


ABSTRACT
The Mount Ayliff Complex (MAC) is situated on the border between Kwa-Zulu Natal
and the Eastern Cape provinces in the Republic of South Africa, approximately 90 km
due west of Port Shepstone. The Complex forms part of the Karoo Igneous Province and
includes five lobes (Ingeli, Insizwa, Tonti, Tabankulu, and Horseshoe) that are the
remnants of a single continuous intrusive sheet that had an original extent of 18,000km?.
The current outcrop is estimated at 800km2. The lobes all show extensive internal
differentiation, from basal ultramafic cumulates to diorites and monzonites at the top,
while most other intrusions in the Karoo Igneous Province cooled rapidly enough to

produce relatively homogenous dolerites.

Most work conducted on the Complex thus far has centered on the Insizwa lobe due to
the presence of a Ni-sulphide occurrence near the base of the lobe at Waterfall Gorge.
The setting of the ores has analogies to the Noril’sk-Talnakh deposits, which has raised

considerable exploration interest on the Mount Ayliff Complex over the last century.

The current study investigates the Ni-Cu sulphide potential of the Ingeli and Horseshoe
lobes, which have been poorly studied in the past. To this effect, a stream sediment
survey was conducted around the Ingeli lobe to try and detect potentially hidden
magmatic sulphide ores. Further, the five lobes of the Complex have been compared in
terms of lithology and lithogeochemistry. Analytical techniques used for the current
study include: XRF, ICP-MS and electron microprobe. Stream sediment samples were
analysed using XRF and ICP-OES.

Olivines from the ultramafic cumulates of the Ingeli and Insizwa lobes are undepleted in
Ni, whereas olivines from the Horseshoe and Tabankulu lobes are strongly depleted in
Ni. This suggests that the rocks of the latter two lobes crystallized from parental magmas
that interacted with a sulphide liquid and that the magmatic flow direction was from the
north to the south.




The data indicate that the ultramafic rocks of the Complex plot on or near control lines
between olivine and Karoo dolerite indicating that the rocks are mixtures of cumulus
olivine and trapped melt of Karoo dolerite composition. There appears to be a copper
enrichment towards the top of the ultramafic package in the Ingeli lobe. This pattern
corresponds to other studies conducted in the Insizwa lobe and suggests that the two
lobes had originally been connected. The lowermost cumulates of the Ingeli lobe contain

an enhanced crustal component suggesting some in situ contamination.

No significant sulphide enrichments were encountered in the Basal Zone rocks of the
Ingeli lobe. However, the stream sediment data indicate localized PGE enrichment
indicating the possible presence of a localized hidden sulphide occurrence of the type
found at Waterfall Gorge. Small amounts of sulphides were found associated with the
Basal Zone rocks in the Horseshoe lobe consistent with the trends of Ni-depletion of
olivines. However, a lack of Co depletion in the ultramafic rocks of this lobe suggests

that any sulphide segregation event that did take place was of a relatively small scale.
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SAMEVATTING

Die Mount Ayliff Kompleks (MAK) is gele& op die grens van die Kwa-Zulu Natal en
Oos-Kaap provinsies in die Republiek van Suid-Afrika, ongeveer 90 km wes van Port
Shepstone. Die Kompleks vorm deel van die Karoo Stollings Provinsie en sluit vyf
lobbe in (Ingeli, Insizwa, Tonti, Tabankulu en Horseshoe) wat die oorblyfsels is van 'n
enkel aaneenlopende intrusiewe plaat met oorspronklike oppervlakgrootte van 18 000
km>. Die lobbe toon almal 'n groot mate van interne differensiasie, van basale
ultramafiese kumuliet tot dioriete en monsoniete aan die bokant, terwyl meeste ander
intrusies in die Karoo Stollings Provinsie vinnig genoeg afgekoel het om redelik

homogene doleriete te vorm.

Die meeste werk wat tot dusver gedoen is op die Kompleks, het gefokus op die
Insizwa lob as gevolg van 'n Ni-sulfied voorkoms naby die basis van die lob by
Waterfall Gorge. Die plasing van die erts toon ooreenkomste met die Noril'sk-
Talnakh afsettings, wat groot belangstelling in eksplorasie op die Mount Ayliff

Komples laat ontstaan het gedurende die laaste eeu.

Die huidige studie ondersoek die Ni-Cu sulfied potensiaal van die Ingeli en Horseshoe
lobbe wat in die verlede slegs oppervlakkig bestudeer is. Met inagname hiervan, is 'n
stroomsediment opname rondom die Ingeli lob gedoen om bedekte magmatiese
sulfiederts te probeer opspoor. Die vyf lobbe van die Kompleks is ook vergelyk in
terme van litologie en litogeochemie. Analitiese metodes wat vir die huidige studie
gebruik is sluit die volgende in: XRF, ICP-MS en elektron mikrosondering.

Stroomsediment-monsters is geanaliseer deur middel van XRF en ICP-OES.

Oliviene wat voorkom in die ultramafiese kumuliet van die Ingeli an Insizwa lobbe is
Ni-ryk, terwyl oliviene van die Horseshoe en Tabankulu lobbe Ni-arm is. Dit
impliseer dat die gesteentes van die laasgenoemde twee lobbe gekristalliseer het van
ouer-magmas wat met 'n sulfied vloeistof in kontak was en dat die magmatiese

vloeirigting noord na suid was.

Die data toon dat die ultramafiese gesteentes van die Kompleks op of naby die

kontrolelyne tussen olivien en Karoo doleriet plot, wat beteken dat die gesteentes
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mengsels is van kumulus olivien en ingeslote smeltsel van Karoo doleriet
samestelling. Dit wil voorkom asof daar koperverryking is na die bokant van die
ultramafiese pakket in die Ingeli lob. Hierdie patroon stem ooreen met ander studies
wat gedoen is op die Insizwa lob en impliseer dat die twee lobbe oorspronklik verbind
was. Die heel onderste kumuliet van die Ingeli lob bevat 'n verhoogde kors

komponent wat in situ kontaminasie impliseer.

Geen belangrike sulfiedverrykings het in die Basale Sone van die gesteentes van die
Ingeli lob voorgekom nie. Die stroomsediment data dui egter wel gelokaliseerde
PGE-verryking aan wat die moontlike voorkoms van 'n gelokaliseerde versteekte
sulfiedvoorkoms soos die tipe wat by Waterfall Gorge gevind word, aandui. Klein
hoeveelhede sulfiedes is geassosieer met die Basale Sone van die Horseshoe lob wat
ooreenstem met die Ni-verarming van die oliviene. Die afwesigheid van Co-
verarming in die ultramafiese gesteentes van hierdie lob impliseer egter dat enige

sulfied-skeidingsgebeurtenis op 'n relatiewe klein skaal plaasgevind het.
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1. Introduction

1.1 Aims and Objectives

Based on analogies in the geological setting with Ni-sulphide bearing sub-volcanic

intrusions at Noril’sk-Talnakh, the Mount Ayliff Complex (MAC) of South Africa

has been the focus of extensive exploration efforts by mining companies over the

last 80 years. The present study was initiated during the latest such programme, by

Falconbridge Ventures of Africa and Impala Platinum, to investigate the

petrogenesis and magmatic Ni-sulphide potential of the Ingeli and Horseshoe lobes

of the Mount Ayliff Complex. The methods by which these goals have been

pursued include:

@) Lithological, petrographical, and compositional comparison of

the Ingeli and Horseshoe lobes to the other lobes of the Mount
Ayliff Complex.

(ii) A stream sediment sampling programme around the Ingeli lobe.

1.2 Location of the Field Area

The Mount Ayliff Complex is situated on the border between Kwa-Zulu Natal and
the Eastern Cape provinces of the Republic of South Africa. The areas of
principle interest within the Complex have the following locations: Ingeli lobe
(Fig 1.2) centres on 29° 15°E longitude, 30° 36’S latitude, and is located
approximately 90 km due west of the town of Port Shepstone, which is on the
Kwa-Zulu Natal coast. Figure 1.2 was derived from published data from

government geological maps, Maske (1966), field mapping completed by the















author and photogeological mapping. The Insizwa lobe centres on 29° 15’E
longitude, 30°45’S latitude and can be found on the following 1:50.000
topographical maps: 3029 CA, 3029 CB, 3029 CC, and 3029 CD. The Insizwa
lobe is located some 10 km due west, across Brook’s Neck, from the Ingeli lobe.
The Horseshoe lobe centres on: 29° 26’E longitude, 31° 35°S latitude.

The Mount Ayliff Complex itself can be found on the following government

geological maps at a scale of 1-250,000:

e Umtata (Karpetra and Johnston, 1979) 3128

e Kokstad (Decker, 1981) 3028
1.3 Climate and Drainage
The climate in the field area is temperate, with annual precipitation from between
750 mm and 1000 mm per annum. Average temperatures range from 15°C in
winter to 32°C in summer. Most of the rains fall from October to April.
According to Maske (1966), rock weathering tends to be deep because of high
rainfall, and soil cover is thick except on the steepest slopes. This soil cover and

high precipitation support lush grassland-type vegetation.

The Mount Ayliff Complex is drained by many perennial and non-perennial
streams. These streams are generally first and second order streams, with an
occasional third order stream on the shallower slopes. The streams tend to widen
out as the angle of the slope decreases and eventually merge “off-lobe” (Pedley,
2000). The larger streams become tributaries that feed the Mtamvana, Mzintlava,

Mzimvubu, Umtamvuna, and the Ibisi rivers.



The rivers that are fed by streams of the Ingeli lobe are noteworthy in this study
and include; Ibisi, which finds its tributaries from the northwestern portion of the
lobe. The streams that drain the western portion of the lobe tend to flow into the
Mzintlava River. The streams that drain to the east tend to flow into the

Umtamvuna River (Maske, 1966).

