihitfield, 1970). 

The occurence of iron-titanium oxide-apatite ores has been reviewed by 

Pl:ilpotts (1967) "'ho noted that many of these ores have a ratio of two 

parts opaque oxide to one part apatite . Experimental data indicate 

the existence 0; a eutectic between the oxide and apatite phases at this 

composition and that this eutectic mixture forms an immiscible lic-l; .. 

with a silicate melt of dioritic composition. Grobler and \Ihi tfield 

(1970) reported the presence of small. globular chlorite inclusions in 

the Villa Nora apatites and speculated that they might indicate liquid 

immiscibility between the apatite-magnetite and silicate melt. 

The Trompsburg apatite is present in variable amounts, but the ratio of 

opaque oxides to apatite is invariably much (lTeater that 2 to 1. The 

preferential association of the apatite with the opaque phases, either 

as inclusions Or as discrete grains arranged along their grain boundaries 

is in sharp contrast to its virtual absence from the associated silicates. 

This feature is noteworthy and suggests a relationship between the opaque 

oxides and apatite. The apatites contain abUllllant fluid iIlClusions an:"-

small, rOU1ll:lal opaque intergrowths together with other pale-coloured, 

unidentified phases, some of which mi ght be chlorite. The apatite-rich 

zones appear to be lOcated towards the top of cycles 2 and .3 which suggests 

that they crystallised from the phosphorous-rich residual liquids of these 

tHO postulat ed magma. influxes. 

The highly aluminous nature of the Trompsbur,:; ores is reflected in the 

abundance of a wide variety of exsol ved, transparent aluminous spinel 

phases. They resemble the ores of the r.1ambula C08plex in thi s respect 

and the discussion in section 9.7 is e lrually applicable here . The 

Trompsburg ores are located in a relatively AI-rich trootolitio 

environment that is developed both above arui below the seams. These 

rooks also e:xl,ibit relatively 10,' SiO~ oontents (Ortlepp, 1959) . A 

meohanism of the type sugcested by Carmichael et a1. (1974) in "hieh 

the titaniferoun macnetites of ma/s"1Tlan of 101·, ::ilica aotivity (leOO1ll8 

relativel;)' enriohed in Al;>0.3 prcoentf) a po,,::ible explanation of thh. 

phenomenon. 
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11.9 ~sis of the Trompsburg Ores 

Ortlepp (1955,1959) oonsidered that the Trompsburg Complex was emplaced 

as a composite sheet-like body and that the titaniferous magnetite ores 

form distinct layers. He concluded that the differentiation was 

controlled largely by clinopyroxene fractionation while the high Fe20
3 

content of the gabbros ani abnormal association of massive iron-ore Vlith 

troctolite are due to high oxygen fuga cities during cooling. 

The mineralogical and textural evidence present here suggest that the 

genesis ani microstructural evolution o!' the Tromsburg ores was as ;"ollows:-

1. The various ore-rich layers formed as cumulate rocks during fractional 

crystallisation of an iron-enriched mafic maena a s discussed in section 

3. A fresh infl11..,( of fra ct ionat ed iron anl GUlphu~rich magma occurred 

after the crystallisation of the cycle 1 seaN',. Continued crystallisa-

tion resulted in the formation of the cycle 2 scams aln their associated 

sulphide mineralisation. Phosphorous became concentrated in the 

residual liquid towards the end of this cycle reHUlting in the 

appsarance of locally abundant apatite. A further influx of iron-

rich magma gave rise to the cycle 3 seams which also show late stage 

apatite crystallisation. The V205 content of the magnetite decreases 

from approximately 0,8 per cent at the base of each cycle to 0,6 per 

cent at the top. 

2. The titaniferous magnetite-rich layers formed by the accumulation of an 

initially homogeneous high-temperature spinellid phase containing Fe, Ti, 

AI, 1,lg, V and ~In together uith small, but variable, amounts of olivine, 

ilmenite, aurrite amI plagioclase . The oparlue oxides are generally 

cumulus minerals, but they might represent inLpI'-Gumulus phases in the 

more silicate-rich flamples. The associati nn of sulphide" Vlith the ores 

at certain levels might be flue t o the s epa.r<1tioll of an immiscible 

sulphide liquid. 

