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Abstract

The Namaquan (Grenville) Orogeny (late Mesoproterozoic) in the O’okiep District is characterized by two tectono-magmatic
episodes: the O’okiepian Episode (1210–1180 Ma) with the intrusion of batholitic granites, and the Klondikean Episode
(1040–1020 Ma), which includes the intrusion of the copper-bearing Koperberg Suite and the Rietberg Granite. This study focuses
on the geochemistry (major and trace elements, Sr and Nd isotopes) of intrusive rocks of the O’okiep terrane to provide better
constraints on their source rock characteristics and on their petrogenesis. The O’okiepian Granites belong to the K-rich granite kin-
dred, with shoshonitic affinities. The Concordia Granite results from dehydration melting of a pelitic source. The Rietberg Granite
shows geochemical similarities with post-collisional magmatic series. The anorthosites and related rocks of the Koperberg Suite
are cumulates; their REE distribution is controlled by their apatite content. A new rock type, jotunite, has been identified in the
Koperberg Suite; it is analogous to the Rogaland chilled jotunite, a characteristic which gives strong evidence that the Koperberg
rocks belong to the massif-type anorthosite suite. Inversion modelling of plagioclase REE compositions from anorthosite permits
the reconstruction of melt compositions and places constraints on the melting process and on the characteristics of the source rocks.
The occurrence of jotunite in the Koperberg Suite is strong additional evidence for a crustal source, because jotunite is produced
by remelting of gabbronorite under dry conditions. The various intrusions in the Koperberg Suite show distinct isotopic signatures,
which resulted from isotopic heterogeneities of the crustal source and from minor contamination with the country rocks. The char-
acteristic negative εNd(1030 Ma) values (−5 to −11) can be explained by remelting at 1030 Ma of a 1900-Ma-old oceanic crust protolith
with an enriched MORB REE distribution. The large range in Sr initial ratios (0.709–0.748) may reflect hydrothermal alteration

of the oceanic crust, a process which may also explain the Cu enrichment. The Koperberg intrusions were produced by forceful
injection of cumulate crystal mush, which were differentiated in deeper magma chambers or in conduits.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The O’okiep intrusive rocks of Namaqualand, South
Africa, include the Koperberg Suite and a number of
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mportant granite suites which intrude a basement of
rystalline rocks, made up of granite gneiss with rem-
ants of supracrustal rocks. These crystalline rocks were
eformed and metamorphosed during the Namaquan
=Grenville) Orogeny (late Mesoproterozoic) (Clifford
t al., 1981, 2004). The Koperberg Suite includes Cu-
earing sulphide deposits that have been mined for 150
ears, and because of its economic importance, the
’okiep District has been the subject of detailed stud-

es for the last 50 years (see e.g. Gibson et al., 1996). A
umber of recent publications have been devoted to the
iming and interpretation of metamorphic and intrusive
vents (Clifford et al., 1995, 2004; Gibson et al., 1996;
obb et al., 1999). Fewer studies have, however, been
oncerned with the geochemistry of the intrusive rocks
Conradie and Schoch, 1988; Brandriss and Cawthorn,
996; Van Zwieten et al., 1996; Geringer et al., 1998).

Several granites, including the Concordia and Kweek-
ontein Granites, were emplaced around 12000 Ma
Clifford et al., 2004) and were, in turn, intruded at ca.
030 Ma (Clifford et al., 1995, 2004; Robb et al., 1999)
y the Koperberg Suite of rocks, consisting of ande-
ine anorthosite and various members of the charnockitic
uite (sensu Streckeisen, 1974). In the present work,

e show that most Koperberg Suite rocks are cumu-

ates and we focus on the jotunite rocks that have the
haracteristics of melts which can be parental to ande-
ine anorthosite and related rocks (Duchesne, 1990).

ig. 1. Terrane map of the Namaquan orogen modified after Hartnady et al. (
amaqua), which possesses rocks with active margin characteristics, the Richt
ushmanland subprovince (south-western Namaqua) made also of an early Pal
rogeny (1200–800 Ma).
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The isotopic characteristics of the crustal source of this
parental magma (Clifford et al., 1995; Geringer et al.,
1998) may be explained by the melting of a mafic (gab-
bronoritic) rock, a process supported by experimental
work (Longhi et al., 1999; Longhi, 2005); this protolith
was an hydrothermally altered oceanic crust with asso-
ciated Cu-sulphide deposits. Finally, the overall K-rich
nature of the enclosing granitoids, whatever their age and
evolution, is compatible with a post-collisional geody-
namic setting (Liégeois et al., 1998).

2. Regional setting

The Namaquan orogenic belt in north-western South
Africa and southern Namibia is made up of a series
of terranes which have been grouped in subprovinces
(Fig. 1; Hartnady et al., 1985): (1) the Gordonia sub-
province, (2) the Richtersveld subprovince, and (3) the
Bushmanland subprovince. The Gordonia subprovince
is composed of several terranes between the Kaapvaal
craton and the other two subprovinces. Among them the
Areachap terrane, made up of greenstones generated ca.
1300 Ma ago (Cornell et al., 1990), is the only juve-
nile terrane in the Namaquan orogen. The Richtersveld

subprovince is interpreted as an Eburnian, 1700–2000-
Ma-old island arc complex remobilized along an active
continental margin (Reid and Barton, 1983; Hartnady et
al., 1985). Finally the Bushmanland subprovince com-

1985) and Thomas et al. (1994). The Gordonia subprovince (eastern
ersveld subprovince, made of preserved 2000–1700 Ma rocks, and the
aeoproterozoic basement but heavily reactivated during the Namaquan



brian R
118 J.-C. Duchesne et al. / Precam

prises two terranes, the O’okiep and Garies terranes
(Hartnady et al., 1985), which essentially differ by the
absence of the Koperberg Suite in the latter. The northern
boundary with the Bushmanland subprovince is marked
by a major mylonitic ductile shear zone along which
the Richtersveld subprovince has been thrust below the
Bushmanland subprovince.

The geology of the O’okiep District has been sum-
marized by Lombaard (1986). The oldest elements are
Palaeoproterozoic supracrustal rocks that include the
Khurisberg Subgroup of metasediments (Fig. 2), and
the Lammerhoek Subgroup that is composed largely of
quartz-feldspar-biotite granulite and gneiss with interca-
lations of various metasedimentary rocks (Clifford et al.,
1981). The supracrustal rocks pre-date the widespread
intrusion of granite at ca. 1200 Ma now represented by
the foliated granite gneiss of the Gladkop and Little
Namaqualand Suites, and the intrusion of the younger
granites which include: (1) a sheet, up to 1500 m thick, of
the garnetiferous Concordia Granite that is strongly lin-
eated towards the base; (2) weakly foliated fine-grained
sill- or dyke-like bodies of the Kweekfontein Granite;
(3) the generally sheet-like porphyritic Rietberg Gran-
ite that is devoid of lineation and foliation (Lombaard,

1986). U–Pb SHRIMP ages on zircon for these intru-
sives have shown that the granites belong to two distinct
intrusive episodes (Clifford et al., 2004): the Concor-
dia (1206 ± 16 Ma) and Kweekfontein (1186 ± 15 Ma)

Fig. 2. Generalized geological map of the O’okiep District showing the loca
and Little Namaqualand Suites (see Lombaard, 1986). The Koperberg Suite is
rocks are unconformably overlain by the sediments of the Late Proterozoic–
indicated. Adapted from Clifford et al. (2004).
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Granites were intruded contemporaneously at about
1190 Ma during the O’okiepian Episode, whereas the
Rietberg Granite (1035 ± 15 Ma) was contemporane-
ous with the emplacement of the Koperberg Suite (ca.
1035 Ma) and belongs to the Klondikean Episode.

The fundamental (D2) structure of the O’okiep Dis-
trict reflects reworking of intrafolial folds (F1) and can
be described in terms of major recumbent (F2) folding
(Clifford et al., 1975) that is recorded in the Con-
cordia Granite. The principal regional granulite facies
metamorphism (M2) accompanied and outlasted this
D2 tectonism. The open folding (F3) post-dated all
these events but pre-dated the intrusion of the Koper-
berg Suite and the development of tight folds (F4) –
locally referred to as “steep-structures” – and pipe-
like bodies of megabreccia (Lombaard and Schreuder,
1978; Lombaard, 1986). It is apparent that many of
the bodies of the Koperberg Suite are detached rem-
nants of intrusions that were boudinaged during late
“steep structure” tectonism; and Kisters et al. (1994)
have claimed that these intrusions were coeval with gran-
ulite facies metamorphism and ductile deformation (D3)
of the country-rock gneiss.
3. Previous work

The regionally extensive (Fig. 2) Concordia Granite,
and the Kweekfontein and Rietberg Granites have essen-

tion of the samples in this work. Granite gneiss includes the Gladkop
not shown because of the small size of the intrusions. These crystalline
Early Palaeozoic Nama Group. Strike and dip of foliation are locally
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ially the same mineralogy with two feldspars, and biotite
s the main mafic mineral. Of these, the Concordia Gran-
te and related aplitic and pegmatitic varieties have been
tudied in detail by Raith (1995) who interpreted them as
fractionated S-type granite; notable features are high

ontents in U and Th and the presence of garnet in the
ccessory minerals.

