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The Koperberg Suite intrusion at Jubilee, Namaqualand varies in composition from

anorthosite, through mica diorite to pyroxene leucodiorite and pyroxene diorite. Detailed

mapping and petrological studies of these rocks indicate that they were sequentially emplaced

into the Concordia Granite country rocks, and that each of the rock types represent discrete

magmatic events. The sequence of intrusion is from more acidic to more basic.

Whole-rock geochemical analyses indicate that these rocks represent cumulates involving

variable proportions of plagioclase, orthopyroxene, mica, quartz, oxides and immiscible

sulphides. These cumulate phases intruded into the Concordia Granite at the time of peak of

metamorphism and deformation in the Okiep Copper District, i.e, about 1030Ma ago, At the

time of intrusion, the country rocks were uUii;;;~rgoingpartial melting under high grade

(granulite facies) i~n.etamorphic conditions. and granitic anatects were present in the crust.

Hybridisation of basic magma and granitic melts occurred within the shear zones along which

the basic magmas ascended. The En content of orthopyroxene in the Koperberg Suite exceeds

the An content of plagioclase. This is atypical of basic intrusions and is a consequence of this

mixing. Mixing calculations based on the initial 87Sr/86Srratio (Ru) of the Jubilee samples at

1030Ma, imply high levels of assimilation (as much as 80% assimilation in the case of

anorthositic rocks) between a granitic component, similar in composition to the Nababeep

Gneiss! and a mantle-derived basic magma.

Sulphide mineralisation was initiated by the assimilation process, which caused the separation

of immiscible sulphides from the hybridised magma. Subsequent oxidation of the original

sulphide assemblage produced bornite, chalcopyrite and Ti-poor magnetite.
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CHAttTER 1

INTRODUCTION

1.1 introductory statement

j
'1
;

'TIle Okiep Copper District is one of South Africa's major copper producing areas and has

been mined almost continuously for over 140 years. The approximately 3000 k.m2 Okiep

Copper District is situated in the arid north-western Northern Cape Province (Fig. 1.1) and

includes the towns of Springbok, Nababeep, Okiep and Concordia. The area has been the

subject of geological investigations for more than 300 years, the first geological reports about

the area appearing in the 1680's

Copper mineralisation is confined to basic intrusive rocks of the Koperberg Suite. Although

over 1500 occurrences of Koperberg Suite have been identified, only a few have been mined

profitably. The Jubilee ore body, which is the subject ofthis study, is situated about 2 km

north-east of the town of Concordia (Fig. 1.2). This ore body was mined in the 1950's and

1960's, yielding 0.5 million tons of copper at an average grade of ca. 3%. Although mined

out now, the Jubilee open pit mine provides good three ..dimensional exposare of a fairly

typical mineralised intrusion, and accordingly was chosen for this detailed field and

petrogenetic study.

1.2 Historical

The ornamentation worn by the Namaqua people and the samples of cupriferous ore brought

by these people on visits to the Cape Colony, prompted expeditions in search of the copper

ore deposits. These expeditions failed in their objectives until Commander Simon van der

Stel's expedition in 1685 (Smalberger, 1975).
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In the 1840's, several expeditions set out to reassess the possibilsy of profitably mining the
Namaqualand ores, but commercial n.ining was not undertaken until 1852, when Messrs.

Phillips and .Y.~ng began commercially exploiting the ores found on the farm

Springbokfontein. Mining and exploration continued, almost uninterrupted, well into the 20th

century when the j.ost-war slump of 1918 saw the demise of even the largest mining

companies in the area and a period of mining inactivity followed.

The O'okiep Copper Company, with the Newmont Mining Corporation as the major

shareholder, was incorporated in 1937 and began production in 1941. In the early 1980is

Gold Fields of South Africa acquired the majority shares in the O'okiep Copper Company

and is presently managing the Company.

1.3 Regional geology - The Namaqualand Metamorphic Complex

The Okiep Copper District is situated in the gneissic terrane of the Narnaqualand

Metamorphic Complex, which is exposed in me north-western Northern Cape Province and

in southern Namibia (Fig. 1.1). The Namaqualand Metamorphic Complex forms the Central

Zone of the Namaqua Province, which is the western extension of the Namaqua- Natal mob lie

belt, developed along the southern and western margin of the Kaapvaal Craton (Tankard et

al., 1982).

The Proterozoic Namaqualand Metamorphic Complex consists of metasediments and

metavolcanics intruded by a variety of granitic gneisses. These rocks have undergone

polyphase deformation and metamorphism ranging fronr greenschist- to granulite facies.

Regional geochronological studies by Nicolaysen & Burger (1965) showed that widespread

granitic emplacement and metamorphism took place between H)OOMa and llOOMa ago,

thereby confirming that the Namaqualand Metamorphic Complex forms part of the Kibaran

orogenic zone (1100±200Ma). Several subsequent studies have confirmed the age of the

main deformational and metamorphic event (the Namaqua event) to be ca. 1200Ma (e.g.

Clifford et al., 1975a; Barton, 1983).
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Fig. 1.1 Locality map of the Okiep Copper District (after Schoch & Conradie, 1990).

1.4 Local geological setting ~The Oklep Copper District

The Okiep Copper District is probably the most thoroughly mapped area in southern Africa,

due mainly to its long history of exploration and mining and its excellent exposure. Detailed

mapping by the O'okiep Copper Company (OCC) and the contributions of several authors

notably Benedict et al. (1964), Clifford et ai. (1975a), Lombaard & Schreuder (1978) and

Lombaard et al. (1986), have added to our knowledge and understanding of the stratigraphy,

structure, metamorphism, mineralisation and geochronology of the Okiep Copper District,

Important regional studies have been done by Joubert (1971, 1986), Vanjer (1974), Holland

& Marais (1983), and Bligaault et al. (1983), and together with the more localised studies

have resulted in a detailed knowledge of the geology of the Okiep Copper District.
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1.4.1 Lithostratigraphy

The discussion of the lithostratigraphic subdivisions that follows is based on the work of the

above-mentioned authors. The stratigraphy is divided ~to two broad subdivisions; a

metavolcano-sedimentary group (the Okiep Group) and several granitoid intrusive suite!

(Table 1.13. The basement to the Okiep Group is unknown.

-r f-'R0MtNtHf SI[(P 5TRitt:1I'~lS

'5 0rP '" SlRlKt 01
...V REGIOtvAl. &N£tSW$Jf'(

- ....--fAVUS

""1_________________ • t~~~~( ,.____j

Fig. 1.2 Simplified geological map of the Okiep Copper llistrict, indicating the lvrulity of
the study area (Simplifiedfrom the maps cf th« O'okiep Copper Company and add
Pields of South Africa).
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Table 1.1 Lithostratigraphy of the Okiep Copper District (after Lombaard et al. t 1986) •
.,_", -

Nama Group
j

Koperberg Sllite ,I--- --
KweekfQntein <3ranite

ThI'TRUSlVE Spektakel Suite ruetherg Granite

~UITES Concordia Granite ii
Mb:.ed Zore Gneiss --

Klein Namaqualand Modrlerf"!ltein Gneics
Suite --

Nababee, ':~n~~ss .. ---
~!loetoeillasberg Gneiss

GJadkop Suite
Brandewynsbank Gneiss ..

:META· Oklep Group Lammerhoek Subgroup
VOLCANO-
SEDIMENTARY Khurisberg SubgroupROCKS

Okiep Group

/I
The Okiep Group, which consists of metavolcanics and metasediments, may be regarded a{'

remnants of a volcano-sedimentary succession which was inauded and fragmented by granitic

intrusions. The Khurisberg Subgroup is the lower subdivision of the Okiep Group, It consists

mainly of metasediments, namely the Springbok Quartzite and the Lura Schist. The

Springbok Quartzite is typically coarse-grained and very mature, but may be locally

f,,~ldspathic or conglomeratic, especially in the north in the Ratelpoort Synform area (Fig.

1.2). The Lura Schist is a quartz-biotite-garnet-sillimanite rock with a proininent schistose

fabric which is closely associated with the Springbok Quartzite. Where rafts of the Lura

Schist occur at the base of the Concordia Granite, they are referred to as the Wolfram Schist.

Overlying the Khurisberg Subgroup, is the Lammerhoek Subgroup. Occurrences of rocks

classified into this subgroup are confined to the northern and southern portions of the Okiep
i .

Copper District (Fig. 1.2). This subgroup consists of quartz-feldspar-biotite schists which
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may contain thin bands of amphibolite, quartzite, or conglomerate, suggesting a possible

volcano-sedimentary origin (Lombaard et 01.. 1986).

The so-called "two-pyroxene granulite" of Clifford et al. (1975<1),which is a hypersthene-

(Hopside-bon~blende-plagiocIase rock, OCCi.'!'s within the intrusive Nababeep Gneiss as rafts

or thick sheets. Several workers (Clifford et al., 1975a; Stumpf! et al., 1976} believe that

this lithology also forms part of the volcano-sedimentary succession and represents the source

bed of the cupriferous t(operbe;g Suite.

Granitic Intrusions

Several phases of granitic intrusions occur in the Okiep Copper District as extensive,

subhorizontal sheets whose thicknesses are not accurately known. These sheets intruded into

the metavolcano-sedimentary pile of the Okiep Group. Radiometric age determinations,

intrusive relationships and mineralogical characteristics have led to the establishment of a

lithostratigraphic and chronostratigraphic subdivision of the different phases, listed it. Table

1.1. The Gladkop Suite has been determined to be the oldest of the intrusive phases. 'I '!-tis

is followed. by the Klein Namaqualand Suite, the latter being intruded by the youngest phase,

the Spektakel Suite.

Gladkop Suite

I

The rocks in this suite are grey-red gra, ...tic gneisses, consisting primarily of medium-

grained quartz, biotite and feldspar. Two subdivisons have been recognised within the

GJadkop Suite: an older Brandewynsbank Granitic Gneiss and a younger Noenoemasberg

Granitic Gneiss. The occurrence of these rocks is restricted to the northern parts of the area

(Fig. 1.2), where the Noenoemasberg Granitic Gneiss can be seen to intrude into the

Brandewynsbank Granitic Gneiss.
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This 51 <iteconsists of the Nababeep arid Modderfontein Granitic Gneisses, the l~:tter intruding

the former. The Nababeep Granitic Gneiss is widespread and is exposed particular, '.' ill the

central portion of the Okiep Copper District (Fig. 1.2). It is a welbfoliated rock, but ouen

occurs as an augen gneiss. This heterogeneous fabric development (i.e. the tr-ansition from

foliation to augen porphyroblasts) may occur on a large (regional) or small (outcrop) scale.

The mineralogy consists mainly of quartz, microcline and biotite, with variable amounts of

minor plagioclase, garnet, magnetite and hypersthene. The thickness of this unit varies from

200m in the east, to more than lOOOmat Carolusberg.

The Modderfontein Granitic Gneiss occurs principally, although not exclusively, ht ine

central r.-Sttion of the Okiep Copper District, especially in the core of the Springbok Dome

(Fig. 1.2). Although SImilar in chemical composition to the Nababeep Granitic Gneiss, the

Modderfontein Granitic Gneiss is characterised by a much less distinctive fabric.

Spektakel Suite

The Spektakel Suite represents the last phase of granitic intrusions. The suite is further

subdivided into three distinct intrusive phases, namely the Concordia, Rietberg and

Kweekfontein Granites.

The Concordia Granite is a sheet-like intrusive occurring mainly near the type locality, the

town of Concordia, but is also exposed around the Springbok Dome, It is a microcline

~1nitewith variable amounts of minor plagioclase, garnet and biotite (usually less than 3%).

tle Concordia Granite is well- foliated at the base, but becomes coarser and less foliated

towards the top. The lower contact of the Concordia Granite (with: the Nababeep Granitic

Gneiss) often displays lit-sar-lit features, with Concordia Granite being intruded into the

Nababeep Granitic Gneiss. Where this occurs, the resulting rock type is referred to as the

"Mixed Zone Gneiss".

..,
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The Rietberg Granite occurs mainly in the north of the Okiep Copper District (Fig. 1.2), It

is a plagioclase feldspar granite with tor biotite and conspicuous phenocrysts of K-

feldspar. The rock has a distinct porphyritic texture with little or no tectonic fabric (a weak

quartz-feldspar mineral lineation may occur). Xenoliths of the Okiep Group, Gladkop and

Klein Namaqualand Suites are common within the Rietberg Granite.

The Kweekfontein Granite is a rare lithology in the Okiep Copper District, but scattered

outcrops may be found to the east of the Springbok Dome or within the Ratelpoort Synform.

It is a fine-grained, poorly foliated microcline granite. The Kweekfontein Granite represents

the youngest phase of the Spektakel Suite of granitic intrusions.

Koperberg Suite

This suite of rocks is often referred to (in the literature as well as in mining terms) as "basic

bodies" or "noritoids" (e.g. Lombaard & Schreuder, 1978). This suite represents a phase of

Intrusion that postdates the granitic intrusions described above. The suite comprises a variety

of different rock t!'pes, ranging from anorthosite and diorite to norite, glimmerite and

pyroxenite. fhe most common rock type of this SUHe is of intermediate (dioritic) rather than

basic (neritic) composition; it is thus surprising that the terms "noritoid" and "basic bodies"

have been entrenched so deeply in, the literature. Several attempts have been made to classify

the rocks of the Koperberg Suite in a formal classification scheme (van Zyl, 1978).

Despite the small volumes of Koperoerg Suite rocks that occur in the Okiep Copper District,

they are of particu.ar importance, since they are the host to the copper mineralisation that

is ,I: tlte centre of all interest in the Okiep district. A more detailed account of the rocks of

the Koperberg Suite is given in Section 1.5.

8
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Nama Group

The granite-gneiss terrane of the Okiep Copper District is unconformably overlain in the west

by late Proterozoic sediments. These are the Nama Group sediments consisting of grits,

sandstones, conglomerate shale and limestone. In contrast to the intense deformation and

metamorphism that the rocks of the Okiep Copper District have undergone, the Nama Group

sediments have undergone very little deformation.

1.4~2Structure

The regional survey of Joubert (1971) laid the foundation of the current knowledge and

understanding of the structure and tectonics of Namaqualand. This survey has remained

largely undisputed for over two decades; later authors either confirmed or slightly modified

Joubert's conclusions. In the case of the Okiep Copper District, Clifford et al. (1975a) and

Halbich (1978) have modified Joubert's model to fit their observations in this district.

j
i

I
j

Joubert (1971, 1976) identified a polyphase deformational history in Namaqualand, and five

deformation events were proposed (Table 1.2). The D, deformation phase produced tight

isoclinal intrafolial folding caused by tectonism under intermediate- to high-grade conditions

(Joubert, 1971; Albat, 1979). This deformation event is best preserved in the areas to the

north and to the east of the Okiep Copper District. Bvioence for this event in the Okiep

Copper District is found as a fabric in gneissic xenoliths of the Khurisberg and Lammerhoek

Subgroups in the Klein Namaqualand and Spektakel Suites.

I

The D2 deformation phase (the "Namaqua event", of Blignault et al., 1983) is the most

pervasive phase of deformation orded in the Okiep Copper District. The characteristic

sub-horizontal planar fabric (S2)' displayed as augen textures or gneissose banding, is the

most prominent expression of this deformation phase. The gneissose banding is best

developed in the Klein Namaqualand and Spektakel Suites which may also display an

associated east-west trending mineral lineation (L),

9



The D2 deformation event is also expressed by the formation of regional large- to small-scale

folds (F2; Joubert, 1971). These tight- to isoclinal folds, which are often recumbent, are best

oeveloped in the Springbok Quartzite of the Khurisberg Sub~roup.The presence of these flat-

lying folds constitutes the principle evidence for tectonic duplication in the fold-nappe theory

of Clifford et al. (1975a). Kisters (1993) noted that the fold hinges of these F2 folds have

been dismembered and isolated, which makes the evaluation of the fold-nappe theory
difficult.

Table 1.2 Correlation of deformational, metamorphic and intrusive events (after Joubert.
1971, 1986; Clifford et «, 1975a, 1981. 1990; Wat~l:r.1988. 1.990; Gibson &
wallmach, 1992).

=- :7 -= lIIiIlII:t:=a=:.l

Radiometri-e .,Defommtional Metamorphic Intrusive
Age (1\{a) Events Events Events

JiiCitta;;' 'ill
_:....

1)5
N..S breccia faults .

[)4
NW-SE and NE-S\\' shear zones.

1072 ± 20 D3 Koperberg Suite

F3 open E·W faldin,1I and
steep struumres M2

II
1-- .

1166 ± 26 D2 Spektakel Suite

S2 gneissosity
Namaqua event

Klein Namaqualand
L2 lineation Suite1213 ± 22 F2 isoclinal folds

................
..

1700 ~ 1900 Dl Ml Gladkop Suite
FI intrafolial folds Orange River event

1---

L ........,.,.

I

10



The S2 regional fabric associated with the D2 event decreases in intensity from the loyi~:r
\

Klein Namaqualand Suite to the upper Spektakel Suite, implying syn- to late-D, intrusion ~lf

the former and late- to post-D, intrusion of the latter (Cli.rord et al.• 1975a).

The D3 deformation phase is characterised by the formation of large, open upright folds (F,~,)

which trend east-north-east. The F3 folds are prominently recorded as the Springbok DCl:Me

and Ratelpoort Synform structures {Fig. 1.2), where F2 folds are often refolded.

In places, the normally flat-lying foliation in the country rock gneisses has been mtated •to
very steep attitudes. These narrow, linear zones are locally referred to "steep structures" and

are unique to the Okiep Copper District. Since their Q~ientations, i.e, trending east-north-

east, are similar to those of the D3 structures, ego dIe Springbok Dome, most authors

associate these steep structures with the D~ event (Clifford et al., 1975a; Lombaard &

Schreuder, 1978; Lombaard et al., 1986; Kisters, 1993)~while Halbich (1978) classes these

structures into a separate deformation phase (F4)'
I','

The D4 event (Joubert, 1971, 1986) wh'.;; produced coqJugate sets of north-west and north-

east trending mylonitic shear zones, is regarded by Halbich (1978) as the fifth distinct

deformation event (Ds). These narrow (up to 25m wide), subvertical shear zones represent

the last phase of ductile deformation in the Okiep Copper District

Brittle deformation is recorded as breccia faults which trend north to north-east and ran\ge
:

in width from a few millimetres to several tens of metres. This phase of deformation is the

youngest in the Okiep Copper District (D~ after Joubert, 1986), even displacing the Nama

Group sediments (ca.500 Ma, Clifford et al. t 1975a).

1.4.3 Metamorphism

Several regional studies of the Namaqualand Metamorphic Complex, and local studies in the

Okiep Copper District, have concluded that the area is of a high-grade metamorphic nature.

It has furthermore been established that this metamorphism is symmetrically zor.~,

11



increasing from greenschist facies grade along the Atlantic Ocean coast, through kyailite~ and

sillimanite- amphibt:t!;~,,!facies, to granulite facies in the eastern and southern portlQris of the
" .. !I

Namao '7 land Metam()rptiic Complex (JOUOOlt, 1973). ;.\

Two main metamorphic events have been recognised in the Namaqualand Metamorphic

Complex. The earlier, Mr event (the "Orange River event" of Blignault et al., 1983) is the

dominant event recorded in the areas north of the Okiep Copper-District. This event

undoubtedly also affected the rocks of t~e uidep Copper District, but the evidence for this

event OM been overprinted by the later, M2 ever' (the Iamaqna event" of Blignault et al.,
1983).

The timing of the metamorphic; events, <.he~M~~event, has been a topic of

some I~isput,e.Clifford et al. (1975a, 19751" ~i~epeak metamorphic conditions

to be syn- to post-D, (i.e, 1187±22Ma). l't. ·~ert(:'/1<;, : ,~udedthat the metamorphism

in the Namaqualand Metamorphic Complex predates tiE ~/L"nlSI1;rif granites, i.e. older t}1;m

1850:Ma. Other authors, e.g. Waters (1986, 1983, 1989, 1990) and Gibson & WaIIItla(;h

(1992), dated the peak metamorphism as post-D, (i,e. younger than l070Ma, Clifford et ai.,
1975a).

I

Based on mineral chemistry and isotopic data, Clifford et al. (197!5a, 1981) proposed peak

M2 conditions of ca. 850°C and P> 6kb. These conditions are generally accepted by various

authors. Based on garnet-cordierite _Fd garnet-orthopyroxene thermobarometry, Waters &

Whales (1984) and Waters (1989) favour a slightly lower pressure at the time of peak

metamorphism (Ps=Skb), but agree that T> 800°C. Gibson & Wallmach (1992) proposed

a slightly higher temperature (ca. 900"C) and similar pressure (P=6-7kb). These peak

metamorphic conditions for the M2 event indicate a high temperature, low pressure granulite

facies grade metamorphism, characterised by an elevated geothermal gradient (35-40°C/km)

(Gibson & Wallmach, 1992) .

• Wate:rs (1986, 1988, 1989, 1990) and Gibson & Wallmach (1992) have proposed an

anticlockwise P~T-t path. The prograde me-tamorphism path shows increasing pressure with

increasing temperature. Clifford et al. (1981) and Waters (1986, 1989) suggested isobaric
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cooling for the !(~tro~\rade path, while Gibson & Wallmach (1992) proposed decreasing

temperature at peak metamorphic conditions, Fig. 1.3).
i

pressure with decteas~tlg temperature (with a slight increase in p~~sl~ure with decreasing
_'./

Joubert (1971, 1973, 1986) suggested that the metamorphism in the Namaqualand

Metamorphic Complex was caused by a thermal dome of regional extent underlying the area.

Clifford et at. (1975b) supported this theory and concluded that the Okiep Copper District

lies on the western flank of this dome. Zelt (1980) suggested deep level basement reworking

under amphibolite facies conditions during the Pan-African event.

is

,-....
C'<:
.c..:.:- 40..

2

600 I900700 800

Fig. 1.3 Summary of in/erred P-T-t paths and peak metamorphic conditions (after Gibson &
Wallmach, 1992). Data/rom: (a) Waters (1986, 1989) (b) Clifford et al. (1975a,b)

(e) & (d)-Clifford ei al. (1981) (e) Gibson & Wallmach (1992)
I



Waters (1986,(:i1988, 1989, 1990) stated that the anticlockwise P-T-t path (Fig. 1.3)

developed in a compressional tectonic setting involving possible crustal underplating by basic

material. Heating was produced by intrusion of granitic magma at, or above, the present

erosional level. Gibson & Yiallmach (1992) suggested that the metamorphism is a product

of a transient thermal pulse, with heating produced by intrusive magmas (cf,Waters, 1989),

or by some major lower crustal thermal event. Humphreys & van Bever Donker (1990)

proposed that this lower crust thermal event may be crust-mantle delamination.

.,,
~

1.4.4 Geochronology

Several age determinations on the rock units of the Namaqualand Metamorphic 'Complex

have been undertaken to describe more accurately the geochronological history of the region.

This geochronological history spans some 2000Ma. The greatest age recorded is th~t of the

Kheis orogeny (2S00-2900Ma; Nicolaysen & Burger, 1965). Younger events such as the

Damaran orogeny (ca. 500Ma; Clifford ! al., 1981) are also recorded.

The majority of ages from various radiometric age determination studies fall in the 2000-

l000Ma range. From this range, two dominant age groupings record the two main igneous
I

and metamorphic events in the Namaqualand Metamorphic Complex and in the Okiep Copper

District. The age group of 1900-1700Ma reflects the earlier of these two events, the Mt (or

Orange River) metamorphic and igneous events (Reid, 1975; Barton, 1983; Blignault et at.,
I

1983) which predominates in the northern parts of the Namaqualand Metamorphic Complex

(Kroner & Blignault, 1976). Table 1.2 summarises these events.
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Radiometric age determinations in the Okiep Copper District have yielded ages ranging from

1200Ma to 1000Ma. These ages reflect the age of the M'2(or Namaqua) metamorphic e ..cnt,

as well as the ages of late- to post-M, orthogneiss intrusions (e.g. Nicolaysen & Burger,

1965; Clifford et al., 1975a, 1931, 1990; Stumpf et at. 1976; Barton, 1983).

Barton (1983) reported the ages of pre-M, lithostratigraphic units. A Rb-Sr isochron age of

1800Ma is reported for the Lammerhoek Subgroup Gneisses (Okiep Group, Table 1.1). A

Rb-Sr errorchron age of 1824+70Ma and a U-Pb isochron age of 1770+ 184/-190Ma are

also given for the Brandewynsbank Gneisses (Gladkop Suite, Table 1.1),

Several ages have been obtained for the Nababeep and Modderfontein gneisses (Klein

Namaqualand Suite, Table 1.1), but are ca. 1200Ma(e.g. Cliffordetai., 1975a, 1981, 1990;

Barton, 1983). The Rb-Sr whole rock isochron age of 1187±22Ma for the Nababeep Gneiss

is thought to reflect the age of me granulite fades M2 metamorphic event (Clifford et 0.1. ,

1975a, 1981). Rb-Sr whole rock isochron ages of 1147±33Ma (ibid.) and 1141±22Ma

(Clifford et al., 1975a) reflect the time of intrusion of the Spektakel Suite.

I

Several emplacement ages of the economically important Koperberg Suite have been

obtained. Rb-Sr whole rock analyses by Nicolaysen & Burger (1965) produced an age of

1042 +42Ma. U-Pb zircon analyses yield Koperberg Suite emplacement ages of 1072 +20Ma

(Clifford et al.;1975a), ca. llOOMa (Stumpfl et al., 1976) and 1075+48/~50Ma, and a Sm-

Nd errorchron age of 1047+59Ma (Clifford et ai., 1990).
(I
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1.S Kope.rberg Suite

The Koperberg suite has been the subject of numerous investigations, data first being

published in the 1850's by pioneer geologists including Bain (1854), Rubidge (1856),

Atherstone (1857) and Wyley (1857). A general overview of the Koperberg Suite in terms

of distribution and form of occurrence, wall rock relationships, composition and texture, and

mineralisation is given by Lombaard et al. (1986). The Koperberg Suite represents the last

intrusive phase in the District, and is particularly common within the Concordia Granite (Fig.

1.2).

About 1500 occurrences of the Koperberg Suite intrusive bodies have been documented in

the 3000km2 area of the Okiep Copper District. These bodies most commonly have an east-

west trending dyke-like form, while plugs and sills are less common. The width of these

dykes is generally 6O-1oom and continuous strike length is in the range of several metres

to about lkm. 1%1trusivebodies which lie outside these dimensions are rare (Lornbaard et al.,

1986). The irregular, discontinuous outcrop pattern is also reflected in the vertical section;

bodies exhibit pinching and swelling, branching and coalescing, and tapering out at depth.

Koperberg Suite bodies are generally subvertical or very steeply north dipping. In most

cases, they extend only for several hundred metres in depth before tapering out, commonly

terminating close to certain refractory lithological horizons, e.g, the Springbok Quartzite. It

has been shown, however, that in some cases, the bodies may continue well below these

terminations, often to depths of greater than 1.5km (van ZyI, 1967; Lombaard et al., 1986;

Kisters, 1993).
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The association of Koperberg Suire occurrences with steep structures (Section 1.4.2.) is well

',I
';' ..

structures is due to the steep structures providing subvertically inclined zones of anisotropy

documented (Lombaard et al., 1986). Kisters (1993) discussed this association in detail and
:y;

;/
concluded that the intrusion of the magmatic rocks int..~~' central, subvertical zones of these

which the Koperberg Suite could occupy. Not all Koperberg Suite occurrences are associated

with the central zones of steep structures. Intrusions commonly occur on the northern flanks

of these structures, or less commonly on the southern flanks. In the rare cases of Koperberg

intrusions that are 110tassociated with steep structures at all, these intrusions are in the form

of sill-like bodies lying subparallel to the regional foliation (Kisters, 1993).

Koperberg Suite intrusive bodies may consist of only a single lithology, but commonly

several lithologies are present. The Jubilee ore body, on which the present study focuses, is

an example of such a composite intrusion. From the contact relations within a composite

(anorthosite and diorite) intruded before the more mafic varieties (norite and pyroxenite) (van

intrusive body, relative age relationships may be determined for the various intrusive phases.

Brecciation of the older phases by the younger phases indicates that the more felsic varieties

Zyl, 1978; McIver et al.• 1983).

Contacts between the intrusive rocks of the Koperberg Suite and the surrounding country

rocks are generally sharp with limited or no wall rock alteration (Prins, 1970; Venter, 1970;

Prins & Venter, 1978). The notable lack of chilled margins associated with these intrusions,

is considered to be the result of the Koperberg Suite being emplaced into a hot crust

undergoing high-grade metamorphism (Clifford et al., 1975a; Lombaard et al., 1986; Gibson

& Wallmach, 1992). The intrusive bodies are generally massive, but may exhibit some
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tectonic fabric parallel to their contacts (Mciver et al., 1983).

The rock types documented for the Koperberg Suite include: syenite, shonkinite, quartz-

anorthosite, anorthosite, biotite-diorite, glimmerite, pyroxene-diorite, norite and pyroxenite

(Lombaard et al., 1986; Conradie, 1983). Various authors propose different subdivisions of

these rocks based on their mineralogy, notably van Zyl (1978) and Conradie (1983). Van Zyl

(1978) proposed a classification system, based on silicate and sulphide content of the rocks,

to assist in the evaluation of potential ore bodies. This classification system lists the following

rock types as making up the Koperberg Suite: andesinite, diorite type I, diorite type II, felsic

norite and hypersthenite. Conradie (1983) classified the rocks of the Koperberg Suite on the

basis of their petrographical relationships. The following rock types are consieered by

Conradie (1983) to make up the Koperberg Suite: anorthosite, leucodiorite, mic~iL..: zte,

glimmerite, hypersthene-diorite, hypersthenite, ferro-diorite and hornblendite.

Petrographic studies on the copper-bearing Koperberg Suite rocks have been undertaken since

the early part of the twentieth century. Rogers (1916) produced an excellent account of the

copper deposits in the Okiep Copper District, recognising at least ten different rock types.

Petrographic and mineralogical studies were also undertaken by Strauss (1941) and Latsky

(1942), The studies on petrographic relations by van Zyl (1967, 1978) produced descriptions
I

of the more recently developed ore bodies. Since the early 1980's several important

petrographic studies have been published. These include papers by Conradie (1983), McIver

et at. (1983), Conradie & Schoch (1986a, 1986b), Boer (1989) and Schoch & Conradie

(1990). Mineral chemical studies were largely neglected prior to the study by Stumpfl et al.

