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SYNOPSIS 

The mineralogy and chemistry of some vanadium-bearing titaniferous iron ores from a number of 
smaller South African basic intrusions are reported, and an assessment is given of the potential of these ores 
for use as raw materials in the production of iron, high-titania slag, and vanadium pentoxide. The ores from 
each complex can be distinguished readily on the basis of their chemical composition and textural relations. 

The Rooiwater Complex represents the most promising area. It contains two layers of titaniferous 
magnetite, each approximately 8 n thick, in the eastern part, the lowest seam being chemically similar to the 
economically important main layer of titaniferous magnetite in the Bushveid Complex. The Rooiwater ores 
have been metamorphosed, which has resulted in extensive recrystallization and the development of 
abundant coarse-grained ilmenite. The ores are silicate-poor and consist largely of multi-phase 
titaniferous-magnetite grains containing modified ilmenite and pleonaste micro-intergrowths. The coarse 
grain size of these ores favours beneficiation. and they can be partially treated to yield ilmenite concentrates 
and low-titania magnetite fractions in which the content of vanadium pentoxide is higher than that in the 
original ores. 

The Mambuia ores are silicate-rich and would require extensive bencficiation. They are rather low 
grade and the reserves appear to be limited. 

The Kaffirskraal ores consist of multi-phase grains of titaniferous magnetite containing 
crystallographically oriented ilmenite, ulvospinel. and pleonaste micro-intergrowths. Minor 
co?rser-grained ilmenite is also present. The Usushwana ores are texturally similar but contain abundant 
lamellar ilmemte in place of the ulvospinel. The primary features are well preserved in the Kaffirskraal ores, 
which have not been metamorphosed. 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 two complexes cannot be beneficiated by conventional ore-dressing techniques, and would require 
direct metallurgical treatment for the recovery of iron, titania. and vanadium pentoxide. The smallnes^ of 
these deposits detiacts from their economic potential 

SAMEVATTING 

Die mineralogic en chemic van sommige vanadium- en titaanhoudende ystercrtse afkomstig van n 
aantal kleiner Suid-Afrikaanse basiesc intrusics word aangegee en die potensiaal van hierdie ertse as 
grondstowwe vir die produksie van yster. slak met 'n hoë titaandioksiedinhoud en vanadiumpentoksied 
word geevalueer. Die ertse afkomstig van elke kompleks kan maklik op grond van hul chemiese 
samestelling en teksturele verhoudings onderskei word. 

Die Kompleks Rooiwater verteenwoordig die belowendste terrein. Dit bevat in die oostelike deel twee 
titaanhoudendc magnetietlac. elkecn ongevcer 8 m dik. Die onderste laag stem chemics ooreen met die 
ekonomies belangrike hooflaag titaanhoudende magnctict in die Bosvcld Kompleks. Die Rooiwaterertse is 
gemetamorfoseer wat gelei het tot uitgebreide hcrkristallisering en die ontwikkeling van volop 
grofkorrelrigc ilmcnict. Die ertse is arm aan silikate en bestaan hoofsaaklik uit veelfasige korrels van 
titaanhoudende magnctict wat gcmodifiseerde ilmenict- en plconasmikrovergroeisels bevat. Die growwe 
korrelgrootte van hierdie ertse bevorder vcrcdcling en hulle kan gcdeeltelik behandel word om 
ilmenietkonsentrate en magnctietfraksics te lewer waarin die vanadiumpentoksiedinhoud hoër as in die 
oorspronklike crtse is. 

Die Mambula-ertse is ryk aan silikate en sal uitgebreide veredeling vereis. Hulle is van 'n betreklike lae 
graad en die rescrwes is blykbaar beperk. 

Die Kaffirskraal-trtse bestaan uit meerfasige korrels titaanhoudende magnetiet wat kristallografies 
georienteerdc ilmeniet-. ulvospinel- en pleonasmikrovergroeisels bevat. Daar is ook klein hoeveelhede 
growwerkorrelrige ilmeniet aanwesig. Die Usushwana-ertse is tekstureel dieselfde maar bevat volop 
lamellêre ilmeniet in plaas van die ulvospinel. Die primere aspekte is goed bewaar in die Kaffirskraal-ertse 
wat nic gemetamorfoseer is nie. Die Usushwana-ertse is effens gemetamorfoseer wat gelei het tot die 
grootskaalse vervanging van die titaanhoudende magnetiete deur sfeen- en chlorietaggregate. Die ertse 
afkomstig van hierdie twee komplekse kan nic met die konvensionele ertsbereidmgstegnieke vcredel word 
nic en sal regstrcckse mctallurgiese behandeling vir die he rv*nning van yster, titania en 
vanadiumpentoksicd vereis. Die klein omvang van hierdie afsettings verminder hul ekonomiese potensiaal. 
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1. INTRODUCTION 
The titaniferous magnetites in basic igneous rocks are economically interesting minerals since they 

generally contain iron (between SO per cent and 58 per cent), utania (10 per cent to 25 per cent), and 
vanadium pentoxide (0,2 per cent to 2,5 per cent). These minerals are present as ubiquitous accessory 
phases in rocks of this nature, but are also occasionally present in much larger quantities. In particular, they 
are sometimes found concentrated in discrete, essentially monomineralic layers having considerable lateral 
extent in the upper portions of certain stratiform basic intrusions. These deposits are often favourably 
situated with respect to the infrastructure necessary for their exploitation, and are amenable to mining. 
Mineral concentrations of this nature can ;hus be regarded as medium-grade iron ores, and as low-grade 
ores of titanium and vanadium. 

The exploitation of these titaniferous-magnetite resources in the past has been severely restricted by 
the metallurgical problems encountered in their treatment, the high consumption of energy required, and 
the availability of other suitable raw materials, particularly with respect to the production of iron and 
high-titania products. Recent research has, however, resulted in the development of economic processes for 
the simultaneous recovery of iron and vanadium pentoxide, and the production of high-titania products is 
now technically feasible. The numerous advances made in the treatment of these ores, and the desii ability 
of utilizing these resources, have been outlined elsewhere'. 

In South Africa, considerable tonnages of vanadium-bearing titaniferous magnetite are present in the 
Bushveld Complex. Von Gruenewaldt'- has estimated that the total ore reserves for the main seam, to a 
depth of 30 m. amount to some 1030 million tons, whereas Luyt:i reported proven reserves of 232 million 
tons of titaniferous magnetite that contain between 1,5 per cent and 2,0 per cent vanadium pentoxide. In 
addition to these extensive resources, large quantities of vanadium-bearing titaniferous magnetite are 
present in a number of smaller, less well-studied, igneous intrusions in South Africa. The amount of 
information that has been published on the nature of the titaniferous-iron ores in these smaller complexes is 
extremely sparse, and it is appropriate that they should be investigated in more detail. 

The South African vanadium-bearing titaniferous-iron ores were investigated in 1928 by Wagner', but 
their utilization was not considered feasible at that time, and they were not studied in detail. These 
resources were reviewed more recently by Hammerbeck', but he presented no new information on the ores 
in the smaller intrusions. 

2. SCOPE OF INVESTIGATION 
This investigation was designed as a study into the mineralogical and geochemical nature of the 

titaniferous-iron ores of five South African stratiform basic intrusions. The Rooiwater, Mambula, 
Usushwana, Kaffirskraal. and Trompsburg Igneous Complexes were selected for study, since virtually no 
published information is currently available on their vanadium-bearing titaniferous-iron ores. The 
Bushveld ores were not included in this study because they have been investigated to varying extents by 
other researchers. Readers requiring more information on these ores are directed to papers by Wagner', 
Hall*, Schwellnus and Willemse\ Coertze", Willemse", Molyneux'"'-, and Von Gruenewaldt'1. 

Trips were made to the Rooiwater, Mambula, Usushwana, and Kaffirskraa) Igneous Complexes for the 
collection of the material to be used in the laboratory studies. The field work was restricted to the collection 
of representative iron ores and associated rock types. Samples were located by means of published maps 
and descriptions taken from the literature. Mapping and other field studies were beyond the scope of this 
project. 

This report Jeals largely with the microscopic descriptions of the various ores, their chemical 
composition, and possibilities for their beneficiation. Information regarding the genetic significance of 
these ores, as well as detailed discussions of their textural and compositional features, are contained in the 
author'» thesis". 

3. METHODS OF INVESTIGATION 
(1) A survey was undertaken of the literature that dealt with the mineralogy and nature of 

titaniferous-iron ores. 
(2) Representative sample suites were collected from each igneous complex. 
(3) The ores were sawn into slabs for examination under the binocular microscope. 
(4) Polished and thin sections were prepared for microscopic examination by incident lig' t, and by 

transmitted light. 
(5) Minerals were identified by optical inspection and X-ray powder-diffraction techniques. The 

identities of certain phases were confirmed by qualitative electron-microprobe analyses. 

I 
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(6) Representative samples were crushed and analysed chemically. 
(7) Quantitative electron-microprobe analyses were made of the co-existing ilmenite grains. 
(8) Laboratory-scale beneficiation tests involving crushing, screening, and heavy-liquid and 

electromagnetic separation techniques were carried out on selected samples. 

4. TITANIFEROUS-IRON ORES OF THE ROOlWATER IGNEOUS COMPLEX 
The Rooiwatcr Igneous Complex consists of an elongated mass of metamorphosed gabbroic rocks that 

strike parallel to the northern margin of the schist belt in the Murchison Range of the north-eastern 
Transvaal. The Complex has been described by Ha'I '* and by Van Eeden et al.'". It consists of a variety of 
rock types, ranging from coarse, hornblende-rich pegmatites, through both quartz-free and quartz-bearing 
gabbros to diabases. The Complex is intrusive into the schists of the Murchison Range, 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, and two parallel seams of titaniferous magnetite are also developed. The seams are each about 8 m 
thick and can be traced over a strike distance of more than 16 km. 

The seams of titaniferous magnetite dip very steeply and are almost vertical in many areas. Exposures 
are generally poor in the area that was investigated, the presence of the ore-rich seams being indicated by-
abundant rounded residual pebbles of iron-ore rubble. The seams of titaniferous magnetite end near the 
western margin of the area mapped by Van Eeden et al."\ but the presence of a seam immediately south of 
Letsitele station indicates their reappearance westwards. It is conceivable that the seams of titaniferous 
magnetite crop out westwards for a greater distance, and the abundance of magnetite surface rubble 
suggests the presence of additional, narrower s' <ms in the area. 

4.1. Sampling Localities 
Samples were collected from exposures immediately south of Letsitele station on the main road to 

Lydenburg, on the farm Free State 76? in the Gravelotte District, and from a magnetite lens to the north of 
Rubbervale station. The sampling localities are shown in Figure 1. 

4.2. Description of the Ores 
The two major seams of titaniferous magnetite are present as massive, steeply dipping layers, each 

approximately 8 m thick. The ores are well-jointed and relatively pure, containing only minor amounts of 
chloritic impurities that appear to be 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 goethite. They vary from black to reddish-brown, 
and are weakly to moderately magnetic, depending on the degree to which they have been weathered. All 
gradations between relatively fresh and completely decomposed materials are present. 

The Rooiwater titaniferous-iron ores have a grain size between 2 mm and 4 mm, and are characterized 
by the presence of abundant granular ilmenite. They exhibit varying degrees of «crystallization and are 
exsolved 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 presumably due to the effects of a later 
metamorphic event. The seams of titaniferous magnetite strike roughly parallel to the contact with the 
intrusive granite and are located at varying distances from it, with the result that they have been 
metamorphosed to varying extents. The ores from the three areas differ both texturally and chemically from 
one another, and are described separately in Sections 4.2.1 to 4.2.3. 

4.2.1. Samples from the Magnetite Lens 
Samples RW1 to 8 were collected from the area to the north of Rubbervale station that is marked as a 

magnetite lens on the map of Van Eeden et al. '". This lens lies very close to the contact between the granite 
and the Rooiwater rocks, and is isolated from the two eastern seams of titaniferous magnetite 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. 

The titaniferous-iron ore is present as a compact, fine-grained, well-jointed rock more than 95 per cent 
of which is composed of opaque oxides. The grain size varies between 0,5 mm and 1,0 mm, and is much finer 
than that of the other Rooiwater ores. The ores exhibit a high degree of polygonalization and are composed 
of numerous small polygonal ilmenite grains that are located interstitially between slightly larger and more 
abundant magnetite grains (Plate 1, a to d). Smaller and very much more rounded ilmenite grains are also 
occasionally present, and are sometimes completely enclosed by the larger magnetites. 

•> 
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FIGURE 1. Sampfng localities in the Rooi water Igneous Complex 

Small, elongated, laih-shapcd ilmenite grains that resemble exsolution lamellae are sparsely present in 
the magnetite, and are often corrected to the larger interstitial ilmenite grains (Plate I, a and b). These 
lath-like grains are sometimes more irregular in shape, and appear to coalesce to form larger grains as 
shown in Plate I. c. 

The larger ilmenite grains commonly contain numerous small magnetite lamellae that are oriented 
parallel to the (0001) planes. These lamellae are generally less than 1 pm in width, and are up to 40 pm in 
length. They are confined to the central portions of the larger ilmenitc grains. This lamellar magnetite is 
cor monly oxidized to martite in the more weathered samples. 

Small but variable amounts of transparent spinel are present as irregular-shaped grains that vary 
between 0.03 mm and 0.10 mm in size. Qualitative clectron-mictroprobe analyses indicate that this spinel 
consists largely of magnesium, iron, and aluminium, with minor amounts of manganese, titanium, and 
chromium. It is close to pleonasle in composition. The pleonaste gra ins are located interstitially between the 
larger magnetite and ilmcnite grains, as illustrated in Plate I, a to d. 

The pleonaste grains arc generally located along the boundaries between the opaque oxides, and often 
occur together with slightly smaller euhcdral to subhedral grains of apatite and lath-shaped chlorite. These 
three minerals commonly contain small rounded inclusions of ilmenite and, more rarely, magnetite. 
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The magnetite in iiie samples ïront the magnetite «ens is generally optically homogeneous a»d free 
from fine-grained intergrowths other than those already mentioned, even at the highest magnification 
(approximately 2000 x. oil immersion). The magnetite shows varying degrees of oxidation to martite that 
commences at grain boundaries and moves inwards along the octahedral planes of the magnetite (Plate I, b 
and c). 

These ores have been extensively recrystallized and exhibit none of the usual micrctextural features 
typical of titaniferous magnetites from slowly cooled basic rocks. The degree of recrystailization and 
polygonalizatkxi varies slightly between the samples examined, and is reflected in minor microstructural 
differences. Occasional irregular or iath-shaped grains of ilmenite are present in some samples (Plate 1, a to 
c) but they are virtually absent from others .Plate I, d). The samples that do not contain the irregular and 
lath-shaped ilmenite grains exhibit an overall granoblastic polygonal texture with straight to slightly curved 
grain boundaries that meet in well-defined triple points. 

4.2.2. Samples from Free Seat» 763 
Samples RW9 to 25 were collected from a thick seam of titaniferous magnetite on the farm Free State 

763. and from iron-ore rubble in the same area that might have been derived from narrower and more 
poorly exposed seams. The field relationships are not certain, but this material appears to represent the 
northernmost seam shown on the map of Van Eeden et al.'". and is the lowest major seam of titaniferous 
magnetite exposed in that part of the Complex. 

The seam of titaniferous magnetite in this area is a massive, well-jointed, steeply dipping body about 
7 m 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 is present in variable amounts to a 
maximum of about 15 per cent, and is located interstitially between the larger opaque oxides. The chloritic 
material, which is commonly segregated into narrow bands that alternate with bands of more massive 
silicate-poor ore, imparts a preferred orientation. The chiorite-bearing ores consequently have a sheared 
and slightly schistose appearance. 

The massive, chlorite-poor ores have a grain size that varies between 2 mm and 3 mm. but the 
chlorite-rich zones display a wider range of grain sizes. The grains of opaque rxide in the chlorite-rich areas 
are generally smaller than 1mm. and are commonly fractured and slightly sheared. The residual titaniferous 
iron-ore n.bble 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 th<* magnetite lens. 
and are generally much more coarsely grained. There is also 3 marked variation in microstructure 
development, not only between adjacent samples, but also over very short distances, down to the scale of a 
microscope field (Plate I, e and f; Plate I I , a to c). 

The ores are composed of large, multi-phase grains of titaniferous magnetite and smaller, polygonal 
grains of ilmenite. 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 
microstmctures is developed in the titaniferous magnetites. These microstructures differ from those 
normally encountered in the titaniferous magnetites that occur in plutonic basic intrusions. They have been 
modified by variable amounts, and illustrate successive stages in the exsolution and recrystallization 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 millime'res. The microstructures are divided 
into four types for descriptive purposes and are dealt with in Sections 4.2.2.1 to 4.2.2.4. 

4.2.2.1. Relict Microstructures 
Microstructures displaying only incipient modification are preserved locally, and indicate the possible 

nature of the primary micro-intergrowths of titaniferous magnetite. They are confined to small areas near 
the centres of large grains of titaniferous magnetite that exhibit greater degrees of modification towards 
their margins (Plate I, e). 

The relict microstructures consist of well-developed trellis networks of fine ilmenite lamellae that are 
oriented along the (111) planes of their magnetite hosts The lamellae are generally between 2 ̂ im and 4 /urn 
wide, and are up to 30 /xm long. Larger and more sparsely distributed ilmenite lamellae a>•-. also occasionally 
present. 

Some 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 I I , a and b. These 
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lamellae often coalesce with their neighbours, especially where they intersect and form larger, more 
irregularly shaped grains. They exhibit complex morphologies, and pinch and swell along their length. The 
lamellae sometimes vary in thickness over a short d>itance, but this might be due, in part, to orientation 
effects that arise when the octahedral planes of the magnetite intersect the polished surface of the section at 
small angles. 

Short, stumpy, pleonaste laths are also present along the (100) planes of the magnetite (Plate I, e, and 
Plate II, a). These laths are wider in respect to their length than is usual, and commonly coalesce to form 
larger, more irregularly shaped grains. The spinels are between 1 pm and 3 pm wide, and up to 15 fan long. 
The pleonaste laths are often developed along only one of the magnetite (100) planes, and form a linear or 
sandwich pattern. The spinel grains cut across the ilmenite lamellae in some areas, but in others (often 
within the same microscope field) they are themselves cut by transgressive ilmenite lamellae (Plate II, a). 
The magnetite between the ilmenite lamellae is optically homogeneous and free from inclusions other than 
spinel, even at the highest magnification (approximately 2000 x, oil immersion). Oxidation of this 
homogeneous magnetite to martite takes place directly along its (111) planes, and progresses inwards from 
grain boundaries and fractures. 

4.2.2.2. Slightly Modified Microstructures 
These microstructures are characterized by well-developed trellis networks of lamellar ilmenite in the 

titaniferous magnetites, and vary considerably in size over short distances, even on the scale of the width of a 
microscope field (Plate I, f). The lamellae show evidence of coarsening and are typically thicker than usual 
in relation to their length. They are up to 10 nm wide, but are generally less than 50 fim 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. \ small 
amount of the pleonaste replaces portions of the ilmenite lamellae, particularly at the intersection of two 
differently oriented lamellae (Plate I, f). The magnetite forming the groundmass in which the ilmenite and 
pleonaste are developed is optically homogeneous and free from otheT, finer-grained inclusions. 

4.2.2.3. Moderately Modified Microstructures 
These micro-intergrowths are the most widely developed types in the titaniferous magnetites from the 

seam in this area. The ilm-nite lamellae are very much larger than those in the other two microstructural 
types, and are also oriented along the (111) planes of their hosts. They vary between 0,01 mm and 0,02 mm 
in width, and between P,l mm and 0,8 mm in length. They form well-defined, but more widely 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. 

Numerous micrometre-sized rounded ilmenite and sub-angular pleonaste grains are present in the 
optically homogeneous magnetite between the more closely spaced ilmenite lamellae. The areas between 
the coarser and wider-spaced lamellae contain finer, originally lamellar, micro-intergrowths that have been 
considerably disrupted. These ilmenite lamellae are no longer continuous and well-defined, b«t thicken, 
coalesce, and pinch out. In the more extreme instances, ilmenite lamellae are virtually absent and have been 
replaced by irregularly shaped ilmenite grains that vary between 0,01 mm and 0,2 mm. These grains are 
typically present in clusters or form stringers with similar-sized pleonaste grains within their magnetite 
hosts. Stringers of these grains are also present along the boundaries of the titaniferous-magnetite grains. 

The small ilmenite grains exhibit a moderate degree of polygonalization where they are in contact with 
other ilmenite grains in the clusters. Their interfaciai angles tend towards 120°, but complete equilibrium is 
rarely attained. The isolated grains exhibit more rounded or elongated morphologies where they are 
surrounded by magnetite, but have relatively straight interfaces with neighbouring pleonaste grains. 

The pleonaste micro-intergrowths have also lost their former lath-like habit and are more equant a 
irregularly shaped. They exhibit a variable distribution, being relatively abundant in the areas of the trellis 
networks of fine ilmerite, but less common in the areas between the larger, wider-spaced ilmenite lamellae. 
The pleonaste grains in these areas appear to ha^e segregated to form larger grains that are associated with 
the ilmenite clusters and stringers. A lesser amount i.s present as smaller grains that are located along the 
interfaces between the intergrown ilmenites aid their magnetite hosts. 

4.2.2.4. Highly Modified Microstructures 
These microstructures are developed only in samples that contain more than 10 per cent chlorite, and 

are characterized by the appearance of numerous small, rounded to polygonal ilmenite grains. These 
ilmenites vjry between 0,02 mm and 0,1 mm, and are generally separated from one another. The more 
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•rrcgu'arly shaped magnetite grains are separated by a thin selvage of chlorite, as ihwstraled in Plate I I . c. 
The small magnetite grains contain numerous small, equant pteonastc grains, but granuhrr or lamettar 
ilmenite is generally absent. Occasional, very much larger, elongated magnetite grains containing modified 
lamellar intergrowths of ilmenite are also present among the smaller grains (Plate I I . c). The margins of 
these larger grains arc highly irregular, and some dissolution of the maguetit? has occurred so that the 
ilmenite lamellae extend beyond the grain boundaries of the maguetite into the chlorite. Minor amounts of 
very fine-grained sphene are occasionally intergrown with the chlorite in these areas. The ore has a 
brecciated appearance in the chlorite-rich areas, and a preferred orientation has developed. The larger 
magnetite grains appear to be the remains of pre-existing large titaniferous magnetites that were fractured 
to yield the numerous small, irregularly shaped giéins. 

4.2.2.S. Coarse-grained Ilmenite 
The ores from this area contain between 10 per cent and IS per cent coarse granular ilmenite 

irrespective of the type of microstructure that has developed. The grains vary between 1 mm and 2 mm. and 
are tocatcú interstitiaily between the larger grains of titaniferous magnetite. They generally exhibit 
irregular grain boundaries, and small pleonaste grains are typically located along their interfaces with 
titaniferous magnetite (Plate I, e and f). 

The large ilmenite grains are normally surrounded by a narrow zone of ilmeiritc-frce magnetite, and 
are occasionally connected to some of the larger ilmenite lamellae. Small polygonal ilmenite grains 
displaying different crystallographic orientations are occasionally present in dusters round 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 1 pm wide, and are between 10 pm and 20 urn long. They have the 
appearance of exsohitkm lamellae, and are confined to the central portions of the larger ilmenite grains. 
These magnetite lamellae are generally oxidized to martite in the more highly weathered ores. 

The large iimenite grains occasionally display a poorly developed lamellar twinning in two directions. 
Micrometre-sized tabular bodies of magnetite are developed where (he two sets cf twin lamellae intersect. 

4.2.3. Samples from Letsitete 
Samples RW26 to 42 were collected from exposures approximately 300 m south of Letsitele station, 

which is on the main road to Lydenburg. This is the highest major seam in that pan of the Complex. It is 
more than S m thick, although the upper and lower contacts are not exposed. A scam 0.3 m thick (RW26 to 
28) lies approximately 10m below the seam that is more than 5 m thick, whereas titaniferous iron-ore 
rubble (RW43) is present 150 m to the south of the main outcrop and probably indicates the presence of 
another narrow seam. 

The Letsitele ores are characterized by the presence of abundant coarse granular ilmenitv. as 
illustrated in Plate I I I . a. These ilmenite grains vary between 1 mm and 2 mm. and sre located interstitially 
between grains of titaniferous magnetite that are generally two to three times larger. The ores exhibit a high 
degree of polygonakzation. and the grain boundaries of opaque oxide are gently curved with interfaciai 
angles that approximate 120*. The grains of ilmenite and titaniferous magnetite are generally in direct 
contact, but a thin chloritic selvage is developed between them in certain areas. 