3. Post-cumulus growth processes , the removal of intergranular fluids by 

filter-pressing and aru1ealing may also have played a n important role 

in the development of ore-rich horizons. l<Iinor ent rapped silicate 

liquid l-1Ould have crystalliBed as various s ilicClte phases or might have 

contributed to the (Ievelopment of latE>- otac;c r eaction rims between carly-

formed oxidon and ojlinateE:. 
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4. At the commencement of cooling, exsolution of a titanium-rich, 

rhombohedral oxide phase was initiated in the spinel resulting in the 

formation of several per cent by mass of intergranular ilmenite and 

possibly some of the larger ilmenite lamellae. This is probably true 

exsolved ilmenite and corresponds to the "external granule" exsolution 

described by Buddington and Lindsley (1964) and is in a,,;reement with 

the data of Anderson (1968b). This type of exsolution is thought to 

cease once temperatures drop below about 750°C and any ilmenite present 

in amounts greater than 5 per cent would have formed by a complex 

oxidation/exsolution process. The nature and location of these 

lamellae and grains suggest that they nucleated at grain boundary 

imperfections with the grains growing externally while the lamellae 

grew into the titaniferous magnetites. Grain boundary adjuGtment 

would also have occurred due to adcunmlus growth and annealing at 

these temperatures leading to the formation of pOlygonal grains having 

interfacial angles approximating 120°. 

5. Once temperatures had fallen to below approximately 900°C, exsolution 

of the aluminous spinel would have commenced. Nucleation would have 

preferentially ocourred at grain boundary imperfections at the higher 

temperatures resulting in the growth of small grains along the 

titaniferous magnetite grain boundaries and along ilmenite lamellae. 

Lm.Ter ionic mobility with decreasing temperature results in an 

increasing supersaturation away from the pre-existing spinel granules 

and leads to the development of fine spinel lamellae along (100) of 

the titaniferous magnetite. The period of spinel exsolution 

overlapped with the Im-Ter-temperature portion of stage 4 and 

continued cLown to the temperatures at whioh exsolution effeotively 

cea.ses. The spinelliferous ilmenite rims would have developed (Luring 

grain-boundary adjustment during this period. 

6. The microstructural ,levelopment in the temperature range bet,;een 

approximately 750 and 600°C is dependent largply on eXYGen fugacity 

and a variety of textural types (levelopr~L, at; "hown in Table 20. 

'rhe oxygen f'ugaci ties were sufficiently low for the bull', of the ores 

(luring this stage of cooline aml favoured thf> stability of an 

homogeneous magnetite-ulvospinel solid solution and only minor 

exsolution of Ti-rioh phases oocurred (type ::: 1 and 2). Inoreases in 

oc-:ygan -fuG"oity oocurred lOGally Q1J.rinC this stage leading to the 
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oxidat i on/ exsolution of fine ilmenite trellis lamellae along (111) of 

the magnetite (types 4,5 and 6). 

7. The magnetite-ulvospinel solvue is intersected at approximately 600°C 

and exsolution of ulvospinel along (100) of the nagnetite commences 

under oonditions of low oX'Jgen fugaoity (Vincent at al. ,1957). The 

bulk of the Trompsburg microstructures developed under these 

conditions, but oxygen fugacities were higher looally resulting in the 

oxidation/ exsolution of various-sized, very fine-grained ilmenite 

lamellae. The ratio of ilmenite to ulvospinel is dependent on oxygen 

fugacity and ilmenite is formed at the expense of ulvospinel. The 

range of textural types from 3 to 6 reflect progressively increasing 

oxygen fugacities and a consequent decrease in ulvospinel content. 

Cooling throueh this temperature range l10uld also result in the 

continued exsolution of aluminous spinel aln the numerous dislocations 

along ilmenite lamellar grain boundarieG would have provided 

nucleation sites resulting in spinelliferous rims round the smaller 

lamellae as well. Hematite exsolution from ilmenite would also occur, 

but in the bulk of the ores the oxygen fueacities we.re lower than those 

required for the reduction of hematite to magnetite. This resulted in 

the formation of magnetite lamellae in the coarser-grained ilmenites 

by a contemporaneous reduction/exsolution process. 

Local fluctuations in oxygen fugacity also occurred at this time, 

presumably related to the movement of interstitial fluids so that minor 

lamellar ilmenite was developed around grain boundaries arn alone 

fractures, even in some of the ulvospinel-rich ores . 

8. Cooling to lower temperatures would result in a continuous 

re-equilibration process bet\;een co-existing oxide.1 and silicates while 

exsolution or oXidation/ exsolution would oontinue until diffusion 

rates beoame too slow and effectively ceased. The microstructural 

development Hould be essentially complete at this stage ,;hi ch would 

have been at temperatures of "several hundred degrees" (nuddington and 

Lindsley, 1964). 

