
































































































































































































































































































































































































































































































































































































































































































































































































































TABLE |

TYPICAL ANALYSES OF KIMBERLITE IIMENITES

"XENOCRYSTIC" ILMENITES ILMENITES FROM ILMENITES FROM
ULTRAMAFIC NODULES LAMELLAR INTERGROWTHS
OXIDE I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
sio, - - 2,00 - 0,48 - - 0,40 0,10 0,02 - - 0,12{ 0,19 0,07 0,22 0,11 - 0,04
Ti0, 53,79 49,27 50,00 49,32 45,80 48,26 49,35 47,97 46,33 50,60 49,67 48,87 51,70 | 49,61 56,63 53,01 49,30 48,77 50,22
Fe0 29,3 28,18 28,80 28,18 19,15 27,12 27,57 28,00 26,29 21,42 25,55 29,53 29,70 | 25,70 26,65 19,42] 27,00 28,65 30,18
MgV 8,87 9,00 9,00 9,00 15,84 8,65 7,75 9,00 8,60 13,40 10,59 7,44 13,80 ] 10,49 13,52 15,74} 9,64 11,82 8,31
Mno 0,29 - - - - 0,26 0,95 - - 0,24 0,25 0,26 0,20 0,18 0,23 0,26f 0,20 0,23 0,23
ca0 0,13 - - - - - 0,20 tr tr 0,01 - - 0,02 - - - 0,02 0,08 -
Fe,0, 7,05 11,27 10,80 14,30 15,56 17,10 13,71 13,15 17,8 10,53 11,3¢ 11,87 - 8,97 2,93 5,20] 13,10 9,63 8,30
Cr,0, - 0,63 - - 2,63 - - 0,75 0,41 3,17 0,57 - 0,14 3,100 2,17 1,40 5,04, 0,08 6,08 0,07
ALO, - - - - - - 0,33 - - - - - 0,70 | 0,69 0,47 1,41} 0,61 0,50 0,55
v,0, - - - - 0,57 - - - - 0,62 - - - - - - - - -
TOTAL:] 99,47 98,35 100,60 100,80 100,30 101,39 99,86 99,27 99,69 100,00 97,97 98,11 99,34 | 98,00 101,90 100,30 100,06 99,76 97,90

- not reported tr = trace

Sources of Analyses
i. Kimberley Mine. Wagner (1914)

2

Mukerub Mine, S$.W.A. Wagner (1914),
3. Monastery Mine. Williams (1932).

4. Frank Smith Mine. Williams (1932).
5. Wesselto; Mine. Williams (1932).
6. Thaba Putsoca Pipe, Lesotho. Dawson (1962).
7. Kao pipe, Lesotho. Nixon et al.(1963).
8. Zarnista pipe, Siberia. Sobolev (1959).

9. Mir pipe, Siberia. Sobolev (1959).

10. Sloan diatreme, Colorado. McCallum

11. Kao pipe, Lesotho. Mitchell (1977).

12. Sekameng pipe, Lesotho. Mitchell
13. Sloan diatreme, Colorado.
14. Nodule in Thaba Putsoa pipe.

15. Nodule in Matsoku pipe.

and Eggler (1971).

(1977).

McCallum et al. (1975).
Boyd and Nixon (1973).

Boyd and Nixon (1973).

16. Ilmenite in an olivine crystal, Kentucky, U.S.A.Boyd and Nixon

(1973).

17. Enstatite~ilmenite intergrowth, Monastery Mine, Boyd (1971).

18. Pyroxene-ilmenite intergrowth.

19. Pyroxene-ilmenite intergrowth.

Ringwood and Lovering (1970),

Dawson and Redd (10707,
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7.2 Samples Investigated.

The twelve Karroo dolerite samples investigated were obtained from the area
between the towns of Cookhouse, Middleburg, Tarkastad and Adelaide in the
Eastern Cape. The samples were collected from road cuttings in order to
obtain the freshest material for investigation. Microscopic examination

of these rocks has shown them to be relatively unweathered and they normally
only exhibit incipient alteration. The dolerites consist essentially of
pyroxene anh plagioclase and exhibit typical ophitic textures. Small
amounts of quartz in the form of micropegmatite are present in samples D6,

D6A and DI10. Sample D13 represents a coarser—grained dolerite pegmatite.

7.3 The Nature and Occurrence of the Opaque Oxides.

The opaque oxides in the Karroo dolerites consist essentially of ilmenite
and titaniferous magnetite, The twelve dolerites examined are texturally
and mineralogically similar, but their opaque oxides exhibit a wide range in
relative abundance and morphology. The titaniferous magnetite is usually

subordinate to the ilmenite and is,in some cases, virtually absent.

The titaniferous magnetite is invariably found in close association with the
ilmenite and these two phases commonly form complex aggregates that are
located interstitially between plagioclase and pyroxene grains (Plate A (I
and 2)). Discrete titaniferous magnetite grains showing no direct associa-
tion with large amounts of ilmenite are rarely encountered. Ilmenite, in
contrast, is commonly present as discrete skeletal grains that commonly

enclose silicate inclusions (Plate A (3)).

The ilmenite and titaniferous magnetite aggregates are commonly penetrated
by plagioclase laths (Plate A (1, 2 and 4)) and contain abundant small sub-
hedral to rounded silicate inclusions. A narrow reaction rim of biotite 1is

occasionally developed between the opaque oxides and the plagioclase.



D.

2).

3.

4y.

5).

6).

7.

8).

PLATE A.

THE OPAQUE OXIDES IN KARROO DOLERITES.

Granular aggregates of ilmenite (white) and titaniferous magnetite
(slightly darker, mottled appearance) showing typical relationships

with pyroxene and plagioclase (grey). Incident light in air.

Similar to (1) but showing a much larger amount of ilmenite (white).
The minor titaniferous magnetite (grey, mottled appearance) shows

signs of alteration. Incident light in air.

Typical ilmenite grain (white) showing an almost euhedral outline
and containing minor rounded silicate inclusions. Incident light

in air.

Titaniferous magnetite grain (grey) containing a broad band of
ilmenite (white) and set in a pyroxene-plagioclase groundmass.

Incident light, partially crossed nicols in air.

The upper portion of the gréin represents a completely altered
titaniferous magnetite ‘grain in which the "skeleton” of ilmenite
lamellae (white) remains set in a metrix .of chlorite, sphene and
other alteration products. The lower portion of the grain repre-
sents a typical skeletal subgraphic-to vermicular-ilmenite inter-

growth (white) with hydrous silicates. Incident light in air.

Similar to (5), but showing a greater degree of modification of the
ilmenite lamellae to form graphic and vermicular morphologies.

Incident light in air.

Typical skeletal ilmenite grains (white) showing various subgraphic
and vermicular forms. This ilmenite is intergrown with secondary

hydrous silicates. Incident light in air.

Similar to (7), under higher magnification showing the nature of the

sub-graphic and vermicular ilmenite intergrowths (white) with

“ secondary hydrous silicates. Incident light in air.
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Tiny euhedral hexagonal prisms of apatite up to 30 micrometres in size are

occasionally present as inclusions in the ilmenite.

The ilmenite exhibits a much greater morphological variation than the titani-
ferous magnetite and is present in a variety of skeletal forms that can be
described as subgraphic or vermicular (Plates A (5-8) and B (1-2)). These
ilmenite grains are sometiﬁes associated with altered titaniferous magnetite
whose former identity can be recognized by the presencé of narrow oriented
ilmenite lamellae sét in a fine grained groundmass of alteration products
(Plate A (5-6)). There is often no direct association between these
ilmenite grains‘and titaniferous magnetite andAthey‘are commp#ly intergrown
with fine-grained secondary silicate minerals such as biotite, hornblende

and sphene (Plates A (7-8) and B (1-2)). v

7.4 The Titaniferous Magnetite.

The titaniferous magnetite is usually present as small- grains, less than
0,25 mm in size. They are generally subhedral to anhedral with their
external morphologies being dictated by the shapes of the surrounding silicat-

es. The titaniferous magnetites generally show the development of straight-

to slightly curved-grain boundaries at places where they are in contact with
large ilmenite grains. The titaniferous magnetites characteristically exhibit
varying degrees of secondary alteration and invariably contain a variety of

exsolved titanium-bearing phases.

The titan;ferous magnetite is commonly traversed by numbers of narrow arcuate
fractures and incipient maghemitization is usually evident in the narrow zones
bordering these fractures. Maghemitization is also commonly evident in
regions adjacent to grain boundaries and lamellar ilmenite intergrowths.

The titaniferous magnetite also commonly exhibits varying degrees of
dissolution and replacement that is also particularly noticeable in the areas

adjacent to these fractures and along contacts with silicate minerals.



PLATE B.

OPAQUE OXIDES IN KARROO DOLERITES AND BUSHVELD GABBROS.

1) and 2). Various forms of skeletal ilmenite (white) showing the ulti-

3).

4).

5).

6).

7.

8).

mate stages in development of subgraphic and vermicular intergrowths.

Incident light in air,

Titaniferous magnetite containing trellis networks of narrow ilmenite
lamellae in 3 orientations. The ulvospinel in the surrounding titani-
ferous magnetite has been altered to ilmenite that is in optical con-
tinuity with the nearby ilmenite lamellae. This produces the "an
isotropic"” effect illustrated. Incident 1ight; partially crossed

nicols, o0il immersion.

Similar to (3) but under higher magnification showing the extremely
fine-grained nature of the oxidised ulvospinel (ilmenite) in optical
continuity with nearby ilmenite lamellae (darker grey). Incident

light, partially crossed nicols, oil immersion.’

A typical hemo—ilmenite grain (grey) from the Hendriksplaats norite
showing abundant hematite lamellae exsolved parallel to (0001)

(white). Incident light, oil immersion.

Titaniferous magnetite grains (grey) meeting in well defined triple
junctions and showing extremely coarse ulvospinel cloth textures in
an ore-rich Bushveld gabbro. The mottled effect is due to partial

maghemitization. Incident light, oil immersion.

Typical ulvospinel cloth texture in a Bushveld titaniferous magnetite
(the ulvospinel has been oxidised to ilmenite (dark grey)). Incid-

ent light, oil immersion.

Similar to (7), but showing the presence of several transparent spinel
lamellae (black). Note the development of coarser ulvospinel "frames"

around the spinel lamellae. Incident light, oil immersion.
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surrounded by & "frame" of coarser-grained ulvospinel (Plate B (8)). Small

rounded spinel grains are also developed along the boundaries of the larger

ilmenite lamellae at places where they are developed.

The titaniferous magnetite characteristically exhibits varying degrees of

oxidation to maghemite while the associated ulvospinel is typically altered

to ilmenite (Plate C (1)). The maghemite in turn shows varying degrs. . of

oxidation to martite in the more highly weathered samples. Titaniferous
ragnetites showing the development of only lamellar intergrowths of varying

size ranges are occasionally present in some of the samples and these chara-

cteristically show direct oxidation to martite (Plate C (2)).

The coarse-grained ilmenites are typically homogeneous, although extremely
fine magnetite platelets are developed along the basal planes of certain
ilmenites.

The reflectivities and micro-indentation hardness of these

ilmenites were determined and are presented in Table 10.

»

The ranges in reflectivities and Vicker's Hardness Numbers are essentially

the same as theose recorded for the dolerite ilmenites and reflect their

similarity in chemical composition.

The chemical compositions of the ilmenites are given in Table 11 and are
essentially similar to those reported for the Karroo dolerite ilmenites,

The high Fe203 values for samples IR 9, 10, and 65 reflect the slightly
weathered nature of these samples which has resulted in the oxidation

of portion éf the Fezf to Fe3+. The Mg0 values are consistently lower

than thése reported by Molyneux (1970a, 1972) for discrete ilmenite grains in

the titaniferous magnetite scams and reflect a trend that is also shown by

ilmenites from other basic Intrusiovns (this thesis, Part 3).
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2).