The content of granular ilmenite varies between 15 per cent and 20 per cent, but may reach 30 per cent 
locally. The larger ilmenite grains occasionally show the development of lamellar twinning, and contain 
small numbers of crystallographically oriented magnetite platelets. 

The titaniferous magnetites exhibit m.crostructures that differ from those developed in the areas 
already described. The bulk of the grains contain complex symptcctite-like intergrowths of small, rounded, 
elongated ilmenite grains set in a groundmass of optically homogeneous magnetite (Plate I I . d to f). They 
vary between several micrometres and 0.05 mm. and exhibit a variety of exlernal -norphologies that range 
from roughly lamellar, through flame-like, to more-rounded shapes. The roughly lamellar grains lend to 
have a parallel orientation, as shown in Plate I I , f. 

The intergrowths of ilmenite are also oriented along the xtahedral planes of their titaniferous 
magnetite hosts, even though they are more irregularly shaped than the usual lamellae. Groups of similarly 
oriented intergrowths are often optically continuous over large areas thai are up to f mn, across. These sets 
t / optically continuous grains have a three-fold axis of symmetry with f>pect to one another, and are 
oriented at approximately 120" to one another. This corresponds to the octahedral planes of their hosts, and 
the effect can be clearly seen when the microscope stage is rotated between crossed nicols. The groups of 
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optically continuous grains commonly exhibit a preferred orientation parallel to the plane in which they are 
located, as illustrated in Plate II, e. 

Relict ilmenite lamellae are rare, and usually display a!! stages of transformation into more rounded 
grains (Plate II, d). The lamellae retain their original orientation along the octahedral planes of the 
magnetite, but become progressively shorter and wider until they have broken down completely and are 
transformed into rounded grains. 

The larger ilmenite intergrowths are commonly surrounded by a narrow zone of ilmenite-free 
magnetite (Plate IV, a). They appear to have formed from the coalescence 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 boundares or gently curved zones within their 
titaniferous-magnetite hosts. In contrast, these grains occasionally form mesh-like bodies composed of 
numerous polygonal ilmenite grains that enclose areas of magnetite (Plate IV, b). 

The intergrowths of finer ilmenite are illustrated in Plate IV, d. The grains illustrated are all in optical 
continuity, and many of them are connected at the level shown in the photomicrograph. They exhibit an 
overall preferred orientation, but are much more irregularly shaped than the usual lamel'ar intergrowths 
frcm which they were derived. They exhibit all stages in a continuous breakdown and spheroidization that 
ultimately results in larger and more-rounded forms such as those illustrated in Plate IV, c. 

Small, irregularly shaped pleonaste grains are randomly distributed within the titaniferous magnetite, 
and are present in stringers along the grain boundaries of opaque oxide. They also vary between several 
micrometres and 0.5 mm in size, and are commonly associated with the ilmenite intergrowths, as illustrated 
in Plate IV, a to c. There i> a sympathetic relationship between the size of the pleonaste intergrowths and the 
size of their associated ilmenite grains. The larger pleonaste grains also appear to have grown at the expense 
of numbers of smaller grains, and show evidence of polygonalizatien. 

The magnetite between the ilmenite and pleonaste grains is optically homogeneous and free fron. other 
very fine-grained intergrowths. It oxidizes directly to martite along its (111) planes (Plate IV, c). Narrow 
transgressive veinlets of later, inclusion-free magnetite occasionally cut across the samples, as illustrated in 
Plate II, f. 

4.2.4. Weathering of Rooiwater Titaniferous-iron Ores 
The ores typically exhibit varying degrees of secondary oxidation and hydration resulting from 

near-surface weathering processes that have resulted in the formation of abundant martite, goethite, 
secondary hematite, leucoxene, and minor amounts of lepidocrocitc. The degree of alteration is highly 
variable and irregularly distributee; throughout the ore, being related to the proximity of grain boundaries, 
fractures, joints, exposed surfaces, and other permeable features. All possible gradations, from relatively 
fresh to completely decomposed materials, are found in the Rooiwater ores. 

The weathering process is progressive and begins with the oxidation of the titaniferous magnetite. 
Oxidation lamellae of martite are formed along grain boundaries and fractures, and migrate into the 
titaniferous-magnetite grains along their (111) planes (Plate I .candd) . These lamellae increase in size as 
oxidation proceeds, and penetrate further into the magnetite. They ultimately coalesce in the form ot iarge 
continuous areas of martite that commonly contain small triangular 'islands' of unoxidized magnetite. The 
partially oxidized titaniferous magnetites generally have unaltered cores and are surrounded by martite 
zones of varying width (Plate I, a, b, and e). 

Changes in volume associated with the oxidation of titaniferous magnetite often result in the fracturing 
of the ores and the precipitation of goethite along the fractures to form transgressive veinlets. The goethite 
veinlets commonly display delicately banded, colloform textures, and show the local development of 
secondary hematite. Coatings of botryoidal goethite are also commonly developed along open joints and on 
exposed surfaces. 

The pleonasie 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 irregularly into the grains, and results in the 
formation of amorphous titania products and of poorly crystalline anatase. 

4.2.5. Ilmenite and Apatite in the Rooiwater Basic Rocks 
Van Eeden el al. "' reported the presence of appreciable amounts of apatite and magnetite in certain 

zones of the Rooiwater Igneous Complex. The meta-gabbros in the vicinity of the titaniferous-magnetite 
seams were investigated and found to contain variable amounts of opaque oxides and apatite. The highest 
concentrations were noted in the camples collected immediately to the south of the magnetite lens. 
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The meta-gabbros south of the magnetite lens are composed of hornblende, andesine, and blue, 
opalescent, rutilated quartz, together with accessory ilmenite, titaniferous magnetite, and apatite. The 
ilmenite is generally very much more abundant than the titaniferous magnetite, and is present as large, 
irregularly shaped grains that vary between 1 mm and 2 mm. The ilmenite is generally present in amounts 
between 5 per cent and 10 per cent, but may reach 15 per cent to 2b per cent locally. 

The ilmenite grains often exhibit corroded, cuspate outlines, and are often surrounded by narrow 
reaction rims of chlorite and sphene, or of hornblende. Narrow magnetite platelets are oriented along their 
basal planes and are more abundant than those in the granular ilmenites of the ores. These ilmenites also 
exhibit lamellar twinning occasionally. 

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 often set in a fine-grained matrix of sphene and chlorite, and represent the ilmenite 'skeletons' of 
completely altered, exsolved grains of titaniferous magnetite. These ilmenite networks are more rarely 
enclosed in hornblende, and also exhibit slightly corroded, embayed outlines. 

Titaniferous magnetite is generally present only in minor amounts, and has largely been altered to 
sphene and chlorite aggregates. The unaltered grains exhibit a fine, well-developed trellis network of 
ilmenite similar to that described in Section 4.2.2.2. The surviving grains of titaniferous magnetite are most 
often completely martitized, most probably as a result of weathering processes near the surface. 

Apatite is present in the meta-gabbros as small hexagonal prisms, and reaches local concentrations of 
up to4 per cent. The grains range from 0,1 mm to 0,5 mm, and are present in the silicate matrix as well as in 
association with the ilmenite. Inclusions of euhedral apatite are commonly present in the larger ilmenite 
grains. The apatite was not analysed, but is most probably the normal fluorapatite that is associated with 
basic igneous rocks. It is most probably similar to the apatites in the Skaergaard compl. • " 

The meta-gabbros are decomposed by weathering, and produce a deep clayey soi that contains 
abundant ilmenite. This ilmenite is virtually identical to that occurring in the underlying rocks, but is 
generally more highly altered. The alteration begins round the periphery of the grains, and moves inwards 
along fractures and other permeable features. It results in the formation of anatase and other poorly 
crystalline titania-rich products that are known collectively as ieucoxene. Large amounts of iimenite are 
present in the Rooiwater soils, particularly in the vicinity of ilmenite-rich zones. The content of titaniferous 
magnetite in the soil is low, reflecting in part the low magnetite content of the meta-gabbros and its more 
rapid decomposition by weathering. 

4.2.6. Sulphides in the Rooiwater Ores 
Pyrite, chalcopyrite, and pyrrhotite are present in very minor amounts in the Ro .̂. ater ores. They are 

almost always in the form of small, rounded, droplet-like grains that are completely enclosed in the larger, 
coarse-grained ilmenites. The droplets vary from several micrometres to 0,03 mm, but are usually less than 
10 /xtn across. The pyrite grains occasionally exhibit euhedral outlines, and are generally larger than the 
other sulphides. 

The sulphides are only rarely present in the groundmass of titaniferous magnetite, where they are 
generally associated with smaller ilmenite grains a lamellae. Sulphides are notably absent from the 
martitized arers, having been oxidized and hydrated to form goethite Goethite pseudomorphs of sulphide 
grains are sometimes recognizable, and their apparent paucity might be a result of weathering, which has 
destroyed most of them. 

4.3. Chemical Composition of the Rooiwater Ores 
The chemical compositions of typical Rooiwater ores are given in Table 1, together with the results of 

several analyses described in the literature. The samples from Free State 763 and Letsitele can be readily 
distinguished on the basis of their contents of titania and vanadium pentoxide. 

The Free State samples were collected from the lowest seam in the Complex and are characterized by 
moderate values for titania (14,4 per cent to 15,1 per cent), and relatively high values for vanadium 
pentoxide (1,3 per cent to 1,4 per cent). They also contain a significant amount of chromic oxide, which 
reaches an anomalously high value of 1,39 per cent approximately 2 m above the base of the seam. No 
chromite is present in the samples, and it is concluded that the chromic oxide is in solid solution in the 
titaniferous magnetite, and possibly in one of the intergrown phases. 

The composition of sample RW17 differs slightly from that of »*̂ * "ther Free State samples in that it has 
lower values of vanadium pentoxide and chromic oxide, and !iifeiivi alumina and silica contents. These 
chemical differences also suggest that this sample is derived from a minor, poorly exposed seam that lies 
ab^vc the main seam in this area, rather than from the main seam itself. 
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TABLE 1 

Rooiwater Complex: analyses of titaniferous-iron ores 

Free State samples Letsitele samples 
Magnetite 

lens • t t < 
Oxide RW17 RW18 RW19 RW20 RW22 RW23 RVY24 RW25 RW27 RW32 RW33 RW37 RW40 RVV2 Ke53 R26 R l l M22 

SiO\ 7.42 1.78 2.92 1,53 3,18 4,67 3.60 2,26 2,66 2,21 1,09 1,72 0,64 2,09 1,25 2,47 2,02 0,36 

TiO ; 15,20 14.62 14,93 14,42 14,66 14,48 14,64 15.14 20,83 21,52 22,30 21,20 24,57 12,23 18,40 16,00 13,00 14,84 

AI.O, 6,37 2.68 2,34 2,90 2.1 :• 1,3/ 1,64 1,23 3,83 4,08 3,71 3,93 3,07 6,12 2,72 : , I 4 4,31 3,25 

Cr.O, 0.22 0.80 1.19 1,39 0,51 0,46 0,47 0,45 <0,05 <0.05 <0,05 <0,05 <0,05 <0,05 trace 0,<C 0,33 0,08 

F e , 0 , 54,06 66.05 61,82 65.34 63.23 | 66.02 66,45 74.00 48,37 52.00 50,50 36,60 35,20 55,11 66,70 69,47 73,78 43.37 

FeO 13,76 11,09 14,00 11.59 14,78 11,71 11,83 5,58 22,50 17,06 20,57 33,92 34,20 22,97 8,77 5,75 2,59 35,92 

MnO 0,17 0,21 0.18 0.19 0,20 0,22 0,18 0,14 0,32 0,27 0,30 0,28 0,32 0,19 0,23 0,23 0,15 0,26 

MgO 1.75 0,60 0,86 0,42 0,67 0,41 0.67 0,27 1,68 2,34 1,12 2,00 1,62 1,78 1,07 0,o7 0,78 1,53 

vao., 1.08 1.41 1.37 1,32 1,32 1,33 1,32 1,35 0,80 0,84 0,80 0,86 0,76 0,86 0,82 0,70 1,30 0,80 

TOTA;.. 100,03 99.24 99.61 99,10 100,68 100.67 100,80 100,42 100.99 100,32 100,39 100,51 100,38 101,35 99,96 98,45 98.26 100.41 

TOTAL Fe: 48,51 54,82 54,12 54,70 55,71 55.28 55,67 56,10 51,32 49,63 51,31 51,96 51,20 56,40 53,47 53,06 53,61 58,25 

* Analysis of ore from tht southernmost seam of ilie Rooiwater Complex"1 

+ Analysis of ore from the Middle Group of seams, Bushveld Complex7 

t Analysis oi ore from the Lower Group of seams, Bushveld Complex7 

S Analysis of ore from Seam 11, Bushveld Complex" 
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The Letsitele samples correspond to the most southerly seam mapped by Van Eeden et al. '*, and 
represent material from the uppermost thick seam in the Complex, ihey are characterized by high values 
for titania (20,8 per ceni to 24,6 per cent) and low values for vanadium pentoxide (0,76 per cent to 0,86 per 
cent). They also differ from the Free State samples in that they contain virtually no chromic oxide (less than 
0,05 per cent). They also exhibit marginally higher values for manganese oxide and marginally lower values 
for magnesium oxide. 

Most of the samples from both areas contain only minor silicate impurities, as reflected by the low silica 
values reported in the analyses. 

The variation in silica and alumina can be correlated directly with variations in the amounts of silicate 
and pleonaste in the samples. Some of the magnesium oxide is also present in the silicate impurities (largely 
chlorite) as shown by sample RW17. This contains silica (7,46 per cent), alumina (6,37 per cent), and 
magnesium oxide (1,75 per cent), but the removal of the bulk of the si'icates during beneficiation has 
reduced these values to 1,67 per cent for silica, 1,66 per cent for alumina, and 0,32 per cent for magnesium 
oxide (Table 2). 

TABLE 2 

Rooiwater Complex: analyses of benefiaated magnetic fractions 

Oxide 

Untreated Beneficiated 

Oxide RW2 RW17 RW2 RW8 RWI7 

S i0 2 

T i 0 2 

A1 2 0 3 

Cr 2O s 

F e 2 0 3 

FeO 
MnO 
MgO 
VA> 

2,09 
12,23 

6,12 
0,05 

55,11 
22,97 

0,19 
1,78 
0,86 

7,42 
15,20 
6,37 
0,22 

54,06 
13,76 
0,17 
1,75 
1,08 

0,90 
3,03 
2,32 
0,05 

71,34 
20,92 

0,05 
0,87 
1,03 

1,06 
4,67 
1,89 
0,05 

78,95 
11,75 
0,05 
0,63 
0,94 

1,67 
10,08 

1.66 
0,27 

74,95 
8.88 
0,!2 
0,32 
1,42 

Total 99,31 100,03 99,71 99,99 99,37 

The more highly metamorphosed samples of magnetite lens cannot be correlated directly with the 
samples from the Free State or Letsitele on the basis of chenical composition. They do, however, show 
certain affinities with the Letsitele ores in that they have a low content of vanadium pentoxide (0,86 per 
cent). Their values for titania are, however, very much lower. It is possible that this material is derived from 
a minor seam that has not been sampled elsewhere. 

The wide variation in the ratios of ferrous oxide to hematite that is shown in the analyses is a result of 
oxidation brought about by weathering. The Free State samples are generally more highly oxidized than 
those from Letsitele, and calculations show that in certain instances there is insufficient ferrous oxide to 
combine with the titania to form ilmenite. This indicates that at least part of the Fe 2 + in the ilmenite must 
have been oxidized to Fe 3 + , and further illustrates the highly weathered and oxidized nature of these ores. 

The Free State ores are chemically similar to the ores from the economically important main magnetite 
seam of the Bushveld Complex, although their content of vanadium pentoxide is 0,1 per cent to 0,2 per cent 
less than in the latter ores. The Letsitele ores are chemically more closely related to the ores of the middle 
group of seams of the Bushveid Complex. 

4.4. Composition of Co-existing llm< nites, Rooiwater Complex 
The results of the electron-microprobe analyses of the large ilmenite grains present in the Rooiwater 

ores are presented in Table 3, together with analyses of ilmenites from three associated Rooiwater basic 
rocks. Quantitative microscopic analyses of the smaller co-existing ilmenite grains and larger-sized lamellae 
in the titaniferous magnetites indicate that they have essentially the same compositions as the larger grains. 

It is possible for the ilmenites from the different seams to be distir uished on the basis of the amount of 
magnesium oxide they contain. The Free State samples have a relative.; high content of magnesium oxide 
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TABLE 3 

Rooiwater Complex: electron-microprobe analyses of coarse-grained ilmenites 

Free State samples Letsitele sam pie» 
Magnetite 

lent 
Rooiwaier 
basic rocks 

Buthveld 
ilmeniies 

Oxide RW17 RW18 RW19 RW20 RW22 RW23 RW24 RW25 RW27 RW32 RW33 RW39 RW40 RW2 RW6 RW16 RW41 M23* MJt 

TiO, 50.82 50.33 50.16 50,40 49,51 52.18 51,22 51.23 50,95 50,35 50.85 50,24 51,18 50,59 51,13 51,11 50.88 52,1 52,2 

FeO 43.32 41.93 41,76 42,40 41.75 43.99 43,04 43.01 41,55 39,93 41.34 40,40 40.19 36.83 43,49 43.03 43.14 40,1 28,8 

MgO 0.90 1.21 1.48 1.23 1,22 1.18 1,26 1.21 2.01 2,57 2.05 2,31 2,91 4,35 0,81 0.66 0,70 4.2 6,3 

MnO 0.75 0.82 0,74 0.69 0,80 0.83 0,81 0,82 0,72 0,71 0,72 0,69 0,69 0.85 1,06 1,79 1,39 N.R. N.R. 

FejO.4 3,91 5.27 5,03 4,39 5,38 3.51 4,63 3,91 4,55 5,51 5,27 6,07 5,83 6,07 3,03 3,51 3,43 3.5 • 1.3 

AljO, 0.12 0,12 0,12 0,12 0,12 0.12 0,12 0.12 0,12 0.12 0,13 0.12 0,12 0,12 0,12 0,12 0.12 0.5 1,1 

Cr 3O a 0.19 0.21 0.24 0.23 0,19 0,21 0,21 0,20 0,17 0,17 0,17 0.18 0,18 0,17 0,17 0,18 0.17 N.R. N.R. 

TOTAL: 100.01 99,89 99.53 99,46 98,97 102.02 101,29 100,50 100,07 99,36 100.53 100,01 101,10 98,98 99,81 100,40 99,83 100,4 99,7 

* Analysis of coarse-grained ilmenile from Seam II, Bushveld Igneous Complex" 
< Analysis of coarse-grained ilmenite from the Main Seam, Bushveld Igneous Complex" 
t Fe..O, calculated on the assumption of ilmenite stoichiometry 
N R. Not reported 
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(2,01 per cent to 2.91 per cent), whereas those from the Letsitele seam have a lower content (0,90 per cent 
to 1,48 per cent). The ilmenite from the magnetite lens has a very high content of magnesium oxide (4,35 
per cent). The analyses of samples of bulk ore also show a value for magnesium oxide that is higher than that 
of the samples from the Letsitele area. The magnesium oxide content of ilmenites from the Rooiwater basic 
rocks is generally lower than that of material from the titaniferous-magnetite seams. 

The values for manganese oxide of the Free State magnetite le...»and of the Letsitele samples are very 
similar, but they are distinctly higher in the ilmenites from the associated basic rocks. 

A recalculation of the analyses, on the assumption of stoichiometry, indicates the presence of an excess 
ferrous oxide of several per cent in all the samples. This excess ferrous oxide has been recalculated as 
hematite in Table 3, and is probably present in solid section in the ilmenite. The presence of minor 
magnetite lamellae in these ilmenites indicates that they contain excess iron. 

The Free State ilmenites also contain slightly greater amounts of chromic oxide (0,19 per cent to 0,24 
per cent) than the ilmenites from the Letsitele area. The analyses of samples RW19 and RW20 give high 
values for chromic oxide, which correlate with the analyses of bulk ore from this portion of the seam. The 
bulk ore also has a higher content of chromic oxide. 

4.5. Benenaatkxi 
The various Rooiwater ores are suitable for beneficiation and can be upgraded for the production of 

high-titania and vanadium pentoxide products and for iron. The ores contain various amounts of 
recoverable granular ilmenite. The minor silicate impurities can be removed from the ore by a crushing 
process followed by magnetic separation. The ores differ according to locality and are discussed separately. 

4.5.1. Samples from the Magnetite Lens 
These samples are the most suited to beneficiation, but the ore reserves are limited. Their content of 

vanadium pentoxide is too low (0,86 per cent) for them to be regarded as potential vanadium o: .s, but their 
content of recoverable coarse-grained ilmenite is approximately 20 per cent. This ilmenite has a grain size 
of approximately 0,15 mm, and can be liberated when the ore is crushed to a grain size of less than 200 
mesh. The ilmenite can then be recovered by simple magnetic separation, and the minor silicate impurities 
can be removed by electromagnetic sep -ration or possibly some other heavy-medium process. 

Because the vanadium is preferentially incorporated into the structure of the magnetite crystal, the 
removal of approximately 20 per cent of the ilmenite from the ore » creases the content of vanadium 
pentoxide in the magnetic fraction by a similar amount. Microscopic examination has shown that the bulk of 
the ilmenite is present in a recoverable form as large polygonal grains, and that only between 3 per cent and 
5 per cent is present as fine-grained intergrowths that cannot be separated by mechanical means. 

Two samples (RW2 and RW8) were crushed to less than 200 mesh, and the fraction with a grain size 
between 200 mesh and 400 mesh was subjected to magnetic and electro-magnetic separations. A 
magnetite-rich magnetic fraction was obtained by the use of a strong permanent magnet, whereas an 
ilmenite-rich fraction was obtained by the use of a Frantz isodynamic separator. Chemical analyses of the 
magnetic fractions are presented in Table 2. This treatment reduced their content of titania from 
approximately 12,3 per cent and 15,2 per cent to 3,03 per cent and 10,08 per cent respectively. The 
reduction in volume caused by the removal of ilmenite also increased the overall vanadium pentoxide 
content of the magnetic fractions to 1,03 per cent and 0,94 per cent, respectively. The beneficiation process 
also slightly reduced the contents of silica, alumina, manganese oxide, and magnesium oxide. 

The ilmenite concentrate was not analysed chemically, but microscopic examination indicated that it is 
approximately 98 per cent pure. It should have a composition close to that indicated by the 
electron-microprobe analysis of ilmenite from the magnetite lens, which is shown in Table 3. 

4.5.2. Samples from Free State 763 
These samples are chemically very similar to the commercially exploited ores of the main seam of the 

Bushveld Complex. They conta'n up to 1,42 per cent vanadium pentoxide and can be regarded as potential 
vanadium ores. Approximate!' half their content of titania is in the form of recoverable coarse-grained 
ilmenite. 

These ores can be beneficiated by crushing to less than 200 mesh, followed by magnetic and 
electromagnetic separation. This yields a low-titanium vanadium-bearing magnetic fraction, and an 
ilmenite concentrate. The minor silicate impurities are removed in the non-magnetic fractions. 

Several samples were treated in this way, and relatively clean ilmenite concentrates (amounting to 
approximately 10 per cent by mass of the feed) were produced. The removal of the coarse-grained ilmenite 

i : 
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resulted in an overall decrease in the titania contents of the magnetite, whereas the contents of vanadium 
pentoxide were increased by approximately 15 per cent. An analysis of the magnetic fraction produced 
from the most impure sample (RW17) is presented in Table 2. The vanadium pentoxide content was 
increased from 1,08 per cent to 1,42 per cent, whereas the titania content was reduced from 15,20 per cent 
to 10,08 per cent by this treatment. This titania is present as very fine-grained ilmenite intergrowths that 
cnnnot be separated by mechanical means. 

The majority of the samples from this area contain less silicate impurities, but are otherwise 
mineralogically similar. Microscopic examination of various separated fractions indicates that similar 
concent ates were obtained during beneficiation tests. The ilmenite concentrates were not analysed 
chemically, but their overall composition is expected to be similar to that obtained by electron-microprobe 
analysis and shown in Table 3 (RW17 to RW25). 

4.5.3. Samples from Letsitele 
These samples contain very large amounts of titania (21 per cent to 25 per cent), but exhibit lower 

vanadium pentoxide contents (0,76 per cent to 0.86 per cent). The samples are characterized by the 
presence of between 20 per cent and 25 per cent by mass of potentially recoverable coarse-grained ilmenite. 