1.4 General Geology of the Field Area

1.4.1 Karoo Supergroup
According to Tankard et al. (1982), the Karoo Supergroup is a gently dipping
structural basin which is filled by sedimentary rocks. Remnants of the
sedimentary sequence are preserved in these various countries; Botswana,
Malawi, Mozambique, Namibia, South Africa, Swaziland, Tanzania, Zambia and

Zimbabwe.

The Karoo Basin became active in the Permo-Carboniferous (280 ma), and
accumulated sediments for some 100 million years. The maximum outcrop area
of the Permian basins was 4.5 million km2. The present outcrop of Karoo rocks is

about 300,000 km?, with an estimated thickness of 8000 m (Smith et al., 1993).

At the base of the Karoo Supergroup is the Dwyka Formation which consists of
tillites that formed when Gondwanaland moved over the South Pole, resulting in

major ice sheets (Smith et al., 1993).



A Carbonaceous ocean, fed by melt water, intruded over the sediments left by the
retreating glaciation. The subsequent erosion of sediments from the south and the
east provided the marine clays and mud stones that would become the Lower
Ecca Group. The “Gondwanide” mountains were formed after the subduction of
the paleo-Pacific plate. As these mountains eroded, they provided the material
that would accumulate in large deltas to become the upper Ecca Group (Smith et
al., 1993). The Ecca Group is dominantly argillaceous and reaches a maximum
thickness of 3050 m (Maske, 1966). The Ecca shales are low energy indicators,
yellow to brown in colour and contain high amounts of clay. When in contact
with intrusives they become microcrystalline hornfels, which break in concoidal
fracture. Original bedding can often be made out, except in areas of extreme

metamorphism.

By the late Permian the climate had warmed and the fluvio-lacustrine sediments
of the Beaufort Group were laid down over subsiding alluvial plains (Smith et al.,
1993). The arenaceous sediments of the Beaufort Group were deposited during
times of desiccation interspersed with times of flooding. The Basin at the time
was experiencing a gentle down warping, accelerating the accumulation of
approximately 3,400 m of the Beaufort Group sediments (Maske, 1966). The
Beaufort sediments are of the same colour as the Ecca sediments, but tend to have
higher loam content. When in contact with intrusives, the Beaufort rocks

experience a similar metamorphism producing microcrystalline hornfels.



However, being more arenaceous, these sediments tend to produce porphryblasts

of alkali feldspar (Maske, 1966).

After the deposition of the Beaufort Group the Molteno Beds, Red Beds, and the
Cave Sandstone were deposited (Tankard et al., 1982). The depositional cycle of
the Karoo Supergroup ended when the basic magma flows and extensive sub-
volcanic intrusions (including the MAC) began, which marked the beginning
break up of Gondwanaland. The elevation of the area since the end of the

Mesozoic caused the erosion of strata exposing the Mount Ayliff Complex.

1.4.2 Magmatic Rocks of the Study Area
The Karoo Igneous Province is considered one of the largest flood basalt
provinces on Earth. The age of the province is estimated to be approximately
182 million years (Marsh et al., 1997). In southern Africa the lavas currently
cover some 140,000 km?2. It is thought, however, that the original extent of the
lavas was between 1,500,000 and 2,000,000 km?. These estimates are based on
the extent of sub-volcanic dykes, sills and ring intrusions (Marsh et al., 1997).
Concordant sills, transgressive sheets, cone sheets, dykes, bell-jar intrusions and

laccoliths have all been described in the Karoo Province.

Only the largest intrusive bodies show any form of magma differentiation. The
smaller intrusions cooled rapidly enough to create typical Karoo dolerites,

consisting of; fine to medium grained, dark gray rock characterized by plagioclase



and ophitic augite. Occasionally samples contain olivine, alkali feldspar and

quartz (Walker and Poldervaart, 1948).

Maske (1966) postulated that the magma conduits, leading to the intrusions, were
caused by tensional strain that resulted from the subsiding strata of the central

basin.

1.4.3 Mount Ayliff Complex
The Mount Ayliff Complex formed from hyper shallow intrusions of magma into
the Karoo sedimentary rocks. Maske and Cawthorn (1986) thought that the
Complex could represent the eruptive centre that produced the extensive
Drakensberg lava flows. It outcrops over some 800 km? in extent and reaches a
thickness of some 1200 m. The Mount Ayliff mafic sill contains the most
ultramafic cumulates and also the most differentiated rocks in all known
occurrences of Karoo dolerites (Bruynzeel, 1957). The Mount Ayliff Complex
consists of five distinct lobes including: Insizwa, Ingeli, Tonti, Tabankulu and
Horseshoe. The Horseshoe lobe is a fraction of the thickness of the other lobes
and is made up of Iherzolite overlaid by gabbro. Past authors have hypothesized
that the lobes are thought to represent the remnants of a single continuous
intrusive sheet that had an original extent of approximately 18,000 km? (Maske
and Cawthorn, 1986). Subsequent erosion cut the body and exposed the

sedimentary floor rocks between the lobes (Maske and Cawthorn, 1986).
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Sander (1996) suggested that the different lobes were fed by the Tabankulu picrite

dyke, the Taylor’s Koppie olivine gabbronorite dyke and the Insizwa picrite dyke.

Lightfoot and Naldrett (1984) showed that the Complex formed from multiple
injections of a low-MgO parental magma of Lesotho-type characteristics. This
resulted in the formation of several distinct lithological units e.g. (Lightfoot and
Naldrett (1984) after the work of: Scholtz (1936), Bruynzeel (1957), Maske
(1966), Lightfoot (1982) and Lightfoot and Naldrett (1984a)):

e Basal Zone- consists predominantly of lherzolites,
with olivine gabbronorites particularly near the

base.

o Central Zone- is composed of an olivine
gabbronorite

e Roof Zone-consists of quartz diorites and
monzonites.

All of the exposed mountain masses of the Complex show trough shaped or lower
contacts, which dip towards the center of the intrusion by as little as 15° and as
much as 40° (Plate 3) (Bruynzeel, 1957). These inward dipping relationships of
the lower contact show that the remaining mountain masses could be the
preserved remnants of trough portions, while the thinner intervening dome
sections have been removed by erosion, making the sheet non-continuous. The
upper roof contact with the lower Beaufort sediments has only been preserved in

portions of the Insizwa and Ingeli lobes (Maske and Cawthorn, 1986).

The Ingeli lobe is the second largest of the lobes (Plate 1) of the Mount Ayliff

Complex. The width of the Ingeli range is 5-6.5 km, and it is approximately 16
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km long. The highest elevations range from 1830 m in the north to 2100 m in the
southern portion (Maske,1966). Maske also proposed that the Ingeli lobe was fed
by magma that flowed laterally from the Insizwa lobe. In contrast, the Horseshoe
lobe is the smallest of the lobes of the MAC and is 6-7 km in length and 4-5 km in

width (Plates 2, and 4).

1.5 Topography, Soils and Overburden, Vegetation, Settlements

The Mount Ayliff Complex is depicted by areas of high relief that prevail over the
surrounding mean average elevation. Slopes in the field area range from gentle
rolling slopes to sub-vertical/vertical precipitous cliff lines that dominate the
surrounding views. The rugged nature of the topography results from the deeply
incised characteristics of the meandering Mtamvuna, Mzimvubu and Mzintlava
rivers. The surrounding topography consists of prominent mountains, precipitous
cliffs and steep talus strewn slopes (Maske and Cawthorn, 1986). According to
Maske (1966), there are five peaks in the Ingeli range over 1830 m. From north
to south they are: Tiger Hoek (1855 m), Beestekraal (1948 m), Abergeldie (2146

m), Ingeli (2268 m) and Poholo (2127 m).

In general, the soil cover is less than 1-2 m thick, and usually ranges between a
true laterite and a red-podzol. The ultramafic rocks of the intrusion tend to
weather in typical sphereoidal weathering forms. This weathering can be as deep
as 10 m (Pedley, 2000). Colluvium is best developed on the steeper margins of

the lobes and is characterized by angular fragments of gabbro, troctolite (where
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applicable) and gabbronorite of the steeper slopes. Fragments such as these tend
to be hosted in a sand/clay matrix, which is the weathering product of the
intrusion. Creep movements are abundant. While these movements expose fresh
rock on the higher slopes, they tend to cover up outcrop in the lower portions
(Maske, 1966). In the Ingeli section, the southern extremity is most affected by

creep and talus accumulations that cover all the ultramafic rock outcrops.

Over the whole of the basal sections and the intervening valleys the vegetation is
dominated by long grass and low scrub. On the wind and rain facing sides of the
lobes, indigenous forest sections follow up the stream gorges and into the
manmade forest plantations. Two lobes in particular, Ingeli and Insizwa, have
their lower slopes on the rain sides covered in plantations. The Weza Plantation
of the Ingeli Lobe covers several 100 km? These plantations, while giving road
access, have grown over large sections of the basal units in both lobes and bring

with them pine trees and thorned brush.

The area surrounding the MAC is settled by predominantly Xhosa speaking
peoples. Their main livelihood is farming and their settlements and towns are
scattered about the base of the lobes. Mount Ayliff is the largest town in the area.
Most small settlements are set up around numerous small perennial streams that
drain each lobe and often provide road access to the lobes. While the upper
slopes lack habitation because of the steepness, they are still used for grazing of

sheep, cattle and goats. This grazing helps to expose rock outcrop that would
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otherwise have been covered by grasses. Wood gathering occurs in the

indigenous forests that follow up the stream gorges.