3.

&).

5).

6).

7.

8).
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PLATE C.

MISCELLANEQOUS OPAQUE OXIDE-BEARING ROCKS,

An ulvospinel cloth-textured titaniferous magnatite (medium grey)
showing irregular oxidation to maghemite (lighter). There is a

large ilmenite grain on the right (dark grey). Incident light,

oil immersion.

Bushveld titaniferous magnetite surrounded by ilmenite (grey).
The titaniferous magnetite shows extensive oxidation to martite
{(white lamellae parallel to (111))and also contains ilmenite

lamellae in the same orientation (dark grey). Incident light,

01l immersion.

Syenite, Leeufontein Complex: titaniferous magnetite (white)

exhibiting a well defined sandwich texture of ilmenite lamellae

(grey). Incident light, oil immersiom.

Syenite, Leeufontein Complex: ilmenite lamellae and internal

- granules (grey) in.titaniferous magnetite.. Incident light, oil

immersion.

Granophyre, Bird's River Complex: composite ilmenite/titaniferous
magnetite grain in which the magnetite has been altered leaving a

well defined ilmenite sleleton. Incident light in air,

Granite, Nelspruit area: the remains of a highly altered ilmenite

grain surrounded by secondary silicates. Incident light in air.

Dimani granite: complex partially reduced hemo-ilmenite grain.

Hematite is white, ilmenite, dark grey and magnetite, a lighter

_grey. Incident light, oil immersion.

A rounded ilmenite grain from an eastern Cape beach sand showing

moderate alteration to leucoxene around grain boundaries and fract-

ures. Incident light, partially crossed nicols in air.
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Small, elongated, lath-shaped ilmenite grains that resemble exsolution
lamellae are sparingly present in the magnetite and are often comnected to
the larger interstitial ilmenite grains as illustrated in Plate 1 (A-C).
These lath-like grains'are sometimes more irregular in shape and appear

10 coalesce with one another to form larger grains as shown in plate 1 (D).

The larger ilmenite grains commonly contain numerous small magnetite
lamellae that are oriented parallel to their (0001) planes., These

lamellae are generally less than a micromeire in width, but may occasiomally
be thicker, and are up to 40 micrometres in length, They are confined 1o
the central portions of the larger ilmenite grains and are absent from the
marginal areas as illustrated in Plate 1 ( E and F). - This lamellar
magnetite commonly shows oxidation to martite in the more weathered

samples,

Small, but variable amounts of transparent spinel are present as irregularly
shaped grains that vary between 0,05 and 0,10mm in size. Qualitative
glectron microprobe analyses indicate that the spinel consists largely of
Mg, Fe and Al with only minor Mn, Ti and Cr and .is close io pleonaste in
composition, The pleonaste grains are located interstitially between the

larger magnetite and ilmenite grains as illustrated in plate 1 (A-E).

Micrometre-sized lamellae of an iron-rich spinel that is close to magnetite
in compogition are oriented along the (100) planes of the larger pleonaste
grains, The pleonaste shows incipient alteration to chlorite and other

clay minerals in the more highly weathered samples.

The pleonasie graiﬁs are generally located along the bourdaries between
the opaque oxides and often occur together with slightly smaller euhedral
to subhedral apatite, and lath-shaped chlorite grains.. These three ‘
minerals commonly contain small rounded inclusions of ilmenite, and more

rarely, magnetite.

The magnetite that forms the dominant phase in the "magnetite lens"
samples is generally optically homogeneous and free from fine-grained
intergrowths other than those already mentioned, even at the highest
magnificiation (approximately 2000X, o0il immersion). This magnetite
shows varying degrees of oxidation to martite that commences at grain

boundaries and moves inwards along the octahedral planes of the magnetite



PLATE 1

Rooiwater Titaniferous Iron Ores

All photomicrographs taken in incident light using oil immersion objectives.

A) Magnetite lens : Typical sample containing abundant polygonal ilmenite
(dark grey) distributed interstitially between larger
grains of magnetite showing extensive martitization
(lighter grey and mottled). Small amounts of
chlorite, transparent spinel and apatite are present
(vlack).

B) Magnetite lens: Portion of the same field in (A) under higher
magnification showing the martitization (light) of
magnetite (medium grey) and the nature of the
ilmenite grains (dark grey). Small numbers of
ilmenite lamellae are also present. Spinel and
chlorite are black,

C) Magnetite lens: Relict ilmenite lamellae in a large magnetite grain
near centre of field, Incipient martitization
(1ight) is developed along fractures and grain
boundaries.,

D) Magnetite lens: Similar to (C), but the relict ilmenite lamellae
exhibit more irregular shapes.

E) Magnetite lens: Completely recrystallised ore consisting of polygonal
ilmenite grains (dark grey) and magnetite showing
incipient martitization. Spinel grains are sub-
hedral (black).

F) Magnetite lens: Crain boundary relationships between co-existing
ilmenite grains, Note the sparse magnetite lamellae
in the top right-hand and bottom left-hand grains.

G) Pree State seam: Relict microstructures in titaniferous magnetite core
(dark grey) containimg exsolved transparent spinel
(black)., Outer portions of the magnetite are now
martite (light) revealing the presence of abundant

“ilmenite trellis lamellae, Small ilmenite grains
towards top left~hand corner (dark grey).

H) Pree State seam: Martitized titaniferous magnetite with well defined
ilmenite trellis networks (dark) showing considerable
variation in sisze, Numbers of short, stumpy spinel
intergrowths are also present (black). Note the
large ilmenite grain on the left-hand side (dark grey).
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but in insufficient rmunbers to form trellis networks.

L portion of the smaller ilmenite lamellae have the appearance of typical
oxidation/exsolution lamellae, but others are slightly broader than usual
in relation to their length as illustrated in Plate 2 (A-C). These
lamellae often coalesce with their neighbours, especially at places where
they intersect and form larger, more irregularly-shaped grains. They
exhibit complex morphologies and commonly pinch and swell along their
lengths. The lamellae sometimes vary in thickness over a short distance,
but this might be due, in part, to orientation effects that arise when
the magnetite octahedral planes intersect the polished section surface

at small angles.

Short, stumpy, crystallographically oriented pleonasie laths are also
present along the cubic planes of the magnetite hosts as illustrated in
Plates 1 (G,H) and 2 (). They are also wider in respect to their length
than usvwal and commonly coalesce to form larger, more irregularly-shaped
grains, The spinels are generally between 1 and 3 micrometres wide and
are up to 15 micrometres long., The pleonaste laths are often developed
along only one of the magnetite oubic planes and form a linear or
"sandwich" patiern instead of their normal grid-like arrangement., The
relationsghips between the pleonaste laths and ilmenite lamellae are
complex as shown in Plate 2 (A). The spinel grains cut across the
ilmenite lamellae in some areas, but in others, often within the sanme
microscope field, they are themselves cut by transgressive ilmenite

lamellae,

The magnetite between the ilmenite lamellae is optically homogeneous

and free from inclusions other than spinel, even at the highest
magnification (approx. 2000X oil immersion). Oxidation of the
homogeneous magnetite to martite takes place directly along its octahedral
planes and progresses inwards from grain boundaries and fractures. The
crystallographic orientation of the tiny pleonaste lamellae becomes
disupted during martitization and they are not as abundant in the oxidised
areas (Plate 1 (G)). The pleonaste intergrowths in the martitivzed areas
are also more equant than lath-shaped, but the size, shape and orientation

of the ilmenite lamellae remsins unaltered.




PLATE 2

Rooiwater Titaniferous Iron Ores

All photomicrographs taken in incident light wsing oil immersion objectives.
L) Free State seam : Slightly modified ilmenite trellis network
(dark grey) in martitized titanifercus
magnetite (light). Trensparent spinel
exsolution bodies (black) are oriented
parallel to (100) of their host. Small
triangular areas of unoxidised nagnetlte
(grey) are present between the ilmenite
lamellas. W
Similar to (A) but with ilmenite lamellae
(dark grey) showing greater modification.

B) Free State seam

”e

Transparent spinel absent.
Slightly modified ilmenite lamellae

developed on a coarse scale. The

C) Free State seam

differences in colour 1nten31ty*of the
3.sets isidue'to reflection pléochroiém.
Incipient martitization of‘the'magnétité'

is-also noticeable. Transparent splnel

4

grains- (black) liave become more equant and
- show evidence of segregatlon 1nto elongated
gramlar clusters.” '

D) Free State seam: Moderately modified ilmenite lamellae (dark)
showing characteristic thickening;.ooalés¢enoe
and blunt terminations in martitized magnetite matrix.

E) Free State seam : Highly modified microstructure consisting of a

large central grain of titaniferous magnetite
containing abundant lamellar ilmenite and
surrounded by gramlar aggregates of magnetite,
ilmenite (dark) and chlorite (black).

Similar to (B) showing the typical gramlar

F) TFree State seam

appearance of the highly modified microstructures.

Letsitele seam : Irregular ilmenite (grey) and spinel (black) set
in a matrix of martitized magnetite. Note the
morphology of the lamellar ilmenite.

H) Letsitele seam : Typical appearance of the symplectite-like ilmenite

intergrowths showing wvariable size ranges and

orientation in at least 3 crystallographically

controlled directions.
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The Letsitele ores are characterised by the presence of abundant coarse
gramlar ilmenite, These ilmenite grains vary between 1 and 2mm in size
and are located interstitially between titaniferous magnetite grains that
are generally 2 to 3 times larger. The ores exhibit a high degree of
polygonalization and the opaque oxide grain boundaries are gently curved

with interfacial angles that approximate 120°,

The ilmenite and titaniferous magnetite grains are generally in direct
contact with each other, but a thin chloritic wveneer is developed l.eiween

‘them in certain areas of the seam.

The gramlar ilmenite content varies between 15 and 20 per cent, but may
locally reach as high as 30 per cent. The larger ilmenite grains
occasionally show the development of lamellar twinning and contain small

numbers of crystallographically oriented magnetite platelets.

The titaniferous magnetites exhibit microstructures that differ from those
developed in the areas already described., The bulk of the grains contain
complex myrmekite-like intergrowths of small, rounded, elongated ilmenite
grains set in a groundmass of optically homogeneous magnetite as illustrated
in Plates 2 (G-H) and 3 (A~H). They display a considerable size range,
even over very short distances, as illustrated in these plates, They vary
between several micrometres and 0,05mm in size and exhibit a variety of
external morphologies that range from roughly lamellar through flame-like
forms, to more rounded shapes,

The ilmenite intergrowths are also crystallographically oriented parallel
to the octahedral planes of their titaniferous magnetite hosts, even
though they are more irregularly shaped than the usual lamellae. Groups
of similarly oriented irterirowths are commonly optically comtinuous

over large areas up to 1. across. These sets of optically continuous
grains have a three-fold axis of symmetry with respect to each other and
are oriented at approximately 120° to one another, This orientation
corresponds to the octahedral planes of their hosts and the effect can
be clearly seen by rotating the microscope stage under crossed nicols.
The groups of optically continmuous grains commonly exhibit a preferred
orientation parallel to the plane in which they are located as illustrated
in Plate 2 (H).



PIATE 3

Rooiwater Titaniferous Iron Ores

All photomicrographs taken in incident light using oil immersion objectives.

A) Letsitele seam : Typical appearance of myrmekite-like intergrowths
of ilmenite (dark) in martite (light). Note the
transgressive veinlet of optically homogeneous
magnetite, cutting diagonally across the lefi-

; .hand side of the photomicrograph.

B) Letsitele seam : Similar to (4), but showing the development of a
mesh-like array of ilmenite grains towards the
top right-hand corner.

