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ABSTRACT

The Koperberg Suite intrusion at Jubilee, Namaqualand varies in composition from
anorthosite, through mica diorite to pywxe.ﬁ;. lcuobdioﬁte and pyroxene diorite. Detailed

mapping and petrological studies of the.e rocks indicate that they were sequentially emplaced |
into the Concordia Granile country rocks, and that each of the rock types represent discrete

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

Whole-rock géochemical ahalyses i_ﬁdicate that these rocks represent cimulates involving
vairiable 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 Coppér District, i.e. about 1030Ma ago, At the
time of intrusion, the country Tocks were unﬁé;%going partial melting under high grade
(granulite facies) snetamorphic 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 calcufations based on the initial ¥Sr/*Sr ratic (R,) of the Jubilee sampiés 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 miheralisation was initi\é.ted by the assimilation process, which caused the separation
of jmmiscible sulphides from the hybridised magma. Subsequent oxidation of the original
sulphide assemblage produced bormite, chaicepyrite and Ti-poor magnetite.
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CHAPTER |
INTRODUCTION

1.1 Introductory statement
The 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 km? Okiep
Copper District is situated iti 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 abhout

the area appearing in fhe 1580’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 of this study, is situated about 2 km

norih-east of the town of Concordia (Fig. 1.2). This ore hody was mined in the 1950°s and

1960°s, yielding 0.5 million tons of copper at an average grade of ca. 3%. Althuugh mined
out now, the Jubilee open pit mine prowdes good three-dimensional exposure of a fairly

typical mineralised intrusion, and accordingly was chosen for this detailed fieid and
petrogenetic study. |

1.2 Historical

The ornamentation worn by the Namaqua people and the s;mnples of cupriferous ore brought
by these people on visits to ihe Cape Colony, prompied expeditions in search of the copper
ore deposits. These expeditions failed in their objectives until Commander ‘Simon van der

Stel’s expedition i in 1685 (Smatherger, 1975),
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In the 1840’s, several expeditions sel out {0 reassess the possibility of profitably mining the
Namaqualand ores, but commercial n.ining was not undertaken until 1852, when Messrs.
Phillips and ¥:ung began commercially exploiting the ores found on the farm
Spﬁngﬁelffnnmin. Mining and exploration continued, aimost uninterrupted, weli into the 20th
century when the rost-war slump of 1918 saw the demise of even the largest}_ mining
compaties in the area and a period of mining inactivity followed.

The O’okiep Copper Commpany, with the Newmont Mining Cerporation as thc major

shaceholder, was incorporated in 1937 and began production in 1941, In the eaﬂy'1980’$ -
Gold Fieids of South Africa acquired the majority shares in the O’ckiep 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 Namaqualand

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

in southern Namibia {(Fig. 1.1). The Namaqualand Mectamorphic Complex forms the Central
Zone of the Namaqua Province, which is the western extension of the Namagqua-Natal mobile
belt, developed atong the southern and western margin of the Kaapvaal Craton (Tankard ez
al., 1982). '

The Proterozoic Namaqualand Metamorphic Compiex copsists of metasediments and
metavolcanics intruded by a variety of granitic gneisses. These rocks have undergone
polyphase deformation and metamorphism ranging fronv greenschist- to granulite facies.

Reyonal geochromldgical studies by Nicolaysen & Burger (1965) showed that widespread
grapitic emplacement and metamorphism tock place between IQOOMa and 1100Ma 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 er 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 Okiep Copper District

The Okiep Copper Disirict is probably the most thorcughly mapped area in southern Africa,
due mainly to its long history of exploration and mining and its excetlent exposure, Detailed
mapping by the O’okiep Copper Company (OCC) and the contributions of several authors
notably Benedict er al. (1964), Clifford et al. (1975a), Lombaard & Schreuder (1978) and
Lembaard 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 Blignault er al. (1983), and together with the more localised studies
have resulted in a detailed knowledge of the geolﬁgy of the Okiep Copper District.
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'1.4.1 Lithostratigraphy e,

i

The discussion of the lithostratigraphic subdivisions tizt follows is based on the work of the
' abovc»mmﬁoned authors, The stratigraphy is divided into two broad subdlvmans, a

metavolcano-sedimentary group (the Okiep Group) and several granitoid intrusive suite” :
{Table 1.1). The basement to the Okiep Group is unknown. j
b ' o :
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Fig. 1.2 Simplified geological map of the Okiep Copper Fistrict, indicating the loculity of ..
the study area (Simplified from the maps of the Q’okiep Copper Company and Geld
Fields of South Africa).



Table 1.1 chostmngrapizy of the Oﬁep Copper Dirmc: {afier lmrzbamd et al., 198¢),

1\
' Koperberg Suite R . ) | ' g‘
{ % - { Kweekfontein Granite I
A L
INTRUSIVE | Spektakel Suits{ | Rietberg Granite {
, SUITES - ' ] Concordia Granite o
Mixed Zope Gnejss. -
' Kiein Namagaland Modderfontein Gogies
1 Suite \ —
, Mabab 3 T :
' 1 Noenoemasberg Gneisa
Gladkop Suiie .
_ Brandewynsbapk Greiss
META- _ Okiep Group Lammerboek Subgroup
VOLCARO- :
SEDIMENTARY - Khorisberd Stbaroun - )

Okiep Group

i

.

The Okiep Group, which consists of metavolcanics and metasediments, may be mgarded
remnants of a voleano-sedimentary succession which was incruded 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 typiéhily coarse-grained and very mature, but may be locaily
- feldspathic or conglomeratic, especially in the north in the Ratelpoort Synform area (Fig.
E "1.2). The Lura Schist is a quartz-biotite-garnet-sillimanite rock with a pro{hinent_schistose
fabric which is closely associated with the Springbok Quartzite. Where rafts of the Lura
Schist oceur at the base of the Concordia Granite, they are referred to as the Wolfram Schist,

Overlying the Khurisberg Subgroup, is the Lammerhoek Subgrbdb. Oceurrences of tocks
classified into this subgroup are confi ;led to the norithern and southern portions of the Okiep
Copper District (Fig. 1.2). This subgroup consists of quartz-feidswr—bmtxte schists which
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may contain thin bands of amphibolite, quartzite, or conglomerate, suggesﬁng a possible
volcano-sedimentary origin (Lombaard er al., 1986).

The so-cailed “nvo-pyrokene granuiiie" of Clifford et ai. (1975&), which is a hypersth;;rw

diopside-horyblende-plagioclase rock, occors, within the infrusive Nababeep Gneiss as rafts

or thick sheets. Several workers (Clifford ef al., 19752; Stumpf] er al., 1976} believe that
this lithology also forms part of the volcano-sedimentary succession and represents the source
bed of the cupriferous Xoperberg Suite. '

Granitic Intrusions

Several phases of granitic intrusions ozcur in the Okiep Copper District as extensive,
subhorizontal sheets whose thicknesses are not accurately known. These sheets intruded intJo
the metavolcanc-sedimentary pile of the Okiep Group. Radiometric age deierminations,
intrusive relationships and mineralogical characteristics have led to the establishment of a
lithostratigraphic and chronostratigraphic subdivision of the different phases, listed ir: Table
i.1. The Gladkop Suite has been determined to be the oldest of the intrusive phases. *Ihis
is followed by the Xlein Namaqualand Suite, the latter being intruded by the youngest phase,
the Spektakel Suite.

Gladkop Swuite

The rocks in this suite are grey-red gra.tic gneisses, consisting primarily of medium-
grained quariz, biotite and feldspar. Two subdivisons have been recognised within the
Gladkop Suite: an older Brandewynsbank Granitic Greiss and 2 younger Noenoemasberg
Ciranitic Gneiss. The occurrence of these rocks is restricted to the northern paris of the area
(Fig. 1.2), where the Noencemasberg Granitic Gneiss can be seen to intrude into the
Brandevrynsbank Granitic Gneiss. | |
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Kiein Namaqna!and:"’&r{iie

Th:s s 1te congists of the Nababeep and Modderfontein Granitic Gnelsses, the Ia'iter mtrudmg
the former, The Nababeep Granitic Gneiss is widespread and is exposed parucular v in the
ceniral portion of the Okmp Copper District (Fig. 1.2). It is a well, *fohated rock, but ¢iien

occurs as an avgen gneiss. This hetefageneous fabric denelc)pment (i.e. the transition from

fohatiq_n to augen porphyroblasts) may occur on a large {regional) or small (oulcrop) scale.
The mineralogy congists 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 1000m at Carofusberg.

’f’he Modderfontein Granitic Gneiss occurs principa]ly, although not exclu_sively," i3 fne B

central r-.tion 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 Spekiakel Suite represents the last phase of granitic intrusions. The suite is flll‘ﬂlf'l’
subdivided into three dxstmct intrusive phases, namely the Cencurdia Rietverg and
Kweekfontein Granites. '

The Concordia Granite is a sheet-like intrusive occurring mainly near the type locality, the
town of Concordia, but is alse exposed around the Springbok Dome. It is a microcline
B umte with variable amounts of minor plagioclaze, garnet and biotite (usually less than 3%).

s 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. Grahitic
Tineiss) often displays lit-par-lit features, with Concordia Granite being intru___t_iéd into the
” 'Nahabeep Granitic Gneiss. Where this occurs, the resulting rock type is referred te as the
"Mixed Zone Gneiss", -
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The Rietberg Granite occurs mainly in the north of the Okiep Copper "Distﬁct (Fig. 1.2). It
is a plagioclase feldspar grénib: with ‘o biotite and conspicuous phenocrysts of K-
feldspar. The rock has a distinct pofphyﬁtic'texture' ‘'with little or no tectonic fabric (a weak
quartz-feldspar mineral lineation may occur}, Xenoliths of the Okiep Group, Gladkop and
Klein Namaqualand Suires are common within the Rietberg Granite. |

The Kweekfontein Granite is a rase lithole v in the Oldep-cbpper District, but scattered
outereps 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 Kweckfontein Granite represents
the yonngest phase of the Spektakel Suite of granitic intrusions.

Koperberg Suite

This suite of rocks is oftzn referred to {in the literature as well as in mining terms) as "basic
bodies” or "noritoids" (e.g. Lombaard & Schrender, 1978). This suite repressnts a phase of
intrusion that postdates the granitic intrusions described above, The suite comprises a variety
of different rock tvpes, ranging from anorthiosite and diorite to norite, glimmerite and
pyroxenite. he most common rock type of this swee is of intermediate (dioritic) rather than
basic (noritic) composition; it it thus surprising that the terms “noritoid" and "basic bodies”
have been entrenched so deeply ir the literature. Several attempts have been mads to classify
the rocks of the Koperberg Suite in a formal classification scheme (van Zyl, 1978).

Despite the small volumes of Koperherg Suite rocks that occur in the Okiep Cupper District,
they are of particu ar imporiance, since they are the host to the copper mineralisation that
is @ the 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,



Nama Group

The granite-gneiss terrane of the Okiep Copper District is unconformably overlain in the west
by late Proteroznic 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. -

1.4.2 Sfructure

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 er al. (1975a) and
Hélbich (1978) have modified Joubert’s model to fit thei;‘ observations in this district.

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 eveni is best preserved in the areas to the
north and to the east of the Okiep Copper District. Evidence 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,

The D, deformation phase (the "Namagqua event”, of Blignault ef 4l., 1983) is the most
pervasive phase of deformation  orded in the Okiep Copper District. The characteristic

sub-horizonta! planar fabric (S,), displayed as augen textures or gneissose banding, is the

most promingnt expression of this deformation phase. The gneissos¢ banding is best
developed in the Klein Namaqualand and Spcktakel Suvites which may also display an
associated east-west treading mineral lineation (L),

1 |
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The D, deformation even: is also expressed by the formation of regional large- to small-scale
folds (F;; 'Joubert,'_ 1971). These tight- to isoctinal folds, which are often recumbent, are best
ceveloped in the Springbok Quartzite of the Khurisberg Subgroup, The presence of these flat-
lying folds constitutes the principle evidence for tectonic duplication in the fold-nappe theory g
of Clifford er al. (1975%). Kisters (1993) noted that the fold hinges of these F, folds have

" been dizmembered and isolated, which makm the evaluation of the fold-napps them‘j 4
difficult.
Table 1.2 Correlation of deformational, metamorphic and imrilwzw events (gfter Joube:f. >
1971, 1986; Clifford et al., 1975a, 1981, 1990 Wa:c::r, 1988 1990 be.ron &
| Wallmach 1992 o
Ds j
] NS breccia faults’ !
- NW.SE and NE-SW shear zones - X .
1072 + 20 D3 Koperberg Suite ' ' '
| F3 open EW folding . and - |
steen ) stru{'gmres M2 BN
1166 + 26 155 Spektakel Suite
. S Namagqua event
. 52 gneinsosity : Klein Namaguatand |
' 1.2 lineation . Suite i
1213 4 22 F2 isoclinal folds : :
| 1700 - 1900 o | T
R 19 D_i ; Ml ) Gladkop Suite §
' F1 intrafoliai folds : Orange River event !

10



Q. EAmer" /. -

1

.
. |‘

“The S, regmnal fabric associated with the D, event decreases in intensity from the low\er

Klein Namaqualand Suite to the upper Spektakel Suite, implying syn- to late-D, mtrusmn (*nf

the former and late- to post-D, intrusion of the latter (Cliiord er al., 19752). 'E,

The D, deformation phase is characterised by the formatmn of large, open upright folds {F,)
which trend east-north-east. The F; folds are prommmtiy recorded as the Springbok Dome

o

- and Ratelpoort Synform structures {Fig, 1.2), where F, :fol_ds are oft_cn refolded. - a2

j
In places, the normaily flat-lying foliation in the munuy rock gneisses has been mtawd to
very steep attitudes. These narrow, linear zones are localiy referred o "steep strucmt'es“ imd
are unique to the Oldep Copper D:stnct. Since their w*ientauons, 1€, trending ea.'stwnoﬂh-

 east, are similar to those of the D, structures, eg. ﬂle Springbok Dome, most auti';ors

associate these steep structures with the Dy event (Clifford et al., 1979a; Lombaarcl &

'Schreuder, 1978; Lombaard et al., 1986; Kisters, 1993) while Hilbich (1978) classes tilbse .

structures into a separate deformation pha,w AR

The D, event (Joubert, 1971, 1986) wl{ ..h produced corﬁiugate sets of north-west and nﬂrth~
east trending mylonitic shear zones, ‘is regarded by Hilbich (1978) as the fifth distinct
deformation event (D;). These narrow (up to 25m wlde), subvertical shear zones represmt
the last phase of ducnle deformation in the Qkiep Copper District: '

Brittle deformation is recorded as breccia faults which trend north to north-east and ra:;'z: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 Nmﬁa
Group sediments (ca.500 Ma, Clifford er al., 1975a). " |

1.4.3 Metamorphism

Several regionl studies of the Namagqualand Metamorphic Complex, and local studies in the

Okiep Copper District, have concluded that the area is of 4 Iugh-gradc metamqrphw nature.
It has furthermore been established that this metamorphxsm is symmmmlly ZOL. ba..,"'

L

i1

e A bt it o




'mcreasmg from graem':chlst facies grade along the Atlantic Ocean coast, through kyamte- and
sillimanite- ampmbc.i‘tc facies, to granulite facies in the pastern and southem pomoﬂs of the
- Mamag~:'and Metammrpnuc Complex (Joubert, 1973). ' 3‘\}
Two mmn metamorphic events have been recognised in the Nam.aqua!and Metamorphic
Compla.c The earlier, M avent (the Orange River event” of Blignault er gl., 1983) is the
dommaﬂt event recarded in the areas north of the Ofiep Copper-District. This event
undouhlbdiy also affected the rocks of iz Oxiep Copper District, but tie evidence for this
event hﬂs been overprinted by the later, Mz evet‘ {the ~ ‘amagqua event” of Blignault et al,,
1983). o o

The tlming of the metamorphic Pvénts,":' n o *’hﬂ; Mg event, has been a topic of
some rixsputc Clifford et al. (1975a, 19"‘5b T 'sw peak metamorphic conditions
to be 'iyn- to post-D, (i.e. 1187:422Ma). S 'ert E i, mded that the metamorphism
in the Nmnaqualand Metamorphic Complex predates ﬂ" : i‘ﬂlﬁﬁ?lf granites, L.e. oider 8in
18.:01&{!4 Other authors, e.g. Waters (1986, 1988, 1989, 990) and Gibson & Wallmat:h
{ 1992! dated the peak metamorphism as post-D; (i.e. younger than 1070Ma, Chfford et ai’
1975a) ’ -

Based on mineral chemistry and isotopic data, Clifford et al. (1975a, 1981) proposed peak
M, cotditions of ca. 850°C and P> 6kb. These conditions are generally accepted by various
authors. Based on gamet—cordlente and gamet-orthopyroxene thermobarometry, Waters &
Whales (1984) and Waters (1989) favour a slightly lower pressure at the time of peak
metamorphism (P=>5kb), 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 M, event indicate a high temperature, low pressure granulite
facies grade metamorphism, characterised by an elevated geothermal gradient (35-40°C/km)
(Gibson & Wallmach, 1992).

Waters (1986, 1988, 1989, 1990) and Gibsonr & Wallmach (1992) have proposed an
anticlockwise P-T-t path. The prograde metzamorphism path shows increasing pressure with
increasing temperature. Clifford er al. (1981) and Waters (1986, 1989) suggested isobaric
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coolmg for the mtrcimde path, whlle GleOl'l & Walimach (19“2} proposed decreamng
pressure with decreas g temperature (with a shght increase in prc;wure with decreasing

temperatare at pealk m&‘.amnrphiu conditions, Fig. 1.3).

Joubert (1971, 1973 1986} suggested that the metamorphlsm in thc Namagualand

Metamorphic Compﬁex was caused by a thermal dome of regional extent nmdu:rlymg the area.
Clifford et al. { 1975b) suppnrted this theory and concluded that the Okiep Copper District

fies on the wesiern flank of this dome. Zelt (1980) suggested deep level basement reworking -

under amphibolite facies conditions during the Pan-African event.

NARE T
600 700 860 200

T (°C)

Fig. 1.3 Summary of inferred P-T-¢ paths and peak metamorphic conditions (gfter Gfbson &
Wallmach, 1992). Data from: (a) Waters (1986, 1989) (b} Clifford et al. (1975a,b}
(c) & (d)-Clifford er al. (1981) (e) Gibson & Wallmuch (1992)
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Waters (1986,:1988, 1989, 1990) stated that the anticlockwise P-T-t Bmh (Fig. 1.3)
developed in a compressional tectonic setting involving possible crustal underplating by basic
material. Heaﬁ ng was pmcfl{awd by intrusion of granitic magma at, or abgve, the present
erosional level, Gibson & Wallmach (1992} suggesied that the mctamnrphism ig 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 (1690)

proposed that this .lower crust thermal event may be érusbmanﬂe delamination.

1.4.4 Geochronology

Several ape det_erﬁ*ninatious on the rock units of the Namagqualand Metamorphic :"L"omplex

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

This geochronological history spans some 2000Ma. The greatest age recorded is thit of the

Kheis orogeny (2500-2900Ma; Nicolaysen & Burger, 1965__). Younger events such as the

Damaran orogeny (ca. 500Ma; Clifford : 7 gl., 1981) are also recorded.

The majority of ages from various radiometric age determination studies fall in the 2000-
1000Ma range. From this range, two dominant age groupings md the two main igneous
and metamorphic events in the Namaqualand Metamorphic Compiex and in the Okiep Copper
District. The age group of 1900-1700Ma reflects the earlier of 'these two events, the M; (or
Orahge Rivér) metamorphic and ignedus events (Reid, 1975; Barton, 1983; Blignault ez af,,
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, (or Namagua) metamorphic evcnt,

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

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

Barton (i983) reported the ages of pre-M, lithostratigraphic units, A Rb-Sr isochron age of
1800Ma is reported for the Lammerhoek Subgroup Greisses (Okiep Group, Table 1.1). A
Rb-Sr errorchiron age of 18244-70Ma and a U-Pb isochron age of 17704 184/-190Ma are

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

Several ages have been obtained for the Nababeep énd Modderfontein gneisses (Klein
Namaqualand Suite, Table 1.1), but are ca, 1200Ma (e.g. Clifford ez 4i., 1975a, 1981, 1990;
Barton, 1983). The Rb-8r whole rock isué:hmn ageof 1 1875;22Ma for the Nababéep Gneiss
is thought to reflect the age of the granulite facies M, metamorphic event (Ci.ifford. etal. ,
1975a, 1981). Rb-Sr whole tock isochron ﬁges of 1147+33Ma (ibid.) and 1141:£22Ma

(Clifford er al., 1975a) reflecst the time of intrusion of _the Spektakel Suite.

Several emplacement ages of the economically important Kopetberg Suite have been
obtained. Rb-Sr ﬁvhole rock analyses by Nicolaysen & Burger (1965) produced an ége of
1042 +42Ma. U-Pb zircon analyses yield Koperberg Suite emplaoeme’nt ages of 1072 +20Ma
{Clifford et al.; 19‘?5&), ca. 1100Ma (Stunip_ﬂ et al,, 1976) and 1075+48/-50Ma, and a Sm-

Nd errorchron age of 1047+59Ma (Clifford et al., 1990),

13
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1.5 Koperberg Suilte

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 ahd. form t;f occurrence, wall rock relationships, compo&ition and texture, and
mineralisation is given by Lombaard ef al. (1986). The Koperberg Suite represents the Jast
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 docutnenied in

‘the 3000km? éirea of the Okiep Copper District. These bodies most:oommonly have an east-

west trending dyke-like form, while plugs and sills are less common. Vhe width of these
dykes is generally 60-100m and contznucus strike length is in the range of several metres
to about 1km, ixtrusive bodies whxch lie outsule these dimensions are rare (Lombaard e 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 exiend only for several hundred metres in depth Before tapering out, commonly
terminating closs to certain refraciory tithological hotizons, ¢.g. the Springbok Quartzite. It
has been shown, however, that in some cases, the hodies may continue well below these
terminations, often to depths of greater than 1.5km (van Zyl, 1967; Lombaard e al., 1986;

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

documented (Lombaard ef al., 1986) Kisters (1993) discussed this association in detaﬂ and

| concluded that the intrusion of the magmatxc rocks inetbd JJ central, subvertical zones of these

stractures is due to the steep structures providing subvertically inclined zones of amsotropy
which the Koperberg Suite coudd occupy. Not ali 'Kopsrberg 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 not associated with steep siructures 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 w1thm a composite.
intrusive body, miﬁﬁve age relationships ﬁlay be determined for the varibus intrusive phases,

Brecciation of the older phases by the younger phases indicates that the more felsic vm'iéties
(anorthosiie and diorite) intruded before the more mafic varieties (norite and pyroxenite) (van

Zyl, 1978; Mclver et al., 1983).

Contacts between the intrusive rocks of the Koperberg Suite and the surrounding country
rocks ave generally sharp with limited or no wall rock alieration (Primi, 19°70; Venter, 19‘70;
Prins & Venter, 1978), The notable lack of chilled margins associated with these intﬁxﬁons,
is considered to be the result of the Koperberg Suits being. emplé.ced into a hot crust
undergoing high-grade metamorphism (Clifford et al., 1975a; Lombaard ez 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 (Mclver ef al., 1983).