The Koperberg Suite intrusions constitute only 0.7%
f the outcrop area of the O’okiep District (Lombaard
nd Schreuder, 1978), but contain all of the primary
opper for which the area is famous. Some 1700 bod-
es of the suite are known in the district and they occur
ither as elongate bodies or irregular pipes that rarely
xceed 200 m in diameter, or as dykes up to 100 m
n width and generally less than 1 km in length, often
ssociated with “steep structures”(Lombaard, 1986).
he principal rock types of the suite are andesine
northosite, biotite diorite, and hypersthene-bearing
arieties, notably leuconorite, norite, melanorite, and
ypersthenite. The suite is subdivided into an ear-
ier series of andesine anorthosite and biotite diorite
ntruded by hypersthene-bearing rocks (Strauss, 1941).
xcept for the term biotite diorite, this terminology is
onsistent with the classification of charnockitic rocks
Streckeisen, 1974). In addition, glimmerite and mag-
etitite (generally composed of equal proportions of
agnetite and hypersthene) are present together with

onalite.
The mineralogy of the Koperberg Suite is simple, and

he compositions of the minerals record restricted ranges
Conradie and Schoch, 1986; Cawthorn and Meyer,
993; Brandriss and Cawthorn, 1996; Van Zwieten et
l., 1996). The rocks consist of varying proportions of
ntiperthitic andesine (An30–50), hypersthene (En58–68),
i-rich biotite (MgO/MgO + FeO = 0.59–0.64, up to
.9% TiO2), and quartz (Stumpfl et al., 1976). Mag-
etite, ilmenite, and Cu-sulphides occur in the more
afic rocks, while apatite and zircon are ubiquitous

ccessories.
The texture of the Koperberg Suite rocks is quite

ariable. Igneous lamination reflecting the orienta-
ion of prismatic hypersthene crystals is common in

elanorite, hypersthenite and glimmerite, while gently
ipping layering has been observed locally (Brandriss
nd Cawthorn, 1996). Van Zyl (1978) and Brandriss
nd Cawthorn (1996) suggested a cumulate charac-
er for the series. In addition anorthosite, leuconorite
nd biotite diorite display a mosaic of anhedral, partly

ranulated plagioclase and subhedral unoriented mafic
inerals, while deformation leading to polygoniza-

ion/granulation and recrystallization is conspicuous
McIver et al., 1983; Van Zwieten et al., 1996).
esearch 153 (2007) 116–142 119

McIver et al. (1983) have suggested that the
parent magma of the Koperberg Suite was a mantle-
derived magma that has undergone contamination by
granite partial melts in the lower crust. Contamina-
tion/hybridization models have also been presented
by Schoch and Conradie (1990), Boer et al. (1994),
Brandriss and Cawthorn (1996), Van Zwieten et al.
(1996) and Geringer et al. (1998). In contrast, Andreoli
and Hart (1987) have speculated that the high level of
K, REE and P in the Koperberg Suite may reflect melt-
ing of an enriched mantle source. The mantle-dominated
model has, however, been challenged by Clifford et al.
(1995) who have demonstrated that the Koperberg Suite
is characterized by a variety of crustal isotopic signa-
tures. For an emplacement age of 1030 Ma notably high
initial Sr isotope ratios (0.7061–0.7272), low εNd (−9),
and high μ2 (10.1) suggest that the source was proba-
bly an 1700 Ma (TCHUR) to 2000 Ma (TDM) old granulite
facies lower crust, that is reflected by the oldest zircon
cores dated 1800–1850 Ma (Clifford et al., 2004).

4. Results

The analytical techniques are described in Appendix
2 together with the mineral separation method.

4.1. Major and trace elements

4.1.1. Granites and syenite
Three samples of the Concordia Granite (Fig. 2 and

Appendix 1), one sample from the Kweekfontein Gran-
ite, four samples of the Rietberg Granite and one sample
of a syenite coeval with the Rietberg Granite (Clifford et
al., 2004) have been investigated (Table 1). The Concor-
dia Granite is SiO2-rich, slightly peraluminous, typically
rich in U and Th, with a small REE variation, aver-
age Eu negative anomaly of 0.41, and [La/Yb]n ratio
of 8. The Kweekfontein Granite (sample 106) is geo-
chemically similar in major and trace elements to the
Concordia Granite (Fig. 3), except for its drastically dif-
ferent REE content. The (La/Yb)n ratio is much higher
[92] than in the Concordia Granite [8–9], and there
is virtually no Eu anomaly. Major and trace elements,
reported in Table 1, are plotted in Figs. 3–4 together with
two characteristic rock series. First, the Rogaland jotu-
nite series, representing a liquid line of descent (Vander
Auwera et al., 1998b), a well-documented case of dry
fractional crystallization without any contamination of

a jotunite magma. This magmatism is cogenetic with
the anorthosite–mangerite–charnockite–(rapakivi) gran-
ite (AMCG) suite, and has A-type affinities (Duchesne
and Wilmart, 1997). Second, the Tismana (Romanian
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Table 1
Whole-rock compositions of granitic rocks and syenite from the O’okiep district

Concordia Granite Kweekfontein
Granite

Rietberg Granite Syenite

Sample 25 Sample 60 Sample 105 Sample 106 Sample 107 Sample 20 Sample 22 Sample 24 Sample 65

Major element (%)
SiO2 71.09 73.34 72.91 71.46 62.8 63.50 67.21 72.40 49.58
TiO2 0.07 0.21 0.14 0.24 0.92 0.72 0.44 0.31 2.04
Al2O3 15.35 14.09 13.41 13.76 15.6 14.92 14.61 14.16 15.09
Fe2O3t 1.53 1.95 1.46 1.92 4.09 5.45 3.03 2.60 7.74
MnO 0.04 0.05 0.03 0.01 0.07 0.09 0.04 0.04 0.14
MgO 0.35 0.26 0.36 0.27 1.97 2.18 1.37 0.57 4.24
CaO 1.15 1.22 1.23 1.41 2.22 2.67 1.79 1.28 6.98
Na2O 3.26 2.97 3.26 2.53 3.15 3.06 3.51 3.24 2.02
K2O 6.03 5.95 6.16 6.51 7.11 4.88 6.28 6.18 6.08
P2O5 0.06 0.08 0.04 0.07 0.70 0.82 0.39 0.12 1.99
LOI 0.95 0.46 0.95 1.71 1.79 1.28 0.71 4.52

Total 99.88 100.12 99.46 99.13 100.34 100.08 99.95 101.61 100.42

Trace elements (ppm)
U 66 24 13 7.4 1.2 2.6 2.3 6.2 1.1
Th 80 88 86 93 3.6 37 67 99 9.1
Zr 141 187 157 220 257 503 299 259 585
Hf 4.8 6.8 5.9 6.8 7.3 16 8.8 8.6 15
Nb 8 15 9 5 26 15 11 12 30
Ta 0.77 0.61 0.47 0.31 1.71 1.40 0.59 1.03 1.80
Rb 419 326 303 227 252 222 287 318 183
Cs 2.7 1.2 2.0 0.7 3.0 3.9 2.0 3.3 1.7
Sr 58 105 101 164 950 1045 242 135 1918
Ba 388 486 497 866 3851 3170 1630 775 6064
V 13 14 8 20 60 93 33 21 231
Co 3 2 1 2 13 13 7 3 29
Zn 18 39 16 26 49 72 48 71 263
Ga 17 18 16 17 18 18 20 19 90
Pb 64 68 66 59 52 62 53 47 45
Y 42 49 56 6.6 41 61 42 34 59
La 52 75 78 80 61 106 282 125 208
Ce 105 156 151 146 142 219 540 266 472
Pr 13.0 17.4 16.3 14.6 18.3 29 57 30 54
Nd 45 60 56 45 71 107 185 100 186
Sm 8.4 10.9 10.4 5.8 13.3 18.7 26 16.1 26
Eu 1.3 1.2 1.2 1.3 3.5 3.4 2.3 1.3 5.0
Gd 7.6 10.1 8.8 3.5 9.5 15.8 17.2 13.4 19.9
Tb 1.4 1.4 1.5 0.53 1.5 2.3 2.0 1.6 2.2
Dy 7.0 8.4 8.8 2.5 7.5 11.5 9.0 8.5 10.0
Ho 1.5 1.9 2.0 0.43 1.5 2.4 1.7 1.5 2.1
Er 4.2 5.2 5.9 0.82 3.7 6.3 3.7 3.0 6.0
Tm 0.57 0.83 0.94 0.10 0.51 0.83 0.52 0.41 0.81
Yb 3.7 5.8 6.5 0.56 3.4 5.4 4.2 2.4 4.9
Lu 0.59 0.91 1.1 0.08 0.45 0.84 0.71 0.37 0.69
[La/Yb]n 10 7 6 72 12 11 36 31 27
Eu/Eu* 0.49 0.35 0.39 0.83 0.90 0.59 0.31 0.26 0.64

Fe# 0.80 0.87 0.78 0.86 0.65 0.69 0.67 0.80 0.62
Peral (mol%) 1.10 1.04 0.94 1.00 1.01 1.12 0.97 1.00 0.84
Agp (mol%) 0.77 0.89 0.90 0.81 0.83 0.69 0.86 0.85 0.66

Zr + Nb + Ce + Y 296 407 374 377 465 798 893 571 1146
K2O + Na2O/CaO 8.1 7.3 7.7 6.4 4.6 3.0 5.5 7.4 1.2

Location of samples is given in Fig. 1 and Appendix 1. New analyses, except for major elements in sample 24 quoted from McCarthy (1977, p. 247).
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Fig. 3. Concordia, Kweekfontein and Rietberg Granite compositions plotted in Harker diagrams for major elements and in AFM (Na2O + K2O,
FeOt, MgO) diagram. On the K2O vs. SiO2 diagram, dividers are after Peccerillo and Taylor (1976). The data for the Rogaland and Tismana trends
are from Vander Auwera et al. (1998b) and Duchesne et al. (1998), respectively. The position of jotunite is also indicated in the AFM diagram (see
text). The numbered samples are particularly discussed in the text.
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Carpathians) series, which is a typical shoshonitic series
(Duchesne et al., 1998) emplaced in a post-collisional
environment (Liégeois et al., 1996, 1998). The Riet-
berg Granite displays a larger range of SiO2 values
than the Concordia Granite and shows obvious affini-
ties with the Rogaland and Tismana reference series in
K2O, P2O5, TiO2, and CaO contents (Fig. 3). With Fe#
(=FeOt/FeOt + MgO) of 0.65–0.80 (Fig. 3), the Rietberg
trend is, however, distinctly different from the Roga-
land trend (Fe# ca. 0.91 above 59% SiO2, Duchesne and
Wilmart, 1997), but quite similar to the Tismana trend
(Fe# 0.60–0.80, Duchesne et al., 1998). The Rietberg
Granite may, therefore, be viewed as belonging to a Mg-
rich, potassic series transitional to calc-alkaline trend,
as defined for charnockites of the Louis Lake Batholith
(Frost et al., 2000).