¢) Letsitele seam : Similar to (A), but showing the development of
stringers of small polygonal ilmenite (grey)

nd spinel (black) grains.

o

D-H) Letsitele seam : A series of photomicrographs illustrating the
progressive breakdown and sfheroidization of
originally lamsllar ilmenite intergrowths. The
ilmenite exhibits verious shades of grey due 1o
the slight reflection pleochroism characteristic
of this minersl, Small rounded grains of

transparent spinel {black) are also present.
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Relict ilmenite lamellae are rare and when present they commonly display

2ll stages of transformation into more rounded grains as illustrated in
Plate 2 (@), The lamellae retain their original orientation along the
magnetite octahedral planes, but become progressively shorter and wider
until they have broken down completely and have been transformed into rounded
grains, The progressive nature of this process is illustrated in Plates

3 (D) through to 4 (c).

The larger ilmernite intergrowths are commonly surrounded by a narrow

zone of ilmenite-free magnetite as illustrated in Plate 3 (C). They
appear to have formed from the coalescence of mumbers of smaller grains

in certain areas and display evidence of polygonalization. The larger
grains are also more widely spaced than the smaller ones and are commonly
arranged in stringers along grain boundaries or gently curved zones within
their titaniferous magnetite hosts. In contrast, these grains occasionally
form mesh~like bodies composed of mumerous polygoral ilmenite grains that

enclose areas of magnetite as illustrated in Flate 3 (B).

The appearance of the finer ilmenite intergrowths are illustrated in Plate

4 (D). The grains illustrated are all in optical comtimiity and many of
them are connected at the level shown in the photomicrograph. They exhibit
an overall preferred orientation, but are mich more irregularly shaped than
the usual lamellar intergrowths that they have been derived from.  They
exhibit 2ll intermediate stages in a contimuous breakdown and sphericdization
process that ultimately resulis in larger, and more rounded forms such as
those illustrated in Plate 4 (C).

Small, irregular shaped pleonaste grains are randomly distributed within
the titaniferous magnetite and are present in siringers along the opaque
oxide grain boundaries. They also vary between several micrometres and
0,5mm in size and are commonly associated with the ilmenite intergrowths
as illustrated in Plates 2 (C and H) and 3 (A-D). There is & sympathetic
relationship between the size of the pleonaste intergrowths and the size
of their asgociated ilmenite grains, The larger pleocnaste grains also
appear to have grown at the expense of numbers of smaller grainc ani show

evidence of polygonalization,

The magnetite between the ilmenite and pleonaste grains is optically

homogeneous and free from other very fine-grained intergrowths. It



PLATE

Rooiwater Titaniferocus Ivon Ores

All photomicrographs taken in incident light using ¢il immersion objectives.

A=C) Letsitele seam : Contimuation from plate 3 (H) showing the
final stages of progressive spheriodization
of original ilmenite lamellaze, Note the
presence of well-defined martite lamellae
(light) in Plate 4 (C).

D ) Letsitele seam The detailed appearance of the finer~

e

grained ilmenite intergrowths (dark)
showing their morphologiss and mitual
relationships,

E ) Roociwater meta—

gabbros 3 A cluster of hemo-ilmenite grains showing

irregular outlines. Minor titaniferous
magnetite is present (emall, slightly
lighter grains).

F ) Rociwater meta~

gabbros A corroded ilmemite grein (light) showing
the development of sphene around its
periphery.
¢ ) Rooiwater meta-
gabbros ;. Triangular pattern of ilmenite grains

(white) set in a silicate (hornblende)
matrix that possibly represent the
ilmenite "skeleton® of a pre-existing
titaniferous magnetite grain. s
H ) Rooiwater meta-

gabbros Similar to (G), but showing numbers of
small ilmenite rodlets in the silicate
matrix adjacent to a larger ilmenite grain
(white).
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sean suggests that the transition from an essentially monomineralic
titaniferous magnetite rock to & silicate-rich type might be fairly

sharp.

The Usushwana ores are generally highly weathered and exhibit the
extensive development of secontary oxidation and hydration products,

The ores vary from reddish-brown to purple in colour and are generally
only weakly magnetic as a result of their highly weathered state, The
wore highly weathered samples are commonly traversed by irregular gocthite
veirnletr, and are soft and friable with the result that they can be
readily dicaggregated into their constituent grains. The =ilicates
associated with the titaniferous magnetite-~rich zones have been largely

altered to fine-grained, chloritic aggregates.

The Main Seam is a massive, dense rock that exhibits a well levelopel sei
of closely spaced horizontal and vertical joints and breaks up readily
into small rectangular blocks. On a smaller scale, the samples have a
highly fractured appesarance and are traversed by rumerous small irregular
fractures as illustrated in Plate 5 (C) amd (D). These fractures are

not always related to the cleavage directions of the titaniferous magnetite
ard in many cases they are continuous for several centimetres, cutting
across both titaniferous magnetite and matrix. Some of these fractures
might in part be related to wvolume changes that occur during oxidation

and subsequent hydration of the magnetite,

The ore is composed of small polygonmal titaniferous magnetite grains that
are generally separated from each other by a narrow veneer of chloritic
material as illustrated in Plates 5 (C-H) and 6 (A~B). The chlorite is
in the form of finely crysitalline aggregates and is commonly iron-stained,
containing variable amounts of goethite and secondary hematite. Extensive
alteration of the ititaniferous magnetite has taken place at grain boundaries
and élong fractures where it is in contact with the chlorite resulting in
the formation of sphene, This sphene is present as aggregates of fine
welge-shaped crystals that show alteration to leucoxene-like products
having yellowish internal reflections in the more weathered samples,

(Plate £ (¢) and (D)). Winor amounts of gibbsite are algo present in the
waathered samples together with secondary TiOQ—rich ilmenite alteration

products {leucoxene).



FLATE 5

Photomicrographs taken in incident light using c¢il immersion cbjectives.

5 & D taken using lcw power, dry, incilent-light okjectives,

D.

G.

RO00TIATER TITANIFERCUS IRON OHES

Toofwater basic rocks:  Basal sections of two eulhedral apatite crystals
(black) enclosel by ilmenite (light grey).

cle Seam: tuhedral pyrite (white) and transparent spinel
(black) crystals present within titaniferous
magnetite containing partially cpheroidized

ilmenite intergrowths (dark grey).

USUSHAANA TITANIFEROUS IRCH ORES

The typical appearance of the Usushwana ores consisting of an aggregate
of molygsonal titaniferous magnetite grains separated from each other by

a thin chlorite veneer. Hote the vniform size and fractured nature of
th

o]
Q

TA1NS.

C

Similar to (C), but showing the presence of a titaniferous magnetite

crain that is very much larger than the surrounding grains,

Elongated ilmenite grains (dark grey) located along the boundaries

- between titaniferous magnetite grains., Wote the fractured nature

of the titaniferocus magnetite and the presence of intergrarmlar
chlorite (black).

Similar to (E), but showing partial mertitization of the magnetite
(1ight) in areas ad jocent to fractures and grain boundaries., Notice
the cores of unovidised magnetite (darker grey) in the areas away

from the fractures,

Similar te (F), but illustrating the corroded nature of the titaniferous

nagnetite along the fractures and grain boundaries,

& large multi-phase titaniferous magnetite grain traversed by chlorite-
fillel frocture:s (dark .,f-;rey). Martitication of the marnetite hao
ocourred adjacent Lo ihe fractures (light) leaving "islands" of

darker, unoxidiced nagnetite.
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Minor, but variable amounts of relatively coarse srained ilmenite are
present and are located interstitially between the larger titaniferous
ma;netite grains (Plates 5 (E—G)). Crain boundaries that are not
obscured by the presence of chlorite and other alteration products appear
alightly curved and they exhibit a tendency to form tripie junctions with

interfacial angles approximating 120°,
The Usushwana ores are charactericed by complex mineralogical
relationships and exhibit a wide range of microstructural developnent.

These features are described more fully in the following sections,

- 8.3.1 The titaniferous magnetite

Titaniferous magnetite is the dominant opaque phase in the Usushwana ores
and it is characterised by tlie presence of abundant intergrown titaniun—
rich phasges, The titaniferous magnetites have a remarkably uniform grain-
gize of approximately imm,although very much larger grains up to 10mm

across may occasionally be present as 1llustrated in Flate 5 (D).

Grain boundaries between neighbouring titaniferous magnetites tend to
be rather straight, ut where they are in contact with intergramilar
ilmenite they are more irregular. The titaniferous magnetite-chlorite
grain boundaries are highly irregular and the magnetite has a corroded

appearance as illustrated in Plates 5 (E-G) and 6 (A-D).

The titaniferocus magnetite margins are characteristically fracturel and
correded, while the grains themselves are occasionally completely
traversed by irregular fractures, No large-scale displacement of the
fragments is apparent and the individual pieces have only been pulled
apart very slightly, Extensive alteration of the opaque oxides has
ococurrec in these fractured areas resulting in the formation of finely
crystalline sphene., A narrow selvage of sphene is also often present
between the titaniferous magnetite and chlorite aggregates. The
titenifercus magnetite grains are more rounded in outline at places
where the chlorite is more abundantly developed as illustiratel in Plates
5 (#-G) and 6 (i-D).

The magnetite-rich paris of the milii-phase titaniferous magnetite graine
are preferentially altered to sphene, while the ilmenite intergrowths are

less affected, This produces a serrated appearance around the margins of



A1l photomicrographs taken in incident light ueing oil immersion objectives,
& A J

USUSHWANA TITANIFERCUZ IRON ORES

»

Lo A typical rounded titaniferous magnetite grain (centre) surrcuniel by

chlorite (black), Note the mumerous fractures in the grains,

B, Typical Usushwana titaniferous iron ores exhibiting incipient
martitization (light). Wote the presence of a transgressive veinlet
of delicately banded goethite.

Ce A highly corroded titaniferous magnetite grain showing the development
of wedge-shaped sphene crystals (light) around its margins. The

intergramilar chlorite is black,

D. Similar to (C), but showing the sphene crystals under higher
magnification, The bright internal reflections in the sphene are

largely due to secondary alteration to leucoxene,

E. Usuvshwana hasic rocks : A muliti-phase titaniferous magnetite grain
showing evtensive alteration to fine grained
sphene and chlorite aggregates. Notice the
presence of unaltered ilmenite lamellae in the

altered portions of the host grain.

P. Usushwana basic rocks : A corroded titaniferous megnetite grain (light)
surrounded by abundant secondary sphene (dark

-grey).

G. Coarse intergramilar ilmenite (dark grey) surroundedl by =artitised
mylti-phage titaniferous magnetite and containing small magnetite

platelets (1light) orienmted parallel to (0001).

H. Similar to (G), but showing two large, elongated ilmenite grains

located within a titaniferous magnetite grain.
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These lamellae are erratically distributed, within the titaniferous
magnetites, but become progressively more comnon in the ores towards
the top of the main seam. They are developed along all the octahedral
planes of the titaniferous magnetites, but are too sparsely distributed
to form tyvpical trellis patterns and are more often present as zandwirh

lamellae.

8.3.2.3 Fine intergranular ilmenite

A second type of intergramular ilmenite is preferentially developed

along the numerous irregular cracks and fractures that traverse the
titaniferous magnetites rather than along their original grain boundaries.
These grains are generally rather equant in shape, although some are
slightly elongated, They range from 0,04 to 0,01mm in size and have an

average diameter of approximately 0,02mn,

The fine gramlar ilmenites are generally aligned in stringers along the
fractures and are intimately mixed with chlorite and sphene as illusirated
in Plate 7 (A). They also occasionally form gramlar aggregates, but do
not exhibit the development of polygonal grain boundaries, Stringers of
these grains are also occasionally developed along the periphery of the
titaniferons magnétite grains at places where they are in contact with

chlorite,

These ilmenite grains are often comnected to the ends of fine ilmenite
lamellae that extend beyond the present margins of the titaniferous
magnetite grainsg into the chlorite and sphene-rich areas, These grains
are optically contimious with the lamellae in some cases, but in others

they are not.