The rock types documented for the koperberg Suiae include: syenite, shonkinite, quartz-
anorthosite, anorthosite, biotite-diorite, glimmerite, pyroxene-diorite, norite and pyroxenite
(f.ombaard et gl., 1986; Conradie, 1983). Various authors propose differeni subdivisions of
thesa 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 s making up the Koperberg Suite: andesinite, diorite type I, diorite type II, felsic

norite and hypersthenite. Conradie (1983) cla-'s’siﬁed the rocks of the Koperberg Suite on the
basis of their petrographical relationships. The following rock types are conﬂi‘ered by
Conradie (1983) to make up the Koperberg Suite: anorthosite, leucodiorite, mlc::tu-*.‘s.w e,

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

2

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

the early part of the twentieth century. Rogers (1916) produced an exzellent account of the
copper deposits in the Ckiep Copper District, recognising at least ten different rock types.
Petrographic and mineralogical studies were aiso undertaken by Strauss (1941) and Latsky
(1942). The studies on petrographic relations by van Zyl (1967, 1978) produced descriptions
of the more recently developed ore bodies. Since the early 1980°s several important
petrographic studies have been published. These include papers by Cﬁnradie (1983), Mciver
et al, {1983), Conradie & Schoch (1986a, 1986b), Boer (1989) and Schoch & Conradle
(1990). Mineral chemical studies were lfirgely neglected prior to the study by Stumpﬂ et al.

(1976). Since then, several such studies have been published by Clifford et al. ( 1981),
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Conadie (1983), Conradie & Schoch (1986a, 1986b), Boer (1989) and Schoch & Conradie
(19950), |

. Based on the work of the abové—mentioned authors, the peirographic 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 tles in the compositional range of Anyy fo Ang, (andesine
to labradorite), orthopyroxene, which lies in the compositional range of Ens to Eng
(hyperstheﬂe), and brown mica (biotite and phlogopite). Apatite, zircon, sphene, quartz and

magﬁeﬁtg represent the prii.cipal accessory minerals. Clinopyroxene and homblende are

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

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

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

The petrography and chemistry of the sulphides have beer described in det#ﬂ by many
authors, notably Rogers (191), Strauss (1941), Latsky (1942), van Zyl (1967, 1578),
Stumpf] et al. (1976), Clifford et gl. (1990) and Cawthom & Meyer (1992}, Ore mineralogy,
as defined by the contributions of these authors, suggests that bornite and chalcopyrite
constitute the principal ore minerals, Pyrits, pyrrhotite and pentlandite may cccur Ias N
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 silicateé and sulphides have been
summarised by Lombaard et al, (1986). 'I'lie _éulphides are interstitial to the silicates; or form
aggregates with the silicateé, or occur along the cleavage planes of the siiimtes, especially

of pyroxene and mica. Comnelissen (1958) noted the occurrence of botryoidal and stalactitic
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encrustations of chalcopyrite, bornite and chalcocite in fault-related vugs and cavities.
Sulphur isotope studies by Jensen & Dechow (1964, 1965) and von Gehlen e al. (1990),

indicate a very narrow spread of S values :aromid §8=0 permil, which is close to the

n
]

mantle average of §*'S=-+0.5 permil.

Stumpfl et . (1976) proposed that the sulphid.es. represent a late stage phase in ﬁie intrusive
bodies, ‘being remobilised and precipitated by magmatically derived iiydrothermal fluids. Thisg
theory is in direct contt }st to those theones 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. (1950) refined the model of Stumpfl
et al, (1976), i:roposing two fypes of ores that represent end-members, These two ore types
are: a ma.fmauc ere, 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 thet the
sulphides crystallised after the crystallisation of the silicates and the oxides. Cawthorn &
Meyer (1992) ineerpreted the presence ﬁf non-magmatic bonﬁte in the ore bodies (first noted -
by Rogers in 1916) as being due fo the oxidation of primary pyrtaotite and :chalcoﬁyﬂte o
bornite and Ti-free maganetite, This oxidation may have been related to the post-emplacement

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

The timing of emplacement of the Koperberg Suite with.respect to the regional deformation
and metamorphism is contruversial, An intrusive age of ca. 1100Ma tor the ﬁoperberg Suitd
is well documented (Nicolayseﬁ & Burger, 1965; Clifford et al., 1975a, 1990; Stumpil er

al., 1976; Koeppel, 1978), while the M, metamorphic event has been dated at 11874£22Ma

- (Clifford et al., 1975a, 1981). This impliesthat the Kape*rbei-‘;ﬁ’_’Suite was emplaced post-M,.
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Based o the relationships between the intrusives and the steep structures in which they are
situated, most authors have proposed a post-D; emplacement age for the Koperberg Suite.
Several author.. (Mclver er al., 1983; Waters, 1989; Gibsén & Wallmach, 1992) contended
that, based ot metamqrphic textures and tectonic fabrics in the Koperberg Suite focks, peak
metamorphic am:l defeéhlaﬁon conditions post-date th; Koperberg Suite emplacement, i.e. the
I{operberg Suite v}as emplaced syn- to late- D, and Mz.

Dmpite .ovar 140 years of reseﬁrch,;_ ‘there is Sﬁll_ no consengus as to the otigin of the
Koperberg Suite. Early workers such as Wyley (1857, Ronélds.an (19035) and Rogers {1916)
noted the intrusi*_;e natufe of the Suite and were convinced of a magmatic origin for the rocks
and their included sulphides. Latsky (1942) similarly proposed an infrusive oﬁgin for the
Koperberg Suite, based on petrographical textures and the p esence of xenoliths within the

Suite.

The years between 1950 and 1965 produced vastly contrasting ideas about the oﬁgim of the
Koperberg Suite. Read (1952), in line with the granitisation mode] for the origin of the
granites and gneisses of Namaqualand, believed that the Koperberg Suite bodies were derived
irom original copper-bearing flows, sills and pyroclastics, Their presence in steep structures
was explained by regarding these bodies as being. wugher "resistors" in the slightly pl_asti_g
gneisses. Ber-ict er al. (1964), who supported Read’s (1951) granitisazion theory, proposed
that the granitisation ﬂuids travelled along the bedding planes of the metasediments from
which they werg derived, mobilising elements such as Na, Ca, Mg, Fe, Cﬁ and Sy and
depositing these -inio the steep structures. These theories were based mailﬂy 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 boc_iies (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 roék xenoliths in the Koperberg Suite, sharp contact and the absence of
prescrvéd- cotiﬁtry rock textures in the intrusive bodies. This author further jaroposed a deep-

 seated magmﬁ chambei in which pre-inirusion differentiation took place and that these
magnias were contaminated by munﬁy rock during their ascent through the crust to their

intrusion levels.

Clifford er al. (1975a, 1975b, 1981, 1990) propbsed a source-bed theory based on initial
MQr/%Se isotopic ratio and whole rock geochemistry, This theor; involves the anatectic
derivation of the Kopelberg Suite from gneisses and granulites of intermediate to basic
composition. Based on similar jsotopic ratios and identical mineralogy, a two-pyroxene
granulitc present in the Lammerhoek Subgroup (Section 1.4.1.) was proposed as the source

bed. Stumptl e ¢l, (1976) supporied this source-bed theory, based on mineral chemical data.

Mclver 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 recrysiallisation. Basad
on their geochemistry, these authors suggested an alkaling mantle-derived magma,
contaminated by granitic anatects 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 (1993) 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’ckiep Copper Company (OCC), have added greatly to the current understanding and

knov/ledge of the Koperberg Suite in particular, and the geology of the Okiep Copper District

in general,

Tosgibie comparisons between the occurrence of the Koperberg Suite with other areas include
Caraiba, Brazil (Townend et al., 1980; Mclver et al, 1983), thé Grenville Province, Canada
(Wynne-Edwards, | 1972; Clifford et al., 1981), and massif-fype anorthosite complexes
{Isachsen, 1969; Conradie & Schoch, 1986a). |

i

1.6 Present stu.dly

Previous research nn the rocks of the Koperberg Suite in the Okiep Copper District has
largely been on a regional scaie, with authors attempting to explain the formation and
petrogenesis of the suite as a whole. Furthermore, these studies were baséd on selective
sampiing of the suite over a wide region. Although this method of i_n#éstigation has resulted
in several of the characteristics of the l{operberg 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 Un;versity of the Witwatersrand in oon;unm.n with Gold Fields of
South Aftica. The aim is to document and describe the geology of a single Koperberg Suite
occurrence, namely the Jubilee body. With particular emphasis on geueheﬁlicai
chamcteﬂsﬁcs, a better understanding of the origin and petrogenesis of the Jubilee body and
the processes of fonnatmn is 1o be attained. Furthermore, the affects, if any, of external
processes such as crustal contaminagion, on the rocks of thc Koperberg Suite present in the
~ Jubilee body, are also investigated.

- Mapping and sampling of i:he Jubileg body was undertaken during March 1993 and August.
1993. The nofthem and western faces of the Jubilee open pit were mappe&nn a scale of
- 1:200. M;pping ".emphaﬁis was on the distribution of the different rock types and their
relationships with one another, as well as with the t;oun&y rock, Samples of the rocks present
in the study area were conectéd for peirographic investigation, and whole rock and mineral
geochemical analyses. Although sampling was concentrated on the rocks of the Koperberg
Suite, samples were aiso collected from the Concordia Granite country rock, as well as
granitic xencliths. Samples were coilected to establish a mpresentanve data set of all the rock
types present, as well as to illustrate any geochemical or petrographical d:ffmnm within

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



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
temmology into line with modem 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, 19§0). Prior to the this, the most commonly
used name for this suite was the Noritoid § rite. Lombaard et al. (1986) listed the rock types
present in this suite as: shonkinite, quartz-anorthosite, anorthosite, quartz-diorite, biotite-
diorite, glimmerite, hypersthene-diorite, nusite and hypersmeﬁite. Several other authors added
to this list such names as leucodiorite, ferro-diarite, 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 chapier proposes o

list the rock types of the Koperberg Suite that occur in the Jubilee mine. Where applicabie,
names that have been nsed previously to'describe these rocks are listed and discussed.



Field classification of the different Koperberg Suite phases present at Jubiles 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 quariz, the ferm
qugrtz-anmﬂibsite is used. The term andesinite (van Zyl, 1978) is not used here since,
atthough q@i';amples of this rock type analysed in this study have plagioclase of composition
Afzg e (Cﬁapter 5), plagioclase grains from Carolusberg West have compositions of An,
(Stumpfl er a! ,» 1976), hence the term anorthosite is considered to be adequate.

The second rock type is mica diorite which congists of plagioclase + mica + pyroxene. As
will be discussed in Chapter 5, the An content of the plagioclase grains in this rock type is

Jess than 50%, .he.nce the root name diorite (Streckeisen, 1967). Mica is the dominant mafic
mineral (mica:pyroxene>> > 1), hence the qualifier mica is used. This rock is often referred
to as the choppy diorite by the mining community, but this is clearly not acceptabie as the
meaning of the adjective choppy is unclear. Furthermore, the term biotite diorite (Strauss,
1941; van Zyl, 1978; Lombaard ef gl., 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 pyroxex. which is added to the root name. In principle,

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

pyroxene-mica-diorite, but no such rocks have been identified ai Jubilee,
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In the field it was neted that several pyroxene diorite localities were distinctly lighter in
colour and these weve subsequently termed pyroxene kucodiorite. These rocks also consist
of plagioclase, yyroxene and brown mica, but the plagioclase content is higher than in the
pyrosene diorite; otherwise these two rock typcs are very similar. Pyroxene leucodiorite (as
defined here) has previously been referred to as lenconorits by OCC geologisis as well as
in the literature (Clifford ef al., 1995). -

- 2.4 Summary

The field classification of the Koperberg Suite at Jubilee into anorthosite, m;ca diorite,
pyroxene diorite and pyroxene leucodiorite was initially based on colour index and
" mineralogy. Later chapters of the preseat study will show that this classification is valid and
that classification schemes based on other characteristics (eg. geochemistry) would result in
a similar distincrion 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 15 Ibcated'about 2km north of the towe of Concordia. This
composite ore body of Koperberg Suite rocks intruded into the Concordia: Granite of the
Spektake! 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 northerst 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 norih-north-east. ‘The proven depth
of the Jubilee ore body is about 200m apd the dip 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 Keperberg Suite
3.2.1 General

The rocks of the Koperberg Suite present at Jubilee are readily distiiguished 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 (in contrast to the predominantly
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foliated surrounding granitic country rock). Furthermore, anorthosite is genemﬁy lacking in
any mafic mmemls, while mica diorite consists mainly of plagioclase feldspar brown mica
and minor pyroxene, which is quite dlstmct from the atkali feldspar-plngmclase-quanz
hornblende assemblage of the granite.

KOPERBERG SUITE
::] CONCORDIA GRANITE

/ APPROXIMATE LT OF
THE KOPERBERG SUNE

g / APPROYIMATE LIMIT OF
THE JUBILEE PR

-;‘_':j. WASTE DUMP
NORTHERN FACE
’”m SECTION ‘

Fig. 3.1 Plan view of the Jubilee pit and surface gealogy.
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The distinction between mica diorite and pyroxene diorite is made on the basis of the
pyroxene ¢ 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 seyw e of intrusion among these phases. These rel#ﬁdnships indicate that the
intrusion of the more felsic phases (anorthosite and mica diorite) predates the mtrusxon of the
more mafic membors (pyroxene diorite).

The different rock types oceur in discrete zones or xenoliths. There is, however, a zone
where anorthosite and mica diofite occur together as a fransition 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 Rock types
Anorthosite

Anorthosite is a common and conspicuous rock type in the Jubilee pit, ExposureL wluch are
restricted to the northern face of the pit, vary in size from small xenolidi ( (10 20cm 4cross)
to large sheets (30-40m across) which have an overall steeply north-dipping oriensation (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, -~ contacts between
anorthosite and other rock types are sharp, It is interesting to note that nowere is anorthosite
in contact with the Concordia Granite country rock, but is separated on all sides by younger
members of the Koperbcrg 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 Zose {described below), these grain-size and mineralogical changes do not occur
smoothly. |

Fig. 3.3 Foliated quarz-rich anorthosite from the Transition Zone. The foliation is defined
by elongated quartz grains orientated 083/32°N. View is to the norih-east.

Elongate quartz crysials and lensoid aggregates of quartz in the anorthosite often define a
discernable fabric within this rock type (Fig. 3.3). This foliation varies siightly between the
different anorthosite xenoliths, suggesting that the foliation predates the intrusion of the mafic
racks 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 iu the Transition Zoue. This
rock is fairly homogenous in appearance throughout the exposure (which is restricted to the
northern face), although a foliation, 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 Micg 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 uniis in various ways. This zone occupies the
area between the dominani masses of anorthosite and mica diorite and as such consists of

both these rock types.

¥ig. 3.5 A plan view of the layering of anorthosite {lighter maserial) and mica diorite (darker
material) in the Transition Zone, orientated 079°/43°N. Eqst is to the right.

'The Transition Zone represents a transition from true mica diorite to true anorthosite with
the transition occurring as a weakly defined interlayering of the two rock types (Fig. 3.5).
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From the mica diorite. mass, there are increasingly pérsistent and more frequent layers and
patches of anorthosite, until only a few thin slivers of mica divrite remain, with the rock
uitimately 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 zone. The layers are not persistent along their length.
seldom reaching ruore than 70cm in length and 10cm in width. The orientation of the
layering appears to be fairly consistent, striking approximately east-west and dipping betwecn
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 wheferi_;ﬂ fabric occurs, it is parallel to the

layering, Orbicular structures may occur in the micqfl‘;dioﬁie- layers.

Also of note are the presence of two large (ca. 10m) granitic xenoliths, as well as two
smaller ones, in the Trarsition 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 gradstional change in mineralogy. These zones are rich in quartz, alkali feldspar and
plagioclase and are generally very coarse-grained, On the basis of mineralogy and (exture,
these zones are similar to the the granitic xenoliths which occur in the vicinity.

Pyroxene diorite _
This is the dominant Koperberg Suile rock fype at Jubilee, It has been subdivided into
pyroxene leucodiorite and pyroxene diorite. The difference between these two is very slight
in the fieid, both being dark, coarse-grained rocks consisting of piagioclase, pyroxene, brown
mica and opagque minerals. Pyroxene diorite is darker and contains a higher proportion of
ferromagnesian minerals (450%). Differences in terms of petrography and chemistry
between the two will be discussed in later sections,

Pyroxene leucodiorite occupies almost the entire western face 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 homogeneus 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.

et \ brarie =

o Y

B S IR T kg St m g Yl



The pyroxéne diorite exposures are heterogenous, there being zones which are more felsic
than the pyroxene diorites, and zones which are pyroxene- or rﬁica-xich r¢lative to the
pyroxene diorite. These heterogeneities are in general small-scale 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-dis 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 corner of the northern face. Here
chalcopyrite and bornite are abundant and clearly visible as coarse granuiar 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 natrow (<0 Sm) veinlets. These veinlets surround large
xenoliths of older intrusive phases, especially where the older xenoliths oceur close to the
‘Concordia Granite country rocks. Within these narrow zones, the rock is clearly layered,

th__ 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 Coentact 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 contzcts between xenoliths and host rocks, as well
28 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
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Fig. 3.6 A plan view of a pyroxene divrite veinlet (FD) developed between the Concordia
Granite country rock (CG) and a Concordia Graniie xenolith (CGX), The layering defined

by alternating plagioctase- and pyroxene-rich layers is orientated 083°/70°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 Koperberg Suite. "I‘he. 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 millimetres or centimeires and are
alightly uneven. This would argue against a lit-par-iit 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 stili
hot. A temperatui‘e gradient may have existed between two Successive phases of intrusion,
as is suggested Dy the presence of small (ca. 2.5cm) xenoliths of pyroxene leucodiorite
within the pyroxens 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 ¢f the Koperberg Suite are in sharp contact with the well-foliated Concordia
Granife country rocks, A steepening of the sub-horizontal foliation in the Concordia granites
at the contact with the Koperbérg 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
of 20-30cm. Generally, however, the foliation in the Concordia Granite disappears in a 30-
50cm zone along the coatact with the intrusive Keperberg Suite (Fig. 3.7). This zone is
lighter in colour and more competent in pature and commonly lacks foliation.

These zones may represent granitic melts resulting from the melting of country rocks by the
hot intruding magma. This may aiso explain the absunce of chill margins along the contacts
between the Koperberg Suite and the Co « nrdia 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 anreples 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 comact, View is to the north-west,

In some localities, the rocks of the Koperberg Suite, especially the pyroxene diotite, show
a distinct change in they mineralogy towards the contact with the granitic country rock. The
rocks become more mafic towards the contact, in some places being pyroxenitic, consisting
of aimost pﬁre 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. Z*.nbte that the pyroxene diorite becomes
more mafic towards the contact. View is 10 the north-west.

3.4 Granitic xenoliths

Two large (about 10m in diameter) and two smaller (about 2m in leagth) 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 quarte, plagioclase and amphibole.



The Transition Zone material in contact with these xenoliths is often very quartz- and
plagioclase-rich, This materiai grades into the anorthositic and mica dioritic material more
representative of the Transition Zone. The contacts between this quariz- 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
" Vnot 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 graniﬁc
xenoliths described hete. The presence of granitic xenoliths in the. Tmnsiﬁon 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 30cm) cut across the rocks of the Kdperberg 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 comtact or some other plane of weakness. These pegmatite dykes can not,
however, be traced into the country rock.

i
1
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3.6 Structure

The Concordia Granite country sk in the vicinity of the Jubilee Mine has a weil-developed
gneissosity. This foliation, as defined by mineral Jayering-and preferential alignment, varies
in orientation from north 1o south through the Jubilee area. To the north of the mine, the

o
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foliation dips shallowly {10°-20°) to the south, while at the sonthern end of the ming, this
foliation dips somewhat steepei‘ (about 30°) to the north (Fig. 3.1). This change in
orientation of the country rock foliation indicates the possible existence of a steep st;'ucmre
somewhere 1o the south of the 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
jocalities tend to be developed parallel to nearby coﬁtacts, rather than having an onmmuan :
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 o regional tectonic
forces. The latter foliations are not parallel to regional foliations, suggesting that the |
xenoliths of anorthosite éontaisxing this foliation bave been rotated with respect to their
original orientation. - | | .

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
accommodated the stress associated with joint formation along previously-formed foliations.
These joints, which are clearly post-Kopetberg, are developed in two dominant sets: one
striking north-south and dipping steeply to the east, the other siriking ezst-west and dipping
- steeply to the north. Pegmatite dykes are developed paralle] to the north-south trending joints,
suggesting that these pe_gmatim may have utilised the joints as zones of weakness.
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Chapter 4
PETROGR_;APHY
4.1 Intmduction _

A study of about 150 thin sections was made to deiermine the mineralogy, as well as
textural, deformation and alieration 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 anﬁ;mosite, mica
diorite and pyroxene diorite (Chapter 2). These rocks consist primarily of plagioclase,
orthopyroxene and brown mica, Quartz is present i most rocks,: but only in quartz
anorthosite does this mineral atiain a major mineral status. Alkali feldspar is a rare minezdl,
existing mainly as microperthitic exsolution lamellae within plagioclase, or in rare cases, as
fine grains interstitial to plagioclase. Apatite and zircon are the main accessory minerals.
Other silicate minerals, which include chlorite, white mii:a (swsicite) and epidote are the
alteration products of the major silicate minerals. Opague 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 Jubiles has been
totally mined out, the sulphide-rich, and presumably more mafic rock types, are not available

for investigation.
4.2.1 Anorthesiie

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 dominiant mineral, constituting more
than 80% by velume of this rock. In quartz anorthosite, plagioclase may make up only 50%
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of the rock, the rest being quartz. Otherwise, guartz makes up less than 20% of the rock.
Chloritised_ mica occurs in some samples as a minor mineral, whi!e apatite and zircon are

‘common agcessory mincrals.
Plagioclase occurs mainly'as subhedral megacrysts up to Smm in diameter, or as aggrcgaiaes

of small (l-zinm) crystals. Contacts between plagioclase megacrysts may be straight or

slightly interfocking, but more commounly, 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 grains of alkali feldspar

may oceur between plagioclase megacrysts. These megacrysts generally exbibit tﬁaformatmn

features such as bent twin lamellae, defomauan or glide lameflas, subgrain rformatmn,

fracturing and undulosc extinction (Fig. 4.1). The fine-grained plagiociase crys[,als, which -
occur. in aggmgates among the megacrysts or as rims around the megacrysts,larc rarely

deformed aml none of the above-mentioned features are present. The texture of the fine-

grained plagioclase is generall? granoblasﬁc—polygohal 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 commonty alteration may aiso

occur at snbgrain boundaries and atound interstitial suiphtdc grains. This alteration produces

chlorite, epidote and sericite.

Quartz occurs either ay i1, anhedral grains associated with fine-grained plagioclase
aggregates;*-»;' mote commdﬁly as large (up to 18mm 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. Bazed on the observations
that quartz overgrows highly deformed plagioclase, and that the quartz is fess deformed than
plagiociase, it is concluded that the m:artz grams recrystallised after the deformation of the
plagioclase. o
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Fig. 4.1  Kinking of plagioclase swin lamellae at a subgrain boundary in ancrihosite.
(Sample 180; crossed polars).