9. Late-staee volatile actiVity became important towards the close of 
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stage 8 and the local dissolution of magnetite occurred resulting in 

sphene and chlorite precipitation. Hidespread serpentinization of 

olivine resulted in the extensive fracturine of the ores and produced. 

larger surface areas for reaction. A complex influence of late-stage 

fluids resulted in the alteration of transparent spinel and the 

deposition of late-stage graphite and sulphide along the fractures 

together with serpentine and secondary r.lagnetite. Oxidation of part 

of the pyrrhotite to magnetite occurred and it is possible that local 

oxidation of exsolved ulvospinel lamellae to ilmenite also occurr~1. 

Temperatur es were too low, however, to allow for any microstruc,~ral 

modification of the intergrown phases to occur. 

11.10 Conclusions 

1. The Trompsburg' vanadiwn-bearing ti taniferouc iron ores can be compared 

chemical ly and mineralogi(~lly with similar ores from other basic 

complexes. These ores are Al- and Mg'-rich in contrast to the usual 

types and are associated with an environment rich in magnesian olivine. 

2. The development of the Trompsburg titaniferous iron ores in discrete 

layers to;lards the upper parts of a large gabbroic intrusion is in 

accord >lith their having developed by the normal crystallisation -

differentiation processes that are operative within intrusions of 

this type. 

3. The minor element contents of the titaniferous magnetites do not exhibit 

a progrssive variation Vlith increasing height in the Complex. The 

V205 variation suggests the presence of at least 3 cyles of 

crystallisation that might reflect the influx of fresh magma into the 

intrusi on. 

4. Considerable amounts of apatite are developed towards tl:.e top of cycles 

2 and 3. Apatite precipitation is a characteristic feature of late-stage 

magmatic crystallisation and its development at these levels also 

supports crystallisation from separate influxes of magma. 

5. The Trompsburg ores vary between essentially pure titaniferous 

magnetite-rich layers through to various silica.te-rich types containing 

up to 40 per cent olivine, augite and plagioclase. The silicate-rich 

oreo arc characterised by an abundance of laree, ccarr;e-gro.ined 
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ilmenites, but their relative abundance decreases with respect to 

titaniferous magnetites as the silicate content decreases. The 

silicate-poor ores contain only minor granular ilmenite. 

6. The grain size of the titaniferous magnetites in the silicate-poor 

ores is very much larger than the silicate-rich types. This 

coarsening in erain-size might reflect the operation of sinterine 

processes in the spinel-rich layers during the earlier stages of 

cooling. 

7. The Trompsburg titaniferous magnetites arc characterised by the 

widespread development of ulvospinel that i s indicative of subsolidus 

cooling under conditions of low oxygen fugacity. The local development 

of lamellar ilmenite indicates the presence of higher oxygen 

fugacities in certain areas. 

8. The aluminous nature of the Trompsburg titaniferous magnetites is 

reflected in the widespread development of transparent spinel 

microir1tergrowths. These are developed in a wide variety of 

morphologies that are indicative of precipitation at various stages 

during the cooling process. 

9. The co-existing coarse-grained ilmenites are parti.cularly Mg--rioh 

and exhibit MeG contents that are amonest the highest yet reported 

from non-kimberlite sources. Their high J.lgO contents reflect the 

preferential inoorporation of this element into the rhombohedral 

phase during cooling. 

10. The olivines in the Trompsburg ores have been extensively serpentinised 

and the resulting volume changes have resulted in widespread fracturing 

of the associated opaque oxides and silicate phases. The fractured 

minerals are extensively veined by serpentine and homogeneous nagnetite 

derived from the altered olivine. 

11. The Trl)["psbur6 ore~ have undergonc extensive lute-stage alteration 

rouultinc in the precipitation of varjllblo amounts of latc-starrc 

eraphi to and ,ru1.phides along tho numerouu fractureo. rhnor 

dis(;olution of ti taniferous magnetite haD also occurred and has 

been locally replaced by sphene and. chlorite aggregates. 
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12. The Tro~psburg opaque oxides exhibit a wide range of complex 

relationship"s, both between themselves and their co-existing silicates. 

These relationships require further study and, in particular, the 

factors governing crystallisation in this Complex require detailed 

invest iga. t ion. 

13. The recognition of numerous thin cyclic units in the Trompsburg 

Complex associated with the titaniferous magnetite precipitation 

indicates that the crystallisation processes are far more complex 

than is suggested by earlier reports . A more detailed study of the 

mineralogical relationships over a realtively sma ll vertical (listance 

in the Complex should provide information that might account for the 

overall lack of ,rell-defined minor element fractionation trends in the 

Trompsburg titaniferous magnetites. 

