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Anorogenic granites of the Brandberg igneous complex in NW peralkaline granites formed from highly evolved melts (Eu/Eu∗

<0·1) and melt inclusion analysis from arfvedsonite pegmatiteNamibia formed during early Cretaceous rifting and continental
break-up of Gondwana. A metaluminous series [SiO2 = 62–77 indicate that enhanced solubilities in an F-rich peralkaline residual
wt %, molar (Na + K)/Al = 0·8–0·95] includes an early melt could account for observed enrichments of high-field strength
monzonite body, major biotite–hornblende granite, late biotite granite elements. Compositional variations within the peralkaline group
segregations and peripheral dykes of trachydacite. Volumetrically reflect at least in part late-magmatic mineral segregation and
minor peralkaline granites of the Amis complex [SiO2 = 72–77 hydrothermal overgrowth.
wt %, (Na+ K)/Al= 1·0–1·5] intrude the main granite and
adjacent country rocks. Compared with the metaluminous main
granite, these are in part highly enriched in Zr, Nb, Y, U and Th.

KEY WORDS: anorogenic granite; Etendeka–Paraná volcanism; Ar–ArInitial Nd and Sr isotope ratios of the metaluminous suite are
dating; metaluminous–peralkaline suites; AFC processes�Nd(130 Ma) from−0·4 to−5·1 and 87Sr/86Sr(130 Ma) from 0·707

to 0·713. The Nd isotopic composition of the peralkaline granites
is within this range [�Nd(130 Ma) from−0·7 to−1·9]. 40Ar–39Ar
age determinations (132–130 Ma) indicate that the metaluminous

INTRODUCTIONand peralkaline units are indistinguishable in age and that they
The genesis of anorogenic granitoids remains con-formed contemporaneously with flood basalts and associated felsic
troversial, especially because of the diversity of rocksvolcanism in the Etendeka–Paraná province. The metaluminous
grouped under that category, commonly termed ‘A-type’suite is modelled as a crustally contaminated (10–40%) fractionate
(see Eby, 1990, 1992). The range of petrogenetic modelsof a tholeiitic basaltic magma (LTZ.H type), and a common
suggested for anorogenic granite suites includes crustalbasaltic parent is inferred for the metaluminous and peralkaline rocks
anatexis, of either igneous tonalitic–granitic compositionsof the Brandberg complex. Fractional crystallization of plagioclase,
or metasedimentary sources depleted by a prior meltingclinopyroxene and Fe–Ti oxides of a parental monzonitic magma
event (Collins et al., 1982; Clemens et al., 1986; Whalenaccounts for major and trace element variations within the metal-
et al., 1987; Creaser et al., 1991; Skjerlie & Johnston,uminous group, but radiogenic isotope data require addition of 20

and 40% crustal material. Metaluminous leucogranitic dykes and 1993; Patiño Douce, 1997), or fractionation of parental
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basaltic magmas with or without assimilation of crustal trace element enrichments in these type of granites as
emphasized by Bowden et al. (1990) and Diehl (1990).material (Tronnes & Brandon, 1992; Turner et al., 1992).

From previous studies, it is clear that the ‘A-type’ group We present for the first time 40Ar/39Ar ages and Sr
and Nd isotopic data covering the metaluminous andof granitoids encompasses very different tectonic settings

and modes of origin, especially when both metaluminous peralkaline rocks of the Brandberg complex, estimates
of magmatic temperatures from mineral equilibria andand peralkaline occurrences are considered (King et al.,

1997). quantified geochemical models of magma evolution.
The Mesozoic igneous complexes in northern and

central Namibia occur in a well-exposed and geologically
well-investigated extensional tectonic setting. After nearly

GEOLOGY400 My of relative quiescence following the late Pre-
cambrian Damara Orogeny [see review by Miller (1983)] The Brandberg is one of a group of about 20 early
the area experienced tectonic and magmatic activity Cretaceous igneous complexes which occur along a
associated with the early Cretaceous break-up of western NE–SW trending zone extending>350 km inland from
Gondwanaland and the activity of the Tristan mantle the coast at Cape Cross (Fig. 1). They were emplaced
plume (Milner & le Roex, 1996). A number of anorogenic into late Precambrian to Cambrian metasedimentary
granites formed at this time, among which the most sequences and granites of the Damara Orogen (Porada,
prominent are the Brandberg and Erongo complexes. 1979, 1989; Miller, 1983). The main focus of Cretaceous
These high-level intrusions are part of an extensive magmatism was at the site of the present coastline,
Cretaceous igneous province in Namibia and the Atlantic where extensive flood basalt and silicic volcanism of
margin of South America, which includes voluminous the Etendeka Group (Namibia) and the coeval Paraná
continental flood basalts and associated silicic volcanics Province (Brazil) formed at>132± 1 Ma (Renne et al.,
of the Etendeka–Paraná province (Erlank et al., 1984; 1992, 1996; Milner et al., 1995b; Stewart et al., 1996).
Peate et al., 1992, 1999; Garland et al., 1995; Milner & Marine seismic reflection surveys reveal the presence of
le Roex, 1996; Peate & Hawkesworth, 1996; Peate, seaward-dipping reflector sequences on both sides of the
1997) and a variety of Si-saturated and -undersaturated South Atlantic, which are interpreted as submerged flood
subvolcanic complexes. Many previous studies of the basalt sheets on the continental shelf (Gladczenko et al.,

1997). The oldest linear magnetic anomaly on the oceanicCretaceous magmatism in Namibia focused on flood
basalts and on the mafic members of the subvolcanic crust off Namibia, which marks the onset of sea-floor

spreading, is correlated with M4 (>130 Ma; Rabinowitzcomplexes (e.g. Okenyenya, Milner & le Roex, 1996;
Messum, Ewart et al., 1998a). Several studies have ad- & LaBrecque, 1979). It is generally believed that the

break-up-related volcanism and intrusive activity on thedressed the petrogenesis of the silicic volcanics (Milner,
1988; Garland et al., 1995; Harris & Milner, 1997; Ewart conjugate margins of Namibia and Brazil were caused

by the Tristan mantle plume (O’Connor & le Roex,et al., 1998b; le Roex & Lanyon, 1998). The felsic intrusive
complexes, however, have received less attention. 1992; Milner & le Roex, 1996; Ewart et al., 1998a).

The Brandberg complex comprises a nearly circularThe Brandberg complex is among the largest of the
Cretaceous anorogenic granites in Namibia. It shares body of granite in plan view,>23 km in diameter, which

forms a prominent mountain looming some 2000 mmany structural and compositional features with other
anorogenic granite complexes world wide: rift-related above the peneplain of the Damaraland basement. As-

sociated felsic dykes occur at the northeastern edge andsetting, high emplacement level, a circular intrusive pat-
tern and associated ring-dykes, an inferred high magmatic subparallel to the rim of the main intrusion and dip

>30–40° towards the centre. Around the base of thetemperature, relative paucity of hydrous mineral phases,
high Fe/Mg ratios of bulk rock and minerals, low Ca Brandberg granite massif is a ring of low hills formed

by Damaran granites and metasediments covered byand Sr, high Ga/Al, high contents of high field strength
elements (HFSE) (e.g. Zr, Y, Nb), and metaluminous to Mesozoic sedimentary and volcanic rocks of the Karoo

and Etendeka Groups. The sedimentary sequence isperalkaline compositions.
Our study of the Brandberg complex has two main overlain by flood basalts capped by felsic lavas, which

are similar to the quartz latites of the Awahab Formationobjectives: one is to investigate the origin of the main
metaluminous granite in the context of the Cretaceous exposed in the Goboboseb mountains southwest of the

Brandberg. The Mesozoic cover rocks are preserved inEtendeka–Paraná igneous activity; the other is to in-
vestigate the age and genetic relationships between the a collar along the western and southern margin of the

massif and are tilted towards the contact at 10–20°.main granite and a satellite peralkaline granite, the Amis
intrusion. The second point is of particular interest in Granite apophyses locally intrude as sills into the inclined

sequence. At the contact zone the Karoo and Etendekalight of the debated role of fluid metasomatism for the
genesis of peralkaline granites and the origin of extreme rocks are downfaulted towards the centre of the massif,
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Fig. 1. Simplified geological map of north–central Namibia showing the distribution of Cretaceous igneous complexes and Etendeka group
volcanic rocks. The dotted line is the approximate outcrop limit of high-Ti and -Zr (HTZ) basalts in the northern and low-Ti and -Zr (LTZ)
basalts in the southern region (Milner & le Roex, 1996). The approximate outcrop of LTZ.H basalts as described by Ewart et al. (1998a) is also
outlined.

producing dips of 60° to near-vertical. Rotated country body, the Amis peralkaline granite and peripheral felsic
rock fragments, veined and cemented by a granitic matrix, dykes.
form a contact breccia in this area. Thermal overprint
of the Karoo sediments along the margin of the massif
produced an inward dipping contact metamorphic
aureole of andalusite-bearing hornfels. These ob- FIELD AND PETROGRAPHIC
servations led Korn & Martin (1954) to propose a near- CHARACTERISTICS
surface emplacement in a caldera sag-structure, initiated

Granites of the main massifby minor eruptive magma withdrawal and magma ascent
The main granite massif consists predominantly of coarse-compensated by subsidence of a roof-block. The products
grained, equigranular hornblende–biotite granite. Diehlof the volcanic activity are no longer preserved outside
(1990) showed a continuous ring of ‘hornblende–the complex except, perhaps in part, as roof pendants of
pyroxene granite’ up to 3 km wide along the perimeterquartz–feldspar porphyries (dacitic to rhyolitic in com-
of the massif and a discontinuous ring of ‘fayalite–position) found in the upper reaches of the Brandberg
hedenbergite’ granite at the western and eastern margins.massif.
Our sampling along two profiles at the southern andEarly investigations (Cloos & Chuboda, 1931; Hodg-
western margins of the massif (Amis and Numas valleys),son, 1972, 1973) were extended by Diehl (1990), who
however, suggests that the unit described as ‘hornblende–published the first geochemical study of the Brandberg
pyroxene’ granite is in fact a biotite–hornblende graniteand presented a new map of the complex, which sub-
with local cores of clinopyroxene surrounded by horn-divides the granite massif into a number of concentrically
blende. Fayalite relicts were not found in any samples.arranged units interpreted as ring dykes. Our study
Minor variations in texture and in the proportion ofhas not confirmed this subdivision and we consider the
mafic minerals are characteristic of the main massif, butBrandberg complex to consist of four essentially discrete
as will be shown below, the chemical composition isand mappable intrusive units (Fig. 2): the main horn-

blende–biotite granite massif, an early quartz monzonite rather uniform.
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Fig. 2. Geological map of the Brandberg and the Amis complex at the SW edge of the Brandberg including a schematic profile of the Amis
intrusion [Amis complex mapped by authors; Brandberg map modified after Hodgson (1972)]. Sample locations for age determinations are
indicated on maps.
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The hornblende–biotite granite has a hypidiomorphic, Amis peralkaline intrusion
medium-grained, equigranular texture. Main minerals The Amis intrusion consists of numerous sills and dykes
include 36–38 wt % of normally zoned plagioclase with of peralkaline granite, which cut the main Brandberg
maximum An33 in cores, which is characteristically massif and adjacent country rocks in an area of >3 km2

rimmed by perthitic orthoclase (23–28 wt %; see Fig. 3a at the SW margin of the Brandberg (Fig. 2). The main
and Table 1). The modal abundance of quartz is between sill of the Amis intrusion reaches a maximum thickness
19 and 24 wt %. Granophyric intergrowths of orthoclase of >50 m. Dykes with only a few decimetres thickness
and quartz are common and albite occurs as a fine- intruded the country rocks along fractures over distances
grained interstitial phase. Mafic minerals make up a total of >30 m, suggesting that the peralkaline magma had a
of>10–15 wt % and include edenitic hornblende, which low viscosity. The Amis intrusion is made up of geo-
commonly contains relict cores of augite (En15Fs46Wo39, chemically highly fractionated peralkaline arfvedsonite
Fig. 3b), and biotite (mg-number = 15–20; see Tables 2 and aegirine granites, locally extremely enriched in ele-
and 3 and Fig. 4). Opaque minerals are exsolved Ti-rich ments of economic importance such as Nb and the rare
magnetite and ilmenite. Accessories include apatite and earth elements (REE). Field relations offer conclusive
zircon, allanite, titanite, chevkinite and thorite. Fer- evidence that the peralkaline nature of the arfvedsonite
roactinolitic hornblende, chlorite, epidote, sericite and granite is a magmatic feature and was not imposed by
haematite occur as secondary minerals.