Brown mica is an uncommon mmeml in anorthosite and cccurs as 1mm to 2mm long flakes,
generally in assocxat:on with ﬁn&gmmm plagioclase aggregates. Single flakes may occur at |
plagioclase megacryst boundaries or within fractures in these’ megacrysts. The mica is
extenmely chlont:s&d Kinking and splaying of these flakes is ubiquitcus. T\e general
paucity of mica in anerthosne does not allow for de&,mumng whether these mica flakes are '

preferentially aligned or not,
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Opaque minerals occur/in small amounts (maxlmum 3%) in a few anorthosite samples N

Where they occur, opaques exist as small ﬁ] ,f;.semmated specks assoctated with fine—grmned
plagmciase and mica flakes, or mer ra.rely, between or within plagmclase magacrysts
Where opaques occiif in association with mica, the former may be developed along cleavage
planes of the mica., Magnetite x.'='.‘h the dominant opaque mineral, whule ﬂmemte is less
~ common, the Iatter occurring as an exsolution phase in magnetite, Sulghtdes are ramly
| -present in anotthosite but where they occﬁr, chalcoﬁyﬂﬁe predominates over bornite, The
‘sulphides occur as tmy disseminated specks at siticate grain boundaries. In some ci;sse_s,
salphides occur tozether with magnetite in association with. rmca, but generally _';these
sulphides occur as individual, polygonal grains associated with fine-grained plagicclase

- grains, The occurrence of chalcopyrite and bornite logether is rarely observed. _
4.2.2 Mica diorite

The term mica diorite is used to describe a medium- to fine-grained rock consisting
e;senuany of plagioclase and brown mica (Chapter 2). -Fiagioclase constitutes 70% to 85%
of the rock by volume, while tirown mica is present in modal proportions of 5% 1020%. The
rest of the rock is made upof Jquartz orthopyroxene, opagus nunera.ls and accessory s;hcate

mmemls Compering the proportion of plagmclase in, “hica azhm‘ziﬁuh to the plagioclase
| proporuon in quartz-rich anorthosue (Section 4.2.1), it is noted ’that mica diorite often

contzing a higher propomon of ﬂagoclase than quartz anorthosite.
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Fig.d.2 Deformation of twin and glide lamellae in plagioclase from mica diorite,
(Sample 21}.

Plagicclase occurs mainly as large (2-5mm) sublodral megacrysts. Small, equant graing of
plagiociase which range in size from 0.5mm to lmm, commonly occur in aggregates among
the megacrysts. As a rule, these smaller grains are polygona! and commonly meet in triple
point junctions. fn contrast to the smaller plagiociase grains, the megacrysts often have highly
. irregular or serrate grain boundaries, and commonly exhibit deformation features similar to
tihose described for plagioclase in anorthosite (Fig. 4.2). Alteratior. of _plagioclase megacrysts
is common, bot restricted to grain boundaries and fractures. Exsolution of alkali feldspars

is not common, but a few exsolution blebs do occur in plagioclase megacrysis.
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The proportion of brown mica (5%-20%) is a characteristic feature of this'mcic type. Mica
occurs as single flakes at the contacts of plagioclase megacrysts, but more commonly as
disseminates clusters of several flakes among the fine-grained plagiociase grains. Where mica |
: occurs in association with plagioclase megacrysts, single flakes may project into the
plagioclase crystals. Alteration of mica to chlorite i3 cornmon but not extensive, the alteration
| ‘oceurring mainly aldng vleavage planes and at grain margins. Bending of the fnica flakes or
splaying along cleavage planes are commor d;formation 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 subhecral grains occur assoc;ated
with mica and fine-grained plagioclase; forming small, irregular bands or paiches between
plagioclase megacrysts, Due to extensivé alteration of the pyroxene grains to chlorite and
oxides, only small unaltered refics of the original material are proserved near the core of the

grains,

Quartz is present as a ninor mineral in only a few of the mic» diorite samples éxamined. in
these samples, quartz occurs as small (0.5-1mm) anhedral graing assoéiated with mica. and
fine-graincd plagioclase. Zircon ami apatite are very common accessoiy Mminerals in mica
diorite, but are particularly abundant in samples from the mica diorite xenoliths that occur
on the castern side of the northern face of the Jubilee pit (Fig, 3.2). These acces: ms ocour
as small, rounded grains, usualiv -ssociated with fine-grained plagiociase and mica, but may

oceur between or within plagivclase megacrysts,
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Fig. 4.3 Deformation of a mica grain in pyroxene &.‘aﬁié (Sample 172). Noie the sharp
contact between mica (M} and plagioclase ﬁPL). |

Opaque minerals make up between 3% and 10% of the micy diorite at Jubilee. In genera,
these occur as disseminated specks evenly distributed throughout the rock, most commonly
in association with mica and fine-grained piagioclass concenirations. The cpaque minerals
are dominated by magnetite and ilmenite which may occur as co-existing phases or as
independent grait 5. Magnetite often exhibits ilmenite exsolution,l w.hile independent iimenite
grains sometimes have exsolved bodies of rutile. Sulphides are rare in mica diorite,

constituting only a small percentage of the total opaque rraction. These sulphides usually
oecur at silicate grain boundaries or along .cleavage planes of mica. Although comnionly

associated with oxide miwerals, sulphides also occur in the absence of oxides, being
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interstitial to the silicates. Chaicopyrite is the dominant sulphide mineral, but bornite may
occur either as independent grains or in association with chalcopyrite. Wherc sulphides oceur

in contact with plagioclase, the latter is often altered to epidote,
4.2,3 Pyroxene diorite

Asg discussed in Chapter 2, pyroxene diorite may be .'s.ub\gividet_i into pymxéne leucodiorite
| and pyroxéne diorite. Although the modal proportions ﬁi“ tlié“_gonstituent minerals (and hence
the whole rock chemistry).are different between these two rﬁck types, the petrogré,phic
relationships -.m:i features are similar enough to warrant them being described together here,
These rocks consist predominantly of plagioclase (from 20% in the pyroxene diorite to &
much as 80% in the pyroxene leucodiorite) and pyrozene {from 15% in the pyroxene
leucodiorite to as much as 70% in the pyroxene diorite). Brown mica is a fairly common |
B mineral, making up as much as 12% by volume in samples taken from close to contacts with
Concordia Granite. Quariz dnd apatite'.are UnCOmMMon accessai‘y ‘minerals, while the opaque

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

Comparing the mafic mineral pmportioas 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
leucodiorité samples have a lower proportion of mafic minerals than the mica dior_ite. These
pyroxene lencodiorite samples correspond to thnse'xénoliths_ which may repré.wnt partially

digested granitic or Koperberg Suite material (Chapter 3.

Plagioclase occurs mainly as subhedral to anhedral gr.‘:ins in monoimineralic bands or patches
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where the prain-size iy bet_}véen 2mm and Smm. Pligioqlase may also @ur as smalles
(<1mm) polygonal grains between the larger plagioclase grains or in association with
pyroxene concentrations, but this is not omﬁmon. The larger grains generally have straight
or slightly undulating ma:rgins,____lii;t may be very irregular in pla' 3, In the latter case, fine-
grained ﬁlagiociase grains arc. often dcvelqped. These smaller grains are more equant and
polygonal than the 1arger ones and may rﬁeet in equal angle tripie junctions. I_)eform#tion
features, such as bending or kinking of twin lamellae, subgrain formation, deformation
lamellae and fracturing of grains, are present, but not very common, in we larger plagiociase
grains. In the fine-grained plagioclase crystals, these features are ébsént attogether, Alteration
of plagioclase is limited, with saussuﬁf.isalion soaetimes oconrring between larger plagioclase

)
i

L s
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Subhcaral pyroxesie grains, ranging in size from 1mm to 4fm in diameter, are clustered in
mafic bands or paiches between the plagioclase agpregates. These mafic bands also contain
the majority of the brown mica, opaque minerals and fine-grained plagioclase present in the
-rock. Deformation of pyroxene cryéfals is restricted to fractuﬁng oii 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 frﬂctufes. 'This alteration produces a

fine intergrowth between chlorite and iron oxide.

Brown mica is a ubiquitous mineral in pyroxens didrite. It occurs as sizagle flakes or small
clusters of flakes with no preferred orientation, disseminated throughout the 'pyroxene-xich
* mafic bands. Mica flakes of up to 2mm in length occur among py}oxene grair ' -but also

occur sporadically between plagioclase grains, Deformation of the mica flakes (bending and
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kinking of flakes, or splaying 2long cleavage planes) is fairly common (Fig. 4.3) These mica
flakes are generally nraltered, cxcei)t in samples from cloSe t6 contacts with the country

rocks where tie mica is extensively altered to chiorite,

Fig. 4.4 Subgrain development in a pyroxene grain in pyroxene diorite (Sample 172).
Note the change in orientation of the cleavage a these boundaries and the off
set of the cleavage at fractures.



Quartz is a rare mineral in nﬂ}rokeﬁe diorite, except in samples which occur close to the
country rocks. In the latter case, quartz exists as le (<1mm) grains associated with
pyroxene and mica, and makes up as much as 5% of the rock by voliu_ne. Apatite is simiiaxly
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 (bomite,
chalcopyrite and chalcocite), e_specially in the pyroxene leucodiorite, In the pyroxene diorite,
oxi&es é.nd sulphides may be present 1m roughly equal proporti.ﬁns. These opaque minerals
are generally associated with the pyroxene-mica cohcentmtions, but may occur interstitiafly
to plagioclase grains. Fuﬁhennore, sulphides often ocenr within silicate gral sperially
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 pa_rtiélly enélosing the silicate crysté.ls (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.
Bomite and chalcopyrite commonly occur together, usually with bornite dominuating.
Independent chalcopyiste is uncommon, but boinite is commonly developed in the absence
of chalcopyrite, In the laﬁer caﬁe, bomite is often associated with magnetite, Chalcocite
replaces bornite in several suihs, especially at the margins.uf: pilfe izémité grains, but zlso
in bornite-chalcopyrite intergrowms.“ 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 silicé.t_e phases are sharp and no reaction rims oceur (Fig.

4.3). Similarly,_sulphides show no reaction with silicates other than plagioclase.

Fig. 4.5 Relationship between orthopyroxene (OFX), sulphides (S) and oxides (OX} in
pyroxene diorite (Sample 121). Note the intersttial and poikilitic nature of
sulphide with respect to ortnopyroxene. '
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Fig, 4.6 Sulphide grain in contact with silicates in pyroxene diorite (Sample 25). Note
the alteration qof the plagioclase (PL) to epidote (EF) in comact with the
sulphide (8).

In one sample of pyroxene diorite, xenoliths of homnfels were observed'.:lhese fine-grained
xenoliths, which are between 10mm and 20mm in diameter, are of the same mineralogy as
pyroxene leucodiorite, aithough the small (<(.5mm) grains are equant and polygonal, and
brown mica may bie 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 hornfels 10 medium- to coarse- grained pyroxene diorite
(Sample 114). There is no mineralogical or wextural change in either the
hornfels xenolith or host pyroxene diorite towards thiv -«wact.

4.3 Granitic xenoliths

Severél granitic xenoliths occur within the rocks of the Koperberg Suiie at Jubilee {Section
2.3). Two of these xenoliths weie sampled and show that although they are similar in grain

size and texture, the mineralogies are not identical. Both xenoliths contain plagioclase

S6



feldspar and quartz as major constituents; one xenolith (the western xenc;iith in the ".}_ower
Transition Zone, Fig. 3.2) contains alkali feldspar as a major phase and amphibole s a
minor phase. The other (eastern xenolith in the lower Tranisition Zone, Fig, 3.2) xenolith

¢

contains brown mica and amphibole as a minor phases. N

| Plagioclase makes up between 30% and 50% by volume of the granitic xenoliths, 'whiie atkali
feldspar is present in modal proportions of between 15% and 39% in the alkali feldspar-rich
x:nohth In the latter xenolith, quartz is present in modal proportmns fess than 20%; in the
alicali feldspar-free xenolith, quartz makes up about 45 % zhe rock by volumc Amphibole
and brown mica constitute the remainder of the major sxhcate fractton of the grenite
xenoliths, Pyroxene is p"esent as an acoessory mineral in the xenohth containing alkaii
feldspar. Zircon and apatlte arib uncommon accessory minerals, except in one sample (samp

. 20) where these minerals are common _acoessones. Opagque mineral grains, which makc up

not more than 1% in all samples, are represented exclusively by magnetite. .

Plagioclase occurs in the granites as large (3-Smm) anhedral crystafs with irregular gra.m
margins, or 25 smaller grains interstitial to the larger crystais. Subhedral alkaii feldspar
grains arg smal] (about 1mm in diameter) and mainly occur fﬁt@stiﬁﬂiy to large plagioclase
grains. Irregular grains of quartz, often greater tiran &mm in ieﬁgth, overgrt;w both feldspar

phases.

Brown mi_ca ancl amphibole occur in proportions that are less than 5% by volume of the
respecuve rocks., These minerals exist as small ﬂakes (0 5-1.5mm in length) which are

interstitial to the felds.pan Amphibole (homblendu) 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 smatl subhedrai_ gréin associated with amphibole.

P

Fig. 4.8  Amphibole (hornblende, HBL) flakes surrounding a microcline (KSP) grain in
a granitic xenolith (Sample 152). Notz the tangential arravigement of
amphiboic flakes. I

Deformation of the feldspar grains (and 'quartz tc a iesser 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.

L
8
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et Summary

B

.‘-‘\
The seqmnw of mtrus:on of the Koperberg Smte at Jubllee has alrmdy br:e.n established

L o :
(Chapter 3) to be anorthosxte mica diorite, pyroxene leucodlonte, and pyro%ene dmri’ ' 3!!

terms of :runeralogy, this sequence represeﬂta a gmeral decrease in the preportion of quartz
and plagloclaxe and arf increase in the proportions of pymxene and opaque- .uuerals in'the
rocks Importnnt from an economic wewpmnt is the increase in the copper sulphide content |
of the rocks with time. o : e PR o A
'Att_,f;nti;m is also drawn to the presence of the granitic xenoliths present m the rocks of the
Kopeﬂwerg Suite. In terms of petfcgraphy, these granites are disﬁnct. from the immediate
country rocks as well Ias:the s&atigraphicaﬁy lower Nababeep Gneiss, Later chapters will o

show that these granitic aenoliths are also chemically distini&fz?rom 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 'fea;ures has an
determined by petrographic investigati;m. Defo_rmation features, especially in the p!agiociasé
and mica crystals; are more common in the eaglier intrusive phzis\es. Although these features

are also developed in the later phases, i.e. the pyroxene diorite, they ar not as well

developed.

The presencs of recrystallised plagioclase as small, equant and polygonal grains Idevelopcd

- ﬁ:atween large plagioclase megacrysts has been noted. This feature is presentm all rock types
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of the Kq?erberg Suite at Jubilee, but is moré.,.aommon in the anorthosite and mica diorite
d.e. the older rocks) than in the pyroxene diorite. |

Althouzi. e Jubilee orebody does not represent an extensiveljr altered, ':as for example the
Hoits ore body (Cawtiom & Meyer, 1992), some alteration is nevertheless present.
Saussuﬁtisii}im of the plagioclase-rici; m?ks is common, while chloritisation of brown mica
is bspeclally common in the older rocks. Although these alteration features are present in the
young f’phases too, they are le*is commo.n or less well developed. Alteration of

orthopytoxene to chlorite and iron oxide is fairly common in all pyroxene-bearing rocks, but

is more common in the earlier intrusive phases.

Deformation, recrystalfisation and %lg:..a’on/ features of the rocks of the Koperberg Suite
appear to be more 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 will be discussed in a Iater chapter.



CHAPTER 5
MINERAL CHEMISTRY

5,0 utroduction

Quantitative chemt -} analyses of the major co 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-iwo samples, while oxide
compoéitiuns 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 1o the compositional homogeneity of the different silicate phases in each
sample, analyses were averaged per sampie 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 Plagiaclase

Plagioclase from twenty-one sampies, representing all t‘ge Koperberg Suite rock types present
at Jubilee (Chapter 3) were analysed. The results, avé..‘aged per sample, are presented in

Table 5.1. R \;})



Fig. 5.1 shows that for the Koperberg Suite, the An content of plagioclase vanwfbﬂwwn o

At and Ang,. Ancrthosite samples contain plagioclase grains with the lowest An-‘_"gontq:\t:,_

and the greatest variution, ranging from An, ;. Plagioclase in mica diotite has a restrictec! -

compositional range (Angm}, while plagioclase in pyroxene leucodiorite and pyroxene diorite
has an intermediate spread in An values (Ally1y).

Plagioclase in the anorthosite and mica diorite may have a high poféssium content compared

to plagioclase in pyroxene lencodiorite 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
| exsulution lamellae, which 1re common tn énorthositg and mica diorite, were analysed from
~ a sample of anorthosite. Triese alkali feldspar lamellac have an erthoclase content of greater
than 60; in one case it is as high as %% (Fig. 5.1).



Table 5.1 Summary of microprobe analyses of Koperbery Suite plagioclase a: Jubilee.

S / o from near conteels
| .
B, a2 (M8 1w s 1% 1% | B m

STEH 5884 S0OL 5806 | 57AY 5207 S706 567 sess | 629 51.06
629 2533 2461 5T [ 2653 2661 2647 666 203 {7y 2638

008 0.9 0.0 0.08 o 007 .06 0.08 008 0.4 0.09
831 73 648 7.53 8.50 249 8.1 8.7 ».92 .35 847
oM oot . om 0.0 0.3 ] 0.08 2.03 0.03 0.03 0.02
| 6,7 705 7.59 639 6.37 438 6.35 8.25 624 | 5% 638
032 045 A1 1.2 043 0.8 075 .03 v oz 036

3,29 .1 nn .88 Ll 98.95 98,93 %.9 28930 .31 9850

An 404 355 313 36.8 414 414 397 2.9 33 458 14
Ab 57.7 bi.9 6.3 587 s61 588 559 553 54.9 527 56.5
Or 19 27 23 5 25 2 4.3 18 13 - 1.5 &3
B Pyroxsne leacodiorite Pyroxete diorite

Sample |42 2 = o= 64 m 5% 102 111 113 122

Ei0,  sss 558 $5.14 5427 56.00 36.42 $6.56 5688 5348 55.88

Ao, loma we zmwm wm oz lmm o mas s ma nes

FeO¥" 0.14 ' B2 0.1 0.11 0,12 gl f.12 033 010 0.34

C20 9.34 9.64 9.47 .34 9.3% 896 - 9.8 3.m 1.3 975

Ba0) 0.0 032 .03 0.0 - 0,03 0.04 0.z a.01 0.2 0.03

NaD | 5.80 583 502 6.36 538 621 6.15 6.10 501 5.59

K0 041 0B 048 .52 0.34 0.31 ¢.2t 0.47 023 631

n Total 58.77 .35 98,52 98,34 0o 9.3 L &) 99.47 930 2952

B
An 456 47.0 46.1 40.7 4.0 a8 - MS 4837 45,5 4.7
Ab 2.9 514 5.2 552 5.9 547 M . 538 f -5 . .
Or 24 1.6 .7 2.1 1 L7 13 2.5 1.8 1.8
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s Anorthosite

o Mica diorite
. » Pyrorene leucodiorite
Or + Pyroxene diorite

1

Fig. 5.1 Campo&i_tian of plcigiac!ase and alkah ﬁldspﬁrﬁvm the Kaperberg- Suite az Jubilee,
plotted in the feldspar ternary diagram. _



The BaO content of plagioclase is very low throughout the Koperberg Suite (typically
<0.05% by weight), The FeO™ (total Fe as FeQ) content of plagicclase is generally weakly
dependent on the An conient and ranges from 0.02% to 0.2% by weight (Fig. 5.2).
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Fig. 5.2 Plor of toral Fe as FeO (wt%} 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.



| - The enstatite content of pyroxene crystals in rocks of the Jubilee pit varies from Eng; to
Eng 5. This small range in pyroxene composmon mdzcaws that pvroxenc is mmarhably
homogenous throughout the samples from Jubiles, Despwe the apparent homogemuty of the
‘pyroxene and despite the small sample population size, there appears o be a comlauon
between the En conient of pyroxene and the rock type. . .
Figure 5.3 shows that the pyroxene in pyroxene diorite is conslstently lnghar in enstatite
(a.mut Engs) and varies only slightly, Two pyroxene diorite sampxes, which were taken from
close to the contacts with Concordia Granite country rock, Jontain pyroxene of composition
Eng. As will be shown in Chapter 6, the latier rocks are also distinct from the rest of the
pyroxene diorite sumples in having significantly different whole rock conipositions.

o Mica diorite
» Pyroxene ieucodiorite
+ Pyroxene diorite

‘¢++ ¢ e ':{'-i— o ‘
'm/ a0 )

4

Fig. 5.3 Composition of erthopyraxene from Jubilee, plotied in the pymxerie ternary diagram.
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Pyrake_ne léumdioﬁie samples also have a hi_gh” En contcnt (Eng o), but lower than for
pyi‘oxgﬁg_\diorite, and the fbﬁner also shaws more scatner in Fig...5.3. Fig. 5.3 shows that
pyroxe;le grains trom .two mica diorite samples have a large range in éomposition"__(Enﬂ-
.En,,). From the above d:séusslm and from Fig. 5.3, it can be concluded that there is 2.

corfelation between the proportion of femmagnesmn minerals and the pyroxene composition.

' The Cr,0; conteny in pyroxene varies slightlg; according to rock type at Jubiiee. Pyroxene

from pyroxene diqrite samples have a CryO; content between 0.05% and 0.2%, xﬁhich is
 distinetly higher than the Cr,0, content of pyroxene from pyréxené terodiorite and mica
diorite (£0.05%). There is a positive correlation between the Cr content in p;roxene and
the En content in pymxene (Fig. 5.4a), This reiationship, however, does not hoid for the
pyroxene diorite samples taken from ciose to the contact with the Concordm Granite country
rock. In these Iatter samplcs, the En values are lower than in other pyroxene diorite samples
(as noted above), but the Cr content remains unaffected regardiess of the proximity to the

contact with couniry rocks.

The NiO content of pyroxene grains analysed is independent of the rock type (Fig. 5.4b) and
NiO contents in pyroxene are all <0.1%. Ni content is also independent of the En content.
Ti content in pyroxem{is similarly independent of both rock type and En content in pyroxene

(Fig. 5.4¢). TiO, content in pyroxene ranges befween =0.05% and <0.15%.

67



IH

Teble 5.2 Summary of microprobe anulyses of Kawrb(,rg Suite pymxe'!e at Jubilee. {"
denntes those pyroxene diorire s.mple taken from close to the coniacts with Concordia
Granite). (FeO = Fotal Fe as FeO).

Mica diotie Pyroxens leucadiorite !
M5 185 |42 50 53 64 192
$i0, 5128 4978 [S112 “5L72 §125 SLIS . 5140
Ti0, o0 odl joes 00w 0.09 005 0.9
ALO, 218 265 |1s2 160 174 193 192
o, o001 oo o oo 0.02 0.01 002 .
FeO® 28 B8l |22 BB 2235 23.40 2122
MO 119 123 0.55 050 051 0.84 0.63
Mg0 2156 2059 | 2266 2163 22.62 21,18 2142
NO 0.2 001 006 006 0.06 000, 005
Ca0 037 030 |047 o059 0.54 0.42 6.39 -
NaO 002 001 |0o2 o0 0.01 001 0.00
TOTAL 9955 9849 | 9001 9940 98,19 99.06 99.14
Ea 623 - 518 |86 617 63.5 612 61.7
| ¥s 37.0 37.5 350 371 35.2 379 375
Wo 0.7 0.1 0.9 1.2 Li 0.9 0.3
i
Pyroxene dioriie .
» 56 102 111 113 ) 222°
$i0, 50.85 5165 5196  51.90 5125 51.97 50,84
TiO, 007 008 008 008 0.0 0.08 0.08
ALO, 207 154 189 2.0 1.78 1.63 196
Cr0, 0.8 0.1 041 Ot 014 0.15 0.09 \
FeO' 2420 2136 2138 2176 216l 21.20 407 ¢
MnO 101 055 053 057 0.56 0.57 0.78 l\‘
Mz0 2034 2332 297 2065 22.96 23.04 2064 |
O 0.4 005 045 006 - 0.07 0.07 0.06
Ca0 0.47 043 051 04 0.53 050 0.48
N&,0 602 001 001 002 0.01 0.00 0.02
TOTAL 9905 990 9949 99,58 29,01 99.21 99.02
En 594 655 650 644 - 648 6.3 59.9
Fs 66 37T 40 37 L 342 37 29.1
Wo 1.0 0.8 1.0 05 - 10 ¢ 10 L0
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.&,2.3 Brown mica

Brown mica was analysed in eleven Koperberg Suite samples {Table 5.3). Mica occurs in

anorthosite, but due 1o extensive chloritisation, no analyses were cartied but on these grains.

