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K. Driippel et al. 1

Abstract

The intrusion of the large (c. 18.000 km®) anorthosite body of the Kunene Intrusive
Complex, Angola/Namibia, which is associated with minor marginal granite bodies and
syenite/syenodiorite dykes, marked the beginning of Mesoproterozoic igneous activity in NW
Namibia. Anorthosites display an igneous mineral assemblage of dominating plagioclase,
together with minor olivine, orthopyroxene or clinopyroxene, Fe-Ti oxides, whereas biotite
and pargasite are late-magmatic phases. Apatite is a common accessory phase. In regionally
associated felsic rocks K-feldspar, plagioclase, clinopyroxene and/or hastingsite crystallized
first, followed by interstitial quartz, hastingsite, Fe-Ti oxides, and titanite. The general
geochemical characteristics for the anorthositic rocks of the Kunene Intrusive Complex (i.e.
high Al,O3, CaO, Sr and Eu, intermediate to high Mg numbers of 0.37-0.74, positive eNd (T)
values of +3.0 to +1.0, and initial Sr ratios of 0.7028-0.7041) are in excellent agreement with
their derivation from fractionated basaltic liquids. The 880 values obtained for plagioclase
(5.88 + 0.19 %o 8'°0) support their development from mantle-derived magmas. Relic crustal
xenoliths of calc-silicate rocks and Sr and Nd isotope data, however, suggest that the
anorthosite magma underwent minor crustal contamination, which was most prominent
during the early intrusion stage. A U-Pb-zircon age of 1376 + 2 Ma was obtained for a felsic
rock associated with the 1385 + 25 Ma anorthosites, which suggests that the two suites were
emplaced during the same igneous event. The geochemical and isotope signatures of the
granites, syenites, and syenodiorites provide convincing evidence against consanguinity of the
anorthositic and the felsic rock suites, i.e.: (1) a compositional gap exists between the major
and trace element contents of the two suites, (2) trace element and Sr, and Nd isotopic data of
the felsic rocks point to a crustal source (eNd: +2.0 to -0.4, initial Sr ratio: 0.7024-0.7063), (3)

the REE patterns of the felsic rocks do not exhibit ubiquitous negative Eu-anomalies, which
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would be expected from fractionation products of melts that previously formed extensive
plagioclase cumulates, and (4) §'®0 values of magmatic feldspar from the felsic rock suite fall
in a restricted range (7.20-7.92 %o) that is about 1.6 %o higher than the average igneous
plagioclase 8'®0 of the anorthosites and suggests a formation of the felsic melts by anatexis of

the lower crust.

Keywords: Congo Craton, felsic rocks, isotope geochemistry, leuconorite, leucotroctolite,

oxygen isotopes.
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1. Introduction

Massif-type anorthosite complexes, commonly associated with minor volumes of mafic
and granitic rocks, are characteristic features of the Proterozoic crust. Their apparent temporal
restriction to the Proterozoic suggests that specific tectono-thermal regimes and crust-forming
processes have been operative during this period. Many anorthosite massifs underwent a
prograde amphibolite to granulite facies metamorphism after their emplacement, which
complicates the reconstruction of their magmatic evolution. Thus, the petrogenesis of
Proterozoic anorthosite complexes is still a matter of debate. No general agreement has been
reached on issues such as the source of parental magmas of the anorthosite and granite suites,
monobaric vs. polybaric anorthosite crystallization, mode and depth of emplacement and
cooling history (e.g. Ashwal, 1993, for a review).

In general, the petrogenesis of the huge anorthosite massifs is interpreted in terms of
partial melting of the upper mantle, followed by plagioclase flotation in a magma chamber at
the mantle-crust boundary and buoyant ascent of the plagioclase-rich crystal mushes to their
final depth of emplacement (Duchesne, 1984; Emslie, 1985, Emslie et al., 1994; Longhi and
Ashwal, 1985; Ashwal, 1993; Wiebe, 1994; Mitchell et al., 1995). Recently, however, many
authors favour the hypothesis of anorthosite generation by lower crustal anatexis (Taylor et
al., 1984; Duchesne et al., 1999; Longhi et al., 1999; Schiellerup et al., 2000; Selbekk et al.,
2000, Wiszniewska et al., 2002), which is supported by Re-Os isotope data and experimental
investigations. With the results presented here we contribute new data to this debate.

Most anorthosite massifs contain a considerable volume of temporally and spatially
associated granitic plutonic rocks, characterized by a composition ranging from diorite to
granite and a mostly anhydrous mineralogy. Commonly, intrusive contact relationships

suggest these granitoids to be younger than the associated anorthosite (e.g. de Waard, 1970;
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K. Driippel et al. 4
Seifert, 1978). The fact, that the mineral chemistry of the Fe-Mg silicates and plagioclase in
the silicic suites appears to extend the compositional ranges of the anorthositic minerals to
higher Xp. and lower An-contents, respectively, has been interpreted in terms of
consanguinity between the two rock suites (e.g. Fuhrman et al., 1988). An alternative model
considers the granitoids to represent a chemically independent, crustal derived intrusive suite
(e.g. Anderson, 1980; Anderson & Bender, 1989; Emslie, 1991; Emslie et al., 1994).

Among the anorthosite bodies of the world, the Kunene Intrusive Complex (KIC), NW
Namibia, and the Lac-Saint-Jean Complex, Canada, are presumably the largest exposed
massifs, both covering a total surface area of c. 18,000 km?>. Nonetheless, the Kunene
Intrusive Complex is one of the least known anorthosite bodies of the world. In clear contrast
to most anorthosite bodies world-wide, the Mesoproterozoic KIC experienced no prograde
metamorphic overprint after its emplacement (e.g. Ashwal and Twist, 1994; Morais et al.,
1998; Driippel, 1999, 2003; Driippel et al., 2001; Slejko et al., 2002; Mayer et al., 2004) and
hence allows direct study of the igneous processes that led to its formation.

We describe and interpret the mineralogical and geochemical signatures and Nd, Sr, and O
isotope data from the anorthositic rocks of the Kunene Intrusive Complex and the associated
granitoid suite and provide a U-Pb zircon age for the emplacement of the associated syenites.
Our results place constraints on the tectono-metamorphic evolution of the Congo Craton
during the Proterozoic and on some aspects of the petrogenesis of massif-type anorthosites in

general.

2. Geological framework

Anorthositic rocks of the Kunene Intrusive Complex (KIC) cover an estimated surface

area of 18,000 km” in NW Namibia and SW Angola and are regarded to form one of the
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K. Driippel et al. 5
largest massif-type anorthosite bodies in the world (e.g. Ashwal and Twist, 1994; Morais et
al., 1998; Driippel et al., 2001; Mayer et al., 2004). The anorthosite massif was emplaced at
the southern margin of the Congo Craton in the Mesoproterozoic. In Namibia, the KIC
intruded the high-grade metamorphic rocks of the Epupa Complex, which mainly consists of
upper amphibolite facies rocks of the Orue Unit, comprising migmatitic granitic orthogneisses
and subordinate migmatitic metasedimentary and metavolcanic rocks (Brandt, 2003; Brandt et
al., 2003). South of the KIC, two limited areas of ultrahigh-temperature granulite-facies rocks,
the Epembe Unit, have been recognized by Brandt et al. (2003, 2007), that mainly consist of a
volcano-sedimentary sequence of interlayered felsic and mafic granulites, intercalated with
subordinate migmatitic metasediments that contain rare lenses of sapphirine-bearing
granulites (Brandt et al., 2003, 2007). The Epembe Unit is separated from the Orue Unit by
subvertical ductile shear zones. Both units preserve Palacoproterozoic protolith ages (Seth et
al., 2003, 2005), that were also recognized in other parts of the Epupa Complex and the
Congo craton (see reviews in Tegtmeier and Kroner, 1985; Carvalho et al., 2000). SHRIMP
U-Pb zircon dating of granulite facies rocks from the Epembe Unit reveals Mesoproterozoic
ages between 1520 Ma and 1510 Ma for prograde zircon growth under granulite-facies
conditions, whereas slightly younger Pb-Pb garnet ages of 1450 £ 50 Ma date the peak of
UHT metamorphism (Seth et al., 2003). Distinctly younger Pb-Pb garnet and U-Pb SHRIMP
ages of zircon rims of 1340-1320 Ma have been recorded for part of the amphibolite facies
rocks of the Orue Unit by Seth et al. (2005).

Rarely exposed contacts between the KIC and the metamorphic basement are largely
obliterated by broad ductile shear zones and late brittle faults, which were subsequently
intruded by syenite and/or dolerite dykes. Direct intrusion contacts are only observed between
the white anorthosite and the amphibolite facies Orue Unit at the southeastern margin of the

KIC. Along this contact zone, a narrow contact-thermal aureole of several metres in width is
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K. Driippel et al. 6
developed in the Orue Unit, which is recorded by Grt-Crd-Sill hornfelses (Brandt, 2003;
Brandt et al., 2003). For this rock a Pb-Pb garnet age of 1341 + 47 Ma Ma has been recorded

(Seth et al., 2005).

At least two major anorthosite units can be distinguished, separated by a NE-SW trending
belt of granitoid intrusions (Morais et al., 1998; Driippel et al., 2001; Fig. 1):

(1) The majority of the KIC exposed in Angola displays a N-S elongation and is mainly
composed of dark, weakly altered anorthositic rocks (mainly anorthosites and leucotroctolites;
e.g. Carvalho and Alves, 1990, Silva, 1990, 1992, Ashwal and Twist, 1994, Morais et al.,
1998, Slejko et al., 2002, Mayer et al., 2004). Based on satellite images Ashwal & Twist
(1994) concluded that even this northern part of the KIC represents a composite massif,
composed of at least eight separate anorthosite plutons. A similar interpretation has also been
reached by Morais et al. (1998) and Slejko et al. (2002), who distinguished at least two
individual anorthosite bodies in the Angolan part of the KIC, a northern and a southern zone,
that display remarkable differences in their geochemical characteristics and mineralogy.

(3) The southernmost KIC, on the other hand, including the study area in Namibia (Fig. 1,
2), has a pronounced E-W elongation. In this area the KIC mainly consists of heavily
tectonised and pervasively altered pale anorthosite, the ‘white anorthosite’ (cf. Kostlin, 1967,
1974, Menge, 1998, Driippel et al., 2001). The coarse white anorthosite is characterised by a
white or pale violet and greenish colour and comprises anorthosites senso stricto as well as
leuconorites with abundant orthopyroxene of up to 8 cm in diameter. This white anorthosite
massif is intruded by subordinate, sheet-like bodies of dark, weakly altered anorthosites,
leucogabbronorites and leucotroctolites (‘dark anorthosite') that typically contain xenoliths of
the white anorthosite. Anorthosites and leucogabbronorites of the dark anorthosite suite

mainly occur in the centre of the white anorthosite massif, forming the Zebra Mountains, and
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grade into small bodies of leucotroctolite and olivine-bearing anorthosite towards the margin
of the KIC. Cumulate textures are relatively widespread on a local scale; yet no evidence for
extensive layering or igneous lamination was recognized, in contrast to the interpretation of
aerial photographs by Menge (1996, 1998). If transected by major faults dark anorthosite is
always strongly sericitised and can then be easily confused with the white anorthosite.
Towards the north, the dark anorthosite massif is terminated by a major NE trending, ca. 6 km
wide dextral shear zone, the ‘Serpa Pinto Lineament’ of Menge, 1998, which is partly
intruded by small dark anorthosite bodies. Along this major fault bundle the white anorthosite
is strongly tectonized and partly intermingled with structurally isolated and incorporated
blocks of the Orue Unit (Fig. 2).

