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ABSTRACT

In view of the recent developments in heavy mineralhexp|oration, a sampling programme was
initiated to determine the economic potential of heavy mineral occurrences in the Kleinzee
mining area. The primary objectives were to record the concentration and mineralogy of the

heavy mineral population and also to determine their provenance.

The heavy mineral occurrences are hosted by high maturity Miocene fluvial sediments and
unconsolidated Plio-Pleistocene marine sediments overlying basement rocks of the Mid-
Proterozoic Namaqua Metamorphic Complex and Pan-African Gariep Supergroup. The
development of the fluvial palaeochannels is linked to a major regression during the Late
Oligocene whereas the marine deposits are genetically related to wave-cut, raised marine

terraces between 0 and 90m amsl/

Quartz, followed by feldspar are the dominant light minerals. The total heavy fraction (>2.9
g/cm® density) averages 6.4%, but concentratibns are extremely variable and ranges from a
few per cent in the fluvial sediments to as much as 60 per cent in particular marine
successions. The mechanism anticipated for these anomalous accumulations is believed to
be a powerful wave-regime with favourable burial conditions considered essential in

preserving the mineralisation.

Heavy mineral suites are diverse and consist of various proportions of ilmenite and its related
alteration products, hematite, magnetite, rutile, zircon, garnet, amphibole, pyroxene, epidote,
aluminosilicates, titanite, monazite, staurolite, collophane and glauconite. The economically
valuable minerals, ilmenite, rutile and zircon constitute a very large portion of the total heavy
mineral suite, often an order of magnitude greater than the gangue. Generally the total heavy
mineral suite in the Kleinzee area is dominated by ilmenite (50-73 wt%), with zircon (6-12

wt%) and rutile (1%) constituting the remainder of the economic fraction.

The titanium-bearing minerals comprise in addition to pure ilmenite, a complex suite of Fe-Ti
oxides often intimately intergrown. Single grain analyses indicate that ilmenites contain on
average 51% TiO, with only trace amounts of impurities. Only a small proportion (~8%) of the
iimenite fraction is altered and in most cases alteration was insufficient to enhance the
titanium content of the ilmenite fraction. These results are remarkably consistent with

-previous studies conducted at other west coast localities, Which indicates that climatic



conditions during the Plio-Pleistocene were uniform along the entire west coast of South

Africa.

Zircon populations were found to be heterogeneous, displaying contrasting physical,
geochemical, cathodoluminescent and radiometric properties. It is demonstrated that the
heterogeneity of various zircon populations reflects the compositional maturity of their host
sediments. As a result, zircon properties will allow conclusions about the evolutionary path of
its host sediment. Similarly, zircon chemistry and radiometry can be useful to fingerprint and

discriminate stratigraphic successions.

Heavy mineral suites are qualitatively similar, indicating a uniform source area for the
Kleinzee sediments. Heavy mineral assemblages indicate contributions from igneous and
metamorphic as well as reworked sedimentary sources. Garnet, epidote, augite, hornblende,

staurolite, titanite, rutile and aluminosilicates were demonstrated to be ultimately derived from |
metamorphic rocks. Other minerals such as the iron-titanium oxides, monazite and zircon
were derived from igneous or metamorphic rocks. The striking similarity of mineral chemistry
from Kleinzee sediments and lithologies from the NMC, unambiguously indicate the NMC as
primary source terrain for the Kleinzee sediments. Mineralogical and textural evidence
suggests that the majority of heavy minerals were eroded and transported from a nearby
area, indicating a relative proximal source for the heavy minerals as well as their host

sediments.

The present appraisal of the economic importance of heavy mineral occurrences in the study
area indicates that it does not compare favourably with Quaternary megadeposits such as
Richards Bay Minerais or Graauwduinen. The economic viability of the area is greatly
impaired by the generally low heavy mineral content as well as the éomposition of the
economic fraction which is dominated by less valuable ilmenite. Bulk chemistry as well as
s'i'ngle g‘r-é-i'n anal&sié also indicate that the T|O2 content is low (<50%). However, a few target
areas have been delineated which indicate limited economic potential and deserves a follow-

up study in order to calculate their potential resources.



OPSOMMING

In die lig van die huidige ontwikkeling in swaarmineraal eksplorasie is 'n monsteringsprogram
geloods om die ekonomiese potensiaal van die swaarmineraal voorkomste in die Kleinzee
mynbougebied te evalueer. Die primére doelwitte was om die konsentrasie, mineralogie en

provenans van die swaarmineraal populasie te bepaal.

Swaarmineraal konsentrasies in die studiegebied kom voor in volwasse Mioseen fluviale
sedimente en ongekonsolideerde Plio-Pleistoseen mariene sedimente wat vloergesteentes
oorlé van die Mid-Proterosoiese Namakwa Metamorfe Kompleks en Pan-Afrikaanse Gariep
Supergroep. Die ontWikkeIing van prominente fluviale palaeokanale word verbind met 'n
massiewe regressie tydens die Laat Oligoseen, terwyl die mariene sedimente geneties
verwant is aan brandergekerfdé, verhewe mariene terrasse wat geleé is tussen 0 en 90m bo

gemiddelde seeviak.

Kwarts, gevolg deur veldspaat is die dominante ligte minerale. Die totale swaarmineraal-
fraksie (digtheid >2.9 g/cm?®) beloop gemiddeld 6.4%, maar konsentrasies is hoogs wisselend
en is selde meer as 'n paar persent in die fluviale sedimente, maar kan so hoog as 60% wees
in sekére mariene opeenvolgings. Anomale konsentrasies van swaarminerale was die gevolg
van 'n kragtige golfregime en gunstige begrawings kondisies wat mineralisasie gepreserveer
het.

Swaarmineraal suites verskil in 'n hoé mate deurdat dit bestaan uit verskillende proporsies
van ilmeniet en geassosieérde veranderingsprodukte, hematiet, magnetiet, rutiel, sirkoon,
granaat, amfibool, pirokseen, epidoot, aluminiumsilikate, titaniet, monasiet, stauroliet,
kollofaan en glaukoniet. Die ekonomies waardevolle minerale nl. ilmeniet, sirkoon en rutiel

vorm 'n groot gedeelte van die totale swaarmineraal suite en in sommige gevalle in

rangordes groter as die nie-ekonomiese fraksie. Die totale swaarmineraal suite van die
Kleinzee area word oor die algemeen gedomineer deur ilmeniet (5-73%) met sirkoon (6-12%)
en rutiel (1%) wat die res van die ekonomiese fraksie opmaak.

Die titaan-bevattende minerale sluit in suiwer ilmeniet asook 'n komplekse suite van tussen
vergroeide -en veranderde Fe-Ti oksiedes. Enkelkorrel analises dui aan dat die ilmeniete
gemiddeld 51% TiO, en spoorhoeveelhede van onsuiwerhede bevat. Slegs 'n baie klein

gedeelte (~8%) van die ilmeniet fraksie is veranderd en in die meeste gevalle was



verandering onvoldoende om die titaan-inhoud van die ilmeniet fraksie te verhoog. Hierdie
resultate is merkwaardig in ooreenstemming met vorige studies wat uitgevoer was by ander
weskus lokaliteite en dui daarop dat klimatiese toestande tydens die Cenosoikum konstant

was langs die hele weskus van Suid-Afrika.

Sirkoonpopulasies is heterogeen fnet betrekking tot fisiese, geochemiese, katodeluminisente
en radiometriese eienskappe. Daar is gedemonstreer dat die heterogeniteit van die verskeie
sirkoonpopulasies die samestellings rypheid van hulle gasheer sedimente reflekteer. Sirkoon
eienskappe sal dit dus moontlik maak om afleidings te maak omtrent die evolusie van die
gasheer sedimente. Soortgelyk kan sirkoon chemie -en radiometrie ook van waarde wees om

stratigrafiese opeenvolgings te korreleer.

Swaarmineraal suites is kwalitatief dieselfde en dui dus op 'n uniforme brongebied vir die
Kleinzee sedimente. Swaarmineraal versamelings dui aan dat die swaarminerale afkomstig is
van stollings -en metamorfe gesteentes sowel as herwerkte sedimente. Daar is getoon dat
granaat, epidoot, ougiet, horingblende, stauroliet, titaniet, rutiel en aluminiumsilikate primér
afkomstig is van metamorfe gesteentes. Die yster-titaanoksiedes, monasiet en sirkoon kon |
egter van stollings of metamorfe rotse kom. Mineraalchemie van Kleinzee sedimente en rotse
van die Namakwa Metamorfe Kompleks (NMK) stem merkwaardig ooreenkom, wat
onteenseglik daarop dui dat die NMK die primére brongebied vir die Kleinzee sedimente was.
Mineralogiese en teksturele bewyse suggereer dat die oorgrote meerderheid van die
swaarminerale ge-erodeer en vervoer was van 'n nabye gebied, wat moontlik aandui dat die
swaarminerale sowel as hul gasheer sedimente afkomstig is van 'n relatiewe proksimale

bron.

Die huidige ekonomiese evaluering van swaamineraal konsentrasies in die studiegebied toon
dat dit nie gunstelik vergelyk met Kwarternére mega-afsettings soos Richard Bay Minerals of
‘Graauwduinen nie:. -Die ekonomiese vatbaarheid van die area word grotendeels aan bande
gelé deur die baie lae swaarmineraal konsentrasie asook die samestelling van die
ekonomiese fraksie wat gedomineer word déur minder waardevolle ilmeniet. Verder dui
grootmaat-chemie sowel as enkelkorrel analises daarop dat die TiO, inhoud (50%) van
ilmeniet laag is. Nietemin is verskeie teiken-areas afgepen wat beperkte ekonomiese

potentiaal aantoon.
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CHAPTER 1
INTRODUCTION

1.1. Location

This thesis presents the first quantitative data on the heavy mineral concentrations
that occur in Pliocene to Pleistocene marine and non-marine sediments in the
Koingnaas, Kleinzee and inland mining areas owned by De Beers Consolidated Ltd.,
known as Namaqua-Mines. The small town of Kleinzee is situated on the west coast
of South Africa, approximately 102km northwest of Springbok (Fig. 1.1). Koingnaas,
a smaller settlement, lies approximately 60 km to the south of Kleinzee. The three
mining areas are referred to as the Buffels Marine Complex (BMC), Koingnaas
Complex (KNC) and Buffels Inland Complex (BIC), simply after their geographical
setting. vThe BMC include the coastal farms Annex Kieinzee, Dreyers Pan,
Kareedoornvlei, Tweepad and Oubeep and extends for almost 45 km in a northerly
direction (Fig. 1.2). The KNC consists of the mining areas Somnaas, Koingnaas,
Swartlintjies River and Langklip, stretching nearly 80 km to the south of Koingnaas.
The Hondeklip Béy mine, owned by Transhex Pty (Ltd.), which is situated between
the Langklip and the Swartlintjies Riyer mining area, interrupts it. The Nuttabooi and
Langhoogte mining areas, which are, part of the BIC and is situated 31km east of
Kleinzee. The ephemeral Buffels River debauches just north of Kleinzee and the

smaller Swartlintjies River has its mouth approximately 35km south of Koingnaas.

1.2 Previous work

The discovery of diamonds at the beginning of the century drew considerable interest
to the west coast of South Africa, in particular to the Namaqualand area. Since then,
mining along that stretch of the coast has been dominated by the successful
exploitation of onshore and offshore diamond deposits. Durihg the last two decades
however, emphasis has shifted from exclusively diamond mining and exploration to

include heavy mineral exploration.
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Heavy mineral occurrences have been known since the discovery of diamonds and
Toerien and Groeneveld (1957) carried out the first comprehensive study. These
workers reported on the mineralogy and economic potential of the deposit situated
between the Sout River and Strandfontein. In follow-up studies, Herzberg (1969,
1970) described sampling and prospecting results of a radiometric survey performed

by the Geological Survey in the area between the Olifants River and Hondeklip Bay.

Renewed interest in heavy mineral sands during the 1980’s consequently led to
exploration programs, which located several significant concentrations along the
Namaqualand coast. One of these, known as the Graauwduinen deposit, resulted in
the establishment of Namakwa Sands Ltd., which currently is a significant producer
of high quality zircon, ilmenite and rutile by world standards. Total resources for the
deposit are quoted at 500Mt with a grade of 10% total heavy minerals (THM) and the

production rate is a nominal 10Mt per annum (Palmer, 1994).

Cilliers (1995) and Macdonald (1996) have documented the results of systematic
research on heavy minerals along the west coast. Cilliers (1995) studied the
Graauwduinen heavy mineral deposit that occurs in a set of raised beach terraces.
He focused on the genesis, min.eralogy and provenance characteristics of the
deposit. Macdonald (1996) proVided a detailed description of the mineralogy and
mineral chemistry of the Geelwal Karoo heavy mineral deposit, 20 km south of
Graauwduinen. He characterised the Geelwal present-day placer and proposed a
similar depositional environment for the Graauwduinen deposit. Using a unique
approach, Macdonald et al. (1997) and De Meijer et al. (1997) applied radiometry to
" fingerprint heavy mineral sands from various west coast Iocalities‘. A series of
integrated studies on west coast-heavy -minerals (Macdonald and Rozendaal, 1995;
Rozendaal et al., 1995; Philander et al.,, 1998; Rozendaal, 1998; Rozendaal et al.,

1999), furnished invaluable information on their complex petrography and chemistry.



1.3. Aims and objectives

The aims of this study are to:

% record the distribution of heavy mineral concentration with respect to their

depositional environment and sediment type

+ determine the degree of concentration and the mineralogy of the heavy mineral

population for economic reasons

¢ deduce the provenance of the heavy mineral population from mineral petrography

and mineral chemistry

The objectives are:

% Collecting representative heavy mineral suites from a variety of sedimentary units

at different elevations (terraces).

% A petrographic study of samples to determine the type and percentage of heavy

minerals present.

% Establishing the propdrtional and spatial distribution of the various heavy mineral

species vertically among units and laterally over the study area.
% To delineate areas of probable economic heavy mineral concentration.

% Implementation of analytical and statistical techniques to identify representative
and distinctive heavy mineral populations and assemblages within a sedimentary

facies.

% Discrimination and correlation of sedimentary facies by means of these typical

~_mineral assemblages and ratios.

& Application of these data to postulate provenance/source models for the heavy

mineral population.



CHAPTER 2
METHODOLOGY

2.1. Sampling
2.1.1.  Sample locality

The sample strategy was designed to establish a general picture of the heavy
mineral distribution in the study area. In order to obtain a representative sample

group, it was decided to sample sediments from:

e wave-cut terraces in the Buffels Marine Complex (BMC)

marine packages in the Koingnaas Complex (KNC)

fluvial lithologies in the Buffels Inland Complex (BIC)

fluvial lithologies from palaeochannels located in the KNC.

Emphasis was placed on sites that showed visible heavy mineral concentration.
Within the above constraints, excavated mining blocks provided an excellent
opportunity for both sampling and window mapping. Sample sites were consequently
named after the corresponding mining block. Samples were taken from each
lithological unit and sample names coincide with the unit designation, for example

sample AK1_1 was sampled from unit AK1_1 at sample site AK1. The approximate

positions of the sample sites are shown in Fig. 1.2.

Additional samples were taken from the present-day beaches as well as the Buffels
and Swartllntjles Rivers. Non-geologlcal samples were gathered from heaped tailings
at the three mining a‘ré;sﬂ In total 111 samples were taken: 35 from the BMC, 32
from the KNC, 14 from the BIC, 10 from the palaeochannels, 2 from present-day -
beaches, 2 from rivers and 16 from the mine heaps and slimes dams. Sample sites,

their XYZ co-ordinates, sample names and types are listed in Appendix A.



2.1.2.  Sampling method

Samples were collected using a garden trowel to make a clean vertical cut in the
exposure. A bucket with -a plastic bag inside was put in the recess and the sediment
was collapsed in the bag moving-the trowel from the top to the bottom of the unit.
Where compacted sediments were encountered a hammer and chisel was utilised in
a similar manner. A différent approach was followed to obtain samples from the
rivers, present-day beaches and tailings dumps. In this case, a hole was dug and an

in situ sample taken approximately one meter below the surface.

2.2. Analytical techniques

A series of laboratory techniques were employed to investigate the chemical and
physical characteristics of the sediments and their associated heavy minerals.

Details of selective techniques are given in Appendix B.

The gravel (*4 mm) component was removed from the raw sample and retained for
~ classification. A rotary splitter was used to split the <4 mm fraction into three parts, of
which one portion was stored as a reference. A second portion was pre-treated as
explained in Appendix B, before it was subjected to sieve-analysis. The <63um
fraction of palaeochannel samples obtained from sieving was separated into a silt
and clay fraction. XRD analysis was performed on both fractions for mineralogical
identification. The third portion of the initial split was separated using bromoform as a
heavy medium. The light minerals were discarded and the heavy fraction weighed to
determine the total heavy mineral content. The heavy fraction was subsequently split
into three using a riffle mini-splitter. One split was stored whereas a polished section
was made from the second split. The thin sections were studied to identify, describe
and point-count the heavy minerals. These sections were also used for SEM-EDS,
cathodoluminescence and electron microprobe investigations. A series of separation
techniques, which include dense media separation, panning and electromagnetic
separation, were employed to obtain monomineralic fractions of garnet and zircon
from selective samples. Garnet and zircon fractions were subjected to REE analysis

whereas the zircon fractions were radiometrically analysed.



2.2.1.  Polarised light microscopy

A Leitz polarising microscope was used to identify and describe the heavy minerals
from polished thin sections. Non-opaque minerals were observed in transmitted light
whilst opaque minerals were studied in reflected light using both air and oil

immersion lenses.

2.2.2.  Point-counting

Point-counting 400-600 grains usihg the polarised microscope determined heavy
mineral compositions of samples. By counting 400-600 grains, the probable error for
a mineral that constitutes 10% of the sample is within the limit of £1%; the probable
error however becomes_ significant for minerals that constitute less than 1%. To
minimise the counting error and the risk of missing smaller grains, point-counting was
performed using a modified ribbon method as suggested by Carver (1971). Non-
opaques and opaques were counted together using oil immersion lenses; transmitted

light was used for the non-opaques and reflected light for the opaques.

2.2.3.  Scanning electron microscopy (SEM)

Selected carbon-coated grains were examined by a SEM coupled to an energy
dispersive X-ray énalyser (EDS) to semi-quéntify geochemistry and verify optical
observations. The SEM also provided a means of studying textural relationships
among minerals and within single grains. Backscattered electron (BSE) images
made it possible to locate chemical zones within grains that would otherwise display
a homogeneous optical character. BSE images reveal contrasts in average atomic
number (Z) of a phase: the higher the number, the more electrons an area will
"reflect" and the brighter it will appear. SEM-EDS studies were carried out at the
University of Cape Town Electron Microscope Unit on a Leica Stereoscan S440.

Operating conditions and detection limits of the apparatus are given in Appendix C.

2.2.4.  Cathodoluminescence (CL)

CL images were acquired using an Oxfords Instruments MonoCL system attached to
the Leica Stereoscan S440 SEM.



2.2.5.  X-ray diffraction analysis

XRD analysis was used to identify and semi-quantify the mineral components of the
matrix of the palaeochannel sediments. The samples were run on a Philips 1030/00
system that is managed by Diffraction Technologys software. Phase identification
was accomplished using Trade® software in conjunction with the JCPDS-ICDD
database (Joint Committee of Powder Diffraction International Committee on
Diffraction Data). Quantification of the different phases was calculated using
Siroquante software. Operating conditions and detection limits are given in

Appendix C.

2.2.6. X-ray fluorescence (XRF) analysis

Major and trace elements in ilmenite fractions were analysed by X-ray fluorescence
with a Philips 1130/00 diffractometer. To avoid contamination by tungsten carbide, all
samples were ground with silica grinding equipment. Major elements were
determined on fused glass and trace elements from pressed powder pellets following
the method of Norrish and Hutton (1969). Operating conditions are given in

Appendix C.

2.2.7.  Microprobe analysis

Quantitative chemical analysis of the heavy minerals was performed using two
electron microprobes: a Cameca Camebax Electron Probe Microanalyser at the
University of Cape Town and a JEOL Superpfobe 733 at the Council for Geoscience.
Standard operating conditions, standards used and detection limits are given in .
Appendix C. Raw count data was converted to oxide weight percentages. Generally,
two points per grain'were analysed and the average thereof calculated to reduce the

effects of chemical variability.

2.2.8.  Radiometric analysis

Selected zircon and ilmenite fractions were forwarded to the Kernfysisch Versneller
Instituut at the Ryksuniversiteit, Groningen, Netherlands for radiometric analysis. The

radiometric technique is fully discussed by De Meijer et al. (1990) and De Meijer et
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al. (1994) and only. a brief description of the method is given below. The system
utilises a high sensitivity gamma-ray detector using a bismuth germinate scintillator
crystal (Macdonald et al., 1996; Macdonald, 1996). In this method of analysis “K and
gamma-ray emitting nuclei in the U and **Th decay series are of relevance. In a
closed radiogenic system, such as in zircon, the activity concentration of one
member reveals information on the presence of the rest of the members in the
specific decay series (Greenfield et al., 1989; De Meijer et al., 1990; De Meijer et al.,
1994). For instance #“Bi and #"*Po, yield information on ?*®U in the #*®U decay series
(Macdonald et al., 1996; Macdonald, 1996). Therefore, the activity concentrations in
the 2 decay series are expressed as *"Bi. From the equation N=t,,A/In2 where N is
the number of atoms present, t,, the half-life of the radionucleus, the activity A in

Bg.kg™ can be calculated.

2.2.9.  Inductively coupled plasma atomic emission spectroscopy
(ICP-AES)

Zircon and garnet fractions were analysed for their rare earth element cohtent by
means of ICP-AES at the Physics Department, University of Stellenbosch. Operating
conditions are given in Appendix C. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) is an analytical method used for the determination ofA all
elements except argon (Barnes, 1981). Pre-selected elements are selectively
leached from the sample where its atoms are plamasised in the ICP apparatus to an
unstable ionised state. When the atoms return to their semi-stable state, it is
accompanied by a loss of energy through emission of radiation. Each element has a
~characteristic emission spectrum making it possible to distinguish between specific

elements.



CHAPTER 3
.GEOLOGICAL SETTING

3.1. Regional geology -

The west coast of southern Africa between Saldanha Bay and Oranjerhund is rocky
and generally straight with only a few local embayments and prominent headlands. It
is backed by the "Great Escarpment”, a topographical feature that runs for 100km
parallel to the coast and a 3-6 km wide coastal plain that rises gently to a maximum
height of 100m (Heydorn and Tinley, 1980). The arid Namaqualand coastal plain is
drained by numerous rivers, which are not all major contributors of sediment to the
continental margin. The seasonal Orange River is the largest river along the west
coast and is classified together with the Berg and Olifants River as major rivers. The
Orange River and the Krom River, a tributary of the Olifants River, are the only to
cross the escarpment. Minor rivers include the' perennial Sout, Groen, Spoeg,

Swartlintjies, Buffels and Holgat Rivers (Fig. 1.1).

The regional geology of the Namaqualand coast consists of Cainozoic to Recent
deposits superimposed on Precambrian and Palaeozoic rocks (De Villiers and
Sohnge, 1959; Hallam, 1964; Kensley and Pether, 1986; Woodborne, 1991; Pether,
1994). The latter include diverse lithologies from the Mid-Proterozoic Namaqua
Metamorphic Complex, Late Proterozoic Gariep Group and Palaeozoic Cape
Supergroup. Early Miocene, clay-filled fluvial channels, occur along the west coast
and are locally associated with high concentrations of diamonds (Carrington and
Kensley, 1969; Siesser and Dingle, 1981; Rogers et al, 1990). Pleistocene to
Pliocene diamondiferous marine deposits overlie the coaétél channels and occur as
a number of wave-cut, raised marine terraces consisting of basal gravels, overlain by
a sequence of marine and aeolian sands (Dingle et al., 1983; Pether, 1994; Corbett,
1996).

MVERSITEIT STELLEKBOSCH
BIRLIOTEEK
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Southwards from the Orange River to Port Nolloth the coastal rocks belong to the
metasedimentary sequence of the Gariep Supergroup (Rogers, 1977; De Decker,
1986; 1987; Woodborne 1986, 1991; Rogers et al., 1990). The coast between Port
Nolloth and Kleinzee comprises mainly rocks of the Lower Stinkfontein Formation of
the Gariep Complex (Joubert and Krdner, 1971) intercalated with gneiss, schist and
quartzites, localised amphibolite bands and occasional pegmatite veins pertaining to

the Namaqua Metamorphic Complex (Coward, 1981; Saggerson and Turner, 1995).

South of Kleinzee to the Brak River granitic gneiss, schist and quartzite of the
Namaqua Metamorphic Complex are prevalent (Coward 1981; Jack 1980; Pether,
1994). The Malmesbury Group, comprising limestone, phyllites and quartzites occurs
as fringes between the Brak River and the Olifants River. At Geelwal Karoo the
basement rocks are dominated by limestone, dolomite and phyllite of the
Neoproterozoic Vanrhynsdorp Group (Germs and Gresse, 1991; Gresse 1992;
Macdonald and Rozendaal, 1995; Macdonald, 1996). Occasionally, gneissic
outcrops of the Namaqua Metamorphic Complex are observed. Table Mountain
Group sediments comprising quartzite, shale and tillite, has its northernmost
boundary with the Gariep Complex metamorphites at Graauwduinen (Cilliers, 1995)
and stretches southwards to Elands Bay. Basement rocks of Namaqualand exhibit
multiphase deformation and intrusional events. The intrusion of dolerite dykes and
sills are the youngest evidence of this event (Siesser and Dingle, 1981; Tankard et
al., 1982).

Neogene deposits occur northwards from Kleinzee to Oranjemund on a series of
raised wave-cut terraces at various elevations, but from Koingnaés southwards, the
en echelon arrangement-of marine terraces is less noticeable due to a more rugged
bedrock relief. Progressive downwarping around a hinge line between the Olifants
River mouth and Cape Agulhas has lowered the palaeostrandlines in the south
(Tankard, 1976). The marine deposits commonly consist of basal marine gravels,
overlain by a sequence of marine sands associated with abundant shells. Specific
shells often characterise a unique marine sequence with faunal assemblages

facilitating correlations of the west coast Neogene deposits (Krige, 1927; Haughton
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1928; Carrington and Kensley, 1969; Hendey, 1976, 1981, 1982; Pether, 1983,
1986, 1994; Kensley and Pether, 1986; Gresse, 1988). Pleistocene aeolianites and

Holocene sheetwash and alluvium cover marine sands.

Although lithologically very similar, the current terminology for the marine sediments
along the west coast of South Africa is confusing and no general nomenclature has
been accepted to date. A discussion on the Namqqualand coastal deposits highlights
the differences in the present terminology. In the Langebaan-Saldanha area, the
upper part of the Elandsfontyn Formation (Fig. 3.1.) contains a suite of intercalated
fluviatile clays and peat that are dated as Mid-Miocene by Coetzee and Rogers
(1982). The quartzose phosphorite of the locally developed Saldanha Formation was
deposited during the Mid-to Late Miocene and remnants of contemporary
phosphorites occur widely along the west coast (Gresse, 1988; Hendey, 1978;
Pether, 1994; Cilliers, 1995; Nicholas, 1995; Macdonald, 1996; Rogers et al., 1990).
Pether (1986, 1994) regards these phosphorites to be near-shelf deposits of his 90m
Package. Hendey (1981) suggested that the Late Pliocene Varswater Formation that
overlies the Saldanha Formation could be correlated with the 75-90m Complex

(Carrington and Kensley, 1969).

Pether (1983, 1986, and 1994) has made detailed investigations in the Hondeklip
Bay area and his studies of the Hondeklip Bay sequence led to his marine package
terminology, which is well known among west coast geologists. Pether (1986)
defines a marine package to be “a group of sedimentary facies deposited during
individual oscillations of sea-level.” The nomenclature is related to the maximum sea-
level elevation reached during transgression as correlated with local and global sea-
level fluctuations (Fig. 3.2). Pether recognised progressively younger marine
packages that truncate its antecedent. Based on the Hondeklip exposures (Fig. 3.4.),
Pether (1986, 1994) reviewed the work of Carrington & Kensley (1969), reclassified
- their nomenclature, and amended relative ages of the marine terraces (Fig. 3.4). He
described the 75-90m Complex as the 90m Package and referred to the 45-50m

Complex as the 50m Package since it contains the zone fossil Donax haughtoni.
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Figure 3.1.
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phosphatic siltstones. Column 2: succession after Pether (1986); R, regression; T, transgression; 30m P, 30 metre
Complex; 50m P, 50 metre Complex; 90m P, 90 metre Complex; FS, foreshore facies; USH, upper shoreface; LSH,
lower shoreface; NSb, 50m Complex nearshore shelf; NSa, 90m Complex nearshore shelf. Column 3: correlation
between Carrington and Kensley (1969; Col. 1) and Pether (1986; Col. 2). Column 4: Neogene and Quaternary sea-
level cycles modified from Vail and Hardenbol (1979).
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The 17-21m and 29-34m Complexes were grouped together as the 30m Package
since the zone fossil Donax rogersi is abundant in both these complexes. Ffom the
local sea-level history, Pether (1986) deduced z;n‘Early Pliocene age for the 90m
Package. In a similar manner the age of the 50m Package and 30m Package
respectively is inferred as Late Pliocene and Early Pleistocene. Late Pleistocene to
Holocene low elevation (< 10m amsl/) palaeo-shorelines provide the youngest
- Cainozoic marine sedimentation at Hondeklip Bay. Pether (op. cit.) considers that all
the marine packages were deposited as regressive units as the sea-level dropped
from its transgressive maxima. Using faunal assemb|ages' and sedimentary features,
he showed that the 30m, 50m and 90m Packages occur along the entire
Namaqualand coastal plain. Pether (1994) concluded that the 30m Package shows
remarkably linear continuity over 1500km along the So.uth African west coast, in
contrast with the 50m Package that is locally preserved and the 90m Package that is

only present as remnants.

Pether (1994) also gives detailed descriptions of basal kaolinitic deposits. These
sediments consist of a basal quartz gravel in a clay matrix deposited in a fluvial
~ channel incised into bedrock and were reported by earlier workers (Carrington and
Kensley 1969; Tankard 1966, 1975). Similar channels occur infrequently along the
west coast and their appearance becomes prominent in the Koingnaas area (Rogers
et al., 1990; Nicholas, 1995). The age of the channels is estimated to be Early
Miocene (Siesser and Dingle, 1981; Rogers et al., 1990) and they could be
correlated with the Elandsfontyn Formation in the Langebaan—Saidanha aréa. Cole
and Roberts (1996) reported lignite-enriched clays associated with the Elandsfontyn

Formation within similar palaeochannels at Koekenaap, Bergrivier and Kraaifontein.

North of the Olifants River, at Geelwal Karoo, Macdonald (1996) recorded marine
sediments on elevated terraces (35-45m ams/) conforming to the 50m Package (Fig.
3.5). Cilliers (1995) reported the presence of four strandlines namely 20m, 35m,
65m, and 110m amsl near Graauwduinen (Fig. 3.6.) overlying clay-filled fluvial
channels of Quaternary age (Rozendaal and Gresse, 1995). Cilliers (1995)

correlates the sediments associated with the 35m strandline with the 30m Package,
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the 65m strandline with both the 50m Package and Kleinzee'’s Upper Middle Terrace
and the 110m strandline with the 90m Package (Fig. 3.4). Cilliers (1995) diéagrees
with Pether's (1986) view that the 17-21m Complex and 29-34m Complex of
Carrington and Kensley (1969) should be grouped together as the 30m Package.
Instead, he arguéd that mineralogical studies of Graauwduinen sediments proved
that there is substantial evidence to support the existence of a separate 20m

Package.

In the Koingnaas area, Nicholas (1995) observed marine sequences locally known
as the Fine Green Sands (FGS) and Coarse Feldspathic Sands (CFS) that‘ shows
remarkable correlation with beach complexes identified by Carrington and Kensley
(1969). To some extent these sequences also coincide with sediments characteristic
of the 30m and 50m Package (Fig. 3.4). The marine packages are overlain by
younger heavy mineral-enriched, elevated beaches at 3, 6 and 10-14m amsl,
collectively labelled as the Recent Emergence Terrace (RET). Nicholas (1994)
opposes Pether's grouping of the 17-21 and 29-34 Complex of Cafrington and
Kensley (1969) into his 30m Package and based on sedimentological evidence
suggest that a separate 20m Package identity be reserved for 17-21m Complex

sediments, supporting Cilliers (1995).

At Kleinzee, three characteristic wave-cut terraces, namely the Upper, Middle and
Lower Terraces occur at different elevations, (Rogers et al.,, 1990; Fig. 3.6). The
Upper Terrace occurs at an elevation of 75-90m amsl/ and is correlated with the Early
Pliocene Varswater Formation in the Langebaan area. The Late Pliocene, Middle
Terrace is subdivided into an Upper Middle Terrace situated between 45-65m ams/
and the Lower Middle Terrace is observed queen 30-45m amsl The Lower Terrace
occurring between 10-30m amsl is Idcally associated with the BOm Package for

which an Early Pleistocene age is suggested.

Keyser (1972) recognised four distinct terraces (Fig. 3.6.) in the area that stretches
from Alexander Bay to Port Nolloth and his work has subsequently been revised by

Rogers et al. (1990). The oldest wave-cut terrace is the Miocene Grobler Terrace



otelellboOsSCH Ulivelsity Tps.//sChHOldl.sull.at.Z d

s o
suog

Late Quaternary aeolian sand Late Cenozoic marine gravels

S
AL
0.e S

22| Pleistocene calcrete Cretaceous fluvial sediments

Pleistocene terrestrial sand \7777] Gariep Group
A

ENE
- .
Kleinzee e
95-75m TERRACE
(KLEINZEE UPPER), _
!
65-45m TERRACE 27
Wsw (KLEINZEE UPPER MIDDLE) : =77 777195
45-30m TERRACE A A
o 40-10m TERRACE (KLEINZEE LOWER MIDDLE) 1550224720%
TERRACES (KLEINZEE LOWER) 1i 2722227 {6 avel and |-65
(LATE Aeolian sand i
QUATERNARY) 27 beach sand
UATERNAY g i Las
f"| y . 222 ,///////’///’/’/////,/ 2ed .30
evel gyxg iR 7 o
72 77 7/ 277455552777 Cross-bedded c
7777 A 224 777 = e (4]
72 et sand G fining upward
Fluvial sediments in to bioturbated sand
Cretaceous channel
ENE
95-75m TERRACH
Alexander Ba
60-30m TERRACE GROBLER) m
(ALEX UPPER) ——k
et it )
WSW 30-15m TERRACE

(ALEX MIDDLE)

15-0m TERRACE

LATE QUATERNARY
(ALEX LOWER)
-20
f ; X ; : ; - : . T T : ; T : T o
o 500 1000 1500
Oranjemund
LATE TERTIARY TO EARLY PLEISTOCENE TERRACES (CDM OLDER BEACHES) }“o

CDM BEACH-F TERRACE (KLEINZEE UPPER)

e

LATE QUATERNARY TERRACES (CDM YOUNGER BEACH)

CDM BEACH-E TERRACE (KLEINZEE MIDDL

CDM BEACH-D TERRACE
(KLEINZEE LOWER)
10-8m TERRACE

(CDM BEACH-)

4m TERRACE
(CDM BEACH-B)

2m TERRACE (CDM BEACH-A)

L

ro

7
7 /.
5 oA
8
priandd
r T T T T T T T T T
(o] 500 1000m

Figure 3.6.

I1lustration of the marine terraces at A) Kleinzee and B) Alexander Bay and C)

Oranjemund (from Rogers et al., 1990).



14

that lies between 75-90m amsl/ The Pliocene-Pleistocene Upper Terrace occurs
between 35-60m amsl, the Pleistocene Middle Terrace between 15-35m ams/ and
the Lower Terrace between 0-15m amsl/ Gresse (1988) proposes a correlation
between Alexander Bay’s Grobler Terrace, the upper part of the Upper Terrace,
Kleinzee’s Upper and Upper Middle vT_erraces and the 90m Package. He matches the
lower part of the Alexander Bay's Upper Terrace (Kleinzee’'s Lower Middle Terrace)
with the 50m Package and the Alexander Bay’s Middle Terrace (Kleinzee’s Lower

Terrace) with the 30m Package (Fig. 3.4).

Six raised beaches are evident at Oranjemund (Fig. 3.6.) and are divided into the
Late Miocene, Upper Terrace Group comprising the D E and F beaches and a
Quaternary, Lower Terrace Group consisting of the A, B and C beaches (Hallam,
1964; Hendey, 1981; Rogers et al., 1990). Crustal movement during the Miocene to
Pleistocene Wa§ effective in downwarping the Upper Terrace Group beaches to the
north while the younger beaches maintained constant elevations (Hallam, 1964;
Dvingle et al., 1983; Rogers etw al., 1990). The D, E, and F beaches occur at
elevations from 14-35m ams/ while the A, B and C beaches occur at elevations 2-
10m amsl (Hallam, 1964; Rogers et al., 1990). Rogers, et al. (1990) postulated that
the D, E and F beaches correlate with the Upper, Middle and Lower Terraces of
Kleinzee, but Pether (1986) claimed that these beaches are more likely to be 30m

Package correlates since they contain the zone fossil Donax rogersi.

3.2. Local geology

Stratigraphically the oldest sediments in the study area coincide with the Late
| Precambrian Gariep Supergroup that overlies the Namaqua Metamorphic Complex.
Unconsolidated Miocene fluvial and Pliocene-Pleistocene marine sequences that are
commonly associated with diamond mineralisation unconformably overlie basement
rocks. Récent aeolian dunes ultimately blanket the marine sequences'. The mining
area to the north of Kleinzee, known as the Buffels Marine Complex (BMC) is
marked by a series of elevated beaches, which are commonly associated with
diamond occurrences. The Koingnaas Complex (KNC), located between Hondeklip

Bay and Kileinzee, contain two types of deposits. The older of these constitutes what
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is known as the channel sediments, which consist of fluvial sediments deposited in
channel-like features cut into bedrqck. These are overlain by younger, marine
sequences which were not deposited on raised terraces as found in the BMC, but
instead -are associated with characteristic sea-level elevations during their
deposition. Inland, the area known as the Buffels Inland Complex (BIC) comprises
sediments that are remnants of a typical fluvial sequence deposited in a meandering

proto-Buffels River.

3.2.1.  Buffels Marine Complex (BMC)

In this area, a series of Plio-Pleistocene raised beaches, which are labelled locally as |
the Upper, Middle, and Lower Terraces are cut into the bedrock. Overlying bedrock
is a series of diamondiferous unconsolidated marine gravels and sands that were
deposited in nearshore, foreshore and upper-shoreface environments. Terrigenous
and aeolian sands that vary considerably in thickness, mainly overlie the marine

sediments.

Bedrock geology

Basement rocks in the BMC conform {o the Mid-Proterozoic Namaqua Metamorphic
Complex as well as tectonic slices of the Neoproterozoic metasedimentary
Stinkfontein "Formation" of the Gariep Belt (Kirtley, 1985). Observed rock types
include arkoses, quartzites, phyllites, quartz-mica schists, quartzo-feldspathic
gneisses énd minor volcanics. Amphibolite bands, quartz and epidote veins as well
as small pegmatitic intrusions are also recognised. The variable competence of the
basement rocks led to differences in the bedrock profile; gullies and deep potholes
are cut into the more resistant rocks which form i'deal trapsites where high
concentrations of diamonds have accumulated (Rogers et al., 1990). Where the
rocks are foliated, the bedrock was eroded to a more evenly surface which prevents

good trapsite development.
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Upper Terrace

The Upper Terrace was cut on a wave platform when the sea maintained a eustatic
level of 75-90m above present sea-level (Fig. 3.7). Regionally, the platform runs
almost parallel to the existing coastline and is terminated in a well-defined cliff in the
east (Rogers et al.,, 1990; Fig. 3.8.) Locally, the platform can be extremely irregular
depending on the competence of the bedrock. Marine sediments on the Upper and
Middle Terraces were deposited mainly during regressional stages as successive
deposits and were reworked during subsequent minor transgressions. Typically, the
Upper Terrace sediments consist of a basal gravel overlain by a medium to coarse-
grained brown quartzo-feldspathic sand (Fig 3.9). The gravels are usually clast-
supported, poorly sorted and either display chaotic fabric or in rare cases show some
imbrication. Clasts are predominantly subrounded to rounded and consist mainly of

quartzite, schist and gneiss.

The overlying orange-brown quartzo-feldspathic sands usually consist of two units
separated by a gradational contact. A coarser, moderately sorted, gritty sand,
displaying a fining upward gradation, directly overlies the gravél. This unit is often
marked by swash-deposited heavy mineral laminae that dip slightly seaward,
indicating deposition in a foreshore environment (Plate 3.1A). The overlying unit has
better sorting and displays large scale cross-bedding, which could be a combination
of younger sheetwash and aeolian sand. Brown, semi-compacted terrigenous sand,
often calcretized, comprises the top unit. Correlation with the 90m Complex in the
Hondeklip area (Pether, 1986) as well as with the Varswater Formation in the
Langebaan-Saldanha area (Hendey, 1981) suggests an Early to Mid-Pliocene age

for the Upper Terrace sediments.

Middle Terrace

The Middle Terrace originated when there were sea-level stillstands between 45-65
meters (Fig. 3.7.) and is divided into an Upper and Lower division, with the boundary
between them delineated by a significant break in the bedrock slope at
approximately 45m ams/ (Fig. 3.9). Both terraces occur on well-developed wave-cut

platforms with the Upper Middle Terrace defined in the east by a well defined 65



Plate 3.1.

A) Typical configuration of an Upper Terrace sequence in the Buffels Marine Complex. A basal quartzitic
gravel is overlain by swash-deposited heavy mineral sands.
B) Lower CFS sediments unconformably overlie much older channel sediments in the Koingnaas area.

Length of ruler is Im.




Buffles : Buffels e
AGE Inland Ké’é’:ﬁ:@is Marine 2 8 8§ o
Myr |EPOCH| Complex Complex A ms el s
01 =1 RET RET q
041 | q
-l N
06 - 8 Upper CFS b
Ll 3- <\
) ower
o Terrace
1.0 - E
| > Lower CFS
12 &2 |2 K
<T
LLi
1.4
1.6
Fine Green Middle
1.8 | e Sands (FGS)| Terrace I
wl =
20 1= =
8 27?2 7?7 7 N
30 13 =
as % Phosphatic Upper {__S'_
A Limestone Teriace
Remnants
Ly
50 | Ly
L
6.0 | =
<< kaolinisation {
10 | period ~t=
LLI
= lower BIC
= % sediments
=)
15 1=
27
>
20 1 & Channel - ;
5 sediments \
25
w
=
3 L
Ql=|?2 2 2 2
=
30| ©

. Figure 3.7. Stratigraphy and relative sea-level curves for Cainozoic sediments in the study area.



<

(o} 5 10Km
L 1 |

Quaternary Terraces

10m Bedrock contour

30-10m (Kleinzee Lower) EARLY
Terrace PLEISTOCENE

30m bedrock contour

45-30m (Kleinzee Lower Middle)

Terrace
LATE
65-45m (Kleinzee Upper Middie) sl
Terrace

Base of 65m cliff

95-75m (Kleinzee Upper) EARLY
Terrace PLIOCENE

Base of 95m cliff

Carbonaceous

fluvial CRETACEOUS
sediments

G | Basement  pROTEROZOIC
A% | Gneiss

Figure 3.8.

Distribution of wave-cut terraces in the Kleinzee area (after Rogers ef al., 1990).




17

meter cliff and the Lower Middle Terrace by a 45 meter cliff that becomes more
diffuse to the south. The Upper Middle Terrace has considerable lateral cohtinuity

and is only occasionally breached by relative younger fluvial channels (Fig. 3.8).

Marine sediments on the Middle Terrace are compositionally and texturally quite
similar to those of the Upper Terrace. The former are however, relatively more
complex, as the transgressional phase becomes more significant. The oldest
sediments comprise a basal gravel overlain by low angle, swash-bedded heavy
mineral sands, which were presumably deposited under foreshore conditions (Fig.
3.9). Remnants of lower shoreface facies are frequently preserved in a seaward
(westerly) direction and are characterised by hummocky cross-bedding, herringbone
'cross-bedding, trough cross-bedding and extensive bioturbation. Back-beach gravels
interbedded with heavy mineral sands are also relatively common and were possibly
deposited during storm conditions. Using the basal gravel of the Upper Terrace as a
chronostratigraphic marker, the age of the Middle Terrace sediments is estimated to

be Late Pliocene.

Lower Terrace

In comparison with the Upper and Middle Terraces, the wave-cut platform of the
Lower Terrace is poorly developed and considering the absence of cliff features and
significant breaks in the bedrock profile, there is no distinctive boundary between the
Lower Terrace and the 45 meter cliff of the Lower Middle Terrace (Fig. 3.9). De
Beérs’s geologists proposed a division at 30 meters that is based on a minor break in
bedrock slope and correlation with the 30m Package in the Koingnaas-Hondeklip
Bay area. The Lower Terrace is characterised by a sequence of sediments that are
generally more massive than. those of the Middle and Upper Terraces (Fig. 3.9).
Generaily, the sequence comprises a basal gravel overlain by coarse to medium-
grained dark brown quartzo-feldspathic sand. Heavy mineral laminae are generally
absent and sedimentary structures are well preserved due to prominenf bedrock
ridges parallel to the coast. The top part of the sequence is often calcretized. Based
on a correlation with the 30m Complex in the Hondeklip Bay area an Early to Mid-

Pleistocene age is inferred for the Lower Terrace.



Plate 3.2.

A) Low elevation heavy mineral beaches of the Recent Emergence Terrace (RET) consist almost
exclusively of quartz, garnet and Fe-Ti oxides.

B) Basal indurated gravel overlain by a series of cross-bedded sandstones (Langhoogte deposit, Buffels
[nland Complex).

Length of ruler is 1m.
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Recent Emergence Terrace (RET)

The Recent Emergence Terrace (RET) is widely developed along the Namaqualand
coast and beaches at 2, 5 and 8m ams/ have been recognised at Koingnaas. A
distinctive feature of the RET beaches is the presence of abundant shell remains of
‘mostly modern or living species characteristic of the cold water fauna found along
the west coast. Minor regressional phases during the Mid-to Late Pleistocene (Fig.
3.7.) resulted in the origin of the RET. The RET in the BMC comprise a series of
raised beaches at lower elevations that reaches a maximum elevation of 10m ams/
These deposits are characterised by a well-developed basal gravel and localised
gravels and are overlain by a sequence of fine, moderately sorted clayey quartzo-
feldspathic sand with substantial shellbanks (Fig. 3.9). These particular sediments

truncate the older Lower Terrace sediments including the calcretized upper portion.

Cretaceous channel

L.M. Cilliers (pers. comm.) reported the presence of a remnant fluvial channel in the
BMC (Fig. 3.9). The channel was thought to bé analogous with the Koingnaas
palaeochannels, but palynology dating on spores indicates a much older, Early
Cfetaceous age (Rogers et al., 1990). Presently no other channel on the West Coast
could be positively linked to this, but it is possible that it can be connected to the
Cretaceous post-Gondwana erosional event that was effective in creating similar

channel features.

3.1.2.  Koingnaas Complex (KNC)

“In éontrast with the raised beach terraces present in the BMC, similar linear terraces
are absent in the Koingnaas Complex (KNC). Instead, uncc;nsolidated marine
sequences, which directly 6veflie béaroék (/)r. rpalaeo-ﬂuvial sediments, are
associated with periods of lower sea-level stilistands. Although marine sequences
from both the KNC and Hondeklip ‘Bay areas are remarkably similar, it was not
decided to use Pether's (1986) interpretation of the 30m Package in the Koingnaas
area. The terminology of De Beers is used (Rogers et al., 1990) for the KNC
sediments, but with clear reference to the “package” nomenclature of Pether (1986, .
1994).
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Bedrock geology

The bedrock geology of the KNC is relatively simple with the granite-gneiss of the
Namaqua Metamorphic Complex forming the bulk of the basement in this area
(Theart, 1980; Jack, 1980; Zelt, 1980). These may be unweathered and competent,
thereby forming prominent ridges and bedrock highs, or weathered and kaolinised,
forming depressions where diamond concentration occurs. The complicated local
bedrock morphology of the basement also accounts for the absence of raised

terraces in the Koingnaas-Hondeklip Bay area (Rogers et al., 1990).

Palaeochannels

The oldest known sediments in the KNC are the palaeochannel sediments, which are
associated with a series of fluvial channels incised into the bedrock. The incision is
thought to have occurred during the major Oligocene regression with subsequent
rapid infilling of these channels during the Late Oligocene to the Mid-Miocene (De
Decker, 1986; Rogers et al., 1990; Fig. 3.7). These channel sediments can therefore
be correlated with the Elandsfontyn Formation in the Langebaan-Saldanha area. A
- suggested Oligocene-Miocene age for these deposits is also confirmed by age
determination derived from analysis of peat deposits (Rogers et al., 1990; Cole and
Roberts, 1996).

Ideally, a matrix-supported, subrounded vein-quartz gravel within a greenish-grey
clay matrix and intercalated poorly sorted quartzose sands form the basal unit (Plate
3.1B). The clay gravels normally grade into grey clays and gritty quartzose silts and
sands (Fig. 3.10). The mutual presence of poorly sorted angular granitic fragments
and mica, quartz and feldspar,grains suggests that this sediment was initially a
locally derived arkose which was severely kaolinised by post-depositional processes.
The deep weathering profile and kaolinisation of the palaeochannels can be related
to the post-African erosional surfaces that formed during the Miocene when climatic
conditions were close to tropical (De Wit, 1993). Several workers (Dixey, 1955; King,

1959; Partridge and Maud, 1987; De Wit, 1993) stress that these erosional surfaces
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were probably induced or influenced by repeated continental movement and

corresponding sea-level fluctuations.

The basal channel gravels host anomalous concentrations of diamonds and
represents the richest deposits in the area. During numerous trangressive-regressive
events since the Miocene, the channel sediments were extensively reworked so that
the diamonds were incorporated into the basal marine deposits, which because of
the origihal channel morphology, were preserved in bedrock depressions (Rogers et
al., 1990). |

Fine Green Sands (FGS)

Sediments that are locally known as the Fine Green Sands (FGS) unconformably
overlie the channel sediments. These sediments are locally correlated with the 50m
Package (Pether, 1994) and were deposited when a sea-level stillstand was attained
around 50m amsl, after the sea regressed from 90m amsl/ (Fig 3.7.; Pether, 1986).
Generally, a well-developed basal gravel or granular sand directly overlies bedrock
(Fig. 3.9). Clasts comprise poorly sorted subrounded quartz pebbles and cobbles
‘with minor quantities of phosphorite and silcrete. A well-sorted, pale-green or yellow
sand occurring with planar-laminated heavy minerals overlies the basal unit.
Occasionally clay units are intersected at the base of this uniform FGS sequence.
Overlying these sands are well-developed shell banks exhibiting a diverse faunal
assemblage including the zone fossil Donax haughtoni that typifies the 50m
Package. A greenish, highly bioturbated sand with no sedimentary structures,
characterises the overlying unit. The sequence is vertically terminated by poorly

sorted, brown, terrigenous topsoil.