The ore can be beneficiated by crushing to less than 200 mesh, followed by magnetic and 
electromagnetic separation. This yields a low-titanium vanadium-bearing magnetic fraction, and an 
ilmenite concentrate. The minor silicate impurities are removed in the less-magnetic fractions. 

Beneficiation tests indicate that an ilmenite concentrate of up to 20 per cent by mass of the sample can 
be obtained. The magnetic concentrates were not analysed chemically, but microscopic examinations 
indicate that their contents of titania would be reduced by between 12 per cent and 15 per cent. This implies 
that the contents of vanadium pentoxide of the magnetic fractions would also be increased to between 1,0 
per cent and 1,1 per cent. The composition of the ilmenite concentrates should be similar to that indicated 
by the electron-microprobe analyses presented in Table 3 (RW27 to RW40). 

Although the production of ilmenite concentrates from these samples is possible, their high titania 
contents suggest that they might be suitable for the pyrometallurgical production of high-titania slag 
products and iron. Their vanadium pentoxide contents, although lower than desired, should not be 
overlooked. 

4.5.4. Rooiwater Bas'n Rocks 
The zones of ilmenite- and apatite-iich Rooiwater basic rocks carry locally up to 20 per cent ilmenite 

and represent potential ores that warrant further investigation. The coarse-grained ilmenite can be readily 
recovered by crushing followed by electromagnetic separation. An ilmenite concentrate produced in this 
way would have a composition similar to that shown by the electron-microprobe analyses presented in 
Table 3 for samples RW6, RW16, and RW41. 

Minor apatite is present in amounts of up to 4 per cent in these meta-gabbros, and has a grain size 
sufficiently coarse for it to be recoverable by crushing and some form of heavy-medium concentration. It 
could thus be a valuable byproduct. The apatite was not investigated mineralogically, but is most probably 
of the normal fluorapatite type that is usually associated with basic igneous rocks. 

4.6. Findings on Rooiwater Ores 
(1) The vanadium-bearing titaniferous magnetite deposits of .he Rooiwater Igneous Complex are 

typical of similar deposits in other stratiform basic intrusions. However, they exhibit numerous 
microstructural modifications caused by metamorphism. 

(2) The most important feature of the metamorphism has been the development of abundant 
coarse-grained ilmenite that is recoverable by standard ore-dressing techniques. 

(3) The ores of the lowest seam are chemically similar to the titaniferous iron ores of the main seam of 
the Bushveld Complex, and represent potentially exploitable vanadium ores. 

(4) The ores of the uppermost seam have high titania values and might be suitable raw materials for the 
production of high-titania slag. 

(5) The Rooiwater Complex is large (it has an exposed strike length of over 90 km), but it has not been 
investigated in detail. Detailed mapping is necessary to show the number of titaniferous-magnetite 
seams and the distribution of the different textural types of ore, and to permit the calculation of the 
ore reserves. 

i.i 
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(6) Representative samples of Rooiwater ore should be investigated from an ore-dressing and 
pyrometallurgical point of view so that the feasibility of the production of vanadium pentoxide, 
high-titania slag, and iron can be determined. 

(7) The Rooiwater Complex represents one of the most attractive areas for further investigation by 
anyone interested in the production of one or more of the following: ilmenite, high-titania 
products, vanadium pentoxide, iron, and steel. 

5. TTTANIFEROUS-IRON ORES OF THE USUSHWANA IGNEOUS COMPLEX 
The Usushwana Igneous Complex is situated along the South African border with Swaziland, in the 

area north and east of Piet Retief. It is composed of a large mass of gabbroic rocks that were intruded along 
the contact between the basement granite-gneiss and the overlying Pongola rocks. The Complex does not 
generally show any well-defined igneous layering apart from the titaniferous-magnetite seams, and it is 
capped by a granophyric zone. 

The occurrence of titaniferous magnetite deposits in the Complex near Piet Retief has been known 
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 immediately to the south was mapped 
and described by Humphrey and Krige1". The Usushwana rocks in Swaziland were described by Winter" 
and Hunter*0. The Complex is Archaean in age and has been dated at 2784 (±30) million years by Daviesw 

The titaniferous-iron ores from this area have been briefly described by Wagner4, who stated that 'the 
magnetic iron ore is found at several places on the farms Belfast no. 74, Derby no. 54, and Ishlelo no. 7, 
north of Piet Retief. 11 occurs in disseminated veins or lenses near the upper boundary of the gabbro, which, 
together with the overlying granophyre, forms an intrusion in the rocks of the Pongola series. The outcrops 
occupy a line running approximately NW-SE, its two extremities being distant 11 and 29 kilometres 
respectively from Piet Retief. 

Wagner4 noted the presence of nine seams that vary in length from several hundred metres to just less 
than 2 km. The seams range from approximately 1 m to 15 m in thickness, and at Ishlelo they dip towards 
the east or north-east at approximately 30°. Winter "and Hunter-" also reported, in the Swaziland portion 
of the Complex, the presence of a number of layers rich in titaniferous magnetite. Numerous layers of 
titaniferous magnetite are present along the south-western flank of the Complex, and a particularly 
well-defined layer crops out over a strike length of 2,4 km. These layers appear to pinch and swell, and have 
a maximum thickness of 1,5 m. They contain only minor amounts of vanadium pentoxide (between 0,2 per 
cent and 0,3 per cent). 

5.1. Sampling Locality 
The general geology of the area, as well as the sampling locality, is shown in Figure 2. The southern part 

of the area in which the ores occur is forested and was not investigated. The country becomes more open 
towards the north, but the outcrops are generally poor and the presence of the scams is indicated by 
titaniferous-magnetite rubble. A seam of titaniferous magnetite approximately 10 m thick, here termed the 
main seam, forms a prominent scarp on the farm Ishlelo no. 7, and a narrow and less-pure seam is exposed in 
a stream section below the main outcrop. 

Samples IR240 to IR251 were collected at approximately 1 m intervals across the 10 m-thick seam, 
whereas samples IR252 to IR253 were collected from the smaller seam. Ore-rich gabbros were collected 
50 m and 100 m above the thick seam. The other layers of titaniferous magnetite in the Complex were not 
examined. 

5.2. Description of the Ores 
The 10 m-thick seam of titaniferous magnetite at Ishlelo no. 7 dips eastwards at approximately 25°, 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, owing to a progressive increase in the amount of 
silicate minerals present, grades into a gabbro containing titaniferous magnetite. The footwall rocks are so 
weathered and decomposed that their original nature could not be determined. 

A seam of highly weathered titaniferous magnetite, approximately 0,5 m thick, is present 2 m below 
the main seam. The intervening rock contains large but variable amounts of titaniferous magnetite. A 
further zone rich in titaniferous magnetite is present about 4 m below the main seam. 

The Usushwana ores are generally highly weathered, and exhibit the development of extensive 
secondary oxidation and hydration products. They vary from reddish-brown to purple, and are generally 
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Young* cover 
(undifferentiated) 

ESI 

Pongote and Ineuzl rocks 
(undifferentiated) 

Archaean rock* 
(undifferentiated) 

Baaamant granita 

Uauehwana Complex 

Granophyre 

E3 Granite 

Sampling locality 

(After the 1:1000 000 Geological Map of South Africa, 1070 edition) 

FIGURE 2. Sampling locality in the Usushwana igneous Complex 

only weakly magnetic. The more highly weathered samples are commonly traversed by irregular veinlets of 
goethite, and are sufficiently soft and friable to be disaggregated readily into their constituent grains. The 
silicates associated with the zones rich in titaniferous magnetite have been altered to fine-grained chloritic 
aggregates. 
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The main seam of titaniferous magnetite forms a massive dense rock that exhibits a well-developed set 
of closely spaced ho> 'zontal and vertical joints. Because of these joints, it can be easily broken up into small 
rectangular blocks. ( n a smaller scale, the samples have a highly fractured appearance and are traversed by 
numerous small irregular fractures (Plate IV, e and f). These fractures are not always related to the cleavage 
directions of the titaniferous magnetite, and ate, in many cases, continuous for several centimetres, cutting 
across both titaniferous magnetite and matrix. Some of these fractures might be related in part to volume 
changes that occur during oxidation and subsequent hydration. 

The ore is composed of small polygonal grains of titaniferous magnetite that are generally separated by 
a narrow selvage of chloritic material (Plate IV, e and f, and V, a to d). The chlorite is in the form of finely 
crystalline aggregates, is commonly iron-stained, and contains various amounts of goethite and secondary 
hematite. Extensive alteration of the titaniferous magnetite has taken place at grain boundaries and along 
fractures where it is in contact with the chlorite. This results in the formation of sphene. Minor amounts of 
gibbsite are also present in the weathered samples, together with secondary titania- rich products of ilmenite 
alteration. 

Minor but variable amounts of relatively coarse-grained ilmenite are present, being located 
interstitially between the larger grains of titaniferous magnetite. Grain boundaries that are not obscured by 
the presence of chlorite and other alteration products appear slightly curved, and they exhibit a tendency to 
form triple junctions with interfacial angles approximating 120°. 

5.2.1. Titaniferous Magnetite 
Titaniferous magnetite is the dominant opaque phase in th( Usushwana ores, and it is characterized by 

the presence of abundant intergrown titanium-rich phases. The titaniferous magnetites have a remarkably 
uniform grain size of approximately 1 mm, although grains up to 10 mm across can occasionally be present, 
as illustrated in Plate IV, f. 

Grain boundaries between neighbouring titaniferous magnetites tend to be rather straight, but they are 
more irregular where they are in contact with intergranular ilmenite. The boundaries between grains of 
titaniferous magnetite and chlorite are highly irregular, and the magnetite has a corroded appearance (Plate 
V, a to d). 

The margins of the titaniferous magnetite are characteristically fractured and corroded, and the grains 
are occasionally completely traversed by irregular fractures. No large-scale displacement of the fragments is 
apparent, and the individual pieces have been pulled apart only very slightly. Extensive alteration of the 
opaque oxides has occurred in these fractured areas, and this has resulted in the formation of finely 
crystalline sphene. A narrow selvage of sphene is also often present between the titaniferous magnetite and 
the chlorite aggregates. The grains of titaniferous magnetite are more rounded in outline where the chlorite 
is more abundantly developed (Plate V, c and d). 

The magnetite-rich parts of the grains of titaniferous magnetite are preferentially altered to sphene, 
whereas the ilmenite intergrowths are less affected. This disparity produces a serrated appearance round 
the margins of the titaniferous magnetites that contain an abundance of 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 main magnetite seam, in which the 
titaniferour magnetites have been completely altered to fine-grained aggregates of turbid sphene. The 
original, t;ystallographically oriented, broad ilmenite lamellae are still 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 with the titaniferous magnetite, 
but are not evident in the chloritic matrix. This magnetite alters direct to martite, and appears to be more 
susceptible to oxidation in that it often exhibits incipient martitization even when the surrounding 
titaniferous magnetite shows no sign of oxidation. 

5.2.2, Ilmenite in the Usushwana Ores 
Six distinct types of ilmenite, each characterized by its own grain size and morphology, occur as 

individual grains and intergrowths in the Usushwana ores. These intergrowths were formed at various 
stages during the cooling of the Complex and represent various stages in an essentially continuous 
oxidation-exsolution process. The various micro-intergrowths are discussed separately for clarity of 
description, although there is a continuous gradation from one type to the next. 
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5.2.2.1 Coarse. Intergranular Ilmenite 
Large, elongated, irregularly shaped grains of ilmenite are located interstitially between the larger 

grains of titaniferous magnetite, as illustrated in Plate V. a to c. These ilmenites are generally in the form of 
single crystals, although aggregates of several irregularly shaped grains may occasionally be present. They 
range between 0.1 mm and 0.4 mm in length, and are located along titc grain boundaries between the larger 
titaniferous magnetites. They arc also occasionally present as inclusions within the titaniferous magnetite. 
The content of intergrannlar ilmenite varies between 3 per cent (v/v) and 7 per cent (v/v). but they are 
variably distributed. 

Very small platelets of magnetite are sparse in the central portions of the larger ilmenite grains. They 
are oriented along the basal planes of the ilmenite and. although they are generally less than 1 fim thick, 
they are up to 15 /*m in length. They are uniformly thick and have characteristic sharp ends. They are 
oxidized to martite in the more highly weathered samples, but exhibit various stages of martitization in the 
less-weathered ores. The martitizaticn ptoceeds directly along the (111) planes of this magnetite, as in the 
larger grains et titaniferous magnetite. 

The intergranular ilmenites show virtually no signs of polygonalization, but are rather elongated and 
are characterized by highly irregular grain boundaries. Their location is controlled by the grain boundaries 
of the titaniferous magnetite in nearly all cases. They are also occasionally connected to the rare, broad 
ilmenitc lamellae that are oriented along the octahedral planes of their titaniferous-magnetite hosts. 

5.2.2.2. Broad Lamellae of Ilmcnitc 
Broad ilmenite lamellae, up to 0.5 mm in length and between 0.01 mm and 0.02 mm in width, occur 

sparsely as intergrowths within the titaniferous magnetites. They are oriented along the octahedral planes 
of their hosts, and occasionally extend to the margins of the titaniferous-magnetite grains, where they 
become broader. 

These lamellae are erratically distributed within the titaniferous magnetites, but they become 
progressively more common in the ores from near the top of the main seam. They are developed alciig all 
the octahedral planes of the titaniferous magnetites, but are too sparsely distributed to form typical trellis 

f patterns. 

5.2.2.3. Fine. Intergranula Ilmenite 
A second type of intergranular ilmenite is preferentially developed along numerous irregular cracks 

and fnctures that traverse the titaniferous magnetites, rather than along their original grain boundaries. 
These grains are generally rather equant in shape, although sc™r are slightly elongated. They range from 
0.04 mm to 0,01 mm, and have an average diameter of 0,02 mm. 

The fine granular ilmenites are generally aligned in stringers along the fractures, and are intimately 
mixed with chlorite and sphene (Plate V. a to d). Stringers of these grains are also developed occasionally 
along the periphery of the grains of titaniferous magnetite, where they are in contact with chlorite. 

These ilmenite grains are often connected to the ends of fine ilmenite lamellae that extend beyond the 
present margins of the grains of titaniferous magnetite into the chlorite- and sphene-rich areas. In some 
instances these grains are optically continuous with the lamellae. 

i 
5.2.2.4. Fine Lamellae of Ilmenite 

The Usushwana titaniferous magnetites are characterized by the widespread development of fine 
trellis lamellae of ilmenite. These vary in width from I pm to 3 jun, but are up to 0,06 mm in length and are 
generally uniformly thick with gently tapering ends. They are oriented along the (111) planes of the 
titaniferous magnetites, and form a well-defined, intersecting, triangular trellis pattern (Plate V, e and f). 

The tiianiferous magnetite between closely spaced ilmenite lamellae is generally free from other 
intergrowths, and is optically homogeneous (Plate V, c). Where the ilmenite lamellae are coarser and more 
widely spaced, they often enclose areas of titaniferous magnetite that contain very small, irregularly shaped 
ilmenite grains, as illustrated in Plate VI. a. 

The well-defined trellis network occasionally changes abruptly into a zone consisting of an apparently 
disordered array of irregular, elongated ilmenite granules (Plate V, f). The relationships between the 
ilmenite trellis networks and these more irregular areas is described further in Section 5.2.2.5. 

The fine ilmenite lamellae generally taper slightly where they intersect one another, and are evenly 
distributed over the surface of their hosts, being present right up the margins of the hosts. They do not 
decrease in size towards the grain margins of the titaniferous magnetite, and commonly extend slightly 
beyond the present boundaries of their hosts, particularly in areas where fractures containing chloitte and 
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sphene are developed. These lamellae are sometimes connected to the fine intergranular ilmenite that is 
present in the chlorite-rich areas. 

The lamellae are occasionally developed on a slightly coarser scale, and are slightly spinelliferous. 
Small numbers of micrometre-sized, rounded, transparent spinel grains are located along the interface of 
me ilmenite and the titaniferous magnetite. 

5.2.2.5. Very Fine, Intragranular Ilmenite 
Numerous very small, irregularly shaped ilmenite grains, ranging from sub-micrometre sizes to more 

than S fim, are present in restricted zones within the Usushwana titaniferous magnetites. The fine trellis 
microstructures occasionally change character abruptly over the width of a microscope field to form 
numerous irregularly shaped ilmenite grains (Plate V, f). They are sometimes slightly elongnted along the 
octahedral planes of their hosts (Plate V, f). These granular zones exhibit ill-defned boundaries and are 
small in area compared with the typical trellis networks. They are irregularly disi ributed throughout the 
titaniferous magnetite, and are present at all levels in the seam. They are more commonly developed at 
grain boundaries and in the vicinity of fractures than in the central parts of titaniferous-magnetite grains. 

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 when the 
microscope stage is rotated between crossed nicols, and the sets are oriented at approximately 120° with 
respect to one another. This indicates that they are also oriented along the octahedral directions of their 
titaniferous-magnetite host:,. 

The fine ilmenite granules occasionally coalesce to form slightly larger, but also irregularly shaped, 
ilmenite grains. They are typically surrounded by a narrow zone of intcrgrowth-free magnetite, and 
commonly contain small rounded inclusions of optically homogeneous magnetite. 

A similar, but finer, type of irregular granular ilmenite, generally less than 3 /im, is present in the areas 
between the coarser and more widely spaced ilmenite lamellae. These grains are not crystallographically 
oriented, but their extremely fine grain size makes determinations of this nature difficult. 

5.2.2.6. Ilmenite Derived from the Oxidation of Ulvospinel 
No typical exsolved ulvospinel microstructures were noted in the samples that were examined. A 

microtexture consisting of very fine-grained, elongated ilmenite bodies that form an approximately cubic 
partem in titaniferous magnetite is present in the sample from the lowest part of the main seam (Plate VI. 
b). The ex ct nature of this texture is not known, but it appears to represent secondary ilmenite derived 
from the oxidation of exsolved ulvospinel. The present microstructure development probably represents a 
coarsening of the original oxidized intergrowths. This textural type is rare and was noted only in the lowest 
part of the main seam. 

5.2.3. Intergrowths of Transparent Spinal 
A transparent aluminium-rich spinel is present as a minor intergrown phase in the titaniferous 

magnetite. It is probably close to pieonaste in composition, and is present as extremely small grains that are 
sparsely distributed throughout the titaniferous magnetites. Minor amounts are associated with the larger 
ilmenite lamellae. It is present as small rounded grains of between I /-:n and 5 nm that are arranged along 
the interfaces of the ilmenite and the titaniferous magnetite. 

The bulk of the pieonaste is present as rounded grains, of I nm ox less, that are intergrown with the 
magnetic in the areas between the ilmenite lamellae. It is less frequently present as fine lamellae that are 
oriented along the (100) plane of the titaniferous magnetites. These lamellae are less than 1 urn wide, but 
are up to 5 /un long. They are disrupted and destroyed by the martitization process, and so are not evident in 
the martitized portion of grains. 

5.2.4. Weathering of Usushwana Ores 
The Rooiwater ores typically exhibit various degrees of secondary oxidation and hydration b :cause of 

weathering processes near the surface that have resulted in the formation of abundant martite. goethite. and 
secondary hematite, together with lesser amounts of leucoxene and titanomaghemite. The degree of 
alteration is highly variable 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 the gradations between completely decomposed and only moderately oxidized samples are present. 

The weathering process is progressive and begins with the oxidation of the titaniferous magnetite. 
Lamellae resulting from the oxidation of martite are formed along grain boundaries and fractures, and 
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migrate into the titaniferous-magnetite grains alcng their octahedral planes, as illustrated in Plate V. a to d. 
These lamellae increase in size as oxidation proceeds, and penetrate further into the magnetite. The» 
ultimately coalesce to form large continuous areas of martite that often contain small triangular islands of 
unoxidized magnetite (Plate V. f). The partially oxidized titaniferous magnetites usually exhibit unaltered 
cores, and are surrounded by martite zones of various widths. 

The formation of martite normally takes place direct, but. locally, small amount» of titanomaghemite 
are developed between the martite and the unoxidized areas. The formation of titanomaghemite also begins 
along fractures and grain boundaries, but in the titaniferous magnetite it proceeds in a more diffuse and 
irregular way. The titanomaghemite is generally present as a narrow, diffuse zone that separates the 
magnetite from the martite. The inversion of titanomagnemite to martite takes place in an irregular fashion 
and the boundaries are not well-defined. 

The formation of titanomaghemite preserves the extr-mely fine micro-intergrowths. but the formation 
of the martite disrupts all but the coarser ones. The ilmenite lamellae are generally preserved, but the fine 
pleonaste lamellae are not evident in the martitized areas. The martite becomes hydrated and is in turn 
altered to goethite as weathering proceeds. 

Changes in volume associated with the oxidation process commonly result in the fracturing of the ores 
and the precipitation of goethite along the fractures to form transgressive veinlets. The goethite veinlets 
often display delicately banded, colloform textures, as illustrated in Plate V. d. The veinlets commonly show 
the development of secondary hematite, and coatings of botryoidal goethite are often developed along open 
joints and on exposed surfaces. 

The pieonaste grains are generally altered and removed in solution in the more highly weathered 
samples, whereas the ilmenites show various degrees of alteration to amorphous products of titania and 
poorly crystalline anatase (leucoxcne). Minor amounts of secondary rutiie are also developed locally. 
Alteration of the ilmenite begins along grain boundaries and fractures, and migrates into the grains 
irregularly. 

The chloritic matrix becomes stained with secondary iron hydroxides and shows alteration to clay 
minerals. Minor gibbsite is present as a secondary alteration product, and the sphene shows various degrees 
of alteration to leucoxene-like aggregates that have yellowish internal reflections. 

5.3. Chemical Composition of Usushwana Ores 
The Usushwana ores were not all analysed as typical whole-rock specimens because of their highly 

weathered nature. The presence of abundant secondary goethite and of other oxidized and hydrated 
products would have resulted in low totals because combined water was not determined. 

Instead, titaniferous-magnctite concentrates that contained less of these oxidized materials were 
prepared for analysis. Several samples of untreated ore were, however, analysed so that information on the 
hulk chemis'ry of the ores could be obtained. Untreated ore was also used as ? check on the effectiveness of 
the procedures for the preparation of samples. The analyses for typical weathered ores from the Usushwana 
Complex are given in Table 4. 

TABLE 4 

Usushwana Complex: analyses of untreated titaniferous-iron ores 

IR243 IR246 IR249 IR250 UFI77* UF191 ' R7t 

SiO, 3.63 3,73 3,85 3.24 7.05 8.77 5,12 
TiO, 13,30 13.08 12.27 13,32 15.64 13,16 15.17 
AIO. 3,77 2,79 3.33 3.03 3.66 4,01 3.99 
CrA, 0.12 0.08 0,04 0.05 0.02 0,01 0.02 
Fe.O, 62.72 67.40 64,98 49.66 39.56 39.60 56.69 
FcO 15.38 12.10 13.88 29.64 29.14 28.78 11.50 
MnO 0,36 0.35 0,38 0.43 0.26 0.56 0.40 
MgO 0,42 0.93 0.97 0,75 0.82 0,08 0.80 
V A 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 95.02 94,09 

* Analyses nf tilanifcrou* magnetite from Ihc Ihunhwana Complex. Swaziland1'' 
1 AnalyM* of titaniícrou', iragnetilc from (he upper group of team* of the Bmhvcld Complex' 
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The high purity of the Ususbwana ores is indicated by the relatively low values for silica that were 
obtained in the analyses. These values, and to some extent those for alumina and manganese oxide, are 
hugely due to the presence of small amounts of chloride material that form a thin selvage between the 
titamferous-magnetit^ grains in the ore. 

The values for titania are in the normal range for rocks of ii»i> type. and can be accounted for largely by 
the granular and intergrown iiucnitc. The attention products of secondary sphenc and iisenite wcs&i 
account for die remaining titania. Their contents of vanadium pentoxide are extremely km. and the 
Usushwana titaniferous magnetites cannot be regarded as potentially exploitable vanadium ores. 

The high values for hematite indicate the highly oxidized nature of th- ores, which is the result of 
near-surface weathering processes. 

The Usushwana ores are chemically similar to the titaniferous-iron ores of the upper scams in the 
Bushvdd Complex, but they contain less titania. Analyses of two Usushwana titaniferous magnetites from 
Swaziland" are given for comparison, and it can be seen that they also exhibit very low contents of 
vanadium pentoxide. These two samples (UF177 and UF191) contain greater amounts of silica and 
alumina, which indicates a higher content of silicate impurities. 