8.3.2.,4 FPine ilmenite lamellae

The Usushwana titaniferous magnetites are characterised by ‘he widespread
development of fine ilmenite trellis lamellae. They vary in width from

1 tcy 3 micrometres, but are up to 0,06mm in length and are generally
uniformly thick with gently tapering ends. They are oriented along the
octahedral planes of the host titaniferous magnetites and form a well
defined, intersecting, triangular, trellis pattern as illustrated in Plates
7 (¢ and D).

The titaniferous magnelite between closely spaced ilmenite lamellae is



FLTs 7
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All photosicropgraphs tolen i incident 1ight using cil insersion objechivesz.

FA

UsoSl L an, DITANIIWRIUS IROT ORES

ine inter;remilar ilwerite ~raine (Jorr grey) snl lati-rhapel
chlorite graing (hlacl) levelsped nrount the wargsing of a fracture

in martitized ftitaniferons marnetite,

B, A corrcdel titanifercus marmetite grain containing several broad

. : . - \ : I 5
ilmenite lamelive (ark grey) ani smrrounded by chlorite (black).

Ce in extremely well developed irellis networlk: of {ine ilienite lamellae
(dark grey) developed along the octahedral planes of a titaniferous
rooetite grain.

\

D. Timilar to (C), but showing small ruumbers of very fine ilmenite
internal gramiles (dark grey) that are developed in the areas
between the ilmenite lamellae,

Eo Ilmenite trellis lamellae (dark grey) with abundant very fine-grained
ilmenite internal gramules (dark grey) developed in the areas between

the lamellae.

F, Fortion of a titaniferous magnetite grain illustrating the abrupt
transition from an area of extensive irregular ilmenite internal
gramile development (left hanl side) into an area of ilmenite trellis

development.

Ge similar to (P), but nnder higher magnification showing the abrupt

transition between the two morphological types of ilmenite (dark grey).

L. Pire ilmenite lamellae (dark grey) showing evidence of thickening

and coalescence.
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microstructural variations exist in the ores from different localities,

In particular, differences are noticeable in the fine-scale microstructures
developed in the titaniferous magnetites from the sesams lying to the south
of the Mambula river and those present to the north., The major

difference is that the titaniferous magnetites from the southern portion

of the Complex are generally optically homogeneocus and exhibit vrowmish~
pink colours in the areas between the various coarser, intergrown phases
whereas the titaniferous magnetites from the northern part of the Complex
generally show 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.
The Mambula ores are characierised by complex mineralogical relationships
avd. exhibit a wide range of microstructure déVélopment. These features

are discussed separately'in the following sections.

9.3,1 The associated silieates

The Mambula ores characteristically contain between 10 and 30 per cent
"silicate impurities. Iabradorite is the most common impurity and is
typically present as large tabular grains between 3 and 8mm in size that
are often several timés larger than the associated 6paque oxides, ' The
plagioclase is often sub-rounded and a narrow reaction rim of fine fibrous
hornblende between 0,2 and 0,5mm in width is usually developed around the

plagioclase where it is in contact with the opagque oxides,

The pyroxens grains are also characteristically larger than their

éssociaied ppaqueIOXides, but appear to be slightly smaller than the
co-exigting plagioclase. Both bronzite and augite are present and are

also commonly rimmed by a narrow zone, or corona, of hornblende., A

narrow reaction rim of iron-rich olivine or a mixture of olivine and
hornblende is preéent in places where the bfonzite is present in contact with
the opaque oxides. The pyroxenes generally contain oriented inclusions

of small rod-or plate-like rutile and possibly ilmenite and /or hematite

graing that produce a typical wchiller texture.

The reaction rims are normally only present between the silicates and

opaque oxides and are not developed along the contacts between silicate



PIATE 8

USUSHWANA TTTANIFERCUS IRON ORES

All photomicrographs taken in incident light using oil immersion objectives.

A, Internal ilmenite gramules (dark grey) developed in areas between

ilmenite lamellae and showing their typical morphologies.

B. The typical appearance of ilmenite gramiles (dark grey) that are
developed in the titaniferocus magnetite in areas devoid of ilmenite

lamellaes,

C. Probable modified ulvospinel-type microstructures (dark grey) in

martitized titaniferons magnetite from the base of the Main Seam,

MAMBULA TITANTFEROUS IRON ORES
D. A polished slab of massive ore from the Mambula Complex viewed in
reflected light showing the opaque oxides (light) and a narrow
silicate-rich layer (dark, rounded grains with reaction rims).

E. Portion of a polished section surface of silicate~rich ore viewed in
incident light showing relatively large silicate grains (dark grey)
with well defined reaction rims,. The silicates are separated from
each other by polygonal aggregates of titaniferous magnetite and
ilmenite (1light).

o, The typical appearance of silicate-poor ore showing a polygonal
titaniferous magnetite grain (centre of photograph) containing
abundant crystallographically oriented transparent spinel intergrowths
(black). The magnetite is surrounded by large ilmenite grains (dark
grey).

G. The typical polygonal texture exhibited by clusters of titaniferous
magnetite grains containing transparent spinel microintergrowths

(black) in the silicate-poor ores.
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the different types, but for descriptive purposes it is convenient to
digtinguish seven types, each of which is characterised by differences
in grain size and morphology. The various iypes are described in
sections 9.3.3.7 to 9.3.3.7.

9.3.3.7 (Coarse granmular ilmenite

The bulk of the ilmenite in the Mambula ores is present as small polygonal
grains that range in size between 0,5 and 1,2mm with an average of
approximately O,8mm, larger grains up to 3mm in size are occasionally
present. The anount of this ilmenite in individual samples is highly
variable, but it generally accounts for between 15 and 25 per cent of the

opaque oxides present and may locally reach as high as 30 per cent,

The large ilmenite grains are generally present as single polygonal crystals
that are located interstitially between slightly larger titaniferous magnetite
graing (Plate 9 (C)), or form small clusters of several grains enclosed by a
number of titaniferous magnetite or silicate grains (Plates 9 (D-F)). The
individual crystals in these granular clusters often exhibit different
crystallographic orientations with respect to one another and there is a
tendency for the development of well-defined triple junctions at their mutual
grain boundaries as illustrated in Plate 9 (E).

Many of these ilmenite grains have spinelliferous ocuter rims containing

nunerous smell, equant, transparent spinel grains that range in size from 2

to0 10 micrometres. These spinels are generally located along the interfaces
between the ilmenite and titaniferous magnetite grains, bul are also occasionally
completely enclosed by the ilmenite., These spinels form rows of inclusions
that are arranged close to, and are concentric with, the outer margins of the
host ilmenites. These spinelleferous ilmenite/titaniferous magnetite
interfaces are highly irregular on a fine scale of 10 to 20 micrometres,
particularly in places where large numbers of spinel grains are present
(Plate 9 (G)). These textures are occasionally developed on a coarser scale
as illustrated in Plates 9 (C,E,F)). The rows of spinel inclusions mark the
positions of earlier ilmenite grain boundaries, and the more irregular outer
ilmenite layer in contact with titaniferous magnetite has the appearance of

later, or secondary overgrowths (Plates 9 C,E, and F).

-

The coarse gramilar ilmenites occasionally show the development of poly-
synthetic stress twin lamellae that are commonly developed in two and soretimes
three directions. These textures are particularly well developed in ore samples
from near the southerm margin of the Complex and examples are illustrated in
Plates 9 (H) and 10 (&).



PLATE

MAMBULA TITANIFERCUS IRON ORES

All photomicrographs taken in incident light using oil immersion objectives.

A. A multi-phase titaniferous magnetite grain (light) separated from an
orthopyroxene grain (black) by a rim of olivine containing a fine

symplectite~like intergrowth of magnetite (light).

B. Similar to (A), but under higher magnification showing the nature of
the magnetitq/olivine symplectite~like intergrowth, The magnetite

is light grey.

C. A polygonal ilmenite grain (cemtre of photomicrograph) surrounded by
titaniferous magnetite grains exhibiting typical grain-boundary
relationships. Note the stringer of transparent spinel inclusions

(black) arranged parallel to the ilmenite grain boundary.

D. A cluster of large ilmenite grains exhibiting relatively straight or
gently curved mutual grain-boundaries. More irregular‘interfaces are

developed between the ilmenite and titaniferous magnetite grains,

E. Similar $o (D), but showing the development of a typical triple
junction between the central 3 ilmenite grains.

F. An ilmenite grain(dark grey, centre of photomicrograph) showing the
development of a secondary ilmenite overgrowth along its lower boundary.

G. A typical spinelliferous ilmenite boundary developed between ilmenite
(dark grey) and titaniferous magnetite (light grey) showing incipient
martitization (white). Transparent spinel grains (black) are located
along the highly irregnlar interface between the ilmenite and magnetite
and are also present within the ilmenite where they mark the position

of an earlier interface.

H. A stress~twinned polygonal ilmenite grain (centre of the photomicro-
graph) showing polysynthetic twin lamellae and a complex pattern of

deformation. (partially crossed nicols).
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Small, plate-like bodies of magnetite up to several micrometres in size are
commonly developed in the ilmenite at the points of intersection of twin
lamellae (Plate 10 (B)). These platelets are crystallographically
oriented parallel to the basal planes of the ilmenite hosts and marked
deflections in their orientations occur across the twin composgition
planes reflecting differences in the orientations of their hosts (Plate
10(6)). The magnetite platelets characteristically exhibit varying
stages of oxidation to martite that takes place directly along their
octahedral planes. This magnetite appears more susceptible to
oxidation since partially oxidised platelets are sometimes found in
ilmenite grains that are surrounded by titaniferous magnetite that shows

no sign of oxidation.

Small, crystallographically oriented, magnetite platelets are also

sparingly present along the basal planes of untwinmed granular ilmenites
from the ore-rich samples (Plate 10 (D)). In contrast, the ilmenites

from associated silicate-rich, gabboic rocks commonly exhibit mumbers of
small hematite exsolution lenses that are developed along their basal
planes, Small rmbers of micrometre-sized spinel grains are occasionally
developed along the interface between the magnetite lamellae and their

Lost ilmenites (Plate 10 (E)). Small spinel lamellae are also occasionally
developed (Plate 10 (F)).

9.3.3.,2 PFine grapular ilmenite

Small, elongated or irregularly-shaped ilmenite grains are commonly

present as rows or stringers along the interfaces between neighbouring
titaniferous magnetite grains as illustrated in Plate 10 (G). These

grains range in size from 0,02 $¢ 0,70mm and commonly have numbers of very
mich smaller, ftransparent, spinel grains arranged around their borders.

In some cases, the spinel grains are of a similar size to the ilmenite grains

and are arranged in the rows and stringers with them,

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

intergrowths,

9.3.3.,3 Broad ilmenite lamellae

Broad ilmenite lamellae, usually between 7 and 20 micrometres wide and

up to 0,3mm long are sparsely developed along the octahedral directions



PLATE 10

MAMBULA TITANIFERCUS IRON ORES

All photomicrographs taken in incident light using o0il immersion objectives.

A, Stress~twinned ilmenite grains showing polysynthetic twinning

(crossed nicols).

B. Stiress~twimmed ilmenite showing the development of martitized magnetite
platelets (light grey) at the intersection of twin lamellae (medium-
grey) .

Ce Ilmenite containing abundant martitized magnetite platelets (white).
Notice the difference in orientation of the magnetite platelets in
the darker coloured twin lamella that cuts diagonally across the
photograph.,

D. Typical appearance of magnetite lamellae (light) in ilmenite showing
their characteristic uniform thickness and sharp terminations.

E. Similar to (D), tut the lamellae contain mimute rounded transparent
spinel grains (black) arranged along their boundaries. Appreciable
transparent spinel (black) is present in the central magnetite
lamella ,

F. The typical form of transparent spinel lamellae (black) oriented
parallel to (0001) of their ilmenite host,

G. DNarrow stringers of small ilmenite grains located along the interfaces

between titaniferous magnetite grains (centre portion of photograph).