Nicholas (1995) interpreted the FGS to be a regressive sequencé set in a shoreface
environment. The basal gravels however, were considered to represent a
transgressive lag or storm event. The sequence (or part) of the fine heavy mineral
laminated sands, extensive shell beds and highly bioturbated sands of the FGS
could also be linked to a low-energy depositional environment. The presence of clay

within the heavy mineral laminated sands and the unstable heavy mineral
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assemblage reinforce the possibility that deposition took place in a protected area
such as a backbarrier environment where periodic influx of sediments was storm-
related. G. Nicholas (pers. comm.) agreed that prominent bedrock highs would form
a bafrier to the sea so that the FGS would be sheltered and preserved in
depressions. Likewise, Pether. (1994) states that the preservation of FGS in a
backbarrier environment might suggest minor transgressional events. It appears that
there are probably both trahsgressive and regressive aspects of the FGS preserved
as backbarrier deposits. Fragments of phosphatic fossils in the basal FGS gravel
corrélate with Hendey's (1982) phosphorites which are dated as Mid-Pliocene,

implying a Late Pliocene age for the FGS (Rogers et al., 1990).

Coarse Feldspathic Sands (CFS)

The FGS deposits are unconformably overlain by the Early to Mid-Pleistocene
Coarse Feldspathic Sands (CFS) which are divided into a Lower and Upper
succession. The Lower CFS sediments were presumably deposited during a sea-
level stillstand at 29-34m amsl/ (Fig. 3.7.), whereas the Upper CFS correlates with the
17-21m Complex of Carrington and Kenslley (1969). The classic regressive
(prograding) succession of the Lower CFS, exemplified by its typical wedge shape,
provides excellent correlation with part of the 30m Package found in the Hondeklip
Bay area. Characteristically, the Lower CFS deposits comprises a poorly developed
basal gravel (Fig. 3.10.), which include polished quartzite pebbles, cobbles and some
boulders, that have been reworked from the underlying FGS and deposited during

storm events (Nicholas, 1995).

Overlying the gravels is a series of moderately sorted quartzo-feldspathic sands,
which display sedimentary” structures that are commonly associated with a lower
shoreface to upper shoreface environment (Plate 3.1B). The deposition of these
particular sands can be connected to re-working of the FGS Package following
deposition over the unconsolidated FGS strata or directly over bedrock (Nicholas,
1995). The influence of storm conditions is observed as tapered, coarse sand layers

within massive fine sand. Remnants of shells and in rare cases shell banks of the
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zone fossil Donax rogersi found in the exposures, represents regressive phases

(Nicholas, 1995) and reaffirms a proposed correlation with the 30m Package.

Lithologically, the sediments of the locally known Upper CFS, alternatively suggested
to represent thé 20m Package (Nicholas, 1995), consists of a range of coarse-
grained to granular mUddy, dark brown, poorly sorted, quartzo-feldspathic sands
(Fig. 3.10). These sediments are generally massive and are marked by trough cross-
bedding passing upward into swash cross-bedding. Seaward-dipping heavy mineral
layers are prominent and were preserved as the sea retreated. Muddy, medium-
grained, semi-consolidated terrestrial sediments overlie the Upper CFS on an obtuse

contact.

Donax rogersi, the zone fossil that characterises the 30m Package, is notably absent
from the Upper CFS. The total absence of the zone fossil might indicate that the
Upper CFS is in fact not part of the 30m Package, but should be considered as a
separate sequence. Pether (pers. comm.) contests this view, stating that a high-
energy marine environment inferred as the foreshore would be effective in destroying
any shell fragments present. Sedimentological and mineralogical data from this study
however, overwhelmingly supports Nicholas’ (1995) interpretation of the Upper CFS

as a separate marine package.

Recent Emergence Terrace (RET)

The youngest marine sediments in the KNC, pertaining to the Recent Emergence
Terrace (RET) were deposited and preserved under transgressive-regressive
conditions during the Late Pleistocene (Nicholas, 1995; Fig. 3.7). The RET in the
KNC is characterised by a basal gravel-overlain by shelly, well-sorted, white or
orange, medium-grained sands. Unlike their BMC equivalents, these sands are
marked by distinct heavy mineral bands that dip with a low angle seawards and
wedge upwards against the older sediments of the Upper CFS (Fig. 3.10; Plate
3.2A). The RET sediments were also effective in truncating and reworking both the

underlying Upper CFS and terrestrial cover.



23
3.2.3.  Buffels Inland Complex (BIC)

Along the Buffels River, below the Great Escarpment, the Buffels Inland Complex
(BIC) comprises a group of small mines identified by farm names such as Nuttabooi
and Langhoogte. In these deposits, the diamondiferous ore comprises remnants of
fluvial gravels, which are preserved as isolated patches in bedrock depressions and
channels above the present-day bed of the Buffels River. The formation of the BIC
deposits is generally accepted to be related to a meandering proto-Buffels River
during the Miocene (McCormick, 1988; Farrow, 1988), but recently an alternative

alluvial model has been suggested (Rogers et al., 1990).

Bedrock geology

The Central Zone of the NMC constituting granites, gneisses and quartz-mica schists
represents the basementrocks in this area (McCormick, 1988; Farrow, 1988). The
bedrock is typically irregular and undulating with localised gullies and hollows.
Localised bedrock depressions are apparently the result of varying degrees of
weathering. Extensive bedrock weathering was also effective in destroying the rock

fabric and creating an undulating weathered surface.

Nuttabooi -

McCormick (1988) recognised six distinctive lithological units in the Nuttabooi area
namely: bedrock lithologies, gravels and conglomerates, hard sandstone beds, clay
and silt layers, channel sandstones and terrigenous topsoil (Fig. 3.11). Basal gravels
or conglomerates vary in thickness and form the main orebodies.‘ Generally, the
- gravels are matrix-supported, displaying poor and 6ften chaotic sorting. Clast
lithology comprises predominantly vein quartz with lesser quantities of bedrock and
occasionally clay clasts. The Am_éjo-r.ity of -vcilasts vary randomly from pebbles to
cobbles with a limited occurrence of large boulders. Clast shapes vary from sub-
ang.ular to subrounded and their distribution seems erratic. The matrix consists of
argillaceous quartzo-feldspathic sand, apparently derived from the bedrock and
occasionally tends to be exclusively quartzose. White quartzose sandstone overlies
the basal gravels and is confined to channel thalweg. The sandstone consists of

well-cemented sub-angular quartz grains in a fine calcareous matrix. A prograding
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succession of clays, silts and channel sands with varying thickness overlies the
sandstone. McCormick (1988) interpreted these sedimentary deposits as overbank

deposits.

Channel sandstones are present as an upward fining cycle, of a coarse, poorly
sorted quartzo-feldspathic nature. The sandstone is poorly cemented; being senso
stricto, a sand layer in some cases. Sediméntary structures either are absent or
obliterated. Manganese and iron staining occur in well-developed laminations.
Channel sandstones are restricted to the lower parts of the channel-fill succession
and are ultimately covered by a well-sorted aeolian sand that is occaéionally
calcretized. McCormick (1988) considers the Nuttabooi deposit to be a fluvial
channel system that originated on a southerly meander of the proto-Buffels River.
Basal gravels were deposited under high-energy conditions, after channel erosibn.
Stream velocity decreased, creating a system of braided, smaller channels that
deposited the channel ‘sandstones, clays and silts. The age of the lower BIC deposits
is estimated to be Miocene (Rogers et al., 1990; Fig. 3.7.) and implies a possible
correlation with the Elandsfontyn Formation as well as with the palaeochannels at

Hondeklip Bay and.Koingnaas.

Langhoogte

Sediments of the Langhoogte orebody were supposedly deposited in a tributary of
the meandering proto-Buffels River and its lithostratigraphy is very similar to that of
Nuttabooi (Fig 3.11). Ideally, the sequence begins with a basal indurated gravel
overlain by a succession of sandstones, siltstones and clays that fill bedrock
channels (Plate 3.2B). Localised gravels interbedded with the sandstones are closely
~ associated with oblique bar and longitudinal bar facies. The complete succession is
seldom observed and is only preserved in the deeper depressions where little or no
erosion has taken place. In most cases only remnants of the original gravel remain
where complete reworking have taken place. In contrast to the Nuttabooi deposit the
Langhoogte sediments are marked by prominent heavy mineral laminae and are
severely hydrated and oxidised, imparting a dark orange brown colour to the

sediments.
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CHAPTER 4
SEDIMENT CHARACTERISTICS

4.1. Granulometry

A conventional sieve method was employed to perform grain-size analysis on 95
sand samples. Sieves with a range from -2— 4¢ at 0.5 ¢' intervals were used and the
technique is fully discussed in Appendix B. The sand samples were grouped into four
major sets which relate to their Iocality”and origin. All Buffels Marine Complex (BMC)
and Koingnaas Complex (KNC) samples are marine in origin, in contrast with
samples from the Buffels Inland Complex (BIC) that are derived from a fluvial
environment. The fourth group of samples comprises fluvial sediments from the

palaeochannels.

Grain-size distributions of the dataset represented in phi (¢) units are plotted as
barcharts (Addendum A). Textural parameters (mean diameter, sorting, skewness,
kurtosis) were calculated using the formulas of Folk and Ward (1957) and are
presented in Appendix D. A brief definition of each parameter and its relevant

formula is given below.

Mean (Mz) is a measure of average grain-size and is calculated by the formula

where ¢,, conforms to the phi diameter at the 16"

Mz= (s + ¢350 + Ps6)

percentile of the distribution.

Inclusive graphic deviation (c,) describes the measure of dispersion around the

median; also better known as sorting.

o (sorting)=

(u—g19)  (¢5-99)
4 6.6
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Inclusive graphic skewness (Sk,) measures the departure of the mean from the
median. If the skewness is negative, more coarse material is present, displayed as a
tail in the coarser grades (Fig. 4.1A). If the skewness is positive, the grain-size

distribution has a tail in the finer grades (Fig. 4.1B).

Sk.= (@16 + @sa — 2¢hs0) N (@5 + dos — 2¢h50)

Y 2(dss— o) 2(dos — ¢s)
Inclusive graphic kurtosis (kG) measures the sorting in the central and extreme
parts of the distribution. The contrast between two symmetrical distributions that
differ-in kurtosis is illustrated in Fig. 4.1C.

K - ’ (¢95 - ¢5)
€ 2.44(¢s — ¢5)

The mean grain-size of a sample was compared with the Udden-Wentworth scale
(Lewis, 1984, p.59) to classify the sand texturally. Folk and Ward (1957) devised a

series of verbal scales for use with their grain-size parameters (Table 4.1).

Table4.1.  Descriptive terms applied to the grain-size parameters as defined by Folk and
Ward (1957).

Sorting (o}) Skewness (Sk;) Kurtosis (Kg)

<0.35 very well sorted +0.3—> +1 very positively skewed <0.67 very platykurtic
0.3550.5 well sorted +0.1-> +0.3 positively skewed 0.67—-0.90 platykurtic

0.5-1.0 moderately sorted +0.1> -0.1 symmetrical 0.80->1.11 mesokurtic

1.052.0 poorly sorted -0.1-> -0.3 negatively skewed 1.11-1.50 leptokurtic

2.04.0 very poorly sorted -0.3- -1 very negatively skewed 1.50->3.00  very leptokurtic

>4.0 extremely poorly sorted . >3.00 extremely leptokurtic

Smoothed frequency curves were compiled from individual values for the mean
grain-size and sorting for each of the four sample sets and are presented in Fig. 4.2.
The frequency distribution curve of mean grain diameters for the BIC sediments
(Fig. 4.2.) is bimodal; most of the mean values occur around 0.25¢ with a secondary
mode of 1.28¢. BIC sediments are therefore classified as generally coarse-grained,
with a subordinate quantity of samples being medium-grained. The sand-size fraction

of the palaeochannel sediments plots as a unimodal frequency distribution with a
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mode at 1.67¢ classifying these sediments as medium-grained. Mean grain-sizes of
beach sediments from respectively the BMC and KNC generate frequency
distribution curves that are quite different in shape. The frequency distribution curve
of the BMC sediments is practically unimodal (mode at 1.67¢), characterising most of
the sand as medium-grained -and the rest as coarser grained. By contrast, the
frequency distribution curve of the KNC sediments spreads over a wide range and is
weakly bimodal with modes at 0.40¢ and 1.61¢. Consequently, similar proportions of
‘sediments are characterised as coarse-and medium-grained. Fine-grained sediments

constitute a very small part.

The frequency distribution curve reflecting sorting of the BIC sediments is bimodal
(Fig. 4.2.) with a major mode at 1.29¢ and a lesser mode at 0.92¢. BIC sediments
are generally poorly sorted (o, > 1.0) although selective samples are moderately
sorted. Palaeochannel sediments display similar sorting values compared to BIC
sediments. Sediments from the two marine groups (BMC and KNC) generally exhibit
better sorting than sediments from the BIC and palaeochannels. Both the frequency
distribution curves of sorting values of the BMC ahd KNC sediments are polymodal,
but the KNC sediments are slightly better sorted than those from the BMC. KNC
samples are mainly moderately sorted with the rest of the sediments either well or
poorly sorted. By contrast, equal proportions of the BMC sediments are poorly and

moderately sorted.

Fig. 4.2. clearly shows that the KNC area was supplied with a wider range in grain-
sizes in comparison with the BMC area that feature a more restricted grain-size
" range. This implies differences in the grain-size of the source material, competence
of the transporting agent as well as contrasting sedimentological processes during
and after deposition in the two areas (Folk and Ward, 1957; Friedman; 1961, 1967;
Gale and Hoare, 1991). It is also clear that the BMC sediments either had a uniform
source or significant recycling of detritus amongst stratigraphic successions has
taken place. Fig 4.2. also indicates that more than one source contributed detritus td
sediments in the KNC. Close inspection of individual mean-grain sizes shows that

the sediments from the younger successions (RET and Upper CFS) are much
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coarser than those from the older successions (Lower CFS and FGS); accounting for

the bimodal distribution of grain-sizes in the KNC area.

Different sorting mechanisms were active during deposition among stratigraphic
sequences as indicated by the polymodality of the frequency distribution curves of
sorting (Folk and Ward, 1957, Mason and Folk, 1958). Individual grain size
distributions support the opinion that both fluvial and marine deposition took place in
several contrasting environments. A correlation analysis was performed to determine
whether mean grain-size and sorting are interrelated. Fig. 4.3. shows there is no
apparent trend between mean grain-size and sorting i.e., finer sediments ére not
necessarily better sorted than coarser sediments. This could indicate that factors
other than normal hydraulic sorting controlled the observed grain-sizes. Such

processes for instance would be active during storm deposition.

Previous in\}estigations-have shown that fluvial sediments are poorly sorted and fine-
skewed in contrast with beach sediments that tend to be negatively skewed and well
sorted (Folk and Ward, 1957; Friedman, 1961, 1967; Mason and Folk, 1958). In this
study, the sorting and skewness characteristics of fluvial sediments are consistent
with earlier studies, but most beach sediments of the KNC and BMC are poorly
sorted and fine-skewed. Poor sorting and positive skewness of beach sediments
could have been the result of post-depositional processes such as diagenetic
alteration (Gale and Hoare, 1991; Lewis, 1984), where unstable minerals are
preferentially removed. Original sorting characteristics of a sediment could also have
been altered during high energy conditions such as during a storm period where
different grain-size populations are mixed that are not necessarily in equilibrium with
their environment (King;- 1966; -Martins, 1964;- J.P...Le Roux, pers. comm). The
relatively uncommon positive skewness values for marine samples are easily
explained by the concentration of considerable amounts of heavy minerals in the
finer grades (2.5-3.5¢) which shifts the skewness of the grain-size distribution to a
positive value (Elsner, 1992; Ghosh and Chatterjee, 1994).
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Numerous authors (Friedman, 1961, 1967; Martins, 1964; Mason and Folk, 1958;
Carranza-Edwards and Rosalez, 1994) have shown that the interrelationship of
grain-size parameters is useful in demarcating and classifying depositional
environments. These authors made use of scattergrams of the grain-size parameters
to discriminate between sediments derived from different environments. Constructing
the boundaries that define each depositional field was unfortunately subjective and
results differ greatly among studies. Consequently this method of discrimination was
rejected and it was decided to rely on discriminant analysis using the grain-size

parameters as variables.

Discriminant analysis performed with Statisticae shows that the fields associated with
sediments from fluvial and marine environments overlap greatly (Fig. 4.4). Although
this could signify similar hydraulic conditions and grain-sizes, it clearly reflects the
poor sensitivity of this method in discriminating depositional environments. In similar
studies, Klovan (1966), Sutherland and Lee (1994) and Ghosh and Chatterjee (1994)
also acknowledged limited success in employing this technique to discriminate
sedimentological envifonments. In conclusion, although individual textural attributes
clearly indicate contrasting depositional environments, current discriminant statistics
failed to verify this.

4.2. Grain roundness

The roundness of individual ilmenite and garnet populations from selective thin
sections representative of each stratigraphic sequence of the BMC, BIC and KNC
were investigated. Grains from palaeochannel sediments comprise the fourth group.
Mineral grains were compared to the visual roundness scale of Shepard and Young
(1961) where roundness is expressed by six classes ranging from very angular to
well-rounded (Fig. 4.5A). About 200 grains from each thin section were chosen to
satisfy statistical confidence levels and the results are shown in Appendix E and

presented as barcharts in Fig. 4.5B.

In all the samples studied, garnets display some degree of angularity in contrast with

iimenites that are more rounded (Fig. 4.5B). There is no significant variation in the
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roundness of the garnets and ilmenites from the BMC and KNC. Both the KNC and
BMC are marked by rounded to well-rounded ilmenites and angular to sub-angular
garnet populations. By éomparison, garnets and ilmenites from the BIC are slightly

more angular. The same trend is evident for ilmenites from the palaeochannels.

Semi-quantitatively, monazite and the ultrastable zircon and rutile are well rounded
to rounded in all environments. In a similar manner, beach environments contain
‘major amounts of sub-angular and minor quantities of subrounded minerals while the
fluvial environments contain considerable amounts of angular and subangular grains.
It is interpreted that the ilmenite, zircon, rutile and monazite and to a lesser degree

the unstable minerals, were recycled from pre-existing sedimentary sources.

4.3. Clay mineralogy

The mud fraction of the palaeochannel samples were separated into 5-63um (silt)
and <5pum (clay) fractions that were subjected to XRD analysis. The samples were
subjected to a series of dissolution techniques prior to separation, which are fully
discussed in Appendix B. Semi-quantitative mineralogical results and representative

diffractograms are presented in Appendix F.

Peak ‘identiﬁcation in correspondence with the JCPDS database established the
presence of two major phases as kaolinite-1A (PDFno. 14-0164) and quartz (PDFno.
33-1161; Fig. 4.6). All eight samples have the same mineralogical composition in
both the 5-63 um and 5 um fractions. The 5 um fraction consists exclusively of
kaolinite, whereas the 5-63 um fraction is a mixture of kaolinite and other clay
minerals. Kaolinite ranges in abundance from 60 99% Analyses furthermore reveal
lower intensity peaks at d-spacings of 7. 25 10 and 14 A. These peaks suggest the
minor presence of illite, montmorillonite and chlorite, but this could not be verified
without detailed XRD analysis or differential thermal analysis (DTA), which was not

done.
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Millot (1970) presents the following transformational series of clay minerals during

diagenesis and/or weathering in a soil profile:
feldspars = micas\sericite = kaolinite

This series suggests that the kaolinite was derived from a feldspathic source. Millot
(op. cit) states that the presence of massive kaolinite as encountered in the
palaeochannels at Kleinzee suggests strong weathering of feldspars in a well
drained, -acidic environment, which persisted in a humid and/or tropical climate.
Relicts of partly kaolinised feldspar pieces, support the idea that the parent rock
contained a significant feldspathic component. The data are in general agreement
with the work of Pether (1994) who identified kaolinite as the major clay mineral in
the channel sediments in the Hondeklip Bay area. In a similar fashion, Pether (op.

cit.) regards the kaolinite to be derived from the decomposition of feldspars.

4.4. Sediment composition

4.4.1.  Heavy mineral content

Bromoform with a density of 2.82 g/cm® was used to separate the light and heavy
fractions of samples. The technique is summarised in Appendix B. The total heavy
mineral (THM) content of samples expressed as weight percentages is tabulated in
Appendix G and is also depicted in geological cross-sections (Addendum A). The
THM content refers to the fraction that has a density greatef than 2.82 and includes
ore minerals (ilmenite, rutile, hematite, magnetite), silicate minerals (zircon,
pyroxenes, amphiboles, garnet), rock fragments and accessory minerals such as

aluminosilicates, staurolite, titanite, certain feldspars and shell fragments.

The total heavy mineral (THM) content of the sediments is variable and averages 6%
for both the BMC (n=32) and KNC (n=32); 5% for the BIC (n=14) and 1% by weight
for the palaeochannels (n=10). These figures are however deceptive, since more
than 70% of the studied sediments have a THM content of less than 2.5% (Fig. 4.7.),
which is considerably lower than the THM content of ~5% of an average modern
sand (Pettijohn, 1975). The rest of the sediments in each mining area have a wide

and variable THM content (5-60%)} as seen in the scattered anomalies on the
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frequency plot. Localised heavy mineral concentrations are portrayed by these
infrequent anomalies. Mine heap samples average 3.6% THM (n=16). Although no
quantitative method was followed, the studied heavy minerals generally concentrate
in the 2-3 ¢ fractions. The exception however is heavy mineral-enriched sediments

where the heavy minerals are concentrated over a wider grain-size range.

The relative older sediments of the Upper and Middle Terraces (45-90m amsl/) of the
BMC are marked by higher THM values (Fig. 4.8.) compared to the much younger
Lower Terrace and RET sediments that show no significant mineralisation.
Conversely, the younger sediments from the RET and prer CFS in the KNC area
feature high THM vélues. The older, Pliocene FGS and Early Pleistocene Lower CFS
sediments are generally depleted in 'heavy minerals. The economic importance of the

heavy mineral occurrences will be discussed in a later chapter.

Fig. 4.9A llustrates that there is no apparent relationship between median grain
diameter and THM content within a lithological unit. However, it is notable that
samples with a high THM content show a clustering of median grain diameters
around 0.5-1.5 ¢. Correspondingly, no clear correlaﬁon bétween sorting and THM
content is apparent; i.e., samples that are better sorted do not necessarily display the
highest THM content (Fig. 4.9B). This anticipates that processes other than hydraulic
sorting were responsible for the anomalous accumulation of heavy minerals in

certain lithological units.

The expected mechanism for the heavy mineral concentration in the marine deposits
is believed to be a powerful wave-regime prevailing during high-energy conditions
with- favourable-—burial —cenditions - considered---essential -.in preserving the
mineralisation (Force, op. cit). Normal wave action combined with the swash and
backwash motion facilitates deposition of heavy minerals as thin swash lamellae in
the foreshore (Plate 4A), whereas thick heavy mineral layers are the result of
powerful waves in the foreshore (Plate 4B). High waves produced during stormy
weather erode a significant part of the foreshore and emerged backshore and this

material of mixed sand is kept in suspension by an agitated sea. The panning action
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of the waves carries the lighter minerals away for deposition at a lower location along
the beach, leaving the heavy minerals behind to form thick residual concentrates.
When the sea reaches ifs_ original lower position these placer accumulations on the
backshore are sheltered and remain inaccessible until the next storm period. A low
concentration of heavy minerals possibly reflects the reduction of source material or
the absence of suitable concentrating mechanisms within contrasting depositional

environments (McLane, 1995).

High concentrations of heavy minerals in the BIC sediments are associated with
sedimentation on point bars (L.M. Cilliers, pers. comm). In the KNC, heavy minerals
are concentrated at 6-14m amsl, but the most significant occurrence is between 20-
32m amsl Field observations support the speculation that these strandlines with
- higher than average heavy mineral grades correlate with local sea-level stillstands
(De Decker, op. cit). It is interesting to note that the Namakwa Sands heavy mineral
deposit has high-grade strandlines at similar elevations. In the BMC, heavy minerals
were concentrated during the Pliocene on well;developed wave-cut platforms during
similar sea-level stillstands, but at much higher elevations (45-90 m.a.m.s.l). Major
deposits that are- considered to have formed during world-wide, Pliocene
transgressive-regressive events include Trail Ridge, Florida; Eneabba, Western
Australia; Lakehurst, New Jersey; and deposits from the western Murray basin,
Victoria, Australia. The majority of heavy minerals in these deposits are typically
concentrated between equivalent elevations of 46 to 96m amsl (Carpenter and
Carpenter, 1991; Pirkle et al., 1991; Puffer and Cousminer, 1982; Elsner, 1992;
Williams, 1990).

4.4.2.  Heavy mineral composition —- - - ---

Visual inspection of the studied sediments indicates that they are mature, containing
quartz as a major constituent accompanied by minor quantities of feldspar. Shell
debris often contributes significant amounts (0-12%) to the light fraction. A whole
range of heavy minerals present in minor to trace amounts constitutes the rest of the

mineral assemblage. These heavy minerals include Fe-Ti oxides, hematite,
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magnetite, garnet, zircon, pyroxene, amphibole, staurolite, apatite, aluminosilicates,

titanite, epidote, monazite, rutile and glauconite.

Heavy mineral proportions of individual samples have been calculated from point-
count data and are presented in Appendix G. Marcasite and glauconite were noted,
but not counted. The heavy mineral data are presented in barcharts for each of the
stratigraphic successions (Fig. 4.10). In addition, these mineral frequencies were
also transferred to the geoldgical cross-sections (Addendum A). The opaque fraction
incorporates all the Fe-Ti minerals as well as ma_gnetité and hematite. The term
iimenite refers to the fraction that contains primary ilmenite and all its alteration
products, but excludes hemo-ilmenite, which is grouped with ilmo-hematite and other
complex Fe-Ti phases as Fe-Ti intergrowths. Terminology has been adopted from
Carver (1971) to describe mineral abundance: predominant or abundant: >>20%;

fairly abundant: 10-20%; minor: 5-10%; accessory: 1-5%; trace: <1%.

Generally, a similar suite of heavy minerals marks the studied sediments, the only
difference being the proportion of each mineral present. Apart from the
palaeochannels, heavy mineral populations are generally diverse and in every single
case are dominated by Fe-Ti oxides of which ilmenite constitutes the greatest part.
The remainder of the heavy mineral suites comprises variable amounts of hematite,
zircon, garnet, hornblende, pyroxene and epidote whereas magnetite
aluminosilicates, monazite, titanite, staurolite, rutile and apatite are always present
as traces or accessories. Palaeochannel samples are unique since they almost
exclusively host zircon and opaque minerals in similar quantitie"s. Zircon
predominates, followed by opaques (Fig. 4.10). The two fluvial deposits of the BIC
also have distinctive heavy mineral-suites. Langhoogte samples are characterised by
almost 95% opaques and in comparison, Nuttabooi heavy mineral suites comprise

around 75% opaques and abundant zircon.

Heavy mineral ratios for the marine sediments from the Lower Middle, Upper Middle
and Upper Terraces of the BMC are similar; the associated suites contain ~80%

opaques and minor amounts of garnet and zircon as well as accessory pyroxene,



SLEHENDOSCH UTVEeTsity HtpPs.//oCHOIdl.oull.db.Zd

BMC: RET (n=9) ) BMC: Lower Terrace (n=5)
100 100
90 — 90 —
80 — 80 —
S 70 S 70
= 60 = 60 —
S 50 2 50
= g
g 40 — g 40 —
L 30 . w 30
20— 20 —
10 10 —
= T & B X (oL 3 0= (o =l A= tad = (oY
BN G e B g§NOEEgH 3
< o < ©
BMC: Lower Middle Terrace (n=7) BMC: Upper Middle Terrace (n=2)
100 100
90 — 90 —
80 — 80 —
;\? 70 — ;—\o\ 7A0) = I
= 60 — = 60 —
2 2
3 50— 5 50 —
g 40 g 40 -
w30 w30
20 — 20 -
10 H 10 —
0 -, e W 0 - H - W
O = = x Ao fol = o = s @ > L= (o .
§N 0 g g §N O & g8
< o < (@)
BMC: Upper Terrace (n=9) BIC: Langhoogte (n=5)
100 100
90 90 - I
80 — 80 —
g 70 — I g 740) =
§ 50 — § 50 —
g 40 — g 40 —
w30 w30
20 — 20
10 — 10 —
= g E = X (ol =3 i (o : S = P T = Q. t
§NOE gL §No &Y
< o < o

Figure 4.10. Mineral abundance histograms of the most important minerals in the sedimentary
units. Mineral fractions were compiled from point count data. Mineral fractions are indicated by:
Opg= opaque minerals; the ilmenite proportion of the opaque fraction is represented by the
unshaded area; shaded area represents Fe-Ti intergrowths, magnetite and hematite. Grt=garnet;
Zrm=zircon, Px=pyroxene; Amph=amphibole; Ep=epidote; Other= apatite, staurolite, kyanite,
titanite, rutile, monazite.
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Figure 4.10. (Cont.) Mineral abundance histograms of the most important minerals in the
sedimentary units. Mineral fractions were compiled from point count data. Mineral fractions are
indicated by: Opq= opaque minerals; the ilmenite proportion of the opaque fraction is represented
by the unshaded area; shaded area represents Fe-Ti intergrowths, magnetite and hematite.
Grt=garnet; Zrn=zircon, Px=pyroxene; Amph=amphibole; Ep=epidote; Other= apatite, staurolite,
kyanite, titanite, rutile, monazite.
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amphibole and apatite. Other minerals such as aluminosilicates, staurolite, titanite,
rutile and monazite rarely exceed trace quantities. In comparison with these older
terraces, the heavy minéral suites of the younger RET and Lower Terrace sediments
are made up of lesser amounts of opaques (60%), but correspondingly contain
greater amounts of zircon and garnet (Fig. 4.10). A significant increase in the
unstable minerals such as hornblende, epidote, pyroxene and apatite is also
apparent. The THM composition of the youngest marine sediments in the KNC which
belong to the RET and Upper CFS, resemble those pertaining to the Lower Middle,
Upper Middle and Upper Terraces of the BMé. In general, heavy mineral suites of
the Upper CFS and RET consist of comparable quantities of opaques (~80%) and
zircon abundance is also comparable, but garnet shows a relative increase (Fig.
4.10). Accessory pyroxene and hornblende together with trace minerals makes up

the rest of the heavy fraction.

The oldest sequence in the KNC, namely the FGS has heavy mineral suites that are
characterised by a low abundance of opaques (48%; Fig. 4.10). The FGS heavy
mineral suites characteristically contain on ave.rage, the highest clinopyroxene
content in the KNC and in the entire study area. A noticeable aspect is also the
consideréble increase in garnet and zircon. Apatite and hornblende are distributed as
accessories along with a range of trace minerals. In comparison with the FGS, the
Lower CFS sediments have similar zircon and garnet abundance, but the opaque
mineral content (60%) is significantly higher (Fig. 4.10). Unlike the FGS, heavy
mineral suites of the Lower CFS are depleted in clinopyroxene, but are richer in

hornblende. Variable amounts of trace minerals are also present.

The present-day Buffels River contains 59%- opaques, abundant hornblende and
fairly abundant garnet. Zircon, clinopyroxene and epidote occur in accessory
quantities. By contrast, the present-day Swartlintjies River contains a lower amount
of ilmenite (32%), with appreciable amounts of zircon, hornblende, ebidote and
apatite. Heavy mineral fractions of the mine héaps are dominated by opaques (66%).

The rest of their heavy mineral suites are composed of fairly abundant zircon,
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abundant hornblende and accessory quantities of epidote, garnet and apatite (Fig.
4.10).

Heavy mineral data indicate that the valuable minerals ilmenite, zircon and rutile vary
(increAase) withv the maturity of the heavy mineral assemblage and generally comprise
a large part (42-100%') thereof. Ratios of ore minerals to gangue vary for individual
samples and the most favourable ratios are associated with samples that contain
appreciable amounts of total heavy minerals. It is apparent that the heavy fractions of
those sands with the greatest THM contain the greatest percentage of ilmenite and
zircon, which are the heaviest of valuable minerals. On the contrary, minerals of
intermediate specific gravity which are also economically less important, such as
hornblende, pyroxene and epidote, are much more abundant in those sands with a
small heavy mineral content. Throughout the entire study area, rutile uniformly
constitutes only 1% of the valuable fraction. Heavy mineral populations of the BMC
and KNC comprise on average equal amounts of ilmenite (51% of the THM) together
with 6 and 8% zircon respectively. limenite accounts for a much lower proportion
’(33%) of the palaeochannel samples, but zircon abundance on average is the
highest (51%) of the entire study area. Heavy mineral suites in the BIC are relatively
enriched in ilmenite averaging 72% of the THM and zircon comprises 8% of the

heavy fraction.

4.4.3.  Heavy mineral assemblages

The character of the heavy mineral suites is qualitatively uniform throughout the
study area, but the relative abundance of mineral species and groups vary
temporally and spatially. Principal component and factor analysis of heavy mineral
abundance using Statisticas were utilised to establish the best combination of
mineral variables that explain the variance between samples. The opaque minerals,
zircon, garnet, pyroxene, hornblende and epidote were recognised as the prime
contributors to variance of mineral abundance. Other minerals such as
aluminosilicates, monazite, staurolite, titanite and apatite are considered insignificant
factors because of their rel.atively lower abundance and inconsistent distribution. The

-single extracted factor loads heavily (+) on the opaque minerals, zircon and garnet,
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whereas pyroxene, amphibole and epidote loads negatively (Fig. 4.11). The relevant
factors were utilised to construct the most significant heavy mineral assemblages for

the stratigraphic sequenées. The results are summarised in Table 4.2.

Visual inspection of the heavy mineral data and principal component analysis
suggests that the sediments of the study area have mineral assemblages typified by
two components (Fig. 4.11). These components are marked by a difference in
mineral density and chemical stability. The dense and chemical stable mineral
component is represented by the opaque minerals, garnet and zircon, while
hornblende, clinopyroxene and epidote depict the chemically less stable and less
dense mineral component. The stable mineral component is present and
predominant in all the stratigraphic successions, whereas the unstable component is
present in particular stratigraphic successions. Consequently, the relative magnitude
of these components within a heavy mineral suite has a direct relationship with the

maturity of the heavy mineral assemblage and host sediments.

Compared to the immature heavy mineral assemblages of the RET and Lower
Terrace sediments, the older Middle and Upper Terraces sedimenfs are marked by
distinctive mature heavy mineral assemblages (Table 4.2). Equivalent mature heavy
mineral assemblages are typical of the RET and Upper CFS sediments in"'the KNC
area. FGS sediments feature a diagnostic heavy mineral assemblage which is the
most diverse (immature) in the whole study area (Table 4.2). Apart for an increase of
hornblende at the expense of pyroxene, the younger Lower CFS sediments have

similar heavy mineral assemblages.

In comparison with sediments from the BMC. and KNC, both the BIC deposits
(Nuttabooi and Langhoogte) are marked by a very mature mineral assemblage
(opaques-zircon). Similarly, the palaeochanhels are characterised by a simple suite
of resistant heavy minerals such as zircon and ilmenite. The heavy mineral
assemblages of the Buffels and the Swartlintjies Rivers are similar, except that

garnet is significantly present in the Buffels River.
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Table 4.2.  Heavy mineral assemblages of stratigraphic successions in the three mining areas.

Lower Terrace

Lower Middle Terrace

opaques-gamet-zircon-hornblende-epidote

opaques-hornblende-zircon-garnet-epidote

opaques-garnet-zircon

Swartlintjies River

Upper Middle Terrace opaques-garnet-zircon

Upper Terrace opaques-garnet-zircon

KNC

RET opaques-garnet-zircon

Upper CFS opaques-garnet-zircon

Lower CFS opaques-garnet-zircon-hornblende

FGS opaques-garnet-zircon-clinopyroxene-hornblende -
BIC

Nuttabooi opaques-zircon

Langhoogte opaques-zircon

Palaeochannels & rivers

Palaeochannels opaques-zircon

Buffels River opaques-gamet-zircon-e‘pidote-hornblende—clinopyrbxene

opaques-zircon-epidote-hornblende-clinopyroxene




38

A discriminant analysis using the significant factors obtained from factor analysis,
was performed to evaluate the differentiation of stratigraphic sequences based on
their heavy mineral assémblage. Despite the similar mineral assemblages proposed
for the palaeochannels and the BIC sediments, the latter are well discriminated from
the fluvial sediments of the palaeochannels (Fig. 4.12). This could be attributed to
the presence of trace amounts of minerals other than zircon and opaques in the BIC
sediments. Discriminatory function analysis confirm that sediments from the RET and
Lower Terrace are marked by a slightly different heavy mineral assemblage, which is
well distinguished frorﬁ sediments from the Upper and Middle Terraces for which a
similar heavy mineral assemblage has been determined. Sediments from the FGS
and Lower CFS in the KNC seem to be well discriminated from the Upper CFS and

RET sediments that have a strikingly similar compositional character (Fig. 4.12).

Sediments from the marine environments exhibit similar mineral assemblages as can
be seen from partial overlap of their respective fields (Fig. 4.12). This is best
explained by interdependent geological factors such as source rock mineralogy,
hydraulic conditions in the depositional environment during deposition and diagenetic
processes (Stapor, 1973; Pettijohn, 1975; Morton and Smale, 1990). The effect of
these factors on heavy mineral assemblages in the study area was investigated and

will be discussed in a Chapter 6.
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CHAPTER 5
MINERALOGY

5.1. Nomenclature of the Fe-Ti oxides and their derivatives

No general accepted terminology exists for the nomenclature of minerals in the TiO,-

FeO-Fe,O, system and most of the workers follow Buddington and Lindsley's (1964)

classification (Fig 5.1). The nomenclature used in this study is concurrent with the

classification systems of Buddington and Lindsley (1964) and Hugo (1993).

Rutile Anatase Brookite Leucoxene
TiO,

Ferropseudobrookite FeTi,05
limentte FeTiOz

FeTi,O5 Pseudobrookite

Ulvospinel Fe,04

FeO Fe,0, Fe,0;

Figure 5.1.  Illustration of the relation of the iron-titanium oxides in the TiO,-FeO-Fe,O;,
system (simplified from Battey, 1981).

Rutile: A tetragonal phase, consisting of TiO, with minor impurities.

Anatase: A tetragonal phase, essentially pure TiO,

Brookite: An orthorhombic phase, essentially pure TiO,

lImenite: A trigonal phase consisting of FeO-TiO,, with >45 wt% TiO, and up to
6% Fe,O, in solid solution.

Ferrian-ilmenite: A rhombohedral iimenite phase that contains >6 wt% Fe,O; and
3-4 wt% excess TiO, in solid solution.

Hematite: A trigonal phase with a stoichiometry approaching Fe,O, and <5 wt%
TiO,

Titanohematite: A Fe-Ti phase with a stoichiometry of at least 50 wt% hematite

and >5 wt% TiO, usually as FeO-TiO, in solid solution.
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e Hemo-ilmenite: A Fe-rich ilmenite that contains a mixture of ferrian-ilmenite and
titano-hematite and/or ilmeno-hematite intergrowths.

e [/Imo-hematite: A Fe;rich hematite that consists of a mixture of titanohematite
and/or hematite with intergrowths of ferrian-ilmenite or hemo-ilmenite.

e Magnetite: A cubic phase with a stoichiometry approaching Fe,O, containing less
than 5 % TiO,.

o Titanomagnetite: A phase with an oxide stoichiometry of approximately R,0,,
which can be recalculated in terms of Fe,0,, 2FeOTiO, or FeOTiO,, or both, with
Fe,O, as the dominant phase (Buddington and Lindsley, 1964).

e Ulvéspinel: Spinel structure with a stoichiometry approaching Fe,TiO,.

e Pseudobrookite: An orthorhombic phase with a > 50 mol% Fe,TiO..

e Ferropseudobrookite: Similar to 'pseudobrookite, but with less than 50 mol%
Fe,TiOs.

e Titanite (sphene): A monoclinic mineral with the general formula CaTiSiO;.

e Alteration products of ilmenite

The nomenclature of the alteration products of ilmenite is often cE)nfusing and the
combined classifications of Dyadchenko and Khatunseva (1960), Bailey et al. (1964),
Temple (1966) and Frost ef al. (1983) are used.

Hydlfated iimenite: altered ilmenite containing a small quantity of crystalline water.

These areas of alteration usually contain 53-60 % TiO, and are microscopically
distinguished from unaltered ilmenite by their grey-blue colour and weaker
anisotropism. '

Pseudorutile: an ilmenite alteration product with a stoichiometry approaching

Fe,Ti;O,and a TiO, content of 61-70%. This phase is also lesser known as arizonite
(Palmer, 1909). Pseudorutile indistinctly exhibits a blue-grey colour (nearly isotropic)
with a slightly higher reflectance than ilmenite.

Leucoxene: altered ilmenite that has >70 wt% TiO, content. Leucoxene is optically
distinguished by its white to yellow internal reflections and characteristic sugary
texture. Temple (1966) and Hugo (1993) suggest that leucoxene may form from the

alteration of almost any titanium-bearing mineral. Grouping these different leucoxene
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grains with markedly different compositions is impractical from a petrographic point of
view and hence the broader use of the term Ieucoxene is used in this study.

e Composite grains 1

Composite grains are often encountered either as two or more minerals interlocked
or as exsolution features in each other. Macdonald (1995) refers to these grains as
complex grains, but excludes ilmo-hematite and hemo-ilmenite, which he classifies
separately. Although Hugo (1993) proposed a comprehensive classification for
composite grains, it is not applied in this study due to the low abundance of these
particular grains. Instead ilmo-hematite and hemo-ilmenite were counted separately
during point-counting, but were classified together as Fe-Ti intergrowths. Composite
grains consisting of unaltered ilmenite and one or more of its alteration‘ products are

simply referred to as altered ilmenites.

5.2. limenite-Hematite series |

Since ilmenite and hematite form a solid solution series and usually co-exist the

characteristics of these minerals are collectively discussed.

5.2.1.  Petrography

The opaque fraction is dominated by a diverse assemblage of Fe-Ti oxides, which
generally varies in size between 75-250 um, although grain sizes as large as 500 pm
have been noted in certain stratigraphic successions. Ilmenites occurring as
subrounded to rounded grains are the most abundant; platy fragments are less
common, but well-rounded grains are rare. The Fe-Ti oxides rarely either display
embayed outlines or irrégular crystal boundaries and are interlocked with other

minerals such as garnet, feldspar and quartz alohg ilmenite peripheries.

Unaltered ilmenite (Plate 5.1A) is usually pinkish brown (in oil immersion under
reflected light) while ferrian-ilmenite sometimes displays a darker pink colour and
stronger pleochroism (Plate 5.1B). Inclusions normally show no preferred orientation
and phases positively identified by SEM-EDS include pyrite, sphene, pyroxene,
feldspar, biotite, apatite and other silicates (Plate 5.1C). These inclusions formed

during ilmenite growth in the melt or by reaction of the growing ilmenite crystals with



Plate 5.1. Selected ilmenite grains from the study area.

A) Sub-rounded, homogeneous unaltered ilmenite.

B) Grains of ferrian ilmenite, displaying a more pinkish tint compared to common ilmenite.

C) Backscatter scanning electron (BSE) image of ilmenite showing mineral inclusions of different types.
Hematite (H), apatite (A) and quartz (Q).

Scale: 200X
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a silica melt and indicate their magmatic parentage (Hugo, 1993). Authigenic red-
brown dustclouds, presumably of iron-oxide, are often recognised along grain

boundaries.

Hematite (Plate 56.2A) has similar physical characteristics to ilmenite and is present
as discrete, altered or pitted, angular to occasionally subrounded grains. The mineral |
exhibits a distinctive bright white colour under reflected light, occasionally marked by
red internal reflections. Most of the iimenite grains are generally frée from exsolution
lamellae. Exsolved phases in ilmenite become less abundant in the older
stratigraphic successions, probably due to the low stability of these phases. Hemo-
ilmenite is characterised by abundant fine hematite exsolution lamellae invariably
orientated parallel to (0001), the ilmenite host (Plate 5.2B). When the grains are cut
perpendicular to (0001), the exsolution lamellae generally exhibit irregular, lense-
shaped forms (Plate 5.2C).

Often more than one generation of exsolution are present as small blebs of hematite
in- ilmenite or hematite blebs in ilmenite. An almost complete gradation between
hemo-ilmenite and ilmo-hematite is found in the studied samples. Complex grains
include ilmenite grains that contain large aeras of apparently exsolved hematite (or
titanohematite) that in turn contains a finer series of iimenite and vice versa. Fine
rutile exsolution lamellae are occasionally developed in the hematite-rich areas.
Complex grains, consisting of approximately equal proportions of ilmenite _and
hematite, from which it is difficult to distinguish between host and intergrown phase
were also detected (Plate 5.2D).

Hematite containing essentially similar Fe-Ti intergrowths to ilmenite, is also found,
but far less common (Plate 5.2E). Exsolution lamellae are however more common in
titanohematite. These grains are generally heterogeneous, containing lenses of
ilmenite or with exsolved z-shaped rutile forming Ramdohr's (1980) "blitz" texture
(Plate 5.2F). Complex grains of intimately, sympletic intergrowths of hematite,

titanohematite and rutile were also noted. Such grains containing the association of



Plate 5.2. Representative grains from the ilmenite-hematite solid-solution series.

A) Altered, pitted hematite grains.

B) BSE image of hemo-ilmenite containing parallel lamellae of hematite (H) in the ilmenite matrix.

C) Hemo-ilmenite, containing two generations of exsolved hematite (H) within an ilmenite (I) host.

D) Complex grain consisting of hematite (H) and ilmenite (I).

E) Ilmo-hematite with unorientated, irregular-shaped ilmenite exsolution lamellae in hematite host (white).

F) Titanohematite displays the "blitz" texture of Ramdohr (1980). The darker grey lenses are ilmenite (I); the lighter grey z-
shaped lamellae are rutile (R).

Scale: 200X



Plate 5.3. Typical altered ilmenites.
A) Hydrated ilmenite. This microphotograph clearly illustrates the patchy development of hydrated
ilmenite (H) in an unaltered ilmenite (I) grain. Note how alteration is concentrated along structurally weak

zones.
B) Pseudorutile. [lmenite (I) altered to pseudorutile (P) via hydrated ilmenite (H).

Scale: 200X




Plate 5.4. Leucoxene grains from the study area.

A) Leucoxene consisting of thin, prismatic microcrystals, resembling rutile in habit.

B) Well-rounded leucoxene displaying a porous, cellular habit.

C) BSE image of highly siliceous, inhomogeneous leucoxene. The titaniferous and siliceous areas display

a symplectic texture.

Scale: 200X



Plate 5.5. Alteration products of complex ilmenite grains.

A) A complex grain containing hematite (H) and leucoxene (L). The pristine grain was an ilmenite-
hematite composite. The ilmenite was altered to leucoxene whilst some of the hematite was removed by
chemical dissolution.

B) Altered ilmenite showing relics of possibly hematite lamellae. Hematite was completely leached from

the primary hemo-ilmenite grain resulting in the pitted texture.

Scale: 200X
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iimenite, titanohematite and titanite were also recognised. Due to their low

abundance, no particular attention was given to the study of these complex grains.

With increasing alteration, altered ilmenites, change colour from pinkish brown (in oil
immersion under reflected light to bluish-grey when altered to hydrated ilmenite
(Plate 5.3A). The colour changes to a brighter grey when pseudorutile is formed
(Plate 5.3B) and finally yellow-white when leucoxene is formed (Plate 5.4A).
Pseudorutile commonly displays isotropism. Leucoxene is recognised by its
characteristic sugary texture and its bright yellow-white internal reflections (Plate
5.4B). Some leucoxenes appear to have a porous character, where SiO, and Al,O,

fill the porous cavities (Plate 5.4C).

The majority of studied ilmenites show no sign of alteration. limenite generally
displays varying degrees of alteration, mostly to hydrated ilmenite and to a lesser
extent to pseudorutile and leucoxene. Complex grains containing Fe-Ti exsolutions
such as hemo-ilmenite, titanohematite and ilmo-hematite may be altered in different
Ways. liImenite may be differentially altered, whereas the hematite is unaltered (Plate
5.5A) or the hematite is partially or completely removed from the grain, resulting in a

pitted grain surface (Plate 5.5B).

5.2.2. Chemistry

Representative mineral grains of the hematite-ilmenite series including
titanohematite, ilmenite and hematite, were analysed for Ti, Fe, Al, Mn, Mg, Cr, Ca
and Si. The results are presented as oxide weight percentages in Appendix H. The
FeO and Fe,O, content were calculated from stoichiometry as outlined by Droop
(1987). |

Unaltered iimenite

The chemical formula for ilmenite is FeTiO,, but Mn, Mg and Fe* commonly
substitutes Fe* in the crystal structure and in addition ilmenite can contain minor or
trace amounts of Ca, Al, Cr, Si, V, Cu, and Zn. A total of 212 representative,

unaltered ilmenites were analysed and the analyses indicate that the ilmenite in the
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study area contains on average 50.3 wt% TiO,, 41.5 wt% FeO, less than 3 wt%
Fe,O, and MnO and trace amounts of Al,O,, Cr,0,, SiO, and MgO.

The ilmenite compositions are illustrated by frequency histograms of TiO,, FeO,

Fe,0,, and MnO (Fig. 5.2-5.5). In addition, X-Y scatterdiagrams of selected elements

versus TiO, are presented in Fig. 5.6.

The following observations are evident from these diagrams:

The TiO, content ranges from 46.0 to 53.9 wt%. Several grains with a TiO,
content greater than 53.5 wt% (which is the proposed lower limit of altered

iimenites) show optically no signs of alteration and are therefore considered as

unaltered ilmenites. Except for the BMC, all the other ilmenites display a

negatively skewed frequency distribution. The majority of iimenites in the study
area contain between 50-52 wt% TiO,, averaging 50.4 wt% TiO, (n=236).

The FeO content ranges between 33.1-46.5 wt% and all the frequency
distributions are skewed towards the higher values. Most of the BMC and BIC
iimenites have between 40 and 42 wt% FeO which is slightly lower than the
ilmenites from the palaeochannels and KNC. The lower FeO content of BMC and

BIC ilmenites is explained by a greater degree of substitution of Mn?* for Fe?".