metasomatism. First, the peralkaline granite exhibits aDykes and schlieren of leucocratic granite, some with
range of different textural varieties including pegmatiticpegmatitic or aplitic texture, are abundant in the central
and aplitic bodies as well as the dominant, fine-grainedpart of the Brandberg main massif. The dykes show no
granite, all of which are arfvedsonite bearing. Second,preferred orientation and range in width from a few tens
sharp intrusive contacts are observed between the arf-of centimetres to >3 m. The main minerals in these
vedsonite granites and both the granites of the mainrocks are alkali feldspar (perthite), quartz (35 wt %) and
massif and the volcanic country rocks. Mapping (Fig. 2)nearly pure interstitial albite. A granophyric texture is
revealed the presence of enclaves of main granite inpresent in some samples. The main mafic mineral (<5
arfvedsonite granite matrix and apophyses of arfvedsonitewt %) is a low-Ti, low-Mg biotite (mg-number = 3–10;
granite, which cut the main granite at their contact. Thesee also Table 3). Tourmaline occurs locally and accessory
peralkaline granites clearly post-date the granite of theminerals include fluorite and zircon.
main massif, as also asserted by Diehl (1990) but later
contradicted by the K–Ar dating of Amis granites and
granites of the main massif by Watkins et al. (1994).Monzonite

The peralkaline granites differ greatly in texture but allA volumetrically minor but petrogenetically important
share similar mineralogical and chemical characteristics.igneous unit in the Brandberg complex is a body of
The peralkaline bulk-rock composition is reflected in thecoarse-grained monzonite, >2 km in diameter, exposed
presence of alkali amphibole (arfvedsonite) and minorin the Naib gorge in the western interior of the massif
pyroxene (aegirine) as the dominant mafic phases. Theat an elevation of>1300 m, i.e. some 1000 m below the
dominant rock type is a medium-grained arfvedsonite-top of the massif and 700 m above its base (Fig. 2).
bearing alkali feldspar granite with strong local variationsContact relations suggest that the monzonite is older
in mafic mineral abundance. Some outcrops show distinctthan the Brandberg hornblende–biotite granite because
centimetre-scale layering with alternating arfvedsonitethe granite develops a finer-grained porphyritic margin
abundances of <5 vol. % in leucocratic layers to >25at the monzonite contact, and the monzonite is locally
vol. % in the melanocratic layers. In particular, the basalcut by apophyses of the granite. Diehl (1990) cited field
layer of the peralkaline granite sill is highly depleted inevidence for a younger age of the monzonite (chilled
mafic components with interstitial arfvedsonite, givingmargin against the Brandberg granite), for which we
the rock a blotchy appearance. Arfvedsonite is commonlyfound no evidence.
rimmed by aegirine. Quartz, microcline and albite areThe monzonite consists of large normally zoned pla-
the dominant felsic minerals. The peralkaline granites aregioclase crystals (core An40, rim An10; see Table 1) in a
rich in accessory phases including REE-bearing fluorite,matrix of fine-grained, granophyric quartz and K-feldspar
bastnaesite, pyrochlore, monazite, xenotime and zircon.intergrowths. Compared with the hornblende–biotite
Dalyite, a rare zirconium silicate (K2ZrSi6O15), occurs asgranite, augite is more abundant (>10 wt %) and more
an interstitial accessory phase, which has been cited asMg rich (En27Fs36Wo37; see Table 2). Amphibole is late
indicative of high peralkalinity in acid rocks [e.g. inmagmatic and of ferro-actinolitic composition. Fe-rich
plutonic inclusions of Ascension described by Harrisbiotite (mg-number = 16) and exsolved Ti-magnetite
(1983); see also Harris & Rickard (1987)]. Com-and ilmenite occur as minor phases. Accessory minerals

include apatite and zircon. positionally similar to the arfvedsonite granite are dykes
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Fig. 3. (a) Microphotograph showing plagioclase (Pl) mantled by microperthitic orthoclase (Kfs) in biotite–hornblende granite NU30 (polars
crossed). (b) Augite (Aug) mantled by edenitic hornblende (Ed) in biotite–hornblende granite NU40. (c) Astrophyllite (Ast) and aegirine in
quartz–albite matrix from aegirine–albite granite AM219. (d) Glassy melt inclusion (G) from an arfvedsonite-bearing peralkaline pegmatite.
Inclusion contains one vapour-filled bubble (V; >7% of total inclusion volume) and a zircon crystal (Zrn) identified by electron microprobe
analysis. Similar zircon crystals commonly occurred in heated inclusions and are due to incomplete homogenization. Zr contents from glass
analysis therefore represent minimum values.

1212



SCHMITT et al. THE BRANDBERG COMPLEX, NAMIBIA

Quartz–haematite intergrowths replace arfvedsonite,
which is preserved only where armoured by quartz. This
type of replacement produced a reddened and highly
indurated variety of granite, which forms prominent cliffs
of>50 m height in the central part of the Amis complex.

A compositionally extreme variety of peralkaline gran-
ite occurs as fine-grained mesocratic segregations in the
western part of Amis valley. These rocks have a char-
acteristic spotted appearance caused by radiating clusters
of aegirine. They contain quartz and albite as the main
constituents, >5 wt % aegirine, and are extremely rich
in accessory minerals (astrophyllite, Nb–Zn-rich ilmenite,

Fig. 4. Pyroxene compositions of Brandberg metaluminous plutonic pyrochlore, thorite and zircon; see Fig. 3c). Zircon is
rocks, trachydacites, internal and peripheral felsic volcanic rocks (aug, compositionally zoned, with poikilitic and metamict coresaugite; pgt, pigeonite; ×, monzonite; +, biotite–hornblende granite;

overgrown by clear rims, which have a lower Zr/Hf ratioΦ, trachydacite dykes; R, quartz–feldspar porphyry; Χ, peripheral
felsic lava). Fields show compositional range for pyroxene phenocrysts (cores 25, rims 10).
in Etendeka acidic lavas from the Springbok and Goboboseb quartz
latite units [data from Ewart et al. (1998b)].

Peripheral dykesthat cut the granites of the main massif and volcanic
The country rocks at the NNE margin of the complexrocks of the peripheral rim. Texturally, these dykes are
near Gomatsarab are cut by porphyritic felsic dykes upa fine-grained and saccharoidal variety of peralkaline
to 30 m in outcrop width, many of which strike sub-granite, and were originally termed ‘Brandbergite’ (Cloos
parallel to the rim of the Brandberg massif. The dis-& Chudoba, 1931), a name that was then erroneously
tribution of the dykes and their proximity to the Brand-used by Hodgson (1973) for leucogranitic aplites oc-
berg margin, as well as their chemical composition (seecurring in the main massif of the Brandberg.
below) clearly indicate that they are related to the Brand-Some samples of the arfvedsonite granite show clear
berg intrusion. However, the relative timing is not knownevidence of post-magmatic recrystallization, such as
because no intrusive contact between the dykes and thegrowth of quartz occasionally replacing feldspars. This

is accompanied locally by pervasive haematization. main granite is exposed. Diehl (1990) interpreted the

Table 1: Selected microprobe analyses of feldspars from the Brandberg complex (in wt %)

Sample: GO10 GO10 B21a B21a NU40 NU40 NU40 AM71 AM71 AM207 AM207

Rock unit: td td m m mgr mgr mgr mgr mgr am am

Mineral: pl pl pl pl pl pl kfs pl pl ab kfs

core rim core rim core rim rim core rim — —

SiO2 57·79 60·00 59·37 63·85 59·82 66·93 64·86 63·81 64·71 68·29 64·12

Al2O3 25·43 24·44 25·19 22·68 24·72 20·99 19·30 22·46 19·89 18·77 17·52

Fe2O3∗ 0·43 0·48 0·34 0·06 0·31 0·33 0·10 0·13 0·19 0·94 1·22

CaO 8·33 6·73 6·71 2·50 6·09 1·51 0·57 3·54 1·32 n.d. n.d.

BaO 0·12 0·16 0·10 n.d. 0·11 0·01 0·31 n.d. n.d. n.d. n.d.

Na2O 6·08 7·08 7·10 10·39 7·38 9·71 5·06 9·70 4·57 11·28 0·84

K2O 0·82 0·79 0·65 0·37 0·64 0·34 8·54 0·07 9·27 0·21 15·42

Total 99·00 99·69 99·46 99·85 99·08 99·82 98·74 99·72 99·95 99·49 99·12

Ab 54·2 62·6 63·2 86·5 66·1 90·2 46·0 82·9 40·1 98·8 7·7

Or 4·8 4·6 3·8 2·0 3·8 2·1 51·1 0·4 53·5 1·2 92·4

An 41·0 32·9 33·0 11·5 30·1 7·8 2·9 16·7 6·4 0·0 0·0

Rock units: td, trachydacite; m, monzonite; mgr, main hornblende–biotite granite; am, peralkaline granite. Minerals: pl,
plagioclase; kfs, K-feldspar; ab, albite. n.d., not detected.
Fe2O3∗ is total Fe as Fe2O3.
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Table 2: Selected microprobe analyses of pyroxene from the Brandberg complex (in wt %)

Sample: GO10 GO10 B21a B21a AM64 AM64 B23V B23VI AM213 AM218

Rock unit: td td m m mgr mgr qfp qfp am am

Mineral: pgt aug aug aug aug aug aug aug acm acm

SiO2 47·82 48·03 49·91 49·71 48·78 48·41 49·21 50·55 50·70 51·53

TiO2 0·36 0·56 0·61 0·71 0·40 0·40 0·15 0·11 1·11 1·50

Al2O3 0·71 1·22 0·93 1·14 1·05 1·11 0·91 0·90 0·67 0·56

Na2O 0·12 0·22 0·26 0·27 0·58 0·67 0·41 0·22 12·80 13·21

FeO∗ 33·02 24·15 21·02 19·93 23·63 24·07 15·67 13·95 29·60 28·53

FeO 29·80 21·07 20·44 19·27 22·58 22·05 12·07 11·32 3·82 3·51

Fe2O3 3·58 3·43 0·65 0·74 1·17 2·25 4·00 2·90 28·65 27·81

MnO 0·94 0·75 0·55 0·58 1·15 1·23 1·21 1·01 0·19 0·15

MgO 10·32 8·95 8·55 9·62 5·70 5·69 10·74 10·73 0·06 0·02

CaO 6·55 15·78 17·84 17·09 17·24 17·00 20·82 22·72 0·26 0·04

Total 100·19 100·01 99·74 99·13 98·65 98·81 99·52 100·49 98·27 98·33

Ca 13·8 33·1 38·3 36·8 38·7 38·0 42·5 46·1 — —

Mg 30·3 26·1 25·5 28·8 17·8 17·7 30·5 30·3 — —

�Fe 55·9 40·8 36·2 34·5 43·5 44·2 26·9 23·7 — —

mg-no. 35·1 39·0 41·4 45·5 29·1 28·6 53·1 56·1 <1·0 <1·0

Rock units: td, trachydacite; m, monzonite; mgr, main hornblende–biotite granite; qfp, quartz–feldspar porphyry; am,
peralkaline granite. Minerals: pgt, pigeonite; aug, augite; acm, aegirine. FeO∗ is total Fe as FeO. Fe2+/Fe3+ calculated from
charge balance and stoichiometry after Droop (1987); atomic percentages of Ca, Mg, �Fe calculated according to Deer et al.
(1992); mg-number = 100 × Mg/(Mg + Fe + Mn) molar. n.d., not detected.

dykes as cone sheets intruded before emplacement of the phenocrysts overlap, whereas pigeonites of the trachy-
dacite dykes have higher Fe contents compared withmain granite, but Hodgson (1972) described the dykes
those in the Awahab quartz latites (Fig. 4), and the traceas representing the final phase of intrusion. As the dyke
element and isotopic characteristics show clear differencesrocks are isotopically slightly more evolved than the main
(see below).granite, we prefer to interpret them as coeval or late

Quartz–feldspar porphyries from the roof zone of theintrusions formed during emplacement and updoming
massif contain phenocrysts of quartz, normally zonedof the Brandberg magma body.
plagioclase (core An46, rim An30) and augite (En30Fs26Wo44)The dykes are trachydacites according to the IUGS
in a microcrystalline groundmass. Augite from thesetotal alkali vs silica classification (LeBas et al., 1986). The
quartz–feldspar porphyries is more calcic than augitedark, fine-grained rocks are porphyritic, with plagioclase
from the felsic lavas on top of the Karoo sediments andphenocrysts up to>3 mm length. Plagioclase is normally
Etendeka basalts at the southwestern margin of thezoned (core An40, rim An30; Table 1). Anhedral Fe-rich
Brandberg. Their augite composition in turn overlapspigeonite (En31Fs57Wo12, Table 2) is often rimmed by
with clinopyroxene data of quartz latites from the Awahabsecondary ferro-actinolitic hornblende. Rare individual
Formation (Fig. 4). Mineral compositions together withgrains of augite (En26Fs40Wo24, Table 2) have also been
whole-rock trace element abundances (see below) there-identified. Other mafic silicates are edenitic hornblende
fore underscore that the peripheral and the roof pendantand rare biotite. The matrix consists of microcrystalline
felsic volcanics of the Brandberg are stratigraphicallygranophyric intergrowths of quartz and alkali feldspar.
distinct.Accessory phases, in order of decreasing abundance, are

Ti-rich magnetite (Mag38Usp62), apatite and zircon.
The trachydacite dykes resemble the regionally exposed

ANALYTICAL METHODSquartz latites of the Awahab Formation in terms of
mineralogy, texture and major element composition Electron microprobe analyses were carried out on a