For the emplacement of the KIC at the southern margin of the Congo craton, an internal
biotite-plagioclase whole-rock Rb-Sr isochron date of 1347 + 13 Ma has been determined for
an anorthosite sample of the northern Angolan part of the complex (Mayer et al., 2000). This
age has been superseded by an almost concordant U-Pb age of 1371 + 2.5 Ma using zircons
from a cogenetic mangerite vein (Mayer et al., 2004). The latter age is in accordance with a
preliminary, subconcordant U/Pb single-zircon age of 1385 = 25 Ma, obtained for a
leucogabbronorite sample of the dark anorthosite suite from Namibia (Driippel et al., 2000). A
Sm-Nd mineral (amphibole-biotite-plagioclase-pyroxene) bulk rock age of 1319 + 13 Ma,
determined on an Angolan anorthosite, marks the end of the anorthosite activity (Mayer et al.,
2004). Radiometric dates for the white anorthosite are lacking, so far. The age of the
emplacement and cooling of the KIC between c. 1385 and 1319 Ma covers the ages of both
contact metamorphism at ca. 1341 Ma and the regional metamorphic overprint of the Orue
Unit at 1340-1320 Ma, suggesting that the emplacement of the anorthositic magma had a

regional thermal effect on the bordering Orue Unit.
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Massive Fe-Ti ore bodies have been reported from all parts of the KIC (e.g. Morais et al.,
1998, von Seckendorff et al., 2000) but are, in our study area, largely restricted to the white
anorthosite. Several small mafic (gabbro) and ultramafic bodies (pyroxenite, hyperite,
peridotite) which are inferred to be genetically related to the KIC, crop out within the
basement near the contact to the KIC (Fig. 2). Close to its southernmost margin, the Namibian
KIC as well as the neighbouring basement are transected by numerous SE and NE trending
felsic dykes (mainly alkali granites, syenites, syenodiorites). These felsic intrusives may be
subdivided into two units (Fig. 2): (1) an older generation of mainly ENE trending bodies of
up to 40 km long and 2-3 km wide is exposed in the Epupa Complex and (2) a second
generation of mainly NW trending dykes exposed over 100 m in length and 3-10 m in width
are observed exclusively within the marginal zones of the KIC. The emplacement of the felsic
rocks in both areas may be related to regional granitic magmatism in NW Namibia in the
Mesoproterozoic, i.e. the granite belt that separates the northern and southern part of the KIC
(Rb-Sr whole-rock isochrons of 1411-1302 Ma: Torquato et al., 1979) and mangerite veins in
anorthosite in Angola (U/Pb single-zircon age of 1371 2.5 Ma: Mayer et al., 2004). Near the
southern margin of the KIC, the basement rocks are intruded by several nepheline syenite
stocks with U-Pb zircon ages of ca. 1216-1213 Ma (Littmann et al., 2000; Fig. 2) In the
southeastern part of the KIC, in the Swartbooisdrif area, the subsequent emplacement of ca.
1140 Ma ferrocarbonatites as dykes was locally responsible for a local but pervasive

fenitisation of the older felsic rocks (Driippel et al., 2005).

3. Analytical methods

All electron microprobe analyses reported here were performed on a CAMECA SX50

instrument, with three WDS spectrometers, housed in the Institute of Mineralogy, University
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of Wiirzburg or on a CAMECA SX50 and SX100 at the GeoForschungsZentrum Potsdam
(GFZ). Operating conditions were 15 kV accelerating voltage and 15 nA beam current with 1-
5 um spot size of Wiirzburg and 20 nA beam current with 2-5 um for amphibole, pyroxene,
epidote and magnetite/ilmenite to 10 pm for feldspar at the GFZ Potsdam. The accessory
minerals apatite and zircon were measured with an accelerating voltage of 20 kV, using a
beam current of 10 nA for apatite and 40 nA for zircon at the GFZ Potsdam.

The X-ray fluorescence (XRF) analyses of the major and trace element content
anorthositic and granitic rocks were determined from fused glass discs with a Philips PW
1480 XRF spectrometer at the Institute of Mineralogy, Wiirzburg. Matrix effects were
corrected automatically by the Philips X40 software. The relative analytical error for major
and trace elements is 1 % and 1-8 %, respectively. FeO contents were analysed using a ZEISS
PMD 2 spectral photometer.

Additional trace elements of selected samples were analysed by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) using a VG Plasma Quad PQ** at the GFZ Potsdam,
Germany. Sample powders were digested in HF-HCI1Oy,, dried and then redissolved in dilute
HNOs;. Calibration was carried out using multi-element solutions and routinely checked for
accuracy with international geological reference materials. Precision is generally better than +
10% (rel.) for each element (Plessen, 1997).

Rare earth element analyses were carried out at the GFZ Potsdam. Sample preparation
followed the method of Zuleger and Erzinger (1988). Measurements of REE and Y
concentrations were conducted by ICP-AES. Details on ICP equipment, operating conditions,
background wavelength corrections and background equivalent concentrations as well as
precision of the method are given in Zuleger and Erzinger (1988).

Stable isotope ratios are reported for hand-picked mineral separates of feldspar. The

silicates were treated with CIF; according to the method described by Borthwick and Harmon
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(1982) at the Geochemical Institute, University of Gottingen. All 8O values are given
relative to SMOW. The reproducibility of 8'%0 values is better than + 0.2 %o.

The Sr and Nd isotope composition of the whole rock samples was determined at the GFZ
Potsdam. The whole rock powders were dissolved in HF on a hot plate (160°C). After drying,
residues were redissolved in 6N HCIl and split for the determination of the isotopic
composition (IC) and for concentration determination by isotope dilution (ID). The ID splits
were spiked with ®’Rb-**Sr tracer and a ""°Nd-'*’Sm tracer. Strontium and rubidium were
analysed on Ta filaments using a VG Sector 54-30 mass spectrometer and neodymium and
samarium were analysed with a Finnigan MAT 262 mass spectrometer on Re filaments. All
Sr ratios were normalized to **Sr/**Sr = 0.1194. The average value for *’Sr/*°Sr obtained from
NBS SRM 987 standard during the period of this study was 0.710246 + 10 (26, n = 20
independet measurements). Mass fractionation for Nd and Sm was corrected by normalizing
to "*Nd/"**Nd = 0.7219 and "’Sm/"**Sm = 0.5608, respectively. Repeated analysis of the La
Jolla standard yielded a value of '“Nd/"**Nd = 0.511855 + 8 (206, n = 15 independent
measurements). For details see Romer et al. (2005). Initial Sr and Nd isotopic ratios were
calculated using Rb/Sr and Sm/Nd ratios determined by isotope dilution.

Zircon was used for the U-Pb age determination of the syenite suite at the GFZ Potsdam.
The zircon separates were produced using Wilfley table, heavy liquids, and Frantz isodynamic
magnetic separator. Concentrates were purified by hand under the binocular microscope. The
individual analyses were performed on euhedral, unbroken crystals. A mixed **Pb-**U tracer
was added before sample dissolution in HF. The samples were dissolved in teflon capsules in
a Parr® autoclave at 220°C for four days. After drying the samples on the hot plate, samples
were taken up in 6N HCI and redissolved overnight in the Parr® autoclave at 220°C. U and
Pb were separated using the ion-exchange chromatography of Krogh (1973). Pb and U were

loaded together with colloidal silica and H3;PO4 on a single Re-filament. The isotope ratios for



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

K. Driippel et al. 11
Pb and U were determined at 1200-1260°C and 1300-1560°C, respectively, on a Finnigan
MAT 262 multi-collector mass spectrometer using an ion-counter and Faraday collectors.
Analytical precisions on the 26 level, including uncertainties for the mass fractionation, are
generally better than 0.1%, except for ratios involving 2%Pb. The total procedure blanks were

5 to 10 pg for Pb and below 1 pg for U. Ages were calculated using the constants

recommended by IUGS (Steiger and Jager, 1977).

4. Petrography and Mineral Chemistry

Data on the mineral chemistry of selected minerals were obtained for 20 rock samples out
of a total of 67 samples of the anorthosite suite and 6 rock samples out of 57 samples of the
granite-syenite suite. Representative analyses of feldspar, pyroxene and amphibole are
compiled in Tables 1 to 3. The full set of EMP analyses is given in Driippel (2003) and may

be obtained from the first author, on request.

4.1. Anorthositic rocks

The petrography and mineral chemistry of the anorthositic rocks of the KIC were
discussed in some detail by Driippel et al. (2001). The authors have shown that both the white
and the dark anorthosite suite display the primary magmatic assemblage of cumulus
plagioclase (Ans3.s3 and Ang3.7s, respectively) * olivine + orthopyroxene * clinopyroxene *
biotite + pargasite/magnesio-hastingsite + ilmenite + magnetite * apatite  zircon % sulfides.

Crustal xenoliths are represented by relic xenocrysts of andradite-rich garnet (average

composition: Adr7;,Grs;7), which are exclusively observed in samples of white anorthosite and
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in leucogabbronorite of the dark anorthosite suite. The fractured garnet grains are partially
replaced by chlorite and surrounded by late-magmatic pargasite. The mineralogical
compositions of the xenoliths point to a contamination of the parental melt with calc-silicate

gneisses of the country rock.

4.1.1 White anorthosite

White anorthosite represents the first recognisable generation of anorthosite magmatism.
A characteristic feature of the white anorthosite is the dominance of coarse (commonly 1-5
cm in diameter), anhedral cumulus plagioclase (87-99 vol.%). Plagioclase crystals commonly
display embayed grain boundaries and suffered an almost complete hydrothermal alteration
(i.e., saussuritisation, albitisation and/or sericitisation), responsible for the white to pale violet
or greenish colour of these rocks. Unaltered plagioclase relicts (Angs.53) mostly exhibit a weak
normal or oscillatory zoning with an average An-decreases from core to rim of about 2
mol.%.

Cumulus to interstitial orthopyroxene (Xwmg: 0.71), in cases forming orthopyroxene-
megacrysts of up to 8 cm in diameter, is the main Fe-Mg silicate present in the leuconorites
and is commonly completely replaced by chlorite that encloses preserved ilmenite exsolution
lamellae. Accessory intercumulus clinopyroxene is always completely replaced by late
actinolite and enveloped by a narrow rim of late-magmatic pargasite (Al p.f.u.: 2.42-2.97;
Xmg: 0.65-0.70; Table 3). Magnetite and ilmenite are minor constituents of the white
anorthosite and occur as discrete anhedral grains in the interstices of cumulus plagioclase.
Olivine or its alteration products have not been observed in the investigated samples.

Small-scaled ductile shear zones transect part of the samples. Locally, plagioclase is

strongly deformed or even recrystallised to granular mosaics of inversely zoned albite (Ans4
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to Ans.jp), that presumably formed during the hydrothermal alteration of the rocks. Late

cracks are filled by carbonate and/or epidote.

4.1.2 Dark anorthosite

In the subsequently emplaced dark anorthosite suite subhedral tabular coarse-grained
(commonly 0.5-3 cm in diameter) cumulus plagioclase is the dominant mineral (65-99 vol.%).
The vast majority of the analysed plagioclase crystals display minor chemical zoning, with the
anorthite contents falling in the compositional range of andesine to labradorite (Angs.7s5; Table
1). The An-contents of plagioclase increase in the sequence (1) leucogabbro/pyroxene
anorthosite (Angs.s4), (2) leucotroctolite/olivine anorthosite (Ang7.60), and (3) garnet-bearing
leucotroctolite (Anss.;s). Minor orthopyroxene and clinopyroxene are the dominant mafic
minerals (3-12 vol.%) in the leucogabbronorite samples (Fig. 3a). They occur as large,
subhedral to anhedral cumulus to intercumulus phases or form rims around olivine. Following
the IMA-classification (Morimoto, 1988) clinopyroxene of the leucogabbronorites
(Wous4EnzgFsiss  — WousssEnp78Fsyp7) and  leucotroctolites  (Wos003Enzs4Fssis  —
Woys7Ensg 1Fsi23) is diopside and subordinately augite (Table 2). The Al,Os content of
clinopyroxene increases from leucogabbronorite (1.5-1.9 wt.%) to leucotroctolite (1.7-3.3
wt.%). Orthopyroxene of the anorthositic suite is enstatite with high Xy, (0.54-0.63) but with
lower Al,O3 contents (0.4-1.8 wt.%; Table 2). In the olivine anorthosite and leucotroctolite
subordinate olivine (5-8 vol.%; Xwm,:0.54-0.65) occurs as small subhedral inclusions in
plagioclase or as large, subhedral to anhedral, interstitial grains, partially rimmed by pyroxene
(Fig. 3a, 3b). Magnetite is observed as minute inclusions in plagioclase and olivine, or,
together with ilmenite, as large, anhedral grains in the interstices between plagioclase crystals
(up to 3 vol.%). Especially in the leucogabbronorite, both, ilmenite and pyroxene are

surrounded by narrow rims of late-magmatic biotite (Xyg: 0.39-0.67) and amphibole. The vast
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majority of late-magmatic amphibole of the leucogabbronorite and pyroxene anorthosite of
the dark anorthosite suite is magnesio-hastingsite/pargasite to ferro-pargasite/hastingsite (Al
p.fiu: 1.82-2.51; Xy 0.46-0.73; Table 3). Anorthosite senso stricto contains only minor
amounts of Mg-Fe silicates and Fe-Ti oxides (0.5-3 vol.%). Zircon is extremely rare and has
only been observed in two of the 67 investigated anorthosite samples. Apatite is commonly
present as an accessory phase in the leucogabbronorites, where it occurs as inclusions in the
late-magmatic amphibole and biotite. In some leucotroctolite samples garnet-bearing corona

textures are developed around olivine and Fe-Ti oxides (Driippel et al., 2001).