(1976). Since then, several such studies have been published by Clifford et al. (1981),

18



Comadie (1983), Conradie & Schoch (1986a, 1986b), Boer (1989) and Schoch & Conradie

(1990).

Based on the work of the above-mentioned authors, the petrographic relations of the rocks

of the Koperberg Suite are fairly well established. The main mineral constituents of the rocks

of this suite are: plagioclase, which lies in the compositional range of An31!to AnS8 (andesine

to labradorite), orthopyroxene, which lies in the compositional range of Enss to E~8

(hypersthene), and brown mica (biotite and phlogopite), Apatite, zircon, sphene, quartz and

magnetite represent the principal accessory minerals. Clinopyroxene and hornblende are

generally scarce. Rock type classification by most authors is based on the relative abundance

of these minerals; the most common rock types in the Koperberg suite are anorthositic

(andesitic) to dioritic (plagioclase + orthopyroxene ± brown mica).

The petrography and chemistry of the sulphides have been described in detail by many

authors. notably Rogers (1916), Strauss (1941), Latsky (1942), van Zyl (1967, 1978),

Stumpfl et 01. (1976), Clifford et al. (1990) and Cawthorn & Meyer (1992). Ore mineralogy,

as defined by the contributions of these authors, suggests that bornite and chalcopyrite.

constitute the principal ore minerals. Pyrite, pyrrhotite and pentlandite may GCCur as

accessories in some ore bodies, while chalcocite occurs only as a replacement mineral of

bornite. These sulphides may occur either as fine disseminations or as coarse granular, to

locally massive concentrations. The relationships between silicates and sulphides have been

summarised by Lombaard et al. (1986). The sulphides are interstitial to the silicates, or form

II aggregates with the silicates, or occur along the cleavage planes of the silicates, especially

of pyroxene and mica. Cornelissen (1958) noted the occurrence of botryoidal and stalactitic

19



encrustations of chalcopyrite, bornite and chalcocite in fault-related vugs and cavities.

Sulphur isotope studies by Jensen &. Dechow (1964, 1965) and von Gehlen et al. (1990),

indicate a very narrow spread of 034S values around o34S=O permil, which is close to the

mantle average of 034S:::::: +0.5 permit

Stumpf! et at. (1976) proposed that the sulphides represent a late stage phase in the intrusive

bodies, being remobilised and precipitated by magmatically derived hydrothermal fluids. This

theory is in direct conn fst to those theories proposed by even the earliest workers in the

Okiep Copper District which suggest that the sulphides are of magmatic, syngenetic origin,

e.g, Wyley (1857) and Rogers (1916). Clifford er al. (1990) refined the model of Stumpfl

et al. (1976), proposing two types of ores that represent end-members. These two ore types

are: a magmatic ore, e.g, Carolusberg Mine, and a hydrothermal ore, e.g. Hoits Mine. Van

Zyl (1967, 1978), Mclver et al. (1983) and Cawthorn & Meyer (1992) agree that the

sulphides crystallised after the crystallisation of the silicates and the oxides. Cawthorn &

high-grade metamorphism (Mclver et al., 1983).

Meyer (1992) interpreted the presence of non-magmatic bornite in the ore bodies (first noted

by Rogers in 1916) as being due to the oxidation of primary pyrr.aotite and chalcopyrite't1,

bornite and Ti-free magnetite. This oxidation may have been related to the post-emplacement

The timing of emplacement of the Koperberg Suite with.respect to the regional deformation

and metamorphism is controversial. An intrusive age of ca. llOOMa ror the Koperberg Sliiti

is well documented (Nicolaysen & Burger, 1965; Clifford et al., 1975at 1990; Stumpfl et
I al., 1976; Koeppel, 1978), while the M2 metamorphic event has been dated at 1187±22Ma

(Clifford et al., 1975a, 1981). This implies.that the Koperberg Suite was emplaced post-M2•
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Based on the relationships between the intrusives and the steep structures in which they are
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situated, most authors have proposed a post-D, emplacement age for the Koperberg Suite.

Several author, (McIver et al., 1983; Waters, 1989; Gibson & Wallmach, 1992) contended

that, based on metamorphic textures and tectonic fabrics in the Koperberg Suite rocks, peak

metamorphic and deformation conditions post-date the Koperberg Suite emplacement, i.e, the

Koperberg Suite was emplaced syn- to late- DJ and M2•

Despite over 140 years of research, there is still no consensus as to the origin of the

Koperberg Suite. Early workers such as Wyley (1857)} Ronaldson (1905) and Rogers (,1916)

from original copper-bearing flows, sills and pyroclastics. Their presence in steep structures

noted the intrusive nature of the Suite and were convinced of a magmatic origin for the rocks

and their included sulphides. Latsky (1942) similarly proposed an intrusive origin for the

Koperberg Suite, based on petrographical textures and the p 'esence of xenoliths within the

Suite.

The years between 1950 and 19(\5 produced vastly contrasting ideas about the origin of th...

Koperberg Suite. Read (19.)2), in line with the granitisation model for the origin of the

granites and gneisses of Namaqualand, believed that the Koperberg Suite bodies were derived

was explained by regarding these bodies as being tougher "resistors" in the slightly plastic

gneisses. Ber- 'lict es al. (1964), who supported Read' s (1952) granitisation theory, proposed

that the granitisation fluids travelled along the bedding planes of the metasediments from

which they weru derived, mobilising elements such as Na, Ca, Mg, Fe, Cu and S/ and

depositing these into the steep structures, These theories were based mainly on the

observation that many of the ore bodies appear to pinch out into the Khurisberg Subgroup.
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Van Zyl (1967, 1978), however, showed that some ore bodies (at least) transect the proposed

source beds for the metamorphic differentiation theory of earlier workers. He therefore re~

introduced the idea of the Koperberg Suite being intrusiv in nature, based on further

evidence of country rock xenoliths in the Koperberg Suite, sharp contact and the absence of

preserved country rock textures in the intrusive bodies. This author further proposed a deep-

seated magma chamber in which pre-intrusion differentiation took place and that these

magmas were contaminated by country rock during their ascent through the crust to their

intrusion levels.

Clifford et al. (1975a, 1975b, 1981, 1990) proposed a source-bed theory based on initial

87Sr/86Sr isotopic ratio and whole rock geochemistry. This theory involves the anatectic

derivation of the Koperberg Suite from gneisses and granulites of intermediate to basic

composition. Based on similar isotopic ratios and identical mineralogy, a two-pyroxene

granulite present in the Lamrnerhoek Subgroup (Section 1.4.1.) was proposed as the source

bed, Stumptl et at, (1976) supported this source-bed theory, based on mineral chemical data.

McIver et al. (1983) agreed with the magmatic theory of van Zyl (1978), but emphasised the

fact that these rocks have undergone high-grade metamorphism and recrystallisation, Based

on their geoc'iemistry, these authors suggested an alkaline mantle-derived magma,

contaminated by granitic anateets in the lower crust. Andreoli & Hart (1987) also proposed

a basaltic precursor for the Koperberg Suite, enriched in K, REE, P, U, Th and Zr. This

"KREEP" magma was possibly derived from the melting of an enriched mantle source.

Kisters (199:~) discussed the emplacement mechanism of the Koperberg Suite and confirmed

the assertion of other authors that the Koperberg suite rocks are contaminated by assimilating
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country rock granites and gneisses.

Numerous confidential and unpublished reports by the mine and field geologists of the

O'okiep Copper Company (OCC), have added greatly to the current understanding and

knowledge of the Koperberg Suite in particular, and the geology of the Okiep Copper District

in general.

;'ossible comparisons between the occurrence of the Koperberg Suite with other areas include

Caraiba, Brazil (Townend et al .• 1980; McIver et al, 1983), the Grenville Province, Canada

(Wynne-Edwards, 1972; Clifford et al., 1981), and massif-type anorthosite complexes

(Isachsen, 1969; Conradie & Schoch, 1986a).

Previous research 1)11 the rocks of the Koperberg Suite in the Okiep Copper District has

largely been on a regional scale, with authors attempting to explain the formation and

petrogenesis of the suite as a whole. Furthermore, these studies were based on selective

sampling of the suite over a wide region. Although this method nf investigation has resulted

in several of the characteristics of the Koperberg Suite being well established, several aspects

of the suite remain uncertain and controversial.

The present study was initiated by the Geology Department and the Economic Geology
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Research Unit of the University of the Witwatersrand in conjtm",';:'';'''';twith Gold Fields of

South Africa. The aim is to document and describe the geology of a single Koperberg Suite

occurrence, namely the Jubilee body. With particular emphasis on geochemical

characteristics, a better understanding of the origin and petrogenesis of the Jubilee body and

the processes of formation is to be attained. Furthermore, the effects, if any, of external

processes such as crustal contamination, on $e rocks of the Koperberg Suite present in the

Jubilee body, are also investigated.

Mapping and sampling of the Jubilee body was undertaken during March 1993 and August

1993. The northern and western faces of the Jubilee open pit were mapp--~~n a scale of

1:200. Mapping emphasis was on the distribution of the different rock types and their

relationships with one another, as well as with the country rock. Samples of the rocks present

in the study area were collected for petrographic investigation, and whole rock and mineral

geochemical analyses. Although sampling was concentrated on the rocks of the Koperberg

Suite, samples were also collected from the Concordia Granite country rock, as well as
";1

granitic xenoliths. Samples were collected to establish a representative data set of all the rock

types present, as well as to illustrate any geochemical or petrographical differences within

the various rock types, especially at contacts between adjacent rock types.
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CHAPTER 2

NOMENCLATURE OF THE KOPERBERG SUITE

2.1 Introduction

Given the extensive body of literature pertaining to the geology of the Okiep Copper District,

it is not at all surprising that there exists an impressive array of names for the rocks,

especially the Koperberg Suite. This brief chapter outlines the nomenclature of the rock types

belonging to' the Koperberg Suite at the Jubilee mine, with a view of bringing the

terminology into line with modern, international names.

2.2 Koperberg Suite

The term Koperberg Suite is a fairly recent term, being adopted in 1980 by the South

African Committee for Stratigraphy (SACS, 1980). Prior to the this, the most commonly

used name for this suite was the Noritoid S lite. Lombaard et al. (1986) listed the rock types

present in this suite a'): shonkinite, quartz-anorthosite, anorthosite, quartz-diorite, biotite"

diorite, glimmerite, hypersthene-diorite, norite and hypersthenite, Several other authors added

to this list such names as leucodiorite, ferro-diorite, hornblendite, andesinite, leuconorite,

melanorite etc. (van Zyl, 1978; Conradie, 1983; Clifford et al., 1995). These names have

been derived from a variety of classification schemes ranging from field-based, colour index

and mineralogical schemes to petrographic and geochemical schemes.

2.3 Koperberg Suite at Jubilee

At the risk of increasing the already extensive list of rock names, this chapter proposes to

list the rock types of the Koperberg Suite that occur in the Jubilee mine. Where applicable,

names that have been used previously todescribe these rocks are listed and discussed.
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Field classification of the different Koperberg Suite phases present at Jubilee was done on

the basis of overall colour index and the relative amount of the major constituent silicate
minerals (plagioclase, pyroxene and brown mica). Using this classification, three main rock

types were identified as belonging to the Koperberg Suite.

The first rock type is anorthosite. This rock consists almost entirely of plagioclase, with

variable amounts of quartz. In cases where samples contain large amounts of quartz, the term

quartz-anortboshe is used. The term andeslnite (van Zyl, 1978) is not used here since,

although ~ll samples of this rock type analysed in this study have plagioclase of composition

An30-so (Chapter 5), plagioclase grains from Carolusberg West have compositions of Ans2

(Stumpf et al., 1976), hence the term anorthoslte is considered to be adequate.

The second rock type is mica diorite which consists of plagioclase + mica ± pyroxene. As

will be discussed in Chapter 5, the An content of the plagioclase grains in this rock type is

less than 50%, hence the root name diorite (Streckeisen, 1967). Mica is the dominant mafic

mineral (mica.pyroxene> > 1), hence the qualifier mica is used. This rock is oftell referred

to as the choppy diorite by the mining community, but this is clearly not acceptable as the

meaning of the adjective choppy is unclear. Furthermore, the term biotite diorite (Strauss,

1941; van Zyl, 1978; Lornbaard et al., 1986) is not strictly correct since the composition of

the mica in this rock is not always that of biotite senso stricto, but is often that of phlogopite

(Chapter 5).

The third rock type is pyroxene diorite which has pyroxene, plagioclase and brown mica as

its principal silicate components. Again, the An content of the plagioclase present in this rock

is less than 50% (Chapter 5), hence the root name diorite. This is in contrast with the term

norite which is commonly used for this rock type (Strauss, 1941; van Zyl, 1978; Clifford

et al., 1995). Of the two major mafic silicate minerals present, pyroxene is the more

common hence the qualifying term pyroxen. which is added to the root name. In principle,

a rock with approximately equal proportions of mica and pyroxene would require the term

pyroxene-mlca-dlorfte, but no such rocks have been identified at Jubilee.
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In the field it was noted that several pyroxene diorite localities were distinctly lighter in

colour and these were subsequently termed pyroxene Jeucodlorlte. These rocks also consist

of plagioclase, pyroxene and brown mica, but the plagioclase content is higher than in the

pyroxene diorite; otherwise these two rock types are very similar. Pyroxene leucodiorite (as

defined here) has previously been referred to as leuecnorlte by OCC geologists as weU as

in the literature (Clifford et al., 1995).

2.4 Summary

The field classification of the Koperberg Suite at Jubilee into anorthosite, mica diorite.

pyroxene diorite and pyroxene leucodiorite was initially based on colour index and

mineralogy. Later chapters of the present study will show that this classification is valid and

that classification schemes based on other characteristics (eg. geochemistry) would result in

a similar distinction of rock types, albeit with some overlap of the various rock types.
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CHAPTER 3

GEOLOGICAL RELATIONSHIPS

3.1 Introduction

The Jubilee open pit mine IS located about 2km north of the tow-i of Concordia. This

composite ore body of Koperberg Suite rocks intruded into the Concordia Granite of the

SpektakeJ Suite (Fig. 1.2).

The dimensions of the ore body have been determined by exploration diamond drilling by

the O'okiep Copper Company (OCC). The Jubilee ore body is an east-west trending dyke-

like structure on the northern flank of a steep structure. The width of the dyke is about 90m

and its proven strike length is about 170m. The dyke pinches towards the east but may be

connected to the Jubilee East intrusion, some 500m to the north-north-east. The proven depth

of the Jubilee ore body is about 200m apcl the clip varies from 75°N to vertical.

The present study focuses only on those rocks of the Koperberg Suite which are exposed on

the northern and western faces of the Jubilee open pit mine (Fig 3.1)~ and their relationship

to the country rocks in the immediate vicinity. Geological sections of the northern and

western faces of the Jubilee pit are shown in Figure 3.2 and will be discussed below.

3.2 Koperberg Suite

3.2.1 General

The rocks of the Koperberg Suite present at Jubilee are readily distinguished from the

granitic country rocks in the field. The more mafic rocks (pyroxene leucodiorite and

pyroxene diorite) are easily recognisable as belonging to the Koperberg Suite, owing to the

dark green or black fresh surfaces and rusty brown weathered surfaces. The more leucocratic

members of the Koperberg Suite (anorthosite and mica diorite) are identified by their lack

of alkali feldspar and their overall more massive appearance \,lfi contrast to the predominantly
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foliated surrounding granitic country rock). Furthermore, anorthosite is generally lacking in

any mafic minerals, while mica diorite consists mainly of plagioclase feldspar, brown mica

and minor pyroxene, which is quite distinct from the alkali feldspar-plagioclase-quartz-

hornblende assemblage of the granite.
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The distinction between mica diorite and pyroxene diorite is made on the basis of the

pyroxene to mica ratio. Furthermore, pyroxene diorite generally has a larger proportion of

mafic minerals (pyroxene, brown mica and opaque minerals) than mica diorite, and the latter

is also generally finer grained than the pyroxene-rich rocks. Distinguishing between these

rock types is usually possible in the field.

The contact relationships between the different rock types of the Koperberg Suite were used

to establish a set..", ice of intrusion among these phases. These relationships indicate that the

intrusion of the more felsic phases (anorthosite and mica diorite) predates the intrusion of the

more mafic members (pyroxene diorite),

The different rock types occur in discrete zones or xenoliths. There is, however, a zone

where anorthosite and mica diorite occur together as a transition from one rock type to the

other. This zone is called the Transition Zone and is described in more detail below (Section

3.2.2).

3.2.2 RGCk types

Anorthosite

Anorthosite is a common and conspicuous rock type in the Jubilee pit. Exposur~~which are

restricted to the northern face of the pit, vary in size from small xenolia1f(lo..2~m across)

to large sheets (30~40m across) which have an overall steeply north-dipping orientation (Fig.

3.2). Xenoliths of this rock type occur within all other Koperberg Suite rock types present

at Jubilee, indicating that anorthosite was the first phase to be emplaced. Besides the

gradational contact between anorthosite and the Transition Zone rocks, tl- --contacts between

anorthosite and other rock types are sharp, It is interesting to note that nownere is anorthosite

in contact with the Concordia Granite country rock, but is separated on all sides by younger

members of the Koperberg Suite (pyroxene diorite).

The anorthosite at Juilee is a coarse-grained rock consisting of plagioclase and variable

amounts of quartz. A decrease in grain-size and an associated increase in quartz content in

the anorthosite occurs towards the west. As the anorthosite grades into a mica diorite in the

Transition Zone, quartz content increases and grain-size decreases. Due to the nature of this
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Transition Zone (described below), these grain-size and mineralogical changes do not occur
smoothly.

Fig. 3.3 Foliated quartz-rich anorthosite from the Transition Zone. Thefoliation is defined
by elongated quartz grains orientated 083132ON. View is to the north-east.

Elongate quartz crystals and lensoid aggregates of quartz in the anorthosite often define a

discemable fabric within this rock type (Fig. 3,3). This foliation varies slightly between the

different anorthosite xenoliths, suggesting that the foliation predates the intrusion of the mafic

rocks in which these xenoliths are entrained,
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Mica diorite

Mica diorite is a medium-grained plagioclase- and mica-rich rock which occurs at Jubilee as

both xenoliths and as a large sheet which grades into anorthosite iii the Transition Zone. This

rock is fairly homogenous in appearance throughout the exposure (which is restricted to the

northern face), although a fc'iation, which is defined by alignment of mica flakes, is more

pronounced in some areas than others. In one locality, orbicular structures are present within

the mica diorite (Fig. 3.2).

The presence of xenoliths of this rock type in pyroxene diorite (Fig. 3.4) and an anorthosite

xenolith within mica diorite, provide further evidence for the relative timing of the various

intrusive phases. Although the contacts between mica diorite and the adjacent rock types are

clear and well-defined, there IS a gradational contact into the Transition Zone. Mica diorite

does not occur adjacent to the granitic country rock, but is separated from it by the younger

pyroxene diorite.

()

Fig. 3.4 Mica diorite (MD) xenoliths in pyroxene diorite (PD). View is to the north.
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Transition Zone

Although this is not strictly speaking a separate lithology, it will be described here as a

lithological unit which is distinct from other units in various ways. This zone occupies the

area between the dominant masses of anorthosite and mica diorite and as such consists of
both these rock types.

Fig. 3.5 A plan view of the layering of anorthosite (lighter material) and mica diorite (darker
material) in the Transition Zone, orientated 07901430;)N. East is to the right.

The Transition Zone represents a transition from true mica diorite to true anorthosire with
the transition occurring as a weakly defined interlayenng of the two rock types (Fig. 3.5),
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From the mica diorite mass, there are increasingly persistent and more frequent layers and

patches of anorthosite, until only a few thin slivers of mica diorite remain, with the rock

ultimately becoming true anorthosite towards the east. This layering of anorthosite and mica

diorite is clearly defined in places, but in other places, these layers are very diffuse,

especially towards the edges of this lone. The layers are not persistent along their length.

seldom reaching more than 70cm in length and lOcm in width. The orientation of the

layering appears to be fairly consistent, striking approximately east-west and dipping between

30° and 50° to the north. In general, neither the anorthosite layers nor the mica diorite layers

within the Transition Zone have a fabric, but where a fabric occurs, it is parallel to the

layering. Orbicular structures may occur in the mica" diorite layers.

Also of note are the presence of two large (ca. 10m) granitic xenoliths, as well as two

smaller ones, in the Transition Zone. These granitic xenoliths will be descibed below. Within

the Transition Zone, there are zones (generally about 2m across) in which there is a distinct,

but gradational change in mineralogy. These zones an rich in quartz, alkali feldspar and

plagioclase and are generally very coarse-grained. On the basis of mineralogy and texture,
these zones are similar to the the granitic xenoliths which occur in the vicinity,

Pyroxene diorite

This is the dominant Koperberg Suite rock type at Jubilee. It has been subdivided into

pyroxene leucodiorite and pyroxene diorite. The difference between these two is very slight

in the field, both being dark, coarse-grained rocks consisting of plagioclase, pyroxene, brown

mica and opaque minerals. Pyroxene diorite is darker and contains a higher proportion of

ferromagnesian minerals (±50%). Differences in terms of petrography and chemistry

between the two will be discussed in later sections.

Pyroxene leucodiorite occupies almost the entire western flee exposure at Jubilee. it also

occurs as xenoliths in pyroxene diorite exposed along the, northern face (Fig. 3.2). The

western exposure is a very homogenous mass with only minor mineralogical changes towards

the contact with the Concordia Granite as described in Section 3.2.3 below. Exposures along

the northern face are more varied in terms of their mineralogy.
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The pyroxene diorite exposures are heterogenous, there being zones which are more felsic

than the pyroxene diorites; and zones which are pyroxene- or mica-rich relative to the

pyroxene diorite. These heterogeneities are in general small-seale features, measuring less

than 2m in the longest dimension. Although there are clear and well-defined contacts between

the pyroxene diorite and the heterogeneities, there are zones where the change in mineralogy

is gradational. Orbicular structures are common in .nis rock type (Fig. 3.2),

Another feature of pyroxene diorite is the presence of sulphides. These have a very limited

distribution and occur most commonly in the lower eastern comer of the northern face. Here

chalcopyrite and bornite are abundant and clearly visible as coarse granular aggregates, while

elsewhere sulphides occur as fine disseminations of chalcopyrite and are scarce. Since no

accurate maps of the orebody prior to mining exist, it may be assumed that this well-

mineralised zone extended into what is now the mined-out area of the Jubilee open pit.

Pyroxene diorite often occurs as narrow « O.5m) veinlets, These veinlets surround large

xenoliths of older intrusive phases, especially where the older xenoliths occur close to the

Concordia Granite country rocks. Within these narrow zones, the rock is clearly layered,

the layering being defined by alternating pyroxene-rich and plagioclase-rich bands (Fig. 3.6).

This layering is strictly parallel to the margins of these zones and is in no way consistent

throughout the intrusive body (Fig. 3.2)"

Pyroxene leucodiorite is in contact with the granitic country rocks along the entire western

face of the Jubilee open pit. Along the northern face, pyroxene diorite is in contact with the

country rocks. Anorthosite and mica diorite never form the contact with the Concordia

Granite,

3.2.3 Contact relationships within the intrusion

Contacts between the rocks of the Koperberg Suite at Jubilee may be both sharp and well-

defined, or gradational. This applies to contacts between xenoliths and host rocks, as well

as between major bodies of different litholog'es, Xenoliths in pyroxene diorite are common

and where sharp contacts exist between these xenoliths and their host rock, the xenolith

36



:/f
Fig. 3.6 A plan view of a pyroxene diorite vetnle: (PD) developed between the Concordia
Granite country rock (CG) and a Concordia Granite xenolith (CGX). The layering defined
by alternating plagioclase- and pyroxene-rich layers is orientated 08301700 N. East is to the
right.

material can clearly be identified as one of the earlier Koperberg Suite phases. There are also

heterogeneities within the pyroxene diorite which are considered to be xenoliths of either the

country rock or of earlier phases of the Kcperberg Suite. The contacts between xenoliths of

this type and the pyroxene diorite host rock are diffuse and the xenolith material does not

resemble any of the other Koperberg Suite lithologies.

In the Transition Zone where layers of anorthosite and mica diorite occur, the contacts

between these bands of different rock types are well-defined, without being sharp and

intrusive. These contacts are gradational over a few rnillirnetres or centimetres and are

slightly uneven. This would argue against a lit-par-lit contact zone between the two
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lithologies. Instead, it suggests mixing of the two lithologies while in a semi-crystallised
state.

It was further noted that no chilled margins exist between the various intrusive phases,

indicating that each magmatic pulse intruded while the previous intrusive phases were still

hot. A temperature gradient may have existed between two successive phases of intrusion,

as is suggested by the presence of small (ca. 2.5cm) xenoliths of pyroxene leucodiorite

within the pyroxene diorite in one locality. These xenoliths are remarkable in that they

exhibit a hornfels texture (Chapter 5), indicating that the xenoliths of pyroxene leucodiorite

were too small to accommodate the difference in temperature without a physical alteration

in texture.

3.3 Wall rock contact relationships

The rocks of the Koperberg Suite are in sharp contact with the well-foliated Concordia

Granite country rocks. A steepening of the sub-horizontal foliation in the Concordia granites

at the contact with the Koperberg Suite rocks is observed at one locality. In this instance, the

foliation in the Concordia Granite steepens from sub-horizontal to sub-vertical over a distance

of20-3Ocm. Generally, however, the foliation in the Concordia Granite disappears in a 30-

50cm zone along the contact with the intrusive Kcperberg Suite (Fig. 3.7). This zone is

lighter in colour Md more competent in nature and commonly lacks foliation.

These zones may represent granitic melts resulting from the melting of country rocks by the

hot intruding magma. This may also explain the absence of chill margins along the contacts

between the Koperberg Suite and the C~" ~.~rdia Granite. Prins (1970) and Prins & Venter

(1978) who described similar alteration zones in country rocks around Koperberg Suite

intrusions, regarded the existence of chemical alteration and thermal aureoles as evidence of

the magmatic nature of the Koperberg Suite bodies.
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Fig. 3.7 Pyroxene diorite - Concordia Granite contact; note the foliation in. the Concordia
Granite, but the absence of this foliation towards the contact. View is to the north-west.

In some localities, the rocks of the Koperberg Suite, especially the pyroxene diorite, show

a distinct change in ther, mineralogy towards the contact with the granitic country rock. The

rocks become more mafic towards the contact, in some places being pyroxenitic, consisting

of almost pure pyroxene and oxides (Fig. 3.8). Moreover, in places, the Koperberg Suite

rocks become distinctly foliated towards the contact with the country rocks. This foliation

is defined by the alignment of mineral aggregates and is in general parallel to the contact

with the Concordia Granite country rock.
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Fig. 3.8 Close-up of the contact shown in Figure 3. 7; note that the pyroxene diorite becomes
more mafic towards the contact. View is to the north-west.

3.4 Granitic xenoliths

Two large (about 10m in diameter) and two smaller (about 2m in length) xenoliths of granitic

material occur on the northern face of the Jubilee Pit (fig. 3.2). These xenoliths are distinct

from the Concordia Granite country rocks. They are coarser-grained and lack the distinctive

foliation and mineralogy of the Concordia Granite. Although similar in texture, the two

larger granitic xenoliths are not identical in terms of mineralogy, one being richer in alkali

feldspar. Both, however, are rich in quartz, plagioclase and amphibole.
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The Transition Zone material in contact with these xenoliths is often very quartz- and

plagioclase-rich. This material gr-ades into the anorthositic and mica dioritic material more

representative of the Transition Zone. The contacts between this quartz- and plagioclase-rich

Transition Zone material and the granitic xenoliths are poorly defined. These features are

suggestive of assimilation of the granitic material by the anorthosite/mica diorite. Similar

changes in mineralogy have been noted in the Transition Zone (Section 3.2.2), but these are

not associated with visible xenoliths. The quartz- and plagioclase-rich zones in the Transition

Zone probably indicate the presence of partially digested xenoliths similar to the granitic

xenoliths described here. The presence of granitic xenoliths in the Transition Zone suggests

that this granitic material crystallised prior to the intrusion of the earliest recognised phase

of the Koperberg Suite. This granitic material may represent a very early intrusive phase of

the Koperberg Suite, or it may represent country rock from a different crustal level.

3.5 Pegmatites

Pegmatites (maximum width 3Ocm) cut across the rocks of the Koperberg Suite at Jubilee

mine at several localities. In all cases these pegmatite dykes clearly show cross-cutting

relationships to the Koperberg Suite rocks, and hence are not part of the magmatic suite. As

such, these rocks were not studied in any detail. Suffice it to say that these pegmatite dykes,

which consist primarily of plagioclase, quartz and brown mica, trend in a northerly direction

and are subvertical. In, .places, the pegmatite dykes may change direction to follow a

lithological contact or some other plane of weakness. These pegmatite dykes can not,

however, be traced into the country rock.

3.6 Structure

The Concordia Granite country rock in the vicinity of the Jubilee Mine has a well-developed

gneissosity. This foliation, as defined by mineral layering and preferential alignment, varies

in orientation from north to south through the Jubilee area. To the north of the mine, the
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foliation dips shallowly (lO° ·20°) to the south, while at the southern end of the mine, this

foliation dips somewhat steeper (about 30°) to the north (Fig. 3.1). This change in
(1

orientation of the country rock foliation indicates the possible existence of a steep structure

somewhere to the south of rhe mine. Limited exposure, however, prevented confirmation of
this,

The prominent regional foliation observed in the Concordia Granite is not present in the

lithologies of the Koperberg Suite. Layering and foliation in the Koperberg Suite rocks are,

however, occasionally observed. Foliations and layering observed in several different

localities tend to be developed parallel to nearby contacts, rather than having an orientation

consistent with that. observed in the country rocks (Figs. 3.3 &.3.6). Although foliations in

some of the Koperberg Suite rocks, especially in pyroxene diorite, appear to be the result of

magma flow, mineral alignment in quartz-rich anorthosite may be related to regional tectonic

forces. The latter foliations are not parallel to regional foliations, suggesting that the

xenoliths of anorthosite containing this foliation have been rotated with respect to their

original orientation.
l

Joints are common at Jubilee and are seen to affect, but not off-set, both Concordia Granite

and Koperberg Suite lithologies. These joints are more commonly developed in the

Koperberg Suite which is more competent than the Concordia Granite. The latter may have
f' '

accommodated the stress associated with joint formation along previously-formed foliations.