F1g 5.5 lustrafes 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

N
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plot in the biotite field of Fig. 5.5, although one sample plots in the phiogopité field, A:m__yhé:r :
trend that enierges:'from Fig 55is that there is a correlation bemecn the Al 6dntent ﬁf the

mica and the rock fype. The Al:(Mg-+Fe) atom:c ratio increases from pyroxene d.onte to

pyroxene Ieuoodwnte and i§ hlghest in mica dmme

The TiO, content in the brows mica is higher in mica diorite samples (>5.5%) than in
pyroxene-rich samples (2-4.5%). Fig. 5.6a illustrates that there exists a negative refationship

between the Ti content and the .Mg. conteat in the brown mica,

The Ba content in brown mica varies according to the rock type. In pyroxene diorite, the Ba
" contént ranges f:om- 0.1% to 0.3%, wuh samples taken.:frmﬁ close to the country 10cks
oocupyiﬂn'g. the lower end of the range. The BaO content in mica mcreases ffmg; pyrcxene.
diorite to mica diorite, the latter rock type containing betwesn 0.3% arid 0.7% BaO. There

is a megative correlation between Ba and Mg (Fig. 5.6!1).

Cr,0; content m nuca ranges from <0.05% to 0.4‘5% (Fig. 5.6¢). Ther? is. a distinct_
difference in the Cr content of mica from the different rock types. NiO cor]ments in mica
increase from mica diorite to pyroxene diorite. Figs. 5.6¢ and 5.|_6(1 show that there is a
gradual increase in Cr and Ni content with mcreasmg MgO content, although the increase
in Crcontent in the pyrﬁxsne diorite appears to be exponential, The pyroxene diorite samples

further away from the Concordia Granite have the highest Cr,0; and NiO contents.
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The mcreasmg BaD and TiOy emtmt.s  and the deareasing MiO and Cr,0; contents with

increasing Mg() contﬁnt are all cmlswfent with the pmdlcted behaviour: of these elema&ts in
- £

-tums of thmr knowi hehavmur dunng fract:onal crysm]hsanon
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Fig. 5.5 Composition of brown mica from Jubilee, ploned in the bioﬁ;te»phlogopfre mcipmcél
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Table 8.3 Summmy of mi;.roprcbe analyses of Koperberg Suite brown mica ar Jubilee,
{" denotes those pyroxene dmme sample taken jrom close to the contacts with
Concordia Granite).

Mica diorite & FPyroxene leacodiorite

148 w 1% 198 5 2
S0, 3.2 wn 36,87 3121 37,57 .2
™, 483 4™ 547 490 500 198
ALO, 14.10 1389 1418 14.15 3.4 13.60
€r0, 0.2 0.1 ¢.00 o.00 0.09 0.06. 3
FeO' nm 14.57 14.05 13.71 13.10 1443 (
MnO D18 0.07 0.20 V4 .0 0.0 IL Y
MO " 15.30 10 1420 . 5.1 15.01 [\;\-\ _;:;_;?‘)
NiO 0. 0.00 0.0 Loom 0.17 .12 :
Pa oM 0.61 0.3% 038 030 0.5
KO 276 . 9.5 568 931 .54 5.63
Na,O £ 05 013 012 o1 0,08 0.03
Total uIE %.3 .54 5.25 .3 .66
AVMg+Fe .50 0.49 6.8 049 047 047
Mg/Mg+-Fe 0.6 0.63 0.65 " G866 o8 0.6%

' 2 1 ' o) 2
%0, 38,54 3814 38,08 30.67 3835
TIO, 272 Cam 3 3 ;243 ) i

] a0, 1338 13,3 1315 1.5% ‘A% Ky
Cr0, .04 237 041 a8 024 }
FeO 10.92 051 10.60 9.58 1136
MnO 010 0.8 .04 0.05 0.09
MgO 13.54 1815 §1.95 18.67 18,04
NiOY o4 0.1 0.15 019 612
BeO 0.15 D18 0.7 0.7 oz
K0 9.3 9.3 275 9.55 970
Na,0 0.08 0.4 0.8 007 048
Totst 2497 $4.52 . 9505 *n
AUMg+Fe w4 0.46 .45 044 042
Mg/Mg-+Fe 0.75 .76 0.7 0.1 074 o
L b - A R MO N A AL,

Trmg,
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Fig. 5.6 a) Plot of wr. % TiO, vs. Mg/Mg + Fe in mica.
b} Plot of wt. % BaQ vs. Mg/Mg 4 Fe in mica.
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Fig. 5.6 (contd.) ¢} Plot of wr. % Cr,0, vs. Mg/Mg + Fe in mica.
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53 Oxids ;

|
As descnbed in Chapter 4, magnetite ancﬁ itmenite make up vambie proportions of the
Koperberg “Suite at Jubilee. lt was further qnted that magnetite may occur w:lth or wuhout
iimenite exsolution, M1cruprpbe data can m)t illustrate the presence or absence of nese
1lmemle exsolution lamellae i\’a magnetite, sma:e the microprobe beam (2i) can analyse only
e1thet the exsolution or the ‘“"F‘ By using thﬂ nncroprobe however, llmemte exsolution in

magnetitc was 1den!:lﬁed ona Lcale that was riot pnssxble using cptlcal techmques

5.3.1 Maguetif )

. C . _ _
- Magnetite graing were analysed in eight samples (Table 5.42). As ran be seen from a plot

- of Fe,0, vs. FeQ in magnetite (Fig {5;7), magnetite from different rock types has disunctly

- different compositiens, Fig. 57 ‘*g..#fther ilustrates that magnetite compositions from mica
diorite and pyroxens léucodioritd; are fairly uniform in composition within a particular rock

type.

—_

)
l

The magﬁenm analysed from m!c!a d:onte most closelyﬁ resembles the theoretical niagnetite
end-memtber (Flg 5.7). Compared ‘tQ.tht__a theoretical composition of magnetite (FeQ =31 .03%,
Fe,0,=68.97%, total Fe=100%), magnetite grains ﬁom mica diorite have slightly highgr
FeO contents and slightly lower Fe203 contents. Magnetite grains from pyroxene leucodiorite

have similar compositions to

76

\\l\

\\ -



- Table 5.48) Summary.£y" microprobe analyses qf Koperberg Suite magnerires ﬁvm Jubilee,
RN .

Pl
\

“

Mics diorite Pyroxene leucodiorite Pymmdmm,{mmem

- | smapie) - |

. 185 186 a2 5 07 1586 s b
no, o048 . 0m ‘0.15 0.15 .06 0.62 054 0.7
ALO, 036 004 oz o3 0.32 119 153 - 224
0, 003 0&s | 141 142 143 612 810 8.84
FeO' 9383 9325|9096 9131 9104 | 8507 292 812
MO  0.03 004 005, © G4 0.06 0.8 - 032 036
Mg 000 000 (0017 cpo 00 |om 002 004
V0, 0.6 0.48 0.97 157 Lot | o0 0.98 0.91
Toal 402 9386 [ 938 WS ; 93.92 [ 9401 o441 94,31

| N -

FeO, 6844 6390 | 6625 .. o ‘WS4 5100 5496
FeO 3143 3126 | 3135 . 3 sx_'__ . M 369 363 317
Total | 10048 wn.as o owwr o0z 931 |

Tabie 5.4b) E&ramples of mdmdua! micraprobe analysex f)f magnetite from pyroxeny diorite
to illustrate different magneme compositions.

TIO,- a6d FeO-poor magnetite THO,- and Fe D-rich magnetite
S56MA  HI3MI I2MB  122M7 | S6MB2  HI3MZ  122MA  122MC2
"o, 023 034 0.25 0.26 1.62 208 091 1.42
E ALO, 095. 176 190 2.05 136~ 161 213 2,89
Cr,0; 662 847 8.73 9.22 535 837 875 3.65
FeO*  85.18 8242  wnd3  8L7T1 | 8512 8078 8182 79.89
MO 015 037 0m 0.7 024 049 038 0.36 L
MgO  C.03  0.00 0.02 0.04 0.01 0.05 003 0.06
V0, 072 110 0.93 0.85 0.72 094 0.8 0.98
Total 9338 9406 9358 0450 | M4l 9432 M0 9424
| Recawulated analyses
Fe,0, 50.89 5675 5589 5591 5826 s34t 5525 S
FeO 3130 3136 313 3140 3270 372 3201 3240

%988 9975




the magneﬁw gfains_from miica diqrii:c, although magnetite from pyroxene 3z3uood§_qﬁte have
slightly lower Fe,O, contents. Magnetite grains from pyroxeae diorite have a much moré
v;ried §ompnsiﬁon (Table 5.4b). These deviations from the end-member compositions are
the resuit of the inclusion of eleniem;s such as Cr, V, Mn, and Al in ﬂm oompositiqn"' of the

Magnetite gmins from pj&oxcne diorite fall into two distinct populations, based on their FeO
content. In the one population, the magnetite has A FeO content that varies from 31% to

31.5%, while in the other population, the magrﬁh}has FeO contents well above 32%.
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o Pyroxene |sucodiorite
+ Pyroxene diorite

Fig. 8.7 Plot of Fe,0; vs. FeQ in magnetite calculated asswming perfect stoichiometry.
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Fig. 5. é 1Hustrat¢s mat these two distinet populations of magnauw may alsa be identified _
from tﬁ}e TiO, conrm.nt There two distinctly dlfferent magnetite; one has a low {<0 5%) TiO, :
conten't while thu*. other has a higher than average Ti0, content {1 %-2%) “Those Ti-rich
analyfms oorr&spomd to those analyses with high FeQ contents. It i is of lmportance 1o note that
seveq’ﬂl samples of pyroxene diorite contain magnetite from both papu!anons. Note that only
pyrd;:ene dumte contams these TiO,-rich magnetzte grams D

,H
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Fig. 5.9 Plot of wt. % TiO; vs.\ We. %Feo in magnetiie.

5

Cr,0, contents in magnetite giains from pyroxene diorite can be as high as 9.5% (Fig. 5 Sa):
This high Cr content in magnetite is the principal cause for the low Fe,0, contents in those
grains, There are other factors which aiso contribute to the low Fe,0; conient, namely the:

high AL O,, V,0; and MnO contents (Figs. 5.8b, 5.8¢ & 5.8d).

The magneﬁte grains fror_n pyroxene levcodiorite also contain a significant proportion of

8t
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Cr,0; (£1.5%) althqhgh this is muchlﬁiilower than the Cr content in magnétite from pyroxene
diorite. Magnetite«éfrbm mica diorite fi‘:ontains no Cr, and AL,O, contenis in magnetite from

pyroxene leucodiorite and mica diorile are low (<0.5%).
’ f

'.5.3.2 Ilmenite : - :
Six ilmenite exsolution Iamellac qu'e analysed from five samples (Table 5.5). Fig. 5.10
iliustrates that the ilmenite composﬂ;,ions vary, but due io the small database, these varjations
" ¢an not confidently be attributed to different rock types. Consequently, only broad trends can
be described which may ‘prove fo be inaccurate if the database is increased.

The theoretical end member compommn of ilmenite is FeOD=47.3%, Ti0,=52.7%,

FeO*TiOszOO% As can be seen from Fig. 5.10, three ilmenile samples (two from
pyroxene diorite and one from pvmxene leucodiorite) tend towards that composition. The
substitution of Mn smd Fe** for Fe** is mainly responsible for the deviations from end-
‘member ilmenite' (Fig. 5.1, .,

Table 8.5 Summary of microprobe analyses 0f Koperberg Suite ilmenite ot Jubilee.

Mica diorite Pyrofene'lem:odioﬁe Pyroxene diprite n
| ISSMIA { 42MIB  207MIA 207MDA | SeMBE  122MCI |
TiO, 514t 4924 48,70 59.59 5139  51.50

ALO, 003 0.04 001 0.02 0.00 0.02
Crj0, 0.0 015 040 0.14 0.25 0.45
Fe0" 4137|4748 4705 4401 | 4650 442
Mo0 7.3 269 1289 4.14 196 414
Mg0 000 |00 017 006 (021 002
V0, 000 0.11 045 0.00 0.00 0.00

Total 100.14 99.82. 93.37 10095 | 108.31 100,25

Recakulnted analyses
Fe0, 2.83 682 120 113 2.94 2.08
FeO 38.82 41.35 40.57 4299 43.85 42.16

. 10009 10107 | 100.60 10046 |
s e SE )
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The ss.me subsututmns are responsible for the composmons of the rcmammg ilmenite grams [

The dﬂhemte exsolution analysed in mica dxonta cmta;fs 7.3% M:‘O (Table 5.5), while the

two lli‘nemte arfalyses from pyroxene leucodtori@e wluch bave lower FeO contents, contain

j;?% 'Fc,O; (Tahle 5.5). Omenite grains were also analywd for other substituting elemmts

(Tabla 3.5), but these are insignificant.
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'Fig. 5,30 Plot of wt. %TI0, vs. FeO in ilmenite.
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5.4 Siunmary -
L

From the above observations, it is clear thai the silicate and o:ude mineral compomuons vary
according to the nunea'alogy of the rock. This trend i§ especially apparent in the variation in
composition of pymtene and brown mica, In these cases, the rocks Whl{:h have a higher

fennmagnwaﬂf proportions, 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 iflustrate this frend clearly, although there is a general increase in calcium content in

plagioclase with mcr&asmg ferromagnesian mmeml content, Similarly, the mcks which have
a higher proportion of fm‘omagneﬂan minerals, contain magnetite grains winch are poorer
in Fe,0;, but substant:ally richer in Crzo, -

It is further evident from the data presented in this chapter thﬂat the intrisive suite of rocks
interacted chenucally thh the ouuntfy rocks, at leaston a hmited seale at querberg Suite -
- Conoorma contacts. Mmeral ana.'.yses indicate that samples from the same intrusive phase

vary according to their proximity to the country racks.
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CHAPT_E’M
WHOLE-ROCK GEOCHEMISTRY

6.1 Infroduction N

- Quantitative whdiq—mck chemical analyses were undertaken on .samples from the Koperberg
Suite at Jubilee to determine the petrochemical characteristics of thess rocks. Samples of each
of the rock types of the qu?rberg Suite, as distinguished in Chapter 2, were analysed.
Over 150 samples .were analysed by XRF (X-Ray Fluorescence) for major and selected trace
eler'nenta.‘ A .Summary of the average compmsitions for each of the different rock types of the
Koperberg Suite is given in Table 6.1. A:ﬁfemge compositions of the granitic vock types are
given in Table 6.3. In addition, 26 samples were analysed by titration for ferrous iron
‘coutent, pérmitting the calculation of ferric iron contents. A summary of the Fe,O, and FeQ
cohtents 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 wese data as well as initial ¥Sr/*Sr ratios calculated for
a model age of 1030Ma. -

6.2 Koperberg Suite

6.2.1 Major elemneits

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 ..ction, From the data presented, general trends and compositional variation between

the rock types can be discerned. |
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Fig. 6.2 Plc+ of ALO, vs. Si0, for the whole rock analyses of the Koperberg Suite. Major
constituent mineral chemisery is also indicated, The populations An, Mdi, LDi-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 piot of ALQ, vs. SiO, (Fig. 6.2) shows this principle clearly. In this diagram,
the conpositions 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—qﬁartz 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 popﬁlalion in Fig. 6.2 (Mdi) falls close to the mixing line between f
plagioclase and mica. The preserice of orthopyroxene, oxides, sulphides and accessory j
minerals causes the mica diorite population to plot as a scattered group rather than on the~~

plagioclase-mica mixing line.

- Pyroxene leucodisrite _

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 MgQ vs. Si&, as well
as in the plot of ALO, vs. 8i0, (Fig. 6.2). In Fig. 6.2, these populations have been Iabelled
LDi-A and Ldi-B. Population Ldi-A represents pyroxene leucodiorite samples from the
homogenous mass on the western face of the Jubilee pit (Fig. 3.1). These samples are
remarkable in their whole-rock geochemical consistency, forming a well-defined and
restricted population in the Harker nlots of Fig. 6.1 (especially the plots of MgO s, Si0,
and ALQ; vs. 8i0,). The chemistry of this population indicates a fairly consistent:f)mportion
of’ mixing between plagioclase, mica and pyroxene.

Popuiation 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, refiecting the variable proportions of the constituent minerals, Fig, 6.2 further
illustrates that the whole—rock'mgiar element chemistry of the LDi-B popuiation 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 face
(population LDi-A in Fig, 6.2) in which the chemistry is a product of mainly plagioclase- |
pyroxene mixing, with 2 minor mica influence,
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Table 6.1 Representative whole-rock analyses for the Koperberg Suite samples.
Anorthosite ( v
Semple | 19 136 150 168 170 Average
Si0, 62,11 56.77 74.48 59.9 5928 64,01
IO, 0.08 0.27 0.19 0.04 0.04 013
ALO, 22.56 26.03 13.98 24.49 24,56 20.78
¥e,0, 1,39 5.25 1.82 0.36 0.41 1.88
MnO 0.03 0.05 0.01 0.01 0.02 0.02
MgO 0.40 0.88 0.00 0.00 0.00 0.20
20 6.59 6.64 3.51. 5.69 5.06 5.4
Na,0 4.99 5.01 3.50 7.74 7.81 " 5.06
X0 0.93 0,93 1.00 1.36 1.37 098
PO, |0.03 0.12 0.00 0.02 0.02 0.02
Cu 0.01 0.18 0.00 0.00 0.0 0.02
5 0.00 0.89 0.00 0.00 - 000 0.64
Lot 0.63 2.24 0.68 067 L 117 0.66
TOTAL | 99.% 99.24 99,16 99.46 99.71 99,62
Co 5 16 5 7
Ni 3 3 o 2 2 5
Zn 24 78 ‘24 15 16 3l
Rh 3 44 28 32 39 2
S 807 72 454 3T 415 565
Y 3 62 3 20 18 10
Zr 80 97 92 17 183 81
Nb 1 3 5 3 3 3
v, 26 6 47 6 4 36
Cr 18 3 4 - 3 6 18
Ba -' ;;;_30 294 27 190 251 262




‘Miica Diocite

Semple | 28 1435 167 186 198 Aversge
S0, 50.28 5115 50.56 47,90 48.07 51,07
Ti0, 1.01 1ol 0.84 1.19 119 1.2
ALO, 22,28 22.69 23.32 17 2.1 2.07
Fe,0, 9.2 9.0 7.14 10,61 10.46 9,08
MnO 0.06 0.07 0.04 0.07 0.05 0.07
M0 2.67 2.13 1.3 2.99 2.96 2.40
Ca0 5.57 6.83 7.24 5,82 553 6.20
Na,0 4.20 441 6.85 4.34 5.62 5.01
KO 1.88 1.56 LE3 2.59 1.66 1.86
| O, 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
LOY 1.26 0.43 0.72 1,45 1,48 0.76
TOTAL | 99.02 - 9931 100,39 99,16 93.38 9,74
Co 15 19 18 27 28 22

Ni 16 26 14 38 44 30

In 115 118 125 147 121 123
Rb 119 97 102 120 117 122

Sr 898 594 1166 787 706 T B
' 58 10 i6 13 12 21

Zr 1061 64 829 88 82 22
Nb 13 14 9 24 21 18
v 176 218 217 am 318 250
Cr 3t 9 5 3 i 3

Ba. 725 827 1314 1192 754 861

'
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Pyrmlmdiorﬁe}

7

‘
sm/; 42 5 64 206 207 Average
Si0, /72 4937 50,88 52,27 SL72 49.99
O, 0.41 0.40 0.52 0.63 0.3% 0.40
AL, |18 1756 21.28 22.29 19,86 61
Fe,0, | 14.64 12,78 11.59 656 9.60 1.7
MeO 008 016 0.14 0.05 0.13 0.16
Maz0 8.35 7.14 | 2.66 1.72 5,10 5.78
| ca0 5.4 6.1 6.95 7.65 6.91 6.15 ¢
Ns,0 3.08 3.22 5.10 468 3.68 3.96
| K0 0.60 0.59 0.81 1.49 0.73 0.71 3
P,0, 0.08 0.08 0.04 0.29 0.05 0.08
Co 1. 1.28 0:06 0.2 0.66 0.95
s 0.57 0.46 0.1t 6.10 0.24 .31
110 0.03 020 0.07 0.65 0.15 0.66
TOTAL | 99.63 99,37 160.19 98.61 99,14 99,56 .
| i
Co 61 51 27 % 30 2
Ni 267 215 58 4] 134 174 ]
Zn 29 192 137 96 143 177
Rb 18 16 10 92 2 27
Sr 688 765 673 884 £27 70
Y 122 10 1 32 14 14
Zr 16 13 9 136 16 30
Nb 3 3 4 11 4 .4
v 325 294 215 220 189 | 29
cr 59) ags 21 55 06 367
Ba 241 264 199 542 285 256
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Pyroxene Diorite

| Sample 23 % 162 1t 218 Average
$10, 51.712 49.20 49.11 48.78 51.26 - 48.93
TS0, 0.56 0.36 0.28 0.28 0.29 0.31
ALO, 12.46 14.54 11.20 10.84 15.66 1249
Fe,0, 14.08 14.79 1682 1660 12.45 15.17
MnO 0.27 0.24 0.30 0.32 0.20 0.29
MgO 3.92 9.47 13.25 13.50 .57 11.56
Ca0 3.2 4.58 3,79 3,44 472 4.05
0 S X 1.81 L7 1.9 2.58 2.42
K0 178 0.65 0.48 0.47 0.85 0.62
PO, 0.18 0.07 0.14 0.19 0.04 0.2
Cu 0.53 2.87 2.26 1.16 2,07 2.03
8 0.32 0.94 0.31 0.43 0.76 0.1
LOI 2.92 0.96 0.12 0.99: 0.24 0.57
TOTAL | 9938 10047 10037 9838 99.69 99.28
Co 50 63 75 80 46 7
Ni 233 410 457 419 325 412
Za 272 264- a2 188 262
‘Rb 203 46 45 42 74 54
Sr 349 604 476 399 566 479
Y | 70 2 2 62 a7 37
Zr 21 21 22 19 37 41
Nb 3 6 7 9 10 3
v 157 208 185 212 155 178
cr 909 1755 1568 1363 1109 1357
Ba 367 216 17 181 233 - 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 ate very small in these samples. Hence, the relative proportions of these minerals
are very sensitive to error and the petrographxc analyses without point-counting may not be
able to detect these proportions accumtefy enough

Pyroxene diorite _

Pyroxene diorite samples have a varied chemistry which reflects the 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 compamtively low
© ALO;, Ca0, K,0, St and Ti0, contets, and high MgO and Fe,0,™ contents.