Cameca SX 50 electron microprobe fitted with argon flow(Ewart et al., 1998b). The compositions of plagioclase

1214



SCHMITT et al. THE BRANDBERG COMPLEX, NAMIBIA

Table 3: Selected microprobe analyses of amphibole and biotite from the Brandberg complex (in wt %)

Sample: GO10 B21a NU40 NU30 NU22 NU22 AM71 B21a NU22 B6 AM2051

Rock unit: td m mgr mgr mgr mgr mgr m mgr blg am

Mineral: Fe-ed Fe-act Fe-ed Fe-ed Fe-ed Fe-ed Fe-ed bt bt bt arf

SiO2 43·33 46·36 41·43 41·05 40·10 40·05 40·16 34·08 34·05 36·76 49·41

TiO2 0·75 0·17 0·47 1·68 1·41 1·53 1·23 3·48 3·36 1·99 1·06

Al2O3 6·30 3·76 7·32 7·57 8·07 7·62 7·61 12·77 11·68 18·02 1·06

FeO∗ 25·90 31·49 27·69 25·74 27·78 27·51 29·00 33·47 32·41 26·27 32·27

FeO 25·90 29·88 24·88 25·74 27·33 27·51 26·18 — — — —

Fe2O3 0·00 1·79 3·13 0·00 0·50 0·00 3·13 — — — —

MnO 0·40 0·68 0·83 0·64 0·85 0·92 1·06 0·31 0·44 n.d. 0·46

MgO 6·45 3·38 4·75 5·25 4·01 3·67 3·53 2·71 3·39 1·14 0·04

CaO 10·06 10·02 10·11 9·79 9·99 10·00 10·34 n.d. 0·06 n.d. 0·38

Na2O 1·86 0·67 1·86 2·03 2·02 2·42 1·89 0·02 0·11 0·15 8·62

K2O 1·14 0·35 1·00 1·12 1·14 1·12 1·25 9·51 8·75 9·12 1·42

F 1·03 0·33 0·87 1·51 0·97 0·98 0·58 0·05 0·78 4·28 2·26

Cl 0·30 0·11 0·22 0·20 0·23 0·23 0·19 n.d. 0·43 n.d. n.d.

–O=F −0·43 −0·14 −0·37 −0·64 −0·41 −0·41 −0·24 −0·02 −0·33 −1·80 −0·95

–O=Cl −0·07 −0·02 −0·05 −0·05 −0·05 −0·05 −0·04 0·00 −0·10 0·00 —

Total 97·43 97·41 96·77 96·49 96·53 95·96 96·75 96·38 95·03 95·93 96·80

mg-no. 30·4 16·2 22·9 26·2 20·0 18·7 17·3 12·5 15·5 7·2 <1·0

1Contains 0·4 wt % Zn.
Rock units: td, trachydacite; m, monzonite; mgr, main hornblende–biotite granite; blg, biotite leucogranite; am, peralkaline
granite. Minerals: Fe-ed, ferro-edenite; Fe-act, ferro-actinolite; bt, biotite; arf, arfvedsonite. FeO∗ is total Fe as FeO. FeO and
Fe2O3 are for the minimum ferric Fe estimate calculated from charge balance and stoichiometry for 15 cations excluding
(Na + K)A after Schumacher (1997). mg-number = 100 × Mg/(Mg + Fe + Mn) molar. n.d., not detected.

counters. PAP corrections were applied using Cameca Co, Ga, Rb, Sr, Y, Nb, Cs, Ba, Ta, Pb, Th and U in
Table 4) were analysed by inductively coupled plasmasoftware (Pouchou & Pichoir, 1984). The accelerating

voltage used was 15 kV for major phases, and constant mass spectrometry (ICP-MS) after digestion in HF–
HClO4. Accuracy of ICP-MS determinations was mon-beam currents of 20 and 10 nA were used, depending

on the material analysed. Beam spot size averaged 3 �m itored using international geological reference materials
( JG-2 and JR-2), and relative deviations between meas-for mineral analysis. Natural and synthetic mineral stand-

ards were used. For melt inclusion analysis, thick sections ured and reported values were <10%. For isotopic de-
terminations, whole-rock powders were dissolved in(>500 �m) of quartz were heated at 890°C for 20 h at

atmospheric pressure and then rapidly quenched using pressurized Teflon vessels for 3 days in 5:1 HF–HNO3.
The Sr and REE fractions were separated in quartz glassliquid N2. Melt inclusions were then exposed and polished

for electron microprobe analysis. A 15 �m beam diameter columns using cation exchange resin Biorad AG50Wx12.
Neodymium was separated from the REE fraction inwas used for glass inclusion analysis to minimize effects

of sodium loss. Bulk-rock compositions were analysed quartz glass columns filled with Teflon powder (PFTE)
coated with HDEHP(bis-2 ethyl-hexyl-phosphoric acid).using a Philips PW 1400 X-ray fluorescence (XRF)

spectrometer with an Rh tube. Fused discs were used for The Sr isotopic composition was measured with a VG
Sector 54-30 mass spectrometer operated in the dynamicmajor elements and pressed powder briquettes for Zn,

Ga, Rb, Sr, Y, Zr, Nb and Th. FeO was determined by mode. Mass fractionation was corrected using the ratio
of 88Sr/86Sr = 8·3752. The average value for 87Sr/86Srmanganometric titration after digestion of rock powder

in HF–H2SO4. CO2 was determined coulometrically obtained from NBS 987 during the period of this study
was 0·710246 ± 10 (2�). The Nd isotope analysis(Ströhlein Coulomat 701) and H2O by Karl-Fischer ti-

tration (Mitsubishi Moisture Meter). F and Cl were was made on a Finnigan MAT 262 mass spectrometer
operated in the static mode and using a double-filamentdetermined using ion-specific electrodes following hydro-

pyrolytic extraction. REE and trace elements (Sc, Zn, procedure (Ta evaporation filament, Re ionization
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filament). Mass fractionation was corrected using the ring-dyke’ from the Brandberg massif (135 ± 1 Ma).
146Nd/144Nd ratio of 0·7219. Repeated analysis of the La This appears inconsistent with the fact that the Brandberg
Jolla Nd standard yielded a value of 143Nd/144Nd = intruded Etendeka volcanic sequences, which have been
0·511855± 8 (2�). The Sr and Nd initial isotopic ratios dated by 40Ar–39Ar in the nearby Goboboseb area and
were calculated using Rb/Sr and Sm/Nd ratios from elsewhere at 132 ± 1 Ma (Renne et al., 1996). Renne et
chemical analysis. al. (1997) included unspecified Brandberg granitoids in

40Ar/39Ar dating was performed at the Bundesanstalt a group of 40Ar/39Ar plateau ages at 132± 1 Ma, which
für Geowissenschaften und Rohstoffe (BGR), Hannover, they reported for Etendeka–Paraná intrusives.
via incremental heating of mineral separates following In this study we present new 40Ar/39Ar dates for biotite,
the method described by Faryad & Henjes-Kunst (1997). arfvedsonite and astrophyllite from three distinct evolu-
Biotite (biotite–hornblende granite), sodic amphibole tionary stages of the Brandberg complex. The main
(peralkaline granite) and astrophyllite (aegirine–albite metaluminous granite intrusion is represented by two
granite) were separated from crushed samples by sieving, samples from the Numas valley (NU22 and NU30), far
heavy liquid and magnetic separation, and final hand- from the younger Amis intrusion, and therefore unlikely
picking. Grain sizes ranged between 180 and 355 �m. to have been thermally influenced by it. The subdivision
Sample aliquots of >50–150 mg, depending on potas- of Diehl (1990) suggests that these samples belong to two
sium concentrations, were analysed. The gas release distinct units: NU30 to an outer edenite–augite granite
behaviour was checked in a pre-run to optimize a step- and NU22 to an ‘edenite biotite ring dyke’. Three samples
heating procedure. Gas was extracted during 11–19 from the Amis complex cover the main peralkaline granite
heating steps, each step retaining a constant temperature sill (AM206), a marginal peralkaline dyke (AM215) and
for 30 min, up to a maximum temperature of 1550°C to secondary mineralization in segregations of aegirine–
ensure total degassing of the samples. Measured isotopic albite granite (AM219).
ratios were corrected for mass discrimination, total-system
blank, decay of 39Ar and 37Ar, and for interfering isotopes.
The 40Ar/39Ar apparent ages of the samples were nor-

Resultsmalized to 24·42 Ma for the HD-B1 standard biotite (Hess
The Ar-release patterns of three biotite separates from two& Lippolt, 1994). Compatibility of ages with previously
main massif granite samples (Fig. 5) indicate considerablepublished Ar–Ar dates is ensured by comparison of our
secondary loss of radiogenic Ar (7% for NU30, 13% forK–Ar age for the standard glauconite GL-O (94·5 Ma),
NU22), which results in total gas ages between 129·7 ±which corresponds to an apparent age of 520·6 Ma for
0·7 Ma and 122·3 ± 0·7 Ma, respectively. These totalstandard amphibole MM Hb-1 (Odin, 1993). Renne et

al. (1996) reported their Ar–Ar ages relative to MM Hb- gas ages have no geological meaning, and the observed
1 = 520·4 Ma. radiogenic Ar loss would explain the age underestimate

The error in the 40Ar/39Ar step ages was calculated by of conventional K–Ar dating of Watkins et al. (1994).
error propagation of uncertainties including those of the Ages obtained for the intermediate to higher-temperature
in-run statistical parameters and the errors derived from steps of the biotite release patterns (NU30 133·0 ±
the blank contributions, and the correction factors. The 0·8 Ma and NU22 132·6 ± 1·8 Ma) can be interpreted
total-gas, integrated and plateau ages also take into as minimum cooling ages and are indistinguishable within
account the uncertainty in the flux-calibration parameter. error for both samples. We conclude that the intrusive
All errors are given at the 95% confidence level. The ages subdivisions suggested by Diehl (1990), if valid, cannot
were calculated using the IUGS-recommended constants be resolved by 40Ar–39Ar dating.
(Steiger & Jäger, 1977). The two arfvedsonite separates of peralkaline Amis

granites yielded concordant plateau and total-gas dates
that overlap within error (AM206 130·9 ± 0·7 Ma and
AM215 132·0 ± 0·7 Ma). The calculated 40Ar/39Ar

GEOCHRONOLOGY plateau age of the astrophyllite sample AM219 is 130·5
Previous work and new sampling strategy ± 0·7 Ma and, as in the biotite release patterns, some

Ar loss is indicated by younger apparent ages for thePreviously published K–Ar ages of the Brandberg (Wat-
low-temperature release steps (Fig. 5).kins et al., 1994) yielded a span of ages between 135·2

The Ar-release patterns of the amphiboles indicate± 1·5 and 125·4 ± 1·3 Ma. The apparent K–Ar ages
rapid cooling and suggest that the plateau ages reportedof arfvedsonite from the Amis peralkaline granite were
above represent realistic crystallization ages. The newolder than those of biotite and hornblende from the main
data agree with the intrusive sequence inferred frommassif, which contradicts the intrusive sequence based
field relations, and demonstrate the age equivalence ofon field mapping. Armstrong et al. (1997) presented 206Pb/

238U SHRIMP ages on zircons of an unspecified ‘alkali the sampled Brandberg units. Furthermore, these ages
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Table 4: Selected chemical analyses of Brandberg metaluminous and peralkaline rocks

Sample: GO07 GO10 B21a B21d AM71 AM67 AM61 NU40 NU37 NU30 NU22 B37 NU25 a

Unit: td td m m mgr mgr mgr mgr mgr mgr mgr blg blg

Loc.: Gom Gom Naib Naib Amis Amis Amis Num Num Num Num Hun Num

wt %

SiO2 66·8 66·9 61·5 63·6 68·7 70·9 70·4 68·0 70·6 68·9 71·9 76·8 76·4

TiO2 0·93 0·92 1·46 1·05 0·31 0·46 0·52 0·62 0·45 0·60 0·40 0·14 0·07

Al2O3 13·3 13·4 13·6 14·5 15·2 13·2 13·2 13·4 12·9 13·2 13·1 12·3 12·3

Fe2O3∗ 6·69 6·70 9·68 7·12 3·07 3·92 4·59 5·85 4·23 5·38 3·37 1·48 0·93

Fe2O3 — — 3·58 3·50 1·21 1·50 1·66 2·10 — 1·82 1·32 0·69 0·40

FeO — — 5·49 3·26 1·67 2·18 2·64 3·38 — 3·20 1·84 0·71 0·48

MnO 0·11 0·11 0·20 0·14 0·08 0·10 0·12 0·16 0·11 0·14 0·08 0·03 0·02

MgO 0·75 0·76 1·15 0·84 0·28 0·30 0·29 0·48 0·28 0·40 0·25 0·15 0·03

CaO 2·70 2·73 3·41 3·02 1·78 1·47 1·47 1·98 1·52 1·81 1·21 0·52 0·54

Na2O 3·44 3·44 4·32 4·56 4·60 3·71 3·70 3·78 3·69 3·76 3·86 3·62 4·14

K2O 4·37 4·42 3·64 4·04 5·03 5·28 5·09 4·79 5·06 4·89 5·25 5·17 4·82

P2O5 0·25 0·25 0·46 0·31 0·10 0·09 0·11 0·13 0·08 0·11 0·07 0·01 0·01

H2O 0·29 0·39 0·77 0·74 0·28 0·31 0·39 0·55 0·36 0·39 0·29 0·15 0·20

CO2 0·17 0·18 0·13 0·41 0·06 0·04 0·04 0·04 0·19 0·05 0·04 0·02 0·04

Total 99·83 100·21 99·71 99·97 99·51 99·75 99·97 99·78 99·44 99·64 99·74 100·31 99·42

ppm

F 1400 1300 1180 — 660 1900 1200 1350 1450 1700 2400 3340 3750

Cl — — — — 290 210 430 310 — 320 260 — 110

Rb 146 146 144 140 186 206 212 186 207 193 279 408 568

Sr 200 201 225 240 273 111 112 147 118 118 96 19 10

Ba 914 902 747 869 1317 806 814 1017 772 835 739 129 15

Zr 366 358 373 391 523 398 412 396 399 473 363 212 144

Ga 23 23 25 26 24 24 25 26 25 24 23 24 28

Zn 100 91 156 108 65 97 108 109 132 143 85 32 51

Co 5·9 6·1 9·7 6·4 n.d. 2·1 n.d. 2·2 1·4 2·3 n.d. 0·3 n.d.