5.4. Anarysag of Usushwana Titanifnrous Magrwwns 
Titaniferous-magnetite concentrates were prepared as follows. Samples of ore were disaggregated by 

being subjected to gentle pressure in a ceramic mortar. The disaggregated samples were .hen stirred 
vigorously in water for 15 minutes by use of a mechanical stirrer. After the samples had been allowed to 
stand for one minute, the material in suspension was decanted. This process was continued until no red 
coloration was apparent and no fine material remained in suspension when the stirring was stopped. 

The suspended solids in the decanted wash water were segmented by centrifugation. and the phases 
present were identified by X-ray-diffraction analysis This material consisted largely of chlorite, smaller 
amounts of poorly crystalline goethite and hematite, and minor amounts of ilmenite and magnetite. 

The tHaniferous-magnetite concentrate was prepared by means of repeated magnetic separations 
under acetone. A powerful permanent magnet was used. The amount of non-magnetic residue was 
generally small but variable, and consisted largely of secondary hematite containing fine ilmenite lamellae, 
goethite, chlorite, and ilmenite. X-ray-diffraction analysis indicated the presence of poorly crystalline 
hematite and goethite, ilmenite, and some chlorite. Analyses of the titaniferous-magnetite concentrates are 
given in Table 5. 

TABLE 5 

Usushwana Complex: analyses of ftsrUjierous-magnetite concentrates 

O w k IRJ40 IR241 IR242 IR243 IR244 IR245 IR246 IR247 IR248 IR249 IR250 IR251 IR252 M600* 

S O , 1.12 0.87 1.39 1.63 1.92 2.44 1.24 1.41 2.48 2.62 3.04 1.48 2.29 1.18 1 

TrO, 14.10 I 4 J 5 I4.SI 14.61 13.80 13.88 13.59 14.31 14.06 13.61 13.73 14.01 16.67 
t 

18.92 j 

A l iO , 1.43 1.22 1.45 1.14 1.92 1.81 1.15 1.50 1.54 1.79 1.75 1.72 1.07 2.31 

CfjO, <0J05 <04)5 <0.05 0.13 <0.05 <0.05 0.10 <0.05 <0.05 <0.05 <U05 '0 .05 0.10 0.03 

F e / J , 52.77 53,97 62JO 62,08 63.93 56 08 71,74 58.75 66,32 66.90 51.80 60.59 44.75 42.07 

FeO 30.58 28.46 20.10 18.54 18.77 25.11 12.09 22.57 15.26 13.76 29.82 21.30 33.36 33.50 ; 

MnO 0 J 0 0,28 0.20 0.22 0.22 0.23 0.22 0.25 0.19 0.23 0.23 0.23 0.32 0.27 

MgO 0.37 0.32 0.36 0.38 0.32 0.36 0.27 0.31 0.30 0.31 0.21 0.20 0.54 0.71 

v^» 0,26 0.27 0.31 0.35 0.30 0,30 0.29 0.30 0.32 0.30 0.35 1 0.31 0.23 0.23 

TOTAL: 100.93 99.74 100.62 99.08 101.18 100.21 100.69 W.40 100.47 99.52 100.93 99.84 99.33 99.22 

TOTAL Fe: 60,77 59.87 59.20 51.83 59.30 58.74 59.57 58.63 58 25 57.49 59.41 58.93 57.23 55.46 

* Sample of iifaniferow magnetite from the Upper Seam of the Btuhveld Complex" 

:o 
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The beneficiation process removed only a portion of the chlorite impurities, a minor amount of 
ilmenite, and some grains of completely altered titaniferous magnetite. The analyses of the separated 
titanifcrous magnetites do not differ much from the analyses of untreated ore, apart from lower values for 
silica, alumina, and magnesium oxide. In particular, the slightly higher values for titania in the separated 
samples is not understood, since a portion of the coarse-grained ilmenite was lost during the beneficiation 
process. This loss would have been expected to balance the inCTease in the amount of titania in the samples 
after the removal of up to 6 per cent by mass of chloritic impurities. The amount of vanadium pentoxide is 
only marginally improved by the beneficiation process. 

The overall amount of hematite in the titaniferous-magnetite concentrate is lower than that in the 
untreated ore, because the magnetite grains generally have cores, or small areas, of unoxidized magnetite. 
In some instances, the magnetic character of the oxidized grains is due to the presence of maghemite. 

The low amount of ferrous oxide in the sample» is an indication of their highly oxidized nature. 
Mineralogical calculations indicate that, once all the titania has been assigned to the 'Tienite together with 
the required amount of ferrous oxide, only minor amounts of ferrous oxide remain and these can be 
assigned to the magnetite. In the extreme instance (IR246), there is insufficient ferrous oxide for all of the 
titania to be combined with it to form ilmenite. This indicates that some oxidation of Fe 2 f to F e l + must also 
have occurred in the ilmenite. 

The titaniferous magnetites from different levels within the main seam are very similar in composition. 
Sample IR252 represents a »itaniferous-magnetite concentrate from a narrow silicate-rich seam about 50 m 
below the main seam. It is characterized by a slightly higher titania content. The silica values obtained for 
these samples are largely due to the presence of minor chloritic impurities that were not removed during the 
separation process. Analyses of titaniferous magnetites commonly show a silica content of somewhat less 
than 0,5 per cent, in which the silicon is probably present in solid solution in the magnetite. The alumina is 
also lower than in the untreated ores, which is in part due to the presence of the chloritic impurities. The 
remaining alumina can be accounted for by the transparent spine! lamellae in the titaniferous magnetite. 
The low content of alumina in the titaniferous magnetite is reflected by the very small size and paucity of 
spinel exsolution lamellae. 

Both magnesium oxide and manganese oxide have low values in the titaniferous magnetite, ar d there is 
no significant variation between different levels in the main seam. The values for vanadium pentoxide are 
marginally higher in the titiniferous-magnetite concentrates than in the ore as a whole, bui are nevertheless 
too low to warrant recovery. 

5.5. Analyses of Co-existing Ilmenite from Usushwana 
Electron-microprobe analyses of co- existing, coarse-grained intergranular ilmenitcs from the 

Usushwana Complex are given in Table 6. The ilmenitcs exhibit higher values for both manganese oxide 
and magnesium oxide than their co-existing titaniferous magnetites. This indicates the preferential 
incorporation of these elements ;;ito the rhombohedral, rather than cubic, phase during the process of 
crystallization. The two ilmemtes from the stratigraphically higher gabbros that were analysed (IR255 and 
IR256) show higher values for manganese or^e than the ilmenites from the main seam, but have similar 
contents of magnesium oxide. 

A recalculation of tl e analyses, on the assumption of stoichiometry, indicates the presence of small 
amounts of excess iron in the ilmenite. This iron is probably in the form of hematite in solid solution in the 
ilmcnite. 

5.6. Beneficiation 
The Usushwana iron ores from the main seam contain less than 6 per cent silicate impurities, and 

therefore require only limited beneficiation. Their content of titania is probably too low for the production 
of high-titania slag, and their content of vanadium pentoxide is too low to warrant recovery. 

An ilmenite concentrate can be produced from the Usushwana ores by crushing of the ore to less than 
350 mesh, followed by electromagnetic separation. However, the amount of ilmenite with a grain size 
sufficiently large for recovery is limited,; d it is unlikely that an ilmenite concentrate consisting of more 
than 3 per cent by mass of the total ore feed can be prepared in this way. A comparison of analyses of the 
beneficiated titaniferous magnetites shown in Table 5 with those of the corresponding untreated ores given 
in Table 4 indicates that little can be achieved by beneficiation, apart from the removal of some of the 
silicates. 

The removal of the small amount of chlorite and coarse-grained ilmenite results in a marginal increase 
in the amount of vanadium pentoxide in the magnetic fraction, but this increase is insufficient to warrant 



TABLE 6 

Usushwana Complex: electron-microprobe analyses of coarse-grained ilmenites 

Silicate-
rich seam 

Usushwana 
basic rocks 

Bushveld 
Complex 

Oxide IR240 IR241 IR242 IR243 IR244 1R245 1R246 IR247 IR248 IR249 IR250 IR2S1 IR252 1R255 IR256 M600* 

T i 0 2 50,52 50.18 50,01 49,53 51,55 50.13 50,59 50,95 49.88 50,72 50,16 51,29 50,68 49,74 51,30 51,9 

FeO 43,12 42,99 43,32 42,56 44,34 43.00 43,43 43.5: 42.85 43,60 43,19 44,05 43,32 41,36 42,68 38,4 

MgO 0.65 0,55 C.59 0,60 0.61 0,62 0,63 0.63 0,60 0,61 0.60 0,64 0.65 0,65 0.64 3,4 

MnO 1,15 1.14 0.84 0,89 0.90 0,91 0,87 0.89 0,91 0,90 0.92 0,92 1,04 2,17 2 30 N.R. 

Fe ; O a t 3,59 4,95 5,75 5.43 2,63 4,55 3.67 5,43 4,07 4,23 5,19 4,87 5.99 6,31 2.79 5.8 

AI.O3 0,24 0.12 0,12 0.12 0,13 0,12 0.14 0,13 0,15 0,12 0,13 0,13 0.13 0.13 0,1.' 0.3 

CrA, 0,17 0,18 0,19 0.23 0.18 0,17 0.17 0.17 0,17 0,16 0,17 0,18 0.18 0,17 0.17 N.R. 

TOTAL: 99,44 100,11 100.82 99.36 100,34 99,50 99,50 101,71 98,63 100,34 100,36 102,08 101,99 100,53 100,01 99,80 

* Coarse-grained Umenite from Seam 21, Bushveld Complex" 
t Fe 2 0, calculated on the assumption of ilmenite stoichiometry 
N.R. Not reported 

• 
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treatment. The bulk of the titania is present in the form of numerous intergrowths of ilmenite that are too 
fine-grained to be liberated to any extent by conventional processes that involve mechanical separation. 
Any magnetite concentrate produced during beneficiation would have a titania content of at least 10 per 
cent. 

5.7. Findings on Usushwana Ores 
(1) The deposits of vanadium-bearing titaniferous magnetite in the Usushwana Igneous Complex are 

typical of similar deposits found in other stratiform basic intrusions. The ores appear to have 
undergone low-grade regional metamorphism, but, apart from the development of minor amounts 
of sphene and chlorite, they do not show any marked microstructural modifications. 

(2) The content of vanadium pentoxide of the main seam is too low (approximately 0,3 per cent) to 
warrant its recovery. 

'3) The ores are relatively pure, and require only minor beneficiation for the removal of the silicate 
impurities. 

(4) The content of coarse-grained ilmenite in the ores is generally less than S per cent. This is too little 
for recovery by conventional ore-dressing techniques, and consequently the ore is not a suitable 
material for the production of ilmenite. 

(5) The bulk of the titania that is present in the titaniferous magnetite is in the form of very fine 
micro-intergrowths that cannot be liberated by conventional techniques of mechanical crushing 
and separation. 

(6) The overall titania content of these ores is probably too low for them to be used in the production of 
high-titanis slag. 

6. TITANIFEROUS-IRON ORES OF THE MAMBULA COMPLEX 
The Mambula Igneous Complex is located at the confluence of the Tugela and Mambula Rivers in 

Zululand and covers a roughly square area of approximately 25 km2. It is composed of a variety of basic 
igneous rocks. The petrology of the Complex has been described by Du Toit 2 - 2 3 , and it has also been 
mentioned briefly by Wagner4 and Lambert24. 

The Complex is largely gabbroic, and consists of a medium-grained gabbro, with or without 
orthopyroxene but devoid of olivine22-23. Norites, pyroxenites, and coarse-grained anorthosites are also 
present, and a well-defined igneous layering is developed in places. The Complex is intrusive into the 
metamorphosed Tugela formations, and Du Toit 2 2- 2 3 inferred the presence of a nearby intrusive granite on 
the basis of numerous transgressive pegmatitic dykes and veins. The gabbro contains a number of seams rich 
in titaniferous magnetite that are composed of varying proportions of polygonal magnetite and of ilmenite 
grains ranging from 0,3 mm to 1,2 mm. Du Toit also noted the presence in the magnetite of ilmenite 
lamellae oriented in three directions and intersecting at angles of about 120°. 

Du Tott23 and Lambert24 concluded that there is a genetic relationship between the mafic Mambula 
Complex and a wide range of mafic to ultramafic rock types that are exposed in the Tugela valley. 
Matthews25 noted that these isolated and deformed masses of intrusive ultrabasic rocks are located within a 
belt of metamorphosed rocks (the Tugela Gneissic Amphibolite Complex). They have been highly 
metamorphosed, migmatitized, and extensively recrystallized. Their original nature is not known, but 
Matthews25 concluded that they were derived largely from rocks of basaltic, and possibly andesitic, 
composition. This mafic to ultramafic association is characteristic of the intermediate layer of an ophioltte 
suite, and Matthews proposed that the Tugela Gneissic Amphibolite Complex represents an extensive 
segment of transformed oceanic crust. He concluded that the Tugela rocks make up an obducted ophiolitic 
suite, and that they represent a nappe structure that is underlain by a major tectonic slide. 

Cain2 6 reviewed the regional geology of the area and concluded that, although various mafic and 
ultramafic rock types of the Tugela valley might be members of an obducted ophiolitic suite, 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 in'o massive hornblende gneisses, ortho-amphibolites, and 
uncommon dioritic gneisses, all of 'vhich display palimsest igneous textures. According to Cain, the 
Mambula Complex is located in a zone of metamorphic rocks of the almadine-amphibolite facies. Cain 
estimated that the age of the ophiolitic suite, and of the associated mafic and ultramafic intrusive rocks, is in 
the region of 2400 million years. He noted that the whole region was involved in the widespread 
Natal-Namaqua metamorphic episode that occurred between 900 million and 1000 million years ago. 

M 
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6.1. Sampling Localities 
Numerous seams of titaniferous magnetite and of gabbro rich in titaniferous magnetite are present 

within the Mambula Complex, and an attempt was made to sample each scam. A detailed field examination 
of the geological relations, both within the Complex and between the different ore-rich seams, was beyond 
the terms of reference of the investigation and was not undertaken. 

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 begun at the southern 
margin of the Complex, and fifteen seams of gabbrus rich in titaniferous magnetite were sampled. Nine 
seams were sampled on the south side of the Mambula River (samples MB1 to MB48), and six were 
sampled on the north side (samples MB49 to MB68). Samples MB69 to MB72 were collected from a thick, 
massive titaniferous-magnetite seam that crops out on the western bank of the Tugela River. The relation 
between this seam and the others is not known. Seams rich in titaniferous magnetite are also present in the 
small portion of the Complex on the eastern side of the fugela River, but these were not sampled. 

The Mambula Complex h*s been deformed by folding and faulting, and it was not possible for 
individual seams to be correlated during the time available for the collection of the samples. There appears 
to be a duplication of several of the seams that were sampled in the traverse and, in all, probably no more 
than six 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 locations 
from which the samples were taken are indicated in Figure 3, which was drawn from uncorrected aerial 
photographs. 

HJp Basement Complex m* m m ^m ^m Road 

Q Mambula Ignaoua • Sampling loealNlaa 
Complex 

FIGURE 3 Sampling localities in the Mambula Igneous Complex 
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6.2. Description of the Ores 
A detailed report on the magnetic-iron ores of the Mambula Complex was given by Du Toit-3 and, 

although his investigation was confined largely to field and thin-section studies, it serves as an excellent 
introduction to a more-detailed study of the opaque oxides. 

The Mambula seams of titaniferous magnetite crop out to various degrees, but they are not generally 
well exposed. Their true thickness or relations with the surrounding gabbros could consequently not be 
determined in many instances. The presence of certain titaniferous-magnetite seams is indicated merely by 
the abundance of titaniferous-magnetite rubble on the surface. The seams vary in thickness from less than 
i m to 5 m, but they are only rarely pure and commonly contain between 10 per cent and 30 per cent 
silicates. The 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 often exhibit a distinct layering owing to 
variations in the amount of silicates present in certain zones. An example of this layering is illustrated in 
Plate III, b. 

The weathered surfaces of the ore-rich seams are covered by a thin coating of secondary iron oxides 
and hydroxides. The decomposed silicates have largely been removed. This produces a rusty, pitted 
appearance, and variations in silicate and oxide contents, as well as any mineralogical layering, can be seen 
clearly. The surface-weathering crust is generally less than 10 mm thick, and below it the ores are 
remarkably fresh and show signs of only incipient oxidation. The ores rich in titaniferous magnetite are also 
strongly magnetic because of their relatively minor degree of oxidation. In contrast, the thick (up to 5 m). 
generally massive seam of titaniferous magnetite that crops out on the west bank of the Tugela River is 
extensively weathered. 

Massive seams of titaniferous magnetite that are relatively free from silicate impurities developed 
rarely in the Mambula Complex, and only the thick seam that crops out on the western bank of the Tugela 
River would fit that description. Narrow layers of massive titaniferous magnetite, typically less than 10 cm 
in thickness, are commonly present between silicate-rich portions of the other seams. All the gradations 
between massive and silicate-rich ores are found, often within the same seam. The tabular plagioclase grains 
display a slight preferred orientation parallel to the layering in some of the silicate-rich portions of the 
titaniferous-magnetite seams, but this orientation is rarely well-developed. 

According to Du Toit-'1, at least four of the ore-rich seams are up to 4,5 m thick, and some are only 
slightly thinner. Several narrower, lenticular, ore-rich layers several centimetres thick and up to 1 m in 
length were noted within the otherwise unlayered gabbro. 

The titaniferous-iron ores of the Mambula Complex are characterized by the presence of abundant 
granular ilmenite that generally exhibits polygonal outlines. The opaque oxides have a grain size of between 
0,5 mm and 2 mm, but the grains of silicate impurities are very often much larger. The ores show evidence of 
recrystaliization, 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, as illustrated in Plate III, b and Plate VI, c. 

A much greater degree of exsolution has taken place in the titanittrous magnetites than is usual in 
rocks of this type. This has resulted in a modification of their primary microstructures, and their present 
appearance is presumably related to the occurrence of a thermal metamorphic event since their primary 
crystallization. The Mambula Complex is located in an area of medium-grade metamorphism2", and this is 
reflected in the iron-ore microstructures. 

The titaniferous-iron ores of Mambula are all macroscopically similar, but microstructural variations 
exist in the ores of different localities. In particular, there are differences between the fine-scale 
microstructures that have developed in the titaniferous magnetites from the seams lying to the south of the 
Mambula River, and those of the °ams to the north. The major difference is that the titaniferous 
magnetites from the southern portion of the Complex are generally optically homogeneous and are 
brownish-pink in the areas between the various coarser intergrown phases, whereas the titaniferous 
magnetite from the northern part of the Complex generally shows the development of very fine-grained 
microstructures related to the formation of ulvospinel. In addition, the coarse ilmenite grains from near the 
southern margin of the Complex show the development of abundant stress-twinning lamellae. These 
lamellae are rare in ores from other parts of the Complex. 

6.2.1. Associated Silicates 
The Mambula ores characteristically have a silicate content of between 10 per cent and 30 per cent. 

Labradorite is the most common silicate, and is typically present as large tabular grains of between 3 mm 

2S 



VANADIUM-BEARING TTTANIFEROUS IRON ORES 

and 8 mm that are commonly several times larger than the associated opaque oxides. The plagiodase is 
often sub-rounded, and a narrow reaction rim of fine fibrous hornblende between 0,2 mm and 0,5 mm in 
width is generally developed round the plagiodase where it is in contact with the opaque oxides. 

The pyroxene grains are also characteristically larger than their associated opaque oxides, but appear 
to be slightly smaller than the co-existing plagiodase. Both bronzite and augite are present, and are also 
commonly rimmed by a narrow zone of hornblende. In places where the bronzite is in contact with the 
opaque oxides, a narrow reaction rim of iron-rich olivine, or a mixture of olivine and hornblende, is present. 
The pyroxenes generally contain oriented indusions of small rod- or plate-like ru tile, and possibly grains of 
ilmenite or of ilmenite and hematite. 

The reaction rims are normally present only between the silicates and the opaque oxides, and are not 
developed along the contacts between silicate grains. However, the silicate grains, even in the silicate-rich 
samples, are generally separated by opaque oxides. Consequently, they appear as isolated grains that are 
irregularly distributed in a finer-grained, opaque oxide matrix, as illustrated in Plate III, b. 

Considerable dissolution of the opaque oxides has taken place along their contacts with the silicates, so 
that the grain boundaries are highly irregular and embayed as illustrated in Plate VI, c. These features, 
together with the well-developed reaction rims, are indicative of extensive post-crystallization reaction 
between the opaque oxides and the silicates, probably during the metamorphic episode. 

6.2.2. rrtanifaous Magnetite 
Titaniferous magnetite is the dominant opaque phase in these ores. It is generally present as small, 

polygonal grains that vary in size between 0,7 mm and 1,5 mm. On a large scale, the grain boundaries 
between the titaniferous magnetites and other opaque oxides are generally straight to slightly curved. They 
tend to meet in well-defined triple junctions with interfacial angles approximating 120°, as illustrated in 
Plate VI, e, and Plate VII, a to d. On a smaller scale of 10 pm to 15 pm, the boundaries between ilmenite 
and titaniferous magnetite are often highly irregular, because of the small, transparent spinel grains that are 
located along the mineral interfaces. The grain boundaries are highly irregular, embayed, and show signs of 
corrosion, whereas, in areas where the titaniferous magnetites are in contact with the silicates, the grains 
themselves are less polygonal and more irregularly shaped. 

The titaniferous magnetites are distinctly pinkish-brown, suggesting a relatively high titania content. 
They also contain a complex series of ilmenite and spinel micro-intergrowths, together with inclusions of 
various silicates and sulphides. 

The titaniferous magnetite and the ilmenite grains associated with it in certain samples are fractured, 
and both minerals are occasionally traversed by small irregular veinlets of magnetite up to 0,05 mm wide. 
This magnetite appears optically homogeneous, even under the highest magnifications (about 2000 x, oil 
immersion), and is free from indusions. These veinlets are also occasionally transgressive across silicates 
that are endosed within fractured grains of titaniferous magnetite. 

Very fine, complex myrmekite-like or symplectite-like intergrowths of magnetite and a silicate 
(possibly orthopyroxene) are occasionally present within the olivine corona surrounding silicate impurities. 
The magnetite in these intergrowths has elongated, skeletal-like, rounded forms in which the width of 
individual arms ranges between 1 /jm and 5 ton. The arms are up to 0,04 mm in length. These intergrowths 
appear to be confined to samples collected from the area south of the Mambula River. 

Limited numbers of very small magnetite platelets are present 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 indpient oxidation to martite. This oxidation takes place 
direct, beginning at grain boundaries and along fradures and cleavages, and moving inwards along the 
(111) planes of the magnetite. This type of oxidation is also occasionally present round the margins of 
variously sized ilmenite lamellae that are located well within grains of titaniferous magnetite and are some 
distance away from areas of grain-boundary oxidation. 

The Mambula titaniferous magnetites rarely show the development of maghemite as an intermediate 
oxidation product, and it was noted in any quantity only in samples MB68 to MB72, taken from the highly 
oxidized seam exposed on the west bank of the Tugela River. This maghemite also shows alteration to 
martite, but the boundaries between the maghemite and the martite are not clearly defined. The formation 
of maghemite appears to be confined to titaniferous magnetites that contain extremely fine-grained, 
micrometre-sized intergrowths. It is absent from those grains containing magnetite that is optically 
homogeneous on a micrometre scale. 
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6.2.3. Ilmenite 
Ilmenite is present in the Mambula ores in a wide variety of forms that include both discrete grains and 

complex micro-intergrowths with titaniferous magnetite. There is an almost continuous variation between 
the different types, but for descriptive purposes it is convenient to distinguish seven types, each of which is 
characterized by its own grain size and morphology. 

6.2.3.1. Coarse, Granular Ilmenite 
The bulk of the ilmenite in the Mambula ores is present as small polygonal grains of between 0,5 mm 

and 1,2 mm, with an average of approximately 0,8 mm. Larger grains of up to 3 mm are occasionally 
present. The amount of this ilmenite in individual samples is highly variable, but it generally accounts for 
between 15 per cent and 25 per cent of the opaque oxides present, and can reach 30 per cent locally. 

The large ilmenite grains are generally present as single polygonal crystals that are located interstitially 
between slightly larger grains of titaniferous magnetite. They also form small clusters of several grains that 
are enclosed by grains of titaniferous magnetite or silicate. The individual crystals in these granular clusters 
have different crystallographic orientations with respect to one another, and there is a tendency towards the 
development of well-defined triple junctions at their mutual grain boundaries, as illustrated in Plate VI. e. 