Both the frequency distributions of the Fe,O; and MnO content of the unaltered
ilmenite population are highly variable (0-12 wt%) and strongly positively skewed

with most of the iimenites containing less than 4 wt% Fe,O, and MnO.
: -J

The antipathetic relationship between the Fe,O; and TiO, content is clearly

illustrated in Fig. 5.6, emphasising the solid solution series that exists between

__the hematite and ilmenite. Similarly, a direct relationship is evident between MnO

and FeO content illustrating Mn?* substitution for Fe? in the ilmenite lattice.

Most}of the ilmenites contain ALO;, Cr,0O,, SiO,, CaO and MgO in amounts very
near to the detection limit of the microprobe. Scatterplots of Al,O,, Cr,0,, SiO,,
CaO and MgO against TiO, indicate no noteworthy trends except that these trace
elements show some small increase when the TiO, content is greater than 50
wt% (Fig. 5.6).
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Figure 5.7. Ternary plot of ilmenite chemistry in the FeO-TiO,-Fe,O, system of unaltered
ilmenites from the study area (after Buddington and Lindsley, 1964).
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limenite chemistry is illustrated on a ternary piot in the TiO,-FeO-Fe,O, system
(Fig. 5.7). All the analyses plot in a tight field near, but not on the FeTiO; end-
member which indicates relative TiO, enrichment. This trend however, is probably
the result of significant Fe*-Mn* substitution, where the FeO component is

significantly reduced.

Altered ilmenite

The results of microprobe analysis performed on altered ilmenites are presented in
Appendix H. The same set of elements analysed was used as in the case of the
unaitered ilmenites. Many analyses show low totals, in particular those from the BIC
and palaeochannels. limenite degradation under the beam is probably indicative of

hydration and resultant low totals.

Comparison of chemical compositions of altered and unaltered ilmenites show that
the altered ilmenites have a greater TiO, content. TiO, frequency histograms show
that the altered ilmenite population is dominated by hydrated ilmenites (53-61 wt%
TiO,) and that a very low percentage of altered ilmenites consist of pseudorutile or
leucoxene (Fig. 5.8). It is also clear that the degree of alteration is greater for
iimenites from the palaeochannels compared to those from the BMC, BIC and KNC.
Altered ilmenites range in chemical composition from the pure ilmenite end-member

to a point between pseudobrookite (Fig. 5.9).

- The variation of selected elements with increasing alteration is presented on

crossplots (Fig. 5.10). The following observations are apparent:

e FeO and MnO decrease with increasing alteration (greater TiO, content). FeO
and MnO tend to decrease very sharply whén the TiO, content ranges between
53 and 61 wt% and beyond this point these elements occur only in trace
amounts. This trend suggests that during increased alteration, Fe?** is oxidised to

Fe®" whilst Mn?* is preferentially removed from the structure.

. Fe,O; increases with alteration up to point of 61-62 wt% TiO, after which its

abundance decreases, as it is believed to be leached from the ilmenite structure.
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Collectively, there is a dramatic decrease in total iron (FeO+Fe,O;) with

increasing alteration.

¢ Similarly to unaltered iimenites, CaO and MgO are present in altered ilmenites in
amounts very near to the detection limits of the mlcroprobe and in addition trace

amounts of Al,O, and SiO, are also present.

e No consistent trend of Cr,0,, AlLO, and MgO abundance with increasing
alteration is evident whilst CaO and SiO, content shows a tendency to increase

slightly with increasing alteration.

The ilmenite chemistry of the altered population indicates that no distinction between
the various samples is possible, but that palaeochannel iimenites display a greater
degree of alteration in contrast with those from the KNC, BIC and BMC. This could

be attributed to the strong weathering profile in the palaeochannéls.

Hematite and titanohematite

Microprobe analyses show that hematite is essentially pure Fe,O,, whereas the
titanohematite contains variable amounts of TiO, (25-44 wt%). In addition to TiO, and
- Fe,O, titanohematite contains appreciable amounts of FeO (24-50 wt%) and trace
amounts of MnO, Al,O,;, Cr,0; and SiO,. On the TiO,-FeO-Fe, O, ternary plot,
titanohematite analyses plot in a straight line parallel to the F'eTiOa-TiO2 line,
illustrating the continuous solid solution series that exists between ilmenite and
hematite (Figs. 5.11; 5.12).

523. limenite alteration

Although theories concerning the mechanism of ilmenite alteration differ, it is
generally accepted that ilmenite alteration is the result of iron oxidation and its
removal from the ilmenite lattice procuring relative TiO, enrichment. There is also
general agreement that the degree (but not necessarily the extent) of ilmenite
alteration in a sedimentary environment is mainly a function of soil conditions and
duration of exposure. IImenite alteration is promoted under elevated temperatures

and in addition, corrosive fluids are known to enhance alteration. The period of
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area in the FeO-Ti0,-Fe,0, system (after Buddington and Lindsley, 1964).
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exposure to these conditions is a very important factor and many older ilmenite
deposits such as those along the west coast of Australia are economically enhanced

by their age.

Several authors.(Baiiey et al., 1956; Hugo, 1988; Macdonald, 1993; Babu et a'l.,
1994) found that the physical and chemical characteristics of the mineral are
modified during ilmenite alteration, that will unquestionably effect the quality and
recoverability of ilmenite. Generally, as alteration (or the TiO, content) increases,
FeO decreases due to oxidation to Fe,O;, that in turn increases up to a point
between ~65-70 wt% TiO, where after which it is believed to be removed. Likewise,
the AlL,O, and SiO, contents are significantly enhanced, compared to the MnO and
iVIgO contents that decrease very sharply with increasing alteration (Nassef, 1981;
Morad and Aldaham, 1986). Corresponding physical changes include
crystallographic re-configuration as well as a decrease in magnetic susceptibility and
density (Wort and Jones, 1980; Hugo and Cornell, 1991; Brown et al., 1993).

Bailey et al. (1956) provided a three-stage model for ilmenite alteration based on
distinct petrographic observations. According to this model, the first stage described
as "patchy ilmenite" is accompanied by "elongated stringers, iims and round
patches" of bluish-grey material. Stage two is marked by fhe development of an
essentially amorphous, bright grey, isotropic iron-titanium oxide, but by using
detailed scanning transmission electron studies Hugo (1993) discredited the '
existence of an amorphous titanium phase. During the final stage of the Bailey' et al.

(1956) model, leucoxene is thought to form at the expense of this "amorphous

phase.

Several workers (Karkhanavala and Momin, 1959; Temple 1966; Teufer and Temple,
1966; Dimanche and Bartolomé; Grey and Reid, 1975; Frost et al., 1983; Micke and
Chaudhuri, 1991; Hugo and Cornell, 1991) recorded similar observations regarding
iimenite alteration; reporting that alteration is most prominent along grain boundaries,

structural weaknesses and the basal plane of the ilmenite.
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Teufer and Temple (1966) believed that although structural differences are evident
across the entire compositional range, chemically the alteration products are
transitional in compositibn from unaltered ilmenite to leucoxene. These workers
advocated that the structural change occurs when the TiO, composition is 65-70%,
where the removal of sufficient iron forces the trigonal ilmenite lattice to deform to the
hexagonal structure of the mineral pseudorutile (Karkhanavala and Momin, 1939;
Grey and Reid, 1975). Further removal of iron would result in the transformation to

cryptocrystalline rutile (leucoxene).

Grey and Reid (1975) proposed a dual-stage model for ilmenite alteration, which is
acclaimed by the majority of workers. The first stage involves the oxidation and
removal of iron via an electrochemical process and comprises the first two stages of

the Bailey et al. (1956) model. The first stage is described by the reaction:
3F32+Ti03 + H+ + %02 _-"') F323+Ti309 + F92+(OH)-
ilmenite pseudorutile + dissolved iron

Approximately a third of the iron is removed in this manner and the model further
suggests that when pseudorutile is formed all the iron is present in the ferric form.
The reaction is considered to take place in mildly acidic conditions in areas below the
water table (Grey and Reid, 1975; Dimanche and Bartolomé, 1976; Hugo and
Cornell, 1991).

During the second stage, alteration beyond pseudorutile takes place via a leaching
and reprecipitation process where both iron and titanium are dissolved, but the

titanium is reprecipitated while the iron is leached from the grain.

Cryptocrystalline rutile (leucoxene) is the ultimate product of this process, which is

described by the reaction:

This process is thought to occur in the near surface environment under acidic
conditions which result from humic acids. Pseudorutile is believed to be unstable

under these conditions and is readily transformed to leucoxene. It is envisaged that
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temperate atmospheric conditions and ample fluid circulation would accelerate the
alteration process. In a similar way, elevated ilmenite alteration is connected with a

rising water table and humid or warm climate.

Hugo and Cornell (1991) and Hugo (1993) in their study of iimenites from the east .
coast of South Africa, presented evidence that ilmenite alteration follows three

distinct mechanisms:

Type I:  gradual alteration of ilmenite, from hydrated ilmenite via pseudorutile to

finally leucoxene.
Type II:  direct alteration of ilmenite to leucoxene.

Type lll: pre-depositional alteration of ilmenite in source rocks to ilmenite and
hematite, followed by the leaching of hematite to form ilmenite consisting

of porous TiO, microcrystallites.

Type | alteration conforms to identical observations noted by many workérs (Temple,
1966; Teufer and Temple, 1966; Carpenter and Carpenter, 1991; Pirkle et al., 1991)
and is best accounted for by the model of Grey and Reid (1975), postulated to occur
in regions below the water table. Type Il represents a single step dissolution-
reprecipitation process where ilmenite alters directly to leucoxene without the
formation of pseudorutile (Hugo, 1993). Frost et al. (1983), and Hugo and Cornell
(1991) found that this type of alteration is confined to near-surface regions where soil

acids directly alter ilmenite.

Type lll alteration is represented by the replacement of ilmenite by prismatic or
vermiform TiO, microcrystallites. Characteristic of this type of alteration is that it is
not prevalent along structural weaknesses, but occurs as irregular patches
throughout the grain. These grains were initially altered in their metamorphic or
igneous host rocks to ilmenite and hematite (Hugo, 1993) and subsequent alteration
in a sedimentary environment leached the hematite resulting in an ilmenite

containing essentially TiO, microcrystallites.
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llImenite alteration in the Kleinzee area

Typical proportions of ilmenite and its alteration products in the study area are
presented in Appendix G. It is evident that most of the ilmenite in the study area
occurs as homogeneous unaltered grains. The percentage of altered grai‘ns from the
BMC, BIC and KNC is almost uniform, averaging ~8% in contrast with the altered
iimenites from the palaeochannels that comprise more than 90% of the ilmenite

population.

The amount of leucoxene increases almost invariable with elevation, attaining the
greatest significance in the topmost sedimentary unit. This is supportive evidence
that leucoxene preferably forms in the uppermost soil Iayérs as postulatéd by the
- models of Grey and Reid (1975) and Hugo and Cornell (1991). However, the figures
quoted for the proportion of the altered ilmenite population could be regarded as
distorted since the extent of alteration was not considered. During point-counting
grains that are volumetrically less altered were not distinguished from grains that
show extensive alteration. In a similar manner, excluding leucoxene, all the altered
iimenites were recorded as a single altered pbpulation, regardless of their degree of

alteration.

The ilmenite alteration spectrum contains grains that are characteristic of alteration
mechanisms formulated by both Grey and Reid (1975) and Hugo and Cornell (1991).
The majority of the altered ilmenite population displays only incipient alteration,
which did not proceed beyond the hydrated ilmenite phase. This alteration type is
mainly confined to cracks, grain boundaries and basal stringers, corresponding to the
initial stages of models suggested by Grey and Reid (1975) and Hugo and Cornell
(1991). A large percentage of hydrated ilmenites have a TiO, content less than the
proposed constraint of 53%, despite possessing the opticai properties of hydrated
iimenites TiO,. These grains conspicuously show higher Fe,O, and correspondingly
lower FeO values, implying that although comprehensive oxidation has takén place,
prevailing conditions were non-conducive in removing the ferric iron from the crystal.
o

L
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Plate 5.3B shows an ilmenite that is in a more advanced stage of alteration where
pseudorutile is partially replacing the hydrated ilmenite. This represents the second
stage of Grey and Reid's (1975) model in which the pseudorutile is ultimately
transformed to microcrystalline rutile (Plate 5.1A). Although Grey and Reid (1975)
stated that the degree of ilmenite alteration could be associated with the water table,

this could not be verified, because it was not studied.

limenite typical of type Il from the Hugo and Cornell (1991) model was rarely noted.
These particular iimenite grains (Plate 5.1B) are believed to alter directly to
leucoxene, without the development of any pseudorutile. Particular Ieucoxenés often
display a porous character and these areas contain significant quantities of SiO, and
AlL,O,. SEM analyses revealed that the siliceous phase occurs as infillings in cavities
or as distinct‘highly siliceous areas in homogeneous areas (Plate 4C). Hugo (1993)
and Frost et al. (1983) showed that this type of alteration is confined to the upper
surface regions. In the study area this type of altered ilmenite is randomly distributed
with respect to elevation (or depth) and is especially prevalent in‘the palaeochannels.
. Altered ilmenite that conforms to Hugo and Cornell's (1991) type [ll alteration,
although very rare, has also been recognised in the study area. These grains are
marked by vermiform rutile crystallites and are interpreted as having formed by
alteration in the parent rocks. It was noted that other complex Fe-Ti oxides alter in a
similar manner as discussed by the mechanisms of Grey and Reid (1975) and Hugo
and Cornell (1991) suggesting that their models could hold merit in explaining

general alteration in all titanium-bearing oxides.

"Geochemical traverses across studied ilmenite grains (Fig. 5.13—5.15) confirms that
these particular ilmenites alter to different stages as postulated by Grey and Reid
(1975). Geochemistry indicates that as alteration progresses, the ferrous iron
decreases as it is oxidised to the ferric state, only to be preferentially removed.
Fig. 5.10. indicates that when the TiO, is 61-62 wt% (a phase which could be
considered pseudorutile), virtually no ferrous iron is present. As alteration progresses
to the ﬁhal stage of Grey and Reid (1975), the ferric iron is removed and when the

TiO, content reaches ~70 wt%, the other substitution elements Mn and Mg are totally
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removed as the pseudorutile structure adjusts to that of rutile (Neumann, 1974). Al
and Si, however seem to increase markedly during this stage. Frost et al. (1983) and

Hugo (1993)“postulate that it is possible that the Al and Si could co-precipitate with Ti |
or adsorb onto the surface when conditions are suitable, while other workers (Puffer
and Cousminer, 1982; Anand and Gilkes, 1985; Babu et al., 1994) argue that Al and
Si are partially present as clay minerals in pore cavities. Golding (1961) stated that

leucoxene high in Al and Si could probably be derived from the alteration of titanite.

It is concluded that although a complex suite of marks the Kleinzee sediments
altered Fe-Ti oxides, néarly all the alteration products follow the meéhanism
suggested by Grey and Reid (1975). There is also overwhelming evidence that the
majority of altered ilmenites were altered in situ. Hydrated ilmenite invariably
dominates the altered population while pseudorutile in comparison with the low and
high order altered product has a conspicuously low content. This discrepancy could
be explained by the fact that pseudorutile is unstable under specific conditions and
instead the conversion to leucoxene is promoted. Pseudorutile is furthermore
mechanically less stable so that dominant wave-action could be responsible for its
removal from the altered assemblage. A single model however, cannot satisfactorily
explain ilmenite alteration in the Kleinzee area and is better explained by a model
where .differentially altered ilmenites have mixed during successive events of

reworking.

It is interesting to note that compared to the Kleinzee area, Cilliers (1995) and
Macdonald (1996) reported strikingly similar alteration products and proportions; both
stating that ilmenite alteration in the respective areas follow the mechanism of Grey
and Reid (1975) and in part correspond.to a model suggested by Hugo and Cornell
(1991). In perspective, this indicates that climatic conditions during the Pliocene-
PIeiStocen’e were uniform along the entire west coast of South Africa. It is envisaged
that the climate during this period was semi-arid and surface vegetation minimal
(Truswell, 1977; Tankard et al., 1982; Partridge and Maud, 1987). Collectively, these
factors limited advanced ilmenite alteration resulting in the poor TiO, grade of the

west coast deposits. [Imenite alteration in the palaeochannels deposits is significantly
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enhanced because of their relatively older, Miocene age and the activity of a very

strong leaching fluid.

5.3. Magnetite-ulvéspinel series

5.3.1.  Petrography

Magnetite is a minor constituent, but is present in nearly every sample. Magnetite
grains are often smaller than 150 um, but larger grains have been observed in the
younger (less mature) stratigraphic sequences. Magnetite is grey with varying tints of
dark brown in reflected light using oil immersion lenses and is characteristically
isotropic. It commonly occurs as angular to subrounded grains; very often
fragmented grains with well-developed crystal forms are observed. Magnetite in this
study is generally homogeneous and only some grains display sparsely distributed

rutile or ilmenite lamellae.

- limenite exsolution lamellae parallel to the (111) plane were rarely observed (Plate
5.6A), but unorientated ilmenite inclusions within magnetite forming composite grains
are more common. A few magnetite grains display Ramdohr's (1980) woven or cloth
texture that represents ulvdspinel exsolution in magnetite. Pleonaste (FeAlO,-
MgAI,O,) exsolution manifesting as orientated blebs (Plate 5.6B) was confirmed by
EDS. Such grains are commonly derived from metamorphosed gneissic or ultramafic

rocks (Razjigaeva and Naumova, 1992).

The alteration of magnetite to hématite appears as lamellae parallel to (111)
magnetite planes referred to as martitisation (Plate 5.7). The magnetite generally
~ exhibits varying degrees of martitisation, which takes place directly along the
octahedral planes. Although. martitisation occurs primarily under higher fO, and
above 550°C in the source rocks during Iéte-stage metasomatism, Haggerty (1976)
and Riezebos (1979) stated the possibility of martite development due to
atmospheric weathering in a sedimentary environment. Characteristic of this process
is the thin hematite lamellae that start to form from the outside of a magnetite grain
(Plate 5.7). The development of goethite at the expense of martite occurs in the more

weathered sequences, especially in the BIC sediments.



Plate 5.6. Selected magnetite grains.
A) 1- homogeneous magnetite with minute inclusions of spinel; 2- magnetite oxidized to hematite; 3-

magnetite with prominent ilmenite (I) lamellae.
B) Titanomagnetite (T) with thin cross-cutting laminae of pleonaste (P).

Scale: 200X



Plate 5.7. Replacement of magnetite (M) by hematite (H), better known as martite. Note how
martitasation advances from the outside of the grain.

Scale: 200X
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5.3.2.  Chemistry

Magnetite (Fe*[Fe*'Fe*]0,) forms a solid-solution series with the spinel group in
particular with ulvéspinel (Fe,O,) and also accommodates variable amounts of Al, Cr,
V, Mg, Mn and Ca (Deer et al., 1992). Magnetites were analysed for Ti, Al, Si, Mn,

Mg, Ca, Fe and the results are presented in Appendix H.

Microprobe results indicate that élmost the entire compositional spectrum between
ulvspinel and magnetite is present (Fig. 5.11). The majority of the magnetites are
Ti-rich and some of them contain sufficient TiO, to be classified as titaniferous
magnetites (Reynolds, 1978). Many of the magnetites were not oxidised and have
near stoichiometric compositions as indicated by the strong TiO, - Fe,O; correlation

(Fig. 5.12). Mn, Mg‘, Al, Cr, Si and Ca are invariably present in trace quantities.

5.4. Rutile

5.4.1.  Petrography

Rutile is invariably present as a rare constituent and varies .in size between 75-90
um. It occurs as red, brown, black and yellow, well-rounded, sub-elongated prismatic
forms often with terminated ends (Plate 5.8A, 8B and 8C). Very scarce opaque
(black) rutile resembles ilmenite in appearance, but is easily distinguished from the
latter by its brilliant internal reflections; in oil reflected light. Twinning displayed as
oblique striations (Plate 5.8A), often intersecting each other and inclusions are
common in particular grains. No distinction was possible between rutile and the other

two TiO, polymorphs anatase and brookite due to their identical opﬁcal properties.

5.4.2.  Chemistry

Rutile grains were analysed by electron microprobe for Ti, S| Al, Cr, Fe, Mn, Mg and
Ca and representative rutile compositions are given in Appendix H. Results show
- that no regional variation in the composition of the grains is evident. Representative
rutiles are chemically very pure, containing near stoichiometric proportions of TiO,
ranging from 96-99%. The only impurity to occur in trace amounts is FeO, which

displays no particular correlation with the TiO, content (Fig. 5.16). The rest of the



Plate 5.8. Selected primary rutile grains from the study area. Note the intersecting sets of twin
lamellae (A).

Scale: 200X
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elements generally occur in concentrations below the detection limit of the

microprobe.

5.5. Zircon

5.5.1.  Petrography

Zircon is ubiquitous in all samples and varies in size between 75 and 180 um,
although larger zircon grains of up to 250 um occur in the palaeochannels. The
colour of a given zircon population in the study area is generally heterogeneous and
extremely variable. Although the colourless (Plate 5.9A) and pink (Plate 5.9B) variety
dominates, some display shades of yellow (Plate 5.9C) of brown and also orange or
purple. Metamict zircons in particular, show a range of colours from light grey to
yellow and brown (Plate 5.10A). |

The composition of the zircon population and consequently each coloured vériety
differ proportionately for sediments from the marine, palaeochannel and fluvial
environments. Zircons of the palaeochannels are mainly pink with colourless, yellow
varieties present in minor to trace amounts. Marine sediments host variable mixtures
of pink, clear and yellow types. By contrast, zircons from the fluvial environments
show a variety in colour with yellow to yellow-brown types dominating the population.
Fielding (1970) suggested that strong colours are associated with the presence of U,
supporting the conclusions of Matumura and Koga (1962) that colour centres were

produced by radiation-induced reduction of Zr*.

Morphologically most zircons occur as rounded to spherical grains (Plate 5.10B)
dominating over idiomorphic crystals (Plate 5.10C). Distinctly zoned grains with
complex internal structures are also present. Fluvial zircons are mainly distinctive
euhedral crystals including a variety of crystal forms and habit, whereas the BMC,
KNC and palaeochannels contain more rounded zircon grains, with poorly preserved
crystal faces. Irregularly shaped, angular fragments are more common in the fluvial
environments. Many grains are frosted, grooved or pitted, a feature caused by

abrasion and etching during transport.



Plate 5.9. Typical zircons encountered in the study area.
A) Simple, pink zircon with outgrowth.

B) Common, clear-colourless zircon.

C) Yellow zircon, displaying fine oscillatory zoning.

Scale: 200X



Plate 5.10.  Selection of zircons in the study area.

A) Euhedral, metamict zircon.
B) Zircons displaying subrounded to rounded habit.
C) Euhedral zircon, with a core that has been damaged by intracrystalline radioactive emission.

Scale: 200X
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Plate 5.11.  Typical studied zircons.
A) Zircon with a system of fractures. Fractures could be the result of extensive physical exposure or

radioactive emissions.
B) Zircon hosting several types of inclusions of which apatite is the most common. Note the characteristic

colour zoning of zircon.

Scale: 200X
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Several zircons are marked by radiating or concentric fractures, often crossing an
opaque inclusion originating from the middle (Plate 5.11A), and are a typical.feature
of metamict zircons, pafticularly common in the BIC and present-day rivers. Speer
(1980) suggested that this feature is related to the radioactiVity of Th and U present
as substitution elements in the zircon crystal lattice. Observed opaque spots are
believed to form when atoms are forced from the crystal by radiogenic emissions
from U and Th, leaving vacant positions in the crystal lattice that subsequently leads

to crystal shattering.

Fractures may be promoted during metamictisation (Hartmann et al., 1997) as
regioﬁs high in radiogenic nuclides create a high internal stress within the crystal
(Lee and Tromp, 1995), causing the lattice to‘expand and shatter. Some fractures
however, might be the result of external physical processes as these fractures
sometimes cut across grains. SEM and BSE imaging revealed that growth regions

enriched in Hf, U and Y commonly fill fractures.

Inclusions are frequently hosted by zircons (Plate 5.11B), comprising spherical and
tabulér gas/fluid inclusions, transparent crystals, opaque phases and combinations
thereof. Tabular inclusions are often elongated parallel to the crystail.ographic axis
while other inclusions show no preferred orientation. Solid inclusions confirmed by
EDS include ilmenite, rutile, biotite, muscovite, titanite, apatite, monazite, xenotime,
allanite, sillimanite, feldspar, quartz and several unidentified phases. Inclusions of
earlier small, euhedral zircon crystals, often orientated parallel to the c-axis, were
noted and confirmed by EDS. Larger zircons generally host the most inclusions.

lImenite forms the largest and most common inclusions, closely followed by apatite.

5.2.2.  Chemistry

The chemical formula of zircon is ZrSiO,, but a whole range of trace elements can be
incorporated in the crystal lattice through coupled substitution. Zr** is commonly
replaced by Hf*", U*", Th*, Y*, REE* (La—Lu), Nb*, Ta*, Ti*, Pb*, Pb*, Fe*, Fe®,
Ca®, Na* and K* and Si** by A", P** and S° (Speer, 1980). It is also possible that

these trace elements are present as inclusions of separate mineral phases. Hf is
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most closely related to Zr and is the major substitute for Zr in zircon. Typically, zircon
contains on average 1 wt% Hf although individual growth zones fnight be significantly
richer (Speer, 1980; Hinton and Upton, 1991; Deer et al., 1982). Most zircons have a
Hf/Zr ratio of 0.02 and this ratio apparently increases with differentiation and
increasing alkalivnity, volatile content and silica saturation of the parent liquid/melt
(Brooks, 1970; Deer et al., 1992). Some of the highest Hf/Zr ratios are found in
metamict varieties (Speer, 1980). Of the Y-REE group, Y predominates in zircon and
this can be related to the isostructural relationship between xenotime (YPO,) and
zircon. Zircons usually contain less than 1 wt% REE,QO,, but in more différentiated

igneous rocks, higher values are common (Speer, 1980).

Microprobe analyses were performed on a representative suite of zircons for Si, Zr,
Hf, Al, Fe, K, Ca, Y, P, Th and U and the results are presented in Appendix H.
Compositionally the differences between zircons from the different groups are slight.
Zircons from the palaeochannels have on average 32.35 wt% Si, 65.06 wt% Zr and
1.31 wt% Hf. Zircons the from KNC, Buffels and Swartlintjies rivers show strikingly
similar chemistry. BMC zjrcons display a similar, but slightly greater Hf content. By
contrast, zircons from the BIC have higher Zr values of 66.36 wt% and a relatively
elevated Hf content of 1.51 wt%. The Hf-Zr relationships of zircons from the various
areas are clearly illustrated in Fig. 5.17. There is no linear correlation between the Hf

and Zr content.

Elements in minor amounts include Y, P, Th énd Fe and are not particular to any
specific group. Most of the concentrations are very close to the detection limit of the
instrument. Semi-quantitative SEM data showed that the strongly coloured zircons
are relatively enriched in Fe and Al, particularly for zircons from the BIC and present-
day rivers. Trace amounts of K, Ca and Mg have also been detected. Within the
constraints of the electron microprobe, no consistent correlation between colour and
chemistry could be established. In a follow-up operation however, Rozendaal et al.,
(1999) have demonstrated in their analysis of single zircons grains by LA-ICP-MS
that various zircon colour types are associated with specific trace element chemistry.

Colourless-clear types were found to contain high Hf and very low U, Th and total
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REE concentrations compared to the zoned, coloured and metamict varieties. Brown
and metamict zircons are enriched in Y-REE and may host U and Th up to
percentage levels. Compared to colourless zircons, pink types contain similar
amounts of REE, but are marked by a greater abundance of U and Th. Yellow
zircons host a diversity of elements including Y-REE, Al, Fe, P, U and Th in variable
concentrations. Rozendaal et al. (1999) also illustrated that the HREE profiles are

uniform for all zircon types, but that the LREE profiles vary extremely amongst types.

It is noted that the heavier REE predominate in zircon (Fielding, 1970; Romans et al.,
1975; Taylor and McLennan, 1985). Since the size of Zr** is closer to the Aheavier
than to the light REE's it has a strong preference to fractionate the HREE. Semenov
and Barinskii (1958) have however reported enrichment of LREE in zircon.
Experimental studies have demonstrated that significant LREE partitioning into
zircon is possible (Hinton and Upton, 1991). Unexpected LREE enrichments in |
zircons may also be due to inclusions that are enriched in the LREE such as allanite,
apatite, sphene and monazite. Generally, zircons ére characterised by a'HR.EE
dominated profile with a small to moderate LREE pattern and a well-defined negative
Eu anomaly. In contrast, Hinton and Upton (1991), Pietersen (1993), Rozendaal et
al. (1999) reported zircons with a positive Ce anomaly, while Schaltegger and

Krahenbuhl (1990) described zircons with a negative Nd anomaly.

The relatively low abundance of zircon in the majority of studied sediments made it
impractical to isolate adequate amounts of this mineral for REE and radiometric
measurements. The only samples that yielded sufficient zircon for analysis were
" those from the palaeochannels and consequently discussion will centre on these
zircons. The results obtained from REE analysis-of pure zircon concentrates from the
palaeochannels are listed in Appendix | and graphically represented as chondrite
r{ormalised values after Evensen (1978) in Fig. 5.18. In addition, a La/Yb index was
calculated reflecting on which of the LREE and HREE dominates the REE profile.

The La/Yb is calculated by the formula La+Ce+ Pr+ Nd+Sm_ The total REE content
Gd+Dy+ Ho+ Er+Yb

(2REE) of the palaeochannel zircons is quite variable, ranging from 886-2042 ppm.
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Chondrite-normalised patterns appear to have a typical "birdwing" distribution and
are characterised by a prominent LREE and HREE enriched profiles, well-defined Eu
anomaly and the abéenCe of a Ce anomaly. Suspect La values, which are the result
of La contamination in the flux, are probably the reason for the absence of expected
Ce anomalies. The HREE profiles are furthermore remarkably smooth with a minor
change of slope at Ho. La/Yb values show that all the zircons of the palaeochannels
are characteristically enriched in the HREE with respect to the LREE. HREE
enrichment is strikingly similar, unlike the LREE profiles that are quite variable,

resulting in the observed variance of ZREE.

The difference in the LREE character between the various samples is related to the
primary trace element chemistry of their reépective zircon populations (Philander et
al., 1998; Rozendaal, 1998). Using high-resolution zircon chemistry, Rozendaal et al.
(1999) confirmed that different colour zircon types have distinctive trace element
characteristics. Those samples With dominantly coloured, zoned and metamict
populations were found to have significantly higher LREE and resultant higher total
REE concentrations. A variation in the individual mix of the various zircon types
within a population will surely produce different LREE characters._ Although zircon
| populations from the palaeochannels are dominated by the pink variety, yellow and
zoned types were also observed, but to a lesser degree. Only a slight variation in the
proportion of these yellow and zoned zircons among the studied populations would

be sufficient to explain the shift of their respective LREE profiles.

Compared to bulk zircon chemistry, Rozendaal et al. (1999) also reported uniform
HREE, but variable LREE profiles for single zircon grains, irrespective of colour type.
This indicates that HREE is preferentially partitioned into zircon until the mineral
structure is satisfied. It is inferred that after this, other trace elements such as the
LREE, U, Th, Fe and Al are scavenged and incorporated to variable concentrations

depending on their initial availability in the parent magma.
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5.5.3. Radiometry

The concentration or activity of “*K and gamma-ray emitting nuclei in the #?**U and
®2Th decay series are measured by the radiometric method. Only the activity
concentrations of Bi and Th are reported and K activity values are omitted because
of the high statistical uncertainties associated with it (De Meijer, et al., 1990). Since
most of the measured radiometric activity can be attributed to U of the bulk sample, it
implies that there is a direct relationship between Bi activity and U content of the total

zircon population.

Results from the radiometric analysis of zircon concentrates are given in Appendix J
with the activity concentrations of bismuth (Cg) and thorium (C.,) expressed in
Bqg.kg'. Results show that activity of U exceeds Th by an order of a magnitude, a
characteristic that was also noticed by Macdonald (1996) and Rozendaal (1998).
Using the relevant transformation formula, radiomet‘ric measurements indicate that
the zircon of the palaeochannels contain 200-300 ppm U and 100-250 ppm Th,
compared to the single Buffels River zircon fraction which is enriched in U (670 ppm)
and Th (580 ppm).

Zircons from the Buffels River are marked by Cg and C,, values that are several
orders of a magnitude greater than those for channel zircons (Fig. 5.19), reflecting
their elevated U and Th content. Radiometry of the palaeochannel zircons
discriminates two groups; one group has analyses with variable and elevated Cg; and
C;, values, in contrast with the other group that is marked by more uniform Cg; and
C,, values (Fig. 5.19). These groups are furthermore distinguished by anticipated
lower and similar C,,/Cg, ratios. It is assumed that the two distinct groups signify a
difference in the composition of a zircon population as propagated by Philander et
al., (1998) and Rozendaal (1998). As a result, the contrast in radiometric signatures
of the studied populations is also explained by the difference in their respective
LREE characters. Values of the group with the relatively elevated uniform Bi and Th
activities are however slightly exaggerated, since close inspection revealed that

these particular samples contain appreciable amounts of marcasite and rutile.
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Consequently, the effective weight of the zircon concentration is lowered which result

in the measurement of relatively higher activity concentrations.

5.5.4. Cathodoluminescence

Cathodoluminescence (CL) displayed by zircons can be primarily attributed to
transitions of Dy* ions, defects in the zircon crystal lattice (specifically by electron
defects localised on the SiO, tetrahedron), but also by the presence of small
amounts of Nd, Mn, Ho, Tm, Yb and Lu (Mariano, 1988, 1989; Remond et al., 1990;
Yang et al., 1992; Vasconcellos et al., 1996). Other elements such as Fe, Hf, Y, P
and U act as quenchers and suppress cathodoluminescence (Hanchar and Miller,
1993; Hanchar and Rudnick, 1997). Therefore, the relative intensity of
cathodoluminescence depends on the quantity and types of activators and
quenchers (Koschek, 1993).

BSE images reveal contrasts in the average atomic number of a phase; the higher
the number, the more electrons an area will "reflect" and the brighter it will appear.
The element primarily responsible for these BSE variations in crustal zircons is Hf,
with U having a secondary effect (Hanchar and Miller, 1993). Y, P and the HREEs
also play a secondary role as activators in BSE imaging (Hanchar and Miller, 1993; |
Hanchar and Rudnick, 1997). As observed from the literature, bright areas in BSE

images appear dark in CL spectroscopy and vice versa.

Excluding zoned zircons, nearly all the zircons appear structureless in plane
polarised or reflected light. The zircons generally reveal no internal features in BSE,
except for anomalous brighter cores and zones. It is inferred that the cores are
inherited from igneous crystallisation and the bri_ghter, very thin unzoned rims are to
be sedimentary overgrowths. Although most zircons appear structureless in plane
polarised or reflected light, CL spectroscopy reveals complex internal relationships
(Fig. 5.20).
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A variety of types were discriminated in the presently studied population:

Zircon that was either homogeneously weak or brightly luminescent and
sometimes passes ‘into a peripheral overgrowth with contrasting

luminescence. Occasionally, no rim overgrowth was observed.

Zircon that showed a' patchy distribution of non-uniform luminescence
throughout the crystal. A thin bright overgrowth marked the rim. The patchy
distribution of CL in this type may indicate fracture-controlled diffusive
redistribution of trace atoms after zircon growth (Cherniak et al., 1993;
Hanchar and Rudnick, 1997).

Zircon that displayed narrowly spaced oscillatory growth zoning. Oscillatory
zoniﬁg is ascribed to zircon growth in the initial melt (Rubatto et al., 1998).
Ortleva, et al. (1987) suggested that oscillatory zoning is the result of the
differential rate of diffusion of spatially associated trace elements to the
surface of the growing crystal. More than one region of oscillatory growth was
commonly present and discriminated by a. difference in luminescence (Fig.
5.20). The overall luminescence of the different regions decreased to the rim.

Cores are rarely observed and the rims are marked by a bright overgrowth.

- Cracks radiating from the core indicated metamict zircons.

Zircon similar to type lIll, but a well-defined core was present that ovefprints
the surrounding oscillatory zones. Occasionally the different oscillatory zones
replaced each other. A thin, very luminescent rim overgrowth was observed.
The observed replacement of oscillatory zoning is the result of
homogenisation by late-magmatic or younger metamorphic processes
(Hanchar and Rudnick, 1997; Nasdala, 1998).

Zircons similar to type 1V, but in addition contained éecondary growth zbnes
with differing luminescence that surrounded and replace the oscillatory zones
from the outside of the crystal. A well-defined bright overgrowth marked the
rim. The cores and growth zones were marked by a well-preserved resorption
surface. Resorption surfaces are typical features related to metamorphism
(Campbell et al., 1993; Vavra et al., 1996; Nemchin and Pidgeon, 1997). |



Figure 5.20. Cathodoluminescence spectra of selected zircons in the study area.
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VI.  Zircon with a prominent core, surrounded by one or more concentric growth
zones of contrasting luminescence and, if present, a brighter rim. These
zircons had a distinct boundary between the core and subsequent overgrowth;
each region gave a distinctive CL emission. The rim overgrowth may be either

present or absent.

VII.  Zircon similar to type VI, but the core replaced the surrounding brighter

phases of growth. A bright rim overgrowth was present.

In summary, the studied =zircon population displays complex CL images
demonstrating their variable trace element chemistry and protracted evolution.
Investigated zircons show evidence of intricate growth-histories in the form of
complex patterns of zoning and sedimentary overgrowths. Zircons with
homogeneous cores (type 1) and fine oscillatory zoning (type Il) are typical of primary
magmatic crystallisation (Vavra and Hansen, 1991; Hanchar and Miller, 1993;
Hanchar and Rudnick, 1997). The rest of the population, marked by relics of
inherited igneous cores and displaying complex secondary growth zoning, is the
result of metamorphism (Vavra, 1999). These complex internal replacement
structures do not occur in most of the amphibolite facies and start only near the
transition to the granulite facies (Vavra et al., 1999). These particular zircons were
therefore supposedly subjected tb high-grade metamorphism; type V is especially
ascribed to high temperatures, possibly indicating anatexis of the host rock (Pidgeon
et al., 1998). It is concluded that CL demonstrated the studied zircon population to

be representative of both igneous and metamorphic rocks.

5.4.5. _Discussion

Zircon is chemically stable and is often resilient to abrasion due to its robustness.
Taking these characteristics in account, Hubert (1962) used the abundance of zircon
along with rutile and tourmaline to define his ZTR maturity index for sediments. The
value of the index was a relative measure of the degree of maturity of the host
sediments; high values mean that the sediments were highly evolved and low values
vice vversa. In unique studies, Philander et al. (1998) and Rozendaal (1998) made

use of geochemistry and radiometry to conclusively prove that the composition of a
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given zircon population records the maturity of its host sediment. Geochemical as
well as radiometric characteristics of bulk zircon populations are therefore believed to
indicate the relative degree of maturity of their host sediments. Alternatively, single

grain zircon chemistry will provide invaluable information about their source rocks.

Philander et al. (1998) showed that various depositional environments along the west
coast of South Africa are marked by distinct zircon populations that contain variable
mixes of clear, coloured, zoned and metamict grains. These particular environments
also contain sediments that display differences in their relative maturity. Sediments
that host heterogeneous zircon populations are believed to be immature ahd very
proximal to their .source due to the high occurrence of cracked and unstable (U-Th
enriched, metamict) grains. Marine sediments, which are more rﬁature than their
fluvial derivatives, contain zircon populations that are, marked by more stable zircon
types. It is believed that as sediments evolve, the unstable zircons are preferentially
removed by fluvial and/or marine processes, resulting in a zircon population that

comparatively, is less heterogeneous.

It is concluded that the individual mix (heterogeneity) of various zircon populations
reflects the evolution of their host sediments. The radiometric and geochemical
contrast between the zircon populations from the Buffels River and palaeochannels
confirms that the heterogeneity of the respective populations relates to the
compositional maturity of the host sediment. Buffels River sediments are immature
and contain zircon populations that are heterogeneods and often contain Hf, REE-
enriched and uraniferous types, whereas palaeochannel sediments are very mature
and host a virtual homogeneoué stable zircon population. In agreement with
Philander et al., (1998) and Rozendaal-(1998), marine sediments of Kleinzee host a

lesser variety of zircon types, which is generally depleted in unstable grains.

Rozendaal (1998) argues that the ratio of the various zircon types constituting a
particular population is not only constant for a depositional environment, but also is
consistent for a given deposit. This conclusion has very important applications, which

could prove to be very valuable in diamond exploration. Firstly, zircon chemistry and
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radiometry can be useful to fingerprint different stratigraphic sequences.
Geochemical and radiometric characteristics of zircon populations from known
diamondiferous sediments can be used to locate sediments with similar zircon
attributes, which in all probability will also be diamond bearing. A second application
would be to diréct zircon chemistry and radiometry towards the determination of
source region characteristics. Zircon chemistry and radiometry of populations from
diamondiferous sediments will indicate the relative maturity of their host sediments.
From this information, the proximity of the precursors of these diamondiferous

deposits can be tentatively determined.

5.6. Garnet

5.6.1.  Petrography

All the studied garnets are characterised by high relief and isotropism, ranging in size
from 300-1000 um. The internal form of garnet is usually structureless with small
haphazardly arranged quartz, feldspar, rutile and fluid/gas inclusions. Rarely
observed anisotropism may be due to the presence of these inclusions. Based on
colour, three distinct varieties of garnets are recognised. Colourless garnet (Plate -
5.12A) is the predominant variety characterised by euhedral grain morphology. Pale
pink garnet (Plate 5.12B) is the next important variety. It occurs mainly as angular
fragments representing pieces of larger crystals, often showing one or two imperfect
crystal faces. Grains are usually angular to subangular and bounded by conchoidal
fracture surfaces. Orange coioured garnet, characterised by nearly perfect crystal
faces, is relatively scarce. Some garnets display extremély irregular outlines, which
‘may suggest intrastratal dissolution. Particular garnets also display distinct
etchmarks seen under h_igh magnif_ication as triangqla_r—shaped hollows (Plate

5.12C), often exhibiting crystallographic orientation.

5.6.2.  Chemistry

A total of 64 garnet grains representative of the BMC, KNC and BIC were analysed
with an electron microprobe for Si, Al, Fe, Mg, Ca, Mn, Cr, Ti, V, Zr, Y, Na and K

(Appendix H). Additionally, the five most dominant garnet end-members were
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Plate 5.12.  Garnets characteristic of the studied area.

A) Colourless, angular, cracked garnet.

B) Euhedral pink garnet.

C) Garnet showing etch pits on its surface, indicating severe chemical dissolution.

Scale: 200X
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calculated for each grain. Results are graphically presented on a ternary diagram
(Fig. 5.21). '

Geochemistry shows that the garnets are generally enriched in Fe and Mg,
illustrating that they belong to the broad almandine-pyrope group. One very rare Mn-
containing garnet accentuates the compositional range that exists between
spessartine and almandine in the pyralspite garnet group. The grossular, andradite
and uvarovite end-members are present in trace amounts. Within the constraints of
the electron microprobe, no consistent corfelation between the different colour types

and chemical composition could be established.

The whole garnet suite is compositionally similar and consists mainly of almandine
(59-83 mol%), pyrope (15-35 mol%) and unequal amounts of grossu.lar (0-6 mol%)
and spessartine (0-9% mol%). The high almandine content is typical of garnets in
peraluminous rocks (Sisson and Bacon, 1992). Although chemical zoning is very
common in garnet and especially recognised in metamorphic garnets (Cygan and
Lasaga, 1982; Hickmott et al.,, 1987; Hickmott and Shimizu, 1990; Hickmott and

Spear, 1992), no significant chemical zoning was detected by microprobe analysis.

REE analyses for handpicked garnet separates from the BMC, BIC and KNC are
given in Appendix | and presented on chondrité normalised diagrams together with
analyses from Graauwduinen and Geelwal Karoo (Fig. 5.22). All three garnet
fractions from the study area have a narrow range in REE abundance ranging from
479-485 ppm. The normalised REE patterns are marked by a LREE depleted and
HREE-enriched pattern with pronounced negative Eu and Nd anomalies, similarly to
garnet analyses reported by Taylor and McLennan (1985). REE patterns furthermore
show that garnet incorporates HREE more readily than LREE, which is concordant
with comparative studies (Taylor and McLennan, 1985; Sorenson and Grossman,
1989). The garnets commonly exhibit very low LREE/HREE ratios (0.04-0.05) which
are characteristic for igneous as well as metamorphic garnets (Irving and Frey, 1978;
Hickmott et al., 1987). Although the REE abundance is considerably lower for

Graauwduinen and Geelwal Karoo garnets, REE patterns are identical, suggesting
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Figure 5.21. Garnet classification based on the garnet end members, pyrope, grossular + andradite
+ spessartine and almandine.
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similar source rocks. Likewise, the similarity of the major and REE chemistry

between individual garnets in the study area implies a common source.

5.7. Pyroxene

5.7.1.  Petrography

Pyroxene grains are mainly colourless and non-pleochroic, although a weakly
pleochroic, pale-green variety was occasionally noticed. Grains commonly display a
rectangular, prismatic habit with sharp, angular or rounded corners (Plate 5.13). Etgh
patterns are frequent and are seen as hacksaw-terminated grain boundaries or
grooves on their surface. Accessory mineral and fluid inclusions are fairly common.
Parallel extinction on the (100) plane indicates that the studied pyroxenes belong to

the clinopyroxene class. No orthopyroxenes have been identified.

The characteristic 90° cleavage was rarely observed; instead, most of the grains
exhibit a distinct single cleavage trace on (100) or (010). Particular grains display
close parting on (100), which is referred to as diallage (Philips and Griffen, 1981).
Twinning, amplified under x-nichols, was rarely noticed, but zoning features are
much more common. Deer et al. (1963, 1992) state that zoning in pyroxene could be
related to chemical variation, but this was not investigated in this study. Alteration is
abundant and is prominent along cracks and cleavage planes often creating a mesh-
like structure. Iron staining, presumably the result of alteration, is concentrated along
cleavage traces and cracks and sometimes becomes so extensive that little of the

optical properties of the pyroxenes can be observed.

5.7.2. Chemistry

None of the pyroxene could with certainty be idéntified by optical properties alone.
Instead, chemical analysis was used to classify the pyroxenes from the study area.
Microprobe analysis for Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na and K was performed on
53 representative pyroxene grains of the various areas and the results are reported

as oxide weight percentages in Appendix H.



Plate 5.13. A collection of pyroxene grains from the study area. Prismatic cleavage and subangular
habit are apparent.

Scale: 200X
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Pyroxene analyses show that they are generally Ca-Mg rich and that two distinct
groups can be discriminated. The majority of analyses plot well in the augi.te field,
most of them close to the endiopside-augite boundary, while the rest of the analyses
occupy the Mg-pigeonite field (Fig. 5.23). Two single analyses plot in the subcalcic
augite field. Fig 5.23. shows that no pyroxene type is particular to any specific
locality. In addition to the major elements, the pyroxenes have an Al,O, content of

less than 2%, with trace amounts of Ti, Cr, and Na.

5.8. Amphibole

5.8.1.  Petrography

‘The amphiboles in the study area are highly coloured and two main varieties, green
(Plate 5.14A, 14B and 14C) and brown (Plate 5.14D, 14E and 14F) have been
observed. The green variety can be subdivided into various shades of green that
incorporate  light-green, blue-greén, olive-green and brown-green varieties.
Pleochroism is intense, is extremely variable in tinfs,of green for the green variety
and yellow, and browns for the brown type. Some grains display colour zoning that

could indicate a contrast in chemical composition (Mange and Maurer, 1991).

Hornblende commonly occurs és prismatic, elongated crystals or angular fragments.
Fibrous grains also occur, but less frequently. Grain edges are often rounded or
ragged, but most grains commonly display the typical hacksaw structure (Plate
5.14A, 14C and 14F) that is a characteristic sign of chemical dissolution (Mange and
Maurer, 1991; Morton and Smale, 1990). Prismatic cleavage on (010) is pronounced
and rather common compared to the characteristic amphibole cleavage on (110).
Etching of amphibole is recognised by the pitted and "bleached" character of the
grains (Pléte 5.14 A). Amphibole -ir_i.clus.i'o”ns théf-vQére v'eriﬁed with the SEM-EDS
include biotite, epidote and Fe-Ti opaques. Fluid and gas inclusions were less

frequently noticed.

Although Deer et al. (1963), and Philips and Griffen (1981) provide diagnostic optical

characteristics for the different amphibole members, precise classification of a



Plate 5.14.  Amphiboles with different colour; green varieties (A, B and C) and brown (D, E and F)
types. Proof of chemical dissolution is recognised by the bleached colour (A) of the mineral and typical

hacksaw terminations (C and E).

Scale: 200X
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Figure 5.24. Classification of amphiboles in the study area (after Leake, 1978).
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particular member requires chemical analysis and subsequently this method was

used in classification.

5.8.2.  Chemistry

Microprobe analysis for Si, Al, Fe, Ti, Cr, Mg, Mn, Ca, Na, K, was performed on 46
amphibole grains and the results are presented as oxide weight percentages in
Appendix H. Leake's (1978) classification scheme indicates that all the amphiboles
are members of the broad calcic amphibole group. The amphiboles fall into a number
of different categories when classified according to the Leake scheme (1978),
including magnesio-hornblende, ferro-hornblende, ferro-tschermakitic hornblende,
edenite, ferro-edenitic hornblende, ferroan pargasitic hornblende and ferro-pargasitic
hbrnblende. Fig. 5.24. illustrates that ferroan pargasitic hornblende is the dominant

amphibole variety.

Microprobe. analysis has confirmed that the optical distinction of the amphibole
population into brown and green varieties is justified geochemically. The brown
variety is Ti-rich (>1.5%) and relatively restricted in SiO, content, whereas the green
population is Ti-poor and spans a greater SiO, range (Fig. 5.25). Brown amphiboles
proved to be essentially ferroan pargasitic hornblende compared to the g'reen
amphibole population that falls into a number of different categories. No notable
trends in colour or chemistry are apparent between amphiboles from the various
stratigraphic sequences. The very high totals indicate low OH  content, which

suggests that the studied amphiboles be of a metamorphic origin.

5.9. Epidote Group
591 Petrogfaphy

The epidote group minerals have extremely similar chemical and mineralogical
properties (Deer et al, 1986) making distinction between species difficult and
therefore the properties of the species of this mineral group are collectively

discussed.
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Clinozoisite and epidote were the only epidote group minerals identified in this study.
Epidote is found mostly as subangular to subrounded, equant, often irregular gréins
of characteristically pale yellowish-green colour (Plate 5.15A, 15B and 15C). Grains
rarely display cleavage. Pleochroism is usually very weak and the epidotes invariably
- exhibit irregular colour distribution. Interference colours are vivid in diagnostic tints of
yellow-green. Epidoté is biaxial negative compared to clinozoisite that is biaxial
positive (Mange and Maurer, 1992), but due to the lack of suitable optic figures this is

of little aid in distinguishing between the two species.