H. Sparsely developed broad ilmenite lamellae (dark grey) extending from
the grain boundaries into their titaniferocus magnetite hosts.
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of the titaniferocus magnetites as illustrated in Plates 10 (H) and 11(a).
Several of these lamellae are generally present in most titaniferous
megnetite grains, but they are rarely developed to the extent where they
form a typical trellis network. In certain grains these lamellae are
preferentially developed along a pariicular octahedral plane of the host
and produce a sandwich texture as illustrated in Plate(ll A).

The broad ilmenite lamellae are typically spinelliferous and large numbers
of very smell, transparent spinel grains are arranged along the interfaces
between them and their host titaniferous magnetites. Portion of the
spinel grains are located within the ilmenite lamellae, but even these are
situated near the margins of the lamellae., The titaniferous magnetite

in the immediate vieinity of the ilmenite lamellae is generally deveoid of
other finer-grained ilmenite microintergrowths for a distance of up to

0,02mm from the lamellae,

The lamellae often exhibit a slight thickening towards the outer margins
of their titaniferous magnetite hosts in areas where they extend to the
grain boundary as illustrated in Plate 11 (A). These lamellae reach their
thickest development at the grain boundary and in a few exireme cases, they
extend as a small rounded bulge beyond the limits of the host grain into
the intergramlar area. These small rounded grains are of'ten developed

in the marginal areas of neighbouring titaniferous magnetites a8 illustrated
in Plates 10 (H) and 11 (4).

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 havﬁ an overall lens-like shape, but tend to terminate
abruptly and have sharp, cut off, ends rather than gently tapering omnes.

Incipient martitization of their titaniferous magnetite hosts is commonly
evident around the periphery of these broad lamellae, particularly in

grains where the lamellae extend to the mineral boundaries.

9.3.3.4 Fine ilmenite lamellae

A second series of finer ilmenite lamellae are present in the Mambula
titaniferous magnetites and are particularly abundant in the samples
collected from south of the Mambula river. They range from 1 $o0 2

micrometres in width and are up to 0,025mm in length, They are also
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oriented along the octahedral planes of their hosts and exzhibit blunt
terminations, Numbers of small spinel graing are generally located
along their margins and, in some caseg, there is an apparent replacement

of these ilmenite lamellae by spinel (Plate 11 (B-D)).

The lamellce in the samples from south of the Mambula river are set in a
groundmass of titaniferous magnetite that is generally devoid of

intergroun phases other than spinel, In the samples from the north of the
Mambula river the magnetites generally contain finer intergrown titar.ium-
bearing phases, These intergrowths are characteristically absent from

a narrow rim surrounding each lamella,

The fine lamellae are more abundant than the broader ones, but they are
only rarely developed in sufficient numbers to form a distinet trellis
network, Lamellae intermediate in size between the broad and fine types

are very rare,

9.3.3.,5 Very fine ilmenite lamellae

The very fine ilmenite lamellae are generally less than a micrometre wide

and are of variable length ranging up to 0,02mm. They are relatively rare
in titaniferous magnetites collected from sounth 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 (Plate 11 (E and F). They are characteristically
absent from narrow zones several micrometres wide surrounding other ilmenite

intergrowths,

These lamellae are occasionally more irregular in shape, and are present
along only one of the octahedral planes forming a distinct lineated patiern
resembling a less robustly developed ulvospinel texture as illustrated in
Plate 11 (G)» The size of these lamellae is at the limit of optical
resolution and their relationships are not clear, They are often
associated with similar-sized spinel rodlets that are oriented along the

cubic planes of their hosts.

9.3,3.6 Very fine rounded ilmenite

Very small, rounded ilmenite graing, generally less than two micrometres
in size, are occasionally present in aggregates arranged arocund the periphery

of spinel lamellae in certain of the titaniferous magnetites (Plate 11 (¥E)).



PLATE 11

MAMBULA TITANTFEROUS IRCN ORES

All photomicrographs taken in incident light using oil immersion objectives.

A

B

Cs

D.

E.

F.

Ge

H,

Titaniferous magnetite grains containing several Sparsely digtributed
broad ilmenite lamellae (dark grey). Notice the increase in width
of these lamellae towards the grain boundaries and the development of

small rounded grains at their broadest points.

Pine ilmenite lamellae (dark grey) and transparent spinel lamellae
(vlack) in titaniferous magnetite. Note the apparent replacement of
the ilmenite by the spinel.

Pine ilmenite lamellae (dark grey) exhibiting a distinct thickening
and the development of sharp terminations in titaniferous magnetite.

Some intergrown transparent spinel (black is also present.

Fine ilmenite lamellae (dark grey) with small rounded transparent spinel
grains (black) located along their margins. Other crystallographically

oriented spinels show up as rows of black lines.

Very fine spinelliferous ilmenite lamellae (dark grey) oriented parallel
to (111)»of their titaniferous magnetite hosts. Larger transparent

spinel bodies (black) are also present,

Similar to (B), but with a much greater degree of very fine ilmenite
trellis development. The transparent spinel is black while the

titaniferous magnetite host is light grey.

Extremely fine ilmenite lamellae (dark grey) derived from ulvospinel
and tiny transparent spinel laths (black) intergrown with titaniferous
magnetite.

Titaniferous magnetite containing number of rounded tramsparent spinel
grains (black) surrounded by clusters of very fine rounded ilmenite

grains (dark grey).
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These grains are preferentially developed in the titaniferous magnetites
collected from north of the Mambula river and are characteristically

present in grains containing numerous, very fine-grained intergrowihs.

9.3.3.7 Ilmenite derived from ulvospinel

Sets of extremely fine, micrometre sized, -ilmenite lamellae are developed
along the cubic planes of their titaniferous magnetite hosts and have the
typical appearance of an ulvospinel cloth itexture. This material is
generally only present in the titaniferous magnetites from north of the
Mambula river and represents oxidised ulvospinel. It is present in the

areas between the various other larger-sized, intergrown phases.

9.3.,4 The transparent spinel

The Mambula titaniferous iron ores are highly aluminous and are
characterised by the presence of abundant dark green, transparent spinel.

It is present both as discrete grains, and as various exsolution bodies
within the titaniferous magnetites. Qualitative electron microprobe
analyses indicate that the larger grains are composed essentially of Mg

and Al witﬂ smaller amounts of Fe and Ti., They are most probably very
close to pleonaste in composition and are typical of the {transparent spinels
developed in titaniferons magnetites.

large euhedral to subhedral spinel grains varying from 0,5 to 1,2mm in
size 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 12 (A)., The boundaries are, in part, straight and
well-defined, but in others they are more irregular and the spinel locally
appears to replace both ilmenite and titaniferous magnetite. The areas
surrounding these grains commonly contain mumbers of smaller, often highly
irregular spinel grains that are sometimes connected to the larger grains
as illustrated in Plate 12 (A).

The larger spinel grains commonly contain fine lamellae of an opaque, iron-
rich spinel, probably magnetite, that are oriented along their cubic planes.
These magnetite lamellae are typically absent from the smaller spinel grains,
The spinel grains are also commonly fractured and incipient alteration is

evident along these zones.,

Smaller, equant spinel grains, generally between 2 and 10 micrometres in
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size are located along the interfaces between titaniferous magnetites and
coarse grained ilmenites as described in section 9.3.3.7. A series of
generally smaller, equant spinel grains are also present along the margins
of both the broad and fine ilmenite lamellae as described in sections
9.3.3.3 and 9,.3,3,.4. The spinel lamellae are generally developed along
all the éubic planes of their hosts as illustrated in Plate 12 (B). They
may, however, occasionally exhibit preferential development along only one
of the cubic planes and this leads to the formation of a characteristic
lineated or sandwich texture as illustrated in Plate 12 (C and D). A
second set of very much finer spinel lamellae is commonly present in the

areas between the larger lamellae.

Lamellar and lensold spinel grains are ubiquitiously developed along the
cubic planes of the titaniferous magnetites as illustrated in Plates

8 (Fand @) ;9 (4,C,D,F) and 10 (G~H). These bodies are extremely
variable in size and range from sub-micrometre-sized bodies to large
lamellae over 0,lmm in size, These spinel intergrowths also typically
exhibit a wide range in size within individual titaniferous magnetite
grains.,  They are generally largest in the central portions of their
hosts, but become progressively smaller towards the titaniferous magnetite
margins, until they disappear, being absent from the outer 5 to 15

micrometres of their hosts as illustrated in the ahove mentioned plates.

The larger spinel lamellae are generally slightly curved and are lens-
shaped as illustrated in Plates 12 (B and C). The spinel lamellae are
sometimes arranged in a definite en echelon faghion as illustrated in
Plate 12 (B). This feature is particularly noticeable in areas where
the lamellae have developed slightly curved, and more lenticular forms.
These lamellae are generally cut by broad ilmenite lamellae (Plates 12
(B and E)) and are also surrounded by & 5 to 10 micrometre wide zone of
homogeneous, inclusion free, magnetite. The areas between the larger
spinel lamellae are generally occupied by a second set of extremely small
gpinel grains that are also oriented along the cubic planes of the
titaniferous magnetite as illusirated in Plate 12 (B). These spinels
are generally equant or lath-shaped and range between 0,5 and 1,5
micrometres in size, Similar sized; but more needle~shaped spinel
grains are also present in the ulvospinel-type and very fine lamellar
ilmenite intergrowths as illustrated in Plate 11 (G).



PLATE 12

MAMBULA TITANIFERCUS IRCN ORES

All photomicrographs taken in incident light using oil immersion objectives.

A, A large pleonaste grain (dark grey) containing minute lamellae of an
exsolved iron rich spinel (light). The surrounding grains are
titaniferous magnetites.

B. A well developed set of transparent spinel lamellae (black) oriented
parallel to the cubic planes of the titaniferous magnetite host, A
broad ilmenite lemellae (dark grey) cuts diagonally across the
photomicrograph.

C. Typical appearance of spinel lamellae (black) in the Mambula
titaniferous magnetites, Note the "sandwich" texture developed

by these lamellae in the lower central grain.

D. Transparent spinel lamellae (black) preferentially developed along
only one of the cube planes of the titaniferous magnetite host to

produce a lineated patierm.

E. large ilmenite lamellae (dark grey) disrupting a transparent spinel
body (black).

F. Transparent spinel grains (black) associated with an ilmenite lamella
(dark grey). Other spinel boedies showing markedly rounded to lensoid
forms (black) are alsc present.

G. Transparent spinel lamellae (black) present in rounded lensoid forms
in the titaniferous magnetite. '

H. Similar to (G), but the original large spinel lamellae show evidence

of breaking down into numbers of smaller grains.
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titaniferous maghemite and martite., The unoxidised cores may be absent
in the more highly weathered samples and the outermost martitized parts
of the grains commonly show hydration to geothite.

In addition to the titaniferous magnetite, the ores are traversed by
narrow, sparsely distributed, irregular veinlets of optically homogeneouns
magnetite as illustrated in plate 13 (B). A well defined boundary is
developed between this homogensous magnetite and the titaniferous magnetite
in certain areas as illustrated in Plate 13 (B). The contacts are more
diffuse in other areas, particularly near grain boundaries and have the
appearance of segregations, rather than veinlets as illustrated in Plates
13 (C~B). This homogeneous magnetite oxidises directly to martite without
the formation of intermediate titanomaghemite and the process takes place
along its octahedral planes as illustrated in Plates 13 (B-E).

The true magnetite veinlets are generally free from ilmenite and other
inclusions, but the segregations commonly contain rmumbers of small,
skeletal and poikilitic ilmenite grains as illustrated in Plates 13 (C-E).
There appears 1o be some crystallographic control of the external
morphology of the ilmenite grains in all cases by the octahedral planes
of their magnetite hosts, Both types of homogeneous magnetiie exhibit a
s8light brownish-pink colour that might be indicative of the présence of

minor TiO2 remaining in solid solution.