Fig. 6.2 illustrates this variation in whole-rock chemistry cieariy. Furthermore, this figure
suggests a mineralogical explanation for this variation. The chemistry of most of the
pyroxene dioriie samples is the result of mainly plagiocluse-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 pf 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 coilected from more
homogenous pyroxene diorite zones, During sampling, care was taken to avoid the xenoliths,
but it is possible that these mica-rich samples represent"xeno}iths 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 does 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 plofted on Fig. 6.2, but the
propertions of these minerals are larger in pyroxene «"'rite than in other rock types (Chapter
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4). Therefore, they play a greater role in the whole-rack geochemisiry of pyroxene dioritz
than in other rock types. This can be i¥’ :strated by regarding the pyroxene diorite samples
that fall en or close to the mica-pyroxene mixing line in Fig.' 6.2. Pefrographic 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 fall on the mica-
orthopyroxzene 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 Si0, and ALO, 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.

£.2.2 Fe(:Fe,Q, Ratio

~ The presence of Pe—Tl oxides, Cu-Fe sulphides, orthopyroxene and brown mica detemune
the Fe,0,™® ( (fota} Fe as Fe,0;) content {Table 6.1). The FeD:Fe,0, r«*o (Table 6.2, Fig.
‘ 6.3) i is a reflection of the relative proportions of these minerals.

The FeO:Feg(); ratio for magnetite and ilmenite have been cietemﬁned in this study (Figs.
5.7 & 5.11b). The FeO:Fe,0; ratio for orthopyroxene is extremely high (Deer, Howie &
Zussmann, 1978), while ﬂmt for mica is highly variable (ibid.), but commonly well below
unity. The presence of Fe sulphides increases the Ftt&(‘.):Fe,()3 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 ilinenite is present i 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:Fe,0;=1 line, while those samples dominated by
orthopyroxene, lie above this line. Hence, all mica diorite and most anvrthosite samples Hie
below the FeO:Fe,0,=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 pyroxens as the dominant mafic silicate mineral (since this population lies above the
Fe(:Fe,0;=1 line), whi'e the other population appears to be dominated by brown mica.
These two populations correspond with the two populations identified and discussed in
Section €.2.1, i.e. a population from the western face of the Jubiles pit which contains
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Jubilee,

Table 6.2 Average ferrous and ferric iron contents.

No.of  TOTAL FeO Fe0O, FeO/
samples Fe as Fe,0;
Fe,0,
K] 3.60 1.29 2.18 0.82
(6) 7.81 2.65 4.89 .60
an 12.10  6.46 5.00 1.63
) 1561 10.53 403 3.38
[ Granitic xenoliths 0 2,03 0.4i 1.59 0.39
| ———— N e A P T
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orthopyroxene as the dominant mafic silicate mineral, and the other pepulation 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 Harker diagtams. Since the major minerals which oecar in the Koperberg Suite
samples were not analysed for trace eleméhts (except for BaO in mica and plagioclase, and

V,Os and Cr,Q, 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 geoéi;emistry of the Koperberg Suite as being due to the mineral
chemistry ané the proportions of the constituent minerais,

The concentrations of Rb and Ba are fairly uniform, irrespective of rock type, except in mica
diorite. The concentration of both of these elements is draniatically increased in this latter
rock type due to the higher proportion of mica in mica diorite (Chapters 3 & 4). Fig. 6.4
iliustz_?tes that Rb in mica diorite ranges from 40ppm-190ppm, while the Rb concentration
in the rest of the Koperberg Suite is less than 50ppm. There are several pyroxene diorite
samples that also show anomalously high Rb contents. These samples were taken from close
to contacts with' ‘the Concordia Granite.

The Ba concentration in mica diorite is beiween 40)ppm and 1300ppm, compared to the less
than 400ppm in the rest of the Koperberg Suite rock types (Fig. 6.4). The high
concentrations of Rb 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 wiil be discussed later.

Fig. 6.4 illustrates that St is highly variable in the rocks of the Koperberg Suite. This is due .

to the proportion of plagioclase in the samples, since Sr is preferentiaily partitioned into

plagioclase. There is a pepulation of samples, however, that is enriched in both Sr and P,O;

relative to the rest of the samples (Fig. 6.5a). These mica diorite samples were all taken from
- two xenoliths on the ncrthern face of the Jubilee pit (Fig. 3.2). These sumples have
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previously been identified as being geochemicaily distinct from the samples taken from the
larger mica diorite mass. The high concentration of P,0; illustrates the greater proportion of
apatite in these samples. The enrichment of both P and Sr in these mica diorite samples (Fig.
6.52) indicates that Sr is strongly partitioned into apatite. The replacement of Ca by Sr in
Iapatite has been well documented. For «wxample, Larsen et al. (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 P,0x) ,' do not follow the general positive correlation trend, but have
lower CaQ values, supportive of this replacement of Ca by Sr in apatite. Note that several
pyroxene diorite samples are slightly enriched in P,0; (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 elemenis such as Cr, Zr, Ni, Co and V in the rocks of the Koperberg |
Suite {Fig. 6.4) reflect the relationship betwesn 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 gecchemistry 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 2ero in
anorthosite to major mineral status in the more mafic rock typés present at Jubilee, Itis 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 asseriion: there exist positive correlations between Cu and elements that are
commoniy assaciated with orthopyroxene and magnetite (Fig. 6.6). | |

As expecied, 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
correspomds closely to that of bornite.

There also exist strong, positive correlations between Cu and Cr, Cu and Mgo, and Cu and

Ni {Figs. 6.6b, ¢, 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% § fFig 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. 6h), 17% MgQ
(Fig. 6. Gc}, and about 43% 810, (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 populauon for the Concordia Granite is smal, only genaral trends in the geocheml stry
of this suite can be discussed (Figs. 6.1 & 6.4).

The concentrations of §i0, (73.1%-78.5%) and ALO; (11.4%-14.2%) in the Concordia
Granite are higher than the concentration of these speci.es in most of the Koperberg Suite
scmples, thereby making the samples of the two rock suite easily distinguishable on ail |
Harker diagrams (Figs. 6.1 & 6.4). K. # concentrations in Concordia Granite vary between
2.1% and 6.8%, reflecting the proportion of alkali feidspar present in the sample. The fow
Ca0 concentrations (0.83 %-1]83.%) refiect 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 preseat, Ca is also partitidned into that
miineral. The low Na,O contents (2.53 %-3.48 %) of Concordia Granite samples, also indicates
the relatively low proportion of plagioclase in this suite.

The generally iow proportion of mafic mineral in the Concordia Granite is reficcted in the
tow Fe,0,® (0.62%-2.63%) and MgO (<0.2%) contents (Fig. 6.1). The concentrations of
ather elements usually associated with these two species, such as Ti, Cr, Zn, Ni, Coand V
are consequently low (Figs. 6.1 & 6.4). P,O; and Zr concentrations are dependant on the
proportion of apatite and zircon present, respectively. The proportion of these minerals is
low, which is refiected in the low abundances of P,0s (0.01%-0.04%) and Zr (31ppm-
187ppm). One sample does have a P05 content (0.15%; Fig. 6.1) which is slightly, but
significantly, above the g'eneral 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 compéred to
Koperberg Suite samples, indicating that the source of the granite svite was low in Sr. Rb
abundances {$7ppm-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 refieéts 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 sampied. As noted in Chapter#, 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 mincrélogy (Chapters 3 & 4).

The relative proportions of plagioclase, atkali 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 disidnct effect on the whole-rack: geochemistry (PFigs.
6.., 6.4 & 6.7). The granitic xenolith samples can therefore be separated into three
populations (pbpulations I, I and III in Fig, 6.7). This distinction betweer the populations
of granitic xenolith samples is especially apparent in the difference in 8i0,, ALO;, Na,0 and
CaC contents and, to a lesser degree, in K,0, TiQO,, Rb and Sr concentrations. The
sepavation of two xenoliths intc 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 geochemically similar in many aspcets, the eastern xenolith
(referred to as the alkali feldspar-poor xenolith in Chapter 4, and as population I here) is
easily distinguished from the wy i~ n xenolith by comparing the K,0 and Rb consents '(Figs.
6.4 and 6.7d). The samples from the alkali feldspar-poor xenolith (population IIT) Lave very
low K,O (about 0.4 wt,%) and Rb (<30ppm) 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. % X,0 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,

CONCORDIA

GRANITE

-;
810, 7643 75.46 73.29 27 P ﬁ_;i 515
0, 0.0 0.0 02 . 0.25 .04 0.0 o e
ALO, 1228 2.2 15.25 1392 1.3 13.23 we B2
n a0, Y 0.62 125 196 1.07 5 082 238 1.54
Ma 011 0.15 0.57 0.02 0.23 * 0.8 0.03 0.9
! MgO 0.20 0.00 0,00 0.0 0.00 0.00 0.07 0.04
CaD 148 118 0.89 ..e; 183 0.83 . 113 L2
N0 25 148 2.9 2,59 3.30 2.53 278 289
¥ xo 331 4 675 6 2.05 537 6.03 487
ro, :o.na 0.0t 0.03 0,15 0.03 0.0 0.04 0.05
Cu | &0l 0.00 9.00 0.0 .00 - 0 0,00 0.00}
Lot 025 0.38 0,70 0.5 ot6 0.9 0.37 039
4 TOTAL o5.01 58,58 LX< 9924 L8] 9.5} 100.2% 99.50
Co 4 5 s 6 ) 6 i 5
' N 11 7 0 8 14 4 2 3 6
[ 2 7 i & 41 7] B 43 3
]l Rb 140 207 363 97 208 m s
I 8¢ 6 3 55 [ 5 Y 66 &0
' Y ’ s 3 % 134 ® 15 102 70
l Zr 3 & 187 e 8 P 177 108
‘l Nb — i6 20 n 17 5 7 "
r v i 6 1 1 7 12 12 9
i cr 7 16 s n B | 8 5 12
ol Ba "o 6 a 29 50 225 5w 201
A S
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GRANTTIC XENOLITHS

-
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£ig. 6.7 Selected whole-rock major element binary plots for the granisic xenolith samples.

Si0, contents of the granitic samples range from 74% to 84%. The Si0, content of .
Population II (Fig. 6.7) is lower than the rest of the granitic xenolith samples and is

compa:éble to the SiQ, content in the Concordia Granite Samplea‘-. The Si0O, contents in

Populations I and II1 are higher than in any other granitic country rocks in the Okiep Copper

District. (Clifford er al. 1995) |
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Ca0) 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 plagiotlase is present in modal -

proporiions of between 30% and 50% (Chapter 4), the CaO contents in the granitic xenolith
samples are well below the most piagioclase-poor anorthosite sample in the Koperberg Suite.
This suggests that the plagioclase in the granitic xenoliths is very Ca-poor, Since mica and
am;rfhibole 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 Na,O concentrations in the gran_itié xenoliths reflects the relatively low modal
proportion of plagioclase and the high medal proportion of quartz. " '

The low propertion 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). TiO, 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 K-feldspar is high. Fe,0,™ content varies from just below
2% to around 4%, most of which is in magnetite and mica or amphibole. MgO geneially
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 i 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 P05 (<0.1%) and Zr (<200ppm) concentrations.

Sr concentrations in the granitic xenoliths are low (<400ppm) compafed 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 160ppm. »..e
‘concentration of Rb in the xenolith which tontains the higher proportion of alkali feldspar
Iand 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 confent of the
Concordia Granite samples. This teflects the relative proportion of brown mica and afkali
feldspar present in the granitic xenoliths,
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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 genchemistry 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 forraer is subdivided into the three populations (I, If

and IIT) discussed earlier. Due to the populatic:. 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

1 samples were taken from the top part of the western xenolith (Fig. 3.2), population I
represent the lower portion of this xe'no!ith, and population 11 represents the eastern xenolith
(Fig. 3.2). The consistent geochemical differences between populations I and II sugéests that
the westem((. 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 ¥Sr/*Sr (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.., University of the
Witwatersrand) following the analytical procedures described by Smith (1983).

‘The different rock types of the Koperberg Suite have distinctive Rb-Sr isotoﬁic compositions
. (Fig. 6.8). Anorthosite has *Rb/%Sy ratios that vary between 0.1260 and 0.1588, ¥Sr/*sr
ratios that range between 0.7224 and 0.7231, and initial ratios (R,) that are very high
(0.7205-0.7249). Tn mica diorite, "Rb/*Sr values range from 0.4385 to 0.6292, and
¥78x/*Sr values range from 0.7226 to 0.7312. R, values ﬁ}; 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 diotite 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 YSr/Sr vatio vs the YRb/“Sr ratio of the Koperberg Suite samples.

from ciose o contacts with Concordia Granite country rocks, Pyroxene leucodiorite and
pyroxene diorite have average *Rb/**3r ratios of 0.0620 and 0.1390, respectively and
average 'Sr/*Sr ratios of 0.7135 and 0.7153, respectively. Initial ratios calculated for a
model age of 1030Ma are very similar for pyroxene leucomcrite and pyroxene diorite (Table
6.4). Pyroxene diorite samples taken from close o country tock contacts have high ¥Rb/¥Sr
 (1.6935 and 1.2595) and “'S5/%Sr (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,
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Table 6.4 Rb-Sr isotope compositions of the Kepgrberg Suite samples.

Pyroxene Diorite

’ St e e e e oo i -

EAE Total Rb | Total Sr | “Sr/*Sr Rb/MSr R,
No.* | pm) | (ppm) | (uresent) (1030Ma)
136 [37.39 |80 0.722447(24) | 0.134999 | 0.720458(16)
150 26.17 Pred 0.723120(44) | 0.158820 0.720780(16)
213 21.91 504 J10.72675104) | 0.126010 | 0.724894(16)

q 145 §88.14 583 1 0731219(44) | 0.438537 | 0.724758(25)
159 11420 | 691 0.722613(%) | 0.47%075 | 0.715555(27)
186 168.24 | 775 0.725190(44) | 0.629214 | 0.715919(33)
2 s 631 0.713352(84) | 0.057630 | 0.712503(15)
50 19.13 - | 759 | 0.713418(40) [ 0.072995 | 0.712343(15)
53 12.83 - 723 | 011328240 | 0.051365 | 0.712525(19)
64 11.34 643 0.720932(56) | 0.051092 | 0.720179(15)
192 (2070 |05 0.71394744) | 0.066165 | 0.712972(15)
23 18792 {322 | 0.740415(56) | 1.693489 | 0.715464(80)
13 {2523 542 0.715552(52) | 0.134649 | 0.713565(16)
122 21.60 435 0.71512436) | 0.143871 | 0.713004(16)
222 130.79 | 322 O.TR7I8S6) | 1259513 | 0.714221(60)

Number in parentheses ie the precision in the fifih and sixth decimal places atuuned in mass spectrometer analyses
at 2 standasd errors of the mean.
Eb and Sr concentrations determined by isotope dilation.
URWSr reproducibility is 1.5%.
¥/ ratios were normalised ta *Sr/%Sr ratio of &. 375.
The accaracy of the YSr/®Sr ratios were monitored by the foliowing mdaxds
NBS SRM987: 1.710219:132 (1 5td. dev. on 57 replicates)
Bimer & Ameud: 0,7080233.59 (1 std, dev. on 10 rephcak s}

A decaﬂy constant of 1 42E-11 was used,

,}.'
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A Rb-Sr errorchron age of 1147 +HMa (MSWD=52.81) has been calculated by regressich

using only eight samples (pyroxenq';ff'iiorite and pyroxene leucodiorite) using the compuier

- program GEODATE (Eglingion & Harmer, 1991). An R, of 0.7127-:0.0002Ma was

obtained for. these eight samples using the errochron age calculated (Fig. 6.8). As can be -

seen fmm“Fig. 6.8, anorthesite and mica diorite samples fall well off this errorchron and
have a much higher R, than the pyroxene-dominated samples. These isotopic data for the
Koperberg Suite at Jubilee, especially the initial Sr/®Sr ratios, recalculated for an age of

1030Ma, are comparable to analyses on similar rocks throughout the Okiep Copper District -

{Clifford et al., 1995)_.

Trends in the major element Harker diapvams (Fig. 6.1) repreSeut mixtures of the various
constituent minerals. It is clear, therefore, that the mineralogy of the rocks of the Koperberg
Suite exert 2 swong influence. on the whole-rack geochemistry These geochemical trends
suggest that the rocks of the Koperberg Suite at Jubﬂee represent a suite of variable

proportlons oi co-aceumulation of plagioclase, pyroxenc, rown mica, Fe-Ti oxides and Cu- .

Fe sulphides, rather than representing 2 suite of liquid compositions.

Positive correlations exist betwean Cu and S, as ::'well as between Cu and saveral elements
usually associated with pyroxene and magnetite. Cu:S trends for the pyroxeae-dominated
rock types converge-af;a point which represents a component common to both rock types.
The Cu:$ ratios also reflect the mineralogy of the sviphide assemblage,
Initial ¥"Sr/*Sr ratio (Ry) data (Table 6.4) indicate that the intrusiVe magmas possessed a very
high ¥'St/*5r ratio at the}time of intrusion. Each magma pulse (rock type) has its own
distinctive isotopic charactenstics, some mk type:a havmg greater vaziability in the 1sot0p1c
ratios than others. L '

The whole-rock geochemistry of the granitic xenofiths that were sampled indicate that the
- chemisiry 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. 'I‘hese three
xenoliths are geochemically distinet, although there are enough similarities between them to
distinguish them from Concordia Granite and the Koperberg Suite. |
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CHAPTER 7

DISCUSSION

7.1 Introduction _ :

The gquestion of the petrogenesis of the Koperberg Suife 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 imporiant theories arising from
this question is given in Section 1.5. In light of the data from the _presé.nt study, focused on
the Koperberg Suite occurrence at Jubilee, certain points concerning the petrogenesis of the
Koperberg Suite can now be reassessed.

7.2 Cumulates _ R

1t is clear from the discussion of the Harker diagrams (Figs. 6.1 and 6.2) in Chapter 6 that
the rocks of the Koperberg Suite represent co-accumulations of the major silicate, oxide and
sulphide minerals. This mineralogical control oq the geochemistry of the Koperberg Suite
rocks characierises them as cumulates. | |

7.3 An intrusive body :

An intrusive emplacement of the Knperberg Suite has been posiulated by many authors,
natably Laisky (1942), van Zyl (1967, 1978}, Clifford ez al. (19754, 1981, 1990, 1995) and
Melver er al. (1983). At Jubilee, the Koperherg Suite cats across the regional foliation in the
Concordia Granite (fig. 3.1) and this foiration is not present in the Koperlierg Suite. A
commum phenomenon is that de regional foliation has heen obliterated in a éO-ﬁOcm zone
arpund the Koperberg Suile, while at one localily, the foliation steepens through almost 90°
against the Koperberg Suite over a disiawe of 20-30cm. Foliations and lavering in the
Koperberg Suite are parallc’ ‘v lithological contacts amd are generaily nol paralle] to ihe
regionat foliation, Theye ohw rvations suggest an intrusive enplacement of the Koperberg
Suit, and render a metasomaic origin (Read, 1952: Benedict ¢r al., 1964; 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
Districi have been discussed by many authors. A summary of. these discussions appears in
‘Section 1.5. Data and cbservations presented in this study regarding the intrusive ages of the
various phases of the Koperbérg Suite will be discussed below.

Field relatlonshnps (Chapter 3) make it clear that the Koperberg Suite mtrudes and therefure,
post-dates wue Concordia Granite. The sub-horizontal foliation (8,) in the Conoordxa Ciranite
country rocks, is a manifestation of the I), deformation 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 D, deformauon event,

From ﬁéld 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 {ype at .Jubilee, followed by mica diorite. The pyroxene leucodiorite
and pyroxene diorite phases of intrusion followed. The mica diorite intrusive phase occurred
before the anorthosite had cr&stallised completely, resulting in & zone of mixing of the two
_rock types - the Transition zone. However, between the mica diorite and the pyroxene
leucodiorite intrusive phases, enough time must have elapsed for the mica diorite to have
crystailised to such a degree that it could be fractured and still s + a8 xenoiiths, 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 wounld 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 highty sirained plagioclase megacrysts and micu flakes, und
recrysiallisation of plagiocl?se avound the megacryéts, 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 crystaliised close to the
peak of the deformation event, This deformation event could have been the D; event.
Alternatively, the earlier inirusive phases may have crystallised in a higher stress
environment than the later phases, implying that the later phases crystallised after tue peak
of metamorphism. The second model seems more likely in light of other evidence presented
- in this study. i '

As noted in Chapter 4, the dominant sulphide present in the Koperberg Suite at Jul.lee is
bornite, However, bornite is not representative of the .original magmatic sulphide phase,
. Bornite is p{ﬁésent as the result of oxidation of the original sulphides to bornite and magnetite.
The magnetite thus produced would be a puré phase, with liitle or no impurities, such as
TiO,, Cr,0;, ALC; and V,0;. Magnetite grains which approach end-member composition
abound in mica diorite and pyroxene leucodiorite (Fig. 5.7. T pyroxene diorite, there are
several instances of impure magretite grains, but the presence of two discrete populations of
magnetite suggests that there are two discrete phases of magnetite crysiallisation. The
population which contains a low proportion of impurities such as TiO,, Cr,0;, ALO, and
V,0; may have been formed by the oxidation of sulphides as proposed by Cawthomn &
Meyer (1992), while the population which contains these impurities may represent the
original, magmatic magnetite, Since ail phases of intrusion have experienced oxidation of
sulphides, it is concluded that the oxidation event occurred gfier the intrusion of the final
Koperberg Suite phase. The oxidation ¢f sulphides in the Koperberg Suite may have been the
resuit of a high temperatvre metamorphic event (Cawthorn & Meyer, 1992). The high
temperatures attained during the M, metamorphic event (Chapter 1), makes this the likely
cause for the oxidation of the sulphides to produce the pure magnetite cbserved in the
Koperberg Suite. This suggesis thai the rocks of the Koperberg Suite intruded prior to the
onset of peak metamorphic conditions of the M, event. Furthermore, features such as the
recrystallisation of plagioclase snggest post-crystatlisation tnetamorphism,

From the discussion above, it is clear that the Koperberg Suite at Jubilee intruded mto the
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country rocks at some time during the D; and M, events. An extended period of time for the
intrusive event is implied by the varying stross conditions experienced by the various phases,
and by lithological coniacts bctween the Koperberg Suite phases,

7.5 Temperature and préssure conditions at time of infrision _
Metzmorphic conditions 1n the Okiep Copper District during the Dy event reached upper
amphfﬁulit& o granulite facies (Gibson & Wallmach, 1992), At these high grade
.metamorphlc/ | conditions, the granitic suites in the Okiep Copper District would have
experienced ‘tmal melting. It has been shown above that the Koperberg Suite at Jubilee
intruded into \e country rocks clese to, or after, the peak of the D, defomlation event.
Therefore, at the time of intrusion of the Koperberg Suite, the country rocks were
undergoing anatexls\md partial mel{s of granitic material would have begn present in the
crust, These anatects (vauld migrate down any existing pressure pradient and would
accumulate in zones of lower pressure. Kisters (1993) has proposed that the sub-horizontal
S, foliation in the granitic country rocks, and the sub-vertical shear zones associated with D,
steep strucigre formation, represent zones of lower pressure where graniiic anatect may
accumulate, It therefore seems likely that, under the rchonal metamorphic conditions at the
time of Koperberg Suite intrusion, there existed a certain vohune of !ocally—denved anatects
in zones of low pressure. A mafic magma ascending along these zones would very hkeiy be
hybndlsed 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 ewdence from the presem
study suggest crustal contamination of a mafic or intermediate magma |
7,6.1 Mineral chemistry evidence |

In Fig. 7.1 the %En in pyroxene versus the %An in plagioclase in samples from Jubileg is -
plotted, as well as En-An datz from other igneous complexes. The ratio between the An
content of plagioclase and the En content of pyfoxene in samples from tne Skaergaard,
Bushveld and Stillwater igneous complexes is approximately 1:1. Koperberg Suite samples
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from Jubilee deviate from this relationship. Data from Jubilee indicate that the plagiociase
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Fig. 7.1 En-An relationships of ihe Koperberg Suite compared to other igneous complexes.
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pyroxene exceeds An in plagwclase by up to 20 mole per cent. The addition of 2 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 plagiocla_se, but the Mg:Fe ratio {(En content) in pyroxene
will remain virtually unchanged. The dat? from Jubilee suggest that the primary magma was
increased in Na (and possibly K), thereby changing the An content in plagioclase, without
changing the Ean content of pyroxen'e. 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 cafculated from
the En-An data, since the chenustry 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 feisic rock types would have been hybridised to a - degree than
the more mafic rock types of the Koperberg Suite.