1.6 Mining History of the Mount Ayliff Complex

In 1865, Rudlin, a prospector, discovered the Waterfall Gorge deposit. Later he
would claim that he had to abandon the prospect because of “hostilities with the
natives” (Maske and Cawthorn, 1986). In 1908, A.L. Du Toit was sent to
investigate reports of copper, nickel and platinum. He was sent to the area by the
Cape Government, who commissioned him to complete a geological survey for
the whole area. This work was completed in 1910 (Maske and Cawthorn, 1986).
Du Toit’s presence in the area sparked mining and prospecting camps to spring up
around the base of the Insizwa lobe. Most of these efforts concentrated on the
Waterfall Gorge area and Brook’s Adit was driven into the southwestern bank of
the stream. The adit was approximately 200 m long and disclosed numerous
veins and lenses of massive sulphide as well as disseminated sulphides (Maske
and Cawthorn, 1986). Further exploration in the area concentrated efforts on the
massive bodies of ore that tended to occur around the contact with the footwall.
Because of the patchy nature of the ore, mining operations came to a close by
1915. At this stage, mining had opened some 825 m of adit length, exposing a

strike length of some 400 m (Maske and Cawthorn, 1986).

In 1937, thanks to D.L Scholtz’s monograph of the deposit (completed in 1936),

interest in the area began to unfold again. Prospecting rights were acquired by the
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New Witswatersrand Gold Exploration Company and diamond drilling
commenced. Some 1273 m of drill core showed negative results and further
exploration was abandoned for more than a decade (Maske and Cawthorn 1986).

By 1986, five companies had prospected the intrusion and all of them showed
negative results. Techniques included: geological mapping, magnetic and
electromagnetic geophysical surveys, soil sampling (40,000 samples) and more
than 20 boreholes. All effort failed to reveal a deposit of economic importance

(Maske and Cawthorn 1986).

In 1996, Falconbridge Ventures of Africa and Impala Platinum took up
exploration efforts to see if there may be another mineralized deposit outside of
Waterfall Gorge in the Mount Ayliff Intrusion. After nearly five years the joint
venture stopped exploration efforts in November of 2000. The reason for the
abandonment was that only insignificant and patchy mineralization was

encountered associated with the basal contact of the intrusion.

1.7 Methodology

1.7.1 Air Photo Interpretation with Regards to the Ingeli Lobe
The different lithologies of the Complex tend to weather at different rates. This
lends itself well to photogeological mapping. Using photogeology, one could
effectively determine the boundary between these two lower zones. However, the
boundaries between individual intervals of the basal section could not be

determined with this technique because the weathering patterns of the Basal
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Olivine Gabbronorite and the overlying Peridotite unit are very similar. Both of
these units tend to form slopes, while the central and upper units tend to form
precipitous cliffs. Another problem encountered when using photogeology on the
Ingeli lobe is related to the forestry plantations which may cover up large areas of
the Basal Zone. The main advantages in using photogeology in the field where:

(i) Locating possible areas of exposed basal units.

(ii) Locating possible streams that could be used for the stream orientation

survey.

1.7.2 Fieldwork
Fieldwork was conducted between August 15" and November 27" 2000. Maps
used for the fieldwork were governmental maps that had been digitized by
Falconbridge Ventures of Africa. Most fieldwork was conducted on the Ingeli
lobe. However, an additional traverse was conducted in the Horseshoe lobe. All
samples were taken in situ, and their location was determined using a Global
Positioning System.  Samples were taken from the base to the top of the
intrusion. Samples were taken at regular intervals since most lithological contacts
could not be identified in the field because of overburden and gradational

contacts.

Stream sediment samples were collected in perennial and non-perennial streams
around the Ingeli lobe. These samples where collected “off-lobe”, up to within a
kilometer of the intrusive. Because it was an orientation survey, samples were

collected at the merging of two first-order streams, where possible. Third-order

16



streams (two second-order streams merging) were left out of the orientation
survey. Sediment samples were collected from “traps”, behind boulders or on
bedrock. Clay and organic-rich areas were avoided. Stream sediment samples

were wet sieved down to two size fractions, 250-75 p, and —75 p.
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2 Previous Work
2.1 Introduction
Most of the work done thus far on the Mount Ayliff Complex centres around the
Insizwa lobe. This is mainly because of the occurrence of Ni-sulphides at

Waterfall Gorge.

2.2 Insizwa and Tabankulu lobes

The initial work done on the Mount Ayliff Complex was carried out by A.L. Du
Toit (1910). He was commissioned by the Cape Government to conduct a
geological survey over the area. He hypothesized that four of the five intrusions
(Insizwa, Ingeli, Tonti, and Tabankulu) had originally been linked to form a

continuous massive sheet.

Scholtz (1936) worked on the Waterfall Gorge occurrence and re-awakened the
mining interest in the Mount Ayliff Complex. He also proposed a lithological
subdivision of the intrusion, comprising of a Basal Zone, a Central Zone, and a
Roof Zone. He suggested that basaltic magma was injected into the Karoo
sediments in an area of active subsidence. Vast amounts of lavas were
additionally ejected to the surface as the weight of the overlying sedimentary
rocks exerted pressure on the growing magma chamber. Thus he suggested that
the MAC was formed from at least two (but probably more) synchronous magma
pulses. The first influx of magma partially chilled against the contact with the

Karoo sediments. From multiple injections of magma, large olivine crystals
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accumulated at the base of the chamber to form the Basal Zone. The smaller
crystals would be partially or completely reabsorbed and converted to pyroxene.
Scholtz went on to suggest that the Complex crystallized as an example of a
closed system with a chamber pressure of about 750 atm. With regards to the
sulphides found at Waterfall Gorge, Scholtz suggested that sulphide
supersaturation was achieved within the magma by the concentration of minute
ore components (formerly homogenously distributed throughout the magma) in
the upward migrating magmatic differentiate and that the sulphide liquid was able
to concentrate in the form of globules. The globules would coalesce and form
droplets of sulphide large enough so as to be able to settle through the cumulate
pile and interstitial melt, to troughs at the base of the intrusion. The vein-type
ores most likely exploited fractures which developed near the floor contact. He
further suggested that large amounts of ore could be expected in the lower levels
of the intrusion. The disseminated sulphides in the Basal Zone rocks were
thought to represent ore droplets that segregated relatively late and were unable to
settle through the solidifying cumulates. These droplets would then be held in a

state of suspension between the voids of crystalline material.

Bruynzeel (1957) gave a detailed petrographic description of the basal 650 m
portion of the Insizwa intrusion at Waterfall Gorge. Seventeen chemical analyses
were conducted. Based on the chemical analysis of the chilled rocks, she was the
first to suggest that some of the parental magmas to the MAC were of tholeiitic

composition close to that of average Karoo dolerite. She suggests that the first
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influx of magma was of primary olivine basaltic composition that had been

contaminated at depth with sialic material and originally had a tholeiitic character.

Dowsett and Reid (1967) reported on an extensive exploration programme for
massive Ni-Cu deposits in the MAC, but conducted no petrographic studies of the

rocks.

Cawthorn (1980), Tischler (1981), Cawthorn et al. (1985), and Cawthorn et al.
(1992) observed that the chilled margins of the Insizwa lobe are anomalously
enriched in MgO compared to other intrusions in the Karoo Igneous Province and
concluded that the parental magmas of the MAC were of high-MgO composition.
Eales and Marsh (1979) argued that Karoo dolerites that contained greater than 10
% MgO were not representative of true liquids, but contained cumulus olivine.
Cawthorn (1980) responded by saying that the low proportion of olivine found by
Scholtz (1936) in the chilled rocks with 13.4 % MgO demonstrated that the
magmas were not enriched in olivine. Cawthorn et al. (1996) also found
magnesium ilmenites in the Basal Zone that are not observed in other Karoo
dolerites and used this to back up their arguments. Cawthorn et al. (1992) went
on to suggest that the cumulates of the MAC had undergone a “trapped liquid
shift”. The primary composition of the cumulus olivine was originally (Foss.ge),
but reaction with the residual trapped melt shifted this to lower values (Fo77.3)-
This could account for the reversed differentiation trend in olivine compositions.

Cawthorn (1980) and Tischler (1981) argued that the sulphide melt segregated
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from the magma because of crustal contamination. They suggested that the
association of biotite with sulphide could support the idea that there had been an
addition of siliceous material. They cite as evidence the high amounts of SiO;,
Na,O, and K,O content in the chilled margins relative to Karoo dolerite. The
occurrence of sulphide in the chilled margin was interpreted as evidence for
sulphide entrainment from depth. They suggest that the sulphur is most likely

magmatic in origin and was not derived from the country rocks.

Lightfoot and Naldrett (1983, 1984b) and Lightfoot and Naldrett et al. (1984a,
1987) favored a low-MgO parental magma of Karoo doleritic composition with 6-
7 % MgO, based on the following arguments:
1. The forsterite content of the most Mg-rich olivine is in equilibrium
with a low-Mg Lesotho-type parental magma.
2. The lower Basal Zone rocks plot on or near control lines between
Karoo dolerite and olivine in terms of most major and trace elements.
The authors postulated that the presence of cumulus olivine caused the
compositional variation in the Basal Zone. The increase in modal olivine and Fo
contents with elevation in the complex was explained by intrusions of
successively less-fractionated batches of magma carrying more suspended olivine.
They also suggested that fewer olivine crystals found at the base could be
explained by increased supercooling of the magma near the floor. Based on the
Ni depletion of the olivines in the Basal Zone rocks of the Tabankulu and Insizwa

lobes they suggested there may be large amounts of Ni-sulphides in the floor of
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the Mount Ayliff Complex. They dispute the idea of Cawthorn (1980) and
Tischler (1981) that there had been significant amounts of crustal contamination.
However, they noted that granophyre and hornfels xenoliths are associated with
sulphide in the Waterfall Gorge area, although no observed equivalent had been

observed at Tabankulu or at Ingeli (Maske, 1966).

Maske and Cawthorn (1986) gave a summary of the mining history in the Mount
Ayliff Complex, and reaffirmed the suggestion that there is a high potential for a

large Ni-Cu-PGE deposit in the floor of the Complex.

Cawthorn et al. (1986) suggested that at least some of the sulphide could be found
at the basal contact of the MAC. They further proposed that the immiscible
sulphide liquid did not separate by crustal contamination, as proposed by
Cawthorn (1980), and Tischler (1981), but in response to the mixing of
compositionally distinct magmas. Isotopic and trace element data was used to
determine that multiple intrusions of at least 3 different magma pulses did take

place.