These joints, which are clearly post-Koperberg, are developed in two dominant sets: one

striking north-south ann dipping steeply to the east, the other striking east-west and dipping

steeply to the north. Pegmatite dykes are developed parallel to the north-south trending joints,

suggesting that these pegrnatites may have utilised the joints as zones of weakness.
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Chapter 4

PETROGRApHY

4.1 Introduction

A study of about 150 thin sections was made to determine the mineralogy, as well as

textural, deformation and alteration features of each of the rock types of the Koperberg Suite

at Jubilee. Several samples of granitic material, which occur as xenoliths within the
Koperberg Suite, were also investigated.

4.2 Koperberg Suite

The rocks of the Koperberg Suite present at Jubilee have been classified as anorthosite, mica

diorite and pyroxene diorite (Chapter 2). 'These rocks consist primarily of plagioclase,

orthopyroxene and brown mica. Quartz is present if. most rocks, but only in quartz

anorthosite does this mineral attain a major mineral status, Alkali feldspar is a rare mineral,

existing mainly as rnicroperthitic exsolution lamellae within plagioclase, Of in rare cases, as

fine grains interstitial to plagioclase. Apatite and zircon are the main accessory minerals.

Other silicate minerals, which include chlorite, white mica (s,..icite) and epidote are the

alteration products of the major silicate minerals. Opaque minerals (oxides and sulphides) are

major constituents in the more mafic rocks of the Koperberg Suite, while in the more felsic

rocks, these are present in minor concentrations. As the main ore body at Jubilee has been

totally mined out, the sulphide-rich, and presumably more mafic rock types, are not available

for investigation.

4.2.1 Anorthosite

Anorthosite is the earliest intrusive phase recognised in the Koperberg Suite at Jubilee and

it is also the most felsic (Chapter 3), Plagioclase is the dominant mineral, constituting more

than 80% by volume of this rock. In quartz anorthosite, plagioclase may make up only 50%
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of the rock, the rest being quartz, Otherwise, quartz makes up less than 20% of the rock.

Chloritised mica occurs ill some samples as a minor mineral, while apatite and zircon are

common accessory minerals.

Plagioclase occurs mainly as subnedral megacrysts up to 8mm in diameter, or as aggregates

'/f small (1-2mm) crystals. Contacts between plagioclase megacrysts may be straight or

slightly interlocking, but more commonly, these megacrysts are rimmed by aggregates of

smaller, polygonal grains of plagioclase. In the latter case, the margins of the plagioclase

megacrysts are very uneven or serrated. Alkali feldspar exsolution blebs or lamellae are

common, but not extensively developed. In some cases, very fine grans of alkali feldspar

may occur between plagioclase megacrysts. These megacrysts generally exhibit deformation

features such as bent twin lamellae, deformation or glide lamellae, subgrain. /formation,

fracturing and undulose extinction (Fig. 4.1). The fine-grained plagioclase crystals, which

occur in ag~~&tes among the megacrysts or as rims around the megacrysts, i are rarely

deformed ariil none of th~ aho\fe-mentioned features are present The texture of the fine-

grained plagioclase is genernny granoblastic-polygonal and triple junctions between equant

grains are common. Alteration (mainly saussuritisation) of the plagioclase is restricted to

grain boundaries and fractures within the megacrysts. Less commonly alteration may also

occur at subgrain boundaries and around interstitial sulphide grains. This alteration produces

chlorite, epidote and sericite.

Quartz occurs either as ~l, anhedral grains associated with fine-grained plagioclase

aggregates;' ....: more commonly as large (up to 1Smm in quartz anorthosite), anhedral and

elongated grains which overgrow the plagioclase. These large amoeboid quartz grains often

exhibit undulose extinction, but granoblastic textures are absent. Ba."ed on the observations

that quartz overgrows highly deformed plagioclase, and that the quartz is less deformed than

plagioclase, it is concluded that the qll,artz grains recrystallised after the deformation of the

plagioclase.
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F!g.4.1 Kinking. of plagioclase twin lamellae at a subgrain boundary in anorthosite.
(Sample 1BO,' crossed polars).

Brown mica is an uncommon mineral in anorthosite and occurs as 1mm to 2mm long flakes,

generally in association with fine-grained plagioclase aggregates. Single flakes may occur at

plagioclase megacryst boundaries Of within fractures it). these megacrysts. The mica is

extensively iichloritised. Kinking and splaying of these flakes is ubiquitous. l~e general
': ~
, 11.

paucity of mica in anorthosite does not allow for determining whether these mica flakes are

preferentially aligned or not.
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Opaque minerals occ,u(']n small amounts (maximum 3%) in a few anorthosite samples.

Where they occur, opaques exist as small ui~seminated specks associated with fine-grained

plagioclase and mica flakes, or more rarely, between or within plagioclase megacrysts.

Where opaques DCCiii- in association with mica, the former may be developed along cleavage

planes of the mica. Magnetite is the dominant opaque mineral, while ilmenite is less

common, the latter occurring as an exsolution phase in magnetite. Sulphides are rarely

.present in anorthosite but where they occur, chalcopyrite predominates over bornite. The

sulphides occur as tiny disseminated specks at silicate grain boundaries. In some cases,

sulphides occur together with magnetite in association with mica, but generally these

sulphides occur as individual, polygonal grains associated with fine-grained plagioclase

grains. The occurrence of chalcopyrite and bornite together is rarely observed.

4.2.2 Mica diorite

The term mica diorite is used to describe a medium- to fine-grained rock consisting

essentially of plagioclase and brown mica (Chapter 2). Plagioclase constitutes 70% to 85%

of the rock by volume, while brown mica is present in modal proportionsof5% to 20%. The

rest of the rock is made up of quartz, orthopyroxene, opaque minerals and accessory silicate

minerals. Comparing the proportion of plagioclase in. "nica diorite to the plagioclase

proportion in quartz-rich anorthosite (Section 4.2.1), it is noted /that mica diorite often

contains a higher proportion of ~~agioclase than quartz anorthosite.
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fiig.4.2 Deformation of twin and glide lamellae in plagioclase from mica diorite.
(Sample 21).

Plagioclase occurs mainly as large (2~5mm) suhzcdral megacrysts, Small) equant grains 'Of

plagioclase which range in size from O.Smm to lrnm, commonly occur in aggregates among

the megacrysts. As a rule, these smaller grains are polygonal and commonly meet in triple

point junctions. In contrast to the smaller plagioclase grains, the megacrysts often have highly

irregular or serrate grain boundaries, and commonly exhibit deformation features similar to

those described for plagioclase in anorthosite (Fig. 4.2). Alteratio» of plagioclase megacrysts

is common, but restricted to grain boundaries and f.actures. Exselution of alkali feldspars

is not common, but a few ex solution blebs do occur in plagioclase megacrysts.
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The proportion of brown mica (5 %-20%) is a characteristic feature of this rock type. Mica

occurs as single flakes at the contacts of plagioclase megacrysts, but more commonly as

disseminated dusters of several flakes among the fine-grained plagioclase grains. Where mica

occurs in association with plagioclase megacrysts, single flakes may project into the

plagioclase crystals. Alteration of mica to chlorite ill common but not extensive) the alteration

occurring mainly along cleavage planes and at grain margins. Bending of the mica flakes or

splaying along cleavage planes are common deformation features exhibited by this mineral.

These features are similar to those described for pyroxene diorite (Fig. 4.3).

Orthopyroxene is very uncommon in mica diorite. A few subhedral grains occur associated

with mica and fine-grained plagioclase, forming small, irregular bands or patches between

plagioclase megacrysts. Due to extensive alteration of the pyroxene grains to chlorite and

oxides, only small unaltered relics of the original material are preserved near the core of the

grains.

Quartz is present as a m.nor mineral in only a few of the mic- diorite samples examined. In

these samples, quartz occurs as small (0.5-1 mm) anhedral grains associated with mica and

fine-grained plagioclase '/1(('\))1 all apatite are very common accessory minerals in mica

diorite, but are particularly abundant in samples from the mica diorite xenoliths that occur

on the eastern side of the northern face of the Junilee pit (Fig. 3.2), These acce,»: .ies occur

as small, rounded grains. usuall. -sociated with fine-grained plagioclase and mica, but may

occur between or within plagioclase megacrysts.
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Fig. 4.3 Deformation of a mica grain in pyroxene diorite (Sample 172). Note the sharp

contact between mica (M) and plagioclase (PL).

Opaque minerals make up between 3% and 10% of the mica diorite at Jubilee. In general,

these occur as disseminated specks evenly distribu'ed throughout the rock, most commonly

in association with mica and fine-grained plagioclase concentradons. The opaque minerals

are dominated by magnetite and ilmenite which may occur as co-existing phases or as

independent grair s, Magnetite often exhibits ilmenite exsolution, while inrtependent ilmenite

grains sometimes have ex solved bodies of rutile. Sulphides are rare in mica diorite.

constituting only a small percentage of the total opaque fraction. These sulphides usually

occur at silicate grain boundaries or along cleavage planes of mica. Although commonly

associated with oxide mit.erals, sulphides also occur in the absence of oxides, being
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interstitial to the silicates. Chalcopyrite is the dominant sulphide mineral, but bornite may

occur either as independent grains or in association with chalcopyrite. Where sulphides occur

in contact with plagioclase, the latter is often altered to epidote,

4.2.3 Pyr-oxene diorite

As discussed in Chapter 2. pyroxene diorite may be ~\ubpivided into pyroxene leucodiorite

and pyroxene diorite. Although the modal proportions of th6 constituent minerals (and hence

the whole rock chemistry) are different between these two rock types, the petrographic

relationships and features are similar enough to warrant them being described together here.

These rocks consist predominantly of plagioclase (from 20% in the pyroxene diorite to as

much as 80% in the pyroxene leucodiorite) and pyroxene (from 15% in the pyroxene

Ieucodiorite to as much as 70% in the pyroxene diorite). Brown mica is a fairly common

mineral, making up as much as 12% by volume in samples taken from close to contacts with

Concordia Granite. Quartz and apatite are uncommon accessory minerals, while the opaque

fraction, of the rocks constitutes between 2% and 13% by volume.

Comparing the mafic mineral proportions in mica diorite (Section 4.2.2) and pyroxene

diorite, it is noted that the latter has a higher proportion of mafic minerals. Some pyroxene

leucodiorite samples have a lower proportion of mafic minerals than the mica diorite. These

pyroxene leucodiorite samples correspond to those xenoliths which may represent partially

digested granitic or Koperberg Suite material (Chapter 3).

"

Plagioclase occurs mainly as subhedral to anhedral grains in monomineralic bands or patches
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where the grain-size is between 2mm and 5mm. Plagioclase may also occur as smaller

« lmm) polygonal grains between the larger plagioclase grains or in association with

pyroxene concentrations, but this is not common. The Jarger grains generally have straight

or slightly undulating marginsvbut may be very irregular in pla ~s. In the latter case, fine-

grained plagioclase grains an. often developed. These smaller grains are more equant and

polygonal than the larger ones and may meet in equal angle triple junctions. Deformation

features, such as bending or kinking of twin lamellae, subgrain formation, deformation

lamellae and fracturing of grains, are present, but not very common, it'. the larger plagioclase

grains. In the fine-grained plagioclase crystals, these features Me absent altogether, Alteration

of plagioclase is limited, with saussuritisation sometimes occurring between larger plagioclase

grains.

Subheura: pyrox~m~ grains, ranging in size from lmm to 4h,m in diameter, are clustered in

mafic bands or patches between the plagioclase aggregates. These mafic bands also contain

the majority of the brown mica, opaque minerals and fine-grained plagioclase present in the

rock. Deformation of pyroxene crystals is restricted to fracturing of individual grains and

rare instances of subgrain formation (Fig. 4.4). Alteration of the pyroxene grains is not

extensive, occurring only along grain boundaries and fr..ctures. This. alteration produces a

fine intergrowth between chlorite and iron oxide.

~\
Brown mica is a ubiquitous mineral in pyroxene diorite. It occurs as single flakes or small

clusters of flakes with no preferred orientation, disseminated throughout the pyroxene-rich

mafic bands. Mica flakes of up to 2mm in length occur among pyroxene grair but also

occur sporadically between plagioclase grains. Deformation of the mica flakes (bending and
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kinking of flakes, or splaying along cleavage planes) is fairly common (Fig. 4.3) These mica.

flakes are generally unaltered, except in samples from close to contacts with the country

rocks where the mica, is extensively altered to chlorite.

Fig. 4.4 Subgraiti development in a pyroxene grain in pyroxene diorite (Sample 172).
Note the change in orientation of the cleavage at these boundaries and the o.tf
set oj the cleavage at fractures.
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Quartz is a rare mineral in t(;foxene diorite, except in samples which occur close to the

country rocks. In the latter case, quartz exists as small « lmm) grains associated with

pyroxene and mica, and makes up as much as 5% of the rock by volume. Apatite is similarly

an uncommon accessory mineral, occurring mainly in association with pyroxene, often

poikilitically enclosed in the latter.

Of the opaque minerals, oxides (magnetite and ilmenite) dominate over sulphides (bornite,

chalcopyrite and chalcocite), especially in the pyroxene leucodiorite. In the pyroxene diorite,

oxides and sulphides may be present In roughly equal proportions. These opaque minerals

are generally associated with the pyroxene-mica concentrations, but may occur l'1'1tPrstitially

to plagioclase grains. Furthermore, sulphides often occur within silicate gra. specially

along cleavage planes of pyroxene and mica, but also within plagioclase. Where these

opaques occur in association with pyroxene, they exist as large, irregular interstitial masses,

often partially enclosing the silicate crystals (Fig. 4.5). Where the opaque minerals occur

within silicate crystals, they are small polygonal grains, often developed along cleavage

planes or fractures.

Magnetite and ilmenite form either independent grains, or occur as co-existing phases.

Bornite and chalcopyrite commonly occur together, usually with bornite dominating.

Independent chalcopynte is uncommon, but bornite is commonly developed in the absence

of chalcopyrite, In the latter case, bornite is often associated with magnetite. Chalcocite

replaces bornite in several [,I.tins, especially at the margins til pure vumit.; grains, but also

in bornite-chalcopyrite intergrowths. The contacts between sulphides and plagioclase are

characterised by an alteration halo in which the plagioclase is altered to epidote (Fig. 4.6).
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Contacts between oxides and all silicate phases are sharp and no reaction rims occur (Fig.

4.5). Similarly, sulphides show no reaction with silicates other than plagioclase.

Relationship between orthopyroxene (OPX), sulphides (S) and oxides (OX) in
pyroxene diorite (Sample 121). Note the tmerstittal and poikiluic nature of
sulphide with respect to ormopvroxene.
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Fig. 4.6 Sulphide grain in contact with silicates in pyroxene diorite (Sample 25). Note
the alteration of the plagioclase (PL) to epidote (EP) in coniact with the
sulphide (S).

In one sample of pyroxene diorite, xenoliths of hornfels were observed. These fine-grained

xenoliths, which are between lOmm and 20mm in diameter, are of the same mineralogy as

pyroxene leucodiorite, although the small « O.5mm) grains are equant and polygonal, and

brown mica may be porphyroblastic, The contacts between these hornfels xenoliths and the

host rock are sharp and well-defined (Fig. 4.7).
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Fig. 4.7 Sharp contact of horntels to medium- to coarse- grained pyroxene diorite
(Sample 114). There is 1'10 mineralogical or textural change in either the
hornfels xenolith or host pyroxene diorite towards this -vuact.

4.3 Granitlc xenoliths

Several granitic xenoliths occur within the rocks of the Koperberg Suite at Jubilee {Section

2.3), Two of these xenoliths were sampled and show that although they are similar in grain

size and texture, the mineralogies are not identical. Both xenoliths contain plagioclase



feldspar and quartz as major constituents; one xenolith (the western xenolith in the 'lower

Transition Zone, Fig. 3.2) contains alkali feldspar as a major phase and amphibole as a

minor phase. The other (eastern xenolith in the lo-ver Tranisition Zone, Pig. 3.2) xeno'ith

contains brown mica and amphibole as a minor phases.

Plagioclase makes up between 30% and 50% by volume of the granitic 'xenoliths, while alkali

feldspar is present in modal proportions of between 15% and 30% in the alkali feldspar-rich

xenolith. In the latter xenolith, quartz is present in modal proportions less than 20%; in the

alkali feldspar-free xenolith, quartz makes up about 45'~~.'the rock by volume. Amphibole

and brown mica constitute the remainder of the major silicate fraction of the granite
i'

xenoliths. Pyroxene is present as an accessory mineral in the xenolith containing alkali

feldspar. Zircon and apatite aI'I~uncommon accessor! minerals, except in one sample (sample

20) where these minerals are common accessories. Opaque mineral grains, which make up

not more than 1% in all samples, are represented exclusively by magnetite.

Plagioclase occurs in the granites as large (3~5mm) anhedral crystals with irregular grain

margins, or as smaller grains interstitial to the larger crystals. Subhedral alkali feldspar

grains are small (about 1mm in diameter) and mainly occur Interstitially to large plagioclase

grains. Irregular grains of quartz, often greater than 6mm in length, overgrow both feldspar

phases.

Brown mica and amphibole occur in proportions that are less than 5% by volume of the

respective rocks. These minerals exist as small flakes (0.5-L5mm in length) which are

interstitial to the feldspars. Amphibole (hornblende) flakes may form rims around alkali
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feldspar in some cases (Fig. 4.8). Pyroxene was observed in one sample only and in this

case, occurred as a small subhedral grain associated with amphibole.

Fig. 4.8 Amphibole (hornblende, HRL) flakes surrounding a microcline (KSP) grain in
a graniti» xenolith (Sample 152). Note the tangential arravgement of
amphibotr flakes.

Deformation of the feldspar grains (and quartz to a lesser extent) is common. Fractures,

bending or kinking of twin lamellae and undulose extinction are common deformation

features. Alteration (sericitisation) of the feldspars is also common particularly along grain

boundaries and fractures, with entire grains sometimes being affected.
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....~4Summary

The sequence of intrusion of the Koperberg Suite at Jubilee has already been established
',\

. ~
(Chapter 3) to be anorthosite, mica diorite, pyroxene leucodiorite, and pyroxene diori", "-}n

... : ",'/

terms of mineralogy, this sequence represents a general decrease in the proportion of quartz

and plagioclase, and an increase in the proportions of pyroxene and opaque :-ij~neta1s.in ine

rocks. Important from an economic viewpoint is the increase in the copper sulphide content

of the rocks with time.

Attention is also drawn to the presence of the granitic xenoliths present in the rocks of the

Koperberg Suite. In terms of petrography t these granites are distinct from the immediate

country [J)Cks as well as the stratigraphically lower Nababeep Gneiss. Later chapters will

show that these granitic xenoliths are also chemically distinct from the country rocks.

Features such as deformation, recrystallisation and alteration of the rocks are not immediately

obvious from field relationships. The presence or abundance of these features has been

determined by petrographic investigation. Deformation features, especially in the plagioclase
\\

and mica crystals, are more common in the earlier intrusive phases, Although these features

are also developed in the later phases, i.e. L"Iepyroxene diorite, they sre not as weu

developed.

The presence of recrystallised plagioclase as small, equant and polygonal grains developed

~~tween large plagioclase megacrysts has been noted. Thisfeature is present in all rock types
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of the Koperberg Suite at Jubilee, but is more common in the anorthosite and mica diorite

(i.e, the older rocks) than in the pyroxene diorite.

AlthO\\6L ~he,Jubilee orebody does not represent an extensively altered, as for example the

Hoits ore body (Cawtsorn & Meyer, 1992), some alteration is nevertheless present.

Saussuritisstio-, of the plagioclase-rich rocks is common, while chloritisation of brown mica
()

is especially common in the older rocks. Although these alteration features are present in the

younger> phases too, they are less common or less well developed. Alteration of[ ,

orthopyroxene to chlorite and iron oxide IS fairly common in all pyroxene-bearing rocks, but

is more common in the earlier intrusive phases .

.)

Deformation, recrystallisation and altP;~6n'features of the rocks of the, Koperberg Suite
<:;::::-/

appear to be rsore common in the older rocks. Anorthosite and mica diorite are generally

more deformed and altered than the later pyroxene diorite. The significance of this

phenomenon VIm be discussed in a later chapter.
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CHAPTER 5

MINERAL CHEMISTRY

5.1 Iatroductlon

Quantitative cherns Ianalyses of the major C(1 stituent silicate and oxide phases of the

Koperberg Suite rocks were carried out using a CAMECA-$x50 electron microprobe.

Silicate mineral compositions were determined in twenty-two samples, while oxide

compositions were determined in eight samples. Representative samples from each rock type
in the Koperberg Suite at Jubilee were subjected to mineralogical analysis to determine

compositional variations of the constituent minerals. These variations may shed light on the

petrogenesis of the Koperberg Suite. All analyses are presented in Appendix A.

5.2 Silicates

In each sample, several grains of plagioclase, pyroxene and brown mica ," -re analysed. Rims

as well as cores were probed, but no consistent evidence for zoning could be found in any

of the minerals. Due to the compositional homogeneity of the different silicate phases in each

sample, analyses were averaged per sample for the purposes of illustration and discussion.

From these results general trends can be discussed. Abbreviated tables of silicate analyses

are presented in Tables 5.1 to 5.3.

5.2.1 Plagioclase

Plagioclase from twenty-one samples, representing all t1:!eKoperberg Suite rock types present

at Jubilee (Chapter 3) were analysed. T~e results, averaged per sample, are presented ill

Table 5.1.
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Fig. 5.1 shows that for the Koperberg Suite, the An content of plagioclase varies rbetween

An31 and Al1.ts.Anorthosite samples contain plagioclase grains with the lowest Ancontest,
') )

and the greatest variation, ranging from An31-41'Plagioclase in mica diorite has a restrictec
compositional range (An39.43), while plagioclase in pyroxene leucodiorite and pyroxene diorite

has an intermediate spread in An values (An41-4s)'

Plagioclase in the anorthosite and mica diorite may have a high potassium content compared

to plagioclase in pyroxene leucodiorite and pyroxene diorite. This is illustrated by the

variation in the Or content of anorthosite and mica diorite in Fig. 5< 1. Two alkali feldspar

exsolution lamellae, which are common in anorthosite and mica diorite, were analysed from

a sample of anorthosite, Tnese alkali feldspar lamellae have an orthoclase content of greater

than 60; in one case it is as high as 90% (Fig. 5.1).
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Table 5.1 Summary of microprobeanalyses of KoperbergSuite plagioclase at Jubilee.

,.~.)'tb~ Mia diorite PyroX<CllCdiorite
from near cOlltac:ts

,
Sample 134'\ 150 l~ 21'; 145 lIi7 185 186 l~ 23 222

'----','

I SiO. '.l7.61:. SS.l!4 (,0.01 58.06 57.4" 57.rn 57.00 56.71 56.68 56.29 57.06

Al,0. 26.29 25.33 24.61 25.73 26.53 26.61 26.47 26.66 27.03 27.Z1 26.38

i"eO' I 0.08 0.09 0.10 0.08 O.ntI 0.07 0.06 0.06 o.m 0.14 0.09

CaO lUI 7.31 6.48 7.5:; 8.50 8.49 8.16 8.77 8.92 9.35 3.47

BaO 0.01 0.01 0.01 0.07 0.03 {i.02 0.04 n.03 0.03 0.03 0.02

Na,O 6.57 7.0S 7.59 6.29 6.37 6.28 6.35 6.25 6.24 5.94 63~

K.,O 0.32 0.46 0.41 1.2~ 0.43 0.38 0.75 .0.31 v.30 0.26 G.36

Total 99.29 ss.n 99.23 ".M 99.44 98.95 98.93 98.84; 99.30 ".31 98.80

An 4().4 35.5 31.3 36.S 41.4 4l.8 39.7 42.9 4:1.3 45.S 41.4

Ab 51.7 01.9 66.3 551 56.1 55.9 55.9 55.3 54.9 52.7 56.5

Or 1.9 2.7 23 " .5 2.:; > 4.3 1.8 I.S L5 2.1

Pyroxene leucodiorit\" Pyroxene diorite '-Sample 42 50 !i3 '" 192 ~ 1112 111 113 121
810, 55.52 55.78 55.14 54.27 56.00 56.32 56.56 56.88 53.48 55.88

Al.0. 27.41 27.66 27.37 26.28 27.18 27.33 27.25 26.94 29.14 27.68

FeO' 0.14 0.12 uzr 0.11 0.12 lUI 0.12 0.13 0.10 0.14

CaO 9.3<1- 9.64 9.47 8.34 9.39 8.96 9.18 8.97 11.29 9.75

BaO 0,03 0.02 0.03 0.01 0.03 (1.04 0.02 0.01 0.02 0.03

Nap 5.80 5.83 5.02 6.36 S.BS 6.21 6.15 6.10 5.01 5.69

1(,0 0.41 0.28 0.46 0.52 0.36 0.31 (1.21 0.42 023 (1.31

Total fJ8.7? 99.35 98.52 98.'4 ')11.116 99.30 99.S2 99.47 9:1.30 99.52

An 45.6 47.0 46.1 40.7 46.0 143.6 44/; 43.7 45.5 47.1

Ab S2.0 51.4 51.2 56.2 51.9
1
54

.
7 54.1 53.8 52.7 50.,

Or 2.4 1.6 2.7 2.1 :U 1.7 13 z.s 1.& 1.8

-l'CU =: lOW l'C as l:'CU
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A Anorthosite
a Mica diorite
• Pyroxene leucodiorite
+ Pyroxene diorite

/ 0

3L------~4r_b-....--·!ib-··· c§l.:' +;\ +-5'1-
0
----

Fig. 5.1 Composition of plagioclase and alkali/eldspar from the Koperberg Suite at Jubilee,
plotted in the feldspar ternary diagram.
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The BaO content of plagioclase is Vf:;ry low throughout the Koperberg Suite (typically

<0.05% by weight). The reo= (total Fe as FeO) content of plagicclase is generally weakly

dependent on the An con.ent and ranges from 0.02% to O.~% by weight (Fig. 5.2).
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LEGEND
~ Anorthosite
o Mica diorite
o Pyroxene leucodlorite
+ Pyroxene diorite

... J
0.1 0.2 0.3

Fig. 5.2 PIOI of total Fe as FeO (wt%j VS. %An in plagioclase.

5.2.2 Pyroxene

Orthopyroxene was analysed in 14 samples, representing all pyroxene-bearing rock types of

the Koperberg Suite at Jubilee. These analyses, averaged per sample are presented in Table
5.2, and the composition of the pyroxene is illustrated in Fig. 5.3.
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The enstatite content of pyroxene crystals in rocks of the Jubilee pit varies from EnS7.1 to
// 1-' _,' ,

En65.S'This small range in pyroxene composition indicates that pyroxene is remarkably

homogenous throughout the samples from Jubilee. Despite the apparent homog~m~ity of the

pyroxene and despite the small sample population size, there appears to be a correlation

between the En content of pyroxene and the rock type.

Figure 5.3 shows that the pyroxene in pyroxene diorite is consistently higher in enstatite

(about E~) and varies only slightly. Two pyroxene diorite samples, which were taken from

close to the contacts with Concordia Granite country rock, oontain pyroxene of composition

EnS!}' As will be shown in Chapter 6, the latter rocks are also distinct from the rest of the

pyroxene diorite samples in having significantly different whole rock compositions.

o Mica diorite
• Pyroxene ieucodicrite
+ Pyroxene diorite

Wo

••- 6'0

Fig. 5.3 Compositionof orthopyroxene from Jubilee, plotted in the pyroxene ternary diagram.
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Pyroxene leucodiorite samples also have a high El'l content (En61-64),but lower than for

pyroxenediorite, and the former also shows more scatter in Fig. 5.3. Fig. 5.3 shows that
"

pyroxene grains from two mica diorite samples have a large range in composition (En63-

EnS7)' From the above discussion and from Fig. 5.3, it can be concluded that there is a

correlation between the proportion of ferromagnesian minerals and the pyroxene composition.

The Cr203 content in pyroxene varies slightly according to rock type at Jubilee. Pyroxene

from pyroxene diorite samples have a Cr203 content between 0.05% and 0.2%, which is

distinctly higher than the Cr203 content of pyroxene from pyroxene ler=odiortte and mica
I)

diorite (sO.05%). There is a positive correlation between the Cr content in pyroxene and

the En content in pyroxene (Fig. 5.4a). This relationship, however, does not hold for the

pyroxene diorite samples taken from close to the contact with the Concordia Granite country
!

rock. In these latter samples, the En values are lower than in other pyroxene diorite samples

(as noted above). but the Cr content remains unaffected regardless of the proximity tfl the

contact with country rocks.

The NiO content of pyroxene grains analysed is independent of the rock type (Fig. 5.4b) and

NiO contents in pyroxene are all s0.1 %. Ni content is also independent of the En content.

Ti content in pyroxene is similarly independent of both rock type and En content in pyroxene

(Fig. 5Ac). Ti02 content in pyroxene ranges between ;;::0.05% and ::;0.15%.
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Table 5.2 Summary of microprobe analyses of KoperM.-g Suite pyroxe:1e at Jubilee. (*
denotes those pyroxene diorite s.....mple taken from dose to the contacts with Concordia
Granite). (FeD" = Total Fe as FeO).

Mica diorite PyI'OX~lle leueodiorite

145 185 42 SO 53 64 192

Sial 5t.28 49.78 51.12 '~.'51.72 51.25 51.1S 51.40

Ti02 0.10 O.ll 0.09 0.09 0.09 0.09 0.09

AI,OJ 2.18 2.65 1.92 1.60 1.74 1.93 1.92

CrZ03 0.01 0.00 0.02 0.02 0.02 0.01 0.02 1
t

FeO* 22.82 23.81 2~:.22 23.18 22.~5 23.40 23.22

MoO 1.19 1.23 0.55 0.50 0.51 0.84 0.63

MgO 21.56 20.59 22.64 21.63 22.62 21.18 21.42

NiO 0.02 0.01 0.06 0.06 0.06 0.00 0.05

Cao 0.37 0.30 0.47 0.59 0.54 0.42 0.39

N~O 0.02 0.01 0.02 0.01 0.01 0.01 0.00-
TOTAL 99.55 98.49 99.11 99.40 99.19 99.06 99.14
En 62.3 57.8 63.6 61.7 63.5 61.2 61.7

Fs 37.0 37.5 35.0 37.1 35.2 37.9 37.5

Wo 0.7 0.7 0.9 1.2 1.~ 0.9 0.8

Pyroxene diorii1e

23' 56 102 111 113 122 222" ._
sio, 50.85 51.65 51.96 51.90 51.25 51.97 50.84

Ti01 0.07 0.08 0.08 0.08 o.io 0.08 0.08

~OJ 2.07 1.54 1.89 2.00 1.78 1.63 1.96

CI',,03 0.08 0.11 0.11 0.11 0.14 0.15 0.09

FeO· 24.20 2.1.36 21.38 21.76 21.61 2.1.20 24.07
\',.