Many of these ilmenite grains have spinelliferous outer rims that contain numerous small, equant, 
transparent spinel grains of between 2 /*m and 10/xm. These spinels are generally located along the 
interfaces between grains of ilmenite and titaniferous magnetite, but they are also occasionally enclosed 
completely by the ilmenite. These spinels form rows of inclusions that are arranged close 'o, and are 
concentric with, the outer margins of the host ilmenites. These interfaces between spinelliferons ilmenite 
and titaniferous magnetite are highly irregular on a fine scale of 10 /un to 20 /mi, particularly where large 
numbers of spinel grains are present. These textures are occasionally developed on a coarser scale, as 
illustrated in Plate VII, b and c. The rows of spinel inclusions mark the boundaries of the earlier ilmenite 
grains, and the more irregular outer ilmenite layer that is in contact with titaniferous magnetite has the 
appearance of a later, or secondary, overgrowth. 

The coarse granular ilmenites occasionally show the development of polysynthetic-stress twin lamellae 
that are commonly developed in two, and sometimes three, directions. These textures are particularly well 
developed in ore samples taken from near the southern margin of the Complex (Plate VI, d and Plate VII, 
a)-

Small plate-like bodies of magnetite up to several micrometres in size are commonly developed in the 
ilmenite at the points of intersection of twin lamellae. These platelets are crystallographically oriented 
parallel to the basal planes of the ilmenite hosts. Small crystallographically oriented magnetite platelets are 
also sparingly present along the basal planes of untwinned granular ilmenites from the ore-rich samples. In 
contrast, the ilmenites from associated silicate-rich gabbroic rocks commonly have small exsolution lenses 
of hematite that are developed along their basal planes. 

6.2.3.2. Fine, Granular Ilmenite 
Small elongated or irregularly shaped grains of ilmenite are often present as rows or stringers along the 

interfaces between neighbouring grains of titaniferous magnetite, as illustrated in Plate VII, d. These grains 
range in size from 0,02 mm to 0,10 mm, and commonly have numbers of very much smaller transparent 
spinel grains arranged round their borders. In some instances, the spinel grains are of a size similar to that of 
the ilmenite grains, and are arranged in the rows and stringers with them. 

The fine granular ilmenites are occasionally connected to large broad ilmenite lamellae that cut across 
the grains of titaniferous magnetite, and are characteristically surrounded by numerous small spinel grains. 
These ilmenite inclusions are generally surrounded by a narrow zone of titaniferous magnetite up to 
0,02 mm wide that is free of other ilmenite intergrowths. 

6.2.3.3. Broad Lamellae of Ilmenite 
Broad ilmenite lamellae, usually between 7 /im and 20 /urn wide and up to 0,3 mm long, are sparsely 

developed along the octa.iedral directions of the titaniferous magnetites (Plate VII, c). Several of these 
lamellae are generally present in most grains of titaniferous magnetite, but they are rarely developed to the 
extent that they form a typical trellis network. In certain grains, these lamellae are preferentially developed 
along a particular octahedral plane of the host, and a sandwich texture is produced (Plate VII, c). 

The broad ilmenite lamellae are typically spinelliferous, and large numbers of very small, transparent 
spinel grains are arranged along the interfaces between them and their host titaniferous magnetites. 
Portions of the spinel grains are located within the ilmenite lamellae, but even these are situated near the 
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margins of the lamellae. The titaniferous magnetite in the immediate vicinity of the ilmenite lameiiae is 
generally devoid of other finer-grained ilmenite micro-intergrowths for a distance of up to 0,02 mm from 
the lamellae. 

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 have an overall lens-like shape, but tend to 
have sharp cut-off ends, rather than gently tapering ones (Plate VII. e). 

6.2.3.4. Fine Lamellae of Ilmenite 
A second series of finer ilmenite lamellae is present in the Mambula titaniferous magnetites, and it is 

particularly abundant in the samples collected from south of the Mambula River. These lamellae range in 
width from 1 /xm to 2 /urn, and are up to 0.025 mm long. They are also oriented along the octahedral planes 
of their hosts, and have blunt ends. Small spinel grains are usually located along their margins and, in some 
cases, there is an apparent replacement of these ilmenite lamellae by the transparent spinel. 

The lamellae in the samples taken from the south of the Mambula River are set in a groundmass of 
titaniferous magnetite that is generally devoid of intergrown phases other than spinel In the samples taken 
from the north of the Mambula River, the magnetites generally contain finer intergrown titanium-bearing 
phases. These intergrowths are characteristically absent from a narrow rim surrounding each lamella. 

The fine lamellae are more abundant than the broader, but they are only rarely developed in numbers 
sufficient for them to form a distinct trellis network. Lamellae intermediate between the broad and fine 
types are very rare. 

6.2.3.5. Very Fine Lamellae of Ilmenite 
The very fine ilmenite lamellae are generally less than 1 /xm wide, and are up to 0.02 mm in length. 

They are relatively rare in titaniferous magnetites collected from south of the Mambula 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. They are characteristically absent 
from the narrow zones of several micrometres wide that surround other ilmenite intergrowths. 

These lamellae are occasionally more irregular in shape, and are present along only one of the 
octahedral planes. They form a distinct lineated pattern, as illustrated in Plate VII, f. The size of these 
lamellae is at the limits of optical resolution, and their relations are not clear. They are often associated with 
similar-sized spinel rodlets that are oriented along the cubic planes of their hosts. 

6.2.3.6. Very Fine. Rounded Ilmenite 
Very small rouiided ilmenite grains, generally of less than 2 /urn, are occasionally present in aggregates 

arranged round the periphery of spinel lamellae in certain of the titaniferous magnetites. These grains are 
preferentially developed in the titaniferous magnetites that were collected from the area north of the 
Mambula River, and are characteristically present in grains containing numerous very fine-grained 
intergrowths. 

6.2.3.7. Ilmenite Derived from Ulvospinel 
Sets of extremely fine, micrometre-sized, ilmenite lamellae are developed along the (100) planes of 

their titaniferous-magnetite hosts. They resemble an ulvospinel cloth in texture. litis material is generally 
present only in the titaniferous magnetites from the north of the Mambula River, and represents oxidized 
ulvospinel. It is present in the areas between the various other, larger, intergrown phases. 

6.2.4. Transparent Spinel 
The Mambula titaniferous-iron ores are highly aluminous, and are characterized by the presence of 

abundant dark-green transparent spinel. The spine! is present both as discrete grains ant* as various types of 
exsolution bodies within the titaniferous magnetites. Qualitative electron-microprob.' analyses indicate 
that the larger grains are composed essentially of magnesium and aluminium, with sm/iler amounts of iron 
and titanium. They are probably very close to pleonaste in composition. 

Large euhedral-to-subhedral spinel grains, of 0.5 mm to 1,2 mm. are present in the oxide-rich ores. 
They are located interstitially between the opaque oxides, and exhibit complex grain-boundary 
relationships, as illustrated in Plate VI. d. In part, the boundaries are straight and well-defined, but 
elsewhere they are irregular and the spinel appears to replace both the ilmenite and the titaniferous 
magnetite locally. The areas surrounding these grains commonly contain numbers of smaller, often highly 
irregular, spinel grains that are sometimes connected to the larger grains as illustrated in Plate VI, d. 
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The larger spinel grains often contain fine lamellae of opaque, iron-rich spinel, probably magnetite, 
that are oriented parallel to the (100) plane. These magnetite lamellae are typically absent from the smaller 
spinel grains. The spinel grains are also commonly fractured, and incipient alteration sometimes takes place 
along these zones. 

Smaller equant spinel grains, usually of between 2 um and 10 urn, are located along the interfaces 
between titaniferous magnetites and the coarse-grained ilmenites, as described in Section 6.2.5.1. A series 
of generally smaller equant spinel grains is also present along the margins of both the broad and the fine 
ilmenite lamellae, as described in Sections 6.2.3.3 and 6.2.3.4. 

Variously shaped lamellar- and lens-like spinel grains are ubiquitously developed parallel to the (100) 
plane of the titaniferous magnetites, as illustrated in Plate V, e and Plate VII. a to e. The size of these bodies 
ranges from less than 1 um to more than 0,1 mm. The spinel intergrowths also typically occur in a wide 
range of sizes within titaniferous-magnetite grains. They are generally largest in the central portions of their 
hosts, and become progressively smaller towards the titaniferous-magnetite margins until they disappear. 
They are absent from the outer 5 um to 15 um of their hosts, as illustrated in Plate VI, e, and Plate VII, b to 
d. 

The larger spinel lamellae are generally slightly curved and lens-shaped (Plate VII, e). These lamellae 
are usually cut by broad ilmenite lamellae, and are also surrounded by a 5um to 10 um zone of 
homogeneous 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 parallel to the (100) plane of 
the titaniferous magnetite (Plate VII, e). These spinels are usually equant or lath-shaped, and range 
between 0,5 um and 1,5 um. Spinel grains of similar size, but more needle-shaped, are also present in the 
ulvospinel-type, and in the very fine lamellar ilmenite intergrowths, as illustrated in Plate VII, f. 

Distinct differences exist between the morphologies of spinel bodies from various parts of the 
Complex. The spinels from the north of the Mambula River are generally more rounded and lens-shaped 
than those from the south, which are more lamellar. There is also a greater variation in the size of the spinel 
intergrowths in the samples taken from the northern area. 

6.2.5. Sulphides 
A variety of sulphides is present in trace amounts in the Mambula ores. The sulphides are generally in 

the form of small rounded inclusions that are less than 20 um across, and they are usually present in 
ilmenite. Slightly larger grains are occasionally developed in the titaniferous magnetite, in which they are 
commonly associated with the larger spinel grains. Pyrrhotite, occasionally containing cxsolution lamellae 
of pentlandite, is the most common sulphide. Lesser amounts of pyrite are also present. Slightly larger 
pyrite grains are located interstitially between the oxide grains in certain samples. These often show 
alteration to goethite. Minor amounts of chalcopyrite are also present as small rounded inclusions in the 
ilmenite. 

6.2.6. Weathering of the Mambula Ores 
Where exposed on the surface, the Mambula titaniferous-iron ores characteristically have a thin crust 

of highly decomposed weathering products, below which the ores often show only incipient alteration. The 
weathering crust varies in thickness, but generally consists of an outer centimetre of highly decomposed 
materia] and a narrow 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 and deep weathering. 

In the more highly weathered portions, the titaniferous magnetite has been completely oxidized to 
martite, 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, whereas the ore is veined by narrow, irregular veinlets of 
goethite. The finer-grained ilmenite grains show almost complete alteration to leucoxene, whereas the 
larger grains exhibit incipient alteration round their margins and along fractures. 

6.3. Chemical Analyses of Mambula Titaniferous-iron Ores 
The chemical compositions of typical Mambula titaniferous-iron ores are given in Table 7. 
The relatively high values for silica that were obtained for some of the samples are due to silicate 

imparities. The low totals in some samples, particularly those with high values for silica, reflect the 
incompleteness of the analyses, and can be ascribed to the large amounts of sodium and calcium that are 
present in the plagioclase and that were not determined. 

The samples arc characteristically highly aluminous, as is indicated by the abundance of discrete grains 
and micro-intergrowths of transparent spinel. Some of the alumina is present in the co-existing plagioclase. 
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TABLE 7 

Mambuia Complex: analyses of titaniferous-iron ores 

Samples from south of Mambuia river Samples from north of Mambuia river 
Tugela 
river 

Oxide MB6 MB12 MB28 MB33 MB36 MB39 MB42 MB44 MB46 MB49 MB52 MB55 MB60 MB62 MB65 MB70 R24* 

SiOj 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 2,06 0,83 

TiO. 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 11,35 14,85 

Al-Ai 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 7,22 4,10 

Cr.O, <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 <0,05 <0,05 Tr. 

Fe..O:, 43.11 62.58 29,74 39,77 34,79 35,66 50.80 40.88 59,73 45,76 44,92 37,54 45,94 38,96 45,59 64,45 67,23 

FeO 29.86 12.80 22.00 26,38 25,60 2S.05 22.76 28,14 12,04 29,03 25,01 27,26 24,24 26,73 27,39 11,19 9,19 

MnO 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 0,25 0,20 

MgO ? *>*» 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 2,76 2,26 0,66 

V.O. 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 0,63 0,50 

TOTAL: 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 99.41 97.56 

TOTAL Fe: 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 53,77 54.16 

* Analysis of titaniferous iron ore from the Middle Group of seams of the Bushveld Complex' 
Tr Trace 
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The ores contain relatively little titania (with the exception of sample MB 12) even when allowance is made 
for the presence in many of the samples of several per cent of silicate impurities. 

The values for vanadium pentoxide are also generally low and vary between 0.5 per cent and 0.8 per 
cent. In general, there appears to be a decrease in the content of vanadium pentoxide in ores that are 
stratigraphically higher m «ite sequence. The values for chromic oxide are also low: below the detection limit 
of 0.05 per cent. 

The samples collected on the traverse to the south of the Mambula Complex generally contain slightly 
more silicate impurities than the seams of the north side. A certain degree of correlation can. however. Se 
made between the seams from the two areas on the basis of bulk chemistry as follows: 

AMB33 -- MB62 
Increasing I MB36 = MB60 
stratigraphic MB39 = MB55 
height ' MB42 = MB52. 

The contents of magnesium oxide are highly variable: it is present in large amounts in the transparent 
spinel and orthopyroxene. and in minor amounts in the co-existing ilmenite. In general, the distribution of 
magnesium oxide is governed by the distribution of orthopyroxene in the ores. The values for manganese 
oxide are uniformly low in all the samples. 

6.4. Analyses of Co-existing llmenites from the Mambula Complex 
Electron-microprobe analyses of the large co-existing granular ilmenites trom the ores, and of a sample 

from the associated gabbros. are given in Table 8. Quantitative electron-microprobe analyses of the 
fine-grained ilmenite lamellae and of the granules indicate similar compositions. 

The ilmenites are characteristically magnesium-rich, although the concentration of magnesium oxide 
varies considerably (1.7 per cent to 6.6 per cent). Direct correlation of the amount of magnesium oxide 
determined in the bulk-ore analyses and its content in the ilmenite is not possible because of the variable 
amounts of magnesinm-rich orthopyroxene in the samples. In general, the finer-grained ilmenites in the 
samples containing coarse-grained ilmenites rich in magnesium oxide also contain more magnesium oxide. 
As a check on the analyses, several ilmenites high in magnesium oxide were re-analysed in a batch of 
samples containing ilmenites. Essentially similar results were obtained. 

The contents of manganese oxide show only a minor variation (between 0,8 per cent and 1.0 per cent). 
The very much higher manganese oxide content of the ilmenites, compared with that of the bulk ore. 
indicates that the manganese oxide is preferentially incorporated into the rhombohedrai, rather than the 
spinel, phases during crystallization. 

Both alumina and chromic oxide are present in very minor but constant amounts. The excess iron oxide 
determined in the analyses was recalculated to hematite on the assumption of stoichiometry. The small 
amounts of excess hematite shown (2,63 per cent to 6,39 per cent) are reflected in the few exsolution 
lamellae of hematite (now largely magnetite) present in the Mambula iimenites. 

6.5. Benenciation 
The presence of silicate impurities representing between 10 per cent and 30 per cent of the majority of 

the samples necessitates the beneficiation of the Mambula ores. A high degree of liberation of the major 
constituents is possible because of the relative coarseness of the grains (2 mm to 5 mm) of the silicate 
minerals and the generally polygonal shapes of the opaque oxides. Cre and gangue minerals can generally 
be completely liberated if they are crushed to less than 200 mesh. A titanifcrous-magnetite concentrate can 
be prepared by simple magnetic separation, and an ilmenite concentrate can be prepared by 
electromagnetic separation. The silicate impurities have lower relative densities than the associated oxides, 
and can be removed by gravity-separation techniques. A portion of the hornblende and of the olivine might 
overlap slightly with the ilmenitc in magnetic susceptibility, but the bulk of the silicates will be left behind 
during the electromagnetic separation of ilmenite. 

The removal of the silicate impurities from the Mambula ores reduces their volume by between 10 per 
cent and 30 per cent, depending on their initial composition. This results in a decrease in silica, alumina, 
magnesium oxide, and calcium oxide (present in large amounts in silicates) and an increase in titania and 
vanadium pentoxide (present in the oxides) in the ore. More than half of the tifania determined in the 
analyses is present as coarse, granular ilmenite, whereas the bulk of the vanadium pentoxide is present in 
solid solution in the titaniferous magnetite. Separation of the coarse ilmenite. which represents 10 per cent 
to 15 per cent, from the titaniferous magnetite thus further reduces the titania content, and increases the 
vanadium pentoxide content, of the magnetite. 
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TABLE 8 

Mambula Complex: elearon-microprobe analyses of coarse-grained ilmenites 

South of the Mimbul» river North of the Mambuln river rugci» 
river 

Mambula 
yihbro 

Buthveld 
Complex 

Omdc M B t M B I : MB28 MB33 M B 3 6 M B 3 9 MB42 MB44 M B 4 6 MB49 MB52 M B Í 5 M B 6 0 MB62 MB'.5 MB 70 MB5 M 7 0 8 * M60(| t 

-no.. 50.37 50.82 51.39 52,09 51.18 52.17 51.38 51,53 52,59 51.86 5:.yd 52.29 53.03 52,61 51.64 54.09 49,53 51.1 51.9 

FeO 41.36 40.83 41.99 40.06 41.11 40,89 41.20 41.00 35,38 38,35 39,40 40,28 39,38 40,72 39,97 36.15 41,17 40,0 38.4 

M g O 1.71 2 •*"» 1.9: 3.25 2,27 2,85 2.31 1,95 6.07 4,16 3,71 3,25 4.24 3.18 V I 4 6,61 1.32 3,8 3,4 

M n O 0.88 0,95 0.77 0.9) 0,92 0,92 0.86 0.98 1,03 0.85 0.N4 0,82 0,78 0.82 0.88 0.72 0.99 N R N.R. 

ftfif 5.83 6.39 4.07 5.43 5.59. 4,47 4.39 4.31 5,03 4,39 4,83 3.59 3,35 4.15 5,59 2.63 6,63 4,3 5.8 

A l j O , 0.12 0,12 0.13 0,12 0.13 0.12 0,13 0.13 0.13 0.13 0.12 0.13 0.13 0.14 0,14 0.12 0.12 0,8 0.3 

C r . O , 0.17 0,17 0.17 0.17 0,17 0,17 0,17 0.17 0,16 0.17 0.17 0,17 0,17 0,17 0.17 0.18 ", U N R N.R, 

T O T A L 100.44 101,50 100.44 102.03 101.37 101,59 100.44 100,97 100,39 J 99,91 1111.97 100.53 101,08 101.79 101,53 100,50 99.94 100.0 99,8 

" A rial > sis of ilmenite in a magnetite gabbro. Bushvcld Complex" 
* Analysis of ilmcnite from Scam 21. Bushvcld Complex" 
Í Fc.O, .akulated on the assumption of ilmcnite sloiehiometr> 
S R. Not reported 
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Microscopic examination of the separated materials indicates that a magnetic titaniferous-nugnetite 
concentrate widi a grain size of less than 200 mesh wifi have a titania content of between 5 per cent and 8 per 
cent, depending on the initial composition. Calculations based on the reduction in volume by the removal of 
silicates and coarse-grained ilmenite indicate that the vanadium pentoxide content of the titaniferous 
magnetite will be increased b» between 20 per cent and 40 per cent, depending on the amount of volume 
reduction involved. The vanadium pmfovWfc cotticttb of »!w»* *am?ies Ct>atai8t:sg (he most vaw. »um 
(MB42. MB49. MBS2. MB55) would thus be increased to approximately 1 per cent, whereas their titania 
contents would be reduced to between 5 per cent and 8 per cent. This titania is present in the form of very 
fine micro-intergrowths that cannot be separated by conventional ore-dressing techniques. 

The compositions of the ilmenite concentrates can be obtained from the electron-microprobe analyses 
of the corresponcint' ilmenites shown in Table 8. These ilmenites generally contain slightly more 
magnesium oxide, but their low contents of chromic oxide render them suitable for use in the production of 
titania pigments. The effect of the magnesium oxide on their pyromctaUurgkal treatment would have to be 
investigated. 

6.6. Findings on Mambula Ores 
(1) The vanadium-bearing titaniferous-magnetite deposits of the Mambula Complex represent 

high-alumina variants of similar deposits located in stratiform bask intrusions. They have been 
metamorphosed, and this has resulted in the modification of their original mineralogical and 
mkrostructural relationships. 

(2) The ores contain only moderate amounts of titania. but they are nevertheless characterized by the 
presence of abundant coarse-grained ilmenite that can be recovered by standard ore-dressing 
procedures. 

(3) The bulk of the coarse-grained ilmenite can be separated from the ore. This will leave a 
titaniferous-magnetite concentrate with a titania content of between 5 per cent and 8 per cent. It is 
not possible for a magnetic fraction with less titania to be produced, because the titania is present in 
the form of extremely fine ilmenite and ufvospinel micro-intergrowths that cannot be liberated by 
rechanical separation procedures. 

(4) The highest contents of vanadium pentoxide (approximately 0.8 per cent) were recorded in 
samples from the lowest exposed seams. There is a gradual decrease in vanadium pentoxide 
upwards through the layers, the lowest values of 0.S per cent being recorded in the uppermost 
seams. 

(5) The vanadium pentoxide was incorporated preferentially in the titaniferous magnetite during 
crystallization, an i a concentrate of about I per cent vanadium pentoxide can be produced by 
magnetic separation of the ore from the lowest exposed seams. By analogy with other igneous 
complexes, it is possible that seams of titaniferous magnetite containing higher concentrations of 
vanadium pentoxide occur at depth in the Mambula Complex. 

(6) Because Mambula ores have an impurities content of between 10 per cent and 30 per cent, a certain 
amount of beneficiation is necessary before the ores can be utilized. Their moderate content of 
titania (about 13 per cent) and their low content of vanadium pentoxide (0.$ per cent to 0.8 per 
cent) make these ores unsuitable for the direct pyrometallurgical production of iron, high-titania 
products, or vanadium pentoxide. 

(7) Although the Mambula Complex is fairly small, the surface exposures indicate the presence of 
moderate tonnages of ore. Only detailed exploration will show the presence or otherwise, at 
relatively shallow depths, of titaniferous-magnetite seams that contain higher concentrations of 
vanadium pentoxide than have been found thee up to now. Such exploration is also required 
before the reserves of the various grades of ore can be calculated. 

(8) Representative samples of Mambula ore should be investigated from an ore-dressing point of view 
to indicate whether the production of ilmenite from these ores is commercially feasible. Magnetic 
concentrates that are high in vanadium pentoxide and low in titania should be examined from the 
point of view of whether they can be used economically in the pyrometallurgical production of 
vanadium pentoxide slag and iron. 

(9) The Mambula Complex is an attractive area for further investigation with respect to the production 
of ilmcnite from a primary source. The smallness of the intrusion may, however, prelude its 
exploitation. 
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7. TiTANiFEROUS-iRON ORES OF THE KAFRRSKRAAL IGNEOUS COMPLEX 
The kaffirskraa! Igneous Complex i> located approximately 16 km south-east of HckicH-*.••.. on the 

main r>ad to Vereeniging. It consists of a small, pear-shaped mass of pyroxeniiic rocks approximate!} 
1.5 km by I km. The Complex is intrusive into the Ventersdorp lava in that area, and has been described 
briefly by Rogers-and by Nel and Jansen^. A more detailed petrographic and mineraiogieal description of 
the deposit has been given by Frick**. who concluded that it has many features in common with zoned, 
layered ultramafk complexcs-

The Complex consists of a marginal zone of porphyritic norite and a central layered zone of 
magnetitc-dinopyroxenite within which 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 sheet-like 
body approximately 8 m thick^ The ore-rich layer oempics a roughly circular area with a diameter of 
approximately 300 m. and with a southerly extension some 50 m wide and 300 m k»ng. 

7.1. Sampling Localities 
The titaniferous magnetite and associated pyroxemtes are highly weathered and do not crop out to art} 

great extent. For this reason, samples could be collected only from surface rubble and shallow old 
prospecting pits. 

7.2. Description of the Ores 
The ore-rich layer forms a massive, well-jointed rock consisting essentially of dose-packed grains of 

titaniferous magnetite and minor, variable amounts of ilmenitc and dinopyroxenc. In places, the ore is 
composed almost entirely of opaque oxides, but in others silicate impurities of up to 15 per cent can be 
present. 