Sander and Cawthorn (1996) postulated that there were several hidden feeder
dykes below the MAC using geophysical gravity methods. They also suggested
that the Insizwa lobe contained significant amounts of hidden Basal Zone rocks
that could be a new target for sulphide mineralization. A borehole (INS1) sunk in

the central portion of the lobe by Rand Mines confirmed this model by
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intersecting 410 metres of Basal Zone rocks. However, no sulphides were

encountered in the hole.

Dodd (2000) provides a summary of the results of the exploration efforts of

Falconbridge Ventures of Africa from 1995-2000.

Pedley (2000) conducted a stream sediment survey over the eastern margin of the
Insizwa lobe and “off-lobe” areas. The purpose of the survey was to assess the
suitability of stream sediment geochemistry for the exploration of Cu-Ni-Co and

PGE deposits.

Marsh and Allen (2002) suggested that the rocks found within 3 m of the basal
contact of the Insizwa lobe (chilled samples) show a wide variation in MgO and
olivine contents. This would be consistent with olivine enrichment of a parental
magma of Karoo dolerite composition. They found no evidence of a high-MgO
parental magma. Geochemical evidence suggests that the Basal Zone olivine
gabbronorites and lherzolites found at Insizwa and the gabbronorites of the
Central Zone are compositionally different from each other. This was discovered
using P/Zr, Sr/Zr, and other incompatible element ratios. They suggested that
multiple pulses of magma built the Insizwa lobe. Based on textural and
mineralogical evidence, they argued that the rocks of the Central Zone were
thermally metamorphosed whereas the rocks of the Basal Zone showed primary

igneous textures. This would suggest that the Central Zone rocks were emplaced
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before the Basal Zone rocks. Using Sr-isotopes, Marsh and Allen suggest that at
least some of the Insizwa magmas were contaminated at depth, but not in situ.
However, the initial Sr-Isotope work on the MAC was first conducted by
Lightfoot et al. (1984) also suggest this. Incompatible element data from the
Central Zone and from Taylor’s Koppie Dyke show that the dyke could have been
a feeder to the Central Zone rocks. Ni contents of the Taylor’s Koppie dyke
suggest that the magma may have lost sulphides before emplacement and was not
part of the system that fed the Basal Zone rocks. Variable Sr-isotope ratios
suggest that the Insizwa lobe was a large open magmatic system that saw repeated
injections of fresh magma that deposited cumulate crystals while the melt

continued to ascend.

Maier et al. (2002) suggested that if the footwall chill of the Insizwa lobe is
representative of the parental magma, then the magma forming the Insizwa lobe
was PGE depleted before emplacement and contained no entrained sulphides.
However, the magma was not depleted in Ni or Cu, suggesting that major
sulphide segregation at depth did not occur. This observation is in contrast to
Scholtz (1936) who noted sulphides in the chill, suggesting either variable
sulphide contents of the magma, or that sulphides percolated down from above
exploiting fractures prior to solidification. The Taylor’s Koppie dyke was
examined to determine if it was a possible magma conduit to the Insizwa lobe.
The exits of conduits into magma chambers are important targets for magmatic

sulphide ores (Li and Naldrett, 1998). However, the Taylor’s Koppie dyke shows
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a much stronger PGE depletion than the Basal Zone cumulates, suggesting that it
could not have formed a magma conduit to this zone. Maier et al. (2002) suggest
that the distribution patterns of the PGE, including those of the Waterfall Gorge
ores, can be explained by segregation of sulphides from magma of the chilled
margin composition and that more than one compositionally distinct magma need

not be incorporated into the model.

2.3 Ingeli Lobe
Maske (1966) believed that the primary factors responsible for the formation of

the Ingeli lobe are as follows:

J—

. Injection of olivine basaltic magma of Karoo dolerite composition.

2. Freezing of the magma near the contact to the country rocks.

3. Fractional crystallization of early olivine followed by accumulation of
the cumulus olivine at the bottom of the chamber, and upward
displacement of intercumulus melt. This would have produced a
progressively more evolved residual magma.

4. Crystallization of trapped intercumulus liquid within the crystalline
mush of the cumulus phases.

Based on the cyclic layering of the lobe, he suggested that the magma chamber
was replenished by two distinct magma influxes, similar to the Insizwa lobe. He
noted an upward increase in modal proportion of olivine in the Basal Zone rocks
of the Ingeli lobe. This, he thought, was caused by decreasing amounts of trapped

melt. Using field observations, Maske also suggested that the Ingeli magma was
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emplaced laterally from the Insizwa lobe because he found no feeder dyke near

the contact of the Ingeli lobe.

Nordin (1987) conducted geochemical soil sampling and whole rock
geochemistry for Helmuth Redinger Exploration and Development and for
Gencor. He found an increase in Cu contents towards the top of the Basal Zone,
similar to that determined by Maier et al. (2002). He proposed that further
exploration using L.P. survey should be carried through even though exploration

results up to that point had not been positive.
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3. PETROGRAPHY

Ingeli Lobe
3.1 Introduction
The rocks in the study areas are classified based on the recommendations of the
IUGS Subcommission on Igneous Rocks (Le Maitre et al., 1989) (Fig. 3.1).
Figure 3.2 shows the statigraphy of the Ingeli and Horseshoe lobes. The
abbreviations used in figure 3.2 include: BOG (Basal Olivine Gabbronorite), PU
(Peridotite Unit), COG (Central Olivine Gabbronorite)) CG (Central
Gabbronorite), UOG (Upper Olivine Gabbronorite), and UG (Upper
Gabbronorite). The divisions into rock units are based on petrographic
subdivisions based largely on the work of Maske and IUGS. Maske uses the term
“picrite’ to describe the PU unit. However, Le Maitre et al. (1989) propose that a
picrite is a volcanic rock, and therefore the term Peridotite Unit (lherzolites and

dunites in this case) has been adopted here.

The Basal Zone consists of two units, the BOG, and the PU. The BOG is an
olivine cumulate rock with intercumulus and minor amounts of cumulus
plagioclase (between 10-21 %). The PU rocks are also olivine cumulates,
however, they have less plagioclase (<10 %) and they do not contain cumulus
plagioclase. However, It-13 does show more than 10 % plagioclase but this could
be because the sample is quite altered, making accurate point counting difficult.
The COG unit is a gabbronorite, with minor amounts of olivine (6 %). The CG

unit is also a gabbronorite but with negligible olivine (<5 %). The UOG unit
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consists of gabbronorite with >6 % olivine and the UG unit is an olivine free

gabbronorite.

Figures 3.3 (a)-(f) show mineral modes plotted versus EAB. Within the BOG
unit, olivine progressively increases in abundance to reach a plateau of about 80
% in the PU. At the same time, plagioclase, orthopyroxene and combined mica,
orthoclase and quartz decrease in abundance. Clinopyroxene remains fairly
constant in abundance, while combined opaques show a slight increase with
height. The four gabbroic units are olivine poor, but some olivine is found in the
COG and the UOG. Amongst the other minerals, plagioclase and orthopyroxene
tend to decrease with height, while clinopyroxene and combined mica, orthoclase
and quartz increase. The abundance of opaques is markedly lower than the Basal

Zone. Minor sulphides are observed towards the top of the UG unit.

Table 3.1 lists the abbreviations used in the following plates.
Table 3.1 Abbreviations

Ol = Olivine

Py = Pyroxene

Opx = Orthopyroxene

Cpx = Clinopyroxene

PL = Plagioclase

IPL = Intercumulus Plagioclase
CPL = Cumulus Plagioclase
Sul = Sulphides
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3.2 Basal Olivine Gabbronorite (BOG)

This is the basal unit of the intrusion and is in contact with the floor rocks of the
Ecca and Beaufort Groups. In some places a fine-grained contact chill is
developed at its base. However, at the Tiger Hoek traverse, such a chill was not
found. The unit has a thickness of approximately 165 m and makes up roughly
1/3 of the Basal Zone at the Tiger Hoek Traverse. Olivine is the major cumulus
mineral, at up to 69.7 volume % of the rock. The other major cumulus phase is
chromite, at less than 2.5 % by volume. In some cases, minor cumulus
plagioclase may appear (generally less than 2 vol. %.) Plagioclase is the most
abundant of the postcumulus phases. Additional postcumulus phases include, in
order of decreasing abundance, orthopyroxene, clinopyroxene and mica. In rare
cases, interstitial sulphides are also found, the bulk of which is pyrrhotite.
Interstitial plagioclase, orthopyroxene and clinopyroxene can all show a poikilitic

texture, enclosing both olivine and chromite.

Olivine

The cumulus olivine crystals tend to be equigranular. Rare exceptions of large
grains of olivine can exceed 3 mm. However, most of the olivine grains average
between 0.7 mm to 1.3 mm in size. Most of the grains are subhedral, but euhedral
grains are not uncommon. Well-formed crystal faces of olivine tend to occur
when olivine is in direct contact with plagioclase (Plate 5). All of the olivine

grains are fractured and in some cases alteration products have formed along the
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fracture planes. In some cases, mica, chromite, plagioclase and clinopyroxene

were found to be completely included in olivine (Plate 6).

Chromite

Chromite is commonly euhedral or subhedral, with octahedral crystal shapes.
Most grains are smaller than 0.1 mm. Chromite grains are commonly associated
with or included in olivine in this rock and the overlying peridotite unit, indicating
that it was an early crystallization phase. Additional chromite occurs enclosed by

interstitial plagioclase and pyroxene.

Plagioclase

Cumulus plagioclase tends to occur as subhedral elongated laths. Most
commonly, they are 2/3 mm to 1 mm in length and are roughly /2 mm wide.
Intercumulus plagioclase is the most abundant postcumulus phase, at an average
modal percentage of between 16-17 %.  Grains average from 0.7 mm to 1.5 mm
in size. In some cases, plagioclase can form oikocrysts between 2-3 mm in size,

which can enclose olivine and chromite grains.