Sc 9·7 8·7 14 9·6 5·6 6·9 7·9 9·8 7·4 8·6 5·8 1·3 n.d.

Y 63 59 67 61 56 63 68 60 67 65 81 66 58

Nb 42 41 51 42 44 50 51 44 49 53 53 50 50

Cs 2·6 2·9 3·7 3 5·5 5·3 10 5·5 8·9 7·2 9·7 13 20

Ta 2·5 2·4 3·2 3 3·1 3·6 3·4 2·8 3·7 3·4 4 5·8 11

Pb 22 22 12 14 23 23 29 21 28 23 28 29 32

Th 23 22 14 16 18 27 19 19 24 21 28 45 75

U 5·2 5 5·1 4·6 3·2 6·0 9·6 6·2 4·8 4·6 6·7 13 36

La 71 68 68 56 62 73 67 73 82 63 76 67 39

Ce 145 134 134 116 123 165 143 147 166 133 140 132 66

Nd 64 61 61 53 55 66 65 66 74 62 63 47 16

Sm 13 12 12 11 11 13 14 13 15 14 13 9 3

Eu 2·4 2·3 2·3 3·4 3·1 2·2 2·6 3·1 2·5 2·6 2·0 0·6 0·1

Gd 12 11 11 12 11 12 13 13 14 13 12 9·3 2·5

Tb 2·1 2·0 2·0 1·8 1·7 2·0 2·1 2·0 2·2 2·1 2·3 1·8 0·5

Yb 6·0 5·5 5·5 6·1 5·5 6·4 6·7 6·3 7·0 6·9 7·6 8·3 4·3

Lu 0·9 0·9 0·9 0·9 0·8 1·0 1·0 1·0 1·1 1·0 1·2 1·3 0·7
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Table 4: continued

Sample: AM205b AM206 AM207 AM208 AM209 AM215 AM61a AM216 AM219

Unit: am am am am am am am am am

Loc.: Amis Amis Amis Amis Amis Amis Amis Amis Amis

wt %

SiO2 72·9 71·7 73·2 71·8 73·4 74·0 75·9 72·6 72·7

TiO2 0·18 0·23 0·22 0·25 0·17 0·18 0·16 0·43 0·45

Al2O3 11·00 10·9 10·0 10·2 10·0 10·1 10·6 9·03 9·10

Fe2O3∗ 5·65 6·25 7·07 6·99 5·18 5·28 3·62 4·50 4·36

Fe2O3 2·73 2·75 3·05 2·90 2·31 — — 4·26 3·09

FeO 2·63 3·15 3·62 3·68 2·58 — — 0·22 1·14

MnO 0·08 0·09 0·09 0·09 0·06 0·06 0·05 0·04 0·11

MgO 0·04 0·02 0·02 0·04 0·05 0·03 0·01 0·02 0·01

CaO 0·18 0·05 0·02 0·03 0·15 0·14 n.d. 0·07 0·07

Na2O 5·04 4·94 4·61 4·72 5·09 4·43 4·45 7·21 6·03

K2O 4·37 5·05 4·79 4·87 3·64 4·53 4·33 0·06 1·61

P2O5 0·01 0·00 0·05 0·01 0·01 0·05 0·01 0·01 0·00

H2O 0·18 0·21 0·35 0·24 0·24 0·26 0·15 0·12 0·15

CO2 0·05 0·05 0·03 0·04 0·09 0·06 0·03 0·08 0·12

total 99·63 99·47 100·45 99·21 98·05 99·11 99·32 94·18 94·71

ppm

F 5450 5050 4600 4850 5700 4050 2650 610 1650

Cl 400 n.d. 110 n.d. n.d. — — n.d. n.d.

Rb 892 1102 891 992 966 1070 567 3·7 436

Sr 29 6·4 1·8 3·1 13 8·3 1·6 11 8·9

Ba 32 15 19 13 7 13 11 40 40

Zr 594 610 271 1247 4110 1289 2084 16800 12200

Ga 50 52 47 40 27 42 30 44 49

Zn 591 778 630 790 782 651 421 670 1480

Co 0·3 0·3 0·5 n.d. n.d. n.d. n.d. n.d. n.d.

Sc 0·32 0·59 0·55 n.d. n.d. n.d. n.d. n.d. n.d.

Y 509 395 37 282 844 151 21 1990 2170

Nb 92 556 30 302 413 214 276 2270 1520

Cs 6·9 12 8·1 10 14 11 8·2 0·57 37

Ta 6·9 33 1·4 25 33 15 — 93 66

Pb 14 220 10 92 148 99 16 303 976

Th 19 54 11 50 49 47 12 680 1120

U 12 59 1·9 39 57 24 32 187 124

La 241 209 124 170 480 131 8·9 309 301

Ce 514 501 325 422 954 301 58 769 763

Nd 302 190 93 178 660 121 15 423 436

Sm 83 48 20 50 173 22 4·1 145 156

Eu 2·2 1·2 0·5 1·3 4·4 0·4 0·1 4·5 4·9

Gd 91 47 15 58 208 16 3·7 189 206

Tb 13 8 2·3 11 28 3·0 0·8 42 50

Yb 21 28 9·2 28 50 19 4·1 176 254

Lu 3·1 4·2 2·0 4·2 7 2·9 0·6 22 32

Rock units: td, trachydacite; m, monzonite; mgr, main hornblende–biotite granite; blg, biotite leucogranite; am, Amis
peralkaline granite. Loc. (sample location): Gom, Gomatsarab; Num, Numas valley; Hun, Hungorob valley. —, not analysed;
n.d., not detectable. GPS coordinates available on request. Fe2O3∗ is total Fe as Fe2O3.
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Fig. 5. 40Ar/39Ar apparent age spectra for metaluminous and peralkaline samples from the Brandberg complex located in Fig. 1. ir, initial 40Ar/
36Ar ratio.

closely overlap the span in 40Ar–39Ar ages of the nearby rapid emplacement of both intrusive and extrusive
magmas between 133 and 130 Ma.Messum complex (132·1 ± 0·7 Ma to 129·3 ± 0·7 Ma,

Renne et al., 1996) and the K–Ar ages of the Okenyenya
complex (133·3 ± 0·7 Ma to 129·2 ± 0·7 Ma, Watkins
et al., 1994). The Brandberg data indicate a remarkably

WHOLE-ROCK GEOCHEMISTRY ANDshort duration of magmatic activity, probably <1 My.
Even the astrophyllite from mineralized aegirine– ISOTOPIC COMPOSITION
albite segregations in the Amis complex is in- Variation diagrams for selected major elements, and
distinguishable in age from the clearly magmatic compatible and incompatible trace elements plotted
arfvedsonite granites. against FeO∗ (total Fe as FeO) are shown in Fig.

Therefore, the age of the Brandberg complex coincides 6. Table 4 gives representative whole-rock chemical
with the peak activity of the Etendeka province, as compositions of the igneous units from the Brandberg
recently defined by 40Ar–39Ar ages and palaeomagnetic complex. An effective chemical division for the Brand-

berg rocks is their molar (Na + K)/Al ratio, whichdata (Renne et al. 1996), and reinforces the concept of
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distinguishes a metaluminous and a peralkaline group differentiation. Contents of Zr first rise slightly and then
fall with differentiation, probably as accessory minerals(Fig. 6a and i). Both groups form two subparallel trends
such as zircon enter the fractionating assemblage at FeO∗in the SiO2–FeO∗ variation diagram with an overlap in
contents of >3·5 wt %.SiO2 between 70 and 75 wt % and a general negative

All units of the metaluminous group show very similarcorrelation between SiO2 and FeO∗ (Fig. 6b and j). The
variation in chondrite-normalized REE distributions upmetaluminous group includes all units of the main massif
to >5 wt % FeO∗ (Fig. 7), with gently sloping patterns(monzonite, hornblende–biotite granite and leucogranite)
(Lan/Lun = 5·8–7·8). The slight increase of Lan/Lunas well as the peripheral trachydacite dykes. The per-
with decreasing FeO∗ that is observed for the monzonite–alkaline group consists of different textural varieties of
biotite–hornblende granite suite is consistent with clino-arfvedsonite and aegirine granites from the Amis satellite
pyroxene present within the fractionating assemblage.intrusion. Haematized arfvedsonite granites may have
In keeping with other fractionation indicators such as(Na + K)/Al <1 as a result of the postmagmatic re-
decreasing Sr or increasing Rb, the more evolved granitesplacement of Na-bearing arfvedsonite by quartz and
have lower overall REE abundances, lower light REE tohaematite and are therefore not considered further.
heavy REE (LREE/HREE) ratios (Lan/Lun = 6·6–5·3)
and a more pronounced negative Eu anomaly; the ratio
of Eu/Eu∗ decreases from 0·95–0·7 in the least evolved
rocks (trachydacite, monzonite, hornblende–biotite gran-

Metaluminous group (main massif and ites) to 0·17 in the leucogranites (Eu∗ is the mean of Gd
peripheral dykes) + Sm, with all values chondrite normalized). Feldspar
The rocks of the metaluminous group cover a total range fractionation can account for the relative Eu depletion,
of SiO2 from 61 to 77 wt %. With decreasing FeO∗, the whereas decreasing LREE/HREE ratios, commonly ob-
molar ratio of (Na + K)/Al increases from >0·8 to served in evolved high-Si rock suites, are attributed to
unity, whereas this ratio in the peralkaline group ranges fractionation of accessory phases (e.g. monazite, chev-
from 1·0 to 1·5. The metaluminous samples have all the kinite).
chemical characteristics of A-type granites according to The close temporal and spatial relation between the
the compilations of Whalen et al. (1987), particularly emplacement of the Brandberg granites and the eruption
the high Ga/Al ratios. Fluorine contents are also high of the Etendeka quartz latites suggests that they might
(average 1500 ppm for hornblende–biotite granite) com- be related to the same magmatic event. Best suited
pared with those of orogenic granitoids (Christiansen & for testing a direct correlation between the Brandberg
Lee, 1986). subvolcanic complex and Southern Etendeka felsic ex-

Systematic chemical variations occur in samples from trusives are the trachydacite dykes, which resemble the
the Naib valley monzonite, trachydacite dykes and granite quartz latites in terms of mineralogy, texture and major
of the main massif. These can be best illustrated using element composition. Milner & Duncan (1987) derived
FeO∗ as a differentiation index. With decreasing FeO∗, discriminant functions from whole-rock major and trace
contents of TiO2, MgO, CaO and P2O5 decrease, Al2O3 element variables to distinguish different quartz latite
and K2O remain nearly constant, and SiO2 and Na2O units in Namibia. When applied to the trachydacite
increase. As an example, Fig. 6 illustrates the regular dykes, this method indicates a clear difference in bulk
variation trends of SiO2, TiO2 and CaO against FeO∗ composition from any of the quartz latites examined by
for the Brandberg metaluminous suite. It also shows the Milner & Duncan (1987). Figure 8 presents normalized
overall similarities of the trachydacites and least evolved incompatible trace element data from trachydacite dykes
biotite–hornblende granites with felsic volcanics of the and Brandberg granite along with published compositions
Etendeka–Paraná, in particular for major element com- of the quartz latites (Awahab Formation) and correlated
position. Paraná low-Ti rhyodacites of the Palmas type (Milner et