7.6.2 Rb-Sr isotopic evidence _

The ¥Sr/*Sr ratios for the Koperberg Suite vary greatly (Fig. 6.8). Although the pyroxene
diorite samples fall on an errorchron, ail anorthosite and mica diorite samples are enriched
in ¥St/*Sr with respect to this errorchron. One explanation for this high initial *'Sr/*Sr ratio
is that the anorthosite and mica diotite were derived from a different 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
uniikely. 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 diotite samples from near the contacts with Cahworlia ranite are richer in
mica than the rest of th pyroxene diorite sample (Chapter 4). Howe.ver, the proportion of
mica i these samplm is not as high as the proportion of mica in the mica diosite (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,
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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 *¥Sr/*Sr values in the anorthosite and mica digrite samples
is the result of contamination of the parental magma by a granitic anatect. A mafic magma
would have a lower ¥Sr/*5Sr ratio than the granitic anatects present in the crust at the time
of Koperberg Suite intrusion.f these two melts came into contact with one another and were
allowed to mix, the resultant mixed magma would have a higher ¥Sr/*Sr ratio than the
parental magma. The degree of mixing ur homogenisation of the iwo magmas with respect
to the ¥Sr/*Sr ratio, would determine how far off the pyroxene diorite isochron jhese
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 sug'gests 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 all 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 R, of 0.709 at 1030Ma, 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 infrusive contacts, the 'assiﬁilation of granitic material would
most probably have occurred at depth. Material suitable as granitic contaminants exist deeper
in the crust, such as the Nababeep Gneisses (Table 1.1), Similarly, the composition of the
manfle-derived liquid is not knows, since the rocks of the Koperberg Suite are cumulatcs 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 R, and Sr between two hypotis.tical

end members : a granitic component and a mafic component (Fig. 7.2), The mixing equation
(Ro/Sthy = fRY/SD), + (1-HR/SD)s |

is used, where the subscripts M, A and B denote the mixed magma, the granitic component

‘and the magmatic'ggmp“gnent, respectivéiy. The term f in the above equation represents the

fraction of gmmﬁc component in the mixed magma.

Table 7.1 Calculatior, of Sr content of the liquid from which the rocks of the Koperberg Suite

were derived,
s )
Rovck type | Sapiple R, Whole- Norma | Brin An Do 8r jo
No. : sockSr }tve | piag ] comtentof welt
{ppwm) plag fppm) - | plag {ppo)
B35 ] oruse | s 75 w06 | 360 340 | 315
Avarth- 150 072§ 477 50 ase | 355 145 | 2w
onite 213 072894 | 304 ) Mo | 363 332 | 29,
145 o718 | 563 . ae  Lae |2 |
Mica 159 omssss | eot 6 e |0 280 | 30
diorite 186 prisme | s 57 o | a 2m | sm
Pyroxene | 42 oz | e st 70 | 460 240, | a8
teuco- 50 oI35 P 16 | 470 20 | e
dlavite 5 omzss | m 5 s | asa 239 | 513
192 e |ws e us | 40 240§ 583
vt omsess | an A1 g | 450 240 | 363
Pysoxene 23 omases | sa2 45 o | 460 240 | 502
diorite 122 0713004 | 435 | & was | 4 223 | am
m ozt | m 3 o | 414 26 | am
e Note: The conmpositions of plagioclase in samples 136 and 177 were not analysed and

are assumed te he Any,
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Fig. 7.2 Plot of R, vs. composision of the liquid from which the various rocks of the
Roperberg Suite were derived (see text for discussion of calculation method),

These rocks are cumulaies and therefore, whole-rock Sr values quoted in Table 6.4 do not
represent the Sr content of the magmas from which these samples crystallised. Sr valuey in
the melts can be determined from the Sr content of the plagio-lase. However, since Sr was
not determiner] for plagioclase separates in this study, Sr in plagioclase can be approximated
using whole-rock Sr contents. It was asswned that all the whole-rock Sr occurs in
plagioclase. This dssumpfion is not realistic, since Sr also occurs in apatite (Section 6.2. 3),
but this is a minor phase. The modal abundance of plagiociase is approximated from the
normative An and Ab contents. From the normative content of plagioclase and the whiole-
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rock Sr content, the Sr of plagiociase can be calculated (Table 7.1).

From the St content of plagioclase and the partition coefficient between melt and plagloclas.., '

the Sr content of the melts from which each individual mci; type crystallised can be
calculated (Table 7.1). The composition of plagioclase affects the partition coefficient for Sr
between plagioclase and melt (Drake & Weilt, 1975). Therefore, the partition coefficient of
St between the meit and plagioclase (Dy,) is taken to vary linearly from 2 for plagioclase
of composition Any, to 4 for plagioclase of composition Any,. The melt values thus calculated
(Table 7.1) are plotted against R, in Fig. 7.2. Note that the whole rock St contents used in
these caleulations were determined by mass spedu?sga , not by XRF

Two rmxmg curves were calculated using as the mafic magma epd-member, & composition
of 8r = 600ppm and R, = 0.712, and the granitic end-membt being the Brandberg Gneiss °
or the Augen Gneiss, ‘These twc gneisses represent end-member compositions of the

- Nababeep Gneiss {Mclf;anhy, 1976).The gneisses contain 80ppm and 200ppm Sr,
respectively. The R, for 1030Ma was calculated assuming an R, of 0,715 at 1220Ma
(Clifford er al., 1995) and a Rb/Ar ratio of 2.5 (McCarthy, 1976). The R, at 1030Ma thus
calculated is 0.737. The parentat magma end-member represents a hypothefical magma from
which the Koperberg Suite cowuld have bsen derived. This magma is highly enriched in Sr and
R, relative to 8 normal mantle-derived magma, and the composition of this parenta! magma
is significant in determining its source. ‘

These two mixing curves are plotted on Fig. 7.2 and shc;w that the Koperberg Suite samples
from this study fall between these two mixirg curves, Hybridisation with Concordia Granite
(also plotted on Fig, 7.2j would produce a horizontal mixin.. curve on Fig. 7.2. This may
accouat for the variatidn in Sr content at near constant R, for pyroxene diorite sampies, It
was observed in Chapter 3 that only pyroxene diorite occurs in contact with Concordia .

Granite at Jubilee, and a limited degree dﬁf in situ assimilativn of Concordia by pyroxene -
diorite mtay have occurred. The high Rb contents of these pyroxene diorite from near contacts
is further evidence for limited in situ assimilation qf.(‘ﬁncdrdia Granite by pyroxene diorite.

W

From Fig. 7.2 and the qualitative discussion on assimilation from raineral chemistry data,
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it is clear that the degree of contan{inatiqn decreases from anorthosite, through mica diorite
to pyroxene leucodiorite and pyroxene diorite. Note that the pyi'oxene_ divrite samples from
the contact zones exhibit a much higher appareni degree of contamination L.an other
pytoxene diorite samples (Fig. 7.2). This is due to in sity contaminaticn 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 z molten state. Kisters (1994) argues that there
was a significant amount of granitic anatect in the cfust at the time of Koperberg Syite

intrusion.

7.7 Sulphide formation

There is a strong positive correlation befween Cu and 8 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 ratic
reflects the bornite-dominated sulp!ude mineralogy. This suiphide assemblage was considered
by Cawthorn & Meyer (1992) to be the result of later axidation of earlier magmatic
sulphides. This oxidation ‘rﬂ"";lon of pyrrhotite-chalcopyrite being oxidised fo magnetite-
chalcopyrite-bornite can be illustrated by the Jubilee data. According to the interpretation of
Cawthom & Meyer (1992), the resulting magnetite will be Ti-poor. The analyses of
magnétite in this study (Section 5.3.1) reveal that there exist two distinct populations of
magnetite, éspecialiy in pyroxene diorite. This suggesté that there were two'phases of
magnetite formation, One population deviates considerably from end-member composition
due to the higher TiO, and Feﬁ contents, telative 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 maagnetite gr...ms from pyroxene dxonte differ considerably from magnetite from
pyroxene leucodiorite and mica diorite, The magnetite from the fatter rock types approach
end-mernber compasitions, while magnetite from pyroxene diorite deviates from end-member
composition due to the inclusion of Cr,0,, ALG;, V,05 and MnO. The magnetite grains
which most resamlilc end-member compositions represent magunetite liberated duxing the
oxidation of the original sulphide assemblage (Cawthorn & Meyer, 1992). Therefore, there
appear t0 be no magmatic magnetite in pyroxene leucodiorite and mica diorite, This suggests
that, in the magmas producing pyroxene leucodiorite and mica diorite all excess Fe, Ti, Cr,
ALV ang:l Mn that had siot been faken up by silicates were incorporated into sulphides, while

Ly
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in the magma that produced pyroxene diorite, magmatic magnetite (in add:tmu to sulphides)
was formed whlch m.,nrporﬂted these falements

It was noted in Section 6.2. 4 that the trends of pyroxene leucodmnte ':nd Pyroxens dwnte

in the plot of Cu vs. S (Fig. 6.6a) converge at a composition of 5% Cu, 1 6% S tF "'-"‘"‘_5_6:1),

about 2500ppm Cr (Fig.6.6b), 17% MgQ (Fig. 6.6¢), and about 43% Si0, (Fig. ! 1) “This

- represents the con\posmon of the magmatic phase from vhich sulplndes crvsrallmd m bo;h
yroxene-nch magmas

“The posifive correlation between Cu and Cr is significant, since Cr is a lithophile. At Jubi'sx,

Cr(; is taken up by pyroxene (Table 5.2) and Cr-rich ma.gnetuﬂ (Table 5.4a). The
correlation betwsen Cu and Cr therefore indicates that the Cu bearu obzdes accumulated
- together with a phase containing pyroxene and magnetite,

7.8 &equence of mtrusian
The sequence of intrusion of the Koperberg Suite at Jubilee has been established as being
from less mafic 1o 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 of magma ascending along the shear zone or conduit \vould 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 ch\ .dcal
exchange with subsequent transient magmas. These later phases of magma ascending along
the same conduit would therefore be abie to assimilate less country rock, since they would
not be able to undergo chemical exchange for luhg 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 fater magma pulses to assimilate,

The processes of contamination of a mafic magma by a crustal ot . ~fC component (as
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“ descnbed above) result in the early intrusive phases of the Koperberg Suite containing a hlgh ..

proportion of crustal rmtenat whlle later intrusive phases are less contaminated. The extent
of mixing between a mafic magma and crustal material determings the cgmposition 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 quatitative 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 tha Koperberg Suite at Jubilee can therefore be described in terms of their
relative proportions of mafic and crustal components. Pvroxene diorite, which represents the
last phase of intrusion, containg the lowest proportion of granitic material of all the
Kaperberg Suite rock types present. A small degree of contamination must have occurred to
explain the absence of clinopyroxene (Mclver et al., 1983), the high initial *Sr/*Sr ratio
(relative to normal mantle values), the lack of correlation between En and An, and the
absence of olivine (Gray, 1987). Pyroxene leucodiorite is very similar 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 miny contains a very

small proportion of orthopyroxene, . oxides and sulphides (Chapter 4), “this rock type
represents a highly contamivated 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
7.7. Anorthosite is the earliest phase of intrusion recogaised 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 I_Jeeh derived
from a mafic magma. The bulk of the magma, however, must have besn of a granitic

material,

Granitic material, which ocenrs as xenoliths within the anorthosite and mica diorite rock
types of the Koperherg Suite at Jubilee, may represent an intrusive phase which predates the
intrusion of anprthosite. 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 magrma was added the gmmuc
xenoliths may repmsmt fragments or restites of granitic crust,

n
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'CHAPTER 8

 CONCLUSIONS

8.1 Summary model

Based on the data and disc:isions presented in the preceding chapters, the following model
summarises the penngenes;s of the Koperberg Suite at Jubilee. The model attempis to
reconcile the complex geochemxcal, petrographic and field characteristics of this suite into
a singie, coherent petrogenesis. |

i) Partial meiting of an enriched alkaline mantie produced a magma rich in incompatible,
litbophile elements, The cause for melting of the mantle is not considered here.

it) Large voi imes of this mantle-derived partial melt ponded at the base of the crust in
one or several lar'e magma chambers. This injection of heat irto the lower crust is a
probable cause for the high geothermal gradient and the high grade of metamm*phasm
reoorded 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 i at least upper amphibolite facies caused partial melting of
the coaniry rock granite gneisses. Sub-vertical shear zones and fractures, related to the D,
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déformation event, acted as traps for the locally-derived peraluminous anatects and as
conduits for the ascendiog magma. One such shear zone or fracture must have ocourred
below the current Jubilee open pit mine. )

" v& Basic magma which asc;énded along these conduits experienced variable degrees of
di}ntamination due to bulk assimilation of locally-derived anatects, isotopic exchange and
diffusive mixing with the country rocks, The earliest puise 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 Jeast 10Ma during the later stages of the D, deformation event and possibly
somewhat after this 'event, but predates the peak metamorphic conditions of the M,
metamorphic event. | | | |

Thé tatic of mafic magma to cont:-+ -ant thus increases from the earlier phases (anorthosite
and mica diorite} fo the later phase (pyroxene leucodiorite and pyfoxene diorite). This ratic
~ determined the mineralogical and geochemical character of the rock type resulting from each
magmﬁ pulse, as well as the suiphur 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 xenofiths 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 inclyded 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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As cdn be appmmated from the petrogenetic mode! proposed above, the Koperberg Suite at

Jubllee is the resuit of a compiex and unique sequence of evens, The scope of the present .

stydy is not sufficient to present a complete model, since many sources of evidence have not
beer exploved. Seversl studies may still be undertaken at Jubilee to verify, modify and
complete the petrogenetic model, Continued stu&ies at Jubilee are *onsidered vital since the
| Jubilee open pit mine offers a unique opportumty to study a single,” composite ané
minerahsed intrusion, as well as the surrounding ooumry rocks. Besides easy and three-
dimensional access 0 a large porhon of the intrusion, much of the large scale mapping,
sampling and whole yock geochemical analyses have already been done.

The following fusther 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. O and §) and radiogenic (eg. St1/Nd and U-Th-Pb) isotopic studies
on the rocks of the Koperberg Suite at Jubilee may shed more light on the contribution of
the mantte to the parental mafic magma, =

- Detailed geochemical and isotopic studies on the granitic xenoliths to determine
whether they represent a genetically related sarly Koperberg Suite phase, or whether they

represent the graniﬁc anatect with which the mafic magma was contaminated.

- A detailed study on the significance of orbicular stuctures in some Koperberg Suite
“rock types. '
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APPENDIX

GEOCHEMICAL TABLES

- _Table Al: Mineral chemistry analyses
Table A2: whole-rock geochemicat analyses
Tabie A3: Whole-rock ferrous and ferric iron contents
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Table A1 Piagiocisse chamistry arslyses - _ : i} "

. Ancrthoslte :
Probe | 190.03:  190.62¢  1%0.pir i%.plc 18E.pira 8&p2c 16Hplr 1SLp3E  Pidpic 23.pdea ég_:v_.g_zr_ aapie 21 &_- g_.gg
30, | W75 CASE SA®E  Sa84 0028 5988 @005 8002 503 . 56.44 5744 m«

Ay | 25n 2888 2548 2480 B0 48! M8 2420 BN 6B Mo :

o 1 008 0w o® 0% DO NG 01t 010 0% 6o uaa .08 a.m noa
GG | 72 TI T3 G4 mad B4P BZ 84T 734 Sg9 78T B8Oz 768 A
ReO | OO DO GOZ O 000 00t OB1 BO0F DI 047 OO0 004 o oo
NG | 708 70 790 ﬁf 746 178 743 780 181 6M  Sm 880 846 S 8%
Kb | 044 04% 030 " 040 028 083 0% 048 134 408 033 478 D& G4
TOTALL 5830 GR08 2 RNE 030 33 R4S 9880 582N BAS4  AA3C  S67T 900t MY
An | %38 s I 3 MO0 MO IS A0 MWES  WMis W 3860 3823 ma
Ab a1 OfV0 81 0683  ST40  O0AL  H3TO 6814 5480 4880 5088 5683 7V 770
Or | 28 288 288 28 131 . 200 188 276 778 cach NBT . AM 390 248

Mica diozite -
T{: . 133 13455 13408 T pir . 8. £
A0y | 2833 s B3 2583 6458 DABY  26%8. 26X 28851 2854 et Sl e 284§,
RO | D08 008 008 0T 003 G0 D0 008 Q07 . DOR Q00 oy oue Q0% ff)
ca0 | 857 B TH 7A3 83 8B8 831 8M 453 A4 846 442 &R A5
Be | 02  00F 003 DO0 000 00O GO5 0O 404 00Z G689 000 000 0
MaOc| 632 eme &8 GEr BS0 519 640  B40 632, 8N 83 843 s 6
Ko | 038 038 o o2 ot Qi 0A0 DAT  DaS 09 038 04 O %/ |
m al B " 5 At . h 4 . T 94 BE " ™ 3 T -._. A

An 4196 4008 3035 3788 4064 4347 4138 M23 4150 138 M35 4098 g::—:*/”"ﬁ.w
Ab ! sses  5reS 5640 BOST W3 B4y A SeM 5578 5578 SBSF  S6BA 568 ;0
or 200, 202 A 5 183 181 2 268 282 288 08 259 215 210

! .

Proba mﬁ,ﬁi A07.pich thSpibe 185020 186.p1c 18S.pim 108.p2c 18442 138pSc 190.p3r 198 198
50, 37, 56 33 5674 . : . A7 849 G610
A0, | 2000 2849 2643 2651 2634 2048 2671 2880 2704 0B D0
Fe0 | oO8 pos  o0r oD DT ooe 004 005 008 GO3  GOS Q10
cat | B4z B2s8 408 B2S  BH2 865  BY1 &m0 A0  Ba@  8&F A28
Hs0 | 004 003 000 000 GO 000 063 405 006 006 0O | 402
Neo | SB4° 63 B19 651 82t 633 518 83 €N 82t &N &n
Ko | 03 04 1o D4 Q¥ 0N 032 DM 0% 0w 0% M
TOTAL | B8.91  B0.5a  DA.61  OA.14  SB.76  BHST  08GT 9913 S0AF  ©ha7  Socd  a%sh

an | o3 a7 WM 000 QA0 22 €L ] 8% 032 81 28 M P
Ay f oayT - S5m0 SAFS  AT4E S48 S5@2 5513\ 1523 SEG4 FA7E 3B 5348 ﬁ
Or | 232 23 B8y 282 242 4p0 187 W38 ig4 188 172 ¥ I




Talle A1 ictmtd.g Filalocim chomlm m:u

Pyroxena lsucodlorite .
42pn2  42p%  Sipic  S0pr  S0.pdc  50.pdm  50.00¢  SQ.pSr
538 Sio? SEis BS10 ASa1 H6an ST 5509
Zr8 2723 2782 27S4 Zvas L o3 2182 MM
613 n1e (X7 pos 018 531G vos 019
947 9.2t 9.5t 9.44 9.78 9.2 875 07
0N 006 600 0.3 am Q02 000 am
5.82 893 s 50 508 5.90 LY} 845
Q.42 (X 0.28 0.%0 0.2 828 028 0.23
sA2  sasd SRR D04 pREE 0908 GBI 90N

4315  A513 48482 45 4195 4584 a2 5896
51.42 5230 SN 5248 ke s28r 528 474
4 228 15 173 .84 150 1.50 134

Prabe | 53pts  53.p3  S4pSc - S4pTc  S4pTr  192p2c 19Z2p2ve tH2.p8c 1E2p: 102, 192.pbr
$i0: | SAD4  BEIE - BTaT A8 EF3%EBa . E5te a9 5 ......55.1_“'_‘..5....”. 25
AbOy | 2743 2730 2812 2848 2BA7 28 T? WA O M NW
0 024 %3] L) 012 012 0.10 a12 0.44 011 a13 o2

eer SEESIESY

a2 245 949 220 837 Baa 981 81 54 930 82 98

BrO 0.04 203 0.03 00g- Q.00 .04 0.0% aes 02 600 o005

Ne:0 538 .58 824 843 a3 580 £.00 3.7 G588 878 817

K0 0.51 0.4 0.58 0.50 {48 0.30 029 039 0.40 036 040
A

TAL [ 8545 SB54 - WRED BETC BROF BLOO SRAT EAEA 9SS 0604 GBAT

An 4508 A400 4026 ADBE AtD) 4838 4513 4083 4585 4658 L0
Ab 51.00 GRS 5630 5647 8589 4™ 53 S0 5202 5125 M8
Or M 185 ek ] 288 278 1713 167 2.8 ) i 23




© Tabla A {ontd.) w emigtry analyses } -
. Ryroxene dictite -

Prove] zipic 7apae ek SEple  SBpd  102.pAc d0apdv 10265 102.p8¢ 10206 tompse ti1pic  MLPIr 1iLpie 111.p]
MO, | £751 5577 S5  BGI8 5537 mad2  SA60 3808 W28 26 5508 9T MM ST0 S1m
AW, | 2941 a¥ms  2ras Zria 2% 2ra0 213 WM ST08 i: W 212 Mea U e N0
Feo § 051  0DF 06 o054 008 627 008 012 007 O&Y 093 014 013 046 O
cao | 328 9% see B&s  9m 93 911 981 B84 BFL D44 800 98t &1  om
Bs0 | 008 02 a0 0D4 0GOS 000 002 GH2  ODA 000 003 000 Q00 0D 000
Nao 1 BED 576 5% 832 . A8 a0 a3 L] 845 832 813 &6 513 82 A

0 0.29 0.28 .22 .34 J28 021 {26 Q24 423 020 0.20 {3.41 (.58 .45 Q.44

TOTAL] #9.25 9889 9005 6042 5011 - 600  §045 043 9975 6850 99t WM W7 SeEz @S

an [ &I 75 8 4232 480 4578 MS0 4878 4198 4B 4349 MO0 ATI0 A28 M3
AR J SRS 807 W54 S5TE BASS 5300 5433 518 B6FD 5548 4337 S45 5042 MME0 5325
o 172 1% 126 185 184 422 L7 140 138 197 194 228 200 285 2%

pe X

o s
Probe | 1t.pds 111040 'Hg" ! 1"]3.53.‘\ 1”41# AR2p2r A% 1220 132.93!‘ 122.pic 122.pfr Z2.pde 222 222.051
By A8 £7. ’ Vo E 48 12 ¥ -} -] 28 58
AhQy | 2683 w0 '?-‘91 L 2713 2B 27.51 2?,?0 W2 2739 o4 Ja38 2018 258