Finally, the Concordia, Kweekfontein and Rietberg
Granites display common overall characteristics and
particularly the high K2O and trace element contents
(Fig. 3), and they show A-type affinities (Whalen et
al., 1987), as do also the Rogaland and Tismana trends
(Fig. 5a). In the post-collisional granite chemical dis-
crimination diagram of Liégeois et al. (1998) (Fig. 5b),
they plot in the shoshonitic field together with the
Tismana trend, emphasizing their high contents in U,
Th, and Rb.

4.1.2. Koperberg Suite
New major and trace element analyses (including

REE) of 25 samples from the Koperberg Suite are pre-
sented in Table 2 with emphasis on a variety of rock
types from different bodies (see Lombaard, 1986), in
particular Koperberg Central-Carolusberg West, Jubilee,
Wheal Julia, and Homeep East (see Fig. 2 and Appendix
1). Furthermore, trace element analyses are presented
for separated plagioclase from 15 samples (Table 3)
and for two apatite separates (Table 4). In addition, a
new rock type in the Koperberg Suite, called jotunite
(=Fe-, Ti-, P-rich hypersthene monzodiorite) (samples
36 and 53), has been identified within the two-pyroxene
granulite defined by Clifford et al. (1975) and analysed
(Table 5). The major element composition of the two
O’okiep is typical of jotunites with high contents of Fe,

Ti and P. The REE distributions (Fig. 6) show small
negative Eu anomalies, small [La/Yb]n ratios (ca. 6)
and chondrite-normalized La values between 200 and
300.

Fig. 4. Chondrite-normalized REE distribution in the O’okiep granites
and syenite: (a) Concordia and Kweekfontein Granites; (b) Rietberg
Granite samples and syenite 65; (c) comparison between average Con-
cordia and Rietberg Granites and Jubilee inverted jotunitic melt.
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Table 2
Whole-rock compositions of the various lithologies from the Koperberg Suite

Anorthosites Tonalite Leuconorite Norite Melanorite

Sample
70b

Sample
66

Sample
108

Sample
30a

Sample
119

Sample
120

Sample
121

Sample
85b

Sample
86b

Sample
116

Sample
122

Sample
88b

Sample
87b

Sample
110

Major elements (%)
SiO2 55.17 55.70 54.66 65.63 50.79 51.72 52.09 50.30 48.99 48.01 52.52 47.51 44.25 41.25
TiO2 0.05 0.09 0.13 0.03 0.35 0.54 0.53 0.36 0.31 1.38 0.34 0.60 1.55 0.79
Al2O3 26.70 25.76 24.08 21.12 21.65 23.19 22.22 16.34 14.80 18.61 16.94 5.54 7.69 8.31
Fe2O3t 1.42 1.25 3.77 0.46 11.01 9.02 6.92 14.08 15.49 12.30 10.25 22.13 21.93 30.52
MnO 0.02 0.02 0.04 0.07 0.08 0.07 0.05 0.20 0.29 0.14 0.15 0.30 0.29 0.39
MgO 0.41 0.66 0.98 0.15 3.70 2.58 1.91 8.04 9.13 5.26 7.69 16.70 14.82 12.09
CaO 9.84 8.37 8.62 6.08 6.92 7.98 9.25 5.92 5.11 7.74 6.32 1.66 3.86 2.45
Na2O 4.14 5.71 4.65 5.36 3.75 4.29 4.54 3.16 2.57 3.33 2.52 0.96 1.16 0.75
K2O 0.92 0.85 0.81 1.11 0.94 0.71 1.04 0.55 0.63 0.43 0.95 0.57 0.20 0.30
P2O5 0.23 0.23 0.01 0.12 0.08 0.01 0.14 0.08 0.07 1.05 0.13 0.07 0.68 0.11
LOI 0.22 0.47 1.44 0.25 1.05 0.06 0.97 0.81 1.18 0.84 0.81 1.19 1.84

Totalc 99.16 99.31 99.22 100.39 100.40 100.60 99.73 101.03 98.71 100.04 98.77 100.63 100.61 99.27

Trace elements (ppm)
U 0.9 0.6 0.7 1.1 0.4 0.3 1.0 0.1 0.9 2.3 0.9 0.3 0.5 2.7
Th 16.1 4.2 12.5 7.3 2.3 4.2 0.4 1.6 21.3 4.0 1.8 3.0 29.2
Zr 135 52 71 77 25 19 185 16 103 795 149 34 71 226
Hf 4.5 1.2 2.4 2.2 3.9 0.6 2.0 24 3.9 1.1 1.8 8.3
Nb 1.9 3.5 2.9 0.5 4.1 8.2 7.2 1.5 3.0 15 3.4 1.8 11 5.1
Ta 0.23 0.31 0.12 0.03 0.36 0.33 0.51 0.18 0.24 1.00 0.30 0.32 0.82 0.29
Rb 8.7 8.4 9.0 35 35 7.91 36 8.3 14.0 13.5 36 18.7 4.1 10.4
Cs 0.2 0.2 0.4 0.7 0.8 0.3 1.1 0.5 0.8 0.5 1.1 0.5 0.2 0.6
Sr 1206 672 707 455 871 951 892 625 314 552 639 44 168 242
Ba 329 400 361 160 434 281 257 178 126 288 163 173 75 56
V 17 41 86 5.0 308 318 212 323 219 306 89 290 423 617
Cr 110 27 12.0 4.6 22 26 50 555 438 413 508 2769 2265 93
Co 1.6 3.6 6.7 0.5 32 28 20 50 54 42 42 98 96 85
Zn 13 34 31 76 147 130 71 215 288 193 206 349 384 503
Ni 351 19 8 0 78 46 64 262 236 147 180 883 757 160
Cu 460 1994 272 88 815 4296 667 11905 1403 9502 1503 33976 23449 23155
Ga 28 31 28 24 32 33 31 30 27 30 27 24 23 33
Pb 28 23 28 26 15 25 18 12 14 14 15 7 6 12
Y 13.0 20 8.2 5.6 8.8 10.4 21 10.8 24 55 27 24 42 37
La 63 43 27 43 59 24 28 93 57 13.5 32 44
Ce 123 98 98 73 43 52 95 32 49 214 77 22 75 74
Pr 11.4 7.0 5.2 2.2 5.3 30 9.5 3.3 10.9 8.7
Nd 46 41 32 22 14.6 17.3 35 10.3 18.8 119 35 14.1 43 30
Sm 7.3 6.6 4.0 3.4 2.4 1.8 5.6 1.6 3.5 20.5 5.5 2.0 8.5 5.2
Eu 2.1 2.1 2.4 1.9 1.1 1.4 1.5 1.1 1.3 2.9 1.3 0.51 1.2 0.74
Gd 4.4 4.1 2.1 2.3 0.9 0.8 4.1 1.4 3.1 18.0 4.2 1.8 7.1 4.6
Tb 0.66 0.28 0.21 0.47 2.8 0.80 1.2 0.76
Dy 2.8 3.5 1.3 1.1 1.2 3.2 1.5 2.8 11.0 4.2 3.0 6.7 4.7
Ho 0.24 2.2 0.87
Er 1.4 1.7 0.98 0.58 0.59 1.3 2.6 0.95 2.5 5.6 2.8 2.7 4.1 4.9
Tm 0.22 0.10 0.16 0.44 0.69 0.41 0.47 0.60 0.99
Yb 0.97 1.2 0.90 0.55 0.70 1.7 2.8 1.7 3.8 4.6 2.8 3.3 4.1 8.9
Lu 0.10 0.21 0.13 0.10 0.15 0.23 0.39 0.30 0.63 0.75 0.47 0.54 0.63 1.61
[Ce/Yb]n 35 23 30 37 17 9 9 5 4 13 8 2 5 2
Eu/Eu* 1.07 1.17 2.33 1.97 1.84 3.13 0.93 2.20 1.19 0.46 0.77 0.80 0.46 0.45
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Table 2 (Continued )

Hypersthenite Glimmerite Magnetitite Biotite diorite

Sample
90b

Sample
117

Sample
123

Sample
82b

Sample
125b

Sample
78b

Sample
112

Sample
109

Sample
114

Sample
118

Sample
126

Major elements (%)
SiO2 48.30 41.50 40.50 25.87 29.38 50.97 49.38 54.00 60.01 43.74 52.28
TiO2 0.55 0.95 5.00 7.11 1.89 0.93 1.00 0.74 0.96 2.41 0.26
Al2O3 4.10 2.90 11.00 2.45 2.69 22.63 22.37 22.11 16.82 19.43 21.78
Fe2O3t 24.33 25.90 10.80 47.91 39.66 10.03 8.80 5.80 8.14 8.94 7.35
MnO 0.49 0.25 0.03 0.37 0.43 0.08 0.06 0.08 0.11 0.16 0.13
MgO 20.41 19.00 17.50 11.48 11.39 2.67 3.11 1.55 2.32 7.11 4.83
CaO 1.21 3.80 3.50 2.91 6.62 6.68 7.09 5.47 6.55 6.51 7.95
Na2O 0.00 0.35 0.50 0.06 0.03 4.06 4.18 5.10 3.42 3.95 3.82
K2O 0.00 2.00 6.70 0.09 0.07 1.80 1.85 2.72 0.72 4.30 0.71
P2O5 0.09 1.50 1.90 2.05 4.80 0.05 0.43 0.33 0.31 1.33 0.23
LOI 0.00 0.81 3.27 0.00 1.51 1.26 1.88 1.66 0.86 2.00 1.38