MuO 1.01 0.55 0.53 0.57 0.56 0.57 0.78

MgO 20.34 23.32 22.97 22.65 22.96 23.04 20.64

NiO 0.04 0.05 0.05 0.06 0.07 0.07 0.06 i\

Cao 0.47 0.43 0.51 0.4~1 0.53 0.50 0.48

Na2{) 0.02 0.01 0.01 0.02 0.01 O.CO 0.02

TOTAL 99.05 99.10 99.49 99.58 99.01 99.21 99.02

En 59.4 65.5 65.0 64.4 64.~~ 65.3 59.9

Fs 36,6 33.7 34.0 37.7 34.2 33.7 39.1

Wo 1.0 0.8 1.0 0.9 1.0 1.0 1.0
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5.2.3 Brown mica

Brown mica was analysed in eleven Koperberg Suite samples (Table 5.3). Mica occurs in

anorthosite, but due to extensive chloritisation, no analyses were carried out on these grains.

Fig. 5.5 illustrates that the brown mica grains analysed from pyroxene leucodiorite and

pyroxene diorite have Mg:Fe atomic ratios which are higher than 2: 1 and plot in the

phlogopite field. Analyses from mica diorite generally have lower Mg:Fe atomic ratios and
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plot in the biotite field of Fig. 5.5, although one sample plots inthe phlogopite field. Anojner

trend that emerges from F~;g.5.5 is that there is a correlation between the Al content.bf the

mica and the rock type. The Al:(Mg+Fe) atomic ratio increases from pyroxene diorite to

pyroxene leucodiorite and is hi~hest in mica diorite.

The Ti02 content in the brown mica is higher in mica. diorite samples (> 5.5 %J than in

pyroxene-rich samples (2-4.5 %). Fig. 5.6a illustrates that there exists a negative relationship

between the Ti content and the Mg content in the brown mica.

r:

The sa content in brown mica varies according to the rock type. In pyroxene diorite, the Ba

content ranges from 0.1% to 0.3%, with samples taken from close to the country rocks

occupying the lower end of the range. The BaO contem: in mica increases from pyroxene

diorite to mica diorite, the latter rock type containing between 0 3% a:r..d0.7% Baf). There

is a negative correlation between Ba and Mg (Fig. 5.6b).

Cr203 content in mica ranges from <0.05% to 0.45% (Fig. 5.6c). There is a distinct

difference in the Cr content of mica from the different rock types. NiO contents in mica

increase from mica diorite to pyroxene diorite. Figs. 5.6c and 5.6d show that there is a

gradual increase in Cr and Ni content with increasing MgO content, although the increase

in Cr content in the pyroxene diorite appears to be exponential. The pyroxene diorite samples

further away:from the Concordia Granite have the highest (;r203 and NiO contents.
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The increasing" BaO and TiOt contents and the decreasing NiO and Cr;!OJ contents with
()

increasing MgO content are all consist..ent with the predicted behaviour-of these elements in
'1 r,
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terms Of their known behaviour during fractional crystallisation.
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ilJ/(Mg+Pe)

0·6

Fig. 5.5 Composition of brown mica from Jubilee, pioued in the biotite-phlogop:te reciprocal

binary diagram.



Table 5.3 Summary of microprobe analyses of Koperberg Suite brown mica at Jubilee.
( denotes those pyroxene diorite sample taken from close to the contacts with
Concordia Granite).

.." ..•..___,,_

Mia .iiolite l'yrollelle ltueodtorlte

145 167 IN 1!18 50 192
SiO, 37.28 36.71 36.87 37.21 37.57 37.27

'HOl 4.83 4.74 5.17 4.90 S.OO 3.98

Al.0. 14.10 11.~9 14.18 14.15 13.6t1 1M£)

Cr,O. 0.02 o.or 0.00 0.00 0.09 IJ.~

FeO' ''2.77 14.57 14.05 13.77 13.10 14.43 (MIlO 0.18 0.07 0.20 014 ().(l4. 0.20 1'<'

MlO IS.30 14.07 14.2<1 14.75 15.77 15.01 II \,
1

MO O.f12 0.00 0.02 0.03 0.17 0.12

BaO t' <14 0.61 0.39 0.38 0.30 o.n
1\10 9.76 9.!'8 9.64 9.111 !I.54 9.65

N~O COO 0.13 0.12 0.11 J.Ol! 0.03

Total 94.7£' 9<i,3& 94.84 9$.1.~ 95.31 iI4.ifi6

AI/Mtt+Fc 0.50 0.49 O.!H, 0.49 0.47 0.47

McIM&+Fo: 0.63 0.63 0.65 !j,66 I) 118 Q.611

l'yraXell~ diorite

,23' lflZ 1H til 222' ,~,--
~O1 38.55 38.14 38.03 38.67 38,35

jno: 2.12 4.22 3.79 3.74 H3 "\
Al~O. 13.311 13.63 13,75 13.58 J324 ' 1
eriO, 0.14 1),37 0.41 U.~1'l 0,24 IFeO 10.92 lO.m 10.60 9,5& 1130

MnO 0.10 O.OS 0.04 ~1.i)5 0,09

MgO 18,54 18.15 17.95 18.97 18.04

NtO 0.07 O.?! 0.16 0.19 0.12

BaO 0.15 (l.IS /),}'7 o:n 0.1.

~o 9.53 9.3(, 1:;.75 'J.SS 9.70

N..,O /),08 0.14 0.08 o.m 0.\19

To.'" ~H.!1 <,;4.52 94.88 95.05 94.n
AlIM&+Fe U,4~ 0.46 0.46 0.44 043

MaIMa+Ft 0.75 0.76 0.76 0.78 a7S
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Fig. 5.6 a) Plot of w: % TiO'] VS. MglMg + Fe in mica.
b) Plot O/WI. % BaO vs. Mg/Mg + Fe in mica.
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5.3 Oxides

As described in Chapter 4, magnesite and. ilmenite make up variable proportions of the
~ :

Koperberg Suite at Jubilee. 'It was further ~Pted that magnetite .may occur with or without

ilmenite exsolution. Microprobe data can not illustrate the presence or absence of tnese

ilmenite exsolution lamellae i\1~magnetite, since the microprobe beam (2p.) can analyse only

either the exsolution or the h<:lft.By using the microprobe, however, ilmenite exsolution in
I

I

magnetite was identified on a ~e that was not possible using optical techniques.

5.3.1 Magnetit,e
/I,
\\

Magnetite gtain~ were analysed in eight samples (fable 5.4a). As can be seen from a plot

of F~03 vs. PeO in magnetite (Fig 5;7), magnetite from different rock types has disunctly
';;

different compositions. Fig. 5.7 !?,.;;;tnerillustrates that magnetite compositions from 'mica

diorite and pyroxene leucodiorite are fairly uniform in composition within a particular reck

type.
\\
I(
II

X'«: Ii
The magnetite analysed from mica diorite most closely: resembles the theoretical magnetite

end-member (Fig 5.7). Compared to the theoretical composition of magnetite (FeO =31. 03% ,

F~03=.:68.97%, total Fe=l00%), magnetite grains from mica diorite have slightly higher

FeO contents and slightly lower Fe203 contents. Magnetite grains from pyroxene leucodiorite

have similar compositions to
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Table 5.4a) Summary.cf microprobe analyses 0/ Koperberg Suite magnetites/rom Jubilee.~===-a=-=-==----=~~=====-======-========F====~--"=~==--__~
Mica diorite Pyroxene lencodiorite Pyroxene diorite (a;a'lerlilgeper

sample)

I~ 185 186 42 53 207 56 113 \\ 122,!. --
1101 0.1:;' 0.02 0.15 0.15 0.06 0.62 0.54 0.71
Al203 0.16 0.04 0.30 0.31 0.32 1.19 1.53 2.24

c-,o, 0.03 ' l).~j 1.41 1.42 1.43 6.12 8.10 8.84

FeO· 93:Jl '93.25 1)0.96 91.31 91.04 85.17 82.92 81.21

MnO 0.03 0.04 O.Q5" 0.04 0.06 0.18 0.32 0.36

MgO 0.00 0.00 0.01 <:'00 0.00 0.02 0.02 0.04
\\
\\v», 0.66 0.48 0.97 1 ,':.7 1.01 \ 0.70 0.98 0.91
~ --

Total 94.02 93.86 93.~ 1J{3! 93.92 94.01 94.41 94.31~-,.'

Recalculated analyses

Fe,OJ 68.44 68.90 I 66.25 ,'1," . ~57'OO 54.96

31.~ ~iL:."";'.'_'. .3l.69 31.63FeO 31.43 31.26 31.76

Total 100.88 ioo.'77 ,99.81100.48 100.96 .,:t :~8 99.97 100.12~===----===--~~~~~~~~----~==~~~=-=-=----==---=-----~o ease
Table S.4b) Examples of individuat microprobe alUllyse~'1Jfmagnetitefrom pyroxene diorite

to illustrate different magnetite compositions.
TiO ..- altd FeO-poor magnetite 1101- and Fe J-rich magnetite

56J\.fA 113Ml 122MB 122M7 56MB2 113M2 122MA 122MC2

Ti01 0.23 0.34 0.25 0.26 1.62 2.0& 0.91 1.42

AI103 0.95 1.76 1.90 2.05 1.36 1.61 2.13 2.89

Cr103 6.62 &.07 8.73 9.22 5.35 8.37 8.75 8.65

FeO· 85.18 82.42 (si:43 81.71 85.12 80.78 81.82 79.89

MnO 0.15 0.37 0.33 0.37 0.24 0.49 0.38 0.36

MgO C.Ol 0.00 0.02 0.04 0.01 0.05 0.03 0.06

VlOS 0.72 1.10 0.93 0.85 0.72 0.94 0.88 0.98

Total 93.88 94.06 93.58 94.50 94.41 94.32 94.90 94.24

Recalculated analyses

FeZ03 59.89 56.75 55.89 55.91 58.26 53.41 55.25 52,77

FeO 31.30 31.36 31.13 31.40 32.70 32.72 32.11 32.40

TotaJ 99.88 99,75 99.t8 100.10 100.25 99.61 100.44 99.53
[ieO' :; Total Fe as fieO
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the magnetite grains from mica diorite, although magnetite from pyroxene leucodiorite have
',I

slightly lower F~O; contents. Magnetite grains from pyroxene diorite have a much more

varied composition (Table 5.4b). These deviations from the end-member cornrositions are

the result of the inclusion of elements such as Cr, V, Mn, and Al in the composition of the

mineral.

Magnetite grains from pyroxene diorite fall into two distinct populations, based on their FeO

content. In the one population, the magnetite has a FeD content that varies from 31% to
i

31.5 %, while in the other population, the magn,
\ '

1 has FeO contents well above 32%.

34

+ ;- + +

~ 32[ +~++ * ,)~ j
31 t + + 0 \'!Ill j

30 L, l.....-, __ ..l...- __ ..I.- __ -L-. J
4S 50 55 60 65 70

FC~03 (Wl%,)

LEGEND
Ll Anorthosite
o Mica diorite
o Pyroxene Ilaucodiorite
+- Pyroxene diorite

Fig. 5.7 Plot of Fe20j VS. FeO in magnetite calculated assuming pelj'ect stoichiometry.
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b) Plot of w: % A1203 vs. wt. % FeO in magnetite.
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Fig. 5.8 (contd.) c) Plot of w: % VzOs vs. wt. % FeO in magnetite.
d) Plot of wt. % MnO vs. wt. % FeO in magnetite.
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Fig. 5.i~illustrates that these two distinct populations 'of magnetite may also be identified

from tlt\~Ti02 content. There two distinctly different magnetite; one has a low '(<0.5 %) Ti02

conte~i, while th!1~other has a higher than average Ti02 content (1%-2%)" Those Ti-rieh

analyses correspond to those analyses with high FeD contents. It is of importance to note that

SfNe~,Wsamples of pyroxene diorite contain magnetite from botb populations, Note that only
j'

pyrq~ene diorite contains these Ti02-rich magnetite grains.

Ii

35

r
I

.-. I~ ,
! I

I

~
I

I +
I

"L -i-

~,'-r-'----'",'_

30-0 '-------'-1 ----
TiO.:! (wt%)

LEGEND
A Anorthosite
c Mica diorite
o Pyroxene leucodlcrlte
+ Pyroxene diorite

Fig. 5.9 Plot of wt. % TiO; vs. wt. %FeOin magnetite.

Cr203 contents in magnetite g~~ainsfrom pyroxene diorite can be as high as 9.5% (Fig. 5.8aJ.

This high Cr content in magnetite is the principal cause for the low Fe:z03 contents in those

grains. There are other factors which atso contribute to the low Fe:z03 content, namely the

high AhO), V20S and MnO contents (Figs. 5.8b, 5.8e & 5.8d).

The magnetite grains from pyroxene leucodlorite also contain a significant proportion (.\f
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Cr10J (± 1.5%) although this is rnuchilower than the Cr content in magnetite from pyroxene

diorite. Magnetite-from mica diorite contains no Cr, and AI20) contents in magnetite from

pyroxene leucodiorite and mica diorite are low «0.5%).

5.3.2 Ilmenite

Six ilmenite exsolution Iamellae were analysed from five samples (Table 5.5). Fig. 5.10

illustrates that the ilmenite compositions vary $ but due to the small database, these variations

can not confidently be attributed to different rock types. Consequently, only broad trends can

be described which may prove to be inaccurate if the database is increased.

The theoretical end-member composition of ilmenite is FeO "",47.3% , Ti02=52.7%,

FeO~~Ti02::;::H)O%. As can be seen from Fig. 5.10, three ilmenite samples (two from

pyroxene diorite and one from pyroxene Ieucodiorite) tend towards that composition. The

substitution of Mn al1d Fe:3+for Fe2+ is mainly responsible for the deviations from end-

member ilmenite ~Plg. 5.11\).

Table 5.5 Summary of microprobe analyses qf Koperherg Suite ilmenite at Jubilee.

Total 100.42 100.50 .
PeO' ="fotal j~

=
leu(!odior :re Pyroxene diorite,_

Z07MIA 207M3A 56MB! 122MCl,_
4·8.70 59.59 51.39 51.59

1).01 0.03 0.00 0.02

0.10 0.14 0.25 0.45

47.05 44.01 46.50 44.02

2.89 4.14 1.96 4.14

0.17 0.06 0.21 0.02

0.45 0.00 0.00 0.00
11--

99.37 100.95 100.31 100.25

7.20 1.13 2.94- 2.08

40.57 42.99 43.85 42.16

100.09 101.07 100.60 100.46.
as FeO

r=;;~:rite rPyrox;~;-f-~-- . ~
185MIA . 42M1B

Ti01 51.41 49.24

~O3 0.03 0.04

Cr203 0.01 0.15

FeO· 41.37 47.48

MnO 7.31 2.69

MgO 0.00 o.i:
V"Os 0.00 0.11

Total 100.14 99.82

Recalculated analyses

F~03 2.83 6.82

FeO 38.82 41.35~----------~.~~
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The same substitutions are responsible for the compositions of the remaining ilmenite grains. iL

The ilmenite ex solution analysed in mica dioriteicontaxs 7.3% Mn~ (Table 5.5), while the
, j

two ilmenite analyses from pyroxene Ieucodiorite which have lower FeO contents, contain

±7% !F~03 (Table 5.5), ilmenite grains were also analysed for other substituting elements
i

(Tabl~~5.5), but these are insignificant.
r .1

o

o

o
j

---,-__ J
52 53

40

38 -_._--'----
48 49 50 51

TiO.! (wt%)

LEGEND
~ Anorthosite
[J Mica diorite
o Pyroxene leucodlcrite
+ Pyroxene diorite

F1g. S.10 Plot ofwt. %1102 vs. FeD in ilmenite.
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5.4 Summary

From the above observations, it is clear that the silicate and oxide mineral compositions vary
I .

according to the mineralogy of the reck. This trend i~especially apparent in the variation in
u

composition of/"pyroxene and brown mica. In these cases, the rocks which have a higher

ferromagnesiarfproportions, consist of minerals which are higher in magnesium content and,

in the case of micas. are lower in aluminium. The compositional variation in plagioclase does

not illustrate this trend clearly, although there is a general increase in calcium content in

plagioclase with increasing ferromagnesian mineral content. Similarly, the rocks which have

a higher proportion of ferromagnesian minerals, contain magnetite grains which are poorer

in F~03' but substantially richer in Cr203'

It is further evident from the data presented in this chapter ~~t the intrusive suite of rocks

interacted chemically with the country rocks, at least on a limited SRaleat K,?perberg Suite -

Concordia contacts. Mineral analyses indicate that samples from the same intrusive phase

vary according to their proximity to the country rocks.
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CHAPTER 6

lNHOLE-ROCK GEOCHEMISTRY

6.1 Introduetlon

Quantitative whole-rock chemical analyses were undertaken on samples from the Koperberg
Suite at Jubilee to determine the petrochemical characteristics of these rocks. Samples of each

of the rock types of the Korerberg Suite, as distinguished in Chapter 2, were analysed.

Over 150 samples were analysed by XRF (X-Ray Fluorescence) for major and selected trace

elements. A summary of the average compositions for each of the different rock types of the

Koperberg Suite is given in Table 6.1. Average compositions of the granitic rock types are

given in Table 6.3. In addition, 26 samples were analysed by titration for ferrous iron

content, permitting the calculation of ferric iron contents. A summary of the F~03 and FeO

contents is presented in Table 6.2. Complete analyses are presented in the Appendix.

Rb-Sr isotopic analyses were carried out by mass spectrometry on 15 samples of the

Koperberg Suite. Table 6.4 presents tnese data as well as initial 87Sr/81iSrratios calculated for

a model age of 1030Ma.

6.2 Koperberg Suite

6.2.1 Major elements

Major element abundances are displayed graphically in the form of Harker diagrams in Figs.

6.1 and 6.2. Ferrous and ferric iron contents are displayed in Fig. 6.3 and are discussed in

a later "..:I:tion. From the data presented, general trends and compositional variation between

the rock types can be discerned.
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Fig. 6.1 Selected major element binary plots for the Jubilee samples.
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LEGEND
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o Mica diorite
o Pyroxene ieucodiorite
+ Pyroxene diorite
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Fig. 6.2 Pit 0/' of AI:z03 vs. SiOz!or the whole rock analyses of the Koperberg Suite. Major
constituent mineral chemistry is also indicated. The populations An, Mdi. Wi-A., LDi-
B, PDi-A and PDi-B are discussed in the text.

Each of the Harker diagrams in Fig. 6.1 can be explained by considering the rock types as
being co-accumulations of the minerals orthopyroxene, plagioclase, mica, quartz, oxides and
sulphides. The plot of Alz03 vs. SiOz (Fig. 6.2) shows this principle clearly. In this diagram,
the compositions of the constituent minerals, as determined by microprobe analyses (Chapter
5), are plotted together with the whole rock analyses.
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Anorthosite

As discussed in Chapter 4, anorthosite at Jubilee consists of plagioclase and quartz and a

small proportion of chloritised mica. Fig. 6.2 illustrates clearly that the anorthosite

population (An) falls close to the plagioclase-quartz mixing line, The slight off-set from this

mixing line is due to the presence of mica and accessory minerals.

Mica diorite

The mica diorite population in Fig. 6.2 (Mdi) falls close to the mixing line between

plagioclase and mica. The presence of orthopyroxene, oxides, sulphides and accessory

minerals causes the mica diorite population to plot as a scattered group rather than on the

plagioclase-mica mixing line.

Pyroxene leucodiorite

Two distinct pyroxene leucodiorite populations can be identified in the Harker diagrams (Fig.

6.1). These populations are especially well illustrated in the plot of MgO vs. Si02, as well

as in the plot of A120~vs. Si02 (Fig. 6.2). In Fig. 6.2, these populations have been labelled

LDi-A and Ldi-B. Population Ldi-A represents pyroxene leucodiorite samples from the

homogenous mass on the western face of tile Jubilee pit (Fig. 3.1). These samples are

remarkable in tbeir whole-rock geochemical consistency, forming a well-defined and

restricted population in the Harker plots of Fig. 6.1 (especially the plots of MgO vs. Si02
and Al203 vs. Si02). The chemistry of this population indicates a fairly consistent proportion

of mixing between plagicclase, mica and pyroxene.

Population LDi-B (Fig. 6.2) represents the various pyroxene leucodiorite xenoliths which

occur in the northern face of the Jubilee pit (Fig. 3.2). The chemistry of this population is

more variable, reflecting the variable proportions of the constituent minerals. Fig. 6.2 further

illustrates that the whole-rock major element chemistry of the LDi-B population is a product

mainly of plagioclase-mica mixing, with a lower proportion of pyroxene than the LDi-A

population. This in contrast to the population of pyroxene leucodiorite from the western fare

(population LDi-A in Fig. 6.2) in which the chemistry is a product of mainly plagioclase-

pyroxene mixing, with a minor mica influence.
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Table 6.1 Representative whole-rock analyses for the Koperberg Suite samples ....-.
))

,1/

it
I

Anorth06ite

Sample 19 136 150 168 170 Aventge
.,

Si01 62.11 56.77 74.48 59.09 59.28 64.01

n01 0.08 0.27 0.19 0.04 0.04 0.13

Al.aOJ 22.56 20.03 13.98 24.49 24.56 20.78

I<~03 1.39 5.25 1.82 0.36 0.41 l.85

MnO 0.03 0.05 0.D1 0.01 0.02 0.02

MgO 0.40 0.88 0.00 0.00 0.00 0.20
,ICao 6.59 6.64 3.51 5.69 5.06 5.84

N2,.O 4.99 5.01 3.50 7.74 7.Sl 5.06

~O 0.93 0.93 1.00 1.36 1.37 0.98

P1O$ 0.03 0.12 0.00 0.02 0.03 0.02

Cu 0.01 0.18 0.00 0,00 0.03 0.02

S 0.00 0.89 0.00 0.00
\~,

0.00 0.04

L-OI 0.63 2.24 0.68 O.C7 1.17 0.66

TOTAL 99.76 99.24 99.16 99.46 99.77 99.62,

Co 5 16 6 6 5 7

Ni 3 35 {J 2 2 5

Zn 24 78 24 15 16 31

Rb 9 44 28 32 39 22

Sr 607 772 454 37b 415 56S

Y 3 62 3 20 18 10

Zr 80 97 92 17 183 81

Nb 1 3 5 3 3 3

V 26 69 47 6 4 36
Cr 18 3 14 3 6 18

Ba 1)~30 294 272 190 251 262
,j
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Mica Diorite

Sample 28 145 167 186 198 Average

so, 50.28 51.15 50.56 47.90 48.07 51.07

TiOz 1.01 1.01 0.84 1.19 1.19 L02

~O3 22.28 22:.69 23.32 22.17 21.77 22.07

Fe:aOl 9.29 9.00 7.14 10.61 10.46 9.08

MnO 0.06 0.07 0.04- 0.07 0.05 0.07

MgO 2.6'1 2.13 1.83 2.99 2.96 2.40

Cao 5.57 6.83 7.24 5.82 5.53 6.20

Na10 4.20 4.41 6.85 4.34 5.62 5.01

~O 1.88 t.56 1.83 2.59 1.66 1.86

PzOs 0.47 0,02 0.40 0.02 0.03 0.10

Cu 0.05 0.00 0.10 0.01 0.06 0.04

S 0.01 0.01 0.04 0.00 0.00 0.02

WI 1.26 0.43 0.72 1.45 1.48 0.76

TOTAL 99.02 99.31 100.89 99.16 98.88 99.1.t

Co 15 19 18 27 28 22

Ni 16 26 14 38 44 30

Zn 115 118 125 147 121 123
Rb 119 97 102 180 117 122

Sr 698 594 1166 787 706 707

Y 58 10 16 13 12 21

Zr 1061 64 829 88 82 223

Nb 13 14 9 24 21 18

V 176 218 217 333 lIS 250

Cr 31 9 5 3 3

.Ba 71.5 827 1314 1192 754 861
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/;' Pyroxene LeucGdiorite
./ <J

San01~ 42 53 64 206 207 Average
-:.'
Sial 48.72 49.37 50.88 52.27 51.72 49.99

1102 0.41 0.40 0.52 0.63 0.32 0.40

Al,03 15.91 17.56 21.28 22.29 19.86 18.61

F~OJ 14.64 12.78 11.59 6.56 9.60 11.79

MIlO 0.19 0.16 0.14 0.05 0.13 0.16

MgO 8.3S 7.14 2.66 1.72 5.10 5.78

Cao 5.42 6.11 6.85 7.65 6.91 6.15

Na.O 3.0S 3.22 5.10 4.69 3.68 3.96

K:tO 0.60 0.59 0.81 1.49 0.73 0.71

PlO5 0.09 0.09 0.04 0.29 0.05 0.08

Cu 1.66 1.28 0.06 0.24 0.66 0.95

S 0.57 0.46 0.11 0.10 0.24 0.31

WI 0.03 0.20 0.07 0.65 0.15 0.66

TOTAL 99.63 99...37 100.10 98.61 99.14 99.56

Co 61 51 27 23 30 42

Ni 267 215 58 41 134 174

Zn 239 192 137 96 143 177

Rb 18 16 10 92 22 27
Sr 688 765 673 884 827 730

Y 12 10 11 32 14 14

Zr 16 13 9 136 16 30

Nb 3 3 4 11 4 4

V 325 294 275 220 189 253

Cr 591 4.88 21 55 306 367

Sa 241 264 199 542 285 256

92



Pyroxene Diorite

Sample 23 99 102 111 218 Average

SiO] 51.72 49.20 49,11 48.78 51.26 48.93

00] 0.56 0.36 0.28 0.28 0.29 0.31

A1z0~ 12.46 14.54 11.20 10.84 15.66 12.49

Fea03 14.08 14.79 16.82 16.60 12.45 15.17

MaO 0.27 0.24 0.30 0.32 0.20 0.29

MgO 8.92 9.47 13.25 13.50 8.57 11.56

Cao 3.12 4.58 3.79 3.44 4.72 4.05

NalzO 2.53 1.81 1.79 1.89 2.58 2.42

K,)O 1.78 0.65 0.48 0.47 0.85 0.62

P]O, 0.18 0.07 0.14 0.19 0.04 0.12

Cu 0.53 2.87 2.26 1.16 2.07 2.03

S 0.32 0.94 O.Sl 0.43 0.76 0.71

LOI 2.92 0.96 0.12 0.99, 0.24 0.57

TOTAL 99.38 100.47 100.37 98.88 99.69 99.28

Co 50 63 75 80 46 71

Ni 233 410 457 419 325 412

Zn 272 244 264 321 188 262

Rb 203 46 46 42 74 54

SI' 349 604 476 399 566 479

Y 70 22 42 62 37 37

Zr 21 21 22 19 37 41

Nb 31 6 7 9 10 8

V 157 208 185 212 155 178

CI' 909 1755 1568 1363 1109 1357

Ba 367 216 177 191 233 208
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Petrographic studies of these samples (Chapter 4) do not reveal a significant difference in the

proportions of mica and pyroxene in these two populations. However, since many of the

pyroxene leucodiorite samples are very rich in plagioclase, the proportions of mica and

pyroxene are very small in these samples. Hence, the relative proportions of these minerals

are very sensitive to error and the petrographic analyses without point-counting may not be

able to detect these proportions accurately enough.

Pyroxene diorite

Pyroxene diorite samples have a varied chemistry which reflects me local heterogeneities in

mineralogy described in Chapter 3. Nevertheless, the whole-rock geochemistry of pyroxene

diorite is distinctive from the rest of the Koperberg Suite, due to its comparatively low

A1203, CaD, K20, Sr and Ti02 contents, and high MgO and Fe.zOjfficontents.

Fig. 6.2 illustrates this variation in whole-rock chemistry clearly. Furthermore, this figure
suggests a mineralogical explanation for this variation, The chemistry of most of the

pyroxene diorite samples is the result of mainly plagioclase-pyroxene mixing, with little mica

influence. Several pyroxene diorite samples (population PDi-B in Fig. 6.2), however, appear

to contain a much larger proportion of mica, and are the product mainly of pyroxene-mica

mixing, with little plagioclase influence. These mica-rich samples were collected from zones

in the pyroxene diorite in which several xenoliths of earlier intrusive phases occur. Several

samples from the PDi-A population (Fig. 6.2) were also collected from these xenolith-rich

zones, although most of the samples from this population were collected from more

homogenous pyroxene diorite zones. Duling sampling, care was taken to avoid the xenoliths,

but it is possible that these mica..rich samples represent xenoliths which are indistinct from

the pyroxene diorite host.

Fig. 6.2 indicates that several samples fall close to the mica-orthopyroxene mixing line. This

is due to the high proportion of oxides and sulphides in these samples and doss not mean

implies that these samples consist only of these two minerals and that plagioclase is absent.

The chemistry of oxides (Chapter 5) and sulphides are not plotted on Fig, 6.2, but the

proportions of these minerals are larger in pyroxene (T "rite than in other rock types (Chapter
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4). Therefore, they playa greater role in the whole-rock geochemistry of pyroxene diorite

than in other rock types. This can be il' .strated by regarding the pyroxene diorite samples

that fail on or close to the mica-pyroxene mixing line in Fig. 6.2. Petrographic studies

(Chapter 4) indicate that no samples taken from Jubilee consist only of mica and pyroxene,

and that plagioclase is always present. The fact that these samples fallon the mica-

orthopyroxene mixing line is due to the effect of the high proportion of oxides and sulphides

in these sample. The presence of the oxides and sulphides decreases the Si02 and A120" in

the rock and hence, the samples that contain more oxides and sulphides plot further from the

plagioclase composition in Fig. 6.2 and, hence, appear to contain little or no plagioclase.

6.2.2 FeO:F.~103Ratio

The presence of Fe-Ti oxides, Cu-Pe sulphides, orthopyroxene and brown mica determine

the F~03(1) (total Fe as F~03) content (Table 6.1). The FeO:F~03 r(l.~;o(Table 6.2, Fig.

6.3) is a reflection of the relative proportions of these minerals.

The FeO:F~03 ratio for magnetite and ilmenite have been determined in this study (Figs.

5.7 & 5.llb). The FeO:F~03 ratio for orthopyroxene is extremely high (Deer, Howie &

Zussmann, 1978), while that for mica is highly variable (ibid.)} but commonly well below

unity. The presence of Fe sulphides increases the FeO:F~O~ ratio, while magnetite decreases

this ratio. The composition of the magnetite varies according to rock type (Fig. 5.7), so the

effect of the presence of magnetite is variable. The ratio in ilmenite is extremely high, but

since ilmenite is present in small proportions, the effect of this mineral is minimal.