Clinozoisite occurs as subhedral, equidimensional or prismatic grains. The mi}neral is
either colourless (Plate 5.10D) or pale yellow and displays a perfect cleavage on
(001). Interference colours in tints of anomalous blue and yellow, often pronounced
at grain boundaries, are characteristic of clinozoisite and aid in distinguishing
clinozoisite from epidote. Zoning is very common and is expressed in changes of
colour or other optical properties such as extinction angle or birefringence. The two
epidote species frequently host fluid inclusions and solid phases of unknown
composition. Etch patterns were often noticed and in conjunétion with observed

ragged grain boundaries suggest moderate chemical dissolution.

5.9.2.  Chemistry

Microprobe results (Table 5) indicate that the variation in chemical compdsition of the
entire epidote population is restricted to a very narrow range. Geochemistry further
indicates no clear distinction between clinozoisite and epidote in this study area.
Likewise, no difference can be recognised between samples from the different
IoCaIities. Besides the major elements, Si, Al, Fe and Ca, the epidotes contain

variable amounts of Ti, Mn and Mg which in total amount to less than 1%.



Plate 5.15.  Typical, irregular shaped epidote grains (A, B and C) showing signs of chemical

dissolution (A and B). Clinozoisite (D) is distinguished by its perfect cleavage.

Scale: 200X



Table 5. Average chemical composition of selective minerals from Kleinzee. All values are in
ppm, with the standard deviation given in brackets.

Epidote series  Aluminosilicates Staurolite Glauconite Titanite

n=33 n=25 n=10 n=10 n=3

Sio, 38.04 37.67 28.27 41.71- 27.01
(0.41) (0.44) (0.33) (3.38) (3.93)

TiO, 0.08 0.00 0.39 0.24 32.37
(0.04) (0.02) (0.10) (0.18) (5.90)

AlLO, 23.43 64.78 56.23 3.95 10.67
(1.40) (0.81) (0.64) (0.75) (8.92)

Cr,0, 0.01 0.01 0.02 0.06 0.00
(0.02) (0.02) (0.03) (0.03) (0.00)

Fe,0, 0.00 0.00 0.00 0.00 0.00
| (0.00) (0.00) (0.00) (0.00) (0.00)
FeO 12.98 0.44 15.19 32.39 1.16
(1.43) (0.34) (0.69) (3.07) 0.97)

MnO 0.32 0.00 0.06 0.00 005
(0.24) (0.00) (0.04) (0.00) (0.09)

MgO 0.03 0.00 1.87 2.92 0.00
(0.03) (0.00) (0.05) (0.55) (0.00)

Ca0 23.74 0.00 0.00 0.45 26.47
(0.52) (0.00) (0.00) (0.26) (3.50)

Na,O 0.00 0.00 0.00 0.23 0.00
(0.00) (0.00) (0.00) (0.19) (0.00)

K,0 - 0.00 0.00 000 6.64 0.00
(0.00) (0.00) (0.00) (1.10) (0.00)

Total 98.64 102.90 102.02 88.58 97.73

(0.75) (0.94) (0.65) (3.05) (0.61)
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5.10. Other minerals
5.10.1. Aluminosilicates

Kyanite occurs as very large (~500 pm) elongated grains with marked prismatic
(Plate 5.16A) or square shaped fragments. Grains are dominahtly colourless or
rarely blue. Strong cleavage is observed on the (100) face (Plate 5.16A) and the
combination thereof with parting on (001) at right angles to the cleavage traces
results in a conspicuous cross-cleavage. Weathering of these grains produces
characteristic step-like facets at the grain edges. Most of the grains are clustered

with inclusions that prove to be rutile, apatite, carbon, and fluid and gas phases.

Sillimanite is less commonly present and occurs as colourless, narrow perfect
prisms, elongated on the c-axis (Plate 5.16B and 5.16C). Some grains are typically
marked by longitudinal splitting and cleavage traces parallel to length (Plate 5.16C).
The characteristic habit and brilliant interference colours provide an easy optical

diagnosis.

The average chemical composition of kyanite is supplied in Table 5. Microprobe
results indicate that kyanite is relatively pure and in addition to Al and Si, iron is the
only substitute to occur in trace amounts. Significant iron staining of grains (Plate

5.16A and C) accounts for the presence of iron.

5.10.2. Monazite

Monazite grains occur as a minor component in the study area exhibiting well-
ro_undéd oval to round shapes (Plate 5.17A). The monazites are usually colourless
and a rare pale yellow and greeﬁhisrh-ryélllow cblour in the mineral is noticeable from
the coarser grains. Distinctive interference colour bands and cross fracturing mark
nearly all grains (Plate 5.17B). Frequent brown staining, prominent along fractures
and severe surface pitting, aids to distinguish monazite from zircon. The majority of
monazites are devoid of inclusions, but the larger grains contain inclusions that have

not been identified.



Plate 5.16. Selected aluminosilicates.

Prismatic kyanite (A), with perfect cleavage and cluttered with inclusions. Crystals of euhedral sillimanite
(B and C).

Scale: 200X
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Like zircons, the high roundness of monazite indicates considerable abrasion during
the sedimentary cycle. Contrary to general belief, monazite can survive eXtensive
transportation despite its phosphate composition and is not easily prone to
weathering (Pettijohn, 1975). A Miocene palaeochannel in Annex Kleinzee contains
in addition to ilmenite and zircon appreciable amounts of monazite, highlighting the

significant chemical stability of this mineral.

5.10.3. Titanite (sphene)

Titanite occurs either as discrete euhedral squares and subrounded grains (Plate
5.17C and 17D) or in a lesser amount as an interlocked phase with magnetite (Plate
5.17C). Grains are colourless to greyish and usually display a high resinous lustre
that is unmistakable. Characteristics that aided in the identification of titanite are very
strong dispersion and abnormally high-order polarisation colours. Grains often host
several inclusions of different types and composition (Plate 5.17D). Titanite is not
very stable in a marine environment (Morton, 1991) and is generally weathered,
manifested as etch grooves and hacksaw textures. The mineral is often altered to
leucoxene giving the grains a dusky appearance. The composition of titanites are
often non-stoichiometric (Table 5) and highly variable as these minerals are altered

to leucoxene to varying degrees (Golding, 1961).

5.10.4. Staurolite

Staurolite occurs as irregular subangular or subrounded grains. It often shows hacky
to subconchoidal fractures, distinctive vivid pleochroic golden yellow and brown
colour, high index of refraction and numerous inclusions (Plate 5.18A). Staurolite is
regarded as metastable (Velbel ef al., 1996) and evidence of staurolite dissolution in
the study area includes ragged'gir‘ain boundaries and etch patterns on the surface.
Microprobe analyses (Table 5) indicate that staurolite in the study area is near

stoichiometric and shows small compositional variation.
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Plate 5.17.  Grains of monazite (A and B) and titanite (C and D).

Scale: 200X
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5.10.5. Glauconite

Glauconite occurs as large (300-500 um) well-rounded, microcrystalline grains. It is
characterised by a brilliant green (Plate 5.18B) or yellow-green colour with iron
staining along cracks. Glauconite encountered in the study area did not form in situ,
but is present as a detrital mineral recycled from pre-existing glauconitic sediments.
The average chemical composition of glaljconite grains is presented in Table 5. The
results show that except for SiO, and FeO, these grains éhow minimal compositional
variation. The very low totals are indicative of the presence of OH™ groups in the

mineral structure.
5.10.6. Apatite

Apatite grains are generally concentrated in the finer grain-sizes and occur as
yellow-brown, well-rounded, egg-shaped grains (Plate 5.18C). Grains are invariably
cryptocrystalline and are neérly isotropic and judging from these features could be
labelled collophane. A common feature is that nearly all the apatite grains are pitted

somewhat, often iron-oxide pigmented and contain various inclusions.

5.10.7. Gorceixite

Gorceixite is a Ba-Al phosphate [BaAl,(PO,),(OH);eH,O] that belongs to the
candrallite series and forms in situ from solution during diagenesis (Wilson, 1985;
Milton et al., 1958). The presence of gorceixite is limited in the study area and it
occurs almost exclusively in the palaeochannels (Kirtley, 1985). SEM-EDS indicated
the minor presence of an Al-phosphate, but failed to establish the presence of Ba.
The rather sparse information available on this uncommon mineral failed to aid in

| positive identification.

5.10.8. Marcasite

Marcasite is restricted to the palaeochannels and two distinctive types are
discriminated by the SEM. It occurs either as an irregular crystallised grains or
authigenic framboidal grains. The presence of marcasite in the palaeochannels
indicates that it was formed in situ under reducing conditions, as they will not survive

mechanical processes such as in a marine environment.
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Plate 5.18.  Staurolite (A) with numerous inclusions, well-rounded glauconite (B) and egg-shaped
apatite (C).

Scale: 200X
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5.10.9. Light minerals

The light mineral fraction consists mainly of quartz, feldspar (primarily orthoclase,
microcline and plagioclase), shell fragments, Ca-rich carbonates, muscovite and
biotite. Light minerals were often encountered in the heavy fraction, as they are iron-
coated or interlocked with heavy minerals. Rock fragments of various parageneses,
~ often with sutured grain contacts, were also observed, but in very low quantities

(<1%). No detailed mineralogical investigation was performed on the light minerals.



75

CHAPTER 6
PROVENANCE INDICATORS

Heavy minerals are extremely provenance sensitive because of their diversity and
characteristic parageneses. Considering this sensitivity in constraining Source rocks,
the characteristics of heavy minerals are widely applied in determining sediment
provenance, ‘but are also used to correlate and differentiate sediment bodies
(Pettijohn, 1975; Morton et al., 1991). However, heavy mineral suites are not
controlled by provenance alone, but several other factors govern the mineral
composition of sediments including (1) the climate in the source area, (2) the tectonic
setting, (3) the effect of depositional environment and (4) diagenetic processes
(Pettijohn, 1975; McLane, 1995). Hence, the interpretation of provenance by using
heavy mineral assemblages is not always conducive and restricted by the effect of

these factors.

In order to minimise the loss of provenance-related information induced by these
processes, it is necessary to examine and quantify different features of a single
mineral species. The usual method in achieving this is by performing varietal studies
(Morton, 1985, 1991). These studies are usually conducted by utilising classical
methods such as optical differentiation or more sophisticated analytical techniques
including electron microprobe analysis, PIXE analysis, luminescence studies and
radiometry. Not only do varietal studies: provide additional information to corroborate
the gross assumptions made about the source through the implementation of mineral
assemblages and sediment characteristiés, but they also make it possible to
characterise the source rocks more di_s_t'i__ricfl-y.mln -theory, minerals like zircon,
tourmaline, rutile and garnet offer the best means of discriminating provenance
because of their relatively stable nature. However, minerals such as ilmenite,
amphibole and even pyroxene, although less stable, might provide useful information

regarding provenance.
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Recent varietal studies that have been successfully applied using various heavy
minerals include garnet (Morton, 1985, 1987; Morton and Hallsworth, 1994), zircon
(Owen, 1987) and opaqué minerals, in particular ilmehite (Basu and Moliranoli, 1989;
Darby, 1984; Darby and Young, 1986; Grigsby, 1990, 1992; Mitra, et al., 1992;
Razjigaeva and Naumova, 1992; Schneiderman, 1992). Morton (1985, 1991) listed a
whole range of other heavy minerals including amphibole, pyroxene, epidote and

tourmaline that are less commonly implemented in varietal studies.

6.1. Mineral assemblages
It has been demonstrated in Chapter 4 that distinctive heavy mineral assemblages
mark specific stratigraphic sequences in the study area. Since heavy mineral
assemblages in a sedimentary unit reflect its source rocks (Morton and Hallsworth,
1994), it would suggest that various successions had different source areas. Mineral
assemblages however, are greatly influenced by sedimentological conditions during
deposition and post-depositional alteration. As a result, heavy mineral assemblages
are controlled by (1) source rock mineralogy; (2) hydraulic conditions in the
depositional environment during deposition and (3) diagenetic processes (Stapor,
1973; Pettijohn, 1975; Morton and Smale, 1990). The influences of these factors oh

the studied mineral assemblages were examined.

Source rock mineralogy

The predominance of opaque minerals, garnet and zircon indicates that the source
rocks for the sediments are enriched irr these minerals. The consistent distribution of
these minerals in the entire study area also indicates a uniform source area. Local
source rocks however, are also responsible for slight differences in heavy mineral
proportions amongst particular successions. The consistent occurrence of epidote in
RET and Lower Terrace sediments in the BMC area could be derived from
greenschist facies rocks as observed in the Gariep Supergroup (Saggerson and
Turner, 1995). Gariep Supergroup basement is prevalent northwards from Kleinzee
(Krdner, 1971), but poorly represented in the KNC area, explaining the insignificant
distribution of epidote in sediments of the latter. Similarly, the striking increase of

pyroxene in the FGS sediments indicates a localised, relative proximal pyroxene-rich
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source in the KNC terrain. It was also shown that the Upper CFS sediments in the
KNC and the contemporaneous RET sediments in the BMC area are comparatively
enriched in garnet. It is inferred that differential tectonic uplift or a minor sea-level
drop during the Quaternary (Dingle and Hendey, 1984; De Decker, 1986) unroofed a |
garnetiferous source, which accounts for the increase in garnet content in these

successions.

Hydraulic conditions during deposition

The hydraulic behaviour of minerals is controlled by grain size, density and shape
(McLane, 1995). Any change in the hydraulic regime will cause fluctuations in the
heavy mineral proportions of a sediment (Pye, 1994). The shape factor controls the
relative abundance of minerals with different habits, so that minerals with equant
habit (such as opaques and garnet) are hydraulically equivalent and mutually
deposited, differing from those with a bladed habit such as hornblende (Morton,
1994). Fig. 4.11 illustrates that partial correlation analysis has yielded two distinctive
mineral groups than could be related to mineral specific gravity. Opaques, zircon and
garnet form one group whereas hornblende, byroxene and epidote form the other.
Selective sorﬁng, eﬁtrainment and transport can be regarded as mechanisms
responsible for the observed grouping of these minerals (Slingerland, 1977, 1984;
Komar and Wang, 1984). These hydraulic processes were more effective in
concentrating the more dense minerals like opaques, garnet and zircon to the
expense of the less dense minerals like epidote and hornblende. Opaques will be
most concentrated, followed by zircon and garnet in abundance (Guza and Thornton,
1982; Komar and Wang, 1984). Lower density minerals stay in suspension and are
transported offshore or alongshore; only being deposited when hydraulic conditions
become favourable. The predominance of opaques, zircon and garnet in sediments
of Upper CFS and RET in the KNC area and the Middle and Upper Terraces in the
BMC leaves little doubt that selective sorting, entrainment and transport might have
been active in concentrating these minerals. This would imply that sediments of other
successions such as the Lower Terrace and FGS were deposited under different

hydraulic conditions.
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Diagenetic processes

Diagenetic processes, especially chemical dissolution gradually modifies mineral
composition and texture of a sediment (Pettijohn, 1975). Pettijohn (1975) formulated
a chemical stability series where the minerals are sequentially ranked according to
their chemical stability. Unstable minerals would successively be removed if the
effect of diagenetic processes increases; resulting in increasing maturity of the
sediment. The effect of weathering is usually shown by the decrease of the less
stable component, such as augite, hornblende and epidote and a corresponding
increase of the stable components such as opaque minerals, zircon and garnet
(Morton and Smale, 1990).

Studied grains of hornblende, epidote and pyroxene as well as garnets are
commonly ragged and slightly altered which is consistent with intrastratal etching and
alteration. Even very stable minerals like opaques and zircon display some degree of
alteration that could only be chemically induced. Undoubtedly, the very stable
(mature) assemblage (opaques-zircon) of the palaeochannels is the result of
extreme decay modifications by diagenetic processes following deposition. lImenite
is very susceptible to alteration. The low degree of iimenite alteration as well as the
low proportion of altered ilmenites (~8%) confirm that chemical dissolution has not
been extensive in the study area. In conclusion, although there are clear indications
of diageneﬁc alteration_,-{‘it played an insignificant role in modifying and forming the

present heavy mineral assemblages in the study area.

Discussion

The consistent and predominant distribution of Fe-Ti oxides in all the stratigraphic
successions undoubtedl.y indicafee a uniferm souﬁ:e area. A uniform provenance for
the entire study area is also supported by the fact that no mineral is exclusive to a
particular succession. It was demonstrated that the variation in heavy mineral
proportions and assemblages are the interrelated result of mainly source rock
mineralogy and hydraulic conditions during deposition. Post-depositional Weathering

played a subordinate role. The Swartlintjies and Buffels Rivers, which are regarded
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as the main source rivers, contain similar mineral suites to the studied sediments,

indicating that they carried sediment from similar if not the same provenance area.

Compared to marine deposits from Graauwduinen and Geelwal Karoo, heavy
mineral assemblages of the study area are quite different since opaques, garnet and
zircon dominate most of the studied assemblages. Graauwduinen marine
successions are marked by a distinct heavy mineral assemblage (cpx-opaques-
garnet-zircon; Cilliers, 1996) that is very similar to that of the Geelwal Karoo placer
(gafnet-opaques-cpx-zircon; Macdonald, 1996). FGS sediments have almost
identical heavy mineral assemblages as encountered in these equivalent 50m
Package sediments from the west coast. This would imply that durihg the Pliocene
the coastal rivers providing the KNC area and similar localities with detritus had a
similar drainage basin, indicating a common source area. Unlike the KNC, where
only a small part of the FGS deposits was preserved, sedimentation of linear sheet-
like aeolianites protected the sediments in the Geelwal Karoo and Graauwduinen
" areas (Cilliers, 1995; Macdonald, 1996). Low levels of in situ diagenetic alteration
furth'ermore, aided in the preservation of the primarily unstable heavy mineral
assemblége. Despite the difference between heavy mineral assemblages of the
study area, Graauwduinen and Geelwal Karoo, similar suites of heavy minerals have
been reported for Graauwduinen (Cilliers, 1995) and Geelwal Karoo (Macdonald,
1996). These workers designate the Namaqua Metamorphic Complex (NMC) as
primary source terrain for fhe bulk of the heavy minerals. Consideﬁng the proximity of
these localities with respect to Kleinzeg, it would therefore be reasonable to assume
that the majority of heavy minerals in the Kleinzee area were also derived from the
NMC.

The Richards Bay Minerals deposit along the east coast of South Africa contains
very similar heavy mineral suites to those from Graauwduinen and Geelwal Karoo.
Opaque minerals dominate the heavy fraction, followed by pyriboles
(pyroxene+amphibole), garnet and zircon (Hugo, 1993). Hugo (1993) also reported
similar heavy mineral suites for sediments from the Eastern Cape, Zululand and

Natal. The bulk of the opaque minerals were derived from the Kaap Igneous
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Province and the pyriboles, garnet and zircon came from the Natal Metamorphic
Province (Hugo, 1993). Although the heavy mineral suites for the east coast and
west coast heavy minerél occurrences indicate some similarities, mineral chemistry
unambiguously demonstrate their contrasting provenance (Hugo, 1993; Cilliers,
1995; Macdonald, 1996).

A characteristic that marks all the major heavy mineral deposits is that their ultimate
source rocks are from a large metamorphic terrain (Force, 1991). Heavy mineral
placers along the northeastern coast of the 'United States host very similar suites of
ilmenite, zircon, staurolite and rutile. These deposits, which include Amelia, Altama,
Green Cove Springs, Folkestone, Jacksonville, Trail Ridge and Yulee had a similar
source which is postulated to be the high-grade Blue-Ridge and inner Piedmont
terrain (Force, 1991). Coastal heavy mineral deposits in Eastern Australia have
similar assemblages viz. ilmenite-rutile-zircon-tourmaline and their source rocks
belong to a metamorphic belt in the interior of the Australian Craton (Rose, 1999).
Eneabba, Bunbury and other western Australian heavy mineral deposits}contain
chiefly ilmenite followed by zircon and rutile. Their source rocks are believed to
belong to the metamorphic Yilgarn and Leuwin blocks of central Australia (Force,
1991). The Travancore deposit in India contains mainly ilmenite and zircon with rutile
and sillimanite in decreasing abundance. The ultimate sources of the heavy minerals

are granulite-facies gneisses of the Indian interior (Force, 1991).
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6.2. Varietal studies

In an attempt to unrave>l the provenance of the heavy minerals, no mineralogical
investigation was undertaken for the country rocks in the study area or in the
envisaged hinterland. Instead, provenance reconstruction in this sense relied on the
voluminous studies consummated on the geology of western Namaqualand (Kroner,
1978; Theart, 1980; Jack, 1980; Zelt, 1980).

6.2.1.  The Fe-Ti oxides
llmenite, hematite and magnetite are most commonly found as accessories in a wide
range of igneous and metamorphic rocks. In metapelitic and metabasitic rocks
ilmenite does not emerge until the mid-greenschist or lower amphibolite facies are
reached (Philips and Griffen, 1982). Where hematite is closely associated with
ilmenite it is found in metabasites and oxidised pelitic rocks (Deer et al., 1992).
Magnetite is found in a variety of metamorphic rocks including metabésites, iron-

formations, quartzo-feldspathic gneisses and some metapelites.

limenite

In recent years, the application of iron-titanium oxides in provenance determination
has gained considerable popularity. Mainly two approaches are followed; some
workers (Buddington and Lindsley, 1964; Grigsby, 1990; Basu and Molinaroli, 1989,
Mitra et al., 1992; Darby and Bischof, 1996) relate petrographic textures to distinct
source lithologies, while other studies )(Darby, 1984; Darby and Tsang, 1987; Basu-
and Molinaroli, 1991; Grigsby, 1992) demonstrated the usefulness of mineral
chemistry to discriminate source rock paragenesis. Darby (1987) and Basu and
Molinaroli (1989) stressed the insensitivity of detrital Fe-Ti oxide chemistry in
provenance determination:W;tat'ihg -tl_'m-af'the use of it requires not only direct
knowledge of mineral chemistry in the source areas, but the effects of weathering on
element behaviour should be considered as well. In this approach, a dataset of
ilmenite chemistry is usually compiled from possible source rocks and provenance
discrimination in a sedimentary province is accomplished by comparing the chemical
composition of these particular ilmenites with those obtained from the possible

source rocks.
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Fe-Ti oxides in the ilmenite-hematite series from plutonic igneous sources display
exsolution or intergrowth features more commonly as contrasted to those from
metamorphic sources (Basu and Molinaroli, 1989, 1991; Mitra et al., 1992). Detrital
Fe-Ti opaques in the study area display a diverse array of textures that is the result
of primary crystallisation or oxidation-exsolution (Hugo, 1993). On average, more
than 5% of the studied Fe-Ti population shows intergrowth or exsolution features. It
is therefore inferred that these particular Fe-Ti intergrowths were predominantly
derived from igneous parent rocks. limenite-hematite exsolution is specifically more
common in anorthosites and granites (Haggerty, 1976), but Riezebos (1979) also
noted their presence in a variety of metamorphic rocks. Titanohematite may occur in
any rocks that have been subjected to slow cooling or retrogressive metamorphism
and those displaying the "blitz" texture (Plate 2.1F) are restricted to felsic igneous
rocks (Haggerty, 1976).

Stoichiometric ilmenite contains 52-53 wt% TiO, and greater values reflect Fe
depletion by weathering whilst lesser values indicate substitution mostly by divalent
cations. Several workers (Basu and Molinaroli, 1989, 1991; Grigsby, 1992) have
shown that ilmenites derived from mafic igneous and metamorphic sources are richer
in titanium (~51-52% TiO,) than ilmenites derived from felsic and intermediate
igneous terrains (~47-48% TiO,, Fig. 6.1.), where Ti depletion in the latter is

explained by significant Mg and Mn substitution.

As previously mentioned, weathering may effect the composition of Fe-Ti oxides and
consequently only chemical analyses'from homogeneous, unaltered Fe-Ti oxides
opaques have been considered in provenance discrimination. llmenites derived from
the study area display a unimodal TiO, histogram that are positively skewed with a
mod-el class of 52% TiO, (Fig. 6.1.) In view of previous findings, this clearly denotes
metamorphic ro.cks as principal precursors for the iimenite in the study area. Fig. 6.1.
also illustrates that iimenites from Graauwduinen and Geelwal Karoo show strikingly
similar TiO, ranges and modal classes. This indicates that ilmenites from
Graauwduinen, Geelwal and Kleinzee had a similar source area. Since both
Graauwduinen and Geelwal ilmenites were derived from the Namaqua Metamorphic
Complex (Cilliers, 1995; Macdonald, 1996), it is inferred that the bulk of the Kleinzee
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ilmenites were also derived from metamorphic rocks of the NMC. Fig. 6.1. illustrates
that " ilmenites from the Richards Bay Minerals (RBM) deposit also have a
metamorphic origin. Hugo (19'93) however, used trace element chemistry of ilmenite
to show that these particular ilmenites were derived from the Kaap Igneous Province
with only minor contributions from the metamorphic Natal Basement. This indicates
that TiO, histograms should be cautiously used in the interpretation of ilmenite
provenance and conclusions should not be made without considering their trace

element chemistry.

Previous studies have shown that the Mn, Mg, V and Cr content of ilmenites are
provenance sensitive and that other minor elements do not indicate any specific
source terrain (Basu and Moliranoli, 1989; Darby, 1984; Darby and Young, 1986;
Grigsby, 1990, 1992; Mitra, et al, 1992; Razjigaeva and Naumova, 1992;
Schneiderman, 1992). It must be stressed however, that very low concentrations of
these provenance diagnostic elements are not specific to any type of source rock
(Basu and Molinaroli, 1989). Several of these workers (Darby, 1984; Darby and
Young, 1986; Darby and Bischof, 1996) however ana‘\lysed ilmenite concentrates,
which compared to single ilmenite analyses, make their results less accurate since
contamination by other minerals could influence the element measurements.
limenites from felsic rocks generally have high MnO (>2.0%) and low MgO contents
(<1.5%) while those that crystallised in mafic and ultramafic rocks have elevated
MgO values (>1.5%), with significant amounts of V and Cr (Cawthorn and Biggar,
1993; Buddington and Lindsley, 1964; Neumann, 1974; Haggerty, 1976; Basu and
Moliranoli, 1989; Grigsby, 1992). limenites from kimberlites and peridotites are

significantly enriched in Cr (Moore et al., 1992).

Kleinzee ilmenites have a variable MnO (0-12%) and very low MgO (0-1.6%) content
and are depleted in Cr,0, (~0.1%). Similar values were reported for ilmenites from
Graauwduinen and Geelwal Karoo (Cilliers, 1995; Macdonald, 1996). The possibility
of a mixed provenance for the Kleinzee ilmenites as indicated by mineral
petrography, is further supported by a MnO-MgO scatterdiagram which in Hugo's

(1993) opinion is a powerful provenance indicator. As demonstrated (Fig. 6.2.),
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Kleinzee ilmenites plot well into the demarcated fields designated by felsic and mafic
igneous and metamorphic rocks. A large proportion of the analyses also plots in an
area that is non-diagnostic of source rocks. Fig. 6.2. indicates that ilmenites from
Graauwduinen and Geelwal mainly occupy the mafic field, whereas the bulk of the
Kleinzee ilmenites (~60%) plot in the felsic field. This indicates that compared to
Graauwduinen and Geelwal, the Kleinzee ilmenites were mainly derived from felsic
igneous and metamorphic rocks. As mentioned previously, ilmenite petrography has
indicated the low abundance of Fe-Ti intergrowths (<5%) in the study area, which
'suggests that compared to felsic metamorphites, felsic igneous rocks were minor
ilmenite sources. Consequently, it signifies that the bulk of the ilmenites in the

Kleinzee area came from felsic metamorphic rocks.

In conclusion, petrographic and chemical properties of detrital ilmenites in the study
area indicate a mixed provenance demonstrating that felsic/mafic metamorphic and
igneous rocks are the most probable sources. This perspective is corroborated by
the ubiquitous distribution of ilmenites in granites, granitoids, gheisses, schists,
amphibolites and granulites in western Namaqualand (Theart, 1980; Jack, 1980;
Moore, 1986; Hartnady>et al., 1990). Although the trace elements of ilmenites
indicate differences in source rock lithologies for Kleinzee and Geelwal Karoo as well
Graauwduinen, it is postulated that the ilmenite along the west coast of South Africa
came from the same metamorphic terrain, presumably the NMC, where felsic and

mafic rock suites are interrelated.

Magnetite
Homogeneous magnetite could be equated to felsic or intermediate igneous and

metamorphic. rocks (Grigsby, 1990). Textures which include ilmenite-hematite
exsolution, woven or cloth textures (Ramdohr, 1980), ulvéspinel and pleonaste
exsolution suggest igneous mafic or metamorphosed mafic and ultramafic rocks as
well as gneisses (Hugo, 1993). Discrimination diagrams based on textural
prdportions of magnetite as proposed by Grigsby (1990; Fig. 6.3.) h\ave limited
application and were not considered in this study because of the low abundance of
these particular types of magnetite. Secondly, since magnetite is easily oxidised,

magnetite abundance is modified with transport and weathering (Hugo, 1993)
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making the application of this diagram in a magnetite provenance less useful.
Exsolution features in magnetite present in the Kleinzee study area are less
abundant than in ilmenite, and most of the magnétites manifests themselves as
homogeneous g_rai‘ns, which indicate felsic or intermediate igneous and metamorphic

rocks as sources.

Magnetites derived from felsic igneous and metamorphic rocks are gene'rally Ti-poor
compared to titanomagnetite and titaniferous magnetite that are indicative of more
basic igneous rocks (Reynolds, 1978; Frost, 1991; Frost and Lindsley, 1991). Hugo
(1993) concurred that homogeneous magnetites are virtually pure and ‘contai'n
stoichiometric proportions of Fe,O, signifying both metamorphic and igneous origins.
Felsic magnetites are generally depleted in Mg, Al, V and Cr compared to their
intermediate and mafic counterparts (Grigsby, 1990; Razjigaeva and Naumova,
1992). Hugo (1993) suggested that a plot of Al,O, against (Fe,0,/Fe,0,+TiO,) is a
good discriminator of magnetite provenance. Using this plot, magnetite analyses of
Kleinzee (Fig. 6.4.) show that roughly equal proportions of magnetite could be
ascribed to a metamorphic origin or alternatively were derived from basic igneous
rocks..Only a small proportion of the analyses could not be classified with certainty.
Magnetites from Geelwal Karoo plot mainly in the metamorphic field, indicating
metamorphic rocks as sources. It is Concluded that both magnetite and iimenite
chemistry indicates slight variations among probable source rocks for Fe-Ti oxides
from Kleinzee, Geelwal and Graauwduinen. Nevertheless, it is assumed that these
source lithologies are connected to a regional source terrain with a very strong

metamorphic signature.

Rutile

Rutile-is virtually absent in igneous rocks so that its presence as detrital grains in
sediments is usually evidence of a high-grade metamorphic terrain (Mezger et al.,
1989). Under metamorphic conditions rutile is formed either in the kyanite or
sillimanite facies of regional dynomathermal metamorphism or in the highest grade of
burial metamorphism (Force, 1980). Because of its ultrastability, it is naturally

subjected to sedimentary recycling (Deer et al., 1992). Rutile in the study area was
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probably derived from granite-gneisses as noted by Jack (1980) and Theart (1980) in

their studies of western Namaqualand.

6.2.2.  Zircon
The diverse effects that temperature, pressure, oxygen fugacity and initial magma
composition could have on the chemistry of zircon, make elemental analysis of
zircon an excellent tool to discriminate provenance. The ultrastability of zircon during
sedimentary transport, diagenesis, metamorphism and anatexis further aids in the
use of zircon as a provenance indicator. Previous studies utilising zircon as a
provenance indicator concentrated on the physical properties of zircon éuch as
crystal morphology and zoning patterns. Classification of zircons based on zoning
facets (Pupin, 1980) is well known in igneous petrology studies, but, has limited
application for zircons derived from sedimentary environments, due to secondary
features such as overgrowths and abrasion that obliterate the primary morphological

nature of the zircon.

Owen (1987) reasoned that Hf variability in a magma might lead to distinctive Hf
composiﬁons in a zircon population. Hf is furthermore immobile and the Hf content in
a zircon is unaffected by sedimentary processes, making it a useful provenance
indicator. Kinny et al. (1991) verified that the Hf content of a zircon population might
be used to identify and distinguish between possible protoliths of rocks. Owen (1987)
showed in his work that it is possible to discriminate provenance by plotting the Hf
content of zircons as a frequency distribution. According to this model, the shape of
the frequency distribution and the spread about the mean will reflect the variety of
zircon populations present. Two genetically different zircon populations will yield a
bimodal frequency distribution of Hf content, in contrast with a single zircon
population that will plot as a unimodal distribution. Zircons from Kileinzee,
Graauwduinen and Geelwal Karoo all have unimodal Hf frequency distributions (Fig.
6.5.), implicating that zircons from each area had a single source. Zircon populations
from all these areas also have identical HfO, modal classes (1.2-1.4 wt%), indicating
a single zircon source for all theée localities. Considering the large area that the
present study and those of Cilliers (1995) and Macdonald (1996) span, this suggests

that the majority of zircons from the west coast of South Africa were mainly derived
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from a uniform source terrain, presumably the NMC. Although the primary source
terrain (NMC) contains a diversity of rocks, present zircon chemistry indicates that

the Hf signature of zircons from the regional rock suite is uniform.

REE chemistry és well as radiometry however, indicate that the zircon populations
from Kleinzee, Graauwduinen and Geelwal are different. These differences are
" believed to be related to the composition (blend) of the zircon populations, which are
ultimately connected to the temporal evolution of the coastal sediments. In their
study of west coast zircons, Rozendaal (1998), Philander et al (1998) and
Rozendaal et al. (1999) have demonstrated that the colour of zircon is associated
with distinctive chemistry. Concentration of the various grain-types is variable in
diffe‘fent samples and contributes to the unique character of each population. This
significant relationship is related to source rock composition and the stage of
sedimentological evolution i.e. sediment maturity. The variable LREE character of
representative zircon separates from these west coast localities confirms that the
héterogeneity of their populations differ (Fig. 6.6). |

In a similar manner, the radiometric character for a locality or depositional
environment is distinctive. The zircon population from the Buffels River is
heterogeneous, containing unstable zircons high in U and Th (Fig. 6.7.), indicating an
immature host sediment. In comparison, zircons from Geelwal Karoo are present in
more mature sediments from a beach environment, where consecutive marine
processes were effective in removing unstable zircons, resulting in the much lower Bi.
activity of these particular samples (Fig. 6.7). Zircon populations from the
palaeochannels are highly evolved as can be seen from their very low Bi activity,
indicating a very low abundance of uraniferous, metamict__zircons. Similarly,
Graauwduinen zircon populations, which are mainly from an aeolian environment, .
indicate an intermediate stage in the evolution of west coast sediments. It is
concluded that the difference in the geochemical and radiometric character of zircons
from various west coast localities can be ascribed to the evolution of their host

sediments.
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It was stated that based on colour, a variety of zircons, which include colourless,
pink, yellow, brown, purple and metamict types, have been identified in the study
area as well as from other localities along the west coast of South Africa. In his study
of the Richards Bay Mineral's zircon, Pietersen (1993) identified a similar range of
zircon types and reasoned that these different zircon types belong to different source
rocks. Using the REE profiles and calculated partition data of the various zircon
types, he modelled REE profiles for potential source rocks. These calculated profiles
of the possible source rocks were compared to a range of REE profiles of known
lithology to determine the most probable source rocks for each zircon type. Pietersen
(1993) showed that colourless zircons were derived from acid rocks, which include
syenites, granites, granophyres, migmatites and rhyolites. Pink zircons were ascribed
to granite-gneiss and pegmatites, whereas the brown, highly coloured and metamict
zircons were presumably derived from mafic rocks, migmatites, carbonatites and

pegmatites.

Fig. 6.8. illustrates that HREE profiles of the different zircon types from RBM are
similar, but that their LREE profiles vary significantly (Pietersen, 1993). Rozendaal et
al. (1999) demonstrated identical trends for various zircon types from the west coast
of South Africa. Fig. 6.8. however shows that for a particular zircon type, the shape
and shift of the LREE profiles are different for the two localities. This is most probably
attributed to the difference in the' method of REE analysis. Pietersen (1993)
pérformed REE analysis by ICP-MS on zircon fractions and stated that the fractions
could have been contaminated by -monazite, resUIting in the relatively high
concentrations of the LREE and ZREE. REE analysis of west zircons was performed
on single grains by LA-ICP-MS (Rozendaal et al., 1999), which is by comparison a |
much more accurate method: Recent, undocumented research on zircons from
several world-wide localities indicate that the shape and shift of LREE profiles for a
given colour type> are constant, irrespective of their locality. This corroborates
Pietersen's (1993) view that a specific zircon type is derived from a particular fype of
source rock. This suggests that the different zircon types in west coast sediments

can be assigned to similar source lithologies as determined by Pietersen (1993).
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In conclusion, the studied zircons indicate mixed populations and are mainly derived
from felsic metamorphic and felsic igneous rocks, presumably pertaining to the NMC.
The‘high roundness of the majority of zircons unequivocally indicates that they were
recycled. Cathodoluminescence has revealed a variety of zircon types each with
inherited cores énd}intricate zone overgrowths, which are linked to distinctive trace
element distribution. Comparison with other studies (Pidgeon, 1992; Campbell et al.,
1993; Hanchar and Miller, 1993; Koschek, 1993; Vavra et al., 1996, 1999) verifies
that the presently observed zircons are derived from igneous as well as metamorphic
rocks. Robb et al. (1998) reported zircons with similar core and growth
characteristics from various rocks belonging to the NMC, confirming the relafionship
between the studied zircon population and lithologies from the NMC. The postulation
of the NMC as primary source for the studied zircons is also substantiated by Jack
(1980) and Theart (1980) who reported the presence of zircons in granites-gneisses

and schists from the West Coast Belt.

6.2.3. Gamet

- Compositional variations shown by detrital gérnetsl have proved particularly useful in
provenance studies (Morton, 1985, 1987, 1991; Hutchison and Oliver, 1998), since
there is a wide variety of potential garnet compositions in sediments, with seven
principal garnet end-members (pyrope, almandine, spessartine, grossular, andradite,
uvarovite and hydrogrossular). Garnets in most cases are associated with a wide
range of metamorphic rocks, but are also characteristic of many igneous rocks. Blatt
et al, (1980) verified that garnets of different compositions belong to different
parageneses. According to him, the garnets of granites and pegmatites are
- almandine and spessartine, the garnets of peridotites are pyrope and those of
biotite-schists are almandine, and gyossular a_nd aljdrac_iite are characteristic of

calcareous contact metamorphic aureoles (Deer ef al., 1982).

Geochemistry indicates that the main garnet type in the Kleinzee sediments is
almandine-pyrope. Macdonald (1996) and Cilliers (1995) also reported garnets with
similar chemical composition from the Graauwduinen and Geelwal Karoo deposits
(Fig. 6.9A.), which indicates a uniform source for Kleinzee, Geelwal Karoo and

Graauwduinen garnets. Identical REE patterns of garnets from all these localities
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(Fig. 5.22.), substantiates a uniform garnet provenance. In addition to almandine,
Macdonald (1996) reported significant amounts of grossular-andradite in the Geelwal
Karoo sediments. The absence of grossular-andradite in the Kleinzee area either
could be accounted for by a difference in garnet provenance or may be explained by
the low stability‘ of grossular in a high-energy sedimentary environment (Morton,
1985, 1991). Grossular-andradite garnet is considered to come from calc-silicate
gneisses (Albat, 1984), which is absent from the West Coast Belt (Theart, 1980).

Garnets with an almandine-pyrope composition have also been reported mainly from
aluminous (pelitic) gneisses (Fig. 6.9B.), with minor occurrences in schists and
granites from western Namaqualand (Kréner, 1973; Zelt, 1975; Joubert, 1978; Jack,
1980; Albat, 1984). These studies show that almandine-pyrope initially appears in
the epidote-amphibolite facies; is most diagnostic of the amphibolite facies and even
continues to be stable in the lower part of the granulite facies. A single spessartine
garnet was probably derived from a sillimanite bearing-gneiss (Theart, op. cit).
- Considering all the evidence, it seems reasonable therefore to ascribe the primary
source of the studied garnet suite to pelitic rocks belonging to the NMC. This is in
agreement with Cilliers (1995) and Macdonald (1996) who also proposed a high-
grade metamorphic terrain as primary source for the Graauwduinen=and Geelwal

garnets.

6.2.4. Pyroxene
The chief pyroxenes in the study area are augite with subordinate amounts of
pigeonite. Augite generally occurs in a §/ariety of igneous rocks, but is more brevalent
in amphibolites, granulites and other high-grade metamorphic rocks (Deer et al.,
1992). This is consistent with the work done by Theart (1980) and Jack (1980) in
western Namaqualand who report pyroxenes with an augitic composition (Fig.

6.10A.) from mafic amphibolites and granulites.

Several studies in Namaqualand (Lipson and McCarthy, 1977; Zelt, 1978, 1980;
Theart, 1980; Moore, 1986) have shown that augite may be more common in the
amphibolite facies than in the granulite facies and when it occurs in the latter it is

restricted to the lower part of the granulite facies. This indicates that the majority of
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augite in the study area came from amphibolite facies (medium-grade) mafic rocks.
Pyroxenes with strikingly similar chemical composition were also reported from
Graauwduinen (Cilliers, 1995) and Geelwal Karoo sediments (Macdonald, 1996; Fig.
6.10B). It is therefore concluded that the majority of pyroxenes in Cainozoic west
coast sediments were derived from mafic rocks that were metamorphosed to

amphibolite facies (medium-grade) metamorphism.

6.2.5. Amphibole

The majority of studied amphiboles can generally be regarded as hornblende.
Members of the hornblende series exhibit a continuous compositional range,
denoting a wide range of P-T conditions giving rise to diverse parageneses
(Hawthorne, 1981; Deer et al., 1992). In igneous rocks, hornblende occurs in felsic
and alkaline intrusives and is the most common fefro-magnesium mineral in
intermediate plutonics (Deer et al., 1992). Hornblende is also the most common
mineral of regional metamorphism where it appears in schists, gneisses,
amphibolites and granulites (Deer et al., 1992). It is present in the rocks from the
amphibolite to the lower granulite facies, forming the principal mineral in the

amphibolite facies.

From the very high microprobe totals, it is deduced that no appreciable numbér of
OH- groups is present in the studied population, suggesting a metamorphic origin for
the hornblende population. Several workers (Jack, 1980; Theart, 1980; Albat, 1984) -
which investigated western Namaqualand, reported hornblende from a variety of
rocks which include gra‘nite-gneisses, medium to high-grade amphibolites, mafic
gneisses and granulites. They concluded that hornblende is more prevalent in
medium-grade metamorphic rocks than any other lithology. Compared to the
hornblende chemistry of the Kleinzee area, these workers reported similar chemical
compositions (Fig. 6.11A.), suggesting that the majority of hornblende in the study

area can be equated to mafic medium-grade metamorphites.

The colour of hornblende in metamorphic rocks is diagnostic of the provenance,
where amphibole colour seems to be related to the thermal grade of metamorphism

(Leake, 1978; Deer et al., 1992). High-grade metamorphic rocks usually host brown
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or stronger shades of green compared to paler green hornblende that generally
denotes medium-grade metamorphic rocks (Engel, 1961). Several workers (Jack,
1980; Theart, 1980; Albat, 1984) in western Namaqualand argvued in a similar
manner, equating the brown and olive-green amphiboles to the granulite facies and
the green varieties to the amphibolite facies. Compared to the green variety, brown
hornblende is poorly represented in the study area, which confirms that the majority
of hornblende came from medium-grade metamorphites. Hornblende with similar
chemical compositions has been reported from Graauwduinen and Geelwal Karoo
(Cilliers, 1995; Macdonald, 1996; Fig 6.11B) which indicates a uniform source for

hornblende along the west coast of South Africa.

6.2.6. Other minerals

Epidote
Clinozoisite and epidote show similar parageneses and are common in schists,

phyllites and slates formed during medium-grade regional metamorphism (Deer et
al., 1992; Artioli et al., 1995) and are particularly characteristic of rocks from the
greenschist and epidote-amphibolite facies (Deer et al.,, 1997). Epidote is almost
exclusivély hosted by mafic amphibolites in the West Coast Belt (Jack, 1980; Theart,
1980). In this region, epidote is also sparsely distributed in granite-gneiss, schist and

calc-silicate metamorphic rocks.

Epidote is a prevalent mineral in the Gariep Supergroup of which outcrops are
widespread north of Kleinzee (Kroner, 1974), explaining the uniform distribution of
epidote in particular sediments in the BMC area. South of the Buffels River, Gariep
. rocks are poorly represente\d (Jack, 1980), which accounts for the very low
abundance of epidote in sediments from the KNC area. A similar explanation is
offered for the absence of evp'i(_jwoie |n sedimeﬁfs from Geélwal Karoo and
Graauwduinen, which lie farther south. In conclusion, epidote from the study area

had mafic amphibolites as its ultimate source.

Aluminosilicates

Kyanite is a high-pressure mineral of regional metamorphism forming in pelitic

schists, gneisses, amphibolites and granulites (Deer et al., 1982). Silimanite has a
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similar parageneses to kyanite, but the presence of sillimanite indicates high
temperature regional or contact metamorphism (Deer et al, 1997). The presence of
both sillimanite and kyanite in Kleinzee sediments indicate that the source rivers
drained a region with rocks which were metamorphosed to different P-T conditions;
viz. a medium and a high-grade metamorphic terrain. Within the boundaries of the
study area kyanite and sillimanite occur almost exclusively in aluminous (pelitic)
gneisses and to a minor degree in schists from the amphibolite facies (Joubert, 1971;
Jack, 1980; Kirtley, 1985), making these lithologies the most likeable source for the

aluminosilicates in the study area.

Staurolite

Staurolite is largely restricted to medium-grade regional metamorphic rocks such as
mica schists and gneisses (Deer et al, 1997). In pelitic schists and gneisses
staurolite is associated with almandine, kyanite and micas indicating amphibolite
facies metamorphism (Deer et al., 1982) and in the lower grade metamorphics such
as in schists and phyllites it appears with chlorite and chlorotoid (Déer et al., 1982).
Albat (1984), Theart (1980) and Jack (1980) reported aluminous gneisses and to a
lesser degree schists in western Namaqualand which contain mineral paragenesis of
almandine-kyanite-staurolite, designating amphibolite facies metamorphism. This
indicates that staurolite in the study area most -probably came from medium-grade

gneisses and schists from the NMC.

Titanite

- The principal igneous parent rocks of titanite are intermediate and felsic plutonics
(Philips and Griffin, 1981), but it is also widely distributed in rocks subjected to
amphibolite facies metamorphism-such as schists, granite-gneiss and amphibolites
(Deer et al., 1992). These particular titanites occur as grey cubes, a type that has
been widely recognised in the study area. Titanite of similar habit has been reported
in mafic amphibolites from the West Coast Belt, near Kleinzee (Jack, 1980). This
mineral is restricted to a zone approximately 20-30 km from the present coastline
near Kleinzee (Kréher, 1978; Jack, 1980). Its disappearance towards the east may

indicate the start of the transition from an amphibolite facies terrain. It is concluded
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that titanite in the Kleinzee sediments were eroded from mafic amphibolites in the

near proximity.

Monazite

Monazite occurs mainly as an accessory mineral in granite, granodiorite, syenite and
other similar plutonic rocks (Deer et al., 1997). Neither Theart (1980) nor Jack (1980)
mentioned any monazite .in their petrographic investigation of the West Coast Belt.
These workers probably confused monazite with zircon, as the characteristics of
these minerals are very similar. This viewpoint is corroborated by Theart's (1980)
description of "zircon-enriched" granifes and gneisses along the coast near Kleinzee
that are characterised by an unusual high radioactivity. It is concluded that monazite
~ was probably derived from granites or felsic gneisses. Andreoli et al., (1994)
described fissures that host apatite-monazite at Steenkampskraal. Taking the high
roundness of the observed monazite in account, it does not exclude the possibility
that these minerals . could have been eroded and transported from the

Steenkampskraal or other similar deposits.

Apatite

- Collophane (cryptocrystalline apatite) originates in sedimentary environments and is
probably derived from skeletal material closely associated with phosphorites or as a
biochemical precipitate (Pettijohn, 1975). Collophane occurs in the near-perfect
spherical form and to a lesser extent as more irregular pieces. Fish teeth and other
organic remnants in the study area have been identified to consist partially of
collophane (Nicholas, 1995). The sourbe of the collophane is probably the Pliqcene

phosphatic limestones occurring at elevations of 110m ams/

Glauconite T T

Glauconite probably originated from a sedimentary environment. Glauconite is
deposited under quieter conditions usually in an offshore environment suggesting
that the present glauconite was either reworked from older marine units or deposited
in a sheltered sub-environment such as a J-bay. The former hypothesis is favoured,

considering that the high roundness of the grains indicates extensive recycling.
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6.3. Discussion

A brief discussion on the geology of the possible source terrain for the observed
heavy minerals in the study area follows. The study area is underlain by the western
part of the Namaqua Metamorphic Province that is divided into subprovinces,
terrains and belts (Joubert, 1986; Fig. 6.12). Metamorphism in western
Namaqualand r‘ranges from greenschist facies in the Kheis Subprovince (Joubert,
1976) and central part of the Richtersveld Subprovince (Martin, 1975; Waters, 1986)
to granulite facies southwards in the Bushmanland Subprovince (Zelt, 1980; Reid et
al., 1987) as well as along the spine of the Gordonia Subprovince (Watkeys, 1986).
The extreme west of Namaqualand, comprising part of the Bushmanland
Subprovince incorporating the West Coast Belt, is metamorphosed to amphibolite
facies (Theart, 1980; Zelt, 1975, 1978). The Mid-Proterozoic Namaqua Metamorphic
Complex which are locally referred to as the "basement”, comprises diverse
lithologies of polyphase deformed and metamorphosed sediments and volcanics
intruded by various pre-, syn- and post-tectonic igneous rocks (De Villiers and
Soéhnge, 1959; Kroner, 1973; Lipson and McCarthy, 1977; Moore, 1986).

The basement has been overprinted by the Pan-African event (900-450 Ma) which is
represented by the metavolcano-sedimentary Gariep Belt (Joubert and Kréner, 1971;
Kréner, 1974; Germs and Gresse, 1991) and the sedimentary Nama Group (Germs,
1972; Gresse, 1992). In response to the Pan-African event the basement as well as
the overlying Gariep Supergroup and Nama Group ‘exhibit several thermotectonic
phases which resulted in the intercalation of basement and supercrustals as well as
the recrystallisation of new minerals through retrogression (Saggerson and Turner,
1995).