10.3.2 The ilmenite

A wide variety of ilmenite grains are present, both as discrete crystals

and as various microintergrowths in titaniferous magnetite. For
descriptive purposes seven types of ilmenite are recognised, each type

being characterised by differences in grain size and morphology.

10,3.2,71 Coarse granular ilmenite

large tabular-to irregularly-shaped, elongated ilmenite grains are locatsd
interstitially between the large titaniferous magnetite grains as
illustrated in Plate 13 (F). The grains range from 0,2 to 1,0mm in
length, but are generally less than 0,7mm long., They are commonly
present as single crystals, but occasionally may form aggregates of two
or more grains., The ilmenites do not exhibit signs of polygonalization

where they are in contact either with titaniferous magnetite or other




PLATE 13

KAFFTRSKRAAL TITANIFERCUS TRON ORES

All photomicrographs taken in incident light using oil immersion objectives,

A,

G.

o
Iie

The typical appearance of weathered Kaffirskraal titaniferous
magnetites showing the presence of numerous irregular fractures
(vlack).

A transgressive veinlet of optically homogeneous magnetite showing

incipient martitization (white) cutting across titaniferous magnetite,

Poikilitic ilmenite grains (dark grey) set in optically homogeneous

magnetite (lighter grey) that shows extensive martitization (white).

Similar to (C), tul with the ilmenite grains (dark grey) showing
greater crystallographic control, Note the presence of a typical
ulvospinel cloth texture in the titaniferous mangetite on the left

hand side of the photomicrograph.

Similar to (D), but showing larger, better developed ilmenite grains

(dark grey).

A cluster of large intergramlar ilmenite grains in titaniferous

magnetite.

Numerous fine magnetite lamellae (white) in ilmenite (dark grey).
The white grain is maertitized titaniferous magnetite while the white
line running diagonally across the ilmenite is a wveinlet of

martitized Iante-stage magnetite.

A small, irregularly shaped ilmenite grain (dark grey) surrounded by
titaniferous magnetite showing the development of very fine ilmenite
lamellae and an ulvospinel cloth texture, The lighter areas in the

groundnass are due to the presence of titaniferous maghemite.
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ilmenite grains.,

The amount of coarse grained ilmenite in the samples is variable and ranges
between approximately 2 and 6 per cent. The ilmenites occasionally contain
large rounded, to subrounded inclusions of titaniferous magnetite that are
compositionally and texturally similar to the surrounding grains, The
larger ilmenite grains occasionally contain very fine, sparsely
distributed magnetite lamellae (Plate 13 (G)). These lamellae are
commonly less than a micrometre wide, but may be up to 40 micrometres

long. They are oriented along the basal planes of their ilmenite hosts
and are generally confined o the central portions of the larger grains,
being absent from regions near grain boundaries., These lamellae have
been oxidised to martite in the majority of samples, but are recognisable
because of the morphological differences between them and hematite

lamellae, . Magnetiie lamellae exhibiting various stages of martitization

are also occasionally present.

10630 2.2. Fine gramlar ilmenite

Small, irregularly shaped, and often elongated, ilmenite grains are
present as siringers along the interfaces between co-existing titaniferous
magnetite grains. Similar grains are also irregularly distributed within
the titaniferous magnetites as isclated grains or as stringers that are
often aligned along gently curved paths. Typical examples of these
ilmenite types are illustrated in Plates 13 (H) and 14 (A-B). Their
irregular, elongated forms suggest that they are in many cases composed

of rmunbers of similarly oriented small grains that have coalesced to form

longer, optically continuous grains.,

Numbers of rounded, micrometre-sized spinel grains are itypically present
around the peripheries of the smaller ilmenites and are commonly located
within the outer 5 to 10 micrometre wide rims of larger ilmenites.,
Somewhat larger spinel grains are sometimes located along the interfaces
between the fine granular ilmenite and the titanifefous magnetite, Both
the internal and external ilmenite grains are often connected to a set of

large sparsely distributed ilmenite lamellae.

10.3,2,3 Large ilmenite lamellae

Numbers of large, sparsely distributed ilmenite lamellae are present

oriented along the octahedral planes of the titaniferous magnetites. They
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vary in width from 5 to 10 micrometres and show extreme slongation

with lengths commonly up to 0,2mm and even occasionally as long as 0,4mm.
They are typically spinelliferous and are characterised by the presence
of rumerocus small, rounded spinel grains that are located along the
ilmenite/titaniferous magnetite interfaces illustrated in Plate 14
(B-D). The sparse distribution of these lamellase and their wide

size variation suggests that more than one size range might be present.

The ilmenite lamellae exhibit gently tapering ends at places where they
intersect or are totally enclosed in titaniferous magnetite as illustrated
in Plate 14 (D). They are occasionally connected +to small granular
ilmenite grains with which they may be in optical contimmity or else

exhibit different orientations. .

The lamellae are very erratically distributed throughout the ores, being
fairly abundant in certain areas,; but are virtually absent from others.
On a2 smaller scale, within a particular polished section, the lamellae
night be quite well developed in a particular titaniferous magnetite,
but are virtually absent from neighbouring grains. The lamellae are
not sufficiently well developed in any of the samples to form a typical
trellis network. |

10.3.2,4. Yery fine ilmenite lamellae
A second set of very much finer ilmenite lamellae is also present as

illustrated in Plate 14 (E-H). These laméllae are generally less
than 20 micrometres long. - They are also sparsely distributed

throughout their titaniferous magnetite hosts and are generally developed
in the immediate vicinity of grain boundaries, cracks and other permeable
features as illustrated in Plate 14 (G and H).

The very fine ilmenite lamellae are also oriented along the octahedral
planes of their titaniferous 1agnetite hosts, but are only rarely
developed to the extent that well defined trellis networks are formed,
Spinel grains are only rarely associated with these lamellae, but very
small, irregularly shaped, ilmenite grains are sometimes developed at the
endg of these lamellae, The lamellar ilmenite development generally
gives way to a typically coarse-grained ulvospinel-type microstructure
within 20 to 30 micrometres of the fraciure or other permeable structure
as illustrated in Plate 14 (H).



PLATE 14

e ————————

KAFPIROSKRAAT, TITANIFERCUS JRON ORES

L211 photomicrograpns taken in incident lisht using oil immersion objechivern,
=) ~

C.

D.

G

H.

Trall, irregularly-shaped ilmenite grains (dark grey) developed

along the boundary between larger titaniferous magnetite grains,

Small, irregularly-shaped ilmenite grains (dark grey) alignel along
a fracture in titaniferous magnetite containing lamellae ilmenite
{daxrk grey). TNotice that some of the ilmenite lamellae are connected

to the ilmenite grains,

A large ilmenite lamella (dark grey) with nuwbers of smell spinel
grains (black) developed along ite margins. Abundant
crystallographically oriented transparent spinel intergrowths (vlack)

are also developel in the surrounding titaniferous magnetite.

Intersecting large ilmenite lamellae (dark grey) developed in

titeniferous magnetite.

Very fine ilmenite lamellae (dark grey) in titaniferous magnetite.

A small, irregular ilmenite grain (dark grey) surrounded by very fine

ilmenite lamellae,

Areas of titaniferous magnetite containing very fine ilmenite lamellae
and grading into areas in which .small patches of ulvospinel cloth
texture are present. Note the very fine ilmenits grains (dark grey)

that are located in stringers along the fractures.

Typical fine-grained microstructural relationships in the Kaffirskraal
titaniferous magnetites.  Very small ilmenite gramules (dark grey)
are developed along the margins of an arcuate fracture (vlack),

Very fine ilmenite lamellae are developed for a short distance on
either side of the fracture and then grade into-a typical ulvospinel

cloth microtbexture.
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10e342. 5. Extremely fine granular ilmenite

A second set of extremely fine-grained, gramular ilmenite that is
morphologically similar to the fine gramular ilmenite, is also present

in the titaniferous magnetites. These grains are typically less than

3 nmicrometires across and are generally found as stringers that are aligned
along fractures and other permeable features as illustrated in Plate

14 (G and H). These grains are commonly connected to the ends of the very
fine ilmenite lamellae and are characteristically associated with their

development,

10,3.2.6 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 subgolvus exsolution of ulvospinel, This texture is particularly
coarse and well developed, consisting of a mesh-like network of micrometre
ard sub-micrometre sized (originally ulvospinel) lamellae. They are
oriented along the cubic planes of their hosts and break the magneiite

up into a myried of micrometre-sized cubes as illustrated in Plate 15 (4).
This network is also characteristically developed in the areas between the
larger ilmenite lamellae, but is uswally absent from a narrow zone several
micrometres wide immediately adjacent to the lamellae (Plates 14 (B-D), 15
(3-¢)).

Exsolved ulvospinel is readily oxidised to ilmenite, but when this occurs
at low temperatures, the orientation of the originally exsolved ulvospinel
is retained by the oxidation product. The weathering of the Kaffirskraal
ores has caused the widespread oxidation of ulvospinel and no unoxidised
ulvospinel was noted, even in the freshest samples. These very fine-
grained microstiructures are preserved during oxidation due to the

formation of titaniferous maghemite as an intermediate phase.

The very fine ilmenite lamellae derived from the oxidation of ulvospinel
appears 1o break down and a coarser, less well-defined texture is
developead in certain areas within the titanomagnetite grains. The
individual lamellae swell and coalsce with neighbouring lamellae to form
larger grains that are in optical continuity as illustrated in I'late 15
(D and ). They form a perforated, sieve-type texture consisting of

abundant rounded inclusions of magnetite and are surrounded by a narrow



PLATE 15
KAFPTRSKRAAL TITANIFERCUS IRCN ORES

A1l photomicrographs taken in incident light using oil immersion objectives.

A, A itypical ulvospinel cloth texture developed in titaniferous
magnetite. The ulvospinel has been oxidised to ilmenite (dark

grey lamellae).

B, Ilmenite lamellae (dark grey) enclosing areas of titaniferous
magnetite containing finer ilmenite lamellae and ulvospinel

intergrowths.

C. Similar to (B), but showing a well developed ulvospinel cloth texture
in the titaniferous magnetite between two large ilmenite lamellae

(dark grey).

D. A typical ulvospinel texture showing evidence of coarsening and
lamellar breakdown. The ulvospinel has been oxidised to ilmenite

(dark grey).
E. Similar to (D), but showing a more advanced degree of modification.

F. Similar to (E), but showing the development of numbers of sieve-like

ilmenite grains (dark grey).

G. Transparent spinel lamellae (black) developed parallel to (100) of
the titaniferous magnetite host,

H. A partially oxidised titaniferous magnetite grain containing
"iglands" of unoxidised magnetite (dark grey) surrounded by lighter

titaniferous maghemite,
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were not specifically searched for during sampling and it is pcssible

that they might be more extensively developed,

Ortlepp (1955,1959) reported that ingeous layering was not well-developed
in the Trompsburg Complex and stressed that ifs constituent minerals do
not exhibit any marked compositional trends with increasing stratigraphic
neight. Examination of the Trompsburg cores during the collection of
the titaniferous magnetite samples indicated the presence of a wide
variety of cumulus rock +types, particularly in borehole TG 2 which
contained the ore-rich seams, Investigation of the titaniferous
magnetites revealed the presence of locally abundant sulphide
mineralization and a study of this is currently being undertaken by

Mr. C.T. Logan at NIM.

Logan (personal commnication, 1977) has vecogniseld the presence of
rumerous macrorhythmic layers within certain sections of the Trompsburg
core. In particular, he has noted the presence c¢f at least 19 cyclic
units in a single core tray containing approximately 60m of core. The
unite vary in thickness between 1 and 3m and consist typically of a thin
6livine—rich or dunitic layer that grades upwards into a gabbro with a
decrease in olivine content._ Magnetite then appears as a cumulus phase
and may become the dominant phase, in some cases forming a definite
ore~rich seam or layer, The magnetite content decreases sharply with
increasing height and the rock becomes plagioclase-rich, locally forming

an anorthosite. The cycle is then repeated.