It can be clearly seen from Fig. 6.3 that the samples that contain mica as the dominant mafic

silicate mineral lie below the FeO:F~03 = 1 line, while those samples dominated by

orthopyroxene, lie above this line. Hence, all mica diorite and most anorthosite samples lie

below the FeO:F~03 = 1 line and all pyroxene diorite samples lie above this line. There are

two distinct populations of pyroxene leucodiorite in Fig. 6.3. One populaticn appears to

contain pyroxene as the dominant mafic silicate mineral (since this population lies above the

FeO:F~03= 1 line), while the other population appears to be dominated by brown mica.

These two populations correspond with the two populations identified and discussed in

Section c.2.1, i.e, a population from the western face of the Jubilee pit which contains
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Jubilee.

Table 6.2 Average ferrous and ferric iron contents.

No. of TOTAL FeO Fez03 FeDI
samples Fe as F~03

F~03,---,.

Anorthosite (3) 3.60 1.29 2.18 0.82

Mica diorite (6) 7.81 2.65 4.89 0.60

Pyroxene leucodiorite (11) 12.10 6.46 5.00 1.63

Pyroxene diorite (7) 15.61 10.53 4.03 3.38

Granitic xenolitns (1) 2.03 0.41 1.59 0.30
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orthopyroxene as the dominant mafic silicate mineral, and the other population from the

northern face which is dominated by mica..

6.2.3 Trace elements

Selected trace element abundances are presented in Table 6.1 and displayed in Fig. 6.4 in

the form of Barker diagrams. Since the major minerals which occur in the Koperberg Suite

samples were not analysed for trace elements (except for BaO in mica and plagioclase, and

V20S and Cr203 in oxides), only general trends in trace element geochemistry can be

described with reference to theoretical minerals. It is possible, however, to explain the

whole-rock trace element geochemistry of the Koperberg Suite as being due to the mineral

chemistry and the proportions of the constituent minerals.

The concentration') of Rb and Ba are fairly uniform, irrespective of rock t).rpe,except in mica

diorite. The concentration of both of these elements is dramatically increased in this latter

rock type due to the higher proportion of mica in mica diorite (Chapters 3 & 4). Fig. 6.4

illustrates that. Rb in mica diorite ranges from 4Oppm-190ppm, while the Rb concentration

in the' rest of the Koperberg Suite is less than 5Oppm. There are several pyroxene diorite

samples that also show anomalously high Rb contents. These samples were taken from close

to contacts with 'tbe Concordia Granite.

The Ba concentration in mica diorite is between 400ppm and 1300ppm, compared to the less

than 400ppm in the rest of the Koperberg Suite rock types (Fig. 6.4). The high

concentrations of Ro and Ba in mica diorite is directly attributable to the high partition

coefficients of the elements into mica. The significance of the high Rb concentration in some

pyroxene diorite samples will be discussed later.

Fig. 6.4 illustrates that Sr is highly variable in the rocks of the Koperberg Suite. This is due

to the proportion of plagioclase in the samples, since Sr is preferentially partitioned into

plagioclase. There is a population of samples, however, that is enriched in both Sr and P20S

relative to the rest of the samples (Fig. 6.5a). These mica diorite samples were all taken from

two xenoliths on the northern face of the Jubilee pit (Fig. 3.2). These samples have
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previously been identified as being geochemically distinct from the samples taken from the

larger mica diorite mass. The high concentration of P20S illustrates the greater proportion of

apatite in these samples. The enrichment of both P and Sr in these mica diorite samples (Fig.
6.Sa) indicates that Sr is strongly partitioned into apatite. The replacement of Ca by Sr in

apatite bas been well documented. For ••xample, Larsen et at. (in Deer, Howie & Zussmann,

1978) report 11.6% SrO in a sample of strontian fluor-apatite. In Fig. 6.5b, the samples with

the highest Sr (and also PzOs), do not follow the general positive correlation trend, but have

lower CaO values, supportive of this replacement of Ca by Sr in apatite. Note that several

pyroxene diorite samples are slightly enriched in P205 (Fig. 6.5a), but are not enriched in

Sr. This suggests that Ca in apatite has not been replaced by Sr in this intrusive phase.

The concentrations of elements such as Cr, Zs, Ni, Co and V in the rocks of the Koperberg

Suite (Fig. 6.4) reflect the relationship between these elements and the abundance of mafic

silicate minerals, oxides and sulphides present in the rock. Therefore, In terms of trace

elements, the whole-rock geochemistry is also a reflection of the mineralogy of the rocks.

6<2.4 Copper

As noted in Chapter 4, copper-bearing sulphides are present in the rocks of the Koperberg

Suite in varying proportions. It was further noted that this proportion varies from zero in

anorthosite to major mineral status in the more mafic rock types present at Jubilee. It is a

well-documented fact that sulphides most commonly occur in the more mafic assemblages

of the Koperberg Suite. Whole-rock geochemical analysis data from the present study

strengthen this assertion: there exist positive correlations between Cu and elements that are

commonly associated with orthopyroxene and magnetite (Fig. 6.6),

As expected, there is a strong, positive correlation between Cu and S (Fig. 6.6a).

Furthermore, since the dominant Cu-bearing sulphide in these samples is bornite (Chapter

4), the high Cu:S ratio is also not unexpected. This ratio is between 2.6 and 2.9, which

corresponds closely to that of bornite.

There also exist strong, positive correlations between Cu and Cr, Cu and MgO, and Cu and

Ni (Figs. 6.60, c, and d) in the pyroxene leucodiorite and pyroxene diorite samples. These

rock types, however, define different trends. These trends converge at about 5% Cu and
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1.6% S (Fig. 6.6a), suggesting that this is a cumulate phase common to both rock types.

Furthermore, at 5% Cu, the component contains about 2500ppm Cr (Fig.6.6b), 17% MgO

(Fig. 6.6c), and about 43 % Si02 (Fig. 6.1).

6.3 Concordia Granite

Whole-rock geochemical analyses were carried out on seven Concordia Granite country rock

samples. These samples were collected from both the northern and southern side of the

Jubilee pit (Fig. 3.1). The results of the analyses are presented in Table 6.3. Since the

sample population for the Concordia Granite is small, only gene-at trends in the geochemistry

of this suite can be discussed (Figs. 6.1 & 6.4).

The concentrations of Si02 (73.1 %-78.5%) and A1203 (11.4%-14.2%) in the Concordia

Granite are higher than the concentration of these species in most of the Koperberg Suite

samples, thereby making the samples of the two rock suite easily distinguishable on all

Harker diagrams (Figs. 6.1 & 6.4). K_ concentrations in Concordia Granite vary between

2.1 % and 6.8%, reflecting the proportion of alkali feldspar present in the sample. The low

CaD concentrations (0.83%-1.83%) reflect the fact that the feldspar is albitic. However,

since the Concordia Granite samples contain very little plagioclase feldspar (Chapter 4). the

CaO content of a sample is probably determined by the amount and composition of

plagioclase in the sample. Where there is apatite present, Ca is also partitioned into that

mineral. The low Na20 contents (2.53%~3A8%) of Concordia Granite samples, also indicates

the relatively low proportion of plagioclase in this suite.

The generally low proportion of mafic mineral in the Concordia Granite is reflected in the

low F~03(l) (0.62%-2.63%) and MgO «0.2%) contents (Fig. 6.1). The concentrations of

other elements usually associated with these two species, such as Ti, Cr, Zn, Ni, Co and V

are consequently low (Figs. 6.1 & 6.4). P20S and Zr concentrations are dependant on the

proportion of apatite and zircon present, respectively. The proportion of these minerals is

low, which is reflected in the low abundances of P20S (0.01 %-0.04%) and Zr (31ppm-

187ppm). One sample does have a P20S content (0.1.5%; Fig. 6.1) which is slightly, but

significantly, above the general trend for Concordia Granite samples. However, it still does

not represent an apatite-rich granite.
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Sr contents of the Concordia Granite (32ppm~89ppm; Fig. 6.4) are very low compared to

Koperberg Suite samples, indicating that the source of the granite suite was low in Sr. Rb

abundances (97ppm~408ppm; Fig. 6.4) in the Concordia Granite samples are significantly

higher than in the Koperberg Suite samples. This high Rb content reflects high Rb content

of the source of the granite, while the variation in Rb content reflects the proportion of K~

feldspar present in the Concordia Granite.

6.4 Granitic xenoliths

Two granitic xenoliths which occur in the Transition Zone on northern face of the Jubilee

pit (Fig. 3.2) were sampled. As noted in Chapter 4, these xenoliths are not identical in terms

of their mineralogy, and hence are not identical in terms of their geochemistry. Whole-rock
geochemical analyses (Figs. 6.1 & 6.7) reveal that. there are variations in the compositions

of these xenoliths; these variations represent the varying mineralogy (Chapters 3 &: 4).

The relative proportions of plagioclase, alkali feldspar and quartz are largely responsible for

the geochemical characteristics of the granitic xenoliths. These proportions vary (Chapter 4)

in the individual xenoliths, and have a distinct effect on the whole-rock geochemistry (Figs.

6.;'" 6.4 & 6.7). The granitic xenolith samples can therefore be separated into three

populations (populations I, II and III in Fig. 6.7). This distinction between the populations

of granitic xenolith samples is especially apparent in the difference in SiOz, AI203, Na20 and

CaO contents and, to a lesser degree, in K20, Ti02, Rb and Sr concentrations. The

separation of two xenoliths into three populations most probably represents the presence of

a third xenolith, whose presence was not noticeable in the field, nor apparent from

petrographic studies. This implies that the western xenolith (Fig. 3.2) represents two separate

xenoliths: an upper and a lower xenolith.

Although the xenoliths are geochemtcally similar in many asp, cts, the eastern xenolith

(referred to as the alkali feldspar-poor xenolith in Chapter 4·, and as population III here) is

easily distinguished from the we i: n xenolith by comparing the K20 and Rb contents (Figs.

6.4 and 6.7d). The samples from the alkali feldspar-poor xenolith (population III) Lave very

low K20 <about 0.4 wt, %) and Rb « :'Oppm) contents, re'lecting the paucity of alkali

feldspar in this xenolith, while the western xenolith (populations I and II) contains between

3.4 and 6.2 wt, % K20 and 100- 200ppm Rb.
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Table 6.3 Whole-rock analyses of the granitic xenoliths and the Concordia Granite samples
at Jubilee.

CONCOlUlIA GRANITE

SAMPLE 10 !14 95 % 163 217 .l23 ,\W

SI.~ 71S.g3 76.46 73.29 n.n 78.79 701 75.'5

n02 0.07 0.Q2 0.21 0.25 0.04 0.09 0.20 c 1:-

~O. 12.28 12.2g 15.25 13.92 11.37 13.23 14.19 13.2~

"'F."O, 1.69 0.62 2.25 1.96 1.07 0.82 2.36 1.54

MilO 0.11 0.15 0.07 0.02 0.23 0.03 0.05 0.09

MaO 0.20 0.00 0.00 0.00 0.00 0.00 0.07 0.04
/

CaO 1.68 UO 0.89 '·1Ul 1.83 0.83 1.15 1.22._
N~O 2.56 3.48 2.99 2.59 3.30 2.53 2.75 2.89

K:&O 3.31 4.07 6.15 6.03 2.05 5.87 6.03 4,87

P.O, 0.03 0,01 0.03 O.IS 0.03 0.01 0.04 0.05

Cu 0.01 0,00 0.00 O.IJO 0.00 0.00 0.00 0.01)

LOI 0.25 0.38 0.70 0.58 0.16 0.29 0.37 0.39

TOTAL 99.02 98.58 102.<63 99.3fi ?1U9 98.51 100.28 99.58

Co 4 .5 6 6 6 6 ; 6

Nt 7 0 8 14 4 2 8 (I

Zn 24 27 41 41 24 23 43 33

Rb 140 207 408 :383 97 298 377 :m

Sr 69 32 55 59 S3 89 66 60

Y 51 34 86 134 69 15 10'2 70

Zr .H 49 187 167 88 64 177 109

Nb 4 16 20 21 1/ 5 17 14

V 11 6 11 7 7 12 12 9

Cr 23 16 6 11
::1 B 8 .5 12

!\ ». 113 63 331 299 :'i0 225 327 201
...,.-"
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GRANITIC XENOUTHB

SAMPLE .2l} 152 )53 154 155 156 157 158 AVE

SlOl 81.19 n.99 80.11 81.11 80.90 84.14 74.58 73.87 78.10

nos 0.4" 0.24 0.27 0.31 0.'28 0.35 0.16 0.16 0.29

Al.203 7.0~ 1').36 9.21 8.92 8.19 7.19 13.16 13.35 10.40

"'1'1'200 3.~; 1.47 U9 2.03 2.12 2.44 1.48 1.49 2.38

MIlO 0.06 0.0) 0.01 0.00 0.01 0.01 0.00 0.01 0.01

MaO est 0.00 0.00 0.21 0.13 0.32 0.00 0.00 0.18

CaO 1.86 0.38 o.6·S 0.69 2.16 1.78 1.26 1.05 1.60

Na.20 2:29/ 2.49 2.5:1 1.69 1.61 1.60 3.74 3.86 2.78

100 0.40 6.15 4.51 3.36 11.46 0.44 571 6.19 3.12

PlOS 0.10 0,03 0.03 0.06 0.01 I).OS 0.01 n.03 0.04

Cu 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LOI 0.74 0.42 0.41 o.~ 0.56 0.60 0.37 0.53 0.51

TOTAL 99.09 99.54 99.34 911.97 96.41 9M3 HIlI.1iS 100.53 99.42

Co 11 7 7 7 s 10 !O 6 8

NI 6 1 2 6 I) :2 1 3 3

Zn 64 22 28 29 37 38 26 23 34

Rb 9 160 132 90 11 19 1!iS 160 85

Sr H3 130 ItS 175 229 226 ::140 241 237

Y 3'.' 19 24 68 12 21 14 17 24

Zr 312 HI 145 164 130 1116 121 108 ISO

Nb 5 5 5 7 4 5 2 3 4

V lOS 13 11 20 62 41 23 9 43

Cr 3 11 II 8 10 4 .8 9 9

Ba 184 524 297 466 216 185 1664 472 47i1
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Fig. 6.7 Selected whole-rock major element binary plots for the graniuc xenolith samples.

SiOz contents of the granitic samples range from 74% to 84%. The SiOz content of

Population II (Fig. 6.7) is lower than the rest of the granitic xenolith samples and is

comparable to the SiOz content in the Concordia Granite samples, The Si02 contents in

Populations I and III are higher than in any other gr~ut~tic:country rocks in the Oklep Copper

District. (Clifford et al. 1995)
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CaO values vary between 0.4% and 2.2% (Table 6.4, Fig. 6.7c), depending on the relative

proportions of quartz and plagioclase present. Although plagioclase is present in modal

proportions of between 30% and 50% (Chapter 4), the CaO contents in the granitic xenolith

samples are well below the most plagioclase-poor anorthosite sample in the Koperberg Suite.

This ~uggests that the plagioclase in the granitic xenoliths is very Ca-poor, Since mica and

amphibole are present in these xenoliths, and alkali feldspar is present in one of them, the

whole-rock Ca:Na ratio can not be used to estimate the composition of the plagioclase. The
low whole-rock Na20 concentrations in the granitic xenoliths reflects the relatively low modal

proportion of plagioclase and the high modal proportion of quartz.

The low proportion of mafic silicate minerals, oxides and sulphides affects the concentrations

of elements which are usually associated with these minerals, viz. Ti, Fe, Mg, Cu, Cr, Zn,

Ni, Co and V (Table 6.4, Figs. 6.1 & 6.4). Ti02 contents range from about 0.16% to

0.49%. This is present mainly in the brown mica and amphibole flakes. The Ba content most

probably also reflects the presence of mica and alkali feldspar ~ since the distribution

coefficient of Ba into mica and Kfeldspar is high. FelO/o content varies from just 'below

2% to around 4%, most of which is in magnetite and mica or amphibole. MgO generally

occurs in concentrations of less than 1%, while the concentrations of other trace elements

associated with mafic minerals, are comparable to concentrations in anorthosite of the

Koperberg Suite (Section 6.2.3) and in Concordia Granite (Section 6.3). Apatite and zircon

are not common accessory minerals in the granitic xenoliths and this is reflected in the

relatively low P20S «0.1 %) and Zr «200ppm) concentrations.

Sr concentrations in the granitic xenoliths are low « 400ppm) compared to the Sr

concentrations in the Koperberg Suite, but consistently higher than in the Concordia Granite

samples (Table 6.4). Rb is present in concentrations which range from 9ppm to l6Oppm . .I. •• ,;';

concentration of Rb in the xenolith which contains the higher proportion of alkali feldspar

and mica, is higher than in the plagioclase- and quartz dominated xenolith. The higher Rb

concentrations are comparable to the Rb content of mica diorite in the Koperberg Suite. The

Rb content of the granitic xenoliths is generally low compared to the Rb content of the

Concordia Granite samples. This reflects the relative proportion of brown mica and alkali

feldspar present in the granitic xenoliths.

107



The mineralogy of the granitic xenoliths at Jubilee dictates that the whole-rock geochemistry

should be superficially similar to other granitic suites in the Okiep Copper District (Table

6.4). A comparison between the geochemistry of the granitic xenoliths found at Jubilee and

the geochemistry of other granitic country rocks is difficult since the granitic xenoliths vary

greatly in terms of their whole-rock geochemistry. However, the granitic xenoliths may be

compared to other granitic suites if the former is subdivided into the three populations (I, Il
and III) discussed earlier. Due to the populatio sizes, this subdivision can not be proven

statistically, but the populations are consistent in terms of sample localities and in terms of
most major and some trace elements. These populations, are shown in Fig. 6.7. Population

I samples were taken from the top part of the western xenolith (Fig. 3.2), population II

represent the lower portion of this xenolith, and population III represents the eastern xenolith

(Fig. 3.2). TJ1e consistent geochemical differences between populations I and II suggests that

the westerri( xenolith may in fact be two separate xenoliths, although this was not observed

in the field,

6.5 Isotope geochemistry

Rb-Sr data for 14 samples, which represent all of the rock types of the Koperberg Suite as

discussed in Chapter 2, are presented in Table 6.4. Initial 87Sr/86Sr(Ro) ratios, calculated for
a model age of 1030Ma are also presented. These data are summarised in Fig. 6.8. All

analyses were carried out in the Hugh Allsopp laboratory (B.P.I., University of the

Witwatersrand) following the analytical procedures described by Smith (1983).

The different rock types of the Koperberg Suite have distinctive Rb-Sr isotopic compositions
(Fig. 6.8), Anorthosite has 87Rb/86Srratios that vary between 0.1260 and 0.1588, 87Sr/86Sr

ratios that range between 0.7224 and 0.7231, and initial ratios (~) that are very high

(0.7205-0.7249). In mica diorite, 37Rb/86Sr values range from 0.438:5 to 0.6292, and

87Sr/86Srvalues range from 0.7226 to 0.7312. Ro values for these three mica diorite samples

analysed vary greatly: one sample has a very high initial ratio of 0.7248, while the other two

samples have lower (but still high) ratios of 0.7155 and 0.7159.

Pyroxene diorite and pyroxene leucodiorite have a very restricted range in Rb-Sr isotopic

compositions, exceptions being the pyroxene diorite samples (samples 23 and 222) taken
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Figure 6.8 Plots the 87Sr;S6Sr ratio vs the 87Rbf6Sr ratio of the Koperberg Suite samples.

from close to contacts with Concordia Granite country rocks. Pyroxene Ieucodiorite and

pyroxene diorite have average 1I7Rb/s6Sr ratios of 0.0620 and 0.1390, respectively and

average 87Sr/86Sr ratios of 0.7135 and 0.7153, respectively. Initial ratios calculated for a

model age of 1030Ma are very similar for pyroxene leucoo.orite and pyroxene diorite (Table
6.4). Pyroxene diorite samples taken from close to country rock contacts have high 87Rb/s6Sr

(1.6935 and 1.2595) and S7Sr/86Sr (0.7404 and 0.7328) ratios. Initial ratios for these samples

(0.7154 and 0.7142) are very similar to other pyroxene diorite samples, however.

109



Table 6.4 Rb-Sr isotope compositions of the K()"l~rbergSuite samples.

-
SAMP Total Rb T&tal Sr 37Sr/~r 87Rb/86gr a,
LE
NO. '" (ppm) (ppm) (preseat) (1030Ma)

136 37.39 802 0.722447(24) 0.134999 0.720458(16)
. 150 26.17 471 0.723120(44) 0.158820 0.720780(16)I 213 il'

21.91 504 \\J 0'.726751(24) 0.126010 0.724894(16)
I -~
145 . 88.14 5&3 \, 0.731219(44) 0.138537 0.724758(25)

""

159 114.20 69i 1).722613(06) 0.4 9075 0.715555(27)

186 16[8.24 775 0.725190(44) 0.629214- 0,715919(33)-
42 12.57 631 0.713352(84) 0.057630 0.712503(15)

50 19.13 759 0.713418(40) 0.072995 o.712343( 1'l)
53 12.83 723 0.713282(40) 0.051365 0.712525(14) 'I64 11.34 643 0.720932(56) 0.051092 0.720179(15) I
192 20.70 905 0.713947(44) 0.066165 0.712972(15)

23 187.92 322 0,740415(56) 1.693489 0.715464(80)

1113 25.23 542 0.715552(52) 0.134649 0.713565(16).
122 21.60 435 0.715124(36) 0.143871 0.713004(16)

222 139.79 322 0.732778(56) 1.259513 0.714221 (60)
136-213 Anorthosite: 145-186, MIca DlOri~~' 42-1~2 Pvroxene Leucodiorite: 23-~~, y 2,,

Pyroxene Diorite

Number in parentheses is the precision in the fifth and sixth decimal places attained in mass spectrometer analyses
at 2 standard errors of the mean.
Rb and Sr concentrations determined by isotope dilution.
87Rh/86Sr reproducibility is i.ss,
Ir1Sr/86~, ratios were normalised to SBSr/86Sr ratio of 8.375.
The accuracy of the "Sr/86Sr ratios were monitored by the following standards:
NBS SRM987: 1J.710219±32 (1 std. dey. on 57 replicates)
Eimer & Amend: O.7Q8023±59 (1 std. dey. on 10 replicates)
A dec~iYconstant of 1.42E~1l was used.
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A Rb-Sr errorchron age of 1147±70fVIa (MSWD=52.81) has been calculated b)pregressidb

using only eight samples (pyroxenediorite and pyroxene Ieucodiorite) using the compute.

program GEODATE (Eglington & Harmer, 1991). An Ro of O.7127±O.OOO2Mn was

obtained for tnese eight samples using the errochron age calculated (Fig. 6.8). As can be

seen from Fig. 6.8, anorthosite and mica diorite samples fall well off this errorchron and

have a much higher Ro than the pyroxene-dominated samples. These isotopic data for the
Koperberg Suite at Jubilee, especially the initial 87Srl",(JSrratios, recalculated tor an age of

l030Ma, are comparable to analyses on similar rocks throughout the Okiep Copper District

(Clifford et al., 1995).

Trends in the major element Harker diagrams (FJg. 6.1) represent mixtures of the various

constituent minerals. It is clear, therefore, that the mineralogy of the rocks of the Koperberg

Suite exert a strung influence on the whole-rock geochemistry. These geochemical trends

suggest that the rocks of the Koperberg Suite at Jubilee represent a suite of variable

proportions of' co-accumulation of plagioclase, pyroxene, brown mica, Fe-Ti oxides and Cu-

Fe sulphides, rather than representing a suite of liquid compositions.

Positive correlations exist between Cu and S, as well as between cu and several elements

usually associated with pyroxene and magnetite. Cu:S trends for the pyroxene-dominated

rock types converge at a point which represents a component common to both rock types.

The Cu:S ratios also reflect the mineralogy of the srlphide assemblage.

Initial 87Sr/S6Srratio (Ro) data (Table 6.4) indicate that the intrusive magmas possessed a very

high 87Sr/S6t;1'ratio at the,:lime of intrusion. Each magma pulse (rock type) has its own

distinctive isotopic characteristics, some rock types having greater variability in the isotopic
,

ratios than others.

The whole-rock geochemistry of the granitic xenoliths that were sampled indicate that the

chemistry of these rocks is also controlled by mineralogy. Although only two xenoliths were
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observed and sampled in the field, whole-rock geochemical trends indicate three. These three

xenoliths are geochemically distinct, although there are enough similarities between them to
distinguish them Iron- Concordia Granite and the Koperberg Suite.
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CHAPTER 7

DISCUSSION

7.1 Introduction

The question of the petrogenesis of the Koperberg Suite and the nature and the origin of the

parental magma from which the Koperberg Suite was derived) has been addressed by several

authors over the last 140 years. A brief outline of the more important theories arising from
this question is given in Section 1.5. In light of the data from the present study, focused on

the Koperberg Suite occurrence at Jubilee, certain points concerning the petrogenesis of the

Koperberg Suite can now be reassessed.

1.2 Cumulates

It is clear from the discussion of the Harker diagrams (Figs. 6.1 and 6.2) in Chapter 6 that

the rocks of the K.operberg Suite represent co-accumulations of the major silicate, oxide and
sulphide minerals. This mineralogical control on the geochemistry of the Koperberg Suite

rocks characterises them as cumulates.

7.3 An intrusive body
An intrusive emplacement of the Koperberg Suite has been postulated by many authors,

notably Latsky (1942), van Zyl (1967, 1978), Clifford et al. (1975a, 1981, 1990, 1995) and

Mclver et al. (l9~J). At Jubilee, the Koperhcrg Suite cuts across the regional foliation in the

Concordia Granite (Fig. 3.,0 and this foliation IS not present in the Koperberg Suite. A

common phenomenon h tLtt regional foliation has been obliterated in a 30-5Ocll1 zone

around the Koperberg Suite, while at fijh' locality, the foliation steepens through almost 90',)

against the Koperberg Su:tc over a dist.u;,'t' of 20<-\OClll. Foliations and layering in the

Koperberg Suite are paralic '0 lithological contacts and are generally no! parallel to the

regional foliation. Thcs-: nth. rvations suggest an intrusive emplacement of the Koperberg

Suite and render a rnetasoma \ I~ origin (nead. 1952: Benedict ef Ill., J Q64; Halbich, 1978)

untenable,
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7.4 Timing of intrusion

The relative and absolute ages of emplacement of the Koperberg Suite in the Okiep Copper
District have been discussed by many authors. A summary of these discussions appears in

Section 1.5. Data and observations presented in this study regarding the intrusive ages of the

various phases of the Koperberg Suite will be discussed below.

Field relationships (Chapter 3) make it clear that the Koperberg Suite intrudes and therefore,

post-dates lile Concordia Granite. The sub-horizontal foliation (S2) in the Concordia Granite

country rocks, is a manifestation of the 1)2deformation event. This foliation is disturbed by

the intrusive Koperberg Suite at Jubilee and is not present in the latter suite of rocks. It is

clear then, that the emplacement of the Koperberg Suite post-dates the D2 deformation event.

From field relationships, the sequence of intrusion of the various phases of the Koperberg

Suite, has been determined (Chapter 3). Anorthosite has been determined as being the oldest

Koperberg Suite rock type at Jubilee, followed by mica diorite, The pyroxene Ieucodiorite

and pyroxene diorite phases of intrusion followed. The mica diorite intrusive phase occurred

before the anorthosite had crystallised completely, resulting in a zone of mixing of the two

rock types - the Transition zone. However I between the mica diorite and the pyroxene
leucodiorite intrusive phases, enough time must have elapsed for the mica diorite to have

crystallised to such a degree that it could be fractured and still Sf ' as xenoliths. Since

the country rocks were at elevated temperatures and pressures at the time of the Koperberg

Suite intrusive event (Gibson & Wallmach, 1992), the rate of heat Joss from the intrusive

rocks to the country rocks would have been relatively slow. However, since the Jubilee

intrusion is only in the order of 100m wide, the time span required for an intrusive phase to

solidify would be small. Therefore, it is difficult to put numerical constraints on the time

difference between the intrusion of mica diorite and the intrusion of pyroxene leucodiorite.

Petrographic studies (Chapter 4) reveal that the earlier phases of the Koperberg Suite

(anorthosite and mica diorite) exhibit certain deformation features which are not present in

the later phases. Features such as highly strained plagioclase megacrysts and mica flakes, and

recrystallisation of plagioclase around the megacrysts, are very common in anorthosite and

mica diorite. Deformation features and recrystallisation are uncommon in pyroxene
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leucodiorite and pyroxene diorite. The deformation features may be interpreted as indicating

that the earlier phases crystallised in a lower stress environment and underwent deformation

and recrystallisation to adjust to an increasing regional stress field. The decrease in the

amount of deformation in the later phases, suggests that these rocks crystallised close to the
peak of the deformation event. This deformation event could have been the D3 event.

Alternatively, the earlier intrusive phases may have crystallised in a higher stress

environment than the later phases, implying that the later phases crystallised after tite peak

of metamorphism. The second model seems more likely in light of other evidence presented
in this study.

As noted in Chapter 4, the dominant sulphide present in the Koperberg Suite at Jul.Jee is
bornite. However, bornite is not representative of the original magmatic sulphide phase.

Bornite is pitesent as the result of oxidation of the original sulphides to bornite and magnetite.

The magnetite thus produced would be a pure phase, with little or no impurities, such as

Ti02, Cr20,;, Al;103and V205' Magnetite grains which approach end-member composition
abound in mica diorite and pyroxene leucodiorite (Fig. 5.7). Itl pyroxene diorite, there are

several instances of impure magnetite grains, but the nresence of two discrete populations of

magnetite suggests that there are two discrete phases of magnetite crystallisation. The

population which contains a low proportion of impurities such as Ti02, Cr203, A1203 and

V205 may have been formed by the oxidation of sulphides as proposed by Cawthorn &

Meyer (1992), while the population which contains these impurities may represent the

original, magmatic magnetite. Since all phases of intrusion have experienced oxidation of

sulphides, it is concluded that the oxidation event occurred after the intrusion of the final

Koperberg Suite phase. The oxidation of sulphides in the Koperberg Suite may have been the

result of a high temperature metamorphic event (Cawthorn & Meyer, 1992). The high

temperatures attained durin-g the Mz metamorphic event (Chapter 1), makes this the likely

cause for the oxidation of the sulphides to produce the pure magnetite observed in the

Koperberg Suite. This suggests that the rocks of the Koperberg Suite intruded prior to the

onset of peak metamorphic conditions of the M2 event. Furthermore, features such as the

recrystallisation of plagioclase suggest post-crystallisation metamorphism.