14. The opaque oxides from a number of rock types ranging in composition 

from virtually oxide-free types to pure ores should be examined in 

order to determine the differenoes that exist between these phases when 

present in different ooncentrations. This would also provide information 

on the relationships between oo-existing ooarse-grained ilmenite and 

titaniferous magnetite. 

15. The reported V205 analyses are at varianoe with the previously published 

values and indicate that it is present in insufficient quantity to 

warrant reoovery. The oontents range between approximately 0,6 and 

0,8 per cent V
2

05 and vary from s eam to seam. 

16. The complex is covered by approximately 1000m of younger eedimentry 

rocks and its ores cannot be considered as possible ral< materials for 

V205 or hieh-titania slag production in view of the availability of 

suitable material from other more readily acsessible sources. 

12. CONCUJDING NarE 

This investigation has revealed the existence of ohemioal, mineralogical 

and miorostructural differences between the various investigated South 

African titaniferous iron ores, The microstructural differences are 

largely a result of variations in sub-solidus cooling oonditions, and are 

in some cases due to metamorphism. 
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The chemical differences are a result of slight variations in the 

compositions of the magmas from which the ores crystallised as well as 

variations in the crystallisation conditions. 

The differences in bulk chemistry between the ores from the five Complexes 

are sununarised in figure 5. The oreB from each Complex plot in a specific 

field and there is only a small degree of overlap between several of the 

l,lambula ani Trompl3burg analyses. 
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APPENDIX I. 

MINERAL SEPARATION PROCEDURES. 

A). At Rhodes University. 

I) . Half- to two-kilogram samples of rock were sawn into thin slabs on a 

diamond saw and were then broken into small pieces us i ng a jaw-crusher. 

These fragments were then crushed by passing them through a roller-

crusher with hardened steel rollers. Several passes were made t 11 .l Dugh 

the crushers with the sample being sieved between each crushing and the 

less' than 85 mesh fraction removed . The process was continued until 

all the material had been reduced to less than 85 mesh. 

2). The rock powders were then mechanically sieved into the following 3 size 

fractions to facilitat e mineral separation: (i) 85-120 mesh, (ii) 120-

200 mesh, (iii) less than 200 mesh. 

3). Each size fraction was deslimed by washing in water and a primary heavy 

mineral concentrate was prepared using a Haultain Superpanner. 

4). The primary heavy mineral concentrates were then oven dried at 80
0

C. 

5). The magnetic fraction was separated from each concentrate under acetone 

using a powerful permanent magnet. 

dried at 80
0

C. 

The samples were then again oven 

6). The ilmenite was recovered from the remaining heavy mineral concentrate 

by means of repeated electromagnetic separations . The electromagnetic 

separator was set with both forwards and sideways tilts of 25 0 
and was 

run at a current strength of approximately 0,2 amp. 

R). At the National Inst itute for Metallurgy. 

The method adopted was essentially the same, except the crushing was carried 

out in a IISiebtechniek" swing mil l and the primary heavy mineral concentrate 

was prepared by means of heavy liquid separations using bromoform with a 

specific gravity of 2,89. This concentrate was subjected to a further 

separation using methylene iodide with a specific gravity of 3,2. The 

samples were washed wi tIl acetone and allowed to dry under infra-red lamps. 



APPENDIX 2 

STANDARDS USED DURING WET CHEMICAL ANALYSES AND THE AVERAGE OF DUPLICATE 

ANAlYSES HADE ON THDt 

• • • • • • + + ., KI K7 K7 K8 <8 <" <" '" .S4 STDI STDI STO' STD' STO) STD ) STD4 

5~\). <tC. 0 , 05 ..c. 0,05 0, 11 

AI 103 0,67 0,20 0,08 2,82 

F~ 20 3 7, 61 7,82 10,33 9,68 13,50 13,65 10,57 10,91 8,36 9,79 1,62 24,51 22,91 

roo 21,30 21 ,00 24,44 25 , 0) 24,72 24,10 22,97 22, 17 40 ,36 )8,50 0,72 14,61 21,11 54,37 

MgO t t", 2t" 14.)8 t I , 49 11,56 10,44 10,81 12,02 I J , 99 0,57 0,64 0,02 0 , 43 0,03 3,03 

c.o 0,11 0,10 0,38 0,32 0,02 0,0) 0,32 0,31 0 , 10 0,09 0,02 0,09 0,09 0, 20 

Ti02 52,87 52,84 51,85 51,83 50,10 50.56 51,96 51,73 49,54 49,99 96,20 96,42 58,8 58,72 54,2 54,20 36,61 

Cr 203 3,14 3, 21 0,20 0,33 0,54 0,59 1,64 1,80 0,04 0,03 0 , 37 0,34 0,29 0 ,01 0,16 