The tﬂiokness of individual layers is highly variable and they are not
always present in each cyclic unit. Thege features indicate that the
petrology of the Trompsburg Intrusion is far more complex than suggested
by Ortlepp's reports. Further pelrographic and mineralogical
investigations of this Complex are currently in progress and it is hoped.
that they will provide additional data that will help explain the various

feutures exhibited by these ores,

The Trompsburg ores are characteristically TiOé, A1205 ani MgO-rich

ard their titaniferous magnetite display a wide range of microstructures
that have resulted from the exsolution and oxidation/exsolution of Ti-and
Al~rich phases. The individual components of the ores are discussed more

fully in the following sections,
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A small amount of the late-stage magnetite might also have been
precipitated from iron-rich fluids formed during the dissolution of

titaniferous magnetite and its replacement by sphene.

11.3.,3 Ilmenite

Ilmenite is present in the Trompshurg ores in a wide variety of forms
that include both discrete grains and mumerous complex microintergrowths
with titaniferous magnetite, The coarser types of lamellar ilmenite

are generally not well developed while trellis-like ilmenite intergrowths
are generdlly rare and are apparently confined to specific seams., Tre
various types of ilmenite can be characterised by differences in grain

size and morphology that are described in sections 11.3.3.1 to 11.3.3.8.

11.3.3.1 Coarse granular ilmenite

Coarse grained ilmenite is commonly the dominant opaque phase in the
more silicate-rich rocks where it is present as relatively large grains
that vary between 1 and 5mm in size, These grains generally exhibit
gently curved outlines and appear to be interstitial to the silicates
about which they are moulded. The amount of ilmenite decreases with
respect to titaniferous magnetite as the proportions of silicates in the
samples decreases so that it is commonly only a minor phase in ihe ore-rich
seams.  Between 20 and 25 per cent by volume of coarse-grained ilmenite
is commonly present in the silicate-rich ores while only between 5 and 10
per cent is developed in the silicate-poor ores, The ilmenite grains in
the ore-rich samples exhibit a similar grain size to those in the silicate~
rich ores, but are generally slightly elongated or show signs of

polygonalization,

The ilmenite/titaniferous magnetite grain boundaries are generally highly
spinelliferous and are characterised by the presence of abundant, small
rounded spinel grains located along the interfaces. The spinel grains
range in size from 1 to 20 micrometres and produce highly irregular,
sutured boundaries as illustrated in Plate 16 (E-G). These spinel grains
are more rarely present as a string of impurities that are located within
the ilmenite parallel to their grain boundaries, but generally within 20

micrometres of it.

These ilmenite grains are also generally highly fractured due to the



PLATE 16

TRQMPSBURG TITANIFEROUS IRON ORIS

All photomicrographs taken in incident light using oil immersion objectives,

A. Typical appearance of the Trompsburg ores, The titaniferous magnetite
(left hand side of photomicrograph) contains abundant exsolved
pleonaste (oriented black rodlets), The ilmenite (right hand side of
the photomicrograph) exhibits a spinelleferous rim along its contact
with the magnetite. The minerals are traversed by fractures (black)

containing coarse pyrrhotite (white).

B. Alteration of titaniferous magnetite (dark) in areas adjacent fo
fractures (black).

C. Late-stage alteration of titaniferous magnetite (dark grey) revealing

the ilmenite trellis networks.

D. Spinelliferocus ilmenite lamellae (grey) projecting beyond the margins
of their titaniferous magnetite host (white) into the gilicate matrix
(vlack).

E. Sub-parallel fractures (black) traversing both ilmenite (grey) and
titaniferous magnetite (light). Note the spinelliferous ilmenite
rim developed along the contact between the ilmenite and

titaniferous magnetite,

F. Similar to (E) but taken under higher magnification to show the

finer microstruciural details of the spinelliferous ilmenite rim.

G. A row of pleomaste grains (black) located along the interface between
ilmenite (dark grey) and rulti-phase titaniferous magnetite (lighter).

H. Ilmenite (grey) tranversed by numerous serpentine-filled fractures

(vlack).
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serpentinization of olivine as illustrated in Plate 16 (E and H). The
grains are also traversed by irregular, late-stage veinleis of
serpentine, optically homogeneous magnetite, graphite, and more rarely,
sulphides (Plate 17 (A and B)), The ilmenites only very rarely show the
development of stress~twin lamellae even though they are extremely
fractured.

The larger ilmenite grains typically coniain small numbers of narrow
magnetite lamellae that are oriented parallel to their basal planes.
These lamellar or plate~like bodies are generally less than 3 micrometres
in width, but show extreme elongation and may be up to 0,06mm in length,
although they are commonly shorter, These lamellae generally exhibit
sharp terminations and occasionally contain small inclusions of aluminous
spinel. The spinel is generally present as small segments of the
lamellae and is commonly developed near their ends., Lamellae of pure
spinel are also occasionally present in the ilmenite, Small, rounded,
micrometre-sized grains of spinel are occasionally present along the
interface between the ilmenite and larger magnetite lamellae, Sparsely
distribtuted spinel lamellae of a similar size and orientation are also

occasionally present (Plate 17(B)).

A second type of very much coarser lamellar intergrowth of titaniferous
magnetite is also present oriented along the basal planes of some of
the larger ilmenite grains as illustrated in Plate 17 (C). This
intergrown titaniferous magnetite is optically similar to that of the
larger co-existing grains., This magnetite is highly aluminous and
contains numercus small grains of itransparent spinel arranged along the
ilmenite/magnetite interfaces while narrow spinel lamellae are
occasionally present along the (100) planes of the magnetite., Vapious
extremely fine-grained exsolved Ti~-rich phases are also commonly present

towards the centres of the wider lamellae,

The titaniferous magnetite lamellae vary in width from 5 to 50 micrometres
and may be up to 0,2mm long. They are generally of uniform thickness,
but may occasionally pinch and swell along their length.  Their
terminations are commonly sharp and do not taper gently. Small rounded
inclusions of titaniferous magnetite are also occasionally present in the

ilmenite.



PLATE 17

TRQUPSBURG TITANIFERCUS IRON ORES

All photomicrographs taken in incident light using oil immersion objectives.

Cs

Ge

H,

Fractured ilmenite (grey) showing the development of pyrrhotite
(1ight) along some of the fractures. The difference in colour

of the pyrrhotite is due to reflection pleochroism.

Similar to (A), but small numbers of transparent spinel rodlets

(vlack) are present in the ilmenite,

A plate~like inclusion of multi~phase titaniferous magnstite

(lighter) in ilmenite (darker) traversed by a serpentine-filled
fracture.

An aggregate of small irregular ilmenite grains (dark grey) and
pleonaste (black) developed along a permeable zone within a

titaniferous magnetite grain,

Similar to (D), tut the ilmenite graiﬁs have coalesced to form

a veinlet,

Broad spinelliferous ilmenite lamellae (grey) extending $0 the
margins of their titaniferous magnetite hosts where they become

wider,

Ilmenite lamellae (dark grey) containing abundant pleonaste
(black).

Sparsely distributed fine spinelleferous ilmenite lamellae
(dark grey) in titaniferous magnetite (1light) containing

abundant exsolved pleomaste (black).
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11.3.3.2 Fine gramlar ilmenite

Small elongated, or irregularly shaped ilmenite grains are occasionally
present within the titaniferous magnetite grains or are located along

the interfaces between neighbouring magnetite grains. These grains range
from 0,02 to 0,1mm in size and are typically spinelliferous, having
numbers of very much smaller, transparent spinel grains arranged around
their margins where they are in contact with titaniferous magnetites.
These fine granular ilmenites are also sometimes connected to the broad

ilmenite lamellae that occasionally cut across the titaniferous magnetites.

The amount and size of the spinel grains associated with the ilmenite
appears to be controlled largely by their size. The spinel is generally
abundant around the larger grains, but is less well-developed around the

smaller grains and may even be absent from the smallest ones,

Many of the smaller ilmenite grains exhibit highly irregular outlines and
are sometimes arranged in stringers along curved fractures or permeable
zones within the titaniferous magnetites (Plate 17 (D and E)). These
ilmenite grains are commonly conmected to a set of finer ilmenite lamellae
that are developed along either side of the permeable zone. These

lamellae and small ilmenite grains are also generally in optical continuity.

114303+3 Broad ilmenite lamellae

Broad ilmenite lamellae, usually between 7 and 20 micrometres wide, but

occasionally wider, and up to 0,4mm long are sparingly present along the
oactahedral planes of the titaniferous magnetites as illustrated in Plate
17 (7). These lamellae are generally very rare and are only very
occasionally developed to the extent where they form a distinct trellis

network.

These lamellae are highly spinellifercus and are characterised by the
presence of large mumbers of very small, transparent spinel grains. The
spinels are not only located along the ilmenite/titaniferous magnetite
interfaces, but are present within the ilmenite and are commonly aligned‘
in rows parallel to the lamellar boundar¥ies (Plate 17 (G)). The titaniferous
magnetite in the immediate vicinity of these ilmenite lamellae is

generally devoid of the finer grained ilmenite microintergrowths for a
distance of up to 0,02mm from the lamellae (Plate 17 (@)).
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The lamellae that are completely enclosed within the titaniferous
magnetite generally exhibit a well defined, narrow, lensoid shape

with gently tapering ends. In contrast, the lamellae that extend
to the grain boundaries commonly exhibit a slight degree of thickening
fowards the grain boundary, reaching their broadest development at the
grain boundary itself, These lamellae also occasionally protrude a
slight distance from their host titaniferous magnetite and may be joined

to small_ilmenite grains.

Practuring and displacement of the host titaniferous magnetites during
serpentinization of the associated olivine is commonly controlled by
the lamellae., They provide planes of weakness along which separation

can preferentially occur.

11.3.3.4 Pine ilmenite lamellae

A second series of finer ilmenite lamellae are sporadically developed
along the octahedral planes of {the titaniferous magnetites, hut are

rarely abundant enough to form a well defined trellis network. They
range from 1 to 5 micrometres in width and are generally extremely
elongated, locally attaining lengths of 0,25mm. They are generally in

" the form of flattened lenses with gently tapering ends, although more
complex morphologies are sometimes developed (Plates 17 (G) and 18 (A=B)).

These lamellae are generally spinslliferous, but not fo the same extent

as the broad lamellae, Rows of small, rounded, transparent spinel grains
are generally arranged along the ilmenite/titaniferous magnetite interfaces
in the usual mamner. The smaller ilmenite lamellae are generally less
gspinelliferous than the larger ones in this class and in some cases the
smaller bodies are completely free of marginal spinel., A narrow zone

of inclusion-~free, optically homogeneous, titaniferous magnetite
approximately 10 micrometres wide'is'generally present around these
lamellae, The titaniferous magnetite present betwsen these lamellae at

a greater distance typically contains an abundance of other finer

intergrown phases.

These lamellae are generally not well developed in the Trompsburg
titaniferous magnetites and with the exception of samples 17/2 and 24/5
they are virtually absent from these ores, Where present, they are

more commonly located near grain boundaries and along early-formed
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fractures. They are also occasionally connected to small irregular
ilmenite grains that are developed along fractures or other permeable

zones within their hosts.

11.3.3,5 Very fine spinelliferous ilmenite lamellae

This type of intergrowth represents the common groundmass texture in
the titaniferous magnetites in samples 4/4~15 and 12/4—5 and is
characteristic of ore-rich samples from this level in the Complex.
These textures are very distinctive and are not developed to any ex.ent
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 (2000X, oil immersion). These lamellae are
approximately a micrometre wide and vary between 10 and 20 micrometres
in length. They generally form a well developed irellis neiwork and
are oriented along the octahedral planes of their host grains (Plate

18 (C¢)). 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 limit of optical resolution ("salt and pepper texture").