Orthopyroxene

Orthopyroxene tends to make up approximately 12 % of the volume of the rock.
This phase is more likely to form oikocrysts than the plagioclase. Most grains
have an average size of 1 mm, but large oikocrysts can reach 2-3 mm in size.

Clinopyroxene exsolution lamellae and blebs are common throughout the mineral.
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Clinopyroxene

Intercumulus clinopyroxene makes up approximately 4-5 % of the volume of the
rock. It can be found either as oikocrysts up to 3-4 mm in size, or as interstitial
fillings between olivine grains. Clinopyroxene tends to be unaltered and less

fractured than olivine and orthopyroxene.

Accessory Minerals

Mica can be found as rims around sulphide blebs, and can also exist as isolated
flakes throughout the unit. Sulphides, mainly pyrrhotite and rare chalcopyrite,
make up nearly 2 % of the volume of the unit.  The sulphides occur as
disseminated blebs that are associated with postcumulus phases. They are often

in contact with mica flakes.

3.3 Peridotite Unit (PU)

The Peridotite Unit makes up the thickest rock package in the Ingeli Lobe, at
approximately 300 m. Olivine is the major cumulus phase and comprises 78-80
% of the rock. Apart from olivine, the most abundant cumulus phase is chromite,
which in some cases can reach over 3 % of the rock. There is relatively little
cumulus plagioclase, usually less than 0.5 % of the rock. Plagioclase is the most
abundant intercumulus phase at approximately 10 % on average. The next most

abundant intercumulus phase is orthopyroxene, at about 7 % on average and
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ranging between 0.7 % and 12 %. Intercumulus clinopyroxene normally averages
4-5 % by volume, but in one sample reached 12 % by volume. Mica makes up
less than 0.5 % of this rock unit. Irregular grains of sulphides are often associated
with mica, and can make up to 2 % of the rock. Intercumulus plagioclase,
orthopyroxene and clinopyroxene can all occur as oikocrysts, enclosing olivine

and oxides.

Olivine

Olivine grains are equigranular, euhedral and subhedral, and normally range in
size from 0.7 mm to 1.3 mm, but in some case may reach 3-4 mm in size. Olivine
grains show no apparent preferred orientation even though the largest grains may
show elongation. The grains are all highly fractured, and some show serpentine
alteration along fracture planes. Inclusions in olivine include: chromite, mica,
pyroxenes and rare plagioclase (Plate 7). When olivine is included in oikocrysts
of orthopyroxene the olivine grains tend to be anhedral. Whereas olivine included
in plagioclase, tends to be euhedral (Plate 7). In rare cases, fluid inclusion trails

can be seen across olivine grains.

Chromite

Chromite can be found throughout the unit. It is found included in all major rock
forming phases. However, grains tend to be smaller when included in olivine
(0.1-0.15 mm) as opposed to being included in plagioclase and pyroxene (> 0.3

mm) (Plate 8).
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plagioclase

Plagioclase found in the peridotite unit normally exists as large oikocrysts that can
be over 3 mm in diameter. These oikocrysts mainly include olivine and chromite.
Plagioclase can also be found to fill the interstices between other phases.

Cumulus plagioclase is rare.

Orthopyroxene

Large orthopyroxene oikocrysts are common in this rock unit (Plate 8). These
anhedral grains can reach sizes of 5-7 mm in diameter and can encompass many
olivine and chromite chadacrysts. Orthopyroxene may also occur as reaction rims
around olivine. Orthopyroxene almost always shows clinopyroxene exsolution
lamellae and blebs. In some cases, orthopyroxene does not form oikocrysts, but
instead fills interstices between olivine grains. In these cases, the grains may be

much smaller, approximately 1 mm in size.

Clinopyroxene

This phase may comprise 4-5 % of the rock and occurs as oikocrysts that enclose
olivine and chromite chadacrysts. In rare cases, it can also envelop plagioclase.
The oikocrysts are generally smaller than those of orthopyroxene and average
from 0.7 mm to 1.5 mm. However, some large grains do exist and can be over 5
mm in size. In some cases, olivine has a reaction corona with the clinopyroxene

and zoning has occurred in the clinopyroxene grain.

39



Accessory Minerals

Sulphides are concentrated midway through the unit where they can reach 2
modal % in abundance. In the remainder of the unit, sulphides make up between
0 and 0.7 modal % of the rock. Sulphides and mica are commonly found
associated (Plate 9), but mica is less abundant than in the underlying unit and now

represents less than 0.5 % of the rock.

3.4 Central Olivine Gabbronorite (COG)

This is a relatively thin package of rocks with a thickness of approximately 10 m.
Maske (1966) described a troctolite unit directly overlying the peridotite unit. No
such unit was encountered at the Tiger Hoek traverse, but whether this was due to
lack of outcrop remains unclear. The unit is composed mostly of cumulate
plagioclase making up some 60 % of the total volume of the rock. Unlike the
underlying units, the COG contains no cumulus chromite, the only other cumulus
phase being olivine at about 6 modal % of the rock. The most abundant
postcumulus phase in this unit is clinopyroxene, which can account to 18 % of the
rock. Intercumulus orthopyroxene accounts for another 14-15 %, on average.

Mica and sulphides are rare and can account for 0.2 % of the unit.

Plagioclase
Cumulus plagioclase grains are roughly equigranular. Laths average 0.7 mm to 1
mm in length, and rarely up to 2 mm. Most laths are euhedral or subhedral.

Small fracture planes exist and normally cut across the C-crystallographic axis,
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often at angles as high as 45°. Of all phases observed, plagioclase shows the least
amount of internal alteration. No preferred orientation of plagioclase has

occurred, so no flow direction is apparent.

Olivine

Olivine grains are equigranular and range from 0.5 mm to 1.3 mm in size.
Olivine tends to be anhedral and well rounded. Grains tend to be heavily
fractured. Olivine is almost always associated with pyroxenes (Plates 10 and 11),
and is often in direct contact or even surrounded by them. Olivine is generally
free of other mineral inclusions except in one rare case where plagioclase and
mica inclusions were found in separate grains. In some cases alteration products

such as serpentine are found along the fracture planes of olivine.

Clinopyroxene

This mineral tends to fill interstices between plagioclase laths. Clinopyroxene can
often form an interconnecting network of grains associated with orthopyroxene.
The grains vary in size, but most are in the range of 0.5-0.7 mm. Cumulus
clinopyroxene was not found. Often grains of clinopyroxene are rimed by

orthopyroxene.

Orthopyroxene

Orthopyroxene also fills interstices between plagioclase grains. However, unlike

clinopyroxene, orthopyroxene can make up oikocrysts of up to 4 mm in size.
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Most grains, however, do not form oikocrysts, and range from 0.5 mm to 0.7 mm.
Orthopyroxene is often in contact with both olivine and clinopyroxene.

Orthopyroxene usually contains clinopyroxene exsolution lamellae and blebs.

Accessory Minerals

The main accessory phase in this unit is mica. Mica makes up a very small
percentage of the rock, and is generally associated with pyroxenes. Most grains
are smaller than 0.3 mm. In one sample, mica was found as an inclusion in an

olivine grain.

3.5 Central Gabbronorite (CG)

This unit is approximately 73 m thick. Plagioclase is again the major cumulus
phase with modal percentages up to 78.2 modal %. However, in most samples
plagioclase averages 61 modal %. Olivine can reach up to 4 % by volume and the
occasional rare magnetite can also be found in modal percentages from 0.2-0.5 %.
The most abundant postcumulus phase is clinopyroxene, which can make up as
much as 26 % of the rock however, clinopyroxene can also be found in a cumulus
state (Plate 12). Orthopyroxene makes up most of the remainder of the
intercumulus phases, and is present in quantities of 12-18 %. Other phases are

rare, with mica making up less than 0.2 % and sulphides less than 1 %.
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Plagioclase

Cumulus plagioclase grains are equigranular and euhedral or subhedral. Their
well-formed crystal laths range in size from less than 0.7 mm to greater than 2
mm. Grains are arranged in a random manner with no predominant orientation
being observed (Plate 13). Small fracture planes are often found to cut across the
laths. Anhedral grains are rare and the size of those grains tends to be small by

comparison with the rest of the plagioclase in the unit.

Olivine

Olivine only occurs in two samples. The grains are equigranular and range from
0.7 mm to 1.5 mm. They are subhedral and anhedral, and commonly enclose
small plagioclase laths. Olivine grains are always in contact with either
clinopyroxene or orthopyroxene. Grains tend to be heavily fractured, and fracture
planes are commonly filled by alteration products. Small amounts of mica are

also found to exist around the margins of heavily altered olivine grains.

Clinopyroxene

The mineral tends to fill the triangular voids between plagioclase grains. Most of
the grains are anhedral and relatively small averaging between 0.7 mm to 1 mm.
The grains are often associated with large orthopyroxene oikocrysts even though
the clinopyroxene itself does not tend to form oikocrysts in this unit. Some

clinopyroxene occurs as cumulus grains. These grains tend to be smaller, at less
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than 0.7 mm, subhedral and form stumpy prisms and laths. The grains tend to

show simple twins. Most clinopyroxene grains have rims of orthopyroxene.

Orthopyroxene

This phase characteristically forms large anhedral grains that can exceed 3 mm in
diameter. Small plagioclase laths that do not exceed 0.3 mm in size often
penetrate these grains producing a sub-ophitic texture. In the stratigraphically
elevated portion of the unit, the orthopyroxene tends to fill in interstices between
plagioclase and clinopyroxene laths. Exsolution lamellae and blebs of

clinopyroxene in the orthopyroxene are common throughout the unit.

Accessory Minerals
Mica flakes are extremely rare (<0.5 %) and are sometimes found to associate

with equally rare, small interstitial blebs of sulphide.