Totalc 101.25 98.96 100.70 100.60 99.93 101.48 100.19 99.60 100.22 100.07 100.85

Trace elements (ppm)
U 0.2 0.3 1.2 2.1 3.0 1.0 7.9 5.9 2.7 0.2 0.4
Th 0.7 2.4 4.0 8.0 16.1 5.8 418 53.1 8.8 3.2 1.5
Zr 105 55 39 1260 36 259 1173 193 666 65 224
Hf 2.6 1.1 0.7 37 1.0 8.5 31 7.1 21 1.6 6.2
Nb 3.9 5.5 32 59 4.2 5 17 54 15 15 3
Ta 0.25 0.46 0.71 3.08 0.44 0.55 1.1 3.3 1.3 0.58 0.15
Rb 10.5 4.6 484 5.5 4.5 6.3 132 160 57 206 10
Cs 0.4 0.2 2.8 0.7 0.3 0.3 2.0 4.7 1.3 1.0 0.0
Sr 139 132 136 64 18 753 786 286 303 882 700
Ba 94 132 5716 219 16 176 725 294 95 4844 199
V 228 324 591 1130 1265 436 200 79 112 337 85
Cr 2213 3508 2383 239 1023 123 5 33 13 161 189
Co 99 118 121 145 81 32 24 9 14 45 26
Zn 419 397 332 680 342 204 94 89 89 139 100
Ni 549 846 945 568 480 115 94 10 10 155 78
Cu 17715 57546 23543 3018 14609 3285 404 393 40 1924 1332
Ga 21 19 28 40 47 36 39 30 26 27 28
Pb 6 2 7 6 18 33 54 17 18 13
Y 22 33 111 70 195 21 65 116 56 23 16
La 14.7 54 101 103 181 52 605 92 70 96 39
Ce 27 118 286 266 481 88 1091 148 149 211 72
Pr 3.5 69.6 10.7 114 19.8 8.1
Nd 13.6 65 172 146 294 35 379 65 75 100 30
Sm 2.7 10.7 30 25.7 60 5.7 53 14.0 13.8 14.9 5.2
Eu 0.68 1.7 4.1 3.0 3.0 1.4 3.8 2.5 2.5 3.0 1.1
Gd 2.4 7.4 22 19.1 61 2.9 29 15.0 12.1 9.7 4.2
Tb 7.8 0.63 2.03 0.56
Dy 3.1 5.2 15.2 11.9 36.9 3.6 14.1 18.2 10.7 5.4 2.8
Ho 7.3 0.67 2.5 2.2 0.66
Er 2.3 3.3 11.2 7.0 17.4 2.4 5.1 12.6 6.2 2.3 1.6
Tm 0.42 2.1 0.38 0.69 0.90 0.24
Yb 3.1 2.7 9.4 6.1 12.9 2.7 3.9 11.9 5.5 1.3 1.6
Lu 0.50 0.38 1.4 1.0 1.8 0.49 0.59 1.74 0.91 0.15 0.26
[Ce/Yb]n 2 12 8 12 10 9 77 3 8 45 12
Eu/Eu* 0.80 0.55 0.46 0.39 0.15 0.95 0.27 0.52 0.58 0.71 0.69

New analyses, except for major elements in.
a Sample 30 quoted from Clifford et al. (1975, p.166).
b Tom Clifford unpublished data (1984) samples 78, 85 and 90 (analyst P. Richardson) and (1985) samples 70, 82, 86 and 125 (analyst S. Hall).
c Total includes Cu. Location of samples is given in Fig. 2 and Appendix 1.
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Table 3
Plagioclase composition from cumulate rocks and biotite diorite from the Koperberg Suite
Intrusion
Rock type

Carolusberg Wheal Julia Jubilee 423 Prospect Waaihoek Klondike New Prospect Jubilee Homeep Wheal Julia Sugar Loaf

Anorthosite
(sample 66)

Norite (sample
116)

Anorthosite
(sample 108)

Melanorite
(sample 110)

Anorthosite
(sample 111)

Leuconorite
(sample 113)

Anorthosite
(sample 70)

Leuconorite
(sample 120)

Leuconorite
(sample 121)

Norite (sample
86)

Biotite diorite
(sample 78)

Biotite diorite
(sample 112)

Biotite diorite
(sample 114)

Biotite diorite
(sample 109)

Biotite diorite
(sample 126)

An (wt%) 39 48 41 48 36 41 46 45 48 45 40 41 27 29 46
K2O (wt%) 0.89 0.22 0.75 0.16 0.76 0.50 0.74 0.68 0.33 0.20 0.51 0.32 0.30 1.60 0.42

Trace elements (ppm)
Rb 6.3 4.6 10.8 1.3 21.1 3.0 7.5 4.4 4.4 4.2 10.9 4.8 9.6 59.3 7.9
Sr 807 936 833 1280 1186 890 1288 1213 1180 670 986 1200 433 361 1052
Ba 503 251 294 128 232 162 366 331 170 120 344 268 101 294 249
Zr 10.7 10.3 4.5 15.4 3.7 1.1 2.7 0.8 5.4 0.9 6.0 207 6.6 15.7 3.3
Hf 0.40 0.38 0.27 0.44 – – – – 0.27 0.07 0.19 5.6 0.18 0.71 0.13

Y 2.2 1.2 2.3 3.5 5.0 5.3 1.7 2.9 1.1 2.5 4.5 6.7 0.8 5.1 1.5
La 42 40 42 37 35 37 53 36 42 31 40 96 29 27 32
Ce 57 57 62 53 55 57 81 52 58 48 59 165 41 38 52
Nd 16.1 15.7 16.7 14.8 15.2 14.8 22.6 13.7 12.9 13.3 15.7 54 9.5 10.9 15.6
Sm 2.1 1.6 2.3 1.8 2.2 2.3 2.4 1.6 1.0 2.0 2.1 7.1 1.1 2.1 1.9
Eu 2.2 2.5 3.0 2.3 1.4 2.0 2.0 2.0 1.8 2.8 2.4 2.6 1.7 2.0 2.3
Gd 1.2 1.3 1.3 1.4 1.8 1.8 1.7 0.90 0.55 1.5 1.2 4.3 0.56 1.9 1.2
Tb 0.12 0.10 0.15 0.15 0.21 0.22 0.12 0.14 0.06 0.17 0.18 0.37 0.22
Dy 0.47 0.36 0.56 0.61 1.1 1.1 0.50 0.57 0.27 0.54 0.90 1.52 0.21 1.07 0.45
Ho 0.08 0.11 0.17 0.16 0.07 0.13 0.05 0.08 0.17 0.27 0.18
Er 0.11 0.12 0.18 0.24 0.47 0.40 0.17 0.27 0.10 0.18 0.28 0.47 0.43
Yb 0.09 0.10 0.11 0.14 0.29 0.20 0.13 0.17 0.07 0.11 0.35 0.46 0.12 0.36

[La/Yb]n 336 288 273 191 89 134 292 153 425 200 82 151 179 53 281
Eu/Eu* 3.8 5.2 4.8 4.2 2.1 2.9 2.8 4.5 6.5 4.7 4.1 1.3 5.9 3.0 4.3
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ation di
na serie
d virtua
Fig. 5. O’okiep granite compositions plotted in trace element discrimin
et al. (1987). Granitic rocks are compared to the Rogaland and Tisma
(1998). NYTS means that each sample is normalized to the interpolate
same SiO2 content (see Liégeois et al., 1998).

The jotunite samples are typical igneous rocks and

they consist of a granular aggregate of antiperthitic ande-
sine, clinopyroxene, poikilitic hypersthene, ilmenite and
trellis-textured Ti-magnetite. Spherical pyrrhotite and

Table 4
Trace element contents of separated apatites from the Koperberg Suite

Norite
(sample 116)

Magnetitite
(sample 115)

Diorite (sample
Ho-54a)

Trace elements (ppm)
La 580 811 617
Ce 2376 3509 2320
Pr 428 711
Nd 2211 3804 2021
Sm 545 1141 499
Eu 54 59 47.95
Gd 464 1334 433
Tb 60 224
Dy 316 1389 336
Ho 56 270
Er 152 805 152
Yb 96 545 120
Lu 17.8
[La/Yb]n 3.9 1.0 3.3
Eu/Eu* 0.32 0.15 0.31
Y 1406 6972
Th 6.6 53.8
U 21.3 149
Nb 1.44 7.2
Ta 0.6 7.0
Pb 4.5 10.8
Rb 1.8 4.2
Sr 433 178
Mn 218 341

Location of samples in Fig. 2 and Appendix 1.
a From Conradie and Schoch (1988, p. 414).
agrams. (a) Zr + Nb + Ce + Y vs. K2O + Na2O/CaO diagram of Whalen
s. (b) Synthetic diagram with sliding normalization of Liégeois et al.
l rock of the Yenchichi-Telabit reference magmatic series that has the

chalcopyrite grains occur as inclusions in the silicates.
Euhedral zircons are common and frequently show
inherited cores (Clifford et al., 2004). Apatite is abun-

dant and forms thin elongated prisms, dispersed in all
minerals; this character and the granular texture are typ-
ical of “chilled” rocks commonly found in anorthosite
provinces (Wiebe, 1984; Duchesne et al., 1989) and, in

Fig. 6. Chondrite-normalized REE distribution in Koperberg Suite
jotunitic rocks (data in Table 5), compared to the range of Rogaland
jotunite (Duchesne et al., 1989).
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Table 5
Whole-rock chemical compositions of jotunite from the Koperberg
Suite

Jotunite

Sample 53 Sample 36

Major elements (%)
SiO2 52.29 53.43
TiO2 2.51 2.29
Al2O3 13.28 14.42
Fe2O3t 15.14 12.81
MnO 0.22 0.18
MgO 4.36 3.87
CaO 8.20 8.28
Na2O 2.24 3.16
K2O 1.50 1.48
P2O5 0.96 0.50

Total 100.70 100.42

Trace elements (ppm)
S 1770 2010
U 0.6 0.5
Th 1.6 1.2
Zr 477 359
Hf 12.5 9.3
Nb 24 19
Ta 1.71 1.41
Rb 46 47
Cs 0.8 0.2
Sr 186 208
Ba 970 710
V 320 321
Cr 114 29
Co 42 39
Zn 163 123
Ni 311 19
Cu 43 33
Ga 23 21
Pb 11 10
Y 83 59
La 65 49
Ce 143 104
Pr 19.4 13.0
Nd 77 53
Sm 15.4 11.2
Eu 3.60 2.83
Gd 15.40 11.10
Tb 2.65
Dy 14.10 10.62
Ho 2.96 2.36
Er 8.25 6.06
Tm 1.18 0.94
Yb 7.33 5.63
Lu 1.14 0.79
[La/Yb]n 6 6
Eu/Eu* 0.71 0.77

Fe# 0.76 0.75

Location of samples is given in Fig. 2 and in Appendix 1.
esearch 153 (2007) 116–142 127

Rogaland, as dyke rocks or as marginal facies to igneous
bodies (Demaiffe and Hertogen, 1981; Duchesne and
Hertogen, 1988; Robins et al., 1997). The rocks
therefore clearly resulted from the crystallization of
melts.