The crystals of titaniferous magnetite are between 1 mm and 2 mm. with a mean diameter of 
approximately 1.5 mm. The dinopyroxenc is generally present as larger, rounded plates up to 5 mm across 
that poikilitkally enclose numbers of smaller, rounded grains of titaniferous magnetite. The dinopyroxene 
is decomposed by weathering to a variety of day minerals. It is removed from the rock, whidi imparts a 
coarse, pitted texture to the exposed surfaces of silicate-rich material. The silicate-poor samples are denser, 
and weathering produces a smoother, black goethite coating on exposed surfaces. 

The samples vary from black to reddish-brown, and are generally only weakly to moderately magnetic. 
These properties are largely dependent on the degree to which the rocks have been weathered, and indicate 
the highly oxidized nature of most of the samples examined. The weathering has resulted in the extensive 
oxidation and hydration of the ores, and they exhibit all gradations from relatively fresh through to 
completely decomposed material. The titaniferous magnetites typically show oxidation to titanomaghemite 
and martitc. Abundant secondary goethite is present as irregular veinlets and as botryoidal coatings. 

The Kaffirskraal ores have an overall polygonalizcd texture in which the titaniferous magnetites 
exhibit polygonal outlines. There is a tendency for grain boundaries to meet in triple junctions with 
interfacial angles approximating 120*. The co-existing ilmenite grains are much smaller and are located 
interstitial!) between the larger titaniferous magnetites. 

The grains of titaniferous magnetite, particularly those in the more severely weathered samples, are 
characteristically traversed by irregular cracks (Plate V I I I . a). These fractures do not always coincide with 
the directions of the magnetite cleavage, and their formation is p-esumably related to volume changes that 
occur during the process of oxidation. 

7.2.7. Magnetite 
Titaniferous magnetite represents the dominant opaque phase in these ores, and is characterized by the 

presence of various intergrown phases rich in titanium and aluminium (Plate V I I I . b to f). The titanifcrous 
magnetites typically exhibit varying degrees of oxidation to martitc. The formation of titanomaghemitc is 
intermediate in this oxidation process. The oxidation characteristically begins along grain boundaries and 
moves inwards irregularly. This two-stage oxidation process preserves the delicate micromctre-sized 
intergrowths, and results in the irregular distribution in the grains of martitc. titanomaghcmiic. and 
unoxidized magnetite. The grains commonly have an unoxidized core surrounded by an outer zone of 
martitc. as illustrated in Plate V I I I . a. In the more highly weathered samples, the unoxidized cores may be 
absent and the outermost martitized parts of the grains may be hydrated to gocthilc. 

The ores are traversed by narrow, sparsely distributed, irregular veinlcis of optically homogeneous 
magnetite, as illustra " d in Plate V I I I , d. In certain areas there is a well-defined boundary between this 
homogeneous magnetite and the titaniferous magnetite (Plate V I I I . d). but in other areas, particularly near 
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grain boundaries, the contacts are more diffuse and have the appearance of segregations rather than 
veinlets (Plate IX, a and b). This homogeneous magnetite oxidizes to martite without the formation of 
intermediate titanomaghemite, and the process takes place along its octahedral planes (Plate VIII, d, and 
Plate IX, a and b). 

The true magnetite veinlets are generally free from ilmenite and other inclusions, but the segregations 
often contain small, skeletal and poikilitic ilmenite grains, as illustrated in Plate VIII, a and b. In all 
instances there appears to be some crystallographic control of the external morphology of the ilmenite 
grains by the octahedral planes of their magnetite hosts. Both types of homogeneous magnetite are slightly 
brownish-pink, and this may be indicative of the presence of minor amounts of titania in solid solution. 

7.2.2. Ilmenite 
A wide variety of ilmenite grains is present. The ilmenite occurs both as discrete crystals and as various 

types of micro-intergrowth in the titaniferous magnetite. For descriptive purposes, seven types of ilmenite 
are recognized, each type being characterized by its own particular grain size and morphology. 

7.2.2.1. Coarse, Granular Ilmenite 
Large elongated grains of ilmenite, ranging in shape from the tabular to the irregular, are located 

interstitially between the large grains of titaniferous magnetite (Plate VII, a). They are from 0,2 mm to 
1.0 mm in length (generally i, >s than 0,7 mm). They are commonly present as single crystals, but 
occasionally aggregates may be developed. 

The amount of coarse-grained ilmenite in the samples varies between approximately 2 per cent and 6 
per cent. The ilmenite grains occasionally contain large, rounded or subrounded inclusions of titaniferous 
magnetite that are texturally similar to the surrounding grains. In addition, these grains occasionally contain 
very fine, sparsely distributed magnetite lamellae. These lamellae are often less than 1 /an wide, but may be 
up to 40 ym long. They are oriented along the basal planes of their ilmenite hosts, and are generally 
confined to the central portions of the larger grains. 

7.2.2.2. Fine, Granular Ilmenite 
Small, irregularly shaped, often elongated ilmenite grains are present as stringers along the interfaces 

between co-existing grains of titaniferous magnetite. 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 Plate VIII, b and d. Their irregular, 
elongated forms suggest that they are composed of similarly oriented small grains that have coalesced to 
form a longer, optically continuous grain. 

Rounded, micrometre-sized spinel grains are typically present round the peripheries of the smaller 
ilmenites, and are commonly located within the outer rims of the larger ilmenites. The outer rims are 5 /an 
to 10 nm wide. Somewhat larger grains of spinel are sometimes located along the interfaces between the 
fine, granular ilmenite and the titaniferous magnetite. Both the internal and external grains of ilmenite are 
often connected to a set of large, sparsely distributed lamellae of ilmenite. 

7.2.2.3. Large L amellae of Ilmenite 
Large, sparsely distributed lamellae of ilmenite are present along the octahedral planes of the 

titaniferous magnetites. They vary in width from 5 /um to 10/urn, and are extremely elongated. They are 
often as long as 0,2 mm, and can be as long as 0,4 mm. They are typically spinelliferous, and are 
characterized by the presence of numerous small, rounded spinel gra<r., that are located along the interfaces 
between the ilmenite and the titaniferous magnetite (Plate VIII, b and c). 

The ilmenite lamellae have gently tapering ends where they are totally enclosed in titaniferous 
magnetite (Plate VIII, b). They are occasionally connected to small grains of iimenite, with whi"h they may 
be in optical continuity. 

The lamellae are very erratically distributed throughout the ores, being fairly abundant in certain areas 
but virtually absent from others. On a smaller scale, within a particular polished section, the lamellae can be 
developed in one grain of titaniferous magnetite and be virtually absent from neighbouring grains. In none 
of the samples are the lamellae sufficiently developed for the formation of a typical trellis network. 

7.2.2.4. Very Fine Lamellae of Ilmenite 
A set of very much finer lamellae of ilmenite is illustrated in Plate VIII, e. These lamel'ae are generally 

less than 20 ^n long. They are sparsely distributed throughout the samples, and are generally developed in 
the immediate vicinity of grain boundaries, cracks, and other permeable features. 
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The very fine lamellae of llmenite are also oriented along the octahedral planes of their 
titaniferous-magnetite hosts, but are only rarely developed to the extent that well-defined trellis networks 
are formed. Spinel grains are occasionally associated with these lamellae, but very small irregularly shaped 
grains of ilmenite are sometimes developed at the ends of these lamellae. The development of lamellar 
ilmenite generally gives way to a typically coarse-grained ulvospinel-like microstructure within 20 /um to 
30 /an of the fracture or of the other permeable structure (Plate VIII, e). 

7.2.2.5. Extremely Fine, Granular Ilmenite 
A set of extremely fine-grained granular ilmenite, which is morphologically similar to the fine, granular 

ilmenite, is also present in the titaniferous magnetites. These grains are typically less than 3 Mm across, and 
are generally found as stringers that are aligned along fractures and other permeable features (Plate VIII, 
e). These grains are often connected to the ends of the very fine lamellae of ilmenite. and are 
characteristically associated with their development. 

7.2.2.6. ilmenite Derived from Ulvospinel 
The most abundant and widely developed microstructure in the Kaffirskraal titaniferous magnetites is 

the characteristic cloth-like structure formed by the subsolvus exsolution of ulvospinel. This texture is 
particularly coarse and well-developed, and consists of a mesh-like network of micrometre and 
sub micrometre lamellae (originally ulvospinel). The lamellae are oriented along the (100) planes of their 
hosts, and break the magnetite into a myriad of micrometre-sized cubes, as illustrated in the margins of 
Plate VIII, e. 

Exsolved ulvospinel is readily oxidized 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. No unoxidized ulvospinel was noted, 
even in the freshest samples. These very fine-grained microstructures are preserved during oxidation 
because of the formation of titanomaghemite as an intermediate phase. 

The ilmenite lamellae that are derived from the oxidation of ulvospinel, which are normally ve:y fine, 
appear to break down, and a coarser, less well-defined texture is developed in certain areas within the 
titanomagnetite grains. The individual lamellae swell and coalesce with neighbouring lamellae to form 
larger grains that are in optical continuity (Plate VIII, f). In their advanced stage of development, they form 
a perforated sieve type of texture consisting of abundant rounded inclusions of magnetite and are 
surrounded by a narrow zone of optically homogeneous magnetite (Plate VIII. e). These areas merge 
imperceptibly into areas of normal ulvospinel-type lamellar development. 

7.2.2.7. Small, Skeletal and Poikilitic Grains of Ilmenite 
This class of ilmenite exhibits a wide range of grain sizes: from less than 10 fim to 100 /urn. The larger 

grains exhibit typically subhedral outlines, and contain abundant poikilitically enclosed grains of rounded, 
optically homogeneous magnetite, as illustrated in Plate IX, a. The smaller grains arc more skeletal in form 
and are intergrown with optically homogeneous magnetite (Plate IX, b). In part, the morphologies of the 
smaller grains are controlled crystallographically by the orientation of the octahedral planes of their 
magnetite hosts. 

Both these types of ilmenite are characteristically located adjacent to, or are enclosed by, a zone of 
optically homogeneous magnetite within a titanomagnetite grain. Alternatively they are present in the 
narrow transgressive magnetite veinlets. It is conceivable that the smaller poikilitic ilmenite grains have 
developed from the breakdown of the very fine lamellae described in Section 7.2.2.6, but no examples of 
grains at an intermediate stage in this process were noted in the samples that were examined. 

7.2.3. Transparent Spinel 
Small amounts of a transparent aluminium-rich spinel, probably pleonaste, are present in a number of 

forms of exsolution bodies in the titaniferous magnetite. *• lis spinel is a very minor constituent of the ore, 
and is more abundant in some samples than in others. 

The pleonasie is commonly present as small, rounded to sub-rounded grains that vary in diameter 
between 2 /urn and 5 /urn, and that are localized along the interfaces between the larger ilmenite lamellae 
and their titaniferous-magnetite hosts. These grains are occasionally present as inclusions within the 
ilmenite lamellae, but are restricted to a relatively narrow area close to the outer margins of the ilmenite 
grains. 
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The bulk of the pleonaste is present as tiny, elongated laths of micrometre to sub-micrometre size that 
are oriented parallel to the cube face- of the titaniferous magnetite in a mesh-like array. These lamellae are 
developed ubiquitously, and are intermediate in size between the very fine lamellae of ilmenite and the 
ulvospinel textures. They are occasionally slightly coarser, and are preserved when martitization takes place 
by way of the intermediate formation of maghemite. 

7.2.4. Weathering of the Kaffirskraal Ores 
The Kaffirskraal ores are extensively oxidized and hydrated by surface weathering processes. The ore 

is fractured and traversed by veinlets of goethite that often display delicate botryoidal and concretionary 
features. The exposed surfaces have a shiny-black coating of goethite. The titaniferous magnetite shows 
alteration to titanomaghemite. martite. and ultimately goethite. as described in Section 7.2.2.1. 

The intergrown fine-grained ilmenites also show evidence of oxidation, and decompose to poorly 
crystalline titania compounds. The alteration of the ilmenite also begins along grain boundaries and 
fractures. The process progresses inwards until the grains are completely altered. The spinel and silicates 
decompose to various clay minerals, and are removed during the weathering process. 

7.3. Chemical Composition of the Kaffirskraal Ores 
The results of the chemical analyses of five typical Kaffirskraal ores are presented in Tabic 9, together 

with the results of analyses given in the literature. The low titania values reported for the samples indicate 
that the amount of silicate impurities is small. The contents of titania are slightly lower than usual for or- s of 
this type, but are nevertheless within the compositional range of titanomagnetites from basic rocks. 

TABLE 9 

Kaffirskraal Complex: analyses of titaniferous-iron ores 

Oxide HB6 HB9 HB11 HB12 HB15 J.N * 230t 231 + M23Í 

SiO, 2.19 t.04 1,70 1.33 0.65 1.00 N.R. N.R 0.34 

T iO . 12.61 13.28 12.43 13.55 13.04 14.50 12.88 14.76 15.18 

AI..O, 2.72 1.89 3.14 2.05 2.29 1.33 3.70 1.08 3.55 

Cr .O, - 0.05 '-0,05 •0.05 -0.05 • 0,05 - N.R. N.R. 0.08 

Fe : 0 : , 62.61 69.50 70,83 66.53 50.49 67,87 70.12 50,17 39.11 

FeO 16.49 10.83 9.28 13.74 29.29 10.06 5.85 26.23 39,15 

MnO 0.32 0,21 0.27 0.12 0.36 0.38 0,16 0.64 0.27 

MgO 2.88 2.58 2,07 1.42 3.06 2,54 0,82 2.72 1.31 

vo, 0.72 0.80 0.90 0.87 0,78 1.48 N.R N.R. 0.70 

TOTAL : 100.54 100,13 100.62 99,61 99.96 99.16 93,53 97,60 99.69 

T O T A L Fe: 56.61 57.03 56.75 57.21 58.08 55.29 53,59 55,48 57.78 

* Analysis of Kaffirskraal ore " 
+ Analysis of Kaffirskraal ore-'" 
t Analysis of Iltanifcrous magnetite from Scarn 11. Bushveld Complex'' 
N.R. Not reported 

The ores contain moderate amounts of alumina (between 1,9 per cent and 3,1 percent), which can be 
accounted for by the small amounts of exsolved aluminous spinel that are present in the titaniferous 
magnetite. The very high values for hematite indicate that the ores are highly oxidized because of surface 
weathering processes. Calculations show that there is insufficient ferrous oxide to account for all the 
ilmenite that is present in the most highly oxidized samples (HB9 and HB11). This indicates that extensive 
oxidation of Fe-' to Fe 1' must have occurred in the ilmenites, and confirms their altered nature. 

The values for vanadium pentoxide range from 0,90 per cent to 0,72 per cent and possibly reflect a 
slight decreasr in the content of vanadium pentoxide as the depth of the seam decreases. These values are 
considerably '.ower than the 1,48 per cent reported by Nel and Janscn-H (Frick-"does not report analyses for 
this element). The reason for this discrepancy is not known, but internal checks carried ou» during the 
present work indicated both an accuracy and a reproducibility of 0,5 per cent for vanadium pentoxide. 
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The values for magnesium oxide vary between 1,1 per cent and 3,1 per cent and do not appear to be 
related to the silica content of the ores. The content of m: ;anese oxide is generally low, but shows 
considerable variation (from 0.12 per cent to 0,36 per cent) in the present analyses. 

7.4. Analyses of Co-existing Ilmenites from the Kaffirskraal Complex 
The results of electron-microprobe analyses of the co-existing coarse-grained ilmenites from the 

Kaffirskraal ores are presented in Table 10, together with the results of two analyses of ilmenite from the 
associated magnetite-clinopyroxenite reported by Frick"'. 

TABLE 10 

Kaffirskraal Complex: electron-microprobe analyses of coarse-grained ilmemtes 

Oxide HB6 HB9 H B I 1 HB12 H B I 5 HB5 HB7 HB8 HB13 227* 2 2 1 * M23+ 

T i O , 53,! 3 53.55 54.53 52.29 52.05 53.33 52,23 52.76 52.97 18.19 48.72 52.1 

FeO 33.32 33.09 33.27 33.77 34,83 30.64 34.72 34.03 35.13 . 9.40 42.26 40.1 

MgO 7.75 8.12 8.49 7.07 6.22 S..30 6.52 7.13 6.64 1.60 2.47 4.2 

MnO 0.62 0.64 0.52 0.59 0.95 0.66 0.65 0.59 0.65 1.09 0.7S N.R 

F e O Í 4,79 5.91 3.67 6.07 6.78 5.91 6.23 5.19 3.99 10.70 6.79 3.5 

A I . O , 0.12 0.12 0.12 0.13 0.13 0.12 0.12 0.12 0.13 N.R N.R. 0.5 

Cr .O, 0.17 0.17 0.17 0.17 0.17 0.18 0.18 0.23 0.17 N.R. N R N R 

TOTAL : 99.90 101,60 100.77 100.09 101.13 100.14 100.65 100.05 99.68 100.98 101.02 100.4 

* Averages of analyses of two ilmenites from the Kaffirskraal magnei!"e-!inopyroxenite:'' 
t Analysis of ilmenile from Seam 11. Bushveld Complex" 
t Fe.O, calculated on the assumption of ilmenite stoichiometrv 
N.R. Not reported 

The ilmenites that co-exist with the titaniferous-magnetite ores are characterized by a high content of 
magnesium oxide (from 6,2 per cent to 9,3 per cent). These values are among the highest recorded for 
igneous ilmenites from non-kimbcrlitic sources. The samples, together with additional co-existing ilmenites 
from the ores, were re-analysed, and consistently high values were obtained. As a further check on the 
analyses, several previously analysed ilmenites that were low in magnesium oxide were re-analysed, 
together with a batch of Kaffirskraal ilmenites. The expected values were obtained, and this indicated that 
the high values are not due to analytical error. Analyses of large ilmcnite lamellae in the Kaffirskraal 
titaniferous magnetites also show characteristically high values for magnesium oxide. 

The analyses of the ilmenite from the associated magnetite-clinopyroxenite also show high values for 
magnesium oxide. These values are, however, much lower than those reported for the ilmenites from the 
titaniferous-magnetite seam. The magnesium oxide values for the ilmenites are higher than those for their 
corresponding bulk ores. This indicates a preferential partitioning of magnesium oxide into the 
rhombohedral phase during the process of crystallization. 

A recalculation of the analyses on the assumption of stoichiometry indicates the presence of minor 
amounts of excess ferrous oxide that was recalculated to hematite. The hematite is probably in solid solution 
in the il'Tenite. 

The values for manganese oxide vary slightly, but cluster round a value of approximately 0,6 per cent in 
the new calculation. This value is higher than that for the corresponding ore, and indicates that the 
manganese oxide is also accommodated preferentially in the rhombohedral phase during the crystallization 
process. 

7.5. Beneficiation 
The Kaffirskraal ores generally contain only minor amounts of silicate impurities, and require no 

beneficiation in this respect. The titania contents of the ores are too low for the production of high-titania 
products, and the stoichiometric recalculation of the content of vanadium pentoxidc indicates that the ores 
are not exploitable for vanadium. 
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The coarse-grained ilmenite that is present can be concentrated if the ore is crushed to less than 200 
mesh, followed by electromagnetic separation. This ilmenite is commonly present in amounts of less than 6 
per cent (locally as little as 2 per cent), and this procedure would not be economically feasible. The low level 
of beneficiation that would result from the separation of this ilmenite would not bring about any marked 
improvement in the vanadium pentoxide content of the magnetic fraction. 

The remainder of the titania found in the analyses is present as various micro-intergrowths of 
fine-grained ilmenite that cannot be liberated mechanically. 

7.6. Findings on Kaffirskraal Ores 
(1) The vanadium-bearing titaniferous iron ores of the Kaffirskraal Complex are similar, chemically 

and mineralogically. to corresponding ores from other complexes. However, there are distinct 
differences in the geological environment of this deposit suggesting that these ores originated from 
a slightly different type of magma from that responsible for the formation of the usual stratiform 
basic intrusions. 

(2) The analyses for vanadium pentoxide in these ores are at variance with the published values. The 
findings of the present investigator suggest that the vanadium content of these ores is too low for 
them to be exploited. 

(3) The ores are characterized by moderately low titania values, and their content of coarse-grained 
ilmenite that is recoverable by standard ore-dressing procedures is only between 2 per cent and 6 
per cent. The remainder of the titania is present in a variety of extremely fine-grained 
micro-intergrowths that cannot be liberated by mechanical means. 

(4) The ores contain only minor quantities of silicate impurities and would therefore require no 
beneficiation. Separation of the very small percentage of coarser-grained ilmenite would have no 
marked effect on the amount of vanadium pentoxide in the magnetic fraction. 

(5) The small amounts of titania and vanadium pentoxide in these ores, together with the limited 
reserves of ore, suggests that the ores are not suitable raw materials for the production of either 
high-titania or vanadium pentoxide products. 

8. TITANIFEROUS IRON ORES OF THE TROMPSBURG IGNEOUS COMPLEX 
A large positive gravity anomaly, which was discovered near the Orange Free State town of 

Trompsburg during 1942. was investigated in detail by geophysical techniques. Seven exploratory 
boreholes were drilled in the area during the period 1946 to 1948, and they revealed the presence of a basic-
igneous complex at a depth of approximately 1000 m beneath a cover of younger Karoo rocks. A detailed 
account of the geophysical exploration programme has been given by Buchmann"'. and the petrography of 
the Complex has been described by Ortlepp" '-'. 

The data suggest that the Complex is roughly circular in plan, with a diameter of approximately 48 km. 
It is between 1800 and 3000 m thick, and is composed of gabbro with locally developed layers of olivine 
gabbro and anorthosite. The uppermost zone intersected in the boreholes consists largely of 300 m of 
troctolite in which nineteen seams rich in titaniferous magnetite, ranging from several centimetres to 4,5 m 
in thickness, are developed. Small, local concentrations of titaniferous-iron ore in association with gabbro 
are present at greater depths. 

The Complex is intrusive into a marble that is correlated with the Malmani dolomite, and is overlain 
unconformably by a sequence of younger Karoo rocks11 '-'. The Complex has been set at 1372 million years 
(± 142 million years) by Daviess/ al.'-', and is thus the youngest of the complexes that were investigated. 

8.1. Samples Investigated 
Mr J. Fouche, of General Mining, gave permission for the core of the original Trompsburg borehole to 

be examined for this study. Samples, in the form of short lengths of split core, had been collected from the 
upper portion of borehole TG2. Unfortunately, after nearly thirty years, many of the distinguishing marks 
on the trays of core had become illegible, and, although the presence of numerous layers rich in titaniferous 
magnetite was evident, their exact stratigraphic position could not always be determined. 

8.2. Description of the Ores 
Nineteen seams of titaniferous magnetite, ranging from 150 mm to 4.5 m in thickness, were intersected 

in th': upper 300 m of borehole TG2 (Table 11). The seams are generally separated by variable thicknesses 
of a troctolite consisting of plagioclase with lesser olivine, titaniferous magnetite, ilmcnitc, and, more 
rarely, augite. The content of opaque oxide in the troctolitc is highly variable. 
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TABLE 11 

Trompsburg Igneous Complex: the distribution and thickness of 
titaniferous-magnetite seams in borehole TG2 

Seam Thickness Depth of 
number of seams seams Sample numbers 

(arbitrary) m m (this report) 

19 2.5 1247.5 8/1 to 8/5 
18 4.6 1259.8 8/6 to 8/16 
17 2.4 1265.5 24/2 to 24/6 
16* 0.4 1381.9 17/2 to 17/5 
15 1.8 1388.6 7/1 to 7/6 
14 2.0 1399.9 7/7 to 7/9 
13 0.5 1407,5 12/1 to 12/5 
12 0.6 1421.5 4/1 to 4/4 
11 1.3 1423,7 4/8 to 4,10 
10 2.7 1434.0 4/13 to 4/25 
9 1.8 1466.6 11/1 to 11/7 
8 1.5 1486.1 10/1 to 10/8 
7 1.4 1499.5 10/10 to 10/17 
6 0.8 1550.1 9/1 to 9/3 
5 2.4 1575.1 3/19 to 3/28 
4* 0.7 Uncertain 2/16 
3 0.1 Uncertain Not sampled 
-> 0.5 1651.9 15/1 to 15/4 
1 0.6 1653.2 15/8 to 15/11 

* Sample position-, uncertain 
Data compiled from Buchmann;" 

The ores range from essentially pure.silicate-free types to more impure varieties with a silicate content 
of up to 30 per cent. Olivine and augite are the most common silicates in the ores, whereas plagioclase is 
rarely present. This is in marked contrast to the appearance of the plagioclase as a dominant phase in the 
associated troctolites. Small, but variable amounts of apatite are present in some of the silicate-rkh ores, in 
which its concentration can be as high as 15 per cent locally. 