From the discussion above, it is clear that the Koperberg Suite at Jubilee intruded into the
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country rocks at some time during the D3 and M2 events. An extended period of time for the

intrusive event is implied by the varying stress conditions experienced by the various phases,

and by lithological contacts between the Koperberg Suite phases.

7.5 Temperature and pressure conditions at time of intrusion

Metamorphic conditions m the Okiep Copper District during the D~ event reached upper

amphibolite- Ito granulite facies (Gibson & Wallmach, 1992). At these high grade.
I'

metamorphicj conditions, the granitic suites in the Okiep Copper District would have

experienced ~~anial melting. It has been shown above that the Koperberg Suite at Jubilee

intruded into (~!1ecountry rocks close to, or after, the peak of the D3 deformation event.
<:

Therefore, at tfi~. time of intrusion of the Koperberg Suite, the country rocks were
-,

undergoing anatexis'i¥(l partial melts of granitic material would have been present in 'the
\\ Ii

crust. These anatects would migrate down any existing pressure gradient and would

accumulate in zones of lower pressure. Kisters (1993) has proposed that the sub-horizontal

S2 foliation in the granitic country rocks, and the sub-vertical shear zones associated with D3

steep structure formation, represent zones of lower pressure where granitic anatect may

accumulate, It therefore seems likely that, under the regional metamorphic'conditions at the

time of Koperberg Suite intrusion, there existed a certain volume of locally-derived anatects

in zones of low pressure. A mafic magma ascending along these zones would very likely be

hybridised by these granitic anatects,

7.6 Evidence for crustal contamination

Given the favourable conditions of elevated temperatures and pressures which produced

locally-derived anatects in the granitic crust, it is highly likely that a mafic magma rising

through this crust would become contaminated. Several lines of evidence from the present

study suggest crustal contamination of a mafic or intermediate magma.

'1.6.1 Mineral chemistry evidence

In Fig. 7.1 the %En in pyroxene versus the %An in plagioclase in samples from Jubilee is

plotted, as well as En-An data from other igneous complexes. The ratio between the An

content of plagioclase and the En content of pyroxene in samples from me Skaergaard,

Bushveld and Stillwater igneous complexes is approximately 1:1. Koperberg Suite sample')
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from Jubilee deviate from this relationship. Data from jubilee indicate that the plagioclase
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Fig. 7.1 En-An relationships of the Koperberg Suite compared to other igneous complexes.
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pyroxene exceeds An in plagioclase by up to 20 mole per cent. The addition of a granitic

melt (which is rich in Na and K, but poor in Ca, Fe and Mg) to a mafic magma will affect

the Ca:Na ratio (An content) in plagioclase, but the Mg:Fe ratio (En content) in pyroxene

will remain virtually unchanged. The data from Jubilee suggest that the primary magma was

increased in Na (and Possibly K), thereby changing the An content in plagioclase, without

changing the En content of pyroxene. An obvious candidate for the contaminant is a granitic

anatect which was present in the crust at the time of intrusion.

The degree of contamination of a mafic magma by a granitic melt can not be calculated from

the En-An data, since the chemistry of the neither the mafic magma, nor the granitic melt,

is known. However, if all the magmatic phases were derived from the same (or similar)

parental magma, and if they were all hybridised by the same (or similar) granitic melt, then

intuitively, the more felsic rock types would have been hybridised to a

the more mafic rock types of the Koperberg Suite.

degree than

1.6.2 Rb-Sr isotopic evidence

The 8?Sr/86Sr ratios tor the Koperberg Suite vary greatly (Fig. 6.8). Although the pyroxene

diorite samples fallon an errorchron, all anorthosite and mica diorite samples are enriched
in 87Sr/86Sr with respect to this errorchron. One explanation for this high initial !OSr/ROSrratio

is that the anorthosite and mica diorite were derived from a :.Hfferent source to the pyroxene

diorite. However, Fig. 6.8 shows considerable scatter for the anorthosite and mica diorite

samples and a second isochron can not be fitted to these points. So, a different source seems

unlikely. It is possible that mica diorite samples do not fit the isochron defined by the

pyroxene-dominated samples because this reflects the open system behaviour of mica which,

during deformation and metamorphism, lost Rb.

The pyroxene diorite samples from near the contacts W;("i '" :h1. Granite are richer in
mica than the rest of the pyroxene diorite sample (Chapter 4). However, the proportion of

mica in these samples is not as high as the proportion of mica in the mica diorite (Chapter

4), Nevertheless, pyroxene diorite samples from the contact zones (samples 23, 160, 161,

162, 166, 221 and 222) contain as much Rb (100 - 200ppm) as the mica diorite samples,



suggesting that when the pyroxene diorite magma was crystallising, mica in the magma

behaved as an open system, gaining Rb from the country rock which is enriched in this
element (Chapter 6).

It is possible that the increased 87Sr/86Srvalues in the anorthosite and mica diorite samples

is the result of contamination of the parental magma by a granitic anatect. A mafic magma

would have a lower &7Sr/85Sr ratio tt."\n the granitic anatects present in the crust at the time

of Koperberg Suite intrusion.If these two melts came into contact with one another and were
allowed to mix, the resultant mixed magma would have a higher 87$r/86Sr ratio than the

parental magma. The degree of mixing or homogenisation of the two magmas with respect
to the 87Sr/86Srratio, would determine how far off the pyroxene diorite isochron these

samples would lie. In general, anorthosite samples lie further off this isochron than the mica

diorite samples (Fig. 6.8), suggesting that the magma which gave rise to the anorthosite

experienced a greater degree of contamination in term of this isotopic ratio. However, one

mica diorite sample is also highly enriched in this ratio. This sample is taken from the

Transition zone, which suggests that the material in this zone experienced a greater degree

of contamination than the mica diorite from elsewhere in the Jubilee pit.

Since bulk mixing represent complete homogenisation between two end members, it can be

used to illustrate the extreme case in which an the chemical species homogenise. In

particular, it would illustrate the case in which Sr isotopes of two end members homogenise

completely.

Quantitative modelling of the mixing process is difficult, since the compositions of neither

end-member is known. Concordia Granite has an Ro of 0.709 at l030Ma, which is too low

to produce initial ratios of up to 0.725 in rocks which are derived from mixing of a granitic

anatect and a mafic magma. Therefore, although limited assimilation of Concordia Granite

may have occurred in situ at the intrusive contacts, the assimilation of granitic material would

most probably have occurred at depth. Material suitableas granitic contaminants exist deeper

in the crust, such as the Nababeep Gneisses (Table 1.1). Similarly, the composition of the

mantle-derived liquid is not known, since the rocks of the Koperberg Suite are cumulates and

hence yield no information about the parental liquid from which they crystallised.
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A bulk mixing curve was constructed for the parameters Ro and Sr between two hypothetical

end members: a granitic component and a mafic component (Fig. 7.2), The mixing equation

(RoISr)M = f(RJSr)A + (l~f)(RofSr)B

is used, where the subscripts M, A and B denote the mixed magma, the granitic, component

and the magmatic CQ!;1p(,)nent,respectively. The term f in the above equation represents the

fraction of granitic component in the mixed magma.

Table 7.1 Calculation of Sr content of the liquid from which the rocks of the Koperberg Suite

were derived.
==
Rork type Sample R, Whole- Norma ISdn All n'le Sdn

No. rock Sr tive p!ag eontent of melt

(ppm) pIlag (ppm) plag (ppm)

13~ 0.720458 802 75 1069 J6.0 3.40 315

Allorth- 150 0.720780 471 SO 954 35.S 3.4S 271

oJ'i1e 213 0.724894 SG4 60 R40 36.8 3.32 253

1---
145 0.724758 S1l3 72 810 41.4 2.86 2S3

Mic" 159 O.71555J 691 65 W63 <!:to 2.80 ::IlIO

diorit e 186 0.715919 775 57 1300 42.9 2.71 50',\

-
Pyroxenl' 42 0.712503 632 54 1170 46.0 2.40 488

Ieuce- 50 0.712343 '159 68 1116 47.0 2.30 485

diorite' 53 0.712525 72~ 59 1225 46.1 2.39 513

192 11.712972 905 67 1351 46.0 2.40 563

--
23 O.7IS4M 321 37 870 46.0 2.40 363

Pyrox~nl! IB 0.713565 542 45 1204 46.0 2.40 502

diorite 122 0.713004 435 42 1036 47.'; 2.23 464

222 0.714221 1322 3S 920 41.4 2.86 szz

Note: The compositions of plagioclase in samp es 136 and 177were not analysed and

are assumed to he An36•
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Fig. 7.2 Plot of RI) V.f. composiiion of the liquid from which the various rocks of the
Koperberg Suite were derived (see text for discussion of otlcukuion method).

These rocks are cumulates and therefore, whole-rock Sf values quoted in Table 6.4 do not

represent the Sr content of the magmas from which these samples. crystallised. Sr values in

the melts can be determined from the Sr content of the plagio-lase, However, since Sr was

not determined tor plagioclase separates in this study, Sr in plagioclase can be approximated

using whole-rock Sr contents. It was assumed that all the whole-rock Sr occurs in

plagioclase. This assumption is not realistic, since Sr also occurs in apatite (Section 6.2.3),

but this is a minor phase. The modal abundance of plagioclase is approximated from the

normative An and Ab contents. From the nonnative content of plagioclase and the whole-

121



rock Sr content, the St of plagioclase can be calculated (Table 7.1).

From the Sr content of plagioclase and the partition coefficient between melt and plagioclase,

the Sr content of the melts from which each individual rod~ type crystallised can be

calculated (Table 7.1). The composition of plagioclase affects the partition coefficient for Sr

between plagioclase and melt (Drake & Weill, 1975). Therefore, the partition coefficient of

Sr between the melt and plagioclase (Dpt.g) is taken to vary linearly from 2 for plagioclase

of composition Ansoto 4 for plagioclase of composition An30'The melt values thus calculated
(Table 7.1) are plotted against Ro in Fig. 7.2. Note that the whole rock Sr contents used in

these calculations were determined by mass spectr"lnu~fJ', not by XRF.

Two mixing curves were calculated, using as the mafic magma end-member, a composition

of Sr = 600ppm and Ro .:= 0.712, and the granitic end-membe. being the Brandberg Gneiss

or the Augen Gneiss. These two gneisses represent end-member compositions of the
Nababeep Gneiss (Mc(;arthy, 1976).The gneisses contain 80ppm and 200ppm Sr,

respectively. The Ro for 1030Ma was calculated assuming an Ro of 0.715 at 1220Ma

(Clifford et al., 1995) and a RbiAr ratio of 2.5 (McCarthy, 1976). The Ro at l030Ma thus

calculated is 0.737. The parental magma end-member represents a hypothetical magma from

which the Koperberg Suite could have been derived. This magma is highly enriched in Sr and

Ro relative to a normal mantle-derived magma, and the composition of this parental magma

is significant in determining its source.

These two mixing curves are plotted on Fig. 7.2 and show that the Koperberg Suite samples

from this study fall between these two mixing-curves, Hybridisation with Concordia Granite

(also plotted on Fig. 7.2) would produce a horizontal mixin curve on Fig. 7.2. This may

account for the variation in Sr content at near constant Ro for pyroxene diorite samples. It

was observed in Chapter 3 that only pyroxene diorite occurs in contact with Concordia

Granite at Jubilee, and a limited degree of ill situ assimilation of Concordia by pyroxene

diorite may have occurred. The high Rb contents of these pyroxene diorite from near contacts

is further evidence for limited in situ assimilation crf'Concordia Granite by pyroxene diorite.

From Fig. 7.2 and the qualitative discussion on assimilation from mineral chemistry data,
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it is clear that the degree of contamination decreases from anorthosite, through mica diorite

to pyroxene leucodiorite and pyroxene diorite. Note that the pyroxene diorite samples from

the contact zones exhibit a much higher apparent degree of contamination ~,"another
pyroxene diorite samples (Fig. 7.2). Ihis is due to in situ contamination by Concordia
Granite country rock material. The high degree of assimilation implied by Fig. 7.2 suggests

that the granitic component must have been in (' molten state. Kisters (1994) argues that there

was a significant amount of granitic anatect in the crust at the time of Koperberg Sq;ite
intrusion.

7.7 Sulphide formation
There is a strong positive correlation between Cu and S in the Koperberg Suite samples (Fig.
6.6a). It was noted (Section 6.2.4) that the Cu:S ratio is between 2.6 and 2.9. This ratio

reflects the bornite-dominated sulphide mineralogy. This sulphide assemblage was considered

by Cawthorn & Meyer (1992) to be the result of later oxidation of earlier magmatic

sulphides. This oxidation T"'~-tion of pyrrhotite-chalcopyrite being oxidised to magnetite-

chalcopyrite-bornite can be illustrated by the Jubilee data. According to the interpretation of

Cawthorn & Meyer (1992)~ the resulting magnetite will be Ti-poor, The analyses of

magnetite in this study (Section 5.3.1) reveal that there exist two distinct populations of

magnetite, especially in pyroxene diorite. This suggests that there were two 'phases of

magnetite formation. One population deviates considerably from end-member composition

due to the higher Ti02 and FeO contents, relative to other magnetite grains. These Ti-rich

magnetite grains represent the magmatic oxides while the Ti-poor grains represent the

magnetite formed by the oxidation of the original sulphide assemblage. It is also significant

that magnetite gr..JUs from pyroxene diorite differ considerably from magnetite from

pyroxene leucodiorite and mica diorite. The magnetite from the latter rock types approach
end-member compositions, while magnetite from pyroxene diorite deviates from end-member

composition due to the inclusion of Cr203, A1203, V20S and MnO. The magnetite grains

which most resemble end-member compositions represent magnetite liberated during the

oxidation of the original sulphide assemblage (Cawthorn & Meyer, 1992). Therefore, there

appear to. be no magmatic magnetite in pyroxene leucodiorite and mica diorite. This suggests

that, in the magmas producing pyroxene Ieucodiorite and mica diorite all excess Fe, Ti, Cr,

AI, V and Mn that had not been taken up by silicates were incorporated into sulphides, while
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in the magma that produced pyroxene diorite, magmatic magnetite (in addition to sulphides)

was formed which incorporated these elements.

It was noted in Section 6.2.4 that the trends of pyroxene leucodiorite ~hdpyroxene diorite

in the plot of Cu vs. S (Fig. 6.6a) converge at a composition of 5% Cu, 1 6% S (F' . ·5.6a),

about 2500ppm Cr (Fig.6.6b), 17% MgO (Fig. 6.6c), and about 43% Si02 (Fig. l>.!). This

represents the composition of the magmatic phase from vhich sulphides crystallised in both

pyroxene-rich magmas.

The positive correlation between Cu and Cr is significant, since Cr is a lithophile. At .TuD~Iet.:.,

Cr203 is taken up by pyroxene (Table 5.2) and Cr-rich magnetite (Table 5.4a). The

correlation between Cu and Cr therefore indicates that the Cu-bearii
together with a phase containing pyroxene and magnetite,

'?hides accumulated

7.8 Sequence of intrusion

The sequence of intrusion of the Koperberg Suite at Jubilee has been established as being
from less mafic to more mafic (Chapter 3). This sequence is easily understood if one

considers a series of magmatic pulses ascending along the same conduit which originally

contained a certain volume of locally-derived granitic anatects.

The earlier pulses (If magma ascending along the shear zone or conduit would have

assimilated a major proportion of the granitic anatects that ponded in the shear zones.

Furthermore. these early magmas would also have begun assimilating country rocks by
undergoing rapid chemical and isotopic exchange. By leaching out all the rapidly diffusing

species, the rising magma partially armoured the country rocks against further chl,.ieal

exchange with subsequent transient magmas. These later phases of magma ascending along

the same conduit would therefore be able to assimilate less country rock, since they would

not be able to undergo chemical exchange for long enough to assimilate a larg proportion

of the country rock material. Also, there would be less crustal anatects present in the shear

zones for the later magma pulses to assimilate.

The processes of contamination of a mafic magma by a crustal Ot., .f•.Itic component (as
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· described above), result in the early intrusive phases of the Koperberg Suite containing a high
proportion of crustal ]1 .aterial, while later intrusive phases are less contaminated. The extent

of mixing between a mafic magma and crustal materia1 determines the c.()mposltion of the

resulting rock types. Since the whole-rock geochemical composition is determined by the
proportions of the constituent minerals present (Chapter 6), the mineralogy of the rock types

are also a qualitative measure of the degree of contamination. The proportions of contaminant

and parental magma, and the way in which these ccmponents mixed, have been described
in Section 7,6.

The rock types of the Koperberg Suite at Jubilee can therefore be described in terms of their

relative proportions of mafic and crustal components. Pyroxene diorite, which represents the
last phase of intrusion, contains the lowest proportion of granitic material of all the

Koperberg Suite rock types present. A small degree of contamination must have occurred to

explain the absence of clinopyroxene (McIver et al., 1983), the high initial &7Sr/StSSrratio

(relative to normal mantle values), the lack of correlation between En and An, and the
absence of olivine (Gray, 1987). Pyroxene leucodiorite is verysimilar to pyroxene diorite,

but represents a magma with a slightly higher proportion of crustal contaminant.

Mica diorite is an intermediate phase of the Koperberg Suite. Since it only contains a very

small proportion of orthopyroxene, oxides and sulphides (Chapter 4),· t.l1is rock type

represents a highly contaminated magma. An indication of the amount of contamination that

a mafic magma must have undergone to produce this rock type is illustrated in Figs. 7.2 and

7.'t Anorthosite is the earliest phase of intrusion recognised as belonging to the Koperberg

Suite (Chapter 3). Only a small proportion of alkali feldspar is present in this rock type

(Chapter 4), which indicates that anorthosite can not represent a pristine crustal melt. Hence,

a certain proportion of the magma which produced this rock type must have been derived

from a mafic magma. The bulk of the magma, however, must have been of a granitic

material.

Granitic material. which occurs as xenoliths within the anorthosite and mica diorite rock

types of the Koperberg Suite at Jubilee, rna)' represent an intrusive phase which predates the

intrusion of anorthosite. The granitic nature of these xenoliths suggests that very little or no,
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rocks represent and intrusive phase to which no mafic magma was added, the granitic

xenoliths may represent fragments or restites of granitic crust
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CHAPTER 8

CONCLUSIONS

8.1 Summary model

Based on the data and discussions presented in the preceding chapters, the following model
summarises the petrogenesis of the Koperberg Suite at Jubilee. The model attempts to

reconcile the complex geochemical, petrographic and field characteristics of this suite into

a single, coherent petrogenesis.

i) Partial melting of an enriched alkaline mantle produced a magma rich in incompatible,

lithophile elements. The cause for melting of the mantle is not considered here.

ii) Large VOl unes of this mantle-derived partial melt ponded at the base of the crust in

one or several larje magma chambers. This injection of heat into the lower crust is a

probable cause for the high geothermal gradient and the high grade of metamorphism

recorded throughout the Okiep Copper District.

iii) Differentiation of the magma occurred in these deep-seated chambers. Repeated

tapping of the residual liquids produced several phases of magma, intrusions into lower- to

mid-crustal levels,

iv) Regional metamorphism "of at least upper amphibolite facies caused partial melting of

the country rock granite gneisses. Sub-vertical shear zones and fractures, related to the D3
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deformation event, acted as traps for the locally-derived peraluminous anatects and as

conduits for the ascending magma. One such shear zone or fracture must have occurred

below the current Jubilee open pit mine.

'i:? Basic magma which ascended along these conduits experienced variable degrees of

c~i~ntaminationdue to bulk assimilation of locally-derived anatects, isotopic exchange and

diffusive mixing with the country rocks. The earliest pulse of magma encountered larger
volumes of granitic anatects, and underwent diffusive mixing with the country rocks to a
larger extent than the later pulses. Later phases of intrusion brecciated and entrained

xenoliths. of earlier phases. as well as of the country rocks. The entire intrusive event
spanned at least lOMa during the later stages of the D3 deformation event and possibly

somewhat after this event, but predates tJ'Ie peak metamorphic conditions of the M,!

metamorphic event.

The ratio of mafic magma to conte- . ant thus increases from the earlier phases (anorthosite

and mica diorite) to the later phase (pyroxene leucodiorite and pyroxene diorite). This ratio

determined the mineralogical and geochemical character of the.rock type resulting from each

magma pulse, as well as the sulphur saturation point of the magma-contaminant mixture.

The later phases of intrusion containing less contaminant, were probably at a higher

temperature and therefore less viscous. This enabled the later phases to brecciate rocks

crystallising from earlier intrusions, and to entrain xenoliths of these rocks to their final sites

of emplacement.

vi) A limited degree of in situ contamination occurred, mostly by assimilation of

Concordia Granite country rocks, but also by continued homogenisation between the magma

and included xenoliths.

vii) Peak metamorphic conditions, which occurred after the last phase of intrusion, caused

oxidation of sulphides and textural changes in the rocks.
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Fig. S.l Schematic representation of the petrogenetic mode; of the Kopetberg Suite intrusion
at Jubilee. See text for details.
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As can be appreciated from the petrogenetic model proposed above, the Koperberg Suite at

Jubilee is the result of a complex and unique sequence of events. The scope of the present

st~dy is not sufficient to present a complete model, since many sources of evidence have not

been explored. Several studies may still be undertaken at Jubilee to verify, modify and

complete the petrogenetic model. Continued studies at Jubilee are zonsidered vital since the

JUbilee open pit mine offers a unique opportunity to study a single, composite and
mineransed intrusion, as ..well as the surrounding country rocks. Besides easy and three-

dimensional access to a large portion of th.~ intrusion, much of the large scale mapping,

sampling and whole rock geochemical analyses have already been done.

The following further studies are recommended:

More accurate dating (eg. single zircon Pb/U) on each of the different phases of

Koperberg Suite intrusion, to establish the age and duration of intrusive activity

Further stable (eg. 0 and S) and radiogenic (ego Sm/Nd and U-Tb-Pb) isotopic studies

on the rocks of the Koperberg Suite at Jubilee may shed more light on the contribution of

the mantle to the parental mafic magma.

Detailed geochemical and isotopic studies on the granitic xenoliths to determine

whether they represent a genetically related early Koperberg Suite phase. or whether they

represent the granitic anatect with which the mafic magma was contaminated.

A detailed study on the significance of orbicular structures in some Koperberg Suite

rock types.
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GEOCHEMICAL TABLES

Table A I; Mineral chemistry analyses
Table A2: whole-rock geochemical analyses

Table /\3: Whole-rock ferrous and fern!': iron contents



I Probe I150.P2C 150.p2r 1!1O.p3r 1111.1)1(; ISS.p1n! 168.p2c '6!;P2r 1SS.p:;;; 'Z1;1.p1e 213.p2<;a 3}~·e2r 2U.p3c 213.p'lni ;>13.p.Cc.. ioIq"-"~•
SiC. 58.75 56.6111 5U8 59.84 60.28 59.86 6005 60.02 ~.37 58.44 57.97 51.44 58.<4& 5710
AI,o, 25. t8 25.35 25.46 2•. 59 24.54 ;14.97 :;:.06 2420 25',l0 25.20 26.09 ~91 25.66 26.02
!'eO 0.09 0.01 0.10 o..g 1).06 (lOS 0.'1 0.10 O.OO~ 0.09 O()Q 0.06 0.09 0.05
C50 72$ 734 7.33 6.46 fU4 tUr' 6.58 6.41 7.34 5.99 797 8.02 7.66 13.1~ I
8.0 0.00 000 0.02 0.03 0.00 0.01 0.01 om 0.20 0.11 000 0.04 0.02 O.Ot
NIlxC 7.06 700 7.10 7.49 175 7.43 7.61 7.01 6.44 5.01 6.00 646 6.42 ~.53
1<,0 0.44 0.45 0.50 0.411 026 053 0.27 0.41 1.34 4,00 0.33 0.78 O.t:rt 1).-13

·rOTA!. 98.80 99.09 Il8.3II 9$.lIll 99.3IS 98.35 99.45 98.8. 99.25 98.94 99.34 N.72 .. lIU tU9

An 35.36 35.72 35.27 31.36 )1.00 3147 3U,5 :.11.10 35.65 3.'1.15 3825 38.89 38.23 ~.~
Ab E!2.10 61.70 IIU\5 65.83 67-49 65.44 ~.79 66.14 !SIl60 45.eo 59.88 5663 57.18 57.70
Or 2.54 258 2.88 2.82 1.51 300 156 2,76 7.75 24.:<5 1.87 4.48 3.99 2.48

Mica diorite
"

Probe 134.p1c 134.p1r 134~c 134.p3r 134.p5c 134.p5r 145.p1t 1'(5.p3c 145/ jt 145.p41: 145.;141' 167,J)2e 16r,p~ 161.p3fl.\
SIO, 5715 57.75 ~.13 !Ia,J5 """"57'10 5694 574i3574C 51,38 51 )5

...
57,80 5a90 5725 57.14

AlA 26.3j 25.49 2583 2.583 2846 ::?I,l83 21156 2658 21$.81 2854 ~l'I.32 l634 2M3 28,84 i
1'.0 0.08 0,06 0.00 011 003 c.oe 010 0.08 1)07 000 0.09 0.07 008 005 .IIC.O M7 630 1.89 763 8.37 668 8.51 851 853 848 8,48 542 8.52 8.55 I

&.0 0,02 001 003 1),00 0,00 0,00 0.05 CO2 004 0.02 0,0') oeo 0.00 003
Na"o(J 632 6.ll<I 6.7& 6,92 659 6.19 640 6.40 6.32 632 6.39 643 6,48 6,24 }
K,O o.es 0,35 0,39 0,27 0.27 0.:)1 040 047 0.45 0,49 0.35 0.41 0.37 o,~/

TOTAl.. lI4.82 91.113 9$.10 911.31 9$,112 9$.22 tlM7 tlM4 1lt.3lI 98.29 • .41 9~1.57 99.35 ~'!~
/-/

An 41.99 40Q3 38.35 37.00 41:&4 4342 4136 ~1,23 4~,59 ..136 41.38 .'10.99 ~J~'<;' 42,17

Ab 5596 57.es 59.<10 80.57 57.8:; 5471 56."32 56.(19 '55.76 '55,78 56.57 51;'66 56.58 5:;,7:,)

Or 2.03 2,02 2.25 1.5/ 153 181 ",~Il 2,61) 2,52 286 2.05 2,:''5 2,15 :1.10

Probtr 167.p4c~! 167.p5cb 18S.)l1br 1~.p2c lBS.piC: 181l.p1ra 18G.p2c 186.p2r 198.p3c 199.p3r 1M., 198.p4r
Slo., 5737 56.70 tlEI.a2 5733 56.74 56.64 56.99 56.70 5704 56.'52 56.SS . 56.19
A!tOt 2EUl9 26.49 26.43 26,51 26.54 2648 2671 2600 27.04 2t71l6 27,00 2722
,,110 0.06 0.06 007 0,06 0.01 ooe 0()4 0.06 0,06 OOd G06 0,10
CaO 842 8.56 8.06 8,25 8,82 861l 8.71 6.90 8,70 888 8,B2 9,26
BIIO 0,04 0.03 0.00 0.00 0.03 0.00 0,0'3 0.05 0.06 0,00 OO:! !),02

,.
I N•• O 594 6,33 6.19 651 6.21 6.3~ 518 IU8 fl.37 6.21 630 (1.'1

K,O 0,38 0.40 101 0.49 0.37 0,31 032 0.2" 028 032 0.30 0.31
TOTAL 98.9'1' 98.59 98.61 1,19,14 911.76 911,51 9~,'7 911.13 99.57 9'.97 99.38 99.20

An 42.9'1 41.77 sass 4003 4303 .:228 42.\" 4331 "23<! 43.3·1 42.89 44,]7

Ab : 1.'i7 5591 ~i5 57.15 54.% 5592 5516 ~523 5604 fA IS 55,39 53.46
Qr 232 2.31 588 2.82 212 100 181 1.36 164 188 1.72 1.77._



Table A1 Icontd.) Plagioclase chefllistry analyses
Pyroxene leucodiorite

Probe 42.112 42.p3 50.p2C 50.,,2r 50.p4e 50.p4n.l 50,.a5c 50.pSr

"0. 5538 5507 selS 56.10 5541 5618 5l5.71 5509
AlA 2759 2723 2782 2754 2146 .12 2152 2828
l"eO C 13 016 014 005 0.18 10 COO 0.19
ClIO 9.47 921 9.51 9.44 9.78 926 9.75 1007
!h0 0.01 006 0.00 0.03 002 002 0.00 0.02

"*,0 583 593 5.»(' 5.98 5.66 590 5.88 5.65
1<,0 042 039 0.28 0.30 0.32 0.29 029 023

TOTAl. 98.82 9U4 it:79 99.44 fl8.85 99.08 911.23 $9.53

An "8.,5 45.13 4862 45.81 41.9G 4564 47.03 48.96
Ab 5142 5259 5198 52.46 5021 5:l.67 5128 49.74
Or 2.44 228 1.62 1.13 1.84 1.69 1.69 1.31

Probe ~3.P1a 53.p3 64.p51;: «4.p71; 64.pTr 192.P2': 192.p2111 192."5,, 192.p5r 192.plk 192.l)&r

I SiO. 55.04 5525 ;7.37 5719 57.25 5542 56.16 5569 56.:>9 55&& ee.aa
I AliO• 2743 2731 26.19 2618 25.47 2764 2877 2713 :17 09 27.24 2720

I
Fea 0.21 021 0.09 0,2 0.12 010 012 0.14 0.11 015 012
CaO 9.45 949 820 637 II44 981 92, 954 930 9.52 8.96
BGO 004' 1)03 0.03 0.00 000 0.04 0.03 0.05 0.02 000 005
Nz.O 578 580 6.34 643 6.31 560 6.00 571 38'5 !l.79 611
1<,0 051 041 0.58 0.50 CAS 030 0211 0::19 040 0.3& 0.40

TOT.'L 98.45 98.54 98.80 98.19 911.07 91.90 !J8.'i7 98.84 99.05 99.04 9MT

An 4601'1 44.80 40.:26 .01065 41.33 48.3& 45.,2 46.93 4~1$5 4655 43.49
Ab 5100 5355 5636 5647 oc. 5589 49.91 53~1 5O~1 5202 51.25 5418
Or 294 165 ::'.38 2.68 278 173 1.67 2.26 233 220 2.33



Table A1 (contd.) Plagloc.!.HC'hemistry al1alYses
Pyroxene diorite .'~

:)