Smooth trends with no break in slope are observed al., 1995a). All samples plotted have SiO2 contents of
for elements compatible in feldspar and pyroxene or 65–70 wt %, with the exception of the Brandberg mon-
amphibole such as Sr (also Ba, Zn and Sc, not shown). zonite (62 wt %). The comparison shows that the trachy-
Incompatible elements such as Rb and F systematically dacite and Brandberg granites are compositionally similar
increase with decreasing FeO∗. Pairs of incompatible to one another and can be distinguished from the felsic
elements in the biotite–hornblende and biotite granites volcanics. In detail, the Brandberg felsic rocks have higher
have constant ratios, such as Rb/Th (>9, linear cor- Ba, Th, Nb, Ta, Zr and REE than the average Etendeka
relation factor r = 0·89), Rb/U (>34, r = 0·88) and low-Ti quartz latites. Although we compare values from
Rb/Cs (>32, r= 0·84), suggesting that fluid overprinting different laboratories and analytical techniques, the
and alteration is insignificant. Other trace elements such differences (>25% relative for Zr, Nb and La) are

independent of the techniques used and greatly exceedas Zr (and Y not shown) display a kinked trend with
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Fig. 6.

analytical variations commonly observed from analysis Peralkaline granites: the Amis complex
of international reference materials (Govindaraju et al., The best estimate of peralkaline granite magma com-
1994). The Sr and Nd isotopic data underscore these position unaffected by mineral segregation and subsolidus
differences (see below). changes may be given by analyses of fine-grained
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Fig. 6. (a–h) Variation diagrams for metaluminous rocks of the Brandberg using FeO∗ as a differentiation index (×, monzonite;Φ, trachydacite
dykes;+, biotite–hornblende granite;Χ, biotite leucogranite). Fields for Etendeka–Paraná basic to acid lavas are shown for comparison (Garland
et al., 1995; Ewart et al., 1998b). (c) shows the MELTS fractional crystallization line for 300 MPa (1 wt % H2O, QFM oxygen buffer, Tliquidus =
1107°C). Modelling using same conditions for 1000 MPa indicates a divergent TiO2 enrichment trend with decreasing TiO2 up to 1·9 wt % at
FeO∗ = 6 wt %. (i–p) Variation diagrams of selected major and trace elements against FeO∗ of Amis peralkaline granites (Α, arfvedsonite
granite; Μ, aegirine–albite granites; B, arfvedsonite granite dyke ‘Brandbergite’ AM61a; _, average melt inclusion composition). Arfvedsonite
mixing line drawn using Fe-, Ti- and Zn-free quartz–feldspar association and average arfvedsonite composition determined by electron microprobe
(FeO∗ = 33 wt %, TiO2 = 0·9 wt %, Zn = 1000 ppm) as end-members.
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Fig. 7. Chondrite-normalized REE patterns of metaluminous and peralkaline rocks of the Brandberg; symbols as for Fig. 6 [C1 chondrite after
Anders & Grevesse (1989)].

peralkaline dykes [‘Brandbergites’ of Cloos & Chuboda affect whole-rock trace element patterns. Thirdlt, there is
petrographic evidence for late-stage mineral replacements(1931)]. Liquid compositions can also be derived directly,

in some samples, by analysis of rehomogenized melt and secondary quartz growth, particularly in haematized
granites, where arfvedsonite has been completely replacedinclusion glasses. Melt inclusions have so far been meas-

ured only from pegmatitic phases of the peralkaline by quartz and haematite. We therefore discarded samples
showing evidence of mineral replacements and alterationgranites and are regarded as an indicator for the late-

stage residual melts. The data document high levels of based on petrographic and modal compositional data.
Nevertheless, the problem of representative samplingHFSE enrichment in residual melts of the peralkaline

granite. Table 5 shows electron microprobe analyses of remains and we are aware of the problems in interpreting
the data as representing liquid compositions.the glass phase of heated melt inclusions from pegmatitic

quartz in which extreme levels of F, Zr, Y and Ce occur. Figure 6(i–p) illustrates selected major and trace ele-
ment variations in peralkaline granites plotted againstThe peralkaline granites tend to higher silica values

than the metaluminous group (total range 70–88 wt % FeO∗. The wide range in FeO∗ (and positively correlated
major and trace elements such as TiO2, MnO, Zn andSiO2, average 76 wt %). In a FeO∗–SiO2 diagram (Fig.

6j), the samples show a variation trend that is consistently Sc) is inferred to be largely controlled by the modal
abundance of arfvedsonite as demonstrated by the mixingdisplaced to higher FeO∗ contents compared with the

metaluminous trend (>2 wt % at a given SiO2 value; line shown in Fig. 6(k and j). It should be noted that the
fine-grained dyke rocks (‘Brandbergites’), which can besee Fig. 6b). Interpretation of the compositional variations

in the peralkaline granites encounters three major diffi- expected to represent liquid compositions, correspond to
an intermediate granite composition in the variationculties. First, the granites are strongly layered in outcrop,

with cumulative mineral enrichments and large variations diagrams.
Summing up, the overall chemical characteristics ofin modal arfvedsonite. Second, interstitial accessory min-

erals rich in trace elements are unevenly distributed and the peralkaline Amis suite [besides its (Na + K)/Al >1]
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Fig. 8. OIB-normalized trace elements of Brandberg metaluminous rocks compared with low-Ti felsic volcanics from the Paraná province
(Garland et al., 1995) and Etendeka (Ewart et al., 1998b). Normalizing values from Sun (1980) cited by Rollinson (1993).

are high FeO∗/Al2O3, low MgO and CaO, high Ga/Al from the main massif. Unlike the metaluminous group,
and high enrichments in incompatible elements (e.g. Rb total REE abundances in the peralkaline granites increase
and HFSE). At a given FeO∗ value, peralkaline granites with a more negative Eu anomaly resulting from feldspar
tend to have higher SiO2 compared with the metal- fractionation.
uminous rocks. Compared with the most differentiated Two samples of aegirine–albite–quartz rocks have the
metaluminous leucogranites from the main massif, the highest total REE contents and chondrite-normalized
peralkaline rocks are depleted in Al2O3, K2O, MgO, LREE to HREE ratios close to unity. The chondrite-
CaO, Sr and Ba, and richer in TiO2, MnO, Na2O, F normalized REE patterns display slightly kinked shapes
and the incompatible lithophile elements (Rb, Pb, Th, with minima at Nd and Ho. This so-called tetrad effect
U, Nb, Ta, Zr and Y). There is a striking contrast is typical for highly evolved leucogranites and pegmatites,
between the metaluminous and peralkaline groups in and has been attributed to selective complexation be-
terms of a number of incompatible elements (F, Y, haviour of REE in very fluid-rich melts (Bau, 1996).
Zr, REE, U and Th), whose magmatic abundance is
controlled by accessory mineral stability. The highest
measured HFSE contents (2900 ppm Nb, 1·7 wt % Zr,

Sr and Nd isotopes2000 ppm Y) were found in dyke-like segregations of
The Sr and Nd isotopic compositions of samples fromaegirine–albite–quartz rocks. These rocks contain a com-
the metaluminous units are listed in Table 6 and shownplex accessory mineral assemblage including many late
in Fig. 9 together with other data from Cretaceousinterstitial phases and mineral overgrowths; this feature
igneous complexes in Namibia and with selected mixingindicates that the present rock does not represent entirely
and AFC models discussed in a later section. The isotopicmagmatic compositions.
values (all recalculated to an age of 130 Ma) cover aFurther evidence for the extreme degree of frac-
considerable range and this demonstrates at the outsettionation of the peralkaline granites is that they have the
that the metaluminous group as a whole cannot bemost pronounced negative Eu anomaly of all Brandberg
considered a closed-system differentiation series (see alsorocks (Fig. 7), with a value of Eu/Eu∗ of only 0·1,

compared with a minimum of 0·17 for the leucogranites petrogenetic modelling section below). Uncertainties in
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Because of the extremely high Rb/Sr ratios of theTable 5: Summary of electron microprobe
peralkaline granites (up to 500), calculated initial 87Sr/

analyses of melt inclusions (n = 10) in 86Sr(130 Ma) values are too imprecise for any petrogenetic
quartz from the Amis peralkaline granite (in conclusions. The only sample with a moderate Rb/Sr

ratio (AM216 in Table 6) yielded an initial Sr value ofwt %)
>0·710, which overlaps with those of the metaluminous
group. However, the Nd isotopic compositions of the

Mean Standard deviation peralkaline granites, with �Nd(130 Ma) in the range from
−0·7 to−1·9, differ significantly from those of the main

SiO2 66·9 1·0 massif granites and trachydacite, and most samples are
TiO2 0·63 0·14 more similar to the values of the Naib valley monzonite.
Al2O3 9·14 0·12

FeO 3·66 0·34

MnO 0·16 0·03

DISCUSSIONMgO <0·05

CaO <0·05 P–T conditions and magmatic water
Na2O 5·12 0·23 concentrations
K2O 5·29 0·28 A number of methods to calculate magmatic temperatures
F 4·60 0·5 can be applied to the Brandberg rocks but the mineral
Cl 0·17 0·08 assemblages do not permit a reliable estimate of pressure.
ZrO2 1·09 0·07 In particular, hornblende compositions from the biotite–
Y2O3 0·23 0·08 hornblende granite belong to the low-f O2 series of And-

erson & Smith (1995), which are too low in Fe3+/(Fe2+Ce2O3 0·14 0·05

+ Fe3+) (0·20–0·24) and too high in Fetot/(Fetot +Rb2O 0·36 0·03

Mg) ratios (0·73–0·85) compared with the limits forP2O5 0·05
compositions suitable for Al-in-hornblende barometry–O=F −2·02
[>0·25 and 0·40–0·65, especially; see Anderson & SmithTotal 95·68
(1995)].

NK/A 1·59
Geological evidence clearly indicates a very shallow

level of emplacement. Roof pendants at the top of the
Brandberg massif are lavas, and the Brandberg granite
intrudes essentially coeval surficial lava flows (Etendekathe age of the intrusion (130± 2 Ma) have no significant
Group) around its margins. An indirect estimation ofeffect on the calculated initial Sr isotopic ratios of the
crystallization pressure emerges from comparison of ob-biotite granite.
served and modelled fractional crystallization paths,Within the main massif granites, isotopic variation is
which were modelled using the MELTS softwareinsignificant within error. Values for five samples of the
(Ghiorso & Sack, 1995) for a parental monzonite (as-hornblende–biotite granite are �Nd(130 Ma) = −2·8 to
suming f O2 buffered by QFM; 1 wt % H2O). The−3·3 and 87Sr/86Sr(130 Ma) = 0·7117–0·7132. A biotite
modelled low-pressure (300 MPa) fractionation path com-leucogranite (B37 in Table 6) from the main massif
pares well with the observed variations in the range ofyields a value of �Nd(130 Ma) = −2·4, consistent with the
FeO∗ between 9 and 5 wt %. By contrast, high-pressureinterpretation that the leucogranite is a differentiated
fractionation at 1000 MPa yields only a poor fit, especiallyfacies of the hornblende–biotite granite. Because of its
for TiO2 (see Fig. 6c).high Rb/Sr ratio, the initial 87Sr/86Sr ratio of this sample

Another semi-quantitative estimation of the late-stage(0·727± 0·05) is too imprecise to be a useful constraint,
evolution of the metaluminous magma can be obtainedbut overlaps within error with the range of the horn-
using the normative quartz, albite and orthoclase pro-blende–biotite granites. Two units of the metaluminous
jection for primitive and evolved leucogranites and thegroup deviate significantly from the main massif granites
modelled fractionating phase assemblage. These plotin terms of isotopic composition. The Naib valley mon-
along the low-pressure quartz–orthoclase cotectic line inzonite has rather primitive isotopic ratios, with
the water-saturated haplogranitic system (Winkler, 1979),�Nd(130 Ma) = −0·5 to −0·8 and 87Sr/86Sr(130 Ma) =
suggesting final equilibration of these magmas at a shallow0·7072–0·7085 (n = 2). The peripheral trachydacite
depth.dykes (n = 2) have less radiogenic Nd ratios than the

Application of the two-pyroxene thermometer ofmain massif, with �Nd(130 Ma) = −4·9 to −5·1, whereas
Lindsley (1983) to the trachydacite dykes yields a tem-the 87Sr/86Sr(130 Ma) values, 0·7131–0·7132, overlap with

those of the main massif. perature for equilibration between pigeonite and augite
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Fig. 9. Initial Nd–Sr isotopic composition of the Brandberg metaluminous rocks. For comparison, data for Etendeka–Paraná LTZ basalts (upper
field, Esmeralda-type from Brazil; lower field, Etendeka and Gramado-type from Brazil) and rhyodacites (Erlank et al., 1984; Garland et al.,
1995; Peate & Hawkesworth, 1996), Messum and Goboboseb lavas (including LTZ.H basalts) (Ewart et al., 1998a) and the Okenyenya gabbroic
complex (Milner & le Roex, 1996) are shown (all values calculated at 130 Ma). Upper field for LTZ basalts. The similarity of Brandberg and
Okenyenya isotope ratios and dissimilarity with the Etendeka–Paraná flood basalt rocks should be noted. Field for Damaran basement from
McDermott & Hawkesworth (1990) and McDermott et al. (1996), with calculated average greywacke-type metasedimentary (M) and Salem
granite (S) isotopic composition. Dashed lines show calculated crust–mantle AFC trends using a monzonitic end-member composition and
parameters from Table 7. Continuous line is calculated mixing trend between parental monzonite and basement S. Dots along the curves
represent steps in f of 5% for AFC and 20% mixing intervals, respectively.