More specifically, the West Coast Belt portrays a polymetamorphic area where the
Pan-African Gariep Complex overprints the Namaqua Metamorphic Complex. The
southernmost outcrops of the Gariep Supergroup, represented by the Lower
Stinkfontein "Formation", are exposed as overthrusted, tectonic slices with the
basement just north of Kleinzee (Hartnady and Von Veh, 1990), whereas southwards

from Kileinzee to the south of the Groen River outcrops are restricted to isolated
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patches (Jack, 1980). Erratically distributed exposures of Nama Group rocks

unconformably overlie the basement in the West Coast Belt (Jack, 1980).

The Plio-Pleistocene sediments in the Kleinzee area in general have similar heavy
mineral assemblages. Some significant differences have been observed for the
various successions, but could be satisfactorily explained by sedimentological factors
“such as source rock mineralogy and hydraulic sorting (see beginning of this chapter).-
No single mineral species or type is restricted to a particular area or a stratigraphic
succession. Consequently, it is suggested that the provenance for the whole study
area is uniform. Mineralogical characteristics supported by varietal geochemistry
imply that these heavy mineral suites represent a mixture derived from several rock
types. The data presented indicate two source types, a magmatic and a
metamorphic suite in the provenance area. The association of rUtile, staurolite,
aluminosilicates, almandine-pyrope, epidote, augite, hornblende and titanite, mainly
indicates their common metamorphic parentage whereas zircon, monazite and Fe-Ti
oxides may have an igneous or metamorphic origin. Rounded heavy minerals imply
that the source area was also composed of pre-existing sedimentary deposits. Heavy
mineral data furthermore signals the predominance of metamorphic lithologies over

igneous rocks in the provenance area.

Fe-Ti oxide and zircon chemistry indicates that the igneous sources include rocks
from felsic to mafic composition, whereas the rest of the heavy mineral assemblages
indicate a diversity of source rocks metamorphosed to various metamorphic grades.
Epidote indicates low-grade (greenschist facies) metamorphismﬁ staurolite, titanite,
green hbrnblende and aluminosilicates denote medium-grade (amphibolite facies)
metamorphism, whereas almandine-pyrope, Fe-Ti oxides, augite and brown
homblende could be stable from the amphibolite to the lower granulite facies (Bucher
and Frey, 1994; Hess, 1989; Wilson, 1989). The studied heavy mineral suite
indicates that the .precursors of the metamorphic minerals, epidote, augite,
hornblende, and titanite were mainly mafic rocks whereas the aluminosilicates,
staurolite and almandine-pyrope represent pelitic rocks. The predominant occurrence

of Fe-Ti oxide and zircon in the study area as well as their demonstrated felsic
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signatures indicate that the source terrain for the Kleinzee sediments contain mainly

felsic rocks.

It is reasonable to assume that the heavy minerals in the study area were derived
from an area where metamorphic and interrelated igneous rocks were widely
exposed. Considering the pro*imity of the comprehensive Namaqua Metamorphic
Complex (NMC) it is therefore envisaged that diverse lithologies representative of the
NMC can be regarded as the only principal and original sources that are consistent |
with the composition of the sands as well as with geological and physiographical
conditions. The close relationship between the detrital mineral species in the study
area and lithologies of the NMC as source rocks is confirmed by several studies in
western Namaqualand that reported identical mineral species (Jack, 1980; Theart,
1980; Zelt, 1980; Albat, 1984). The striking similarity of mineral chemistry from
Kleinzee sediments and lithologies from the NMC, unambiguously indicate the NMC
as primary source terrain for the Kleinzee sediments. The possibility that lithologies
‘of the Gariep Supergroup and Nama Group supplied source material cannot be
excluded and it is reasonable to assume that the coastal sands could inciude
recycled material derived from these complexes. Considering that the Pan-African
complexes are metamorphosed maxima)lly to greensbhist facies in the north (Germs,
1972; Hartnady and Von Veh, 1990), contributions from these complexes would be
minimal. This perspective is substantiated by the fact that diagnostic greenschist
facies minerals, like epidote are poorly represented in the study area. Moreover, the
smaller mass area of the Pan-African complexes compared to the NMC
substantiates in part the fact that these Pan-African complexes did not supply

- significant amounts of material to the coastal deposits.

Some of the detrital material of the beach sands has been derived from intermediate
sedimentary sources. Part of the marine sands is derived from direct erosion of
beach and dune deposits, which are compositionally similar to coastal sands being
deposited at the present-day beaches. Bimodal roundness distributions of both light
and heavy minerals indicate that mixing of sediments of variable textural maturity
occurred. Several grains bear abraded overgrowths, a characteristic, which suggests

that these grains were recycled from a sedimentary source.
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Heavy mineral compositions in the study area reflects the predominance of medium-
grade (amphibolite facies) metamorphic rocks over low-grade (greenschist) and high-
grade (granulite facies) rocks in the source area. The interpretation of metamorphic
zonation in western Namaqualand (Zelt, 1978; Kroner, 1978; Jack, 1980; Theart,
1980) places an important constraint on the boundaries of the presumed source area
(Fig. 6.13). Orthopyroxene as a specific indicator of the granulite zone first appears
approximately 20-30 km from the coastline (Fig. 6.13.) and in view of its absence in
the entire study area this could indicate a source area that lies very close to the
present heavy mineral deposits. Evidence to substantiate this is reflected by the high
angularity of the majority of minerals, verifying that they are juvenile material and
were not transported over great distances. This is consistent with the moderate
textural maturity of the sediments that suggests relatively little transport and
reworking. These facts explain why the majority of detrital grains are of first cycle
material that came directly from their primary sources. Furthermore, unstable
minerals such as epidote, augite and hornblende indicate a relatively proximal

source as these minerals could hardly survive prolonged abrasion or transport.

The local introduction of primary material is conﬁfmed by the presence of etch pits on
garnets, a feature that survives only short distances of transport and is only
recognised close to the source (De Wit, 1993). Large gravel clasts are generally not
found far from their source (McLane, 1995) and clasts of granite, amphibolite, gneiss
énd schist that closely resemble known bedrock formations emphasise the influence
of close-by igneous and metamorphic sources. Zircons, especially those present in
the palaeochannels, and an integral portion of the Fe-Ti oxides could be, if their
durability is taken in consideration, transported over greater distances. These
particular minerals could have come from as far as the Great Escarpment as it is
known that the palaeochannels emerge from just east of this geomorphical feature.
Otherwise, their physiochemical stability and continuous recycling could explain their

roundness.

Judging from the presented evidence, it is hypothesised that the majority of heavy
minerals in the study area were eroded and transported from an area situated in the

West Coast Belt, approximately 20-30 km from the present coastline. The source
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region also includes the Bushmanland Plateau. This conclusion indicates a relatively
proximal source for the heavy minerals as well as the host sediments and has very
important implications concerning diamond distributidn. Heavy mineral populations,
including diamonds, record the maturity of their host sediments, which is a function of
the evolution of the latter. If a given diamond population is immature with respect to
characteristics such as quality, textural sorting and grain-size and the heavy mineral
assemblage of its host sediment is immature as well, this would indicate that both
diamonds and the host sediments were minimally transported, indicating a very
proximal, secondary diamondiferous reservoir. On the contrary, if the diamond
population is mature, but itsv host sediment immature, it suggests that the dia.monds
were probably recycled from pre-existing deposits and mixed with sediment that was
minimally transported and reworked. In this regard, little can be said about the
proximity of secondary diamond sources. Similarly, if both the diamond population
and its host sediment are highly evolved this would indicate that both diamond and

heavy minerals were extensively recycled.

- Although various palaeodrainage evolution models have been proposed for heavy
mineral deposits along the west coast (Partridge and Maud, 1987; De Wit, 1993; De
Wit, 1999), it is generally accepted that the coastal Orange, Olifants and Buffels
Rivers acted as primary transporting mediums for sediment from the hinterland to the
west coast. In this regard, the Swartlintjies, Spoeg, Groen and Sout Rivers played a

subordinate part.

Several authors who studied west coast deposits (Cilliers, 1995; Macdonald, 1996;
Rozendaal, 1998) reported strikingly similar heavy mineral suites and mineral
chemistry; equating the provenance of heavy minerals along the west coast
ultimately to the NMC. Realising the extended mass of the NMC, this accentuates
the dominance of the NMC as a prime contributor of detritus to the coastal heavy
mineral deposits, from the Late Cretaceous to the present. However, the specific
type of source lithologies as well as the exact localities from which the heavy
minerals were eroded and transported are at present enigmatic and must await a

regional study of the rocks in the postulated hinterland.
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CHAPTER 7
ECONOMIC EVALUATION OF HEAVY MINERAL
DISTRIBUTION

In the reconnaissance phase of evaluating the economic potential of a heavy mineral

deposit, several important factors have to be considered. These include:

‘total heavy mineral content

heavy mineral composition

ore resources

mineralogy and chemistry of ore minerals

Individually, none of these factors could indicate an economic prospect, but instead a
favourable combination of these factors would Signify a potentially economic deposit.
The influence of these aspects on the economic potential of the heavy mineral

distribution will be briefly addressed to whether a follow-up study is justified.

Compared to other major heavy mineral deposits, the heavy mineral distribution in
the Kleinzee area cannot be regarded as significant (Table 7.1). On average, the
studied sediments con£ain 6.4% total heavy minerals. This figure is highly
exaggerated since more than 70% of the sediments in the Kleinzee ‘area host <2.5
wt% of total heavy minerals. The rest of the sediments exhibit THM values that range
between 5 and 60%. Table-7.1. shows-that - major heavy mineral-producing deposits
such as Eneabba, Richards Bay, Trail Ridge and Travancore, generally have heavy
mineral grades of 10-50% THM. Along the west coast of South Africa, the mega-
placer at Graauwduinen has ore reserves of one billion tons at a grade of 13.8%
THM. The very high-grade heavy mineral strandlines at Geelwal Karoo and
Graauwduinen is the primary result of an effective concentrating mechanism in a J-

bay environment (Macdonald, 1996). The Graauwduinen heavy mineral strandlines



Table 7.1. = Comparison of the Kleinzee heavy mineral distribution with other selected heavy mineral deposits.
Deposit Type Age Total THM limenite  Zircon Rutile limenite chemistry
heavy (wt%) wt%hof wthhof wthof TiOp FeO Fe03
! minerals THM THM THM  (wt%) (wt%h)  (wi%)
! (mt) _ . _
Kleinzee, west coast of S.A. : ' palaeo-beach placer Pliocene to Holocene * 6.4 51 6 <1 53 37 5
Mine heaps; Kleinzee, west coast of S.A. ‘ - - * 4.3 41 17 - <1 L * *
'Geelwal Karoo, west coast of S.A. palaeo-beach placer Pleistocene 4 78 10 <1 <1 - 51 43 4
2Graauwduinen, west coast of S.A. ' palaeo-aeolian placer Pleistocene to Holocene 45 18 41 12 1 52 45 2
®Richards Bay,beast coast of S.A. aeolian placer Pleistocene to Holocene 106 13.8 58 3 7 50 37 11
‘Eneabba, west coast of Australia: palaeo-beaph placer, - Tertiary to Pleistocene 27 50 60 18 10 56 14 26
SBunbury, west coast of Australia | palaeo?ggggr? placer Pleistocene 22 10 >60 1 10 55 = 22 11
SQueensland, east coast of Australia ; beach strandlines, coastal Pleistocene 26 <0.'1 15 7 77 * * >
"WIM, south-east Australia I beachrj1n:)aISacer Tertiary to Pleistocene 137 3 43 13 9 * * *
8Trail Ridge, Florida, USA l palaeo-shoreline Pliocene to Pleistocene 14 50 * 15 3 58 12 25
SLakehurst, New Jersey, USA beach placer Miocene * <2 86 7 <1 65 1 30
°Cabin Bluff, Georgia, USA ‘ beach placer Pleistocene <2 <4 70 14 <1 61 * *
1Coastal Plain, Virginia, USA ‘ beach strandlines, coastal . Pliocene 23 6 60 13 3 58 <1 38
2Travancore, coast of India ': bea%%n:lzcer * 50 75 5 4 61 9 24

*- not available
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5Force (1991)
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"Williams (1990)
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*Puffer and Cousminer (1982)
%Pirkle et al (1991)

"'Carpenter and Carpenter (1991)
2Force (1991)
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were subsequently upgraded by the development of large aeolian dunes (Cilliers, -
1995). The absence of a J-bay as a major concentrating mechanism and the lack of
substantial dune formation in the Kleinzee area explain the generally low

concentration of heavy minerals in the area.

Namakwa Sands Ltd., which operates the Graauwduinen deposit, uses a 10% THM
cut-off grade to delineate ore reserves. Consequently, it was decided to evaluate
those sedimentary units in the Kleinzee area that has >10% THM. These particular
sedimentary units that are potential prospects conform to stratigraphic successions
from Langhoogte in the BIC, the Middle and Upper Terraces of the BMC and the
FGS, Upper CFS and RET of the KNC (Table 7.2). The economic potential of these

particular sedimentary units as well as the mine heaps will be discussed.

The economic importance of a heavy mineral deposit largely relies on the ore
mineral composition. Conventionally, zircon, ilmenite and rutile are regarded as the
main economical minerals with the remaining assemblage considered as gangue.
Currently, monazite, which is valued for its REE, is not considered to be a
commodity. The latest prices for ilmenite, zircon and rutile are quoted below (Mining
Journal, 1999). |

ilmenite (54% TiO,)  $95-110/t fob (bulk)
zircon (66-67% Zr0,)  $500-600/t fob (bulk)

rutile (95-97% TiO,)  $695-750/t fob (bulk)

The total economic fraction (TEF) of heavy minerals comprises the combined weight
per;ﬁtéges of zircon, rutile and iimenite in the heavy fraction. Table 7.2. indicates
that the TEF constitutes a very large portion of the investigated heavy mineral suites.
Generally, the TEF in the Kleinzee area is dominated by ilmenite (46-85%). Zircon
(1-6%) and rutile (~1%) constitute the remainder of the economic fraction. Mine
héaps on average contain fairly abundant zircon (17%). Regarding the significance
of the economic fraction, major deposifs such as Enabba, Queensland and WIM

located along the Australian coast eclipse the present mineralisation, which are
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relatively enriched in rutile and zircon (Table 7.1). Similarly, the South African
situated Graauwduinen and Richards Bay deposits are of economic importahce due

to their elevated zircon ahd/or rutile content.

The strike and full extent of the investigated heavy mineral host sediments are not
known at this time, but from exposures the measured thickness of the particular units
was used to calculate the tonnage on a grid of 50m by 50m (Table 7.2). The tonnage

is calculated by:

tonnage= [thickness of unit x 50m x 50m x S.G...J where the S.G.,,,was taken as 2

ton/m3.

The in situ monetary value of the sands was determined by the following calculation.

$/ t= z:[(TH Milmenite xTEFilmenite’< $ilmenite) + (TH Mzircon ><TEinrcon)<$zircon) + (TH Nlrutilex-rE Frutile>< $rutile)]

Table 7.2. THM, TEF, economic mineral abundance, tonnage and ir situ monetary values
for target areas. )

Target area IImenite Zircon Rutile TEF THM/t Tonnage $it
(% of THM) (% of THM) (% of THM) '000

DP127R 85.3 1.9 87.2 43.2 4 39
KN14 75.1 0.9 76.0 18.0 23 14
KV196R 79.6 _ 1.5 81.1 14.5 26 12
KV198PR 64.6 5.5 70.1 11.3 2 10
LHC 78.3 14 02 799 235 4 19
LKC1-04 65.2 29 0.3 68.4 15.3 38 12
LKN8-03 3 458 6.0 28 54.5 11.0 21.5 10
SEA419 783 03 786 47.0 5 36
SNR1_3 58.6 4.7 0.3 63.6 12.0 4.5 10
TP262N_2 82.1 0.3 824 43.5 15.5 - 35
Mine heaps 60.0 17.0 0.5 77.6 3.6 5 5
Namakwa Sands 41.0 12.0 1.0 v‘ 54.0 10 1 000 000 11

Weighted averages were calculated where units were successively mineralised. The

relevant values were used to delineate possible target areas (Fig. 7). The intrinsic

i
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value of these unconsolidated sands ranges from 10 to 39 $/t (Table 7.2). Compared
to a calculated intrinsic value of 11$/t for the Namakwa Sands deposit, most of the
investigated sites are rharginal and only a few areés indicate economic potential.
These figures however sketch the most favourable scenario and penalties against
mineral fractions that do not conform to set specifications could jeopardise the
viability of the operation. Expected recovery losses of economic minerals during
separation must also be taken into consideration and will greatly influence the
economic potential of these occurrences. Although the mine heaps have a very low
intrinsic value (5%/t), they are economically attractive, since production costs would

be minimal to exploit this resource.

Heavy mineral producers usually define stringent specifications concerning the
chemical composition of ilmenite, rutile and zircon. Generally, iimenite feedstocks
with less than 54% TiO, are not traded and additional beneficiation is required to
market this product (Hugo, 1993). Table 7.1. indicates that deposits along the east
coast of North America, Richards Bay and Australia are enhanced by their elevated
TiO, content, which is greater than 55 wt%. Microprobe analysis indicates that the
Klelnzee iimenites contain on average 51 wt% TiO,. The TiO, of the ilmenite as
determined from microprobe analysis can however be regarded as exaggerated and
may not be representative of the whole ilmenite population. TiO, abundance from
single grain analyses are in all cases higher than those obtained from bulk analysis,
because the ilmenite fraction can, aside from pure ilmenite, contain a suite of
complex Fe-Ti oxides, minerals which often are intimately intergrown with the
iimenite. Non-titanium bearing inclusions and substitution elements can also lower
the titanium grade. As a result, a bulk sample of the ilmenite fraction will have a
lower TiO, content than pure ilmenite. XRF analysis of the ilmenite fractions may
yield a more realistic figure. X-ray fluorescence analysis (XRF) was performed on
magnetically separated ilmenite fractions from the study area (Table 7.3). Results
indicate that the TiO, ranges from 45.9-51.5 % which is well below the specified
content of 54% TiO.,.
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Table 7.3.  XRF results for selected, magnetically separated ilmenite concentrates.

Sample Si0, TiO, ALO, Cr,0;, Fe;, MnO MgO CaO Na,0 K,0 P, 05 H,0- LOI Total
BMC: TP262N_3 041 449 02 00 518 30 01 01 00 00 00 00 00 1003
KNC:KN14 3 01 458 041 00 529 30 01 00 00 00 00 00 00 1021
BIC: LHC_1 01 516 01 00 430 33 02 00 00 00 00 00 00 1014

Palacochannels: 02 552 08 01 373 17 01 00 00 00 01 00 00 983
SN78-5_1

The degree of in situ alteration has a beneficial effect on the TiO, content of the total
iimenite-related fraction and increases its metal grade. limenites from the Kleinzee
area display limited alteration and <8% of the ilmenite fraction is affected. Single
grain analyses indicate that the titanium grade of the Kleinzee ilmenites is on
average poor (51 wt% TiO,) compared to other heavy mineral provinces in Australia,
USA and India, which produce ilmenite containing 53-61 % TiO,. Richards Bay
iimenites are also marked by TiO, enrichment (58% TiOz)vwhereas the west coast
Graauwduinen and Geelwal Karoo deposits contéin low-grade ilmenite (51% TiO,).
Impurities such as Si, Al, P, Cr, Ca, Mg, Mn and V reduce the quality of titanium
products and producers usually specify that their abundance should be less than a
few tenths of a per cent. The ferric to ferrous ratio is also important since extra
production cost is involved to reduce ferric iron to the ferrous state. It is obvious that
the lower the content of the impurities the more marketable is the product. XRF
analysis indicates that the impurity elements are very low and within the specified
constraints. Despite their low TiO, content, the high purity of the South African

ilmenites enhance their demand on the international market (Hugo, 1993).

Microprobe analysis has shown that ruti.le is essentially very pure and contains
between 95-99 wt% TiO,. Zircon on average contains 65 wt% ZrO, (excluding Hf)
which is significantly IO\;ver than the specified 66-67 wt% and although they host a
diversity of elements such as Fe, P, Al, Ca, U, Th and REE, their individual

abundance is generally less than 0.2 wt%.

In conclusion, the present appraisal of the economic importance of the studied heavy

mineral distribution indicates that it does not compare favourably with major
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economic heavy mineral deposits. The economic viability of the area is greatly‘
impaired by the generally low heavy mineral content as well as the composition of
the economic fraction which is dominated by less valuable ilmenite. Bulk chemistry
as well as single grain analysis also indicates that the TiO, content is low (<50%).
Using a cut-off grade of 10% THM and an in situ monetary value of $11/t, several
target areas have been delineated (Fig. 7). Several factors might however influence
the final viability of these occurrences. These include production costs, loss of
economic minerals during recovery as well as costly processing to produce a 54%

TiO, concentrate.

Ore resources may also be the deciding factor in considering whether the Kleinzee
area constitutes an economically viable deposit. In the author's opinion, specific
target areas in the study region (Table 7.2.) indicate enticing prospects and deserve
a follow-up study in order to evaluate their potential ore resources. It is
recommended that large diameter auger (LDA) drilling is done on a 100 x 100m grid
at the target areas to determine the dimensions of these heavy mineral
concentrations. Bulk samples (~100kg) should be taken at grid intersections and
from that heavy mineral concentrates should be obtained using Rickert cones or
Humphreys spirals. These facilities are available at the Department of Engineering,
University of Stellenbosch. Finally, these heavy mineral concentrates can be

analysed by XRF to quantify their Ti and Zr content.

Considering that the development and exploitation of a new deposit requires large
investments (Force, 1991), the economic feasibility of the Kleinzee area is more
suited for the establishment of a small, subsidiary operation that supply heavy
_minerals to existing heavy mineral producers, such as Namakwa Sands. Heavy
minerals can easily be separated in an on-site pilot plant and the upgraded heavy
mineral product can be transported to Namakwa Sands. In addition, an attractive
source of heavy minerals includes the mine heaps, which contain considerable

amounts of zircon, and ilmenite, which can be cost-effectively, exploited.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

A variety of Mid-Proterozoic rocks such as quartzites, schists, granitoids,
gneisses and amphibolites of the Namaqua Metamorphic Complex and Pan-

African Complexes constitute the basement rocks in the study area.

Heavy mineral occurrences in the study area are associated with overlying
Pliocene-Pleistocene unconsolidated marine successions as well as Miocene

fluvial lithologies.

In the KNC area, sediments are genetically related to characteristic sea-level
elevations, whereas those from the BMC were deposited on a series of wave-cut
terraces. It is inferred that the contrasting geomorphological nature of the two

neighbouring mining areas is the result of variable bedrock competency.

The BIC comprises a series of fluvial deposits that are related to the evolution of
the proto-Buffels River. The oldest recognisable sediments in the study area form
part of the kaolin-rich palaeochannels, which are linked to an imposing

weathering episode correlated with the post-African surface.

Grain-size analysis show that more than one source contributed detritus to the
KNC area, compared to the BMC area which had a uniform source. The bimodal
grain-size distribution of KNC sediments suggests unroofing in the hinterland of

the KNC area, which is believed to be the result of large-scale regressions during

“"the Pleistocene. -~

Grain roundness studies revealed mixed populations implying a degree of

sedimentary mixing or recycling.

XRD analysis confirmed that kaolin is the main clay mineral in the
palaeochannels. Relicts of partly kaolinised feldspar particles verify that the kaolin

is mainly derived from the in situ weathering of a feldspar-rich (arkosic) source.



107

Extensive weathering of the bedrock indicates that the weathering predated the

sedimentation of the channel sediments.

The Kleinzee area contains on average 6.4 wt% total heavy minerals (THM). This
figure is highly distorted since more than 70% of sediments in the study area
contain on average ~2.5% THM. The rest of the sediments have a wide and

variable range (5-60% THM) with local anomalies.

In the BMC area, the stratigraphically older sediments of the Upper and Middle
Terraces are marked by higher THM values (7-13%) compared to the much
younger Lower Terrace and RET sediments that show no sighiﬁcan’i
accumulation (1-2% THM). Conversely, the stratigraphically younger sediments
from the RET and Upper CFS sediments in the KNC area feature high THM
values (12-14%). The older, Pliocene FGS and Early Pleistocene Lower CFS
sediments are generally depleted in heavy minerals (1-4%). Anomalous
concentrations of heavy minerals (~12%) in the BIC suggests sedimentation on
point bars. The Vpalaeochannel sediments host very low amounts of heavy

minerals (1-2%).

The mechanism anticipated for the anomalous distribution of heavy minerals in
particular marine deposits is believed to be a powerful wave-regime with
favourable burial conditions considered essehtial in preserving the mineralisation.
The low abundance of heavy minerals in the majority of studied sediments is
ascribed to the absence of a favourable concentrating mechanism such as a J-
bay as well as the lack of secondary upgrading by aeolian (deflation) processes.
Both these factors significantly enhanced the heavy mineral concentration in the

Graauwduinen mega-placer.

A sighiﬁcant practical aspect is the fact that the total heavy mineral suite reports
to 2-3¢ (180-350um) size fractions of the sand. This would allow upgrading of the

heavy mineral suite by cost effective wet/dry screening.

The mineralogical composition of the heavy mineral suites is qualitatively uniform
throughout the entire study area, but the relative abundance of mineral species
and groups varies regionally and spatially. Fe-Ti oxides generally predominate,

followed by variable concentrations of zircon, garnet, hornblende, pyroxene and
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epidote. Other minerals often present in minor or trace quantities include
glauconite, aluminosilicates, staurolite, titanite, apatite (collophane), rutile and

monazite.

Principal component analysis performed on the heavy mineral compositions
revealed that variance between samples is a function of mineral density and
chemical stability. The dense and chemical stable mineral component is
represented by the opaque minerals, zircon and garnet while hornblende,
clinopyroxene and epidote depict the chemically.less stable and less dense

mineral component.

Multivariate statistics identified the opaque minerals, zircon, garnet, pyroxene,
hornblende and epidote as the prime contributors to variance of mineral
abundance. A discriminant anélysis using the significant factors discriminate six
distinct mineral assemblages explaining the variance of mineral abundance

amongst stratigraphic successions.

A simple suite of weathering-resistant minerals (opaques and zircon) marks the
palaeochannel and BIC sediments. Sediments of the BMC show that the Middle
and Upper Terraces have mature assemblages in contrast with the RET and
Lower Terrace that host a diverse, unstable assemblage‘. Immature assemblages
are found in the FGS and Lower CFS in the KNC compared to mature
assemblages of the RET and Upper CFS. Minor contrasts in source rock
mineralogy and hydraulic sorting processes are interpreted to explain the
difference in heavy mineral assemblages. For instance, the assemblage of
opaques-garnet-zircon that marks the Upper CFS and RET sediments, contains
the heaviest of heavy minerals, indicating that hydraulic sorting, entrainment and
transport were effective in their-concentration. The-influence of local source rock
mineralogy on the heavy mineral assemblages of the FGS sediments is
demonstrated by the striking increase in clinopyroxene, which is the greatest in

the entire study area.

It is clear that mineralogical fingerprinting of litostratigraphic units can provide a
valuable aid to geological mapping and provenance studies not only in the

Kleinzee area, but also with careful analysis this could be extended to other west



109

coast deposits. Significant differences in grain-size, mineral roundness as well a
heavy mineral assemblages between the Upper CFS and Lower CFS sediments,
which Pether (1994) éollectively perceived as a 30m Package equivalent, confirm
that these marine successions should be considered as separate "packages".
FGS sediments have almost identical heavy mineral assemblages as
encountered in equivalent 50m Package sediments from Geelwal Karoo and
Graauwduinen. This would imply that during the Pliocene the coastal rivers
providing the KNC area and similar west coast localities with detritus had a similar

drainage basin, indicating a common source area.

Opaque minerals include ilmenite, hematite and magnetite. The titanium-bearing
minerals comprise ilmenite plus its alteration products, rutiie and complex,

intimately intergrown phases of Fe-Ti oxides.

On average ilmenites contain 51% TiO, with only trace amounts of impurities.
Although the entire spectrum of iimenite alteration is present in the Kleinzee area,
only a-small portion (~8%) of the ilmenite fraction is affected and in most cases
alteration did not proceed past the hydrated stage. These results are remarkably
consistent with previous studies conducted at other west coast localities, which
indicates that climatic conditions during the PIio-Pleis{ocene were uniform along

the entire west coast of South Africa.

Zircon populations were found heterogeneous, displaying contrasting physical,

geochemical, cathodoluminescent and radiometric properties.

Zircon colour was found to extreme]y variable with the colourless 'to pink variety
being most abundant. Some zircons display shades of yellow, brown, orange and
purple. Zircon chemistry indicates that the colour is related to a distinctive trace-
elefnent distribution. Colourless-clear types' were found to contain high Hf and
very low U, Th and total REE concentrations compared to the zoned, coloured
and metamict varieties. Brown and metamict zircons are enriched in Y-REE and
may host U and Th up to percentage levels. Compared to colourless zircons, pink
types contain similar amounts of REE, but are marked by a greater abundance of

U and Th. Yellow zircons host a diversity of elements including Y-REE, Al, Fe, P,
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U and Th in variable concentrations. Complex CL spectra demonstrated the

variable trace-element chemistry and protracted evolution of single grains.

It was shown that the composition of the zircon population and consequently
each coloured variety differ proportionately for sediments from the marine,

palaeochannel and fluvial environments.

Geochemical and radiometric characteristics of zircon separates is a function of
the heterogeneity of a given zircon population which reflects on the evolution

(maturity) of its host sediments.

Zircon chemistry énd radiometry can be useful in diamond exploration.
Geochemical and radiometric characteristics of zircon populations from known
diamondiferous sediments can be used to locate sediments in the proximity with
similar zircon attributes, which in all probability will also be diamond bearing.
Zircon chemistry and radiometry of populations from diamondiferous sediments
will indicate the relative maturity of their host sediments. From this information,
the proximity of the precursors of these diamondiferous deposits can be

tentatively determined.

Heavy mineral assemblages of the study area indicate contributions from igneous
and metamorphic as well as reworked sedimentary sources. Several of the
components of the heavy mineral suite, including garnet, epidote, augite,
hornblende, staurolite, titanite, rutile and aluminosilicates were demonstrated to
be ultimately derived from metamorphic rocks. Other minerals such as the iron-
titanium oxides, monazite and zircon could have come from igneous or
metamorphic rocks. Collophane and glauconite are recognised as typical recycled
minerals. Likewise, rounded heavy minerals imply recycled sedimentary sources.
H'éavy mineral data furthermore indicates the predominance of metamorphic
(amphibolite facies) lithologies over igneous rocks in the inferred provenance

area.

Detailed petrography and geochemistry did not only confirm interpretations made
from heavy mineral assemblages, but also indicated several possible source

rocks. Yet, no single mineral species or type was totally exclusive to a particular
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area or a stratigraphic succession, which could mean that the entire study area

had a uniform provenance.

The predominant occurrence of Fe-Ti oxide and zircon in the study area as well
as their demonstrated felsic signatures indicate that the source terrain for the
Kleinzee sediments contains mainly felsic rocks.

Considering the proximity of the Namaqua Metamorphic Complex (NMC) it is
‘therefore envisaged that the latter can be regarded as the principal source of the
sediments and heavy minerals in the study area. The striking similarity of mineral
chemistry from Kleinzee sediments and lithologies from the NMC unambiguously

indicates the NMC as primary source terrain for the Kleinzee sediments. The

: pbssibility that the metasediments of the Gariep Belt and.Nama Group and Table
Mountain Sandstone supplied source material cannot be precluded, but their

contributions would be subordinate and secondary.

Minefalogical and textural evidence substantiates that the majority of heavy
minerals were eroded and transported from a nearby area (~30 km). This
conclusion indicates a relatively proximal source for the heavy minerals as well as
the host sediments and has very important implications concerning diamond
distribution. If a given diamond population is immature with respect to
characteristics such as quality, textural sorting and grain size and the heavy
“mineral assemblage of its host sediment is immature as well, this would indicate
that both diamonds and the host sediments were minimally transported, indicating
a very proximal, secondary diamondiferous source. On the contrary, if the
diamond population is mature, but its host sediment is immature, it would suggest
that the diamonds were probably recycled from pre-existing deposits and mixed
with sediment that was minimally transported and not reworked. In this regard,
little can be deduced about the proximity of secondary diamond sources.
Similarly, if both the diamond population and its host sediment are highly evolved
this would indicate that both diamond and heavy minerals were extensively
recycled.

Heavy mineral suites from most west coast localities indicate the Namaqga

Metamorphic Complex as being the méjor source.
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The present appraisal of the economic importance of heavy minerals in the
Kleinzee area indicates that it does not compare favourably with major economic
heavy mineral deposits in terms of heavy mineral content as well as the

~ composition and mineral chemistry of the valuable heavy minerals.

The economic viability of the area is greatly impaired by the generally low heavy
mineral content as well as the composition of the economic fraction, which is
dominated by less valuable ilmenite. Bulk chemistry as well as single grain

analysis also indicate that the TiO, content is low (<50%).

Using a cut-off grade of 10% THM, several target areas have been delineated
which indicate an enticing prospect and deserves a follow-up study in order to

evaluate their potential ore resources. -

The economic potential of the Kleinzee area is limited and is more suited for the
establishment of a small, subsidiary operation that supplies heavy minerals to

existing heavy mineral producers.
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APPENDIX A
LIST OF SAMPLES COLLECTED IN THE STUDY AREA

Abbreviations

BMC- Buffels Marine Complex
KNC- Koingnaas Complex
BIC- Buffels Inland Complex
AK- Annex Kleinzee

DP- Dreyerspan

KN- Koingnaas

KV- Karreedoornvlei

LH- Langhoogte

LKB- Langklip, block B

LKC- Langklip, block C

NB- Nuttabooi

SEA- sea beacon

TP- Tweepad



GEOLOGICAL SAMPLES COLLECTED FROM THE BMC

Sample site

Y

X

Elevation (m)

Origin

AK1

5412.23

78214.132

96.407

Upper Terrace

AKT_1

AK1_2

AK43B

-4222.45

79460.25

10.624

RET

AK43B_1

AK43B_2

AK45H

-4530.92

78649.614

15.062

RET

AK45H_1

AK45H_2

AK45H_3

AKa45H_4

AK45H_5

AKS52N

-5657.84

78273.433

50.175

Lower Middle Terrace

AKE2N_1

AK5ZN_2

DP127R

-6921.83

70590.728

84.519

Upper Terrace

DP127R_1

DP127R 2

DF127R 3

DP127R_4

DP68D1

-6386.34

76114.091

70.698

Upper Middle Terrace

DP68D1_1

DP68D1_2

DP68D1_3

DP84LM

-5169.78

75301.407

35.843

Lower Terrace

DPBALM_1

DP8ALM_2

DP88LM

-5630.13

74254.831

33.344

Lower Terrace

DP8BLM_1

DP8BLM_2

DP88LM_3

KV196R

-6896.56

63654.285

90.667

Upper Terrace

KV196R_1

KV196R_2

KV196R_3

KV196R_4

KV198PR

-6483.38

63593.874

64.754

Upper Middle Terrace

KV198PR_1

KV198PR_2

TP235M

-3081.92

60074.925

51.574

Lower Middle Terrace

TP235M_1

TP235M_2

TP235M_3

TP262N

-1622.53

57684.606

55.439

Lower Middle Terrace

TP262N_1

TP262N_2

TP262N_3

TP262N_4

SEA419

-3340.83

78272.41

l

3.858

Present-day beach

SEA419_1

SEA419_2

SEA419_3




GEOLOGICAL SAMPLES COLLECTED FROM THE KNC

Sample site

Y

X

Elevation (m)

Origin

68/69F3-02

-25584.9

146961.58

2.289

channel

68/69F3-02_1

68/69F3-02_2

68/69F3-02_3

KN14

-23312.4

144285.33

18.974

Upper CFS

KN14_1

KN14_2

KN14_3

KN14_4

KN17

-24682.9

145503.84

30.915

Lower CFS

KN17_1

KN17_2

KN17_3

LKB-01

-33333.925

169251.022

-2.048

channel

LKB-01_1

LKB-01_2

LKB-01_3

LKB-01 4

LKC1-04

-29986.5

161560.09

5.068

Lower UCFS, RET

[KC1-04_1

[KC1-04_2

[KC1-04_3

KC1-04 4

LKC1-04_5

LKC1-04_6

LKC1-04_7

LKC1-04_8

LKC1-04_9

LKC1-04_10

LKC1-04_11

LKC1-04_12

LKCR1

10m Terrace RET

LKCR1_1

[KCR1_2

LKN8-03

-31591

158737.68

25.445

Upper CFS

LKNB-03_1

LKN8-03_2

LKN8-03_3

LKN8-03_4

SN78-5

221727

140893.533

3.574

channel

SN785_1

SN78-5_2

SN78-5_3

SN78-5_4

SN785_5

SN78-5_6

SNR1

-22858.9

138782.68

18.31

RET

SNR1_1

SNR1_2

SNR1_3

KN_ST

25090

3348430

SEA711

28715473

160569.927




GEOLOGICAL SAMPLES COLLECTED FROM THE BIC

Sample site Y X Elevation (m)

LH_C -41215.383 66807.533 145,120
LH_C_1
LH_C_2
(HC3
LH_C_4
LH_C_5
NB19AC 34281 72305.296 125,182
NB19AC_1
NB19AC_2
NB19AC_3
NB19AC_4
NB21B -34509.5 ] 72869.748 114.489
NB21B_1
NB21B_2
NB21B_3
NB21B_4
NB21B_5

GEOLOGICAL SAMPLES COLLECTED FROM RIVERS

ZL Swartlintjies River

BR Buffels river

NON-GEOLOGICAL SAMPLES (MINE HEAPS)

BMC

AK3P_SD_1

AK3P_SD_2 .

AK3P_SD_3

AK3P_D

TPP_SD

TPP_D_1

TPP_D_2

BS_SD_1

BS_SD_2

BS_D_1

BS_D 2

BIC

LH_SD

__KNC

KNP_D_1

KNP_D_2

KNP_SD_1

KNP_SD_2




APPENDIX B
DETAILS OF SELECTIVE LABORATORY TECHNIQUES

<

Grain-size analysis
A split of the sand-size range of the sample was used in grain size analysis.

Where disaggregation was deemed necessary the sample was gently crushed with a

rubber pestle in a dispersive solution.

Carbonates, iron oxides, organic matter and soluble salts were removed by

hydrochloric and hydrogen peroxide as stated in Friedman and Johnson (1982).

The <63um fraction was removed through wet sieving and retrieved onto filter paper.
The rest of the sample was dried in an oven at 20°C.

Samples were sieved for 15 min. with a mechanical shaker.

New sieves ranging from -2 to 4¢ at 0.5 ¢ intervals were used.

The 14 different fractions were collected and the weights recorded.

All computations including processing of the raw data and the calculation of textural

parameters based on the method of Folk and Ward (1957) were done by computer.

Frequency histograms were drawn using SigmaPlotg

Heavy mineral separation

The initial weight of a raw sample intended for heavy mineral analysis was recorded.
The > 4 mm fraction was removed and the sample was treated with oxalic acid and
sodium sulphite to remove iron coatings. R -

Samples were put in an ultrasonic bath for 10 min, washed with de-ionised water and
dried. , _

Bromoform (s.g.=2.82 g/cm?®) has been used to separatehthe light from the heavy

~ minerals.

Both the light fraction and heavy fraction were washed with acetone until bromoform

free.



The light fraction was discarded and the heavy fraction was retained for

mineralogical and chemical analysis.

The total heavy mineral content is calculated from the representative fraction

weights.

Fraction separation

The main object of further separations was to obtain monomineralic fractions of

garnet, iimenite and zircon.

Magnetic grains were removed from the heavy mineral split using an ordinary hand

magnet.

In the next stage, the Frantz isodynamic separator was used to separate the heavy
fraction into semi-monomineralic fractions. The Frantz was set at 25° forward tilt and
15° side tilt.

liImenite was removed at 0.25-0.35A, garnet at 0.35-0.5A and zircon and rutile at
+1.6A.

Since these fraction are not entirely monomineralic, but contain relative amounts of

other minerals, a Supefpanner was used to upgrade the mineral fraction.

The zircon fraction was powdered and treated with 8N HCI to remove any monazite.

Excess HCI was removed by centrifuge.

Garnet and zircon fractions were subjected for REE analysis whereas the zircon

fractions were radiometrically analysed.

XRD analysis
The >2mm fraction was removed by passing the samples through a sieve.
The rest of the sample was washed with de-ionised water through a 63um sieve.

The <63um fraction was collected, put in a sedimentation column and drained when

all the sediment had settled.

Chemical pre-treatment methods used were after Klute (1990) and are discussed

below.



Organic matter was removed by using a 30% H,0O, and 0.5M MgCI, solution.

The citrate-dithionite method was used to remove all soluble salts and free iron

oxides.

The chemically treated sample was centrifuged with de-ionised water until the water

was clear.
Approximately 50g of the wet sample was suspended in a sedimentation funnel.

The settling time for the 5-63um fraction was determined under the relevant

conditions.

Once the settling has been reached the <5um fraction was siphoned from the top

using an automatic pipette and transferred to a glass slide.

The 5-63um fraction was simply drained from the sedimentation funnel onto a glass

slide.

Both orientated fractions were subjected to XRD analysis.

\/\/\/



APPENDIX C

DETAILS AND OPERATING CONDITIONS OF ANALYTICAL

MODEL:
RADIATION:
VOLTAGE:
CURRENT:

SCAN RATE:

- STEP SIZE:
DETECTION LIMIT:

MODEL:
RADIATION:
AQUIRE TIME:
DETECTION LIMIT:

EQUIPMENT
XRD APPARATUS
Philips PW 1130/00
Cu(K,)
50 kV
40 mA
1°/min
0.1
~5%
XRF APPARATUS

Philips 1100/00 (Wavelength dispersive)

Rh(K.)
Peak = 200s; background = 100s
~5%

ELECTRON MICROPROBE AT UCT

A). MODEL: Cameca Camebax Electron Probe Microanalyzer
VOLTAGE: 15 kV
CURRENT: 30 nA
BEAM APERATURE: 5 pum
AQUIRE TIME: Peak = 20s; background = 10s
DATA REDUCTION: Bench-Albi

STANDARDS AND DETECTION LIMITS

Element Standard Crystal Lower limit
, of detection

Si K-P TAP 0.04

Ti rutile PET 0.05

Al chromite TAP 0.03

Cr chromite TAP 0.05

Fe iimenite LiF 0.07

Mn rhodonite LiF 0.05

Mg chromite TAP 0.02

Ca K-P PET 0.04




ELECTRON MICROPROBE AT COUNCIL FOR GEOSCIENCE

B.) MODEL: JEOL Superprobe 733
VOLTAGE: 15 kV
CURRENT: 40 nA
BEAM APERATURE: 3 um
AQUIRE TIME: . Peak = 30s; background = 10s

DATA'REDUCTION: Duncoumb and Reid (1968)
STANDARDS AND DETECTION LIMITS

Element Standard Crystal Lower limit of

detection
Si pure TAP 0.03
Ti pure PET 0.02
Al spinel TAP 0.02
Cr chromite TAP 0.03
Fe ilmenite LiF 0.02
Mn rhodonite LiF 0.01
Mg spinel TAP 0.02
Ca pure PET 0.02

ICP-AES at U.S. used for REE analysis

PLASMA GAS: 15.0 I/min
AUXILIARY GAS: 1.5 I/min
FORWARD POWER: 1.0 kW
INTEGRATION TIME: 3s

SEM at UCT used to identify mineral phases

MODEL: Leica Stereoscan S440
X-RAY ANALYZER: Kevex 7000 X-ray analyser
DATA REDUCTION: Kevex Sigma™ Software
BEAM VOLTAGE: 20 kv
BEAM CURRENT: 40 pA

" BEAM APERATURE: Sum 7
WORKING DISTANCE: ~ 30 mm
TAKE-OFF ANGLE: 20°
AQUIRE TIME: 60s

DETECTION LIMIT: 0.2%



K graphic kurtosis

Abbreviations
Med median grain diameter

Mean mean grain diameter

Sort sorting

Sk skewness

Sample Med Mean Sort S,

AK1_1
AK1_2
AK43B_1
AK43B_2
AK45H_1
AK45H_2
AK45H_3
AK45H_4
AK45H_5
AK52N_1
AK52N_2
BR
DP127R_1
DP127R_2
DP127R_3
DP127R_4
DP68D1_1
DP68D1_2
DP68D1_3
DP84LM_1
DP84LM_2
DP88LM_1
DP8SLM_2
DP88LM_3
KV196R_1
KV196R_2
KV196R_3
KV196R_4
KV198PR_1
KV198PR_2
TP235M_1
TP235M_2
TP235M_3
TP262N_1
TP262N_2
TP262N_3
TP262N_4
SEA419_1
SEA419_2
SEA419_3
LH_C_1
LH_C 2
LH_C_3
LH_C 4
LH C5
NB19AC_1
NB19AC_2
NB19AC_3
NB19AC_4
NB21B_1

1.03
1.81

2.23
2.08
2.02
0.40
0.95
1.30
1.46
1.87
1.85
0.81

1.06
1.21

1.50
1.36
1.85
2.09
2.57
-0.64
1.62
1.50
0.27
1.49
1.51

1.23
1.51

1.94
1.38
1.27
1.44
1.32
0.98
-0.04
1.29
1.86
1.39
0.66
1.28
0.47
0.40
0.21
-0.04
1.01

0.79
0.87
-0.60
1.74
1.75
0.04

1.04
1.79
1.88
1.55
1.96
0.51
0.80
1.02
1.16
2.00
212
0.86
0.91
1.08
1.44
1.36
1.78
2.05
2.65
-0.18
1.46
1.34
0.60
1.49
1.54
1.32
1.59
2.07
1.38
1.30
1.32
1.31
0.85
0.04
1.32
1.76
1.55
0.64
1.24
0.53
0.49
0.32
0.12
1.01
0.69
0.76
-0.01
1.92
1.77
0.16

1.57
1.12
1.15
1.63
0.90
1.31
1.35
1.65
1.40
0.70
1.12
1.32
1.02
1.04
0.71
0.60
1.87
1.56
0.95
1.20
1.14
1.04
1.45
0.60
0.73
1.20
0.67
0.85
0.55
0.46
0.84
1.06
0.77
0.87
0.89
0.88
1.02
0.81
0.60
0.76
1.29
1.27
1.22
1.00
1.42
1.38
1.21
1.24
0.88
0.99

0.34
0.08
-0.57
-0.38
-0.07
0.56
0.29
-0.11
0.10

0.41

0.36
0.15
-0.22
-0.15
-0.15
0.09
-0.07
-0.05
0.12
1.01

-0.04
-0.03
0.45
0.09
0.26
0.23
0.27
0.25
0.08
0.17
-0.30
0.10
0.12
0.32
0.02
-0.03
0.30
-0.04
-0.12
0.12
0.31

0.59
0.68

0.15

0.02
0.28
1.14
0.21
0.01
0.72

APPENDIX D
GRAIN-SIZE DATA

Ko
0.68
1.05
1.75
1.49
2.02
0.51
0.66
0.98
0.69
1.62
1.61
1.15
1.46
1.31
1.02
1.17
0.90
1.05
1.10
0.54
1.72
1.39
1.71
1.34
1.75
1.68
1.41
1.20
1.13
1.61
0.93
1.01

..0.95

1.33
0.55
1.27
1.69
0.90
1.38
1.156
1.77
0.77
0.74
1.88

1.27

0.52
0.79
1.24
1.53
0.66

Sample
NB21B_2
NB21B_3
NB21B_4
NB21B_5
68/69_1
68/69_2
68/69_3
KN14_1
KN14_2
KN14_3
KN14_4 .
KN17_1
KN17_2
KN17_3
LKBO1_1
LKBO1_2
LKBO1_3
LKBO1_4
LKC1-04_1
LKC1-04_2
LKC1-04_3
LKC1-04_4
LKC1-04_5
LKC1-04_6
LKC1-04_7
LKC1-04_8
LKC1-04_9
LKC1-04_10
LKC1-04_11
LKC1-04_12
LKCR1_1
LKCR1_2
LKN803_1
LKN803_2
LKN803_3
LKN803_4
SN785_1
SN785_2
SN785_3
SN785_4
SN785_5
SN785_6
SNR1_1
SNR1_2
SNR1_3
KN_SI
SEAT11

zL

Med Mean Sort S,

0.35
1.34
2.37
1.46
1.72
1.10
1.68
0.50
-0.04
-0.80
0.95
0.05
2.57
-0.08
1.64
1.92
1.79
2.30
1.15
1.11
2.59
0.21
1.69
1.23
-0.03
1.19
0.72
1.36
1.42
1.58
1.33
0.39
1.19
-1.02
2.56
1.68
0.25
1.63
0.66
2.49
-0.03
1.89
0.69
-0.59
1.65
1.98
2.15
2.53

0.32
1.46

237 -

1.50
1.53
1.18
1.69
0.35
0.15
-0.60
0.95
0.68
245
0.23
147
1.83
1.81
2.32
1.06
0.89
2.55
0.40
1.68
1.19
0.22
1.16
0.96
1.36
1.38
1.56
1.31
0.53
1.18
0.66
2.28
1.68
0.43
1.58
1.22
2.51
0.16
1.75
0.67
-0.06
1.65
1.97
210
2.66

1.05
1.06
1.02
0.38
1.37
1.20
0.67
0.82
0.97
0.75
1.32
0.59
0.69
1.18
1.46
1.08
0.42
0.48
1.72
1.22
0.45
0.90
0.62
0.69
1.14
0.45
1.25
0.82
0.99
0.39
0.58
0.82
0.53
0.98
0.84
0.62
1.24
1.40
0.99
0.39
0.99
0.88
1.32
1.15
0.59
0.46
0.30
1.22

0.47
0.20
0.01
0.22
-0.23
0.13
0.01
0.38
0.31
1.20
0.17
1.34
-0.45
0.44
-0.16
-0.03
0.03
0.06
0.00
-0.23
-0.12
0.46
-0.04
-0.19
0.26
-0.06
0.31
0.19
0.01
0.03
-0.08
0.33
-0.03
2.06
-0.40
-0.04
0.62
-0.08
0.76
0.18
0.31
-0.34
0.00
1.08
-0.03
-0.05
-0.22
0.09

0.52

1.31
1.27
0.90
0.97
1.01
1.33
0.34
1.04
0.65
1.21
0.30
1.73
1.63
0.95
0.85
1.1
1.1
0.80
1.47
1.05
1.72
0.98
1.24
0.70
1.21
0.83
1.46
1.13
0.95
1.16
1.35
1.16
0.34
0.87
0.98
0.52
0.96
0.39

- 097

1.06
1.57
1.01
0.42
1.22
1.04
0.86
1.03



APPENDIX E
ROUNDNESS ESTIMATION
ACCORDING TO SHEPARD AND YOUNG (1961)



limenite

Stratigraphic Sample Very Angular Sub- Sub- Rounded Well-
package angular angular rounded rounded
BMC
RET AK438_1 0 0 0 51 140 22
AK52_2 0 0 0 38 122 45
Lower Terrace DP84LM_1 0 0 0 23 133 43
DP8SLM_3 0 0 0 45 122 54
Lower Middle Terrace TP235M_2 0 0 0 50 166 10
TP235M_4 0 0 0 33 120 23
Upper Middle Terrace KV198PR_1 0 0 0 37 109 78
‘KV198PR_2 0 0 0 - 40 135 31
Upper Terrace DP127R_3 0 0 0 42 119 48
KV196R_2 0 0 0 60 108 30
Total ' 0. 0 0 419 1274 384
Avg. (%) | 0.0 0.0 0.0 20.2 61.3 18.5
BIC
Langhoogte LH_C_2 0 0 19 48 111 2
LHC5 0 0 15 70 126 3
Nuttabooi NB19AC_3 0 0 12 56 132 9
NB21B_2" 0 0 23 67 115 7
Total 0 0 69 241 484 21
Avg. (%) 0.0 0.0 85 29.6 59.4 2.6
KNC ‘
RET LKC1-04_11 0 0 0 34 108 42
SNR1_3 0 0 0 49 123 32
UCFS KN14_2 0 0 0 53 151 54
LKC1-04_9 0 0 0 23 133 36
LCFS LKBO1_3 0 0 0 37 141 47
SN78-5_4 0 0 0 28 111 15
FGS LKN8-03_2 0 0 0 19 108 27
LKN8-03_3 0 0 0 44 132 30
Total 0 0 0 287 1007 283

Total grains
2077

Total grains
- 815

Total grains



- Stratigraphic Sample Very “Angular Sub- Sub- Rounded Weli-
package angular angular rounded rounded
Avg. (%) ~ 00 0.0 0.0 18.2 63.9 17.9 1577
Palaeochannels
6869F3-02_1 0 0 21 107 52 1
LKB-01_1 0 0 13 122 39 2
SN78-5_2 0 0 19 : 103 48 0
SNR1_1 0 0 34 132 58 4
Total 0 0 87 464 197 7 Total grains
Avg. (%) 0.0 0.0 116 62.0 26.3 0.9 748
Garnet
Stratigraphic Sample Very Angular Sub- Sub- Rounded Well-
package -7 angular angular rounded rounded
BMC ;
RET AK43B_1 2 44 119 3 0 0
AK52 2 | 3 33 136 5 0 0
Lower Terrace DP84LM_1 3 18 124 7 0 0
DP88LM_3 o1 42 130 8 0 0
Lower Middle Terrace TP235M_2 0 34 152 3 0 -0
TP235M_4 0 51 110 1 0 0
Upper Middle Terrace KV198PR_1 2 36 i 119 6 0 0
KV198PR_2 3 42 127 3 0 0
Upper Terrace DP127R_3 7 29 ‘ 103 4 0 0
KV196R_2 3 54 111 0 0 0
Total 24 383 1231 40 0 0 Total grains
Avg. (%) 1.4 22.8 73.4 2.4 0.0 0.0 1678
BIC
Langhoogte LH_C_2 53 145 58 0 0 0
LH.C 5 39 137 27 0 0 0
Nuttabooi

NB19AC_3 67 119 46 0 0 0



Stratigraphic Sample Very Angular Sub- Sub- Rounded Well-

package angular angular rounded rounded
' NB21B_2 80 160 50 . 0 ) 0 0
Total 239 561 181 0 ‘ 0 0 Total grains
Avg. (%) 244 ' 57.2 18.5 0.0 0.0 0.0 981
KNC
RET LKC1-04_11 8 34 109 4 .
SNR1_3 6 51 156 8
UCFS KN14_2 2 23 143 6
LKC1-04_9 0 17 135 3
LCFS LKBO1_3 2 36 117 0
SN78-5_4 0 49 108 3
FGS LKN8-03_2 2 58 : 125 9
' LKN8-03_3 6 29 122 11
Total 26 297 1015 44 0 0 Total grains
Avg. (%) 1.9 215 734 3.2 0.0 0.0 1382
Palaeochannels
6869F3-02_1 29 112 37 0 0 0
LKB-01_1 24 101 27 0 0 0
SN78-5_2 63 98 ' 46 0 0 0
SNR1_1 . 22 119 ‘ 23 0 0 0
Total 138 430 133 0 0 0 Total grains

Avg. (%) 19.7 61.3 19.0 0.0 0.0 0.0 701



APPENDIX F

Sample Mineralogy
5-63 um fraction <5 um fraction

AK1_1 Kaolinite 99% Kaolinite 100%
Quartz 1%

6869F3-02_1 Kaolinite 87% Kaolinite 100%
Quartz 13%

6869F3-02_2 . Kaolinite 52% Kaolinite 100%
Quartz 48%

LKB-01_1 Kaolinite 79% Kaolinite 100%
Quartz 21%

LKB-01_2 Kaolinite 60% Kaolinite 100%
Quartz 40%

SN78-5_1 Kaolinite 80% Kaolinite 100%
Quartz 20%

SN78-5_2 Kaolinite 78% Kaolinite 100%
Quartz 22%

SNR1_1 Kaolinite 95% Kaolinite 100%
Quartz 5%

detection limit £ 5%

error on calculation < 0.8%
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Figure 5. X-ray diffractogram of clay sample LKB-01_1.
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APPENDIX G
HEAVY MINERAL PROPORTIONS

Abbreviations

THM
unalt-lim
alt-lim
Zllm

Lex

Hm
Fe-Tiint
Mt

Grt

Zm

Cpx

Ap

Hbl

Ep

Mz

Rt

Ky-Si

St

Tt

TEF

Alt (%)

total heavy minera‘ls

unaltered ilmenite 7

altered ilmenite (excluding leucoxene)

sum of altered and unaltered ilmenites

leucoxene

hematite

Fe-Ti intergrown minerals; includes hemo-ilmenite and ilmo-hematite
magnetite, including martite

garnet

zircon

clinopyroxene (augite)

apatite (collophane)

hornblende

epidote

monazite

rutile

kyanite + sillimanite

staurolite

titanite v _

total economic fraction; calculated as (Zlim+Lcx+Zrn+Rt)

alt - IIm+ Lex

percentage of altered grains; calculated by
’ 2Ilm+ Lex

Data presented as modal percentages.