Probe 23.p1c Zl.p2c 23.j:l2r S8.p1c 58.p3 1C2.p4c; 102.p4r 102.p5c 102.p51' 102.pk 102.P8r 1ii.p1c ii'.pir 1i1.p2c 1t1.p2r
SlOt 11763 55.77 5S.4B 56113 5587 5642 5UO 56013 5726 5f;<)6 56.08 545.97 55.96 57.10 57.02

A120. 2641 2793 27.46 2714 2752 2740 27.30 27.51 27.05 i~m 2712 26.65 21.53 ~.91 ~7.05reO 0.11 006 026 0104 00& 027 0.08 012 0.07 O~~ 0.13 0.14 0.13 0.16 0.11
Cao 8.25 9:r9 9.99 869 922 938 9" 9.60 864 8.94: 944 8.60 961 8.77 Il03..
BaO 000 002 000 004 005 000 002 v02 004 0.00 00::' 000 0.00 0.00 0.00
NalO 6.50 576 556 8.32 13.09 8.00 615 588 645 6.32 6U -. 6.16 5.11 13.23 601
KtO 029 026 0.22 034 028 021 020 024 023 020 020 0.41 0.38 0.45 044

TOTAl. 119.25 g9:~a 98.95 99.42 iII.l1 99.69 99.45 99.43 9l1.75 99.59 99.11 99,13 ~.32 9U2 SU5
-~.,

An '..
4713 49.18 42.32 4480 45.78 44.50 46.75 4195 43.35 4549 43.06 4710 42.6, 44.204(;.'.0

Ab 5;'\78 50.77 49.5<1 55.76 53.55 53.00 5<1.33 51.85 58.70 55.48 sa 37 54.56 50.112 54.80 53.25
Or t.72 150 1.28 1.95 164 122 1.17 140 135 1.17 1.1<1 2.38 2.08 258 255

,
!'rob' 111.p4c 111.p4r 113.p1 113.p3- ,122.p2«; 1?2.p:Zr 122.p2'J 122.113c; 122.p3r 122.p; e 122.117r ~.P'k: 222.p5c. 222.p5r

,,~. ,Un sua 56.SOSlo, 5715 5705 5Cl.aIl 56.06 \, '51148 55.94 5577 55.27 55.75 5620 57.03
AhO, 2863 2685 30.78 :'741i 27.13 ::7.8:) 2761 27.70 2812 2739 2798 25.38 25.16 25:58
FeO 0.13 0.12 010 009 O.OQ 020 0.14 014 U 16 012 0.11 0.06 0.07 0.10
CIO 871 890 1J.15, 'Mia '" '122 II 989 9.137 982 10.25 9.80 9.511 8.50 8.36 8.54e.o 000 0.03 OJ"" '·'(1..00 'd nos 004 006 003 0.02 0.04 0.03 0.01 0.00
NatO 0.20 6.30 4: ", .. J 5.13 5.56 5.63 55~ 5.73 5.74 13.41 6.38 IS34./.,;

K,O 0.48 044 01,' • (1.:16 0.42 1)33 030 0.27 0.24 0.37 038 0.34
911.70

~~
99.45 118MTOTAl. 93.28 {.Ifj~-~ ~ll;, 9$.38 9l1.6!i 9U7 99.88 98.82 98.64

,;::- i'<':"

An 4255 4276 6400 ~{.:l~.4i'.79 48.14 49.80 47.83 41.34 41.37 4105 41.82
Ab 5478 5473 3518 ""73 49.93 4848 50.59 5125 !515.48 5672 5(120
Or 2.67 ~.Sl ()!l2 , , 2.48 193 172 1.58 i.41 2.15 223 IpS

~ I -
, ....... ~~I .. _....,.~ ~~



T bl d)Pa eA1 «ont . lyroxene chemistry analyses
Mica diorite

Probe I'fIfI;.X1 14S.X2 145,)(6 181l'.X1A 185.X18
t-;,- 51.41 51.18 51.26 49.82 49.73• ,1.)2

Ti02 0.08 0.08 0.12 0.12 009
Ar,0~ 2.08 2.13 2.32 2.66 2,63

Cr,Ol 0,01 0.00 0.01 0.00 0.01
FeO 22.84 22.94 22.69 23.68 23.93
MoO 1.22 1.19 115 1.28 1 18

MgO 21.~5 21.42 21.72 20.85 20.52
NiO 0.(,12 0.01 0.02 0.Q1 0.02

CaO 0.35 0.38 0.38 0.32 0.27

Na20 0.01 001 0.03 0.Q1 0.01

TOTAL 9UtS 99.33 99.71 98.65 98.40

En 62.26 61.98 62.55 57.98 57.59
Fs 37.02 37.23 36.66 37.34 37.74
Wo 0.72 0.19 0.19 0.63 0.53

~
pyroxene tsucodiorlte

Probe 42.X2 42.X3 50.Xl 50.X;' 50.X5 50.X6 53.Xi 53.X3

sio, 50.90 51.33 52.09 51.86 51.59 51.35 51.22 51.28

TI02 0.09 0.10 0.12 0.10 0.08 0.07 0.10 0.09

AI20a 1.96 1.88 1.70 1.57 1.68 1.44 1.72 1.75

Cr20l 0.04 0.01 0.03 0.01 0.Q1 0.02 0.03 0.02

FeO 22.22 22.21 22.91 2287 23.26 2367 22.28 22.42

MnO 0.55 0.55 0.50 0.46 0.50 0.55 0.51 0.50

MgO 22.54 22.15 22.04 21.U2 21.5€: 21.11 22.71 22.52

NIO 0.05 0.08 O.OS 0.05 0.06 0.06 0.08 0.03

CaO 0.48 0.47 0.55 0.71 0.62 0.50 0.54 0.54

Na20 0.02 am 0.01 0.02 0.00 0.00 0.02 0.00

TOTAL 98.83 99,39 99.99 99.45 99.36 98.77 99.20 99.15

En 03.27 63.86 62.46 62.07 61.51 60.75 63.15 63.21
Fs 35.04 35.03 36.42 36.48 37.23 38.22 35.12 35.36
Wo 0.93 0.92 1.'12 1.44 1.26 1.03 1.05 1.06

Probe 64.X2A 64.X3 S4.XA 192.X1A 192.X4 192.X6
5102 51.32 50.81 51.40 51.3~ 51.23 51.64
Ti02 0.08 0.10 0.09 0.09 0.09 0.09
AlzOl 2.09 1.79 1.92 2.03 1.85 1.87
Cr203 0.00 0.02 0.01 0.02 0.01 0.04
FeO 23.50 21.42 23.29 23.2Q 23.21 23.19
MnO 0.80 085 0.86 0.62 0.68 0.60
MgO 21.49 20.99 21.06 21.46 21.26 21.56
NiO 0.00 0.00 0.00 0.05 0.04 0.05
CaO 0.37 0.44 0.44 0.49 0.19 0.50
Na20 0.00 0.01 0.00 0.00 0.01 0.01

TOTAL 99.65 98,45 99.05 99.28 lI8.62 99.54

En 61.51 60.94 61.16 6162 61.72 61.74
Fs 31.72 38.14 31.93 37.37 3.,90 31.24
Wo 0.71 0.92 0.91 1.01 0.40 102



_____ .. } ___ n -, " f ~ -_~..
m N-----------, --- .. -f -c) I MPyroxene diorite

Probe 23.x3 23,)(4 118.X,1 ti6.X3A102Jt1 102.><2 102.)(5 111.X1 111.X3 111J($ 113,)(1 113.X3R 122.X2
Si02 51.05 50.64 51.49 51.81 52.02 51,90 5U18 51.74 G2.O& 51.87 51.17 51.33 51.91

n~ 0.06 0.08 0.07 0.08 0.08 0.09 008 O.OS 0.07 0.08 0.11 0.10 0.08
AI:O: 2.00 2.15 1.~ 1.48 2.01 1.92 1.74 1.99 1.92 2.08 1.81 1.75 1.63
Crz03 ().OO 0.08 0.11 0.11 0.13 C 11 0.09 o·r~ 0.11 0.11 0.12 0.17 0.14

FeD 23.71 24.69 21.69 21.04 21.19 21.57 21.37 21.S1 21.66 21.82 21.61 21,50 20.89

MnO 1.08 0.00 0.53 0.58 0-:52 OE5 0.51 0.56 0.57 0.59 0.54 0.58 0.56

MgO 20.66 20.02 23.01 ~.52 22.00\ 22.95 23.0" 22.68 22.513 22.70 22.77 23.15 23.~
NiO 0.03 0.05 0.06 \\0.04 ors 0.03 0.07 0.04 0.07 0.06 0.08 0.06 0.09

caO 0.45 0.49 0.41 ();41 0.54 0.49 0.50 0.46 0.43 . n.:39 0.57 0.49 0.53

NazO 0.03 0.01 0.00 0.02 0.00 0.02 tl01 0.03 0.01 0.03 0.02 0.00 0.00

TOTAL 99.12 99.16 00.98\\ 99.22 ~9.49 99.61 99.38 99.51 91M1 99.72 9UO 99.24 91.911

En 60.25 58.4!i1 64.59 66.30 85.17 64.83 65.08 {i4.35 84.43 64.46 64.51 64.98 65.59
Fs 38.79 40.47 34.19 33.17 33.74 34.19 33.90 34.72 34.69 34.75 34.39 34.06 33.32
Wo 0.95 1.04 0.79 0.86 1.09 0.98 1.02 0.93 0.68 0.79 1.13 0.00 1_00

Probe 122.)(3 122.X7 222.X1 222.)(3 222.X4 222.X6 222.X7

Sl~ 52.02 51.93 50.95 50.89 50.71 50.48 51.20
TI02 0.06 0.06 0.08 0.09 0,08 0.10 0.05

Ah03 1.75 1.51 2.13 1.91 2.10 1.94 U1
Cr~3 0.17 013 0.11 0.09 0.08 0.09 0.10

" FeO 21.17 21.54 2'3.66 23.87 23.85 24.20 24.79

MnO 0.54 0.61 0.75 0.77 0.78 0.77 0.84

MgO 23.00 23.06 20.62 2O.7Q 20.58 20.66 20.6fI

NIO 0.08 0.04 0.09 0.05 0.08 0.05 0.05

CaO 0.50 0.413 0.51 0.48 0.47 i\~,3 041

Na~ 0.Q1 0.00 0.03 0.02 0.02 0.113 0.00---TOTAL 99,33 99.35 98.93 98.86 !ld.75 9ri.83 99.80

En 65.27 55.01 60.19 q().12 60.00 59.69 59.28Fs 33.70 34.05 ~" 4 38.88 39.01 ':i39.21 39.88
Wo 1.03 C.gt! )7 100 0.99 1.10 0.84

.,
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Mica diorite
Probe 145.S4A 167.B2 167.B3A 187.85 188.S1 186.B2 19t

SI02 37.28 36.64 36.82 36.66 37.09 3665 -J/.12
no, 4.83 4.90 4.64 4.61 5.04 5.30 4.96

~~ 14.10 14.41 13.78 13.48 14.20 14.15 13.99

Cr~3 0.02 0.00 0.01 0.Q1 0.00 0.Q1 0.00

FeO 12.77 16.01 13-.98 14.73 13.78 14.33 13.66

MnO 0.18 0.09 0.06 0.08 0.16 0.24 0.12

MgO 15.30 13.43 14.67 14.11 14.68 13.72 14.~
NIO 0.02 0.01 000 0.00 0.01 003 0.03

BaO 0.44 0.64 0.59 0.60 0.37 0.41 0.33

K20 9.76 9.62 9.54 9.58 9.52 9.76 1.178

NazO 0.05 015 0.09 0.14 0.11 0.12 0.09

TOTAL 94.74 94.99 94.17 94.06 94.88 94.71 94.91

AIfMg+Fe 0.50 0.52 0.48 0.40 0.50 0.51 0.49
MgIMg+~e 0.68 0.62 0.65 0.63 0.66 0.63 0.66 I

Pyroxene leucodiorite
Probe 192.81 192.82 50.BGA
Si02 37.67 37.50 37.57

TIOl 4.36 3.48 5.00

AllO, 13.50 13.87 13.66
Cr20) 0.06 0.07 0.09

FeO 12.1~ 14.66 13.10

'MoO 0.08 0.22 0.04

MgO 16.64 14.78 15.77

NiO 0.12 0.13 0.17

BaO 0.33 0.20 0.30

K20 9130 f).52 9.54
Na20 0.03 0.03 008

TOTAL 94.69 94.55 95.31

AI!Mg+Fe 0.46 0.48 0.47

MgIMg+Fe 0.71 0.64 0.68

- -



Table .A1 (contd.) Mica chemistry anatvses
Pyroxene diorite

Probe 102.81A 111S1 111.S3 122.87 222.B1A 222.83 222.B6A 22~.a7A 2:U;l1 23.133
SI02 37.94 37.95 38.22 3S.67 38.38 38.29 ~,46 38.25 38.56 38.55

TI02 4.16 3.84 3.74 3.74 3.11 '3.21 3.44 3.38 2.35 3.09
Ah~ 13.76 13.70 13.80 13.58 12.52 13.38 13.47 13.47 13.45 13.32
Cr203 0.37 0.42 0.39 0.38 0.25 0.28 0.22 0.24 0.11 0.17
FeO 10.01 10.69 10.50 9.58 11.74 11.21 11.25 11.01 10.95 10J39

MoO 0.05 0.00 0.02 0.05 0.20 0.04 0.06 0.04 0.12 0.08

MgO 18,06 17.72 18.18 18.97 17.42 18.04 18.30 HMO 18.56 18.51

NIO 0.23 0.16 0.16 0.19 0.11 0.13 0.12 0.13 0.00 0.06
saO 0.16 0.29 0.24 0.27 0.13 0.14 0.11 0.11 0.15 0.14

K~ 940 9.79 9.70 9.55 9.42 9.85 9.75 9.79 9.'12 9.65

~O 0.16 0.10 0.07 0.07 0.09 0.07 0.12 0.00 0.09 0.08

TOTAL 94.29 94.73 9~.O3 95.05 114.07 94.61 95.31 94.i8 93.82 94.52

AIIMg+Fe 0.46 0.'16 0.46 0.44 0.42 0.44 0.43 0.43 0.43 0.43
~Mg+Fe 0.76 0,75 0.76 0.78 0.73 0.74 0.74 0.75 0.75 0.75



Table A1 (contd.] Magnetite chemistry analyses

Mica diorite
Probe iSS.Mill 1H.M2A 186.M'21l iSS.MiA 18S.M3C 18S.MA 18S.MB ~86.MC 1BfI.MD-TlOz 0.05 0.20 0.06 0.13 0.10 0.22 0.04 0.01 0.01
AltOS 0.09 0.18 0.19 0.27 0.14 0.07 0.03 0.05 0.04
CrA 0.03 0.02 0.05 ON 0.04 0.02 0.02 0.03 0.04
FeO 93.02 9'2.68 92.66 92.94 93.18 93.59 92.98 93.31 93.47
MnO 0.05 0.03 0.04 0.Q1 0.03 0.03 0.02 0.03 0.08
MgO 0.00 0.00 0.00 O.QO 0.00 0.00 0.00 0.00 0.00
vtO~ 0.63 0.64 0.74 W~ 0.75 0.53 0.54 0.42 0.45

TOTAL 93.88 93.71 93.13 S4.06 9·4.26 94.41.' .3.63 93.86 91J.10
Recalculated an_lyses

Fe~t 68.00 68.09 66.23 68.30 6S.57 68.84 6tl.53 68.96 69.10
FeO 31.29 3~.41 31.27 31.48 31.48 31.65 31.22 31.26 31.29

TO'rAt 100.76 100.58 100.57 100.90 101.12 10·i.~7 1!lO.50 'JOO.76 101.02

Pyroxene leucodio,'ite
Probe 2G7.M11l 201.M1C 207.M2 201.M3S 42.M1A 42.MA 42.MS 53.M2 53.M4A 53.M4B 53.MA
TlO2 0.06 0.05 0.07 0.05 0.22 0.11 0.10 0.11 0.09 0.30 0.08
AI~o, 0.35 0.29 0.31 0.34 0.29 0.39 0.23 0.32 0.29 0.29 0.35
Cr20l 1.61 1.46 1.36 1.31 1.S1 1.39 1.34 1.45 1.25 1.50 1.46
FeO 91.07 00.36 90.99 91.74 90.55 91.11 91.22 91.56 91.19 91.33 91.18
MnO 0.08 0.07 0.04 0.05 0.0lS 0.02 0.07 0.05 0.07 0.02 0.02
MgO 0.Q1 0.00 0.00 0.00 0.01 0.Q1 0.1)1 0.00 0.01 0.00 0.00
VtO. 1.02 1.05 0.99 1.00 0.91 0.99 1.01 1.08 1.01 1.12 1.10

TOTAL e4.19 93.2lJ 93.76 94.47 93.54 94.00 93.98 94.66 93.92 94.66 94.19
Recalculated analyses

Fe;:03 66.35 a5.90 66.36 56.96 65.84 66.34 66.56 ae.57 66.55 66.20 68.37
FeO 31.37 31.06 . 31.27 31.49 31.J1 31.41 31.33 31.57 31.31 31.76 31.45

TOTAl. 100.84 99.88 100.40 101.18 100.14 100.65 10o.e5 101.24 100.58 101.16 108.83

...



Table A1 (conto.) Magnetite Chemistry analyses

Pyroxene diorite
Probe 66.M1 56.M2A 66.MA 56.MB2 ;I13.M1 113.M2 113.M3A 113.M3B 113.MA 113.MBR",.',
Ti~ 0.20 0.42 0.23 1.62 034 2.08 0.25 0.24 0.11 0.24

AltOs 1.53 0.94 0.95 1.36 1.76 1.61 1.82 1.72 0.79 1.46
erA 6.24 6.28 6.62 5.35 8.07 8.37 8.66 8.09 8.01 7.40
FeO 85.24 85.15 85.18 85.12 82.-42 80.78 82.03 83.62 84.48 84.16
MoO Q.17 0.18 0.15 0.24 0.37 0.49 0.24 0.28 0.29 0.27
MgO 0.04 0.02 0.03 0.01 0.00 0.05 0.05 0.04 0.00 0.00
V~, 0.72 0.68 0.72 0.72 1.10 0.94 0.96 1.04 o.ea 0.95

TOTAL 94.13 93.S-4 93.87 94.41 94.1)6 94.32 94.01 96.03 94.56 84.47
!Recafculated analy$Os

FezDa 59.83 59.77 59.89 58.26 56.75 53.41 56.36 S7.7S 59.13 58.55 \
FeO 31.40 31.37 31.30 32.70 31.36 32.12 31.32 31.62 31.27 31.41

TOTAL 100.12 ".83 99.88 1C{).25 99.75 99.67 9U5 100.82 100.48 100.33

Probe 122.Ml 122.MA 122.MB 122.MC2
TiO, 0.26 0.91 0.25 1.42
AlzOa 2.05 2.13 1.90 2.89

I CrzO, 9.22 8.75 8.7'3 8.65
FaG 81.71 81.82 81.43 79.8~
MnO 0.37 0.38 0.33 0.36
MgO 0.04 0.03 0.02 0.06
V20, 0.85 o.se 0.93 o.ss itTOTAL 94.50 94.90 93.58 94.24

Recalculated analyses
FezOl 55.91 55.25 55.89 52.77
FeO 31.40 3211 31';3 32.40

TOTAL 100.10 10Q.44 99.17 99.53
.~



Probe 42.M1S 56.MB1 122.MC1 iSS.MiA 207.M1A 207.M3A
no, 4g.24 51.39 51.59 51.41 48.10 52.59
A120:; 0.04 0.00' 0.02 0.03 0.01 0.03
Cr:a03 0:15 0.25 0.45 0.01 0.10 0.14
FeO 47.48 46.50 44.03 41.37 4i'.05 44.01
MnO 2.69 1.96 4.14 7.31 2.89 4.14
MgO 0.11 0.21 0.02 0.00 0.17 0.06
V20S 0.11 0.00 C.OO O.DO OA5 0.00

TOTAL 99.82 100.31 100.25 100.14 99.37 100.95

" 0)
Recalculated analyses

Fe203 6.82 2.94 2.0S 2.83 7.20 1.13
FeO 41.35 43.85 42.16 3882 40.57 42.99

TOTAL 147.84 146.85 144.04 141.77 147.03 144.94



T
'\

I A Wh 1 k fK b s 'te rth 'teabe 2 t\ e-roc ana yses 0 ·oper erg· UI ana 051
f ..
'~

Sample 14 19 21~ 24 63 86 107. 136 137 141 143 144 141 148 150 Hi1-Si02 61.97 62.11 60.04 57.79 57.42 56.29 55.47 56.77 67.14 !?.65 59.38 16.08 n.60 66.02 74.48 M.SS
TiO: 0.02 0.08 (1.19 0.01 0.Q3 0.02 0.24 0.27 0.16 0.14 C.12 0.10 0.13 O.1C 0.19 O.~)
AI2O, 2322 22.56 23.40 24.45 25.S:'} 25.72 24.05 20.03 17.94 15.06 2$.88 '13,85 12.5Z 20.09 "\.3.98 1S.2Q
F&203 0.31 1.39 2.82 0.51 0.59 0,85 4.15 5.25 2.23 2.19 1.59 112 o.r 1.98 1~c."",--S2

MnO 0.03 0.03 0.07 0.03 M5 0.02 0.06 0.05 0.C4 0.01 0.04 0.03 OJ)-.) 0.00 0.Q1 (I.G1
MgO 0.14 0.40 0.74 0.69 0.36 0.29 0.93 O.8lS 0.05 0.00 \),00 0.00 0.00 MO 0.00 0.01
CaO 5.21 6.59 5.62 6.66 8.11 8.17 6.en 6.64 5.29 4.44 7.95 3.80 3.72 6.22 3.51 4.56
Na20 6.83 4.99 5.60 5.54 5.45 5.56 6.27 5.01 4.74 2.98 5.58 3.21 2.33 4.74 3.50 5.2~
KtO 1.21 0.93 1.n 1.34 1.11 1.14 1.10 0.93 0.92 0.78 1.15 0.59 0.51 0.81 1.00 0.87
P20$ 0.05 0.03 0.07 0.D3 1).03 0.04 0.03 0.12 0.03 0.00 0.01 0.00 0,01 0'.01 0.00 0.02
Cu 0.01 0.01 0.03 0.01 0.01 0.03 0.04 0.16 0.02 0.02 0.00 0,01 0.00 0.00 0.00 0.02

IL.OI 0.88 0,63 1.31 1.09 ~,Ei_0.57 0.24 0.28 0.42 0.40 0.29 o.es (262-
TOTAl. 99.93 99.76 101.30 98.19 99.22 98.67 100.54 9U6 99.14 98.62 102.97 99.21 97.98 100.32 99.16 1Q.1-,)47

Co 2 5 6 4 4 4 11 16 11 8 7 6 8 6 S ~O
Ni 1 3 19 3 2 8 24 35 4 a 0 0 1 4. Q 5
Zn 15 24 46 11 19 21 69 78 38 25 26 21 19 28 24. 40
Rb t4 ~ 48 31 11 18 27 44 24 19 24 15 13 1:3 26 23
Sr 300 !:'l01 560 752 983 1219 549 772 568 473 753 358 328 SI3 454 494
Y 14 .~ 39 8 4 8 7 62 10 2 6 2 7 4 3 8
Zr 182 80 47 9 13 49 18 97 146 50 128 56 54 U9 92 90
Nt; 2 1 8 2 1 1 4 3 3 3 2 4. 4 4 5 3
V 5 ;:6 24 S 4 9 113 69 42 45 40 23 12 60 47 100
Cr 3 18 50 11 2 48 34 3 10 14 39 18 14 24 14 16
Sa 160 230 252 217 241 254 258 294 331 233 37S 177 208 313 272 296

Sample 168 170 176 17" 17a 181) 183 184- 209 210 212 213 220-
~

SiOl 59.09 59.28 5850 55.93 67.29 ':i9.EI4 75.51 66.64 87.25 67.St 73.82 65.01 56.09
no, 0.04 0.04 0.15 0.11 0,10 0.11 0.11 0,27 0.14 0.18 0.15 :1.32 0.05
AI201 24.49 24.56 27.06 25.69 20.17 17.S~3 13.61 17.34 1855 18.55 13.85 18.08 25.73

.
\\

FU103 0.36 0.41 2.24 1.94 1.29 1.65 0.82 3.94 1.86 2.13 2.04 3.60 1.13
MoO 0.01 002 C;C2 0.01 0.01 000 0.00 0.02 0.00 0.00 0.01 0.04 0,03
MgO 0.00 0.00 0.00 0.28 0.00 0.00 0.06 0.23 0.00 0.00 0.00 0.08 0.20
CaO 5.69 5.06 8.31 6.90 5.55 5.12 3.46 4.55 5.40 5.38 3.91 5.31 <3.09
N.p 7.74 7,81 4.77 4.33 4.69 4.44 3.48 5.32 4.55 7.21 5.41 ~~.78 4.33
K20 1.36 1.37 0.96 1.38 1.00 0.80 0.86 "sa 0.86 0.76 0.63 (1.90 0.97
P20S 0.02 0.03 0.01 0.04 0.Q1 0.01 0.00:::' 0.00 0.01 0.00 0.01 0.00 0.02
Cu 0.00 0.03 0.03 0.06 0.01 0.00 Q.W 0.01 001) 0.00 Q.01 o.ot 0.00
LOr 0.67 1.17 0.38 1.05 0.50 (1.37 061 075 0.35 0.26 0.29 n.31 0.67

TOTAL 99.46 99.77 102.4:: 91.70 100.63 100.07 98.57 99.94 99.00 102.06 100.n 87.50 97.31 .iCo 6 5 7 8 6 a 9 10 8 7 10 I) 7
,.

Ni 2 2 6 6 4 1 1 7 0 2 1 3 5 U
Zn 15 ~6 30 31 25 21 22 57 25 32 27 47 -- "~8
RlJ 32 39 15 40 19 15 21 20 16 11 13 26 21
Sr 376 415 739 781 453 426 307 4!:il 407 356 329 488 934
'r 20 18 4 9 5 5 3 5 5 8 3 5 9
Zr 17 183 13 92 107 116 ~9 68 127 ~48 75 91 20
Nb 3 3 4 :3 :3 3 5 4' 2 3 3 4 3
V 6 4 61 52 20 32 15 85 ;S1 31 47 84 17
Cr 3 6 25 24 11 1~ 10 11 22 17 '5 12 33
Sa 190 251 262 367 219 288 253 335 235 205 ~'26 3:30 275 .-



Table A2 (conld.) Whole-rock analyses of Koperberg Suite mica diorite
t

Sample 13 21 26 28 112 138 139 146 149 159 164 161 119 ~81 1136
liP _1II1II- -SiOl 52.10 4944 51.t50 50.26 53.21 50.08 4S31 51.15 52.41 5U38 49.96 50.56 50.72 5.1.14 49.1;)v

TiO: 0.80 1.30 1.04 1.01 0.79 1.21 1.19 1.01 0.94 0.7& 0.80 0.84 1.19 0.94 1.15
AhO) 23.31 22.35 22.72 22.28 24.16 22.21 22.18 :'.12.69 22.30 23.13 23.34 23.32 22.16 21:1.94 21.87
FeZO, 666 10.39 5.3? 9.29 6.80 10.11 .0.14 9.00 8.37 6.03 6.80 7.14 10.4!1 a.3~ 10.07
MnO 0.C4 0.08 0.05 )iO.05 0.07 0.09 0.07 0.07 0.05 0.04 om 0.04 C.13 (l.O8 0.07
MgO 1:02 2.76 2.74 2.67 1.87 2.70 293 2.13 1.72 1.54 utI 1.83 2.59 1.84 2.53
CaO 6.95 5.04 572 5.57 6,78 6.40 S25 6.83 6.72 7.05 7.1!~ 7,24 6.26 5.11 6.27
Na~O 5,49 4.72 5.63 4.20 4.93 5.02 4.25 4.41 4.73 7.05 5.94 6.85 3.06 4.$5 5,96

KzO 1.08 2.06 2.04 1.88 1,94 1.86 1.85 1.56 ~ 40 1.Sa 1.7'3 1.83 1.71 1.47 2,03
pzO$ 0:37 0.03 0.:!7 0.47 0.48 0.02 0.03 0.02 0.02 0.29 0.~18 0.40 0.01 0,02 0.01
Cu 0.11 0.00 0.25 0.05 0.11 0,01 0.01 0.00 1,),0(1 0.06 0:11 0.10 0,01 om 0.00
LOI 0.74 0.41-..:

'
.58 1.28 0.95 O.~O 0,85 0.43 0.64 0.97 1.tS1 0,72 --21:.7 0.32 0.70

TOTAl. 100,47 g!USS 99.01> 99.01 102.08 99.99 99.11 99.29 99.30 100.71 99.66 100.85 98.51 98.8' 100.45

Co 15 16 18 15 18 24 31 19 15 13 zo 16 1E1 1i' 26
Ni 17 31 e9 16 20 33 35 26 25 13 11 14 30 21 30
Zn 111 134 72 115 124 124 149 118 110 98 122 125 122 97 133
Rb 104 132 170 119 124 122 128 97 73 117 95 102 101 SO 132
Sr 1~81 536 676 e98 1105 681 671 594 627 710 1002 1166 516 SC7 616
Y 19 8 98 58 79 10 13 10 8 50 16 16 11 11 13
l.r 920 36 249 1001 526 73 79 04 65 385 848 829 40 121 94
Nb 8 17 26 13 22 16 17 14 13 19 8 9 15 12 20
V 204 214 ~32 176 220 3C7 324 217 224 12& 208 217 199 175 311
Cr S 0 14 0 11 1 G 9 3 3 7 5 2 3 7
BII ~133 812 $()6 n5 831 974 920 827 637 573 1077 1314 812 784 971

I
I Sample 168 139 190 193 194 U7 198 211 214 21570;. ~........,.._

47.78 48.23 48.97 50 ..03 46.Si) 41,94 ~.O7 52.07 48.27 52.03
TiOz 1.15 1.13 1.13 1,(19 1.25 1.19 1.19 1.00 US Q.S§
AhO, 22.22 n47 22.63 2:'.19 21.71 22.30 21.71 21.80 22.64 22.03
h2O, 10.65 10.41 1Q.48 9.86 13.16 10.30 10.46 10.09 10.72 S~, MnO 0.01 0.07 0.05 0.08 0.05 0.07 0.05 0.20 0.07 0.08
MgO 2.80 2.77 2.92 2.32 2.79 2.69 2.96 2.78 3.21 2.10
C:aO $,35 6.30 6.40 6,38 5.84 602 5.53 6.37 590 6.63
Na}O 5.55 4.79 4.45 347 3.90 4.16 5.62 4.99 7.11 7.30
K20 2.10 2.26 2.14 1.82 2.34 2.57 1.G6 1.05 2.31 1.02
?~O5 0.02 0.02 0.Q3 0.00 0.00 :J.04 003 0.01 0.00 002
Cu 0.02 004 0.03 0.02 O.Oj 0.05 0.06 0.0'1 0.04 0.01
LOI O~ 0.77 0.38 0.86 1.03 1.48 0.38 0.83 0.41