3.6 Upper Olivine Gabbronorite (UOG)

This unit is approximately 32 m thick. Cumulus plagioclase is the major phase in
this rock unit and constitutes up to 66.9 modal % of the minerals. Olivine is the
next most abundant cumulus phase, and can make up 5.5-6 % of the rock.
Clinopyroxene is the most abundant postcumulus phase and averages 17 % of the
unit. Orthopyroxene is the other major postcumulus phase and ranges from 7-12

modal % of the unit. Minor amphibole, mica and sulphides are also found within
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the unit, but in abundances of less than 1 %. Alkali feldspar occurs in abundances

that average less than 1.5 %.

Plagioclase
The mineral occurs as euhedral and subhedral laths, up to 2 mm in diameter and
averaging 0.7 mm in length. In general, the plagioclase grains seem smaller and

more euhedral than in the underlying rock unit.

Olivine

Olivine tends to be equigranular, and grains average approximately 1.3 mm in
diameter. In rare cases they are smaller than 0.5 mm. Olivine crystals tend to be
anhedral, and are always connected in some fashion to a pyroxene grain (Plate
14). Some olivine grains are wholly enveloped by pyroxenes. Olivine tends to be
highly fractured, and alters to serpentine along fracture planes and around grain
margins. Plagioclase, amphibole, clinopyroxene and mica form inclusions in

olivine.

Clinopyroxene

Clinopyroxene tends to form small interlocking anhedral grains. These
interconnected grains pierce though the interstices of plagioclase grains, and form
an interlocking network of crystals. Most of these smaller grains average 0.7 mm

in diameter, but some grains reach 2 mm in diameter.
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Orthopyroxene

Orthopyroxene tends to form large oikocrysts that can be over 3 mm in diameter.
The mineral tends to associate with olivine, and can be found to form coronas
around olivine grains. Most orthopyroxene contains exsolution lamellae and
blebs of clinopyroxene. In some cases, orthopyroxene shows a graphic

intergrowth with clinopyroxene.

Accessory Phases
Mica flakes and sulphides tend to be associated although neither is very abundant
in this rock unit. Alkali feldspar becomes more predominant towards the top of

this unit, but never exceeds 2.2 % by volume. No quartz was found in this unit.

3.7 Upper Gabbronorite (UG)

The upper most 127 m of the traverse consists of the upper gabbronorite unit.
Plagioclase remains the dominant cumulus mineral phase averaging between 57.2
—63.9 modal %. Olivine is the next most abundant cumulus phase and can form
up to 3.7 modal % of the rock. Clinopyroxene is the most abundant postcumulus
phase, contributing between 20-30 modal %. Orthopyroxene is the other
important postcumulus phase, which can be found in quantities from 2-16 modal
%. Magnetite, as well as sulphides, alkali feldspar, amphibole and quartz are

accessory phases.
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Plagioclase

A characteristic feature of this unit is that the cumulus plagioclase laths have
become larger (Plate 17). This lends to a coarser grained rock unit than the
underlying units. Plagioclase laths normally average 1.5 mm in length, reaching
2.5 mm in some cases. The grains are mostly subhedral, but some of the smaller
grains maybe anhedral. Microfracturing tends to cut across the C-axis of some
laths. No preferred orientation was found in plagioclase. No interstitial

plagioclase was found.

Olivine

Olivine is rare in this unit, making up less than 1 %. The few grains found range
from 0.7 mm- 2 mm in length. The larger ones often enclose small laths of
plagioclase. Olivine grains tend to be heavily altered to serpentine and fractured.
Often these grains are surrounded by orthopyroxene coronas, which maybe

altered to mica or amphibole.

Clinopyroxene

Clinopyroxene grains tend to occur as large anhedral interlocking crystals, 2-3
mm in size. Grains can also occur as small isolated grains, as in the underlying
unit. Many of the grains are pervasively altered, and rims of orthopyroxene are
found around most specimens. Alteration of both types of pyroxenes, to form
secondary amphibole and mica, becomes progressively more intense in the higher

stratigraphic levels.
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Orthopyroxene

Orthopyroxene generally forms grains from 0.7 mm to 1.3 mm in diameter. They
generally fill interstices between plagioclase grains. They are subhedral and
anhedral, and commonly form coronas around olivine grains. They generally are
intergrown with clinopyroxene and have clinopyroxene exsolution blebs and

lamellae forming a “herring-bone” texture (Plate 16).

Accessory Phases

Sulphides, mica, and amphibole are found throughout the layer. Sulphides can
reach up to 2.2 modal %. Mica is commonly associated with sulphides and
amphibole, and is often an alteration product of clinopyroxene. Oxides are more
prevalent in the lower portion of the layer, where they are normally associated
with olivine. Minor quartz grains up to 1 mm in length are also found. Rare

alkali feldspar forms graphic intergrowths with quartz.

Horseshoe Lobe
3.8 Introduction
The Horseshoe lobe is made up of two lithological units, the Horseshoe olivine
gabbronorite (HSOG), and the Horseshoe gabbro (HSG) with less than 5 % opx
(Fig. 3.2). The HSOG makes up the bulk of the intrusion, and is very similar in

terms of mineral modes to the BOG unit in the Ingeli lobe.
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Figures 3.4 (a)-(¢) show modal mineral percentages through the Horseshoe
intersection.  As seen at the Ingeli lobe, olivine shows a slight increase in
abundance with height. As in the Ingeli lobe, modal plagioclase shows an inverse
behaviour to olivine. Orthopyroxene and clinopyroxene show little variation
through the HSOG. The HSG has almost no orthopyroxene but close to 40 %
clinopyroxene. This is broadly similar to the UG unit of the Ingeli lobe. This
could possibly suggest that the PU, COG, CG and the UOG units of the Ingeli

lobe are not developed at Horseshoe.

3.9 Horseshoe Olivine Gabbronorite (HSOG)

The Horseshoe olivine gabbronorite unit makes up approximately 90 % of the
Horseshoe lobe. Olivine is the major cumulus phase with the exception of the
uppermost sample of this unit where plagioclase becomes the major cumulus
phase. Olivine makes up between 40 and 60 % of the phases in the unit, but the
uppermost sample only contains 20 modal % olivine. Throughout the unit there
are varying amounts of cumulus and intercumulus plagioclase ranging between 17
and 40 %. Except for the top sample, intercumulus plagioclase is more common
than the cumulus variety. Orthopyroxene is the next most abundant intercumulus
phase from 10 to 18 modal %. Clinopyroxene varies dramatically in modal
percentage from O to 21 %. Chromite is not as abundant as in the Ingeli lobe.
Most grains are associated with olivine. Mica is present in small amounts, and

commonly encloses sulphide blebs.

53









Olivine

Olivine grains range in size from 2/3 mm to over 3 mm. However, most grains
range between 1 and 1 %> mm. Most grains are anhedral and highly fractured.
Rare subhedral grains can exist. Serpentinization commonly occurs along the
fracture faces of the grains. Olivine sometimes contains small plagioclase, mica
and oxide inclusions. The uppermost sample in the unit shows a subhedral to

anhedral olivine often associated with both types of pyroxenes.

Chromite

Small amounts of chromite appear throughout the HSOG unit, but seem less
abundant than in the BOG unit of the Ingeli lobe. Chromite is commonly found
enclosed by olivine grains (Plate 19), and becomes progressively less abundant

with height in the stratigraphy.

Plagioclase

Plagioclase forms either interstitial filling between olivine that can be more than 3
mm in size, or as lath like cumulus phases which can be from 1/3 mm to over 2
mm in length (Plate 18). The proportion of cumulus plagioclase increases with
height similar to the pattern observed in the BOG unit of the Ingeli lobe.
Cumulus grains in the highest sample of the unit tend to be subhedral, small (less
than 2/3 mm) and free of alteration. Commonly these plagioclase laths dictate the

shape of the olivine grain faces.
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Orthopyroxene

Orthopyroxene is generally found as large oikocrysts that often enclose small
plagioclase laths as well as, chromite and olivine. Some orthopyroxene have
clinopyroxene exsolution blebs. Grains can range from 1 mm to over 3 mm in
length. Most orthopyroxene in the lower samples are relatively unaltered. In the
uppermost sample orthopyroxenes becomes larger and more altered and it has
more clinopyroxene exsolution blebs. Orthopyroxene often encloses olivine

grains in this sample.

Clinopyroxene

Clinopyroxene can be fairly abundant in some samples, but is absent in others.
Clinopyroxene typically makes up small grains, up to 0.3 mm. The uppermost
sample of the unit shows a high abundance of small interlocking clinopyroxene
that are commonly associated with olivine grains and interstitial orthopyroxene
grains. These grains are often found to be severely altered and show

orthopyroxene reaction rims when in contact with other phases.

Accessory Phases

Minor amounts of mica are found in the lowest samples of the unit, but become
progressively less abundant with height. Sulphides are also more common in the
lowest samples and are often found associated with mica, or completely enclosed

by this phase.
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3.10 Horseshoe Gabbro (HSG)

The Horseshoe gabbro is approximately 4 m thick and caps the intrusion.
Plagioclase is the only cumulus mineral phase, at approximately 60 modal %.
Clinopyroxene is the most abundant postcumulus phase, and makes up
approximately 37 modal %. Orthopyroxene occurs as a minor postcumulus
phase, at 1.5 modal %. Olivine is not present in this rock unit. Small amounts of

interstitial sulphides are found within the interstices of cumulus plagioclase.

Cumulus Plagioclase

In general, cumulus plagioclase laths in the HSG are much smaller than those of
the feldspathic units of the Ingeli lobe (Plate 20). Large laths may be in the 0.7
mm range, but most grains tend to be smaller than 0.3 mm. Most grains are

subhedral and unaltered.

Clinopyroxene

Clinopyroxene predominantly occurs as and interstitial phase. Most grains range
in size from 0.3 to 0.7 mm. The crystal grains form anhedral, interlocking
amalgamations in the interstices of the cumulus plagioclase. Rare cumulus
clinopyroxene grains can also be found. Most clinopyroxene is pervasively

altered.
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Orthopyroxene

Orthopyroxene is rare in the unit. However, the few grains that were found were
over 1 mm in length, making them the largest phase in the unit. Grains were
found to be less altered than clinopyroxene. Orthopyroxene tends to envelop

smaller plagioclase laths producing a sub-ophitic texture.