According to Ortlepp'-. the plagioclase is labradorite. and its composition varies between An v ; and 
An.,» in the troctolite and associated ores. The olivine is unusually magnesium-rich in view of its association 
with such iron-rich rocks, and ranges from Fa..(i to Fa.-,,. Pyroxenes arc sparingly present, and are usually 
augitic in composition. These mineral compositions are apparently typical for the Complex as a whole, and 
they characteristically display little compositional variation with stratigrapnic height-'1-. 

Olivine, the most abundant silicate in the ores, is present as rounded to sub-rounded grains that are 
often completely surrounded by opaque oxides. The olivine grains are often extensively serpentinized. and 
are traversed by veinlets of secondary magnetite. Volume changes associated with the serpentinization 
process have resulted in the widespread fracturing of the surrounding opaque oxides and silicates. The 
fractures in the surrounding minerals are commonly filled with serpentine and late-stage secondary 
magnetite that appears to have migrated from the serpentini?cd olivine into the expansion cracks. The 
serpentine in the veinlets is finely granular, and is composed of innumerable tiny lath-shaped crystals that 
have grown transversely across the fractures. 

The Trompsburg ores exhibit various forms of late-stage alteration in addition to serpentinization. 
Many of the ores are fractured and traversed by irregular veinlets. which often contain late-stage magnetite. 
Certain samples show evidence of the late-stage dissolution of titanifcrous magnetite from zones parallel to 
fractures. This has resulted in the samples taking on a porous texture. The exsolved aluminous spinels in 
these zones have been altered to a softer, unidentified phase. 

The titaniferous magnetites in the silicate-rich ores occasionally show incipient peripheral alteration 
and replacement by fine-grained sphene and chlorite aggregates. This form of alteration has occasionally 
progressed further, to the extent that sphene and chlorite aggregates have been formed that contain relicts 
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of oriented ilmenite lamellae. These more highly altered samples are commonly traversed by irregular 
veinlets of calcite, sericite. epidote, chlorite, and other fine-grained alteration products. Minor amounts of 
ilvaite are also present in some of the silicate-rich samples. 

The Trompsburg ores and the various silicate-rich ores often contain small amounts of sulphide, which 
can reach a concentration of 30 per cent in some parts of the ore'-. The sulphides are present both as large 
grains and as smaller irregular veinlets that exhibit various replacement relationships. 

The Trompsburg ores are characteristically rich in titania. and there is a wide range ir. the ratio of 
coarse-grained ilmenite to titaniferous magnetite. Coarse-grained ilmenite is commonly the dominant 
opaque phase in the associated troctolites and some of the silicate-rich ores, but becomes progressively 
subordinate to titaniferous magnetite as the amounts of silicate impurities decrease. Only minor amounts of 
coarse granular ilmenite are usually present in the ore-rich specimens. 

In contrast, the silicate-poor samples consist essentially of very large grains of titaniferous magnetite 
that are often more than 10 mm across and exhibit a well-defined polygonal relationship towards one 
another. Coarse ilmenite grains, generally between 2 mm and 5 mm, are sparsely distributed in these ores, 
and are located interstitially between the larger titaniferous magnetites. The boundaries between the grains 
of ilmenite and of titaniferous magnetite are generally straight to gently curved on a large scale, but they are 
highly spinelliferous and irregular on a fine scale. 

The titaniferous-iron ores of the various seams have remarkably similar microstructures, although 
there are minor differences that indicate slight fluctuations in the conditions of crystallization. Several zones 
of apatite-rich magnetite rocks ihat were noted during the study appear to be restricted to the zones above 
the highest seam containing the most titaniferous magnetite (Seam 19) and to above the 1,8 m thick seam at 
1389 m (Seam 15). 

8.2.1. Titaniferous Magnetite 
The Trompsburg titaniferous magnetites are characterized by the presence of numerous, generally 

very fine-grained, intergrown phases rich in titanium and aluminium (Plate IX. c to f). The grains of 
titaniferous magnetite vary between 1 mm and 2 mm in the silicate-rich ores, but their size appears to 
increase as the amount of silicate decreases. Grains of more than 10 mm are present in the purer samples. 

The Trompsburg titaniferous magnetite is usually fractured as a result of changes in volume brought 
about by the ser^entinization of olivine. The degree of fracturing is related directly to the abundance of 
olivine in a particular sample. Most of the fractures are filled with serpentine, and. to a lesser extent, by an 
optically homogeneous magnetite. Other late-stage processes have also led to the development of 
distinctive features in the titaniferous magnetites. The fractures in many of the samples have been filled with 
graphite, and some dissolution of the titaniferous magnetite and its exsolved aluminium-rich spinels 
appears to have taken place in adjacent areas. This dissolution has progressed to such an extent in some 
samples that the titaniferous magnetite has a distinctly porous appearance. Minor amounts of pyrrhotite. 
and to a much lesser extent of pcntlandite. are often present along the fractures together with graphite. 

The dissolution and replacement of titaniferous magnetite by fine-grained sphene and chlorite 
aggregates has occurred in certain samples, particularly in the silicate-rich ores. This form of alteration is 
confined largely to exposed surfaces along fractures and grain boundaries, so that the complete replacement 
of small grains is only rarely observed. This form of alteration appears to have progressed preferentially on 
the magnetite and very fine-grained micro-intergrowths. For this reason, the larger ilmenite lamellae that 
were originally present in the host are preserved in their crystallographic orientations in the complex 
aggregates of sphene and chlorite. 

8.2.2. Homogeneous Late-stage Magnetite 
Narrow, irregular, late-stage veinlets of optically homogeneous magnetite are often present in the 

Trompsburg ores. They have a transgrcssive relation to both the opaque oxides and the silicates. These 
veinlets cut across the various lamellae structures in the titanifcrous magnetites and clearly post-date them. 
This magnetite is generally somewhat lighter in colour than the associated titaniferous varieties, and it is 
free of fine-grained inclusions. 

This magnetite, which appears to have been derived mainly from the serpentinization of the olivine, is 
found both in the altered olivine and in the serpentine-filled fractures in the associated minerals. In some 
samples, a veinlet in an opaque oxide can be traced back to the neighbouring serpentinized olivine from 
which it probably originated. 

A small amount of the late-stage magnetite might also have been precipitated from the iron-rich fluids 
formed during the dissolution of the titanifemus magnetite and its replacement by sphene. Some of this 
magnetite is oxidized pyrrhotite 
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8.2.3. Ilmenite 
Ilmenite is present in the Trompsburg ores in a wide variety of forms that include both discrete grains 

and numerous complex micro-intergrowths with titaniferous magnetite. The coarser types of lamellar 
ilmenite are seldom well developed, and intergrowths of trellis-like ilmenite are rare and apparently 
confined to specific seams. 

8.2.3.1. Coarse, Granular Ilmenite 
Coarse-grained ilmenite is commonly the dominant opaque phase in the more silicate-rich rocks, in 

which it is present as relatively large grains that vary between 1 mm and 5 mm. The proportion of ilmenite to 
titaniferous magnetite decreases as the amount of silicate decreases, so that it is often only a minor phase in 
the ore-rich seams. Between 20 per cent and 25 per cent by volume of the coarse-grained ilmenite is 
commonly present in the silicate-rich ores, whereas only between 5 per cent and 10 per cent is generally 
present in the silicate-poor ores. The ilmenite grains in the ore-rich samples have a grain size similar to that 
of the ilmenite grains in the silicate-rich ores, but they are generally slightly elongafed or show signs of 
polygonalization. 

The grain boundaries of the ilmenite and titaniferous magnetite are usually highly spinelliferous, and 
are characterized by the presence of abundant, small, rounded spinel grains located along the interfaces. 
The spinel grains range from 1 nm to 20 îm. and produce a highly irregular, sutured boundary, as 
illustrated in Plate IX, e. These spinel grains are more rarely present as a string of impurities located within 
the ilmenite parallel to its grain boundaries. Generally, however, the spinel grains are located within 20 jxtn 
of the ilmenite. 

These ilmenite grains are usually highly fractured, owing to the serpentinization of olivine, as 
illustrated in Plate IX, f. The grains are traversed by irregular, late-stage veinlets Ci serpentine, optically 
homogeneous magnetite, graphite, and, more rarely, sulphides. Although they are extremely fractured, the 
ilmenites only very rarely show the development of stress-twin lamellae. 

The larger iimenite grains typically contain smrll numbers of narrow magnetic lamellae that are 
oriented parallel to their basal planes. These lamellae are generally less than 3 /xm wide, but they are 
extremely elongated and can occasionally be as long as 0,06 mm. They usually have sharp ends and 
occasionally have small inclusions of aluminous spinel. The spinel is normally present as small segments of 
the lamellae, and is commonly developed near the ends of the lamellae. Lamellae of transparent spinel are 
occasionally present in the ilmenite. Rounded, micrometre-sized grains of spinel are occasionally present 
along the interface of the ilmenite and the larger lamellae of magnetite. 

A very much coarser lamellar intergrowth of titaniferous magnetite is oriented along the basal planes 
of some of the larger ilmenite grains, as illustrated in Plate IX. f. This intergrown titaniferous magnetite is 
optically similar to that of the larger co-existing grains. The magnetite is highly aluminous and contains 
numerous small grains of transparent spinel arranged along the interfaces between the ilmenite and the 
magnetite. Narrow spinel lamellae are occasionally present along the cubic planes of the magnetite. Various 
extremely fine-grained exsolved phases rich in titanium arc commonly present towards the centres of the 
wider lamellae. 

The lamellae of titaniferous magnetite vary in width from 5 /urn to 50 /urn. and can be up to0.2 mm long. 
They are generally of uniform thickness, but may occasionally pinch and swell along their length. Their ends 
are commonly sharp. Small rounded inclusions of titaniferous magnetite are occasionally present in the 
ilmenite. 

8.2.3.2. Fine, Granular Ilmenite 
Small, elongated or irregularly shaped ilmenite grains are occasionally present within the 

titaniferous-magnetite grains, or are located along the interfaces between grains. These grains range from 
0,02 mm to 0,1 mm, and are typically spinelliferous. Very much smaller, transparent spinel grains are 
arranged round their margins where they are in contact with the titaniferous magnetites. These fine 
granular ilmenites are sometimes connected to the broad lamellae of ilmenite that occasionally cut across 
the titaniferous magnetites. 

The number and size of the spinel grains associated with the ilmcnitc appears to be controlled largely 
by the size of the ilmenite grains. The spinel is generally abundant round the larger grains, but is less 
well-developed round the smaller grains, and may even be absent from the smallest. 

Many of the smaller ilmenite grains have highly irregular outlines and arc sometimes arranged in 
stringers along curved fractures or permeable zones within the titanifcrous magnetites. These ilmcnitc 
grains are commonly connected to a set of finer ilmenitc lamellae that arc developed along cither side of the 
permeable zone. These lamellae and small ilmenite grains are generally in optica' continuity. 
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8.2.3.3. Broad Lamellae of Ilmenite 
Broad lamellae of ilmenite, usually between 7 /im and 20 /am in width but occasionally wider, and up to 

0,4 mm lcng, are sparse along the octahedral planes of the titaniferous magnetites, as illustrated in Plate IX, 
d. These lamellae are usually rire and are only very occasionally developed to the extent that they form a 
trellis network as illustrated in Plate IX, e. 

These lamellae are highly spinelliferous and are characterized by the presence of large numbers of very 
small, transparent spinel grains that are located, along the interfaces between the ilmenite and the 
titaniferous magnetite and within the ilmenite. in zones orientated parallel to the lamellar boundaries. The 
titaniferous magnetite in the immediate vicinity of these ilmenite lamellae is generally devoid of the 
finer-grained ilmenite micro-intergrowths for as much as 0,02 mm from the lamellae. 

The fracturing and displacement of the titaniferous-magnetite host during the serpentinization of the 
associated olivine are usually controlled by these lamellae. They provide planes of weakness along which 
separation occurs preferentially. 

8.2.3.4. Fine Lamellae of Ilmenite 
Finer lamellae of ilmenite are also sporadically developed along the octahedral planes of the 

titaniferous magnetites. These lamellae are rarely abundant enough to form a well-defined trellis network. 
They range from 1 /xm to 5 nm in width, and are generally extremely elongated, locally attaining lengths of 
0,25 mm. They are usually in the form of flattened lenses with gently tapering ends, although more complex 
morphologies are sometimes developed. 

These lamellae are commonly spinelliferous, but not to the same extent as the broad lamellae, rows of 
small, rounded, transparent spinel grains being arranged along the interfaces between the ilmenite and the 
titaniferous magnetite. The smaller ilinenite lamellae are generally less spinelliferous than the larger 
lamellae in this class, and in some instances the smaller bodies are completely free of spinel. A narrow zone 
of inclusion-free, optically homogeneous titaniferous magnetite approximately 10 /urn wide is generally 
present round these lamellae. The titaniferous magnetite that occurs at a greater distance from the lamellae 
typically contains an abundance of other, finer, intergrown phases. 

Lamellae of fine ilmenite are generally not well developed in the Trompsburg titaniferous magnetites, 
and. with the exception of two samples (17/2 and 24/5), are virtually absent from these ores. Where present, 
they are more commonly located near grain boundaries and along early-formed fractures. They are also 
occasionally connected to small irregular ilmenite grains that are developed along fractures or other 
permeable zones within their hosts. 

8.2.3.5. Very Fine Lamellae of Spinelliferous Ilmenite 
This type of intergrowth represents the common groundmass texture in the titaniferous magnetites in 

samples 4/4 to 4/15, and 12/4 and 12/5, and is characteristic of ore-rich samples from that level in the 
Complex. These textures are very distinctive and are not developed to any extent in titaniferous magnetites 
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 (2000 x, oil immersion). These 
lamellae are approximately 1 tim wide and vary between 10 tim and 20 fim in length. They generally form a 
well-developed trellis network and are oriented along the octahedral planes of their host grains. They 
commonly exhibit a wide range in grain size over a small distance within the same grain, and merge into 
areas consisting of extremely fine-grained, rounded inclusions of spinel and ilmenite that are at the limits of 
optical resolution ('salt and pepper' texture). 

The ilmenite lamellae are distinctly lens-shaped and have gently tapering ends, especially where they 
intersect one another. Myriads of micrometre-sized, rounded spinel grains are typically located along the 
interfaces between the ilmenite and the titaniferous magnetite and occasionally form part of the lamellae. 
Other, coarser forms of spinel are typically absent from grains with this type of micro-structure. 

8.2.3.6. Lamellae of Extremely Fine-grained Ilmenite 
Lamellae of extremely fine-grained ilinenite, approximately 1 «urn thick and up to \0/jun in length, are 

occasionally developed in the Trompsburg titaniferous magnetites. They are also developed along the 
octahedral planes of the host, but are typically free from intergrowths of fine-grained spinel. 

These ilmenites are generally best-developed along a narrow zone bordering the grain boundaries and 
along fractures, but may also be present further into the titaniferous magnetites, where they are most 
commonly developed in areas between the lamellae of fine ilmenite. These lamellae generally merge 
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imperceptibly into ulvospinel-type textures, and are more common in the silicate-rich ores, being virtually 
absent from some of the pure types. Micrometre-sized granules of ilmenite are occasionally developed at 
the ends of these lamellae, where they protrude into fractures. 

8.2.3.7. Extremely Fine. Granular Ilmenite 
Micrometre-sized granules of ilmenite are rare in the Trompsburg titanifcrous magnetites but 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 lamellae of 
ilmenite described above. 

Similar-sized, irregular to rounded grains of ilmenite are present in the areas between well-developed 
trellis networks of ilmenite. These textures are rare and were noted only in samples 17/2 and 24/5. which 
are characterized by an abundance of very fine lamellae. 

Aggregates of very small, rounded ilmenite grains are occasionally developed round the periphery of 
the larger and more sparsely distributed spinel lamellae. These aggregates are commonly arranged in a 
rectangular pattern round each spinel lamella at a distance of several micrometres. 

8.2.3.8. Ulvospinel and its Oxidation Products 
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 many of the samples, and consists of a mesh-like network of micrometre and 
sub-micrometre lamellae of ulvospinel. These lamellae are orientated parallel to the (100) planes of their 
hosts, and divide the magnetite groundmass into a myriad of micrometre-sized cubes. 

Exsolved ulvospinel is readily oxidized to ilmenite. but, when this occurs at low temperatures, the 
orientation of the originally exsolved ulvospinel is retained by the oxidation product. Ortlepp'- noted the 
presence of unaltered ulvospinel in these ores, but the present microscopic investigation showed that much 
of the ulvospinel has been oxidized to ilmenite. X-ray powder-diffraction traces reveal broad, irregular 
magnetite peaks that give some indication of the very fine-grained texture of the individual magnetite 
fragments, and of the presence of the aluminous spinel. oot-ca'Iy homogeneous magnetite, and possibly 
some unoxidized ulvospinel (each of these has similar </-spacings). It is possible that the partial oxidation of 
this ulvospinel may have occurred during its thirty years of storage under atmospheric conditions. 

The lamellae of very fine-grained ulvospinel are oxidized to ilmenite 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 grains that are in optical continuity. They form 
a sieve-like texture, containing abundant rounded magnetite inclusions in their more advanced stage of 
development, and are surrounded by a narrow zone of optically homogeneous magnetite. This advanced 
stage is rarely reached, however, and these forms of microstructural modification merge imperceptibly into 
the areas of the normal ulvospinel type of textural development. 

8.2.4. Transparent Spinel and Other Aluminous Phases 
The aluminous nature of the Trompsburg titaniferous magnetite is indicated by the abundant 

development of transparent, aluminium-iich spinels that are probably close to plconastc in composition. 
The spinel is present in a wide variety of forms, and exhibits a considerable range of grain sizes. These 
intergrowthsare extremely well-developed in the titaniferous magnetite from both the silicate-rich and the 
silicate-poor ores, but they are virtually absent in that from the apatite-rich rocks. 

The spinel is commonly present in various types of spinelliferous ilmcnile veins as small, rounded 
grains of from 20 /urn to less than 1 ̂ m as described in the preceding sections. Numbers of small spinel 
grains, generally of between lOjim and 15/xm. are commonly present round the peripheries of the 
titaniferoi'r-magnetite grains. 

Isolated, usually rounded, spinel grains of between 10 nm and 30 /urn are often irregularly distributed 
throughout the iitaniferous magnetite in areas devoid of spinel lamellae. These grains are typically 
surrounded by a zone up to 20 j*m wide that is devoid of other fine-grained spinel intergrowths. A small 
proportion of these larger grains is slightly greyer in colour than the usual exsolvcd transparent spinels, and 
the grains often contain a small lath-like inclusion of sulphide (generally pyrrhotite) at their centre. 
Molyneux " reported the presence of similar grains in the Bushveld titanifcrous magnetites and identified 
them as diaspore. These grains were not identified positively in the Trompsburg area, but Ihey might well be 
diaspore rather than spinel. 
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The transparent spinel is also present us well-defined lamellae that are oriented along the cubic plane 
of their hosts to form a grid-like pattern. I he lamellae vary in length from 5 /nn to 40 /un. but u.wV arc 
generally only I pm to 3 f*m in width. They are usuaMy less than 20 ftm long, and it is only rarely that the 
longer types develop. 

Small octahedral-shaped spinel grains are sometimes developed at the intersection of two sets of the 
larger lamellae. The spacing of the lamellae is 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 
micro-intergrowths. 

The spinel lamellae and larger grains are absent from son.e of the titaniferous magnetites, and their 
place is taken by a myriad of sub mkiometre grains of spinel. These grains are at the limits of optical 
resolution and are intergrown with an extremely fine-grained titanium-rich phase that cannot be properly 
resolved. These areas of magnetite have an overall speckled appearance under high magnification that is 
perhaps best described as a salt and pepper" texture 

These areas tend to Merge into areas within the same grain that show the development of the more 
normal types of spinel exsolution bodies. This type of microstructure is commonly developed in titaniferous 
magnetites that contain very fine lamellae of spineiliferous ilmenite. 

The spinel appears to have been altered to a very much softer phase in areas that show signs of 
magnetite dissolution. This phase is extremely fine grained and was not identified, but might be diaspore. 
gibbsite. chlorite, or some other secondary aluminium-rich mineral. 

8.2.5. Graphite 
Graphite is ubiquitously present in the purer Trompsburg ores, and is generally developed as veinlets 

along many of the numerous late-stage fractures that traverse the samples. These veinlets range from 
0.1 mm to several micrometres in width, and often contain small bat variable amounts of magnetite, 
serpentine, and several types of sulphide. The graphite is present as soft flaky crystals that exhibit extreme 
pleochroism and are occasi >nally bent. The crystals arc 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 veinlets of graphite are present in both the ilmenite and the titaniferous magnetite, and 
graphite commonly appears to replace the spinel that was originally present in inicrgrowths in both these 
minerals. This replacement takes place in the neighbourhood of the veinlets. The graphite also shows local 
replacement of magnetite lamellae in ilmenite where they are cut by graphite veinlets. Scaly graphite 
aggregates are also commonly developed round many of the sulphide grains. 

The transgressive nature of the graphite veinlets indicates that they are a late-stage phenomenon. They 
cut across the various lamellae of fine-grained ilmcnitc. which can often be matched across the veinlets. The 
lamellae of extremely fine-grained ilmenite are too short to show whether they are cut and displaced by the 
graphite. 

8.2.6. Apatite 
Several zones of fine-grained to medium-grained apatite-bearing rocks are present in the Trompsburg 

Complex. The ratio of silicates to opaque oxides in these samples is approximately 1. and the apatite is 
present in amounts ranging from 5 per cent to 15 per cent by volume. The grain size of the apatite is highly 
variable, and ranges from several micrometres to approximately 0.3 mm. The apatite 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. 

The apatite was no' investigated in detail, but it is most probably the normal fluorapatite that is found 
in basic rocks. It appears to be preferentially enclosed in. or located adjacent to. grains of both ilmenite and 
titaniferous magnetite. It occurs locally in quantities sufficient for the formation of a well-defined poikiiitic 
texture. In contrast to the quantities found when it is in association with the opaque oxides, it is present only 
in minor amounts as inclusions within the associated silicates. Olivine and augitc are commonly present in 
these types of rock, whereas plagioclasc is a rare constituent. Apatite was generally not present in m»;re than 
trace quantities in the majority of the ores that v ere examined. 

The titaniferous magnetite associated with the apatite characteristically displays a coarse, 
well-defined, ulvospinel type of microstructure. and it is virtually devoid of intergrowths of fine-grained, 
transparent spinel. Other inlergrowths of lamellar ilmcnite arc also rarely developed and, where present, 
are only slightly spinellifcrous. This is in marked contrast to the normal silicate-rich ores, which usually 
contain a greater proportion of lamellar intergrowths. 
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Trompsburft Complex: analyses of tiianiferous-iron orvs 

Seam 1 > 4 J 6 7 H 9 
1 

13 14 16 17 18 19 5» 10« 

Oxide 15/11 151 2/16 3/19 9/1 10/17 10/14 10/8 10/1 11/1 12/2 7/8 17/2 24/5 8/16 8/8 8/4 8/1 
21 lu 
718 

21 :•> 
117 

S i 0 2 3.88 2.26 2.91 3.12 1.15 0,94 1.39 0.64 1,97 2.75 3.13 6.04 0,62 3,24 1,98 3.28 2,12 3.78 4,00 0.33 

TiO s 15.23 15.61 15,49 16,33 17,44 16.63 17.40 15.14 19,99 16,27 14.71 13.57 17,09 14,85 15,43 15,26 20.14 17,96 14.40 15,32 

5.31 A l j O i 3.86 4.60 4,39 4,93 4.65 5.08 4.82 4,68 4,24 5,49 4,56 3.41 4,84 5,90 4,24 4,68 4,23 4,24 5,15 

15,32 

5.31 

Cr.O. 0.16 0.22 0.40 0,18 0.28 0.19 0,27 0,20 0.10 0,12 0.41 0.48 0,61 0,14 0,50 0.46 0,22 0,41 N.R. N.R. 