TOTAL. 99,51 99.29 100.02 97.63 98.52 98.:17 98.88 100.155 102.2S 101.21

Co 33 29 32 28 34 30 ;,Ja 19 30 21
Ni :'!2 36 36 34 40 43 44 25 S8 15

I Zro 148 151 149 12E1 153 156 121 131 144 111
Rb 160 18S 158 101 177 181 111 52 187 40
Sr 770 152 783 618 736 706 706 482 68? 6:'0
y 13 14 16 7 13 13 '2 16 14 22
Zr 72 77 62 48 128 1'; • 1'2 89 82 167
Nil 22 2$ 24 17 24 2S 21 9 26 7
V 313 323 :519 290 424 307 318 178 344 1.'15
Cr 5 0 '2 4 7 7 1 '2 1 3
BII 1105 1114 1050 B06 1132 1092 754 4:35 943 418

186 187

47.90 4S.87
1.19 \)

22,17 22.61
10.61 9.81
0.01 0.09
2,99 2.65
5.S:' 6.22
4.34 4,84
2.59 1.96
0.02 0.01
0,01 0.01
1.45 0.44
99.16 99.96

27 28
38 35
147 126
180 134
787 663
13 12
88 93
24 20
333 301
3 2

1192 1007



Table A2 (contdJ~Whole-rock ana!yses of Koperberg Suite pyroxene leucodlorite

Sam;>'- 12 35 36 37 40 41 42 43 44 4~ 41 48 49 50 &1 52 &3
SiC! 54.90 50.02 49.75 49.58 SO.71 49.52 48.72 49.40 48.88 49.f.l1 49.51 49.15 48.80 49.45 50.00 52.15 .w.37
11G, 0.18 0.~5 0.33 0.36 C.39 C.41 C.41 0.38 0.40 0.39 C.35 C.37 C.30 0.32 1.01 C.22 0.«.1
AlA 2~.32 17.74 1 ) 17.65 17.11 17.04 15.91 17.44 17.00 15.51 17.11 17.30 17.40 18.~. 18.13 20.51 11.5{l
Fe:Ol 4.00 12.36 12.27 12.S6 13.64 13.55 14.64 12.32 13.C1 13.42 13.00 13.50 13.C3 10.94 ,·.i.S2 8.68 12.78
MnO 0.04 0.19 C.16 C.17 0.18 0.20 0.19 0.17 0.16 0.20 0.19 0.17 0.15 0.14 0.13 0.13 0.16
MgO :1.73 6.81 15.84 7.16 7.43 7.97 8.3~ 6.91 7.·14 7.61 7.63 7.131 7.80 6.29 6.51 5.37 7.14
CaO 7.51 5.92 5.99 5,88 579 5.85 5.42 6.20 5.94 5.78 5.94 5.96 3.84 5.S! 13.55 7.09 8.11
Na:O 4.97 3.~ 3.95 3.73 2.96 3.72 3.05 3.28 2.62 2.95 3.68 3.94 1.96 4.28 2.65 3.89 3.22
K20 0.96 0.62 C.SO 0.61 0.65 0.64 0.60 0.6C 0.62 0.64 0.64 0.58 0.91 0.71 0.70 O.M 0.59
P20, 0.14 0.10 0.00 0.12 0.08 0.07 o.oe 0.0'.) 0.00 0.10 r" 0.08 O.OS 0.06 0.13 0.13 0.00

1.30 1.68
\)Cu 0.18 1.21 1.26 1AS 1.38 1 :7 119 Ll3 1 1.34 0.88 0.95 0.84 C.67 1.2B

1..0! 0.50 0.15 0.10 0.31 0.03 0.01 0.03 1.41 l.-\"} 0.08 o ; 0.06 4.09 1.83 1.51 0.21 0.20~,

TOTil.1. 9UIl 99.29 99.32 911.91 100.29 100.34 99.06 99.:>4 98.68 98.80 9S 8 100.05 99.24 100.06 99.01 99.69 98.112

Co 10 5(" 51 50 54 51 61 50 53 53 J 60 53 .. 1 45 34 51
Ni 14 220 210 233 234 238 267 225 234 243 231 236 209 195 181 134 215
Zn 49 198 187 185 212 219 239 203 210 216 213 213 265 174 174 1;;0 192
Rb 8 13 15 21 20 18 18 1'2 17 22 18 20 71 21 1a 12 16
Sr 919 716 721 iIJi. 717 704 ass 716 708 702 723 720 447 767 786 883 765
Y 33 12 12 14 10 13 12 9 10 11 I'; 14 20 11 14 1~ 10
Zr 351 5 e HI 13 ~O 16 14 14 7 15 12 13 17 a 14 13
Nb 1 1 2. 3 3 3 3 3 3 3 2 >4 4 3 2 3 3
V 92 2.70 251 291 312 309 325 283 198 311 301 3<)6 225 217 ,258 180 294
Cr 0 508 487 50b 537 544 591 497 510 554 496 5~'3 409 368 452 323 488
Ba 258 233 226 240 276 25', 241 220 248 261 243 24.5 193 :l2S 25C 250 264

Sample 64 55 57 60 61 62 64 515 73 74 75 77 78 81 82 85 ~G--Sl02 49.54 49.61 49.82 48.96 50.61 50.74 50.S8 51.14 49,04 49.77 49.57 4t.,'5 49.01 49.76 49.00 50.46 49.86
Ti02 0.39 0.40 0.55 0.56 0.47 0.67 0.52 0.43 0.38 0.35 0.36 0.3,S 0.34 0.37 0.3S 0.35 {).29
AlP, 17.12 18.96 21.66 20.75 2MB 20.32 21.21$ 21.45 16,72 17.49 17A1 18.1S<') 17.13 17.45 16.55 18.19 18.51,,,,0, 13.22 13.63 12.35 13.58 11.61 13.77 11.59 10.71 13.34 12,53 12.08 128j' 11.56 12.08 13.36 11.61 10.12
MnO 0.19 0.20 O.~3 0,15 0.13 0.14 0.14 0.12 0,18 0.16 0.18 C.18 C.17 0.16 016 017 0.14

I MgO 7.48 8.11 2.46 3.26 2.69 3.18 2.66 2.54 7.76 7.07 6,95 7.37 ';.21 6.96 777 6.85 5.91I

CaO s.sz 5.87 5.70 6.65 6.50 5.94 6.815 6.59 5.82 6.21 S79 5.43 ~;.33 6.18 5.84 6.13 8.37
Na20 3.43 3.10 8.~~9 4.17 4.58 4.43 5.10 4.54 3.75 4.27 4.66 5.43 459 5.78 6.40 5.35 3.6<1
K2,;r'·. 0.59 0.55 0.76 0.65 0.72 0.99 0.81 0.72 C.62 0.60 0,71 0.76 0.,;1 0.63 0.60 0.71 0.83
p~;)., ·1\ 0.0& 0.13 0.06 0.03 O.QS 0.05 0.04 0.03 0.Q7 C.l0 0,10 0.08 0.C8 0.10 0.09 0.09 0.09

.' 'Cu 1.34 1,33 C.17 020 0.09 0.10 008 0.04 1.27 1.20 1.07 1.21 11.8!S 1.09 1.34 1JJ7 0.771 1.01 0.28 0.Q1 0.59 ~43 O.SC 0.46 0.07 081 0.04 Q.32 0.79 097 :t.4t' 0.04 0.01 0.32 2.64-TOTAl. i9.47 99.90 101.64- 99.36 98.91 100.16 99.99 9913 98.98 100,08 99.66 100.22 98.2& 100.68 101.5~3 101.,~1I 99.1B

Co 56 55 29 37 29 32 27 24 54 50 50 53 50 47 51 46 38
NI 234 225 82 75 72 81 58 66 2~~5 226 217 241 217 204 238 208 164
Zn 203 191 148 155 147 179 137 128 194 189 177 212 19Z 181 188.2 167 171
Rb 17 15 10 12 16 51 10 10 IS 22 37 46 45 16 19 215 45
Sr 751 737 731 714 722 627 673 645 736 746 736 667 664 770 714 769 sea
'( 11 16 17 16 19 21 !1 11 11 11 12 14 14 10 12 13 16
7.r 7 7 4 :3 24 55. S 8 10 10 14 13 12 10 10 10 11
Nb 3 2 5 4 S 9 4 3 2 3 2 2 2 '3 2 2 3
V 335 304 318 310 259 337 275 27\ 311 300 270 269 235 21'6 326 268 223
Ct 553 527 26 20 18 25 21 16 522 508 484 509 430 411G 557 472 384

~. a~ 2&'3 251 143 135 133 155 1_9 197 249 223 227 207 150 2'rO 262 259 227..



Table A2 (ecntd.) Whole-rock analyses of Koperberg Suit. pyroxene leuc:odioriie

Samplo 87 as 89 90 1(10 116 191 192 195 196 199 200 201 202 203 204 206
1t14W

SIO~ 51.43 51.24 49.11 41ii.as 51.77 51.62 5~.63 52.81 48.37 49.45 413.41 49.84 48.61 46.88 49.19 50.18 50.09
n02 0,30 0.27 0.3EI 0.35 0.49 0.42 0.15 0.21 0.36 0.35 0.56 0.35 0.44 0.42 0.79 0.36 0.36
Al103 19.37 20.00 16.8!i1 17.48 2191 23.54 22.40 21.59 16.96 18.32 13.60 18.11 15.93 16.26 21.53 18.01 18.29
Fet03 9.64 8.97 12.4IS 1259 110& 7.13:; 5.21 6.$7 12.92 11.66 19.25 12.31 15.15 R59 13.47 12.12 11.48
M,lO 0.13 0.11 O.1~' 0.16 0.10 0.08 0.07 0.11 0.19 0.14 0.26 0.20 0.24 0.22 0.15 0.16 0.17
MgO 5.49 5.08 7.2~ 723 2.18 0.76 2.98 S.84 6.98 5.98 9.56 6.44 8.07 786 1.73 6.57 5.97
CaO 6.18 5.71 5.99 5.73 6.74 7.61 758 7.37 5.59 5.33 4.40 5.90 5.25 5.49 6.19 S.t:S 6.50
NaaO 4.66 5.85 4.13 3.54 3.61 7.03 4.30 3.48 2.95 3.21 2.99 4.79 3.73 2.91 4.87 3.22 .3.as
K20 0.93 O.SO 0.71 0.64 0131 0.82 0.75 0.77 0.10 0.78 0.42 0.60 0.50 0.51 0.92 1).53 0.65
Pils 0.07 0.:16 0.07 0.10 0.03 0;11 0.01 O.OS 0.08 0.08 0.09 0.04 0.06 0.07 0.02 0.04 0.07
Cu 0.1$2 0.67 1.1" 1.13 0.05 0.04 o,» 0.40 1.10 0.96 2.11 1.:SS 183 1.84 0.05 1.21 1.00
LOI 1.39 2.65" 1.5" 0.59 0.25 0.42 0.95 0.S1 098 114 0.61 0.36 0.42 0.20 ~i50 0.43 0.60~.

TotAL 100.20 101.38 il9.G1 99.21 99.01 100.28 96.19 97.93 91.17 98.00 100.26 100.29 100.25 99.29 9J! 19 98.81 99.06

"Co 36 32 55 49 :'1 13 18 24 48 43 77 44 55 58 :;i~ -14 37
150 152 227 713 271

il
Ni 218 14 71 95 207 164 313 213 249 \.49 206 lSS
Zn 157 162 197 190 146 101 86 112 215 185 293 199 238 218 197 179 183
Rb 50 44 26 23 21 H'! 19 2B 39 37 26 22 23 24 24 27 21
Sr 753 695 729 124 681 841 902 892 &98 n4 558 700 656 693 545 741 752
Y 16 11 13 15 9 47 8 10 15 14 16 12 15 18 5 10 16-,
Zr 13 78 12 7 19 482 23 13 19 ;122 '4 18 14 16 25 14 17
Nb " 3 4 4 4 1 .3 3 5 5 4 3 3 4 5 3 4
V 196 202 178 285 223 2U8 68 114 218 223 429 226 256 300 243 254 232
Ct 347 362 473 475 22 5 143 .216 450 401 661 453 570 555 23 443 376
Sa 254 229 254 220 195 286 268 280 247 251 198 247 223 238 316 29Q 200

Sampl. 206 207

SI02 52.27 51.72
Ti02 0.63 0.32
AI2O, 22.29 19.86
Fe,O, &.56 9.60
MhO 0.05 0.13
MOO 1.72 5.10
CliO 7.65 0.91
Na,O 4.69 3.68
K20 1.49 0.73
p~o, 0.29 0.05
CU 0,24 0.66
L.OI 0.65 0.15

~L 1)8.151 98.90

Co 23 30
Ni 41 134
Zn (ie 143

\

Rb 92 :!2
Sr 684 827
y 32 ;4
Z,' 136 IS

Nb 11 4
V 220 189
Cr 55 :106
Ba 542 ;!85



Table A2 (eontd.) Whole-rock analyse!> of Koperberg Suite pyroxene alome

Samplll 11 23 66 67 S8 611 10 71 72 911 101 102 103 t04 101$ 10B 108
SiC2 48.90 51.12 «.49 49,61 ">2.21 45.83 4B.S5 49.07 49.51 49.20 4B65 49,11 4B.92 48.91 44.42 47.71 048.33
TIOt 0.26 0.56 0.33 0.29 0.26 0.31 0.25 0.26 0.22 0,38 0.25 0.28 0.20 0.21 0.37 0.52 0.25
Aha, 10.00 12.46 9.26 14.01 17.49 10.91 11.76 10.01 11.46 14,54 12.92 11,20 10.43 12.48 16.16 19.37 13.31
F1f20, 19.05 14,00 19.94 13.73 10.38 115.66 16.50 11,30 16.23 14.79 'i3.86 16.82 11:U9 15.66 9.97 13.07 14.70
MnO 0.39 0.27 0.~'14 0.24 019 0.31 0.30 0.34 0.31 0.24 0,25 0.30 033 0.30 0.14 0.13 0.26
MgO 13.40 8.92 12.24 10.43 5.20 12.47 12.35 14.50 13.42 9.47 11.61 132'5 13.84 12.27 5.17 3.93 11.09
CaO 3.30 3.12 2.92 4.38 5.12 3.83 ... OS 3.13 3.66 4.58 4.46 3.7S 3.39 4.04 5.33 S.16 443
NazO 2.20 2.53 1.45 2.33 3.53 2.19 2.27 1,83 2.14 1.81 2.13 1.79 1.1$9 2.30 3.17 3.96 2.62
KzO 054 1.18 0.26 0.76 0.79 0.49 0.40 0.51 0.46 0.65 0.57 0.46 0.47 0.47 0.69 0.70 0.48
p)O$ 0.20 0.18 0.19 0.06 0.13 0.12 0.14 0.13 0.12 0.07 0.11 0.14 0.09 0.08 0.18 0.04 0.14
Cu 1.76 0.53 2.14 2.01 0.69 4.32 2.33 2.32 1.61 2.S7 2.32 2.26 2.14 1.e5 0.51 1.Be 1.72
1.01 000 2.92 3.92 0.93 H,8 0.17 0.23 0.35 0.33 0.40 0.00 0.12 0.02 0.33 11.80 O.OS 0.31

iOTAl. 100.02 99.0$ 97.60 98.78 98.66 97.60 99.41 9973 99.61 98.97 91.13 !l9.56 97.!!t 98.69 98.58 97.47 97.71

Co 92 50 114 73 33 93 77 9a 79 63 eo 75 74 74 34 47 58
Ni 425 233 574 445 164 'S88 441 541 4:17 410 40B 457 475 401 202 261 375
Zn 315 272 1407 227 21;! 267 249 297 273 244 226 :1-\)4 275 253 151 153 244
Rb 57 203 22 60 57 39 20 45 35 46 50 .cit. 42 32 46 ~ ,2

Sr 364 34~ 360 600 644 471 481 42:? 475 6U4 544 476 503 554 770 809 52e
y 5S 70 31 30 32 34 33 43 41 22 34 42 39 34 43 tc: 31
Zr 17 21 10 9 29 16 10 11 13 21 20 22 11 19 377 1l{ 19
Nb 11 31 2 6 r 5 2 7 6 6 7 7 6 5 9 8 5
V 270 157 183 175 104 145 216 165 171 208 161 185 146 117 240 355 136
("r 1660 909 1615 1542 870 1836 1525 ,:1830 1460 1755 1346 1566 1578 1321 459 199 1284
Sa 170 367 128 227 174 147 135 161 152 216 212 177 196 152 218 245 180

I

Sample 109 111 113 114 116 117 11B 119 120 127 122 123 124 125 126 121 128

SIO, 47.96 48.78 51.36 48.44 4B.31 47.07 47.15 48.56 50.53 49.&0 4345 42.49 4S.09 42.63 50.21 46.62 47.57
TIO, 0.25 0.28 0.21 0.32 0.22 0.32 0.24 0.28 0.19 0.23 0.23 0.25 0;23 0.28 0.21 0.23 0.35
Ah03 lo.a6 10.8<1 14.73 10.8S 1138 9.75 11.08 11.65 14.28 iazs 10.91 10.24 1'1.51 9.00 11.87 10.46 10.38
Fe20~ 16.55 1660 n50 18.05 15.05 17.95 1504 15.72 12.73 15.21 14.55 14.11 18.23 15.28 15.62 16.73 17.2:';
MnO 0.32 0.32 0.27 0.31 0.30 0.32 0.29 0.:!,2 0.26 0.2a 0.30 0.30 0.30 0.32 0.29 0.33 0.31
MgO 14.07 13;50 10.69 13.60 12.29 14.26 12.91 13.24 11.22 12.B1 12.05 12.38 13.08 13.44 12.94 14.09 13.80
CaO 3.64 3.44 4.79 3.67 3.17 3.21 3.80 3.i'5 4.77 4.07 4.05 3.68 3.90 3.23 4.21 3.60 3.53
Nat.;.) 1.89 1.69 2.52 2.03 2.15 1,59 2.04 -,'.2.:!2 4.45 2.97 2.12 ~.42 1.87 2.00 2.15 1.79 2.20
KlO 0.41 0.47 0.56 0.44 049 0.2:1 0.:'16 0.33 0.46 0.37 0.40 0.31) 0.38 0.313 0.49 0.45 0.S1
P20S 0.13 01l) 0.14 0.11 0.13 0.10 0.10 0.12 0.09 0.10 0.09 0.10 0.14 0.11 0.20 0.12 0.11
Cu Hi6 1.16 1.02 2.92 2.13 4.a5 2.73 3.05 1.62 2.30 3.26 3.70 2.94 3.02 0.00 2.36 3.12
1..01 0.00 0.99 0.58 0.10 0.03 0.07 0.14 0.17 0.22 0.~4 0.06 ....; 0.07 0,05 0.19 0.09 0.03 O.Q3

TOTAL 97.79 98.45 9945 100.87 96..1.:1 99.78 96.87 99.44 100.1l2 100.44 91.47 90.70 99.72 89.85 99.23 '~9.81 a9.13

Co 75 eo 1'3 fl6 71 102 80 31 59 76 78 64 82 82 70 56 90

Ni 435 419 334 574 464 656 511 530 362 447 508 534 504 539 344 493 542
Zn 290 321 228 293 :2e9 30& 256 216 232 284 275 :i:?9 276 273 283 294 286
Rb 40 42 37 41 47 27 23 29 24 22 29 28 26 40 27 37 45
Sr 443 399 574 382 404 354 458 422 566 490 462 443 446 403 ,437 392 388
V 42 62 34 38 51 17 " 18 17 22 29 25 23 24 54 43 32
:Zr 20 ~9 17 30 27 24 13 14 16 16 18 20 27 31 20 24 21
Nb a 9 6 6 6 '; 4 " 4 4 4 4 4 5 5 7 7
V 160 212 126 197 162 21'1 153 165 121 157 144 155 156 H6 164 178 194
Cr 1411 1353 1041 162~; 1559 2422 1646 11:':21 1267 1653 1672 Has 1688 1807 1109 leG7 1879
B.u 165 191 196 165 110 144 163 16~ 207 175 138 145 148 226 137 127 205



Tab e A2 centd.) Whole-rock analyses of Koperberg Suite pytoxen~ diorite

55
251
232
53
601
32
17
8

286
487
262

Sample 129 130 132 133 160 161 162 165 166 169 171 172 173 174 175 208 21&

SiOt 47.96 50.48 41.98 47.19 52.21 50.41 52.84 51.51 5158 49.83 48.80 49.00 50.76 52.07 50.49 50.08 46.71
Ti02 0.24 0.59 0.26 0.28 0.39 0.52 Oj4 0.31 0.51 0.33 0.26 0.28 023 0.21 0.22 0.28 0.45
AhO, 10.19 23.47 10.26 10.17 13,03 9.61 12.56 18.22 11.38 10.61 10.75 10.47 12.09 12.27 12.51 12.75 15.55
Fe20~ 16.78 9.56 17.32 n2~ 15.07 ir.cs 11.83 10.25 16.09 16.29 17.47 17.55 15.33 14.26 14.52 14.78 14.25
MnO 0.32 0.06 0.33 0.33 0.30 0.35 0.35 0.t9 0.39 0.30 0.32 0.32 031 0.27 0.30 0.27 0.24
MgO 13.52 0.70 14.00 13.88 11.50 12.93 11.62 6.68 11.10 12.73 13.37 14.12 13.42 12.78 1246 12.05 7.61
CaO 3.49 7.56 3.33 3.44 3.98 2.74 3.79 5.95 3.27 3.51 3.27 3.46 4.17 4.13 4.10 4.32 4.98
l\IaaO 2.04 6.38 2.82 1.8~ 2.05 1.46 2.71 3.43 1.89 2.61 1.69 1.10 1.65 2.29 2.19 1.98 4.03
KtO 0.43 0.97 0.32 0.36 1.03 1.35 1.09 0.73 1.27 0.60 0.40 0.48 0.47 0.49 0.43 0.59 0.77
PZ05 0.11 0.02 0.09 0.15 0.12 0.13 0.15 0.09 0.14 0.12 0.11 0.10 0.09 0.10 0.14 0.1~ 0.09
Cu 3.14 0.15 2.79 3.43 0.90 1.30 0.76 0.50 0.98 2.55 2.30 2.94 2.46 1.33 2.22 2.01 1.71
1.01 0.03 0.17 0.22 0.08 0.17 0.13 0.03 C.7Ei 0.21 0.58 0.45,0.04 0.29 0.29 0.08 0.27 0.26~,__...

TOTAL. 98.24 100.08 99.71 98.99 100.75 9864 101.12 98.69 98.139 100.13 99.24 1\'9.41 101.27 100.48 99.65 99.50 9U7

Co
Ni
Zn
Rb
Sr
y

Zr
Nb
V
Cr
Sa

$1
542
281
37
384
41
16
5
183
11.:101
135

16
26
101
37
786
8
11
7

257
26
366

90
533
288
27
399
26
21
3
171
1749
160

88 59
574 311
293 279
26 105
388 434
23 51
15 13
5 17
170 167
1887 1006
141 280

Sample 218 219 221 222 102a

SiOl
Ti02

I Ah03
hlO~
I MnO.,

MgO

51.26 47.85 51.39 51.10 49.55
0.29 0.15 0.43 0.46 0.25
15.66 1106 11.74 12.17 11.60
12<15 15.15 15.25 15.17 16.11
0.20 0.29 0.32 O.~3 0.32
8.57 13.13 11.37 11.43 13.38

CaO 4.n 3.68 3.67 3.59 3.74
NalO 2.58 1.86 1.86 2.04 2.33
KIO 0.85 0.43 1.16 1.29 0.51
Pl05 0.04 0.0" 0.12 0.14 0.13
Cu 2.07 1.98 1.15 103 2.03
lal 0.24 0.16 0.04 0.06 0.05

TOTAL 98,93 95.82 98.51 98.81 100.01

Co 46 77 6~ 52 6:;1
Ni 325 435 318 331 438
Zn 188 254 304 312 259
Rb 14 35 136 16:> 4<1
Sf 566 419 357 347 508
Y 31 43 56 57 40
Zr 37 30 14 22 19
Nb 10 5 22 25 5
V 155 139 139 131 188
cr 11051 1346 1017 1063 1444
Sa 233 138 283 296 210

69
388
331
173

276
59
21
28
187

'1188

348

62
306
28')
125
405
53
22
21
145
100
264

39
173
166
44
634
26
15
8
133
519
239

61
310
31i
163
344
60

81 87
472 478
286 293
61 38
388 349
43 52
17 24

8 7
192 210
1654 1680
175 112

li1
538
289
46
372
45
22
6

207
1833
148

77 61
469 388
249 245
38 38
426 437
37 38
19 35
5 6
147 127

70 71
421 389
242 237
27 49
495 446
28 42
16 17
5 6
146 206

32
27
183
1021
329

1642 1236 1539 1384
138 148 154 152



Table A2 (contd.) WMla-rock analyses of concor a Gra

Sample 10 94 95 96 163 217 223
SIOl 76.83 76.46 73.29 72.78 78.79 14.81 13.08
TI02 0.07 0.02 0.21 0.25 0,04 0.09 0.20

Aha, 12.28 12.28 15.25 13.S2 11.37 13.23 14.19

Fea03 1.69 0.62 225 1.00 1.07 0.82 2.36

MnO 0.11 0.15 0.07 0.02 0.23 0.03 0.05
MgO 0.20 0.00 0.00 0.00 0.00 0.00 0.07

CaO 1.68 'l.10 069 1.08 1.63 0.63 1.15

NaaO 2.56 3.48 2.99 2.59 3.30 2.53 2.75

KaO 3.31 4.07 6.75 6.03 2.05 5.87 6.03
pzO$ 0.03 0,01 0.03 0.15 0.03 0.02 0.04
Cu 0.01 0.00 0.00 0.00 0.00 0.00 0.00

lOI 0.25 0.38 0.70 0.58 0.16 0.29 0.37

TOTAL 99.02 98.58 102.43 99.36 98.89 98.51 100.28

Co 4 5 6 6 6 6 7
Ni 7 a 8 14 4 2 8

Zn 24 27 ,18 41 24 23 43

Rb 140 207 408 383 97 298 377
Sf 59 32 55 59 53 89 66
Y 51 34 86 134 69 15 102

Zr 31 49 1S7 ~67 SS 64 177

Nb 4 16 20 21 12 5 17

V 11 s 11 '7 7 12 12

Cr 23 16 6 11 13 8 5
Sol 113 63 331 29S 50 225 327

Table A2 (contd.) Whole·rock analyses of Granitic xenollt
Sample 4 20 163 164 155 166 167 158
sio, 77.99 81.19 80.11 81.11 8090 84.14 74.58 73.87
no, 0.24 0.49 0.27 0.31 0.28 0.35 0.16 0.16

A:Z03 10.36 7.05 9.21 8.92 8,19 7.19 13.16 1335

Fe~03 1.41 394 1.59 2.03 2.12 2.44 1.48 L49

MnO 0.Q1 0.06 001 0.00 0.01 0.01 0.00 0.01

MgO 0.00 0.97 0.00 0.21 0.13 0.32 0.00 0.00

CaO 038 1.86 0.66 0.69 2.16 1.78 1.26 1.05

N:azO 2.49 '2,29 2.53 1.69 1.61 1.60 3.74 3.86

KlO 6.15 0.40 4.51 3,36 0.46 0.44 5.71 6.19

P20~ 0.03 0.10 0.03 0.06 001 0.05 0.Q1 0.03

Cu 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
LO; 0.42 0.74 0.41 0.54 0.56 0.60 0.37 0.53

TOTAL 99.64 99.09 99.34 9a.97 96.42 98.93 100.48 100.53

Co 7 11 7 7 8 10 10 6

Ni 1 6 2 6 a '2 1 3

Zi1 22 64 26 29 37 36 26 23

Rb 160 9 132 90 i7 19 155 160

Sr 130 183 115 175 229 226 340 241

Y 19 37 24 66 12 2~ 14 17
lr 111 312 145 164 130 166 127 108
~Jb 5 5 5 7 5 5 2 3
V 13 108 11 20 62 41 23 9
Cr 11 :3 8 8 1Q 4 8 9
Sa 524 184 297 466 216 HI5 11384 472

dl nite

hs



Table A3 Ferrous and ferric iron etermination analyses
Rock Sample Total Fe FeO FS203 FeO/Fe203
type as Fe203

136 5.25 1.74 3.33 0.52
Anorthosite 177 1.94 0.40 1.50 0.27

213 3.60 1.72 1.71 1.00
Average 3.60 1.29 2.18 0.60.

28 9.29 3.54 5.39 0.66
Mica 139 10.14 3.17 6.66 0.48
diorite 150 1.82 0.55 1.22 0.45

159 0.03 2.32 3.48 0.67
186 10.61 3.81 6.42 0.59
215 8.98 2.54 6.18 0.41

Average 7.81 2.65 4.89 0.54

42 14.64 9.51 4.18 2.28
49 13.03 8.11 4.11 1.97
53 12.78 8.15 3.82 2.13
64 11.59 4.85 6.26 0.78

Pyroxene 78 11.56 4.69 6.40 0.73
leucodlorite 89 12.46 8.34 3.29 2.53

116 7.83 2.65 4.91 0.54
192 6.87 4.21 2.24 1.88
199 19.25 10.48 7.72 1.36
203 13.47 4.71 8.29 0.57
207 9.60 5.39 3.67 1.47

Average 12.10 6.46 4.99 1.48

23 14.08 7.24 6.11 1.18
56 19.94 12.60 6.09 2.07

Pyroxene 102 16.82 11.76 3.89 3.02
diorite 113 12.60 8.68 3.05 2.84

122 14.55 ',0.83 2.63 4.11
166 16.09 10.94 4.06 2.69
222 15.17 11.67 2.34 5.00

Average 15.61 10.53 4.03 2.99

Concordia 223 2.36 1.49 0.72 2.07
Granite

Granitic 154 2.03 0.:',1 1.58 0.26
xenolith .
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