Sample THM unalt- altllm ZIlm Lcx Hm FeTi Mt XOPQ Grt Zm Cpx Ap Hbl Ep Mz Rt Ky St Tt TEF Alt (%)
4(Wt°/o) Ilm . Int
BMC: RET
AK43B_1 0.3 42,7 3.0 457 3.0 8.6 7.7 0.3 653 | 122 8.9 0.3 0.6 24 47 3.3 0.6 1.2 06 582 12.2
AK43B_2 0.1 56.2 0.9 570 20 6.0 3.7 0.9 696 | 109 49 5.2 20 1.7 29 0.6 0.6 1.1 0.3 03 645 49
AK45H_1 1.1 38.6 1.6 402 24 8.2 14 522 | 106 114 109 11 6.5 4.1 1.4 1.1 0.3 05 552 9.6
AK45H_2 0.3 420 24 444 2.0 0.4 468 | 152 16.0 1.6 16 104 44 1.2 1.6 04 08 620 5.4
AK45H_3 | 0.3 49.8 1.8 517 04 151 3.7 1.1 720 { 111 85 0.4 1.1 1.5 3.0 1.5 04 0.4 04 609 43
AK45H_4 0.2 35.2 24 37.6 0.3 15.9 8.0 15 63.3 10.7 7.0 0.9 11.0 3.1 21 0.9 0.6 0.3 45.9 7.3
AK45H 5 04 40.8 1.9 427 1.0 238 34 1.5 723 6.8 5.8 1.0 4.9 44 29 0.5 0.5 0.5 05 500 6.7
AK52N_1 0.4 329 1.0 339 26 123 23 0.3 51.3 8.1 9.0 23 29 148 55 1.6 1.3 1.0 0.6 16 46.8 9.7
AK52N_2 0.8 36.1 36.1 09 128 22 0.4 524 44 5.3 1.8 26 198 97 1.3 0.9 1.8 423 24
n=9 : '

Avg. 04 416 1.7 433 14 114 3.8 0.7 606 | 100 85 26 1.4 8.1 46 1.6 0.8 0.6 04 07 540 6.9
BMC: Lower Terrace
DP84LM_1 0.3 15.8 158 09 116 0.5 1.9 30.7 2.8 6.0 47 149 51 340 1.9 19.5 56
DP84LM_2 0.9 30.2 1.9 321 0.4 13.1 7.5 3.0 56.0 8.2 5.2 6.0 45 5.6 9.3 2.6 0.7 0.7 0.7 0.4 414 6.9
DP88LM_1 3.0 52.9 31 56.1 04 9.8 24 16 702 7.8 20 0.4 8.2 3.1 4.3 1.2 20 0.8 66.3 6.3
DP88LM_2 36 62.2 2.6 648 05 109 4.7 1.6 824 4.1 3.1 1.6 4.1 0.5 3.6 0.5 69.4 4.8
DP88LM_3 1.9 48.4 3.2 516 25 104 3.6 68.1 39 6.1 1.4 50. 100 25 0.4 1.8 0.7 584 10.6

=5 .

Avg. 19 41.9 22 41 09 112 3.7 1.6 61.5 5.4 45 2.8 7.4 49 107 08 0.6 1.0 03 02 510 6.8
BMC: Lower Middle Terrace
TP235M_1 0.3 424 6.6 491 22 174 5.1 1.9 753 1.9 938 0.6 3.2 0.6 1.3 19 0.9 25 1.9 611 17.3.
TP235M 2 0.3 52.8 40 569 1.7 144 43 2.3 796 5.0 74 0.7 1.7 1.0 2.3 1.0 0.3 1.0 66.9 9.7
TP235M_3 1.6 51.4 1.0 524 1.0 153 42 1.0 74.0 35 2.1 24 6.9 24 21 1.7 38 1.0 55.6 3.9
TP262N_1 1.2 70.0 1.5 715 06 6.5 10.5 0.3 89.5 34 25 0.6 0.6 1.9 0.3 0.9 0.3 74.9 3.0
TP262N_2 19.6 64.1 1.0 65.1 11.2 136 17 915 54 0.3 0.7 0.3 "1.0 0.7 65.4 1.6
TP262N_3 58.4 68.1 32 713 03 4.8 13.9 1.6 91.9 6.1 0.3 0.3 0.6 0.3 03 719 5.0
TP262N_4 9.0 41.5 29 44 .4 0.4 30.7 5.1 80.5 29 5.8 07 14 4.7 1.1 14 1.1 ‘ 0.4 51.6 7.3

n=7
Avg. 129 558 29 587 09 143 8.1 1.3 83.2 4.0 40 0.8 0.8 21 1.0 1.6 0.3 0.6 1.0 0.7 639 6.8




Sample THM unalt- altllm Zllm Lex Hm FeTi Mt ZOPQ Grt Zm Cpx Ap Hbl Ep Mz Rt Ky St Tt TEF Alt(%)
: (wt%) Ilm Int :
BMC: Upper MiddleTerrace
KV198PR_1 31 58.8 43 63.1 09 7.6 16.2 0.6 884 | 76 0.9 0.3 0.9 0.6 0.9 0.3 649 8.1
KV198PR_2 11.3 50.8 20 528 1.2 8.7 10.6 1.6 74.8 55 5.5 1.6 2.0 55 0.8 0.8 0.8 2.8 59.4 58
n=2
Avg. 72 54.8 3.1 579 1.0 8.1 134 1.1 81.6 6.6 3.2 0.9 1.4 2.8 0.4 04 0.7 1.8 02 622 7.0
BMC: Upper Terrace .
AK1_2 0.4 418 57 475 16 274 1.0 77.5 7.3 31 0.5 1.6 1.6 7.0 0.3 0.3 08 58.2 149
DP127R_1 23 64.3 3.9 682 0.6 7.7 7.7 84.2 1.0 3.2 1.6 3.2 1.3 1.6 3.2 0.6 71.7 6.5
DP127R_2 7.5 69.4 1.0 704 17 8.8 7.4 88.2 1.0 4.0 1.3 1.0 0.3 1.7 1.0 0.3 1.0 76.1 3.7
DP127R_3 432 715 0.6 721 9.0 13.1 94.2 1.6 1.9 0.6 1.6 74.0 0.9
DP127R_4 . 1.0 48.7 0.7 495 22 197 6.8 14 79.6 5.0 3.9 0.7 1.8 3.2 25 0.7 1.4 1.1 58.1 5.6
KV1896R_1 0.4 53.7 47 584 1.9 75 43 . 720 | 12 6.2 1.2 1.9 8.7 5.0 0.9 0.3 1.6 09 643 10.8
KV196R_2 0.3 47.4 23 497 36 154 3.9 0.3 729 3.9 5.2 0.7 2.0 1.3 8.5 1.3 0.3 1.6 23 595 11.0
KV196R_3 14.5 68.6 4.4 731 12 115 5.3 1.8 92.9 1.5 0.9 0.6 1.2 0.9 1.2 0.9 75.7 7.6
KV196R_4 1.4 413 24 434 09 208 31 682 | 101 4.0 0.3 2.8 5.5 0.9 1.2 1.8 15 3.7 57.5 6.9
n=9 N
Avg. 79 56.3 28 591 1.5 142 5.9 0.4 81.1 3.6 3.6 0.7 1.7 24 25 20 0.3 0.9 0.7 04 661 7.6
BMC: Present-day beach .
SEA419_1 359 52.8 37 56.5 120 204 1.4 90.3 46 3.7 0.5 0.9 56.5 6.6
SEA419 2 . 51.2 48.0 3.0 51.0 120 225 1.5 87.0 70 05 1.5 1.0 0.5 25 51.5 5.9
SEA419 3 54.0 57.8 20 59.7 03 8.3 244 1.0 93.7 5.0 0.3 0.3 0.7 60.4 3.8
n=3 :
Avg. 47.0 52.8 29 557 01 108 224 1.3 90.3 55 0.3 0.6 1.6 0.3 1.4 56.1 5.4
BIC: Langhoogte
LHC_1 1.2 82.7 3.0 857 24 24 3.0 4.8 98.2 . 1.2 0.6 89.3 6.1
LHC_2 77 59.4 5.9 654 05 222 23 26 93.0 1.0 39 1.3 0.8 70.5 9.8
LHC 3 0.8 79.9 23 822 07 40 0.3 59 93.1 13 3.6 1.3 0.3 03 865 36
LHC 4 26.2 79.8 9.0 88.9 3.6 21 27 97.3 0.3 21 0.3 913 102
LHC_5 21.8 60.4 4.3 64.7 28.7 1.0 20 96.4 0.7 0.7 20 0.3 65.3 6.6
n=5 .
Avg. 115 725 49 774 07 122 1.7 3.6 95.6 0.7 23 1.0 0.2 0.1 0.1 806 7.3




Sample THM unalt- alt-Jlm SIlm Lex Hm FeTi Mt TOPQ Grt Zm Cpx Ap Hbl Fp Mz Rt Ky St Tt TEF Alt(%)

(wt%) Ilm . Int
BIC: Nuttabooi -
NB19AC_1 24 67.4 i9.5 76.9 0.6 0.8 78.3 0.3 18.9 0.8 0.6 1.1 97.5 12.9
NB19AC_2 0.1 267 - 43 310 1.3 0.8 3.2 1.3 37.7 51 539 03 11 13 05 86.8 175
NB19AC 3 1.1 75.6 6.4 82.0 1.3 1.9 85.2 1.0 8.4 0.3 ' 3.2 0.6 1.3 91.0 7.8
NB19AC_4 0.7 60.1 14 615 1.0 5.6 5.6 2.8 76.6 14- 143 0.3 31 1.7 0.3 1.0 1.0 77.3 39
NB21B_1 3.0 78.2 7.6 858 1.6 0.3 0.9 1.3 89.9 0.9 3.2 0.6 5.0 0.3 90.9 105
NB21B_2 6.6 67.0 670 35 1.3 71.8 8.8 9.3 8.4 1.3 0.4 79.7 5.0
NB21B_3 24 62.4 5.5 679 31 0.3 0.3 0.9 725 03 220 0.3 34 0.9 0.3 03 939 121
NB21B_4 1.4 64.4 58  70.1 1.6 1.1 0.8 0.3 74.0 0.8 227 2.2 0.3 948 103
NB21B_5 0.2 65.7 34 69.0 07 6.4 4.7 1.7 82.5 3.7 5.7 0.7 1.3 0.3 20 3.0 07 758 58
=9 ) ,

Avg. 20 63.0 4.9 679 15 1.8 21 1.0 74.3 15 176 11 0.6 1.0 22 0.5 0.5 0.5 0.1 87.5 95
KNC: RET ;
LKC1-04_11 9.8 70.7 33 740 1.2 3.6 1.8 3.0 83.4 47 6.5 0.3 0.6 3.3 0.9 0.3 825 5.9
LKC1-04_12 32.9 395 12 40.7 7.3 10.9 32 621 | 246 3.6 0.4 1.2 7.7 0.4 44.4 3.0
LKCR1_1 1.0 55.9 45 604 15 7.9 1214 24 84.3 7.3 1.2 0.6 1.2 21 1.2 1.2 0.6 0.3 64.4 9.8
LKCR1_2 : 8.5 53.3 2.4 55.7 1.0 5.5 18.3 6.2 86.9 6.6 0.3 0.7 1.7 21 0.3 1.4 57.4 6.1
SNR1_3 v 12.0 374 1.7 391 03 125 19.2 44 75.4 94 47 3.7 0.3 4.0 1.0 0.3 0.3 0.7 444 5.1

n=5 )
Avg. 128 514 26 54.0 0.8 7.3 12.5 3.8 78.4 10.5 3.3 1.1 0.4 19 0.2 2.8 0.6 0.5 0.1 0.2 58.6 6.0

KNC: Upper CFS

KN14_1 0.7 45.8 2.6 483 0.7 85. 59 1.5 649 9.2 44 37 41 8.9 2.2 0.4 0.7 1.1 0.4 54.2 6.8
KN14_2 3.1 427 24 451 1.7 9.6 7.5 5.5 69.3 4.8 5.1 5.5 1.0 8.9 1.7 07 1.4 0.3 0.3 1.0 53.2 8.8
KN14_3 222 55.1 4.8 59.9 7.0 13.2 7.0 87.1 9.2 1.1 1.1 0.7 0.7 61.0 8.0
KN14_4 17.5 54.7 3.1 57.8 0.3 121 18.9 2.5 91.6 5.3 0.6 1.2 1.2 58.7 5.9
LKC1-04_8 3.1 61.6 25 64.1 1.2 10.8 4.3 0.9 81.4 6.5 5.6 0.6 0.9 1.2 1.5 0.9 0.6 0.6 71.8 5.7
LKC1-04_9 21.8 48.3 0.7 49.0 16.3 174 7.3 89.9 5.6 1.0 1.7 0.3 1.4 50.0 14
LKC1-04_10 32.2 46.4 20 48.3 0.7 18.5 16.9 5.0 89.4 6.3 0.3 0.3 1.0 2.0 0.3 0.3 49.7 54
n=17

Avg. 144 50.6 26 532 07 118 120 42 82.0 6.7 2.6 2.0 0.9 3.1 0.7 0.9 0.5 0.3 0.3 01 570 6.0
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Sample THM unalt- altllm ZIlm Lex Hm PFeTi Mt ZOPQ Grt Zm Cpx Ap Hbl Ep Mz Rt Ky St Tt TEF Alt(%)

(wt%) Ilm ~ Int
KNC: Lower CFS .
KN17_1 : 0.1 53.3 3.1 56.4 16.7 3.1 0.8 77.0 54 2.7 1.2 1.2 27 7.8 0.4 0.8 0.8 59.5 55
KN17_2 0.1 38.3 1.3 39.6 71 3.2 1.0 51.0 42 114 13 8.1 159- 26 2.6 286 03 536 3.3
KN17_3 0.1 48.2 0.6 48.8 1.5 1.2 51.5 8.1 15.7 45 48 42 4.8 0.3 1.2 0.9 1.2 27 657 1.2
LKBO1_3 0.8 441 1.8 45.8 7.5 20.7 1.3 753 | 163 0.9 0.9 1.8 0.4 04 0.9 341, 471 38
LKBO1_4 0.8 46.3 3.7 50.0 0.3 43 1.2 0.6 564 | 141 120 06 6.7 4.0 06 2.8 0.9 1.8 65.0 7.9
LKC1-04_2 1.1 416 1.7 433 1.3 3.7 4.0 3.4 557 | 121 7.0 03 117 74 1.3 1.0 0.3 1.3 17 52.0 6.8
LKC1-04_3 23 377 20 397 23 36 20 0.7 483 | 209 79 6.6 5.0 26 3.0 1.0 4.0 0.7 54.0 102
LKC1-04_4 3.9 23.9 0.7 246 6.3 11.3 8.5 2.8 53.5 275 2.1 3.5 2.8 7.0 21 14 345 227
LKC1-04_5 » 0.6 39.5 23 418 20 3.7 1.4 2.0 509 | 222 105 3.1 2.3 43 0.9 0.3 37 1.1 09 580 9.7
LKC1-04_6 0.5 322 1.7 339 438 8.9 45 1.7 538 | 223 9.2 0.3 6.5 4.1 1.7 0.3 14 0.3 483 16.8
LKC1-04_7 0.1 477 ‘ 5.7 535 36 1.5 1.2 59.8 48 228 3.3 27 0.3 1.8 2.1 1.2 0.3 09 820 16.3
SN78-5_3 04 36.4 ‘1.6 38.0 06 5.7 1.9 35 49.7 85 6.6 16 152 35 4.4 0.9 1.6 79 462 5.7
SN78-5 4 2.9 48.0 0.9 48.8 29 2.6 1.8 1.2 57.3 | 158 108 0.9 23 6.4 0.9 09 26 09 1.2 65.2 7.3
SN78-5_5 1.0 487 1.3 50.0 4.3 3.0 4.3 0.3 619 | 195 113 0.3 2.3 0.7 1.0 1.3 0.7 1.0 669 104
SN78-5_6 0.5 77.8 1.4 79.2 42 2.8 0.9 0.9 88.2 3.3 24 0.9 24 0.5 0.5 0.9 09 868 6.8
SNR1_2 0.3 61.8 24 642 1.4 7.4 21 1.7 76.8 45 105 1.2 24 1.9 1.2 0.2 1.2 77.3 5.8
n= 16 :

Avg. 10 453 20 474 21 56 3.8 1.5 605 | 131 9.0 1.6 34 5.4 20 1.0 1.6 0.8 0.7 1.1 60.1 8.8
KNC: FGS ‘
LKN8-03_1 6.0 49.2 0.7 499 07 1.6 0.2 0.5 529 | 91 65 186 1.6 28 1.2 09. 21 1.9 1.9 05 59.2 2.8
LKN8-03_2 04 207 :241 228 68 4.2 2.1 359 [ 173 190 16.0 4.6 3.0 0.8 1.3 04 0.8 0.8 489 300
LKN8-03_3 110 423 0.6 429 1.3 0.6 1.6 46.4 8.8 6.0 207 8.2 25 22 28 1.6 0.9 53.0 4.3
LKN8-03_4 1.6 41.2 2.3 435 20 6.2 3.3 54.9 75 141 7.2 3.9 6.2 2.0 1.0 1.0 2.3 60.5 9.4

n=4
Avg. 438 38.3 1.4 39.8 27 3.2 1.8 0.1 475 | 107 114 156 4.6 3.6 1.5 0.5 1.6 1.3 1.5 01 554 11.6

KNC: Present-day beach .
KN_SI 3.1 52.0 0.3 523 2.2 1.4 0.8 0.3 56.9
SEAT11 3.5 12.8 128 09 06 0.6 09 157

65 134 196 1.6 0.8 0.3 0.3 0.5 68.1 45
1.0 27 8632 24 45 0.3 0.3 16.6 6.5

n=2
Avg. 3.3 324 0.1 325 15 1.0 0.7 0.6 36.3 ' 8.8 80 414 1.2 3.0 : 0.6 0.3 0.1 0.3 424 5.5
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Sample THM unalt- altIlm ZIllm Lex Hm FeTi Mt IOPQ Grt Zm Cpx Ap Hbl Ep Mz Rt Ky St Tt TEF Altv(%)

(wt%) Ilm - Int
Palaeochannels
AK1_1 0.9 398 398 24 423 21.1 4.9 08 106 9.8 4.9 49 0.8 683 5.8
6969_1 1.9 7.5 333 409 57 46.6 ; 53.0 0.4 1000 285
6869_2 0.8 27 233 260 20 28.0 7.7 0.3 100.0 16.7
6869_3 1.9 6.6 43.0 496 0.9 50.4 49.6 99.1 13.3
LKBO1_1 1.7 3.6 335 371 27 8.4 54 0.3 53.9 51 344 1.8 1.5 1.8 0.6 0.3 06 76.0 15.8
LKB01_2 1.7 0.7 113 119 141 5.1 0.9 0.2 19.2 04 796 0.7 . 92.7 13.6
LKC1-04_1 0.8 1.0 25.1 26.1 1.6 47 0.5 329 29 433 9.4 8.4 0.5 1.3 1.3 72.3 9.4
SN78-5_1 21 0.8 179 187 24 0.5 21.7 76.2 0.3 0.8 0.8 0.3 95.7 4.3
SN78-5_2 0.1 2.0 487 507 20 1.4 0.6 0.3 55.0 43 378 0.3 1.4 1.2 91.6 7.7
SNR1_1 0.9 29 268 297 14 145 22 3.6 51.4 36 420 0.7 0.7 14 739 140
n=10 )

Avg. 1.3 30.3 52.8 33.1 1.9 37 1.0 0.5 40.2 16 509 1.4 1.3 1.3 1.2 1.1 0‘2. 0.5 03 87.0 12.9
Rivers : _
BR . 0.9 429 1.1 440 29 37 2.9 33 56.8 9.9 4.0 26 0.7 198 29 0.7 0.7 0.7 1.1 50.9 8.6
ZL 21.9 0.2 221 0.6 6.0 0.2 2.6 31.5 19 155 3.2 79 230 149 19 02 383 3.7
DP68D1_1 0.5 215 0.6 221 06 355 5.0 63.2 1.6 5.0 16.5 5.3 2.8 1.6 1.2 0.6 22 290 5.5
DP68D1_2 1.0 29.2 1.5 307 06 213 1.8 54.4 56 114 44 120 64 03 09 0.3 09 35 436 6.5
DP68D1_3 1.0 29.7 : 297 15 239 4.4 0.9 60.3 2.0 5.0 1.2 114 120 47 0.6 0.6 1.5 09 367 4.7

n=3 .
Avg. 0.8 26.8 0.7 275 09 269 3.7 0.3 59.3 3.1 71 04 108 97 4.6 0.8 0.9 0.8 0.3 22 364 438
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THM unalt- alt-Ilm

Tt

Sample ZIlm Lex Hm FeTi Mt IOPQ Grt Zm Cpx Ap Hbl Ep Mz Rt Ky St TEF
Ilm Int
Heaped tailings i
AK_SD1 0.9 228 0.9 246 0.0 21.9 6.3 3.6 56.3 4.9 121 1.8 1.8 147 5.8 0.4 0.9 0.0 0.9 0.4 37.5
AK_SD2 3.4 46.3 3.7 50.3 03 . 185 4.0 1.9 75.0 4.9 6.2 0.0 0.6 5.9 5.6 0.3 0.0 0.6 09 00 568
AK_SD3 43 41.6 [0.7 423 03 154 3.8 59 67.8 7.7 7.7 0.3 2.1 7.7 4.9 0.3 0.3 0.7 0.3 0.0 507
AK3P_D . 4.1 30.6 25 331 06 208 0.6 3.5 58.7 | 6.6 9.5 09 28- 136 50 0.9 0.3 0.3 0.9 0.3 435
BS_SD1 16.3 42.8 26 454 04 175 37 1.1 68.0 26 119 00 15 119 15 04 1.1 04 0.7 00 587
BS_SD2 1.1 36.8 1.6 395 3.0 217 1.0 3.6 68.8 26 128 03 1.3 102 26 0.3 0.3 0.0 0.7 00 556
BS_Dt 53 522 1.3 569 06 66 4.1 28 711 1.6 142 00 0.6 85 1.6 0.3 0.9 0.3 0.0 09 726
BS_D2 2.8 25.2 0.9 262 00 210 1.9 5.6 54.7 37 140 05 4.2 16.8 2.8 0.0 1.9 0.5 0.5 0.5 421
TPP_D1 3.5 39.3 1.5 429 03 190 3.4 1.2 66.9 21 132 03 09 120 4.0 0.0 06 0.0 0.0 00 571
TPP_D2 21 51.2 0.3 515 03 235 6.5 1.0 82.9 1.0 6.1 0.0 0.7 31 4.8 0.0 0.7 0.7 0.0 0.0 587
TPP_SD 58 425 28 452 08 234 7.9 1.6 79.0 20 131 04 0.8 24 1.2 0.0 1.2 0.0 0.0 00 603
LH_SD. 0.3 291 %12.5 416 20 30.1 0.0 54 79.1 03 193 14 0.0 0.0 0.0 0.0 0.0 0.0 00 00 628
KNP_SD1 2.3 45.8 j1.2 47.1 12 . 741 1.8 15 58.8 3.4 26.2 0.3 1.8 4.3 3.4 0.3 0.3 0.0 0.6 0.6 74.8
KNP_SD2 23 31.2 1.6 328 12 283 4.0 2.0 68.4 40 166 04 1.2 5.7 1.2 1.6 0.0 0.0 0.4 04 506
KNP_D1 0.8 30.8 4.0 34.9 1.9 5.9 0.3 0.6 43.6 22 467 03 0.6 5.3 0.6 0.0 0.0 0.3 0.0 00 835
KNP_D2 1.6 42.9 41 471 1.8 3.8 1.2 0.6 54.4 1.5 421 00 1.2 0.3 0.3 0.3 0.0 0.0 0.0 0.0 909
n=16 i
Avg. 3.6 38.2 I 413 09 178 3.2 26 65.8 | 32 170 04 7.6 2.8 0.3 0.5 0.2 04 02 598
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APPENDIX H
MICROPROBE ANALYSIS

Unaltered ilmenite
Altered ilmenite
Hematite
Titanohematite
Magnetite

Rutile

Zircon

® N o o kDN

Garnet

©

Pyroxene

10. ' Amphibole

11. Epidote

12. Aluminosilicates
13. Staurolite

14. Glauconite

15. Titanite

FeO and Fe,0, calculations were performed at the Council for Geoscience using the
method of Droop (1987).
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1. UNALTERED ILMENITE

Sample No. SiO2 TiO2 Al203 Cro03 Fes03 FeO MnO MgO CaO Total
AK43B_1 2 0.00 50.89 0.00 0.00 3.27 43.26 2.47 0.00 0.00 99.89
AK43B_1 4 0.11 52.85 0.52 0.00 0.00 41.11 0.61 0.19 0.08 95.47
AK43B_1 5 0.00 49.87 0.00 0.22 4.99 42.99 1.83 0.00 0.00 99.90
AK43B_1 7 0.00 51.20 0.00 0.00 2.96 41.64 3.92 0.17 0.10 99.99
AK45H_4 1. 0.00 49.16 0.00 0.00 6.21 42.94 1.25 0.00 0.00 99.56
AK45H_4 2 0.00 46.03 | 0.00 0.05 12.41 39.22 195 - 0.11 0.00 99.77
AK45H_4 5 0.00 49.45 0.00 0.00 6.00 40.68 3.63 0.06 0.00 99.82
AK45H_4 7 0.09 48.06 0.07 0.00 8.75 39.02 3.85 0.23 0.00 100.07
AK45H_4 8 0.00 52.12 0.19 0.00 0.93 43.16 3.39 0.06 0.13 99.98
AK45H_4 10 0.00 51.80 0.00 0.00 1.33 44.28 2.27 0.00 0.00 99.68
AKS52N_2 5 0.00 51.46 0.05 0.00 0.62 43.96 0.40 1.07 0.00 97.56
AK52N_2 6 0.00 49.42 0.00 0.00 5.59 39.13 5.24 0.00 0.00 99.38
AK52N_2 8 0.00 51.13 0.00 0.00 3.34 4413 0.40 0.81 0.00 99.82
AK52N_2 9 0.00 47.44 0.05 0.00 9.17 41.22 1.42 0.00 0.00 99.30
AKS52N_2 10 0.00 51.17 0.00 0.00 2.02 43.16 274 0.00 0.06 99.15
DP127R_2 2 0.00 51.17 0.00 0.00 2.39 40.83 5.12 0.00 0.00 99.51
DP127R_2 3 0.00 50.51 0.00 0.00 4.47 42.54 274 0.06  0.00 100.32
DP127R_2 4 0.00 50.96 0.00 0.00 3.94 42.75 3.04 0.00 0.00 100.68
DP127R_2 5 0.00 52.65 0.05 0.00 0.00 43.86 1.65 0.72 0.00 98.83
DP127R_2 8 0.00 49.06 0.00 0.00 7.03 39.26 4.71 0.00 0.07 100.12
DP127R_2 9 0.00 49.45 0.00 0.00 6.1 41.70 242 0.18 0.00 99.85
DP127R_2 10 0.00 51.26 0.00 0.00 2.33 42.13 3.92 0.00 0.00 99.63
DP127R_2 " 0.00 51.47 0.00 0.00 247 40.84 5.13 0.14 0.00 100.05
DP127R_2 14 0.00 50.38 0.00 0.06 4.47 40.16 5.08 0.00 0.00 100.15
DP88LM_2 1 0.00 50.25 0.17 0.00 3.26 40.19 4.93 0.00 0.00 98.81
DP88LM_2 2 0.00 49.87 0.00 0.00 3.46 36.71 8.03 0.00 0.00 98.08
DP88LM_2 3 0.91 50.88 0.10 0.00 0.00 40.07 297 0.12 1.27 96.42
DP88LM_2 6 0.00 48.18 0.00 0.00 4.51 40.92 2.38 0.00 0.00 95.98
DP88LM_2 7 0.35 51.42 0.62 0.00 0.00 38.57 3.90 0.1 0.19 95.16
DP88LM_2 8 0.00 51.41 0.00 0.00 2.67 43.07 3.12 0.00 0.00 100.27
DP88LM_2 10 0.00 52.16 - 0.00 0.00 0.95 45.09 1.79 0.00 0.00 100.00
DP88L.M_2 11 0.00 50.83 0.00 0.00 3.00 44.21 1.39 0.05 0.00 99.48
DP88LM_2 12 0.34 51.69 0.65 0.00 0.00 39.16 0.66 0.05 0.07 92.62
DP88LM_2 15 0.00 50.14 0.00 0.00 4.33 43.61 1.37 0.05 0.00 99.50
KV196R_1 1 0.00 50.81 0.00 0.00 0.75 40.29 517 0.09 0.00 97.12
KV196R_1 2 0.00 52.65 0.00 0.00 0.00 39.59 5.85 0.00 0.00 98.09
KV196R 1 8 0.00 4936 0.00 0.00 556 37.88 6.42° 0.00 0.00 99.23
KV196R_1 9 0.06 51.87 0.05 0.00 0.00 40.67 3.58 0.00 0.00 96.23
KV196R_1 15 0.00 52.09 0.00 6.05 0.00 38.99 5.93 0.07 0.00 97.13
KV196R_1 16 0.00 50.46 0.00 0.00 0.09 40.14 5.08 0.00 0.07 95.84
KV198PR_3 2 0.00 50.29 0.00 0.00 3.75 43.00 2.20 0.00 0.00 99.24
KV198PR_3 3 0.00 48.73 0.00 0.00 5.34 37.16 6.45 0.07 0.00 97.76
KV198PR_3 4 0.00 50.91 0.00 0.00 1.19 43.20 255 0.00 0.00 97.85
KV198PR_3 6 000 "~47.60 0.00—- 0.00 7.57 35.23 7.34 0.08 0.00 97.82
KV198PR_3 8 0.00 48.85 0.00 0.00 4.56 42.42 1.49 0.00 0.00 97.32
KV198PR_3 9 0.00 47.14 0.00 0.00 9.07 41.09 1.28 0.00 0.00 98.59
KV198PR_3 10 0.00 49.26 0.00 0.00 5.02 39.11 5.02 0.06 0.00 98.46
KV198PR_3 14 0.00 50.40 0.00 0.00 2.91 41.13 4.14 0.00 0.00 08.58
KV198PR_3 15 0.00 49.67 0.00 0.00 3.38 37.01 7.56 0.00 0.00 97.62
KV198PR_3 16 0.00 50.26 0.00 0.00 3.64  41.52 3.51 0.07 0.00 98.99
KV198PR _3 17 0.00 50.03 0.00 0.00 264 39.16 5.76 0.00 0.00 97.58
KV198PR_3 18 0.00 49.97 0.00 0.00 0.00 43.88 0.33 0.00 0.25 94.43
TP235M_3 3 0.00 49.06 0.00 0.00 6.35 39.45 4.52 0.05 0.00 99.43
TP235M_3 4 0.00 5245 0.06 0.1 0.54 4584  0.57 042  0.00 99.99
TP235M_3 5 0.00 50.00 0.00 0.00 2.83 41.25 3.56 0.06 0.00 97.70
TP235M_3 6 0.00 51.26 0.00 0.00 2.91 42.29 3.76 0.00 0.00 100.22
TP235M_3 7 0.00 49.59 0.00 0.00 3.41 40.04 4.41 0.05 0.00 97.50
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1. UNALTERED ILMENITE

Sample " No. Si02 TiO2 AlpO3 Crp03 Fep03 FeO MnO MgO CaO Total

TP235M_3 9 0.00 51.12 0.00 0.00 2.67 43.56 2.38 0.00 0.00 99.73
TP235M_3 10 0.00 - 5131 0.00 0.00 1.50 41.67 4.31 0.06 0.00 98.85
TP235M_3 11 0.00 50.50 0.00 0.00 4.49 40.79 4.56 0.00 0.00 100.34
TP235M_3 12 0.00 48.84 0.05 0.00 5.53 40.66 3.13 0.05 0.00 98.26
TP235M_3 13 0.00 50.08 0.00 0.05 4.83 40.19 4.66 0.07 0.00 99.88
TP235M_3 14 0.00 51.67  0.00 0.00 2.04 42.30 411 0.00 0.00 100.12
TP235M_3 15 0.00 47.95 0.00 0.00 7.74 39.44 3.63 0.00 0.00 98.77
TP235M_3 16 0.00 50.69 0.00 0.00 5.17 42.72 2.74 0.05 0.00 101.37
TP235M_3 17 0.00 49.84 0.00 0.00 3.73 40.26 4.38 0.07 0.00 98.27
TP235M_3 18 0.00 50.83 0.00 0.00 2.87 41.06 4.59 0.00 0.00 99.35
TP235M_3 19 0.06 50.96 0.10 0.07 0.00 44.08 1.59 0.05 0.00 96.91
TP235M_ 3 , 20 0.00 50.80 0.00 0.00 3.60 41.87 3.76 0.00 0.00 100.03
TP235M_3 22 0.00 47.81 0.14 0.00 6.52 38.67 4.01 0.07 0.1 97.32
TP235M_3 23 0.00 52.46 0.00 0.00 1.04 42.65 447 0.00 0.00 100.61
TP235M_3 24 0.00 50.59 0.00 0.00 3.72 39.44 5.98 0.00 0.00 990.72
TP235M_3 25 0.00 52.11 0.00 0.00 0.00 43.64 0.00 0.00 - 0.00 95.75
TP235M_3 26 0.00  50.20 0.00 0.00 4.71 41.77 3.15 0.10 0.00 99.93
TP235M_3 29 0.00 52.31 0.00 0.00 0.79 45.21 1.81  0.00 0.00 100.12
TP235M_3 30 0.00 52.17 0.00 0.00 0.72 39.95 6.88 0.00 0.00 99.71

TP262N_2 1 0.00 50.23 0.00 0.00 2.67 42.56 2.49 0.05 0.00 98.00
TP262N_2 3 0.00 49.46 0.00 0.00 4.80 40.86 3.57 0.00 0.00 98.69
TP262N_2 4 0.00 49.70 0.00 0.00 4.71 40.17 4.29 0.10 0.00 98.97
TP262N_2 5 0.00 51.80 0.00 0.00 0.00 44.40 2.01 0.00 0.00 98.21
TP262N_2 6 0.00 50.45 0.00 0.00 2.27 42.30 2.87 0.09 0.00 97.98
TP262N_2 8 0.00 50.67 0.00 0.00 3.52 33.12 1213 0.09 0.00 99.53
TP262N_2 9 0.14 63.57 0.94 0.00 0.00 38.94 2.84 0.09 0.08 96.60
TP262N_2 10 0.00 50.87 0.00 0.00 0.17 43.89 1.83 0.00 0.00 96.76
TP262N_2 L 0.00 49.65 0.00 0.00 2.78 41.98 2.63 0.00 0.00 97.05
TP262N_2 12 0.00 49.61 0.00 0.00 2.78 42.65 1.73 0.12 0.00 96.89
TP262N_2 13 0.00 51.05 0.00 0.00 1.43 41.34 4.40 0.06 0.00 98.28
TP262N_2 14 0.00 49.75 0.20 0.00 1.67 40.18 4.50 0.00 0.00 96.30
TP262N_2 17 0.00 49.01 0.00 0.00 5.81 41.62 2.17 0.14 0.00 98.75
TP262N_2 18 0.00 49.92 0.00 0.00 2.81 41.24 3.60 0.00 0.00 97.57
LH_C 1 2 0.07 51.29 0.15 0.00 0.00 43.57 1.47 0.08 0.00 96.63
LH C 1 4 0.00 51.17 0.00 0.00 2.39 43.33 2.65 0.00 0.00 99.54
LH C 1 5 0.00 51.82 0.00 0.00 0.26 42.04 4.31 0.11 0.00 98.54
LH_C_1 7 0.00 50.46 0.00 0.00 3.85 41.32 3.90 0.06 0.00 99.59
LH_C_1 8 0.0 47.87 0.16 0.00 4.99 43.05 0.00 0.00 0.00 86.07
LH_C_1 10 0.00 50.53 0.00 0.00 3.86 41.73 3.66 0.00 0.00 99.79
LH_C 1 1 0.07 51.55 0.07 0.00 0.00 43.01 3.16 0.06 0.00 97.92
LH_C_1 13 0.19 53.95 0.08 0.00 0.00 35.55 6.23 0.06 0.06 96.12
LH_C 1 16 0.00 51.80 0.00 0.00 0.00 42.62 3.74 0.00 © 0.00 98.16
LH_C_1 19 0.00 52.58 0.00 0.00 - 0.00 40.94 4.69 0.00 0.00 98.21
LH C_ 1 20 0.00 50.48 0.00 0.00 3.27 39.13 6.18 0.00 0.00 99.07
LH_C_1 22 0.00 52.36 0.00 0.00 0.00 42.11 3.95 0.08 0.00 98.50
LH C 4 5 0.00 52.46 0.00 0.00 0.26 42.30 4.58 0.13 0.00 99.74
LH_ C 4 18 0.07 50.28 0.00 0.00 1.51 41.86 3.25 0.08 0.00 97.05
LH C_4 19 0.00 49.02 0.00 0.00 6.66 40.25 3.61 0.10 0.00 99.64
LH_C 4 20 0.00 48.43 0.00 0.00 7.98 39.40 3.92 . 0.10 0.00 99.83
NB19AC_1 2 0.00 51.52 0.00 0.00 0.63 41.62 4.65 0.00 0.00 98.42
NB1SAC_1 10 0.06 51.47 0.00 0.06 0.00 35.39 8.13 0.09 0.00 95.20
NB21B_3 3 0.00 52.08 0.00 0.00 0.00 43.79 1.95 0.00 0.00 97.82
NB21B_3 4 0.00 50.74 0.00 0.00 2.44 40.63 4.93 0.00 0.00 98.74
NB21B_3 6 0.05 51.06 0.00 0.00 2.55 42.12 3.81 0.00 0.00 99.59
NB21B_3 7 0.00 52.43 0.00 0.00 0.00 40.02 2.78 0.00 0.00 95.23
NB21B_3 10 0.05 52.18 0.00 0.00 0.00 40.63 4.83 0.00 0.00 97.69

NB21B_3 13 0.00 47.14 0.00 0.00 7.28 39.61 2.64 0.06 0.00 A 96.73
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1. UNALTERED ILMENITE

Sample No. SOz TiOz AlO3 Cro03 Fe203 FeO  MnO  MgO CaO  Total
NB21B_3 16 0.00 48.43 0.00 0.08 8.37 39.88 3.46 0.05 0.06 100.33
NB21B_3 18 0.00 50.37 0.00 0.00 3.29 36.22 8.87 0.05 0.00 98.80
NB21B_5 2 0.07 49.34 0.16 0.00 3.26 39.80 4.59 0.00 0.00 97.23
NB21B_5 . 3 0.05 46.09 0.00 0.00 12.34 36.70 4.39 0.20 0.00 99.78
NB21B_5 6 0.00 50.69 0.00 0.00 2.65 41.11 4.42 0.00 0.00 98.87
NB21B_5 9 0.00 50.40 0.33 0.00 2.54 35.63 9.48 0.05 0.00 98.43
NB21B_5 14 0.00 49.56  0.00 0.00 4.68 41.74 2.67 0.07 0.00 98.72
NB21B_5 16 0.20 52.73 0.11 0.00 0.00 41.36 2.23 0.10 0.00 96.73
NB21B_5 17 0.23 53.00 0.563 0.00 0.00 40.96 1.34 0.09 0.00 96.15
NB21B_5 18 0.10 51.10 0.00 0.00 0.00 41.30 3.36 0.00 0.00 95.86
NB21B_5 19 0.00 52.50 0.00 0.00 0.00 42.92 3.83 0.00 0.00 99.25
NB21B_5 21 0.00 46.05 0.00 0.08 10.64 40.45 0.83 0.07 0.00 98.12
KN14_3 1 0.00 47.75 0.00 0.00 8.20 39.90 2.65 0.20 0.00 98.70
KN14_3 4 0.00 49.62 0.00 0.15 717 42.08 2.14 0.09 0.17 10_1 42
KN14_3 13 0.00 49.94 0.00 0.00 4.95 41.26 3.60 0.00 0.00 99.76
KN14_3 14 0.18 51.29 0.10 0.00 0.24 45.40 0.82 0.06 0.00 98.09
KN14_3 15 0.00 46.20 0.00 0.00 12.59 37.19 4.09 0.12 0.00 100.19
KN14_3 16 0.00 52.47 0.00 0.00 1.40 41.72 5.10 0.09 0.1 100.89
KN14_3 17 0.00 47.06 0.00 0.00 10.42 41.11 1.19 0.00 0.00 99.78
KN14_3 19 0.00 48.35 0.14 0.09 6.30 42.71 0.60 0.09 0.00 98.28
KN14_3 20 0.00 50.44 0.00 0.00 3.78 43.81 1.44 0.05 0.00 99.52
LKC1-04_11 2 0.06 50.65 0.00 0.00 3.26 41.50 4.07 0.00 0.00 99.54
LKC1-04_11 5 0.00 47.81 0.00 0.00 8.62 41.58 1.29 0.06 0.00 99.36
LKC1-04_11 6 0.00 51.94 0.00 0.00 1.65 41.48 5.16 0.00 0.00 100.24
LKC1-04_11 7 0.05 48.99 0.00 0.00 6.16 41.39 2.57 0.07 0.00 99.23
LKC1-04_11 12 0.00 50.55 0.00 0.00 4.94 42.29 2.93 0.1 0.00 100.82
LKC1-04_11 13 0.00 49.37 0.00 0.00 2.98 40.91 3.32 0.07 0.00 96.65
. LKC1-04_11 15 0.99 50.90 0.00 0.00 0.53 44 .91 2.02 0.00 0.00 99.35
LKC1-04_11 17 0.65 49.84 0.95 0.00 0.00 42.32 2.05 0.18 0.17 96.16
LKC1-04_11 18 0.06 49.21 0.00 0.00 6.11 40.78 2.76 0.13 0.40 99.45
LKC1-04_11 21 0.00 50.17 0.00 0.00 3.96 43.22 1.73 0.08 0.00 99.16
LKC1-04_2 6 0.05 47.61 0.00 0.00 8.59 39.15 3.46 0.12 -~ 0.00 98.98
LKC1-04_2 8 0.00 51.60 0.00 0.05 1.33 42.93 3.29 0.08 0.00 99.27
LKC1-04_2 10 0.15 52.24 0.18 0.00 0.00 43.12 2.99 0.10 0.00 98.78
LKC1-04_2 11 0.00 51.23 0.00 0.00 0.00 41.20 3.53 0.00 0.00 95.96
LKC1-04_2 12 0.00 51.91 0.00 0.00 1.40 42.50 4.13 0.00 0.00 99.94
LKC1-04_2 13 0.00 52.38 0.12 0.00 0.00 43.21 3.67 0.00 0.00 99.38
LKC1-04_2 14 0.00 49.07 0.00 0.00 6.06 39.71 4.36 0.00 0.00 99.20
LKC1-04_2 15 0.00 49.68 0.07 0.00 5.01 39.98 4.51 0.07 0.00 99.32
LKC1-04_9 1 0.00 52.00 0.00 0.00 1.52 43.56 3.16 0.00 0.00 100.24
LKC1-04_9 4 0.00 52.63 0.00 0.00 0.00 44.27 3.01 0.00 0.00 99.91
LKC1-04_9 5 0.00 48.07 0.00 0.05 8.70 42.15 0.96 0.06 0.00 99.99
LKC1-04_9 7 0.63 51.09 0.52 0.00 0.00 40.58 5.31 0.07 0.00 98.20
LKC1-04_9 8 0.00N 51.71 0.00 0.00 - 0.39 42.60 3.85 0.00 0.00 98.55
LKC1-04_9 9 0.00 47 .42 0.00 0.00 8.26 41.76 0.87 0.00- 0.00 98.31
LKC1-04_9 10 0.00 51.75 0.00 0.00 0.70 38.40 7.91 0.07 0.00 98.83
LKC1-04_9 12 0.00 49.18 0.00 0.00 6.84 41.13 2.67 0.22 0.00 100.03
LKC1-04_9 13 0.05 49.81 0.00 0.00 2.69 41.33 3.48 0.00 0.00 97.36
LKC1-04_9 14 0.00 49.15 0.00 0.00 3.69 41.20 2.80 0.09 0.00 96.93
LKC1-04_9 15 0.00 49.51 0.00 0.05 6.18 41.22 3.26 0.00 0.00 100.22
LKC1-04_9 16 0.00 50.81 0.00 0.00 2.86 43.88 1.70 0.05 0.00 _ 99.30
LKC1-04_9 17 0.48 52.04 0.45 0.06 0.00 37.83 2.19 0.09 0.00 93.14
LKC1-04_9 18 0.00 47.59 0.00 0.00 7.40 40.94 1.83 0.00 0.00 97.76
LKC1-04_9 19 0.00 49.56 0.09 0.00 5.58 42.48 1.90 0.09 0.00 99.70
LKN8-03_1 1 0.00 49.20 0.00 0.00 4,92 38.03 5.99 0.08 0.00 98.22
LKN8-03_1 2 0.00 51.13 0.00 0.00 2.03 42.57 3.26 0.06 0.00 99.05
LKN8-03_1 3 0.00 51.09 0.06 0.00 3.02 43.98 1.64 0.17 0.00 99.96
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1. UNALTERED ILMENITE