Age data for zircons from these jotunites (Clifford et
al., 2004) are as follows. In sample 36, zircon magmatic
rims gave an age of 1035 ± 15 Ma, and cores yielded well
grouped at 1203 ± 10 Ma ages with some older cores
with ages up to 1804 ± 17 Ma; in sample 53, cores show
continuous lead loss from 1200 Ma and thin zircon rim
ages average at 1069 ± 44 Ma, that is within error similar
to the 1035 ± 15 Ma age, considered to date the jotu-
nite magmatic zircons. These jotunites therefore clearly
belong to the same intrusive age event as the Koperberg
Suite.

A major issue in the interpretation of whole-rock
geochemistry in terms of differentiation processes is
to distinguish between cumulates, liquids and crystal-
laden liquids, and this is an obvious prerequisite to
any modelling of the petrogenesis of the rocks. In
this work Harker diagrams (Fig. 7) are presented to
compare the rock compositions (Table 2) to mineral
compositions, and to the well-documented jotunitic liq-
uid line of descent (Vander Auwera et al., 1998b). In
Fig. 7, the compositions of minerals, well documented
by Conradie and Schoch (1986), Brandriss and Cawthorn
(1996) and Van Zwieten et al. (1996), display little vari-
ation and may be represented by circles of restricted
size.

The anorthosite, leuconorite and norite of the Koper-
berg Suite show a large variation in composition but
plot within the triangle formed by plagioclase, biotite
and hypersthene (Fig. 7). As suggested by McIver et
al. (1983) and Brandriss and Cawthorn (1996), this
reflects the fact that they are mixtures of these minerals
and, thus their compositions result from mineral sort-
ing and accumulation processes rather than from direct
crystallization of melts. In the same way, the tonalite
(sample 30) plots along the plagioclase-quartz tie line
and this suggests a cumulate dominated by plagioclase
and quartz. Melanorite, hypersthenite and glimmerite are
also scattered close to the biotite and hypersthene poles;
magnetitites are accumulations of magnetite, ilmenite
and apatite in various proportions. None of these rocks
represent melts.

Fig. 8 shows the chondrite-normalized REE distribu-
tion for the various rock types of the Koperberg Suite.

It is obvious that within each group the abundance, the
REE distribution, the La/Yb ratio and the Eu anomaly
vary considerably; no simple distribution appears char-
acteristic of a particular rock type. This is in conflict
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Fig. 7. Whole-rock compositions (Table 2) for the Koperberg Suite plotted in Harker diagrams, together with the Rogaland liquid line of descent
(Vander Auwera et al., 1998b). The compositions of the main rock-forming minerals – hypersthene (H), biotite (B) and plagioclase (P) – are contained
in the labelled circles (see text).
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Fig. 8. Chondrite-normalized REE distribution

ith the views of Conradie and Schoch (1988) who
laim that anorthosite is characterized by large posi-

ive Eu anomalies, leuconorite by the absence of Eu
nomalies, and norite by negative Eu anomalies. Our data
uggest that a classification based on REE alone has little
elevance.
arious Koperberg lithologies (data in Table 2).

4.2. Isotopes
Sr and Nd isotopic compositions on whole-rocks and
plagioclases from the Koperberg Suite in the O’okiep
District are reported in Table 6. They complement the
data by Clifford et al. (1975, 1995), Brandriss and
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Cawthorn (1996), Van Zwieten et al. (1996) and Geringer
et al. (1998) on the O’okiep District.

The new isotopic data (Table 6) together with those
already published on the O’okiep District (Fig. 9), con-
firm the main characteristics previously recognized by
Clifford et al. (1995) and Geringer et al. (1998) as fol-
lows: (1) the Koperberg rocks show negative εNd values
at 1030 Ma (εNd(1030 Ma)) between −5 and −11 of, with
an average at −8.6 ± 1.6; (2) the initial Sr isotope ratios
at the age of 1030 Ma (Sri) spread between 0.709 and
0.748; (3) the country rocks (Nababeep gneisses, two-
pyroxene granulites) and the Concordia Granite also
show negative εNd(1030 Ma) values (−5 to −8) and a
large interval of variation of Sri from 0.709 to 0.744.
Nd model ages of the Koperberg Suite are grouped at
TCHUR = 1731 ± 193 Ma and TDM(DP) = 2021 ± 215 Ma
(n = 34 values) (Clifford et al., 1995; Geringer et al.,
1998).

Our new data show variations within the same intru-
sion. In Wheal Julia, εNd(1030 Ma) varies from −7.2 to
−10.7 and Sri between 0.717 and 0.731; a similar vari-
ation in εNd(1030 Ma) from −8.3 to −11.1 is observed
within Jubilee with lower Sri varying from 0.713 to
0.715. On the other hand Carolusberg is more homo-
geneous with εNd(1030 Ma) from −7.3 to −8.6, and Sri in
the range 0.716–0.719.

5. Discussion

5.1. Granites and syenite

Our new geochemical data on the Concordia Gran-
ite as well as locally occurring garnet point to S-type
affinities, as already concluded by Raith (1995). The
high K2O content indicates a pelite-derived melt
composition (Patiño-Douce and Johnston, 1991) with
complete breakdown of muscovite and biotite in
vapor-absent conditions, leaving a plagioclase- and K-
feldspar-bearing residue (Harris and Inger, 1992). The
contents in Rb (>100 ppm), Sr (<300–400 ppm) and Ba
(<600–1000 ppm), with Rb/Ba ratio > 0.25 also point to a
pelitic source (Miller, 1985). An equilibrium batch melt-
ing model of a pelitic composition (Condie, 1993) using
the parameters of Harris and Inger (1992) reproduces the
range of values observed in the Concordia Granite.

The same mechanism of formation can be invoked
for the Kweekfontein Granite, the typically high La/Yb
ratios being explained by fractionation of very small

amounts of accessory minerals, such as xenotime, with
high REE partition coefficients and much higher values
for the HREE than for the LREE. As an alternative, a
similar distribution can be obtained if garnet remains
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n the residue at the completion of the partial melting
rocess.

Melting of K-rich andesites is a possible mecha-
ism for the generation of the potassium-rich Rietberg
ranite (Roberts and Clemens, 1993). It should also be
oted that the O’okiep jotunites and the Rietberg Granite
how a Fe# in the same range (AFM triangle in Fig. 3).
oreover, the REE distribution in the Rietberg Gran-

te average composition (Fig. 4c) is subparallel to the
ubilee jotunitic melt obtained by inversion of the pla-
ioclase composition (see below). It is therefore possible
hat the Rietberg Granite and the Koperberg Suite belong
o the same magmatic series.

In the Rietberg Granite, the REE evolution (Fig. 4b)
upports the following qualitative model of evolution
hat is inspired by current modelling of K2O-rich granitic
eries (e.g. Duchesne et al., 1998; Vander Auwera et
l., 2003). Commencing with a melt with composi-
ion of sample 20 (with 63.5% SiO2) and subtracting
n REE-poor cumulate increases the REE content to
hat of sample 22 (67.2% SiO2). A REE-rich cumulate
somewhat similar to the syenite but with a positive Eu
nomaly) may then crystallize to decrease the LREE to

he final stage of evolution (sample 24 with 72.4% SiO2
nd a marked negative Eu anomaly of 0.26). More data
re obviously needed to better constrain this model, but it
s clear that the overall decrease of P2O5 with SiO2 in the
trict. Source of data: 1, Clifford et al., 1995; 2, Geringer et al., 1998;

Rietberg Granite trend implies the presence of apatite at
the liquidus and in the subtracted cumulate. This feature
plays an important role in the discussion of a possible
genetic link between the Rietberg and Concordia Gran-
ites. In Harker diagrams (Fig. 3), the Rietberg Granite
trend appears to merge into the Concordia Granite com-
positions. Both granites are also very rich in U and Th,
but they display significant differences in the REE distri-
bution (Fig. 4c). The negative Eu anomaly is more pro-
nounced in Rietberg Granite, and the Concordia Granite
is poorer in LREE but remarkably richer in HREE than
the Rietberg Granite. The presence of apatite in the
subtracted cumulate buffers the REE evolution in the
Rietberg Granite magma, making a change in the La/Yb
ratio and the Eu anomaly very unlikely. This is in con-
flict with the views of McCarthy (1976) who suggested
that a crystallization process links the two granites, but
supports the age difference recognized by Clifford et al.
(2004) on the basis of SHRIMP zircon ages.