phenocrysts of about 970 ± 30°C, which is >100°C Oxygen isotope data on coexisting quartz [�18O
(SMOW) = 10·8‰] and pyroxene–amphibole [�18Olower than temperature estimates for the Awahab quartz

latites using the same method (Ewart et al., 1998b). Zircon (SMOW)= 7·6‰] in a peralkaline dyke (‘Brandbergite’)
are consistent with equilibrium at magmatic temperaturessaturation thermometry based on the experimental data

of Watson & Harrison (1983) yields minimum tem- (Harris, 1995; C. Harris, personal communication, 1999).
This suggests that the role of fluid processes was greatlyperatures of 850–880°C for the hornblende–biotite gran-

ites of the main massif. The LREE (monazite) saturation overemphasized by Diehl (1990). Electron microprobe
glass analysis of quartz-hosted melt inclusions from per-thermometer of Montel (1993) is a function of both

temperature and water content. If temperature is known alkaline pegmatites yielded estimates of 4·3 wt % H2O
(difference of analytical total from 100 wt %) and highfrom an independent method, the monazite thermometer

can be used to estimate magmatic water contents. When F contents of 4·6 wt % (Table 5). These values have to
be considered as minimum estimates, as the design ofapplied to samples of the hornblende–biotite granite

that contain both monazite and zircon, the monazite the homogenization experiment was to homogenize in-
clusions rapidly with low experimental effort. One con-thermometer yields temperatures concordant with the

zircon and pyroxene thermometry for water con- sequence of this is that there might have been volatile
loss. Nevertheless, these data indicate that the residualcentrations of 1–3 wt %. We conclude from these results

that the Brandberg metaluminous granites crystallized peralkaline melt was relatively rich in volatiles, which is
also supported by field evidence suggesting a low-viscosityfrom a relatively hot magma and that primary magmatic

water contents were relatively low. magma.
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Table 6: Nd and Sr isotopic compositions of whole-rock samples from the Brandberg complex

Sample Unit 147Sm/144Nd 143Nd/144Nd 143Nd/144Nd(130) �Nd(130)
87Rb/86Sr 87Sr/86Sr 87Sr/86Sr(130)

GO07∗ td 0·122 0·51231 0·51221 −5·1 2·11 0·71709 0·71319

GO10∗ td 0·118 0·51232 0·51222 −4·9 2·10 0·71699 0·71310

B21a∗ m 0·132 0·51255 0·51243 −0·7 1·85 0·71191 0·70849

B21d∗ m 0·134 0·51256 0·51245 −0·4 1·69 0·71038 0·70726

AM71∗ mgr 0·127 0·51241 0·51231 −3·2 1·97 0·71592 0·71228

AM67∗ mgr 0·122 0·51244 0·51234 −2·6 5·38 0·72195 0·71202

AM61∗ mgr 0·135 0·51242 0·51231 −3·2 5·48 0·72336 0·71323

NU40∗ mgr 0·122 0·51243 0·51232 −2·9 3·66 0·71842 0·71165

NU30∗ mgr 0·128 0·51244 0·51233 −2·8 4·74 0·72044 0·71168

B37∗ blg 0·117 0·51245 0·51235 −2·4 49·22 0·81806 0·72712

AM61A∗ am 0·267 0·51254 0·51241 −1·4 — — —

AM205b† am 0·163 0·51256 0·51242 −1·0 84·47 0·89249 —

AM206† am 0·152 0·51256 0·51243 −0·8 468·40 1·50879 —

AM207† am 0·127 0·51248 0·51237 −1·9 926·50 3·07408 —

AM208† am 0·157 0·51253 0·51240 −1·4 1302·00 2·88393 —

AM209† am 0·158 0·51257 0·51243 −0·8 215·10 1·04543 —

AM215† am 0·111 0·51252 0·51242 −1·0 421·80 1·41564 —

AM216† am 0·206 0·51261 0·51243 −0·7 0·99 0·71175 0·70992

∗Sm, Nd by ICP-MS; Rb, Sr by XRF.
†Sm, Nd, Rb, Sr by isotope dilution; 2� precision of 143Nd/144Nd and 87Sr/86Sr is better than 0·0001.
Rock units: td, trachydacite dykes; m, monzonite; mgr, hornblende–biotite granite; blg, biotite leucogranite; am, Amis
peralkaline granite. Values used for calculations: present-day values for bulk Earth: 143Nd/144Nd = 0·51264, Sm/Nd = 0·324,
87Sr/86Sr = 0·7047, Rb/Sr = 0·032.

and late- to post-tectonic peraluminous (S-type) granites.Source constraints
Previous studies of these units have demonstrated thatCrustal components
the granites are isotopically similar to the metamorphicPotential crustal sources in the basement of the Damara
rocks (Haack et al., 1983; McDermott & Hawkesworth,Orogen include (1) pre-Damara rocks, (2) meta-
1990; McDermott et al., 1996). When recalculated tosedimentary sequences of the Damara Orogen and their
130 Ma, both the Damara metasediments and the per-anatectic products, and (3) more primitive Pan-African
aluminous granites have 87Sr/86Sr ratios exceeding 0·72I- and A-type granites.
and values of �Nd less than−7, which are considerablyPre-Damara basement rocks occur in tectonic inliers
different from the corresponding ratios in the Brandbergin the northern Damara Belt and Kaoko Belt. Nd and
granites (see Fig. 9). This conclusion also holds for aSr isotopic data from the late Archaean and early Prot-
hypothetical melt-depleted equivalent of the meta-erozoic felsic gneisses and granitoids cropping out in the
sediments, as their 87Sr/86Sr initial ratio at 500 Ma alreadyKaoko Belt of NW Namibia (Seth et al., 1998; B. Seth,
exceeds the Brandberg initial ratio of 0·712, and the �Ndpersonal communication, 1999) yielded �Nd values from
values of the Brandberg at 130 Ma are higher than any−26 to −31 at 130 Ma and initial 87Sr/86Sr ratios from
restite composition with a reasonable Sm/Nd (Vervoort0·711 to 0·730. Similar rocks, with �Nd values between
& Patchett, 1996) that has �Nd values less than −7−18 and−22 at 130 Ma, have been described from the
at 500 Ma.São Francisco craton on the Brazilian margin (Garland et

Isotopically more primitive Pan-African granitoids areal., 1995). If these values are typical for the pre-Damara
not common in the Damara Belt but they do exist.crust, then its contribution to the source of the Brandberg
Examples that have been characterized isotopically in-granites (�Nd = 0 to −3) can only be minor.
clude I-type diorites and granodiorites reported byThe Pan-African crust of the Damara Belt, judging
Hawkesworth et al. (1981) and Haack et al. (1983), andfrom the most deeply eroded Central Zone, is dominated

lithologically by medium- to high-grade metasediments A-type leucogranites recently studied by Jung et al. (1998).
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The �Nd and initial Sr ratios of these granitoids calculated distinguish between the LTZ.H and LTZ.L groups. Fig-
ure 10 plots the composition of the Brandberg metal-at 130 Ma are −4·5 and 0·706, respectively, for the
uminous granitoids together with representatives of thediorites and −4 to −10 and 0·715–0·722, for the A-
LTZ.H basalt and LTZ.L basalts from the Etendekatype plutons. Even these granitoids, then, are isotopically
Group in a diagram of �Nd and Ta/Yb. The two basaltless primitive than the Brandberg initial ratios.
series define clearly separate trends in the diagram, andOn the basis of these data, we can conclude that none
the composition of the Brandberg granites plots betweenof the Pan-African basement lithologies, nor the pre-
the LTZ.H compositions and the field for an upper-Damara crust, could be the sole source of the Brandberg
crustal granitic basement. Isotopically, the Brandberggranites.
magmas, and in particular the least differentiated mon-
zonites, also show a closer affinity to the LTZ.H basalts

Mantle components than to the LTZ.L group, which have much higher Sr
Constraints on the mantle components likely to be in- initial ratios and more negative �Nd values (see Fig. 9).
volved in magma genesis of the Brandberg complex are Ewart et al. (1998a) stated that the LTZ.H suite of the
given by data from the coeval Etendeka flood basalts and Goboboseb basalts emanated at least in part from the
related basic intrusions such as Messum and Okenyenya. Messum centre, suggesting that the magma source region
Two compositionally distinct groups of flood basalts are for the Messum and Brandberg complexes might be very
distinguished regionally in the Etendeka and Paraná similar.
sequences, one relatively rich in Ti and HFSE (high Ti–Zr
or HTZ group) and the other with lower concentrations of
those elements (low Ti–Zr or LTZ group). The two

PETROGENETIC MODELLINGgroups are separated geographically in Namibia, and the
The crustal and mantle components involved in theBrandberg is located in the region dominated by LTZ
Brandberg petrogenesis remain ambiguous, especially ifbasalts (Fig. 1). The basalts closest to the Brandberg
evolved and extremely fractionated rocks such as the Amisintrusion (Goboboseb mountains) display two contrasting
peralkaline granites are considered. The petrogeneticvarieties (Ewart et al., 1998a). One is similar to the typical
modelling in this section therefore limits itself to de-low-Ti Etendeka–Paraná type, and has isotopic ratios
scribing the internal evolution of the Brandberg complex.(�Nd = −6·1 to −8·5 and Sri = 0·708–0·716) that
Our goals are to test the hypothesis that the metaluminousEwart et al. suggested to result from crustal contamination.
granites could have differentiated from a basic parentalThe second type of basalt (LTZ.H) has higher HFSE
magma, and to put realistic constraints on the mixingconcentrations than typical low-Ti basalt, and it has
proportions of mantle and crustal material required todistinctive isotopic and trace element characteristics,
explain the Sr and Nd isotopic variations among thewhich Ewart et al. (1998a) attributed to a mantle plume
Brandberg units. The parental magma is considered tosource. The total range in Nd and Sr isotopic composition
be equivalent to the intermediate Naib valley monzonite,reported from the LTZ.H basalts is considerable (�Nd
which itself probably had a more basic parent (see pre-from +6 to +1 and Sri from 0·704 to 0·705). A similar
vious section). After establishing a model for the differ-range of isotopic compositions, but extending to lower
entiation of the metaluminous granites, we then discuss�Nd values (e.g. �Nd from+5 to zero), has been reported
what differences in degree or kind of differentiation arefrom alkali gabbros and nepheline syenites from the
required to explain the origin of the peralkaline suite.Okenyenya complex for which a mantle-plume origin

was inferred (Milner & le Roex, 1996). Gabbros and
syenites from the nearby Messum complex have yielded

Evolution of the metaluminous suite�Nd values of −3 to +4 and Sr initial ratios of 0·704–
0·710 (Trumbull et al., 1997; Trumbull et al., unpublished The relative order of geochemical differentiation in the
data, 1998). The isotopic compositions of the Brandberg metaluminous suite (see Fig. 6) is consistent with the
granites fall entirely within these values. This overlap emplacement sequence inferred from field relations, from
alone suggests an important role of mantle-derived ma- monzonite to biotite–hornblende granite, followed by
terial in the Brandberg magma source. biotite leucogranite and finally aplitic dykes. The trachy-

It is difficult to determine from isotopic evidence alone dacite dykes are external to the massif and their position
which of the different basic magma types represented in the emplacement sequence is unknown. Geochemical
locally (e.g. flood basalts in the Goboboseb mountains, variations support the hypothesis that the metaluminous
parental basalts to the cumulate gabbros from Messum) suite represents a differentiation series, with the mon-
was involved in the Brandberg magma genesis. One zonite as an initial magma and the aplites as the final
approach is to examine ratios of highly incompatible residual melt. However, some degree of mixing or as-

similation of more than one source is indicated by thetrace elements together with the isotopic ratios, which
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Fig. 10. Ta/Yb vs �Nd for metaluminous rocks of the Brandberg complex compared with low-Ti basalts of the Etendeka–Paraná [Paraná data
from Garland et al. (1995, 1996) and Peate & Hawkesworth (1996)]. The different trend for LTZ.H basalts (Ewart et al., 1998b) should be noted.
Arrows indicate schematic trends for mixing between an evolved LTZ.H basaltic magma and crust and fractional crystallization as observed
within the Brandberg metaluminous suite. Field shows range for leucogranite and Salem granite data from McDermott et al. (1996). It should
be noted that the Brandberg samples plot off the mixing trend between LZT.L and crustal compositions. Symbols as in Fig. 9.

isotopic data. Whereas the biotite–hornblende granite a typical anatectic melt from metasediments the com-
and biotite leucogranite overlap in initial isotopic ratios position of a leucogranite as given by Garland et al. (1995)
and can be strictly comagmatic, the monzonite has dis- was applied, with its Sr and Nd isotopic composition
tinctly lower initial Sr and higher Nd isotopic ratios than adjusted to conform to the Damara metasedimentary
these. The samples from the trachydacite dykes, by basement. Mixing with felsic magmas equivalent to the
contrast, have higher initial Sr and lower Nd ratios. Etendeka quartz latite units was also tested, using average

compositions of Goboboseb quartz latites from Ewart et
al. (1998b).