Sample No. SiO2 TiO2 AlI203 Cro03 Fe203 FeO MnO MgO CaO Total
LKN8-03_1 4 0.00 51.12 0.06 0.00 1.53 44 .81 0.35 0.45 0.00 98.32
LKN8-03_1 5 0.00 . 50.88 0.06 0.00 1.40 44.05 1.51 0.10 0.00 98.00
LKN8-03_1 6 0.00 51.57 0.00 0.00 0.56 44.32 2.03 0.00 0.00 08.48
LKN8-03_1 8 0.00 52.35 0.07 0.00 0.90 41.53 5.28 0.11 0.00 100.24

LKN8-03_1 10 0.00 50.79 0.00 0.00 134 3870 6.88 0.00 0.00 97.71
LKN8-03_1 11 0.00 50.85 0.00 0.00 3.41 44.64 1.07 0.00 0.00 99.97
LKN8-03_3 1 0.00 50.56  0.00 0.06 4.20 42.16 0.40 1.63 0.00 99.01
LKN8-03_3 2 0.00 48.96 0.00 0.00 6.49 43.25 0.77 0.00 0.00 99.47
LKN8-03_3 4 0.00 52.00 0.00 0.00 0.00 42.25 3.08 0.00 0.00 97.33
LKN8-03_3 5 0.00 50.65 0.00 0.00 1.26 44.75 0.79 0.00 0.00 97.45
LKN8-03_3 9 0.00 50.46 0.00 0.00 3.83 43.59 0.46 0.74 0.00 99.08
LKN8-03_3 10 0.00 49.22 0.10 0.00 6.12 43.02 0.24 0.56 0.00 99.26
LKN8-03_3 11 0.00° 5125 0.00 0.00 1.70 43.53 2.44 0.05 0.00 98.97
LKN8-03_3 13 0.00 47.46 0.00 0.00 9.60 39.12 3.51 0.00 0.00 99.69
LKN8-03_3 17 0.00 50.04 0.00 0.00 3.82 43.41 1.57 0.00 0.00 98.84

SN78-5_6 1 0.00 49.80 0.00 0.07 3.25 42.73 2.03 0.00 0.00 97.88
SN78-5_6 4 0.00 49.76 0.00 0.10 4.53 43.20 1.53 0.00 0.00 99.11

SN78-5_6 5 0.00 50.45 0.00 0.07 2,57 43.55 1.79 0.00 0.00 98.44
LKBO1_1 2 0.00 46.69 0.00 0.00 10.65 39.82 1.85 0.13 0.05 99.19
LKBO1_1 3 0.00 49.77 0.00 0.00 5.69 43.03 1.70 0.00 0.00 100.19
LKBO1_1 4 0.00 51.12 0.00 0.00 2.78 41.48 4.31 0.07 0.00 99.76
LKBO1_1 8 0.00 49.94 0.00 0.00 4.58 41.12 3.74 0.00 0.00 99.38
LKBO1_1 9 0.00 52.00 0.00 0.00 1.23 43.22 3.24 0.10 0.06 99.85
LKBO1_1 11 0.00 49.94 0.00 0.00 5.26 43.91 0.90 0.05 0.00 100.06
LKBO1_1 12 0.94 50.69 0.00 0.00 0.78 40.00 6.72 0.08 - 0.00 98.31

LKBO1_1 13 0.00 49.49 0.00 0.00 4.12 40.53 3.92 0.00 0.00 98.06
LKBO1_1 14 0.00 50.27 0.00 0.00 451 41.77 3.27 0.07 0.00 99.89
LKBO1_1 17 0.00 49.33 0.00 0.00 6.27 43.23 1.03 0.05 0.00 99.91

LKBO1_1 20 0.00 51.54 0.00 0.00 242 38.44 7.61 0.1 0.00 100.12
LKBO1_1 22 0.00 51.41 0.00 0.00 1.69 42.89 3.30 0.00 0.00 99.29
LKBO1_1 24 0.00 52.62 0.00 0.00 0.00 41.23 5.81 0.07 0.00 99.73
SN78-5_1 3 0.00 51.14 0.00 0.00 3.37 42.74 3.10 0.06 0.00 10041
SN78-5_1 11 0.00 51.09 0.05 0.00 4.19 43.13 0.42 1.34 0.00 100.22
SN78-5_1 13 0.00 46.58 0.00 0.00 6.37 38.79 3.06 0.00 0.00 94.80
SN78-5_1 18 0.00 52.57 0.00 0.00 2.14 46.48 0.41 0.21 0.00 10181
SN78-5_1 25 0.00 53.39 0.05 0.00 1.52 46.29 0.49 0.65 0.05 10244
SN78-5_1 26 0.00 52.27 0.00 0.00 1.88 42.09 4.85 0.00 0.00 101.09
SN78-5_1 27 0.00 52.15 0.00 0.00 3.65 45.48 0.92 0.27 0.00 10248
SN78-5_1 28 0.00 52.13 0.00 0.00 3.35 44.79 2.06 0.00 0.00 102.34
SN78-5_1 29 0.00 52.32 0.00 0.00 2.26 44.43 2.59 0.00 0.00 101.80
SN78-5_1 30 0.00 52.90 0.00 0.00 1.48 45.04 2.50 0.00 0.00 101.92

n= 212

Avg. 0.04 50.44 0.04 0.01 3.32 41.52 3.30 0.08 0.02 98.76
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2. ALTERED ILMENITE

Sample No. SiO2 TiOp AlpO3 CrpO3 FepO3 FeO MnO MgO CaO Total

AK43B_1 6 6.18 82.98 1.51 0.11 3.01 0.00 0.00 0.57 0.19 94.55
AK43B_1 8 0.30 . 59.70 0.33 0.05 26.88 6.80 0.71 0.20 0.14 95.10
AK43B_1 9 0.90 94.39 0.43 0.15 1.21 0.00 0.09 0.06 0.25 97.48
AK45H_4 9 1.32 83.34 6.31 0.00 5.55 0.00 0.14 0.18 040 . 97.25
DP127R_2 1 040 56.90 0.39 - 0.00 21.01 16.58 2.59 0.17 0.00 98.05
DP127R_2 13 0.20 57.50 0.16 0.00 2198 15.54 2.18 0.07 0.00 97.63
DP88LM_2 4 0.09 5418  0.08 0.00 0.27 41.76 3.05 0.00 0.00 99.43
DP88LM_2 14 0.00 55.41 0.00 0.00 0.00 44.22 0.27 0.00 0.00 99.90
KV196R_1 4 0.00 55.17 0.25 0.00 12,55 27.22 5.07 0.11 0.00 100.37
KV196R _1 6 0.13 59.16 0.16 0.00 26.02 9.08 0.87 0.31 0.05 95.79
KV196R_1 7 6.70 77.59 1.40 0.00 4.73 0.00 0.00 0.00 6.50 96.92
KV196R_1 12 0.00 53.47 0.21 0.00 0.00 41.62 4.02 0.09 0.07 99.48
KV196R_1 13 0.06 55.66 0.00 0.00 13.37  26.52 4.1 0.00 0.00 99.73
KV196R_1 14 0.16 59.79 0.21 0.06 27.00 6.12 0.29 0.00 0.10 93.73
KV196R_1 17 0.06 55.02 0.07 0.00 0.00 43.15 213 0.00 0.00 10043
KV196R_1 19 0.31 54.93 0.34 0.00 14.62 24.27 245 0.00 0.00 96.91
KV198PR_3 13 0.10 56.27 0.10 0.05 16.70 2247 177 0.00 0.00 97.46
TP262N_2 9 014 53.57 0.94 0.00 0.00 43.27 2.84  0.09 0.08  100.93
TP262N_2 16 0.00 79.11 0.00 0.00 21.11 0.18 0.16 0.00 0.00 100.56
LH_C_1 1 0.00 56.54 0.07 0.00 10.48 ~ 31.00 1.84 0.00 0.00 99.92
LH_C_1 6 0.07 57.94 0.07 0.00 2256 14.96 1.55 0.00 0.00 97.15
LH_C_1 9 0.00 53.16 0.00 0.00 0.00 46.39 3.97 0.08 0.00 103.60
LH_C_1 12 0.00 55.45 0.00 0.00 18.79  18.77 8.12 0.00 0.00 101.13
LH_C 1 13 0.19 53.95 0.08 0.00 10.23 29.27 6.23 0.06 0.06  100.08
LH C_1 14 0.07 55.37 0.05 0.00 9.53 31.29 3.19 0.16 0.00 99.66
LH_C 1 18 0.07 56.01 0.00 0.00 11.97 28.65 2.81 0.00 0.00 99.51
LH_C 1 21 0.00 55.26 0.00 0.00 4.32 37.70 2.57 0.00 0.00 990.85
LH_C_1 23 0.08 57.18 0.06 0.00 18.85 19.99 2.52 0.00 0.05 98.83
LH C 1 24 0.16 57.87 0.09 0.00 21.09 1732 1.57 0.10 0.00 98.20
LH_C 1 25 006. 539 0.35 0.05 9.53 30.15 4.74 0.14 ...0.00 98.92
LH_C_4 1 0.08 56.23 0.05 0.00 12.68 27.90 1.62 0.00 0.00 98.55
LH C_4 2 0.10 56.27 0.25 0.00 16.65 22.55 2.66 0.08 0.00 98.56
LH_C_4 3 0.11 56.67 0.28 0.00 2255 13.78 4.02 0.09 0.00 97.50
LH_C_4 6 0.06 55.36 0.13 0.00 7.10 34.34 4.14 0.13 0.00 101.26
LH C 4 7 0.14 54.73 0.23 0.00 16.61  21.34 3.46 0.10 0.05 96.66
LH C 4 8 0.17 57.94 0.17 0.00 2348 13.31 2.94 0.07 0.07 98.16
LH_C 4 9 0.20 59.12 0.17 0.00 25.96 9.20 3.14 0.00 0.00 97.79
LH C 4 10 0.1 56.92 0.11 0.00 21.74  15.41 343 .0.06 0.00 97.78
LH C 4 1 0.16 56.79 0.18 0.00 18.25 20.69 2.7 0.06 0.00 98.84
tH_C 4 12 0.12 54.85 - 0.00 0.00 4.97 36.58 2.72 0.07 0.00 99.31
LH_C_4 13 0.07 54.86 0.07 0.00 0.00 42.71 2.29 0.00 0.00 100.00
LH_C_4 15 0.14 55.39 1.03 0.00 20.57 15.86 7.54 0.12 0.06 100.81
NB19AC_1 1 0.23 55.83 0.06 0.06 1262 27.65 0.80 0.25 0.00 97.50
NB19AC_1 3 0.21 56.48 0.000 °~ 0.00 ° 2410 10.54 3.99 0.05 0.00 95.37
NB19AC_1 4 026 5712 0.58 0.00 2440 10.60 4.14 0.09 0.07 97.25
NB19AC_1 5 0.08 55.28 0.00 0.00 5.50 36.26 3.68 0.00 0.00 100.80
NB19AC_1 6 0.12 56.10 0.17 0.00 19.86 17.71 3.36 0.1 0.00 97.42
NB19AC_1 7 0.18 57.50 0.18 0.00 25.66 761 521 0.13 0.00 96.47
NB19AC_1 8 0.13 55.21 0.07 0.00 19.40 17.64 4.01 0.05 0.00 96.51
NB19AC_1 9 0.21 53.64 0.08 0.00 1517 2247 3.68 0.09 0.05 95.39
NB19AC_1 11 0.13 57.03 0.00 0.00 2297 13.37 3.63 0.06 0.00. 97.19
NB19AC_1 12 0.19 57.00 0.52 0.00 23.21 12.90 2.43 0.07 0.05 96.37
NB19AC_1 13 0.19 57.01 0.07 0.00 2344 1247 2.81 0.12 0.00 96.11
NB19AC_1 14 0.24 55.68 0.06 0.00 2129 15.04 3.45 0.06 0.00 95.82
NB19AC_1 16 0.20 56.99 0.00 0.00 23.18 12.94 3.34 0.11 0.00 96.76
NB19AC_1 17 0.17 57.96 0.00 0.00 25.73 8.16 4.75 0.09 0.00 96.86
NB21B_3 1 0.09 55.84 © 0.00 0.00 9.94 31.13 2.08 0.00 0.00 99.08
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2. ALTERED ILMENITE

Al203 Cr203 Fe203 FeO

Sample No. SiO2 TiO2 MnO MgO CaO Total
NB21B_3 2 0.31 57.81 0.16 0.00 2297 1411 2.1 0.00 0.00 97.47
NB21B_3 5 0.07 _ 57.59 0.09 0.00 18.78 20.58 238 - 0.00 0.00 99.49
NB21B'_3 8 0.12 58.01 0.08 0.00 21.82 16.27 1.84 0.00 0.00 98.13
NB21B_3 0.21 57.64 0.12 0.00 2400 12.00 2.77 0.00 0.08 96.83
NB21B_3 11 0.06 54.71 0.08 0.00 15.28 23.18 2.05 0.05 0.00 95.41
NB21B_3 12 0.53 59.31 0.63 0.00 26.32 8.38 1.51 0.07 0.08 96.84
NB21B_3 14 0.22 58.37  0.25 0.00 25.42 9.67 2.13 0.10 0.00 96.15
NB21B_3 17 0.05 53.97 0.06 0.00 0.00 42.47 4.30 0.00 0.05 100.90
NB21B_5 4 1.60 57.27 1.13 0.00 2429 11.00 1.84 0.13 0.07 97.33
NB21B_5 5 1.81 70.09 1.61 0.00 22.62 041 . 0.09 0.05 0.13 96.82
NB21B_5 7 0.05 53.64 0.00 0.00 0.00 486.70 1.90 0.00 0.00 102.29
NB21B_5 12 0.18 58.22 0.14 0.00 23.93 1274 2.88 0.00 0.00 98.09
NB21B_5 15 2.06 54.26 3.18 0.00 2268 1112 3.53 0.14 0.17 97.15
NB21B_5 25 0.34 54.31 0.26 0.00 6.39 34.40 4.35 0.10 0.00 100.16
LKC1-04_2 3 8.00 79.62 1.41 0.13 0.88 0.00 0.00 0.17 3.51 93.72
LKC1-04_2 4 0.61 57.49 4.55 0.00 25.90 6.44 227 0.13 0.20 97.59
LKC1-04_2 7 417 59.77 2.64 0.00 22.20 0.80 6.23 0.36 0.21 96.38
LKN8-03_1 7 0.47 61.27 0.21 0.05 27.66 5.17 1.26 0.09 0.19 96.37
LKN8-03_3 7 0.42 59.33 0.19 0.00 23.81 14.06 0.49 0.27 0.05 98.62
LKN8-03_3 12 0.37 53.91 0.14 0.06 0.00 44.56 1.39 0.11 0.00 100.54
SN78-5_6 2 1.25 65.88 1.07 0.08 25.49 1.156 0.57 0.17 0.12 95.78
SN78-5_6 3 0.49 54.59 1.36 0.08 11.31 28.38 0.95 0.15 0.1 97.43
SN78-5_6 6 0.30 58.18 0.29 0.00 25.88 8.03 2.32 0.28 0.10 95.38
SN78-5_6 7 0.32 57.76 0.33 0.00 2512 9.66 2.37 0.33 0.06 95.94
SN78-5_6 8 1.66 62.96 2.17 0.00 24.23 1.06 1.70 0.43 0.19 94.40
SN78-5_6 9 0.33 58.85 0.33 0.00 26.58 5.93 3.36 0.42 0.05 95.85
SN78-5_6 11 1.44 85.42 1.49 0.00 7.26 0.00 0.84 0.22 0.07 96.75
6869F3-02_2 1 0.13 55.90 6.66 0.05 22.89 12.41 2.20 0.05 0.10  100.38
6869F3-02_2 2 0.13 §7.29 0.16 0.00 21.50 16.14 1.97 0.05 0.06 97.30
6869F3-02_2 3 0.21 58.02 0.78 0.06 24.04 12.32 1.74 0.00 0.07 97.24
6869F3-02_2 4 0.14 56.83 0.21 0.14 20.80 16.86 0.45 0.50 0.09 96.02
6869F3-02_2 5 0.11 57.23 0.09 0.07 23.87 11.83 1.41 0.05 0.10 94.77
6869F3-02_2 6 0.13 58.93 0.16 0.00 26.51 6.86 2.61 0.06 0.00 95.25
6869F3-02_2 7 0.17 57.84 0.95 0.00 2417 11.86 2.29 0.05 0.06 97.40
6869F3-02_2 8 0.14 57.73 0.21 0.00 22.99 14.00 1.62 0.05 0.00 96.75
6869F3-02_2 9 0.29 56.65 0.45 0.06 18.21 20.63 1.79 0.09 0.00 98.17
6869F3-02_2 10 7.52 94.31 0.00 0.00 0.23 0.00 0.00 0.00 0.23 102.29
6869F3-02_2 12 0.12 55.39 0.18 0.00 20.89 15.44 2.20 0.06 0.06 94.34
6869F3-02_2 14 0.13 57.10 0.13 b.08 19.90 18.49 0.40 0.08 0.00 96.32
6869F3-02_2 15 0.13 57.59 0.18 0.06 21.47 16.46 0.43 0.91 0.00 97.23
6869F3-02_2 16 0.17 54.58 4.09 0.00 18.42 18.58 1.17 0.06 0.08 97.16
6869F3-02_2 17 0.12 59.02 0.95 0.00 26.63 6.27 3.52 0.00 0.07 96.57
6869F3-02_2 18 0.10 57.65 0.09 0.05 24.32 11.37 2.80 0.07 0.09 96.53
AK1_2 1 0.17 61.14 0.10 0.00 27.52 461 - 176 0.17 0.07 95.54
AK1_2 2 0.20 63.29 0.15 0.00 26.27 1.84 1.56 0.10 0.16 93.56
AK1_2 3 0.12 59.60 0.18 0.05 26.90 4.94 1.60 0.00 0.09 93.48
AK1_2 4 0.12 59.94 0.06 0.00 26.77 3.81 4.65 0.00 0.09 95.44
AK1_2 5 0.12 61.58 0.08 0.00 27.49 3.88 1.49 0.10 0.06 94.80
AK1_2 7 0.17 63.34 0.08 0.00 26.70 2.10 1.04 0.12 0.10 93.65
AK1_2 8 0.15 59.80 0.12 0.00 27.01 6.00 1.67 0.09 0.00 94.84
AK1_2 9 0.09 58.26 0.10 0.00 24.84 10.91 0.39 0.05 0.08 94.72
AK1_2 10 0.13 56.67 0.15 0.00 22.37 14.11 0.96 0.07 0.06 94.51
AK1_2 11 0.14 59.40 0.10 .0.00 26.83 5.86 1.12 0.05 0.07 93.57
AK1_2 12 0.19 59.73 0.14 0.05 26.71 7.69 1.51 0.07 0.05 96.15
AK1_2 13 0.1 59.83 0.08 0.05 26.50 8.64 1.55 0.07 0.00 96.83
AK1_2 14 0.30 60.40 0.15 0.00 27.28 5.36 1.22 0.09 0.08 94.88
AK1_2 15 0.20 60.22 0.20 0.00 26.99 7.49 1.27 0.12 0.07 96.56
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2. ALTERED ILMENITE

Sample No. SiO2 TiO2 Al203 CroO3 FeoO3 FeO MnO MgO CaO Total
AK1_2 16 0.20 62.25 0.15 0.05 27.84 4.06 0.99 0.16 0.14 95.83
AK1_2 17 0.18 . 61.12 0.15 0.08 27.62 5.67 1.67 0.00 0.00 96.48
AK1_2 18 0.13 59.60 0.18 0.06 26.41 8.56 1.28 0.09 0.00 96.31
AK1_2 19 0.19 59.60 0.17 0.00 26.83 6.80 0.96 0.17 0.08 94.80
AK1_2 20 0.18 59.92 0.1 0.00 26.02 10.11 0.99 0.09 0.09 97.51
AK1_2 21 0.16 60.63 0.13 0.00 27.18 4.14 291 0.23 0.09 95.47
AK1_2 22 0.16 60.86 . 0.20 0.00 27.49 5.37 1.43 0.06 0.06 95.63
LKBO1_1 1 0.42 58.86 0.11 0.00 25.22 10.74 1.40 0.16  0.00 96.91
LKBO1_1 15 0.06 54.49 0.00 0.00 0.00 46.60 1.66 0.00 0.00 102.81
LKBO1_1 18 0.19 53.22 0.09 0.00 0.00 4415 2.15 0.00 0.00 99.80
LKBO1_1 19 0.23 56.80 0.05 0.00 17.59 2165 1.84 0.00 0.00 98.16
LKBO1_1 21 0.00 53.78 0.00 0.00 0.00 48.31 2.18 0.00 0.00 104.27
SN78-5_1 1 0.17 54.34 0.09 0.00 24.54 4.75 8.97 0.00 0.05 92.91
SN78-5_1 2 0.11 58.51 0.11 0.00 22.82 15.05 0.91 0.05 0.00 97.55
SN78-5_1 5 0.23 58.44 0.08 0.00 23.41 13.93 1.60 0.06 0.06 97.81
SN78-5_1 7 0.19 57.68 0.06 0.00 21.24 16.92 1.50 0.07 0.00 97.65
SN78-5_1 8 0.1 57.86 0.07 0.00 22.15 15.58 3.67 0.13 0.00 99.57
SN78-5_1 9 0.1 59.17 0.07 0.00 26.46 7.64 5.01 0.05 0.00 98.50
SN78-5_1 14 0.22 56.83 0.12 0.00 25.67 5.04 4.85 0.09 0.09 92.92
SN78-5_1 15 0.17 57.81 0.08 0.00 23.88 1243 2.12 0.1 0.00 96.60
SN78-5_1 16 0.13 58.21 0.10 0.00 23.83 1292 1.81 0.07 0.00 97.07
SN78-5_1 17 0.00 55.24 0.07 0.00 19.91 16.87 2.24 0.07 0.00 94.40
SN78-5_1 19 0.19- 58.40 0.13 0.00 24.10 12.59 1.09 0.09 0.09 96.69
SN78-5_1 21 0.19 59.70 023  0.05 26.94 4.99 1.99 0.10 0.08 94.28
SN78-5_1 23 0.10 61.17 0.00 0.00 27.64 5.71 2.68 0.05 0.00 97.35
SN78-5_1 24 0.08 59.38 0.06 0.00 25.67 10.30 3.48 0.11 0.00 99.08
n= 140

Avg. 047 59.04 0.44 0.01 18.71 16.15 2.36 0.10 0.12 97.39
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3. HEMATITE

Sample No. SiO2 TiO2 Alp03 CrpO3 FepO03 FeO MnO MgO CaO Total
KV196R_1 4 0.00 0.00 0.25 0.00 98.25 0.00 0.00 0.00 0.00 98.50
KV196R_1 6 0.13 0.00 0.16 0.00 96.45 0.00 0.00 0.00 0.00 96.74
KV196R_1 7 0.07 0.20 0.40 0.00 96.90 0.00 0.00 0.00 0.00 97.57
KV196R_1 12 0.00 0.50 0.21 0.00 95.98 0.00 0.00 0.00 0.00 96.69
LH_C_1 9 0.00 0.00 0.00 0.00 99.89 0.00 0.00 0.00 0.00 99.89
LH_C_1 12 0.00 0.00 0.00 0.00 98.23 0.02 0.01 0.00 0.01 98.27
LH_C_1 13 0.12 0.00 ~ 0.08 0.00 97.23 0.02 0.00 0.00 0.00 97.45
LH_C_t1 14 0.07 0.00 0.05 0.00 99.65 0.53 0.00 0.00 0.00 100.30
SN78-5_6 6 0.03 0.00 0.29 0.00 97.64 0.00 0.00 0.00 0.00 97.96
SN78-5_6 7 0.02 0.76 0.33 0.00 96.74 0.00 0.02 0.00 0.02 97.89
SN78-5_6 8 0.06 0.00 0.17 0.00 99.26 0.23 0.00 0.00 0.00 99.72
SN78-5_6 9 0.03 0.42 0.33 0.00 99.86 0.08 0.00 0.00 0.00 100.72
SN78-5_6 11 0.04 0.05 0.49 0.00 99.01 0.26 0.00 0.00 0.00 99.85
n=13 _

Avg. 0.04 0.15 0.21 0.00 98.08 0.09 0.00 0.00 0.00 98.58
4. TITANOHEMATITE
Sample No. SiO2 TiO2 AI203 Cro03 Fe2O3 FeO MnO MgO CaO Total
AK45H_4 6 0.00 24.38 0.05 0.07 17.58 50.27 , 1.38 0.09 0.00 93.82
AK45H_4 12 0.00 3245 0.00 0.00 38.16  28.30 0.55 0.18 0.00 99.64
KV196R_1 11 0.00 39.73 0.00 0.00 23.02 32.54 3.15 0.00 0.00 98.44
KV198PR_3 1 0.00 25.45 0.00 0.00 49.03 21.28 1.51 0.00 0.06 97.33
TP235M_3 28 0.00 41.55 0.00 0.00 2047 3471 2.62 0.00 0.00 99.35
TP262N_2 7 0.00 36.44 0.21 0.00 25.55 32.60 0.17 0.00 0.00 94.97
TP262N_2 15 0.00 33.32 0.00 0.05 33.03 28.17 1.59 0.10 0.00 96.27
KN14_3 11 0.00 22.50 0.00 0.00 2222  48.78 1.66 0.00 0.00 95.17
LKC1-04_11 9 0.06 45.09 0.00 0.00 1429 3220 8.31 0.00 0.00 99.95
LKC1-04_11 16 0.06 39.58 0.05 0.08 21.66 33.90 1.74 0.00 0.00 97.07
LKC1-04_2 2 0.00 33.85 0.00 0.00 34.75 2492 5.36 0.05 0.00 98.93
LKC1-04_2 5 0.00 43.88 0.00 0.07 16.59 38.63 0.61 0.12 0.00 99.90
LKN8-03_3 14 0.00 43.70 0.00 0.17 16.50 35.65 3.32 0.16 0.00 99.50
LKBO1_1 6 0.00 38.59 0.00 0.00 24.75 32.20 2.36 0.06 0.00 97.97
LKBO1_1 7 0.00 4446 0.00 0.00 13.67 36.01 3.81 0.06 0.00 98.02

n=15

Avg. 0.01 36.33 0.02 0.03 2475  34.01 254 0.05 0.00 97.76
5. MAGNETITE
Sample No. SiO2 TiO2 AI203 Crp03 Fep03 FeO MnO MgO CaO Total
AK43B_1 3 0.00 0.05 0.27 0.00 63.25 2849 0.18 0.00 0.05 92.29
AK43B_1 10 0.00 15.79 0.06 0.21 34.78 4270 1.47 0.00 0.00 95.01
AK45H_4 3 0.00 9.82 0.00 0.10 46.15 38.19 0.28 0.00 0.00 94.54
AK45H_4 4 0.08 0.00 0.24 0.00 63.89 28.93 0.10 0.00 0.06 93.30
AK45H_4 11 0.06 0.00 0.26 0.07 63.95 29.07 0.00 0.00 0.05 93.47
AK45H_4 13 0.17 1.52 0.76 0.06 61.04 30.81 0.35 0.00 0.00 94.71
AK45H_4 14 0.16 0.06 0.14 0.00 64.70 29.70 0.00 0.00 0.00 94.76
AK52N_2 3 0.00 2.61 0.11 0.00 59.65 31.13 0.27 0.06 0.08 93.90
DP127R_2 15 0.00 3.05 0.39 0.00 58.38 31.91 0.12 0.00 0.00 93.85
DP88LM_2 9 0.19 0.05 0.42 0.14 64.23 29.80 0.00 0.00 0.00 94.83
DP88LM_2 13 1.61 11.66 1.01 0.00 37.08 41.63 0.00 0.33 0.00 93.31
KV196R_1 5 0.00 13.24 0.12 0.00 38.16  40.98 0.00 0.05 0.00 92.55
KV198PR_3 5  0.00 16.47 0.05 1.42 31.32 43.88 0.15 0.22 0.00 93.51
KV198PR_3 12 0.19 0.06 0.10 0.09 64.98 29.91 0.00 0.00 0.00 95.33
TP262N_2 2 0.00 9.61 0.21 0.00 46.03 37.68 0.45 0.00 0.00 93.98
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5. MAGNETITE

Sample No. SiO2 TiO2 Al203 Cro03 Fe203 FeO MnO MgO CaO Total
NB21B_5 8 0.08 0.21 0.16 0.00 62.77 28.92 0.00 0.00 0.00 92.15
NB21B_5 13 0.00 . 18.92 0.06 0.00 28.92 47.08 0.00 0.00 0.00 94.98
NB21B_5 22 0.06 19.63 0.00 0.00 26.89 46.68 0.85 0.00 0.00 94.11
KN14_3 0.00 12.68 0.05 0.07 40.73  41.03 0.17 0.00 0.00 94.73

2
KN14_3 5 0.05 18.13 0.05 0.00 30.54 43.96 2.42 0.05 0.00 95.20
KN14_3 9 0.00 6.87 0.21 0.05 51.57 35.73 0.00 0.00 0.00 94.42
LKC1-04_11 3 0.05 9.97 0.08 0.13 4534 38.42 0.14 0.00 0.00 94.13
LKC1-04_11 4 0.00 13.90 0.05 0.08 38.86 41.74 0.81 0.00 0.00 95.44
LKC1-04_11 8 0.00 10.51 0.10 0.07 4519 38.70 0.63 0.00 0.00 95.20
LKC1-04_11 10 0.00 12.24 0.08 0.13 40.44 40.13 0.19 0.00 0.00 93.21
LKC1-04_11 11 0.00 6.52 0.25 0.25 5245 35.48 0.14 0.00 0.00 95.08
LKC1-04_11 14 0.06 8.47 0.12 0.27 48.52 37.26 0.16 _  0.00 0.00 94.86
LKC1-04_11 19 0.05 9.07 0.10 0.10 4859 38.24 0.17 0.00 0.00 96.32

LKC1-04_11 20 0.05 9.07 0.10 0.10 4859 38.24 0.17 0.00 0.00 96.32
LKC1-04_11 22 0.06 11.17 0.09 0.10 43.30 39.61 0.21 0.00 0.00 94.55
LKC1-04_9 3 0.06 13.13 0.12 0.00 38.61- 4047 0.35 0.08 0.19 93.01
KV198PR_1 1 0.07 16.96 1.65 0.08 30.76  44.89 0.28 0.26 0.06 95.01
KV198PR_1 2 0.92 14.12 2.51 0.05 3297 4296 0.65 0.26 0.1 94.55
KV198PR_1 3 0.31 18.17 0.80 0.00 28.88 46.30 0.39 0.07 0.12 95.04
KV198PR_1 4 0.19 16.68 1.82 0.05 31.58  45.27 0.35 0.19 0.00 96.13
KV198PR_1 5 1.29 0.33 0.82 0.53 62.22 32.41 0.00 0.05 0.00 97.65
KV198PR_1 6 0.25 16.18 1.07 0.07 32.07 4442 0.35 0.08 0.00 94.49
KV198PR_1 7 0.00 0.15 0.07 0.00 68.07 30.95 0.00 0.00 0.00 99.24
KV198PR_1 8 0.12 16.75 1.21 0.06 32.35 45.33 0.37 0.08 0.00 96.27
KV198PR_1 9 0.07 14.66 2.07 0.09 35,76  43.22 0.31 0.33 0.00 96.51
KV198PR_1 10 0.21 16.23 1.19 0.10 3242 4468 0.32 0.09 0.00 95.24
KV198PR_1 11 0.25 14.93 0.80 0.08 34.46 43.05 0.24 0.15 0.00 93.96
KV198PR_1 13 0.05 8.29 3.84 0.00 49.75 31.95 0.29 4.42 0.00 98.59
KV198PR_1 14 0.00 0.05 0.06 0.00 67.47  30.40 0.09 0.00 0.00 98.07
LHC_3 15 0.00 - 171 1.76 0.00 6476  25.81 0.37 4.03 0.07 98.51
LHC_3 16 0.07 15.12 1.03 0.08 36.18 44.04 0.25 0.06 0.00 96.83
LHC_3 17 0.00 0.09 0.5 0.00 67.02 30.10 0.32 0.00 0.00 97.67
LHC_3 18 0.00 0.16 0.09 0.00 66.69  30.19 0.17 0.00 0.00 97.30
LHC_3 19 0.00 0.00 0.06 0.00 67.45 30.39 0.00 0.00 0.00 97.89
LHC_3 20 0.00 14.29 0.1 0.24 37.21  41.93 0.61 0.05 0.00 94.44
LHC_3 21 0.12 17.12 1.74 0.08 30.01  44.81 0.49 0.26 0.06 94.69
LHC_3 22 0.00 0.05 0.33 0.00 67.57 30.73 0.00 0.00 0.00 98.68
LHC_3 23 0.13 16.54 0.51 0.08 33.95 45.27 0.37 0.05 0.00 96.90
LHC_3 24 0.06 15.18 0.91 6.08 36.45 44.06 0.30 0.09 0.00 97.13
LHC_3 25 0.00 14.73 1.67 0.20 35.73 43.10 0.36 0.21 0.00 96.00
LHC_3 26 0.07 16.75 1.24 0.10 3228 4524 0.30 0.11 0.00 96.09
LHC_3 29 0.45 17.01 1.45 0.09 28.30 44.75 0.32 0.22 0.00 92.59
LHC_3 30 0.00 0.00 0.00 0.00 67.84 30.35 0.17 0.00 0.00 98.36
n=58 — — —

Avg. 0.13 9.43 0.60 0.09 46.54  37.98 0.30 0.20 0.01 95.29
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6. RUTILE

Sample No. SiO2 TiO2 Al203 Cro03 FepO3 FeO MnO MgO CaO  Total

AK43B_1 6 0.00 99.74 0.00 0.00 0.00 0.39 0.00 0.00 0.00 100.13
AK438_1 8 0.00 99.59 0.00 0.00 0.00 0.51 0.00 0.00 0.00 100.10
AK43B_1 9 0.00 99.33 0.00 0.00 0.00 0.42 0.00 0.00 0.00 99.75
AK52N_2 5 0.00 99.37 0.00 0.01 0.00 0.00 0.00 0.00 0.05 9943
AKS52N_2 6 0.00 99.37 0.00 0.01 0.00 0.00 0.00 0.00 0.05 9943
AKS52N_2 8 0.00 99.37 0.00 0.01 0.00 0.33 0.00 0.00 0.05 99.76
NB19AC_1 2 0.02 97.77 0.00 0.00 0.00 0.89 0.00 0.00 0.00 98.68
NB19AC_1 10 0.00 96.98 0.00 0.00 0.00 0.71 0.00 0.00 0.00 97.69
NB21B_5 3 0.02 99.03 0.00 0.00 0.00 0.45 0.00 0.00 0.00 99.50
NB21B_5 4 0.00 98.83 0.00 0.00 0.00 .0.23 0.00 0.00 0.00 99.06
LKC1-04_9 8 0.00 99.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.00
LKC1-04_9 9 0.00 99.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.00
LKC1-04_9 10 0.00 99.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.00
LKN8-03_3 1 0.00 99.41 0.00 0.00 0.00 0.40 0.00 . 0.00 0.00 99.81
LKN8-03_3 2 0.01 99.30 0.00 0.00 0.00 0.56 0.00 0.00 0.00 99.87
LKN8-03_3 3 0.00 98.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 98.33
LKN8-03_3 4 0.00 .99.25 0.00 0.00 0.00 0.00 ~ 0.00 0.00 .0.00 99.25
LKN8-03__3 -5 0.00 98.99 0.00 0.00 0.00 0.00 0.00. 0.00 0.00 9899
LKN8-03_3 6 0.01 98.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 98.34

: n= 19 .
Avg. 0.00 98.95 0.00 0.00 0.00 0.26 0.00 0.00 0.01

99.22 -
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7. ZIRCON

Sample No. SiOz ZrOp HfO2 AloO3 Y203 P05 ThOz UOs Kz0 CaO MgO  FeO Total
AK45H_1 1 3390 63.25 133 0.02 023 0.04 0.04 0.00 0.00 0.0 0.00 0.07 98.91
AK45H_1 2 3450 6461 119 002 019 012 0.00 0.00 0.00 0.01 0.00 0.09 100.72
AK45H_1 3 34.11 6274 147 003 029 023 0.00 0.00 0.00 0.01 0.00 0.13 99.00
AK45H_1 4 34.03 63.68 1.21 002 010 ©0.00 0.04 000 o0.00 o0.01 0.00 0.12 99.23
AKS52N_1 1 3415 64.64 1.09 0.01 000 000 000 000 0.00 002 0.00 008 9999
AK52N_1 2 34.03 6421 142 0.02 000 005 0.00 0.01 0.00 000 000 019 9993
AK52N_1 3 33.94 6529 1.29 0.01 0.53 0.09 002 0.00 0.00 0.01 0.00 0.07 101.26
TP262N_4 1 3413 6550 109 000 029 019 000 0.00 0.00 0.01 0.00 0.07 101.28
TP262N_4 2 3425 6494 143 0.01 025 0.10 0.02 0.00 0.00 0.01 0.00 0.08 101.09
TP262N_4 3 34.09 6547 153 002 009 003 004 006 0.00 000 0.00 0.12 10186
TP262N_4 4 3446 6513 140 000 0.13 0.03 0.07 , 0.00 0.00 002 000 0.00 101.24
NB19AC_1 1 32.08 6689 155 000 0.09 010 0.00 0.00 000 0.00 0.00 0.04 100.7_5
NB19AC_1 2 3199 6532 157 003 034 021 0.06 0.02 0.01 002 000 0.05 9960
NB19AC_1 3 31.78 6533 172 000 025 010 0.07 0.07 0.00 0.01 0.01 0.10 99.43
NB1SAC_1 5 3265 66.16 1.41 0.00 013 0.05 0.04 0.00 0.00 000 0.00 0.05 100.48
NB19AC_1 6 3258 6587 172 0.00 0.10 005 0.05 0.00 0.00 0.01 0.01 0.03 100.42
NB19AC_1 7 3224 6568 160 000 0.08 0.04 0.01 0.01 0.01 0.00 0.02 0.05 99.75
NB19AC_1 8 3242 66.01 160 003 045 017 0.00 0.00 0.01 0.00 0.00 0.13 100.83
NB19AC_1 9 32.34 6845 142 000 0.13 0.00 0.04 0.00 0.00 000 000 004 10244
NB19AC_1 10 32.10 66.17 162 0.00 0.12 0.07 004 0.00 0.04 0.01 0.01 0.07 100.25
NB19AC_1 11 3254 66.32 154 0.01 029 0.17 0.07 0.00 0.01 0.01 0.02 0.04 101.02
NB21B_4 1 3192 6715 115 000 025 0.00 0.00 0.00 0.00 0.01 0.00 0.02 100.49
NB218_4 2 31.19 66.57 157 0.01 026 0.07 0.09 0.00 0.00 0.01 0.00 0.04 99.82
NB21B_4 3 32.08 66.20 128 000 040 007 010 000 0.00 0.00 o0.01 0.05 100.19
NB21B_4 4 31.86 6745 126 000 003 0.00 0.01 0.00 0.01 0.00 0.00 0.05 100.67
NB21B_4 6 31.08 66.10 160 000 032 0.03 0.00 0.00 0.01 0.01 0.01 0.02 99.18
NB21B_4 7 3231 66.10 157 000 016 013 000 000 0.00 000 000 004 100.31
KN17_2 1 3243 6548 149 0.00 033 022 0.01 0.00 0.00 0.01 0.00 0.04 99.99
KN17_2 2 3245 6377 126 013 002 0.14 0.06 0.00 0.00 0.04 0.00 0.23 98.11
KN17_2 3 32.08 64.88 1.44 0.01 0.32 024 0.00 0.02 0.00 001 _ 000 007 99.05
KN17_2 4 3125 6529 135 000 0.06 0.03 005 0.00 0.00 0.00 000 0.03 98.06
KN17_2 5 3246 6571 1.67 0.01 0.20 0.01 0.03 0.00 0.00 0.01 0.00 0.02 100.17
LKBO1_4 1 3262 6684 135 003 0.11 0.06 005 005 0.01 0.01 0.02 013 101.28
LKBO1_4 2 3261 6776 1.12 0.01 018 0.02 000 000 000 0.02 002 011 101.85
LKBO1_4 4 31.86 66.02 1.22 0.01 0.23 0.08 0.01 0.00 0.00 0.00 0.00 0.09 99.51
LKBO1_4 5 3298 66.85 1.09 0.01 0.09 006 008 000 000 0.00 0.00 0.09 101.24
LKBO1_4 6 328 6622 125 002 000 004 003 000 0.00 000 000 007 10048
LKBO1_4 7 32,92 6541 1.22 0.02 0.1 0.02 0.01 0.00 000 000 0.00 003 9972
LKN8-03_3 1 31.87 6696 143 000 005 010 000 0.00 000 000 0.00 007 10049
LKN8-03_3 2 3224 6646 1.15 0.00 0.11 0.04 0.01 0.01 0.00 002 000 0.09 100.12
LKN8-03_3 3 3260 6548 130 000 030 005 000 000 000 000 000 014 99.87
LKN8-03_3 4 3219 6714 116 000 027 010 006 000 0.00 0.02 0.00 0.05 100.99
LKN8-03_3 5 3227 6567 156 000 004 000 000 000 000 002 000 006 9962
SN78-5 5 1 34.17 6364 123 004 008 005 000 000 000 001 000 012 9934
SN78-5_5 2 34.01 6448 1.21 000 0.17 0.07 0.03 0.00 0.00 0.00 0.00 0.07 100.03
SN78-5_5 3 33.70 6451 121 000 0.17 0.01 002 002 000 001 000 004 99.69
SN78-5_5 4 33.73 63.36 1.27 0.01 0.21 0.01 0.05 0.00 0.00 0.01 0.00 0.06 9872
SN78-5 5 5 33.84 6350 116 0.00 023 001 0.06 0.00 0.00 0.01 0.00 0.10 98.93
6869F3-02_1 2 3289 64.01 132 000 007 000 006 000 0.00 0.01 0.00 0.02 98.38
6869F3-02_1 3 32.50 6543 1.34 0.01 0.02 003 005 000 o0.01 0.01 0.00 0.05 9944
6869F3-02_1 4 3232 6464 143 000 0.02 0.00 0.03 0.05 0.00 0.02 0.01 0.02 98.55
6869F3-02_1 5 3249 63.91 1.4 000 012 014 004 000 000 0.00 000 0.06 98.18
6869F3-02_1 7 32.64 6440 1.21 000 010 0.02 0.02 0.00 000 000 000 -0.02 98.42
6869F3-02_3 1 32.35 6557 159 000 0.16 000 0.14 002 0.0t 0.00 0.00 002 99.87
6869F3-02_3 2 3260 6420 114 000 028 000 005 000 000 001 000 004 9833
6869F3-02_3 3 3260 6526 115 0.01 047 001 007 000 000 0.01 0.00 003 9960
6869F3-02_3 4 32.55 65.82 0.01 0.1 0.02 0.02 0.00 0.00 0.01 0.00 0.00 99.89

1.34



7. ZIRCON

Sample No. SiO2 ZrO2 HfO2 Ala03 Y203 P2Os ThO2 UO2 KoO CaO MgO FeO Total
6869F3-02_3 5 3237 6583 124 003 005 003 000 0.00 001 000 0.00 0.00 9956
6869F3-02_3 6 3209 6488 132 000 0.14 003 0.00 "0.00 001t 001 000 0.01 9848
LKB-01_2 1+« 3233 6504 119 003 003 005 0.02 000 000 000 0.00 0.04 9871
LKB-01_2 2 3242 6495 119 003 003 004 002 000 000 000 0.0t o0.01 98.71
LKB-01_2 3 3237 66.09 123 000 019 003 002 000 0.0t 0.01 0.00 0.00 9995
LKB-01_2 4 3201 6545 126 0.00 0.05 009 0.00 000 000 000 0.01 000 9887
LKB-01_2 5 3255 6557 1.19 000 024 010 000 000 001 0.00 000 0.01 99.68
LKB-01_2 6 3228 6596 129 000 024 012 003 0.00 0.01 0.01 0.01 0.00 99.94
LKC1-04_1 1 3197 6730 112 000 013 007 0.01 0.00 0.01 001 0.00 0.12 100.74
LKC1-04_1 2 3178 6558 142 0.01 0.08 000 0.01 0.00 0.00 000 000 0.1 98.97
LKC1-04_1 4 3226 6483 141 011 038 0.07 013 000 0.00 0.03 001 0.08 9930
LKC1-04_1 5 3229 6492 124 000 000 002 008 000 000 001 001 0.03 9860
LKC1-04_1 6 33.07 6599 116 003 029 011 000 000 003 0.01 0.00 0.01 100.70
LKC1-04_1 8 3205 67.03 114 001 014 002 000 003 000 001 001 0.06 100.50
SN78-5_2 1 3235 6516 129 0.00 001 002 000 0.00 0.01 000 001 007 9894
SN78-5_2 2 3235 6307 143 009 007 004 001 003 005 001 000 006 97.20
SN78-5_2 3 3145 6526 117 002 033 012 000 0.00 0.0t 0.00 000 006 9842
SN78-5_2 4 3214 66.09 158 0.00 0.16 006 0.03 000 0.02 000 0.02 0.08 10019
SN78-5_2 5 3210 6454 123 002 023 003 007 004 001 001 000 0.06 9836
SN78-5_2 6 3155 6462 151 001 013 001 002 000 002 000 000 015 9802
SNR1_1 1 3265 6421 139 000 003 000 000 000 000 001 000 000 9830
SNR1_1 2 3188 6349 129 000 026 007 005 0.00 001 000 000 003 97.09
SNR1_1 3 3427 6337 141 001 025 001 000 000 002 002 001 003 9940
SNR1_1 4 3211 6453 143 000 008 003 001 000 000 001 000 0.01 98.21
BR 1 3208 6655 1.51 0.01 0.00 007 004 000 0.00 001 0.00 0.06 100.32
BR 2 3243 6544 121 002 008 002 003 000 000 002 000 0.06 99.29
BR 3 3105 6481 136 0.00 0.13 000 002 000 0.00 001 000 002 9740
BR 4 3209 6458 141 001 010 000 005 0.04 0.00 0.01 000 0.04 9832
BR 5 3196 6681 157 000 000 0.04 002 000 000 000 0.00 0.02 10042
BR 6 3208 6524 1.14 000 033 013 005 000 000 001 0.00 0.02 99.00
BR 7 3231 6435 1.33 001 000 000 0.00 0.00 000 001 0.00 004 9805
BR 8 3244 6423 118 000 028 013 0.13 000 000 001 0.00 0.09 9849
BR 9 3260 6417 115 000 012 005 0.04 000 000 000 0.00 0.10 98.23
bP68D1_2 1 3282 6390 112 024 026 006 0.00 000 0.00 002 000 029 9871
DP68D1_2 2 3190 6444 153 0.06 0.07 027 005 0.11 000 0.18 000 037 98.98
DP68D1_2 3 3410 6475 138 000 015 004 000 000 002 004 0.02 012 100.63
DP68D1_2 5 3405 6469 150 000 020 012 0.08 004 000 002 0.00 0.13 100.83
DP68D1_2 6 3430 6508 135 001 016 004 006 000 000 0.02 0.00 007 101.07
ZL 1 3250 6526 109 000 013 008 000 000 000 001 000 0.14 9920
FAR 2 3249 6519 143 0.00 0.19 016 0.06 0.00 0.00 0.0t 000 032 99.86
ZL 3 3245 6495 130 001 011 010 0.04 000 000 001 0.00 0.08 99.02
ZL 4 3250 6413 115 002 030 014 0.03 000 000 003 000 0.10 9840
ZL 5 3301 6341 157 002 018 011 0.09 001 000 002 0.00 0.15 9856
n= 100 o
Avg. 3263 6526 1.34 0.01 0.16 0.06 0.03 0.01 0.00 001 000 007 99.60