The syenite (sample 65) may also be considered as
belonging to the Rietberg Granite series because, for
most elements, its composition plots on the extension of
the Rietberg Granite range (Fig. 3). It can be considered

with Rietberg Granite sample 107 since they both show
high K2O contents, due to accumulation of K-feldspar,
a feature corroborated in the syenite by a very high Ba
content (6064 ppm; Table 1). Interestingly, the positive
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Fig. 10. Chondrite-normalized REE distribution in separated apatites
from norite 116 from Carolusberg and magnetitite 115 from Homeep
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Eu anomaly which should result from accumulation of
feldspar is not observed in both cumulates (Fig. 4b) but,
as shown by the high P2O5 contents in both rocks (up
to 2% in syenite; Table 1), these cumulates also con-
tain apatite, a REE-rich mineral with a marked negative
Eu anomaly, which most certainly balances the posi-
tive anomaly in feldspars. This buffering role of apatite
has been well documented in the jotunitic liquid line of
descent (Wilmart et al., 1989; Duchesne, 1990; Vander
Auwera et al., 1998b).

5.2. Koperberg Suite

5.2.1. Jotunites
Because of their igneous character and age, the

jotunites can be considered as members of the Koper-
berg Suite. They are key to understanding the origin of
the suite because similar rocks have been identified in
Norway as parental melts to the AMCG suite (Duchesne
et al., 1974, 1989; Demaiffe and Hertogen, 1981; Vander
Auwera et al., 1998b). Here, the jotunite texture, min-
eral and chemical compositions, in particular the REE
distributions (Fig. 6), are comparable to the Norwegian
occurrences, and fall close to the range defined by
primitive and evolved jotunites (sensu Vander Auwera
et al., 1998b).

The jotunitic melt crystallization for sample 36,
when modelled with Ghiorso algorithm (Ghiorso
and Sack, 1995) at 5 kbar and oxygen fugacities at
the QFM buffer, shows clinopyroxene as the first
mineral at the liquidus at 1200 ◦C, rapidly followed at
1180 ◦C by plagioclase An53, and at 1150 ◦C by apatite.
Similar modelling for sample 53 shows that the melt
at 1200 ◦C was saturated in apatite and clinopyroxene,
and plagioclase An57 appears at 1170 ◦C. The liquidus
plagioclase compositions are slightly richer in An than
the cumulus plagioclase compositional range (An30–50)
of the Koperberg Suite, but within error of the method.
It is worth mentioning that at 5 kbar the TJ jotunite from
Rogaland, experimentally studied by Vander Auwera
and Longhi (1994), is in equilibrium with an An48
plagioclase at 1050 ◦C. It is thus concluded that jotunites
belong to the same magma series as the Koperberg Suite
and can be parental to the various lithologies.

5.2.2. Cumulate rocks
In Harker diagrams (Fig. 7), anorthosite and leu-

conorite plot close to the plagioclase pole, consistent

with their petrographic definition and in agreement with
their cumulate origin. Norites, on the other hand, are
closer to the jotunitic liquid line of descent and there-
fore their interpretation as cumulates is ambiguous; they
(see Table 4 for the analyses), compared with an analysis of an apatite
from diorite Ho-10 by Conradie and Schoch (1988, p. 414).

may indeed contain a larger proportion of cumulate mafic
minerals or of trapped intercumulus liquid. In contrast
the jotunites plot on the liquid line of descent (Fig. 7) for
nearly all elements (except CaO, MgO, K2O and P2O5
which are close to), and can therefore be considered as
liquids in complete agreement with the chilled texture
displayed by one of them (sample 53). The relatively low
P2O5 and high MgO contents (Fig. 7) point to primitive
jotunite, sensu Vander Auwera et al. (1998b). Finally,
biotite diorite plot over a much larger area in the vari-
ous diagrams (Fig. 7), making the identification of their
cumulate or liquid character more difficult.

As expected in cumulate rocks, the REE distribu-
tion and content depend on the nature and proportion of
cumulus minerals and intercumulus melt. In the present
case, apatite can be surmised to have played a leading
role, either as a cumulus mineral or as a mineral crystal-
lized from the intercumulus trapped liquid. To test that
hypothesis, we have separated and analysed apatite from
two rocks (norite sample 116 from Carolusberg, and
magnetitite sample 115 from Homeep East; Table 4) in
which the amount of apatite is so high that it is very likely
a cumulate (liquidus) mineral. The REE distribution
(Fig. 10) in apatite shows very high contents and strong
negative Eu anomalies, features that have already been
reported by Conradie and Schoch (1988). In a diagram
relating Ce versus P2O5 whole-rock contents (Fig. 11),
apatite (sample 115) falls on the prolongation of a line
passing through magnetitite, glimmerite, biotite diorite
and some of the anorthosites, while apatite 116 (and
apatite Ho-54 from Conradie and Schoch, 1988) plots on
the regression line grossly passing through hypersthen-

ite and melanorite. This suggests that the most important
factors that control the REE contents of a sample are its
apatite content and composition.
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Other trace element contents are also strongly con-
rolled by the nature and proportion of the cumulus

inerals. Hypersthenite, melanorite and glimmerite are
ich in Cu, Ni, Co and Cr, reflecting the high contents
f Cr and Ni in hypersthene and biotite (Conradie and
choch, 1986; Cawthorn and Meyer, 1993) and the asso-
iation of Cu-sulphide with hypersthene (Van Zwieten
t al., 1996), a well-known characteristic to the min-
ng geologists (Strauss, 1941). Magnetitite is particularly
nriched in V and Zn, consistent with the ability of these
lements to enter magnetite.

.2.3. Inversion of plagioclase composition
In cumulate rocks, the trace element content in a min-

ral is proportional to its content in the melt, but it also
epends on the amount of melt that has been trapped in
he cumulate (the trapped melt fraction of Irvine, 1982).
ecause mineral/melt distribution coefficients (D) are

easonably well known, and provided the effects of the
rapped melt fraction can be accounted for, it is thus the-
retically possible to calculate the composition of the
elt from the composition of any cumulus mineral.
Post-cumulus modification of the cumulus mineral

omposition has been addressed by numerous authors
cf. Irvine, 1980; Barnes, 1986; Bédard, 1994; Cawthorn,
996). Highly incompatible elements are several orders

f magnitude more enriched in the trapped melt than in
he cumulus minerals. When the trapped melt fraction
rystallizes, these elements are forced into the cumulus
ineral overgrowths and, depending on their diffusivity,
esearch 153 (2007) 116–142 133

can migrate from margin to core to homogenize the grain
contents. Bédard (1994) has, however, pointed out that
when a trace mineral such as apatite or zircon crystal-
lizes from the trapped melt fraction, the re-equilibration
process is quite different. In the evolution of the trapped
melt, the incompatible element content will increase up
to a maximum value determined by the precipitation
of the trace mineral which incorporates the element. In
other words the incompatibility of the element changes to
a compatible character and its content rapidly decreases
in the further evolution of the trapped liquid. It is there-
fore very likely that the re-equilibration of cumulus
mineral composition becomes negligible, in which case
it is possible to calculate the co-existing melt composi-
tion by inversion of cumulus mineral composition.

We have adopted this approach here because, as
already mentioned, apatite is an ubiquitous trace min-
eral in the Koperberg anorthosite, leuconorite, and norite
(except in norite 115 where apatite is so abundant that
it is likely a liquidus/cumulus mineral). We have chosen
plagioclase as the cumulus mineral for study, but a diffi-
culty of the method is the possible contamination of the
separated fraction by composite grains with apatite. To
solve this problem, we have used a selective dissolution
technique to remove the traces of apatite in plagioclase
concentrates (see Appendix 2).

The trace element content of the separated plagioclase
from cumulate rocks is given in Table 3 and illustrated
in Fig. 12. The anorthite content in plagioclase varies
between An36 and An48. There is a crude negative corre-
lation of the An content with K, Rb, and Ba, and Sr is not
correlated with Ca and varies in the same occurrence by
nearly a factor of 2, a feature common in anorthosite pla-
gioclase (Duchesne, 1978; Vander Auwera et al., 2000).
These overall variations very likely reflect variations in
the degree of differentiation of the samples. The REE
distributions in plagioclase show positive Eu anomalies,
with Eu/Eu* ratios varying between 2 and 5 and roughly
decreasing with the An content. The [La/Yb]n ratios are
high and variable (89–349) and grossly correlate posi-
tively with the Eu/Eu* ratio (Fig. 12). It is striking that
samples coming from the same occurrence (samples 66
and 116 from Carolusberg, 108 and 110 from Wheal
Julia, 111 and 113 from Jubilee) show rather similar
REE distributions, particularly the Eu/Eu* and [La/Yb]n

ratios, whatever the petrographic type. This indicates that
the REE evolution was probably buffered during the dif-
ferentiation process characteristic of each intrusion. In

a fractional crystallization process, this would imply a
minerals/melt bulk partition coefficient of the REE close
to unity, which in turn would suggest the presence of
apatite in the cumulus mineral assemblage.
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ulate r
Fig. 12. Trace element composition of plagioclase separated from cum
District (analyses in Table 3).

The compositions of the cumulus plagioclase may
now be used to calculate the REE concentrations in the
melts in equilibrium with the cumulates. To successfully
invert the plagioclase composition, an appropriate set of

plagioclase/melt partition coefficients for the REE (D) is
required. The interval of variation of D for plagioclase
co-existing with andesitic (intermediate) liquids reported
in the literature (see Henderson, 1982; Rollinson, 1993)
ocks from various occurrences of the Koperberg Suite in the O’okiep

is more restricted in composition than for basaltic liq-
uids. Thus an arbitrary choice of a set of D within that
range will not seriously bias the results. The values
adopted (see Table 7) are those used in the modelling

of the jotunite evolution (Vander Auwera et al., 1998b);
they are close to values generally accepted in modelling
(see e.g. Martin, 1987). Results of the inversion are given
in Table 7 and Fig. 13.
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The LREE abundances in the recalculated melts
(Fig. 13) show similar patterns and small variation in
content (by a factor 1.7), while the HREE are more dis-
persed and vary by a factor of 5. The well-documented
intrusions (Carolusberg, Wheal Julia and Jubilee) typ-
ically show identical LREE and variable HREE, with
[La/Yb]n varying between ≈100 and ≈280. These fea-
tures constrain the melting process and the mineralogy of
the source which melts. For low degree of melt fraction
F, the equation of equilibrium partial melting becomes
cL = c0/D0, in which cL and c0 are the element con-
tent in the melt and the source, respectively, and D0
the mineral/melt bulk partition coefficient. Assuming a
common source of the three magma batches (i.e. c0 con-
stant), cL will essentially vary with D0. Small variation
in the amount of garnet in the source (e.g. from 5% to
10%) has a drastic influence on the HREE bulk partition
coefficient without changing the LREE partition coef-
ficients, because garnet has REE partition coefficients
which rapidly increase from La to Lu. Small degree of
melting and small, but variable, amounts of garnet in the
source are thus suggested in order to produce jotunitic
melts with variable La/Yb ratios.