4.2. Felsic rock suite

The felsic rocks are characterised by a coarse equigranular, massive appearance. A weak
foliation is exclusively developed in the marginal zones of the large granite bodies in the
basement and is attributed to syn-emplacement deformation. Small felsic dykes transecting
the KIC, on the other hand, locally show igneous lamination, defined by a preferred
orientation of feldspar. The samples investigated are mainly composed of subhedral to
anhedral, tabular alkali feldspar (55-75 vol.%; microcline and occasional orthoclase: Orgj.g3),
displaying strong micro- to mesoperthitic albite exsolution (An;.4; Fig. 3c). Reintegrated
compositions of alkali feldspar cores fall in the range of Abs33An;¢Orssg — AbgsgAny Orjg
whereas the feldspar rims have a more albite-rich composition (AbgsgAnyeOrjos —
Abgg3An;3 |Orge) or are the almost pure albite end member (Abgsgg). String perthite,
transgressing into patch and block perthite is most common, whereas other exsolution textures
like braid, vein, plate or flame perthite are rare. A second generation of later microcline may
occur, forming separate, anhedral grains that lack exsolution textures. Sericitization 1is

concentrated in the crystal cores. Platy plagioclase with weak reverse zonation (Ang.jg; Table
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1), showing mostly subhedral to euhedral shape occurs in variable amounts (5-35 vol.%), but
is always less abundant than alkali feldspar. Secondary albite, grown at the expense of alkali
feldspar, exhibits a weak normal zonation (Ang.s to Ang,) or is the unzoned, almost pure
albite end member. In some of the samples that underwent hydrothermal alteration secondary
albite may be present in significant amounts of > 50 vol.%.

The dominant mineral among the Fe-Mg silicates (5-23 vol.%) in most of the felsic rock
samples is hastingsite, which is either enclosed by plagioclase or fills interstices between
individual feldspar crystals. Amphibole of both textures displays low Al and Xy, (Al p.fou.:
1.91-2.10; Xwmg: 0.01-0.06) when compared to amphibole of the anorthosite suite (Table 3). In
quartz-poor or -free samples greenish clinopyroxene (3-8 vol.%; Xwme: 0.45-0.51) may be
present, which fills interstices between feldspar crystals (Fig. 3d), but may also occur as
inclusions in feldspar. The clinopyroxene is generally more hedenbergitic in composition
(Wou33Enss 1Fsos0 — Wous 1 Engs sFs243) when compared to that of the anorthositic rocks
(Table 2). Its Al,O3 contents are low (0.4-0.8 wt.%), reflecting the Al-poor whole-rock
composition of the rocks. In most samples clinopyroxene is partially to completely replaced
by fibrous ferro-hornblende to ferro-actinolite (Xyg: 0.23-0.31). Anhedral magnetite, either
spatially associated with ilmenite or displaying oxidative exsolution of ilmenite after lamellae
as well as anhedral quartz (granite 13-25 vol.%, quartz-bearing syenodiorite: 5-8 vol.%) fill
interstices between feldspar crystals. Titanite (aTtn: 0.87-0.90), forming large anhedral grains
or as rims around Fe-Ti oxides, is the most common accessory phase, associated with
euhedral zircon. Apatite occurs as stubby prisms, commonly enclosed by plagioclase.

Secondary enrichment of epidote (Ps»;.34), locally associated by carbonate and/or chlorite
(Xmg: 0.09-0.11), is common in samples, where hydrothermal alteration is more pronounced.
A conspicuous feature are symplectitic intergrowths of green hastingsite (Xy,: 0.01-0.06),

plagioclase (Ang.;g), ilmenite and magnetite replacing interstitial hastingsite.
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5. Geochemical characteristics

Major and trace element geochemical data were obtained for 56 rock samples of the
anorthosite suite and 33 rock samples of the granitoid suite. Representative analyses of the
major and trace element data and of the REE data are compiled in Tables 4 and 35,
respectively. The full set of analyses is given in Driippel (2003) and may be obtained from the

first author, on request.

5.1. Anorthositic rocks

Both the white and the dark anorthosite suite are rich in Al,O3 (21-29 and 16-30 wt.%),
SiO, (45-51 and 38-54 wt.%), CaO (4-13 and 7-13 wt.%), and Na,O (4-9 and 3-6 wt.%),
reflecting high amounts of plagioclase, whereas they are deficient in all other oxides (Fig. 4).
The Fe'*'/(Fe'"+Mg) ratio is > 0.28, pointing to anorthosite crystallization from a fractionated
melt (Fig. 5). The highest average FetOt/(Fet°t+Mg) values occur in the white anorthosite (0.51-
0.74) and leucogabbronorite of the dark anorthosite suite (0.31-0.66). The geochemical trends
of the major elements of the least altered samples of the dark anorthosite suite, as
demonstrated in various Harker diagrams, correlate well with varying modal proportions of
plagioclase and Fe-Mg silicates and Fe-Ti oxides and are hence unlikely to reflect different
degrees of fractionation. Decreases of Si, Al, Ca, and Na are accompanied by increases of Fe,
Mn and Mg from anorthosite and troctolite towards leucogabbronorite of the dark anorthosite
suite (Fig. 4, 5). Leucogabbronorites generally display the highest values of K and P,
reflecting generally high amounts of late-magmatic biotite and apatite, which crystallized

from pockets of intercumulus melt. Trends of the white anorthosite are mostly
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indistinguishable from those of the dark anorthosite suite, with the exception of Na and K that
were apparently strongly enriched during the hydrothermal alteration.

The highest values for Ni are obtained for olivine-bearing rock samples, whereas the high
V and Zn values of the leucogabbronorites are reflected by higher modes of ilmenite and
pyroxene. The highest Sr concentrations have been obtained for white anorthosite and
pyroxene anorthosite/leucogabbronorite of the dark anorthosite suite, which also exhibit the
highest overall trace element abundances. Regarding their rare earth element patterns, all
anorthositic rocks are characterized by a variable enrichment of the light REE (Lan/Yby: 3.3-
26.9), a strong positive Eu (Eu/Eu*: 1.3-11.2) anomaly and flattening in the heavy REE (Fig.
6), typical of plagioclase cumulate rocks. In the dark anorthosite, the overall abundance of
REE increases in the sequence leucotroctolite/olivine-bearing anorthosite towards pyroxene-
bearing anorthosite/leucogabbronorite, resulting in a relative decrease of the Eu anomaly. The
overall increase of the REE can be partly explained by a higher modal abundance of apatite in
the leucogabbronorite. The white anorthosite shows strongly varying REE patterns, one (Ku-
97-45; Eu/Eu*: 7.1, Lan/Ybn: 26.9) resembling that of the leucotroctolites of the dark
anorthosite suite whereas two other patterns (Ku-98-44, Ku-97-33b; Euw/Eu*: 1.6-2.3;
Lan/Ybn: 5.9-12.6) agree well with those of the leucogabbronorites and pyroxene
anorthosites. It may thus be concluded that the white anorthosite, like the dark anorthosite, is
not only composed of anorthosites senso stricto as was proposed by Menge (1998) but also
comprises leucotroctolites and leucogabbronorites. When compared to the corresponding
lithologies of the dark anorthosite suite, all three white anorthosite samples display a slight
enrichment in the light REE and a relative decrease of the heavy REE, indicating either an
elevated amount of crustal contamination or a later alteration of the rocks.

The major and trace element data of the anorthosite suite permit comparison with large

Proterozoic anorthosite massifs of N America, like Harp Lake, Marcy, Nain, and Lac Saint-
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Jean (see Ashwal, 1993, for a review; Fig. 5). When compared to the anorthosites investigated
in the Angolan part of the KIC (Morais et al., 1998), the Namibian rock suite is characterised

by a similar variability of geochemical compositions but higher average amounts of Na,O.

5.2. Felsic rock suite

The geochemical characteristics of the felsic rock suite have been investigated for dykes
transecting both the basement and the KIC. The SiO, contents of the felsic rocks exposed in
the basement range between 71-76 wt.%, whereas those of the dykes transecting the
anorthositic KIC are distinctly lower (51-66 wt.%). According to the classification of Cox et
al. (1979; Fig. 7), the granitic bodies intruding the basement can be classified as alkali
granites to granites, whereas the felsic dykes transecting the anorthositic KIC are syenites and
syenodiorites. The syenites/syenodiorites are either slightly quartz-normative or slightly
nepheline-normative. Quartz-normative syenite and syenodiorite samples can be classified as
jotunites to mangerites, whereas the granites resemble charnockites following the
nomenclature of Streckeisen (1974) for charnockitic rocks that is often adopted for felsic rock
suites associated with anorthosite massifs.

Samples of the felsic rock suite are generally enriched in K,O (1.3-5.8 wt.%) and/or Na,O
(3.6-8.3 wt.%) relative to CaO (<5.9 wt.%, except for Ku-98-204: 10.0 wt.% CaO). The data
for samples of the felsic rock suite form coherent arrays on major and trace element variation
diagrams (Fig. 4), involving a negative correlation of Si with Ti, Fe, Mn, Mg, Ca, and P. Al
and Na of the syenites and syenodiorites are positively correlated with Si, whereas Al and Na
of the alkali granites decrease with increasing Si. Syenites and syenodiorites affected by a
later alteration display higher Na,O (7.2-10.5 wt.%) and lower K,O (0.1-2.3 wt.%), reflected

by the high modal amounts of secondary albite in these samples. Moreover these samples
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partly record higher amounts of the trace elements V, 17-181 ppm (unaffected: 11-76 ppm),
Zn, 32-532 ppm (unaffected: 25-201 ppm), Zr, 117-3326 ppm (unaffected: 49-2598 ppm),
Nb, 52-497 ppm (unaffected: 9-178 ppm), Sr, 173-1309 ppm (unaffected: 40-674 ppm), and
sums of the REE, 638-1424 ppm (unaffected: 325-399 ppm). An extremely high Sr value of
4514 ppm is recorded for the weakly altered but strongly deformed syenodiorite sample Ku-
98-204, that also contains high amounts of Al,O3 (23.4 wt.%) and CaO (10.0 wt.%).

The trends observed for the felsic rock suite generally differ from those obtained for the
anorthositic rocks. The ratio FeO"/(MgO+FeO™") is constantly high, ranging between 0.91-
0.96 in the granite and 0.80-0.99 in the syenite/syenodiorite (except sample Sy-18 with a
value of 0.71; Fig. 8a), thus plotting in the ferroan field of Frost et al. (2001). The syenites
and syenodiorites are alkalic in composition, whereas the alkali granites are alkali-calcic (Fig.
8b). Most of the felsic rock samples analysed are metaluminous to slightly peraluminous Fig.
8c). They generally contain abundant LIL (Rb, Ba, REE) and HFS elements (Zr, Y, Nb),
typical of A-type granites (Fig. 8d). In the discrimination diagrams Y vs. Nb and (Y+Nb) vs.
Rb of Pearce et al. (1984) most samples plot in the field of within-plate granites (Fig. 8e, f).
Chondrite-normalized REE plots of the felsic rock samples are almost identical (Fig. 6e).
Lan/Yby ratios of 5.9-60.1 indicate a variable but moderate LREE enrichment. With Eu/Eu*
ratios varying between 0.72 and 1.06, the rocks lack accentuated Eu anomalies. An extensive
plagioclase fractionation can thus be ruled out.

The major and trace element data of the granitoid suite of NW Namibia is similar to that
recorded by felsic rock suites associated with large Proterozoic anorthosite massifs like for
example the adamellite suite of Harp Lake (Emslie, 1980; see Ashwal, 1993, for a review;

Fig. 5).
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6. U-Pb Geochronology

One weakly altered syenodiorite sample (Ku-98-201) was chosen for the U-Pb age
determination on zircon. The 80 to 150 pm long zircon crystals of this syenite are slightly
rounded at tips and edges and show irregular cores. The cores have weak or no
cathodoluminescence (CL), whereas the margins show strong CL emission. The contrasting
CL intensity suggests higher amounts of uranium and thorium in the cores (Poller et al.,
2001). The zircon samples have uranium contents between 135 and 172 ppm and total Pb

contents between 41 and 48 ppm. Their Th/U,omic, as calculated from (208Pb/206

Pb)radiogenic and
the age, ranges from 0.87 to 0.93, which is typical for mafic and mantle-derived magmatic
rocks (e.g., Heaman et al., 1990). Four multi-grain short-prismatic, pink to pale-brown zircon
samples of igneous origin (Table 6) yield slightly discordant data that define an upper
concordia intercept at 1376 + 2 Ma (20, MSWD = 0.4; forced through 0 Ma; Fig. 9), which is
identical with the weighted **’Pb/**°Pb average age of 1376 + 2 Ma. The low-U margins
apparently had no effect on the age determination irrespective of the timing of their formation,
i.e. late-magmatic or during the late hydrothermal alteration. The age of 1376 = 2 Ma (20) is
interpreted to date the emplacement of the felsic rock suite. It coincides with the concordant
U/Pb single-zircon age of 1371 £ 2.5 Ma determined for a mangerite vein of the Angolan part

of the KIC (Mayer et al., 2004) and the less precise U/Pb single-zircon age of 1385 *+ 25 Ma,

obtained for a leucogabbronorite sample from Namibia (Driippel et al., 2000).