Micrographic Intergrowths
As in the Ingeli lobe, micrographic intergrowths between quartz and alkali
feldspar do occur in the uppermost unit of the Horseshoe lobe, but they are more

frequent here (Plate 21).

Accessory Phases
Rare mica flakes are found to be included between interlocking clinopyroxene
grains. Sulphide blebs are often found between the junctions of multiple cumulus

plagioclase grains.
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4. Mineral Chemistry

4.1 Introduction

The major rock forming minerals of the Ingeli and Horseshoe lobes of the MAC
are; olivine, plagioclase, orthopyroxene, clinopyroxene and chromite. The
present study is confined to the first four phases. The data are tabulated in
Appendix 11 a total of 533 grains were analysed in the study. Table 4.1 shows
how many grains of each phase were analysed in the Ingeli and Horseshoe lobes.

Table 4-1: Numbers of grains analysed

olivine plag opx cpx
Ingeli 92 126 98 110
Horseshoe 29 31 26 21
total 121 157 124 131

Grains were analysed in the core domain of the minerals. Analytical
reproducibility was tested by repeat analysis on one spot on 4 grains of each
phase. Table 4.2 below lists the coefficients of variation (calculated at 100*
standard deviation/ mean concentration in wt %) based on repeat analysis.

Table 4-2: CoefTicients of variation

Mineral SiO2 AI203 TiO2 Cr203 FeO MnO MgO NiO Ca0 Na20 K20

Ol 0.32 - - - 127 419 034 1620 4.70 - -
opx 059 1096 14.08 877 147 1995 044 7480 233 59.35 -
cpx 0.47 588 7.02 647 259 10.21 088 10360 171 1877 -
Plag 1.83 237 47.00 - 18.18 - - - 6.44 943 11.72

Coefficients of variation are 0.3-3 % for concentrations within the ranges 5-50 +

wt %, and rise above 3 % as concentration levels approach 1 %.
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4.2 Ingeli Lobe

4.2.1 Olivine
A plot of Ni in olivine versus elevation above base is shown in figure 4.1. The
graph shows that the concentration of Ni in olivine is highest in the three
lowermost samples of the BOG unit reaching 2500 ppm. In the remainder of the
BOG and throughout much of the overlying PU, Ni contents in olivine are

between 1100 and 2000 ppm.

The Ni concentration in the olivine of the COG unit is the lowest in the profile, at
just under 700 ppm. There is only one sample in the CG unit that contains
olivine, (at 621 m EAB) and the olivine contains 900 ppm. In the UOG unit the
Ni concentration in olivine increases to 1000-1300 ppm. In the UG unit (the last

unit in the traverse) Ni contents are broadly similar as in the UOG.

Fo contents of olivine show much less variation than Ni contents. Within the
BOG and the PU, Fo contents plot between 81 and 85, with the lowest values
observed at the base of the intrusion. In the overlying gabbroic units, Fo varies
between 59 and 62. The data shows that Ni and Fo contents of olivine in the
Ingeli lobe are decoupled, i.e., there is considerable scatter in Ni within the

ultramafic rocks, at relatively constant Fo contents.
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4.2.2 Mg# in Orthopyroxene and Clinopyroxene
Mg# of orthopyroxene is plotted versus EAB in figure 4.1. Variation in Mg#
ranges from 0.66 to 0.87. The values are relatively constant (0.83-0.87) in the
basal ultramafic rocks (BOG and PU units), in accord with the compositional
variation of olivine. The COG unit appears to have a relatively low Mg#, but the
overlying CG unit shows a progressive decrease in Mg# of orthopyroxene from
0.80 to 0.70 with height. This trend continues through the UOG and UG units,
with the latter showing the lowest Mg# of orthopyroxene of the intrusion at

approximately 0.65.

The trends of Mg# in clinopyroxene essentially mirror that of orthopyroxene.

4.2.3 An in Plagioclase
An contents of the BOG unit vary from Ansy to Ang;, Within the PU unit,
plagioclase is largely intercumulus by nature, but compared to intercumulus
plagioclase in Bushveld ultramafic cumulates (Maier, 1992) An contents are
surprisingly constant, from Angs to Ang;  This suggests relatively little
compositional zoning of the grains. The uppermost sample of the unit has
markedly less calcic plagioclase, at Angg. The COG has broadly similar An
contents as the PU. There is a marked increase in An content of plagioclase at the
base of the CG unit (0.8), from thereon the An content decreases progressively to
fall back to the levels observed in the PU towards the top of the CG and in the

overlying UOG and UG units.
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4.3 Horseshoe Lobe

4.3.1 Olivine
The Ni concentration of olivine in the Horseshoe lobe is significantly lower than
that in the Ingeli lobe (Fig. 4.2 a). On average, the Ni concentration plots
between 400 and 900 ppm, whereas in the Ingeli lobe Ni contents of olivine reach
2500 ppm. In general, the Ni content of olivine decreases with height in the
Horseshoe lobe. Figure 4.3 b shows average Fo contents in Horseshoe olivines
plotted versus EAB. The plot shows a small increase in concentration with height
through the basal 5 m of the intrusion, but from then on the Fo contents remain
steady before decreasing sharply in the uppermost olivine gabbronorite sample. In
general, the Fo content of olivines in the Horseshoe lobe is lower than that of

olivines in the Ingeli lobe (fig. 4.1 b).

4.3.2 Mg# in orthopyroxene and clinopyroxene
(Fig. 4.2 c) shows a plot of average Mg# in orthopyroxene versus EAB. The Mg#
ranges from approximately 0.7 to nearly 0.85 with a progressive increase in the
basal 35 m of the intrusion and a sharp drop in the topmost ten m. This is
compared to the Ingeli lobe, with values at 0.66 to 0.87 throughout the lobe, and

0.83-0.87 in the Basal Zone units.
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Variation in Mg# of clinopyroxene (Fig 4.2 d) effectively mirrors that of

orthopyroxene, as it did in the BOG of the Ingeli lobe.

4.3.3 An in Plagioclase
(Fig. 4.2 e) shows average An content of plagioclase versus EAB. The plot shows
large variability in the lowermost samples. This is due to the presence of
intercumulus and cumulus plagioclase in these samples. The upper samples show
less compositional variation, at between 0.6 and 0.65. Compared to the Ingeli
lobe An contents are similar to those from the BOG unit, with values at 0.59 to

0.67.

4.4 Ni versus Fo content in Olivine
(Figure 4.2) shows a plot of Fo versus Ni in olivine. Relative to the field of
layered intrusions (Simpkin and Smith, 1970), Ingeli olivines do not appear to be
depleted in Ni.  This implies that the Ingeli olivines did not crystallize from a
magma that had undergone significant amounts of sulphide segregation prior to
emplacement. In contrast, olivines in the Horseshoe lobe are depleted in Ni and
plot below the field of layered intrusions. Thus the Horseshoe magma may have

experienced sulphide segregation prior to emplacement.
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5. Whole Rock Geochemistry

5.1 Introduction

Thirty-five samples from the Ingeli lobe and nine samples from the Horseshoe
lobe, representing all major lithological units encountered, were prepared for
whole rock geochemical analysis using X-Ray Fluorescence. Analytical methods
for the XRF analyses, as well as the data, are given in Appendix III. Additional
trace elements, including REE, Ba, Rb, Th, K, Nb, Sr, Zr and Ti, were analysed in
selected samples in the Ingeli traverse by inductively coupled plasma mass
spectrometry.  Analytical methods for ICP-MS are also given in Appendix IIL
CIPW norms were also compiled in this study and the data can be found in

appendix (I).

5.2 Binary Variation Diagrams
5.2.1 Major Element Chemistry

Figs. 5.1 (a)-(h) show binary variation diagrams of major elements versus MgO
(in wt %) in both the Ingeli and the Horseshoe lobes. The highest SiO; values are
found in the gabbroic rocks of the Ingeli and Horseshoe lobes reaching a
maximum of 54 wt% SiO,. These levels are similar to the average Karoo
dolerites (fig. 5.1 a) (Marsh, 1984). In the analysed samples, highly differentiated
rocks were either eroded (i.. at the Ingeli lobe), or not developed (i.e. at the
Horseshoe lobe). The lowest SiO, contents are found in the ultramafic rocks of

the Basal Zone (BOG and PU units of the Ingeli lobe). The olivine-rich

69









Horseshoe rocks generally have lower MgO contents than the ultramafic rocks of

the Ingeli lobe.

FeO (Fig. 5.1 b) show the FeO contents of the MgO rich Ingeli and Horseshoe
rocks fall between olivine control lines. Within the lherzolitic rocks a negative
correlation between FeO and MgO is evident (as indicated by the arrow). This
could be due to reaction of cumulus olivine with percolating, relatively evolved

(i.e. FeO rich), intercumulus melt (Cawthorn, 1992).

Al,03, Ca0, and Na,O (Figs. 5.1 ¢, d and €) concentrations are largely governed
by modal amounts of plagioclase and clinopyroxene and values decrease with
increasing MgO contents in the rocks of the Basal Zone, i.e. they show a negative
correlation with MgO. The highest amounts of Al,O3, CaO and Na,O are found in
the plagioclase cumulates of the gabbronorite units (COG, CG, UOG and UG) in
the Ingeli lobe and the HSG of the Horseshoe lobe. With regard to CaO and
AlyO3 most of the Basal Zone rocks plot close to tie lines between Karoo dolerite
and olivine. This suggests that plagioclase and clinopyroxene in these rocks
largely crystallized from trapped melt and are not of cumulus origin. All of the
gabbronoritic rocks have higher CaO contents than average Karoo dolerite (the
highest being 16 wt %), suggesting control by cumulus plagioclase and
clinopyroxene. The K,O (Fig. 5.1 f) and Na,O (Fig. 5.1 €) trends are notable
because the ultramafic rocks plot off the olivine control lines. In the case of Na,O

an analytical problem is indicated.
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TiO; values (Fig 5.1 g) in the Mg-rich rocks plot on olivine control lines and thus
appear to be controlled by the amount of trapped melt in the rocks. The gabbroic
rocks have TiO, contents below Karoo dolerite; this indicates that cumulus

magnetite is rare in these rocks.