",,0 0,26 0 , 18 0,15 0,14 0,18 0,15 0,23 0,19 0,48 0,46 0,06 0,19 1,51 

VI 05 0,26 0,20 0,20 0," 

TOTAL: 99,53 99,53 99 , 77 98,89 99.90 99,89 99 , 71 99,10 99,84 99,50 96,57 99,16 98 ,84 99 , 86 97,65 

! •••• ----•• --•••• ---... ------.--•••••• ---•• ----
Sourcea of ataadard. uaed + indica tel the ataDdard, the uoa.rkAd anal.,ae. represent the averase of duplicate detar.iDatians . 

tl,t7, lB : portion. of lsrge discrete kiaberlite il~ite nodule. 

<I, ki.bc rlit e il.eDite conceatrate fro. the V .... ltoa KiDe ... ilmenite concen tra te from the beach .and e .. t of the ,i.b liver (oear tbe Old wo.an'. liver .outh) • 

TheJe five .amples vere analJ.ed by tbe ~eral Superintendence Co. S.A. (Pty) Ltd., JohaDDa.bur, •• proj.ct 90173 aDd dated 26th Karch, 1973. 

The ~thcdJ uled vere : Si02 gravimetric AIZO]. MaO. CeO. erZOl , '205 - ata.ic ab.orbtioo .pectro.coPJ riOz. MoO - .pec tropbot~trLc. 

'eO, Fe 203 - vol~tric. 

Std I ! Rutile ccnceotrate - purcha.ed froa t~ Bureau of Analy. ed Sa.ple •• Middlel borou&b, EoSland. 

Std 2 and Il .. oite coocen t ra te - purcha. ed fro. the Bureau of Analy.ed S.-plel, Hiddle.boroush. Roaland . 

Std 4 A hemo-il.enite concent rate supp lied by Dr . Z.latzendorfer, Quebec Sureau of Natural ae.curee •• C.nada . 

STD4 

28,e1 

27,98 

3,00 

0,15 

36.4i 

0 ,19 0-
W 

0,07 

96 ,73 
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APPENDIX 3 

STANDARDS USED IN ELECTRON HICROPROBE ANALYSES 

2 3 4 I 
Si02 0,49 0,43 0, I I 

Ti0 2 1,5 I 5 I ,88 54,01 50, 16 

FeD 23,57 40,87 23,23 33,40+ 

MgO 8, 16 I I ,45 10,68 

MnO 0, 19 1,07 0,18 0 ,43 

CaD 0, 17 

NiO 0,23 0, 17 

ZnO 0, I I 

CoO 0, 10 

Fe20
3 

10, 14 5,56 8,78 

A1 20
3 

14,99 0,04 0,13 

Cr20
3 

39,7 1 1,52 3,46 

V20
5 0,46 

Na20 0,08 

TOTAL : 99,66 99,93 99,51 98,37 

=============================================================~ 

Nature and Source of Standard 

I) Chromite from the Merensky Reef ex Dr.S.A. de Waal, NIM, Randburg. 

2) Ilmenite ex Dr.K .Snetsinger, NASA, Moffet Field, California. 

3) Kimberlite ilmenite ex Dr.C.Frick, S.A. Geoi. Surv. 

4) Kimberlite ilmenite ex Anglo American Research Laboratories, 

Crown Mines, Johannesburg . 

+ Total Fe as FeD 
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APPENDIX 3 

STANDARDS USED IN ELECTRON HICROPROBE ANALYSES 

2 3 4 

Si02 
0,49 0,43 0, I I 

Ti02 I ,51 51,88 54,01 50, 16 

FeD 23, 57 40,87 23,23 33,40+ 

HgO 8, 16 11,45 10 ,68 

MnO 0,19 1,07 0 ,18 0,43 

CaD 0, 17 

NiO 0,23 0, 17 

ZnO 0, II 

CoO 0,10 

Fe20
3 

10,14 5,56 8,78 

A1 20
3 

14,99 0,04 0,13 

Cr20
3 

39,71 1,52 3,46 

V20
S 

0,46 

Na20 0,08 

TOTAL : 99,66 99,93 99,51 98,37 

=============================================================-

Nature and Source of Standard 

I) Chromite from the Merensky Reef ex Dr . S.A. de \o/aal, NIM, Randburg. 

2) Ilmen ite ex Dr.K.Snetsinger, NASA, Moffet Field, California. 

3) Kimberlite ilmenite ex Dr.C.Frick, S.A. Geol. Surv. 

4) Kimberlite ilmenite ex Anglo American Research Laboratories, 

Crown Mines, Johannesburg. 

+ Total Fe as FeD 
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