7. Isotope characteristics

7.1. Oxygen isotopic data
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The utility of stable isotopes as monitors for the source rocks and processes like crustal
assimilation and hydrothermal alteration of anorthosites and related rocks has been
demonstrated in various studies (Taylor, 1968; Valley and O’Neill, 1982, Morrison and
Valley, 1988; O’Connor and Morrison, 1999; Peck and Valley, 2000). Since both the
anorthosite and the felsic rock suite are dominantly composed of feldspar, the obtained
plagioclase and alkali feldspar 8'°0 values are a good proxy for the bulk rock §'"0. For
analyses of the oxygen isotopic composition of the anorthositic suite, plagioclase was
separated from 8 samples of the dark anorthosite and 6 samples of the white anorthosite.
Oxygen isotopic compositions of the felsic suite were determined for hand-picked K-feldspar
and plagioclase from one quartz-syenite and 4 syenite samples. Analytical results are listed in

Table 7 and shown in Fig. 10.

7.1.1. Anorthosite suite

Most plagioclase separates from rock samples of the dark anorthosite suite exhibit a
narrow range in 80 (5.61-6.13 %o), in accordance with typical values of 5.8-7.6 %o for
magmatic anorthosite from occurrences world-wide (e.g. Ashwal, 1993). The obtained 5'%0
values are similar to those from typical basalts and gabbros and are thus consistent with
uncontaminated mantle-derived parental melts. Just one leucotroctolite sample (Ku-97-105),
taken from a fault zone at the contact between the Epupa Complex and the Kunene Intrusive
Complex has a considerably lower plagioclase 80 of 3.19 %. Extremely low 80 values of
down to -6 %o have been reported for the Boehls Butte (Idaho) and Bitterroot (Montana)
anorthosite complexes (Mora and Valley, 1988) and have been interpreted to be due to
subsolidus alteration of these rocks. For the KIC, these low values could also be related to an

exchange with meteoric or hydrothermal fluids. In addition, the low 8'*0 values of the dark
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anorthosite samples might be attributed to the abundance of very fine grained Fe-Ti oxide
inclusions in plagioclase of these samples that might have caused a shift of the O isotope
ratios to lower values.

Three of five samples of the white anorthosite display plagioclase §'°O values of 5.35-
6.14, 1.e. in the range of unaltered plagioclase from the dark anorthosite. Thus, a pervasive
alteration by circulating crustal fluids and/or meteoric water seems rather unlikely. A more
convincing explanation is that the alteration of the white anorthosite results from an
interaction with fluids released by younger anorthositic melts, since fluids like these would
have no effects on the isotopic composition of plagioclase. This interpretation is in agreement
with the preservation of the magmatic REE patterns in white anorthosite. A conspicuously
high 8'%0 value of 7.30 has been determined for plagioclase from a white anorthosite sample,
which is ~ 1.4 %o higher than the values found in the 'normal’, magmatic plagioclase of the
white and dark anorthosite. This high 8'°0 value presumably reflects contamination with
crustal calc-silicate material of this rock sample. Another white anorthosite sample, taken
from a major fault zone, exhibits a lower 8'*0 value of 2.36, which agrees well with the one
obtained for the fault-related leucotroctolite sample. In conclusion, the intermediate
plagioclase §'°0 values (average: 5.88 + 0.19 %o 8'°0) of rocks from both the dark and the
white anorthosite suite are interpreted to be magmatic in origin. Lower plagioclase 30
values (2.36-3.19 %o 8'°0) seem to have resulted from the influx of meteoric waters restricted
to faults and the higher 8'%0 value (7.30 %o 8'®0) seem to have been caused by crustal

contamination.

7.1.2. Felsic rock suite
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The 8O values of four alkali feldspar separates from both the syenites and
syenodiorites fall in a restricted range of 7.22-7.92 %o (mean: 7.50 £ 0.26 %oc). Almost
identical values have been obtained for plagioclase separates of the respective samples (7.20-
7.52 %o; mean: 7.36 £ 0.16 %o), suggesting equilibrium crystallization of the two feldspars.
The obtained values are interpreted to be magmatic, since the small shift of 880 values and
the coincidence of the §'*O values of K-feldspar and plagioclase in the felsic rocks are
inconsistent with low-temperature alteration. It has to be mentioned, however, that the
average 3'*0 value of feldspar from the felsic rock suite is about 1.6 %o higher than the
average plagioclase 8'°O of the anorthosites (Fig. 10). Although there is a general increase in
80 with increasing Si0; during closed-system crystal fractionation, since silica tends to
concentrate the heavy oxygen isotope (Taylor and Sheppard, 1986), this effect is significantly
smaller than the observed contrast in 8'°0 between the felsic and anorthositic suites of the

Swartbooisdrif area.

7.2. Sr and Nd isotopic data

Anorthosites and the associated felsic rocks, which locally occur as dykes within the
anorthosites, show Sr(7) and Nd(7) isotopic compositions that fall into two groups, with
overlapping €Ndr) values of +3.0 to —0.4 (Table 8). The 87Sr/865r(T) values of the anorthosites
define a narrow range of 0.70284 to 0.70413. This seems to be real as all samples have low
%"Rb/*°Sr values and high Sr contents, which resulted in only very small corrections for in situ
St growth (< 0.0015) and made the Sr isotopic composition little sensitive to later Sr
additions. The highest *’Sr/**Sr(r, values of 0.70385 and 0.70413 are recorded by the white
anorthosites, which underwent both crustal contamination and later alteration. In contrast, the

syenites/syenodiorites define a broader range in 87Sr/%Sr(T) than the anorthosites, i.e., 0.70245



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

K. Driippel et al. 24
to 0.70761, whereby the relatively radiogenic 87Sr/868r(T) values derive from samples with
high Sr contents and low *’Rb/*°Sr values. The highest 87S1/*Sr 1) ratios of 0.70718, 0.70761
and 0.70627 are recorded by the felsic rock samples Ku-98-201 (197 ppm Sr), Ku-98-204
(4514 ppm Sr), and Ku-98-200 (1301 ppm Sr), that underwent a variably severe secondary
alteration and/or deformation. Samples with less radiogenic 87Sr/86Sr(T) ratios than those of the
anorthosites are characterized by both low Sr contents and relatively high *’Rb/*°Sr ratios.
Thus, the low *’Sr/**Sr(r, values are bound to samples that are sensitive to Rb and Sr addition,
which would result in a direct shift of the isotope ratios and indirectly — for Rbagdition > STaddition
— in an overcorrection of ®’Sr growth for the time before Rb and Sr addition. Hence, it is
possible that the felsic rocks are derived from a source that had more radiogenic *’Sr/*°Srr,)
values than the anorthosites.

In comparison with other geochemical reservoirs present at 1.38 Ga, the Nd and Sr
isotopic composition of the anorthosites and syenites have distinctly more radiogenic Nd
isotopic compositions and typically less radiogenic Sr isotopic composition than the northern
Namibian crust (Seth et al., 2005) and fall at the low-'*Nd/"**Nd end of the field defined by
sub-continental lithospheric mantle and depleted mantle (Fig. 11). Regarding their eNdr)
values of +3.0 to + 1.1, the anorthosites from the Namibian part of KIC strongly differ from
two anorthosite samples of the Angolan KIC, for which distinctly lower éNd(t) values of -5.72
and -6.36 have been calculated by Slejko et al. (2002). On the other hand, the ¥'St/**Srr,
ratios of 0.7038 to 0.7045 constrained for the Angolan anorthosites by Morais et al. (1998) are
in the range of the values of the Namibian samples presented in this study (i.e. 0.7028 to

0.7041).

8. Summary and conclusions
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8.1. Mineralogical and geochemical characteristics of the anorthosites and related rocks

The part of the KIC exposed in NW Namibia mainly comprises pale coloured, massive,
white anorthosites (i.e., anorthosites senso stricto and leuconorites) that are characterised by a
strong deformation and alteration, i.e., sericitisation, saussuritisation, and albitisation of
plagioclase and chloritization of Fe-Mg silicates. The white anorthosite massif is intruded by
massive, moderately altered dark anorthositic rocks, comprising anorthosites,
leucogabbronorites and leucotroctolites.

There is a small volume of associated felsic rocks, whereas gabbroic rocks are rare. Felsic
rocks transecting the metapelitic rocks and orthogneisses of the Orue Unit are alkali granites
and always more SiO,-rich than the felsic rocks emplaced within the KIC, i.e., syenites and
syenodiorites, suggesting that the composition of the melt parental to the felsic rock suite is
modified by a veritable contamination by the respective bordering country rock. Moreover
part of the felsic rock samples, especially those exposed as dykes within the KIC, show a
severe late hydrothermal alteration that caused their transformation into albitites. The U-Pb
zircon age of 1376 = 2 Ma, determined for an altered syenodiorite intruding the KIC, is
interpreted to date the emplacement of the felsic rock suite. It coincides with the concordant
U-Pb single-zircon age of 1371 £ 2.5 Ma determined for a mangerite vein of the Angolan part
of the KIC (Mayer et al., 2004) and the less precise U-Pb single-zircon age of 1385 £ 25 Ma,
obtained for a leucogabbronorite sample from Namibia (Driippel et al., 2000), suggesting that
the anorthosite and the felsic rock suites are formed during the same igneous event. The age
of the KIC and the respective compositions of the anorthositic and the felsic rock suites
resemble that of other large Proterozoic anorthosite massifs worldwide like, for example,

Harp Lake, Marcy, and Nain (see Ashwal, 1993, for a review). However, in clear contrast to
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many other Proterozoic massif-type anorthosites, the KIC experienced no prograde
metamorphic overprint after its emplacement at 1.38 Ga.

The early emplaced white anorthosite as well as leucogabbronorite and pyroxene-bearing
anorthosite of the dark anorthosite suite generally display higher Fe/Mg ratios of the Fe-Mg
silicates and higher absolute amounts of late-magmatic biotite and amphibole and of
accessory apatite when compared to the olivine-bearing anorthosites and leucotroctolites of
the dark anorthosite suite. Moreover, both units frequently display crustal xenoliths of calc-
silicate material. The highest Sr concentrations have been obtained for the white anorthosite
and the pyroxene-bearing anorthosite/leucogabbronorite of the dark anorthosite suite, which,
at the same time, exhibit the highest overall trace element abundances. Lowest average Sr
concentrations (470-640 ppm) are recorded for the olivine-bearing anorthosites and
leucotroctolites, corresponding with the highest average An-contents of plagioclase and
lowest total sums of incompatible trace elements. An inverse correlation between Sr and the
An-content is a common feature of layered intrusions and is generally attributed to plagioclase
fractionation, causing a decrease of the Sr content in the melt (see Ashwal, 1993, for a
review). On the other hand it has been demonstrated by Duchesne (1978) for the layered
Bjerkrem-Sogndal bodies of Norway that plagioclase fractionation may cause an increase of
Sr in the melt. In the case of the KIC, however, this trend is more likely caused by contrasting
contamination with calc-silicate crustal material. Younger anorthosite melts may have used
already existing pathways through the crust provided by the previously intruded anorthositic
magma, i.e., ascending mainly through anorthositic country rock. In case of the white
anorthosite, however, the trace element patterns may additionally be obscured by later
secondary processes like the severe hydrothermal alteration and deformation recorded by

most samples.
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8.2. Origin of the anorthositic and felsic rock suites

The respective mineral compositions of the granite-syenite suite appear to extend the
compositional range of the anorthositic rocks towards higher Fe/Mg ratios and lower Al of the
Fe-Mg silicates (pyroxene, amphibole, epidote and chlorite) and lower An contents of
plagioclase. The relative changes in the mineral compositions could provide evidence for
consanguinity between the two rock suites. However, intermediate mineral compositions,
bridging the gap between those of the anorthositic and the felsic rock suite, are missing. Like
the Harp Lake massif, Labrador, the Namibian felsic and anorthositic rock suites are
characterized by chemical discontinuities, reflecting the lack of rock types of intermediate
chemical composition (Fig. 5), which is a common feature of unmetamorphosed anorthosite
massifs (Ashwal, 1993). The difference in the magmatic 8'%0 values of feldspar from
granitoids and anorthositic rocks also supports a non-comagmatic relationship of the two
suites. The rather homogeneous but high 8'%0 values of feldspar from the felsic rock suite
(7.36 £ 0.16 %0) when compared to those of the anorthositic rock suite (5.88 £+ 0.19 %o 6180)
point to a crustal source for the felsic suite. On the other hand, the values obtained for
plagioclase of the anorthosite suites are consistent with uncontaminated mantle-derived
parental melts. The contrast in 87Sr/86Sr(T) ratios between anorthositic (0.7028-0.7041) and the
felsic rock suites (0.7025-0.7076) also suggest a different source of the two units, in line with
880 values. If the variable Sr, Nd, and O isotopic signatures of both the anorthositic and
felsic rocks are due to the assimilation of crustal material, the isotopic composition of Sr and
O were more affected than the isotopic composition of Nd. Such a Sr-Nd-O decoupling
indicates that the assimilated rocks should have had relatively high Sr contents, but low Nd
contents, which is typically found for marine carbonates, but not in silicic crustal material.