P,Os is an incompatible element with respect to all of the major phases of the
Mount Ayliff Complex. The oxide shows a negative correlation with MgO (wt
%) and plots along olivine control lines (Figs. 5.1 h) in the olivine-rich rocks,
suggesting that P,Os contents are controlled by the trapped melt. The gabbroic
rocks seem to be depleted in P,Os relative to Karoo dolerite, indicating that thése
rocks are plagioclase-clinopyroxene cumulates, containing mostly <50% trapped

melt.

5.2.2 Trace Element Geochemistry
Trace element partitioning within a melt is affected by a number of factors
including; composition of the melt, size sites, ionic radii, temperature, pressure,
accumulation rates, Kinetic effects, and crystallization according to Rollinson
(1993) and references therein. Figs. 5.2 (a)-(h) show binary variation plots of

selected trace elements (Cr, Zr, Sr, V, Cu, Ni, Co and S) versus MgO.
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Chromium (fig. 5.2 a) has a high partition coefficient (D) with respect to
chromite. With regard to orthopyroxene D, is around 2, while D(Crt)olivine/ siticate
melt is most likely to be below unity according to Rollinson (1993) and references
therein. The diagram shows a positive correlation between chromium and MgO,
with the highest values in the PU unit at around 6,000 ppm Cr. The lowest Cr
values are found in the gabbronorite units of the Ingeli lobe. The samples of the
Horseshoe lobe plot in between the Basal Zone and the gabbronorites of the Ingeli

Lobe.

The olivine-rich samples plot within a triangular field defined by the composition
olivine, chromite and trapped melt as defined by Karoo dolerite. Interestingly, the
relative proportion of olivine and chromite appears to be broadly constant in the
ultramafic rocks. The major element data has shown that orthopyroxene and
clinopyroxene are not important cumulus phases in these rocks and therefore

cannot control chromium contents.

Zirconium (Fig. 5.2 b) has a high charge and a small radius. Zr does not enter
significantly into cation sites of common cumulus minerals. Therefore, it is
almost invariably concentrated in the trapped intercumulus liquid. The diagram
shows considerable variation between the Basal Zone rocks and the
gabbronorites. The olivine-rich rocks tend to plot above the tie line between

Karoo dolerite and olivines. The ICP data indicate lower Zr contents and fall on
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the tie line between dolerite and olivine, suggesting that Zr contents determined
by XRF are inaccurate. The gabbronorite rocks plot to the far left of the tie lines.
The gabbronoritic rocks have between 20-60 % Zr of the Zr content of the Karoo
dolerites, indicating 20-60 % trapped melt in these rocks. This is broadly in

agreement with the P,Os data.

Strontium (Fig 5.2 c) has and ionic radius of 1.18 A, and substitutes for Ca, and K
(1.01 A and 1.33 A) in the feldspars (mainly in plagioclase). Therefore, the Sr
content of a rock is mainly a reflection of the modal proportion of plagioclase.
The figure shows a good negative correlation between MgO and Sr. The Basal
Zone rocks have very little Sr, and the element is controlled by the trapped melt
confirming that the rocks contain very little cumulus plagioclase. The rocks of
the overlying gabbronorites that are dominated by cumulus plagioclase have the
highest Sr values at 200-250 ppm. The Horseshoe Sr values plot between the Ol-

rich rocks and the gabbronorites of the Ingeli lobe.

Vanadium (Fig. 5.2 d) has an extremely high D value into spinel, whereas for
orthopyroxene D is around unity, and for olivine, clinopyroxene and plagioclase
D is low according to Rollinson (1993) and references therein. Therefore, the V
content of magmas and cumulate rocks increases with increasing differentiation
until magnetite becomes a cumulus phase during the advanced stages of
differentiation. The present data shows a good negative correlation between V

and MgO in the rocks of the Basal Zone which is a result of trapped melt control.
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In the gabbronoritic rocks, V contents show considerable variation at relatively
constant MgO contents and can be assigned to the presence of cumulus magnetite,
particularly in the uppermost UG sample. The Horseshoe rocks plot between the

Ol-rich rocks and the gabbronorites of the Ingeli lobe.

Copper (Fig. 5.2 e) partitions preferentially into sulphides, and will show low
values in any rock that is barren of sulphides. The D(Cu) sulphide melt/silicate
melt is approximately 1000 (Rollinson and references therein, 1993). The only
silicate phase that shows partition coefficients slightly above unity is
clinopyroxene. However, this effect tends to be overprinted by the presence of
sulphides. The figure shows tie lines between Karoo dolerite and olivine from
Horseshoe and Ingeli. Any value that plots above the tie lines, indicates the
presence of cumulus sulphides. Alternatively, there could have been some
mobility of Cu during hydrothermal alteration of the rocks. Most of the Basal
Zone rocks, and the Horseshoe rocks plot above the tie lines between Karoo
dolerite and olivine and thus appears to contain small amounts of cumulus
sulphide. Alternatively, there could have been some mobility of Cu during
hydrothermal alteration of the rocks. The highest value is from a PU rock, at
around 275 ppm. Of note is that most of the gabbronorite rocks plot below the
Karoo average (from 15 to 60 ppm) indicating that these rocks contain little or no

cumulus sulphides.
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Nickel (Fig. 5.2 f) is strongly compatible with respect to chromite, olivine,
orthopyroxene and sulphides. D values with respect to olivine may fall between 5
and 30 depending on the magma composition. D(Ni) sulphide melt/silicate melt =
350 for basaltic magma (Rollinson and references therein, 1993). Therefore, Ni
contents are mainly governed by the concentration of sulphides. In (Fig. 5.2 f), tie
lines are drawn between Karoo dolerite and the range of olivine composition at
Ingeli and Horseshoe. Most of the samples fall within the olivine control fields.
There is little evidence for the presence of cumulus sulphides, possibly suggesting

that the variation in Cu content is due to mobility of Cu.

Cobalt (Fig 5.2 g) partitions preferentially into sulphides (D(Co) sulphide melt/
silicate melt =70, Rajamani and Naldrett, 1978), as well as into spinel and olivine.
D values for orthopyroxene are about unity. Mg is often substituted by Co in
olivine and opx, and this accounts for elevated Co levels in ultramafic rocks.
(Fig. 5.2 g) shows Co versus MgO, with a “best fit” line drawn from Karoo
average through samples. The graph shows that no sample is significantly
enriched or depleted in Co. The lack of variation in Co is in sharp contrast to the

variation in Cu and Ni between the Ingeli and the Horseshoe rocks.

Fig. 5.2 h shows S contents within the analysed rocks plotted versus MgO. S
contents of Karoo magmas are poorly known, but if the S content of a sill below
the Insizwa lobe analysed by Maier et al. 2002 (650 ppm) are representative, then

most of the Horseshoe rocks, and several of the olivine-rich rocks at Ingeli, have

79



cumulus sulphides as they plot above the tie line between Karoo dolerite and
olivine. If S contents of MORB are used (Wallace and Carmichael, 1992), then
only a few samples from Horseshoe and Ingeli would contain cumulus sulphides.
The gabbroic rocks are S-poor, at below 300 ppm, and appear to contain little or

no cumulus sulphide.

5.3 Spider diagrams

Figures 5.3 (a)-(e) shows spider diagrams of incompatible trace elements
(analysed using ICP-MS) normalized to primitive mantle. Sixteen samples were
analysed through five of the units of the Ingeli lobe (BOG, PU, COG, CU, and
UG). The rocks of the Horseshoe lobe and the UOG unit were not analysed in
this study. The most important features of the diagrams are summarized in the
following:

(i) The BOG unit has a generally higher concentration of incompatible trace
elements than the overlying PU. This indicates larger amounts of trapped melt,
bearing in mind that the concentration of incompatible trace elements in both
units plot on control lines between olivine and Karoo dolerite (Fig. 5.2).

(ii) The shape of the patterns in the BOG and the PU is broadly similar. The
patterns are fractionated with relative enrichment in the highly incompatible trace
elements, and negative Nb and Ti anomalies. Both units show no positive Sr or
Eu anomaly, indicating that the plagioclase observed in the rocks crystallized

from trapped melt.
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(iii) The BOG has a slight negative Sr anomaly. The largest negative Sr anomaly
is observed in the sample with the largest negative Nb and Ti anomaly. This may
indicate crustal contamination of this sample with elements other than Nb, Ti, and
Sr, which are retained by possibly refractory oxides and plagioclase.
Alternatively, the sample could contain less trapped melt.

(iv) The normalized Nb/La ratio decreases with height through the Ingeli lobe,
possibly indicating a progressively smaller crustal component in the rocks. The
following list shows the average Nb/La ratios in each unit: BOG (0.520), PU
(0.475), COG (0.551), CG (0.482) and UG (0.770).

(v) The gabbroic units have positive Sr and Eu anomalies indicative of the
presence of cumulus plagioclase.

(vi) The positive Sr and Eu anomalies are less pronounced in the uppermost unit,
whereas Ba is elevated. This is interpreted to be the result of lesser amounts of

plagioclase relative to trapped melt and K-feldspar.

5.4 Compositional variations against Elevation Above Base

5.4.1 Ingeli
Figures 5.4 (a)-(p) show geochemical plotted against EAB (Elevation Above
Base) for the Ingeli lobe. The figures are compiled from data collected by XRF
(for major-minor-and some traces elements), and ICP-MS (for some trace

elements).
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