8. GARNET

Sample No. SiO2 TiO2 AlpO3 Cr203 FepO3 FeO MnO MgO CaO NapO Total Pyrope Almandine  Grossular  Spessartine Uvarovite  Andradite
AH45H_4 1 38.19 0.00 22.24 0.00 0.00 31.15 0.74 7.89 0.93 0.00 101.14 30.79 68.22 0.99 0.00 0.00 0.00
AH45H_4 2 37.86 0.00 21.94 0.00 0.00 30.65 2.00 7.04 169 ~ 0.00 101.18 27.91 68.20 3.89 0.00 0.00 0.00
AH45H_4 3 37.96 0.00 2217 0.00 0.00 ° 31.79 1.02 7.47 1.12 0.00 101.53 29.39 70.19 0.42 0.00 0.00 0.00
AH45H_4 4 37.90 0.00 22.02 0.00 0.00 32.88 0.69 5.94 1.90 0.00 101.33 23.36 72.56 4.09 0.00 0.00 0.00
AH45H_4 5 37.57 0.00 22.01 0.00 0.00 30.36 0.52 8.52 1.08 0.00 100.06 32.13 67.87 0.00 0.00 0.00 0.00
AH45H_4 6 36.70 0.00 19.40 0.00 2.69 1046 24.52 2.02 4.26 0.00 100.05 8.20 23.83 3.09 56.59 - 0.00 8.29
AH45H_4 7 3808 000 2247 0.00 000 3378 0.58 6.48 0.75 000 10214 25.36 74.19 0.45 0.00 0.00 0.00
AH45H_4 8 38.22 0.00 22.49 0.00 0.00 30.94 0.71 7.99 0.85 0.00 101.20 31.16 67.70 1.14 0.00. 0.00 0.00
AH45H_4 9 37.73 0.00 22.03 0.00 0.00 31.45 1.50 6.98 1.23 0.00 100.92 27.57 69.71 272 0.00 0.00 0.00
AH45H 4 10 3790 000 2206 0.00 000 3092 09 7.57 1.47 0.00 100.83 29.81 68.32 1.87 0.00 0.00 0.00
AH45H_4 11 37.73 0.00 22.18 0.00 0.00 31.65 2.54 5.62 1.60 0.00 101.32 22.20 70.16 1.94 5.70 0.00 0.00
AH45H_4 12 3780 006 2206 0.05 0.00 3237 1.60 5.66 1.97 0.00 101.57 2229 71.53 5.24 0.60 0.16 0.00
AH45H_4 14  37.66 0.00 21.93 0.00 0.00 35.41 0.86 4.99 0.90 000 101.75 19.75 78.64 1.62 0.00 0.00 0.00
AH45H_4 15 38.75 0.00 23.00 0.00 0.00 30.03 0.68 8.65 0.90 0.00 102.01 33.27 64.81 1.92 0.00 0.00 0.00
AH45H_4 16 38.65 0.05 22.50 0.00 0.00 31.10 0.85 7.60 1.48 0.00 102.23 29.28 67.23 3.35 0.00 0.00 0.00
AH45H_4 17 3877 000 2280 0.00 0.00 3061 0.69 861 0.84 0.00 102.32 33.10 66.03 0.87 0.00 0.00 0.00
NB19AC_1 1 37.57 0.06 21.99 0.00 0.00 31.31 1.56 6.64 1.51 0.00 100.64 26.31 69.61 3.90 0.00 0.00 0.00
NB19AC_1 2  38.01 007 2172 0.00 0.00  30.88 1.72 6.58 1.49 0.00 10047 25.82 68.00 4.00 1.97 0.00 0.00
NB19AC_1 3 37.71 0.00 21.73 0.00 0.00 31.11 1.57 6.53 1.54 0.00 100.19 25.83 69.05 4.38 0.74 0.00 0.00
NB19AC_1 4 37.78 0.05 21.61 0.00 0.00 31.48 1.64 6.53 1.57 0.00 100.66 26.02 70.40 3.43 0.00 0.00 0.00
NB19AC_1 5 38.18 0.00 21.66 0.00 0.00 30.98 1.60 6.59 1.54 0.00 100.55 25.87 68.24 4.35 1.55 0.00 0.00
LKC1-04_4 1 36.83 000 2215 0.00 0.00 31.41 1.03 7.53 0.93 0.00 99.88 28.68 71.32 0.00 0.00 0.00 0.00
LKC1-04_4 2 37.58 0.00 22.29 0.00 0.00 30.35 0.86 7.89 1.01 0.00  99.98 31.29 - 67.54 1.17 0.00 0.00 0.00
LKC1-04_4 3 36.28 0.05 21.59 0.00 0.00 35.00 1.03 432 1.78 0.00 100.05 17.73 80.60 1.52 0.00 0.00 0.00
LKC1-04_4 4 3689 000 2206 0.00 0.00 3238 0.69 6.70 1.13 000 99.85 26.59 73.41 0.00 0.00 0.00 0.00
LKC1-04_4 5 36.03 0.00 21.63 0.00 0.00 35.63 1.05 3.99 1.74 0.00 100.07 16.64 83.36 0.00 0.00 0.00 0.00
LKC1-04_4 6 3752 000 2234 0.00 000 3182 058 1727 1.29 0.00 100.82 28.93 71.07 0.00 0.00 0.00 0.00
LKC1-04_4 7 38.14 0.08 22.51 0.00 0.00 30.58 0.73 8.69 0.98 0.00 101.71 32.81 66.95 0.00 0.00 0.00 0.00
LKC1-04_4 8 3798 000 2245 0.00 0.00 29.67 1.10 8.34 0.97 0.00 100.51 3273 65.33 1.94 0.00 0.00 0.00
LKC1-04_11. 1 37.80 0.00 22.19 0.00 0.00 30.71 1.51 7.05 1.37 0.00 100.63 27.90 68.20 3.90 0.00 0.00 0.00
LKC1-04_11 2 37.66 0.00 22.06 0.06 0.00 33.04 1.32 5.48 1.64 0.000 101.26 21.69 73.37 4.48 0.27 0.19 0.00
LKC1-04_11 3 378 000 2222 000 000 3271 072 653 094 000 100.98 25.70 72.26 2.04 0.00 0.00 0.00
LKC1-04_11 4 37.62 0.00 21.84 0.00 0.00 31.56 1.51 5.87 1.89 0.00 100.29 23.25 70.16 5.38 1.20 0.00 0.00
LKC1-04_11 5 37.63 0.00 22.13 0.00 0.00 31.03 2.46 5.52 1.85 0.00 100.62 22.69 71.57 0.00 5.75 0.00 0.00
LKC1-04_11 6 38.43 0.07 22.54 0.00 0.00 29.63 0.39 8.60 1.26 0.00 100.92 34.02 65.77 0.00 0.00 0.00 0.00
LKC1-04_ 11 7 37.71 0.00 22.16 0.00 0.00 33.82 2.04 5.17 1.06 0.00 101.96 20.43 75.01 0.00 4.56 0.00 0.00
LKC1-04_11 8 3749 0.06 2185 0.00 0.00 3272 228 4.96 1.60 0.00 100.96 19.69 72.90 2.08 5.15 0.00 0.00
LKC1-04_11 9 3804 0.00 22115 0.00 0.00 31.88 0.80 7.16 1.03 0.00 101.06 28.05 70.09 1.86 0.00 0.00 0.00



8. GARNET

MnO

Pyrope

Sample No. SiO2 TiO2 Al203 Crp03 FepO3 FeO MgO CaO Na0 Total Almandine  Grossular Spessartine Uvarovite  Andradite
LKC1-04_13 1 38.29 0.00 22.62 0.00 0.00 28.49 1.29 9.04 0.90 0.00 100.63 35.19 62.23 0.00 2.59 0.00 0.00
LKC1-04_13 2 37.98 0.00 22.31 0.00 0.00 26.36 4.13 791 1.31 0.00 100.00 31.58 59.05 0.00 9.37 0.00 0.00
LKC1-04_13 3 36.91 0.00 21.45 0.00 0.00 33.48 2.03 3.98 2.05 0.00 99.90 16.42 77.50 6.08 0.00 0.00 0.00
LKC1-04_13 4 3719 0.05 21.80 0.05 0.00 3248 0.75 6.16 0.96 0.00 99.44 24.66 72.97 2.06 0.00 0.16 0.00
LKC1-04_13 5 38.36 0.00 2230 0.00 0.00 28.74 1.47 8.80 1.19 0.00 100.86 34.19 62.66 3.15 0.00 0.00 0.00
LKC1-04_13 6 38.07 0.00 21.97 0.00 0.00 29.45 1.52 803 ° 0.86 0.00 99.90 3144 64.70 0.49 3.38 0.00 0.00
LKC1-04_ 13 7 37.54 0.00 2188 0.06 000 31.68 1.14 6.38 1.83 0.00 100.51 25.33 70.58 3.90 '0.00 0.19 0.00
LKC1-04_13 8 37.81 0.07 22.23 0.00 +0.00 31.7 0.59 7.46 0.97 0.00 100.84 29.36 70.04 0.39 0.00. 0.00 0.00
LKC1-04_13 9 38.04 000 2219 0.00 0.00 ~ 29.88 0.44 8.70 1.14 0.00 100.39 34.16 65.84 0.00 0.00 0.00 0.00
LKC1-04_13 10 37.27 0.00 22.10 0.00 0.00 33.19 1.06 5.74 1.67 0.00 101.03 22.95 74.48 2.57 0.00 0.00 0.00
LKC1-04_13 11 3825 0.00 22.30 0.00 0.00 27.74 2.92 8.17 0.92 0.00 100.30 31.83 60.65 1.05 6.47 0.00 0.00
LKC1-04_13 12 37.23 0.00- 21.94 0.00 0.00 30.07 252 6.83 1.18 0.00 99.77 27.34 67.55 0.00 5.1 0.00 0.00
LKC1-04_13 13 37.84 0.00 22.20 0.00 0.00 3171 0.72 6.87 1.43 0.00 100.77 27.06 70.08 2.86 0.00 0.00 0.00
LKC1-04_13 15 37.68 0.00 22.24 0.07 0.00 29.45 1.64 7.70 1.09 0.00 99.87 30.46 65.37 0.27 3.69 0.22 0.00
LKC1-04_13 16 38.29 0.00 22.27 0.00 0.00 29.45 0.77 8.39 1.07 0.00 100.24 32.66 64.32 . 2.99 0.03 0.00 0.00
LKC1-04_13 17 36.56 0.00 21.41 0.00 0.00 3472 116 3.72 1.90 0.00 99.47 15.16 79.42 5.41 0.00 0.00 0.00
LKN8-03_3 1 3702 000 2177 0.00 0.00 31.39 1.32 574 241 0.00 99.65 2311 7091 5.98 0.00 0.00 0.00
LKN8-03_3 2 3795 007 2218 0.09 0.00 2894 0.36 8.51 1.43 0.00  99.53 33.37 63.69 2.45 0.00 0.28 0.00
LKN8-03_3 3 3743 000 2185 0.00 0.00 3236 0.61 6.12 1.09 0.00 99.16 24.56 72.89 2.55 0.00 0.00 0.00
LKN8-03_3 4 3742 000 2200 0.00 000 2910 069 8.13 1.32 000 98.66 32.38 65.04 2.58 0.00 0.00 0.00
LKN8-03_3 5 37.38 0.00 21.84 0.00 0.00 28.26 240 7.41 1.77 0.00 99.06 29.54 63.23 1.79 5.44 0.00 0.00
LKN8-03_3 6 3737 007 2188 0.00 000 3035 0.79 6.64 2.08 0.00 99.18 26.44 67.83 5.52 0.00 0.00 0.00
LKN8-03_3 7 36.91 0.00 21.75 0.00 0.00 30.08 1.40 6.31 1.80 0.00 98.25 25.48 68.16 5.23 1.14 0.00 0.00
n= 61
Avg. 37.68 0.01 22.04 0.01 0.04 30.89 1.64 6.81 1.40 0.00 100.54 26.87 68.73 222 1.99 0.02 0.14



9. . PYROXENE

MgO

~ Sample No. SiO2 TiO2 AlbO3 Cr203 Feo03 FeO MnO Ca0 NapO0 KpO Total Wo En Fs
Pigeonite
AK43B_1 7 54.05 0.18 0.84 0.00 0.00 19.78 0.42 22.62 3.39 000 000 10128 6.70 62.16  31.15
NB19AC_1 19 5435 0.22 091 0.00 0.00 18.33 0.44 22.68 3.78 0.05 0.00 10076 7.56 63.12 29.32
LKN8-03_1 17  51.32 0.25 0.85 0.09 0.00 23.64 0.34 19.73 3.80 0.00 0.00 100.02 7.60 5493 37.46
DP84LM_2 16 54.92 0.21 1.1 0.08 0.00 14.09 0.34 26.24 4.38 0.08 0.00 10145 840 70.00 21.60
DP84LM_2 - 13 54.89 0.23 0.86 0.16 0.00 14.65 0.38 25.49 4.41 0.08 0.00 10115 855 68.72 2274
DP84LM_2 10 53.94 0.34 0.84 0.00 0.00 18.90 037 2250 486 0.08 0.00 10183 949 6113 2938
LKN8-03_3 12 52.82 0.30 0.83 0.00 0.00 2017 0.41 21.27 4.79 0.05 0.00 100.64 9.49 58.66 31.85
LKC1-04_2 14  53.28 0.27 1.12 0.00 0.00 15.75 0.44 21.49 8.04 0.09 0.00 10048 1590 59.11 24.99
n=38

Avg. 53.70 0.25 0.92 0.04 0.00 18.16 0.39 22.75 4.68 0.05 0.00 10095 9.21 62.23 28.56
Augite
AK43B 1 5 53.46 042 1.75 0.20 0.00 8.62 0.24 17156 1850  0.17 0.00 100.51 37.54 4842 14.04
AK43B_1 6 52.67 0.36 247 0.81 . 0.00 7.88 0.20 17.63 17.71 0.24 0.00 99.97 3648 50.53 13.00
AK45H_3 1 53.17 0.32 217 0.59 0.00 6.49 0.20 17.93 18.93 0.25 000 100.05 3855 50.81 10.64
AK45H_3 2 52.99 0.42 1.74 0.00 0.00 9.35 0.19 1711 17.66 0.19 0.00 99.65 36.10 4867 15.23
AK45H-3 3 52.65 0.37 2.54 0.43 0.00 7.58 0.25 16.93 1898 0.22 0.00 9995 39.01 4842 1257
AK45H_3 7 52.52 0.38 1.61 0.11 0.00 8.35 0.31 1766 18.78 0.21 0.00 99.93 37.47 49.03 1349
AK45H_3 12 5127 0.51 1.76 0.10 0.00 11.62 0.29 16.01 17.26 0.19 0.00 99.01 35.34 4562 19.04
DP84LM_2 9 53.10 0.33 1.77 0.17 0.00 9.42 023 .17.01 1811 0.19 0.00 10033 36.73 4800 15.28
DP84LM_2 12 5250 042 2.00 0.28 0.00 8.86 0.18 16.93 1856 022 0.00 9995 37.74 4790 1435
DP84LM_2 17 53.93 0.33 1.71 0.16 0.00 10.59 0.30 19.86 13.94 0.14 000 10096 27.84 5518 16.98
DP84LM_2 18 5268 0.41 2.18 0.58 0.00 7.16 0.18 17.73  18.74 0.24 0.00 9990 3814 5020 11.66
LKC1-04_2 8 50.58  0.33 2.02 0.42 0.00 9.81 0.24 1467 18.02 0.25 0.00 96.34 3894 4411 16.96
LKC1-04_2 11 5275 0.54 3.10 0.71 0.00 7.51 0.16 17.40 18.51 0.26 0.00 10094 38.00 4970 1229
LKN8-03_1 1 51.48 0.52 1.70 0.00 0.00 11.56 0.33 16.23 17.48 0.20 0.00 9951 3542 4576 18.81
LKN8-03_1 4 50.53 0.80 1.88 0.00 0.00 1028  0.29 1552 18.31 0.27 0.00 97.88 38.02 44.84 17.14
LKN8-03_1 5 51.83 0.42 2.14 0.35 0.00 7.55 0.17 17.66 18.79 0.19 0.00 99.10 38.05 4975 1220
LKN8-03_1 6 51.86 0.34 1.9 0.30 0.00 8.14 0.20 17.58 18.56 0.18 0.00 99.07 3747 4938 13.15
LKN8-03_1 - 8 5227 044 2.06 0.18 0.00 8.12 0.23 17.86  17.81 0.17 0.00 99.14 3621 5053 13.26
LKN8-03_1 9 5451 , 057 212 0.14 0.00 8.75 0.26 156.77 1840 0.18 0.00 10070 38.84 4631 14.85
LKN8-03_1 13 5245 0.33 1.68 0.29 0.00 7.28 0.19 17.85 19.03 0.21 0.00 99.31 3829 4997 11.74
LKN8-03_1 14 51.34 0.39 314 112 0.00 6.89 0.21 17.69 18.59 0.28 0.00 99.65 38.14 5049 11.37
LKN8-03_1 15  51.77 0.41 1.61 0.06 0.00 9.71 0.23 1716 18.37 0.23 0.00 9955 36.74 4775 156.52
LKN8-03_1 16 5195 0.44 214 0.43 0.00 6.83 0.21 1748 19.09 0.25 0.00 98.82 39.03 4973 11.24



9. PYROXENE

Al203 Cre03 Fe203

Sample No. SiO2 TiO2 FEO MnO MgO Ca0 Na0 KoO Total Wo En Fs
LKN8-03_1 18 52.55 0.34 1.71 0.29 0.00 7.85 0.16 17.57 18.83 0.21 0.00 99.51 38.02 4936 1263
LKN8-03_1 19 5197 0.45 2.67 0.86 0.00 6.09 0.18 17.51 19.42 0.23 0.00 99.38 3989 50.05 10.06
LKN8-03_1 20 5173 0.45 2.98 0.92 0.00 7.02 0.20 18.07 1843 0.24 0.00 100.04 3745 51.09 1146
LKN8-03_1 21 50.82 0.58 1.61 0.00 0.00 14.10 0.36 15.19 16.68 0.23 0.00 99.57 33.97 4304 2299
LKN8-03_1 22 5296 0.33 1.59 0.17 0.00 8.32 0.27 18.06 18.42 0.18 0.00 100.30 36.65 50.00 13.35
LKN8-03_3 1 51.76 0.46 1.72 0.09 0.00 8.39 0.23 17.13 18.93 0.20 0.00 9891 3825 4816 13.60
LKN8-03_3 2 52.25 0.32 2.04 0.49 0.00 7.16 0.19 18.06 19.06 0.20 0.00 99.77 38.18 50.33 11.50
LKN8-03_3 4 51.08 0.53 153 ' 0.00 0.00 13.29 0.32 15.09 16.63 0.21 0.00 98.68 3447 4351 2202
LKN8-03_3 5 51.87 0.36 2.29 0.60 0.00 8.46 0.20 16.70  18.62 0.21 0.00 99.31 3830 4779 1391
LKN8-03_3 6 50.27 0.75 1.61 0.00 0.00 16.57 0.36 13.55 16.18 0.23 0.00 9952 33,53 39.07 27.39
LKN8-03_3 7 5254  0.29 1.76 0.19 0.00 8.24 0.23 17.28  18.27 0.17 0.00 98.97 37.34 4914 13.52
LKN8-03_3 8 51.07: 0.62 2.67 0.39 0.00 10.73 0.27 16.79 16.41 0.19 0.00 99.14 3393 4831 17.76
LKN8-03_3 9 51.29 0.48 3.16 1.14 0.00 6.47 0.14 16.95 19.39 0.26 0.00 99.28 40.28 49.00 10.72
LKN8-03_3 10 5246 0.38 2,27 0.31 0.00 8.80 0.25 17.47 1747 0.22 0.00 99.63 3577 49.77 1447
LKN8-03_3 11 52320 0.35 248 0.97 0.00 6.70 '0.23 17.85 1842 0.23 0.00 99.55 37.85 51.03 11.12
LKN8-03_3 13 5268 0.39 2.0t 0.42 0.00 9.40 0.22 16.93 17.76 0.22 0.00 100.03 36.37 4824 1538
LKN8-03_3 14 5001 1.02 233 0.00 0.00  18.01 0.36 12.80 1540 0.20 0.00 100.13 3239 3745 30.16
LKN8-03_3 15 5263  0.39 2.16 0.39 0.00 7.85 0.19 13.23 19.66 0.29 0.00 96.79 4433 41.51 14.16
NB19AC_1 2 51.21. 043 2.58 0.80 0.00 8.61 0.17 16.53 18.38 0.23 0.00 98.94 3811 47.68 14.21
NB19AC_1 3 50.97‘ 0.46 247 0.47 0.00 8.81 0.15 1593 18.78 0.23 0.00 98.27 3917 4624 1459
NB19AC_1 10 52.33 0.31 2.01 0.57 0.00 7.82 0.18 17.22 18.82 0.24 0.00 99.50 3839 48.87 1274
NB19AC_1 11 52.14 0.34 1.99 0.36 0.00 7.97 0.24 17.73 1849 0.22 0.00 99.48 3730 49.77 1293
n= 45 .
Avg. 52.07 0.44 2.11 0.37 0.00 9.00 0.23 16.85 18.15 0.22 0.00 9944 3720 48.01 1479



10. AMPHIBOLE

Sample No. SiO2 TiO2 Alp03 CroO3 Fe203 FeO MnO MgO CaO Na0 KoO Total
Green hornblende :
AK45H_4 12 4464 038 13.85 0.00 000 1458 029 1162 1167 1.62 0.32 9897
SN78-5_6 1  46.02 044 10.61 0.00 000 1369 030 1270 1222 125 0.56  97.79
SEA711 8 45.49 0.46 11.07 0.00 0.00 15.47 0.27 12.13 12.47 1.30 0.90 99.56
SEAT711 6 4326 047 1195 0.00 000 1715 036 1065 1200 1.59 1.60  99.03
SN78-5 6 11 48.71 0.48 6.87 0.00 000 1544 0.31 1240 1215 0.98 0.53 97.87
KV196R_1 2 4342 052 1541 0.0 000 1506 018 1055 11.80 1.42 042  98.78
KV196R_1 9 4273 055 1192 0.00 000 1793 026 10.01 1213 147 1.53  98.53
AK52N_2 1 4587 0.62 12.06 0.00 000 1495 020 1169 1194 1.10 023  98.66
KV196R_1 5 4463 064 1195 0.00 000 1562 024 1100 1207 120 042 97.77
KV196R_1 6 4139 067 1415 0.00 0.00 2137 037 749 1123 170 0.78 ~ 99.15
KV196R_1 3 4259 068 1059  0.00 000 2087 052 918 1140 1.84 1.00  98.67
SN78-5_6 14 4310 068 1200 0.00 000 1726 034 1033 1218  1.31 1.40  98.60
SEA711 1 4509 0.68 1160 0.00 000 1575 034 1150 1259 1.26 120  100.01
SEA711 2 4407 069 1105 0.05 000 1662 036 1077 1230 1.58 144  98.93
KV196R_1 7 4261 0.71 14.96  0.00 0.00 16.08 0.30 993 1185 1.42 0.58 98.44
KV196R_1 10 4497 073 1225 0.00 000 1544 022 1181 1175 142 0.35 98.94
SEA711 7 4815 075 9.98 014 = 000 1043 020 1566 1198 1.49 0.71  99.49
SEA711 12 4336 075 11.97 0.00 000 1833 0.12 9.38 1221 1.19 140  98.71
KV196R_1 8 4285 079 11.46  0.00 000 2059 0.39 846 1185 142 0.65 98.46
KV196R_1 4 4336 081 13.51 0.00 000 1663 028 10.12 1158 1.69 0.54 9852
AK52N_2 5 4180 082 1200 0.00 000 2129 0861 814 1176 1.36 1.35  99.13
KV196R_1 1 4319 0.86 12,53  0.00 0.00 1669 0.31 10.91 - 11.87 1.89 0.38  98.63
AK52N_2 2 427 089 13.10  0.00 0.00 2068 0.32 769 1174 161 0.84  99.58
AK45H_4 2 4436 095 1043 0.1 000 1649 068 11.75 1178 152 1.43  99.50
SEA711 9 4461 0.96 9.77 0.05 0.00 2000 0.36 809 1187 1.48 1.05 98.24
AKS52N_2 4 4243 1.03 11.02 0.06 0.00 2368 0.50 726 1136 1.85 1.00  100.19
SEA711 10 4451 132 1150 0.00 000 1724 027 1038 1146 1.74 0.35  98.77
SEA711 5 4664 135 9.89 0.05 000 1275 025 1322 1215 1.00 0.73  98.03
n= 28 .
"~ Avg. 44.16 74 1177  0.02 0.00 17.07 033 1053 1191 1.45 0.85  98.82
Brown Hornblende
AK45H_4 11 4312 152 1265 0.13 000 1275 014 1340 1185 176 1.39  98.71
AK45H_4 1 4343 163 1156  0.00 000 1523 023 1245 1182 1.77 181  99.93
AK45H_4 8 4402 169 1204 018 0.00 1288 012 1340 1183 1.69 142  99.27
AK45H_4 5 4423 170 1190 0.19 0.00 14.91 018 1243 1158 1.81 1.15  100.08
AK45H_4 13 44.31 175 10.37  0.00 000 1441 054 1257 11865 1.71 1.50  98.81
AK45H_4 3 4300 179 1150 0.00 g.oo 1622 027 1137 1152 1.75 1.55  98.97
SEA711 11 44.61 1.81 10.63  0.14 000 11.00 0.21 1471 1212 152 178  98.53
AK45H_4 7 4203 194 1053  0.00 0.00 2252 052 756 1072 2.10 152  99.44
SN78-5_6 12 4407 202 982- 0.00 000 1434 057 1250 11.86 1.83 1.45  98.46
SN78-5_6 2 4249 203 1063  0.00 0.00 1757 021 9.95  11.51% 1.88 171 97.98
AK45H_4 4 4431 212 1125 0.23 000 1236 014 1372 1213 1.66 1.50 99.42
SN78-5 6 15 4288 216 11.32 0.17 0.00 14.31 010 1154 1211 1.35 1.71 9765
AK45H_4 10 4477 220 11.18 0.06 000 1325 014 13.00 1199 172 120  99.51
SN78-5 6 4 43.23 2.23 10.75 0.00 0.00 14.89 0.15 11.51 12.00 1.66 1.77 98.19
AK45H_4 6 4278 233 1160 0.00 000 1668 030 1097 1162 1.89 1.52  99.69
SN78-5 6 5 4319 235 1275 0.07 000 1347 020 1276 1117 221 0.55 98.72
AKS52N_2 3 429 248 1118  0.00 000 1828 028 955 1158  1.81 1.69  99.76
AK45H_4 9 4266 275 1143  0.00 000 1670 034 1029 1144 1.65 1.77 99.03
n= 18
Avg. 4345 203 1128 0.07 000 1510 026 1187 1169 177 1.55  99.01



11. EPIDOTE SERIES

Cro03 Fep03 FeO  MnO

Sample No. Si02 TiO2 Al203 MgO CaO Naz0 K0 Total
AKS52N_2 1 37.91 0.08 23.14 0.00 0.00 13.04 0.19 0.00 21.34 0.00 0.00 95.70
AKS52N_2 2 38.85 0.00 .25.68 0.08 0.00 11.60 0.11 0.00 23.66 0.00 0.00 99.98
AK52N_2 3 39.19 0.00 26.98 0.00 0.00 10.10 0.00 0.00 24.14 0.00 0.00 100.41
AK52N_2 4 37.67 0.09 22.06 0.00 0.00 14.32 0.57 0.05 23.41 0.00 0.00 98.17
AK52N_2 5 37.66 0.07 21.84 0.00 0.00 14.77 0.59 0.05 23.40 0.00 0.00 98.38
AK52N_2 6 37.31 0.07 21.87 0.00 0.00 14.88 0.71 0.00 23.46 0.00 0.00 98.30
AK52N_2 7 37.69 0.07 2169  0.00 0.00 14.99 0.75 0.00 23.51 0.00 0.00 98.70
AK52N_2 8 37.21 0.08 21.79 0.00 0.00 14.89 0.66 0.06 23.42 0.00 0.00 98.11
AK52N_2 9 37.51 0.06 21.62 0.00 0.00 14.77 0.72 0.00 23.55 0.00 0.00 98.23
AK52N_2 10 37.68 0.08 21.34 0.00 0.00 156.11 0.73 0.06 23.58 0.00 0.00 98.58
AK52N_2 11 37.83 0.07 21.56 0.00 0.00 14.72 0.58 0.05 23.18 0.00 0.00 97.99
AK52N_2 12 37.63 0.08 21.18 0.00 0.00 14.82 0.63 0.07 23.52 0.00 0.00 97.93
AK52N_2 13 37.79 0.07 21.80 0.00 0.00 14.60 . 0.74 0.06 23.64 0.00 0.00 98.70
AK52N_2 14 37.84 0.14 2347  0.00 0.00 12.99 0.21 0.07 23.85 0.00 0.00 98.57
AKS52N_2 15  38.10 0.08 23.71 0.07 0.00 12.30 0.21 0.06 23.85 0.00 0.00 98.38
LKN8-03_3 1 37.95 0.11 23.62 0.00 0.00 1260 - 0.26 0.09 24.01 0.00 0.00 98.64
LKN8-03_3 2 38.43 0.10 25.22 0.00 0.00 10.78 0.22 0.05 24.14 0.00 0.00 98.94
LKN8-03_3 3 38.39 0.06 25.38 0.05 0.00 10.37 0.19 0.07 24.27 0.00 0.00 98.78
LKN8-03_3 4 38.12 0.12 23.65 0.00 0.00 13.21 0.00 0.00 24.12 0.00 0.00 = 99.22
LKN8-03_3 5 38.42 0.10 23.87 0.00 0.00 12.68 0.28 0.00 23.96 0.00 0.00 99.31
LKN8-03_3 6 38.11 0.00 23.75 0.00 0.00 12.66 0.19 0.08 23.73 0.00 0.00 98.52
LKN8-03_3 7 38.29 0.07 23.64 0.00 0.00 13.08 0.14 0.00 23.99 0.00 0.00 99.21
LKN8-03_3 8 38.00 0.05 23.66 0.00 0.00 12.88 0.14 0.00 24.05 0.00 0.00 98.78
LKN8-03_3 9 38.18 0.13 23.61 0.00 0.00 12.66 0.17 0.00 2417 0.00 0.00 98.92
LKN8-03_3 10 38.38 0.10 23.73 0.00 0.00 12.37 0.24 0.00 23.66 0.00 0.00 98.48
LKN8-03_3 11 38.30 0.11 23.83 0.00 0.00 13.20 0.18 0.00 23.82 0.00 0.00 99.44
LKN8-03_3 12 37.99 0.00 23.51 0.00 0.00 13.00 0.09 0.00 23.97 0.00 0.00 98.56
'LKN8-03_3 13 38.15 0.06 23.81 0.00 0.00 12.47 0.11 0.00 23.90 0.00 0.00 98.50
LKN8-03_ 3 14 38.41 0.13 24.56 0.00 0.00 11.46 0.21 0.05 23.90 0.00 0.00 98.72
LKN8-03_3 15  38.10 0.10 24.14 0.00 0.00 11.94 0.21 0.07 23.90 0.00 0.00 98.46
LKN8-03_3 16  38.18 0.13 24.47 0.00 0.00 11.62 - 0.21. 0.05 23.95 0.00  0.00 98.61
LKN8-03_3 17 38.31 0.09 24.78 0.00 0.00 11.66 0.17 0.06 24.34 0.00 0.00 99.41
LKN8-03_3 18  37.90 012 24.20 0.00 0.00 11.73 0.24 0.06 24.14 0.00 0.00 98.39
n= 33
Avg. 38.04 0.08 23.43 0.01 0.00 12.98 0.32 0.03 23.74 0.00 0.00 98.64



12. ALUMINOSILICATES

Sample No. SiO2 TiO2 Al203 Crp03 Fe203 FeO MnO MgO CaO NapO KO. Total
KV196R_4 1 37.21 0.00 63.58 0.00 0.00 0.89 0.00 0.00 0.00 0.00 0.00 101.68
KV196R_4 2 37.65 0.00 .64.51 0.00 0.00 0.86 0.00 0.00 0.00 0.00 0.00 103.02
KV196R_4 3 37.71 0.00 64.65 0.00 0.00 0.79 0.00 0.00 0.00 0.00 0.00 103.15
KV196R_4 4 37.65 0.00 64.56 0.00 0.00 0.84 0.00 0.00 0.00 0.00 0.00 103.05
KV196R_4 5 37.98 0.00 63.63  0.00 0.00 0.81 0.00 0.00 0.00 0.00 0.00 10242
KV196R_4 6 37.49 0.00 6452 0.00 0.00 0.74 0.00 0.00 0.00 0.00 0.00 102.75
KV196R_4 7 37.58 0.00 64.50 0.00 0.00 0.79 0.00 0.00 0.00 0.00 0.00 102.87
KV196R_4 8 3747 0.00 64.23 0.00 0.00 0.86 0.00 0.00 0.00 0.00 0.00 102.56
KV196R_4 9 37.59 0.00 64.49 0.00 0.00 0.82 0.00 0.00 0.00 0.00 0.00 102.90
KV196R_4 10 3747 0.00 64.27 0.00 0.00 0.76 0.00 0.00 0.00 0.00 0.00 102.50
NB21B_5 1 38.08 0.00 65.78 0.07 0.00 0.12 0.00 0.00 0.00 0.00 0.00 104.05
NB21B_5 2 38.06 0.00 65.41 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 103.66
NB21B_5 3 37.62 0.00 65.43 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 103.24
NB21B_5 4 37.68 0.00 65.51 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 103.36
NB21B_5 5 37.82 0.00 65.49 0.05 0.00 0.12 0.00 0.00 0.00 0.00 0.00 103.48
NB21B_5 6 36.37 0.00 64.82 0.00 0.00 0.14 0.00 0.00 0.00 0.10 0.08 101.51
LKN8-03_3 1 36.96 0.00 62.34 0.06 0.00 0.71 0.00 0.00 0.00 0.00 0.00 100.07
LKN8-03_3 7 37.41 0.00 64.89 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 10247
LKN8-03_3 8 37.32 0.07 64.49 0.00 = 0.00 0.00 0.00 0.00 0.00 0.00 0.00 101.88
LKN8-03_3 9 38.44 0.00 65.82 0.05 0.00 0.13 0.00 0.00 0.00 0.00 0.00 104.44
LKN8-03_3 10 37.98 0.00 65.65 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 103.76
SN78-5_1 22 3824 0.00 65.73 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 104.12
SN78-5_1 23 38.20 0.05 65.20 0.00 0.00 0.19 0.00 0.00 0.00 0.00 0.00 103.64
SN78-5_1 24 37.97 0.00 64.85 0.00 0.00 0.12 0.00 0.00 0.00 0.00 0.00 102.94
SN78-5_1 25 37.69 0.00 65.18 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 103.07

n=25
Avg. 37.67 0.00 64.78 0.01 0.00 0.44 0.00 0.00 0.00 0.00 0.00 102.90
13. STAUROLITE
Sample No. SiO2 TiO2 Alp03 CrpO3 FepO3 FeO MnO MgO CaO  Total
DP127R_1 1 2832 033 5581 002 000 1499 008 18 000 10144
DP127R_2 2 28.45 0.41 55.86 0.00 0.00 15.17 0.03 1.94 0.00 101.86
NB19AC_1 1 27.96 047 56.68 0.05 0.00 156.80 0.04 178 0.00 102.78
NB19AC_1 2 28.03 0.37 56.03 0.00 0.00 15.01 0.09 1.84 0.00 101.37
NB19AC_1 3 27.66 0.23 57.39 0.00 0.00 14.09 0.00 1.87 0.00 101.24
NB19AC_1 4 2825 053 5621 006 000 1575 009 18  0.00 10275
NB19AC_1 5 28.18 0.49 56.52 0.00 0.00 15.87 0.09 1.86 0.00 103.01
NB19AC_1 6 28.38 0.47 55.68 0.05 0.00 15.71 0.09 1.91 0.00 102.29
LKC1-04_2 1 28.76 0.37 55.23 0.00 0.00 15.51 0.09 1.91 0.00 101.87
LKC1-04_2 2 28.66 0.23 56.85 0.05 0.00 13.99 0.00 1.80 0.00 101.58
n= 10
Avg. 28.27 0.39 ~ 56.23 0.02 0.00 15.19 0.06 1.87 0.00 102.02



14. GLAUCONITE

Sample No. SiO2 TiO2 AI203 Cr203 FepO3 FeO MnO MgO CaO Na20O KoO  Total
DP127R_2 1 38.24 0.44 3.79 0.06 0.00 3597 0.00 3.07 0.70 0.32 5.95 88.54
DP127R_2 2 42.98 010 4.05 0.07 0.00 31.87 0.00 - 3.25 0.06 0.61 7.49 90.46
DP127R_2 3 45.27 0.22 4.45 0.07 0.00 28.82 0.00 277 0.61 0.13 7.37 89.72
DP127R_2 4~ 3742 0.20 2.87 0.09 0.00 35.34 0.00 2.54 0.10 0.26 5.28 84.10
DP127R_2 5 42.47 0.31 3.44 0.02 0.00 311 0.00 2.95 0.77 0.51 6.82 88.41
DP127R_2 6 45.00 0.62 3.91 0.05 0.00 28.20 0.00 1.85 0.50 0.09 7.01 87.23
DP127R_2 7 37.42 0.05 287 0.07 0.00 35.11 0.00 2.43 0.60 0.17 4.43 83.13
SN78-5_6 1 38.99 0.22 4.30 0.1 0.00 36.18 0.00 3.18 0.29 0.09 6.63 89.99
SN78-5_6 2 43.26 0.12 4.55 0.00 0.00 31.96 0.00 3.61 0.64 0.08 7.50 91.72
SN78-5_6 3 46.02 0.10 5.23 0.08 0.00 29.35 0.00 3.59 0.21 0.08 7.88 92.54

n= 10
Avg. 41.71 0.24 3.95 0.06 0.00 32.39 0.00 292 0.45 0.23 6.64 88.58
15. TITANITE
Sample No. SiO2 TiO2 AlkO3 Cro03 FepO3 FeO MnO MgO CaO Total
AKB52N_2 4 2291 30.50 20.28 0.00 0.00 043 0.15 0.00 22.77 97.04
NB21B_5 23 27.37 38.98 267 0.00 0.00 2.26 0.00 0.00 26.90 98.18
LKC1-04_2 9 30.74 27.64 9.05 0.00 0.00 0.80 0.00 0.00 29.74 97.97
n= 3
Avg. 27.01 32.37 10.67 0.00 0.00 1.16 0.05 0.00 26.47 97.73



APPENDIX |
REE ANALYSIS DATA

Zircon
- Raw data ‘
Sample La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb 3IREE La/Yb
68/69F3-02_1 352 833 74 179 26 3 46 116 25 165 223 2042 1.17
68/69F3-02.3 94 136 12 31 8 3 48 124 26 176 227 886 0.23
SN78-5_1 200 345 22 111 30 4 58 132 26 170 215 1313 0.56
SN78-5_2 79 113 2 22 9 5 46 152 29 205 257 919 0.15
LKB-01_1 280 429 41 97 20 4 41 124 25 173 235 1467 0.72
LKB-01_2 118 171 15 39 14 5 58 136 27 185 232 1001 0.28

Normalised Data

Sample La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb IREE

68/69F3-02_1 1438 1306 767 378 171 60 223 458 433 995 1351 2042
68/69F3-02_3 383 213 129 65 54 55 233 490 460 1061 1377 886

SN78-5_1 818 541 231 234 192 74 286 520 453 1023 1300 1313
SN78-5 2 324 178 20 47 59 79 224 596 517 1232 1557 919
LKB-01_1 1144 672 421 205 130 67 199 486 438 1044 1421 1467
I_KB-01_2 483 269 153 82 91 o1 284 534 481 1115 1407 1001
Garnet
Raw data
Sample La Ce Pr Nd Sm Eu Gd Dy Ho Er Yb sREE LalYb
DP127R_1 4 13 2 7 11 0 37 121 35 123 127 480 0.05
LKC1-04_1 4 13 2 6 9 1 31 114 35 127 144 485 0.04
LHC_1 4 13 2 776 "9 0 34 118 25 126 141 479 0.05

Normalised Data

Sample La Ce Pr Nd Sm Eu Gd Dy Ho -Er Yb 3IREE
DP127R_1 18 21 25 14 68 7 180 474 626 741 767 919
LKC1-04_1 16 20 22 12 57 9 153 447 614 768 872 1467

All data in ppm.



APPENDIX J
RADIOMETRIC RESULTS OF ZIRCON FRACTIONS

Sample Csi-u Cm Ciu
' Bq.kg' | Baq.kg”

BR (Buffels River) 8286 2333 0.28
68/69F3-02_1 3117 1324 0.42
68/69F3-02_2 3132 1275 0.41
68/69F3-02_3 2132 497 0.23
SN78-5_1 3609 1028 0.28
SN78-5 2 - 2592 533 0.21
LKB-01_1 3211 900 0.28
LKB-01_2 2413 471 0.20




ADDENDUM A
GEOLOGICAL CROSS-SECTIONS AND GRAIN-SIZE
DISTRIBUTIONS

Section descriptions

The lithological sampleé carry the name of the mining block as a prefix and are humbered
upward from the bedrock. For example, AK1_1 is the (first) unit overlying the bedrock in
mining block AK1. The thickness of samples was measured with a tape. A detailed
sedimentological investigation was beyond the scope of the study and only a general
description of each lithological unit is given. Grain size and sorting were determined by
sieving, with the grain size described by the Udden-Wentworth scale. The composition of
the samples was determined with a hand lens and the colour of the sediments estimated in
terms of Munsell colours. The description of sedimentary features was aided by the work
of Lewis (1976). Window sections were compiled from these observations in conjunction
with field sketches and photographs and presented hereafter. In addition the total heavy
mineral content (THM), total economic fraction (TEF) and individual mineral proportions
are supplied.
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BUFFELS MARINE COMPLEX

Sample site AK1 (Fig. 14).

Unit AK1 1

This unit consists of a poorly sorted, clast-supported pebble gravel. Clasts are angular to subangular grey quartz that
range in size from 2-5 cm. The matrix is a muddy, quartzose sand that gives the unit a very light grey (N8) colour. The
sand portion of the matrix is medium-grained and poorly sorted. This unit appears to be similar to the channel gravels of
the KNC.

Unit AK1 2

This unit forms a sharp contact with the underlying gravel and consists of a poorly sorted, bimodal medium to coarse
quartzo-feldspathic sand. The sand has an orange hue (10YR 6/6) and is generally structureless, semi-compacted and
calcretized of the top.
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Figure 1A. Geological cross-section of AK1.
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Figure 1B. Grain-size distributions of AK1 samples.
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Sample site AK43B (Fig. 24).

Unit AK43B_1

Bedrock is overlain by a clast-supported pebble gravel unconformably overlying the preceding unit. The clasts are sub-
horizontally aligned. Gravel clasts are mainly schist and quartzite and the matrix comprises a poorly sorted, fine-grained
quartzo-feldspathic sand. Abundant plant roots and shell debris with a well-defined calcrete layer mark the upper part of
the unit.

Unit AK43B 2

This unit consists of an orange (10YR 6/6), fine quartzo-feldspathic sand that shows poor sorting. The sand is heavily
bioturbated with cross-bedding faintly visible. The unit is overlain by a calcrete layer.
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Figure 2A. Geological cross-section of AK43B.
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Figure 2B. Grain-size distributions of AK43B samples.
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Sample site AK45H (Fig. 34).

Unit AK45H 1
Orange (10YR 6/6), cross-bedded, fine quartzo-feldspathic sand that is poorly sorted.

Unit AK45H 2
Clast-supported cobble gravel with a poorly sorted quartzo-feldspathic sand as matrix. Clasts consist of well-rounded
schist that dip slightly seaward. Clast size varies from 10-30 cm.

Unit AK45H_3
The unit consists of an orange (10YR 6/6), cross-bedded, poorly sorted, bimodal, very coarse and medium sand.

Unit AK45H_4

Clast-supported pebble gravel with poorly sorted medium sand as a matrix. Clasts consist of rounded quartzite and
schist ranging from 2-6 cm in size and which dip sub-horizontally.

Unit AK45H 5

Orange (10YR 6/6), poorly sorted, compacted, medium, quartzo-feldspathic sand. A well-defined calcrete layer marks
the sand’s top.
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Figure 3A. Geological cross-section of AK45H.
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Sample site AK52N (Fig. 44).

Unit AK52N 1
Cross-laminated, light brown (5YR 5/6), medium quartzo-feldspathic sand that is poorly sorted.

Unit AK52N_2
Orange (10YR 7/4), quartzo-feldspathic, medium sand that is poorly sorted. The unit is essentially structureless; partly
calcretized throughout with distinct calcrete bands near the top.
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Figure 4B. Grain-size distributions of AKS52N samples.
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Sample site DP127R (Fig. 54).

Unit DP127R 1
Moderately sorted, orange (10YR 6/6), cross-bedded, medium quartzo-feldspathic sand forms the basal unit.
Sedimentary structures seem to be destroyed by intense bioturbation.

Unit DP127R 2
A cobble gravel with a moderately sorted, medium quartzo-feldspathic sand as matrix. Clasts vary from 5-15 cm and
are mainly schist and quartzite. The gravel bed dips slightly seaward.

Unit DP127R_3

The gravel grades into orange, cross-bedded, medium, quartzo-feldspathic sand that displays moderate sorting. This unit
hosts a range of well developed, horizontal laminated heavy mineral beds that dip seaward at 15°. Primary sedimentary
features are often destroyed due to intense bioturbation.

Unit DP127R 4
The top unit consists of a lighter orange (10 YR 8/6), medium, quartzo-feldspathic sand that is compacted. Sorting is
moderate, despite the presence of gritty quartz granules.
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Figure 5A. Geological cross-section of DP127R.
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Sample site DP68D1 (Fig. 64).

Unit DP68D1_1
Cobble gravel consisting of angular quartz and schist in a poorly sorted, medium sand.

Unit DP68D1 2
Light brown (5YR 5/6), muddy, fine, poorly sorted sand. Sedimentary structures are obscured by the muddy character
of the unit.

Unit DP68D1 3
Muddy light brown (5YR 5/6), planar-bedded, fine sand that displays moderate sorting.
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Figure 6A. Geological cross-section of DP68D1.
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Figure 6B. Grain-size distributions of DP68D1 samples.
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Sample site DP84LM (Fig. 74).

Unit DPS4LM 1

Matrix-supported pebble gravel with matrix of poorly sorted, granular quartzo-feldspathic sand. Clasts comprise
quartzite of which the size rarely exceeds 1 cm.

Unit DPS4LM_2

Poorly sorted, medium quartzo-feldspathic sand, with an orange (10YR 7/4) hue. The unit appears to be structureless

and is capped by a calcrete layer.

W 2 % %
m am.s.l Units THM 0.9 TEF 44.0
Om 321 | Ap 45
40.0 — Lex 04 | Hbl 56
Hm 131|Ep 93
Int 75 | Mz 26
Mt 30 | Rt 0.7
Grt 52 Ky 07
Zrn 82 | St 0.7
Orange, structureless, medium sand 2 Cpx 60 Tt 0.4
1 % %
THM 0.3 TEF 19.5
376 Im 158 | Ap 149
Lex 09 | Hbl 51
Hm 116 | Ep 340
Matrix-supported, quartzitic gravel 1 Int 05 | Mz
Mt 19 | Rt
Gt 60 | Ky 19
Zrm 283 | St
358 L Cpx 47 Tt
bedrock
Figure 7A. Geological cross-section of DP84LM.
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Figure 7B. Grain-size distributions of DP84LM samples.
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Sample site DP8SLM (Fig. 84).

Unit DP8SLM 1
Muddy, cross-bedded, dark brown (5YR 4/4), medium-grained quartzo-feldspathic sand. Sorting is poor and grains
often display manganese staining.

Unit DP8SLM_2

Muddy, poorly sorted, coarse to granular dark brown (5YR 4/4), quartzo-feldspathic sand with scattered quartz pebbles.
Trough cross-bedding marks the bottom of the unit and grades into simple cross-bedding. Calcretized trace fossils and
roots are abundant of the top of the unit.

Unit DP8SLM_3
Structureless, compacted, dark brown (5YR 4/4), medium quartzo-feldspathic sand.
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Figure 8A. Geological cross-section of DPS8SLM.
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Figure 8B. Grain-size distributions of DP88LM samples.
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Sample site KVI196R (Fig. 94).

Unit KV196R 1
Orange, moderately sorted, cross-bedded medium sand with faint, parallel heavy mineral laminae.

Unit KV196R _2

Clast-supported pebble gravel with poorly sorted, medium, quartzo-feldspathic sand as matrix. The packing of the clasts
is chaotic. The bottom of the unit consists of rounded schist and quartzite cobbles which grade upwards into more
flattened pebbles.

Unit KV196R_3

Medium-grained, moderately sorted low-angle cross-bedded quartzo-feldspathic sand with parallel heavy mineral
laminae which dip approximately 2° seaward and are localised in the top of the unit.

Unit KV196R 4
Red (5YR 4/6), structureless, medium quartzose sand that displays moderate sorting.
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Figure 9A. Geological cross-section of KV196R.
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Figure 9B. Grain-size distributions of KV196R samples.
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Sample site KVI98PR (Fig. 104).

Unit KV198PR 1
Pale yellow (10YR 8/6), cross-bedded, medium-grained quartzo-feldspathic sand with heavy mineral band of 15 cm.
This unit displays moderate sorting and is consolidated due to calcretization.

Unit KV198PR_2
Well sorted, low-angle cross-bedded, medium quartzo-feldspathic sand with parallel heavy mineral laminae.
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Figure 10A. Geological cross-section of KV198PR.
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Figure 10B. Grain-size distributions of KV198PR samples.
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Sample site TP235M (Fig. 114).

Unit TP235M_1

Clast-supported cobble gravel with matrix of moderately sorted quartzo-feldspathic sand. Clasts comprise rounded

schist and quartzite ranging in size from 5-15 cm. Packing is generally chaotic.

Unit TP235M_2

Yellow (10YR 8/6), cross-bedded, moderately sorted, medium quartzo-feldspathic sand. Trace fossils are abundant.

Unit TP235M_3
Orange, structureless, compacted, medium quartzo-feldspathic sand that displays poor sorting.
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Figure 11A. Geological cross-section of TP235M.
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Figure 11B.

Grain-size distributions of TP235M samples.
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Sample site TP262N (Fig. 124).

Unit TP262N 1

Yellow (10YR 5/4), cross-bedded, very coarse quartzo-feldspathic sand that is moderately sorted. This unit is partly
consolidated due to calcretization.

Unit TP262N 2

Matrix-supported pebble gravel, matrix-supported with moderately sorted medium sand that contains disseminated
heavy minerals. Clasts are randomly distributed and comprise rounded quartzite and schist.

Unit TP262N_3 :
Yellow (10YR 5/4), low-angle cross-bedded, medium-grained quartzo-feldspathic sand with parallel-laminated heavy
mineral layers. Sorting is moderate

Unit TP262N 4
The top unit is a structureless, pale orange (10YR 8/2), poorly sorted, medium quartzo-feldspathic sand.
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Figure 12A. Geological cross-section of TP262N.
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Sample site SEA419 (Fig. 134).

Unit SEA419 1
Moderately sorted, coarse quartzose sand

Unit SEA419 2
Moderately sorted, medium quartzose sand

Unit SEA419 3
Moderately sorted, coarse quartzose sand

3 % %
Coarse sand 3 THM 54.0 TEF 60.4
Om 597 | Ap
Lex 03 | Hol
Hm 83 | Ep
Int 244 | Mz
Mt 10 | Rt
Gt 50 | Ky
Zam. 03 | St 0.7
Cpx 03 Tt
2 % %
THM 56.9| TEF 52.0
Tl Ap
Meciim sand 2 IH::: 37 HE:I 10
Int 05| Mz 05
Mt Rt
Grt Ky
Zrn 09 | St 25
Cpx Tt
1 % %
THM 359 TEF 56.9
Om  565| Ap
Lex Hbt 37
Hm 120 | Ep
Int 204 | Mz 05
Coarse adrid 1 Mi 14 | Rt
Grt 46 | Ky
| Zxn St 09
Cpx Tt
77772
=21 0 T S o
gt
N
sand
Figure 13A. Geological cross-section of SEA419.
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Figure 13B. Grain-size distributions of SEA419 samples.
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BUFFELS INLAND COMPLEX

Sample site LH C (Fig. 144).

UnitLH C 1

Reddish brown (10YR 4/6), cross-bedded, coarse sand that is poorly sorted.

Unit LH C 2

Matrix-supported pebble gravel within a poorly sorted, very coarse sand matrix. Pebbles consist of angular quartz and
schist that range from 2-5 cm.

UnitLH C 3

Orange (10YR 6/6), poorly sorted, trough cross-bedded bimodal quartzo-feldspathic sand.

UnitLH C 4

Orange, cross-bedded, coarse quartzo-feldspathic sand that is poorly sorted.

UnitLH C 5

Matrix-supported pebble gravel with poorly sorted medium-grained matrix. A poorly sorted, gritty sandstone overlies
this unit.
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