Assimilation of carbonates is a particularly attractive explanation as there locally occur
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abundant xenoliths of crustal calc-silicate material and carbonate assimilation not only
accounts for the elevated 87Sr/%Sr, but also for the heavy 8'80 values. In case of the felsic
rocks this trend is rather caused by the late hydrothermal alteration of these rocks. In
conclusion, our dataset demonstrates that the anorthositic lithologies and the felsic rock suite
represent two chemically independent suites. The source of the anorthositic rocks is a mantle-
derived liquid that, during their uprise, was modified by minor crustal contamination. Hereby
crustal contamination, as evident from the abundance of crustal xenoliths, low Ca/(Ca+Na)
ratios, and high amounts of late-magmatic biotite, amphibole and apatite, is predominantly
displayed by the early emplaced white anorthosite and the leucogabbronorite of the dark
anorthosite suite. In contrast, leucotroctolites and olivine anorthosites are characterized by
high An-contents of plagioclase and a mostly unhydrous mineralogy; late-magmatic biotite
and amphibole are rare. Melts parental to the felsic rocks presumably originate by anatexis of
the lower crust or at least experienced a stronger crustal contamination than the anorthosites,
either in the magma chamber or during their ascent. Granite bodies emplaced in the Epupa
Complex were additionally affected by contamination of the granitic magma with
metasedimentary and metavolcanic crustal material during their uprise.

The €Nd values of the anorthositic rocks, calculated back to their emplacement age of
1385 Ma given by U-Pb zircon data (Driippel et al., 2000), range between 1.1 and 3.0,
indicating a time-integrated weakly depleted character of the parental magma with respect to
CHUR. Corresponding Nd model ages of 2.01-1.61 Ga, calculated with respect to a depleted
mantle curve, are significantly older than the crystallization age of the anorthosites. Model
ages older than the intrusion ages have also been reported for several anorthosite massifs and
are either ascribed to crustal contamination effects (e.g. Ashwal, 1993; Ashwal et al., 1998),
in which case the model ages lack geological significance (cf. Arndt & Goldstein, 1987), or to

a lower crustal origin of the anorthosites (e.g. Schiellerup et al., 2000; Wiszniewska et al.,
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2002). The hypothesis that anorthosites originate in the lower crust has found increasing
support in recent years (Taylor et al., 1984; Duchesne et al., 1999; Longhi et al., 1999;
Schiellerup et al., 2000; Selbekk et al., 2000, Wiszniewska et al., 2002), based on Re-Os
isotope data and experimental investigations. In case of the KIC, the geochemical
characteristics as well as O, Sr, and Nd isotope data indicate a mantle origin of the
anorthosites and hence suggest that the magma parental to the anorthosites formed by partial
melting of the upper mantle. The same signatures, however, may have been preserved also
during lower crustal melting of a previously emplaced mantle-derived mafic rock under dry
conditions. Indeed, igneous protolith ages of 2.0-1.7 Ga, calculated for granulite and
amphibolite facies mafic rocks of the Epupa Complex (Seth et al., 2005), would fit in this
model, suggesting the following tectono-metamorphic scenario: Emplacement of a large
mafic bodies at ca. 2.0-1.7 Ga, subsequent granulite facies metamorphism of the mafic rocks
metamorphism at 1.52 Ga and finally partial melting with formation of the anorthositic
magma at 1.38 Ga. A scenario like this has been invoked by Schiellerup et al. (2000) for the
Rogaland anorthosites, Norway, and by Wiszniewska et al. (2002) for the Mazury complex,
Poland. In case of the KIC, however, this alternative model seems rather unlikely. With an
estimated surface area of ca. 18.000 km” the KIC has an enormous size when compared to the
anorthosites from Norway and Poland. Moreover the KIC is characterized by an extraordinary
compositional and textural homogeneity, being almost entirely composed of anorthosite,
leucogabbronorite, and leucotroctolite with high-Ca plagioclase, whereas related gabbroic or
felsic lithologies are rare. If the anorthositic magmas of the KIC originated by partial melting
of a lower continental mafic crust or foundered mafic plutons, these mafic source regions
must be of unrealistically large and homogeneous in composition. Moreover, the production
of such large volumes of anorthositic magma by partial melting would presumably lead to a

gravitational collapse of the lower crustal source regions. Therefore, we interpret the parental
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magma of the anorthosites of the Kunene Intrusive Complex to be derived from partial
melting of the upper mantle with anatexis of crustal material leading to the formation of the

associated felsic rocks.

8.3. Comparison to other parts of the Kunene Intrusive Complex

Due to difficult access during the civil war, most studies of the northern part of the KIC
are based on old field data and sampling (Carvalho & Alves, 1990, 1993; Silva, 1990, 1992).
Recent detailed field work in combination with petrographical investigations is lacking for
most of the Angolan part of the KIC, except restricted areas around Lufinda, Dongue and
Chiange in Angola (Ashwal & Twist, 1994; Morais et al., 1998; Slejko et al., 2002; Mayer et
al., 2004; Fig. 1). Based on satellite imagery Ashwal & Twist (1994) suggested that the KIC
represents a composite massif-type anorthosite, composed of at least eight distinct anorthosite
bodies with probably individual petrogenetic evolution.

Regarding their geochemical composition the Namibian rock suite is characterised by a
similar variability of geochemical compositions and higher average amounts of Na,O when
compared to the anorthosites from the Angolan part of the KIC (Silva, 1990, 1992; Morais et
al., 1998; Fig. 12). Based on the mineral chemistry data and isotope characteristics of the
anorthosites from Angola a northern (average An-content of plagioclase: 70 + 5 mol.%;
87Sr/8(’Sr(T): 0.7038; eNd: -5.72) and a southern zone (average An-content of plagioclase: 53 +
5 mol.%; 87Sr/868r(T): 0.7045; eNd: -6.36) have been distinguished, that are separated by a belt
of granitoid intrusions (Morais et al., 1998; Slejko et al., 2002). Likewise the Namibian KIC
can be subdivided into two units, the white anorthosite (An-content of plagioclase: 43-53

mol.%; *’St/*Srer): 0.7039-0.70413; eNd: 1.1-2.0) and the dark anorthosite massif (An-

content of plagioclase: 43-75 mol.%; 87Sr/86Sr(T): 0.7028-0.7036; €Nd: 1.7-3.0). Both rock



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

K. Driippel et al. 31
units presumably represent individual anorthosite intrusions that underwent a distinct
petrogenetic evolution. These are marked by a contrasting contamination with crustal material
and also strongly differ from the two anorthosite bodies identified in Angola.

The petrographical features of the Namibian leucotroctolite, leucogabbronorite, and
anorthosite samples of the dark anorthosite suite investigated in this study resemble those
reported for the northern, Angolan, part of the KIC (Silva, 1990, 1992; Ashwal & Twist,
1994; Morais et al., 1998; Slejko et al., 2002). However, subsolidus reaction textures like
garnet-bearing corona structures of the dark anorthosites from NW Namibia (Driippel et al.,
2001) have not yet been observed. In the Lufinda-Dongue area, the presence of cogenetic
dolerites and mangerites is interpreted in favour of a shallow emplacement level of the
anorthosite (Morais et al., 1998; Slejko et al., 2002). Pressures of 3-5 kbar have been
estimated by Slejko et al. (2002) for the subsolidus re-equilibration of orthopyroxene-
clinopyroxene pairs. In contrast, distinctly higher pressures of 7.3 + 0.9 kbar and of 6.5 £ 0.6
kbar were constrained for the subsolidus formation of garnet-bearing corona structures in the
Namibian leucotroctolites (Driippel et al., 2001; Driippel, 2003) and the magmatic
crystallization of hastingsite in the associated felsic rocks (Driippel, 2003), respectively.
Similar pressures of 6.5 + 0.6 kbar were constrained for a contact-metamorphic hornfels of
the Orue Unit by Brandt (2003). As is evident from Fig. 1, however, the Angolan and
Namibian study areas are at least 150 km apart from each other and detailed field work as
well as mineralogical investigations of the anorthosites in the intermediate southern Angolan
part of the KIC are lacking so far. Future investigations will help to decide whether the
apparent differences in the erosion level of ca. 9 km is due to a continuous gradient in
exposed crustal depth or due to offsets by deep fracture zones as for example the Serpa-Pinto

lineament or the Kunene River fault.
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The emplacement of the KIC and the associated granitic rocks at the southern margin of
the Congo Craton marks the beginning of widespread Mesoproterozoic igneous activity in
southern Africa. The Mesoproterozoic KIC is possibly related to the Mesoproterozoic Kibaran
Belt of the Democratic Republic of Congo and Tanzania, that is characterised by voluminous
Mesoproterozoic mafic and A-type granite magmatism at 1383-1371 Ma (Tack et al., 2002;
see Johnson et al., 2005, for a review). This age interval resembles that constrained for the
anorthosites of the KIC and related rocks, however, intermediate zones between the KIC and
the Kibaran belt are not exposed. If the KIC and the Kibaran belt were related in the
Mesoproterozoic, they might have been part of a major northeast striking extensional belt that
formed during the early stages of separation of the Congo and the southern Kapvaal-
Zimbabwe cratons. On the other hand, the KIC may also represent a postorogenic pluton, with
the mantle and crustal melts being formed by lithospheric delamination (Black and Liégeois,
1993) during a post-orogenic collapse that followed widespread Palacoproterozoic orogenic
activity in central and southern Africa at 2.2-1.6 Ga, the so-called Eburnian Orogeny (e.g.

Cahen et al., 1984; Carvalho et al., 2000).
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FIGURE CAPTIONS

Fig. 1. Geologic overview map of the Kunene Intrusive Complex in SW Angola and NW
Namibia. Map simplified and modified after Carvalho & Alves (1990). Outlined areas
mark regions of detailed mapping in the Angolan part (Ashwal & Twist, 1994; Morais et
al., 1998; Slejko et al., 2002; Mayer et al., 2004) and in the Namibian part of the KIC

(Menge, 1998; Driippel et al., 2001; Driippel, 2003).

Fig. 2. Geologic overview map of the southern Kunene Intrusive Complex in NW Namibia.
Map modified after Menge (1998) based on new field data and satellite images. Locations

for geochemical analyses and age determinations are marked.

Fig. 3. Polished-section photomicrographs of the anorthositic rocks of the KIC (a, b) and the
related felsic rocks (c, d). Plane-polarized light (a). Cross-polarized light (b-d). (a)
Subhedral, interstitial olivine is surrounded by irregular rims of orthopyroxene and late
amphibole and biotite that fill the open spaces between plagioclase crystals. (b) Interstices
between coarse-grained, anhedral cumulus plagioclase are filled by interstitial olivine that
is surrounded by broad clinopyroxene rims. (c¢) Subhedral, tabular plagioclase displays
straight grain boundaries against microperthitic K-feldspar. (d) Euhedral clinopyroxene
inclusion in plagioclase. (Am amphibole, Bt biotite, Kfs K-feldspar, Ol olivine, Opx

orthopyroxene, P! plagioclase).

Fig. 4. Variations of selected major and trace element contents of the anorthositic rocks of the

KIC and the related felsic rocks.
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Fig. 5. Compositional variability of both the anorthositic and the felsic rock suite compared to
similar lithologies of the Harp Lake massif, Labrador (stippled boundaries; Emslie, 1980).
Same symbols as Fig. 4. (a) Plot of molar Fe'”/(Fe'"+Mg) vs. SiO, and (b) Na,O+K,0 vs.

Si0O;. (S syenite, SD syenodiorite).

Fig. 6. Diagrams showing the variations in chondrite-normalized rare earth element
abundances for the anorthositic rocks of the KIC and the associated felsic rock suite

(normalisation factors after Pearce et al., 1997).

Fig. 7. Composition of the felsic rock suite expressed in the Na,O + K,O vs. SiO;

classification diagram for plutonic rocks after Cox et al. (1979).