Fe,a, 36,56 39.71 35.86 35,40 35.83 33.57 37.4 1 36.3 1 32,61 34,17 3.1.50 33,6.1 37,76 33,8« 35,56 33,96 30,84 JJ..W .15.04 36,16 

FeO 33.87 32.75 34.54 35.19 34.24 37,10 34,08 36,1)4 35,61 36,55 35.28 34,88 33,33 37,24 34.09 35,44 36,23 35,56 29.VV 32,87 

MgO 4,13 3.98 4.13 3.97 4.54 4.54 4,27 4.42 4.46 3,82 6.03 4,47 3,66 4.07 5.04 5,12 4.19 4.96 5.96 4,54 

MnO 0.36 0.33 0.36 0.51 0,41 0,37 0.38 0.35 0.51 0,34 0,34 0,69 0,36 0,4 5 0,36 0,36 0.33 0,32 0,41 0,31 

VX>, 0.80 0,76 0.80 0,78 0.7h 0,77 0,70 0,72 0.63 0.H7 0,65 0.63 0.77 (1.77 0,78 0,71 0.7« 0,65 1,1« 1,82 

TOTAL: 98.85 100.22 98.88 100.41 99,30 99.19 100.72 98.50 100,12 100,38 ! 00,61 97,80 99,04 100,55 97,98 99,27 99,00 101,26 96,05 96,66 

TOTAt Fe: 51,80 53.23 51.93 52,11 51,67 52.32 52,65 53,41 50,49 52.31 52,25 50,63 52,32 52.65 51,37 51,30 49,73 50,99 47,82 50.84 

* AnaivMs of Tfompshurj; li(anilcrnu\ rrun urc 
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83. Chemical Cornpos&onof SheTrompsburg Ores 
The chemical analyses of 18 typical Trompsbur» ores are presented in Table 12. together with two 

analyses reported in the literature. 
The small but variable amounts of silica indicate that there are minor amounts of silicate impurities, 

usually serpcntinized olivine, in the ores. The titania contents vary fn»m 13.6 per cent to 20 per cent, but are 
generally above 15 per cent and are in tin- lanyc »»» b.v expected in ores «>í ihis nature. 

The alumina contents vary from 3.4 per cent to 5.9 per cent. and. because the ores contain tmly minor 
amounts of plagiodase. the bulk of the alumina is present in the various exsolved spinel phases in the 
titaniferous magnetite. The values for chromic oxide are consistently low. but in some samples values of 
from 0.5 per cent to 0.6 per cent were found. No chromite or chrome spinel was identified in the ores, and is 
most probably held in solid solution in the magnetite. 

The hematite contents of the ores are low in comparison with those of similar ores from surface 
exposures. This indicates that the ores are relatively unweathered. The values for ferrous oxide are 
correspondingly high, and if the analyses are recalculated in terms of ilmenite. a small amount of excess 
ferrous oxide is found to remain in certain samples. This indicates the presence of some unoxidized 
ulvospinel. 

The values for vanadium pentoxide range from 0.63 per cent to 0.83 per cent, which are very much 
lower than the value:» reported by Ortlepp" '-. The reason for this discrepancy is not known, hut in the 
present work acceptable values «ere obtained during duplicate analyses that indicate a reproducibility of at 
least 0.05 per cent. The values for vanadium pentoxide do not show a continuous decrease according to 
their positions upwards in the sequence of rocks, but instead appear to indicate the presence of rocks in 
three cycles, each of which is characterized by decreasing vanadium pentoxide contents according to the 
positions of the rocks upwards in the sequence. 

The values for magnesium oxide varv from 3.7 per cent to 6.0 per cent, and can be attributed to the 
presence of serpcntinized magnesium-rich olivine. However, the values do not vary systematically with the 
content of silica, which indicates that some of the magnesium oxide must be present in one or other of the 
opaque phases OT in their cxsolulion products. The values for manganese oxide vary from 0.3 per cent to 0.7 
per cent, hut do not show any marked variation related to the position of the rock in the sequence. 

8.4. Analyses of Coarse-grained Trompsburg llmenites 
Table 13 gives the values obtained in electron-microprobc analyses of the co-existing coarse-grained 

ilmcnitc fiom the Trompsburg ores that were analysed. 
The Trompsburg ilmcnitcs are characterized by high contents of magnesium oxide (from 4.9 per cent 

to 8.7 per cent), and are similar to the ilmenitcs of the Kaffirskraal Complex. These values are among the 
highest recorded for igneous ilmenitcs from non-kimhcrlitic sources". The samples were re-analysed in a 
batch that also contained several previously analysed ilmenites that were low in magnesium oxide, and the 
expected values were obtained, indicating that these results do not reflect a systematic analytical error. The 
values for magnesium oxide arc also highc .nan those found in the bulk-ore malysis. which indicates that 
the magnesium oxide is preferentially incorporated in the rhombohedral phase. 

The values for manganese oxide are fairly constant at about 0.6 per cent, rarely reaching as much as 0.8 
per cent. 

A recalculation of the clcctron-microprobc results on the assumption of sloichiomctry indicates the 
presence of minor amounts of excess ferrous oxide that was regarded as hematite in solid solution in the 
ilmcnitc. The iron-rich nature of these larger ilmcnitcs is also reflected by the presence of the 
crystallographicaily oriented lamellae of magnetite. 

8.5. Benefication 
The Trompsburg Igneous Complex is covered unconformable by approximately 1000 m of younger 

sediments. For this reason, the possibility that its ores can be utilized appears to be remote. The new 
determinations for vanadium pentoxide presented in this report indicate that the grade of the ores is too low 
to warrant their exploitation. In view of this finding, no beneficiation tests were undertaken. 

8.6. Findings on the Trompsburg Ores 
(I) The Trompsburg vanadium-bearing litaniferous-iron ores can be compared chemically and 

mincralogically with similar arcs from other basic complexes. These ores arc rich in aluminium and 
magnesium in contrast to the usual types, and arc associated with an environment rich in magnesian 
olivine. 

•i? 



TABLE 1 ï 

Trompsburg Complex: electron-microprobe analyses of coarse-grained ihneniies 

Seam 1 • > 4 5 6 7 8 V 13 14 
-1 

16 ,7 18 IV 

O w i k ' 15/11 15/i 2/16 3 / IV V;l 10/17 10,14 10/8 10/1 H I 12/2 7/8 17/2 24/5 8/16 8'8 Hit 8/1 

T i O . 53.4.1 53.05 si , : ; 53.50 53.35 53.15 54,81 53.0V 53.55 53,72 53.67 52.18 51,46 51,77 54.44 54.33 53.31 5J.VI 

FcO 35.04 33 .W '4.5*» 35.74 32.37 33,85 33.24 31.V4 33,36 34,24 32.35 37.42 33,82 33,34 32.84 32.64 34,1V 32,52 

M g O 6.47 7,37 6.04 6.54 8.41 7.48 8.68 8.50 7,4V 7.53 8.63 4.V0 6,40 7,04 8,67 8,73 7,36 8,67 

M n O 0.54 0.55 0,65 0.74 0,57 0,57 0,58 0.56 0,57 0,60 0.56 0,64 0.54 0.58 0,57 0,56 i'.H 0,J3 

F e j O / 4.71 4.07 0,63 4.55 5,03 3,51 3.83 5,10 4,63 4.7V 4.47 5,83 6.71 8,87 3,43 3,75 4,15 3,44 

A l 3 0 , 0.12 o . i : 0.11 0,12 0,12 0,12 0.11 0.13 0,13 0.12 0.12 0,16 0.14 0,12 0,12 o . i : «',14 0,12 

0 , 0 , 0.13 0.17 0.14 0.17 0,17 0.17 0.17 0,16 0,17 0,17 0, |V 0,22 0,23 0,18 0,17 0,18 0,17 U,|1 

TOTAL: 100,44 w . 3 2 44,48 101.41 100.02 V8.85 101,42 44.48 '100,40 101.22 44,44 101.40 100,35 |01,4{l [ |(HI,24 100.56 44,84 44,87 

* K' O cukululcJ on I hi- .isMimpium • >( ilnivmu- MouhimiKirs 
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(2) The ores are locally rich in apatite, and their composition at certain levels approaches that of the 
olivine apatite-magnetites of the Villa Nora area of the Busiiveld Complex". 

(3) The contents of vanadium pentoxide of the ores and their mincralogica! relations suggest that at 
least two influxes of fresh magma occurred during the crystallization of the upper 300 m of the 
Complex. Consequently, three cycles of ore seams are recognized. 

(4) The analyses for vanadium pentoxide that are given in this report are at variance with those 
published previously. The analyses of the present investigator indicate that the quantity of 
vanadium pemoxide is insufficient to warrant recovery. 

(5) The ores are characteristically rich in titania. and there is a positive relation between the amount of 
coarse, granular ilmenite and the amount of silicates. The samples richer in silicates contain more 
granular ilmenite. 

(6) The Complex is covered by approximately 1000 m of younger sedimentry rocks, and its ores cannot 
be regarded as raw materials for the production of vanadium pentoxide or of high-titania slag in 
iew of the availability of more suitable material from other sources. 

9. SUMMARY AND CONCLUSIONS 
The five igneous complexes that were investigated contain considerable quantities of 

vanadium-bearing titaniferous magnetite, but their combined resources do not equal those of the Bushveld 
Complex. The ores are chemically and mineralogically distinct, and are characterized by differences in their 
geological environment. 

The lowest seam of the Rooiwater Complex could be exploited for the production of vanadium 
pentoxide. and the upper seam might be suitable for the production of high-titania slag. A detailed 
examination of the geology of this Complex and of its potential in extractive metallurgy is necessary. 

The Mambula Complex might become economically significant, but its ores are of too low a grade for 
recovery to be warranted at present. Its ores are. howevei, suitable for beneficiation. and the utilization of 
certain of the Mambula concentrates should be investigated. The smallness of this intrusion also detracts 
from its potential. 

The Kaffirskraal and Usushwana ores are chemically unsuitable, are not amenable to beneficiation. 
and ate of limited extent. Their exploitation is therefore not feasible at present. 

The Trompsburg ores are covered by 1000 m of younger rocks and cannot be considered for 
exploitation in view of the availability of other, more-suitable raw materials. 
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PLATE I 

ROOIWATER TITANIFEROUS-IRON ORES FROM THE MAGNETITE LENS AND FREE STATE 763 

The photomicrographs were taken in incident light, and oil-immersion objectives were used. 
(a) A specimen of a typical ore from the magnetite lens. It contains an abundance of polygonal ilmenite 

(dark grey) distributed interstitially between larger grains of partially martitized magnetite (light 
and mottled). Small amounts of spinel, chlorite, and apatite (black) are present. 

(b) Similar to (a), this photomicrograph shows that the mottled appearance of the magnetite is due to 
extensive oxidation, which has resulted in the formation of abundant martite (light). Small areas of 
relict magnetite (medium grey), cut by martite lamellae that have developed parallel to the (111) 
plane, are present, particularly towards the centre of the photomicrograph. 

(c) A sample from the magnetite lens, showing incipient martitization (light) round the margins of the 
magnetite grains. Some polygonal ilmenites (darker grey) are present, as are elongated and 
irregularly shaped ilrnenite bodies that are oriented parallel to the ( i l l ) plane of their hosts. Some 
spinel and chlorite are also present (black). 

(d) A sample from the magnetite lens of a completely recrystallized ore consisting of abundant grains 
of polygonal ilmenite (dark grey) and of magnetite (lighter grey). Incipient martitization (white) is 
evident round the grain boundaries of the magnetite. Some transparent spinel (black) is also 
present. 

(e) A complex grain of titaniferous magnetite in a sample from Free State 763. The central core of 
unoxidized magnetite (grey) contains abundant fine laths of spinel (black). The surrounding lighter 
margins of the grain have been martitized, with the result that abundant trellis networks of fine 
ilmenite (grev) can be seen. Very small, irregular ilmenite grains (grey) are present among the 
trellis lamellae and a cluster of larger grams is visible in the lower right-hand corner. 

(f) A sample from Free State 763, in which a grain of martitized titaniferous magnetite (light) that 
contains abundant ilmenite trellis lamellae (dark) has developed parallel to the (111) plane. Note 
'.iie wide variation in the size of these lamellae. Irregular, transparent spinel bodies (black) are also 
present and are commonly developed at the intersections of the ilmenite lamellae. 
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PLATE II 

ROOIWATER TITANIFEROUS-IRON ORES FROM FREE STATE 763 AND THE LETSITELE AREA 

The photomicrographs were taken in incident light, and oil-immersion objectives were used. 
(a) A sample from Free State 763 in which a slightly modified trellis network of ilmenite (dark grey) 

has developed along the (1 \ 1) plane in martitized titaniferous magnetite (light). Transparent spinel 
bodies (black) are oriented parallel to the (100) plane of their host. Small triangular areas of 
unoxidized magnetite (grey) are present between the ilmenite lamellae. 

(b) A sample from Free State 763, similar to (a) but with the ilmenite lamellae slightly more thickened. 
Transparent spinel is absent. 

(c) A sample from Free State 763. It has a highly modified microstructure consisting of a large central 
grain of titaniferous magnetite (light) that contains abundant lamellar ilmenite. The central grain is 
surrounded by a granular aggregate of smaller grains of similar titaniferous magnetite, ilmenite 
(dark), and chlorite (black). 

(d) A sample from the Letsitele area in which irregular grains of ilmenite and modified lamellae of 
ilmenite (grey) are set in a matrix of martitized magnetite. Small numbers of irregular grains of 
transparent spinel (black) are also present. 

(e) A sample from the Letsitele area. The typical symplectite-like intergrowths of ilmenite (dark) and 
magnetite (light) are variable in size and orientation in at least three crystallographically controlled 
directions parallel to the (111) plane of the magnetite. 

(f) A sample from the Letsitele area, similar to (e), in which a transgressive veinlet of optically 
homogeneous magnetite cuts diagonally across the left of the photomicrograph. There is a cluster 
of small polygonalized ilmenite grains (dark grey) towards the bottom left-hand corner. 
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PLATEN 

VANADIUM-BEARING TITANIFEROUS-IRON ORES FROM THE ROOIWATER AND MAMBULA 
IGNEOUS COMPLEXES 

(a) A polished slab of titaniferous-iron ore from the Letsitele area, Rooiwater. in which the 
well-defined polygonal grains can be seen clearly. Note the abundant granular ilmenite (small dark 
grains) set interstitially between the larger titanomagnetite grains (grey). Minor amounts of 
chlorite (light) are present along the grain boundaries. 
Oblique illumination, approximately natural size. 

(b) A polished slab of Mambula ore, in which a narrow silicate-rich layer (black grains) can be seen. 
The ore consists of granular titanomagnetite (light) and abundant granular ilmenite (smaller dark 
grains). Note the well-defined reaction rims that have developed round some of the silicate 
impurities. 
Oblique and vertical illumination, approximately natural size. 

M 





jLÍk 

O.lmm 

5 :nm 



VANADIUM-BEARING TITANIFEROUS IRON ORES 

PLATE IV 

TITANIFEROUS-IRON ORES FROM THE ROOIWATER AND USUSHWANA COMPLEXES 

(a) Rooiwater Complex (Leisitele area). The typical appearance of myrmekite-like intergrowths of 
ilmenite (dark) in martitized magnetite (light). The development of stringers of small polygonal 
ilmenitc grains (dark grey) and spinel grains (black) can be seen. 
Incident light, oil immersion. 

(b) Rooiwater Complex (Letsitele area). A sample similar to that illustrated in (a) but showing the 
development of a mesh-like array of small polygonal iimenite giains in top right-hand side of the 
photomicrograph. 
Incident light, oil immersion. 

(c) Rooiwatcr Complex (Letsitele area). Ilmenite grains (grey) showing the almost complete 
breakdown of lamellar structures to form spheroidal a'id polygonal grains set in a matrix of partially 
martitized magnetite (lighter). The grains of transparent spinel are black. 
Incident light, oil immersion. 

(d) Rooiwatcr Complex (Letsitele area). The fi.ier-grained ilmenitc intcrgrowths (dark) showing their 
morphologies and mutual relationships. The matrix consists of partially martiti/cd magnetite. 
Incident light, oil immersion. 

(e) Usushwana Complex. The typical appearance of the titaniferous-magnetitc ore that consists of an 
aggregate of titaniferous-magnctite grains (light) separated from one another by a narrow chloritic 
veneer. Note the uniform size and fractured nature of the grains. 
Incident light. 

(f) Usushwana Complex. A sample similar to (e). but showing a titaniferous-magnctite grain (bottom 
left) that is very much larger than the surrounding grains. 
Incident light. 
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PLATE V 

USUSHWANA TITANIFEROUS-IRCN ORES 

The photomicrographs were taken in incident light, and oil-immersion objectives were used. 
(a) The typical appearance of the Usushwana ores, which consist of titanifcrous-magnetite grains 

(grey) showing incipient martitization (light). Note the fractured and corroded appearance of the 
magnetite grains, and the presence of chlorite (black) along fractures and grain boundaries. 
Elongated ilmenite grains (slightly darker grey) are localized for the most part along the boundaries 
between the grains of titaniferous magnetite. 

(b) Similar to (a), showing the elongated ilmenite grains (darker grey) located along the boundaries of 
magnetite grains. Note the chlorite-filled fractures traversing the two upper grains of magnetite. 

(c) A typical, rounded multi-phase grain of titaniferous magnetite (centre) surrounded by chlorite 
(black). Note the numerous fractures in the grains, and the elongated ilmenite grain (darker grey) 
along the upper boundary of the central magnetite grain. 

(d) Typical Usushwana titaniferous magnetites in which chlorite-filled fractures (black) and incipient 
martitization (light) can be seen. Note the presence of a transgressive veinlet of delicately banded 
colloform goethite. 

(e) An extremely well-developed trellis network of fine ilmcni'e lamellae (dark grey) along the 
octahedral planes of a martitized titaniferous magnetite. 

(f) A portion of a titaniferous-magnetite grain, illustrating the abrupt transition from an area in which 
the ilmenite trellis is well-defined (left) to an area in which there is extensive development of 
irregular internal granules of ilmenite (right). 
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PLATE VI 

USUSHWANA AND MAMBULA TITANIFEROUS-IRON ORES 

(a) Well-defined and widely-spaced trellis lamellae of ilmenite (dark grey), with many internal 
granules of very fine-grained ilmenite (dark grey) that have developed in the areas between the 
lamellae. The groundmass is martitizcd magnetite. 
Incident light, oil immersion. 

(b) Probable modified ulvospinel-type microstructures that have been oxidized to ilmenite (dark grey, 
central portion of photomicrograph) in partially martitized magnetite. 
Incident light, oil immersion. 

(c) A portion of a polished section of typical silicate-rich ore from the Mambula Complex, showing 
relatively large silicate grains (dark grey) with well-defined reaction rims. The silicates are 
separated from one another by poiygonal aggregates of titaniferous magnetite and ilmenite (light). 
Incident light. 

(d) A large pleonaste grain can be seen in the centre of ihe photomicrograph (dark grey). The 
development of minute rodlets of an exsolved iron-rich spinel (light) is visible. The surrounding 
grains are titaniferous magnetite (grey, with oriented black inclusions of transparent spinel) and 
ilmenite showing stress-twinning lamellae (slightly darker grey). 
Incident light, oil immersion. 

(e) The typical appearance of silicate-poor ores from the Mambula Complex. A polygonal 
titaniferous-magnetite grain (centre of photograph) contains abundant crystallographically 
oriented transparent intergrowths of spinel (black). The magnetite is surrounded by other large 
polygonalized multi-phase grains of titaniferous magnetite, and by numbers of ilmenite grains 
(slightly darker and optically homogeneous). 
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VANADIUM-BEARING TITANIFEROUS IRON ORES 

PLATE VII 

MAMBULA TITANIFEROUS-IRON ORES 

(a) A stress-twinned polygonal grain of ilmenite (centre) in which polysynthetic twin lamellae and a 
complex pattern of deformation (partially crossed nicols) can be seen. The surrounding lighter 
grains are titaniferous magnetites in which incipient martitization has begun round the grain 
boundaries (light). 

(b) An ilmenite grain (dark grey, centre) along the upper boundary of which can be seen the 
development of a secondary ilmenite overgrowth. 

(c) Grains of titaniferous magnetite in which several sparsely distributed broad lamellae of ilmenite 
(dark grey) are visible. Note the increase in width of these lamellae towards the grain boundaries, 
and the development of small rounded grains at their broadest points. 

(d) Typical polygonal multi-phase grains of titaniferous magnetite in which the development of narrow 
stringers of small ilmenite grains can be seen along the grain boundaries (slightly darker, central 
area). 

(e) Well-developed lamellje of transparent spinel (black) oriented parallel to the (100) plane of the 
titaniferous-magnetite host. A broad lamella of ilmenite cuts diagonally across the 
photomicrograph and disrupts the lamellae of spinel. 

(f) Lamellae of extremely fine ilmenite (dark grey), possibly derived from ulvospinel, and tiny 
transparent spinel laths (darker) intergrown with titaniferous magnetite that show alteration to 
maghemite. 
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VANADIUM-BEARING TITANIFEROUS IRON ORES 

PLATE VWI 

KAFFIRSKRAAL TITANIFEROUS-IRON ORES 

The photomicrographs were taken in incident light, and oil-immersion objectives were used. 
(a) The typtcr! appearance of weathered Kaffirskraal titaniferous magnetites. Numerous irregular 

fractures (black) can be seen. The magnetite has been oxidized to maghemite, which remains as 
cores (medium grey) surrounded by zones of martite (light). A cluster of intergranular ilmenite 
grains (dark grey) is visible in the centre of the photomicrograph. 

(b) Small, irregularly shaped grains of ilmenite (dark grey) aligned along a fracture in titaniferous 
magnetite and forming an apparently continuous veinlet (diagonally across the left-hand side of the 
photomicrograph). Several typical ilmenite lamellae (dark grey) with slightly spinelliferous rims 
(tiny black dots) are also present. Note that some of these lamellae are connected to the ilmenite 
grains. A second set of very much finer lamellae of ilmenite is evident at places in the 
titaniferous-magnetite host. 

(c) A large lamella of ilmenite (dark grey) with numbers of small spinel grains (black) developed along 
its margins. Abundant crystallographically oriented intergrowths of transparent spinel (black) are 
also developed in the surrounding titaniferous magnetites parallel to the (100) plane. 

(d) A transgressive veinlet of optically homogeneous magnetite (light "grey) that has been altered by 
incipient martitization (white) cutting across titaniferous magnet e. 

(e) Typical fine-grained microstructural relations in the Kaffirskraal titaniferous magnetites. Very 
small granules of ilmenite (dark grey) are developed along the margins of an arcuate fracture 
(centre, black). Very fine lamellae of ilmenite are developed for a short distance on either side of 
the fracture, and then grade into a typical ulvospinel cloth-type micro-intergrowth. 

(f) A typical ulvospinel texture showing evidence of oxidation, coarsening, and lamellar breakdown to 
form numbers of sieve-like ilmenite grains (dark grey). 

59 



VANADIUM-BEARING TITANIFEROUS IRON ORES 

PLATE IX 

KAFFIRSKRAAL AND TROMPSBURG TITANIFEROUS-IRON ORES 

The photomicrographs were taken in incident light, and oil-immersion objectives were used. 
(a) Poikilitic ilmenite grains (dark grey) from Kaffirskraal. The grains are set in optically homogeneous 

magnetite (lighter grey) that shows extensive martitization (white areas) and lamellae developed 
parallel to the (111) plane of the magnetite. 

(b) A sample, also from Kaffirskraal, similar to that shown in (a), but with the ilmenite grains (dark 
grey) showing evidence of greater crystallographic control. Note the presence of a typical 
ulvospinel cloth texture in the titaniferous magnetite on the right-hand side of the 
photomicrograph. 

(c) Typical appearance of the Trompsburg titaniferous magnetites. There are numerous fractures and 
abundant bodies of fine transparent spinel exsolved parallel to the (100) plane (black). 

(d) A rare grain of titaniferous magnetite from Trompsburg, in which large numbers of ilmenite 
lamellae (darker) have developed parallel to the (111) plane. Tiny spinel grains (black) are located 
along the margins of the ilmenite lamellae. 

(e) Typical appearance of the Trompsburg ores. The titaniferous magnetite (right) contains abundant 
exsolved transparent spinel (oriented black rodlets). The ilmenite (left) has a spinelliferous rim 
along its interface with the magnetite. The black grain represents serpentinized olivine in which a 
few veinlets of secondary magnetite (light) are present. The opaque minerals are traversed by 
fractures (black) that contain graphite, serpentine (not visible), and some pyrrhotite (white). 

(f) A fractured grain of ilmenite containing inclusions of spinel-rich magnetite that has developed 
parallel to the (0001) plane. The fractures contain graphite, which is visible in places (e.g., centre 
bottom) as a result of its extreme reflection pleochroism. 
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