REE distributions in jotunitic melts calculated by
inversion (Table 7) are compared to those observed in
jotunite samples (36, 53) in Fig. 13b. The difference
between the two types of distribution is striking for the
LREE, which are clearly less abundant in the jotunite
samples. This can mainly result from differences in the
source rock composition and in the degree of melting,
factors which are not much constrained. A simple cal-
culation of an equilibrium partial melting model shows
that using partition coefficients of Martin (1987), with a
source rock made up of 40% plagioclase + 35% clinopy-
roxene + 20% orthopyroxene + 5% garnet, a variation in
the degree of melting F from 1% to 40% can reproduce
the calculated and observed REE distributions, respec-
tively. Since at or near eutectic compositions the melt
does not change its major element composition, such a
model, though loosely constrained, appears plausible.

5.2.4. Biotite diorite composition
As already mentioned, the position of biotite diorites

in Harker diagrams (Fig. 7) is ambiguous and it is not
possible to decide whether they are cumulates, liquids
or crystal-laden liquids. Except for sample 112 (Jubilee),
trace elements in plagioclase (Table 3) are not essentially
different from the other cumulus plagioclases; REE con-

tents, Eu positive anomalies and La/Yb ratios fall within
or close to the same ranges. The somewhat more albitic
character of some plagioclases tends to indicate slightly
more evolved characters than the other rocks.
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Fig. 13. Calculated REE distribution in melts in equilibrium with cu
contents from the same intrusion (Carolusberg, Jubilee, Wheal Julia),
Table 5) compared to the Carolusberg, Jubilee, and Wheal Julia avera

Whole-rock biotite diorite composition from sample
112 (Table 2) is also different from the other biotite
diorite by several features. It shows a large Zr content
(1173 ppm), possibly reflecting zircon crystallization at
the liquidus and its accumulation, thus explaining zir-
con inclusions in the plagioclase and high Zr content
in the separated plagioclase (Table 3). Th content is
extremely high (418 ppm) (partly due to zircon accu-
mulation?). The plagioclase REE distribution (Table 3)
is higher by a factor of 3 than in sample 78, another
specimen from the same intrusion. The whole-rock REE
abundances of sample 112 (Fig. 8) are also higher (up to
6–10 times those of the other biotite diorites) with the
largest negative Eu anomaly. Some other biotite dior-
ites have also peculiar trace element contents (Table 2):
sample 109 (Wheal Julia) is also Th rich (53 ppm) and

displays the maximum Cs value (4.7 ppm) in the Kopper-
berg Suite; sample 118 (Dixon’s Farm) is anomalously
Ba rich (4844 ppm). Biotite diorite thus constitute a geo-
chemically heterogeneous group probably deriving from
lagioclases (data in Table 7): (a) from seven occurrences—the REE
ilar, have been averaged; (b) Koperberg jotunite (samples 36 and 53,

ibutions.

melts with different trace element contents, and variously
laden with cumulus minerals.

5.2.5. Isotopic composition (Fig. 9)
Clifford et al. (1995) have emphasized that the overall

isotopic characteristics of the Koperberg Suite and their
country rocks support a major crust-forming event at the
end of Paleoproterozoic times, and that the Koperberg
Suite was derived from a crustal progenitor in the
lower crust. Geringer et al. (1998), whilst not rejecting
this model, preferred the alternative explanation of a
mantle-derived Koperberg magma contaminated by a
significant amount of crustal material. To account for the
negative εNd values the mantle would have been either
highly enriched or the melting product would have been
contaminated by Archaean felsic crust with lower neg-

ative εNd values. In both cases, the high Sr initial ratios
would result from an additional assimilation with Pro-
terozoic felsic crust. A highly enriched mantle source,
equivalent to EMI I (Rollinson, 1993), is plausible, but



brian Research 153 (2007) 116–142 137

t
t
c
i
S
n
t
(
a

g
b
e
r
t
m
t
c
l
a
i
g
S
f
l
t

o
p
s
a
m
1
i
i
m
c
d
r
p
c
p
h
c
S
w
a
i
p
f
(
i

J.-C. Duchesne et al. / Precam

he weakness of the model lies in the uncertainty about
he nature of the felsic contaminant: (1) an Archaean
rust has never been recorded by age determination
n Namaqualand (Clifford et al., 1995, 2004), the
HRIMP ages of cores from country rocks zircons are
ever older than 2050 Ma (Clifford et al., 2004); (2)
he Proterozoic contaminant invoked by Geringer et al.
1998) with εNd = −2 and Sri ca. 0.760 is unrealistic for
Proterozoic material (cf. Rollinson, 1993).

Attempts to explain the Sri variations within a sin-
le ore-body of the Koperberg Suite were proposed
y Brandriss and Cawthorn (1996) and Van Zwieten
t al. (1996) for the Hoogkraal and Jubilee intrusions,
espectively. We agree with this interpretation that con-
amination of a mafic, less radiogenic magma by crustal

aterial took place either by local interaction with coun-
ry rocks in the magma chamber or in the structural
onduit exploited by the crystal mush en route to the final
evel of emplacement. Moreover we concur with these
uthors that the felsic contaminant was not to be found
n the country rocks, because the latter were not radio-
enic enough, and particularly inadequate to account for
ri values up to 0.748 (see Fig. 9). We conclude, there-
ore, that partial melting of the underlying 2000-Ma-old
ower crust is the process most likely to have generated
he Klondikean magmatism (cf. Clifford et al., 2004).

To explain the negative εNd and the large variation
f Sri between the various Koperberg intrusions, we
ropose the following scenario which is inspired from
imilar cases in the Rogaland (Schiellerup et al., 2000)
nd Polish (Wiszniewska et al., 2002) anorthosites: a
agma was extracted from the mantle at an age ca.

900 Ma, corresponding to the mean age of zircon cores
n O’okiep gneiss and granite (Clifford et al., 2004), and
ntermediate between the mean TCHUR and TDM Nd-

odel ages of all analysed O’okiep rocks. This magma
rystallized to build up an oceanic crust with a REE
istribution enriched in LREE (thus with low Sm/Nd
atios), that was subsequently downthrust and metamor-
hosed in granulite facies to become part of the deep
rust (see below for the actual process). The resulting
lagioclase + pyroxenes mafic granulite inherited the Sri
eterogeneities of its progenitor. These heterogeneities
an be accounted for if the oceanic crust (εNd = +3.5 and
ri = 0.7018 at 1900 Ma) had variable Sm/Nd ratios and
as altered by hydrothermal circulation to produce vari-

ble Rb/Sr ratios. A simple calculation (Table 8) shows
ndeed that a range of Rb/Sr values from 0.1 to 1.2 can

roduced, after a 900 Myr evolution, the range of Sri
rom 0.709 to 0.748 observed in the Koperberg Suite
Fig. 14). Such a range of Rb/Sr ratios is observed e.g.
n DSDP leg 417 of the Deep Sea Drilling Project (Alt
Fig. 14. Initial εNd and 87Sr/86Sr isotope ratio vs. age evolution for the
O’okiep District (see text).

and Honnorez, 1984). The hydrothermal alteration of
the progenitor may have been accompanied by the for-
mation of massive Fe–Cu-sulphide deposits, such as the
TAG hydrothermal mound (Rona et al., 1986), possi-
bly remobilized during the melting process to form the
Koperberg deposits. In such a scenario, to account for
the negative εNd values (−8.6 ± 1.6) of the Koperberg
Suite (Fig. 14), the oceanic crust must have a LREE
enriched distribution. Our calculation (Table 8) shows
that the progenitor must have had a range of Sm/Nd
ratios between 0.16 and 0.25. Such ratios can be found
in enriched MORB (E-MORB) or in the Azores oceanic
islands where Sm/Nd of 0.21 ± 0.04 are reported (White
et al., 1979). It can thus be concluded that alteration of an
E-MORB oceanic crust can produce a possible progeni-
tor for the Kopersberg Suite and associated Cu deposits.
This inference has been also proposed among other pos-
sible scenarios, but without isotopic constraints, for the
Caraiba Cu-rich hypersthenite-norite complex (Oliveira
and Tarney, 1995).
5.3. Origin of the O’okiep plutonism

We propose that the formation of the 1900-Ma-old
oceanic crust was related to the Eburnian event, dur-
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Table 8
Recalculated values of Rb/Sr and Sm/Nd ratios in the inferred gabbroic progenitor at 1900 Ma, the extraction age from the mantle, to account for
the isotopic ratios at 1030 Ma

(87Sr/86Sr)at 1030 (87Sr/86Sr)CHUR at 1900
87Rb/86Sr Rb/Sr

Average 0.720438 0.701965 1.4861 0.5128
Maximum 0.746012 0.701965 3.5435 1.2201
Minimum 0.707911 0.701965 0.4784 0.1653

εNd at 1030 (143Nd/144Nd)at 1030 (143Nd/144Nd)CHUR at 1900
147Sm/144Nd Sm/Nd

Average −8.6 0.510869 0.510179 0.1210 0.20
0
0

Maximum −5.33 0.511036
Minimum −11.54 0.510718

ing which the Richterveld terrane to the North was
generated. Parts of that oceanic crust were incorpo-
rated to the lower crust by underthrusting, and then
metamorphosed under granulite facies conditions dur-
ing collision to become a mafic granulite. After a
long period of quiescence lasting ca. 600 Myr, the
Namaquan collision (ca. 1300 Ma) took place to the NE
of the region, a first melting event followed (O’okiepian
Episode, ca. 1190 Ma) in a post-collisional setting, and
a huge amount of granitic material was generated in
the O’okiep District. Some 160 Ma later a second melt-
ing event (Klondikean Episode, ca. 1030 Ma) affected
the region, and the lower crustal mafic granulite was
melted under dry conditions at 10–13 kbar pressure to
produce the Koperberg parental magma (Longhi et al.,
1999).