The crucial factors in AFC modelling are bulk dis-
Mixing and AFC processes tribution coefficients (D values) for the fractionating as-

semblage and the ratio of crystallization rate toMixing and AFC calculations were made to test the
assimilation rate (r). Individual mineral–melt kD valuesdegree of crustal assimilation vs fractionation required
(for intermediate compositions) were taken from thein producing the Brandberg main massif granites from
literature (references in Table 7) and bulk D was deriveda parental monzonite magma. The starting composition
from the mode of the fractionating assemblage calculatedis represented by monzonite sample B21d. The choice
from a major element mixing model (least-squares) be-of crustal component was made to cover two types of
tween monzonite and biotite–hornblende granite usingassimilation, i.e. bulk assimilation of crust and mixing of
mineral compositions analysed by electron microprobebasic parental magma with partial melts of the crust
(Tables 1 and 2) and using a Mag41Usp59 titanomagnetite(assuming the monzonite magma to be the heat source
composition typical for the Brandberg trachydacites. Thefor anatexis). The compositions used for bulk assimilation
least-squares solution indicates a high proportion of pla-are typical of the dominant rock types in the local
gioclase relative to clinopyroxene and magnetite in thecrust, S-type Salem granite (McDermott et al., 1996) and

greywacke-type metasediments (Ewart et al., 1998a). For fractionating assemblage. The calculated plagioclase–
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clinopyroxene–Ti-magnetite ratios are 0·58:0·22:0·20 [f test the hypothesis that fractional crystallization can ex-
plain the chemical variation within the metaluminous(mass remaining magma/mass initial magma) = 0·73;

�R2 (sum of squares of residuals between actual and granites. The modelling was performed in stages to allow
for changes in the fractionating assemblage. Mineralcalculated starting composition) = 0·38]. This result is

consistent with the crystallization sequence predicted by compositions used were those measured by electron
microprobe except for exsolved Fe–Ti-oxide mineralthe MELTS thermodynamic model (Ghiorso & Sack,

1995) for a monzonite parental melt [300 MPa, quartz– phases. The mineral proportions from major element
mixing calculations were then used to calculate bulk Dfayalite–magnetite (QFM) buffer, 1 wt % H2O], which

indicated magnetite as a liquidus phase, a high abundance values and trace element modelling was performed for
selected elements using the Rayleigh equation andof plagioclase and a ratio of magnetite to clinopyroxene

in the fractionating assemblage of about unity. rhyolite mineral–melt distribution coefficients (kD values)
from the literature. In high-Si rhyolites, accessory mineralThe graphical method of Aitcheson & Forrest (1994)

was used to estimate the values of (r) and the mass ratio fractionation may severely affect certain trace elements,
such as Zr and REE. Therefore, modelling was restrictedof crustal assimilant to initial magma by intersection of

AFC curves. For simplicity, no recharge was assumed. to Rb, Sr and Ba, all of which are dominantly controlled
by major mineral phases, i.e. pyroxene–amphibole andCurves were calculated for Nd and Sr isotopic ratios and

a subset of trace elements that are not controlled by feldspar. Fluorine was included as it shows strong en-
richments in the metaluminous suite with increasingaccessory minerals. Figure 11 illustrates the results. In

the case of a Salem granite and a leucogranite con- differentiation and is likewise hosted by major phases.
The results demonstrate that compositional variationtaminant, most curves intersect at values for r (ratio of

assimilation to crystallization rate) of >0·4–0·8 for the between the least-evolved hornblende–biotite granite
(sample NU40, 68 wt % SiO2) and an evolved horn-hornblende–biotite granite. The calculated � value (mass

ratio of assimilant to initial magma) is in the range blende–biotite granite (sample NU22, 71 wt % SiO2) can
be explained by >50% fractional crystallization of anbetween 0·2 and 0·3. Less constrained values (i.e. poor

intersections) resulted for models using the greywacke assemblage consisting of feldspar (nominal composition
Ab55An10Or35), quartz, clinopyroxene (or amphibole) andcomposition as the crustal contaminant. The AFC curves

calculated for quartz latite as a contaminant fail to yield biotite. A further 20% crystallization of this evolved
granite can produce a residual melt equivalent to thea consistent solution at r <1, which we consider as a

thermal limit for the AFC process. biotite leucogranite (sample B8, 76 wt % SiO2) by removal
of a feldspar-dominated assemblage (71% Ab67An13Or20,The same modelling approach was performed to test

the degree of crustal assimilation required to derive the 6% quartz, 23% biotite). The step from this leucogranite
(B8) to the most highly evolved metaluminous aplitictrachydacite dykes from a monzonitic parent. A good fit

was obtained by mixing between monzonitic magma dyke-rock (NU25a) requires a change in the fractionating
assemblage, with quartz and K-feldspar as the mostwith >40% crustal material (Salem granite), matching

observed isotopic and trace element compositions. abundant phases (37% quartz, 54% Ab38An5Or57, 9%
biotite), and a relatively low f value of 0·51 is indicated.The deviations between calculated and observed trace

element abundances and isotopic ratios for AFC and The trace element modelling is concordant with these
results. Table 8 presents f values calculated from themixing models are summarized in Table 7. Figure 9

shows AFC curves calculated for the Sr and Nd isotopic Rayleigh equation for Rb, Sr and Ba (including fluorine),
which in most cases agree with the f values indicated bydata using values of r and � derived from the Aitcheson

& Forrest (1994) method. The results demonstrate that the major element mixing calculations within �f = 0·1
(abs.).evolution of the Brandberg metaluminous granites from

a monzonitic parental magma can be achieved by a
process of fractionation of parental monzonite magma
with some 20–40% crustal assimilation.

The peralkaline suite
The peralkaline granites of the Amis complex are the
compositionally most variable group of all Brandberg

Differentiation of the metaluminous suite units, as major element and trace element compositions
are strongly controlled by mineral segregation and, toThe variation in composition within the main massif

granites (68–72 wt % SiO2 in biotite–hornblende granite some extent, secondary accessory mineral growth. The
Nd isotopic data reveal a spread in values among theand 76 wt % in biotite leucogranite) is not associated

with a shift in isotopic composition; thus a closed-system peralkaline group between �Nd of−0·7 and−1·9. The
Nd isotopic compositions of the monzonite and thefractionation model is feasible. Table 8 presents least-

squares mixing calculations (major elements) set up to biotite–hornblende granites bracket these values, which
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Table 7: Parameters and compositions used for calculation of crust/mantle ratios in Brandberg

metaluminous rocks after the method of Aitcheson & Forrest (1994)

Model: AFC AFC AFC AFC Mixing

Parent: B21d B21d B21d B21d B21d

Assimilant: Ca (a) Ca (b) Ca (c) Ca (d) Ca (a)

Salem leuco- Damara quartz Salem

granite granite greywacke latite granite

Target: NU40 NU40 NU40 NU40 GO07

pl:cpx:mag: 58:22:20 58:22:20 58:22:20 58:22:20 —

r = 0·6 r = 0·8 r = 0·6 r = 0·9 f = 0·4

f = 0·9 f = 0·95 f = 0·9 f = 0·95 —

e and c values kD values

pl cpx mag
87Sr/86Sr(130 Ma) 0·724 0·730 0·730 0·721 0·724

�Nd(130 Ma) −15·3 −17·1 −10·0 −9·0 −15·3

Sr 249 124 154 153 249 4·4 0·50 0·01

Rb 171 230 135 157 171 0·30 0·02 0·01

Ba 909 375 608 688 909 0·48 0·10 0·10

La 70 18 26 46 70 0·30 0·52 0·66

Nd 45 30 37 44 45 0·19 1·4 0·93

Y 26 21 40 48 26 0·08 2·7 0·95

Relative deviation

�em (‰)
87Sr/86Sr(130 Ma) −1·8 −2·0 −2·2 1·2 −1·9

�Nd(130 Ma) 0·07 0·07 0·15 −0·01 −0·09

�cm (%)

Sr 10 0 2 −29 22

Rb −5 1 −8 10 4

Ba 2 −10 −3 6 −3

La −9 −23 −18 −8 −13

Nd −13 −19 −15 −11 −22

Y −3 −7 1 1 −25

Isotopic ratios (e) and trace element concentrations (c) of assimilants are given. Parent and target compositions are given
in Tables 4 and 6. Relative deviation between observed and calculated values for AFC and mixing calculations using B21d
as parental magma and different crustal contaminants is shown. Ca, concentration and isotopic composition of assimilants:
Ca (a), Salem granite from McDermott et al. (1996); Ca (b), Langtang leucogranite after Garland et al. (1995) using average
isotopic ratios for Damara leucogranites from McDermott et al. (1996); Ca (c), greywacke from Ewart et al. (1998a); Ca (d),
average quartz latite from Ewart et al. (1998b). Concentrations are in ppm, isotopic ratios recalculated for 130 Ma. Mineral–melt
distribution coefficients for clinopyroxene (kD cpx), plagioclase (kD pl) and magnetite (kD mag) for intermediate compositions
from Ewart & Griffin (1994) and Bacon & Druitt (1988). r, ratio of assimilation/crystallization; f, ratio of mass melt remaining/
mass original melt. �em, relative deviation between modelled and observed isotopic ratios; �em = [(emodelled/eobserved) − 1] ×
1000. �cm, relative deviation between modelled and observed trace element composition; �cm = [(cmodelled/cobserved) − 1] ×
100.

allows us to envisage a parental magma for the peralkaline There is unequivocal evidence for the highly frac-
tionated nature of the peralkaline granites: high Rb andmelt from the Brandberg metaluminous suite. On the

grounds of mass balance calculations, it can be shown F, and extremely low Sr, Ba and Eu/Eu∗. According to
these indices the degree of fractionation in the peralkalinethat fractional crystallization of phases with (Na+K)/Al

<1 (in particular calcic plagioclase) from a metaluminous suite exceeds that of the most evolved metaluminous
leucogranite. In the metaluminous suite concentrationsparent can produce a peralkaline residual melt (e.g.

Harris, 1983). of HFSE, notably Zr, Nb and REE, remain constant or
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Fig. 11. Calculated AFC mixing curves for selected trace elements (thin continuous lines) and Nd–Sr isotope ratios (thick broken lines) based
on equations of Aitcheson & Forrest (1994). Values for monzonite (parent), biotite–hornblende granite (contaminated magma), various contaminants
[Salem granite (a), leucogranite (b), greywacke (c) and quartz latite (d)] and bulk D calculated from kD values are given in Table 7. Isotope
curves, which do not require element concentrations in the contaminated magma, converge at r values between 0·6 and 0·8 for granitic
contaminants (i.e. crustally derived partial melts) in (a) and (b). Models (c) and (d) fail to yield consistent solutions.

fall with fractionation from biotite–hornblende granite 24–34 and Zr/Hf= 26–46 compared with the range in
the peralkaline granites of Y/Ho = 21 and Zr/Hf into biotite granite. In the Amis peralkaline rocks, by

contrast, these elements can reach high levels in a com- zircon cores from peralkaline granites of >30).
However, mineral overgrowth textures, interstitialparable narrow range of SiO2. Microprobe analyses of

melt inclusions hosted in quartz give direct evidence that REE-bearing fluorite and bastnaesite, and zonations in
accessory minerals such as pyrochlore and zircon indicatethe high HFSE (and Rb) contents can be attributed to

enrichment in a residual melt phase (Table 5). late-stage, probably fluid-controlled overprint. For ex-
ample, anomalous REE patterns displaying the lan-In part, the enrichment levels of some of these elements

are higher than Rayleigh fractionation could generate thanide tetrad effect and zoned zircon crystals from
aegirine–albite granites with low Zr/Hf rim compositionseven assuming ideally incompatible behaviour. Post-mag-

matic processes such as element transport by hydro- (Zr/Hf > 10) might reveal a change from primary
magmatic to fluid-dominated conditions.thermal fluids could account for these enrichments,

although the granites in question largely preserved mag- We cannot model the element enrichments, because
of the lack of data on element partitioning and accessorymatic textures and pervasive post-emplacement meta-

somatism can be ruled out. Trace elements that are mineral solubilities in a volatile-rich peralkaline magma.
Experiments by Watson (1979) and Keppler (1993),sensitive to hydrothermal effects, such as Y/Ho and Zr/

Hf (Bau & Dulski, 1995; Bau, 1996) are generally only among others, demonstrate that peralkaline and F-rich
melts can dissolve high quantities of HFSE by virtue ofmoderately displaced from magmatic values (Y/Ho =

1232



SCHMITT et al. THE BRANDBERG COMPLEX, NAMIBIA

Table 8: Results of least-squares mixing calculations to test a fractional crystallization model for

metaluminous units of the Brandberg complex

Model 1: primitive to evolved biotite–hornblende granite

SiO2 68–72 wt % (�R2 0·07)

kD value

parent daughter pl cpx Fe–Ti oxide bt qtz kfs D F

NU40 NU22 35% 6% 1% 17% 21% 20% 0·47

(ppm) (ppm) f (calc)