Fig. 8. Compositional characteristics of the felsic rock suite expressed in various binary
discrimination diagrams. (a) Plot of FeO"/(FeO"'+MgO) vs. SiO, with the boundary
between ferroan and magnesian fields given by Frost et al. (2001). (b) Plot of the modified
alkali-lime index Na,O+K,0-CaO vs. SiO; (Frost et al., 2001). (c) Shand’s alkalinity
index (plot of Al,O3/(Na;O+K;0)molar VS. AlLO3/(NayO+K,0+CaO)porar). (d) A-type
granitoid discrimination diagram after Whalen et al. (1987). (e) and (f) Tectonic
environment discrimination diagrams after Pearce et al. (1984). (ORG orogenic granite,

syn-COLG syn-collisional granite; VAG volcanic arc granite, WPG within-plate granite).

Fig. 9. Isochron 200pp22ph vs 28pb/2*Ph diagram for zircon samples of syenodiorite Ku-98-

201, Swartbooisdrif, Namibia (data from Table 6)
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Fig. 10. Plot of 8"0 vs. SiO, for the anorthositic rocks of the KIC and the felsic rock suite

(see text for discussion).

Fig. 11. Initial Sr-Nd isotope systematics of c¢. 1.38 Ga anorthosites and related felsic rocks in
comparision with depleted mantle (light grey shaded area) and Palaeoproterozoic crust of
northern Namibia (dark grey shaded area). Note the sub-horizontal arrangement of the
anorthosite and fesic rock samples. The Sr and Nd isotopic composition of the crust was
estimated from 1.9 Ga orthogneisses (Seth et al., 2005) recalculated to 1.38 Ga. The
composition of the mantle reservoirs was estimated, assuming Rb/Sr and Sm/Nd typical

for these reservoirs (e.g., Wilson, 1989).

Fig. 12. Diagram of MgO vs. CaO/(CaO+Na,O) for available geochemical data on the
Kunene Complex. (a) Geochemical composition of the white and dark anorthosite suites

from NW Namibia. (b) Geochemical composition of anorthositic rocks from Angola

(Silva, 1992 and Morais et al., 1998).
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TABLE CAPTIONS

Table 1a Representative electron microprobe analyses of plagioclase of the anorthosite suite.

Table 1b Representative electron microprobe analyses of feldspar of the felsic rock suite.

Table 2 Representative electron microprobe analyses of pyroxene of the anorthosite and the

felsic rock suites.

Table 3 Representative electron microprobe analyses of amphibole of the anorthosite and the

felsic rock suites.

Table 4 Selected major and trace element data of the anorthosite and the felsic rock suites.

Table 5 Rare earth element data of the anorthosite and the felsic rock suites.

Table 6 U-Pb analytical results for zircon from the syenodiorite sample Ku-98-201,

Swartbooisdrif, Namibia.

Table 7 Oxygen isotopic data of feldspar of the anorthosite and the felsic rock suites.

Table 8 Sr and Nd isotope data for anorthosites and felsic rocks from NW Namibia.
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Table 1a. Representative electron microprobe analyses of plagioclase of the anorthosite suite.

Rock type
Sample

Mineral

SiO,
Al,O4
MgO
CaO
MnO
FeO
BaO
Na,O
K,O
Sum

Formula (O=38)
Si

Al

Mg

Si+Al
Na+Ca+K

AN(Na/Ca)
AB(Na/Ca)
OR
CE

Aw Aw Aw GN GN GN GN A,px A,px A,px A,px A,px T T T T T T T Aol Aol
97-08b  97-33  97-44 97-03  98-68  98-71 98-84 97-13  97-93  97-93 98-78  98-78 97-92  97-105 98-52  98-52 98-221a  98-221b  98-221b 9795  97-95
fsl fsl fs3 fsl fsl fsl fs2 fsl fsl fsl fsl fs2 fsl fsl fsl fs2 fs2 fsl fs3 fsl fs2

Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl
rim core rim core rim core rim rim core rim core core rim rim rim core core core core core rim
5452 6723 57.11 55.88  54.90 5442  50.55 5546 53.62 5487 54.61 5391 54.05 52.28 55.09 55.53 52.42 57.55 53.19 53.65 54.51
28.39  20.17 26.92 27.53 2825 29.00 3148 2793 2929 28.08 2845 29.34 29.42 30.08 27.89 27.92 29.98 27.05 29.56 28.83 29.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10.59 0.95 8.75 9.86 10.47 10.87  14.05 10.20  11.51 1048 1094 11.35 11.78 12.53  10.14 9.94 12.46 9.15 12.07 11.43 11.20
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.33 0.30 0.03 0.03 0.14 0.48 0.06 0.06 0.04 0.04 0.05 0.06 0.13 0.13 0.09 0.06 0.04 0.18 0.13 0.13 0.01
0.04 0.00 0.05 0.09 0.01 0.10 0.00 0.04 0.03 0.02 0.00 0.00 0.00 0.02 0.06 0.04 0.07 0.00 0.02 0.00 0.04
539 11.13 6.43 591 5.52 5.27 3.49 5.80 4.88 5.50 5.35 5.04 4.81 4.25 5.72 5.82 4.32 6.30 4.67 4.99 5.24
0.05 0.03 0.07 0.08 0.11 0.17 0.00 0.04 0.07 0.06 0.11 0.12 0.27 0.21 0.08 0.14 0.14 0.21 0.04 0.03 0.07
9932 99.81 99.36 99.38 9941 100.31 99.62 99.53 9943 99.05 99.51 99.82 100.45 99.48  99.07 99.45 99.43 100.45 99.69 99.05 100.06
2.48 2.95 2.57 2.53 2.49 245 2.31 2.51 2.44 2.49 247 2.44 243 2.38 2.50 2.51 2.39 2.57 241 245 2.46
1.52 1.04 1.43 1.47 1.51 1.54 1.69 1.49 1.57 1.50 1.52 1.56 1.56 1.62 1.49 1.49 1.61 1.42 1.58 1.55 1.54
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.52 0.04 0.42 0.48 0.51 0.53 0.69 0.49 0.56 0.51 0.53 0.55 0.57 0.61 0.49 0.48 0.61 0.44 0.59 0.56 0.54
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.01 0.01 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.47 0.95 0.56 0.52 0.49 0.46 0.31 0.51 0.43 0.48 0.47 0.44 0.42 0.38 0.50 0.51 0.38 0.55 0.41 0.44 0.46
0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00
5.00 5.00 4.99 5.00 5.00 5.01 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 3.99 4.00 4.00 4.00 4.00 4.00 4.00 3.99 4.00 4.00 4.00
0.99 0.99 0.99 1.00 1.00 1.00 1.00 1.01 0.99 1.00 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
51.84 449  42.69 47.66  50.82 52.62  68.95 49.11 5633 51.08 5276  55.09 56.62 61.21 49.20 48.14 60.87 43.97 58.65 55.79 53.91
4778 9535 56.79 51.74 4851 46.21 31.04 50.58 43.23 48.54 46.63 44.23 41.83 37.56 5024 50.99 38.21 54.81 41.06 44.05 45.62
0.31 0.16 0.42 0.44 0.65 0.99 0.01 0.24 0.40 0.34 0.60 0.69 1.56 1.19 0.45 0.80 0.80 1.22 0.25 0.16 0.40
0.07 0.00 0.09 0.16 0.02 0.18 0.00 0.07 0.05 0.04 0.00 0.00 0.00 0.04 0.11 0.07 0.13 0.00 0.04 0.00 0.07

Abbrevations: A,w white anorthosite; A,ol olivine anorthosite; A,px pyroxene anorthosite; GN leucogabbronorite; T' leucotroctolite.



Table 1b. Representative electron microprobe analyses of plagioclase of the felsic rock suite.

Sample 98-07 9840 9840 99-11 99-11  99-11 99-11 99-12  99-13 99-13  99-13 99-14
3-fs4 2-fsl 2-fsl a-fsl a-fsl a-fs2  a-fs2 b-fs4 1-fs2  3-fs3 3-fs3  a-fs2

Mineral Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl
rim rim core core core core core rim rim rim -> core

Si0, 67.32 69.02 64.11 6527 6607 6488 6558 6699 6655 6797 6692 67.12
ALO; 19.85 19.71 22.87 2112 21.18 21.32  21.15 2024 19.80 19.95 20.02  20.57
MgO 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.02 0.03 0.00 0.00 0.00
CaO 0.27 0.17 3.73 1.96 1.86 2.36 2.11 0.85 0.58 0.59 0.88 0.94
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
FeO 0.05 0.07 0.10 0.20 0.24 0.17 0.12 0.05 0.33 0.16 0.06 0.04
BaO 0.00 0.04 0.00 0.07 0.00 0.05 0.00 0.00 0.00 0.00 0.04 0.08
Na,O 11.62 11.78 9.57 1046 10.66 10.18 10.32  11.25 11.20 11.36 11.12 10.96
K,0 0.03 0.15 0.32 0.14 0.12 0.20 0.13 0.08 0.06 0.10 0.11 0.17
Sum 99.14 100.95 100.69 99.22 100.16  99.15 99.40 99.48 98.55 100.12  99.16 99.88

Formula (O=8)

Si 2.97 2.99 2.81 2.89 2.90 2.88 2.90 2.95 2.96 2.97 2.96 2.94
Al 1.03 1.01 1.18 1.10 1.10 1.12 1.10 1.05 1.04 1.03 1.04 1.06
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.01 0.01 0.18 0.09 0.09 0.11 0.10 0.04 0.03 0.03 0.04 0.04
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.99 0.99 0.81 0.90 0.91 0.88 0.88 0.96 0.97 0.96 0.95 0.93
K 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01
Sum 5.01 5.01 5.01 5.01 5.01 5.00 5.00 5.01 5.01 5.00 5.00 5.00
Si+Al 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.01
Na+Ca+K 1.01 1.01 1.01 1.00 1.00 1.00 0.99 1.00 1.00 1.00 1.00 0.99
AN(Na/Ca) 1.26 0.76 17.43 9.29 8.74 11.23  10.07 3.99 2.79 2.78 4.16 4.48
AB(Na/Ca) 98.55 9836  80.81 89.81 90.57 87.57 89.18 9557 96.89 96.64 9514 94.42
OR 0.18 0.82 1.76 0.79 0.69 1.11 0.76 0.44 0.32 0.58 0.64 0.96

CE 0.00 0.06 000 012  0.00 009 000 000 000 0.00 0.07 0.13




Table 2. Representative electron microprobe analyses of pyroxene of the anorthosite and the felsic rock suites.

Rock type Leucogabbronorite Leucotroctolite Felsic rocks White anorthosite Leucotroctolite
Sample Ku-97-03  Ku-97-04 Ku-97-92 Ku-97-105 Ku-98-52 Ku-98-221a Ku-98-40  Ku-98-40 Ku-97-33 Ku-97-92 Ku-97-104 Ku-97-105 Ku-97-52 Ku-98-221a Ku-98-221b
cpxl cpxl cpxl cpxl cpx2 cpxl 7-cpx1 T-cpx2 opxl opxl opx1 opxl opx1 opxl opx1
core rim rim core rim core rim -> core core core core rim -> olivine
Si0, 51.04 51.37 48.95 50.30 51.11 51.29 50.22 51.08 53.70 52.19 54.52 53.13 52.02 52.74 53.36
TiO, 0.42 0.23 0.99 0.81 0.36 0.43 0.08 0.05 0.06 0.12 0.00 0.24 0.20 0.21 0.00
ALO; 1.71 1.55 5.45 3.16 1.67 227 0.62 0.41 0.22 3.24 0.68 1.58 1.55 1.59 0.48
Cr,04 0.01 0.00 0.09 0.14 0.03 0.00 0.02 0.01 0.03 0.01 0.01 0.02 0.01 0.00 0.01
MgO 11.54 9.84 13.03 13.35 12.38 14.21 7.96 8.69 25.84 24.73 26.13 24.75 20.98 2291 24.99
CaO 21.96 22.53 21.99 21.97 21.78 23.11 20.99 21.50 0.09 0.59 0.12 0.76 0.86 0.96 0.14
MnO 0.29 0.47 0.21 0.22 0.53 0.22 1.49 1.49 0.37 0.31 0.29 0.40 0.68 0.39 0.44
FeO 11.56 13.11 8.06 9.00 11.22 7.99 17.23 15.62 18.34 18.58 18.59 18.29 23.45 21.58 19.62
Na,O 0.51 0.80 0.68 0.37 0.33 0.26 0.56 0.66 0.00 0.00 0.00 0.02 0.08 0.00 0.00
K,0 0.02 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.02
Total 99.07 99.89 99.44 99.33 99.43 99.78 99.18 99.50 98.66 99.78 100.35 99.19 99.82 100.37 99.05
Formula (0=6)
Si 1.95 1.97 1.84 1.90 1.94 1.92 1.98 1.99 1.99 1.91 1.98 1.96 1.96 1.95 1.98
Al 0.05 0.03 0.16 0.10 0.06 0.08 0.02 0.01 0.01 0.09 0.02 0.04 0.04 0.05 0.02
Sum Z 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Al 0.03 0.04 0.08 0.04 0.02 0.02 0.01 0.01 0.00 0.05 0.01 0.03 0.02 0.02 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.01 0.01 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00
Mg 0.66 0.56 0.73 0.75 0.70 0.79 0.47 0.50 1.00 0.94 0.99 0.97 0.97 0.97 1.00
Fe** 0.30 0.40 0.16 0.18 0.27 0.17 0.52 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum Y 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.41 0.43 0.39 0.21 0.29 0.38
Fe?* 0.07 0.02 0.09 0.10 0.09 0.08 0.05 0.03 0.57 0.57 0.56 0.56 0.74 0.67 0.61
Mn 0.01 0.02 0.01 0.01 0.02 0.01 0.05 0.05 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Ca 0.90 0.92 0.89 0.89 0.89 0.93 0.89 0.90 0.00 0.02 0.00 0.03 0.03 0.04 0.01
Na 0.04 0.06 0.05 0.03 0.02 0.02 0.04 0.05 0.00 0.00 0.00 0.00 0.01 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sum X 1.02 1.02 1.04 1.02 1.02 1.03 1.03 1.02 1.01 1.01 1.00 1.00 1.01 1.01 1.01
Total 4.02 4.02 4.04 4.02 4.02 4.03 4.03 4.02 4.01 4.01 4.00 4.00 4.01 4.01 4.01




Table 3. Representative electron microprobe analyses of amphibole of the anorthosite and the felsic rock suites.