The ilmenite lamellae are distinctly 1ens—shaped and have gently tapering
ends, especially where they intersect each other. Myriads of micrometre~
sized rounded spinel grains are typically located along the ilmenite/
titaniferous magnetite interfaces and occasionally form part of the lamellae.
Other ccarser forms of spinel are typically absent from grains showing this

type of microstructural development.

11.3.3.6 Extremely fine ilmenite lamellae

A set of extremely fine grained ilmenite lamellae approximately 1
micrometre thick and up to 10 micrometres in length are occasionally
developed in the Trompsburg titaniferous magnetites. They are also
developed along the octahedral planes of their hosts, but are typically
free of fine-grained spinel intergrowths (Plate 18 (D)). ‘

The lamellae are generally best developed along a narrow zone bordering
grain boundaries and along fractures, but may also be present further into

the titaniferous magnetites where they are most commonly developed in areas



PLATE 18

TRGIPSEURG TITANIFERCUS IRON ORES

All photomicrographs taken in incident light using oil immersion objectives.

A.

B.

Ce

E.

¥,

G.

H.

Fine intersecting ilmenite lamellae (grey) parallel to (111) in
titaniferous magnetite containing abundant exsolwved pleonaste
(black) parallel to (100).

Fine ilmenite lamellae (grey) developed parallel to (111) of
titaniferous magnetite cut by pleonaste lamellae that have

exsolved parallel to (100). Note that the pleonaste lamellae appear
1o consist of rows of octahedra.

Very fine spinelliferous ilmenite lamellae (dark grey) in titaniferous

magnetite., Tiny pleonasite grains are black,

Extremely fine ilmenite lamellae (grey) developed along (111) of the
Ti-magnetite cut by pleonaste lamellae (black) developed along (100).

Typical ulvospinel cloth texture viewed along (100). Extremely

fine pleonaste grains are black,

Same as (E), but viewed along (111) showing the 3~fold symmetry.

Similar to (E), but showing the development of several larger

ulvogpinel "boxes",

Similar to (Q), but showing a much more pronounced development

of this ulvospinel texture,
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between the fine ilmenite lamellae. These lamellae generally merge
imperceptibly into ulvospinel-type textures and are more common in

the silicate-rich ores, being virtually absent from some of the pure
types. Very small, micrometre sized ilmenite gramules are occasionally
developed at the ends of these lamellae where they protrude into

fractures.

11.3,3.7 Extremely fine grarmilar ilmenite

Very small, micrometre sized ilmenite granules are rare in the Trompsburg
titaniferous magnetites and are occasionally present in narrow stringers
that are aligned along minor fractures or other permeable features. These
grains are generally irregular in shape and are commonliy cormected to the

extremely fine ilmenite lamellae described above.

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

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

structures might, in part, represent oxidised ulvospinel,

11.3.3.8 Ulvospinel and its oxidation products

The characteristic cloth-like structure formed by the sub-solidus

exsolution of nlvospinel is the most abundant and widely developed
microstructure in the Trompsburg ores. This microstructure is particularly
coarse and well developed in the samples and consists of a mesh-like
network of micromeire and sub-micrometre sized ulvospinel lamellae, These
lamellae are orientated along the cubic planes of their hosts and divide

the magnetite groundmass into a myriad of micrometre~sized cubes (Plate

18 (E and F)). Certain ulvospinel lamellae are occasionally better

developed and textures similar to those in Platc 18 (G and H) are formed.
T'rameworks of coarser ulvospinel are also developed around the larger

spinel lamellae (Plate 19 (A and B)).
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Exsolved ulvospinel is readily oxidised to ilmenite, but when this occurs
at low temperatures, the orientation of the originally exsolved ulvospinel
is retained by the oxidation product. Ortlepp.{1959)noted the presence
of unaltered ulvospinel in these ores, but the present microscopic
investigation shows that much of the ulvospinel has been oxidised to
ilmenite. X~ray powder diffraction traces reveal broad, irregular
magnetite peaks which partly reflect the very fine—grained size of the
individual magnetite fragments, the present of the aluminous spinel,
optically homogeneous magnetite and possibly some unoxidised ulvospinel
that all have similar d-spacings. It is possible that the partial
oxidation of this ulvospinel may have occurred during 30 years of storage
under atmospheric conditions, It is also possible that oxidation of
ulvospinel at the surface of the polished sections may have occurred during

their preparation.

The normally very fine-grained-ulvospinel lamellae are oxidised to ilmenite
at places within the titaniferous magnetites and ‘the texture breaks down

10 yield a less-well defined microstructure. The individual lamellae swell
and coalesce with neighbouring lamellae to form larger grainsthat are in
optical contimiity. They form a perforated sieve type texture containing
abundant rounded magnetite inclusions in their more adﬁanced stage of
development and are surrounded by a narrow zone of optically homogeneous
magnetite (Plate 19 (C and D)). This advanced stage is rarely reached,
however, and these forms of microstructural modification merge imperceptibly

into the areas of normal ulvospinel-type textural development.

11.3.4 PSpinel and other aluminous phases

The aluminous nature of the Trompsburg titaniferous magnetite is reflected
in the abundant development of transparent, aluminium-rich spinels probably
cloge to pleonaste in composition. They are present in a wide variety of
forms and, also exhibit a considerable range in grain size. These
intergrowths are extremely well-developed in the titaniferous magnetite
from both the silicate-rich and silicate-poor ores, but are virtually

absent from those in the apatite-rich rocks.

The spinel is commonly present in various types of spinelliferous ilmenite
rims as small, rounded grains that range from 20 down to less than 1
micrometre in size as decribed in the preceeding sections, Numbers of

small spinel grains, generally between 10 and 15 micrometres in size are



PLATE 19

TROIPSBURG TITANIFERCUS IRON ORES

A1l photomicrographs ftaken in incident light using o0il immersion objectives.

A, Exsolved pleonaste (black) present as lamellae and rows of small

grains in titaniferous magnetite showing an ulvospinel cloth texture.

B. Pleonaste lamellae (black) surrounded by boxworks of ulvospinel
(dark grey) and surrounded by titaniferous magnetite containing
small graing of ilmenite (or ulvospinel) and pleonaste ("salt and

pepper” texture).

C. Coargening of ulvospinel lamellae (dark grey), now oxidised to

ilmenite developed in titaniferous magnetite.

D. Similar to (C), but showing replacement of part of the Ti-rich phase

by a dark unidentified phase (possibly pleonaste or diaspore).

E. A large pleonaste grein(black) with skeletal outer margins in

titaniferous magnetite.

F. A large, more rounded pleonaste grain (black), containing a blade
of pyrrhotite (white) enclosed by titaniferous magnetite.

G. Pleonaste lamellae (black) exsolved parallel to (100) of

titaniferous magnetite.

H. Similar to (G), but viewed along (111) showing the 3-fold symmetry

in this orientation.
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also commonly present around the peripheries of the titaniferous

magnetiie grains.

Isolated, generally rounded, spinel grains between 10 and 30 micrometres
in gize are often irregularly distributed throughout the titaniferocus
magnetite in areas devoid of lamellar spinel. These grains are typically
surrounded by a zone up to 20 micrometres wide that is devoid of other
fine~grained spinel intergrowths (Plate 19 (G and H)). A small proportion
of these larger grains are slightly greyer in colour than the usual
exsolved transparent spinels and they commonly contain a small, lath like
,inclusion of sulphide, generally pyrrhotite, at their centre (Plate 19(F».
Molyneux (1970a,1972) reported the presence of similar grains in the
Bushveld titaniferous magnetites and has identified them as diaspore,
These grains were not identified positively in the Trompsburg ores; but

they might well be diaspore rather than spinel.

The transparent spinel is also present as well-defined lamellae that are
oriented along the cube planes of their hosts to form a grid-like pattern
(Plate 19(G and H,A)s These lamellae vary in length from 5 to 40
micrometres, but are generally only 1 to 3 micrometres in width., They
are generally less than 20 micrometres long and it is only rarely that
the longer types are developed. '

Small, octahedral spinel grains are sometimes developed at the intersection
of two sets of the larger lamellas, The spacing of the lamellae is also
dependent on size and the larger lamellae are generally spaced further apart.
The spinel lamellae cut across all types of lamellar ilmenite except for

the very finest microintergrowths (plate 20 (B and C)). The larger lamellae
occasionally appear to consist of chains of octahedra that are joined end

to end (Plate 18 (B)).

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

areas tend to merge into areas showing the development of the more normal

PR L 5
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types of spinel exsolution bodies within the same grain. Thig type of
microstructure is commonly developed in titaniferous magnetites that

contain very fine, spinelliferous ilmenite lamellae.

The spinel appears to have been altered to a very much soffer phase in
areas showing signs of magnetite dissolution, This phase is extremely
fine grained and was not identified, but might possibly be diaspore,

gibbsite, chlorite or some other secondary Al-rich mineral.

11.3.5 Graphite

Graphite is ubiquitously present in the more titaniferous magnetite-rich
Trompsburg ores and is generally developed as veinlets along many of the
minerous late-stage fractures that traverse the samples(Plate 20 (C and D)).
These veinlets range from 0,1mm down to several micrometres in width and
commonly contain small, but variable amounts of magnetite, serpentine and
several types of sulphide, The graphite is present as soft flaky

crystals that exhibit extreme pleochroism and are occasionally bent.

The crystals are generally orienmted with their prominent cleavage
perpendicular to the sides of the fractures, but they are also found
oriented along the length of the fractures.

Transgressive graphite veinlels are present in both the ilmenite and
titaniferous magnetite and graphite commonly appears to replace the spinel
that was originally present in intergrowths in both these minerals (Plate
20 (D and E). This replacement takes place in the neighbourhood of the
veinlets and the graphite also locally replaces the magnetite lamellae

in ilmenite where they are cut by graphite veinlets., Scaly graphite
aggregates are also commonly developed around many of the sulphide grains.

The transgressive nature of the graphite veinlets indicates that they are
late-stage phenomena while they also cut across the various fine

ilmenite lamellae which can often be matched up across the veinlets., The
extremely fine grained ilmenite lamellae are unfortunately too short so

that it is not clear whether or not they are cut and displaced by the
graphite,

Polishing of the graphite is very difficult in view of its very soft nature
in comparison with the very much harder opaque oxides, Reasocnable results

were obtained in many cases, as illustrated in the photomicrographs.




PLATE 20

TROMPSBURG TITANIFERCUS TRON ORES

All photomicrographs taken in incident light using oil immersion objectives,

A

B,

Ca

D,

E.

G.

H.

Pleonaste lamellae (black) showing a wide range in size in
titaniferous magnetite, Note the abundance of lamellae along

certain zones,

Typical pleonaste lamellae (black) in titaniferous magnetite.

Note the presence of several larger, euhedral pleonasté grains

 (black).

Typical titaniferous magnetite showing a broad ilmenite lamella

(dark grey) and exsolved pleonaste (black). An irregular graphite-
filled veinlet is present roughly parallel to the ilmenite. Note
the presence of pleonaste lamellae within the ilmenite. ~The small,
lighter coloured and irregular grains to the left of the veinlet ai
the joR of the photomicrograph: consist of graphite.

A transgressive graphite-filled veinlet., The graphite has growh
transversely across the fracture and its banded appearance is due to

the extreme reflection pleonchroism-of this mineral.

Graphite (light) replacing a pleonaste lamella (centre of
photomicrograph). The other darker coloured bodies contain graphite
and another unidentified phase, possibly diaspore.

A pyrrhotite grain (white) showing partial oxidation to magnetite
(grey). The sulphide is located between ilmenite (slightly darker
grey) and titaniferous magnetite (full of inclusions)., The

transgressive veinlet (black) contains minor pyrrhotite (white)

. and some magnetite (grey).

Similar to Plate 19 (C), but with portion of the original ulvospinel
or ilmenite being replaced by pyrrhotite (white).

A basal section of an apatite crystal (black) set in ulvospinel cloth-

“textured -titaniferous magnetite containing spinelliferous ilmenite

lamellae (derk grey).
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