Feo | 0.13 012 Q0 ook o 0.2t 014 014 R 0.12 .11 0.8 o7 0.0
GeO | 871 8m0 1348 T0¥r 422 ;y 980 967 087 1025 980 A5 B0 A3 AN
B0 | 000 oms  om ccThedisey 605 D04 Ops oW 0 004 0GB 00 0D
0] 020  am 4_:’ : 4T85 S8 5S35 573 574 441 &M £M
Ko | 045 044 0l ~28 042 033 030 027 024 03 0B 0%
[TOTAL] Wad %o Th VR ) Y T TR Y TR TV T

o -
An 83 4216 8400
Ab [ 574  S4T) M
or

28 . 21 oM

- 4';.79" 4814 4D80 4783 4736 4137 4105 Ar82
L MBT3 a3 4048 5056 5123 S04B  MAT2  SA20
24 1483 172 1.58 Al 2% 22 ibe




Table A1 g

';ontd.z Pgroxene chemistg analyses

Mica diorite

Probe | 445,01 148.X2 148.X6 19A.X1A 186.X18
S0, | 5141 . 6118 5126 4082 49.73
Tio, | 008 oo8 012 012 008
Ao, | 208 213 232 266 263
gr.o. b 01 000 eo1 000 008
FeO | 2284 2294 2288 2388  239%
Me2 | 122 148 145 128 118
Mgo {218 242 272 2285 2052
Nio | ooz 00 oo 0.01 0.02
ca0 | 035 038 038 032 027 .
Ne,Of OO Q01 003 001 oM
TOTAL] 98.66 8033 99.7%¢ 08,56 9840
En | 62268 #1985 6255 5798 67.50
Fs | 2702 43723 3666 3734 3774
wo | 072 079 ©79 0683 058

— ! 1

Pyroxene leucodiorite ..
Probe | 42X2 42X3 50.X1 60.X3  B0.X§  B0.X6 53Xt 53X
Si0; | 50.90 5133 5209 5188 5159 5135 5122 5128
Tio, | 008 00 012 010 008 007 010 000
ALO, ] 196 188 170 157 168 144 172 175
o f 004 001 003 001 QO 002 003 002
ped { 2292 2271 ot 2287 B2 W67 2228 242
Mno ] 655 o055 0S50 046 050 086 051 050
Mgo | 2254 275 204 2962 2156 2L 2271 2252
mio | 005 o008 o005 005 006 006 008 003
cao § 048 047 055 O 08 050 084 0854
No,O } D02 001 GO1 002 006 000 002 000
TOTALL 95.85  99.39 90,99  99.48  99.38 98.47 Bg.20 99,18
En | 8327 esse 6248 G207 6151 6075 €375 63
¥s | 3504 3503 3642 A8 3728 3622 /A2 3636
Wo [ 083 082 142 144 126 103 105 106
Probe | 64.X2A 84.X3 B4XA 102.01A 192.X4 192.XE
Si0; | 8132 081 5140 513z 5123 5164
Tio, | cos o010 o600 008 005 009
ALO, | 208 179 182 203 185 187
CrO; | 000 002 001 002 001 004
FeD | 2350 2342 2320 2320 2327 2349
Mno | 080 085 088 062 068 060
Mgo | 2140 2080 208 m4s 2126 2156
Nio | oo boo 000 005 004 008
cao | 037 044 o044 04 019 050
Na0 [ 000 001 000 GO0 001 001
TOTAL| 99.85 98.45 99.08 8828 u8.62 99.64
En | 6151 60804 6118 6162 6172 6174
Fs | 2772 3814 3793 3737 3790 3724
wo | 077 os2 081 101 040 102




e T e e e e

—~ S S S R rearaiicon s - i -

I _ ~ Pyroxens diorite o
Probe | 23.X3 284 2831 S6XIA 10231 0ZX2 IBZXS  111.X1 111X3  MLXE 113.X1 TISXSR 222
Si0, | 3105 S064 $148 5181 5202 5190 5198 Si74: G068 S187 5147 5138 5107
WO, ) 008 008 DOT 008 0O 009 008 008 007 008 Q1t 040 008
ALO, } 200 215 1 148 201 182 174 198 192 208 181 . 178 163
Cr0, | flo8 008 041 oM 013 €81 008 047 041 041 042 047 04
FeO | 2371 2468 2168 2104 2118 2157 2137 281 2188 2182 2681 2160 2080
Mpo | 106 095 653 038 052 0S5 D05t 0S5 0OS7T 05 054 058 056
MgO | 2088 2007 2301 2x82 e 2205 2301 268 22 N7 2277 2815 2308
MO | 003 005 o008 (o4 0P 003 007 004 007 008 008 006 008
cao § 048 048 o4 44 054 049 050 048 043 03§ CS7 048 053
Ne,O § 003 00t 00D 602 000 002 001 003  G01 003 002 000 000
TOTALE 8012 9916 Se.00, 6022 9949 9961  SB3L  90ST BO47 W72 9RB0 9024 5656
En | 8025 8849 8456 8630 6517 6483 - 6508 5435 0443 6446 BIST 6498 £550
Fs | 3670 4047 3410 3317 3374 3410 3300 (M72 3480 3475 3439 3408 3332
Wo } 085 104 078 085 108 088 102 G083 08 Q70 L3 086 100
Probe § 122.X3 12.X7 222.X1 222.X3 220.X4 22246 222.X7
SI0; | 5202 5153 3065 5080 5071 5048 5420
TIO, | 006 008 008 008 008 090 005
Ao, | 175 15t 213 1§11 210 184 4T
e ] 017 043 0F1 008 008 002 010

ol FaO ] 2117 2154 2268 2087 2385 2420 2479 i
MnO § 054 081 Q75 077 Q78 077 084 A
Mge | 2300 2308 2082 2070 2058 2066 2088
NIO § OOE 004 003 005 008 005 005
CaO | 050 048 051 048 047 N33 04
Ns,0 1 001 000 003 002 002 03 000 o

TOTALY 99.33  99.38 98.83 98.86 o476 Ox.83  99.80 -
En | 6527 501 6019 o012 BOCO 5069 5928
Fs | 3370 3405 a0 .4 3888 2901 “%027 39.88
wo | 508 084 7 100 088 110 084

e~~~
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hﬁca dicrite

Probe | 145.84A 16782 167.B3A ~ 187.8¢ 188Bi 18682 198 . 1
80, 3728 84 3882 3608 708 0 @86 uia2
TiO, 413 490 484 A8y 504 530 498
ALO, 1410 14.41 1278 1348 1420 f435 1339
Cr0; g.02 0.00 oo o001 0.00 0.0 0.00
FeO 1277 1501 1398 1473 1378 1433 1568
MrQ 018 0.08 008 ops | 0416 024 012
Mgo 1530 1343 1487  14%1 1468 1372 1490
Mo 0.02 0.0t 000 0.00 0.0 0.03 0.03
Bao 0.44 064 059 .60 037 oM 0.3
K0 976  9g2 9.54 858 952 2.76 9.78
Na,0 0.05 0.15 0.09 Q.14 o 042 008
TOTAL ] #4714 9488 9417 G408  D4OE  S471 94857
AMg+rFe 3 050 082 048 c.43 0.50 051 0.4
Mg/Mgs¥e | 083 (.82 0.85 0,63 .66 0.63 0.48
. Pyroxene leucodiorite
Brobe 19281 19282 50.BGA
$i0, aTer IS0 9742
TiO, 436 3.48 500
Al50, 1380 1387 1368
Cr0, 0.08 0.07 008
FeO 1212 1485 1310
~MnQ 0.08 0.2 004 -
Mgo ] 1684 1478 1877
Nio 0.12 0.13 0.17
Ha0 8.33 020 0.30
K0 680 962 9.54
Na,0 603 03 0.08
TOTAL 8483 8456  9EM
AlMgeFe | 048 D.48 0.47
MgiMg+Fe | 0N 0.64 0.62
L T




) Mica chemistry anaiyses

Ma/Mg+Fa

. Pyroxene tﬁo_rite . . .
Prove [ 102878 11181 11183 42287 222.B1A 22283 212B6A Z2B7A 2381 2383
810, 794 A795 3822 3587 2838 3828 0 3248 3805 0 WSS M55
TIO, 418 3.84 374 374 an 221 .44 33 235 308
ALD, 1376 1370 1380 1388 2827 1328 1347 1347 1246 13m
erd, 0.37 0.42 0% . 038 0.25 0.28 0.22 0.4 on 847
FeO 1001 1088 1030 958 1174 1121 1128 1101 1095 1088
MnG 0.05 0.08 002 0.08 0.20 0.04 0.08 004 042 0.08
Mg0o 1808 17.72 1818 1887 1742 1804 B30 1640 1836 1851 J
NQ 0.3 018 0.8 0.8 0.44 0.13 01z - 013 0.8 .08
Ba0 018 02 0.24 0.27 0.13 0.14 .41 011 0.15 0.14
K0 $.40 .79 870 1] 9.42 9.85 8.5 879 .42 985
Ma,0 0.18 0,10 0.07 007 008 0.07 0.12 0.08 0.00 0.08

¥ OTOTAL | 8420 54735 9503  B808 8407  BAS1 8531 5488 93327 S4B2
AUMgiFe §  0.48 0.46 0.45 0.44 0.42 0.44 0.43 0.43 0.43 0.43
0.76 0.75 078 . 078 0.7% 074 074 078 878 0.78




Tahle A1 {conid.) Magnutite chenistry analyses

SRS

Mica diorite.
Probe | 185 MIB 18024 1S5M2B 1BE.MIA 1BS.MIC 1REMA  13AMB  {BEMC 18OMD
10, 0.058 0.20 008 043 0.10 0.22 0.04 Q.01 0.01
ALDy 0.0 018 0.1% c.Z7 0.14 0.07 oo 0.08 004
Cr0y o 0.02 0.05 0.04 0o 002 002 0.03 0.04
FsO 5302 | D288 S266 6294  PA1B 9350 9288 0331 93.47
MeD | 005 002 004 001 003 08 ob2. 003 .08 ¢
Mg 0.00 0.00 0.00 0.00 ~0.0¢ 0.00 0.00 0.00 0,00
w0, | 083 064 074  THE 075 053 054 042 048
TOTAL | #3880 5377 9375 8406 9428 944t #3383  S3EE 2410
scaiculsted malyses
Feddy | 6380 6308 6820 6830 B8S7T 8854  6M83  BOOE . BRI
Fed | 2128 3.4 M2 O HN4B O M4AE. ML A2 ME 2
TOTAL | 10076 10088 10057 10080 407142 0437 10080 90078  104.02
I o - S -
_ Pyroxetie leucodiosite
| Probe | 207018 200.M1C 207.M2 207.M3B A2MIA 4LMA  42MB  BAM2  BLMMA SIMM4B ES.MA
710, 0.08 0.05 0.67 0.05 0.22 8.1 0.10 0.11 0.00 0.X 0.06
AL, 0.35 02 o3 0.34 0.29 0.2 0.23 g2 0 0.29 035
cr0: | 16t 1.48 138 1.31 1.51 129 1.34 145 1.25 1.50 1.48
FaO 9107 038 9098  SIT4 $085 G111 9122 #1565 9119 g1.32 gL
MnO 008 0.07 0.04 0.05 005 . 00z 0.07 0.05 ‘007, 002 0.02
Mgo 0.01 o00 G.00 0.00 0.01 o0t o.M 2.00 oo 0.00 0.00
V0, ] 102 1.05 0.00 100 08t 0.59 1.0 1.08 1.01 112 140
TOTAL | 84.19 8308 U308 B&A7 . GAE4 D400 9348 BAER 9382 0486 9410 _
scalculated anatyeas - )
Fe0, § 8835 3850 863%  esos 8584 6634 #8568 SBE7T 6655 @520 4637
FoO 3187 M0BT M2 N4E M A M3A3 WMET 0 M 378 348 ||
TOTAL | 10084 9888 J0040 10198 100.1&  100.85 10088 10126  100.88  101.98  106.83 | °
e . ), s :




Tahle A1 {contd.) Magnetite chemistry analyses

N L
~ Pyroxene diorite

Probe | semt  seM2A  BAMA  BEMBZ . 213M1  113MZ  T13.M3A 113.M38  13.MA  11AMBR
TiOz 0.20 0.42 0.23 182 e34 208 0.25 0.24 aH 024
ALO, 1.53 U4 . 098 1.36 1.76 181 1.82 1.72 078 - 146
€0y | 624 428 . 882 535 807 837 8.06 800 8,01 7.40
Fal 8524 8515 8518 8512 8242 8078 8208  BuE2 8448 8416
" MnO .17 0.18 018 0.24 037 049 0.24 0.28 0.28 0.27
MgO { Q.04 o2 ned om 0.0 0.08 0.05 0.04 0.00 0.00
ViCa 0.72 0.86 0.72 0.72 1.10 0,94 .96 1.04 0.88 0.95
TOTAL | 8413 9364 . £3.87 9447 9406 0432 9401 9503 9488 8447
Fe0, | 8983 5877 598 5628 5675 5341 5636 5779 5043 B85S,
FaO 3140 MIT NI @I 5136 3272 . A3 M6 327 M4
TOTAL | 10e.12  958% 8988 10025 5978  £9.47 9866 10082 1048 10033

i

prabe | 12287 122MA  120MB  122.MCZ
110 .28 ol 035 142
Ao, | 205 213 180 289
cro; | 922 875 8.73 885
FeO | 8171 8182 8143  To89
Mo | o037 0.3 033 0,38
mgo | ooa 0.0 0.02 0.06

V204 0.85 .88 0.93 0.98
e — (. o

TOTAL | a4t 94,90 Bi.be 84.24 : Ve
jRecaleulated analyses : \

Fes0, | 3881 5525 . 5580 ¢ 5277
FeO | 340 3211 3173 3240
TOTAL | 100.1¢ 10044  S5.47  $9.53

A




FRAAAER FER QR ey FEREVEIEHILSE LIVEVITSLL Yy iy e

Probe | 4Z.M1B  66.MB1 122MC1 185.M1A 207.M1A 207.M3AJ
TiO; | 4924 5138 5159 5141 4870 5259

AlzO; 0.04 0.00 2.02 .03 o.M G.03
Cra0s 0.15 0.25 045 - 001 0.1¢ © 014
i FeOQ 47.48 46.50 5403  41.37 47.05 44.01
MnrO 269 1.96 4.14 7.31 2.89 4.14

MgO 0.11 0.21 0.02 0.00 0.17 0.08
V.05 | .11 0.00 00 " 0.00 0.45 0.00
TOTAL | 5982  100.31 10025  100.14  98.37  100.95

IRecalculated anaiﬁges .

Fe,0, | s.82 2.94 208 243 . 720 1.13
41,35 4385 4218 3382 4057  42.99
{7147.864 146,85 144,04  141.77 _ 147.00  144.94

™

A



Table A2 wn&‘ le-rock analyses of Koperberg Suite ancrthasite
w.

L

Sampled 14 19 -}z 26 63 86 107, . 138 137 141 143 144 147 148 VB0 181
S0, J 6187 §211 8004 5778 STz 9629 5547 5677 6714 1285 5938 V608 7750 GALZ 7448 6508
o, § 002 008 049 001 003 002 024 027 048 014 Q12 030 433 048, 019 . O3
ARD, 12322 2255 2348 2445 2883 2572 2405 2003 1784 1508 2688 1385 1252 2000 4388 1830
Fay0y ] 037 128 282 OX7. 0% 085 475 525 223 219 150 112 OV Les 182 T4m
MG § 003 003 007 003 005 002 008 005 084 001 004 003 €0) 000 o0t oM
MO § 014 040 074 080 035 029 093 0BE 005 000 200 000 000 000 000 O
 CaQ 521 859 562 686 841 817 681 884 520 444 TS5 380 572 822 351 A%
Na,O | 823 490 560 £54 545 §56 027 501 474 298 858 321 233 474 250 53
Ko {121 083 132 124 111 14 140 083 082 078 145 0%9 081 0S8t . 100 087
Py ] 005 005 007 003 003 004 003 042 003 000 001 000 001 008 0O Q02
co §001° 001 0063 00f 001 402 004 048 O0F 002 000 GOF 000 000 000 Qo2
Lol 1088 087 131 108 D44 0S5 102 224 05?7 024 028 042 040 020 088 043
TOTAL}00.83 9978 10130 S840 9322 5867 10084 3838 95,94 9852 40257 9921 8748 10032 9016 1_0,1?47
Co 2 -] 8 4 4 4 11 18 1 8 7 ] s 8 & o

Ni 1 s ® 3 2 & 24 3B 4 o© 0° 9 1% 4 e 5

n 15 24 48 17 18 20 ea 7 3w 2 20 M. 19 28 24 4

Fb 14 3 EL 17 %8 27 a4 24 18 24 15 13 13 B 23

Sr ] 300 607 S60  TA2 B3 19 548 VIZ 568 4¥3 733 355 328 GIF 454 404

Y 14 3 3% 8 4 5. 7 & o 2 a 2 7 4 3 8

Zr Jt32 80 A7 & 12 48 18 87T 146 S50 126 45 54 19 92 w0

Nt 2 ] ] 2 1 1 4 3 a3 2 4 4 L] s 3

v § M 4 B a M3 68 42 45 40 23 92 80 47 100

Gr §{ 2 1 s N 2 48 M 3 W0 14 W 1B 14 M 14 16

Ba § 180 230 252 29T 247 254 258 204 3 233 A7 177 208 33 22 298 1B

‘ 1

Samplad 168 170 t78 177 478 180 183 184 A8 210 212 M3 220 ;
$i0, |50.09 5928 5850 5553 6720 6964 7551 6864 8735 475¢ 7382 6507 5609 q
Yio: foo4 O0pd4 015 041 010 011 047 027 044 018 045 332 005 .
ALD, | 2448 2458 2708 2536 2047 1793 1351 17.34 1856 1385 1385 1808 2573 \
Fegy ] 038 041 224 184 129 165 OHZ 384 186 213 204 380 113

Mh J DOt D02 02 DO 001 060 000 {02 OG0 000 001 004 003 \
Mgo 000 000 00C 026 000 000 006 023 000 CA0 000 008 028 4
Ca0 | S89 508 831 6500 585 512 348 455 540 538 391 531 809

NeO | 774 781 477 433 489 444 3248 532 455 721 541 378 433 )

K0 | 136 137 088 138 100 080 086 2 G8E OFE 063 090 097

POs J0O2 003 001 004 001 001 00¥T 000 007 GO0 001 600 002 :

Ca (000 O3 003 06 0O1 000 QDR 001 004 OO0 001 001 000

Lot { 087 117038 105 Q50 037 061 078 €35 020 020 031 087
TOTAL | 9948 9977 1024% 9770 100.83 100.07 98.87 9994 0000 10208 10012 87.50 57.7

Co 8 5 7 & .8 8 g 10 .8 7 w e 7 &
Ni } oz 2 6 5 4 1 1 7 0 2 1 3 5 B
Zn ] 15 8 W ™M 28 27 @@ ST a8 32 27 47 .9

Rb f 32 38 15 40 19 15 27 20 8 1 1 2B 2 !

Sr 378 M5 719 Tl A4S 426 07 401 407 356 320 488 8M

¥ w4 ] 5 3 3 5 s 8 3 5 9

Zr p 17 183 73 gz 107 118 19 B 2?7 4B TS 9 0

Ne F'a 3 4 2 3 3 5 &2 3 3 4 2

v & 4 & 52 20 32 -5 8 3 3 &4 s 17

cr ] E 25 24 11 1w W 1 2 47 5 12 33

Ba {190 251 267 387 219 286 283 335 235 205 D28 3%G 275




.Tahle A2 [tonkl,) Whoie-rock analysas of Koperbetg Suite mica diorite

181

Sample] 3 N 28 28 {12 138 439 146 149 150 184 f@r 1@ 95 188 187
§i0: {5240 4B44 5160 3026 5321 5006 4937 5145 3241 5188 4996 5050 5072 Nif4 4900 4790 4987
Tioy {080 130 104 101 079 121 1@ 101 084 O7F 030 084 119 M 15 fa8 8
ALOy 12331 2235 2272 2226 2416 2221 2248 2289 2230 2333 2034 2332 2298 2094 2187 247 281
Fo0 | 686 1038 537 920 880 1011 014 900 237 BO3 880 744 102t E3I 1007 1081 5981
MaO | 0G4 008 00% JOOS 007 DOR 007 007 00% 004 007 0D4 CA3 W08 D07 007 OB
Mgo ] m02 276 274 28T 187 270 283 213 172 154 170 183 258 184 253 290 Zem
GaD | 895 804 572 557 875 B840 B35 683 8V 705 T8 724 B S 627 68z 82
Ma0 ) 548 A77 583 420 493 502 425 441 473 705 554 685 305 435 595 434 484
KO } 188 208 204 188 184 186 185 150 340 188 173 133 171 147 203 230 186
PO 037 B 077 047 048 002 003 002 002 029 035 D40 041 002 001 Q2 O¢
Cu | O11 000 025 005 O4Ff 00f 0O 000 HOO D08 0417 Q10 OO O 000 401 001
LO{ {074 044 488 128 D95 050 085 043 064 007 131 072 037 032 070 145 044
TOTAL [100.47 9989 95.05 $9.01 10208 30.59 9911 2925 9930 100.71 9U.86 10088 9851 9823 100.48 99,95 2088
Co 1 % 18 8 8 24 3 1® 15 13 W i8 18 7T 2% 2! 28
N 7 0 B8 W 20 33 B /W 13 11 14 3 ¥ I 88 &
Zn } 111 134 T2 115 124 124 49 118 110 BE 122 125 122 WY 133 147 128
b | 104 432 17¢ M8 124 2z 128 47 - 73 MY 85 02 109 0 132 18D 134
St (1961 538 676 655 1105 681 g/ S5B4  s27 IO 1002 1168 516 BC7 816 (78?663
Y 18 8 %8 =8 7% 10 13 10 8 st 18 18 N 1 17 1 12
Zr Joe0 38 248 1080 828 74 79 84 65 385 @48 829 40 i o4 8 03
Nb B 17 B 3 22 B 7 14 13 18 2 $ % 12 20 24 20
v 204 24 i3 176 W0 LY 34 217 224 Y28 W A7 198 1PS M1 333 Aot
cr &§ -0 14 0 11 i 8 g 3 3 ? g 2 3 7 3 2
Bx 12133 #i2 %95 735 A3 ord 420 527 637 573 1077 1314 812 784 BT 1192 1007
Sampie] 188 159 190 183 484 17 158 M 294 21E