Rock type Leucogabbronorite White anorthosite Px anorthosite Felsic rock suite
Sample Ku-97-03 Ku-97-03 Ku-97-04 Ku-97-04 Ku-97-08b Ku-97-08b Ku-97-13  Ku-97-13 Ku-99-11 Ku-99-11  Ku-99-13 Ku-99-13  Ku-99-14 Ku-99-14
aml am8 am] am4 am] am3 am] am2 a-am2 a-am2 3-aml 3-aml a-aml a-aml
SiO, 40.73 41.41 39.07 40.63 41.69 39.82 40.65 43.24 36.79 36.72 37.51 36.67 36.89 36.89
TiO, 3.24 2.92 3.43 2.45 0.73 1.89 0.80 0.16 1.87 1.94 0.80 0.75 0.70 0.76
AL O, 11.90 11.88 12.84 11.16 14.29 14.83 12.21 10.22 10.33 10.23 9.86 10.26 10.84 10.78
Cr)0,4 0.03 0.00 0.01 0.00 0.00 0.05 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.05
Fe, 04 1.19 0.84 0.23 1.01 4.07 3.43 4.55 5.54 9.27 10.53 11.52 13.70 11.79 11.92
FeO 14.52 13.58 19.17 18.43 10.12 10.53 16.17 14.34 22.68 22.24 21.80 20.85 21.51 21.63
MgO 10.28 10.81 7.10 8.26 11.88 11.50 7.83 9.65 0.42 0.48 0.40 0.23 0.37 0.31
MnO 0.19 0.15 0.26 0.31 0.19 0.21 0.20 0.26 0.83 0.88 0.95 1.05 1.08 1.05
CaO 11.03 11.26 11.16 11.22 11.21 10.90 11.53 11.62 10.46 10.63 9.72 10.27 10.49 10.40
Na,O 2.43 2.18 2.34 223 2.05 2.68 1.33 1.32 1.81 1.94 2.09 2.42 2.21 2.20
K,0 1.07 0.97 1.31 1.43 1.00 0.66 1.03 0.74 1.75 1.76 1.91 1.96 2.21 2.22
Total 96.59 95.99 96.91 97.12 97.23 96.47 96.30 97.09 96.21 97.37 96.56 98.16 98.08 98.20

Formula (0=23)

Si 6.20 6.29 6.07 6.28 6.17 5.97 6.28 6.55 6.07 6.00 6.16 5.97 6.00 5.99
Ti 0.37 0.33 0.40 0.28 0.08 0.21 0.09 0.02 0.23 0.24 0.10 0.09 0.09 0.09
Al 2.13 2.12 2.35 2.03 2.49 2.62 222 1.82 2.01 1.97 1.91 1.97 2.08 2.06
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe™* 0.14 0.10 0.03 0.12 0.45 0.39 0.53 0.63 1.15 1.29 1.42 1.68 1.44 1.46
Fe™* 1.85 1.72 2.49 2.38 1.25 1.32 2.09 1.82 3.13 3.04 3.00 2.84 2.92 2.94
Mg 2.33 2.45 1.64 1.90 2.62 2.57 1.80 2.18 0.10 0.12 0.10 0.06 0.09 0.08
Mn 0.02 0.02 0.03 0.04 0.02 0.03 0.03 0.03 0.12 0.12 0.13 0.14 0.15 0.14
Ca 1.80 1.83 1.86 1.86 1.78 1.75 1.91 1.89 1.85 1.86 1.71 1.79 1.83 1.81
Na 0.72 0.64 0.70 0.67 0.59 0.78 0.40 0.39 0.58 0.61 0.66 0.76 0.70 0.69
K 0.21 0.19 0.26 0.28 0.19 0.13 0.20 0.14 0.37 0.37 0.40 0.41 0.46 0.46
Total 15.76 15.69 15.83 15.84 15.66 15.76 15.55 15.47 15.60 15.62 15.60 15.70 15.74 15.73
Xymg 0.56 0.59 0.40 0.44 0.68 0.66 0.46 0.55 0.03 0.04 0.03 0.02 0.03 0.02




Table 4. Selected major and trace element data of the anorthosite and the felsic rock suites.

Rock type
Sample

wt.%
Si0,
TiO,
ALO;
Fe,04
FeO
MnO
MgO
CaO
Na,O
K,0
P,05

GV
CO,
H,0

Total

ppm
Sc

Cr
Co

Zn
Ga
Rb
Sr

Zr
Nb
Mo
Ba
Pb
Th

Ce
Nd

Aw Aw Aw A,px A,px Aol Aol GN GN GN GN T T T T,grt G S S S SD,a SD,a SD,a
97-33b 97-44 98-45 97-13 97-31 97-28 98-23 97-04 97-05 97-31b 98-68 97-92 98-41 98-230 97-104  98-180a 98-40 99-20 Sy-25 98-201 98-200 98-204
4751 51.03 49.22 50.41 46.23 49.87 49.71 4391 47.95 37.67 51.09 49.82 49.47 49.41 48.93 75.56 65.80 61.64 59.29 56.51 62.00 51.97
0.11 0.38 0.13 1.29 2.39 0.12 0.19 4.24 2.95 7.25 0.27 0.11 0.13 0.08 0.15 0.25 0.25 0.61 0.61 1.16 0.05 0.04
27.27 25.78 28.85 23.53 22.79 26.27 27.71 15.85 18.91 17.26 2241 22.89 25.70 26.38 24.52 11.27 16.44 17.52 13.80 14.18 20.11 23.43
0.77 1.53 0.85 1.62 225 1.20 0.90 4.00 2.60 3.92 1.35 1.54 0.86 0.93 1.31 1.53 1.87 2.08 6.38 14.16 2.95 4.02
0.11 0.22 0.25 3.50 4.87 2.59 2.05 9.24 7.54 11.38 3.95 4.81 3.80 291 3.71 1.38 1.02 2.52 n.a. n.a. n.a. n.a.
0.03 0.04 0.03 0.08 0.08 0.05 0.04 0.25 0.25 0.18 0.05 0.07 0.07 0.05 0.07 0.05 0.05 0.09 0.15 0.22 0.04 0.14
0.37 0.59 0.20 1.92 2.57 3.56 2.81 4.42 2.82 5.25 2.71 6.46 543 5.25 5.00 0.12 0.30 0.80 1.41 0.82 0.41 0.05
9.84 10.35 13.43 8.81 8.86 11.08 12.03 10.14 8.04 7.52 9.42 8.96 11.22 11.78 10.76 0.33 2.00 332 4.50 4.03 2.83 9.99
4.65 6.13 4.40 491 4.62 3.73 3.45 3.35 4.47 3.05 4.80 3.80 3.19 3.14 3.28 3.11 6.07 6.76 6.15 7.20 9.68 3.62
2.80 0.71 0.52 1.25 0.60 0.27 0.23 1.27 1.78 0.44 0.77 0.51 0.27 0.17 0.36 5.28 433 3.34 4.03 0.19 0.07 4.06
0.01 0.11 0.01 0.20 0.06 0.01 0.03 0.16 0.12 0.03 0.45 0.02 0.01 0.01 0.01 0.12 0.05 0.19 0.18 0.27 0.14 0.03
b.d.l b.d.l 0.02 0.04 0.08 b.d.l. 0.02 0.16 0.06 0.19 0.02 b.d.l 0.02 0.02 b.d.l. b.d.l b.d.l. b.d.l <0.02 0.03 <0.02 <0.02
5.83 3.09 2.30 1.45 3.61 0.85 1.26 1.61 1.68 4.73 2.15 0.42 0.27 0.31 1.21 0.37 0.95 0.62 3.17 0.40 0.79 1.66
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.65 0.42 n.a. n.a. n.a. n.a.
n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.30 0.20 n.a. n.a. n.a. n.a.
99.31 99.97 100.22 99.01 99.01 99.60 100.54 98.60 99.17 98.88 99.50 99.42 100.44 100.44 99.32 99.37 99.12 99.49 99.67 99.17 99.07 99.01
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l. b.d.l b.d.l b.d.l. b.d.l 15 b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 17 13 22 24 0.92
17 21 22 72 148 16 23 296 182 317 39 13 25 12 25 10 b.d.L 19 76 17 24 13
b.d.l 13 b.d.l 11 46 12 15 36 25 70 12 24 24 27 46 b.d.l b.d.l b.d.l 20 <10 <10 <10
21 53 54 56 56 56 45 62 47 96 46 104 58 45 64 71 138 43 <10 12 <10 <10
b.d.l 26 b.d.l 23 70 94 75 36 34 159 36 187 157 185 119 b.d.l b.d.l 6 <5 <5 <5 <5
45 16 b.d.l 59 92 33 18 118 83 138 44 52 33 22 39 99 62 54 82 532 32 37
b.d.l b.d.l 19 b.d.l b.d.l b.d.l 29 b.d.l b.d.l b.d.l 17 b.d.l 25 26 b.d.l 34 31 42 9 26 31 43
69 9 b.d.lL 21 9 5 b.d.l 28 33 10 12 5 b.d.l b.d.l 6 121 116 82 88 7 <5 109
805 805 627 685 642 475 566 447 510 423 979 535 520 543 470 26 201 266 674 199 1309 4514
13 11 b.d.l 10 8 8 b.d.l 19 16 8 13 8 b.d.l b.d.l 8 107 79 84 33 72 62 19

28 59 b.d.l 63 48 19 b.d.l 104 99 107 39 18 b.d.l b.d.l 19 617 694 1854 284 791 977 284

10 7 b.d.l 5 5 5 b.d.l 15 17 13 b.d.l 5 b.d.l b.d.l 5 63 55 34 138 68 163 32
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 239 b.d.l b.d.l 7 13 b.d.l b.d.l
1510 555 236 706 409 121 134 567 662 355 773 245 124 99 164 b.d.l 1448 900 543 792 194 1013
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 8 b.d.l b.d.l b.d.l b.d.l 25 29 25 28 14 21 59
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 13 b.d.l b.d.l b.d.l 121 19
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 16 11
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.lL b.d.l b.d.l b.d.l b.d.l 150 184 b.d.l b.d.l b.d.l b.d.l
b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 70 91 b.d.l b.d.l b.d.l b.d.l

Abbrevations: A,w white anorthosite; A0l olivine anorthosite; A,px pyroxene anorthosite; b.d.l. below detection limit; G granite; GN leucogabbronorite; n.a. not analysed; S syenite; SD syenodiorite.



Table 5. Rare earth element data of the anorthosite and the felsic rock suites.