This model implies episodic and strong increases of
temperature to melt large volumes of material during
the O’okiepian Episode and of mafic material during
the Klondikean Episode. Additionally, an increase in
pressure is needed to produce jotunite melts in the
Klondikean Episode. A thermal plume (Clifford et al.,
1995) would explain the temperature rises during the
Klondikean Episode. Alternatively during both heating
events, the asthenosphere might have been placed close
to the base of the crust by linear delamination of the
subcontinental lithosphere along a mega-shear zone (cf.
Lachenbruch et al., 1985; Teyssier and Tikoff, 1998).
Reactivation of a pre-existing shear zone could account
for the episodic repetition of thermal events (Liégeois
et al., 2003). As for the pressure, a thickened crust by
intracontinental (Ampferer-type) subduction (Clifford et
al., 2004) or a “crustal tongue” (Duchesne et al., 1999),
resulting from the Eburnian subduction, can explain the

necessary high values. Finally, the Klondikean melting
process produced a number of individual magma batches
that inherited the isotopic heterogeneities of the source
rocks.
.510179 0.1502 0.25

.510179 0.0945 0.16

6. Conclusions

1. The Concordia and Kweekfontein Granites are high-
K granitic rocks produced by dehydration melting of
metapelites. The Rietberg Granite is geochemically
similar to typical post-collisional shoshonitic trends,
such as the Rogaland charnockites and the Tismana
granitic rocks. Its REE distribution suggests consan-
guinity with some of the Koperberg Suite melts. It
belongs to the K-rich granitic kindred, which is best
explained through partial melting of an andesitic crust
in post-collisional settings (Roberts and Clemens,
1993; Liégeois et al., 1998).

2. Jotunites are members of the Koperberg Suite; they
are identified geochemically as primitive jotunitic
melts, similar to those found as chilled margin to sev-
eral intrusions in the Rogaland anorthosite province.
This constitutes the best unambiguous evidence that
the Koperberg rock series belongs to the massif-type
anorthosite kindred and to the AMCG suite. Follow-
ing the work of Longhi et al. (1999) and Longhi
(2005), jotunites derive from the melting in dry condi-
tions (granulite facies) at high pressure (11–13 kbar;
depth 40–50 km) of a 2-pyroxene plagioclase rock,
i.e. a mafic crustal rock. The occurrence of jotunite in
the Koperberg Suite strongly corroborates the crustal
rock origin, already deduced by Clifford et al. (1995)
from the Sr, Nd and Pb isotope systematics.

3. The Koperberg anorthosites and related rocks
(including hypersthenite, glimmerite, and magneti-
tite) show a geochemistry compatible with an origin
as cumulate rocks. Irrespective of the petrographic
type, the REE geochemistry of the Koperberg cumu-
lates is mostly controlled by their apatite content. One

syenite also shows characteristics of a cumulate rocks
derived from the Rietberg Granite magma. The origin
of the biotite diorite whether as melts, cumulates or
crystal-laden liquids remains ambiguous.
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. In contrast to most massif-type anorthosites that show
evidence of polybaric crystallization, the Koperberg
anorthosites and related rocks were produced through
crystallization in magma chambers or in conduits,
possibly at medium pressure (3–5 kbar), followed by
forceful injection of the cumulate crystal mush along
steep structures.

. Inversion modelling of plagioclase compositions per-
mits the reconstruction of the melt compositions from
which the anorthosites were derived. The REE distri-
butions obtained for the melts characteristic of the
different occurrences are similar for the LREE but
show variable HREE contents (Fig. 13), suggesting
small degrees of melting with small, but variable,
amounts of garnet in the residual source rock. The
melt compositions obtained by inversion of plagio-
clase compositions have REE distributions which
significantly differ from those observed in primitive
jotunite (Fig. 13), but this difference can be accounted
for by different degrees of partial melting of the
source rock.

. The various intrusions of the Koperberg Suite show
distinct and variable Sr–Nd isotopic signatures.
The negative εNd(1030 Ma) can be simply explained
by remelting an oceanic crust protolith with a E-
MORB REE distribution, such as the Azores Islands,
extracted from the mantle at 1900 Ma. The large
Sri variation at 1030 Ma could be the result of the
hydrothermal alteration of the protolith at 1900 Ma,
generating a range of Rb/Sr ratios, which could be
also at the origin of the Cu-sulphide mineralization.

. Final remark: The model we suggest here has the
merit of invoking a simple but plausible mechanism
(the melting of a crustal mafic source) to account for
the very peculiar isotope composition of the Koper-
berg Suite that is supported by experimental work on
the genesis of the anorthosite parent magma. More-
over the overall geodynamical framework implied by
the model is also in good agreement with a recently
developed concept on the evolution of cratons. Finally
the intriguing occurrence of Cu sulphides associated
with the Koperberg Suite is also explained.
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Appendix A. O’okiep samples and localities (see
Fig. 2)

Sample
number

Locality
number

Rock
type

Locality

Granites and syenite
20 23440 Rietberg Granite Jan Coetzee
22 23441 Rietberg Granite Steyerkraal
24 23443 Rietberg Granite Rietberg
25 23439 Concordia Granite Wheal Julia
60 X20472 Concordia Granite O’okiep District
65 82/A/21 Syenite 450-ft level,

Spektakel
105 96/A/4 Concordia Granite 5 km NNW of

Nababeep
106 97/1 Kweekfontein

Granite
Kweekfontein

107 96/A/5 Rietberg Granite Jan Coetzee

Koperberg Suite
30 69/A/26 Tonalite Homeep East
36 73/B/4 Jotunite Narrowhuis
53 84/A/26 Jotunite Ratelkraal
66 84/A/16C Andesine

anorthosite
2435-ft level,
Carolusberg West

70 85/A/10 Andesine
anorthosite

423 Prospect

78 82/A/6 Biotite diorite Jubilee
79 85/A/6 Biotite diorite Jubilee
82 85/A/17 Magnetite-

hypersthenite
Jan Coetzee South
West

85 82/A/7 Norite Jubilee
86 84/A/5 Norite New Prospect
87 85/A/28 Melanorite 1214-ft level,

Carolusberg West
88 85/A/25 Melanorite 945-ft level,

Carolusberg West
90 81/A/9a Melanorite 2435-ft level,

Carolusberg West
108 91/A/2 Andesine

anorthosite
Wheal Julia

109 91/A/3 Biotite diorite Wheal Julia
110 91/A/5 Melanorite Wheal Julia
111 JCD96.4 Andesine

anorthosite
Jubilee

112 JCD96.5 Biotite diorite Jubilee
113 JCD96.7 Leuconorite Jubilee
114 91/A/7 Biotite diorite Homeep East
115 JCD96.10 Magnetitite Homeep Easr
116 91/A/39 Norite 1276 m level,

Carolusberg West
117 91/A/35 Hypersthenite 1510 m level,

Carolusberg West
118 85/A/18(ii) Biotite meladiorite Dixon’s Farm
120 73/B28 Leuconorite Waaihoek
121 91/A/18 Leuconorite Klondike
122 91/A/50 Norite KC112, depth

75 ft, Koperberg
Central
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Appendix A (Continued )

Sample
number

Locality
number

Rock
type

Locality

123 91/A/21 Glimmerite Flat Mine North
125 84/A/24 Magnetite

hypersthenite
Ratelkraal

126 JCD96.15 Biotite diorite Sugar loaf

Appendix B. Methodology

Plagioclase and apatite were separated and purified
using standard techniques of mineral separation (dense
liquids and Frantz Isodynamic separator). Plagioclase
grains were etched in HCl 6N solution in order to dis-
solve trace amounts of apatite as composite grains.

XRF was used to measure whole-rock major element
compositions on Li-borate glass with a CGR ALPHA
2020 spectrometer following the method of Bologne and
Duchesne (1991). ICP-MS (VG Plasma Quad PQ2) was
used to analyse the trace elements including REE in pla-
gioclase following the method of Vander Auwera et al.
(1998a) on dissolved Li-borate beads.

Sr and Nd isotopic compositions of plagioclase were
measured on a VG354 mass spectrometer at Johannes-
burg and the isotopic measurements on the two rock
samples were made at the Université Libre de Brux-
elles on a Micromass GV Sector 54 multicollector
mass spectrometer. In Johannesburg, reproducibilities
of 1% and 0.014% were obtained for the 87Rb/86Sr and
87Sr/86Sr ratio measurements, respectively. All 87Sr/86Sr
ratios were normalized to an 88Sr/86Sr ratio of 8.375.
The accuracy of the 87Sr/86Sr ratio was monitored by
replicate analyses of the NBS SRM987 Sr standard
(0.710190 ± 24; 2σm on 6 measurements). For the Nd
isotopic analysis, the 143Nd/144Nd ratio was normal-
ized to a 146Nd/144Nd ratio of 0.7219. The accuracy
of the 143Nd/144Nd ratio was monitored by replicate
analyses of the La Jolla Nd standard, which yielded
an average value of 0.511835. In Brussels, the aver-
age 87Sr/86Sr ratio of the NBS SRM987 standard and
143Nd/144Nd ratio of the La Jolla Nd standard during
the period of analyses were 0.710255 ± 10 (2σm on 20
measurements) and 0.511854 ± 8 (on 7 measurements),
respectively.
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