Sity 14778 4823 4ABO7 5003 4853 4794 4R07 85207 4827 5203

7o, § 145 143 148 108 125 148 118 100 118 D43

ALD, 2227 2247 2283 2:98 ZTL 2230 2097 2180 2264 2203

Fa0y [ 1085 1041 1048 988 1316 1030 1048 1000 1072 898

Mno | 007 007 005 008 008 O0O0F 005 020 007 008

Mgo | za0 27y 282 232 279 283 298 275 321 20

Cett ] B35 B30 640 838 S84 602 553 837 580 663

NaO | 555 479 445 2347 38 416 582 458 71 730

Ky § 210 228 214 182 234 257 188 105 231 102

M0, 1002 00X 003 0OG Q00 204 003 001 000 002

Cu | 002 oOD4 003 002 00: GO 006 001 004 o0

Lol | 087 080 077 088 08§ 103 148 03d 083 o.M

TOTAL | 90.67 59.29 100.02 97.83 98.52 g8 59.58 100,65 10228 101.21

Co 33 20 & 28 34 M M 19 W A

Ni ] % 3 38 34 40 43 44 % 3B 15

Zn } 148 15T 140 128 B3 156 121 131 144 Y

Ab 160 185 158 101 €77 181 117 B2 187 4f

sr 1770 752 783 618 7€ U6 7068 482 BRY 670

Y 12 14 18 7 17 13 2 16 14

Zr Y2 Y7 82 48 128 1.3 2 B B2 &7

Nb 2 I M4 7 24 B 0 9 26 7

v S 33 M9 280 424 WY M 178 a4 4

Cr 5 0 2 4 7 7 1 2 1t a2

Ba }140S 1114 1050 508 1132 092 754 435 943 418




Tabbe A2 {contd.) wnole-ruck-lana!yus of Koparberg Sulte pyroxens lsycodiorite

Sampe] 12 3 38 37 40 41 42 43 A4 46 AT 48 49 G0 &1 £2 8%
S0, ] 5400 5002 4075 4558 5071 4052 ABJZ 4940 AMBE 4951 4951 4955 4550 4945 5008 5245 4037
T, J 058 035 0353 038 038 041 G41 03X 040 430 038 037 D30 032 101 022 04
AlDy §2432 1774 102 1TEE 4711 1704 158 1744 1708 1531 1741 1730 1740 185, 1813 200 1755
Fag0y § 408 1238 1227 1288 1364 1555 1484 1237 1301 1342 1300 1350 01303 1064 032 A88 12T
MnO § 004 08 016 017 018 020 049 047 018 020 01¢ OA7 615 014 013 043 0.8
MgO | 273 681 8B4 A8 743 A7 835 E81 744 TE1 78I st VB0 825 65 537 T4
Cad | 751 582 S99 888 578 S5ES 547 820 554 578 584 598 384 857 855 700 BA1
NaO § 497 3%4 385 373 298 372 305 526 262 285 365 594 195 428 285 3se I
KO [ 098 0682 080 08t 085 084 080 080 062 D84 DB4 052 0% G071 G0 085 050
PO {014 040 D006 042 004 007 DOR 00O 009 O otH 008 008 008 013 013 008
Cu [018 121 128 149 130 130 1886 137 448 133 1. 124 088 008 084 057 128
Lot {050 015 010 03t 003 00F 003 14 27008 _07: 008 409 183 151 021 020
TOTAL [ 9848 2020 99.32 §0.917 100,29 10034 $0.08 5D.24 Q868 9580 938 100.05 8524 100.08 99.01 9369 8892
Go 0 s B 5 &4 % 8 30 53 5 3y 60 B3 4 45 3%
NP 14 220 210 233 234 238 267 2% 23 243 23t 238 208 195 V81 134 215
Zn 49 1985 187 185 212 6 239 203 N0 NE M3 ;3 265 174 174 130 182
Rb 5 1 15 2t 2w 8 1w 2 7 22 18 2w Mz 1 12 18
S J 918 76 TR Tk 7I7 04 B8E 718 0B 702 723 720 447 787 Y88 883 785
Y 33 12 12 14 W0 13 12 9 LT U P F S A 1 | 4 12 10
Zr | 35t 5 e | 3 W 18 4 4 7 15 12 13 17 8 14 13
Nb 1 1. 2 3 1 3 a 3 3 3 2 4 4 3 2 ] 3
v g2 270 2/ 2/ M2 309 425 283 98 311 A0 398 228 297 2/6 180 204
Cr ] 08 487 S0 8537 44 51 497 . S10 Am§ 4968 553 A0S 388 asy 823 488
Ba | 258 233 208 40 276 2% 241 220 248 281 243 245 193 228 250 280 284
Sample| 54 &5 & 60 &1 82 64 85 73 tA T8 7T I8 8 %% 86 9§
5i0, 14954 4961 49.82 4895 S0&1 3074 50.88 %144 49.04 4077 4057 4858 4801 4976 4900 5048 4988
Tio; [ 030 040 OS5 458 D47 D67 052 043 038 035 038 O35 034 037 038 035 020
A, {1712 1885 2188 2075 2088 2032 2128 2145 1672 1749 1741 1853 1713 1745 1655 1819 1881
Foqy 11322 1363 1235 1356 1181 1377 1150 1071 1334 1253 1208 1287 1158 1208 1338 4181 1042
020 043 015 013 004 014 D12 018 018 G018 048 047 046 D18 017 044
11 248 226 285 S48 3658 254 TI8 TOT BYE  TAT 821 898 7TVT S35 594
87 &7 965 850 594 685 B85 582 B2 879 545 433 618 S84 B12 837
210 820 417 488 443 510 454 375 427 465 543 459 578 840 535 a8
55 08 065 072 08¢ 0B 072 062 080 OV 0¥ OB o082 050 071 (83
043 0068 003 008 005 004 OU5 007 010 00 008 D008 Q10 OO0 o0k GO
133 017 020 009 040 008 004 127 120 107 121 0835 109 134 107 077
\ 0Oi__089 043 060 048 007 081 004 032 078 087 340004 001 032 264
TOTAL | 99.47 $3.80 101.64 33,36 98.81 10078 9599 9913 8888 10008 9966 100.22 98.25 100.89 10%.83 101,00 99181
¢o | 88 55 29 237 20 3z ¥ 24 K4 % %0 53 = A7 5 a8 38
M| 23a 225 82 75 7 81 ¥ 88 2 8 M7 24 AT 24 I8 206 184
Zn J 203 197 148 155 147 179 437 428 w4 89 177 212 4 181 1882 187 174
Rb 1 18 1w 12 T 10 1 18 W 3 4B 45 18 13 - 48
St} 751 TAF ¥R 14 722 627 BT 645 756 VB - 138 867 B4 YT0 M4 T8a  mAS
s 11 w 1 B 18 M 1 11 "N 12 14 14 18 12 13 18 ]
r 7 4 4 3 24 5% 8 S 1 1 M 1% 12 1w 18 m 1
Nb 4 2 5 4 8 [ 4 3 2 3 2 2 2 3 2 2 3
Vo J2a5 304 M8 30 2% 237 215 2M. M1 300 2T 288 235 208 228 use 223
cr |58 s2r . 0w 20 18 25 24 16 522 508 AaB4 S0 430 496 857 472 984
| Bo ] 263 251 143 138 133 i8S 199 197 249 223 227 o7 150 300 282 250 227

=




. Tabia A2 6untd. Whola-rock analysas of Koperberg Sults pyroxsne lsucodiorita

39 200 a1

Sample] 87 8B 89 . 90 100 16 181 192 195 146 208 204 208
SO, 15143 5124 4011 4088 5177 5182 5189 5281 #8397 4RAS ABA1 4DB4 4881 ABED 4018 S0.18 S0.00
Tio, | 630 827 038 035 048 04z 025 021 038 038 088 03 044 04z OFF 038 038
MO, | 1937 2000 1889 1745 2191 2354 2240 2159 1595 1837 1360 1801 1503 1828 2153 {a0i 1828
Fody | 984 287 1246 1250 1106 783 521 647 1282 1188 1925 1231 1515 1486 1347 1212 1148
M0 | 013 041 04% 018 010 008 007 041 049 044 028 020 024 022 049 018 o7
Mgo | 548 508 728 723 218 076 208 354 595 598 556 644 807 788 1IS 457 880
ca0 | 818 E71 S99 573 674 761 TS8 737 550 53 440 $90 525 S40 8P 528 580
NoOr | 486 ‘585 413 354 AB1 703 430 348 265 321 289 A7R 373 280 487 AW AW
KeO [ 0S3 080 071 084 081 082 073 G77 070 078 042 080 050 087 082 088 085
P { 007 0D 007 010 003 GI1 001 0DS 008 008 005 0N 006 007 002 004 007
Cu [062 0687 11 113 005 004 O4F 040 110 088 241 1A%, 183 184 005 121 100
Lot | 139 265 157 080 025 042 095 061 093 114 081 036 042 D5a0_ 850 043 060
TOTAL {10020 10195 99.87 9921 99.01 10028 9418 9793 97.17 9200 100.26 100.26 100.25 90.20 919 98,61 9808
003832554931131824454377445558?23443?
Mojso 152 22v oz 7R 14 71 95 207 184 313 213 277 248 (49 208 188
Zn [ 157 182 197 150 146 101 8 T2 215 185 203 189 239 8. 157 W 18
Ro | 50 4 26 22 21 & 19 28 38 I 28 2 25 W U W N
Sr {753 €95 7T 724 68t 841 £02 892 68 Y)M4  S5B  70D 656 €0 545 Tl 7S2
vy {18 1 8 5 8§ 4 e 1 15 f4 8 12 1 B 5 1 18
zr 13 w2 7 13 a2 B/ 1B W 14 18 14 1 B 14 1
{4 3 4 4 4 1t 35 3 5 ;5 & 3 3 4 5 3 4
v |18 202 17 785 223 s &8 114 28 223 429 e 2E 0 243 254 282
G | 347 32 473 475 2 0§ 43 218 450 401 681 AS3 G700 NS 23 443 378
Ba § 254 220 254 220 195 266 288 260 247 251 198 247 223 238 S 206 280
Sasapie| 206 . 207

8i0, [ 5227 5172

Tio, | 0ed  0s2

A0, § 2229 1938

Fe0s | 656  9.60 -

MG | 005 013

MgO { 172 510

ceo | 788 am

§mo | 488 388

KO {149 073

Pos | 026 oos

Gu |04 ose

Lot foes ois

ToraL [ ves1 sse0

o | 22

mo| e i

zn | 98 143 E

Re | 92

sr | oea a2

vy |2

z fi1%® 1w

U SR B

v oo e

Cr s e

g | s42 3




Table A2 (contd.z Whole-rock analzsus of Komtberg Suite pyroxsne diorite

Sanple] i1 23 6 &7 88 8% T M 72 % 101 162 463 k& 1G5 108 108
Si0p | 450 5172 4443 4961 5221 4583 ABRS 4ROT 4951 4800 4665 4811 4802 A9 a2 4771 483
Tty (026 OM6 D33 020 G26 A3 028 028 022 638 025 028 020 0 037 052 025
ALDs | 1000 1248 926 1401 1749 1081 10178 1001 1146 1454 1282 1120 1043 1248 1878 1937 1331
Fey 11905 1408 1984 1373 1030 1566 1850 1730 1833 1478 1388 1832 1849 1568 987 1307 1470
MO [ GIF D27 O34 D24 018 031 030 034 031 024 025 030 033 030 014 0313 020
MO | 3240 292 1224 1043 B0 1247 1235 1450 1342 847 1181 132% 1384 1227 547 3 10
Cud } 230 312 262 4538 512 383 a05 313 388 458 448 370 339 404 533 646 443
Na.C | 220 283 145 223 3853 219 227 183 244 181 21T 179 189 230 347 398 262
K0 ] 0%4 178 028 Q78 079 049 040 051 048 G08% 057 045 047 047 089 070 048
PO, | 020 018 09 008 613 042 G644 043 Q12 007 041 G4 00% 008 038 004 014
Gu [-178 0853 214 201 D089 432 233 232 181 287 232 226 234 168 087 {188 172
oI {poo 292 392 00% 1688 017 023 035 023 040 DOO 012 002 033 1180 005 037
TOTAL {10002 99.08 6750 B3.76 9886 S7.50 9947 5973 3961 9897 7.3 9958 9791 9560 985E AT 4N
Co | 92 50 34 7™ 3 93 ' TY 8 78 85 6 75 T4 14 M 41 58
NI | 425 233 S5T4 445 - 184 588 A4t 641 4IF 410 408 457 475 ADT 02 281 38
Zn I M5 72 w07 227 217 267 249 297 273 A4 226 704 RTE 253 151 455 244
Rb 57 3203 2 B0 57 3% X0 45 35 46 80 48 42 2 448 M 2
Sr i 384 349 3IB0 BO0 BA4  AT1 481 422 475 Bu4  S44 478 505 534 T/ obe  sae
Y 85 70 3 3 32 34 33 4 4 22 34 42 B M 4 45 3
Zr 17 21 10 g 22 1B WM 1 4§32 20 2 1T 19 S tr 19
Nb M 2 & .7 5 2 7 8 g 7 v 8 5 3 8 5
V 270 157 183 175 104 14% 216 185 171 208 81 185 445 177 240 358 1M
Cr [ 1680 908 1815 1542 BT 1838 1525 9830 1460 1755 1348 1588 1578 {321 458 190 1284
Ba ) 170 267 128 227 474 147 195 181 152 218 12 17 198 152 218 245 180
sample] 108 114 13 & 116 17 4@ 19 120 12y 122 183 124 126 128 127 4%8
Si0y | 4708 4878 51956 4844 4831 4707 4715 4858 5053 4560 4345 4248 4000 4283 2021 4862 4757
Tio, § 025 o028 £21 032 022 022 024 028 019 U231 D23 025 023 028 021 023 085
ALG; | 1068 1084 1473 1088 1138 975 1108 1165 1428 1225 1091 1024 1151 A0 1187 1045 1048
Fe0y | 1655 1580 1780 1805 1305 1785 1504 1572 1273 1521 1455 1471 1823 1528 1582 1673 1728
Mo § 632 o032 027 031 030 032 029 032 028 028 03 030 030 032 029 033 031
MgO §1407 1360 1069 1360 1220 1426 12081 1324 1122 1281 1205 1238 1308 1344 1204 1408 13580
Cab | 284 344 470 387 397 321 380 375 AFT 407 405 368 350 323 421 380 353
Mas: | 188 380 252 203 235 180 204 7222 445 207 212 242 187 200 245 179 220
K ] 047 047 086 044 048 (29 038 G35 048 0357 040 036 038 033 049 045 051
PO | 013 018 G4 Q1 043 G0 00 02 008 050 008 040 D14 O41 020 042 014
cn J166 118 102 292 293 455 273 305 162 230 326 370 294 302 096 236 342
Lol Joo0 nee o0%8 040 003 D07 034 047 022 004 005 . 007 008 049 00D 003 003
TOTAL | 5779 9846 93.46 100,87 96..3 9878 SEB7 §9.44 100.82 100.44 9147 13070 B8.72 86.88 §9.23 PO 2943
Co w80 S 8 71 102 80 8 S8 7 78 B =2 #2 70 8 o0
Ni | 435 415 334 574 484 8568 511 B30 362 447 508 V534 504 538 344 493 54z
2n | 200 221 228 252 289 308 288 276 732 28B4 275 LD TV 271 28I 294 286
R [ 40 42 3 M & 2T 23 2@ 24 ;@ 29 A 28 40 77 W 45
Sr faad 399 574 BAZ 404 354 458 422 568 480 482 443 446 403 437 387 389
\4 42 a2 34 s & 177 ¥ 1B 17 23 28 W™ 23 724 B4 4 0
2r 20 % 17 M 27 24 43 4 1@ & 18 2 27 3 W M A
Nb 8 8 8 8 8 5 4 4 4 4 4 4 4 5 5 7 b
v 180 212 128 97 182 211 153 185 121 157 144 155 U 156 178 84 178 194
or | 1411 1383 1041 1826 1558 2422 1846 1821 1287 1853 1872 4765 1888 1807 1i00 1887 1879
Ba [ 185 191 156 185 110 144 1683 163 207 175 138 145 448 296 {7 127 °0%




s of Koperbery Suite pyroxane dicrite
Samplel 120 120 132 133 {60 481 162 186 188 169 171 47R 173 ¥4 115 208 28
Si0; §47.95 %048 4798 47.79 5221 5047 52684 5157 5185 4983 4880 4900 5098 5207 5045 5008 481
Tio: {024 050 028 028 030 052 034 031 051 033 02 028 023 021 022 026 045
ALQs | 10,19 2247 1028 1017 1303 326t 1256 1822 1138 1067 1078 1047 1208 1227 1231 1275 155%
Fai0y | 1878 956 1732 17.2¢ 1607 1765 1183 1025 1609 1629 747 1755 1533 1428 1452 1478 1425
MmO [ 032 006 0335 033 030 038 085 049 029 030 032 032 03 027 030 027 024
MgO [ 1352 070 1400 1288 1150 1293 1182 886 1110 1273 1337 1412 1342 1278 1248 1205 7861
Ca0 | 349 756 333 344 3B8 A4 370 555 327 3B 327 246 417 413 410 432 4%8
NagO | 204 638 282 185 205 145 277 343 185 287 188 170 185 228 219 188 403
K0 [ 043 097 032 036 103 135 109 073 127 080 040 048 (047 049 043 059 077
PiOs | 047 DO2 0D D15 012 043 045 009 G4 042 017 040 009 040 014 012 008
Cu 314 015 278 343 090 130 076 050 088 255 230 284 246 133 222 201 1M
Lol %005 0iF 022 ©Go8 047 013 003 0.7 021 058 048 1004 028 029 008 027 .28 |
TOTAL | 3824 100.08 9971 9398 100,76 98.64 10112 98.65 5B.AY 100.43 9924 f\‘qﬂ 101.27 100.48 895,65 09.50 @6.87
!‘.
Co 91 1 B0 & 59 €8 62 3@ & 8t &7 fft?? 81 ™ ¥ 55
Ni | 542 28 533 &74 311 388 308 173 310 4¥2 478 638 488 383 429 2% 251
Zn § 281 101 288 293 L9 -3 285 168 317 286 293 289 245 245 242 217 W2
Rb 3 37 ¥} 28 105 113 125 44 163 &1 a8 48 M 3 27 4 53
S | 384 785 9D 388 434 276 405 634 344 358 342 32 426 437 485 Ads €01
Y {4 B 226 2@ S S 5 26 6 43 B2 45 3  3}! 248 42 =2
2r 18 3 14 LET) B w32 17 24 2 1B B 1w 17 W7
Nb 5 7 3 5 17 28 - 21 a 27 8 7 8 5 & 5 8 8
v 183 257 Tt 170 167 187 148 133 183 182 210 207 147 127 146 206 288
Cr [1801 28 {748 1887 1006 1188 . 100 519 1021 1554 1880 1833 1842 1235 1539 1384 487
Ba { 135 3668 160 147 280 348 264 239 3@ 175 112 148 138 143 154 152 282
Sample] #18  219 221 222 - 102a
8i0; 5126 4785 5139 5110 49.65
THO; | 028 045 045 048 025
Al | 1588 11068 1174 1247 1180
Fayly 11245 1535 1525 1517 181
o oMnO {020 029 032 033 Q92
C Mgl | 857 1343 1137 1143 1338
Cag | 472 2358 367 359 374
NapD | 258 186 188 204 233
K0 ] 085 043 116 129 051
Po; | 004 006 042 14 043
Gu | 207 198 115 103 203
Lol {024 016 004 006 005 -
TOTAL | 92.58 8882 9851 §8.81 10001
Co g8 7 & 52 @
NI 425 436 318 3% 438
Zn 188 254 304 312 289
Rb 74 3/ 138 183 M
Sr | %68 419 357 347 508
¥ 3% 43 5 85 4D
Zr 37 A 14 32 19
Hb 10 5 2 25 5
v 155 139 38 131 188
cr 11082 1348 1017 1083 1444
Ba | 233 138 283 288 210




Table A2 {contd.} Whele-rock analﬁes of Congordia Gralnite

Sampls] 10 M 3 9 163 247 232

8i0, 7883 7846 Y329 7278 7870 T4 T8

Tio, | 007 002 021 02% 004 009 020
A0, | 1228 1228 9525 1322 1137 1323 1419
FasDy ] 189 062 225 198 107 082 236
Mno l 041 048 007 002 D23 003 005

Mgo Jozo o000 0RO 000 080 DO Q07

CeO | 188 130 D89 108 133 DB 115
Ny | 250 248 290 288 530 283 275

w0 bans 407 875 eBOE 205 587 603

P0; § 002 0DF 003 0I5 003 Go2 044

cu oo o000 o000 000 000 000 000

Lor 1025 035 070 058 016 020 037
TOTAL | 59.02 58.88 10243 9936 9885 53.61 10028

Co 4 8 & 8 6 6 T

Ni 7 0 & 4 4 2 ]

Zn {24 2 48 41 u 2B B

Rb | 140 207 408 383 97 298 977

sr | 88 32 5 s8f 53 89 es

¥ 81 M 88 mi\\ g8 15 102

zr 41 49 187 67" 8% &4 177

Nb 4 ® 20 2t 12 5 1?2

v 1 § ' 1 7 H 17 12

o 23 18§ 11 13 8 &

Ba { 112 63 33 W B0 25 37

Table A2 {contd.] Whola-rock analyses of Granitlc xencllths

Sampia] 4 20 183 1854 165 166 15T  1E8
Bi0. | 7789 8118 B0.1f 4111 6090 B4.14 V458 73.87
TiD: | 024 049 027 037 028 035 04§ 018
ALbO, | 1036 703 921 B8S2 819 T8 1318 1335
FesOs | 147 384 1859 208 242 244 148 140
MnG } 007 D08 001 0BG 001 001 000 001
Mgo j om0 087 000 D021 013 032 OO 000
ca® j 038 186 088 069 218 178 126 105
NasO } 249 229 253 1689 181 180 374 386
KO § 615 040 451 336 046 044 57 BI9
P:Os f 002 D10 003 008 001 CO5 001 DG
Cu Joot 0Ot 000 0060 0ODG OO0 0O Q00
Lol I o042 074 041 0S4 a56 060 637 063
TOTAL] 59.64 56.00 S934 88,97 §8.43 9893 100.48 100.53
Co 7 1 7 7 2 19 10 6
Ni 1 ] 2 8 0 2 1 3
2n 25 84 2 W 3T B\ B 0B
Rb f 180 8§ 132 80 3 12 185 180
S } 130 183 115 175 228 236 M40 241
Y 1 37 24 & 12 2 14 17
Zr | 111 :M2 146 184 130 186 127 1DB
Ab & 5 5 7 8 5 2 3
v ta 108 11 26 82 4 01 9
cr 1 3 8 3 10 4 8 Cl
Ba | 524 184 27 485 216 185 1884 472




Rock Sample - Total Fe FeO F8:0y FeOlFe,0,
type as Fe 0y —
: 138 825 .74 333 . .52
Anorthogite 177 1.94 0.40 1.50 0.27
213 3.60 1.72 1.7 1.00
Average = 3.80 1.29 218 0.60
28 9.29 3.54 5.36 0.66
Mica 138 10.14 317 6.58 0.48
diorite 150 1.82 0.55 1.22 0.45
: 159 6,03 232 348 0.87
1858 10.61 a.81 642 0.59
2186 8.98 2.54 6.18 0.41
Average 7.81 2,56 4.89 0.54
42 14.64 .51 4,18 2.28
49 13.03 8.1 4.11 1.897
63 12.78 8,15 3.82 2.13
64 11.59 4,85 6.26 0.78
Pyroxena 78 11.56 4.69 6.40 0.73
laucodiorite 89 12.46 8.34 3.2¢9 2.53
116 7.83 285 4.1 0.54
192 8,87 4,21 2.24 1.88
189 19.25 10.48 1.72 1.36
203 13.47 4.7 8.2¢ 0.57
207 .60 549 3.67 1.47
AVtEng. e 12.10 6.48 4.99 1.48
23 14.08 7.24 B.11 118
56 19.94 12.60 6.09 2.07
Pyroxene 102 16.82 11.76 3.89 3,02
diorite 113 12,80 8.64 3.05 2.84
122 14.55 10.83 263 4.11
166 16.09 10.84 4.08 269
222 15.17 11.67 2.34 5,00
Average 15.61 10.53 4.02 2.99
Concordia | 223 2.36 1.49 0.72 267 |
Granite
Granitic 154 2.03 0.4 1.58 0.26
xanalith
—— =
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