Rock type Aw Aw Aw A,px A,px A,ol Aol T T T T
Sample 97-33b  97-44  98-45 97-13  97-31 97-28 98-23 9792 97-104  98-41  98-230
ppm

Y 11.00 8.30 1.10 6.10 3.10 1.30 1.20 0.40 1.20 1.20 0.43
La 8.10  14.00 3.20 7.40 4.40 2.90 1.90 2.00 2.20 1.80 1.10
Ce 17.00  27.00 550  16.00 8.70 5.70 3.60 3.20 4.20 3.90 2.00
Pr 2.10 3.20 0.62 2.00 1.10 0.64 0.50 0.37 0.43 0.43 0.25
Nd 8.30  12.00 2.30 8.20 4.30 2.50 2.00 1.40 1.80 1.70 1.10
Sm 2.00 2.50 0.41 1.70 0.89 0.49 0.40 0.27 0.38 0.34 0.16
Eu 1.00 1.70 0.91 1.60 1.08 0.63 0.63 0.71 0.69 0.54 0.44
Gd 1.90 2.10 0.37 1.60 0.76 0.39 0.35 0.14 0.34 0.31 0.13
Tb 0.28 0.30 b.d.l. 0.23 0.12 b.d.l b.d.l. b.d.l b.d.l b.d.l. b.d.l.
Dy 1.90 1.70 0.21 1.30 0.63 0.28 0.27 0.12 0.27 0.25 0.10
Ho 0.36 0.31 b.d.l. 0.21 b.d.l. 0.06 b.d.l. b.d.l b.d.l b.d.l. b.d.l.
Er 1.10 0.89 0.08 0.62 0.34 0.14  bdlL 0.07 b.d.l b.d.L b.d.L
Tm 0.16 0.12 b.d.l. 0.09 0.05 b.d.l b.d.l. b.d.l b.d.l 0.02 b.d.l.
Yb 0.93 0.75 0.08 0.56 0.30 0.12 0.10 0.05 0.12 0.12 0.05
Lu 0.13 0.12 0.02 0.08 0.05 b.d.l 0.02 0.01 0.02 0.02 b.d.l.
Sc 2.10 5.20 0.35 6.00 5.60 1.60 1.70 1.60 3.30 3.00 1.80
Total 5836 80.19 15.15 53.69 31.42 1675 12.67 1034 14.95 13.63 7.56
YREE (ppm) 4526  66.69 1370 4159 2272 13.85 9.77 8.34 10.45 9.43 533
(BEu/Eu*)en 1.57 227 7.14 2.96 4.01 4.40 5.15 11.16 5.87 5.08 9.32
(La/Yb)en 587 1258 2697 8.91 9.89 1629 1281 26.97 1236  10.11 14.83
(La/Nd)en 1.89 2.26 2.69 1.75 1.98 2.24 1.84 2.76 2.37 2.05 1.94
Rock type GN GN GN GN S S S SD,a SD,a SD,a SD,a
Sample 97-4 97-5 97-31b  98-68 9840 99-20  Sy-25 98-201 98-103s 98-204  98-200
ppm

Y 19.00  13.00 140 15.00 72.00 46.00 33.00 72.00 46.00  19.00 62.00
La 930  11.00 3.00 13.00 80.00 73.00 60.00 93.00 227.00 107.00  437.00
Ce 23.00 24.00 590 30.00 145.00 123.00 139.00 201.00 366.00 182.00  530.00
Pr 3.20 3.30 0.60 410 18.00 16.00 18.00  29.00 37.00  19.00 74.00
Nd 15.00  14.00 240 18.00 69.00 63.00 84.00 126.00 129.00 63.00  229.00
Sm 3.90 3.30 0.42 400 13.00 12.00 16.00  26.00 18.00 9.00 33.00
Eu 1.70 1.90 0.80 2.00 4.30 3.80 4.60 6.80 3.60 2.00 6.50
Gd 4.10 3.20 0.39 330 13.00 10.00 12.00  21.00 13.00 6.30 21.00
Tb 0.66 0.50 - 0.54 2.20 1.60 1.50 3.40 2.00 0.79 2.70
Dy 3.80 2.70 0.30 320  13.00 9.00 7.90  17.00 9.60 4.40 12.00
Ho 0.75 0.52 - 0.59 2.90 1.90 1.30 3.20 1.60 0.81 2.30
Er 2.10 1.40 0.21 1.60 8.20 4.90 3.20 8.20 5.00 2.20 5.30
Tm 0.32 0.20 0.04 0.24 1.30 0.68 0.41 1.10 b.d.l 0.33 0.83
Yb 1.90 1.30 0.26 1.40 9.20 5.20 2.40 7.30 5.00 2.00 4.90
Lu 0.29 0.20 0.05 0.21 1.40 0.80 0.32 1.20 0.77 0.29 0.68
Sc 44.00 22.00 13.00 17.00 7.20 590 13.00  22.00 4.80 0.92 2.40
Total 133.02 102.52  28.77 114.18 459.70 376.78 396.63 638.20 868.37 419.04 1423.61
YREE (ppm) 70.02 67.52 2437 82.18 380.50 324.88 350.63 54420 817.57 399.12 1359.21
(BEu/Eu*)cn 1.30 1.79 6.04 1.68 1.01 1.06 1.02 0.89 0.72 0.81 0.75
(La/Yb)en 3.30 5.70 7.78 6.26 5.86 946  16.85 8.59 30.61 36.07 60.13
(La/Nd)cn 1.20 1.52 242 1.40 2.24 2.24 1.38 1.43 3.40 3.40 3.40

Abbrevations: A,w white anorthosite; A,0/ olivine anorthosite; A,px pyroxene anorthosite; GN leucogabbronorite;

S syenite; SD,a altered syenodirite; T leucotroctolite.



Table 6. U-Pb analytical results for zircon from syenodiorite Ku-98-201, Swartbooisdrif, Namibia.

Sample” Weight Concentra  *%°pp Radiogenic Pb Atomic ratios* Apparent ages (Ma)”
(mg) _ (ppm)
Wipy  206py 07py W8y W6py  WIpy 07y 2W6py W7py 207py
U Pb,, Measured

ratios” By WSy Wepy By 25y 206py
1 0.123 172 47.6 3560 73.3 6.43 20.27 0.2333 2.8198 0.0877 1352 1361 1375
2 0.194 135 41.3 370.8 7437 6.52 19.11 0.2305 2.7861 0.0877 1337 1352 1375
3 0.145 167 46.5 658 73.92 6.49 19.59 0.2215 2.6792 0.0877 1290 1323 1377
4 0.106 161 45.1 1060 73.64 6.46 199 0.2292 2.7740 0.0878 1331 1349 1377

a Zircon concentrates were obtained using standard mineral-separation procedures and purified through
separation by hand under the binocular microscope. All analyzed zircon crstalls had a prismatic habit, were

pink, and smaller than 100 pm.

205

Pb-**U mixed tracer was added before sample dissolution. All samples

were dissolved with 52% HF in autoclaves at 220°C for four days, dried, and transfered overnight into
chloride-form using 6N HCI. Ion-exchange chromatography follows the procedure described by Krogh

b Leyaziyi»soitbpe ratios corrected for fractionation with 0.1% / a.m.u.
¢ Lead corrected for fractionation, blank, tracer contribution, and initial lead. During the measurement period
d Apparent ages were calculated using the constants of Jaffey et al. (1971) recommended by IUGS (Steiger



Table 7. Oxygen isotopic data of feldspar of the anorthosite and the felsic rock suites.

Rock type Sample Mineral Textural relationship 5 8OSMOW
mineral
White anorthosite Ku-97-33 plagioclase cumulus mineral 5.35
Ku-97-33b  plagioclase cumulus mineral 6.14
Ku-97-33a  plagioclase cumulus mineral 7.30
Ku-98-45 plagioclase cumulus mineral 2.36
Ku-98-60  plagioclase cumulus mineral 5.54
Pyroxene anorthosite Ku-97-31 plagioclase cumulus mineral 6.10
Ku-97-92a  plagioclase cumulus mineral 5.83
Leucogabbronorite Ku-98-128  plagioclase cumulus mineral 5.61
Ku-98-222  plagioclase cumulus mineral 5.99
Leucotroctolite Ku-97-95 plagioclase cumulus mineral 5.90
Ku-97-95 olivine interstitial 3.07
Ku-97-105 plagioclase cumulus mineral 3.19
Ku-98-125 plagioclase cumulus mineral 6.13
Ku-98-220  plagioclase cumulus mineral 5.63
Felsic rock suite Ku-98-40 K-feldspar  phenocryst 7.22
Ku-98-40 plagioclase phenocryst 7.20
Ku-99-13 K-feldspar  phenocryst 7.50
Ku-99-20 K-feldspar  phenocryst 7.92
Ku-99-21 K-feldspar  phenocryst 7.36

Ku-99-21 plagioclase phenocryst 7.52




Table 8. Sr and Nd isotope data for anorthosites and felsic rocks from NW Namibia.

Sample® Region GPS-coord. Age® Sm® Nd° 'Nd/"“Nd’ Nd/"“Nd‘ eNd* Rb®  Sr* ¥Sr/A%Sr!  ¥Sr/*Sr¢ €Sr*  Nd model age
(Ma) (ppm) (ppm) (meas) (T) (T) (ppm) (ppm) (meas) (T) (M (Ma)

Anorthosite (NW Namibia)

‘White anorthosite

Ku-97-30 Mine 19.50577.48.110" 1385 0.38 2.30 0.511810+5  0.51090 1.1 150 581 0.705317£7  0.70385 14 1713
Ku-97-33a Mine 19.5057.48.110" 1385 0.26 1.40 0.511842+5 0.51095 2.0 10.0 480 0.705375+7 0.70413 18 1865

Dark anorthosite

Ku-97-105 Zebra Mts. 25.10077..38.500"" 1385 0.33 1.70  0.512021+5  0.51097 23 19 389 0.703423+7 0.70314 4 1692
Ku-98-219 Zebra Mts. 25.79977.40.032"" 1385 054 250 0.512132+5 0.51095 19 49 450 0.704266+7  0.70364 11 1754
Ku-98-227 Zebra Mts. 23.89977..32.546"" 1385 0.12  0.69  0.511909+5 0.51094 1.7 07 500 0.703113+7  0.70303 2 1660
Ku-98-236 Zebra Mts. 09.70577..33.700"" 1385 0.17 1.00  0.511919+5  0.51100 3.0 09 468 0.703052+7  0.70294 1 1613
Ku-98-208 Mine 20.86177.46.231"" 1385 0.35 1.60  0.512004+5 0.51096 22 21 515 0.703042+7  0.70284 -1 2010

Felsic rock suite (Swartbooisdrif area, NW Namibia)
Altered felsic rocks

Ku-98-201 Mine 21.367°.47.170" 1377 26.0 126 0.512006+£5 0.51088 04 15 197 0.707598+7  0.70718 61 1848
Ku-98-204 Mine 20.9547° .47.155°° 1377 830 61.0 05117335 0.51100 25 97.0 5000 0.708678+7  0.70761 67 1578
Ku-98-200 Mine 21.35377 .47.109" 1377 33.0 229 0.511776£5 0.51100 25 09 1301 0.706312+7  0.70627 43 1587

Felsic rocks unaffected by an alteration
Ku-98-202 Mine 21.407°" .47.1617" 1377 27.0 124 0.512029+5 0.51084 -0.4 18.0 541 0.706138+7 0.70430 20 1953
Ku-Sy-25 Mine 19.5057" .48.110"" 1377 16.0  80.0  0.512067+5 0.51097 22 90.0 702 0.709539+7  0.70245 -6 1682

a

Whole rock samples. Location as indicated in Fig. 2. Samples were dissolved with 52% HF for four days at 160°C on the hot plate. Digested samples were dried and taken up in 6N
HCI. Sr and Nd were separated and purified using ion-exchange chromatography as described in Romer et al. (2005).

> Age from Fig. 6 and Driippel et al. (2000).
¢ Concentrations of Nd and Sm were determined by ICP-MS using the procedures of Dulski (1994); Rb and Sr were determined by ICP-MS.

The Nd isotopic composition was determined on a Finnigan MAT262 multi-collector mass-spectrometer using dynamic multicollection. Individual ratios were normalized to
“SNd/"*Nd = 0.7219, The Sr isotopic composition was determined on VG Sector 54-30 multi-collector mass-spectrometer using dynamic multicollection. Individual ratios were
normalized to *Sr/%Sr = 0.1194 and “*Nd/"**Nd = 0.7219; analytical uncertainties are given at 26,, level. During the measurement period, reference material La Jolla and NBS 987
gave values of 0.511855 £ 8 (26, n = 15 samples) and 0.710246 + 10 (20, n = 20 samples), respectively.

Initial compositions and € vales of Nd and Sr were calculated using the age of the complex and the following parameters and constants: '*"™A = 6.54E-12 y'; "*Nd/"*Ndcuur(0) =
0.512638; "“"m/**Ndcuur(0) = 0.1967; %% = 1.42E-11 y', ¥St/**Sreuur(0) = 0.7045; *Rb/*Stepyr(0) = 0.0816. € notation as in Jacobsen and Wasserburg (1979)
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