Rb 186 279 0·03 0·03 — 2·46 0 0·11 0·46 0·56

Sr 147 96 4·4 0·06 — 0·25 0 2·11 2·02 0·66

Ba 1017 739 1·0 0·03 — 6·4 0 2·7 1·99 0·72

F 1350 2400 0 0 — 1·59 0 0 0·27 0·45

Model 2: evolved biotite–hornblende granite to primitive biotite leucogranite

SiO2 72–76 wt % (�R2 0·14)

kD value

parent daughter pl kfs qtz bt D F

NU22 B8 54% 17% 6% 23% 0·78

(ppm) (ppm) f (calc)

Rb 279 329 0·01 0·11 0 2·46 0·59 0·67

Sr 96 37 12·2 2·11 0 0·25 7·0 0·85

Ba 739 210 1·8 20·9 0 6·4 6·0 0·78

F 2400 2300 0 0 0 1·59 0·37 1·07

Model 3: primitive biotite leucogranite–evolved biotite leucogranite

SiO2 76–77 wt % (�R2 0·01)

kD value

parent daughter pl kfs qtz bt D F

B8 NU25a 17% 37% 37% 9% 0·51

(ppm) (ppm) f (calc)

Rb 329 568 0·01 0·11 0 2·46 0·26 0·48

Sr 37 10 12·2 2·11 0 0·25 2·88 0·50

Ba 210 15 1·8 20·9 0 6·4 8·62 0·71

F 2300 3750 0 0 0 1·59 0·14 0·57

Minerals: cpx, clinopyroxene; pl, plagioclase; kfs, K-feldspar; bt, biotite; qtz, quartz; Fe–Ti, ilmenite. Mineral compositions
used: qtz stoichiometric, Fe–Ti ilmenite from Deer et al. (1992); others from microprobe analysis of the Brandberg rocks.
Plag from Table 1, AM71 core; amph from Table 3, NU40; ksp from Table 1, AM71 rim; bt from Table 3, NU22. kD values for
low-Si (model 1) and high-Si rhyolitic compositions (models 2 and 3) from Ewart & Griffin (1994), Icenhower & London
(1995) and Streck & Grunder (1997). D, bulk mineral–melt distribution coefficient.

depolymerization of silicate melt structure and formation and post-magmatic history of the Amis rocks makes
an unequivocal identification of the parental magmaof alkali and fluoro-complexes, and we suggest that this

type of process is the prevailing mechanism for the impossible, but the close temporal and spatial relation
between metaluminous and peralkaline magma typeselement enrichments in the Amis granites. The magmatic
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favours a common basaltic source with some addition of Existing petrogenetic models for the felsic magmatism
crustal material for both. in the Etendeka–Paraná province cover the full range

No peralkaline rhyolites have been described within from crustal melting to differentiation from basalt in-
the Etendeka volcanic succession, but comendites are cluding AFC scenarios. Garland et al. (1995) suggested
present in the Paresis complex (Siedner, 1968). However, that the high- and low-Ti felsic units in the Paraná
there are numerous examples in the literature of similar province are derived from the respective high- and low-
HFSE enrichments in Si-oversaturated peralkaline and Ti basaltic suites, and that the latter suite had experienced
unequivocally magmatic rocks. For example, Mungall & a considerable degree of crustal contamination. Harris
Martin (1995, 1996) studied volcanic glasses and melt & Milner (1997) favoured a dominantly crustal origin for
inclusions in peralkaline rhyodacites (pantellerites) from the Etendeka quartz latites based on oxygen isotope
Terceira island in the Azores, and reported values of compositions, and Ewart et al. (1998b) presented a petro-
Zr (3000 ppm), Ce (300 ppm) Nb (700 ppm) and Y genetic model for the quartz latites, which concluded
(200 ppm). These are of the same order as the Amis that the magmas are hybrid, having incorporated roughly
arfvedsonite granites and clearly represent magmatic equal proportions of low-Ti basaltic melt and melts of
concentrations. Like the Amis rocks, the Terceira pan- the crust.
tellerites are rich in F (2500–3000 ppm). As a local A useful and simple way to compare the degree of
example for a basalt-derived peralkaline residual liquid, mantle vs crustal involvement in granitic magmas based
Ewart et al. (1998a) noted that LTZ.H melts from the on Nd isotope data was developed by DePaolo et al.
Goboboseb mountains evolve towards Si-undersaturated (1992), and applied to the Tertiary magmatism in the
peralkaline and Zr-enriched composition by fractionation Basin and Range Province of southwestern North Amer-
while ponding close to the surface. Fractionation of an ica. The Neodymium Crustal Index (NCI) is a mass-
LTZ.H basalt at depth might result in qtz-normative balance expression for two-component mixing, which
compositions for the remaining melt. gives the proportion of crustal Nd in a hybrid rock. Two-

component mixing may be an oversimplification of the
processes involved in forming the silicic magmas on

IMPLICATIONS FOR REGIONAL the Namibian margin but the foregoing discussions and
simple trajectory of samples on an Sr–Nd isotope plotSILICIC MAGMATISM IN THE
(Fig. 9) suggest that it is a reasonable approximation.ETENDEKA PROVINCE

As the Etendeka felsic volcanics formed in the same
A number of observations suggest that emplacement of region of the Damara Belt at the same time, it is justified
the Brandberg magmas and eruption of Etendeka Group to assume, as a first approach, that the same crustal and
felsic volcanics (Awahab Formation quartz latites) are mantle components were involved. We have already
related to the same igneous event: discussed the potential components in the mantle and

(1) close field association between the Brandberg com-
crust, and the following calculations of the NCI valuesplex and quartz latites that are extensively exposed in the
are based on the assumption that the crustal componentGoboboseb mountains some 10 km SW of the Brandberg;
is derived from the dominant basement rocks in the(2) indistinguishable 40Ar/39Ar ages (132 ± 1 Ma);
Damara Belt (metasediments and crustal granites, here-(3) similar bulk composition and mineralogy indicative
after called ‘Damara crust’). We applied the method ofof high-temperature, dry granitic magmas;
DePaolo et al. [1992, equations (3) and (4)] to estimate(4) large magma volumes: [8600 km3 for the quartz
an average Nd isotopic composition of the Damara crustlatites (Ewart et al., 1998b) and at least 1100 km3 for the
from Nd model ages (TDM). Results are shown in TableBrandberg (minimum estimate for a cylindrical intrusion
9. The TDM values for metasediments calculated from2·5 km thick, i.e. the topographic relief ).
data of McDermott & Hawkesworth (1990) define twoThe Brandberg granites clearly represent a significant
ranges, 1·4–1·6 Ga and 1·8–2·0 Ga [see also Harris etproportion of felsic magmas in the Etendeka–Paraná
al. (1987)], the latter corresponding to metasedimentsprovince as a whole, and new constraints on the Brand-
lowest in the Damara section (Khan and Etusis Form-berg magma genesis derived from this study are useful
ations). The TDM ages from crustal Damara granitesfor understanding the evolution of anorogenic silicic
overlap both ranges. The NCI calculations therefore usemagmatism in general. It was shown earlier that the
two values for �Ndcrust (−7 and −13) corresponding toBrandberg units cannot be correlated with the felsic
TDM ages of 1·5 and 1·9 Ga, respectively.volcanics from the Etendeka Group in terms of com-

For the mantle component we assume two com-position and it is important to inquire whether they have
positions, one reflecting a more depleted mantle [�Nd=different sources or, if both represent hybrid magmas,
+6, the maximum value from the Etendeka LTZ.Hwhether they formed from different proportions of the

same components. basalts from Ewart et al. (1998a)] and one reflecting a
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Table 9: NCI values for metaluminous rocks of the Brandberg complex using equations of DePaolo et

al. (1992)

Brandberg Crustal type1 TDM �Nd f ∗Sm/Nd �Nd �Nd(CC) NCI NCI

unit (Ga) (rock) (TDM) (TDM) �MC = 0 �MC = +6

hbl–bt granite Nama/Kuiseb 1·5 −3 −0·370 5·7 −7·0 0·43 0·69

hbl–bt granite Khan 1·9 −3 −0·402 5·0 −12·9 0·23 0·48

monzonite Nama/Kuiseb 1·5 −1 −0·370 5·7 −7·0 0·14 0·54

monzonite Khan 1·9 −1 −0·402 5·0 −12·9 0·08 0·37

trachydacite Nama/Kuiseb 1·5 −5 −0·370 5·7 −7·0 0·72 0·85

trachydacite Khan 1·9 −5 −0·402 5·0 −12·9 0·39 0·58

1Crustal types: Nama/Kuiseb, upper Damara metasediments; Khan, lower Damara metasediments; data from McDermott &
Hawkesworth (1990) and McDermott et al. (1996). Neodymium Crustal Index defined as NCI = [�Nd(rock) − �Nd(MC)]/[�Nd(CC)

− �Nd(MC)], where MC and CC denotes mantle and crustal component, respectively.

bulk-Earth composition similar to the present Tristan with the NCI calculations, which yielded NCI values
close to unity.plume (�Nd = 0).

The results of the NCI calculations (Table 9) indicate In summary, the geological, geochronological and mod-
elling evidence supports that hypothesis that the Brandbergthat the proportion of crustal Nd in the most primitive

units of the Brandberg (monzonite) is between 0·08 and granites and regional felsic volcanic rocks of the Etendeka
Group could be derived from similar sources but with0·14 assuming the ‘plume-type’ mantle and between 0·37

and 0·54 assuming the depleted mantle component. The different proportions. Figure 9 shows, however, that the
AFC curves of the Brandberg samples do not coincidecorresponding NCI values for the main massif granite are

0·23–0·43 for plume mantle and 0·48–0·69 for depleted with those of the volcanic rocks even when assuming the
same end-member compositions. Apart from end-membermantle, respectively. It should be noted that the difference

in crustal proportion between monzonite and main gran- composition, the controlling parameters of the AFC curves
are the mineral–melt distribution coefficients (kD values)ite is >20%, which agrees with the estimate of crustal

assimilation derived from the AFC modelling in the and the ratio of assimilation to crystallization rates (r
values). Bulk D values depend on phase proportions insection on petrogenetic modelling.

The Awahab quartz latites yield NCI values of 0·62–1 the fractionating assemblage, whereas the r value is mainly
influenced by the temperature difference between magmafor the plume-type mantle composition and 0·74–1 for

depleted mantle. Thus, according to this approach, an and assimilant. Using the same end-member compositions
for both the Brandberg and flood basalt–rhyolite arrays,origin by pure crustal melting cannot be ruled out for

the quartz latites (NCI = 1), this condition being met the AFC solution for the Brandberg data requires higher
bulk D values for Sr and lower r values than the solutionfor an average crustal component with �Nd values of

−7. for the flood basalt–rhyolite data array. Both of these
conditions can be met by assuming that AFC processesThese NCI values represent the mass proportions of

crustal Nd in the rocks. As the whole-rock Nd con- operated at different depths, shallower for the Brandberg
and deeper for the flood basalt magmas. The phasecentrations in Etendeka flood basalts (mantle component)

and Damara basement overlap (30–50 ppm Nd), we can assemblage crystallizing from basaltic melt at lower pres-
sure has a higher plagioclase/clinopyroxene ratio than atinterpret the NCI values as estimates of the total crustal

mass fractions and then compare them with the mixing higher pressure, and therefore a higher bulk D value for
Sr. Furthermore, if the AFC process occurs at relativelyproportions of Harris (1995) based on O-isotope ratios.

Harris (1995) suggested that the mass fraction of crustal shallow levels in the crust this will impose a low as-
similation/crystallization rate (r value) because thematerial in the Brandberg granite was 0·38, which agrees

with our NCI solutions assuming a plume-type mantle wallrocks will be relatively cool, crystallization more rapid
and assimilation less effective. Therefore, one factor thatcomponent with �Nd values of zero. Harris & Milner

(1997) suggested that the quartz latites are crustally could explain the difference between the Brandberg and
the Etendeka–Paraná AFC trends is the depth of magmaderived, with no indication of a mantle source based on

the O-isotope values. This is also in rough agreement evolution.
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features because they are found in all textural varietiesCONCLUSIONS
of the complex, from thin aplite dykes to homogeneousThe Cretaceous Brandberg intrusive complex in Namibia
granite to coarse pegmatites. Unequivocal proof of a

is made up dominantly of metaluminous hornblende– magmatic origin for the typical chemical features (high
biotite granite (main granite), which includes local F, Zr, Y and REE) is given by the presence of melt
schlieren and dykes of biotite leucogranite. Other com- inclusions with these characteristics in quartz from arf-
ponents of the Brandberg complex are a pyroxene– vedsonite granite pegmatite. Field and age relations and
hornblende monzonite (Naib valley monzonite), which is Nd-isotopic composition suggest a common origin for
intruded by apophyses of the main granite and therefore the metaluminous and peralkaline suites.
older; a body of peralkaline arfvedsonite–aegirine granites
that intrudes the main granite at the SW margin (Amis
peralkaline complex); and a series of trachydacite dykes
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in Namibia: crust–mantle interaction on a rifted continental margin.spheric transition in low-Ti flood basalts from Southern Paraná,
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